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ABSTRACT This study delves into the potential of harnessing the orbital angular momentum (OAM)
property of electromagnetic waves in near-field and line-of-sight scenarios by utilizing large intelligent
surfaces, in the context of holographic multiple-input multiple-output (MIMO) communications. The
paper starts by characterizing OAM-based communications and investigating the connection between
OAM-carrying waves and optimum communication modes recently analyzed for communicating with
smart surfaces. Subsequently, it proposes implementable strategies for generating and detecting OAM-
based communication signals using intelligent surfaces and optimization methods that leverage focusing
techniques. Then, the performance of these strategies is quantitatively evaluated through simulations. The
numerical results show that OAM waves while constituting a viable and more practical alternative to
optimum communication modes are sub-optimal in terms of achievable capacity.

INDEX TERMS Beam focusing, communication modes, degrees of freedom, large intelligent surface, near

field, orbital angular momentum (OAM).

. INTRODUCTION

HE CEASELESS quest for high-speed, reliable, and

ubiquitous wireless services is leading today’s radio
networks to their utmost. Fifth-generation (5G) wireless
networks, exploiting the most advanced radio technologies,
e.g., multiple-input multiple-output (MIMO) communica-
tions, have already been deployed in many countries and
are establishing themselves as essential techniques to man-
age the ever-increasing number of devices’ connections.
However, it is foreseen that sixth-generation (6G) wireless
networks will push these requirements to the ultimate limit,
introducing even more stringent requisites regarding user
throughput, latency, scalability, and reliability, 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 pre-
requisites that have been outlined. Nevertheless, the adoption
of millimeter wave (mmWave) communications and terahertz
technologies entails larger path loss, increased susceptibil-
ity to atmospheric turbulence, and, in some cases, failure of
traditional electromagnetic (EM) propagation models based
on the far-field assumption. Indeed, when the antenna size
becomes large or the frequency increases, the interaction
between the transmitting and receiving antennas can occur in
the radiating near-field region [2], [3]. Here the plane wave
approximation of the wavefront becomes inapplicable, and
the actual spherical-shaped wavefront must be considered
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instead. This operating regime has been addressed as partic-
ularly favorable since it commences new and unexplored
opportunities for future wireless systems, whose primary
goal is to approach greater link-level spectrum efficiencies
and unprecedented performance. From all the considerations
above, the concept of holographic MIMO communications
emerged [4], [5], [6], which can be referred to as the capa-
bility to utterly manipulate the EM field that is generated
or received by antennas to exploit the entirety of the avail-
able channel’s degrees of freedom (DoF) and hence increase
the communication capacity of the wireless link, even in
line-of-sight (LOS) channel conditions. Specifically, previous
work targeted the exploitation of holographic large intelli-
gent surfaces (LISs) as transmitting and receiving antennas
in the near field, thus presenting a more comprehensive
description of the communication problem in terms of
communication modes, i.e., parallel channels that can be
obtained between a couple of antennas at EM level [7], [8].
For instance, in [8], the optimal basis functions determin-
ing the optimum communications modes and their number,
i.e., the available DoF, that can be established between
two LISs have been obtained from solving an eigenfunction
problem [7].

On another side, in the last decade, several works inves-
tigated the possibility of exploiting the orbital angular
momentum (OAM) property of the EM waves to theoret-
ically unfold further orthogonal radio channels. Initially,
this was thought of as a new dimension to improve the
DoF in wireless communications that is entirely independent
of concepts like time, space, frequency, and polarization.
Consequently, many relevant applications exploiting OAM
have been envisaged in the latest years, and an exten-
sive number of possible technologies and deployments have
been proposed. For instance, a novel type of space-division
multiplexing technique based on modes’ orthogonality has
been theorized, namely OAM mode division multiplexing
(OAM-MD) [9]. In addition, the possibility of managing the
increasing users’ density through an OAM-based multiple
access scheme (OAM-MDMA) was proposed as well [10].
Several other use cases have been investigated [11], [12],
[13], [14], [15], [16] and, intuitively, many open issues and
problems are still to be addressed since systems performance
has been shown [17] to be strongly affected by the kind
of antenna that is used, the overall systems architecture,
the operating frequency, and many other elements. In spite
of the initial enthusiasm in OAM, various investigations
highlighted that substantial advantages with regard to more
traditional techniques, such as MIMO communications, can-
not be obtained by exploiting the OAM property of the radio
waves [18], [19], [20], [21], [22].

OAM, whose employment was first studied in the optic
domain [23], [24] and then also proposed for radio commu-
nications [25], [26], is frequently characterized by the use
of specific beams, such as that corresponding to Laguerre-
Gaussian (LG) modes [23], [27]. However, these modes
are often considered without accounting for the specific
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transmitting and receiving devices, i.e., without consider-
ing particular antenna structures. In fact, a plethora of
radio OAM generation methods have been identified [17],
e.g., spiral phase plate (SPP) antennas, uniform circular
arrays (UCAs), and metasurfaces, and each of them was
identified as optimal for a specific operating frequency.
Indeed, it was shown that spiral reflectors and UCAs
work best at radio-frequency (RF) and are more suitable
for long-range transmissions, while SPPs and metasurfaces
are better for the mmWaves band [17]. Nevertheless, the
relationship among these LG modes and the concept of opti-
mum communication modes discussed in [7], [8] is often
unclear, as well as the gap between the DoF that can be
obtained with OAM and those corresponding to the optimum
strategy.

Numerous studies to date on OAM-based wireless systems
contemplate the usage of UCAs as transmission and recep-
tion devices [28], [29], [30], [31]. However, these systems
suffer from severe limitations in terms of hardware flexi-
bility and phase quantization errors. In this regard, recent
research [32], [33], [34], [35], [36] has demonstrated, both
theoretically and experimentally, the feasibility and benefits
of exploiting OAM in wireless systems by utilizing metasur-
faces, especially in the terahertz band [37], [38], [39], [40],
[41], where most of the propagation occurs in the near-
field region of the transmitter. To the best of the authors’
knowledge, no studies have addressed the use of OAM or,
more in general, arbitrary EM phase and amplitude profiles,
independently of the particular hardware implementation or
antenna technology, as we instead perform by considering
homogenized, spatially continuous surfaces such as holo-
graphic LISs. In this manner, it is possible to abstract from
the factual system realization and subsequent application,
thus identifying a generally valid theory that is independent
of design choices. Furthermore, in the literature, holographic
MIMO and OAM have always been considered distinct and
separate topics. In this paper instead, we thoroughly analyze
how OAM can be seen as a particular case of holographic
MIMO communications.

In this work, motivated by the recent advancements con-
cerning the communication between holographic LISs, we
revise the exploitation of OAM-based techniques as orthogo-
nal communication channels. The proposed approach allows
the investigation of the OAM capabilities in terms of capac-
ity achievements and effectiveness, especially in relation to
optimal strategies for defining the communication modes
between a couple of antennas. The main contributions of
the paper can be summarized as follows:

« Review of the concept of OAM communication in the
framework of holographic MIMO communications and
in relationship with communication modes;

o Characterization of the gap between OAM-based strate-
gies and optimum communication modes for different
configurations in terms of DoF;

« Proposal of the exploitation of beam focusing for reduc-
ing the typical divergence effects of OAM beams within
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the near-field (Fresnel) region, showing the related
benefits and drawbacks;

o Proposal and analysis of different detection strategies
for the implementation of OAM-based receivers;

o Discussion of the main advantages and disadvantages
concerning the exploitation of OAM in the holographic
MIMO communications scheme.

The remainder of the paper is organized as follows:
Section II revises the concept of communication between
LISs and introduces the notion of communication modes,
thus discussing the adoption of optimal transmitting and
receiving basis function sets. Section III describes the charac-
teristics of OAM propagation. Then, the relationship between
OAM and optimum communication modes is illustrated,
and the characteristics of OAM modes are discussed. In
Section IV the overall OAM-based communication scheme
is presented, and beam focusing within the near-field is intro-
duced as a way to improve the system performance. Then,
in Section V practical detection strategies are presented,
while Section VI illustrates some numerical results to
characterize the gap between OAM communications and
optimum strategies. Finally, a discussion concerning the
main strengths and weaknesses of using OAM-based radio
communications, together with an implementation complex-
ity analysis, is provided, and Section VII concludes the

paper.

II. COMMUNICATIONS WITH LISs

LISs can be denoted as active, re-configurable planar
antennas whose sizes are much larger than the operating
wavelength that can control the amplitude and phase pro-
files of the EM waves with high flexibility and resolution
(i.e., holographic capability). Notably, metamaterials have
been proposed [42], [43], [44] as a viable technology to
create those kinds of antennas, thus enabling the design of
predefined EM waves’ features in terms of shape, polar-
ization, and steering. From an analytical viewpoint, LISs
for holographic MIMO communications can be abstractly
modeled as continuous surfaces composed of an infinite
number of sub-wavelength antenna elements, regardless of
their specific hardware implementation. Indeed, an active sur-
face where the spacing between adjacent surface elements
reduces when their number increases taking it to the extreme
of the continuous-space domain is typically referred to as
LIS [45]. Research in [8] has investigated the fundamen-
tal limitations of communication using LISs, showing that
by carefully designing the amplitude and phase profiles of
the transmitting and receiving LISs, multiple communica-
tion modes, known as channel’s DoF, can be achieved in
LOS near-field conditions. Particularly, these communication
modes can be seen as a collection of parallel, orthogonal
channels at EM level, which allows for the capability to
spatially multiplex signals within the wireless system. In the
following subsection, the formal definition of communica-
tion modes is briefly revised. The reader can refer to [7], [8]
for a complete treatment.
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A. COMMUNICATION MODES

Abstracting in the first instance from the specific shape
or antennas’ configuration, 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 transmitting and the receiving LIS, respectively.
A monochromatic source at frequency fo, i.e., ¢(s), is used
at the transmitting LIS. This source generates a wave func-
tion ¥ (r) at the receiving antenna, which is a solution of
the inhomogeneous Helmholtz equation

V2 (1) + k%9 (1) = —¢(s). (1)

A solution of (1) in free-space propagation condition is
provided as

y(r) = / G(r,s)¢(s)ds (2)
St
where the scalar Green function G(ry, r2) between the points

represented by the vectors r; and r» is given by

exp(—j«|lr; —r2||)
G(ry, = 3
R e g @

where « = 27 /A is the free-space wavenumber and A = c/fy
indicates the wavelength, with ¢ being the light speed. It is
important to note that in (3), the reactive field components
that typically vanish for link distances greater than a few
wavelengths are neglected, as the system is supposed to
operate in the radiating near-field region.

In the following, we will treat the EM field as a
complex-valued scalar quantity (e.g., by considering a sin-
gle polarization), despite being a vectorial complex quantity.
This simplification does not affect the generality or valid-
ity of the results, which can be extended to the vectorial
case. Formally, communication modes can be described
by the mean of specific orthonormal basis expansions
of the transmitting function ¢(s) and receiving function
¥ (r), respectively denoted by ¢,(s) and ¥,(r), where
n=1,2,...,00.If the basis sets are devised such that exists
a bijective relationship among the n-th transmitting basis
function ¢, (s) and the n-th receiving one ¥, (r), the existence
of multiple communication modes is ensured. In this case,
each transmitting function ¢,(s) induces an effect &,y (r)
on the receiving antenna, with &, identifying the largest
feasible coupling coefficient. Precisely, large &, coefficients
indicate well-coupled modes, i.e., pair of functions (¢,(s),
¥, (r)), between transmitting and receiving LISs correspond-
ing to practicable, parallel communication channels; small
&, instead, denotes the prevalence of the wave’s dispersion
away from the receiver. In addition, the linear combinations
of ¢,(s) and ¥, (r) functions are proportional to the cur-
rent spatial distribution impressed on the transmitting LIS,
and to the resulting electric field at the receiving LIS side,
respectively, thus the latter is referred as n-th electric field
component in the following.
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FIGURE 1. Schematic representation of communication modes between a couple of circular LISs in paraxial configuration and spaced of z.

In principle, infinite basis sets are realizable, but to
achieve the highest number of communication modes with
the largest coupling, the following coupled eigenfunction
problem needs to be solved, thus leading to the optimal
basis functions [7], [8]

£2 9 (s) = /S K(s.8) u(s) ds’ @
& Yn(r) = /S KR (r, ') ¥ (1) dr’ )

where the kernels Kt(s,s’) and Kr(r, ') are given by

Kr(s,s') :/S G*(r,s)G(r,s') dr (6)
R

Kr(r, 1) = /S G(r,s)G*(r',s)ds . (7)
T

Determining these solutions can be very challenging and
may require a burdensome number of numerical calcula-
tions, particularly when dealing with very large LISs. In
addition, from a practical standpoint, the knowledge of the
system’s geometry with a tolerance smaller than a wave-
length is necessary, which may not be feasible for real-world
applications. However, the optimal functions can serve as
a baseline to measure the performance difference between
the optimal strategy and any other practical approach that
uses 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 desig-
nated focusing/steering functions that depend on the specific
operating conditions [46].

Overall, the communication problem can be seen as a
wireless interconnection of continuous apertures with finite
extension in space, capable of generating and detecting the
most suitable EM waveforms to maximize the achievable
channel capacity. When only a finite number N of basis
functions are strongly coupled (i.e., with significant values of
the corresponding &,), the equivalent communication scheme
which is obtained can be visualized as in Fig. 1. Remarkably,
the adopted basis decomposition allows the definition of
a system input-output representation in terms of N paral-
lel channels that is capacity-optimum, where N identifies
the available DoF for the specific communication system.
Indeed, by associating the N input data streams {x,} to the
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transmitting basis set {¢,(s)}, s € St, and neglecting the
presence of noise, we are able to directly recover the trans-
mitted data by performing the correlation of the received EM
field with the corresponding basis functions {y,(r)}, r € SR,
thus obtaining y, = &x,, n=1,...,N.

B. OPTIMUM COMMUNICATION MODES WITH
CIRCULAR LISs

Let us contemplate a paraxial geometry, which assumes that
the transmitting and receiving LISs are parallel to each other
and aligned at their centers. Considering circular LISs in
paraxial conditions, the optimal wave functions describing
the communication modes are the so-called circular prolate
spheroidal functions (CPSFs) [47], extending the classical
linear prolate spheroidal wave functions (PSWFs), which are
instead solutions under paraxial conditions for rectangular
antennas [7]. Precisely, the specific selection of circular-type
LISs is functional for the adoption of OAM modes which,
as demonstrated subsequently, exhibit circular symmetry,
hence discernibly resulting in reduced spatial occupation and
hardware costs [48], [49], [50].

As illustrated in Fig. 1, let us consider two parallel, cir-
cular LISs in LOS. The coordinates pt and ¢t in polar form
represent a generic point on the transmitting LIS, while coor-
dinates pr and @R represent a generic point on the receiving
LIS. The transmitting LIS is located at a z = 0, and the
two LISs are separated by a distance of z. Moreover, the
transmitting LIS has a radius Rt, and the receiving LIS has
a radius RR. The distance between two generic points on the
transmitting and receiving LISs is denoted as

r=Ir—s|l= \/p% + pg — 2pTpR cOS(PR — @1) + 22 (8)

According to this geometry, the basis functions at the
transmitting LIS are [47]

1 c pT) — jKﬁ Y4
s = — — e 2z E‘l T 9
Dulpr. o1) = et ( R ©)
where n = 1,..., N is the index spanning the elements in
the set S = {m, £} corresponding to well-coupled communi-
cations modes, {fn‘;’ ¢} are the real-valued CPSFs that solve
the band-limited Hankel-transform eigenvalue problem

1
Vi) = [ ilen)Verfy, (4)a (10
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in which y, , are the eigenvalues, ¢ = @ is the band-
width parameter, X' = £- and x = %. Correspondingly, at

the receiving LIS side we have the basis functions [47]

1 e o (PR JKé JlgR
Yu(pR, YR) = m]—zfm,g R_R Ze .

According to [47], the coupling coefficient for the commu-

nication modes are
|RTRR
&= Vnie .
4z

Due to the properties of eigenvalues y,f,, ¢ related to CPSFs,
the number of communication modes (i.e., well-coupled
modes) is given by [47]

RTRR\®  S7S
N:<7TTR> _ S8R

Y

(12)

AZ A2 (13
where the two areas of the LISs are given by St = rrR%
and SR = an%. It is worth noting that (13) has the same
form as classical results related to rectangular surfaces, as
reported in [7]. However, this result is accurate only when
7 is greater than the dimensions of the LISs.!

Notably, both the transmitting and receiving basis func-
tions ¢, (oT, ¢1) and ¥, (R, ¢r) are separable in the radial
and angular components, that is, they can be written
respectively as

(14)
5)

dn(oT, 91) = 9F (p1) D) (P1)
Vn(oR, 9R) = ¥ (0R) ¥} (¢R)-

lll. ORBITAL ANGULAR MOMENTUM

A. GENERAL DEFINITION

From the EM point of view, angular momentum is a vec-
torial characteristic that quantitatively defines the intrinsic
rotation of the EM field [23]. While propagating in the axial
direction indeed, a photons fashion can simultaneously rotate
around its axis. Moreover, there are two different modalities
of rotation, and each of them is associated with a specific
component of the total angular momentum. Indeed, the total
angular momentum can be computed as the sum of the spin
angular momentum (SAM) and the orbital angular momen-
tum (OAM). The SAM is related to the dynamic rotation
of the electromagnetic field around its direction of propaga-
tion, and it is associated with the wave’s polarization [27].
OAM, instead, concerns the spatial distribution of the elec-
tromagnetic field and its rotation around the main beam
axis [51].

From the physical point of view, the defining charac-
teristic of EM waves that possess non-zero OAM is the
emergence of wavefronts that deviate from the traditional
far-field assumption of being parallel planes propagating in
the axial direction. These wavefronts acquire a helical shape,
twisted around the propagation direction. For this reason,
OAM is frequently described as a vortex or with the notion

1. To this end, an extension of (13) for smaller values of RT and RR can
be found in [8].
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of helical/twisted/screwed wavefront.Despite considering the
scalar approximation as discussed in Section II, the particu-
lar helical structure of the wavefronts associated with OAM
is typically represented in the wave equations by an expo-
nential phase term, in the form of e/t where ¢ € 7 is
referred to as the fopological charge and ¢ is the transverse
azimuthal angle, defined as the angular position on a plane
perpendicular to the propagation direction. In [27], it has
been demonstrated that this characteristic represents a suffi-
cient condition for the existence of OAM-carrying waves in
a mostly paraxial propagation regime. Each vortex is thus
characterized by an integer number £, whose magnitude rep-
resents the number of twists that a wavefront makes within
a distance equal to the wavelength, and its sign determines
the chirality or, equivalently, the direction of the twist. In
fact, when |¢| > 0, the wavefront characterizing a specific
topological charge has |£| helices intertwined. Each of these
states associated with a specific topological charge ¢ takes
the name of OAM mode. The most interesting feature of
OAM modes is their intrinsic orthogonality. In fact, we have

2 * 0 j#k
169 ( L1tkw _ J#
[T e (eney a={3, 17

thus, in principle, beams exhibiting this characteristic could
carry different data streams leading to spatial multiplexing
capabilities.

Many types of beams carrying angular momentum have
been investigated to impress the EM waves with the desired
vorticose phase profile, among which LG beams are prob-
ably the most widely known [23]. LG beams are paraxial
solutions of the wave equation in homogeneous media [52],
and they are just an example of the plethora of existing waves
able to carry OAM. Gaussian beams, Airy beams, and many
others were subjects of research [53], [54], representing pos-
sible solutions to the problem of determining the best field
distribution for OAM propagation. Interestingly, the common
element between these kinds of beams is that all of them
are reasonably able to transport OAM, and this characteristic
is consistently described from the mathematical viewpoint
through the exponential term e/%%.

(16)

B. OAM MODES AND COMMUNICATION MODES

The main difference concerning the definition of the OAM
modes as, for example, LG beams, and communication
modes as for the definition in Section II, is that for the
former neither concepts nor references related to the spe-
cific transmitting/receiving antennas are given. Differently,
communication modes, as identified by the couples of func-
tions (¢ (s), ¥n(r)), are strictly related to the geometry of
the transmitting and receiving antennas. The fundamental
dissimilarity between LG beams and communication modes
arises from their distinct definitions. Indeed, LG beams are
solutions of the wave equation in the absence of boundaries,
i.e., with the source’s transverse dimensions approaching
infinity. Conversely, communication modes in Section II
are obtained by taking into account finite, well-defined
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antenna sizes. As a result, LG modes can be considered
as approximate solutions of the actual propagating modes
when the transmitting aperture is sufficiently large to gen-
erate the beams and the receiving aperture is adequate to
capture them [47]. However, when boundaries corresponding
to the finite transmitting/receiving antennas are considered,
a limited number N of well-coupled communication modes
is obtained, and it holds that LG beams do not constitute
proper solutions of (1) [55].

IV. OAM-BASED COMMUNICATIONS USING LISs

The adoption of CPSFs as basis functions according
to (9)—(11) leads to the highest number of communication
modes. Unfortunately, such an approach results quite com-
plex to be implemented, even in the paraxial scenario, for
several reasons:

o The transmitting and receiving LISs should know
exactly their mutual distance and sizes in order to
shape the amplitude and phase profiles along the radial
coordinates pt and pg;

o A complex amplitude/phase profile must be drawn at
the transmitting LIS side according to (9). Similarly,
the received EM field must be properly weighted with
a complex amplitude/phase profile according to (11).

These operations require high flexibility at both the LISs.
In sight of this, there is an interest in designing ad-hoc
transmitting and receiving basis functions of more straight-
forward implementation. To simplify the transmitting and
receiving LISs architectures and exploit, at the same time,
the multiplexing capabilities offered by the OAM helical
wavefronts, the characteristic OAM exponential term could
be leveraged to construct basis functions in the form of (14)
that satisfy (1). In particular, we hereby propose to use the
following orthonormal basis functions at the transmitting LIS
side in the form of (14) where

1
oF (p1) = —Tr(pT)

R (17)
1
¢¢ (o) = ﬁeﬂm (18)
with
|1 Be©a
() = {O otherwise (19)

being the rectangular function, which in our specific case
identifies a disk of radius R, and

D B mod (I’l, 2) =1
bn { 5 mod (n,2) =0 (20)
for n = 1,...,N. Consequently, ¢, =

0,+1,—-1,+2,-2,...,(N — 1)/2, assuming N odd.2

2. Note that the same notation for the basis functions ¢ (pT, ¢T) in
Section II is being used here for simplicity to indicate the OAM-based
functions at the transmitting LIS, even though they do not coincide with
the optimal ones. Similarly, we will use ¥, (R, ¢R) to denote the n-th EM
field component when the n-th basis function ¢ (pT, ¢T) in (17)—(18) is
employed.
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The transmitting functions proposed in (17)—(18) are
normalized such that they exhibit unitary energy, i.e.,

Rt 2
/ dn(pT, 01O, (015 91) pT d@oT dPT = 8Pt (21)
0 0

being §,,, the Kronecker delta, hence ensuring that the overall
transmitted energy is equal to E; = N.

These bases can be viewed as the extension to a circu-
lar surface of the typical phase tapering profiles required
to generate OAM waves with UCAs. In fact, a well-known
technique for obtaining the helical wavefronts consists of
feeding a circular array of Ntx elements equally spaced
over a ring, with a successive phase delay A = 2¢m/NTx
such that, after a complete turn, the phase is incremented
of a multiple integer £ of 27 (i.e., phase varying linearly
with the azimuthal angle) [26]. Notably, functions (17)—(18)
could be used to realize spatial multiplexing by requiring
phase-tapering only at the transmitter, thereby significantly
simplifying the implementation of the LIS. These functions
do not form a complete basis set, unlike the optimum solu-
tions, hence a performance degradation in terms of DoF
is expected, as it will be investigated in the following. It is
important to note that when n = 1 (or, equivalently, ¢, = 0),
the resulting beam is the same as a uniform circular aperture,
while the subsequent modes are degenerate. This means that
the same coupling is obtained for adjacent modes (e.g., for
n =2 and n = 3, which correspond to topological charges
with the same absolute values but opposite chirality).

When the basis function ¢, (o, ¢T) specified in (17)—(18)
is employed at the transmitting antenna, the resulting field
at a distance z as described by (2) can be computed as

R 2. —JKr
Yn(oR, PR) = RTI\/E f() B fon el tnor 647.;r prderder (22)

Particularly, when waves propagate within the Fresnel zone,
which allows for multiple communication modes to be estab-
lished, the variable r in the numerator of (22) can be
approximated with [56]

% pr PTPR COS(PR — @T)
—_ _l’_ —_
2z 27 z

while in the denominator of (22) we consider r & z. By
using this conventional Fresnel approximation, we are able to
unfold the propagation phase term present in the numerator
of (22), thereby explicating the invariance of the peculiar
OAM exponential term in the receiver’s field expression and
demonstrating how OAM modes orthogonality is preserved
at the receiving end. Particularly, this approximation leads
to the expression of the received EM field as

r~z+ 23)

2
! e—JK%‘?e—JKZ
A zRT/TT

Rt 2
X f / e]£}1WT
0 0
2

T PRPT €08 (PR —¢T)
— kL PRPT COSIYR=OT)
xe /el E prderdor

Y (oR, PR) =
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It can be noticed from (24) that the exponential term e/‘¢R
identifying OAM is also present in the received EM field
expression. This shows that OAM wavefronts propagate in
free space with no changes and irrespectively of the selected
transmitting profile along the radial direction, thus demon-
strating how orthogonality is preserved at the receiver though
modifying the OAM beams’ shapes. In the remainder, we
dub as OAM mode each EM field component v, (pr, ¢r)
generated by the basis function in (17)—(18).

A. FOCUSED OAM

When considering the OAM modes at the receiving LIS
according to the discussion thus far, it can be noticed
from the analytical expression in (24) that, as the topolog-
ical charge increases, higher-order modes exhibit maximum
values at increasingly larger values of pr, which is a char-
acteristic of the Bessel functions. Indeed, it is a widely
acknowledged fact that the divergence of the OAM-carrying
beams increases with the topological charge [57]. Therefore,
a large receiving LIS is required to collect most of the beam
and obtain a significant coupling intensity. Moreover, the
beam-widening effect is more pronounced when operating
in the near field, as the diffraction pattern of an aperture is
inherently larger than that observed in the far field. This is a
consequence of the convolution with a quadratic-phase term,
as reported in (24). A widely adopted method for restricting
the angular spread of a beam in the near field is through the
use of focusing techniques [58]. This approach consists in
adjusting the phase of a radiating source so that it compen-
sates for the propagation delay towards a specific point (the
focal point), where all the EM field contributions add coher-
ently, thus enhancing the EM field intensity in a limited-area
region. Achieving this desired outcome, by utilizing the func-
tions presented in (17)—(18), requires a modification of the
transmitting phase profile ¢, (oT, ¢T) along the radial coor-
dinate pr, such that the phase converges at the focal point.
In the context of paraxial geometry, where the focal point
is located at the center of the receiving LIS at a distance z,
this can be accomplished by adopting

2
Mg (o) JKZ(H%)
or=0 " Rt e
where the right-hand approximation is derived from the
Fresnel approximation outlined in (23).

gy (oT)
P — JKT
oL (p1) = R ¢ |

(25)

From a  practical perspective, focusing can
be achieved by utilizing the phase profile
¢n(or) = Tgy(pr)exp (Jkp7/22)/Rr, as the inclu-

sion of a constant phase term does not affect the focusing
behavior. As the separability described in (14) highlights,
the application of the phase profile along the transverse
radial coordinate pt does not alter the helical phase front,
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thus maintaining orthogonality at both the transmitter and
receiver sides. Indeed, any variation of the phase profile
along the radial coordinate ot does not entail any loss in
terms of beams’ separation. A limitation of this method is
that the distance between the antennas must be known at
the transmitting LIS side in order to properly focus the EM
field. Nevertheless, this strategy requires phase-tapering
only, thus leading to a simple implementation. As a
consequence, the overall system complexity in the presence
of focusing is in any case reduced with respect to the
optimum strategy in Section III-B.

When the phase profile (25) is adopted, at the receiving
LIS side the resulting EM field can be expressed as

2
PR
1 K73

— ¢
4R/
Rr p2m PRPT €08 (R —¢T)
x / / el Tl : prdet dor
0 0

2
(=D R e [""T KPRAT
= 2 ¢J En¥R J [ =2 ) g
2Ry ﬁe e A r1e, - PT
(26)

Interestingly, the expression in (26) corresponds to the
beam that would be obtained with the far-field (Fraunhofer)
approximation, even though the field is being observed
within the Fresnel zone of the transmitting LIS [46], [59].
Indeed, by focusing along pr, the quadratic-phase term
responsible for the diffraction effects typical of the Fresnel
zone is compensated, hence resulting in a more concen-
trated beam at the focal point. Notice that, when ¢, = 0
(i.e., n =1), we have

1 R (R KPR OT
SRS / J d
2ZRTﬁ ) PTJ0 Z LT

2
1 e—]xlEJl(KpRRT).
N z

The intensity profile corresponding to (27) is the classi-
cal far-field pattern of a circular aperture (i.e., the Airy
disk [56]). Remarkably, higher topological charges produce
a beam divergence partially compensated by focusing, as it
will be investigated in the following numerical example.

Y1 (oR, ¥R)

27

B. NUMERICAL EXAMPLE

As an example, let us consider two parallel, circular LISs
placed at a distance z = DA. The transmitting LIS has
a radius Rt = TA, while the receiving LIS has a radius
Rr = RA. Fig. 2 illustrates the normalized amplitude of the
received electric field’s radial component v (pr), where
V(PR 9R) = Vi (pR)¥ (pr) and ¥ (pr) = /R, as
a function of the ratio pr/A for the case R = T = 10
and D = 50. It can be observed that the beam divergence
increases with higher values of the topological charge ¢,,.
Furthermore, the beam widening effect, which is a charac-
teristic of the received EM field within the Fresnel zone,
is also visible. In fact, within the chosen numerical setup,
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FIGURE 2. Received EM field along the radial coordinate as a function of the ratio
pr/A for different topological charges ¢, (normalized to max{|y{ (og)|})-

0 ;
—(, =0
—, =
. OF 0, =2
M
. —{, =3
—-10} — ity = 4]
= l,=5
QL
=
T -15¢
_20 A\ .
0 2 4 6 8 10

PR/A

FIGURE 3. Received EM field along the radial coordinate as a function of the ratio
pr/A for different topological charges ¢, using focusing at the transmitting LIS
(normalized to max({|v} (or)I}).

the boundary between the near-field and far-field (i.e., the
Fraunhofer distance dg) is in our case [56]
2
38Rt

dif = —
ff .

and it can be written in terms of a multiple of the wavelength
A as Dg = dig/A = 872. 1t should be noted that Dg > D in
the suggested numerical example.

In contrast, when a focusing transmitting LIS is adopted
according to (25) with the same system configuration, the
amplitude of the radial component of the normalized received
electric field is that as reported in Fig. 3. The focusing effect
is clearly visible, producing much more concentrated beams,
thus maximizing the energy collected by the receiving LIS.
As it is possible to notice from the figures, each beam is
characterized by a different level of divergence, increasing
with the mode order. Additional examples of the amplitude
and phase profiles obtained both at the transmitting and
receiving LIS for different topological charges are reported

(28)

VOLUME 4, 2023

in Appendix A, either in the presence or in the absence of
focusing at the transmitting LIS.

V. DETECTION STRATEGIES

When N data streams are transmitted simultaneously to carry
the symbols x = {xi,...,xn}, i.e., spatially multiplexed
according to the basis functions ¢, (pr, ¢r) in (17)—(18),
the information-carrying EM field resulting from the modes’
superposition at a distance z (i.e., at the receiving LIS) is
given by

Y(ORr, ¥R) = V¥ (0R, PR) + N(OR, YR)
N

=Y xa¥a(pr. 9R) + n(PR. PR)

n=1

(29)

where y(pRr, ¢r) identifies the overall received EM field, the
first addend represents the useful EM field carrying the data,
and n(pRr, ¢r) denotes a noise field affecting the OAM-based
system. In the absence of further assumptions (e.g., regard-
ing electromagnetic interference [60]), the noise field, when
expressed in Cartesian coordinates, is considered as additive
white Gaussian noise (AWGN) within the useful signal’s
spatial bandwidth, as further characterized in Appendix B.
The total energy received per symbol is

RRr 2 5
E= [T wor o mdodo GO)
0 0
so that we define the signal-to-noise ratio (SNR) as SNR =
Es/Nyp. Consequently, the SNR associated with the n-th OAM
mode can be written as

SNR, :SNR% 31

S

. 2.
being Ey = [y Jo™ [¥n(pr, 9R)|*pr dgr dpR the energy of

the n-th received OAM mode. In addition, we define the
parameter 7 as the ratio between the overall received energy
and the transmitted energy as

= E _ &. 32)
RT r2m N 2 El
o Jo ‘Zn:l ¢n(ﬂT,(/7T)‘ orderdor

This quantity is conceptually equivalent to the inverse of the
free-space path loss (i.e., path gain), and it will be further
discussed in Section VI.

A. OAM DEMULTIPLEXING

At the receiving LIS side, the overall EM field y(pRr, ¢r)
is processed to extract the information data x. Remarkably,
thanks to the helical wavefront propagating with no changes
along the azimuthal coordinate, a correlation at the receiving
LIS side with a conjugate factor e~/%¥R enables to iso-
late the n-th contribution ¥,,(or, ¢r) from the total received
field in (29), thus performing OAM modes’ demultiplexing.
Formally, it holds

2
yn(pR) = / y(pr, gr)e™! PR dpr
0
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FIGURE 4. Equivalent block diagram of the OAM modes demultiplexing.
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where
e 2

(=D e—jk’%e—jkz
2zRT/7

Rt P2
« / pTe—szifzn(@)dm (34)
0

when focusing is not performed the transmitting LIS side
and

VP (pr) =

A 2
2zR1/TT

Rt K
PRAT
X/ PTJ(Z,,< . )de
0

when focusing is instead employed at the transmitting LIS.
The function n,(pr) denotes the radial noise portion after
demultiplexing affecting the n-th OAM mode that is being
detected. Then, different approaches can be employed to
build a scalar decision variable Y, by processing the sig-
nal over the radial component pr of the LIS, thus detecting
the transmitted symbol x, from the n-th EM field compo-
nent. An overview of the equivalent receiver block diagram
performing OAM demultiplexing is reported in Fig. 4. In
the following, we illustrate three different detection strate-
gies corresponding to different levels of implementation
complexity and performance.

VP (pr) =

(35)

B. MATCHED FILTER

The optimum strategy for maximizing the energy at the n-th
branch of the receiver is that of performing matched filter-
ing, i.e., computing the correlation also along the radial
coordinate pr using a template function f,(or) matched
to (34) or (35), i.e., fu(pr) = w,f(pR). Notably, due to
the assumption of spatially white noise and the adoption
of a polar reference system, the correlation-based reception
scheme requires the introduction of the determinant of the
Jacobian matrix associated with the Cartesian to polar coor-
dinates’ transformation as in (21)—(22), that is, pr. Thus,
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the decision variable Y,EMF)

the n-th branch is

Rr
y(MF) :/ yn(PR) f;; (PR) PR dPR
0

used for signal demodulation at

RR 2
—x, f 192 (o) *or dor
0

Rr
+ /0 i (PR)S (o) PR AR

= x,hMP) v, (36)

where h,gMF) denotes the n-th channel coefficient describing
the effects of OAM LOS propagation. Precisely, it holds

WM — E with
2
1 Re| rRr i K
Bim e [ o (0 Jann
4nz2R% Jo | Jo z

being the received energy related to the n-th OAM mode
when focusing is not performed by the transmitting LIS,

and
1 Re| (R K,OR,OT> g
E,=—— Jo | —— |d

when accounting for the presence of focusing instead. In
addition, w, denotes the noise component affecting the
decision variable at the output of the n-th correlation-
based device. We have that, w, ~ CN(0, ov%_MF), n =
1,2,...,N, are independent, identically distributed (i.i.d.)
circularly-symmetric complex Gaussian random variables,
whose variance is derived in Appendix B.

Unfortunately, such a strategy, whose equivalent process-
ing scheme is reported in Fig. 5a, despite maximizing the
SNR at its output, requires high flexibility at the receiving
LIS side. In fact:

o The spatial correlation with a complex amplitude/phase

pattern must be performed;

o The distance between the transmitter and receiver, as

well the transmitting LIS’s size, must be known at the
receiver side to build the template function f,(oRr).

PrAPR

(37

prdpr  (38)

C. INTEGRATE & DUMP

Considering that the total received field comprises a set
of well-defined beams, especially in the focused case (as
in Fig. 3), a lower-complexity detection scheme could be
achieved by means of a simple integrate & dump (ID)
approach (i.e., accumulation over the radial coordinate pRr),
thus obviating the need for point-wise processing along pr
involving a complex amplitude and phase spatial correlation.
Specifically, we have

Rr
yiP) = / yn(PR) PR dPR
0

RRr Rr
—x, / P (pr)oR dpr + f nn(oR) PR doR
0 0
— 2 hD) D) (39)
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FIGURE 5. Proposed radial processing schemes for symbol detection after OAM
modes demultiplexing.

with th) being the complex channel coefficient, and
wiD) < CN (0, av%,’ID), n=1,...,N, being the Gaussian
noise variables with variance U‘%,ID, derived in Appendix B.
This strategy corresponds to assuming f,(or) = gy (oR),
hence integrating on the totality of the receiving radial
dimension. The equivalent processing scheme is reported
in Fig. 5b. It is worth noticing that, in this case, differ-
ently from the matched filter (MF) strategy, the lack of the
square module operation in (39), which is instead present
in (36), makes the complex output variable Y,(lID) dependent
in its sign on the positive/negative result of the integral of
the radial component v,(pr). Thus, the final decision crite-
rion must account for this. Moreover, channel equalization
is required to compensate for the phase term in the decision
variable.

D. ENERGY DETECTION

In order to further simplify the receiver structure, a partially
non-coherent scheme can be considered, by collecting the
energy along the radial component pr exploiting a square-
law device, thus leading to an energy detector (ED) scheme.
After demultiplexing the n-th OAM mode as previously
described, the square module is then computed and, subse-
quently, the integration in the radial direction is performed
to obtain the scalar decision variable Y,(,ED), ie.,

Rr
YD) = f lyn(oR)I? R dpR
0

Rr
= /(; ‘xnl//,{) (pr) + ”n(PR)|2,0R dpr. 40)

The equivalent processing scheme is reported in Fig. Sc.
Conversely to the other detection strategies, energy detection
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cannot be realized with the general communication scheme
of Fig. 1, since integration over the angular coordinate @R
only is required and, afterward, non-linear processing along
the radial coordinate pRr is performed.

Differently from the MF and the ID schemes, this detec-
tion strategy introduces some additional constraints to be
considered. For instance, due to the presence of the square
law device in the reception scheme, any information regard-
ing the signal’s phase is lost, thus requiring non-coherent
modulation schemes such as on-off keying (OOK), as we
will assume in the following. This particular choice leads
to two possible outcomes: a first case in which the decision
variable Y,EED) is composed of the noise energy only, and a
second one in which Y,(,ED) comprises both the transmitted
signal and the noise energies. The final symbol’s decision
can be performed by comparing the energy level measured
at the radial integration block’s output, i.e., YflED), with an
appropriate threshold value. Therefore, the decision criterion
becomes

. L =g,

X, = 41
n 0. Y:EED) <2 (41)

where ¢, identifies the decision threshold that has been
suitably defined for the n-th OAM mode. In Section VI,
appropriate threshold values for ¢,, n = 1,..., N, will be
numerically evaluated for a given SNR at the receiver.’

E. SMART INTEGRATION

In Section V-A, it has emerged how, after performing a first
correlation of the total received EM field with the conjugate
phase factor e~/¢¥R of the mode of interest to be demul-
tiplexed, integration in the radial variable pr needs to be
performed. When the MF scheme is employed, this oper-
ation results in maximizing the SNR at the receiving LIS,
being the selected receiver template functions matched to the
received waveforms. However, when the ID or ED strategies
are contemplated, the absence of a radial processing matched
to the received signal t/f,f (pr) might lead to a subtle dete-
rioration in performance. This is because when integrating
along the totality of the radial domain, i.e., pr € [0, Rr],
a consistent amount of noise is accumulated, which comes
from those locations on the receiving LIS where the radial
signal component 7 (or) has negligible values, as shown
in Figs. 2-3. Indeed, both with focused or unfocused beams,
the received field amplitude tends to be concentrated on
a given radial interval, hence rapidly vanishing outside
of it.

To counteract this phenomenon, a viable solution is that
of computing the integral only where the received EM field
has a significant intensity. This operation has been dubbed
as smart integration since we assume to have an intelligent
receiving device that, given the knowledge of the OAM order

3. The definition of a proper threshold can be avoided by considering dif-
ferent signaling schemes, such as pulse position modulation, at the expense
of the spectral efficiency [61].
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FIGURE 6. Coupling intensity for the unfocused and focused OAM modes in
comparison with the coupling intensity of optimum communication modes (SVD).

that has been demultiplexed, can identify a suitable domain
on which to perform the integration operation. The procedure
is similar to the problem of integration time determination
for non-coherent receivers, for which several solutions have
been proposed in the literature [61], [62], [63]. Examples
will be given in the numerical results of Section VI.

VI. NUMERICAL STUDY

A. DEGREES OF FREEDOM

To evaluate the effectiveness of the OAM approach, we com-
pare the coupling intensity obtained with OAM modes to
the coupling intensity obtained from optimum communi-
cation modes (i.e., the intensity of the singular values &,
as from the optimum basis sets). The optimal bases are
obtained by discretizing the transmitting and receiving LISs
and computing the singular value decomposition (SVD) of
the Green function (3) between the surfaces. In Fig. 6, the
behavior of singular values is reported for the configura-
tion R =T = 10 and D = 50, with A = 0.1m. It can
be seen that they are almost constant, then drop quickly
after a specific value. The number of effective communica-
tion modes N, i.e., the DoF, can be defined as the number
of singular values of intensity no smaller than a certain
value with respect to the largest one. The coupling intensity
of the OAM modes corresponds to the normalized values
E,/E1, being the denominator coincident with the energy
of the fundamental mode n = 1 (i.e., £, = 0). As antici-
pated, OAM-based modes are degenerate, hence the same
coupling is obtained for two consecutive indexes n, except
for the case n = 1. Due to the presence of beam divergence,
OAM modes coupling falls off quite rapidly compared to
the optimal case. Nevertheless, it can be noticed how ben-
eficial the adoption of focusing techniques is in terms of
coupling strength. In this setup, by fixing a threshold to
—5dB from the best-connected communication mode, about
40 communication modes are obtained with SVD; differently,
only 10 can be exploited with OAM and about 18 with OAM
when performing focusing at the transmitting LIS. Therefore,
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FIGURE 7. Number of OAM modes as a function of the link distance D (multiples of
1). LISs of the same size (R = T = 10).

it is evident that the number of parallel channels is lower
than that corresponding to the optimum strategy. However,
system complexity is significantly reduced. In particular, the
coupling intensity obtained for focused OAM-based com-
munication modes with low topological charge is anyhow
acceptable, so this could be reasonably exploited for enhanc-
ing the link capacity with small additional complexity in
terms of hardware implementation. A detailed analysis of
the trade-off between ease of deployment and the required
level of system knowledge will be thoroughly provided in
Section VI-D. In Fig. 7, the number of modes N is depicted
as a function of the distance parameter D for the scenario of
R =T = 10. For comparison, the number of communication
modes obtained from (13) is also illustrated. In particular,
it is convenient to rewrite (13) as a function of the normal-
ized quantities considered in the numerical results, which
gives
7{2 R2T2

N = 2 (42)
and which depends only on geometrical quantities reported to
the wavelength. Furthermore, the number of modes obtained
by considering the singular values from the SVD is also
illustrated. In all cases, a threshold of —5dB is applied to
determine the number of well-coupled modes. As expected,
regardless of the adopted strategy, the number of modes
diminishes rapidly for increasing distance, reaching unity
as the far-field limit is approached. The number of modes
corresponding to significant singular values from the SVD
is accurately predicted by (42). While the use of focused
OAM results in a greater number of well-coupled modes,
both the focused and unfocused OAM transmissions have
inferior performance compared to optimum communication
modes when the distance is small. In scenarios where the
geometric constraints limit the availability of a large num-
ber of transmission modes, such as larger distances, OAM
represents a promising alternative for leveraging channel
spatial multiplexing capabilities with relatively low added
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FIGURE 8. Number of OAM modes as a function of the link distance D (multiples of
1). Downlink case (R =5, T = 25).

complexity and no need for SVD processing. Nevertheless,
it is worth noting that the exploitation of the OAM modes
becomes increasingly challenging as the distance increases
due to the beam divergence, leading to a degraded coupling
between the transmitting and receiving holographic LISs.

This issue is particularly evident in the case of uplink
and downlink transmissions, where the varying size of the
transmitting and receiving LISs results in different levels of
divergence and, thus, different impacts on the performance.
To this end, the following plots show what happens when
the sizes of the LISs greatly differ. In particular, in Fig. 8
LISs with R = 5 and T = 25 are considered. Since the
transmitting LIS is much larger than the receiving one, we
refer to this scenario as the downlink case. Thanks to the
large dimensions of the transmitting LIS, a high focusing
gain can be obtained, thus drastically increasing the number
of well-coupled OAM-based channels. Differently, if focus-
ing 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 Fig. 9. In this case, the num-
ber of modes obtained with SVD or corresponding to (42) is
equivalent to that from Fig. 8, 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 receiv-
ing LIS is large enough to properly collect the received EM
energy for increasing topological charge values, a large num-
ber of OAM-based channels can be realized, thus making
the approach appealing. On the other hand, employing a
focusing transmitting LIS does not bring advantages due to
the reduced size of the transmitting LIS.

B. OAM DETECTION
In this subsection, we characterize the OAM-based commu-
nication scheme in terms of path gain and bit error rate
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FIGURE 9. Number of OAM modes as a function of the link distance D (multiples of
1). Uplink case (R =25, T =5).
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FIGURE 10. Path gain 5 as a function of the link distance D (multiples of 1).

(BER). Fig. 10 reports the path gain 1 for both the focused
and unfocused cases as a function of the normalized link dis-
tance D. In particular, the same three configurations relative
to Fig. 7, Fig. 8, and Fig. 9 are considered, corresponding to
T =R, T > R (i.e.,downlink) and T <« R (i.e., uplink). Here
we adopt N = 51 to obtain the various curves since, given
the information presented in Figs. 7-9, it can be inferred
that this value serves as an upper bound for the number of
well-coupled OAM modes. When LISs with identical radii
are assumed (case 7 = R = 10), the path gain is more
favorable with focused OAM, which does not impact the
amount of transmitted energy but allows for concentrating a
larger amount of it on the receiving LIS. The gap between
the unfocused and focused case is clearly visible in down-
link (i.e., T =25, R = 5), where the large transmitting LIS
produces a great divergence of the OAM modes. If such a
divergence is not properly compensated by focusing, a sig-
nificant performance loss in terms of energy collected by
the receiver is experienced (e.g., around 17dB at D = 100).
Differently, in uplink (i.e., T = 5, R = 25) no difference
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FIGURE 11. BER as a function of the SNR for different OAM modes. Continuous
lines (—) are for the MF; dashed lines (— —) are for the ID.

is experienced between the focused and unfocused cases.
In this configuration, (i) the small transmitting LIS is not
capable of focusing the transmitted energy, (ii) the OAM
beam divergence is limited by the small transmitting LIS,
and (iii) the large receiving LIS is intrinsically more effi-
cient in collecting the energy spread by the higher-order
OAM modes.

Let us now concentrate on the performance of the different
detection schemes that have been proposed. Fig. 11 depicts
the BER as a function of the SNR, as defined in (31), for
R =T =10 and D = 100 when focused OAM and a binary
phase shift keying (BPSK) modulation scheme are adopted.
In particular, results are reported for a subset of OAM mode
orders ¢,, as indicated in the legend (i.e., modes with posi-
tive signs only are considered). Thanks to the MF strategy,
the continuous curves coincide with the bit error probabil-
ity of an optimum uncoded BPSK system, considering the
fraction of energy allocated to each OAM mode. In fact,
as it is possible to notice, the best performance is experi-
enced by the OAM modes with lower indexes, which are
better coupled thanks to their limited divergence. In particu-
lar, the OAM modes for ¢, = 0, 1,2 experience almost the
same coupling, thus resulting in a similar performance. In
the same figure, the MF performance is compared to that
of the sub-optimum ID scheme. This has been implemented
considering the compensation of both the quadratic phase
terms at the receiving LIS and the additional phase terms
with an ideal single-tap equalizer. It can be noticed that, in
this case, the performance loss of the ID scheme can change
drastically depending on the OAM mode order. In particu-
lar, for modes with index £, = 2, 3, 4, there is only a slight
decrease in performance (below approximately 1dB), while
the fundamental mode for ¢,, = 0 is severely impacted. This
is due to the diverse waveform shapes associated with the
various OAM modes and the adoption of the sub-optimum
ID strategy, thus making the performance dependent on
the specific signal shape, in contrast to the MF method
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FIGURE 12. BER as a function of the SNR for different OAM modes. Dashed lines
(— =) are for the ID; dotted lines (--) are for the ID with smart integration.

where the performance is independent of the signal shape.
In Fig. 12, the impact of the smart integration strategy for
the ID detection, as described in Section V-E, is reported. In
this case, an integration window corresponding to the radial
coordinates where the beams exhibit a reduction of 10dB
from their corresponding peak was considered. The results
demonstrate that the smart integration technique enhances the
performance for all OAM modes, albeit to varying degrees.
The amelioration is small for modes that already exhibit
minimal loss compared to the MF (as observed in Fig. 11).
However, a substantial improvement is evident for the fun-
damental mode, which experiences significant performance
degradation when employing the standard ID strategy. The
smart integration approach facilitates the enhancement of
the BER by balancing the useful and noise energies that are
accumulated. Specifically, employing large integration win-
dows results in an increased useful energy level but also
a higher noise energy level. On the contrary, small inte-
gration windows limit the amount of useful signal energy
but diminish the accumulated noise. Using smart integration,
the performance degradation of ID with respect to the MF
is highly reduced, making such a strategy a viable solution
for OAM detection with significantly lower complexity.
The primary limitation of the ID method is the requirement
for channel estimation to compensate for the phase terms.
This drawback can be circumvented by utilizing the ED strat-
egy, whose performance assessment is reported in Fig. 13.
In this case, the smart integration technique is applied, as for
the ID approach, and the optimum detection threshold for
OOK demodulation, i.e., the threshold ¢, that ensures the
minimum BER for each OAM mode and SNR value, is uti-
lized. The figure displays the results for three OAM modes
only to improve readability. It is evident that the performance
of the ED method is inferior to that of both the MF and the
ID approach due to the non-linear processing and the use of
the OOK modulation. Specifically, a degradation of approx-
imately 5 dB is observed. However, this approach eliminates
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the need for amplitude correlation or channel estimation at
the receiving LIS.

In Fig. 14, the impact of the detection threshold to dis-
criminate between the hypotheses of noise only (i.e., x, = 0)
and that of signal plus noise (i.e., x, = 1) in the OOK
demodulation is reported. In the figure, the BER is reported
as a function of the threshold-to-noise ratio (TNR) for dif-
ferent OAM mode orders ¢,, considering a SNR of 19dB,
where we defined TNR = ¢,/Ng, n = 1,2,...,N. It is
possible to note that an optimum threshold value exists
for each OAM mode. The fundamental mode (i.e., £, =
0), which has a higher coupling value, demonstrates the
best BER. Conversely, higher-order modes exhibit degraded
performance. In particular, the minimum values in Fig. 14,
when considering the smart integration (dashed lines), corre-
sponding to the BER values for an SNR of 19dB in Fig. 13,
when accounting for the ED curves. In the same figure,
the ED performance as a function of the TNR, but without
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smart integration, is reported. As for the ID approach, the
smart integration allows for improving the performance,
by balancing the amount of energy and noise accumulated
at the receiving LIS. Interestingly, when smart integration
is not considered, the optimum threshold decreases mono-
tonically when increasing the mode order ¢,; in fact, the
useful energy decreases accordingly due to the lower cou-
pling, thus it is convenient to decrease the decision threshold
in (41). Differently, when the smart integration approach is
considered, the optimum threshold is still mode-dependent,
although not exhibiting a monotonic behavior with respect to
the mode order. This is reasonable since the corresponding
beams are placed at different points along the radial coordi-
nate, and the width of the integration window changes for
each mode (also with a noise power n,(or) which is not
flat after de-multiplexing); thus, the optimum threshold must
account for either the useful fraction of energy or the amount
of noise energy in the specific integration window selected.
It is worth noticing that these curves assume that the
same power is associated with the different OAM modes
(i.e., equal power allocation at the transmitting LIS). In order
to maximize the system capacity, water-filling power distri-
bution at the transmitter side, accounting for the different
coupling intensities of the OAM modes, is required.

C. IMPLEMENTATION COMPLEXITY ANALYSIS

The exploitation of the OAM property has both practical
advantages and ineluctable disadvantages. Concerning the
benefits of the OAM characteristics, it has been shown that
this transmission technique allows multi-modal communica-
tions, hence enabling spatial multiplexing in LOS MIMO
communications. Specifically, the basis functions proposed
in (17)-(18) introduce the possibility to perform spatial
multiplexing with a considerably lower complexity at the
transmitting LIS side with respect to the optimum SVD case.
In fact, with the SVD/CPWFs approach, the basis functions
depend on the overall system geometry (i.e., sizes of both
circular LISs and relative distance), which needs to be known
at both sides and requires a certain degree of hardware flex-
ibility. With OAM, instead, such knowledge is not required
at the transmitting LIS side (or distance only in the case
of focused OAM) when operating in a paraxial regime. On
the other side, the detection of OAM-multiplexed EM fields
through a receiving LIS results quite demanding in terms of
complexity and knowledge of the system geometry if optimal
MF processing is adopted. Differently, the complexity can
be reduced, and system geometry knowledge can be relaxed
if ID and ED strategies are adopted. A summary of the flex-
ibility requirements at the transmitting (TX) and receiving
(RX) LIS as well as of the required degree of knowledge at
both sides is reported in Table 1.

D. FINAL REMARKS

Apart from the considerations above, an element of fun-
damental importance that is worth to be mentioned deals
with the employment of large LIS (i.e., holographic MIMO
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TABLE 1. Implementation requirements for the different detection strategies.

TX LIS flexibility RX LIS flexibility Knowledge at TX Knowledge at RX
Optimal Phase tapering, Phase tapering, RX LIS size, TX LIS size,
SVD/CPWFs amplitude tapering amplitude tapering distance distance
TX: OAM Phase tapering Phase tapering, N/A TX LIS size,
RX: MF amplitude tapering distance
TX: Focused OAM Phase tapering Phase tapering, Distance TX LIS size,
RX: MF amplitude tapering distance
TX: OAM Phase tapering Phase tapering, Distance N/A
RX: ID channel equalization
TX: Focused OAM Phase tapering Phase tapering, Distance N/A
RX: ID channel equalization
TX: OAM Phase tapering Phase tapering, N/A N/A
RX: ED non-linear processing
TX: Focused OAM Phase tapering Phase tapering, Distance N/A
RX: ED non-linear processing

configuration) rather than UCAs [28]. Suppose, in fact, to
exploit a large UCA to receive the OAM-multiplexed EM
field, whose radius is even collimated to the radial coordi-
nate pr corresponding to the peak of a specific mode (for
example, ¢, = 3 in Fig. 3). In such a case, the energy that
can be collected from the other modes (e.g., that for £, = 1
or £, = 6 in Fig. 3) will be inevitably low, due to the dif-
ferent divergence behavior spreading the beams at different
radii. In this sense, the use of a large receiving LIS enables
much more flexibility and larger coupling intensities for an
increased number of OAM modes.

Be that as it may, OAM communications also display
several, not negligible negative aspects that necessarily need
to be considered. Fig. 6 highlighted that the number of the
effectively well-coupled OAM modes is much smaller than
that of the optimum communication modes, both in the pres-
ence and absence of focusing. Focusing has been shown to
partially compensate for this OAM deficiency and is partic-
ularly important when large LISs are employed, especially
at the transmitting side. Behind all that, it is essential to
note that the system under consideration assumes a parax-
ial LOS scenario. Any misalignment between the transmitter
and the receiver, such as lateral displacements or receiver
angular errors, or the presence of multipath propagation, will
result in power loss and potential crosstalk at the receiver
side. Therefore, suitable strategies must be implemented to
address these effects in more general scenarios characterized
by mobility and multipath.

VIl. CONCLUSION

The paper discussed holographic MIMO communications
that exploit the OAM property of EM waves, thus investigat-
ing the relationship between optimum communication modes
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and OAM modes. It proposed OAM-related basis func-
tions that offer a simpler implementation than the optimum
solution based on eigenfunction decomposition, although
reducing the channel DoF. Various detection strategies at
the receiver have been proposed and analyzed to investigate
performance and complexity trade-offs. The paper also intro-
duced focusing to improve the performance in terms of DoF
and coupling strength, showing its effectiveness in differ-
ent configurations. The numerical analysis demonstrated the
feasibility of a significant number of orthogonal OAM chan-
nels, particularly when focusing is used to mitigate the beam
divergence characteristic of OAM modes in the near field,
by characterizing the performance of the proposed OAM
demultiplexing and detection schemes.

APPENDIX A

EXAMPLE OF OAM AMPLITUDE AND PHASE PROFILES
Table 2 displays the transmitting phase profiles and the
corresponding OAM modes (both amplitude and phase pat-
terns) obtained at the receiving LIS for different topological
charges, both with and without employing focusing at the
transmitting LIS when 7T = R = 5 and D = 20. In par-
ticular, results for ¢, = 0 are the beams obtained with
unfocused/focused constant phase profiles along ¢, thus
corresponding to classical diffraction patterns of circular
apertures. The increasing beam divergence, partially com-
pensated by focusing, can be seen in the subsequent rows
for increasing values of ¢,, as well as the corresponding
helical-shaped phase profiles at the receiver side.

APPENDIX B

NOISE CHARACTERIZATION

Let us contemplate the noise statistical characterization by
expressing the noise field n(pR, ¢r) in Cartesian coordinates,
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TABLE 2. Example of transmitting and receiving OAM amplitude/phase profiles, with and without focusing, for £, =0,1,3 (T = R =5, D = 20).

TX phase RX amplitude RX phase
Unfocused Focused Unfocused Focused Unfocused Focused
.
U =1

i.e., n(x,y). Specifically, it is

wn = [ ) duay 43)
R

where n(x, y) is the complex AWGN with one-sided power
spectral density Ny and F,(x, y) identifies the generic n-th
receiving template function adopted at the receiving LIS
in Cartesian coordinates. We assume that this template
function is in the same form of (14) when expressed in
polar coordinates, i.e., Fn (x, y) corresponds to F,(pr, ¢r) =
fu(pr)e/#R | meaning that it is separable in the radial and
angular coordinates and comprises the OAM exponential
term. The radial component f;,(or) instead is an arbitrary
function that depends on the selected detection strategy. Due
to the AWGN assumption in the spatial domain, the noise
variance can be computed as

o2 = EIwil]

= / f Fr(e, y)Fa(x,Y)
SR Y SR

x E[a(x, y)i*(x', y') ] dxdy dx'dy’

SR

2m  rRR 2
= No/ / Vn(pR)eﬂnWR’ PR dprdgr
o Jo

Rr
[f(or)* pR dpR

- 2
Fatx, )| dedy

= 27Ny (44)

where pR is the Jacobian determinant of the transformation
from Cartesian to polar coordinates. Notably, the radial func-
tion f,(or) adopted at the receiving LIS plays a fundamental

VOLUME 4, 2023

role in determining the amount of noise power collected by
the receiving LIS. In particular, for the MF case it holds
fu(or) = ¥ (pr), thus leading to

Rr
2
o mr = 27No /O [ (oR)|* R dpr = 27 NohMD (45)

MF) _
n

where &, n 1s given in (37)-(38). Similarly, for the
ID strategy, being f,,(or) = Igy (oR), it results

Rr
2
02 1y = 2Ny /O Mg (or0)| v dpw = TNoRY.  (46)

While the optimal MF approach maximizes the SNR at the
receiver, by perfectly equalizing the propagation effects, the
noise variance of the ID scheme increases with the obser-
vation interval, i.e., the integration domain in the radial
direction. For this reason, proper countermeasures such as
the smart integration technique discussed in Section V-E
should be adopted.
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