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Abstract

In recent years, the concept of the Smart Radio Environment (SRE) has
emerged as a transformative approach in wireless communications. This in-
novative paradigm shifts the perception of the wireless environment from a
passive, uncontrollable entity to an active, programmable component. By
enabling dynamic programming and optimizing the radio propagation en-
vironment, the SRE paradigm aims to revolutionize the field, addressing
challenges posed by next-generation wireless networks. Aligned with this vi-
sion, the focus of this thesis is on advanced “smart” methods exploiting the
possibility to sense and modify radio propagation environments to enable
advanced communication, localization, and mapping applications.

The initial chapters thoroughly explore the technologies employed in
smart radio environment applications. One of these key technologies is
Reconfigurable Intelligent Surfaces (RISs) which are adaptable surfaces that
can be programmed to manipulate the propagation of radio waves. By ad-
justing how signals are reflected, a RIS can effectively shape the wireless
environment, leading to improved coverage and enhanced signal strength.
Another promising technology discussed is the frequency-selective metasur-
faces. These metasurfaces are engineered to interact selectively with dif-
ferent frequency components of a signal. This selective interaction enables
precise control over the signal’s angle of reflection response, allowing for cus-
tomized improvements in signal processing and propagation. The chapters
also delve into self-conjugating metasurfaces that exploit the retrodirectiv-
ity propriety, appealing to reduce the beamforming time in Multiple-Input
Multiple-Output (MIMO) systems while reducing the system complexity.

The thesis proceeds with the description of practical experiments carried

out during this Ph.D., including the validation of two RIS devices oper-
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ating at frequencies of 3.47 GHz and 5.3 GHz. It also details a measure-
ment campaign that provided the world’s first successful validation of radio-
simultaneous localization and mapping (SLAM) algorithms at 300 GHz. Ad-
ditionally, the thesis covers a ultra wideband (UWB) localization application
conducted as an experimental analysis of an automatic docking system for
the retrieval of large objects in harsh environments.

The manuscript continues with the description of the algorithms devel-
oped during the doctoral research, exploiting the technologies investigated
in the first part of the thesis. In particular, regarding the use of frequency-
selective surfaces, algorithms that leverage a Orthogonal Frequency-Division
Multiplexing (OFDM) signals and a frequency-modulated continuous-wave
(FMCW) signals to enhance localization accuracy through the use of frequency-
selective metasurfaces are shown. Then, algorithms that exploit the self-
conjugating metasurfaces have been developed. These address communica-
tion, beam tracking, channel access, and localization purposes. Finally, radio-
SLAM algorithms, integral to the measurement campaign discussed earlier,
are designed for simultaneous localization and mapping in high-frequency
environments.

This thesis offers a detailed examination of these cutting-edge technolo-
gies, tailored signal processing methods, and their application in advancing

the Smart Radio Environment concept.
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Chapter 1

Introduction

The exponential growth in data traffic is pushing the boundaries of wireless
connectivity, transforming it into an essential pillar of modern society. As
we look ahead to 2030, forecasts predict a staggering 55% annual increase in
global Internet Protocol (IP) data traffic, culminating in an unprecedented
5,016 exabytes [1]. This explosive growth underscores the urgency for future
wireless networks not only to deliver ultra-high data rates, potentially up to 1
Tb/s [2], but also to support a diverse array of services such as sensing, local-
ization, low-latency, and ultra-reliable communications. However, the fifth
generation (5G) networks, constrained by their inherent design limitations,

fall short of meeting these emerging demands.

To address these challenges, a revolutionary concept gained attraction in
the last few years: the SRE [3,4]. This paradigm shift proposes that, instead
of treating the wireless environment as a static and uncontrollable element,
it should be actively programmed and optimized. By doing so, the SRE can
transform the wireless communication landscape, mitigating power wastage,
reducing interference, and enhancing security. As reported in Fig. 1.1, the
SRE exploits the inputs received by the wireless environment and optimizes

the signals in it.

The traditional design assumptions of wireless networks, which have re-
mained largely unchanged through five generations of cellular systems, are
now being questioned. These assumptions held that the wireless environment

between communicating devices is dictated by nature and cannot be modi-
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Figure 1.1: Radio Environment vs Smart Radio Environement concept.

fied, with compensation only achievable through sophisticated transmission
and reception schemes. This outdated view is increasingly inadequate for
the stringent requirements of future networks. The sixth generation (6G)
networks envision a holistic architectural platform that seamlessly integrates
communication [5], sensing [6—5], localization [9-11], and computing [12], de-
livering ultra-high throughput, ultra-low latency, and ultra-high reliability,
all dynamically and flexibly customized in real-time [13, 14].

Central to the SRE concept is Reconfigurable Intelligent Surface (RIS),
a breakthrough technology that enables the wireless environment to become
an optimization variable [15]. RISs are meta-surfaces embedded with pro-
grammable electronic circuits capable of altering incoming electromagnetic
fields. These surfaces are typically two-dimensional structures composed of
composite material layers with metallic or dielectric patches, known as unit
cells or scattering particles, that can be designed to be either locally pas-
sive or active. Through balanced absorptions and gains, RISs can transform

incident electromagnetic fields to desired outcomes [16].




RIS technology offers significant energy savings by forwarding signals
without the need for traditional power amplifiers, relying instead on precise
phase shifts applied by each reflecting element. This makes RISs far more
energy-efficient than conventional Amplify-and-Forward relay transceivers.
Furthermore, their minimal hardware footprint allows for easy deployment in
diverse environments, from building facades to room ceilings and even wear-
able devices. Although the absence of amplifiers means RISs may achieve
lower gains compared to traditional Amplify-and-Forward relays with equiv-
alent antennas, properly designed phase shifts can still ensure superior energy

efficiency.

Recent research has demonstrated the impressive capabilities of RISs in
indoor environments [17], showing substantial enhancements in received sig-
nal power and the ability to control various electromagnetic phenomena such
as dynamic polarization [15], scattering, and beamforming [19]. These stud-
ies highlight the potential of RIS technology to improve indoor coverage and
optimize communication environments. As investigations continue, RISs are
poised to play a pivotal role in the evolution of wireless networks, driving

the transition towards smarter, more efficient communication systems [20].

Besides the deployment of RIS, the SRE concept is further advanced
by incorporating radio-simultaneous localization and mapping (SLAM) ap-
plications. These applications, along with advanced localization techniques,
enhance environment awareness by dynamically mapping and localizing wire-
less nodes within the network without the need for deploying any infrastruc-
ture [21]. This integration allows the SRE to adapt more precisely to the
environmental conditions, thereby optimizing communication performance
and reliability. Radio-SLAM and localization techniques provide real-time
data on the positions and movements of devices, enabling the network to
make informed adjustments to signal paths and resource allocations. Tradi-
tionally, SLAM is based on the concept that a robot, moving in an unknown
environment, recognizes the surrounding objects being then able to recon-
struct a 2D/3D map of the area. This is typically done by steering a laser
beam across a dense number of test directions and estimating the Rount-Trip
Time (RTT) of the signal reflected by the obstacles (targets) for each test

direction. In such a way, from RTT estimates, the distance of targets can
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be inferred and, consequently, an accurate map of the environment can be
built [22,23]. This level of environment awareness is crucial for meeting the
stringent requirements of next-generation wireless networks, such as ultra-
low latency and high reliability, by ensuring that the network can proactively

respond to changes and potential disruptions in the wireless environment.

In recent years, the concept of personal mobile radar has been devel-
oped [24,25], leveraging the antennas of smartphones. The availability of
numerous antennas on mobile devices enables the creation of narrow beams
with electronically driven steering capabilities, which are crucial for high-
accuracy mapping. This presents a cost-effective and energy-efficient alter-

native to laser technology.

In this context, a key step is the digital representation (mapping) of the
physical world into the so-called smart space, a space that facilitates coopera-
tion and interaction among smart objects. These developments contribute to
the creation of smart radio environments. Fig. 1.2 illustrates how the concept
of personal radar can become a reality. By utilizing antennas’ smartphones,
radio-SLAM can be employed to map the environment and geolocate within
it, enabling the creation of an image of the surrounding environment without

using laser radar and any wireless infrastructure.

~

—~———

Mapping

Figure 1.2: Personal radar concept [20].
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Smart environments, such as SRE, in future generations of wireless sys-
tems, will not only leverage innovative technologies like RIS or radio-SLAM
algorithms, but also technologies previously developed for earlier generations,
such as ultra wideband (UWB) localization algorithms. The vision is to shift
toward higher frequencies [27, 28], given the current congestion of the spec-
trum, which allows for the use of increasingly higher frequency bands. This
shift offers several benefits, including high localization accuracy due to the
use of wide bandwidths, enhanced resistance to interference, and low power
consumption—crucial for applications where battery life is critical [29]. In
addition to the aforementioned benefits, operating at high frequencies intro-
duces coverage issues, particularly in Non Line of Sight (NLOS) scenarios,

where technologies based on RIS can provide assistance.

1.1 Main Contributions and Thesis Organi-

zation

The above-mentioned topics are thoroughly addressed in this thesis. After
a survey on conventional RISs illustrated in Chapter 2.1, Chapter 2.2 in-
troduces a particular type of metasurface that is not reconfigurable but is
frequency selective, referred to as metaprism. With metaprism, the frequency
components of the impinging signal are reflected toward different angles de-
pending on how the metaprism has been designed. The innovative aspect
treated in this thesis includes the design of an algorithm capable of esti-
mating the position of a target in NLOS by leveraging the frequency-angle
mapping of the metaprism and near-field propagation. Two types of incident
signal impinging on the metaprism were investigated: the first excited by an
OFDM signal, and the second by an FMCW-chirp signal, both of which are
modeled in general in Chapter 2.2. Subsequently, the metaprism is applied
to high-frequency localization algorithms, with details and numerical results
presented in Chapter 4.1.1 for the OFDM-metaprism and Chapter 4.1.2 for
the FMCW one. This research has also led to the publication of the following
scientific articles:

e M. Lotti, G. Calesini, D. Dardari, “LLOS Localization Exploiting
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Frequency-selective Metasurfaces”, IEEE International Conference on
Communications Workshops (ICC Workshops), Denver, CO, USA, Jun.
2024, pp. 1012-1016 [30].

e M. Lotti, D. Dardari, “Metaprism-aided NLOS Target Localization”
31st European Signal Processing Conference (EUSIPCO), Helsinki,
Finland, Sep. 2023, pp. 895-899 [31].

The second type of metasurface studied in this thesis is the
Self-Conjugating Metasurface (SCM), also referred to as Retrodirective An-
tenna Array (RAA). This metasurface reflects the signal back towards the
angle of arrival of the incident signal, leveraging the retro-directivity prop-
erty. The general model of this type of metasurface is described in Chapter
2.3, and it has various applications. These include establishing efficient com-
munication and beam tracking with multiple users equipped with SCMs, as
discussed in Chapter 4.2.1, enabling grant-free channel access for users seek-
ing to communicate with an access point, detailed in Chapter 4.2.2, and
achieving high-accuracy localization of users equipped with SCMs, as pre-
sented in two different architectures in Chapter 4.2.3. The innovative aspect
of this technology is that it enables beamforming between two arrays in an
ultra-short time without the need for channel state information (CSI), using
a node of extremely low complexity. It fully exploits path loss compensation
due to the array configuration and can also amplify the backscattered sig-
nal if desired. These investigations have also resulted in the publication of

several scientific papers:

e D. Dardari, M. Lotti, N. Decarli, G. Pasolini, “Establishing MIMO
communications automatically using self-conjugating metasurfaces”,
IEEE International Conference on Communications (ICC), Rome, Italy,
Jun. 2023, pp. 1286-1292 [32].

e D. Dardari, M. Lotti, N. Decarli, G. Pasolini, “Establishing multi-
user MIMO communications automatically using retrodirective arrays”,

IEEE Open Journal of the Communications Society, vol. 4, pp. 1396-
1416, Jun. 2023 [33].
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e D. Dardari, M. Lotti, N. Decarli, G. Pasolini, “Grant-Free Random
Access With Backscattering Self-Conjugating Metasurfaces”, IEEE
Transactions on Cognitive Communications and Networking, vol. 10,
no. 5, pp. 1620-1634, Oct. 2024 [31].

e M. Lotti, N. Decarli, G. Pasolini, D. Dardari, “Real-time Localiza-
tion Based on MIMO Backscattering from Retro-Directive Antenna
Arrays,” in IEEE Transactions on Vehicular Technology, Feb. 2025 [35].

It is worth noting that paper [32] received the Best Paper Award at the
2023 ICC conference in the selected area of communication “Reconfigurable
Intelligent Surfaces and Smart Environments”.

Chapter 3 is dedicated to the experimental activities conducted over the
three years of the PhD program. Specifically, Chapter 3.1 presents the results
obtained from the validation of two RIS prototypes operating at 5.3 GHz
and 3.47 GHz. Subsequently, the measurement campaign for the world’s
first validation of a radio-SLAM application at Terahertz (THz) frequencies
is described in Chapter 3.2, with numerical results reported following the
description of the custom-developed SLAM algorithms for these frequencies,
which are detailed in Chapter 4.3. Lastly, an experimental UWB localization
analysis of an automatic docking system for the retrieval of large objects in
harsh environments, for which application details cannot be disclosed due to
a confidentiality agreement with the commissioning company, is presented in
Chapter 3.3.

Regarding the SLAM activities, these have resulted in the following sci-

entific publications:

e M. Lotti, G. Pasolini, A. Guerra, F. Guidi, M. Caillet, R. D’Errico,
D. Dardari, “Radio simultaneous localization and mapping in the ter-
ahertz band”, WSA 2021; 25th International ITG Workshop on Smart
Antennas, Sophia-Antipolis, Nov. 2021 [30].

e M. Lotti, G. Pasolini, A. Guerra, F. Guidi, M. Caillet, R. D’Errico, D.
Dardari, “Radio SLAM for 6G systems at THz frequencies: Design and
experimental validation”, IEEE Journal of Selected Topics in Signal
Processing, vol. 17, no. 4, pp. 834-849, July 2023 [37].
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1.2 Notation

In this thesis, boldface lower-case letters denote vectors (e.g., x), whereas
boldface capital letters represent matrices (e.g., A or H). Iy and Oy are used
to indicate the identity and zero matrices of size N x N, respectively, while
0,/x v represents the zero matrices of size M x N. The notation a, m, = [Alum
is used to denote the (n,m)th element of the matrix A. The operators (-)"
and (-)* indicate the transpose and complex conjugate, respectively.

Furthermore, |x| represents the Euclidean norm of vector x, and x* de-
notes its complex conjugate. For matrices, H*, HT, and H' represent, re-
spectively, the complex conjugate, the transpose, and the conjugate transpose
(Hermitian) of the matrix H.

The notation z ~ CN'(m,0?) describes a complex circular symmetric
Gaussian random variable with mean m and variance o2, while x ~ CN'(m, C)
refers to a complex Gaussian random vector with mean m and covariance

matrix C.




Chapter 2
Enabling technologies for SREs

As previously described, one of the key technologies for shifting the percep-
tion of the wireless environment from a passive, uncontrollable entity to an
active, programmable component is RISs. These are adaptable surfaces that
can be programmed to manipulate the propagation of radio waves, beyond
nature’s law.

This chapter first outlines the general model of RISs, including their prop-
erties, governing principles, and applications. It then explores two types of
metasurfaces. Specifically, a study of a frequency-selective metasurface, re-
ferred to as metaprism, is carried out and then examines a metasurface capa-
ble of reflecting the incident signal along the same direction as the impinging

signal, referred to as SCM.

2.1 Reconfigurable intelligent surfaces

Reconfigurable intelligent surfaces and metasurfaces both manipulate electro-
magnetic waves, but they differ in their design, technology, and functionality.
RISs are engineered surfaces that can dynamically adjust their properties in
real-time through external control signals, enabling adaptive beamforming
and improved signal propagation in wireless communications. Metasurfaces,
on the other hand, are generally passive structures composed of subwave-
length elements, designed to produce fixed electromagnetic responses such as

anomalous reflection or focusing. While RISs can alter their behavior based

15
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Figure 2.1: Schematic representations of the desired behavior for the anomalous
reflection.

on environmental changes or specific requirements, metasurfaces typically
maintain a static configuration once fabricated. In this thesis and from here
on, the distinction between a RIS and a metasurface lies in the reconfigura-
bility and adaptability of RIS compared to the static nature of conventional

metasurfaces.

RISs have garnered significant interest for several reasons [3,35]. Firstly,
for millimeter-Wave (mmWave) [39] or THz [10,11] frequencies, they offer a
promising solution to critical coverage challenges, i.e., areas where traditional
signal propagation is insufficient, often due to obstacles or environmental
factors [12,413]. RISs can address this by directing the signal straight to the
receiver without dispersing it in the environment, effectively overcoming the
limitations of traditional propagation methods. This capability goes beyond
Snell’s law, enabling RISs to create anomalous reflections of the incident
signal, thus ensuring more reliable and efficient signal transmission [11,15].
The Generalized Snell’s law (GSL) can be defined considering the scenario
illustrated in Fig. 2.1 where the incident and reflected waves propagate in
a homogeneous medium with density p and light speed ¢, assuming time-
harmonic dependence ¢/“!; the incident and reflected electromagnetic (EM)

fields can be written as [10]:

€i($,2) _ poe*ijingﬂejkCOS@iZ’ (21)
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67«<I‘, Z) _ Apoe—jksiHGTme—jkcose,«z7 (22)

where py is the amplitude of the incident plane wave, k = w/c is the wavenum-
ber in the background medium at the operation frequency, #; and 6, are the
incidence and reflection angles, and A is a constant which relates the ampli-

tudes of the incident and reflected waves.

Assuming that the field beyond the RIS is zero (an impenetrable surface),
the system can be conveniently modeled by the equivalent circuit, as shown
later in the Sec. 2.2 in Fig. 2.5, with an impedance Z; that models the
specific impedance of the RIS. According to the GSL, to obtain a reflected
wave toward direction 6, when the impinging angle is 6;, the RIS’s reflection

phase profile must be characterized by the following gradient

0¥ (x)
ox

= k(sin 0, — sin 6;)

corresponding to a reflection phase profile ¥(x) = k(sin 6, —sin 6;)x. In other
words, the RIS is characterized by the local reflection coefficient with unit

amplitude, which can be written as

efjk sin 0,z

F(I) _ — o _ ejk(sinﬁi—sinﬁr)x _ ej\IIw' (23)

This reasoning is made assuming for the moment that along the x — z plane

the RIS is not discretized into unit cells, but continuous. Then, the reflection
ZS(Z‘)—ZZ'
Zs(@)+ 2

Zi = (ioe_ represents the specific impedance of the incident wave at the RIS.

coefficient is related to the surface impedance as I'(x) = where

From this expression, the impedance which models the RIS can be found as

Zy(x) = jcoZSOHi cot(0,/2). (2.4)

Therefore, by changing the spatial evolution of the impedance, the reflection
properties of the surface are altered, and consequently, the reflection angle
of the incident signal is modified.

RISs can also exploit favorable propagation characteristics to enhance spatial
multiplexing gains. Spatial multiplexing is a technique used in wireless com-

munication to transmit multiple data streams simultaneously over the same




18 Enabling technologies for SREs

frequency channel. This is achieved by using multiple antennas, which sig-
nificantly increases the capacity and efficiency of the communication system.
RISs can further augment these gains by dynamically controlling the signal’s
propagation environment, thereby improving the separation and quality of
the multiple data streams [12].

Furthermore, RISs finds applications in various advanced wireless tech-
nologies. In localization, RISs can enhance the accuracy and reliability of
positioning systems by manipulating signal paths to improve signal strength
and reduce multipath interference [17]. In sensing applications, RISs can be
used to improve the detection and monitoring of objects or environments
by optimizing the reflection and scattering of signals [18]. In terms of secu-
rity, RISs provide physical layer security in wireless networks by controlling
the signal propagation to minimize eavesdropping risks and enhance confi-
dentiality. This makes RISs a versatile and powerful tool for enhancing the
performance and security of modern wireless communication systems [19,50].

Therefore, RISs are a transformative technology used across communica-
tions, localization, and also Integrated Sensing and Communication (ISAC)
applications. RIS leverages the ability to dynamically adjust the properties
of surfaces to control and enhance radio wave propagation, making them
highly valuable in these domains.

In communications, as pointed out above, RIS optimizes the signal trans-
mission and reception by adjusting the reflective and refractive properties
of surfaces in real-time. This capability improves coverage and connectivity
in wireless networks, reduces interference, and enhances overall network per-
formance. By configuring the surfaces to direct signals more efficiently, RIS
enables higher data rates and more reliable connections, which are crucial
for modern communication systems [51].

For localization, RIS provides advanced solutions for precise object and
user tracking. By manipulating radio waves to create favorable conditions for
signal propagation, RIS can significantly enhance the accuracy of location-
based services. This is particularly beneficial in environments such as smart
buildings and industrial settings, where precise localization of assets and
individuals is essential for operational efficiency and safety.

In ISAC applications, RISs integrate sensing and communication capabil-
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ities to enable more intelligent and adaptive systems. The ability to recon-
figure surfaces allows for dynamic environmental sensing and data collection,
which enhances situational awareness and decision-making. RISs contribute
to the development of smart environments where real-time data acquisition
and analysis support improved responses to various conditions and scenar-
ios [52,53].

Overall, RIS are pivotal in advancing communications by optimizing sig-
nal characteristics, improving localization accuracy through enhanced track-
ing, and supporting intelligent sensing and communication systems, driving
innovation and efficiency across diverse applications.

From the technological viewpoint, RISs can be implemented of surfaces
that use tunable sub-wavelength structures, like microstrip patches, to modu-
late the phase and/or amplitude of reflected waves. Two main approaches to
implement RISs have been mainly discussed in the literature, which are either
based on traditional antenna arrays or metasurfaces. The antenna-array-
based RIS uses unit cells that have resonant size close to half-wavelength
while the metasurface-based RISs are composed of a large number of closely
spaced sub-wavelength unit cells.

Each sub-wavelength unit cell within the RIS receives the incident sig-
nal and re-emits it with altered amplitude and/or phase. This modulation
is achieved by tuning the electromagnetic properties of the unit cell, such
as through a switch placed at the feed of a resonant metallic patch, which
changes the path of the electric current (open or short termination) and thus
modulates the re-radiated field’s amplitude and phase. More switches can
provide multi-bit wavefront modulation, enhancing beam control and effi-
ciency. Various topologies exist, employing single or multiple active devices
and single or multi-layered substrates. All these designs require a biasing
circuit and control unit (e.g., microcontroller) to manage the tunable devices
by adjusting the biasing voltage.

RIS are typically two-dimensional structures, with lateral dimensions that
are multiple wavelengths and thickness only a fraction of a wavelength, al-
lowing seamless installation on building surfaces, both indoors and outdoors,
and even on curved surfaces. With reference to Fig. 2.2, consider a sur-

face in the x — y plane with center at coordinates py = (0,0,0), consisting
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Prn+2,m+2

Figure 2.2: 3D geometry explanation of a reconfigurable surface composed of ele-
mentary cells.

of N x M cells of size d, x d, distributed in a grid of points with coor-
dinates pum = (Zn, Ym,0), where x, = nd, — Nd,/2, n = 0,1,...N — 1,
and vy, = md, — Md,/2, m = 0,1,...M — 1. The total surface’s size is
L, x L,, with L, = Nd, and L, = M d,. The cell’s size d,, d,, respectively,
in the x and y directions, may be smaller than the wavelength A, typically
dy,dy ~ A2 —X\/10 [54,55].

In mmWave and THz NLOS paths, if the user is not in the direction
of specular reflection, communication relies on diffuse scattering from rough
surfaces like walls and terrain. In such cases, enabling anomalous reflection
can create viable propagation paths and enhance the received signal strength.
The phase distribution ¥, of the RIS, where n and m index the geometric
position of the x —y cells in the array, is characterized by the following design

project equation [50]:
Vo + V(2 Ym) = Vi@, Ym), (2.5)

where V;(z,,ym) and V,.(x,,y,) represent the phase distributions of the
incident and (desired) reflected waves at the position x,,y,, of the nm-th
cell, respectively. The incident wave is generated by the Transmitter (TX)
antenna illuminating the RIS. The radiation pattern E(f,¢) produced by

the RIS configured to a specific state can be approximated as the radiation
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Figure 2.3: Overview of the signal’s cascade channel from the TX (Base Station
(BS)) to the Receiver (RX) (User Equipment (UE)).

pattern created by an array of patch-like antennas, and is given by [39,57]:
N
E.(0,¢) =cos(0) Z ComEi (T, Ym) cos(0nm)
nm=1
x exp (—jksin(0) (z,, cos(¢p) + ym sin(9))), (2.6)

where cos(f) represents the radiation pattern of each individual antenna in
the array, I',,,, is the local reflection coefficient of the nm-th cell, E;(x,, y,,) is
the electric field of the incident wave at the nm-th cell, and 6,,,, is the angle 6
at which the nm-th cell views the TX antenna. The phase quantization varies
with the number of bits; for instance, with 1-bit quantization, the phase can
be 0 or 7; with 2-bit quantization, it can be 0, 7/2, 7, 37/2 etc. It is important
to distinguish between three cases: if the TX antenna (denoted as the BS in
Fig. 2.3) is close to the RIS, a near-field configuration occurs [39]. Conversely,
if the TX antenna is far from the RIS, a far-field configuration is established.
It can be also considered the possibility of operating the RIS not only for
beamforming but also for focusing, meaning concentrating the energy of the
reflected wave at a specific point - with known distance and angle - rather
than just along a direction. This is, of course, only feasible in the receiver-
near-field case, not only for the transmitter - Near Field (NF) assumption as
case I, where one has information about the RIS-receiver distance in addition
to the angle. The latter will be described as the third case.
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Near-field scenario: the first scenario resembles a classical reflectarray
antenna configuration. The incident wave radiated by the TX (in practical

setup is usually a horn) antenna is modeled as a spherical wave

exp (=jk/2h, + 4, + 4,)
\Iji = 5 5 3 ) (27)
\/xTx + yTz + ZTz

where zp, = 1;c08(60;), xrp = r;8in(6;) cos(;), yre = risin(6;)sin(p;) and
k = 27” is the wavenumber. However, more elaborate models can be used
to account for antenna parameters such as directivity. The reflected wave is
considered a plane wave exp(—jkrn), propagating towards the RX antenna
in the direction (0,,¢,) defined by the vector n. Under this configuration,

(2.5) takes the following form:

Uy, np = — ksin(6,) (x, cos(dr) + Y sin(e,))

N T (2.8)

Far-field scenario: in the second case, the TX antenna is assumed to be
sufficiently far from the RIS such that r; » L, x L,, where r; is the distance
between the TX and the RIS and L, x L, is the RIS’s size, allowing the
impinging wave to be approximated as a plane wave. The phase profile along

the RIS is thus calculated using the following formula:

Uy, pr = — ksin(0,) [z, cos(¢,) + Yy, sin(¢,) ]
+ ksin(6;) [, cos(¢;) + Ym sin(¢;)] . (2.9)

Focusing scenario: as described above, focusing requires precise knowl-
edge of the receiver’s location, i.e., where the wave is to be re-radiated. In
this case, the phase profile along the RIS is calculated using the following

formula:
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\Ijnm,Foc = - k\/<xn - me)Q + (ym - yRm)Q + Z?{x

hyf (00— 220)? + (o — yre)? + (2.10)

where zg, = 1,.c08(0,), TRy = 7-sin(6,) cos(¢;,), Yr, = r.sin(f,)sin(¢,) and
r, is the distance between the RIS and the RX.

In the following, RISs are characterized based on their operation modes:

e Signal Reflection: This mode, typically referred to as RIS, involves
the RIS acting as a reconfigurable reflector (Fig. 2.4 (a)), optimally

steering the incoming EM waves.

e Signal Reception (R-RIS) [16] (Fig. 2.4 (b)): In this mode, the
RIS is used for sensing the environment, acquiring channel state infor-
mation, and localization. Reception with Receiving-RIS (R-RIS) may
involve conventional radio frequency (RF) chain reception, but it can

also include other technologies, such as signal intensity detectors [55].

e Signal Transmission Transmissive RIS (T-RIS) [59] (Fig. 2.4 (c)):
This mode is used in conjunction with signal feeding units, such as

spatial feeding [79] or RF chains [60].

e Simultaneous Signal Reflection and Reception: The Hybrid RIS
(H-RIS) mode (Fig. 2.4 (d)) [01] combines the benefits of reflection and
reception by allocating part of the impinged signal power for reception

while reflecting the remainder.

¢ Simultaneous Signal Transmission and Reflection Simultaneous
Transmitting And Reflecting RIS (STAR-RIS) [02] (Fig. 2.4 (e)):
This mode involves refracting incoming EM waves and can operate in

three different ways:

1. A portion of the impinged EM wave’s power is refracted while the

rest is reflected.

2. Different elements switch between reflecting and refracting modes.
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Reflecting RIS (RIS)
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Figure 2.4: Schematic drawings of different operations with an RIS.

3. Alternating between reflecting and refracting over time.
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2.2 Frequency-selective surfaces (metaprism)

Despite being promising solutions, RIS-based systems have some disadvan-
tages which could make them less competitive than expected. In fact, to
reconfigure a RIS in real-time, a dedicated control channel is needed, which
might entail certain signaling overhead and, above all, additional complex-
ity and cost. Although RIS was initially proposed as a passive component,
coordinating a large number of elements still requires a certain amount of
electrical energy [03]. When multiple RISs are deployed, establishing a ded-
icated physical link for each one would lead to significant resource consump-
tion. Furthermore, RISs require power, which may not always be feasible or
practical in many scenarios, in addition to not being entirely “green”. A fun-
damental challenge when using an RIS is the estimation of the CSI [64]. In
fact, the optimal configuration of the RIS’s reflection coefficients, i.e., how the
RIS reflects the impinging EM wave, is a function of the state of the channel
between the RIS and BS / TX as well as between the RIS and the mobile user
/ RX (local CSIs). Its estimation is quite challenging because it may require
additional hardware at the RIS to perform sensing (semi-passive RIS) or ad
hoc CSI protocols and methods. Another solution is given by smart skins
that are passive surfaces and do not suffer from the disadvantages of RISs.
However, they always reflect the impinging signal toward the direction for
which they have been designed and hence they do not offer the flexibility of a
RIS. To overcome the main limitations of RISs and smart skins, in this thesis
a novel solution has been investigated named metaprism, which is defined as
a static frequency selective surface properly designed to reflect the various
frequency components of the impinging signal toward different angles. It has
to be noticed that there are several technologies to realize a metasurface.
A rough classification can be done between metasurfaces whose cells can be
seen as small radiating elements with tunable load impedance as described
in Sec. 2.1 [65-08], i.e., using volumetric metamaterials with several wave-
lengths thick, and subwavelength metasurfaces producing a modification of
the EM field which can be modeled as impedance sheets [69-73]. To facili-
tate the explanation and analysis, I focus on the first class even though the

metaprism concept introduced in this section can be applied to the second
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Figure 2.5: Equivalent model of the cell.

class as well.

A quite general equivalent model of the nm-th cell of the metasurface
at position p,,, is shown in Fig. 2.5, which consists of a radiation element
(antenna) above a ground screen loaded with a cell-dependent and frequency-
dependent impedance Z4(f), with n = 0,1,...N —1, m =0,1,... M — 1,
and f being the frequency. Z,(f) is nothing other than (2.4) discretized in
the © — y space, but here it is also frequency-dependent. The impedance is
designed in such a way it is not matched to the antenna impedance Z,, thus
determining a reflected wave that is irradiated back by the radiation element.
The corresponding frequency-dependent reflection coefficient in the presence
of an incident plane wave with 3D angle @™¢ = (6™ ™) and observed at
angle © = (6, ¢) is' [05,60]

Tm (O™, 0; f) =4/ F(©1) F(0) G. T (f

=Bym (O™, ©; f) e?Vrmf) (2.11)

where F'(©) is the normalized power radiation pattern that accounts for
possible non-isotropic behavior of the radiation element, which can be con-
sidered, as a first approximation, frequency-independent within the band-
width of interest, G. is the boresight antenna gain, I',,,,(f) is the frequency-
dependent load reflection coefficient, S3,,,(©™"¢, ©; f) is the reflection ampli-

tude and W,,,,,(f) is the reflection phase.? For instance, in [66] the following

!The conventional spherical coordinate system where ¢ € [0,27) (azimuth) and 6 €
[0,7) (inclination) is adopted.
2 A more rigorous model should also account for the signal reflected back by the antenna
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parametric shape for F'(©) is proposed

; (2.12)
0 otherwise

F(O) = { cos?(d) 0el0,7/2],¢€]0,2n]

Parameter ¢ depends on the specific technology adopted as well as on the
dimension of the cell and it is related to the boresight gain G. = 2 (¢ + 1).
Following an approach similar to that in [66], one possibility is to set G.
so that the effective area of the cell is equal to the geometric area of the
cell A. = d,d,, i.e., G. = A.4m/)\?, assuming an ideal radiation efficiency.
Considering a cell with d, = d, = A/2, it follows that G. = 7 ~ 5dBi, and
g = 0.57. A similar model is presented in [65] with ¢ = 3. The load reflection

coefficient, as described in the general case in Sec. 2.1, is given by

Zs(f) - ZO

Fam(f) = ZJ(f)+ Zo

(2.13)
By properly designing the impedance Z( f) at each cell it is possible to realize
different reflecting behaviors of the metasurface. Regardless of the specific
technology adopted, it is proposed to design the reflection phase shift of the

metasurface, W,,,,,(f), so that it exhibits a linear behavior with the frequency

f,ie.,
Vo (f) ~ - (f = f2) +9(f) (2.14)

for f within the signal bandwidth W, where «,,, is a cell-dependent coeffi-
cient and (f) is a (possibly present) frequency-dependent phase shift.> In
particular, (f) represents a common (among cells) phase offset which is
irrelevant to beamsteering and focusing operations. For this reason, in the
remaining text, it will be neglected. Note that «,,, refers to the nm-th cell
located at position p,,,. According to the desired reflection behavior, the
reference frequency f, can be chosen either equal to the center frequency fj

of the signal or equal to the lowest frequency edge of the signal band, i.e.,

according to its structural Radar Cross Section (RCS) component [74].
3From the practical point of view, the phase profile can be implemented equivalently
according to a 2m modulo operation.
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fr = fo— W/2. It will be shown that, thanks to the form in (2.14), it is
possible to obtain a metasurface with the desired reflection properties allow-
ing for frequency-dependent beamsteering and focusing; for this reason, it is
named metaprism.

It is now shown an example of how the phase response (2.14) can be
approximated starting from the equivalent model in Fig. 2.5 described by
(2.11), (2.12), and (2.13). To this purpose, it can be considered a purely re-
active impedance Z(f) = 71X, (f) and a purely resistive antenna impedance
Zy = Ry. The phase profile is

Xom(f).

0

Uom(f) = arg [y (f) = —2 arctan (2.15)

Suppose the reactive impedance consists of a resonating series LC' circuit,
with cell-dependent inductive and capacitive values L, [H] and C,,, [Farad],

respectively. The corresponding impedance is

1= (27 )2 Ly Crum
N 21 fChm

(2.16)

where L, and C,,, are chosen to satisfy (27v/LnmChrm)™' = fi. To obtain
the form in (2.14), it is convenient to derive the first-order Taylor series
expansion in f for the reflection coefficient phase with respect to the reference

frequency f;. In particular, for the LC load, it results

81 Lym
Ry

W (f) = (f = f)- (2.17)
From (2.17) it is possible to obtain the desired coefficient cv,,, = —87 L,/ Ro
in (2.14) by properly designing L,,, and C,,, in each cell. From the techno-
logical point of view, examples of metasurfaces whose elementary cells can be
modeled as a purely reactive impedance can be found in [72,75]. In partic-
ular, in [75] a cell made of a ring-loaded square patch with a single varactor
diode connected across the gap between the ring and the patch is proposed

and modeled using both a full-wave solver and an equivalent LC circuit.
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mth antenna
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Figure 2.6: Schematic representation of a SCM.

2.3 Self-conjugating metasurfaces

So far, RISs have been studied mainly as reflectors deployed in the environ-
ment to create favorable propagation conditions for communications between
the BS and the UEs [63,76]. To cope with the large attenuation experienced
by signals when reflected by passive RISs, the advantages of introducing am-
plifying (or active) RISs have recently been discussed [77-79]. Notable ad-
vancements have been achieved in architectures where data is incorporated
into the reflected signals by modifying the reflection characteristics of the
RIS, enabling spectrum sharing with legacy systems, as well as architectures

supporting conventional backscatter communications [30-31].

Another advancement in the field of metasurfaces focuses on the realiza-
tion of retrodirective devices. Several studies, accompanied by prototypical
implementations, have demonstrated that achieving this objective is feasi-
ble [85-88]. For instance, the design of a metasurface is presented in [35]
which exhibits a high level of retrodirectivity for 17 different angles of in-
cidence. This result is achieved by realizing the metasurface according to
a periodic grating, whose surface impedance is engineered such that retro-
reflective property is obtained. In the following, it will be denoted as SCMs
those metasurfaces capable of retro-directing the impinging signal and that
can be able to incorporate data into the reflected signal.

A schematic representation of a SCM is reported in Fig. 2.6, where it is
considered M antennas organized, for simplicity of explanation, as a Uniform

Linear Array (ULA). From a technological point of view, the possibility of




30 Enabling technologies for SREs
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(a) Heterodyne technique for phase con- (b) Van Atta passive retrodirective array
jugation at the m-th antenna. [92].

Figure 2.7: Schematic representation and principle of active and passive retrodi-
rective arrays proposed as TX/RX antenna by the UE.

realizing ULAs capable of conjugating the phase of the impinging signal
has been investigated for many years [39]. The main methods to achieve
retrodirectivity are phase conjugating arrays, exploiting heterodyne mixing,
and Van Atta arrays [)0-92]. Phase conjugating arrays are based on the
heterodyne mixing of the incoming wave, centered at frequency fy, with a
locally generated sinusoid oscillating at 2fy [90,93]. The principle behind this
solution is sketched in Fig. 2.7(a), which refers to the m-th phase-conjugating
antenna of the array. For the sake of clarity, in Fig. 2.7(a) it is depicted as
two separate transmit and receive antennas, which however correspond to a

single antenna of the ULA shown in Fig. 2.6.

Consider a plane wave impinging the ULA, with an angle ¥ with respect
to its normal direction, as shown in Fig. 2.6. At the m-th antenna, the im-

pinging wave accumulates a phase shift 6,,,, with respect to the first antenna,

given by
27 )
O = TmA sin W (2.18)
form=20,1,..., M — 1, where A is the inter-antenna separation.

Concerning Fig. 2.7(a), the analytical expressions of the signals at each
port of the m-th antenna can be easily derived. In this regard, since the
theoretical foundation of the phase conjugation process is illustrated, this
subsection does not consider the presence of noise, which will be taken into

account afterward. In particular, at the output of the m-th receiving antenna,
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the RF signal zi" (t) can be written as

2BE) (1) = 2(t) cos(2m fot + O,) — y(t) sin(27 fot + 6,,)

=R <zm(t)eﬂ“f0t> (2.19)

where z(t) and y(t) denote the in-phase and quadrature components of the

received signal, respectively, and
o) = <x(t) + jy(t))eﬂm (2.20)

represents its complex envelope. After the heterodyne mixing of zg{ F) (t) with
a sinusoid at 2f, it results

v BF)(#) = 2(t) cos (27 fot — O) + x(t) cos(2n3 fot + 0,,)
+ y(t) sin(27 fot — 0,,) — y(t) sin(273 fot + 0,,). (2.21)

The bandpass filter shown in Fig. 2.7(a) is designed to remove the spectral
components centered at 3fy, so the signal entering the transmitting antenna

is
rBE () = ga(t) cos(2m fot — O,) + gy(t) sin(27 fot — 6,,)

=R (rm(t)e]2“f°t> (2.22)
with g denoting the amplitude gain of the power amplifier and
r(t) = g(w(t) = gy(t) ) e (2.23)

being the complex envelope of ra (t). Comparing (2.20) with (2.23) it is
evident that the final result of the processing carried out by the antenna is
the phase conjugation of the signal, as expected. It is worth noting that,
assuming that the modulated signal 2BF) (t) is narrowband (i.e., its band-

width W is such that W « f;), the exponential terms e %" in (2.23), for
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m=0,1,... M — 1, form the beam direction vector

27 .
— 2L Asin ¥
[1, e e

6—2;(M—1)Asinxp]T (2.24)
which is required to steer the array beam back to W, that is, to have the

impinging wave reflected in the same direction of arrival (retrodirectivity).

An example of the experimental effectiveness of this technique can be
found in [93], where a testbed consisting of an antenna array with eight slot
antennas, each of which connected to a Schottky diode performing hetero-
dyne mixing, was realized. The measure of the bistatic RCS of the resulting
meta-interface (as it is called in [93]) showed the retrodirectivity property,
exhibiting an RCS almost coincident with the array factor for an 8-element
array focusing the received signal toward the source. Another relatively sim-
ple solution is proposed in [94], in which active split-ring resonators loaded
with varactor diodes are demonstrated to act as phase-conjugating elements

when pumped with a signal at frequency 2 fj.

While phase conjugating arrays require active components, Van Atta ar-
rays realize passive retrodirectivity (in this case g < 1) [92]. As sketched in
Fig. 2.7(b), a Van Atta array consists of an array of antenna elements ar-
ranged in symmetrical pairs and connected through transmission lines. Each
element of the pair acts as a receiving and transmitting antenna. In par-
ticular, the signal received by an element is re-irradiated by its pair after
it has traveled through the transmission line whose length is designed to
not introduce phase shifts. The elements are deployed in a mirror-symmetric
manner to cause an equivalent phase-conjugation effect for the reflected wave

compared to the incident wave.

Recently, it has been shown that also metasurfaces can be designed to
provide passive retrodirectivity. This property can be achieved by engineer-
ing the surface impedance according to a supercell design periodicity that is
greater than the wavelength A [$8]. The general principle is that provided
that electric or magnetic surface currents are induced at the reflecting bound-
ary, the conventional reflection law does not hold when the surface properties
(e.g., the surface impedance) smoothly vary within the wavelength scale [35].

As a result, by properly engineering the induced surface-current gradients,
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it is possible to reflect the incident wave in a direction other than specular.
One example of implementation at mmWave for Internet of Things (IoT)
applications can be found in [95]. Clearly, the main advantage of the het-
erodyne approach over passive solutions is that by employing active mixing
devices, amplitude gain can be achieved in addition to phase conjugation,
thereby improving the transmission range at the expense of some power con-
sumption.

One of the primary challenges associated with active SCMs is maintaining
a high level of isolation between the transmit (TX) and receive (RX) signal
chains during simultaneous transmission and reception. This is typically
achieved through various methods, including bistatic configurations (spatial
multiplexing), slightly different TX and RX frequencies (frequency multi-
plexing), and dual-polarized elements (polarization multiplexing). Recently,
a co-polarized active SCM has been demonstrated experimentally in [90]
with a gain g of 23 dB. Unfortunately, such techniques could lead to a loss
of channel reciprocity, which, on the other hand, is assumed in our proposed
scheme, due to the unavoidable asymmetry of the circuits. However, the nu-
merical results demonstrate that our communication scheme exhibits strong

robustness to channel non-reciprocity.

Another possible issue of heterodyne-based SCMs is the frequency offset
A f between the local oscillator of the SCM and the carrier frequency of the
BS because they are not synchronized. This generates an additional phase
rotation ¥ (t) = 2rAft in the reflected signal. The effect of the frequency
offset Af is equivalent to the Doppler shift that would be generated by
a moving UE in a dynamic environment. In the following analysis, it is
assumed that the phase variation within the transmission of a few symbols is
negligible, i.e., Af « 1/T, being T the symbol interval. However, the impact
of the Doppler/frequency offset will be investigated in the numerical results
in Sec. 4.2.

Given the bandwidth W of the narrowband signal in (2.19), it is consid-
ered the sampled version of its complex low-pass signal in (2.20), z,[k] =
2m(kT) = A[k]e?’, with sampling time T' = 1/W and A[k] = z(kT)+yy(kT)
representing the complex symbol received by the m-th antenna in the k-th

symbol interval.
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By introducing the noise generated by the SCM, the discrete-time signals
at the input of the M antennas in the k-th symbol interval can be expressed
by the vector

2[k] = A[K][1, &, ..., =)' + nlk] (2.25)

where m[k] € CM*! is the additive white Gaussian noise (AWGN), with
n[k] ~ CN (0,021,). Note that o7 = KTyFscu W, being # the Boltzmann
constant, Ty = 290 K, and Fgcy the SCM’s noise figure [78,97]. Thanks to
the self-conjugating property of the antenna array, it can be written the

vector r[k] of the signal reflected by the SCM in the same symbol interval as
r[k] = gz*[k]. (2.26)

Suppose, now, that the SCM not only performs the conjugation and am-

4 of the received signal, thus retro-directing the impinging signal

plification
as it appears in (2.26), but also introduces, in the k-th symbol interval, a
phase shift ¢[k] (the same for all the antennas) that incorporates the infor-
mation to be transmitted by the UE that is equipped with the SCM in that

interval [31]. The vector of the transmitted signal becomes therefore
r[k] = g "l z*[k] . (2.27)

Equation (2.27) is thus representative of the proposed solution in which the
BS transmits a signal to the UE, which (possibly) amplifies and retransmits
along the direction of arrival the received signal (retrodirectivity), using it
as a carrier to incorporate through the phase ¢[k] the information intended
for the BS (see Fig. 2.6). Note that the phase ¢[k] associated with the
information affects all the antennas of the array, thus not compromising
the retrodirectivity behavior. Most importantly, the implementation of the
modulated SCM does not require ADC chains as data directly modulates the
phase sequence {¢[k]}, thus allowing a low-cost, low-complexity, low-energy
consumption multi-antenna device. The principle scheme of a modulating
SCM-based MIMO communication is reported in Fig. 2.8, where the signals
described in (2.25), (2.26) and (2.27) are shown. In Chapter 4.2, several

4If the SCM is passive, then g < 1.
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Figure 2.8: Principle scheme of a modulating self-conjugating metasurface (SCM)-
based MIMO communication.

solutions leveraging SCM for MIMO communication, both single-user and

multi-user, channel access and localization applications are presented.
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Chapter 3
Experimental results

During this PhD program, the final objective was to develop algorithms for
smart radio environments leveraging reconfigurable intelligent surfaces, fol-
lowed by field validation of these algorithms through dedicated measurement
campaigns. To achieve this, it was necessary first to validate the performance
of devices such as reconfigurable surfaces, state-of-the-art antennas like 300
GHz antennas, and understand how to exploit UWB devices. For the RIS,
my research team has purchased one RIS, and borrowed another, from the
Japanese company NEC, a leader in the field. Being prototypes, one at 3.47
GHz and the other at 5.3 GHz, the objective was first to verify their function-
ality, as they had never been tested before. Once the RISs were validated, the
next step was to use them, for example, in out-of-band operation to exploit
the frequency selectivity of the RIS response - which is usually undesired in
normal operation - but can instead be leveraged to validate the algorithms
developed with metaprisms (Chapter 4), given that real metaprisms have yet

to be practically implemented.

After several months spent identifying malfunctions during the config-
uration and testing phases at the Cesena campus (University of Bologna),
the final measurements were conducted in the anechoic chamber in Aalborg,

Denmark. All details are provided below.

Moreover, this chapter not only covers the validation of RISs but also
presents the world’s first validation campaign of the Radio-SLAM concept at
300 GHz and the use of UWB devices for ultra-precise localization applica-

37
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tions; specifically, Sec. 3.1 covers the validation of the RIS, Sec. 3.2 details
the measurement campaigns conducted in collaboration with the CEA-Leti
research center in France, which led to the world’s first validation of a 300
GHz personal radar, and Sec. 3.3 describes an experimental analysis of an
automatic docking system for retrieving large objects in harsh environments.
Further details on the application cannot be disclosed due to confidentiality

agreements with the commissioning company.

3.1 Experimental characterization of a RIS

The purpose of this section is to describe the RIS antenna system supplied
by NEC to the University of Bologna. Both RIS antennas (3.47 GHz and 5.3
GHz), which were intended to enhance wireless communication capabilities
within our premises, have exhibited significant performance issues since their
installation. This section aims to provide a comprehensive overview of the

observed problems and potential causes.

3.1.1 5.3 GHz RIS

The NEC RIS 2022 prototype features 100 patch antennas arranged in a 10
x 10 grid of unit cells, each containing a single antenna. These antennas are
implemented using Printed Circuit Board (PCB) technology on a board with
a thickness of 0.6 mm. The antennas are separated by a distance equal to A/2,
both horizontally and vertically, where A is the wavelength of the supported
carrier signals. The operating frequency of the RIS is 5.3 GHz. Thanks
to phase shifters based on 3-bit delay lines, 7 different phase shifts, equally
spaced between 0° and 360°, can be selected for each unit cell. The 8th state
is dedicated to the absorption mode, where the incoming signal is redirected
through a 50 € resistor, dissipating the signal. The RIS is designed as a
modular device, meaning multiple RIS boards can be connected to create a
larger RIS, while still maintaining the A/2 inter-element distance even across
boards. For more details, see [98].

Initially, the work done involved the development of a Graphical User
Interface (GUI) (Fig. 3.1) to control the RIS, consistent with the specifica-
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Figure 3.1: RIS Controller layout

tions provided by NEC. In Fig. 3.1, 100 green cells are presented, with each
cell representing an individual antenna on the RIS board. To each of these,
one of eight possible phase shifts can be assigned, either automatically or by
manual selection. The design formulas for the RIS followed those of an array
factor (AF) for a planar array under the assumption of incident and reflected
plane waves, reported in (2.9) for the Far Field (FF) case or (2.8) for the
case where the transmitter is NF with respect to the RIS. An example of the
codebook applied in the phase shift design is reported in Fig. 3.2(b).

After the development of the GUI, measurements were conducted in a
real-world environment. Initially, tests were carried out in a corridor, where
few objects capable of backscattering the signal were present, and theoret-
ically, there should be minimal interference. The parameters used for this
measurement campaign are fsay = 4.3 GHz, foop = 5.8 GHz, feenter = 5.05
GHz, BW = 1.5 GHz which leads to a spatial resolution A, = 5% = 0.2
m , Ay = 750 kHz, and the number of samples is 2001. These values were
also set in the Vector Network Analyzer (VNA) Agilent E5062A [99] during
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Figure 3.2: Codebook (V¥,,,) for a FF assumption incident wave (a) and for a NF
incident wave (b) with TX and RX placed in the same azimuth plane, the RX
is normal to the RIS, while the TX is tilted of 30°. (6; = 30°,¢; = 270°,0, =
OO’ QST = OO)

calibration.

The setup is shown both in the photos in Fig. 3.3 and in the schematic
in Fig. 3.4. The transmitter is a Narda 643 Alltest Instrument antenna
[100], while the receiver is a TDK HRN-0118 Horn Antenna [101]. The
transmitter illuminates the RIS from below with an inclination of 8, = 5°
and ¢; = 270°, while the receiver is positioned on the same elevation plane
as the RIS ¢, = 180°, and displaced at 6, = 30°. The RIS is placed 1.20
m from the TX (the TX has a height of 89 cm). The RX (with a height
of 101 cm) is positioned 4 m from the RIS. The center of the RIS is at a
height of 101 ecm. From the power delay profile (PDP) shown in Fig. 3.5,
it is evident that the main peak is exactly at 5.29 meters, as expected given
a spatial resolution of 20 cm. The delay of the PDP is translated into a
distance to better understand where the peak is placed. However, varying the
configuration of the RIS does not alter the behavior at this distance. Instead,
it can be observed that at approximately 5.9 meters, when the configuration
is set to the correct angles, there is an increase in power of more than 10 dB
compared to when the RIS is configured to re-radiate towards the opposite
side of the receiver or even in absorption mode. The peak that does not vary
with the configuration can be justified by noting that the highly directive
nature of the TX and RX horn antennas already performs spatial filtering.

On the other hand, the second peak may be due to a slight misalignment
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Figure 3.3: Photos of the setup from the first measurement campaign conducted
in the corridor of the Cesena campus at the University of Bologna

RIS Rx RX

101 cm 101 em Tx
89cm

1.20m

S
v

4m RIS

Figure 3.4: Schematic of the geometry for the first measurement campaign




42 Experimental results
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Figure 3.5: Power delay profile first measurement campaign (6; = 5°,¢; =
270%°and 6, = 30°,¢; = 180°)

of the antennas, even though the alignment was carried out using a laser
pointer with the utmost precision. These results raised doubts about the
RIS functioning as expected, prompting further analysis to investigate the
issue in greater depth. The identical behavior shown in Fig. 3.5 was also
observed when moving the RX to 6§ = 20° and # = 40° and adjusting the
antenna codebook accordingly. However, the difference between the power
levels of the secondary peaks was not as pronounced as in the case of § = 30°;
instead, it was on the order of a few dB (2 to 4 dB).

Due to uncertainties regarding the correct functioning and design of the
RIS, and to avoid potential design errors in the codebook design, we requested
the company to provide us with the codebook matrix to apply to the RIS for
the scenario depicted in Fig. 3.6, which is referenced in their article [98]. We
then replicated the same setup in both indoor and outdoor environments to
eliminate the possibility of multipath effects impacting the results. The setup
pictures are reported in Fig. 3.7 and the schematic in Fig. 3.8. Therefore,
for these measurement campaigns, the VNA settings remain the same as in
the previous cases. In a top-down view, the RIS, TX, and RX are aligned.
The TX is positioned at a height of 90 cm (center of the horn). The RX is




3.1 Experimental characterization of a RIS 43

Figure 3.6: Experimental setup tested by NEC [98]

Figure 3.7: Photos of the setup from the second indoor and outdoor measurement
campaigns conducted at the Cesena campus of the University of Bologna
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Figure 3.8: Schematic of the geometry for the indoor and outdoor measurement
campaigns, resembling the NEC setup

positioned at a height of 140 cm (center of the horn). The RIS is positioned at
a height of 140 cm (center of the RIS). The resulting PDPs from the indoor
and outdoor measurements are shown in Fig. 3.9 and Fig. 3.10, respectively.
From Fig. 3.10, it can be seen that the peak is at 7.29 meters, even though
it should be approximately 7 meters; this is still a reasonable value due to
the spatial resolution being 20 cm. What raises some doubts is that when
the RIS configuration is altered — such that it no longer points 3° upward
but instead 30° downward — the peak shows no significant change. On the
other hand, when the configuration is set to absorption mode, the main peak
is suppressed but only by 3 dB. As for the outdoor measurements, they are
certainly cleaner compared to the indoor ones, making it easier to see that the
main peak is also at 7.29 meters, and its power level remains unchanged across
the three configurations. However, the second peak, located 40 cm further,
changes by approximately 8 dB. It is important to note that, in theory, the
PDP figures presented in this section could be further processed to accurately
filter the direct RIS-RX path, allowing us to study the direct path gain with
different codebooks. The issue was that in none of the measurements were we
able to distinguish the correct path contributed by the RIS. Even though the
TX-RIS and RIS-RX distances were known, varying the codebook did not

result in any significant change in the peak corresponding to these distances.
Due to unsatisfactory experimental results and to certify the malfunc-

tions obtained at the Cesena campus of the University of Bologna, it was
decided to test the RISs in Aalborg. Aalborg University, which is a part-
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Figure 3.9: Power delay profile indoor measurement campaign with NEC setup
(0; = 33°,¢; = 270°and 6, = 3°,¢; = 90°)

Power delay profile

[dB]
S

Figure 3.10:

L)
x7.2913 || | X 7.69083
v -55.0079 ||| ¥ 62:5406

X 7.69083
Y -70.3337

S distance [m] 10

(0; = 33°, ¢; = 270°and 0, = 3°, ¢; = 90°)

3, ¢ = 90°
, ¢ = 270° 1]
—Absorbtlon mode

Power delay profile outdoor measurement campaign with NEC setup




46 Experimental results

ner of CNIT (and thus University of Bologna, as part of CNIT ) within
the 6G-SHINE European project, possesses significant resources allowing for
state-of-the-art antenna testing. This would enable the derivation of the an-
tenna’s 3D pattern based on the codebook sent through the serial connection
to the RIS. The testing instrumentation used, called SATIMO, is shown in
Fig. 3.11. SATIMO comprises a rotating and oscillating mast onto which
the RIS and the feed antenna are mounted. Receivers (horn antennas) are
positioned approximately every 15° along a ring. The system’s rotation and
oscillation allow for the oversampling of samples and the reconstruction of
the 3D radiation pattern.

Initially, a setup composed as shown in Fig. 3.12 was tested. This setup
consists of the RIS positioned vertically, correctly oriented, with a horn an-
tenna as the feed. The focal center of the horn antenna is 1.04 meters away
from the center of the RIS, with an elevation angle of 14° relative to the
center of the RIS. This setup was then tested using both AF approximation
for incident and reflected plane waves (setting 0, = 0°, ¢, = 110°, 0; = 14°,
¢; = 270° according to the reference system depicted in Fig. 3.13(a)), and
the one with spherical wave assumption. The formulas applied, for the RIS
phase shift, are always (2.9) for the FF assumption and (2.8) for the NF one.

The resulting radiation pattern obtained is shown in Fig. 3.14(a) in 3D,
while Fig. 3.14(b) represents the elevation cut at ¢ = 90° of the anechoic
chamber reference system, means that the cut is made along the vertical
normal to the RIS. It is important to notice that the reference system of
Fig. 3.14(a) is the one of the anechoic chamber depicted in Fig. 3.13(b).
It is observed that the peak obtained is not at #, = 0° and ¢, = 110° as
expected, but rather at 15°, resembling the behavior of a specular compo-
nent, suggesting that the RIS behaves similarly to a metallic plate. Another
indication that something was amiss was that behind the RIS, the signal
scattered was more intense than in front, suggesting that the transmitted
signal was being completely absorbed by the receivers behind the RIS as if
the RIS was “transparent” or like some object with its own Radar Cross

Section but failed to capture and reradiate the signal effectively.
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Figure 3.11: SATIMO testing setup for antenna characterization.
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Figure 3.12: Experimental setup for RIS testing.

SYSTEM DESCRIPTION - GENERALOVERVIEW v

I Coordinate System

" Scansionato con

Figure 3.13: RIS reference coordinate system (a) and anechoic chamber reference
system (b).

After realizing that the RIS was not behaving as expected and was unable
to capture the transmitted signal, we hypothesized that perhaps we were not
configuring the RIS with the correct settings. Therefore, we modified the
setup and tested it similarly to that shown in Fig. 3.6, which is detailed in
the paper provided by NEC [95].

Previously, we were supplied with the codebook used in this configuration
by NEC, ensuring that the combination of setup and codebook was correct.

In Fig. 3.15(a), you can find the photo confirming a distance of 1 meter
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Figure 3.14: 3D radiation pattern of the RIS setup (a) and elevation cut of the
radiation pattern at ¢ = 90° (b), setting 6, = 0°, ¢, = 110°, 0; = 14°, ¢; = 270°.

(a)

Figure 3.15: Setup equal to the one tested by NEC.

TX-RX, and in Fig. 3.15(b), the angle of 33° is shown.

The only difference lay in the position of the receiver, which was not
placed at 6 meters as in the NEC setup, but rather at 2.5 meters. However,
there are several receivers, so there is no issue of not seeing the main lobe of
the RIS in this configuration tested by us.

The codebook applied to the RIS is the one precisely provided by NEC,
which is identical to ours using the formulas with plane wave incidence and
plane wave radiation, setting the design angles as 6; = 33°, ¢, = 271°, 6, = 3°,
¢, = 90°. The 3D results and the cut at ¢ = 90°, thus the vertical 2D graph,
can be seen in Fig. 3.16 on the left and right, respectively. What is obtained
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Figure 3.16: Measurements results obtained with codebook provided by NEC, 3D
radiation pattern (a) and 2D cut (b).

is a peak at approximately 60°, still a peak well below the values of 25 dBi
as stated in the NEC article [98] and unexplainable as to why it is there,

perhaps due to a noise effect.

We also tried different codebooks, for instance setting the design angles
as 0; = 33°, ¢; = 271°, 0, = 10°, ¢, = 180°. The results are in Fig. 3.17.
Essentially, these results show that nothing regarding the main peak has
changed, only the effects of the side lobes can be observed changing. We also
tried the codebook that put all the cells in absorption mode simultaneously,
and again we found the results reported in Fig. 3.18. Here, it can be observed
that the main lobe has shifted from the previous 60°, as if the effects of
anomalous reflection and specular reflection were adding up in some way.
After all these tests, we moved to the workbench, where we used a voltmeter
to verify that the orientation of the cells was correct and that each unit cell
was fed with the correct delay line, in accordance with Fig. 3.19. The results
showed that when the value 1 was sent, the delay line corresponding to the
value 1 - i.e, the one measuring 4.85 mm - was indeed at low impedance (3
Q2 ), while all others were at high impedance (16 K2 ) and the same for all

the others values. Therefore, we certified that it was not a problem with
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Figure 3.17: Measurements results, 3D radiation pattern (a) and 2D cut (b) with
0; = 33°, ¢y = 271°, 6, = 10°, ¢, = 180°.
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Figure 3.18: Measurements results obtained with RIS in absorption mode, 3D

radiation pattern (a) and 2D cut (b).

the serial connection to the RIS and that the RF switch output ports were

functioning correctly.

Once we confirmed that the flip-flop components were functioning, we
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Figure 8: RF switch and microstrips.

Output port| 7 6 5 1 3 2 4
¢ (deg)|51.42|102.85|154.28[205.71|257.14|308.57 [ 360
I (mm)| 1.21 | 2.42 | 3.64 | 485 | 6.08 | 7.28 |8.49

Figure 3.19: RF switch and microstrips and relative length of the associated delay
lines, and the resulting phase shifts [95].

proceeded to test the phase shifters. The only tool we had available was a
probe antenna, which illuminated and measured a portion of the RIS, allow-
ing us to verify the phase change occurring in that portion of the antennas
through the measurement of S11. For completeness, a photo is attached in
Fig. 3.20. The same configuration value was then applied to all cells, and
what was observed is that the phase changes expressed in degrees, as the
configuration varied, were only a few units of degrees, a maximum of 10°,
although there is a phase difference of more than 50° between each config-
uration. The same test was then tested in the SATIMO anechoic chamber,
illuminating the RIS from below with the setup of Fig. 3.15. In Tab. 1 there
are the values in degrees of the phase of the S21 signal, at a fixed receiver in
6 = 90° and ¢ = 0° (in the reference system of the chamber), this means that
we are looking at the receiver in front of the RIS. As you can see from the
table the values are not changing a lot between them, showing why even if
changing the codebook the RIS was not changing its behavior. In Fig. 3.21,
the phases of the Sy (f) parameter measured in the operating band declared
by the company (5.17-5.44 GHz) are shown. As can be seen, when the phase
is changed for all the cells, the measured phase in degrees does not change.
While it is certainly not expected to achieve the exact 50 degrees as de-
clared, since the phases in the S (f) measurement might constructively or

destructively add up, the values should not be identical either.

Unfortunately, in Aalborg, we verified that the phase shifters of the RIS,
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Figure 3.20: Setup in order to test the phase shifter functionality

although correctly set, were not functioning properly. We then contacted
the company that provided the RIS, and they explained that the malfunc-
tion could be attributed to structural scattering, which likely affected the
measurements taken.

Structural scattering refers to the phenomenon where the structure of
the RIS itself scatters the incident electromagnetic waves, regardless of the
intended phase configuration of the individual elements. This scattering
occurs due to the physical and geometric characteristics of the RIS, such as its
shape, material properties, and surface irregularities, which cause unintended
reflections and diffractions. As a result, the scattered waves can interfere
with the desired signal path, leading to inaccurate phase measurements and
reduced performance of the RIS.

In our opinion, however, structural scattering is mainly present in the
Snell direction, apart from the sidelobes, so if the reflection angle coincides,
there is a risk that the reflected signal may be masked by structural scatter-
ing. Conversely, if the reflection angle is different, we should clearly see the
contribution of the RIS as intended. Contrary to what the company told us,
we believe that the fact nothing changed is due to the effective phase shifts
of the cells not being as indicated by NEC and possibly varying from cell to
cell, making it impossible to program the RIS based on the design formulas.

In practice, I have to proceed randomly, trying all possible codebooks.
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Value applied to all cells Corresp. degree angle Meas. phase shift [°]

4 360 -22.7636
2 308.57 -27.3014
3 257.14 -26.2185
1 205.71 -24.7804
5 154.28 -18.8961
6 102.85 -16.3866
7 51.42 -14.0833
8 abs mode -16.1861

Table 3.1: Values in degrees of the phase of the S21 signal, at # = 90° and ¢ = 0°
(in the reference system of the chamber)

Phase S21(f)

[S53
[=}

Phase S21(f) [°]
S o

IS
S

1
52 5.25 53 5.35 54

Frequency «10°

Figure 3.21: Measured phase as a function of the phase configuration applied to
all cells
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3.1.2 3.47 GHz RIS

The NEC 2023 prototype is a RIS consisting of 256 elements arranged in a
16 x 16 grid, with a nominal center frequency of 3.47 GHz and a bandwidth of
150 MHz. As in the previous version, each unit cell can achieve seven distinct
phase shifts, equally spaced between 0° and 360°, thanks to phase shifters
based on 3-bit delay lines. The eighth state is reserved for absorption mode,
in which the incoming signal is diverted through a 50 €2 resistor, dissipating

the signal.

Initially, it was observed that although the provided documentation spec-
ified a spacing of A\/2 between elements, the actual distance between the ele-
ments is 3 cm, corresponding to A/2.88. This discrepancy caught us off guard,
and despite requesting further clarification from the company, no additional
information was provided. Consequently, tests were conducted at both 3.47
GHz, as specified, and at 5 GHz, which corresponds to the anticipated /2
spacing. Additionally, unlike the 2022 prototype, where the patch antennas
were square, the current antennas are rectangular, suggesting a preferential
vertical polarization. Unfortunately, due to a confidential agreement with
the company, we are unable to provide the datasheet or any photographs
of the prototype. The formulas used during the design phase are consistent
with those corresponding to (2.8) and (2.9) for NF and FF cases, respec-
tively, with the necessary adjustments, such as element spacing and center
frequency. For the setup described in Fig. 3.23, the corresponding codebook
pictures are reported in Figs. 3.22(a), 3.22(b) for the FF and NF case, re-
spectively. It can be noted that in the FF case, the columns are not perfectly
equal between each other, due to the 3° of inclination of the TX. For the NF
assumption, it is evident the effect of the spherical incident wave, slightly
tilted towards the bottom and the fact that the RX is placed on the left with
respect to the RIS. The setup is as described in the previous section, with
the VNA calibration performed using the new frequency band. We tested
the setup shown in Fig. 3.23, where the distance between the TX and the
RIS is 3.75 m, the distance between the RIS and RX is 4 m, and the TX is
tilted 3° relative to the center of the RIS.

I would like to point out that working with different inclined planes was
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L]
=

Figure 3.22: Codebook (VU,,,) for a FF assumption incident wave (a) and for a
NF incident wave (b) with TX and RX placed in the same azimuth plane, the RX
is 4 m distant to the RIS, with 6, = 30°, ¢, = 180° while the TX is tilted of 3° in
the elevation plane. (6; = 3°, ¢; = 270°)

Figure 3.23: Picture of the setup for the RIS 3.47 GHz test. The TX is positioned
at a distance of d = 3.75 m, with 0; = 3° and ¢; = 270°. The RX is located 4
meters from the RIS, with 6, = 30° and ¢, = 180°.
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Figure 3.24: Power delay profile for different codebook assumptions in NF and FF
cases and RIS turned off.

suggested by the company, although logically it should not have a significant
impact. The VNA calibration was performed only on the operational band
of the antenna, which is slightly wider, at 200 MHz. As a result, the spa-
tial resolution of the measurements is limited to 1.5 meters. This test was
conducted to verify the actual functionality of the antenna, rather than to
confirm that the peak precisely corresponded to the exact distance between
the TX, RIS, and RX. The results reported in Fig. 3.24 show that there is
no impact on the applied codebook, whether under FF or NF assumptions,
with a completely random configuration (6, = 10°, ¢, = 270°), or even when
the RIS is turned off, in which case it should behave like a standard metallic
reflector. Please note that even if post-processing is performed at frequencies
[f0—B/2, f0+ B/2], with B = 150 MHz the behavior of the PDP in Fig. 3.24
remains unchanged. These results prompted us to test the RIS at 5 GHz as
well, without observing any significant changes compared to what was pre-
viously seen in Fig. 3.24. We then questioned whether the programming of
the RIS was indeed correct, as no significant changes were observed with
different applied configurations. To address this, we tested whether each cell

and some configurations correctly received the programmed value. Fig. 3.25
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Figure 3.25: Testing each unit cell of the RIS with a voltmeter to ensure that the
correct configuration is sent to each cell.

illustrates the testing process. We found that when a specific value is pro-
grammed, the corresponding delay line is properly activated. Therefore, it
appears that the issue is likely related to the antenna design rather than its
programming.

One potential problem identified is related to the so-called ground plane
or structural scattering, which was also present in the previous prototype.
We contacted the manufacturers, but unfortunately, they were unable to

provide any additional information beyond what was previously noted.
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3.2 Backscatter THz measurements

In the vision of 6G networks, a transformative shift is anticipated, where
handheld devices will seamlessly integrate sensing capabilities, enabling them
to perceive and interact with their surrounding 3D environments. This evolu-
tion will be significantly empowered by the ability to operate in the THz fre-
quency band. The THz band offers vast bandwidth, facilitating high spatial
resolution, and the support for large antenna arrays will enable unmatched
angular precision [102].

Building on this foundation, mobile devices are expected to become pow-
erful tools for environmental sensing and monitoring. Their pervasive pres-
ence, coupled with the integration of advanced sensors, positions them at
the forefront of revolutionizing indoor navigation and environmental aware-
ness. Within the 6G framework, these devices will autonomously generate
detailed digital maps of indoor spaces, accurately track their position within
these maps, and do so without the need for specialized positioning infrastruc-
ture [103]. Motivated by this vision, this chapter explores a comprehensive
description of the measurement campaigns carried out at THz frequencies,
along with the processing techniques employed for radio-SLAM (R-SLAM)
applications. The real-world data were collected at CEA-Leti (France) lab-
oratory, within the European PRIMELOC project collaboration [104], and
served as input for the R-SLAM algorithms, that are presented in Sec. 4.3.

To emulate the radar operation, the measurement setup, shown in Fig. 3.26,
was based on a four-ports VNA together with converters in order to cover the
[235 — 320] GHz band. We employed two linearly polarized horn antennas
with gain Grx = Grx = 20dBi and Half Power Beam Width (HPBW) of
18°. The backscatter channel acquisition was operated in a quasi-monostatic
configuration, as the TX and RX were co-located on a linear - angular posi-
tioner, which allowed mechanical steering and displacement over a 2-meter-
long X-axis. Acquisitions were managed by an external computer, which
was connected to both the VNA and the positioner controller using Ethernet
cables. Two measurement campaigns were carried out at CEA-Leti’s labo-
ratory room (shown in Fig. 3.27) with a size of 10.2 x 8.6 m?. In the first

measurement campaign, the radar scanned the laboratory in nine positions
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Figure 3.26: Measurement setup scheme.

along a 2-meter straight path with an X-axis step of 0.25m. This measure-
ment was repeated twice, first with the radar pointed towards the direction
of movement (Scenario A), then with the radar pointed perpendicular to the
direction of movement (Scenario B). In the second measurement campaign
(Scenario C), the radar scanned the environment in 46 positions along an
oval path, characterized by diameters of 5m and 3m. In the straight seg-
ments, the X-axis step size was set at 0.40m, while in the curved sections,
the step sizes varied between 0.23 to 0.27 m to maintain the correlation be-
tween the channel responses in adjacent positions. At each radar location,
the positioner rotated the antennas with increments of 10° within the steer-
ing range of [—90°,90°]. To make it easy to read, the pictures of the three
scenarios are reported together with the R-SLAM performance in Sec. 4.3.1.
Specifically, the locations where the radar measurements were taken, denoted
positions in the following, are shown in Figs. 4.43 (top), 4.44 (top) and 4.45
(top), where they appear as red dots. The setup described above emulated
a stepped-frequency continuous-waves (SFCWs) radar, with measurements
spanning from 235 to 320 GHz and a step size of 10 MHz for each position
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Figure 3.27: Pictures of the environment.

and steering direction. These measurements yielded the channel frequency
responses (CFRs), which were further processed to reduce sidelobe ringing by
applying frequency domain filtering. To compute the CIRs, an inverse FFT
was performed with a time resolution of T, = 1.56 ps. For R-SLAM purposes,
the CIRs were computed for 181 steering angles ¢,, at each position using an
interpolation process with a step size of 1° within the [—90°,90°] range, and
then collected to form the Angle-Delay matrix H. Figure 3.28(a) presents
an illustrative example of CIRs collected by the radar at position #15 of
Scenario C, for 19 steering angles within the range [—90°,90°] and angular
step of 10°. These CIRs, which have been normalized by removing the effect
of the TX and RX antenna gains, provide valuable insights into the backscat-
ter characteristics of the surrounding environment and, ultimately, its map.
For example, still focusing on the measurements collected at position #15 of
Scenario C (see Fig. 3.28(a)), we were able to derive a preliminary (albeit ap-
proximate and incomplete) map of the environment by combining the PDPs
associated with the CIRs collected from all steering directions [105]. This
resulted in the creation of the power angular delay profile (PADP) at the
considered position, which allowed an estimate of the map to be derived im-
mediately. In this regard, a visual comparison between the PADP obtained
at position #15 and the actual locations of the walls is shown in Fig. 3.28(b).
Each point corresponds to a detected path, characterized by a specific delay
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Figure 3.28: Normalized channel impulse responses (CIRs) for all steering angles
at position #15 of Campaign C (a), with delays mapped into distances; polar
representation of the normalized power angular delay profile (PADP) at position
#15 of Scenario C compared to the actual map of the environment (b).

and arrival angle, with the color indicating the power normalized relative to
the highest path power. Notably, the radar echoes detected are consistent
with the expected echoes from the primary scatterers in the environment,
namely the walls. Interestingly, a part of the horizontal wall depicted in
Fig. 3.28(b) shows a lack of backscatter response. It is noted, in this regard,
that the wall is made of plasterboard, which has poor reflective properties.
Additionally, the undetected part of the wall lacks any objects positioned in
front of it that could have triggered radar reflections. It is essential to empha-
size, however, that the map depicted in Fig. 3.28(b) was obtained solely from
the measurements provided by the radar at position #15. In contrast, the
methodology proposed in this paper derives the map by considering measure-
ments collected throughout the entire radar path, resulting in significantly
improved outcomes. In fact, the numerical results reported in Sec. 4.3.1 will
show that the entire wall is successfully mapped, thanks to the measurement
taken when the radar gets closer to it.

In order to characterize the backscatter channel, it is of interest to inves-
tigate the root mean square (RMS) delay and the angular spread of the paths
detected after the ghost-effect mitigation (GEM) algorithm!. Specifically, for

'The characterization of the backscatter channel was performed without using the




3.2 Backscatter THz measurements 63

each position within a given scenario (A, B, or C) and considering all the
paths collected in the PADP, which accounts for all steering directions, the
RMS delay spread is defined as:

o — 1 |27 = T (3.1)

Zk:1 O‘k

where 7, is the mean arrival delay defined as

2521 Tka% 3.2
k-1 Ok

and K, ai, 7 are the number of detected paths, the power, and the arrival

Tm =

delay of the kth path, respectively.

Similarly, the angular spread can be computed at each position of a sce-

nario using Fleury’s definition, as in ]

K 2 ( : )
Zk:1 Ak

where ¢y is the arrival angle of the kth path and g, is the mean arrival

azimuth defined as
Zk 1 emk%

3.4
Zk e 34

Heo =

Based on the provided definitions, Fig. 3.29 displays the empirical cumu-
lative distribution functions (ECDFs) of the RMS delay spread and angular
spread of the paths detected in each scenario after applying the GEM algo-
rithm. Since these metrics are calculated by considering all positions within
each of the three scenarios depicted in Fig. 4.43 (top), 4.44 (top), and 4.45
(top), they provide a characterization of their backscattering channels at
THz frequencies. A more concise characterization is provided by the average
RMS delay spreads, 8.79 ns, 5.67 ns, and 10.86 ns, and the average angular
spreads, 61.5°, 76.4°, and 52.6°, for scenarios A, B, and C, respectively.

noise-masking (NM) algorithm to avoid the elimination of weak paths, which could poten-
tially be present.
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Figure 3.29: Empirical CDFs of the delay spread and angular spread for all the
positions of Campaign A (top), Campaign B (middle), and Campaign C (bottom).

The results highlight substantial variations in delays and angular spreads,
which are highly dependent on the radar position and steering angle. Inter-

estingly, these variations can be effectively characterized using a log-normal
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distribution. Notably, the maximum delay spread is twice the one measured
in the classical one-way channel in a similar environment [107], which is in
line with the double convolution of the back-scattering channel impulse re-
sponse.

Finally, it can be noted that the measurement data here discussed are the
same used for R-SLAM purposes, which will be the subject of the Sec. 4.3.1.
For the reader’s convenience, the settings and parameter values adopted dur-
ing the measurement campaigns are summarized in Table 3.2.

It is important to point out that when operating within the THz frequency
range, it could be the case that signal blockage, which becomes increasingly
significant at higher frequencies, may impede the detection of objects located
further away and potentially obscured by closer ones [108]. In principle, this
is a critical issue in the context of environment mapping, as it can result in
incomplete representations of the environment. The simplest solution to this
problem is to observe the environment from multiple locations and derive the
map by leveraging all available measurements, as provided by our method-
ology. Conversely, the existence of many reflective objects within the sensed
area is beneficial for the localization procedure, as it provides the localiza-
tion algorithm with multiple landmarks that can be utilized to determine
the radar’s position. This, in turn, enhances the accuracy of mapping, which

relies heavily on precise knowledge of the radar’s location.
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Table 3.2: Measurement campaign: parameters and settings

’ Description \ Parameter \ Value
Measurement setup
Frequency sweep range 235-320 GHz
Frequency sweep step - 10 MHz
Number of CIR samples M 8501
Angular range - [—90°, 90°]
Angular steering step - 1°
Number of steering angles N 181
Transmit antenna gain Grx 20 dBi
Receive antenna gain Grx 20 dBi
Half Power Beam Width HPBW 18°
Detection threshold - -100 dB
Delay resolution 15 1.56 ps
Measurement data processing
NM algorithm threshold NCF 1072
GEM algorithm threshold NoL 0.4
Scan vector threshold Nsv 0.9
Kalman filter parameters

Power Spectral Density (PSD) of the | wy 10~
linear acceleration noise
PSD of the angular acceleration noise | wy 10~*
Time step Tw ls
Position estimation error std o, =0y 47-10m
Angle estimation error std lof) 1.7-103rad

3.3 Localization measurements using UWDB

devices

As previously outlined, this thesis aims to investigate communication and lo-
calization systems for use in SRE applications. This involves leveraging both
cutting-edge technologies, such as those discussed in earlier chapters, and
established technologies which are already present in current communication
generations. Given that 6G is expected to operate at higher frequencies, it
is also pertinent to explore UWB applications, as detailed in this section.
In 2002, the United States Federal Communications Commission (FCC)
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defined UWB signals as any signal with a fractional bandwidth (i.e., the
absolute bandwidth divided by the center frequency) greater than 20% or
a bandwidth of at least 500 MHz, regardless of how it is generated [L09].
This definition has been widely adopted by various countries, recognizing
the innovative potential of UWB technology. UWB systems offer several key
advantages, as they are highly resistant to jamming due to their low power
spectral density and compatibility with spread spectrum and Code Divi-
sion Multiple Access (CDMA) modulation techniques, making UWB signals
difficult to detect and interfere with. Additionally, UWB signals exhibit ro-
bustness in multipath environments, as the short-duration signals reduce the
likelihood of multipath interference. This characteristic makes UWB partic-
ularly suitable for indoor localization where high object density challenges
other technologies [110].

Localization involves using sensor nodes, or anchors, positioned at known
locations to determine the position of target nodes, or fags. A minimum of
four anchors is required for three-dimensional localization. This process often
relies on Bayesian filtering techniques [111], which degenerate in the Kalman
filters [112] with process noise and measurement noise at statistically zero
mean value, or particle filters [113], to improve accuracy by utilizing previous
estimates. The localization process can either use single position measure-
ments or leverage previous estimates to predict future positions, enhancing
accuracy. The state of the system, including position and velocity, is rep-
resented as x, at discrete time intervals n. The Bayesian filtering approach
simplifies the problem by assuming Markov properties, making it computa-
tionally feasible to estimate the target’s position.

While particle filters offer accuracy in non-linear and non-Gaussian mod-
els, they can be computationally intensive. The complexity of updating
weights is typically O(N,), but some formulations, like the resampling at
each iteration to increase the low number of samples, can lead to exponential
complexity increases with higher V,,.

In indoor environments, the three classical approaches to localization are
[114]: Angle of Arrival (AoA) or Direction of Arrival (DoA), Receive Signal
Strength (RSS) and Time-Based Methods.

Additionally, hybrid solutions can be employed. In all cases, the main
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Figure 3.30: Angle of Arrival localization principle.

limitations are due to measurement errors of parameters such as information
related to antennas (band, gain, directivity, etc.) and the correct location
of anchor nodes and noise. Also, the propagation effects such as multipath,
interference, and Line of Sight (LOS) or NLOS conditions limit the per-
formance; in general, geometric effects are summarized in the concept of
Geometric Dilution of Precision (GDOP).

For the angle/direction of arrival estimation, the technique employs array
antennas. By leveraging the radiation patterns of these antennas, or more
precisely, the ability to steer the pattern by manipulating delays and the
amplitude of signals to individual elements of the array, it is possible to tri-
angulate the target position with at least two arrays. The principle involves
scanning the area with the arrays, and by knowing the direction in which a
good signal is obtained and the angles relative to a common reference sys-
tem, the target’s position can be determined, as shown in Fig. 3.30. The
accuracy of the system is directly related to the directivity of the antenna,
the beamwidth of the main lobe, and the target’s distance. Super-resolution
algorithms like MUSIC and ESPRIT have been developed to partially com-
pensate for these limitations. Choosing the radiating element for the array
impacts the system’s performance: the more elements there are, the nar-
rower the beamwidth but the larger the device. Higher frequencies allow

for a reduction in the geometric size of the antennas for the same directivity.
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Figure 3.31: Angle of Arrival localization principle, with RSS, TOA and TWR
techniques.

This technique works well in LOS conditions, but the quality degrades signif-
icantly in NLOS conditions as the antennas report incorrect angles. Another
fundamental limitation is the presence of secondary lobes, which in environ-
ments with strong multipath can cause precision degradation and inaccurate
estimates.

RSS-based techniques estimate the distance between the transmitter and
receiver based on the received signal power. The principle relies on the path
loss model, which describes how the signal power decreases as the distance
increases. However, this method is highly sensitive to environmental con-
ditions, such as obstacles and multipath, making it less reliable in complex
indoor environments, the principle is shown in Fig. 3.31. Time-based meth-
ods include techniques such as Time of Arrival (TOA), Time-difference of
Arrival (TDOA), and Two-way Ranging (TWR). These methods calculate
the distance by measuring the time it takes for a signal to travel from the
transmitter to the receiver. They are more robust to environmental varia-
tions compared to RSS-based methods. In particular, TDOA and TWR are
preferred for their higher accuracy in UWB systems, as they leverage precise
time measurements to determine the distance. TOA measures the abso-
lute time a signal takes to propagate from the transmitter to the receiver.

This requires precise synchronization between the two devices, which can be
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challenging to achieve in practice. TDOA measures the difference in arrival
times of the same signal at multiple receivers. This technique eliminates the
need for synchronization between the transmitter and receivers, making it
more practical for real-world applications. TWR involves a round-trip time
measurement, where a signal is sent from the transmitter to the receiver
and back. This method does not require synchronization and can provide

accurate distance measurements by accounting for the round-trip delay.

In order to establish theoretical limits, the Cramer Rao Lower Bound
(CRLB) must be defined since it represents a theoretical lower limit on the
mean square error of an unbiased estimator. To achieve this, start by defining
a vector @ containing the unknowns (i.e., the tag position p'= [z;y; z]), and
denote by T the vector of useful measurements. Let .J (0) represent the Fisher
information matrix, a function of 8. Then, the CRLB can be expressed

as [115]:
CRLB(9) = J~(8) = E [V} n P(T16)VyIn P(f\&)]_l (3.5)

which in matrix form becomes:

2 2 2
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— 2 2 2
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2 2 2

O Jzy zz

2

where o;;

(x,y,z), and the other elements represent the cross-correlation, indicating

represents the variance of estimation errors in coordinates ¢ =

how they influence each other. The term Position error bound (PEB) is
defined as the square root of the trace of matrix CRLB(8):

PEB = 4/02, + 02, + 02,

Assuming the standard deviation of all measurements is o, the relation-

ship
Gpop = "8

g

holds, where GDOP refers to Geometric Dilution of Precision, a multiplica-
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tive factor related to the geometry of the problem, specifically the positions

of anchors and tags. In the following the GDOP is divided into two terms:

o Vertical Dilution of Precision (VDOP), related to the distance of the

anchor plane from the tag plane (usually the z-axis), measured as

VDOP = 4/02,;

e Horizontal Dilution of Precision (HDOP), referring to misalignment

error on the xy-plane, measured as HDOP = /o7, + 02,

3.3.1 Measurement campaign

The ultra-wideband localization system Sequitur, used in measurement cam-
paigns, consists of proprietary hardware and software components. It was
developed by Prof. Dardari’s group at the University of Bologna in 2014
and is now commercialized by a company in the wireless systems sector. It
was designed for indoor environments and logistics applications. For this
purpose, the antenna was designed with an omnidirectional pattern to cover
a larger area [116]. However, for the purpose of this thesis and for the pro-
posed accuracy, this pattern is not optimal because it is affected by multipath
reflections that degrade localization performance, as will be clarified later.
Anchors and tags are active components capable of operating in both TDOA
and TWR modes. For experimental tests, the TWR mode was chosen be-
cause it theoretically offers better performance.

At the hardware level, Sequitur allows the use of two different elements
as tags: one called the tag and the other the minitag. While the former
can operate in both modes, the latter supports only TDOA. Hence, there
is a need to use tags, which are bulkier than minitags but the only ones
capable of operating in TWR, mode, shown in Fig. 3.32(b). Furthermore,
this technique is decentralized, meaning the tag queries the anchors, obtains
distance estimates, processes firmware with the localization algorithm, and
therefore, the information is derived by the tag itself. In this mode, anchors
only respond to tag queries.

The system allows setting up a zone where the algorithm can operate,

called the localization area, by defining spatial boundaries. An important
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Figure 3.32: Photo of the positioning of the nodes still in a known position (a),
close-up photo of the anchor/tag used(b).

consideration is to define this area using the plane of the anchors themselves
as the boundary, as shown in Fig. 3.33, because there is a risk that the
estimated point may be calculated not in its actual position but in a specular

position relative to the anchor plane due to its geometry.

The measurement campaign reported aims to study an experimental anal-
ysis of an automatic docking system for the retrieval of large objects in harsh
environments. Due to confidentiality agreements with the commissioning
company, further details about the application cannot be disclosed. The
main challenge lies in accurately localizing a tag placed outside the area
bounded by the anchor nodes, where a high GDOP is encountered. The four
anchors necessary for 3D localization were placed at the vertices of a square,
with sides fixed at 0.5 and 1 meter to investigate the effect of two different
distances. The power supply for the anchors is provided via micro USB port
from a USB hub, which is then connected to the wall power outlet. The tag
(to be located), on the other hand, is powered by a power bank. Commu-
nication between nodes and the PC occurs via an access point, a picture of
the anchor setup is shown in Fig. 3.32. The SEQUITUR-Pi features a radio
interface, which implements the IEEE 802.11.4a UWB standard. It offers
four selectable frequency bands ranging from 3.5 GHz to 6.5 GHz, with ad-
justable data rates of 110 kbps, 850 kbps, and 6.8 Mbps. The device is fully
compliant with FCC and ETSI UWB spectral mask regulations and provides
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a ranging accuracy of up to 7 cm. Under favorable propagation conditions,
it supports a transmission range of up to 200 meters at a data rate of 110
kbps.

First of all, the mobility model provided by the platform is studied to
understand which one best fits the needs of the project. The mobility model
in a localization system describes how devices or targets move within the
area of interest. This model is essential for understanding and predicting the
behavior of target nodes and for improving the effectiveness and accuracy
of the localization system. In particular, the effect of two different models
has been studied: the first uses a particle filter to predict the area where
the tag is most likely to be found in the next moment and thus iteratively
concentrates particles in this area. The second model, on the other hand,
bases localization solely on the current measurement but still refers to par-
ticles distributed uniformly in the environment, without any information on
the tag’s dynamic model or memory of past estimates. What was observed
during the “calibration” measurement campaign is that setting a too-large
localization area with the first model does not pose problems, due to the
properties of the particle filter, while with the second model, the estimated
point tends to be very inaccurate and unstable. This is because the points,
being limited in number (at most 6000), need to cover a too-large area, thus
being present only in a few units per cubic meter, which is insufficient to
intercept the likelihood function. Setting a localization area too small causes
edge effects, making the position estimate too constrained and thus compro-
mised. In Fig. 3.33, two tests performed with the two mobility models are
shown, for anchors spaced one meter apart, with 6000 particles and a local-
ization area large enough to avoid edge effects, i.e., 8m x 6m x 8m centered
on the actual position of the tag. This means that there were, on average, 15
particles/m3. The system allows devices to be provided with a calibration
offset related to the distance between the tag and the anchor, aimed at com-
pensating for any distance estimation offsets of the involved devices. This
offset can be inserted using two parameters, defined for each node, TXgget
and RX,geet- As was already evident from Fig. 3.33, the distance of the tag
is underestimated. A detailed analysis was performed using the Sequitur

software debugging tool. With this tool, it was possible to make the system
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Figure 3.33: Position measurements, comparison of mobility model 1 (a) and 3
(b), 6000 particles in a volume of 384 m3. The blue circles represent the locations’
real values assumed by the tag, the red asterisks the position of the anchors and
the triangle the center of the reference system is yellow. The located points are
divided by color in relation to the axis to which they refer.

measure the distance between two nodes at a time, particularly between the

tag and the anchors, and then assign the offset to the latter, rather than to

the tag. To do this, the offset must be set on the parameters TXoffset and

RXoffset according to the following formulas:

TXofiset = 0.44 - 2 - (real distance — measured distance)

RXofset = 0.56 - 2 - (real distance — measured distance)

(3.6)

(3.7)

where the coefficients 0.44 and 0.56 serve to divide the offset percentages

as recommended by the documentation |

|, and the coefficient 2 accounts

for the fact that the TWR measurements, on which the distance calcula-

tions are based, refer to a double path, i.e.,

the signal’s round trip, thus

requiring doubling the difference between real and measured distance. Ad-

ditionally, these measurements provide parameters such as Received Signal

Strength Indicator (RSSI), like accuracy, which is a measure of the accuracy

of the measurements, and like quality, which is a ratio between useful sig-

nal and noise, and transmission success rate. To understand whether it was

possible to obtain more precise measurements by dynamically adjusting the
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offset, the relationships between the offset, RSSI, and distance were observed.
Measurements were collected for multiple anchors, both before and during
the measurement campaigns described later. What was noticed is that it is
not possible to identify an empirical law that predictably models the depen-
dency of the offset on the easily measurable RSSI. For a fixed RSSI value,
the offset tends to be very variable, even by tens of centimeters. Therefore,
dynamic calibration does not seem to be a realistic hypothesis. However, it
is noted that an offset is generally necessary, and in particular, these mea-
surements confirm that the distance is underestimated. Calibration tends
to improve accuracy around the point where it occurred but worsens it as
one moves away from the calibration point, as confirmed in the measurement
campaigns. Therefore, a possible approach could be to calibrate the anchors
in the area of interest, accepting poorer localization results as one approaches
the tag.

Since I cannot include photos of the setup, a drawing of it is shown in
Fig. 3.34. First, the anchors were mounted on a wooden frame as shown in
Fig. 3.32 (a), at the vertices of a square with a side length of 50 cm. In
this case, five tags were mounted, spaced 30 cm apart from each other, and
arranged on a beam aligned with the plane of the anchors, as depicted in
Fig. 3.34 (b). Only one tag at a time was kept active to avoid interference.
The tag positioned on the central axis of the anchors is subsequently referred
to as 17, with the numbering continuing in increasing order as the distance
from the zero increases. The beam could be fixed at distances of 40, 70,
100, and 120 c¢m from the plane of the anchors. The parameters used in the

Sequitur software are reported in Tab. 3.3.

Firstly, the calibration was performed on target T1 at a distance of one
meter, then the control measurements were collected, i.e., the position data
outside the tank, necessary to compare them with those acquired in the
presence of water and to conclude the extent of the additional error. After
completing the measurements outside the tank, the measurements inside the
tank were carried out. These involved positioning the tags as close as possible
to the water level (Fig. 3.35(b)), so the anchors tended to move closer to the
tank edge, made of metal. This caused, as can be seen from Figs. 3.36 - 3.37

(red and green lines for outside and inside the tank respectively), an increase
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Figure 3.34: Detail of the positioning of the anchors (a) and tags (b). Point grid
where to position the tag used in the third measurement campaign (c).
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Figure 3.35: Frame positioning for dynamic measurements in the tank. Position
outside the tank (a) and position of closest approach to the water (b). Blue circles
and squares indicate the anchors and tags respectively, and the blue line indicates
the water level.
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Figure 3.36: Vertical RMSE and Horizontal RMSE for Tag 1 (centered axis) and
Tag 2 (axis offset by (A, = 0.3)m). Calibration was performed on Tag 1 at a
distance of one meter.
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Figure 3.37: Vertical RMSE and Horizontal RMSE for (a) Tag 3 (axis offset by
Ay = 0.6m), (b) Tag 4 (axis offset by Ay = 1m), (¢) and Tag 5 (axis offset by
Ay = 1.20m). Calibration was performed on Tag 1 at a distance of one meter.
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Parameter Value
Location particles 6000
Maximum anchor 4
Minimum anchors 4
Mobility model 1
Mobility std (x) 0.5 m/s
Mobility std (y) 0.5 m/s
Mobility std (z) 0.5 m/s
TOA estimation std | 0.3

Calibration

1 m on central axis

Radio TX offset

44% of total offset

Radio RX offset

56% of total offset

Anchor distance

0.5m

Number of anchors | 4

Anchor orientation | Optimal

Power Standard

Channel 5

Location Outside tank vs Inside tank

Table 3.3: Parameters and Values UWB campaign.

in error for short distances. In general, however, the discrepancy between
the RMSE calculated on the measurements outside and inside the tank is
low, so the presence of fresh water does not seem to contribute significantly
to the position estimation. The blue, black, and pink lines represent the
theoretical RMSE with a standard deviation of 2 cm, 5 cm, and 10 cm,
respectively. Referring to Tag 1 and Tag 2 of Fig. 3.36, it can be seen that
the localization process results in vertical root-mean-square error (RMSE)
errors in line with the theory, unlike when moving too far from the center of
the anchor plane (Tag 3, Tag 4, and Tag 5 in Fig. 3.37), proving the limits
of the calibration performed at one point. Referring instead to the error on
the horizontal plane, it is generally greater than that obtained in the second
test, usually residing beyond the curve of the ideal case with a standard
deviation of 5 cm (black curve), except for the central axis. During this
measurement campaign, dynamic measurements were also attempted, i.e.,
with the frame in motion but still at a fixed anchor-tag distance. This type

of data was acquired both inside and outside the tank but with different
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Figure 3.38: Dynamic test in the tank. Red and blue circles indicate the cases at
a distance of 1m and 0.7m respectively, green squares indicate the anchors and the
black line indicates the axis (z,y) = (0,0)m. Ideally, we should have observed two
points at positions (x,y, z) = (0,0,1)m and (0,0,0.7)m.

operational modes, involving only Tag 1. In the tank, the measurements
were collected with the tag placed at one meter and 0.7 meters distance.
The frame was raised and lowered for two cycles inside the tank using a
remote-controlled overhead crane until the tags were at water level as shown
in Fig. 3.35. Ideally, one expects to observe two fixed points in coordinates
(x,y,2) = (0,0,1)m and (0,0,0.7)m. The measurement result is shown in
Fig. 3.38.

As the anchors were attached to the tag, they were moved closer to the
tank edge, causing errors due to reflection phenomena, particularly, as shown
in Fig. 3.39(b), around 40 and 100 seconds, i.e., when the tag was closest to
the water and, therefore, with the anchors near the tank edge. While at one
meter the error remains below 10 cm, the phenomenon is much more evident
at 0.7 m, with a displacement reaching 35 cm in the y-coordinate alone. How-
ever, this behavior occurs only once every two times with particularly marked
intensity. Subsequently, dynamic measurements were performed outside the
tank. In these, the tag was detached from the frame, which was raised and
lowered between 60 cm and 380 cm. Identifying the correct tag position to

report errors, as well as preventing the frame from oscillating, was very dif-
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Figure 3.39: Dynamic test in the tank. Errors on the x, y, and z axes for the cases
at Im (a) and 0.7m (b) over time.

ficult, so one should expect unquantifiable systematic errors, not to mention
that the oscillations of the plane then made the local reference system of
the frame different from the global one. Without being able to measure all
these factors instant by instant, the reported error measurements should be
considered qualitative to get an idea of how the localization operates rather
than precise and well-defined values to characterize the system. Here two
cases are reported below: tag centered while keeping the frame as stable as
possible and tag centered while trying to oscillate the frame. In Fig. 3.40, the
green curve indicates the distance at which the anchor plane was from the
tag. One can observe a spike in the error when the tag was at the closest po-
sition to the anchor plane, probably due to saturation phenomena, while the
increase in error when the frame was at the highest position can be justified

by unwanted oscillations or GDOP-related effects.

Error analysis

The work was carried out with anchors placed at the vertices of a square
with a side length of 1 meter and, more interestingly, 0.5 meters, due to the
possibility of using the system on a mobile support. The set objective was to
achieve errors less than 10 cm near the point of greatest interest, i.e., where

the target attachment would occur while relaxing the constraint during the
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Figure 3.40: Dynamic test outside the tank on the centered axis, limiting the frame
oscillations. Measurement scenario (a) and corresponding errors in x and y (b).

approach phase. The tests conducted with the Sequitur localization system,
given a very tight geometry, confirmed the superiority of the TWR mode for
localization.

Calibration-related issues emerged from the various measurement cam-
paigns. The ability to calibrate the system brought improvements, especially
near the calibration point, but worsened the estimates when moving away
from it. Therefore, calibrating the system at the point of maximum in-
terest allowed for achieving the required precision, sacrificing it during the
approach phase in accordance with the initial specifications. Assuming an
optimal dynamic calibration, referred to as a possible deterministic function,
better precision could have been achieved at every point.

Regarding the measurement campaigns, a significant impact on localiza-
tion performance was observed in the presence of metal near the anchors
when they were not properly oriented. To avoid these effects, the use of spe-
cially designed directive antennas for the environment and properly oriented
can prevent the occurrence of strong reflection phenomena, thus improving
localization.

The presence of freshwater does not significantly affect the measurements;
however, it could be interesting to observe the effects in the presence of salt
water. Although optical systems could yield better results, UWB technology

has the ability to work even in low visibility conditions.




Chapter 4

Communication and

localization algorithms for
SREs

In this chapter, the algorithms developed during the PhD thesis are de-
scribed, and the produced results are analyzed. Specifically, in Section 4.1,
the algorithms for localization applications leveraging frequency-selective sur-
faces, called metaprisms, are presented. Section 4.1.1 discusses algorithms
that utilize OFDM signals to achieve the frequency selectivity required by
metaprisms, while Section 4.1.2 covers algorithms developed using FMCW
signals for localization. Section 4.2 introduces the algorithms designed for
applications leveraging SCMs. In particular: Section 4.2.1 focuses on effi-
cient communication and beam tracking with multiple users equipped with
SCMs. Section 4.2.2 explores grant-free channel access for users communicat-
ing with an access point. Section 4.2.3 presents high-accuracy localization of
users equipped with SCMs, detailing two different architectural approaches.
Finally, Section 4.3 describes the algorithms used for Radio-SLAM applica-
tions, explaining how the data acquired during measurement campaigns are

processed.
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4.1 NLOS Localization using metaprism

This section details the localization algorithms in NLOS conditions specifi-
cally developed for the use of metaprism, a frequency-selective metasurface
described in Sec. 2.2. In particular, it is capable of achieving high levels
of accuracy in estimating the position of a target or user in a fully pas-
sive manner and without the need for channel state information estimation.
In the first subsection, the algorithms used for the 28 GHz and 300 GHz
position estimation exploiting an OFDM-based beamsteering design are de-
scribed, while in the second subsection are presented the algorithms for the
77 GHz localization estimation when the signal impinging on the metaprim
is a FMCW chirp.

4.1.1 OFDM-based beamsteering design

In this section, the design of a metaprism is analyzed when the incident
signal is an OFDM signal. Specifically, the goal is for each subcarrier of the
OFDM signal incident on the metaprism to correspond to a different steering
angle of the signal reflected by the metaprism. Then it is introduced a new
approach described in [30] to localize user devices located in NLOS areas
using a metaprism. By analyzing the spatial filtering of subcarriers in the
OFDM signal transmitted by each user device, the base station can estimate
the device’s angle of view, distance, and subsequently its position.
Referring to Fig. 4.1, it is supposed a certain number of users are located
in a region that is in NLOS with respect to the BS located at coordinates
pss = (dps, Ops), where dgg and Ogg are, respectively, the distance and the
3D angle of the BS with respect to the center pg = (0,0, 0) of the metaprism,
being Ops = (s, ¢ps), with Ogs and ¢ps representing the azimuth and el-
evation angles. No assumptions have been made regarding the BS, which is
a single-antenna device. It is assumed that both the BS and the users are
in LOS with reference to the metaprism. In the context of user localization,
users transmit pilot symbols utilizing an OFDM modulation scheme across
K available subcarriers, employing a multiple access protocol to prevent in-
terference between users. It is important to note that this work does not

delve into the analysis of various multiple access schemes. Instead, it will
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be focused on the localization of a single user as the central theme in the
subsequent discussion. The user is located at position p, = (d,, ©,), where
Ou = (04, ¢u). Denote by fy the carrier frequency, A the corresponding wave-
length, and by f; the k-th subcarrier frequency within the bandwidth W.

It is supposed the metasurface lays in the x —y plane consisting of N x M
cells whose size is d,, xd,,, where d,, = d, ~ /2. Denote by Py = {Zn, Ym, 0},
the position of the nm-th cell, where z,, = nd,—N d,/2, withn =0,1,... N—
1, and y,, = md, — M d,/2, with m = 0,1,... M —1. Considering the nm-th
cell of the metaprism being characterized by the following frequency-selective

reflection coefficient [118] as (2.11)
Tom (f) = el Ynm([) (4.1)

where U, (f) is the frequency-dependent reflection phase profile. According
to the model in [118], and as reported in Eq. 2.14 - Sec. 2.2, ¥,,,,,(f) can be

designed such that it exhibits a linear behavior with the frequency f, i.e.,

Vo (f) = nm - (f = fr) (4.2)

where ay,,, is a cell-dependent coefficient. According to (4.2), the frequency-
dependent phase profile of the metaprism depends on the design of coefficients
Qnm- As it will be shown, such a design allows the BS to infer the position of
the user starting from the reception of the reflected signal. In the following,
there are proposed two design criteria tailored to the operating condition of
the system: i) users and BS located in the far-field region of the metaprism;

ii) users and BS located in the near-field region.

i) Far-field scenario: Beamsteering design (BD) When both the
user and the BS are in the LOS far-field region with respect to the metaprism,
it is possible to discriminate only the angle of view of the user but not its
distance from the metaprism. This can be done by properly designing the
coefficients {a,,} of the cells so that subcarrier-dependent beamsteering is
obtained. In this way, the angle of the user is directly linked to the subcar-
riers and it can be estimated from their observations, as it will be explained

later. The proposed criterium for designing the coefficients {ay,,} in (4.2) is
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expressed by
Qpm = A0 Ty + bO Ym - (43)

According to this model, in the following referred to as beamsteering design
(BD), apy, increases incrementally based on the cell’s coordinates, and aq

and by are two constants that need to be appropriately determined.

It is worth noticing that the user-metaprism subsystem is equivalent
to a frequency-selective reflectarray antenna characterized by the following

subcarrier-dependent AF

Z exp( 27rzd (uz(O) + u.(0y))
+3%§”ywaw+mA&M+meﬁ0 (4.4

where the quantities u,(0) = sin(f)cos(¢) and u,(©) = sin(f)sin(¢) are
defined. The array factor for a certain direction © indicates the intensity with
which the k-th subcarrier of the signal incident on the metaprism generated
by the user is reflected in that direction. From (4.2), (4.3) and by equating
to zero the total phase shift in (4.4), it is easy to show that the angle of
reflection O%) = (H(k),aﬁ(k)) of the k-th subcarrier at frequency fi of the
incident OFDM signal is given by

uxamz—%@>—@ﬁh—m

uy (%) = —uy(04) = 22 (i~ fo) - (4.5)

Now, suppose the design of the metaprism is to ensure that it reflects the
highest subcarrier of the user-generated signal (k = K) with angle (%) =
—0y — O,,, for some angle 6,,,, and ¢) = 0. From (4.5), by setting k = K,

the coeflicients ag and by become
ag = —4w /AW (—sin (0, + 0,,) + sin (6,)) (4.6)

and by = 0. With these values, the other subcarriers are reflected with

different increasing angles in the range %) e [0) 0], where V) can be
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obtained from (4.5) with & = 1, around the Snell’s angle —6,,. Thanks to the
reciprocity of the metaprism, by exchanging 6, with fgg, the same design
corresponds to a metaprism that reflects the different subcarriers toward the
users depending on the BS’s angle 6gg. Therefore, according to the angle 6,,,
it is possible to design the desired angular span necessary to cover a specific
NLOS area of interest. It is worth noting that the angle %) is monotonic
with the OFDM subcarrier index k, leading to phase wrapping, yet this
does not present any problem. Fig. 4.2 shows an example of the normalized
AF in dB obtained from (4.4), with a metaprism designed using (4.6) with
0., = 40° so that the main lobe moves from —25° to —85°, considering a
50 x 50 cells metaprism, for the case of K = 256 and K = 3300 at f, = 28
GHz. For a fixed user’s position (incident angle), it can be observed that as
the number of subcarriers increases from K = 256 to K = 3300, the peaks of
the equivalent AF become increasingly dense thus increasing the probability
that the BS receives a sufficient amount of energy at least in one subcarrier.
Notably, if the angle of the user is changed, a different subcarrier will be
directed toward the BS. This is the phenomenon that will be exploited by

the position estimator described later.

ii) Near-field scenario: Random design (RD) In near-field channel
conditions, the plane wave propagation approximation is no longer valid and
the beamsteering design criterium of the previous section cannot be applied
because the cells of the metaprism do not share anymore the same angle of
arrival /departure [119]. Therefore, the design of coefficients {a,,} in (4.2)
needs to be re-adapted to the near-field case. One option would be designing
{anm} to obtain a focusing effect, as done in [ 18]. Unfortunately, this leads
to a model with 3 parameters instead of 2 in (4.3) that does not give the
necessary flexibility for localization purposes. For this reason, it is proposed
to draw {au,} randomly from a uniform distribution (Random design - RD)

as

Qpm ~ UD(0,107°) (4.7)

within the same range of values of the beamsteering design. The rationale
behind the RD is based on the idea that assigning random values to the

metaprism’s coefficients guarantees a unique or nearly unique frequency pro-
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Figure 4.2: Normalized equivalent array factor (AF) for K = 256 subcarriers (a)
and K = 3300 subcarriers (b) .

file for different user positions. By considering a large number of subcarriers
and leveraging the randomness, the probability that two different positions
have the same frequency profile is expected to decrease significantly. Unlike
the BD approach, where the signal is reflected coherently towards a specific
direction thus ensuring a certain array gain, the random design does not
exploit the array gain, and the overall link budget tends to degrade.

Position Estimation

Considering both BS-metaprism and metaprism-UE Ricean channel models
with Rice factor s, the signal received by the BS at the k-th subcarrier can

be written as

Y = Sk(pu) + Vg + ng (48)

for k = 1,2,..., K, where si(py) is the specular component of the useful
signal at the k-th subcarrier which depends on the user’s position p,, whereas
ng ~ CN(0, 02) is the thermal noise sample, being 0% = NyAf, Ny the one-
side noise power spectral density, and Af the carrier spacing Af = W/K.
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The term vy represents the diffuse component of the received signal and it is
modeled as a complex Gaussian random variable, i.e., vy ~ CN(0, 02). The

useful specular component of the received signal s (py) is given by

N—-1M-1
n=0 m=0
K
P, 4.9
X kl_{_l{xk ( )

where %) = Tmn(fi), P = Pr/K is the transmitted power allocated to

each subcarrier, Pr the total transmitted power, and xj is the pilot symbol,
which is set to one, without loss of generality. hfﬁ%(pu) and g,(,]f%(sz) are
the channel gains at frequency f between the user and the nm-th cell of the

metaprism and between the nm-th cell and the BS, respectively, given by

\/ )\ 27Tfk
hi(pu) = exp <—J— Pu — Ponn ) 4.10
() = 47Dy — Donn| | | (4.10)
W)x 27T
gglf%(sz) B exp | — k\sz Drn (4.11)
47T|pBS - pmn’

being ¢ the speed of light, GG, and Ggg the antenna gains of the user and BS,

respectively. According to the Ricean fading model, it is

= | A Pr/(1 + &), (4.12)
having defined
N-1N-1
A=) > B (Pa) i) 9t (Pes) - (4.13)
n=0 m=0
Since the profile {y}, for k = .., K, of the received signal is a function of

the user’s position py, then it is possible to estimate p, from the observation
of the y;’s. In this work, the Maximum Likelihood (ML) estimator, which

can be expressed as

K-1

pu = arg max Z Re(yi si(pu)) - (4.14)
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Figure 4.3: Users positions in scenario A (blue dots) and scenario B (red dots).

The ML in (4.14) corresponds to performing “fingerprinting” localization:
the estimator compares the test profiles {sx(py)}, computed in all the test
locations of the area of interest, with the profile of the received signal {y;},
and chooses the position of the profile test pattern that most closely resembles
that of the received signal. Obviously, the accuracy of the ML is strictly
affected by the granularity of the test grid.

Numerical Results

In this section, some simulation examples are illustrated, addressing to val-
idation of the proposed frequency-selective metasurface-aided localization
schemes.

The two NLOS scenarios considered in the simulations are illustrated in
Fig. 4.3. In this context, the red dots represent certain user positions within
a given area, while the blue dots represent other user positions within an-
other known area. The users are always in NLOS condition with the BS, due
to the presence of a generic obstacle.

It is important to note that the Fraunhofer distance varies depending on the
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Figure 4.4: Angular ECDF varying the metasurface’s size (N x M). BD (beam-
steering design); RD (random design). No fading.

1

dimensions of the metaprism considered, as dp = 2D?/)\, where D is the
maximum size of the metaprism. To avoid any potential confusion between
far and near-field conditions, the two NLOS scenarios will be referred to as
scenario A for the red dots and scenario B for the blue dots.

The value of the simulation parameters resembles those of the mmWave
5G-NR wireless systems, i.e., fo = 28 GHz, Pr = 20dBm, Ggs = G, = 6
dB, bandwidth W = 198 MHz, K = 3300, BS’s position pgg = {8,0,8} m,
receiver’s noise figure Fj e = 3 dB. The test grid step is equal to 0.1 m. For
each system configuration and metaprism design criterium, a 200-iteration
Monte Carlo simulation has been performed. The effect of the metaprism’s
size is investigated in Fig. 4.4 where the ECDFs of the angle estimation error
is reported. As expected, by increasing the size from N x M = 50 x 50 ( i.e.,
26.7 x 26.7cm?) to 100 x 100 ( i.e., 53.5 x 53.5cm?), also the performance
improves thanks to better link budget and angular resolution. For the BD,
the estimation error is minimal for users in scenario B, while for the RD, this
difference is not so evident. The impact of fading can be analyzed in Fig. 4.5

for different values of the Rice factor k. To avoid redundancy, only the case
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Figure 4.5: Angular ECDF by varying the Rice Factor x in scenario B.

of scenario B for BD is reported, but the trend is the same for scenarios A
and RD. As expected, with x = 0 (Rayleigh fading), where the useful signal
s (p,) is null and only the noisy components are present, the estimation
is not possible. In fact, the corresponding curve refers to the uncertainty
associated with the spanned area whose size is a priori known. Vice versa,
the curves related to higher values of x indicate that the proposed scheme
is effective in strong Ricean fading, which is typical at millimeter waves or

higher frequencies.

The RD criterium opens the possibility to estimate not only the angle,
as in the BD, but also the user’s position, i.e., the angle and distance. This
can be observed in Fig. 4.6 where the ECDFs of the position estimation
error is reported for different configurations. The position estimation has a
maximum error of less than 22 cm for scenario A and 35 c¢m for scenario B in
90% of locations.

OFDM-based localization at 300 GHz

In this part of the numerical results section the position estimation frame-

work described above has been investigated at 300 GHz. The simulation
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Figure 4.6: Position estimation error ECDF, random design, no fading.

parameters are given in Table 4.1 when not otherwise specified. The BS’s
position ppg = {3.5,0,3.5} m. The position of the users and scenario are
shown in Fig. 4.7. In this case, the context was industrial, and indeed in
Fig. 4.7, the BS is referred to as a Access Point (AP), and the user is a
robot, which can move within a known area, delineated in the figure. The
distances and all simulation parameters have been scaled for operation at
300 GHz. The metaprism has been designed to provide an angular span
from 0} = —15° to O = —85° with an incident angle of 6;,. = 45°. The test
grid step is equal to 0.1 m. For each system configuration and metaprism

design criterion, a 200-iteration Monte Carlo simulation has been performed.

The empirical cumulative distribution for the angular and position esti-
mation are reported in Fig. 4.8. What the results show is that by changing
the transmitted power and the number of subcarriers the performance does
not change because the array factor is already dense with K = 256 sub-
carriers and the SNR is already favorable with Pr = 10 dBm. The results
indicate less than 1° of angular error and 0.25 m of position error in 90%

of the 200 Monte Carlo iterations thus showcasing the significant potential
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Carrier frequency fo = 300 GHz
Total bandwidth W =10 GHz
Number of subcarriers K = 256
AP antenna gain Gr = 40dBi
RX noise figure F =8dB
UE antenna gain Gr =6dBi
TX Power Pr =10dBm
Metaprism’s size 100x100 cells (5x5 cm?)

Table 4.1: System parameters.
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Figure 4.7: Simulation scenario of localization at 300 GHz

of the metaprism to aid the localization process in NLOS without signifi-
cant complexity increase with respect to deploying additional BSs or using
RISs [7, 11].
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4.1.2 FMCW radar-based beamsteering design

In this section, it is shown how with a metaprism it is possible to detect
the position of a target hidden by an obstacle using a standard FMCW
signal. In particular, it is proposed an enhanced FMCW receiver capable of
jointly estimating with high accuracy the range and angle of the target using
a simple-single antenna FMCW radar. The reference scenario considered
in this work is shown in Fig. 4.9, where a BS located at coordinates pgs
operating as a radar generates an FMCW signal to detect and localize a
target at position pr hidden by an obstacle. To accomplish this task, the
BS exploits the reflection through a frequency-selective non-reconfigurable
metasurface (the metaprism) which is supposed to be in LOS with respect to
both the BS and the target, same assumption of the previous OFDM-based
metaprism scheme. With reference to the normal of the metaprism, denote
by 0. and 60y, respectively, the angle of incidence of the signal generated by
the BS and the angle of view of the target along the x—z plane. No particular

assumption is made on the BS’ antenna that can be a single element or an
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Figure 4.10: Modified FMCW transceiver.

array. The signal emitted by the FMCW radar is composed of one or more
Linear Frequency Modulated (LFM) chirps, i.e., a sinusoidal signal whose
frequency varies linearly starting from an initial frequency fsa.¢ and ending
at the final frequency fsiop, thus covering the bandwidth W = fgop — fstare i
a period of duration T' (chirp time). The normalized chirp is given by [120]

h(t) = rect (%) cos (2 f(t)t) (4.15)

where f(t) = f, — W /2 + [t is the instantaneous frequency, with f; being
the center frequency, [ the slope of the FMCW signal, and rect(z) = 1, for
|z| < 0.5, zero otherwise. The transmitted signal is z(¢) = /2Py h(t), where

Pr is the transmitted power.

As for the OFDM-based system, the metaprism is designed in such a
way, for a given incident angle 6;,., the FMCW signal emitted by the BS is
reflected towards the angle 0(t) = 6(f(t)) depending on the instantaneous
frequency f(t) of the chirp. As a consequence, the frequency sweep of the
chirp translates into an angle sweep of the reflected beam. Assuming the
channel does not change within the chirp time, the signal backscattered by
the target in the time interval in which the angle of the beam is close to 6,
is reflected back towards the BS.
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Then, a signal processing scheme capable of estimating both the target
angle 6y and its distance ry from the metaprism, and hence its position,
starting from the reflected signal, is proposed. The signal returned from a

stationary target at the range distance ry and angle 6, is
r(t) =+/2p(t) cos(2nf(t — 7) (t — ) + ¢r) + n(t) (4.16)

where ¢g is the carrier phase, n(t) is the AWGN with double-side power
spectral density Ny/2, and 7 = 2rg/c is the round-trip propagation time
with ¢ being the speed of light.! p(t) represents the instantaneous received
power whose behavior is affected by the metaprism and the target, as it will

be clarified in the following. The receiver at the BS is shown in Fig. 4.10.

As in conventional FMCW receivers, the received signal r(t) is mixed
with the normalized heterodyne signal generated by the LEFM generator thus
obtaining [120]:

g(t) =r(t) h(t)
=+/p(t) cos2m(f(t —7)(t —7)— f(t)t) + Pr)+
p(t)cos2m(f(t)t+ f(t—7)(t — 7)) + ¢r) + W(t) (4.17)

where w(t) = n(t) h(t). The signal is then filtered by an ideal low-pass filter
with bandwidth W. Note that the choice of W affects the maximum range
detectable by the radar as well as the output SNR. After the low-pass filter,

all the high-frequency terms are filtered out and the signal becomes

y(t) =v/p(t) cos2m(f(t —7) (t = 7) = f(t) 1) + ¢r) + w(t)
—/p(t) cos (AmB Tt + dy) + w(t). (4.18)

having defined ¢y = 27 f,7 — 7W7 — 21372, and w(t) the filtered version of

w(t). The last equation shows that the output yields a constant frequency

'In reality, 7 accounts also for the extra delay due to the path between the BS and the
metaprism. However, since this is a known quantity, it can always be subtracted then it
is not considered in the following.
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signal with a frequency of [120)]

47"06
C

fo = fo(ro) =287 = (4.19)

that depends on the target range ro. Note that in a conventional FMCW
radar setup, i.e., without the metaprism, the instantaneous received power

p(t) would be a constant during the reception of one chirp, that is,

p(t) = Pgrect (t ;T) (4.20)

where Py is the received power given by the radar range equation. On the
contrary, in the presence of the metaprism, the sinusoid in (4.18) results
modulated because, due to the frequency-angular selectivity effect of the
metaprism, the signal is reflected by the target only in the time interval close
to to, being to € [—1/2,T/2] the time instant at which the instantaneous
frequency f(ty) corresponds to a reflection of the metaprism towards the
target’s angle 6, i.e., O(ty) ~ 6y. The instantaneous received amplitude is
modeled as a delayed version of the waveform s(t) such that /p(t) = s(t—to),
where the shape of s(t) depends on the target’s position, size, and reflection
characteristic, and 0 < s(t) < s(0), for |[t| > 0. Therefore, (4.18) can be

rewritten as
y(t) =s(t —tg) cos 2mfiyt + ¢y ) + w(t). (4.21)

The output signal (4.21) can be processed in order to obtain an estimate of
the target’s range 7y and angle of view . The estimate of the target’s range
ro, through the estimate of f;,, can be obtained according to the classical
scheme based on the Fourier transform of y(¢) (see the upper branch of the

receiver in Fig. 4.10). In particular, the spectrum of (4.21) is
1
V() = S(f — et
1
§S(f + fp)e?TITI 1 W (f) (4.22)

where S(f) and W(f) are the Fourier transforms of s(t) and w(t), respec-
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tively. Specifically, the estimate of f;, can be simply obtained by locating the
maximum of |Y'(f)|. Since the resolution is related to the width of the central
lobe of the spectrum around f}, it is affected by the target position and its
characteristics. The main difference with respect to the classical scheme is
in the time-dependent power p(t) which decreases the received energy. Re-
garding the angle 6, it affects the time instant ¢y at which the instantaneous
receiver power p(t) presents a peak. Therefore, it is possible to estimate it
using the scheme depicted in the lower branch of the receiver in Fig. 4.10. It
consists of an envelope demodulator of the signal y(t) to extract the signal
s(t — to), that is,

z(t) ~ s(t —to) + v(t) (4.23)

followed by a delay estimator consisting of a maximum search, where v(t) is
AWGN with power spectral density G, (f) = Norect(f/2W) [120,121]. With
the estimated time ¢y, the angle 6, of the signal backscattered from the target

can be obtained as explained later.

It order to find a relationship between the instantaneous frequency of
the FMCW radar chirp and the angle of reflection it is supposed that the
signal transmitted by the BS impinges the metaprism with incident angle
Oine = (fine, 0) in the x — z plane, such that ¢ = 0°. Thus, it is obtained that
u,(©) = sin(f) and u,(©) = 0. Therefore (4.5) used in the OFDM case, it is

not discretized in the frequency and 6, is now 6y, it becomes

CL())\

o

sin(0) = — sin(fine) — 22 (f — fo) (4.24)

from which the frequency-dependent angle of reflection can be determined

ao)\
27

0() = avcsin (—sin(0) ~ 227~ o)) (4.25)

When illuminated by the chirp signal in (4.15), the reflected angle becomes
time-dependent within the chirp duration 7', that is,

(Io)\

0(t) = arcsin (— sin(fie) — 5
m

(Bt — W/Q)) . (4.26)
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As an example, the coefficient is designed ag in (4.3) in such a way the
incident signal from the BS is reflected towards the angle § = —6;,.—0,,, when
the instantaneous frequency of the signal is fare = fr—W /2 (at the beginning
of the chirp), and towards the angle § = —0;,., when the instantaneous
frequency is fuop = fr + W/2 (at the end of the chirp). Therefore, 6,
represents the desired angle span necessary to cover the intended NLOS area.
From (4.25) it follows that

ag = _)\(f — ‘/21/7}-/2 — fo) (— sin(@inc + Hm) + Sin(einc))
= —;l—;/ (— Sin(@im + Hm) + Sin(einc)) <427)

and by = 0. These values can be used in (4.3) to obtain the design coefficient

of each cell composing the metaprism.

To obtain an idea of the achievable performance bound in the estimation
error variance of the angle 6y using the metaprism, the corresponding Cramer
Rao Bound (CRB) is computed. Since 6 is obtained through the estimation
of the intermediate parameter ty, the first step is to compute the CRB on

the estimation error variance of ¢y from the classical bound given by [122]

Ny B 1
2 (2r)? B3,E, S8m?SNRB%

where B = {_ f21S(HPdf/§,|S(f)°df is the square of the effective
bandwidth of s(t), and the Signal-to-Noise Ratio (SNR) is defined as

E 1 1
SNRZ—SZ—JSQtdtZ—f t)dt 4.29
e AL (4.29)
where p(t) is given by (4.35) explained later. Subsequently, the CRB of 6
can be obtained considering that CRLBg, = CRLB, - (06(t)/dt)*, being the
derivative computed for ¢ = to, where ¢, is the solution of (4.26) when 6(to)

is set to 6y, which gives

W . . 2m
to = — — [sm (90) + sin (Ginc)] m .

7 (4.30)
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After some trigonometric manipulations and by defining K = ag\G/(27),
CRLBy, becomes

K?/(87*SNR B2
CRLBy, = /(8x o) (4.31)
cos? (Qinc) K2 ( to) + 2K sin(@inc) <% — to)
Finally, by replacing (4.30) in (4.31) it is obtained
K2
CRLBy, = (4.32)

8m2SNRB%; cos? (6p) -

The last result indicates that the CRB on the estimation error variance of
0y worsens for large 5 and ay, i.e., for fast frequency sweeps of the chirp and
higher frequency selectivity of the metaprism. Moreover, the larger effective
bandwidth is obtained for narrow power profiles p(t), i.e., smaller target
footprints in the angular domain (small target and/or far target), and for

small angle of view 6.

Link budget analysis. Assuming the BS and the target in free-space
condition with respect to the metaprism, the isotropic two-way channel gain
accounting for the metaprism at frequency f is
N—1M—1
2 Z m (f)
n=0 m=0 |pBS - panpT pnm’

2

)\4GF Oinc) F (00)
Go(f) = 2 0)

2nf
exp (—;C (Iss = Panl = [0~ Do) ) (4.33)

where the sum accounts for the N - M elements of the metaprism along
the x, y-directions. Ty, is modeled such that |T',,| = 1 and £ZT,,, = (f —
fo) (aoxn + boym). The power intercepted by the target having RCS o, is:

PUz(f) = Pr GT GO(f) Goz (f) (4-34)

where G is the antenna gain of the BS, G, (f) = G,, = 0,47/ is the

equivalent gain of the target considered as isotropic, as a first approximation.
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Table 4.2: Parameters used in the simulation

Parameter Symbol | Value
Carrier frequency fo 77 GHz
BS antenna gain Gt 5 dB
Bandwidth w 4 GHz
Chirp time T 1 ms
Target radius r 0.05 m
Receiver’s noise figure | Fioise 3dB
Test angles Oreost -(0:3:90)°
Parameter for F q 0.57

So the power received by the radar becomes

P(f) = P,,(f)G1 Go(f) = PrG7 Go(f)* G, . (4.35)

Note that during a frequency sweep, p(t) = P(f(t)), where P(f) is given by
(4.35).

Numerical Results

In this section, the evaluation of the angle estimation performance is re-
ported. In the simulations, the target position was moved along an arc of 6
meters radius with angles ranging from 0 to -90°, with step 3°. The BS is at
coordinates (3,0,3) m with respect to the reference system of Fig. 4.9. The
metaprism was designed according to (4.27) with 6, = 40°, thus spanning
from -25° to -85° during a sweep of an FMCW chirp. The values of the
parameters are shown in Tab. 4.2.

In Fig. 4.11, examples of the received signal y(¢) and its envelope z(t)
are shown for some target test angles. It can be seen that y(t) is negligible
for angles that do not belong to the design range of the metaprism, i.e.,
[—25° : —85°]. Also, for each test angle, the maximum of the envelope
corresponds to the time instant in which the instantaneous reflection angle
of the metaprism 6(f(t)), given by (4.25) and (4.26), is equal to test angle
0. Subsequently, 1000 Monte Carlo iterations were considered to compute
the RMSE of the angle estimation of the proposed receiver for each target
position. Fig. 4.12 shows the RMSE for different sizes of the metaprism,
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Figure 4.11: Received signal y(t) (continuous line) and its envelope z(t) (dashed
line), with Py = 15 dBm and metaprim’s size 20 x 50 cm?.

in particular, from 10 x 50 cm? (i.e., N = 53, M = 257) to 20 x 100 cm?
(i.e., N = 103, M = 515). What emerges is that the best estimate of the
angle, in the range where the metaprism has been designed, is less than 10°.
Moreover, lower values of RMSE can be obtained by increasing the size of the
metaprism. The square root of the CRB on angle estimation is also reported
for comparison. The gap with respect to the performance of the proposed
receiver has to be ascribed to the fact that the CRB intrinsically assumes
that s(t) is perfectly known at the receiver, which is not typically the case
in realistic situations. Fig. 4.13 investigates the impact of the transmitted
power on the performance with a metaprism’s size of 20 x 50 cm?. The results
show that it is possible to achieve an estimation accuracy better than 1° with
a typical power of Pr = 20dBm. As regards the estimation of the range,
simulation results indicate that, with the parameters considered, the RMSE
of the range estimate is typically below 20 cm, thus confirming the capability
of the proposed scheme to estimate both the angle and the range with high

accuracy.




106 Communication and localization algorithms for SREs

-1 L
107 F[—9—CRLB 10 x 50cm? —e RMSE 15 x 75cm?
—® RMSE 10 x 50¢m? —4— CRLB 20 x 100cm?
——CRLB 15 x 75¢m? —e- RMSE 20 x 100cm?
10-20 20 46 66 86
0 [°]
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Figure 4.13: CRLB and RMSE results varying Pr. Metaprism’s size: 20 x 50cm?.
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4.2 SCMs for communication, media access

control and localization purposes

To ensure high network capacity and ultra-massive communications, 6G wire-
less networks will exploit mmWave and THz bands, which will call for the
adoption of (massive) MIMO systems to compensate for the increased path
loss and manage high user densities [123]. Unfortunately, MIMO systems rely
on complex and energy-hungry hardware and are characterized by high sig-
nalling overhead (e.g., for channel estimation) and slow beamforming proce-
dures, which are at odds with many requirements of next-generation wireless
networks. In fact, several applications envisioned for 6G, such as the creation
of Digital Twins in Industrial Internet of Things (IIoT) environments and
Vehicular-to-Everything (V2X) communications, will require low-complexity
solutions, extremely short connection setup times, ultra-low latency [124]
and the ability to track very fast channel variations [125, 126]. The state-of-
the-art approaches either involve some computational effort on both sides,
which affects hardware complexity and power consumption, or long training
data/search time, resulting in increased latency. Clearly, these problems are
exacerbated when the number of antennas is high, as expected in beyond 5G
systems. In addition, at high frequencies, such as sub-THz/THz, technolog-
ical constraints place several limitations on the flexibility in processing the
signal sent/received by each individual antenna element, thus reducing the
set of affordable methods and preventing their use in low-cost sensors.

Consequently, it is evident that the design of high-frequency MU-MIMO
systems, incorporating large antenna arrays and involving simple and energy-
efficient UEs (e.g., sensors), necessitates a paradigmatic and technological
breakthrough. Such advancement should allow for the elimination of Analog-
to-Digital converter (ADC) chains, while simultaneously preserving the in-
herent advantages offered by the MIMO channel, all the while prioritizing
low-latency and extensive communication capabilities.

Having this objective in mind, the use of the SCMs, as studied in our
works [32-35], introduces a methodology for establishing uplink MIMO com-
munications without imposing any computational burden on the UE side

or necessitating signalling procedures. This is accomplished in a blind and
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Figure 4.14: Single-user system model considering a UE equipped with a planar
SCM communicating with a BS equipped with a planar antenna array thanks to
retrodirective backscattering.

nearly optimal fashion during communication, without the need to explicitly
estimate the CSI or resort to time-consuming beam alignment schemes. The

procedure is based on three pillars:

e The availability of a retrodirective antenna (SCM) at the UE side,
which is capable of reflecting the impinging signal along the direction

of arrival (retrodirective backscattering), that is, towards the BS;

e The capability of the UE to modulate the phase of the reflected signal,
according to the user’s data, directly at EM level, thus enabling a low-

complexity uplink communication;

e The availability of an algorithm running on the BS capable of jointly
demodulating the received data and deriving the optimal precoding
vector, i.e., enabling joint communication and beamforming, without
any channel estimation or prior knowledge, thanks to the retrodirec-
tivity property of the UE’s antenna. The algorithm must also be able
to dynamically adjust the beam orientation in response to any change
in the position of the UE during the ongoing communication, thereby

exhibiting tracking capabilities.
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4.2.1 MU-MIMO communication using SCM

Single User Scenario

In this section the single-user uplink scenario is illustrated, shown in Fig.
4.14, with the purpose to illustrate the main idea behind the joint commu-
nication and beamforming using a SCM at the UE side. A BS, equipped
with an antenna array of N elements, capable of full-duplex transmissions
is considered. The design and characterization of the full-duplex front-end
are beyond the scope of this work. Interested readers can find more details,
e.g., in [127]. Alternatively, two separated antennas for the transmitter and
receiver sections can be considered depending on application constraints. It
is assumed a narrowband transmission with bandwidth W. It might repre-
sent, for instance, a sub-carrier or a resource block in an OFDM system. The
UE is realized according to the scheme described in Sec. 2.3 and its SCM is
composed of M elements.

Let +/Prx[k] € CN*! be the vector containing the signal transmitted
by the N elements of the BS’s antenna array, where Pr is the transmitted
power and x[k] is a unit norm beamforming vector, i.e., the precoding vector,
at the generic time interval k. At the startup, i.e., at & = 0, the optimal
beamforming vector for the link with the given UE is not known by the BS,
which therefore randomly generates a unit norm beamforming vector x|[0].
At the end of each time interval k, with k& > 1, the beamforming vector x|[k|
will be iteratively updated, as described in detail later. The time interval T’
between time instants k — 1 and £ must be larger than twice the propagation
delay 7,. With some abuse of notation, in order to keep it simple, it is
considered that the transmitted signal x[k — 1] is received and retro-directed
by the UE at time k, then collected by the BS? (see Fig. 4.14). Thus, the
signal received by the UE is

2[k] = /PrHx[k — 1] + n[k] (4.36)

where H € CM*¥ denotes the channel matrix, and the signal retro-directed

2When describing the transmitted signal and the signal received /retro-directed by the
UE, time instants k should be intended as intervals. Sampling is operated at the BS after
standard matched filter processing of the signal in the last symbol interval of duration T'.
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by the UE, according to (2.27), is
r[k] = g™ 2*([k] = A/ Pr g™ H* x* [k — 1] + gn*[k] (4.37)

being ¢[k] the phase shift carrying the data generated by the UE in the k-
th symbol time. Assuming channel reciprocity, at the BS side the received
signal at time instant k, consisting of the feedback of the signal transmitted

in the last symbol time, is

y[k] =v/Pr g W HTH* x* [k — 1] + g H" n*[k] + w][k]
++/Pr C[k] x[k — 1] (4.38)

with w[k] ~ CN (0,02 1y) being the AWGN at the receiver, 02 = Ty Fap W,
Fap the BS’ noise figure, and C[k] the stochastic clutter transfer function
determining the signal backscattered by the surrounding environment [125].
The characterization of the clutter strongly depends on the environment.
In the radar literature, the clutter is often modelled as homogeneous and
with uncorrelated spatial intrinsic reflectivity [125], so ¢;;[k] = [C[K]];;
are independent, identically distributed (i.i.d.) random variables (RVs) with
cijlk] ~CN(0,02), 4,57 =1,2,...,N. Regarding the time variability of the
clutter, they are considered two extreme cases: fast clutter (dynamic clutter),
for which matrices C[k] are considered i.i.d., and static clutter, where C[k] is
considered to be almost constant (but still random) during the convergence
process of the algorithms proposed, i.e., C[k] ~ C. The effect of clutter
on the algorithm is binary: below a certain threshold, it has no impact,
but above the threshold the algorithm fails, making the user unobservable.
Clutter intensity depends on factors like antenna number, transmitted power,
and the specific scenario, making accurate modeling challenging. In the
following, first it is analysed the dynamic clutter scenario, then the static
case will be addressed.

In the presence of dynamic clutter, the last term in (4.38) results in a random
vector c[k] = v/Pr C[k]x[k — 1] ~ CN (0, Pr ¢?Iy), which is uncorrelated
with respect to the useful term. From (4.38) is obtained

y[k] = e A* x*[k — 1] + n*[k] (4.39)
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where it has been defined A = /Pr g H'H € CV*N and n*[k] = g H n*[k]+

w|[k] + c[k], which includes all the noise terms. It is now convenient to

introduce the eigenvalue decomposition of matrix A

N

A=VAVI =\ v;v] (4.40)

j
j=1

where A = diag{\, A2, ..., An}, being A; the jth eigenvalue with Ay = Ay >

...,= Ay, and v, is the jth eigenvector (direction) forming the jth column

of matrix Ve CV*¥. As a consequence, the generic vector x[k] at the k-th

iteration can be decomposed as

x[k] = > x;[k]v; (4.41)

=

<
Il
_

being x;[k] = V;r- x[k] the projection of x[k] onto the jth direction v;. Anal-

ogously, the noise term can be expressed as
N
n[k] = > n,lk] v, (4.42)

where n; ~ CN (0,07), with

)\jgafi
VPr

Based on the above, in the following it is introduced the iterative Algo-

2 _ 2 2
o; =0,+ Pro; +

(4.43)

rithm 1, which is capable of automatically establishing joint communication
and beamforming between the UE and the BS.

B Algorithm 1. As appears in the pseudo-code of this procedure the
process starts (step 0 of the pseudo-code) with the random genera-
tion of a guess unitary norm beamforming vector x[0]. Obviously, any
prior information (e.g., past transmission, UE position, etc.) can be
exploited to speed up the process, therefore here it is implicitly consid-

ered a worst-case scenario. At the (k — 1)-th iteration, with k£ > 1, the
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Algorithm 1: Modified Power Method for joint communication and
beamforming between UE - BS

0: Initialization: generate a guess unit norm beamforming vector x[0] ;
1: fork=1,...,K do

2: transmit: +/Prx[k —1] ; // signal transmitted by the BS
3: z[k] = vPrHx[k — 1] + n[k] ; // signal received by the UE
4: r[k] = ge?tFlz*[k] ; // signal retro-directed by the UE
5: receive: y[k] = e/?lF] A* x*[k — 1] + n*[k] ; // signal received by
the BS
6: x[k] = y*[k]/|y[¥]ll ; // beamforming vector update
7 ulk] = x'[k — 1] x[k] ; // decision variable
8: (E[k‘] = detection (— arg {u[k]}) ; // data detection

end

BS transmits the current version of the beamforming vector, x[k — 1]
(step 2), which is then received by the UE (step 3). The latter reflects
the received signal along the direction of arrival (thanks to the con-
jugation operation), modulating its phase based on the data intended
for the BS (step 4). Specifically, at the UE, information data is associ-
ated with the phase sequence {¢[k]}r_,, forming a packet of length K
symbols (K = oo in case of continuous transmission), according to any
phase-based signalling scheme (e.g., BPSK, QPSK, ...).

The BS receives back the response at time instant k£ from the UE and
the environment according to (4.38) (step 5). Then, a normalized and
conjugated version of the received vector y[k] is computed (step 6)
and used as the updated beamforming vector x[k] in the subsequent
iteration. Information data is extracted by the BS at each iteration by
correlating the current received vector with the previous beamforming
vector x'[k — 1], thus forming the decision variable u[k] (step 7); the
decision on the modulation symbol conveyed by %[k] at the k-th time
instant is obtained by means of the function detection(-), according to
the adopted modulation scheme (step 8). Here, symbol-level synchro-
nization between the UE and the BS is assumed.? It is worth noticing

that data demodulation is operated while the BS is transmitting its

3Symbol-level synchronization is not required for the algorithm to converge, but it is
necessary to decode the data.
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precoding vector, thanks to the full-duplex BS assumption.*

In the absence of noise and data, the processing operated in Algorithm 1
corresponds to the Power Method, or Von Mises Iteration, which allows to
estimate the strongest eigenvector of a square matrix A, described by the

recurrence relation [129]

Ax[k—1]

< = A

(4.44)
being x[0] an approximation of the dominant eigenvector or a random vector.
For k — oo, the direction of x[k] converges to that of the dominant eigen-
vector. This means that x[k] tends to the direction of the top eigenvector
of the modified round-trip channel H'H. Note that, because of the conju-
gation operated by the SCM, H'H is not the round-trip channel, which is
given, instead, by HYH. For this reason, here it is called modified round-trip

channel.

Now, the convergence of Algorithm 1 in the absence of noise is investi-
gated, then the investigation by introducing the noise and deriving the time

evolution of the SNR is also reported.

Convergence in the absence of noise

In this case, it is

Cyk] AelIx[k —1]
Iy[&]ll A em@lx[k —1]] -

x[k] (4.45)

4While a half-duplex implementation is possible, it requires the TX to switch to the
RX mode before the earliest reflected signal arrives at the BS, which depends on the
(usually) unknown UE-BS distance. This necessitates a shorter TX time, reducing energy
accumulation within a symbol time and resulting in a lower SNR compared to full-duplex.
Thus, despite the complexity, the full-duplex implementation remains the more appealing
choice.
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By unwrapping k& — 1 times the recursion in (4.45) it is

Ak =X lilx[0]

x[k] = (4.46)
H Ak ¢Sk dlilx[0)] H
and
. N
y*[k] = AF 71 2i=1¢lix[0] = ¢77 2= ¢l Z /\fx] [0] v,
j=1
b g o ()
= )\Ifeijzizl L] (131[0]V1 + Z (—J> xj[O]vj . (447)
=\
By substituting (4.47) in (4.46) and letting k grow, it is obtained
‘ N
2o (o + £, (3) 0,
x[k] =
No(\F
z1[0]vy + Zj:2 N 2;[0]v,
B2% vy et X ol (4.48)

which converges to the top eigenvector v; with convergence rate related to
Ao/A1. It is worth noticing that the complex scalar e™7 Z§:1¢[i]7 being a mul-
tiplicative factor for all components of vi, does not make the (asymptotic)
direction of x[k] divert from that of v;. Later in the numerical results, it will
be shown that only a few iterations are needed to approach the asymptotic
value, that is, to perform optimum beamforming, under common channel
conditions. As far as the demodulation is concerned, from (4.48) it immedi-
ately follows that asymptotically (practically, in a few iterations) the decision
variable u[k] is

u[k] = x[k — 1] x[k] = e 2¢IK] (4.49)

and the k-th phase information ¢[k] can be retrieved.
Convergence with the noise
Now the noise is reintroduced and it is evaluated the SNR at the discrete

time k (i.e., in the k-th iteration) for the demodulation of the data associated
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with the phase. In the presence of the noise, (4.45) reads

yi[k] A e ?Wx[k — 1] 4 n[k]
Iy[k]| — [A e sWx[k — 1] + n[k]|

x[k] = (4.50)

where

i (Njj[k — 1]e W 4 ny[k]) (4.51)

Note that the term carrying the information (i.e., the phase ¢[k]) also in-
cludes the noise from the previous iterations, which is contained in x;[k —1].

The decision variable u[k] at the k-th symbol is proportional to the product

ulk]ocx"[k — 1] y*[k]
x/[k — 1] A e ?Fx[k — 1] + x'[k — 1] n[k]

e NN [k — 1] + xT[k — 1] n[£] (4.52)

uMz

in which the first term is the useful one, as it contains the phase ¢[k], and the
second term represents the noise. In the following analysis, it is considered

the particular case in which the noise generated by the SCM and seen by the

receiver is negligible compared to the other two noise components, i.e., 0]2 ~

o?, with 0 = 02 + Py o2

V4, which is reasonable considering it is attenuated
by the UE-BS channel. Therefore, considering that by construction |x[k]|* =

1, the SNR at the input of the detector for the k-th time instant is

(S0 fol— 1P)

2

SNRU“)[k] =

(4.53)

o

Note that |z;[k — 1]|*/|x[k — 1]|* = |z;[k — 1]|? represents the fraction
of the total power (useful plus noise) transmitted by the UE associated with
direction v; at the discrete time & — 1. Then, at the end of the k-th time
interval, the SNR (at the BS) along the direction v; is given by

Aj [k — 1]

2

SNR;[k] = (4.54)

o
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Therefore, it can be rewritten (4.53) as a function of SNR;[k] as

2

N
NR;
SNRU[k] = | Y] _SNRyIM (4.55)
a SNR§maX)
where
22
(max)
SNRj = U—; (4.56)

represents the maximum SNR along the direction vj, i.e., the SNR it would
obtain if all the power were concentrated in the direction v;. The goal is now
to determine an iterative expression for SNR[£], which drives the signal
demodulation performance, and evaluate the convergence condition for the
Algorithm 1 proposed. Considering (4.51), the fraction of the total power
that is associated with direction v; at the beginning of time interval k can

be written as

N2 |k — 1] + o

zi[k]|? = )
ikl S (2 fmi[k = 1])2 + 0?)

(4.57)

Then, by inverting (4.54) and plugging |z;[k]|* at both the left-hand and
right-hand sides of (4.57), the following iterative formula for SNR;[k] is ob-
tained
A7 (SNRj[k — 1] + 1)
o2 [zjil (SNRy[k — 1] + 1)]
SNRj[k —1] +1
N+ 3 SNR;[k — 1]

SNR;[k] =

(max)
— SNR( (4.58)

for k > 2, where
SNR;[1] = SNR{™ [2;[0]]” . (4.59)

Denote by r = rank (A) the rank of matrix A, i.e., the rank of the channel.
In the particular case of a channel that has rank r = 1 (e.g., a far-field LOS
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channel with negligible multipath), (4.55) is given by

(SNRy[k])*

SNR) ] =
k] SNR{™*)

(4.60)

with the SNR at the k-th time instant along direction v in (4.58) expressed

as

SNRy [k — 1] + 1
_ (max) 1
SNRA[4] = SNRY™ = ey

(4.61)

The rank-1 case allows an easy evaluation of the convergence value. Following
the approach proposed in [32], the solution at the equilibrium of the recursive

expression in (4.61) can be found by solving

rz+1
a+x

z=20

(4.62)

with @ = N and b = SNR™™. When b » a, the solutionisz ~b—a ~ b » 1,
whereas ¢ ~ b/a « 1 when b « a. In the particular case of a = b
it is = +/b. Therefore, if SNR™™ /N » 1, at the convergence it is
SNR[k] ~ SNRI™ | which takes the role of asymptotic SNR correspond-
ing to the optimum beamforming vector for a channel with » = 1. Note that,
if x[0] is randomly chosen, it is |2;[0]|* ~ 1/N, and hence at the first itera-
tion (i.e., at the system bootstrap) it is SNR;[1] ~ SNR™™/N. Therefore,
the ratio SNR{" = SNR(™™) /N is referred to as bootstrap SNR. When the
bootstrap SNR is much less than one, convergence is still achieved, but with
SNRU)[k] « 1. It is worth noticing that the convergence value does not
depend on the initial random guess x[0], but only on the bootstrap SNR.
It is interesting to investigate the implications of the above results in sim-
ple scenarios, such as in free space. In this case, the generic element of the
channel matrix H related to the channel between the 7th element of the BS’s
antenna and the jth antenna of the SCM, is
VGps Gsem A 2mdi;

hy; = VB8 TSOM 2 = 4.63
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where d; ; is the distance, A is the wavelength, Gps and Ggcr are the gain of
the elements of the BS’s antenna and the SCM’s antenna, respectively. As
an example, with reference to Fig. 2.6, in far-field v; takes the form of (2.24),
that is, the beam steering vector pointing towards the direction ¥, being W
the direction of arrival of the BS signal with respect to the UE. At the UE
side, after conjugation, the retro-directed signal in (2.27) has direction of
departure ¥, which means that the signal reflected by the SCM points back
to the BS. More specifically, assuming the BS and the SCM are in paraxial
configuration (¥ = 0), the first eigenvalue of A is given by [130]

VPr g N M Ggs Gscm A\

A~
' (47 d)>

(4.64)

As a consequence, the maximum and bootstrap SNRs become, respectively,

R0 _ Prg” N2 MP Gs Gion X' (4.65)
! o? (4md)* ‘

gNRoow _ Prg” N M? Gis Gion A (4.66)
! o2 (47 d)*

Remarks: The last equations show that, due to the backscattering nature
of the communication, the path loss increases with the distance to the power
of four, as happens with radio frequency identification (RFID) systems based
on backscatter modulation [131]. On the other hand, such large path loss
can be compensated by increasing the number of antenna elements N and
M at the BS and UE, respectively. Increasing N and M is beneficial also for
the bootstrap SNR, even though M has a higher impact than N. Another
way to compensate for the path loss is to fix the areas of the BS and UE and
increase the frequency. In this way, since the area of the BS’s antenna is equal
to Aps = NA?/4 and the area of the UE’s antenna is equal to Agcm = MA?/4,
(4.65) becomes

_ Prg®16A33GRg 16480 Giou

SN Rgmax) 4
Ma? (4 d)

(4.67)

which highlights that, by keeping the area of the antenna arrays constant,
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the SNR increases with the fourth power of the frequency, and hence our

scheme is particularly suitable for high-frequency implementations.

The proposed system works independently of the channel characteristics
(far-field, near-field, free-space, multipath, ...), and number of antenna ele-
ments, and it is completely blind as it does not require any explicit channel
estimation. The result is the fast establishment of a single-layer MIMO com-
munication link with an extremely simple UE which does not require any
ADC chain. It also allows channel tracking provided that the channel dy-
namics are not faster than the convergence speed, which depends on the ratio
A2/A2 and the symbol time T', as it will be investigated in the numerical re-
sults. The latter could be significantly small as it is lower bounded by the
propagation round-trip time (< 100ns in indoor environments) and the BS
computational capacity.

It is worth noticing that when the channel has rank r = 1, the resulting
Algorithm 1 is capacity-optimal. When r > 1, the scheme is not capacity-
optimal because the SCM is intrinsically single-layer so that only one out of r
potential data streams that could be established between the BS and the UE
is exploited (lower spectral efficiency). However, it corresponds to the opti-
mal single-layer beamforming scheme in the SNR maximization sense [132].
As a consequence, it contributes to maximizing and reducing the fluctua-
tions of the SNR at the decision variable thus providing the maximum di-
versity gain. This is achieved with extremely low complexity with respect to
classical implementations, which require CSI estimation and analog/digital

beamforming.

Notice that the precoding vector x[k], transmitted at the instant k, de-
termines the shape of the beam according to classic antenna array theory.
At the beginning of the Algorithm 1, i.e. at kK = 0, the beam takes a random
shape because the sensor’s position is unknown, and consequently, x[0] is
chosen randomly. During the iterative algorithm, the shape of the transmit-
ted beam evolves from a random shape to the top right eigenvector of the
channel. In free-space conditions, this corresponds to beam steering toward
the intended user, whereas in a more complex propagation setting (e.g., with
multipath), it might take a more articulated shape. In Fig. 4.15, a graphical

example of the evolution of the beam’s shape is illustrated in the free-space
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(a) (b) (c)

Figure 4.15: Evolution of the beam’s shape at time k = 1 (a), k = 2 (b), and k = 3

().

condition. Note that the beam converges very fast to the final shape.

Analysis with static clutter
In the presence of static clutter, for which C[k] ~ C, the term /Py Cx[k—1]
in (4.38) is no longer uncorrelated with respect to the first term and it cannot
be considered as additive noise. As a consequence, the iterative Algorithm 1
will converge to the strongest eigenvector of matrix A = A + /P C instead
of vy, i.e., that of matrix A associated with the UE. In the presence of strong
clutter caused, for instance, by scatterers located close to the BS, it might
happen that the largest eigenvector of A corresponds to a beam steering to-
wards the scatterers instead of the UE. A general analysis of the problem
appears prohibitive due to the presence of a random matrix. However, it is
possible to derive a worst-case asymptotic condition on o2 for a large number
N of antennas at the BS. Specifically, the worst-case scenario is that where
the subspaces spanned by A and C are disjoint, meaning, for instance, that
the UE and the scatterers are located far away from each other. On the
contrary, if A and C had a common subspace, the strongest eigenvector of
A would be likely partially steered toward the UE then making the commu-
nication still possible. Under the worst-case assumption, Algorithm 1 fails
to converge to vy in favor of the strongest eigenvector of C if A\ < J?TAgc),

where \; and )\gc) are the largest eigenvalues of A and C, respectively. Being
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C a random matrix, the previous inequality has to be intended as an event
that requires a statistical characterization. From the Tracy-Widom law, it is

known that the largest eigenvalue of a random matrix of size N with i.i.d.

2

Gaussian entries having variance o

converges almost surely to the value
2024/ N for increasing N [133]. Therefore, Algorithm 1 will converge to vy if

the following condition holds

2 )\% 2
o, < 4PTN = 0y .

(4.68)

In the non-worst-case scenario, condition (4.68) is still valid even though
conservative. It is interesting to point out that A? increases with N? (see,
for instance, (4.64)), then the threshold o2 increases with N, meaning that
Algorithm 1 can be made more robust to static clutter by increasing the

number of antennas at the BS.

Single User Scenario Numerical Results

Here some numerical examples to investigate the performance of the proposed
SCM-based joint communication and beamforming scheme are reported. The
values of the system parameters adopted for the analysis and the simulations
are those reported in Table 4.3, if not otherwise specified. The BS, equipped
with a planar array deployed along the zy-plane, is located at (0,0,0) [m].
Both free-space and more realistic 3GPP TR 38.901 channel models [131]
have been considered in the simulations, the latter with a delay spread of 9 ns.
In particular, among the NLOS channel models provided in [131] (Clustered
Delay Line (CDL)-A, CDL-B, and CDL-C), CDL-C is chosen because it
features higher path delays than CDL-B and more evenly distributed over
time than CDL-A. Concerning LOS channel models (CDL-D, CDL-E), it has
opted for CDL-E because it features higher path delays than CDL-D. There
is more focus on the CDL-C, as the NLOS condition is more challenging.

These results are obtained by using the Algorithm 1 in the presence of
dynamic clutter. The UE is located at (0,0,10) [m] with a SCM deployed
along the zy-plane. In Fig. 4.16(a), the evolution of SNR[k] is shown

in static free-space condition for two values of the transmitted power, Pr =
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Figure 4.16: Free space propagation. (a) Dynamic clutter. Continuous lines Pr =
—30dBm; dashed lines Pr = —45dBm. (b) Effect of static clutter, Pr = —30 dBm.
(c) Effect of channel non-reciprocity, Pr = —30dBm.
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Table 4.3: Parameters used in the analysis and the simulations.

Parameter Symbol | Value

Carrier frequency fe 28 GHz

BS antenna element gain GBs 0 dB (isotropic)

SCM antenna element gain Gsem 0 dB (isotropic)

SCM backscatter gain g 29 dB

Bandwidth w 240 kHz

Symbol time T 4.2 ps

Total TX power Pr —30 dBm

SCM noise figure Fsom 3dB

BS noise figure Fap 3 dB

BS antenna elements N 20 x 20 (10 x 10 cm? planar array)
SCM antenna elements per | M 10 x 10 (5 x 5cm? planar array)
UE

Dynamic clutter o? 2-10°1

Static clutter Ne 0

Path-loss exponent o] 2 (free-space/LOS), 2.5 (NLOS)

—30dBm and Pr = —45dBm, corresponding to SNR®°Y = 10.3dB, and
SNRM°°Y) — _—4.7dB, respectively. Simulation results are compared with the
theoretical ones obtained by evaluating (4.55). From the plots, it can be
clearly noticed that when SNR(lbOOt) > 0dB the SNR converges to SNRgm"*X),
given by (4.65), within 4-5 time intervals (i.e., 4-5 iterations of the algorithm),
whereas it converges to very low values when SNR"™" < 0dB. The SNRs
that would be obtained with a single-antenna backscattering UE is also given
as a reference (the green flat curves) in order to emphasize the large gain
introduced by the SCM and the antenna array at the BS, despite the large
path loss experienced at the considered carrier frequency (28 GHz) and the
two-way backscatter channel. In Fig. 4.16(b), the effect of static clutter is
investigated for different values of the ratio nc = 02/02 for one realization of
the clutter matrix C. As long as 7. overcomes 1, the performance degrades
rapidly until a complete lack of convergence, as it can be seen for 7. = 5,
indicating that the beam focuses on the strong clutter instead of on the user.
The impact of channel non-reciprocity caused, for instance, by asymmetric
SCMs, is reported in Fig. 4.16(c). Non-reciprocity has been simulated by
substituting (H+R) to Hf in the backward channel, where R is modeled as

a random matrix with zero mean complex Gaussian elements and variance
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Figure 4.17: Transients of the SNR for the single-user scenario. Dynamic clutter.
LOS/NLOS 3GPP channel models. Continuous lines refer to simulation results;
dashed lines with markers refer to theoretical curves. Transmitted power Pp = —10
dBm; curves for CDL-C at 300 km/h with Pr = —15 dBm.

O2ym- Plots for different ratios fasym = 0nym N M/|H[E are shown, being
|H||g the Frobenius norm of matrix H. The results indicate that the proposed

scheme is very robust to forward-backward channel asymmetries until 7,sym
remains below N (26 dB).

Results with more realistic, time-variant, multipath 3GPP channel mod-
els, namely the CDL models [134], are shown in Fig. 4.17 for Pr = —10dBm
and Pr = —15dBm. In particular, the LOS CDL-E and the NLOS CDL-C
channel models [131] have been considered for different speeds from 3 km/h
up to 300km/h. The behaviour of the SNR assuming perfect estimation
of the top eigenvector, i.e., SNRgmaX), is reported for comparison (see the

5 The results demonstrate

theoretical curves plotted with a dashed style).
the capability of Algorithm 1 to track the fading evolution at very high
speed as long as SNRgbOOt) = SNRgmaX)/N » 1. When SNRgbOOt) <1, ie.,

SNR < 26dB (note that 10log,, N = 26), because of fading, the algorithm

5Being the channel time-variant, also SNRgmax) becomes time variant during the trans-
mission of a packet.
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stops tracking until SNR > 26dB again, showing a fast recovery. This
can be explained by considering that the Doppler frequency at a speed of
v=300km/h is fq = fov/c = 7.8kHz, corresponding to a coherence time
of roughly T, ~ 1/fy = 128 us, which is much more than the symbol time
T = 4.2 pus. Since fq < fy, in our analysis, the effect of Doppler frequency
shift in the SCM response characterization is neglected. It can also be ob-
served that the range of fading variation during tracking is relatively narrow,
approximately 10 dB. This limited range is a consequence of the diversity
gain intrinsic in the communication associated with the strongest eigenvec-
tor. Moreover, it can be noticed that the initial transient to achieve the
convergence in NLOS conditions (CDL-C), characterized by significant mul-
tipath components, is slightly larger than that of the LOS condition (CDL-
E). However, it falls below 8-time intervals (i.e., 36 us), confirming that the
proposed scheme achieves initial beamforming and link setup with extremely
low latency. In any case, it is safe not to transmit data during the initial
transient by setting to zero the phase ¢[k] within the preamble, that is, for
k=1,2,...,K,, with K, larger than the expected transient duration.

Multi User Scenario

Consider now the scenario shown in Fig. 4.18, in which there are U users
equipped with the proposed SCMs with the aim of establishing up to L
parallel Multi-User MIMO (MU-MIMO) links. Denote with HV, H®),
HY) e CM*N the channel matrices related to the U links between the BS
and the users. For further convenience, it can be defined as the total channel
matrix H of size MU x N

H = (4.69)

and the matrix A € CV*N ag

A =+/PrgHH. (4.70)
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Block X[k

. ~~ Communication
scheme 2

,,,,,,, Communication
—————————— scheme 3

Base
station

¢\ [k]

Planar antenn
array (N elements)

Figure 4.18: Multi-user system model. On the top-left, an example of the block
composition in Algorithms (here Communication schemes) 2 and 3. In the former,
the estimated eigenvectors are sent in sequence, thus addressing each user sequen-
tially. In the latter, a linear combination of all the estimated eigenvectors is sent,
thus addressing all the users simultaneously.

Note that A = Zg=1 A® with A® e CN*N given by
A® = \/Prg (H®) H® (4.71)

for w = 1,2,...,U. Define r® = rank (A(“)), and Vl(u) the ith eigenvec-
tor of A®_ with ¢ =1,2,...,7®. Note that now Pr represents the total
transmitted power. Let it be assumed that the subspaces spanned by H®
are orthogonal, and so those by A®, for u = 1,2,...,U. This implies that

AW Vl(p) =0,Vp#uandi=1,2,...,7rP As a consequence, the top eigen-
(u) (u)

vectors {v;} of A are given by the eigenvectors v; ", i.e., v; = v, ’, where

1

§=gud)y= > r" 4 (4.72)

1

e
|

3
Il

withu = 1,2,...U, i =1,2,...,7® and 25:1 r® < N. This means that
each user is associated with a dedicated subset of eigenvectors of A. For
instance, in free-space and far-field conditions, each eigenvector will corre-

spond to one user. In such a case, if the BS was capable of estimating the
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L < U strongest eigenvectors, then the optimal MU-MIMO communication
with L out of U users would be established. More in general, to establish
a communication link with U UEs, L must be larger than U because the
same data stream generated by one UE affects multiple directions VZ(“) that
might not be ordered in terms of associated eigenvalues. In this case, it is
supposed the data streams are reordered by the higher layers of the protocol
stack. Without loss of generality, in the rest of the discussion is supposed
the top-L eigenvectors of A correspond to distinct UEs, i.e., v; = ng), for
g =12,....,L, and L < U. The above disjoint assumption might corre-
spond to the situation where users are located at different positions and a
large number of antennas are used on both sides in a rich scattering sce-
nario, as in massive MIMO systems (thus exploiting favorable propagation
conditions). In practical contexts, such an assumption might not be exactly
satisfied thus generating interference between users. This phenomenon will
be investigated in the numerical results.

In the following, the approach considered in the previous subsection is

extended to estimate the L strongest eigenvectors of A.

Beamforming vector estimation with no data transmission
The first case considered is where no data are transmitted, and the purpose
is to estimate the L-top eigenvectors of A forming the columns of matrix V,
which contains the first L-left columns of V. This can be accomplished by
customizing to our case the block version of the Power Method [129], also
known as Orthogonal Iteration, to account for the operation performed by
the SCM. The algorithm, presented below as Algorithm 2 along with its

accompanying pseudo-code, exemplifies how this adaptation is implemented.

B Algorithm 2. The scheme starts at iteration £ = 0 with the genera-
tion of a random unitary matrix X[0] € C¥*L (step 0 of the pseudo-
code). Each iteration of this algorithm (for loop in step 2) consists of
the consecutive transmission of the L columns x;[k], [ =1,2,..., L, of
matrix X[k] € CN*F (block) (step 3). It is worth noticing that, since
L transmissions occur in each iteration, the total number of transmis-
sions (time intervals) after k iterations is kL. In particular, the signal
received by the SCM of the uth UE during the /th transmission interval
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Algorithm 2: Modified Block Power method for a multi-user sce-

nario. No data transmission.
0: Initialization: generate a random unitary matrix X[0] € CV*£;
1: fork=1,...,K do

2: forl=1,...,L do

3: transmit: +/Ppx;[k —1] ; // signal transmitted by the BS
4: zl(u) [k] = vVPr H® x[k — 1] + nl(u) (k] ; // signal received by
the UE
*
5: rl(u) (k] =y¢ (zl(u) [k’]) ; // signal retro-directed by the UE
6: yi[k] = H r;[k] + wi[k] + ci[k] ; // signal received by the BS
end
7: Q = QR(Y*[k]); QR decomposition of Y*[k] = {y} [k]}zL=1 ; // QR
decomposition

8: X[k] = Q, where X[k] = {x;[k]}_, ; // beamforming vectors update
end

of the k-th iteration is
2" [k] = /Pr H® x [k — 1] + 0" [K] (4.73)

where n{"[k] ~ CN (0,071)) is the noise at the uth SCM (step 4).
By defining
r[k] = vec (rl(l)[k:], o [k]) (4.74)
with
o[k = g (2[K]) (4.75)

denoting the signal retro-directed by the uth UE (step 5), the signal
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received by the BS at the [th time interval (step 6) can be written as
yl[k?] IHT +Wl +\/ PTCXl

Z [k —1]

u=1

g 2 (H®)" (™ [k])" + wi[k] + ci[F]

U
—A*x] Z L (k)"
+ wy [k’] + ¢ [k‘] (476)

forl =1,2,..., L, where w;[k] ~ CN (0,021y), and ¢;[k] ~ CN (0, Pro?1y).

At each iteration, the L received vectors are gathered into the matrix
Y[k] = {yi[k]},, then, according to the Block Power method [129],
the receiver performs a QR decomposition to obtain an updated version
of matrix X[k] that will contain a set of L orthogonal vectors (step 7).
In the absence of noise, the Block Power method ensures that for large
k, the matrix X[k] (updated in step 8) converges towards V, which

contains the L top eigenvectors of A [129].

Algorithm 2 could be used as part of a protocol in which, first, an unmod-
ulated preamble of length K, is sent to estimate the beamforming vectors V,
at the BS and, second, data is transmitted by keeping the estimated beam-
forming vectors fixed to X[ K, | throughout the data packet transmission time,
assuming the channel remains static. The first step must be repeated peri-
odically according to the rate of change of the channel, which implies some
overhead due to the preamble.

Differently from Algorithm 1, Algorithm 2 cannot be used to transmit
data and track channel variations simultaneously because, upon convergence,
X[k] will contain the set of eigenvectors which are orthogonal and hence only
one user per symbol time would be addressed following a TDMA-like scheme
(see Fig. 4.18). This would correspond to an increased complexity, as each

user should modulate the SCM according to a slotted protocol, as well as
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Algorithm 3: Modified Block Power method for a multi-user sce-

nario with data transmission.
Initialization: generate a guess unitary matrix V[0] = X[0] e CVN*L;
1: P[0] =1I;
2: for k=1,2,..., K do

3:forl=1,2,...,L do

4: transmit : /Prx;[k —1] ; // signal transmitted by the BS
5: z;u) [k] = vVPr H® x[k — 1] + nl(u) k] ; // signal received by
the UE

“ *
6: rl(u) (k] = gejd’z( (k] (zl(u) [k]) ; // signal retro-directed by the

UE
7y [/f] = HTI‘Z [k] + Wy [k‘] + Cl[lf]7 with
r[k] = vec (rl(l)[k], e 7rl(U)[k]) ; // signal received by the BS

end

8: F =Vi[k—1]Y*[k] ; // separate the contribution from each user
9: fni= fai/pnalk—1], 1,n=1,2,...L; // de-embed the scrambling
matrix of the BS from F

10: ®[k] = detection (— arg{F}) ; // phase estimation for each user
11: D =exp (j@[k]) ; // reconstruct the phase matrix
12: E= (P[k—1]OD*) " ; //
13: B =Y*[k]E ; // de-embed the data of the users and the
scrambling matrix

14: Q =QR(B) ; // QR decomposition
15: V[k] = Q; // eigenvectors update
16 V[k] = ¢ V[k] + (1 —af)V[E—1] ; // temporal filtering
17: Generate P[k] ; // full rank unitary random matrix
18: X[k] = V[k] P[k] ; // scramble the eigenvectors matrix

end

to a reduction of the spectral efficiency of a factor L, i.e. number of user
estimated.

Joint Beamforming and data transmission
Algorithm 3 is capable of handling simultaneous UEs’ transmissions, as well

as tracking the channel.

B Algorithm 3. The main idea underlying Algorithm 3 (refer to the
accompanying pseudo-code) is to transmit, at each iteration, a full-rank
linear combination of the estimated eigenvectors (scrambling) rather

than transmitting them sequentially. This is achieved by multiplying
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the matrix X[k] with a full-rank unitary matrix P (scrambling matrix).
By adopting this approach, all users can be simultaneously addressed,
enabling continuous transmission without sacrificing spectral efficiency.
Unfortunately, due to the scrambling process performed by the BS on
the transmitted signal and the phase modulation {(bl(") [k]} introduced
by the UEs in the retro-directed signal (step 6 of the pseudo-code), the
Block Power method fails to converge to V. Therefore, prior to the QR
decomposition, the BS must de-embed the users’ data (contained in D)
and the scrambling matrix P from the received signal Y [k]. This task is
accomplished by multiplying Y[k] by matrix E = (P[k — 1] ©@D*)™",
as exemplified in steps 11, 12, and 13 of the provided pseudo-code.
Once the “cleaned” matrix B has been obtained in step 13, its QR
decomposition can be performed (step 14), leading to the derivation of
the updated estimate of V, (step 15).

To enhance the scheme’s resilience against interference among users
when the orthogonality assumption on the channels is violated, a straight-
forward approach involves applying a time filtering operation to the
updated eigenvector matrix V[k] using a forgetting factor 0 < ay < 1
(step 16). The new full-rank unitary matrix P is then generated (step

17) and used to scramble V, before transmission (step 18).

As will be shown later in the numerical results, Algorithm 3 is capable of
establishing automatically and simultaneously up to L data links without
the need for channel estimation. In free-space and far-field conditions, it
realizes an optimal MU-MIMO scheme which does not require any processing
at the UE as well as any ADC chain. Importantly, since L parallel links
are established, no reduction in the spectral efficiency is introduced when L
users are simultaneously active. Concerning the computational complexity
of Algorithm 3, it is mainly determined by the QR decomposition, so it is
O (N?) and it involves only the BS.

Multi User Scenario Numerical Results

A scenario with 4 users located at coordinates (0,—4,7) [m], (4,0,6) [m],
(—4,0,5) [m], (0,4,4) [m], as shown in Fig. 4.19, is investigated when
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Figure 4.19: Multi-user scenario with the final equivalent array factors in free
space.
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Figure 4.20: Multi-user scenario. Transient of the signal-to-interference-noise ratio
(SINR) in free space (continuous lines). Comparison with the single-antenna case
(dashed lines). Pr = —30dBm.

Algorithm 3 is adopted. A forgetting factor oy = 0.3 and a preamble of
K, = 40symbols (with scrambling matrix P = I,) have been chosen as a

trade-off between convergence speed and robustness to inter-user interference.
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Indeed, in a multi-user scenario, it is possible for channels to lack orthogonal-
ity, resulting in interference between users. Consequently, the key metric to
be examined in this context is the signal-to-interference-noise ratio (SINR).

In Fig. 4.19, the resulting equivalent array factor at the BS and the 4
UEs at the convergence is also reported in the case of free-space propagation.
The equivalent array factor at UE side has been evaluated by computing
(HV]k])* at the convergence, whereas at the BS side, it has been obtained
starting from the beamforming vector V[k]. As expected, for each column
of V[k], the BS generates a beam pointing towards the corresponding user.
On the UEs side, the backscatter signal is redirected towards the BS, as it
can be noticed in Fig. 4.19.

An example of transient of the SINR is reported in Fig. 4.20 for a total
power Pr = —30dBm in free-space conditions. Compared with the transient
where only one user is considered, as in Fig. 4.16(a), a slower convergence
and a noisier behavior are observed, mainly due to the presence of inter-user
interference caused by the non-perfect orthogonality between the different
users’s channels. The SINR has been evaluated as the ratio between the
power from the intended user associated with its strongest eigenvector and
the power of the other users’ components projected onto the same eigenvector
(plus noise).

In Fig. 4.21(a), the empirical Cumulative Density Function (CDF) of the
SINR is reported by simulating 100 Monte Carlo iterations for Pr = —30 dBm

and Pr = —45dBm in free space. Clearly, the more the curves are shifted
to the right, the better the conditions. While with Pr = —30dBm all the
4 users present a significant SINR in most cases, with Pr = —45dBm, only

user 4 has relatively good performance because it is the closest to the BS
while the other users experience a SINR which goes below the bootstrap
SNR in most of the realizations. The results obtained in the ideal case where
no inter-user interference is present are also reported for comparison in order
to highlight the impact of non-perfect orthogonality between users that, in
this scenario, is dominant and might generate important SINR fluctuations.
Inter-user interference can be made negligible by significantly increasing the
number of antennas to create the conditions for favorable propagation, as

well-known from massive MIMO theory.
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Finally, Fig. 4.21(b) shows the empirical CDF of the SINR for Pr =
—10dBm and Pr = —20dBm by considering 100 different realizations of
the CDL-C NLOS channel model Also in this case, results indicate the ef-
fectiveness of the proposed multi-user scheme even in the presence of strong

multipath and inter-user interference.

4.2.2 Grant-free Random Access with SCMs

In modern IIoT environments, there is a simultaneous need to meet sev-
eral stringent requirements, including ultra-low latency (< 100 us), low jitter
(~ 1 — 2 pus), ultra-massive access (107 sensors/km?), high energy efficiency,
and low complexity [135—137]. This type of industrial scenario is the one
envisioned by the European projects in which my research group is involved
(TIMES [138] and 6G-SHINE [139]). The traffic generated in massive Ma-
chine Type Communications (mMTCs) is often sporadic and random, with
short packets as small as 16-32 bytes. To address these challenges, grant-
free random access (GFRA) schemes are employed, where sensors transmit
as soon as they have data ready, bypassing traditional coordination mecha-
nisms like scheduling and retransmissions typically handled by the AP.

In this context, the role of the Access Point, which was previously re-
ferred to as the BS in earlier sections, becomes crucial. Similarly, what
was previously termed the UE is now the sensor. GFRA schemes generally
utilize single-antenna sensors with a single-RF chain, and a multi-antenna
AP - forming an uplink single-input multiple-output (SIMO) configuration -
and it has shown the capability to mitigate inter-sensor interference signifi-
cantly [140—144]. This is particularly effective when the number of antennas
at the AP increases, as demonstrated in [145].

Therefore, the technology of SCM can be applied to various purposes, in-
cluding GFRA, providing a robust framework for analyzing and optimizing
these complex scenarios. However, while most GFRA schemes are SIMO-
based, there is growing interest in exploring high-frequency bands like mmWave
and THz for IIoT communications. These frequencies necessitate the use of
massive antenna arrays with narrow beams on both the AP and sensor sides,

transitioning towards a true MIMO scheme. This approach not only com-
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Figure 4.21: Empirical CDFs of the SINR in multi-user scenario.

pensates for high path loss but also improves spatial filtering and security.
Nevertheless, this shift to MIMO introduces challenges, particularly in CSI
estimation, which becomes difficult with the limited preamble lengths re-

quired by GFRA.
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Figure 4.22: Scheme of the proposed grant-free MIMO access, the sensors are
equipped with SCMs.

In this section, it will be considered a scenario in which a large number
of asynchronous sensors deployed in the environment generate packets ran-
domly. This study is considered the worst-case situation where each packet
is generated by a distinct sensor located at a different location so that the
reception of each packet requires the fast detection of the new sensor and the
fast estimation of the beamforming vector at the AP without any a priori in-
formation. For this reason, in what follows it will be interchanged freely the
terms packets and sensors. Note that in such a scenario, all the approaches
relying on statistical /long-term CSI and/or sensors activity pattern estima-
tion are highly inefficient or not applicable (e.g., [I16]). Suppose that, at
the generic time interval, there are U asynchronous active (i.e., transmit-
ting) sensors. Denote with HV, H® .. HU) ¢ CM*N the channel matrices
related to the U links between the AP and the active sensors. For further
convenience, the corresponding modified round-trip channels are defined as
AW = g (H®) H® e CV*V for u = 1,2,...,U. Note that the modified
round-trip channel is defined similarly to (4.71), but in the GFRA treatment,
the term for power Pr is not included as two different power values will be
used depending on the task, as explained later. In addition, it is denoted
with VZ(") and )\Z(»"), respectively, the i-th eigenvector and eigenvalue of A,
with i = 1,2,...,7® where r® = rank (A(“)).

The main idea of the proposed grant-free MIMO access scheme is sketched
in Fig. 4.22 and described in the following. The AP has several tasks running

in parallel. In particular, one task, namely the Scouting Task, is always ac-
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tive and its purpose is to discover any newly transmitted® packet from a new
active sensor and estimate the corresponding, possibly optimal, beamforming
vector at the AP. Once a new packet is detected, the estimated beamform-
ing vector, denoted as b, is appended to a Shared Database that contains
all the estimated beamforming vectors, indexed by v, related to the packets
being decoded at that moment. In addition, a dedicated task, denoted as
Communication Task, is initiated, and associated with the new packet. This
task is responsible for decoding the packet until its completion. When the
packet is over, i.e., the sensor stops backscattering, the associated Commu-
nication Task is terminated, and the corresponding beamforming vector is
removed from the Shared Database. As it will be explained later if ) > 1,
then the same packet transmitted by the u-th sensor might be decoded using
different orthogonal beamforming vectors, each of them associated with a dif-
ferent eigenvalue of A . As a consequence, the size of the Shared Database,
and then the number V' of instantiated Communication Tasks, might be in
general equal or larger than the number U of currently active sensors, that
is, V.= U. In the following, let u = f(v) represent the function that asso-
ciates the packet currently being decoded by the v-th Communication Task
with the index u of the corresponding sensor that generated it. According
to the scheme in Fig. 4.22; the Scouting Task and the V' Communication
Tasks generate, respectively, the beamforming vectors v/Picou X% [k — 1] and
VP x() [k —1] = VPO bW, v =1,2, ...V, which are summed up to form

the actual transmitted vector x[k — 1] at time k — 1, that is,
v
x[k —1] = Y VPO xO[k — 1] (4.77)
u=0

where PO = P,y and x(O[k — 1] are, respectively, the transmitted power
and the current beamforming vector used by the Scouting Task. Without loss
of generality, it can be assumed that all the Communication Tasks transmit
with the same power Pr, so P®) = Pp, v = 1,2,...V, even though power

control schemes can be easily implemented to minimize the overall transmit-

SFor the sake of simplicity it can be said improperly that the sensor starts transmitting,
whereas more precisely it starts backscattering the signal sent by the AP.
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ted power. The signal received by the SCM of the u-th sensor during the

k-th transmission interval is

2@ [k] = H® x[k — 1] + n[k]
|4
=HO Y VPOXO[k — 1] + n®][k] (4.78)
=0

where n[k] ~ CA (O7 0727 I M) is the noise experienced by the SCM of the u-
th sensor. Again, it resembles (4.73), but modified for the context. In (4.78),
the channel matrix H® characterizes the communication link between the
AP and a potential new sensor during the scouting process. More in general,
u € U, where U is defined as the set {0, 1,2,..., U}, if a new sensor is detected,;
otherwise, U = {1,2,...,U}. According to (2.27), the signal backscattered
by the u-th sensor is r®[k] = g e [#] (2 [k])*, then the signal received
by the AP at the k-th time interval is given by the contributions from all

sensors and can be written as

ylE] = > @) e [k] + wk]

ueld
|4
— Zem(“)[k] H™) T(H(u)* 2 gV PO kO [k—1)"
ueld =0
+ n[k]
|4
= 3 e AN VPO (xO[k—1])" + n[k] (4.79)
ueld =0

where A© = g (HO)'HO, n[k] = wlk] + ¥, (H®)" (n[k])" and
{925(“)[19]} is the phase carrying the current data transmitted by the u-th
active sensor. All the tasks have access to the received vector y[k].

The Shared Database (see Fig. 4.22), containing all the estimated beam-
forming vectors B = {b(), b ... b(")} associated with the packets cur-
rently being decoded, serves a dual purpose: i) the v-th beamforming vector
b is used by the v-th Communication Task to address the sensor with
index u = f(v) until the end of the corresponding packet; i) the set of

beamforming vectors in B is used by the Scouting Task to perform the es-
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Algorithm 4: Algorithm of the Scouting Task.
0: Initialization: generate a guess unitary norm beamforming vector x(®) [0];
V =0;
1: for k=1,...,00do

2: If the Shared Database has been updated, then generate a random
unitary norm vector x(9[k — 1] orthogonal to B //
3: transmit: v/Prcous X0 [k — 1] //
4: receive: y[k] //
5: y[k] = orthogonalize(y[k], B) //
6: xO[E] = (y[k])*/I¥[%]l // beamforming vector update
7: v[k] = |y[K]|? /o> // SNR computation
8: If y[k] > Yaec and [k]/v[k — 1] < ya, then a new packet has been
detected, V =V + 1, a new dedicated Communication Task is allocated
using x(9[k] as beamforming vector, and b(Y) = x(9)[k] is added to the
Shared Database.

end

timation of the beamforming vector of a possibly newly transmitting sensor
in a subspace orthogonal to that spanned by the vectors in B (i.e., in the
null space of B). The latter ensures that the vectors in B are orthogonal
and hence all the tasks (Scouting and Communication) address orthogonal
subspaces. As a final remark, it can be noted that the outlined analytical
framework also accounts for potential misalignments of the beam reflected
by sensors relative to the incident beam, due to the noise contribution in
(4.78) that undergoes the conjugation operation fundamental to retrodirec-
tivity. Likewise, the analysis incorporates the potential non-idealities in the
beamforming vectors estimated by the AP, which are influenced by ¢) the
presence of noise as well as by i) sensor nodes oriented in non-orthogonal
directions. The former affects the signal used by the AP for beamforming
vectors’ estimation, given by (4.79), while the latter ensures the beams are
orthogonal to each other to avoid mutual interference, meaning that they
may not be directed exactly toward the respective receivers. Remarkably,
all these phenomena are accounted for in the numerical results where the

outcomes of simulations will be presented.
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Scouting Task

The pseudo-code of the algorithm executed by the Scouting Task is reported
in Algorithm 4.

At the startup time & = 0, x(O[0] is initialized with a unitary norm
random vector (step 0 of the pseudo-code). At the (k — 1)-th iteration,
with & > 1, the Scouting Task (see Algorithm 4) sends the current estimated
beamforming vector, x(Y[k — 1] (step 3), and receives back the response at
time k from the new sensor (if any) according to (4.79) (step 4). Before

further processing, the received vector y[k] is made orthogonal to B, that is,
y[k] = (I - BB') y[k] (4.80)

in order to force the searching in the null space of B and hence not interfere
with the currently active Communication Tasks (step 5). Then, a normalized
and conjugated version of y[k] is computed (step 6) and used as the updated
beamforming vector x(°)[k] in the subsequent iteration.

Finally, let k£* represent the time instant a new sensor starts the trans-
mission of a packet. The new packet is detected when the SNR ~[k] =
Iy[E]|* /o2, with k > k*, satisfies Y[k] > Yaec and v[k]/y[k — 1] < ya (steps
7 and 8). The first inequality checks that a certain level of energy has been
received compared to the noise level, whereas the second one guarantees that
(4.81) is close to the convergence, with the thresholds 7yge. and ya to be
properly tuned.

The processing operated by Algorithm 4 is the modification of the well-
known Power Method [129] that, in the absence of noise, interference, and
the orthogonalization in (4.80), allows the estimation of the top-eigenvector
of the square matrix A = > _, A®™  as described previously in Sec. 4.2.1.
Here, differently from the classical Power Method, due to (4.80), the matrix
seen by the iterative method is A= (I — BBT) A, which determines the
subspace under exploration by the Scouting Task, whose eigenvectors and
eigenvalues are denoted by {5\1, 5\2, o )\r} and {vy, Vs, ..., V;}, respectively,
where 7 = rank (A) Furthermore, whenever a modification is made to B
(such as adding or removing elements), x(°’[k] is reinitialized by generating

a random vector that is subsequently made orthogonal to the vectors in B,
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according to (4.80), while ensuring it remains unitary. In particular, the

beamforming vector is updated according to (step 6)

xO[k] = y—[k] (4.81)
[y [~
until a change on B occurs or a new packet is detected.

Obviously, the new sensor can be detected only if A and A© ghare a not
null subspace.

It has to be remarked that, in general, it is not guaranteed that vy is
referred to the channel between the AP and the new sensor. In fact, when
the sensor and AP are in radiating near-field conditions, or in far-field in the
presence of multipath, the channel might have a rank larger than one and the
same sensor can be reached addressing different orthogonal subspaces [117].

In such cases, the Scouting Task is likely to converge to a subspace related
to a sensor already under decoding but not yet included in B, and hence a
second Communication Task will be associated with that sensor. Duplicated
packet decoding is not an issue as it can be easily solved by higher protocol
layers. On the contrary, such a phenomenon might be beneficial as it creates
a sort of eigenvector diversity.

If the packet generation of the new sensor is not simultaneous (at symbol
time T level) to the generation of an already serving sensor, it is likely that
all the significative secondary eigenvectors of A have been already explored
when the new sensor starts its transmission, and v§°) is effectively associated

with the new sensor.

Communication Task

Once a new packet has been detected by the Scouting Task, a new Commu-
nication Task is activated whose algorithm is reported in Algorithm 5.
Denote with k() the time instant the packet is detected by the Scouting
Task and the Communication Tasks starts, being v the index associated
to the new packet generated by the u-th sensor, with u = f(v), and with
b® = x(© [k:(”)] the corresponding beamforming vector estimated through
Algorithm 4 and stored in the Shared Database by the Scouting Task. The
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Communication Task, for k& > k) until the end of the packet, executes
Algorithm 5 that, at each iteration, always transmits the same beamforming
vector VPW x® [k — 1], with x®[k — 1] = b® (step 2). Subsequently,
according to (4.52) and (4.79), the decision variable is formed as (step 4)

u[k] = (b))’ y*[4]

\%4
-3 o2 [k] (b<v>)T A® Z VPO xO[ — 1]

+(6) n*[k]

\%
e S VPO (6@ AW x Ok — 1]
1=0

\%4
+ Z e N VPO (b)) PA® xO[ - 1]
=0

€U, iF#u

+ (b)) n*[k] (4.82)

where © = f(v). A decision on the transmitted phase ¢([k] from the
sensor with index v = f(v) is made (step 5) based on the argument of
u™[k] in (4.82) according to the mapping scheme considered. The first
term in (4.82) represents the useful contribution. Equation (4.82) reveals
that, in general, the decision variable is affected by the presence of interfer-
ence from other sensors (second term), caused by potential not orthogonal-
ity of the sensors’ channels, and thermal noise (third term). Finally, when
VK] = |ul® [k’]}Q /0% < Yarep, the end of the packet has been likely reached,
and the task is deactivated (steps 6 and 7).

Numerical Results

Here some simulation results with the purpose of investigating the perfor-
mance of the proposed scheme are reported. The values of the system param-
eters adopted for the analysis and the simulations are reported in Table 4.4,
if not otherwise specified. The scenario considered, shown in Fig. 4.23, is
composed of an AP, equipped with a Uniform Planar Array (UPA) deployed

along the zy-plane, located at (0,0, 0) [m], and sensors generating very short
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Algorithm 5: Algorithm of the v-th Communication Task.

0: Initialization: active = 1, k = k() // k) time instant of packet
detection

1: while active=1 do
2: transmit: vV P® x([k — 1] = v P® b®) //
3: receive: y[k] //
4: u[k] = (b(“))T yv*[k] // decision variable
5: QAS[k] = demodulation (— arg {u(”) [k1}) // data demodulation
6: v[k] |u(”) |2 Jo? // SNR computation
7: If v[k] < “Yarop, then beamforming vector b is removed from the Shared
Database, and this task is de-instantiated
(active =0,V =V —1) //
k=k+1;

end

Table 4.4: Parameters used in the simulation.

Parameter Symbol | Value

Carrier frequency fe 100 GHz

AP antenna element gain | Gpg 0 dB (isotropic)

SCM cell gain Gscm 0 dB (isotropic)

SCM backscatter gain g 20 dB

Bandwidth w 10 MHz

Symbol time T 100 ns

TX power Pr -5 dBm

Power boost scouting Picous/Pr | 10 dB

SCM noise figure Fsom 3 dB

AP noise figure Fap 3dB

AP antenna elements N 30 x 30 (4.5 x 4.5cm? UPA)
SCM cells per sensor M 20 x 20 (3 x 3cm? UPA)
Path loss exponent B 2

Detection SNR threshold | 7gec 30 dB

Delta SNR convergence YA 5 dB

Drop SNR threshold Ydrop 5 dB

Packet length K 144 bits

Guard symbols K, 16 bits

Packet duration T, = KT | 144us

packets of total length K = 144 bits (18 bytes payload). In particular, packets
are generated randomly with exponentially distributed inter-arrival time with
mean /i, corresponding to a total offered traffic G = T},/i, where T, = KT
is the packet duration. Each packet corresponds to a sensor whose position

is generated randomly with uniform distribution within the area centered in
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Figure 4.23: Simulated scenario.

(0,0,10) [m] and size 20 x 20 [m?]. The sensor’s SCMs are supposed to lay

on the zy-plane.

In Fig. 4.24(a), the time evolution of SNR;[k] during the Scouting Task
is shown for different bootstrap conditions in the case of rank-1 channel
computed using (4.58), with £* = 1. In the first 2 top curves, a random initial
guess of the beamforming vector, corresponding to SNR;[1] ~ SNRgmaX) /N,
was assumed, whereas the third curve is related to an even more unfavorable
situation where SNR;[1] = SNR{™/N2. The blue and green curves have
been evaluated with SNRgmaX) =35 dB and SNR(lmaX) = 25 dB, respectively,
to which a bootstrap SNR of 5.45dB and —4.54 dB corresponds. It can be
noticed that when the bootstrap SNR is larger than one, the SNR converges

max

after a few steps to SNRS ) and the packet can be detected, whereas it
converges to a very low SNR when the bootstrap SNR is less than one.
From Fig. 4.24(a), it can also be concluded that the impact of the initial
beamforming vector on the SNR evolution is marginal, and it does not affect

the final value.

The situation with a rank-3 channel (e.g., due to multipath) is analyzed
in Fig. 4.24(b), where the evolution of SNR;[k], j =1,2,3, is plotted for
SNR™™ = 35 dB, SNR™ = 30 dB, and SNR{™ = 25 dB. As evident in
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Figure 4.24: Time evolution of the SNR during the Scouting Task for different
bootstrap conditions in the case of rank-1 channel (a) - SNR;[k], and rank-3 chan-
nel (b) - SNR;[k]).

the figure, the proposed iterative method ensures the convergence to the top
eigenvector of the channel (blue curve), whereas the components associated
with the top-second and top-third eigenvectors vanish. Comparing the blue
curves in Fig. 4.24(a) and Fig. 4.24(b), it can also be observed that the con-
vergence speed to the top-eigenvector is only slightly affected by the channel
rank. In all cases, the convergence time is below 10 time intervals. This
suggests that a guard time of K, = 16 symbols set to zero, inserted at the
beginning of each packet and followed by the payload of 18 bytes, gives suffi-
cient time to the Scouting Task to converge and detect the packet. Since the
Scouting Task is the most critical one, it is of interest to investigate whether it
benefits from an assignment of a power level P, ., higher than the power level
Pr associated with the Communication Task. To this purpose, it is defined
the power boost as Piou/Pr. In Fig. 4.25(a), the packet error rate (PER),
corresponding to 1 — {Probability of packet detection}, as a function of the
offered traffic G is shown for different scouting power boost levels in free
space. The PER has been computed through Monte Carlo simulations ter-
minated when at least 100 erroneous packets were counted. Observations
reveal that the benefits of the power boost do not escalate indefinitely, in-
dicating the presence of a discernible trade-off. Indeed, while increasing the

power boost aids in detecting new packets by the Scouting Task, it may also
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increase interference for packets already undergoing decoding, particularly in
unfavorable propagation conditions. Simulations demonstrate that a power
boost of 15dB yields the lowest PER across all scenarios, yet satisfactory
performance is still achieved with a lower boost level of 10dB. Obviously,
under favorable propagation (massive MIMO) the inter-sensor interference is
minimized, and the determination of the power boost is less critical.

The impact of the transmitted power and channel models can be observed
in Fig. 4.25(b). In particular, free-space and the LOS CDL-E multipath
3GPP channel models [131] with a delay spread of 9ns have been consid-
ered. With multipath, slightly higher power levels are in general necessary
to satisfy the link budget. The increase of the transmitted power lowers
slightly the PER indicating that the performance is mainly limited by the
inter-sensor interference caused by the non-orthogonality of the channels in
this scenario. The curves denoted with baseline GFRA (BGFRA) will be
described hereafter. Achieving favorable propagation, i.e., channel orthogo-
nality, through a substantial increase of the antenna elements at the AP is one
possible solution to mitigate or even eliminate the inter-sensor interference
and hence significantly improve the performance. Another possible solution
to mitigate the effect of the interference is to introduce a successive inter-
ference cancellation (SIC) algorithm, for instance, a non-orthogonal multiple
access (NOMA) scheme.

To complete the study in the fairest manner, a comparison is also made
with the structures proposed in the state of the art, which can be found in

the Appendix.
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Figure 4.25: (a): Packet error rate as a function of the offered traffic G. Effect of
the Scouting Task power boost. Py = —5dBm. Free space condition. (b): Packet
error rate as a function of the of the offered traffic G for different transmitted
power levels and channel models. Power boost 15dB.

4.2.3 Real-time Localization Based on SCMs

To stay within the themes and scope of communication and localization for
SRE in this thesis, it was interesting to explore how SCM technology could
be leveraged for positioning applications. In [35], an application in vehicular
networks is studied, where position information must be updated several
times per second (high update rate) to adequately support control systems,
and must be extremely current (ultra-low latency) to enable rapid responses
~150].
is coupled with stringent energy efficiency and low complexity requirements,
~154].

radios can be deployed onboard drone swarms for network-based positioning

even in high-speed scenarios | When the demand for positioning

radio backscattering emerges as a viable solution | Backscatter
applications or as energy-autonomous tags (e.g., utilizing energy harvesting
technologies) placed in the environment. In the latter case, these tags can
serve as reference nodes (anchors) for the self-positioning of autonomous
vehicles (navigation applications).

However, the primary drawback of backscatter radio is the significant path
loss, as the signal traverses the propagation channel twice. This limits the
operational range to just a few meters, as commonly observed in RFID appli-

cations [155]. These limitations are further exacerbated at higher frequencies
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(mmWave/THz) [156], making traditional backscatter schemes impractical
for achieving high-accuracy positioning in the aforementioned applications.

One possible solution to mitigate path loss, as already stated in the previ-
ous sections, is the adoption of MIMO techniques, involving the integration
of multiple antennas on both nodes participating in the backscattering pro-
cess (i.e., the emitter of the interrogation signal and the backscatter radio).
However, this would require maintaining beam alignment, which contradicts
the low-complexity nature of backscatter radio, where CSI estimation is not
feasible. Therefore, it has been chosen to explore the application using the
SCM technology presented in previous sections.

It is important to note that the localization of UEs is commonly achieved
through the deployment of a set of reference nodes, referred to as anchors,
positioned at fixed known locations. Anchors and UEs interact to estimate
the characteristics of position-dependent signals, such as the AoA [157]. In
the following, it is illustrated how SCMs can be exploited both at the UE
and anchor sides, leading to different architectural solutions, each with its
own set of advantages and disadvantages.

Before, effectively implementing the proposed architectures, specific build-
ing blocks, and dedicated methods are required. It is important to note that
in both architectures, MIMO transceivers (MIMO TRXs) are adopted. In-
deed, the adoption of multiple antennas is required to counteract the unfa-
vorable path loss typical of backscatter communication as well as to allow the
estimation of the signal’s AoA. Thus, the same antenna array can be used for
transmission and reception by exploiting a full-duplex radio implementation,
as commonly considered in monostatic radar applications [158].

The primary challenge in both architectures is determining the beam-
forming vector at the MIMO TRX to direct the interrogation signal towards
the SCM, also called RAA, whose direction remains unknown prior to AoA
estimation. To tackle this challenge, it is proposed an iterative procedure in-
spired by [33] described in the previous section 4.2, leveraging the distinctive
capability of SCMs to reflect the signal in the same direction it was received.
Remarkably, the determination of the beamforming vector intrinsically pro-
vides the AoA of the backscattered signal, subsequently used for localization.

Clearly, since a MIMO link is finally established, the communication benefits
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Figure 4.26: Localization of SCMs-equipped mobile UEs (yellow circles) by us-
ing array-equipped anchors (blue squares). Anchors are also labelled a MIMO
transceivers (TRX).

from the MIMO gain to mitigate the high path loss.

Architecture 1 is designed as the configuration where SCMs are employed
on mobile UEs, while anchor nodes use conventional antenna arrays (see
Fig. 4.26), thus playing the role of MIMO TRXs. Conversely, Architecture 2
involves SCMs for anchors while UEs are equipped with conventional antenna
arrays, thus acting as MIMO TRXs (see Fig. 4.27).

Architecture 1 - SCM at the UE Side
Each mobile UE is equipped with an SCM (Fig. 4.26), while each anchor is
equipped with a conventional array and is configured to transmit an interro-
gation signal, thus being a MIMO TRX. This signal is backscattered by the
SCMs, which also embed their identifiers (IDs), and subsequently received
by the same anchor. The anchor can then estimate the AoAs of the signals
received by the SCMs and extract their ID using the scheme introduced in
the following sections. Such information is then passed to a localization en-
gine, which is in charge of estimating the UEs’ positions based on the data
received by all anchors. Once a sufficient number of AoA measurements are

collected for a given SCM, the localization engine can localize the UEs, know-
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Figure 4.27: Navigation of array-equipped mobile UEs (blue squares) through the
interaction with SCMs (yellow circles) used as anchor nodes. UEs are also labeled
MIMO transceivers (TRX).

ing the anchors’ positions and orientations. For example, at least two AoAs
per UE are needed for unambiguous 2D localization. Clearly, the larger the
number of AoA measurements for each UE, the better will be the localization
accuracy.

To deal with measurement errors, the localization engine can fuse differ-
ent AoAs estimates by leveraging, for instance, standard tools such as least
squares or particle filtering.” Different anchors can access simultaneously
the UEs by exploiting, for example, different frequencies, assuming a flat
frequency response of the SCM within the signal bandwidth. The discrimi-
nation of the backscatter components associated with different UEs, can be
realized by exploiting the antenna array spatial selectivity. This architecture
is primarily tailored for network localization applications, enabling the net-
work to gain comprehensive insights into the positions of all UEs within the
scenario of interest. This encompasses a wide set of use cases such as asset

and personnel tracking, logistics management, and more. The primary ad-

"The reader can refer to [157].
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vantage of this architecture lies in the potential for remarkably simple UEs,
as they require no processing capabilities on their side. Essentially, the UE
solely engages in backscattering the incoming signal using the SCM and in-
corporating its ID in the reflected signal. Consequently, there is no need for
complex RF chains or baseband components within the UEs, resulting in
reduced costs and complexity as well as the possible exploitation of energy
harvesting techniques making the UEs energy autonomous.

Architecture 2 - SCM at the Anchor Side
This architecture entails equipping each anchor node with an SCM, while UEs
utilizes a conventional antenna array, thus being MIMO TRXs (Fig. 4.27). In
contrast to Architecture 1, in this scenario, it is the anchor that responds to
the interrogation signal emitted by the UE, leveraging retrodirectivity. Con-
sequently, each UE must detect the presence of the SCM-equipped anchors,
extracting their IDs, and estimate the AoAs of the retro-directed signals
relative to its local coordinate system. A decentralized localization engine
operates within each UE, enabling the estimation of its position.

This architecture is primarily suited for navigation purposes, resembling
GNSS-like positioning, as the position computation occurs at the UE level.
When considering vehicular networks, this architecture is particularly suited
for the self-localization of autonomous vehicles (where no complexity con-
straints usually arise on-board vehicles) using simple, low-cost, and possibly
energy autonomous reference tags (equipped with SCMs) deployed in the
environment. In general, this architecture allows for reducing the complexity
and cost of anchor infrastructure, which often serves as the primary barrier
to introducing high-accuracy positioning systems like those based on UWB
technology [157].

The different UEs can access simultaneously the SCM-based anchors by
exploiting, for example, different frequencies. A given UE can address simul-
taneously different anchors thanks to the spatial discrimination allowed by
the use of antenna arrays with a large number of antennas and the scheme.

A key distinction from Architecture 1 is that, in this scenario, localiza-
tion information is immediately available at the UE itself. This minimizes
latency in scenarios where UEs require prompt awareness of their positions.

This is crucial when utilizing position information to feed navigation engines,
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especially in autonomous driving applications involving vehicles, unmanned
aerial vehicles (UAVs) and mobile robots. This architecture can be further
improved by enabling the SCM-based anchors to transmit not only their 1D
but also their coordinates. This additional information can be utilized by
the UE for localization without requiring prior knowledge of the anchors’
deployment layout. Furthermore, in a practical system, multiple anchors can
be seamlessly added without the need to update the anchor database at the
UE side. Remark: In Architecture 1, the AoA estimation is performed by
anchor nodes that are aware of the absolute reference system. In contrast,
in Architecture 2, the orientation of the UE may be unknown and must be
estimated to determine the UE’s absolute coordinates. In this case, in fact,
the UE localizes itself relative to its own local reference system rather than
the absolute one. To map the result to an absolute reference system, the
orientation of the UE must be known, either a priori or through additional

sensors, such as an inertial sensor or a compass.

SCM Detection and AoA Estimation

Now a procedure for the MIMO TRX to estimate the AoA of the signal
backscattered by an SCM using a blind iterative approach, guiding the
MIMO TRX to direct its interrogation signal towards the SCM is reported.
Subsequently, the scheme is extended to accommodate multiple SCM-based
devices, allowing for simultaneous estimations. To begin, only two nodes
are considered, namely, a MIMO TRX and an SCM. The MIMO TRX is
equipped with a ULA comprising N elements, capable of full-duplex commu-
nications. The SCM, on the other hand, is realized as a uniform linear array
consisting of M elements, without processing capabilities (refer to Fig. 4.28).
Here, uniform linear arrays are considered for simplicity of explanation, al-
though various array layouts can be explored. Both arrays are located in
the far-field region of each other, separated by a distance d. The Angle of
Departure (AoD) of the signal emitted by the MIMO TRX, when directed
towards the SCM, is denoted as ¢, while the AoA of the signal received at
the SCM from the MIMO TRX is denoted as .

The scheme proposed involves transmitting from the MIMO TRX to the




4.2 SCMs for communication, media access control and
localization purposes 153

\ M
antennas
\
\

NN Self-Conjugating Metasurface

antennas (sCm)

MIMO Transceiver
(MIMO TRX)

Figure 4.28: Geometry of the scenario. MIMO TRX equipped with a N-antennas
ULA; SCM composed of M antennas organized as ULA.

SCM using a certain beamforming vector x € CV*! ideally aligned with

direction ¢, as already described in the previous sections.

Let +/Prx[k] € CN*! be the vector containing the signal transmitted
by the N elements of the MIMO TRX’s antenna array, where Pr is the
transmitted power and x[k] is the unit norm beamforming vector at the
generic time interval k. At the other end of the communication link, consider
a plane wave impinging on the SCM, the schematic representation of which
is shown in Fig. 2.6, with an angle ¢) with respect to its normal direction. At
the m-th SCM antenna, the impinging wave accumulates a phase shift 6,,,

with respect to the first antenna, is given by (2.18) described in Sec. 2.3.

By introducing the noise generated by the SCM, which is present in case
it is implemented using active components [78,97], the discrete-time signals
at the input of the M antennas in the k-th time interval can be expressed by
the formula (2.25).

Considering a free-space LOS scenario, and denoting with Ggg and Gscm
the gain of each antenna element at the MIMO TRX and SCM, respectively,
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the channel matrix H takes the form

1
A e*j%ASin’l/)
H(p,v) = mE .
e*jQTﬂ(Mfl)Asinw
~ ~ —
ﬁ(d))G(CMXl
X [1 e I X Asing 6_327”(N_1)A5in“0]
~ ~~ -

_ \/Cins Gsom —— ()% (¢) (4.83)

47rd

where it has been highlighted with H(p, ) the dependence of the channel
on the AoD ¢ at the MIMO TRX and AoA ¢ at the SCM. It is worth noting
that the channel matrix H(y, ) depends on the angles ¢ and 1) (i.e., on the
geometry of the scenario), regardless of whether the beamforming vector at
the MIMO TRX’s side x[k] corresponds to the beam steering vector in the
direction ¢ (i.e., the optimal direction to convey power towards the SCM) or

not.

By defining the vectors u(¢)) = a())/v/M € CM*! and v(p) = v*(¢)/VN €

CN*1 it results

A

H(p, 1) = /NMGps GSCMmu(QMVT(gp) (4.84)

which has rank one since obtained as an outer product of two vectors u and
v*. Notice that u and v are, respectively, the top left and right eigenvectors
of matrix H(p, 1) and hence give the optimum beamforming vectors at the
SCM side and at the MIMO TRX.® It can be introduced the singular-value
decomposition (SVD) of H(ip, 1) as H(p, 1) = UXVT where X has a singular

non-zero entry

_ VNMGgs GsemA
4d

8Since H(yp, 1) has rank one, u and v correspond to the only left and right eigenvec-
tors associated with non-zero eigenvalues. In this sense, they are referred to as the top
eigenvectors.

01

(4.85)
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in its first element, U has u(v) as the first eigenvector (i.e., first column),

and V has v(p) as the first eigenvector (i.e., first column).

Assuming channel reciprocity, at the MIMO TRX side the received signal
at time interval k, consisting of the feedback of the signal transmitted in the

last time interval, is given by”

y[k] =v/Pr g ™M H' (¢, ) H* (p, ) x*[k — 1]
+ gH (0,9) n*[k] + w[k] (4.86)

with w[k] ~ CN (0,0621y) being the AWGN at the receiver, and o2 =
KToFap W, where Fap represents the MIMO TRX’s noise figure. (4.86) is
the same reported in (4.38), but here the dependence on the angles ¢, 9 is
shown. By defining A(p) = +/PrgH'(p,v¥)H(p, ) € CN*N | according to
(4.84) it results

A(p) = /Pr gN MGpsGsou (RAd) v(p)vi(p) (4.87)

which depends only on the angle ¢, thanks to the retrodirectivity property of
the SCM. Moreover, A is proportional to the (modified) round-trip channel
H'(p,v)H(p, 1), rather than the (true) round-trip channel H' (¢, ¥)H(¢p, )
as in conventional backscatter communications. Consequently, the eigenvec-
tors of A are identical to the right-eigenvectors of H(p, ). From (4.86) it
is

ylk] = eI9lK] A*(p)x*[k — 1] + n*[k] (4.88)

where it can be defined n*[k] = g H' (p,v) n*[k] + w[k], as done in (4.39).

9For simplicity, in this model it is not considered the clutter, that is, the signal backscat-
tered by the environment and not modulated by the SCM. The reader can refer to [33]
for a discussion concerning the modeling of the clutter and its impact on communication.
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Substituting (4.87) into (4.88) it is obtained (4.89):

hY 2
Y[k] =1 PTg €J¢[k]MNGBsGSCM (m> v* (QO)VT<QD)X* []{7 — 1]
y[k]: useful term (489)
A
+ 93/ MNGsGson—v* (9)u (6)7* ] + w(i]
~ ~r -
noise term

In case of perfect beamforming, i.e., x[k — 1] = v(¢), the useful term y[k] in
(4.89) becomes

\ \2
y[k] = \/Pr g MM NGpgGscn <m> vi(p) (4.90)

7
since v'v* = 1, thus corresponding to a plane wave of power proportional

to Pr M?N?/L£?(d) impinging with AoA ¢, where

£(d) = (4%‘1)2 (4.91)

is the link loss for a distance d in free space. Notice that due to the backscat-
tering communication type, the path loss increases with the distance to the
power of four, as happens in RFID systems [159]. On the other hand, thanks
to the adoption of multiple antennas on both sides, such large path loss can
be compensated by increasing the number of antenna elements N and M at
the MIMO TRX and SCM, respectively (beamforming gain).

The scheme proposed for SCM detection, identification, and AoA esti-
mation operates iteratively. As shown in the pseudocode for this procedure
(Algorithm 6), to which the reader is referred, the process starts (step 1 of
the pseudocode) with the generation of a random unitary beamforming vec-
tor x[0], which the MIMO TRX uses at startup when the locations of SCMs

are still unknown.

The iterative procedure, which occurs with discrete time steps indexed
by k£ > 1 (step 2), can then begin with the MIMO TRX transmitting
the beamforming vector v/Prx[k — 1] (step 3). The SCM, upon receiv-
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Algorithm 6: SCM detection and AoA estimation

0: Ingtialization: generate a random unitary norm beamforming vector x[0] ;
1. for k=1,...,00do

2: transmit: +/Prx[k —1] ; // signal transmitted
3: receive: y[k] = e??lFl A* (o) x*[k — 1] + n*[k] ; // signal received
4: update the beamforming vector: x[k] = y*[k]/|y[k]| ; // beamforming
update

5: u[k] = x'[k — 1]y*[k] ; // decision variable
6: estimate the SNR: v[k] = |u[k]|* /o2, ; // SNR estimation
7. if y[k] > m and y[k]/v[k — 1] < n2 then

8 k==F;

9: q = DFT [x[k]] ; // DFT computation

10: ¢ = arcsin (% argmax;c(i o N} {|qz|}) ; // AoA estimation

// Start of ID detection
11: for j=1,..., K do

122 k=k+1;
13: transmit: +/Prx[k] ; // signal transmitted
14: receive: y[k] = e?IF] A* () x*[k] + n*[k] ; // signal
received
15: ulk] = x'[k] y*[k] ; // decision variable
16: decode the symbol: ¢[j] = demodulation (— arg {u[k]}) ;
// symbol detection

end

17: extract the packet ID: {gg[]]} ; // packet ID extraction
j=1,..,K

// End of ID detection

end
end

ing z[k] = v/PrHx[k — 1] + n[k] (see (4.36)), backscatters it in the direc-
tion of arrival, as a result of the conjugation operation. Additionally, it
introduces a phase modulation based on the data to be transmitted to the
MIMO TRX, resulting in the reflected signal r[k] = g e?I*1z*[k] (see (4.37)).
The MIMO TRX then receives the retro-directed and modulated response
y[k] = Kl A*(¢) x*[k — 1] + n*[k], as described by (4.88) (step 4).

At the MIMO TRX, a normalized and conjugated version of the received
vector y[k] is computed (step 5) as x[k] = ﬁ’;[[ﬁ]“ This vector will be used
as the updated beamforming vector x[k] in the next iteration. This adjust-

ment makes the beamforming vector steer toward the SCM. In principle, the
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updated beamforming vector should immediately align with the SCM. How-
ever, due to the presence of noise and multipath, the alignment may require
more than one iteration to be completed.

The decision variable u[k] = x'[k — 1] y*[k], which depends on e=7[* is
then computed'® (step 6) allowing also to estimate the SNR y[k] = |u[k]|* /o2,
experienced in the current iteration by the MIMO TRX (step 7). If y[k] ex-
ceeds a specific detection threshold ny, i.e., v[k]| = |u[k]|?/0? > n1, and there
is no significant increase in received power compared to the previous iteration,
i.e., y[k]/v[k — 1] < n2, where n; and 17, are empirically tuned thresholds,
then the SCM is detected (step 8). In fact, the first inequality checks that a
certain level of energy has been received compared to the noise level, whereas
the second one guarantees that convergence is approximately reached.

If this is the case, the MIMO TRX assumes that the transient interval —
during which the beamforming vector is iteratively adjusted to point toward
the SCM — is over and that the vector is now accurately aligned with the
SCM. Therefore, the current time index & is “frozen” (step 9) and the AoA
estimation is carried out (steps 10 and 11). Specifically, the AoA estimate @
of ¢ concerning the detected SCM is obtained as'!

~ .2
f =avcsin 3 angmaey . () (192

where q = {¢;} is the Discrete Fourier Transform (DFT) of the beamforming
vector corresponding to the detected SCM, that is

q = DFT [x[k]] . (4.93)

To identify the detected SCM, the MIMO TRX must now extract its ID
from the backscattered signal. In fact, this ID is encoded in a unique pseudo
noise (PN) sequence of length K symbols, which the SCM transmits cyclically
by modulating the backscattered signal. Of course, only during the trans-
mission of the interrogation signal from the MIMO TRX, such PN sequence
correspond to a physical modulated signal. In this regard, Fig. 4.29 shows

In fact, in the absence of noise, it is easy to show from (4.39) that
u[k] = x'[k — 1] y*[k]oce 791l being xT[k — 1] x[k — 1] = 1.
1 An array spacing A = \/2 is assumed.
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Figure 4.29: Cyclic transmission of the SCM’s ID. Time evolution.

the sequence of K symbols, out of a binary alphabet, that corresponds to
the backscatter modulation cyclically realized at the SCM. The identification
task is performed in steps 12 to 18, where the MIMO TRX:

e transmits always using the optimum beamforming vector x[i] (step 14);

e receives the backscattered signal carrying the ID information in ¢[k|
(step 15);

e creates the decision variable u[k] (step 16);

e finally, determines the modulation symbol conveyed by ¢[k] through a
suitable demodulation scheme applied to u[k], depending on the mod-
ulation alphabet (step 17).

Once all the K components of the ID have been collected (step 19), the
MIMO TRX can finally assign an identity to the SCM transmitting from the
direction given by the estimated AoA.

Summarizing, the iterative process here proposed allows the MIMO TRX
to transmit according to the optimum beamforming vector pointing towards
the SCM. Therefore, the AoD of the signal from the MIMO TRX coincides
with the AoA of the signal received from the SCM, thus enabling angle-based
localization. This is realized by exploiting the processing gain offered by the
N antennas at the MIMO TRX and the M antennas at the SCM, but with-
out explicit channel estimation, and adopting backscattering. Remark: It
is worth noting that the strategy described above is based on the transmis-
sion of narrowband signals, which is beneficial in terms of spectrum usage

efficiency. This aspect is becoming increasingly important as future wireless
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Figure 4.30: Communication and AoA estimation with multiple SCMs sending
packets of K bytes cyclically.

technologies are expected to support both communication and localization
(sensing) services, possibly sharing the same RF front-end and the same fre-
quency band. However, classical high-accuracy localization techniques are
based on the estimation of the TOA or TDOA of the signals, whose reso-
lution is related to the bandwidth. Centimeter-level accuracy requires the
availability of roughly 1 GHz of bandwidth with consequent reduction of
potential communication throughput. Moreover, time-based approaches are
very sensitive to clock mismatches between the involved devices thus making
them not really appealing for IoT applications [29]. Therefore, any localiza-
tion technique capable of providing high-accuracy positioning with minimal
usage of bandwidth and simple hardware on the device side is, in general,
more attractive. Along this direction, our scheme does not require a wide-
band signal as it relies on AoA estimation. In addition, the backscatter
nature of our scheme significantly simplifies the complexity of the user and

does not suffer from clock mismatches.

Extension to Multiple SCM-based Devices

Now, it is assumed that there are P SCM-based devices in the environment.
These devices can either be mobile UEs in Architecture 1 or fixed anchors

in Architecture 2. In the same environment, there are also devices equipped
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with a standard antenna array (MIMO TRX), which emit interrogation sig-
nals to detect the presence of the P SCM-based devices and estimate their
corresponding AoAs (see Fig. 4.30).

In LOS channel conditions, the process of detecting the presence of the
P SCMs by a MIMO TRX is equivalent to determining the top eigenvectors
of the P channels A® p=1,2 ..., P, between the MIMO TRX and the P
SCMs. The formulas are the ones described in 4.2.1.

In this regard, the iterative scheme proposed in Algorithm 6, which is
limited to the estimation of only the top eigenvector, can be extended to es-
timate the P top eigenvectors of A = 25:1 A®) (gp(p)), as already described
in Sec. 4.2.1. Nevertheless, if the SCMs are positioned at distinct angles and
the number of antennas is increased by employing massive arrays (massive
MIMO), the channels A® tend to become orthogonal. This situation ap-
proaches the so-called favorable propagation [160], which, strictly speaking,
occurs when the channels A® are orthogonal [161]. Under this condition,
once the top eigenvector of A has been estimated, the detection of the second
top eigenvector can be achieved using the same scheme described in Algo-
rithm 6, provided that the iterative search is conducted in a space orthogonal
to that spanned by the top eigenvector. To elaborate further, let’s consider
a matrix B that collects all the previously discovered top eigenvectors. At
Step 5 of the algorithm described in Algorithm 6, the following operation is

performed:
(I- BB) y*[£]

K = BByl

(4.94)

so that, before further processing, the updated beamforming vector x[k] is
adjusted to be orthogonal to B. This ensures that the subsequent search
is conducted within the null space of B, preventing the detection of pre-
viously identified eigenvectors (i.e., already detected SCM-based devices).
This procedure is the same as that performed by the Scouting Task of the
GFRA application, described in the previous section. In a more general sce-
nario where the favorable propagation condition is not perfectly achieved,
the top eigenvectors of A may not precisely align with the top eigenvectors
of AP [3233]. This can result in interference among SCM-based devices and

subsequent performance degradation for demodulation and AoA estimation.
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Figure 4.31: Localization of the SCM in a dynamic scenario.

Channel Tracking

Consider now the localization task in a dynamic scenario, where one of the
two nodes (e.g., the SCM) moves along a certain trajectory (see Fig. 4.31).
The iterative scheme described in Algorithm 6 is executed at specific points
of the trajectory, namely, the localization steps. Specifically, at the i-th local-
ization step an AoA estimate (after SCM detection) and a data packet con-
sisting of K symbols (e.g., the node’s ID) are obtained. Referring to Fig. 4.31,
the SCM is observed at an angle ¥ with respect to the MIMO TRX and
located at a distance d during the i-th localization step. Specifically, 7
denotes the time interval between two consecutive localization steps. Thus,
it can be defined the maximum localization update rate as R = 1/7, assum-
ing that a sufficient number of angular measurements is collected at the i-th
localization step to obtain an unambiguous location estimate.

To speed up the convergence of the proposed iterative scheme, rather
than randomly choosing an initial beamforming vector x(¥[0] at the 4-th lo-
calization step, it may be more convenient to use the last available estimated

beamforming vector x~V[k] at the previous localization step (i.e., i — 1),
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thus assuming x[0] = x(~Y[k]. Since, according to this choice, the esti-
mated beamforming vectors are re-used and updated iteratively during the

movement of the node, such a strategy is defined as channel tracking.

Now it is defined, for further convenience, the SNR along the first direc-
tion at the startup for the i-th localization step; this is the key parameter
determining the convergence speed of the scheme. Specifically, it can be
defined startup SNR so that SNR) — SNR?[0] for the localization step

1. It can be assumed that at the localization step ¢ — 1 the convergence to

start

SNR; max Was achieved. Next, the last beamforming vector x*~V[K] of lo-
calization step i — 1 is used as first beamforming vector x¥[0] of localization
step 7. In such a case, the SNR along the first direction at the startup for the
localization step i, which determines the convergence speed, can be written
as

SNR”

— vSNR{" (4.95)

start 1 max

where 7 reflects the change in the SNR between the two positions when adopt-
ing the previous beamforming vector. In particular, it can be decomposed
~ as the product of two factors, i.e., v = £p; the coefficient p < 1 indicates
the correlation between the channels related to the localization steps i — 1
and i, while £ < 1 indicates the difference in terms of path loss. The term p
can be obtained as the cross-correlation coefficient between the beamforming
vectors corresponding to angles ¢! and @, that are, v(¢®~ 1) and v (™)
as

p=]<v(e®),v(E" V) >]. (4.96)

The term £ can be written as the ratio between the path loss at positions 1 —1
and i, thus it is & = £(d0Y )/E( ) according to (4.91) when considering
a free space scenario. If SNRY) /N » 1 it is obtained convergence at the

— ¢SNRU—

1,max

maximum SNR for the localization step i, which is SNRY

1,max 1 max

The choice of using the previous convergence beamforming vector is ben-
eficial only if the corresponding startup SNR is larger than that obtained
with the random guess x([0] at the i-th localization step. In fact, when
selecting randomly the first beamforming vector x[0], it is obtained the

value SNRgl;Loot SNR1 maX/N as the starting point of the iterative proce-




164 Communication and localization algorithms for SREs

dure. Formalizing, the choice is beneficial if

SNR!"
T Lmax (4.97)

NR'
> N

start gp SN Rllm?x > SN Rgz;)boot -

= ¢SNRY,). (i.e., the SNR obtained

1,max

However, since it holds that SNRf?max
when considering the optimum beamforming vector at each location) the

criterion (4.97) becomes

1
P> (4.98)
It is very important to underline that the convenience is experienced in the
number of iterations needed to reach convergence (i.e., convergence speed);
no differences are obtained in terms of probability of convergence to the

maximum SNR, since this is determined only by the bootstrap SNR value.

From (4.98), it could be inferred that a large number of antennas N at
the MIMO TRX is beneficial for ensuring faster convergence (i.e., that a
larger number of antennas can allow to tolerate highly decorrelated channels
between localization steps i — 1 and 7). However, it is important to note that
the correlation coefficient p itself strongly depends on the number of antennas
N. For instance, consider a scenario where there is a small movement of
the SCM orthogonal to the MIMO TRX’s array normal direction. In such
a case, the primary source of change in the SNR arises from the differing
optimal combinations of phase values at the two positions, leading to v ~ p.
Consider for simplicity ¢(i — 1) = 0 (i.e., SCM on the MIMO TRX’s normal
direction at localization step i —1), and the SCM moving with constant speed
v transversal to the MIMO TRX’s normal direction. When operating with
half-wavelength spaced ULAs, it is

Vgiq) _

[1,1,...1] eCN*! (4.99)

(4)

i (0) — 1) sin o(®
v’ = I:l’ejrrsmap ,...,GJW(N 1)sinp ] E(CNXl

2l-2-

thus it can be written

N (4)
~ sinc (%) . (4.100)

N—
Z — g sin ()

ZIH
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In order to obtain a simple condition for determining the advantage of
using the previous beamforming vector in the dynamic scenario, the sinc
function can be approximated using its Taylor expansion around the origin,

w222
3!

ie., sinc(x) ~ 1 — and consider sin o ~ tanp® = v7/d® obtaining

for (4.98)

miN%27? 1

l—— > —. 4.101

24 (d®)* = N (4-101)
Then, by inverting (4.101), it follows that the choice of using the previous
beamforming vector is beneficial with respect to a random guess to ensure
faster convergence only if

2d"4/6(N — 1)

< ) 4.102
! 7NN ( )

When such a condition is not met, the channel variations between localization

steps 7 — 1 and ¢ are too significant, and relying on the previous beamforming
vector proves ineffective. In such cases, a random guess can ensure faster
convergence.

According to (4.102), the larger the number of antennas N, the lower the
maximum tolerated speed. In fact, a large number of antennas causes the
channel to quickly decorrelate when moving from one position to another.
Interestingly, it is worth noting that the convergence speed is not affected
by M, i.e., the number of antennas at the SCM. Thus, this parameter can
be increased to improve the link budget without encountering convergence
constraints in dynamic scenarios.

In order to characterize the potential of tracking the channel by exploiting
the last available beamforming vector, it is considered a numerical example
considering a variable number N of antennas and 7 = 100ms. Fig. 4.32
shows the maximum speed for the SCM in order to benefit from using the
previous beamforming vector according to (4.102). It is possible to notice
that, as the number of antennas increases, the maximum speed decreases.
Moreover, if the SCM is close to the MIMO TRX the speed limit is lower
since the channel changes faster its angular correlation (larger variation in
angle ¢ for a given transversal movement). It is worth noticing that if the

speed is larger than that reported in Fig. 4.32, convergence is still guaranteed
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Figure 4.32: Maximum speed to make the channel tracking effective for improving
the convergence speed of the proposed scheme.

if the bootstrap SNR satisfies SNR” /N >» 1; however, using a random guess

start

would be more effective (higher startup SNR thus faster convergence).

Numerical Results

In this section, the performance of the proposed localization strategies for
both Architecture 1 and Architecture 2 are investigated. The simulation
parameters, detailed below, are identical in both cases. Simulations are per-
formed in the 2D scenario depicted in Fig. 4.33, where two UEs (Ul and
U2) move along the red trajectories in the zz - plane. Four anchors are also
positioned in this scenario. The SCMs, whether at the UE side or the anchor
side depending on the architecture being investigated, consist of square uni-
form planar arrays with 20 x 20 antenna elements arranged in the xy - plane.
MIMO TRXs consist also of uniform planar arrays featuring 10 x 10 antenna
elements, deployed in the zy - plane. According to the scheme outlined in
Algorithm 6, MIMO TRXs employ the signals backscattered by the SCMs
to estimate their AoAs. Notice that, despite localization being realized on
a plane, both fixed and mobile antennas (including SCMs) are assumed as
2D panels; this choice does not affect the angular resolution but improves
the link budget thanks to additional SNR gain. The parameters used in the
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Figure 4.33: Simulated scenario: two users (Ul and U2) moving along the red
trajectories, and four anchors. Black circles indicate the locations corresponding
to the localization steps given a certain localization update rate R.

Table 4.5: Parameters used in the simulations.

Parameter Symbol | Value

Carrier frequency fe 28GHz

Bandwidth w 10 MHz

Symbol time T 190 ns

TX power Pr 0dBm

Path loss exponent 15} 2

MIMO TRX antenna gain Ga 0dBi (isotropic)

SCM antenna gain Gscom 0dBi (isotropic)

SCM backscatter gain g 0dB or 10dB
SCM/MIMO TRX noise figure F 3dB

SCM antenna elements M 20 x 20 (10.7 x 10.7 cm?)
MIMO TRX antenna elements N 10 x 10 (5.36 x 5.36 cm?)
SNR detection threshold i 30dB

SNR convergence threshold 72 3dB

ID length K 40 symbols

Localization update time-step T 100 ms

Speed of UEs v 0.54m/s

UE’s trajectory length L 5.39m

simulations, unless otherwise specified, are reported in Tab. 4.5.
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Localization Error Analysis - Architecture 1
Depending on the channel condition and SNR, one or more anchors (i.e.,
MIMO TRXSs) in the scenario can detect the presence of the SCMs (i.e., UEs)
at each localization step and obtain the associated AoA estimates. Then, the
AoA estimates are fused using a least-square approach as described in [162],
yielding an estimate p = [Z, Z] of the position p = [z, z], in accordance with
the geometry depicted in Fig. 4.33.

As a preliminary assessment of the proposed system performance, Monte
Carlo simulations are conducted with a single UE (Ul in Fig. 4.33). The
results are reported in Fig. 4.34, which shows the ECDF of the absolute
localization error € = |p — p| under different conditions, obtained over 100
Monte Carlo iterations. Specifically, a user moving with a speed of v =
0.54]m/s along a straight trajectory of length L = 5.39]m, and a localization
update rate R = 10H z (i.e., 7 = 100ms), thus corresponding to 100 discrete
localization steps along the trajectory is considered. The results refer to

various operating conditions, including:

e Anideal LOS channel (free-space) and a realistic 3GPP CDL-E channel
[134];
e The exploitation of passive (¢ = 0dB) and active (g = 10dB) SCMs;

e The adoption of a random beamforming vector (b.v. in the plot leg-
ends) as initialization of the proposed scheme, or the last available
beamforming vector, according to the channel tracking strategy pre-
sented in Sec. 4.2.3.

When focusing on the impact of the channel, it is evident from Fig. 4.34
that the best performance is achieved with free-space LOS conditions (dashed
lines), owing to the absence of multipath propagation. In this case, deviations
in the AoA estimate from the true angle primarily result from measurement
noise. Performance deteriorates slightly when considering the 3GPP CDL-E
channel (continuous lines), due to multipath effects. Generally, the localiza-
tion error remains below 5cm and 10 cm in 90% of cases for the free-space
channel (dashed lines) and CDL-E channel (continuous line), respectively.

The same figure also illustrates the impact of path loss on performance. It is
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Figure 4.34: ECDF of the absolute localization error for Architecture 1.

Dashed lines (--) are for the free-space LOS channel; continuous lines ()
are for the 3GPP CDL-E channel.

evident that leveraging active SCMs (red/green lines) reduces the localiza-
tion error, primarily due to increased received power and consequently more
robust AoA estimation.

When considering the channel tracking mechanism proposed in Sec. 4.2.3,
no differences in performance are observed for the free-space LOS channel.
This is expected, as channel tracking primarily facilitates faster convergence
compared to randomly generating the initial beamforming vector. However,
this aspect is not captured by the results shown in Fig. 4.34, which concern
positioning errors. Contrarily, when a realistic multipath channel is consid-
ered, leveraging the previous beamforming vector (i.e., utilizing the channel
tracking mechanism) results in a reduction in localization error. In fact,
when the beamforming vector is randomly generated at each localization
step, there is a chance that the AoA estimator locks onto a multipath com-
ponent, potentially leading to more significant errors compared to starting
the iterative algorithm from the previous, possibly correct, AoA estimate.

The impact of the array size on the AoA estimation and, consequently, on
localization accuracy is shown in Fig. 4.35, which depicts the ECDF of the
absolute localization error as the number of SCM elements varies. The sim-

ulations are carried out for both users moving along the trajectories shown
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Figure 4.35: ECDF of the absolute localization error for Ul (continuous lines) and
U2 (dashed lines) in Architecture 1, varying the size M x M of the SCM.

in Fig. 4.33. Performance improves with an increasing number of antenna
elements, due to the dual benefits of higher SNR (larger number of observa-
tions with additional antenna elements) and a larger aperture, which results

in enhanced angular resolution.

Localization Error Analysis - Architecture 2
When considering Architecture 2, it is the UE that transmits the interroga-
tion signal, which is then backscattered by SCM-equipped anchors. There-
fore, it is the UE that estimates the AoA of the received signals relative to its
own reference system. In this section, the focus is on Architecture 2 and on
the investigation of the performance of localization strategy in the scenario

depicted in Fig. 4.33, concentrating on Ul.

In Fig. 4.36, the ECDF of the absolute angle estimation error relative to
each of the 4 anchors is shown. This figure was obtained with 100 Monte
Carlo cycles along the trajectory, varying the gain of the backscattered signal
g, with a LOS channel, and without utilizing the beamforming vector from
the previous step. Fig. 4.36 shows that the accuracy of angular estimation is
generally below one degree with the proposed setup. The highest accuracy
is achieved by anchors 1 and 4, which are closest to Ul. As for Architecture

1, increasing the gain g of the SCMs significantly reduces the error.
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Figure 4.36: ECDF of the angle estimation error in Architecture 2 for Ul.

Regarding the estimation of the UE’s position in Architecture 2 according
to a global reference system, it is already pointed out that this is possible
only if the UE knows the coordinates of the anchors and its own orientation.
Fig. 4.37 shows the ECDF of the absolute localization error when assuming
that the UE experiences a residual random error on its own orientation,
obtained from external sensors. Specifically, this error is modeled as Gaussian
with zero mean and variance 0. As it can be noticed, increasing the UE
orientation error deteriorates the performance due to the mismatch between
the local and global reference systems. While higher SCM gain g can be
adopted in general to ameliorate the performance in the absence of residual
orientation error (62 = 0°), the presence of an orientation error outweighs the
benefits of the SCM gain (the corresponding curves are overlapped for o2 > 0°

in Fig. 4.37). The blue curves also demonstrate that the two architectures

exhibit a comparable performance.
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Figure 4.37: ECDF of the absolute localization in Architecture 2, considering a
residual random error with variance o on the UE orientation. Continuous lines
() are for g = 0dB; dashed lines (--) are for g = 10dB.

Convergence Analysis
The impact of the channel tracking mechanism, introduced in Sec. 4.2.3, is
further investigated in Fig. 4.38, which refers to Architecture 1. This figure
presents the ECDF of the number of iterations required for UEs’ detection
relative to Anchor 4 (located at the bottom-left in Fig. 4.33). The LOS
free-space channel is here considered (similar outcomes are achieved with the
3GPP channel model).

A noticeable difference in the number of iterations required for conver-
gence is observed between using a random beamforming vector (blue/red
lines) and the last available beamforming vector (yellow/green lines) as ini-
tialization of the proposed estimation scheme. The results demonstrate that
utilizing the previous beamforming vector yields consistent improvement in
terms of the number of iterations needed for convergence. This improve-
ment is particularly significant for U2, which is the farthest from Anchor 4,
thus experiencing highly correlated channels from one localization step to the
other (as discussed in Sec. 4.2.3). Remarkably, when exploiting the previous
beamforming vector, the convergence time is halved for g = 0dB.

These results also offer insights into the localization update rate R. While

being set R = 10H z in the simulations, much higher values could have been




4.2 SCMs for communication, media access control and

localization purposes 173
1 = — A
/ ]
* o
I 4
0.8 T d
1
7‘ ’
i *
E 0.6 i -
0 | s
M o4t ' b
1 1
—s-Random b.v., g =0
021 —+—Random b.v., g = 10|/
Previous b.v., g =0
—e—Previous b.v., g = 10
0 £ 7
0 10 15 20

iterations for convergence

Figure 4.38: Number of iterations required for detection relative to anchor 4, by
varying the SCM gain and the use of the previous/random beamforming vector.
Dashed lines (--) are for U2; continuous lines (—) are Ul.

chosen, as the lower limit on this parameter is determined by the packet size
K. In fact, the time elapsed between consecutive localization steps must be
greater than KT (see Fig. 4.29), which corresponds to the duration of the
ID transmission. Depending on the number of SCMs in the environment,
to ensure the discrimination of each ID a certain number of different PN
sequences must be available. By assuming, as an example, the adoption of
maximum length sequences, a packet length of K = 1023 symbols allows
discriminating 60 different SCMs, while a packet length of K = 8191 sym-
bols allows discriminating 630 different SCMs [152]. These values lead to a
maximum localization update rate R of roughly 10kH z and 1]kH z, respec-
tively, which is larger than today’s real time locating systems (RTLSs), that
usually provide tens of update per second. In fact, in this case, scalability
is much simpler than in time-based RTLSs, where multiple users are usually
interrogated sequentially. Since convergence is realized in a few iterations
(e.g., 10 is a typical value according to Fig. 4.38) the detection/estimation
time results are generally negligible with respect to the ID duration.

In addition to offering a very high localization update rate, the proposed
solution offers several advantages over currently available solutions, such as

UWB-based RTLSs; in fact, it can work with narrowband transmissions, no
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synchronization is required as for time-difference-of-arrival based systems,
and no clock drift is experienced. Consequently, UWB-based RTLSs results
in a more complex anchor localization calibration process compared to our
scheme [29]. Moreover, being the SCMs backscattering devices, energy har-

vesting techniques can be included to make them energy autonomous.
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4.3 Radio-Simultaneous Localization and Map-

ping at THz

In this section, the proposed R-SLAM approach tailored to a mobile device
offering THz-based radar functionalities is introduced. First, the formaliza-
tion of the problem statement and then the description of the processing
chain that, starting with raw radar measurements, leads to the estimation
of the user’s trajectory and the automatic mapping of the environment are
reported. The procedure, algorithms, and results presented in this section

refer to the measurements described in Sec. 3.2.

A 2D scenario is considered in which the state of a mobile user at the

(discrete) time instant k, with time step T, is denoted by

X = [Tk, Yks Tk Urs Os On] T (4.103)

which accounts for the user’s position coordinates (zy, yx), orientation ) and
their variation speeds (2, ;) and ék, respectively. Moreover, the absolute

pose of the user is denoted by
Pr = [Tk, Yr Ok (4.104)

The objective is to devise a processing chain that, starting from raw
measurements provided by the THz radar, is capable of estimating in real-
time the trajectory of the mobile user up to time k, i.e., the sequence of states
X[1:k) (and therefore of poses pyi.4), as well as the map of the surrounding

environment.

Classical solutions to the joint localization and mapping problem are typ-
ically found in the realm of SLAM algorithms, which have been extensively
explored in the literature in the context of laser-based measurement sources.
In this case, however, the final objective must be achieved starting from radio
measurements, which requires ad hoc strategies that fall within the far less
investigated R-SLAM field. Radio signals backscattered by the environment
have to be properly processed in order to infer the map of the scenario and,

simultaneously, track the position of the user. In the following, each step of
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Figure 4.39: R-SLAM: Proposed processing chain. ¥ denotes the operations of
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pose pi. Possible implementations of the “Pose Estimation” block are depicted in
Figs. 4.41-4.42.

the processing chain is discussed, which is depicted in Fig. 4.39. In order to
keep the discussion general, I will not focus on a particular radar technol-
ogy, but rather it can be supposed that the radar equipment provides the
sampled CIRs of the two-way channel for a set {¢1, ¢, ..., dn} of N angular
directions. These can be obtained, for example, using a MIMO radar where
the signal emitted by the transmitting antennas and backscattered by the
environment is collected by an array of receiving antennas [163]. Such out-
comes are then processed as described below. How the sampled CIRs were
obtained through measurements made in a real environment in the 300 GHz
band will be explained in Sec. 3.2.

The radar sounder outputs are assumed of M samples, with sampling
time Ty (time resolution), of the backscatter CIR for N different angles of
view ¢, uniformly distributed in the range [—90°, 90°]. The magnitudes of

these samples are gathered into the Angle-Delay matrix
H={lhyml}, n=12,...,N, m=12,.... M (4.105)

so that the n-th row of H contains the magnitudes of M (noisy) samples of the
CIR in the angular direction ¢,. In particular, for a given angular direction
Ony |Pnm| refers to the time instant t,,, = Typin + (m —1)Ts, m = 1,2,..., M,
with T, denoting the minimum two-way propagation delay which is consid-
ered to remove the contribution of the direct coupling between the transmit-

ting and receiving antennas of the radar. Clearly, by converting propagation
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delays into distances between the radar and the reflecting objects, the generic
element |h,,,| corresponds to a range d, = dumin + (m — 1)d in the angu-
lar direction ¢,,, where dyin = ¢Tin/2 is the minimum detection distance,
d = c¢T,/2, and c is the speed of light. Ideally, an antenna oriented in a
given direction should only receive signals coming from the same direction,
i.e., reflected from objects intercepted by the antenna axis. This property
is a peculiar feature of laser-based radars (Lidars) because of the extremely
narrow laser beam. Unfortunately, even though very narrow beams can be
realized at THz frequencies, unwanted sidelobes of the antenna’s radiation
pattern might catch also echoes coming from other directions, then making
R-SLAM much more challenging than classical Lidar-based SLAM. In fact,
the radar might erroneously infer the presence of an object in the direction
where the main beam of the antenna is oriented due to echoes coming from
other directions, thus showing ghost artifacts [164]. As shown in Fig. 4.39,
to mitigate this phenomenon a ghost-effect mitigation (GEM) procedure is
performed, which operates on each column h,, of H, with m =1,2,..., M.

In particular, for each column vector
hy, = (Al hamls -« s ol - hvml]" (4.106)

of H (that is, for each distance from the radar), the maximum value is

determined as

~

hm = max(h,,) (4.107)

where Ay, corresponds to the strongest echo detected at the considered dis-
tance. Then, a threshold is defined as

ECEM = nop, - By, 0 < er, < 1 (4.108)

m

such that, for each column vector h,,, it has been operate as follows

[ i || = EFW

‘hn,m’ =
0 i |Bp| < €W

(4.109)
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(a) H matrix before the GEM procedure.  (b) H matrix after the GEM procedure.
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Figure 4.40: Impact of the GEM procedure. Single obstacle located at three meters
in front of the radar working at 77 GHz with ncr, = 0.4.

In other words, by properly defining the parameter ncy,, which depends on
the sidelobes level, and hence, on the antenna radiation pattern, it is pos-
sible to mitigate the presence of artifacts. The rationale behind the GEM
method proposed is that it is unlikely that multiple obstacles are present
exactly at the same distance from the radar, whereas echoes captured by
sidelobes appear exactly at the same distance. Fig. 4.40 shows an exam-
ple of the beneficial impact of the GEM algorithm on a matrix H obtained
from measurements taken in the 77 GHz band. Although in this work the
measurements are taken in the [235 — 320] GHz band, it has been purposely
switched to the 77 GHz band for the purpose of generating Fig. 4.40 to better
highlight the ghost artifact phenomenon, which is visually more evident in

the millimeter-wave band because of the lower resolution of the radar.

Another important impairment affecting the accuracy of measurements
is the background noise, either received by the antenna or generated by the
radar circuitry itself. Radars usually mitigate its impact by running a NM
algorithm that eliminates all the signal components that fall below a certain
masking threshold. In our case, the NM algorithm operates as follows. First,
it detects the peak of the matrix H, that is,

hmax = max(H) . (4.110)
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Then, similarly to the GEM algorithm, it requires to define the threshold
EM = nop - Aax, 0 < 1op < 1 (4.111)

where ncp is a properly chosen parameter that depends on the background
noise and it can be based, for instance, on the constant false alarm rate
(CFAR) strategy [163]. Given this threshold, the matrix H is cleaned of the

unwanted noise contribution as follows

|| if [ m| = €N

|| = . NM
0 i [y | < ENM)

(4.112)

As shown in Fig. 4.39, after undergoing the GEM and NM processings,
the response to matrix H is denoted as F} and is referred to as frame. The
subscript k£ has been introduced to emphasize that a new frame is generated
each time the radar performs a complete scan of the environment, which oc-
curs at time instants kTy. As evident in Fig. 4.39, as soon as a new frame
F) is generated, it is passed to the subsequent stage, which is in charge of
updating the estimates of the mobile user’s trajectory and of the environ-
ment map. As shown in Fig. 4.39, the estimation of the user’s trajectory is
performed by means of a Kalman filter on the basis of the pose estimates pg
obtained by comparing the current frame F; with that of the previous time
instant, F;_;. In this regard, it is worth emphasizing that F; and F;_, are
two-dimensional representations of the scanned area (in polar coordinates),
hence they can be meant as “radar images” of the sensed environment in
successive instants. This suggested to derive the pose estimates by means of

algorithms that were initially conceived for image processing.

The specific pose estimation algorithms considered in this manuscript,
which represent one of the major contributions of this work, deserve detailed
descriptions. In any case, whatever pose estimation algorithm is adopted, py

is derived starting from the estimated relative pose vector
7, = [dz, dy, d9]" (4.113)

whose elements are the estimated horizontal shift, vertical shift, and rotation
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of the current pose with respect to the previous one, all referenced to the
radar-based coordinate system, as well as a quality indicator ¢ € [0, 1] of
the estimates. It should be emphasized that z; refers to the local coordinate
system of the mobile user, i.e., the radar point of view, therefore it has to
be transformed into the absolute coordinate system by considering the latest

available estimate of the mobile user’s rotation ék_l, that is,

2, = U(0p_1) 2 (4.114)
where
cosf sinf 0
U@)=| —sinf cosf 0 (4.115)
0 0 1

denotes the rotation matrix of angle . Given z;, and the previous abso-
lute pose estimate, denoted by pxp_1 = [@k_l,gjk_l,ék_l]T, the current raw

absolute pose estimate is
Pk = Pk—1 + Zk - (4.116)

The processing steps outlined in (4.114), (4.115), and (4.116) are represented
in Fig. 4.39 by the block labelled W, which receiving as input z, generates
as output pg. The latter is then passed to the Kalman filter, which is in
charge of the trajectory estimation accounting for the user’s mobility model
and the quality of the relative pose estimates. In this regard, when it comes
to tracking algorithms, it is customary to consider a Markovian state-space
model to describe the evolution of the state, which is based on the following

second-order kinematic linear model [165, 166]

Xpe1 = A X, + Wy, (4.117)
where
I, Ty, 0Oy
0, 0, A

is the transition matrix and wy ~ N(0;146; Q) is the process noise whose
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covariance matrix Q is [160]

Wo T?g I, wo Té I, 0,
Q=| w £l wyTrly 0, (4.119)
0, 02 Q

with Iy and Oy being respectively N x N identity and zero matrices, wq

being the power spectral density of the linear acceleration noise, and with
T3 T2
< 1 1 ~ Wp—= We—
A:[O 1F , Q:[ 3 92] (4.120)

we—5 welp
where wy is the power spectral density of the angular acceleration noise (pro-

cess noise), which depends on the expected mobility of the user [166]. The
evolution of the absolute state x; can be tracked by means of a Kalman filter,
fed step-by-step with the current raw absolute pose estimate, py, using the
following observation model

IA)k = BXk + vy (4121)
where
100 0 00
B=|1010000 (4.122)
00 0O0T1T@P0

and v, ~ N (03;R) is the estimation noise modeled as Gaussian random

vector with covariance matrix [160]

R = diag (02/¢%, 0}/4%, 05/¢°) (4.123)

that accounts for the reliability ¢ of the current relative pose estimate, being

2 _ 2
O, =0y,

tive pose estimator. At each time instant k, the Kalman filter provides an

and o7 the estimation noise power expected by the specific rela-

estimate X; of the state x; as well as its covariance matrix. Concerning
the mapping task, in this work an occupancy grid approach to represent the

indoor environment [167] is employed. This approach involves dividing the
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scenario into a fine grid of cells and solving the problem of determining the
occupancy probability of each cell by utilizing measurements and estimated
trajectories. In particular, for each cell, the likelihood of its occupancy must
be calculated on the basis of the collected observations.

According to [24], the actual map at time instant k can be represented

as a vector of cells as'?
A T Nce
my = [Mag, oo Mgy ooy MN k] € BN (4.124)

where m; , € B represents the true occupancy of the i-th cell (m; , = 0 denotes
an empty cell, whereas m;;, = 1 denotes an occupied cell), B is the Boolean
domain, and N is the total number of considered cells. In the sequel, it is
considered a stationary map, that is m; = m, Vk.

The goal of the mapping algorithm is to infer (4.124) by computing the
maximum of the a-posteriori probability mass function (belief) given the
history of frame observations and the estimated trajectories (see Fig. 4.39).
Denoting with by (m;) the belief of occupancy of the i-th cell at time instant

k, the following steps are performed:

o Initialization: If no prior map information is available, a possible ini-
tialization is bg(m;) = 0.5, corresponding to a complete uncertainty,
Vi=1,2,..., Ne.

e Scan vector generation: The cleaned Angle-Range matrix Fy, which
is obtained as the output of the GEM and NM processing at the
time instant k, is passed to the mapping algorithm (the Mapping
block in Fig. 4.39), whose first task is to generate a 1-by-N vector
of ranges vj similar to the one provided by a Lidar scan. Specifi-
cally, v, contains only one range value of the current frame F for
each considered steering angle, i.e., vy = [v%k), vék), e ,v](\’;)} with v
being the range of the object (if any) seen at the angle ¢, by the
radar. This result is achieved by comparing each row of the current
frame, i.e., £, = [|hnal, |Pn2l, - |hna|] of Fi, with a suitable thresh-
old 0 < ngy < 1. The distance corresponding to the first element which

12The map might be time-varying due to moving obstacles, such humans or mobile
furniture (e.g., chairs).
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exceeds Mgy - fmax, With frax being the maximum value in f,, is saved

in vg.

Similarly, the angles ¢,, are collected into the angle vector ¢ = [¢1, @2, . . .

The final scan vector at time instant & is given by s, = [v{, ¢T].

e Log-Odd Update: Starting from sg, the beliefs are updated following a
classic occupancy grid algorithm [167]. To avoid numerical instability
during calculations, a practical solution is to map the belief into the
log-odd quantity

bk(mz) .
14 i) =1 —— | .Vi=1,2,..., N 4.125
k(M) Og(l—bk(mi)) i I ( )
Since the belief can be expressed as in [166, Eq. 12], and by embedding

all the prior information into the term ¢_; (m;), (4.125) becomes:

U (m;) =log <%> + L—1 (my)

Vi=1,..., Ne (4.126)

where p (si|/m; = 1) (p (sk|m; = 0)) is the likelihood function consider-
ing the current scan s, given the presence of an occupied (empty) cell
in m;. In our case, p (sg|m; = 1) can take two values, that is 0.9 when
the polar coordinates of the #th cell are present inside the scan vector
Sk, and 0.1 otherwise. Finally, the likelihood of having an empty cell is
simply given by

p(sglm; =0)=1—p(sglm;=1) . (4.127)

In (4.126) it has been assumed that each cell is independent of all the
others (including adjacent cells) as for laser observations. Nevertheless, inter-
cell correlations can be considered in the observation model to further refine
the mapping process [168].

As a concluding statement regarding the above-described algorithm, it

can be underlined that the resulting map is obtained by considering the

7¢N]-
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complete history of measurements collected from distinct radar positions.
By capitalizing on the spatial diversity inherent in measurements obtained
from various locations, this approach effectively mitigates potential issues
stemming from signal blockage, suboptimal antenna radiation patterns, and
low reflective characteristics of objects.

In the following, the details of the algorithms considered for estimating
the relative pose are presented, specifically referring to the Pose Estimation
block in Fig. 4.39. Firstly, the Laser Scan Matching algorithm [169] is intro-
duced, commonly adopted in Lidar-based systems, which is considered here
as a benchmark. Then, inspired by the possibility of employing algorithms
typically used for image processing, a modified version of the Fourier-Mellin
algorithm is proposed, specifically adapted to operate with signals provided
by a THz radar. Finally, a simplified version of the Fourier-Mellin-based
algorithm that, having lower computational complexity, is better suited for

use in portable devices implementing R-SLAM is reported.

Laser Scan Matching Algorithm This methodology was conceived for
Lidar-based systems and it is here considered as a benchmark [169]. When
fed with laser scans, it has been proved to achieve real-time loop closure and
5 cm resolution [169].

According to this algorithm, the user’s relative pose in the current instant
k, given by (4.113), is derived starting from the current and the previous
scan vectors s and s;_1, which are compared to estimate the corresponding
translation increments (dz, dy) and rotation increment df using a grid-based
search.!® Specifically, the Laser Scan Matching algorithm converts vy, vi_;
and ¢ into probabilistic grids and finds the pose between the two scans by
correlating their grids [169]. The interested reader is referred to [170] for
additional details on the strategy adopted by the algorithm to speed up the

computation.

Fourier-Mellin-based Algorithm With the goal of achieving improved

performance compared to the Laser Scan Matching algorithm, in this work

13The scan vectors s, and s,_1 on which the Laser Scan Matching algorithm operates
are derived.
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Figure 4.41: Relative pose estimation implemented using the Fourier-Mellin-based
algorithm. The output is the relative pose z; = [dz,dy,df]”. The details of the
“Rotation Angle Estimator” are depicted in Fig. 4.42.

is proposed to estimate the relative pose between two consecutive frames
F; and F;_; by means of the Fourier-Mellin algorithm [171, 172], which is
an FFT-based method used to register'® two different images searching for
the optimal match in the frequency domain. In particular, the objective of
the algorithm is to decouple the translation and rotation effects in order to
facilitate their estimation.

This algorithm, which was designed to operate on Cartesian images, is
here applied to consecutive frames in polar coordinates, which in fact can be
interpreted as “radio images” of the environment. For the sake of clarity, in
the following, it will be highlighted the dependence of the elements of Fj on
the distance p and the angle # by treating the frame as a two-dimensional
function F(0,p). It is worth pointing out, in this regard, that p and 6
are here meant as continuous variables, in contrast with the corresponding
discrete variables d,, and ¢, introduced before. This choice is aimed at
simplifying the notation in the following analysis, the discrete version of
which was implemented in the test bed.

The algorithm proposed consists of the main steps shown in Figs. 4.41-
4.42, which are described hereafter.

e Step 1. The current and previous frames Fy(0, p) and F_1(6, p), which

4Tmage registration is an image processing technique used to align multiple scenes into
a single integrated image, compensating rotations, translations and different scaling.
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clearly refer to a polar coordinate system, are converted into the cor-

responding images Cy(z,y) and Cy_1(z,y) in Cartesian coordinates.

o Step 2. Given Cg(z,y) and Ci_;(x,y), the corresponding 2D Fourier
transforms F (€, n) and Fj_1 (&, n) are computed. Assuming that Cy(z, y)
is a perfectly (i.e., not affected by noise and artifacts) rotated and trans-

lated replica of Cy_1(x,y), that is

Cr(x,y) = Cr_1(x cos(df) + ysin(df) — dx, —x sin(dh)
+ y cos(df) — dy) (4.128)

where (dx,dy) are the translational offsets and df is the rotation angle
from instant k — 1 to instant k, the relation between the corresponding

2D Fourier transforms is:

Fi(&,n) = e_j%(gd”"dy)]:k_l(f cos(df) + nsin(dh),
— Esin(db) + ncos(dh)). (4.129)

e Step 3. Given (4.129), the relation between the magnitudes of F (&, n)
and Fi_1(£,n) is

M,.(&,m) = My_1(€ cos(df) + nsin(db),
— &sin(df) + ncos(dh)). (4.130)

From (4.130) one can argue that the magnitude is translation invariant,
as it does not depend on (dz, dy). It turns out, therefore, that possible
differences between My (&,n) and My_1(£,n) are found to be solely
dependent on the rotation df.

e Step 4. By expressing (4.130) in polar coordinates, it immediately
results
M (0, p) = My_1(60 — db, p) (4.131)

that represents a convenient formulation for the derivation of the ro-

tation angle df. Actually, converting the magnitudes from Cartesian
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to polar coordinates makes it possible to represent rotations as trans-
lations in the angular domain, as evident in (4.131), thus allowing to
exploit the translation property of the Fourier transform, as explained

in Step 5.

e Step 5. By denoting My (p, v) and My_;(pu, v) the 2D Fourier trans-
forms of My(6, p) and My_1(0, p), respectively, it results

M (1, v) = My (p,v) e 2™ (4.132)

that features the nice property of having the rotation angle df included
only in the exponential function, which can be easily isolated, as shown

in Step 6.

e Step 6. By defining the cross-power spectrum CPS(u,v) of My(6, p)
and My_1(0, p) as

M (g, v) M (1, V)

P =
CPSk(p,v) | M (e, v) M (i, V)|

(4.133)

it immediately follows

CPSy.(u, v) = e 2™, (4.134)

e Step 7. Taking the inverse Fourier transform of (4.134) yields a Dirac

o-function centered at df.

e Step 8. Finding the location where the maximum of the inverse Fourier
transform occurs, allows to derive an estimation df of the rotation angle
df. When dealing with less-than-perfect images, the peak amplitude
can serve as a quality indicator ¢ for assessing the accuracy of the

relative pose estimation to be used in (4.123).

e Step 9. Given df, it is now possible to apply such rotation to Fy_1(6, p),

thus obtaining Fy_1(0, p), which (ideally) is aligned in the angle domain
with Fy(6, p).
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Figure 4.42: Relative pose estimation implemented using the simplified Fourier-
Mellin algorithm. The output is the relative pose zx = [dz, dy, df]”.

e Step 10. The angle-compensated Fy_1(6, p) is then converted from po-
lar to Cartesian coordinates, thus becoming Fy_(x,y), in preparation

for the comparison with Fy(zx,y).

e Step 11. After Steps 9 and 10, Fy(x,y) is (ideally) a translated replica
of Ek_l(x, y). The estimation (dz, dy) of the translation offset (dx, dy)
can now be derived following the same procedure adopted to estimate
the rotation angle df, starting from Step 5 to Step 8. To avoid confusing
the reader with an overly complicated diagram, these steps have been
incorporated into the Translational OﬁseLEstimator block of Fig. 4.41,

whose inputs, however, are Fi(z,y) and Fi_(x,y).

Simplified Fourier-Mellin Algorithm Considering that THz R-SLAM
is intended as an additional feature for future portable devices, the objective
of minimizing computational effort and, subsequently, energy consumption
led us to develop a simpler, in principle less accurate, version of the above
described Fourier-Mellin-based algorithm. The basic idea of this new version
is to make the rotation-angle estimator (see the dashed red box in Fig. 4.41)
work directly on Fy(0, p) and Fj_1(6, p), rather than on the magnitude of
their Fourier transforms. This means that the steps from 1 to 4 of the
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original algorithm are skipped, thus leading to the much simpler block scheme
shown in Fig. 4.42. The assumption that makes the simplified algorithm
sufficiently accurate is that, passing from Fy_1(0, p) to Fr(0, p), the impact
of translations is much lower than the impact of rotations so that the Rotation
Angle Estimator is not significantly affected by translations. This requires

that a sufficiently small sampling time 7j is chosen.

Regarding the complexity of the Fourier-Mellin and simplified Fourier-
Mellin algorithms, it mainly depends on the number of FFTs involved. Given
that the complexity of each FFT is O(N log V), where N represents the data
size, the Fourier-Mellin algorithm requires 5 FFT computations for each pose
estimation, while the simplified Fourier-Mellin algorithm requires only 3 FF'T

computations, resulting in a lower overall complexity for the latter.

Despite its simplicity, the numerical results section 4.3.1 demonstrates
that the simplified algorithm exhibits similar, and in some cases better, per-

formance compared to the Fourier-Mellin-based algorithm.

Remark 1: The block diagram shown in Fig. 4.39 includes blocks that
are specific to the THz band, as well as others that can also be used in
the mmWave range. In particular, the macro-block denoted as Trajectory
and Map Estimation, which incorporates the Fourier-Mellin algorithm, is
specifically designed to leverage the ranging and angular accuracy of THz
radars. This is because the Fourier-Mellin algorithm requires a fairly accurate
radar image of the environment, which is difficult to obtain with mmWave
radars. Contrarily, the blocks labeled as Ghost Effect Mitigation and Noise
Masking could also be used to implement mmWave R-SLAM, provided that

their parameters are appropriately adjusted.

Remark 2: It is important to highlight that the entire procedure described
above relies on the estimation of the impulse response of the backscatter chan-
nel, which ultimately consists of the CSI. As a result, this approach remains
applicable regardless of the waveform utilized or the specific methodology
employed to derive the CSI estimate. Indeed, the derivation of the CSI is
the basis for most of the (de)modulation schemes proposed for ISAC (e.g.,
for OFDM).
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Table 4.6: Trajectory estimation RMSE for different approaches and scenarios.

Scenario A | Scenario B | Scenario C
FM 5.7 mm 15cm 24 cm
SFM 5mm 15cm 12 cm
LSM 6.5 cm 3.3cm 74 cm

4.3.1 R-SLAM Experimental Performance

In this section, the performance of the R-SLAM algorithms using the radar
measurements described in Sec. 3.2 as input are investigated. Since the state
Xy of the radar at instant k is estimated starting from relative pose estima-
tions, the final estimated trajectory and map will be relative to its initial
position. The lower sections of Figs. 4.43, 4.44, and 4.45 show the estimated
trajectories derived from measurements taken in the corresponding scenarios
depicted in the upper sections of the same figures. These estimated trajec-
tories are then compared to the ground-truth trajectory, represented by the
cyan curve. To define the ground-truth trajectory, a reference system was
established within the area, with its origin pg = (x = 0,y = 0) aligned with
position #1. The actual coordinates of the radar’s placement were deter-
mined thanks to the positioner and a laser meter, ensuring an accuracy of 1
mm. To aid the reader’s comprehension of the measurement environment,
let us clarify that the wall with the open door in Fig. 3.27(a) corresponds
to the rightmost vertical wall in Figs. 4.43 (top), 4.44 (top) and 4.45 (top),
whereas the wall behind the wide desk in Fig. 3.27(b) corresponds to the
upper horizontal wall in Figs. 4.43 (top), 4.44 (top) and 4.45 (top).

The radar trajectories have been estimated using the Fourier-Mellin-based
(FM), Simplified Fourier-Mellin (SFM), and the Laser Scan Matching (LSM)
algorithms for the relative pose estimation. A summary of the trajectory
estimation RMSE for different approaches and scenarios are reported in Ta-
ble 4.6. The RMSE was calculated using the measured coordinates and those
estimated by the algorithm as

1 N
RMSE = , | — C—Pyll2 4.1
S N ;_al il (4.135)
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Figure 4.43:

Measurement Scenario A (top); Estimated trajectories and map (bot-
tom).
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with N being the number of positions considered in each measurement cam-
paign, p; and p; the ith true and estimated positions of the radar, respec-
tively.

All algorithms provide the best trajectory estimation performance in Sce-
nario A depicted in Fig. 4.43 (the three estimated trajectories appear overlaid
with the true trajectory), with a RMSE of 5.7mm (FM), 5mm (SFM), and
6.5 cm (LSM). According to the achieved results, the millimeter-level accu-
racy achieved with FM and SFM is of great interest.

Somewhat more challenging is Scenario B in Fig. 4.44, where the same
trajectory is followed while keeping the radar pointed perpendicular to the
direction of movement. In this case, the relative pose relies mainly on CIR
variations in the angular domain that might be difficult to recognize be-
cause variations in the incident angle of the electromagnetic waves on walls
typically correspond to significant backscatter intensity fluctuations. As a
consequence, the RMSEs are higher than those obtained in Scenario A, that
is 15cm (FM), 15 cm (SFM), and 3.3 cm (LSM), denoting a higher sensitivity
of FM and SFM algorithms to this effect.

Finally, a more elaborated trajectory following an oval path is considered
in Scenario C (Fig. 4.45), where simultaneous translations and rotations are
present. The RMSEs of the trajectory estimation for the three algorithms
are 24cm (FM), 12cm (SFM), and 74cm (LSM). Surprisingly, the SFM
algorithm outperforms the others, while the LSM algorithm exhibits a rela-
tively high estimation error. This result can be attributed to the fact that,
although FM should theoretically provide the best estimate of the relative
pose, this holds true only in the case of perfect images, that is, those that
precisely correspond to rotated and translated versions of each other. Unfor-
tunately, radar images are far to be perfect because of multipath, noise, and
the above-mentioned backscatter intensity fluctuations that create several
artifacts. Since FM and the LSM algorithms involve many more processing
steps than SEM, the latter proves to be more robust to artifacts.

As far as the mapping is regarded, the color of the estimated map in
Figs. 4.43 (bottom), 4.44 (bottom) and 4.45 (bottom) represents the occu-
pancy status: black, grey, and white cells indicate the value of the belief at

the end of the mapping process, being equal to 1 (occupied), 0.5 (complete
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uncertainty), or 0 (empty), respectively. Mapping has been obtained starting
from the FM trajectory estimate. In fact, since all algorithms achieved cm-
level accuracies, the maps obtained with SFM and LSM show no significant
differences visually. As evident, the estimated maps are consistent with the
actual shape of the considered scenario.
In conclusion, these experimental results validate the feasibility of R-SLAM

using backscattered signals in the THz band collected by a mobile radar.
Furthermore, they demonstrate the potential to achieve cm-level localization

accuracy without the need for any dedicated infrastructure.







Conclusion

This doctoral thesis is set in a futuristic context where the signal propaga-
tion environment is no longer passive and uncontrollable but aims to become
a smart, programmable, and active entity. To achieve this Smart Radio
Environment (SRE), certain enabling technologies, such as Reconfigurable
Intelligent Surface (RIS), are used. RISs are capable of re-radiating the inci-
dent signal at an angle different from that predicted by Snell’s law, following
a generalized form of the reflection angle. This is made possible through
the careful design of the intelligent surface, which is discussed in detail in
Chapter 2.1 of this thesis.

When the surface is no longer reconfigurable, and thus does not require
active components in its design, yet still manages to achieve a reflection
angle different from Snell’s law, it is referred to as a metasurface. This
thesis investigates frequency-selective metasurfaces in Chapter 2.2, where
the metasurface responds with a distinct reflection angle depending on the
frequency of the incident signal. Furthermore, metasurfaces that exploit the
property of retroreflectivity are examined in Chapter 2.3. These surfaces are
capable of reflecting the signal back in the same direction as the incident one,
without the need for specific active components.

In Chapter 3, the study focuses on how SRE applications can move be-
yond theoretical and simulation-based approaches to achieve practical, real-
world implementation. Specifically, Chapter 3.1 addresses the validation of
two RISs from the company NEC, one operating at 5.3 GHz and the other
at 3.47 GHz. The measurement campaigns aimed to identify malfunctions in
both boards. For the first RIS, variations in the phase profile - also known
as the codebook in technical terms - produced changes, though not the ex-

pected ones. For the second RIS, however, it appeared to not respond at all
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to changes in the phase profile.

For the 5.3 GHz RIS, additional measurements were conducted at the
antenna laboratory in Aalborg, one of the most advanced facilities in the
world, equipped with some of the largest anechoic chambers. Their daily
work involves measuring 3D radiation patterns of RISs. They also confirmed
that the RIS did not behave as expected, likely due to structural scattering
from the ground plane being overlooked during the design phase, in addition
to phase shifters not providing the anticipated angular shift.

Regarding the second RIS at 3.47 GHz, there were communication issues
with the company from the start. They were unable to explain why the unit
cells were spaced at a distance different from /2, despite their documentation
specifying such spacing, or why the cells had a preferred polarization and were
not square, unlike the other RIS. The company informed us that they were
not directly involved in the antenna design, making technical communication
and support difficult from the outset.

Chapter 3.2 then continues with the description of the measurement cam-
paign that provided the first proof-of-concept for the personal radar concept,
a milestone technology for indoor radio imaging and infrastructure-less sys-
tems at THz frequencies, specifically at 300 GHz. A quasi-monostatic radar
setup was used, which collected and measured the channel frequency re-
sponses for each measurement by capturing the backscattered signal from
the environment.

Finally, a UWB application for localization purposes is presented in Chap-
ter 3.3. The work was conducted with anchors placed at the vertices of a
square with sides of 0.5 m, in view of the potential use of the system on
a mobile platform. In addition, the system was tested in two challenging
environments emulated during measurement campaigns, collecting data in
the presence of reflections and water. The goal was to achieve errors smaller
than 10 cm near the point of greatest interest, where the target would be
engaged while relaxing this constraint during the approach phase. The tests
conducted with the Sequitur localization system revealed that calibrating the
system at the point of maximum interest allowed the required accuracy to
be achieved, though at the cost of sacrificing accuracy during the approach

phase, in line with the initial specifications. As expected, a strong impact
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on localization performance was observed when metal was present near the
anchors, especially when they were not properly oriented. To mitigate these
effects, the use of directive antennas designed specifically for the environment
and properly oriented can prevent these strong reflection phenomena, thus
improving localization accuracy.

Chapter 4 concludes by describing the algorithms developed in this doc-
toral thesis and presenting the numerical results obtained from simulations
for each different application. In particular, Chapter 4.1 focuses on local-
ization algorithms that leverage metaprisms to localize a user in NLOS con-
ditions. The numerical results obtained at millimeter-wave frequencies with
an OFDM incident signal demonstrate that the system can achieve an angle
estimation error of approximately 2°, and a position estimation error of less
than 40 cm in 90% of the cases analyzed.

At 300 GHz, the results indicate an angular error of less than 1° and a
position error of 0.25 m in 90% of the 200 Monte Carlo iterations, demon-
strating the significant potential of the metaprism to aid the localization
process in NLOS scenarios. This is achieved without a substantial increase
in complexity compared to deploying additional base stations or utilizing
RIS. In the second subchapter 4.1.2 dedicated to metaprisms, an FMCW
radar is presented, which leverages a metaprism to enable target localization
in NLOS conditions. A modified FMCW receiver structure is proposed, ca-
pable of simultaneously estimating both the angle and range of the target
using a conventional chirp signal. The results demonstrate that highly accu-
rate angle and range estimates can be achieved once again, without the need
for reconfigurable metasurfaces or multiple antennas at the base station.

Subchapter 4.2 discusses the algorithms developed for utilizing SCMs
in the context of communication, channel access, and localization, thereby
situating this work within various facets of SRE.

In the context of communication, it has been proposed the adoption of
modulating SCMs as a means to realize ultra-low complexity uplink MIMO
communications based on retrodirective backscattering. Thanks to the iter-
ative algorithms introduced in this work, inspired by Power Methods, the BS
is able to derive and track optimal beamforming vectors for the round-trip
channel between the BS and UE.
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It has been demonstrated that in multi-user MIMO scenarios, UEs can
automatically establish parallel communication links with the BS in a blind
manner, without the need for ADC chains, explicit channel estimation, or
time-consuming beamforming and alignment schemes. An analytical char-
acterization of the SNR evolution during the iterations has been derived,
allowing for the identification of the conditions necessary to achieve a robust
SNR at convergence, even in the presence of strong static clutter. Numerical
results indicate that MIMO communications can be established automati-
cally after just a few iterations, with latency on the order of microseconds,
even when utilizing very large antenna arrays. Moreover, the system can
effectively track rapid channel variations in realistic dynamic scenarios char-

acterized by multipath propagation.

After, it is presented the adoption of SCMs to achieve low-complexity
MIMO GFRA communications by leveraging retro-directive backscattering.
The AP can estimate the optimal beamforming vector for the round-trip
channel between the AP and the sensor, thereby establishing optimal single-
layer MIMO communication. Numerical results demonstrate that MIMO
communications can be established after just a few iterations, with setup
times on the order of microseconds and no jitter, even when utilizing very
large antenna arrays in the presence of realistic multipath channels. Re-
lated to this work, the Appendix also includes a comparison of the proposed
scheme with existing solutions in the state-of-the-art, with particular em-
phasis on the performance achieved by our scheme when NOMA algorithms
are applied. Finally, there are reported two network architectures aimed at
localizing mobile devices by harnessing the presence of SCMs, which can be
integrated either within the network infrastructure or directly onboard the
mobile devices themselves. The proposed iterative scheme works on top of the
two envisioned network architectures, which enables fast beam-forming and
AoA estimation, without requiring any channel estimation procedure. Specif-
ically, the full MIMO gain is obtained, thus overcoming the main drawback
of backscattering-based solutions caused by the two-way path loss, which
can be detrimental when working at mmWave/THz. This results in sim-
ple, cost-effective, and energy-efficient devices, as no dedicated signaling or

onboard signal processing capability for devices equipped with the SCM is
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needed. Additionally, an enhanced version of the proposed scheme capable of
tracking the channel in the presence of mobile devices is described. This im-
provement yields even faster AoA estimation when the mobile speed remains
below a certain threshold. Numerical results investigate both the localiza-
tion accuracy and speed of convergence of the proposed scheme in free space
channel conditions as well as when multipath affects the propagation. The
results show that the proposed solution manages to keep the localization er-
ror at the centimeter level using narrowband signals and only a few anchor
nodes while achieving a high localization update rate and very low latency,

essential requirements in dynamic vehicular contexts.

Finally, the last part of Chapter 4 is dedicated to R-SLAM algorithms
based on Fourier-Mellin transforms, along with a simplified version that can
operate with signals generated by a mobile radar. The numerical results
demonstrate the feasibility of infrastructure-less localization and mapping
using a personal radar, particularly in the context of smart radio environ-
ments and 6G systems, where integrated communication, localization, and
mapping capabilities will be essential.

Several potential directions for future research emerge from this thesis.
One key direction is the implementation of metaprism technology. A major
advantage of this technology is that it does not require significant resources
or expensive equipment, thereby reducing the economic entry barrier and
making it accessible to small and medium-sized enterprises. Furthermore, it
can be deployed without signaling overhead or external power supply and
operates transparently to the wireless protocol. Now, groups are working on
possible implementations of the metaprism with whom we collaborate. More-
over, the equivalent scattering model utilized in this work for the metaprism
does not account for two aspects in characterizing the operation of a re-
alistic reflecting metasurface: the specular component associated with the
structural scattering of the metaprism and the EM mutual coupling between
closely spaced unit cells. These aspects can be further explored later. Sim-
ilarly, also regarding the work on SCM, the missing part is precisely the
realization of such a device and its use in measurement campaigns to vali-

date the developed algorithms.

In fact, conducting experimental tests of the algorithms presented in var-
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ious real-world scenarios will be crucial. These experiments will validate
the theoretical models and provide insights into practical challenges, such as
variability in phase shifts across different cells. Testing under diverse condi-
tions will not only assess the robustness of the proposed solutions but also

facilitate iterative improvements based on empirical data.




Appendix

Comparison of the GFRA scheme proposed in Sec. 4.2.2 with Base-
line Solutions

The goal is to highlight the differences between the work presented in Sec. 4.2.2
and the existing literature on GFRA and metasurface-based BackCom schemes,
while clarifying the strengths and weaknesses of this proposed SCM-based

solution. In particular:

o SCM-based vs Baseline Massive MIMO GFRA

Some might argue that a potential drawback of the proposed scheme
based on backscatter communication, in comparison to conventional
GFRA schemes, is the increased path loss resulting from the two-way
channel. This observation might lead to the conclusion that the pro-
posed SCM-based scheme may not be suitable for operation in high-
frequency bands, such as mmWaves or even THz. On the contrary, as

it will be analyzed in the following, this is a wrong conclusion.

A typical GFRA scheme employs single antenna sensors with a sin-
gle RF chain and possibly a multi-antenna AP, i.e., an uplink SIMO
configuration, even though it is often referred to as “massive MIMO”,
as already outlined in the Introduction. In this scenario, each sensor
employs a preamble from a limited set of orthogonal sequences for de-
tection and channel estimation purposes at the AP. As a consequence,
for a given preamble length, the performance is bounded by the limited
number of available preambles [111]. Moreover, in traditional GFRA
systems, the benefit of path loss recovery, made possible in principle
by the MIMO technology, cannot be practically achieved when dealing

with sensing nodes. In fact, a MIMO solution is in general not feasible
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for two main reasons: i) if sensors are only transmitting, they do not
have a chance to perform beamforming because of the lack of CSI; i)
even though sensors were equipped also with a receiver, the complexity
required for estimating the CSI and performing beamforming, including
the need for an antenna array with phase shifters and signaling over-
head, might not be affordable, especially at high frequencies. Therefore,
in order to perform a fair comparison, it is taken into account a SIMO
BGFRA system which is supposed to have a complexity similar to that
of the proposed SCM-based scheme. For simplicity, it is considered
free space propagation, and compared the SCM-based and BGFRA
schemes by fixing the size of the AP antenna array Axp ~ NA?/4 and
the sensor SCM size Ascy =~ MMA%/4, assuming antenna elements are
spaced apart of A/2. Under this condition, from (4.61) the maximum

SNR can be expressed as a function of the antenna sizes, yielding
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(4.136)

The last equation highlights that by maintaining a constant area for
the antenna arrays, the SNR increases with the fourth power of the
frequency (i.e., the inverse of \), despite the greater propagation loss
associated with higher frequencies. For the BGFRA scheme, the maxi-
mum achievable SNR (perfect CSI estimate), assuming the gain of the

sensor’s transmitting antenna is equal to Gsowm, is
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(4.137)

which is constant with the frequency. Comparing (4.136) and (4.137),
it is SNREM > SNRPUEY when

fo>cViarda i (4.138)

where a = g% 64 Aap Gap A3cyGscom and c is the speed of light. The
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Figure 4.46: (a): Carrier frequency above which our SCM-based scheme provides
a more favorable link budget compared to a SIMO BGFRA scheme using the
parameters in Table I. Free-space condition. (b): Comparison between NOMA-
SCM and NOMA-GFRA. Pr = —5dBm. Free-space condition.

previous inequality provides the condition on the carrier frequency un-
der which our backscatter-based SCM scheme leads to a more favorable
link budget than that of a BGFRA scheme.

In Fig. 4.46(a), the discriminating carrier frequency given in (4.138) is
plotted for a = —70,—60, —50dB corresponding, respectively, to the
values in Table I for ¢ = 0,10,20dB. Obviously, the same values can
be obtained through different combinations of the factors determin-
ing o such as the antenna size. The area above each curve represents
the frequency/distance combinations for which our scheme is more ad-
vantageous in terms of link budget. As it can be observed, despite its
backscatter nature, the two-way path loss is compensated and overcome
by the two-way MIMO antenna gain making our scheme particularly
appealing when working at high frequencies and/or small distances.
In terms of performance comparison, it is considered as a reference to
the analysis carried out in [I11] for the BGFRA. Assuming a per-
fect CSI estimation, a preamble length equal to K, (same overhead as
our scheme) chosen randomly among all possible K, = 2X= preambles,
a binary phase-shift keying (BPSK) uncoded modulation, the packet
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error probability (PEP) can be computed as

K

P.=1-Pu(K,) [] (1 - %erfc (M)) (4.139)

k=Kg+1

where erfc(-) is the complementary error function, SINRy, is the SINR
of the k-th received symbol, and P,.(kK}) represents the probability of

no preamble collision given by [111]

1\™
Pio(K,) =(1—— 4.140
() = (1- ) (4.140)
with N; being the number of interfering packets. SINR, and N; have
been obtained under the same simulation scenario whose parameters
are listed in Table I. As it can be noticed in (4.139), the packet error
probability is affected by both the probability of preamble collision and
the probability of correct packet detection.

In Fig. 4.25(b), the PEP of the BGFRA scheme is compared with the
PER of the SCM scheme under the same conditions. It can be observed
that due to preamble collision and a less favorable link budget, as ex-
plained before, the BGFRA scheme provides a worse performance com-
pared to the backscatter SCM-based scheme. Through a more detailed
numerical investigation of the components of (4.139), it has been found
that the dominant performance degradation factor is given by pream-
ble collisions rather than non-perfect channel orthogonality which is
similar for both schemes since they work in the same scenario. Pream-
ble collisions can be reduced by increasing the size of the preamble at
the expense of a significant overhead when short packet transmission
is considered. While the performance of BGFRA is compromised by
pilot collisions, our approach is only limited by non-perfect orthogonal-
ity stemming from geometric configuration. In the case of quasi-perfect
orthogonality, for instance by going massive with the number of anten-
nas, the performance of our scheme would perform similarly to the
single-sensor scenario whereas BGFRA schemes would be still limited

by preamble collision.
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¢ NOMA-based SCM and GFRA
As anticipated, the impact of the interference caused by non-perfect
channel orthogonality can be mitigated by introducing a NOMA scheme
as recently considered in state-of-the-art GFRA algorithms [173]. Specif-
ically, this can be done by applying a SIC algorithm during the Com-
munication Task which is in charge of decoding all the packets that
are significantly colliding in the same channel subspace spanned by the
precoding vector associated with that Communication Task. To this
end, the Communication Task is kept active until the last colliding
packet has been solved or the SIC fails. To get an idea on the benefits
brought by the inclusion of a NOMA scheme, in Fig. 4.46(b), the PER
of a NOMA-powered SCM scheme is reported in comparison with a
NOMA-based GFRA. The NOMA scheme considered is power-based
in which a packet is considered decoded if the SINR is higher than
the threshold ' = 4dB [174]. The system parameters are the same as
those in Fig. 4.25b in free-space condition. As expected, NOMA has a
similar impact on the performance improvement in both schemes, be-
ing the SCM superior thanks to its more favorable link budget at high

frequencies.

e SCM vs BackCom Solutions

Metasurface-based BackCom communications have several similarities
with our SCM-based scheme, but also profound differences. Both are
based on the backscatter modulation of a source RF signal, then they
are characterized by the same two-way link budget and, in principle,
by similar performance provided that the metasurface in the BackCom
system is optimally configured and the AP has obtained a good esti-
mate of the CSI [175]. The main difference relies on the fact that to
configure the metasurface, the CSI of the MIMO cascade channel must
be estimated, and this typically takes a time proportional to the num-
ber of antenna elements [176]. Moreover, according to the estimated
CSI, the AP must configure the metasurface in order to realize a suit-
able beamforming back to the AP which requires a dedicated control

channel as well as additional complexity and energy consumption at the
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sensor. On the other hand, BackCom allows for multi-layer MIMO in
case multiple sensors are co-located in the same metasurface, whereas
our scheme realizes a single-layer MIMO (i.e., a single data stream).
In summary, current BackCom schemes are not well suited for GFRA
using short packets and low-complexity sensors, especially in dynamic

scenarios.

Complexity and Scalability Considerations

From the computational complexity point of view, the Scouting Task
is primarily driven by the orthogonalization operation in (4.80), which
exhibits a complexity of O(NV'), where N is the number of the AP’s
antennas and V represents the number of sensors transmitting simul-
taneously. Conversely, the complexity of the Communication Task is
O(N), involving the computation of the decision variable. With V" ac-
tive Communication Tasks, the overall complexity remains at O(NV).
Both the Scouting and Communication Tasks involve elementary op-
erations whose number is proportional to the number N of antennas
at the AP but not to the number of cells M at the SCM. Therefore,
M can be considered as a useful degree of freedom that can be ex-
ploited to improve the link budget, and hence the SNR®°°"  without
any drawback in terms of algorithm’s complexity. Obviously, the com-
plexity would significantly increase if a NOMA scheme is employed to
improve the performance. Nevertheless, such an increase is the same
one would obtain in conventional NOMA-based GFRA solutions. In
terms of scalability with the number of sensors, this scheme is not
different from conventional multi-user MIMO systems. In particular,
scalability can be addressed in two ways. Firstly, by increasing the
number of antennas, resulting in narrower beams and more favorable
propagation (massive MIMO). This reduces interference issues and
allows for targeting a larger number of devices. Secondly, when the
number of antennas is fixed, leveraging NOMA techniques to discrimi-
nate between users interfering with each other, as discussed before. As
already mentioned, the key advantage of our solution compared to con-

ventional multi-user MIMO systems is that the sensor node does not
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require any dedicated circuitry (such as RF chains, Digital-to-Analog
Converters (DACs), phase shifters, etc.) or signal processing capability

(e.g., for CSI estimation) to perform beamforming.
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