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ABSTRACT

As the demand for high-speed, reliable, and energy-efficient wireless communications
continues to escalate, driven by the proliferation of connected devices and the rollout of
5G networks, new innovative technologies are essential. Reconfigurable Intelligent Sur-
faces (RIS) have emerged as a promising solution to enhance wireless communications
by dynamically manipulating the propagation of electromagnetic waves. This approach of-
fers a cost-effective, energy-efficient means to improve signal quality and coverage without
relying on power-hungry transceivers and/or extensive network infrastructure.

This thesis focuses on the near-field beam management problem for RIS-assisted millimeter-
wave (mmWave) multi-antenna systems. We analyze key experiments from recent stud-
ies on the topic, specifically exploring hierarchical RIS phase profile codebooks for beam
control in near-field environments, which are characterized by shorter communication dis-
tances and complex propagation conditions. Such environments pose unique challenges
requiring sophisticated signal alignment techniques, which RIS technology adeptly ad-
dresses by intelligently reflecting and directing signals.

Through the implementation of state-of-the-art algorithms and frameworks, this thesis
evaluates the effectiveness of RIS-based beam alignment and phase-shift optimization
for near-field wireless communications. Extensive simulations are conducted to assess
how these techniques minimize the overhead associated with channel state information
(CSI) acquisition while enhancing signal quality and the overall system performance. The
results affirm that RIS, in conjunction with hierarchical codebooks, can efficiently manage
beam control, leading to significant improvements in energy efficiency and signal coverage
for mmWave wireless communication networks.

By thoroughly investigating and validating existing methodologies, this thesis not only con-
tributes to the understanding of some key practical considerations of the RIS technology,
but also provides valuable insights into its potential limitations and future directions. The
thesis’ findings emphasize the critical role of RIS in revolutionizing wireless communica-
tions, especially as society moves towards increasingly connected environments with the
advent of 5G-Advanced, 6G, and the Internet of Things (IoT).

SUBJECT AREA: Wireless Communications, Signal Processing, Beam Management

KEYWORDS: Reconfigurable Intelligent Surfaces, Hierarchical Phase-Shift Code-
books, Multi-Antenna Systems, Channel State Information, Near-Field
Propagation



NEPIAHWH

H ¢ATnon yia yprnyopeg, agIdTOTEG Kal EVEPYEIOKA ATTOOOTIKEG ACUPUATES ETTIKOIVWVIEG
augavetal ouvexws. OANoEva Kal TTEPICTOTEPEG OUOKEUEG auvdéovTal 0TO OIadIKTUO Kal O€
ouvouaoud Pe TNV avatTuén Twv acupuaTtwy cuoTnudtwy 5n¢ MNeviag (5G) kabioTouv
ATTAPAITNTEG VEEG KAIVOTOPEG TEXVOAOYIEG YIA TNV QVTIMETWITION QUTWY TWV TTPOKANCEWV.
O1 £EuTTveG €TTOVADIAPOPPWOINES ETTIPAVEIEG HETAUAIKWY (Reconfigurable Intelligent Sur-
faces (RIS)) ammoteAoUv pia TTOAG uttOOXOPEVN AUCT), N OTTOIO AVAPEVETAI VA BEATILWOEI
a100NTA TNV acUpUATN ETTIKOIVWVIA JEoW TNG SUVANIKAG dlaxeipiong TNG d1ddoong Twv nAe-
KTPOMAYVNTIKWY KUPATWY TTOU UAOTTOIEI. AUTH N TTPOCEYYION TTPOCQPEPEI VAV OIKOVOUIKA
Kal EVEPYEIAKA aTTodOTIKO TPOTTO BEATiWONG TNG TTOIGTNTAG TOU OrUATOG Kal TG KAAuWNGg
XWpig va Baaciletal o€ evepyoBOpous TTOUTTOBEKTES /KAl aKPIPr} SIKTUOKK UTTOOOUN.

H TTpoKEipEVN TITUXIAKN €pyaCia ETTIKEVIPWVETAI O€ TIPONYMEVEG TEXVIKEG dlaxeipiong O€-
OMNG yia cuoTAPATA TTOANATTAWY KEpaiwv mmWave TTou XpnoigoTrololv RIS. Zuykekpl-
péva, avaAuovTtal 61e€odIkG Baoikd TTEIPAUATA OTTO TTPOCQPATEG MEAETEG TTOU £LEPEUVOUV
lepapyxIka kwdikoBIBAia @aong RIS (hierarchical RIS phase profile codebooks) yia Tov
éAeyxo 0éoung og TTePIBAAAOVTA KOVTIVOU TTEdioU, Ta OTToia XapakTnpilovTal atrd PIKPO-
TEPEG ATTOOTACEIG ETTIKOIVWVIOG KAl OUVOETEG ouVOrkeg diddoong. Autd Ta TTepIBAAAOVTa
ETIBAAAOUV ONUAVTIKEG TTPOKANCEIG TTOU ATTAITOUV TTPONYMEVES TEXVIKEG EUBUYPAUMIONG
déouNG CAPATOG, TIG OTToiEG N TEXVOAoyia RIS uTtTopEi va avTINETWTTIOEI OTTOTEAEOUATIKA,
QVOKAWVTOG KOl KATEUBUVOVTAG TA ONUATA OTO XWPO.

Méow TnG UAOTTOINONG TTPOCPATWGS TTPOTEIVOUEVWY GAYOPIBUWY, N TTPOKEIPEVN TITUXIOKN
epyaoia aglohoyei TNV atTOTEAEOUATIKOTNTA TNG €UBUypdpuions déoung RIS kal TNG BeA-
TIOTOTTOINONG TNG PAONG TNG ETTIPAVEIONG VIO ETTIKOIVWVIEG KOVTIVOU TTEdiou. Ale¢dyovtail
EKTEVEIC TTPOCOUOIWCEIG YIA VA A&loAOYNOEi TTWG AUTEG OI TEXVIKEG EAAXICTOTTOIOUV TV ETTI-
BApuvon TTOU OXETICETAI PE TNV EKTIUNON TNG KATAOTAONG TOU ACUPHPATOU, VW BEATIWOVOUV
TNV TTOIOTNTA TOU OAUOTOG KAl Tr) GUVOAIKI aTTOd00N TOU CUCTANATOG. Ta atroteAéoparta
empBeBaiwvouv 61 o1 RIS, o€ ocuvduaoud ue 1epapxikd KwdikoBIBAia ¢dong, JrTopouv va
OIaXEIPIOTOUV ATTOTEAECUATIKA TOV EAEYXO TNG OEOUNG, OONYWVTOG OE ONUAVTIKEG BEATIW-
O€IG OTNV EVEPYEIAKN ATTOdOCN Kal TNV KAAUWN OAPOTOG 0 aoUuppaTta dIKTUO € ouxvoTn-
Te¢ mmWave.

Méow TnG dlEPEUlvNONG TWV UPICTAUEVWY PeBodoAoyIWY, auTh N epyacia de CUPBAAAEI
MOVO OTNV KaTtavonon Twv TTPAKTIKWY EQAPPOYWYV TNG TexvoAoyiag RIS, aAAd etriong Tra-
PEXEI TTOAUTIUEG TTANPOYOPIES YIA TOUG TTIBAVOUG TTEPIOPICHOUG Kal TIG MEANOVTIKEG KATEU-
Buvoelg TNG. Ta eupriuaTa TNG TITUXIOKNG Epyaciog Tovifouv Tov Kpiolgo poAo Twv RIS oTig
MEANOVTIKEG QOUPUATEG ETTIKOIVWVIEG, EIBIKA KABWGS N KoIVwVia TTpoXwpd TTpog OAO Kal TTI0
dlacuvdedepéva TrepIBaANovTa ue TNV a@ign Twv diIKkTUwv 5G-Advanced, 6G kai Tou Aladi-
KTUOU TwvV Mpayudrtwy (loT).

OEMATIKH NEPIOXH: AcuUppateg Emkoivwyvieg, ETre€epyacia Ziuartog, Alaxeipion
Agoung

AEZEIZ KAEIAIA: ‘EEumrveg  Emravadiapopwolneg  Emipdveieg MetaUAKwy,
lepapxikd KwdikoBipAia ddong, Zuotiuata MoAAamAwyv Kepaiwy,
[MAnpogopieg Kataotaong KavaAiou, Aiadoon Kovtivou lediou
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Beam Management Strategies for Wireless Communications with Reconfigurable Intelligent Surfaces

1. INTRODUCTION

Millimeter-wave (mmWave) communications have emerged as essential for beyond 5G
(B5G) and future 6G systems, largely driven by the exponential rise in wireless data de-
mand. While mmWave offers high data rates and large bandwidth, it faces critical chal-
lenges, including significant path loss and sensitivity to environmental blockages. To mit-
igate these issues, large antenna arrays and advanced beamforming techniques are util-
ized to improve signal strength and counteract degradation. At even higher frequencies,
such as the THz band, additional complexities like beam squint and frequency selectivity,
often worsened by molecular absorption, further degrade performance in multipath con-
ditions [33]. In these scenarios, single-carrier (SC) transmission schemes have proven
advantageous, providing resilience against high peak-to-average power ratios compared
to traditional multi-carrier approaches, and enabling more robust channel estimation for
extremely large (XL) MIMO systems. Reconfigurable Intelligent Surfaces (RIS) present
an additional, promising solution to these challenges by dynamically shaping the wireless
environment and offering adaptive beam management, thus enhancing mmWave and THz
communications, especially in dense and complex environments.

1.1 The Technology of Reconfigurable Intelligent Surfaces (RISs)

The rapid advancements in wireless communications necessitate innovative approaches
to manage complex propagation environments. A promising technology at the forefront
of this innovation is the Reconfigurable Intelligent Surface (RIS), which introduces unpre-
cedented flexibility in controlling the electromagnetic (EM) properties of wireless commu-
nication channels. RIS technology consists of arrays of passive reflecting elements that
can be programmed to adjust their phase shifts, enabling precise control over how incom-
ing signals are reflected and directed. By transforming traditionally passive environments
into dynamic, interactive ones, RISs offer a unique method of managing wireless signal
propagation, presenting new possibilities for achieving energy-efficient, high-throughput,
and low-latency communication systems.

The potential of RIS technology is particularly evident in scenarios where traditional wire-
less approaches face limitations. Unlike conventional base stations and relays, which
generate new signals for communication, RISs enable a "smart radio environment” by
recycling existing radio waves instead of creating new emissions, significantly reducing
power consumption. This shift challenges the traditional "more data needs more power”
assumption, positioning RISs as key to building sustainable wireless systems [26].

In both indoor and outdoor settings, RISs can be seamlessly integrated onto surfaces like
building facades, ceilings, and walls, transforming passive surroundings into intelligent
elements that enhance signal transmission. This integration allows for higher coverage,
greater throughput, and more resilient connections. Recent research has concentrated on
optimizing RIS phase shifts and power allocation to maximize energy efficiency and meet
user-specific requirements. Advanced algorithms using techniques such as alternating
maximization, gradient descent, and sequential fractional programming have shown that
RIS-based solutions can improve energy efficiency by up to 300% compared to traditional
amplify-and-forward relaying methods [15].

RIS technology also presents new challenges and opportunities in system-level integ-
ration, requiring dedicated control mechanisms and signaling protocols. For example,

K. Despotidou 1
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Figure 1.1: RIS-assisted beam management.

frameworks for managing RIS control operations consider the allocation of control channel
bandwidth and rate selection, providing insight into the trade-offs between control over-
head, channel estimation, and communication performance [27]. Hardware innovations
have further propelled RIS feasibility, enabling cost-effective and scalable implementa-
tions that integrate with existing networks to create intelligent wireless environments [14].

1.2 The Beam Alignment Objective

Recent research on RISs has demonstrated their dual functionality in enabling simultan-
eous Passive Beamforming and Information Transfer (PBIT) through smart reflections [19].
This functionality is illustrated in an RIS-enhanced multiple-input single-output system em-
ploying Reflection Pattern Modulation (RPM) to achieve PBIT. In this system, active beam-
forming at the Access Point (AP) and passive beamforming at the RIS are jointly optimized
to maximize the average received signal power, while taking into account communication
outage probability. Leveraging the statistically known RIS state information at the AP, an
alternating optimization method provides a high-quality suboptimal solution, along with a
closed-form expression for the asymptotic outage probability under Rician fading. As a
result, RIS-based systems using RPM can achieve significantly higher achievable rates
than conventional systems without information transfer.

However, implementing RIS-assisted systems in the mmWave band presents substantial
challenges in Channel State Information (CSI) acquisition, crucial for optimal beamform-
ing. Unlike conventional systems, RIS cannot directly transmit or receive signals, com-
plicating the acquisition of full CSl for both the Base Station-RIS (BS-RIS) and RIS-User
links. Additionally, the large antenna arrays at both the base station and RIS, combined
with the numerous passive elements, lead to considerable training overhead and compu-
tational complexity. Although Compressed Sensing (CS) techniques have been explored
to simplify channel estimation by exploiting the sparse nature of mmWave channels, these
methods often carry high computational costs, highlighting the need for efficient CSI ac-

K. Despotidou 12
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quisition techniques in RIS-based systems.

Fortunately, the sparse scattering characteristic of mmWave channels presents an op-
portunity for more practical beam alignment (BA) techniques. In these environments, the
line-of-sight (LOS) path typically dominates over non-line-of-sight (NLOS) components. A
more efficient approach in such conditions is to identify and align the transmitter and re-
ceiver beams along the dominant path, maximizing signal strength. This BA process aims
to identify optimal beam pairs; however, in RIS-assisted systems, BA becomes more com-
plex since RIS cannot actively participate in signal transmission or reception. This limit-
ation necessitates sophisticated methods to optimize beam alignment across both the
BS-RIS and RIS-User links, ensuring that RIS can effectively contribute to overall system
performance even without direct CSI acquisition capabilities.

This thesis focuses on near-field beam management techniques for RIS-enabled milli-
meter wave multi-antenna systems. The emergence of near-field communication (NFC)
technologies represents a significant advancement in wireless communications, as these
technologies leverage high-frequency signals for efficient data transfer over short dis-
tances [9,11,25,39]. Recent studies indicate that such communication scenarios, charac-
terized by shorter distances and specific propagation conditions, require advanced beam-
forming and signal alignment techniques to optimize performance. In this work, we replic-
ate and analyze key experiments that explore hierarchical phase-shift codebooks for beam
control in near-field environments, which present unique challenges that can significantly
affect communication efficacy.

Reconfigurable Intelligent Surface (RIS) technology offers a promising solution by intel-
ligently reflecting and directing signals, thereby enhancing overall system performance
in these scenarios. Additionally, we evaluate the effectiveness of the proposed meth-
ods under varying Line-of-Sight (LOS) conditions, testing different values of the Ricean
factor K;,—which represents the power ratio between LOS and Non-Line-of-Sight (NLOS)
components—to assess the impact of LOS dominance on system performance. The find-
ings underscore the critical role of RIS technology in shaping the future of wireless com-
munication, particularly as society transitions towards more connected environments with
the advent of 5G, 6G, and the Internet of Things (loT) [22,24,32].

K. Despotidou 13
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2. BACKGROUND AND RELATED WORK

2.1 RIS Architecture and Operational Modes

The advent of wireless connectivity empowered by Reconfigurable Intelligent Surfaces
(RIS) represents a transformative technology within the rapidly evolving landscape of 6G
mobile networks. As the demand for seamless and efficient wireless communications
intensifies, RIS offer a compelling approach by actively manipulating the radio propaga-
tion environment to enhance connectivity. This section provides an overview of recent
advancements in RIS technology, highlighting its architectural diversity and various oper-
ational modes.

Historically, the control of electromagnetic (EM) wave propagation has been a central
design objective across many domains, including medical imaging and nanolithography.
Approaches utilizing phase and/or amplitude control via reflect arrays, metamaterials, and
spatial light modulators have paved the way for the development of RIS technology in
wireless communications. A RIS is defined as a planar array of multiple ultrathin meta-
atoms (also referred to as unit cells or elements), each possessing multiple digital states
corresponding to distinct EM responses.

These tunable meta-atoms are an active area of research and can vary with the operating
frequency. Examples include p-i-n diodes and varactors for millimeter-wave (mmWave)
frequencies, and materials such as liquid crystals, graphene, vanadium dioxide, memris-
tors, and microfluidics for THz applications. Initially, each tunable-state meta-atom was
designed to contribute a phase shift to its impinging signal. The maintenance and alter-
ation of a reflective meta-atom’s state require minimal power consumption, managed by
an active device known as the RIS controller, which also interfaces with the wireless net-
work. This standard passive RIS structure, primarily reflective, illustrates the foundational
concept of RIS.

Recent advancements have seen a growing interest in alternative RIS hardware archi-
tectures and multifunctional capabilities, addressing some limitations of passive designs
while offering additional operational features. As emphasized in [8], RISs are pivotal in the
evolution of 6G networks, offering a revolutionary approach to optimizing wireless commu-
nications. Understanding the foundational hardware components of RIS is essential for
unlocking the full potential of this technology in next-generation networks. Emerging ar-
chitectures now integrate features such as signal reception and processing units, sensors,
amplification units, and transmissive capabilities, along with sophisticated 3D structures.

These enhancements enable versatile operating modes, allowing RISs to improve network
coverage in challenging environments and support innovative communication paradigms
like next-generation multiple access, Integrated Sensing and Communications (ISAC),
and energy harvesting. As such, RIS technology is set to transform the way we connect
and communicate in the upcoming era of 6G, fundamentally altering the landscape of
wireless networking.

2.2 High-Frequency Communication with RISs

Reconfigurable Intelligent Surfaces (RIS) demonstrate considerable potential as auxiliary
devices in enhancing spectral efficiency, mitigating interference, and improving physical

K. Despotidou 14
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security, among other benefits [23]. Notably, since RIS only passively reflects incoming
signals, they operate in an energy-efficient manner, eliminating the need for radio fre-
quency (RF) chains and thereby reducing energy consumption by orders of magnitude
compared to traditional active antenna arrays. Additionally, due to their passive char-
acteristics, RIS are free from self-interference and antenna noise amplification. Recent
theoretical analyses indicate that RIS-assisted systems can achieve a quadratic scaling
law in the received signal power, which scales quadratically with the number of passive
units [23, 35]. These advantageous features position RIS as an appealing solution for
overcoming signal blockage and improving coverage in millimeter-wave (mmWave) com-
munications.

Channel state information (CSl) acquisition is essential for realizing the full potential of
RIS-assisted mmWave systems. However, obtaining complete CSI for both the base sta-
tion (BS)-RIS (B-R) link and the RIS-user (R-U) link is particularly challenging, as RIS can-
not transmit or receive signals and lacks inherent signal processing capabilities. Moreover,
acquiring the CSl typically requires substantial training overhead due to the extensive size
of antenna arrays at the transceiver and the large number of passive elements at the RIS.
Some recent efforts have sought to exploit the inherent sparse nature of the cascade BS-
RIS-user mmWave channel, formulating the channel estimation problem within a com-
pressed sensing (CS) framework. However, CS-based methods are often expensive to
implement due to their excessive computational complexity.

On the other hand, many channel measurements [1] have indicated that mmWave chan-
nels exhibit sparse scattering characteristics. Notably, the power of the line-of-sight (LoS)
path is significantly higher—approximately 13 dB higher in mmWave bands and 20 dB
higher in terahertz bands—than the cumulative power of non-line-of-sight (NLoS) paths.
Therefore, rather than obtaining the full CSI, an alternative strategy is to identify only
the dominant path and align the transmitter’s and receiver’s beams to achieve sufficient
beamforming gain for mmWave communications. This process, aimed at identifying one
or several dominant paths for initial access, is commonly referred to as beam training (BT)
or beam alignment (BA). In the context of RIS-assisted mmWave systems, BT seeks to
simultaneously identify the optimal BA for both the B-R link and the R-U link. Given that
RIS is a passive device that cannot transmit or receive signals, BT for RIS-assisted mm-
Wave systems presents greater challenges compared to conventional mmWave systems.

2.3 Beam Training in RIS-Assisted Communication Systems

To effectively align the beams in this three-node communication system, BT involves es-
timating the angle of departure (AoD) and the angle of arrival (AoA) related to the dominant
path of the B-R link, as well as the AoD and AoA associated with the dominant path of
the R-U link. Given the cascade nature of the channel, RIS can form a reflecting beam by
carefully devising its phase shift vector, which points in a direction that is a superposition
of the incident angle and a “relative reflection” angle. This carefully devised phase shift
vector resembles conventional steering vectors and can be characterized by the relative
reflection angle (RRA). Thus, rather than searching for the AoA and AoD at the RIS, our
objective is to identify the optimal RRA at the RIS to achieve BA for both the B-R and R-U
links, significantly reducing the search space.

In practice, with knowledge of the BS location, RIS can be installed within the line of sight of
the BS. Some existing studies [40] assume that the BS has aligned its beam to the RIS and
focus on BT between the RIS and the user, which can be accomplished using conventional

K. Despotidou 15



Beam Management Strategies for Wireless Communications with Reconfigurable Intelligent Surfaces

BT techniques. However, this assumption is only valid for stationary BSs and RISs. With
the rising popularity of unmanned aerial vehicles (UAVs) and their potential in wireless
communications, mobile BSs based on UAVs are being considered for deployment in the
near future. In such scenarios, it is essential to simultaneously identify the optimal BA for
both the B-R link and the R-U link. Moreover, in practice, the LoS path between the BS
and the RIS may be obstructed by obstacles, necessitating joint BS-RIS-user BT to find
an alternative path from the BS to the user.

2.3.1 Exhaustive Search

An intuitive approach for beam training (BT) involves exhaustively searching all poten-
tial beam tuples or triplets. Specifically, the base station (BS), reconfigurable intelligent
surface (RIS) and user, each utilize pre-defined codebooks, denoted as Fz, Fr, and Fy,
respectively. These codebooks consist of a set of narrow beams, designed by uniformly
quantizing the corresponding beam angles—namely, the angle of departure (AoD) for the
BS and user, and the reflection angle (RRA) for the RIS. The finely quantized angles are
assumed to uniformly cover the full range of AoD, AoA, and RRA angles. The optimal
beam tuple for beam alignment (BA) is identified by exhaustively evaluating all possible
combinations of |Fz|, |Fr|, and |F};| based on the received signal power.

This exhaustive search process requires the RIS to scan its entire RRA angular space for
every beam direction chosen at the BS, while simultaneously the user must scan its entire
AoA space for each combination of AoD and RRA. The use of pencil beams provides a sig-
nificant advantage to this exhaustive search strategy, as the alignment of the beam tuple
with the dominant path can yield substantial beamforming gains, facilitating the identific-
ation of the best BA even in low signal-to-noise ratio (SNR) environments. However, this
straightforward approach incurs a prohibitively large training overhead. Assuming the BS
has NV; antennas, the user has NV, antennas, and the RIS consists of a planar surface with
M = M, x M, reflecting elements, achieving optimal spatial resolution requires the BS
and user to utilize N, and N, narrow beams to thoroughly scan the AoA and AoD spaces,
respectively, while the RIS must deploy M reflecting beams to explore the RRA domain.
Consequently, the total number of beam tuples to be examined can reach up to N;N, M,
leading to excessive delays during initial access [37].

2.3.2 Hierarchical Search

To accelerate the BA process, hierarchical multi-resolution beam search methods have
been proposed for conventional mmWave systems. These hierarchical search techniques
can be readily adapted for RIS-assisted systems, where the BS, RIS, and user each utilize
their own multi-layer beamforming codebooks for joint spatial scanning. In this context,
the lower-layer codebook employs wider beams compared to the higher-layer codebooks,
with spatial resolution improving as the number of layers increases.

The hierarchical search process consists of multiple stages. At each stage, the respective
layer’s codebooks or subcodebooks are used for spatial scanning. This scanning method
is similar to that of the exhaustive search, but focuses only on the range identified in
the previous stage. The user assesses the received signal power to determine the best
beam tuple, and this information is relayed back to the BS and RIS to adaptively select
higher-resolution subcodebooks for subsequent stages of scanning. This iterative process
continues until the desired spatial resolution is achieved.
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Near-field versus Far-field Communications
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Figure 2.1: Comparison of near-field and far-field characteristics, adapted from [21]. The
electromagnetic (EM) field radiated from antennas can be divided into two distinct regions: the
near-field and far-field regions. In the far-field region, the wavefront of EM waves can be
approximated as planar. Conversely, in the near-field region, more complex wavefront models,
such as spherical waves, are required to accurately represent propagation characteristics.

Despite the considerable reduction in training overhead, a major drawback of hierarchical
beam search is that the utilization of wider beams during earlier stages can lead to lower
beamforming gains. Consequently, spatial scanning at lower levels may fail to detect the
correct beam tuple in low SNR scenarios, potentially overlooking the dominant path. This
challenge is exacerbated in RIS-assisted mmWave systems due to the significant product-
path loss of the cascading channels. Furthermore, the hierarchical beam search approach
requires frequent feedback from the user to the BS and RIS, adding extra demands to the
training process. Lastly, because this method necessitates the BS and RIS to interact
individually with each user, extending it to multi-user scenarios requires careful global
coordination, posing another challenge for such systems.

2.3.3 RIS Phase Profile Codebooks

In this study, we aim to replicate and evaluate the novel variable-width hierarchical phase-
shift codebook proposed in [4], which is applicable to both near- and far-field scenarios of
Reconfigurable Intelligent Surfaces (RIS). This work emphasizes the significance of wire-
less communications within the radiating near-field region, employing a specific near-field
channel model for beam management, as the curvature of wavefronts notably impacts
communication performance at distances shorter than drr. The reactive near-field is typ-
ically constrained, with evanescent waves diminishing rapidly, underscoring the relevance
of the radiating near-field in enhancing beam management strategies in modern commu-
nication systems.

To address these challenges, this study introduces a novel beam management frame-
work for RIS-enabled mmWave multi-antenna communication systems, building on the
wide illumination approach designed for low-overhead channel estimation (CE) in mobile
scenarios. Furthermore, as illustrated in Figure 2.1, we can observe the distinct character-
istics of the near-field and far-field regions, where the electromagnetic (EM) field radiated
from antennas behaves differently. The figure highlights that, in the far-field region, the
wavefront of EM waves can be approximated as planar, whereas in the near-field region,
more complex wavefront models, such as spherical waves, are required to accurately rep-
resent propagation characteristics. Additionally, we examine the accompanying efficient
alignment algorithm designed to optimize the phase shifts of the RIS and the beamformers
of the transceiver. By conducting comprehensive performance evaluations, we assess the
effectiveness of the proposed algorithm in [4] in relation to various benchmark schemes,
thus highlighting its potential advantages and practical applicability in real-world scenarios.
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3. BEAM MANAGEMENT FOR RIS-ASSISTED COMMUNICATION
SYSTEMS

3.1 System and Channel Models

3.1.1 System Model

The communication system includes a base station (BS) with Vs antennas, a reconfigur-
able intelligent surface (RIS) composed of Q £ @, Q. tunable unit cells, with inter-element
spacings d, and d. on the y- and z-axis, respectively (as discussed in [4]). The RIS unit
cells are indexed by ¢, = 0,1,...,Q, —land ¢, = 0,1,...,Q, — 1. Additionally, there is
a mobile user (MU) with N, antennas. In the downlink direction, the baseband signal
received at the MU antennas, y,, € C¥™*1 can be expressed as:

Ymu = (H + H2QH1> Ths + Mmuy, (31)

where z,s € CMs*! js the signal transmitted by the BS. The transmitted signal power
satisfies E {||zps||?>} < Pos, Where Py is the total transmit power, and .y ~ CN (0, 02, IN,,,)
represents the additive white Gaussian noise (AWGN) at the MU receiver.

The @ x @ diagonal matrix 2 in (3.1) is defined as:

Q £ diag ([gejwl,gejwz, e ,geijD , (3.2)
where each w, (with ¢ = 1,2,...,Q) is the phase shift applied by the ¢-th RIS unit cell
and g £ % is a dimensionless factor that depends on the wavelength \ and the inter-

element spacings d, and d..

Additionally, H € CNmxMs H, ¢ C9*Ms and H, €¢ C'n*x?Q represent the channel
matrices for the BS-MU, BS-RIS, and RIS-MU links, respectively.

It is assumed the MU is capable of fully digital combining of the received signal y,,, using
a vector upy, € CM, and that ||um,|| = 1.

3.1.2 Near-Field Channel Model

To distinguish between far-field and near-field conditions, we use the critical distance,
beyond which the phase error from assuming a planar wavefront in the far-field is no more
than 7/8. This distance is defined as dr 2 2D° ‘where D is the largest dimension of the

)\ )
RIS in meters.

As shown in Figure 3.1, the critical distance dy exhibits different behaviors based on the
physical size of the Reconfigurable Intelligent Surface (RIS) and the number of unit cells Q.
When the physical size L is held constant, the critical distance d increases with frequency
due to the reduction in wavelength ), allowing the RIS to more effectively manipulate the
incident waves. In contrast, when the number of unit cells @ is constant, d decreases with
frequency. This occurs because the spacing d between unit cells decreases as frequency
increases, which diminishes the RIS’s ability to extend its influence over longer distances.
Thus, the relationship between critical distance, frequency, and the physical configuration
of the RIS is pivotal in optimizing its performance in wireless communication systems.

K. Despotidou 18



Beam Management Strategies for Wireless Communications with Reconfigurable Intelligent Surfaces

NN S P S R D@
LS n] Ly . P (N oy s ) oy
S R A N
T

‘103: T T T T T TT 1 TT

Far-field Distance, dF [m]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
RIS Physical Dimension, L [m]

Figure 3.1: Far-field distance versus the RIS physical dimension L, = L. £ L
(ile., D=/L2+ L2 = v/2L) and the number of its unit elements Q for 28 GHz carrier frequency and

element spacing d, = d, £ d = \/2.

The wireless channels are modeled as a collection of propagation paths. For the BS-RIS
link with ¢; paths, the channel gain between the m-th BS antenna (with m = 1,2,..., Nys)
and the ¢-th RIS element, where the distance in the i-th path is d; ; 4., iS expressed as:

l1—1

[H\]gm = Z PLy iy 60 X At (3.3)

1=0

where PL;, and -, ; represent the path loss and small-scale fading of the BS-RIS link,
respectively.

Similarly, the BS-MU and RIS-MU channel matrix elements are given by:

lp—1

[Hlnm Y Plyiynae! x omm, (3.4)
=0
and
lo—1
27
(ol 2 ) PLy oy e/ K i, (3.5)
=0

where PL;,; and v, ; represent the path loss and small-scale fading of the BS-MU link and
PL.; and -, ; represent the path loss and small-scale fading of the RIS-MU link. The tests
are focused on scenarios where the BS-RIS and RIS-MU links have a dominant line-of-
sight (LOS) component (with index i = 0) and their distances are less than dg.

K. Despotidou 19



Beam Management Strategies for Wireless Communications with Reconfigurable Intelligent Surfaces

Position of RIS Elements

Figure 3.2: Visualization of the spatial distribution and arrangement of reflective elements on the
RIS used for optimizing signal reflections in the communication environment.

3.1.3 The Ricean Factor

To account for both line-of-sight (LOS) and non-line-of-sight (NLOS) components in the
channel, we employ the Ricean factor K, which defines the relative power between the
LOS and NLOS components. This model is particularly relevant in millimeter-wave (mm-
Wave) communication systems, where the LOS path often dominates signal propagation.
For our analysis, the performance of various algorithms is compared against benchmark
schemes using the Ricean fading model, where N; and N, denote the number of trans-
mitting and receiving antennas, respectively.

The Ricean fading channel model with K factor is represented by:

| K 1
H= H —H,,
1+ K Los + T+ K

where H, o5 represents the deterministic LOS component, H,, represents the NLOS scat-
tering component, and K is the Rice factor. The channel matrix H has dimensions N, x V;,
where each element models the channel response between a transmitting antenna and a
receiving antenna. For the channel matrix H to be normalized, ||H_ os||% = N: ;.

3.2 Beam Management Framework

In this section, we analyze the design of a set of hierarchical RIS phase-shift codebooks,
denoted as Wy, W, ..., Wy, Where [W;| < W, < --- < [Wy|. Each codebook W,

contains |W,,| phase-shift configurations, w,, 1, = [Ww kw15 - - - s Ww ke, Orw=1,2,.... W
andk, =1,2,...,|W,|. The near-field phase-shift design from [16] is used to create these
codebooks.
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3D Communication Setup with Blockage Area around MU

Base Station (BS)
@ Reconfigurable Intelligent Surface (RIS)
@ Mobile User (MU)

N
e
o

,4
~
n

15.0

,_.
[N}
n

(w) 33euIpiood Z
=
o
o

~
n

5.0

-10
0
10
20 oo
* coocd“‘a‘e
*

40

50 50

Figure 3.3: The red rectangular prism represents the blockage area surrounding the BS, simulating
the impact of physical obstructions on signal propagation. The arrows indicate line-of-sight (LOS)
paths between the BS, RIS, and MU.

3.2.1 Near-Field Hierarchical Codebook Design

Treating the BS and the MU as point source, leads to the following expression for RIS’s
realized gain in the near-field gris:

o

gris(Pi, Py) £ g ¢ % Pmpell o bl i, (3.6)

n

I
o

where p;, p., and p,, represent the positions of the BS, the observation point, and the n-th
RIS element, respectively.

Focusing on the LOS paths between the BS, RIS, and MU and assuming the blockage
area is rectangular, centered at p, with length R, and width R, it is defined as p, € P, =
{p=py+[z,y,0] : 2 € [-R./2,R./2],y € [-R,/2, R, /2] }.

The RIS phase-shift profile is:

Wp =

2
= UM (Pa) = Pull = 1M (Pn) = Prisll + [IPi = Pull) , Vn, (3.7)

where pgss is the RIS center, and M (p,,) maps p,, to a point in the blockage area p, € P,
as:

A, A
M@@-m+(—ﬂ+MWﬁ%waﬁ), (3.8)
L L,

where w, = wfoff—Rt/Qand At:%,with wy;=0,1,..., W, —1andt € {z,y}.

K. Despotidou 21



Beam Management Strategies for Wireless Communications with Reconfigurable Intelligent Surfaces

Received SNR vs. Displacement
30 T T T T T T T

Along the x-axis
Along the y-axis

| NAVa

1]
8 0
Displacement from the center of blockage area [m)]

SNR [dB)
>
T
1

Figure 3.4: Received SNR vs. the displacement along the x- and y-axes when the RIS is configured
to focus on the center of the blockage area. BS is at p, = [40,0,10] and RIS is at p,is = [0, 40, 5], the
focus point is at p, = [20,40,1]; L, = L. = 0.5m ; d, = d. = %; and f = 28 GHz.

For narrow illumination, the values W, and W, can differ due to beam spread differences.
Focusing the RIS on p,, we get the phase-shift profile:

2md
wn= Y - /\t(||pi_pn||+||pb—an),Vn. (3.9)

te{y,z}

This achieves the maximum gmax = g@ at point p,.
In Figure 3.4, we plot the SNR of the RIS-enabled link as:

2
SNR 2 1B ‘gR;(p“ PO pL (). (3.10)
MU

where PL(p;, p.) represents the cascaded path loss between the p; and the p, based on
displacements ¢, and ¢, from p,.

As shown in Figure 3.4, the plot highlights that the power distributions along the two axes
exhibit significantly different behaviors due to the way the RIS focuses the beams and how
the waves propagate in space.

The y-axis exhibits a narrow, regular beam spread, with a sharp drop in SNR as displace-
ment increases. This indicates a more focused energy concentration along the y-direction,
where precise alignment is required for optimal reception.

Along the x-axis, the beam widens as displacement increases, resulting in a more gradual
SNR decay and a larger coverage area. This is due to wave propagation along the x-axis,
which causes the beam to spread further.

Periodic side lobes appear along both axes due to constructive and destructive interfer-
ence from the RIS, more pronounced in the x-direction due to the wider beam spread.
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Figure 3.5: Four-level hierarchical RIS phase-shift codebook for near-field illumination constructed
from (5) with o = 0.8. The x- and y-axes of the blockage area are divided into W, =4 and W, = 4
sub-areas for Level 1, IV, = 8 and IV, = 8 sub-areas for Level 2, W, = 8 and W, = 16 sub-areas for
Level 3, and W, = 8 and W, = 32 sub-areas for Level 4.

Given the system setup, the beam along the x-axis spreads more as distance increases.
For narrow illumination, 1, should be chosen larger than W, to adequately cover the
blockage area, since the beam along the y-axis remains more confined while the x-axis
beam spreads wider.

Figure 3.5 presents a multi-level codebook design, adapted from [4], illustrating a struc-
tured approach with W = 4 distinct levels. Each level is characterized by its unique size,
specifically (W,,W,) = (4,4),(8,8), (8,16),(8,32). This hierarchical structure allows for
a systematic exploration of the beamforming capabilities of the reconfigurable intelligent
surface (RIS).
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At the initial levels, the codebook is relatively smaller, which facilitates a faster selection
process. As we progress to the higher levels, the sizes increase, thereby offering a greater
variety of beam patterns to choose from. This escalation in complexity is crucial for fine-
tuning the phase shifts and optimizing the beam alignment with the mobile user (MU).

Notably, a RIS configuration with Q = 8649, reflecting a substantial number of elements,
and W = 256, representing an extensive codebook size, achieves a peak Signal-to-Noise
Ratio (SNR) of 22 dB. This level of SNR indicates effective beam management and phase-
shift optimization, significantly enhancing overall communication performance. The ability
to attain such a high peak SNR underscores the potential of utilizing multi-level codebooks
in RIS-assisted systems, enabling more robust connections and improved signal quality
for users.

3.2.2 RIS Phase-Shift Management

In this section, we discuss the design of RIS phase-shift profiles while employing base
station (BS) precoding and mobile user (MU) combining designs. The RIS is positioned
to maintain a strong line-of-sight (LOS) connection with both the BS and the MU. Given
that both the BS and RIS are fixed, we consider a static precoder, vy, which is optimized
to focus on the center of the RIS.

However, since the MU may not be aware of the RIS’s exact location, it utilizes a set of
combiners, denoted as W, selecting the one that maximizes the received signal power.
The RIS phase-shift profile, represented as Q,,,, = gdiag(e?*=#w ), corresponds to the
k.,-th codeword from the w-th level codebook W,,,.

The instantaneous signal-to-noise ratio (SNR) at the MU is given by:

SNRyy () = max 1Uma (H+ HoSu Ha) ves

Umnu€Wmu 0r2nu

(3.11)

where ||umy|| = 1 for all uypy € Wi

During each SNR measurement, the BS transmits pilot symbols, the RIS selects a phase-
shift configuration 2, x,, and the MU computes SNRm, (2,1, ). Subsequently, for each
level of the RIS codebook, the MU reports the index of the phase shift that yields the
maximum SNR back to the RIS controller via a feedback link. This is mathematically
represented as:

k: = arg kTe%é(;; SNRmu (2w £, )5 (3.12)
where K C {1,2,...,|W,|} is the subset of phase-shift indices used at the w-th codebook

level. Notably, the first level of the codebook is not reduced, i.e., Ki = {1,2,...,|[W|}.
The selection of £, by the RIS helps define K, ,, thereby narrowing down the search in
the subsequent codebook level.

The hierarchical RIS beam management approach is summarized in the algorithm be-
low, focusing on the selection of the optimal beams that trace the best "path” within the
codebook hierarchy. This approach is designed to identify the beam configuration that
maximizes the estimated SNR, progressively refining the search space based on previ-
ously returned top-performing beams.
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Figure 3.6: The gray marked fields represent the beams that have been tested, but did not lead to a
high received SNR. The blue fields represent the beams that have been tested and lead to a high
received SNR. In Level 1 we had to test all four possible beams. In Level 2, we could focus on the

beams that correspond to bgl’l), because this beam lead to the highest SNR, namely b§2’3) and b§2’3).

In Level 3, we had to test b§3’6) and bé?”ﬁ). In the end, we found the beam b§3’6), that leads to the best
result, just as if we would have tested all entries of Level 3.

Hierarchical RIS Beam Management

1: Input: Codebook sets for each level Wi, Ws, ..., Ww
2: Output: Best beam indices for each level k7, k3, ..., kjy,
3: forw=1to W do
4: if w == 1 then
5: Kw+{1,2,...,[Wul}
6: else
7 K. < Beams corresponding to best beam k7 _,
8: end if
9: SNRpest + —00

10: kY 0

11: for each k,, € K, do

12: Set phase shift: Q,, 1.,

13: Compute SNR: SNRmy (4 k., )

14: if SNRmu(Qy 1, ) > SNRpest then

15: SNRbest — SNRmu(Qw,kw)

16: kY < ky

17: end if

18: end for

19: Store best beam index &, for level w

20: end for

21: Return: Optimal beam indices k7, k3, ...,k

To further illustrate the beam management process, consider a naive approach that would
involve evaluating every possible beam across all levels of the codebook without any
prior selection criteria. In this approach, the algorithm would compute the Signal-to-Noise
Ratio (SNR) for each beam independently at every level, leading to an exhaustive search
at each stage. This means that for the first level, all available beams would be tested,
and the one with the highest SNR would be selected. As the algorithm progresses to
subsequent levels, it would continue to test all beams, ignoring any prior knowledge about
which beams performed well in earlier evaluations. While this method ensures a thorough
exploration of all potential options, it incurs significant computational overhead and may
require extensive time and resources to complete the beam selection process. In contrast,
the hierarchical method intelligently narrows down the candidate beams based on prior
results, thereby enhancing efficiency while still aiming for optimal performance.
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4. NUMERICAL RESULTS AND DISCUSSION

In this chapter, we explore the performance of different beam management strategies
within a Ricean fading environment. Specifically, we will first evaluate a naive hierarchical
search approach that examines every beam across all levels of the codebook, regardless
of prior knowledge. This exhaustive method will serve as a baseline against which we
will compare the proposed hierarchical search algorithm in [4], which intelligently narrows
down candidate beams based on the results from prior levels, aiming to improve efficiency
while optimizing performance.

4.1 Simulation Parameters and Setup

The simulation adopts the following parameters: a carrier frequency of f = 28 GHz and
half-wavelength antenna element spacing at all nodes. The Base Station (BS) is equipped
with one N,s = 1 antenna, situated in the x—z plane with its center at pps = [40,0, 10].
The Reconfigurable Intelligent Surface (RIS) consists of a square aperture measuring
L, =L, = 05m(i.e., @ = 8649), located in the y—z plane with its center at p;s =
[0,40,5]. Although the proposed algorithm in [4] can accommodate multi-antenna Mobile
Users (MUs), we assume a single-antenna MU (N, = 1) to facilitate a straightforward
comparison with the optimal case of full channel state information (CSl). Since we consider
a Single Input Single Output (SISO) case in the results section, the channel matrices H;
in (3.3) and H, in (3.5) reduce to vectors, which we denote as h; € C¢*! and h, € C*¢,
while H in (3.4) becomes a scalar quantity h € C.

The MU is placed within a square blockage area measuring R, x R,, centered at pp,, =
20,40, 1], with R, = R, = 16 m. The direct BS-MU link is characterized by a 20 dB
attenuation factor. The propagation environment is modeled to include 1 non-line-of-sight
(NLOS) scattering path for each link—BS-RIS, BS-MU, and RIS-MU—resulting in /; =
ly =1l = 1.

The BS transmits at F,s = 20 dBm, with a noise spectral density of —176 dB/Hz, a band-
width of B = 100 MHz, and a noise figure of N, = 6 dB. The simulation results are averaged
over 200 random realizations of MU positions.

4.2 Benchmarks

The Hierarchical Algorithm in [4] employs a four-level hierarchical RIS phase-shift code-
book, as illustrated in Figure 3.5. The naive method conducts an exhaustive search over
the largest codebook (Level 4), which contains 256 phase-shift configurations, to identify
the optimal solution. The hierarchical method intelligently narrows down candidate beams
based on the results from prior levels, aiming to improve efficiency while optimizing per-
formance.

For comparison, we consider also the following benchmarks:

* Benchmark 1 (Full Focusing): In this scenario, the exact position of the MU is as-
sumed to be perfectly known, allowing the RIS to adjust its phase shifts accordingly
to focus on this specific position based on geometric information.
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* Benchmark 2 (Full CSl): This benchmark assumes perfect knowledge of the chan-
nels between the BS-RIS (%,) and RIS-MU (h,). The optimal RIS phase shifts are
determined to maximize the end-to-end channel gain by aligning the phases of h;
and h, such that [, , = —[Zh1], — [£hs], forallg=1,2,3,...,Q.

* Benchmark 3 (Full Codebook Search): In this benchmark, we consider the largest
codebook (i.e., Level 4 with 256 phase-shift configurations) and perform a full search
across all possible configurations to find the optimal phase shifts that yield the highest
received SNR at the MU.

4.3 Results

4.3.1 Naive Hierarchical Algorithm

To assess the performance of each level in the hierarchical codebook, we evaluated the
SNR for each beam across all levels, selecting the beam with the highest SNR at each
stage. This systematic selection process ensures that we capture the optimal beam align-
ment achievable at each level, allowing for a thorough comparison of performance across
the hierarchy. The following figure presents the average received SNR across the differ-
ent schemes. We assume free-space path loss for the LOS paths and change the relative
power of non-LOS paths to vary Ricean factor K. It is noteworthy that in all cases, the
SNR consistently improves as the Ricean factor increases. This trend is expected, as
a higher Ricean factor signifies a stronger line-of-sight (LOS) component relative to the
non-line-of-sight (NLOS) elements, which reduces signal scattering and interference from
multipath components, thereby enhancing overall signal quality. The Ricean model’'s em-
phasis on the LOS component is particularly advantageous in structured environments,
where it allows us to effectively harness the most stable propagation paths for improved
SNR.

As anticipated, Benchmark 1 (Full CSl) delivers the highest performance due to complete
channel state information, followed by Benchmark 2 (Full Focusing), and then Bench-
mark 3 (Full Codebook Search). For the Full Codebook Search, we tested all beams at
each level, retaining the beam that yielded the highest SNR from the entire hierarchical
codebook. Notably, we observe that the performance at Level 1 is comparatively limited,
showing minimal improvement across varying values of the Ricean factor. Levels 2 and 3
exhibit similar performance potential, with slight differences. Meanwhile, Level 4 achieves
results close to those of the Full Codebook Search, as it is the most refined level in the
hierarchy, providing more granular beamforming control.

These observations confirm the effectiveness of hierarchical beam alignment in improving
SNR, with higher levels offering increasingly targeted beam control that approaches the
optimal performance of Full Codebook Search.

4.3.2 The Hierarchical Algorithm of [4]

We next evaluate the performance of the novel framework proposed in [4], designed to
achieve results with even lower overhead. As anticipated, for nearly all values of the
Ricean factor K}, the schemes can be ranked in descending order of performance as:
Benchmark 1, Benchmark 2, Benchmark 3, and the Hierarchical Algorithm of [4].
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Figure 4.1: Naive Hierarchical Algorithm: Average received SNR at the MU (dB) vs. the relative
powers of the LOS path with respect to the non-LOS paths (dB).

Specifically, Benchmark 1 achieves the highest performance when non-LOS (NLOS) paths
are dominant—a scenario generally uncommon in mmWave communication systems [4].

In LOS-dominated scenarios, however, the performance of Benchmark 1 closely aligns
with that of the remaining schemes, which are tailored to leverage the LOS path. Not-
ably, the performance of all schemes, except for Benchmark 1, remains relatively consist-
ent across the entire range of K, values. This stability can be attributed to the narrow
transmission beams characteristic of mmWave frequencies, which imply that, despite the
presence of multiple channel scatterers, only a few will likely intersect the transmission
beams.

Overall, the performance results of the Hierarchical Algorithm of [4] closely resemble those
obtained through a naive full codebook search. The key distinction, however, lies in the ef-
ficiency of the algorithm: this novel framework iterates through the hierarchical codebook
across all levels, achieving performance that is comparable to a Full Codebook Search
while significantly reducing computational overhead. Consequently, the Hierarchical Al-
gorithm of [4] offers a resource-efficient approach to beam alignment in mmWave sys-
tems, striking a commendable balance between performance and overhead. This makes
it particularly well-suited for practical applications in RIS-enabled mmWave communica-
tion systems.
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Figure 4.2: Hierarchical Algorithm in [4]: Average received SNR at the MU (dB) vs. the relative
powers of the LOS path with respect to the non-LOS paths (dB).

4.4 Performance Comparison

The Table 4.1 provides a structured comparison of the methods based on critical attributes—
SNR, channel knowledge, overhead, and complexity. Each approach is evaluated for its
strengths and weaknesses relative to performance and resource requirements:

» Hierarchical Approach: While it yields a high SNR, this method is particularly ad-
vantageous in terms of reduced channel knowledge requirements and lower over-
head. Its moderate complexity strikes a balance between performance and resource
efficiency, making it a practical choice for applications with limited computational re-
sources or communication overhead constraints.

* Full CSI Approach: With very high SNR performance, this method leverages full
channel knowledge, resulting in substantial overhead and high complexity. This
makes it suitable primarily for scenarios where resources are abundant, and per-
formance is a priority over efficiency.

* Full Focusing Approach: Although offering high SNR and requiring full channel
knowledge, this approach balances better than Full CSI in terms of moderate over-
head, which may be more feasible in mid-complexity scenarios. It is a viable altern-
ative when some trade-off between overhead and performance can be accommod-
ated.
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Table 4.1: Comparison of Methods Based on SNR and Attributes.

Attributes Hierarchical Full CSI Full Focusing
SNR (dB) High Very High High
Channel Partial Full Full

Knowledge
Overhead Low High Moderate

Complexity Moderate High High
Use Case Suitable for Ideal for Balanced

low-overhead high-performance applications with
scenarios applications moderate
requirements

The table effectively highlights how each method aligns with different performance and
resource considerations, serving as a quick reference for selecting the most appropriate
beamforming strategy based on application requirements.
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5. CONCLUSIONS AND FUTURE WORK

This thesis aimed to replicate and analyze key experiments from recent work on near-field
beam management for RIS-enabled millimeter-wave multi-antenna systems. Through de-
tailed simulations, the study not only validated the effectiveness of hierarchical phase-shift
codebooks in optimizing beam alignment but also rigorously tested the Hierarchical Al-
gorithm of [4] across a diverse range of antenna configurations and varying numbers of
scattering paths. This comprehensive approach provided a more nuanced understand-
ing of the algorithm’s performance and its adaptability to different operational scenarios.
The results confirmed that RIS technology can significantly improve signal coverage and
energy efficiency, particularly in dense urban environments where near-field communic-
ation is prevalent. The simulations highlighted how RIS can mitigate the limitations of
traditional multi-antenna systems by enhancing signal quality and reliability, thereby sup-
porting higher data rates and improving user experience.

However, several limitations were identified during the experiments. While the complex-
ity of the near-field beam management algorithms was notably reduced compared to
traditional methods, challenges remain in their real-time application. Achieving precise
beam alignment in highly dynamic environments—where user mobility and environmental
conditions fluctuate—may require more sophisticated control mechanisms. Furthermore,
the performance of the Hierarchical Algorithm of [4] may vary significantly with different
antenna configurations, factors affecting their gain, and the number of scattering paths
present in the environment. This variability necessitates further investigation and adapt-
ation of the algorithm to ensure consistent performance across diverse real-world condi-
tions.

Future research can explore several avenues to further enhance RIS-based beam man-
agement systems. First, improving the scalability of the hierarchical codebook to accom-
modate larger arrays of RIS elements and more complex network configurations would be
an important step. The integration of scalable algorithms could allow for the deployment
of RIS in extensive networks, thus maximizing the benefits of this technology. Second,
positioning plays a crucial role in beam alignment, particularly in scenarios where RIS
is deployed in dynamic environments with user mobility. As demonstrated in [2], efficient
beam alignment can be achieved by leveraging position information from sensors attached
to nodes, which enables rapid adjustments to beam direction following any declared mis-
alignment. This positioning-based approach facilitates alignment within just two rounds of
control information exchange, ensuring that communication ends can optimize beamform-
ing (BF) with minimal overhead. For scenarios requiring reduced computational overhead,
one could explore a strategy where only a certain SNR threshold needs to be achieved,
subject to the user equipment’s quality-of-service constraints. This approach could po-
tentially terminate the algorithm at an upper layer without needing to search through all
available beams to acquire the optimal one, thus balancing performance with resource
efficiency.

Furthermore, machine learning techniques could be applied to predict optimal phase-shift
configurations dynamically, reducing the need for extensive channel state information
(CSI) acquisition and thereby expediting the beam alignment process. Recent discover-
ies in artificial neural networks (ANNs) show promise for handling hardware nonlinearities
and managing wireless channel dynamics efficiently [3]. For instance, efficient ANN-based
configurations can address nonlinearities in multiple power amplifiers, as explored in full-
duplex (FD) massive MIMO architectures for high-frequency communications.
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Figure 5.1: Applications of the proposed in [30] RISE wireless connectivity paradigm, enabled by a
plurality of power-efficient RISs integrated with the conventional network infrastructure.

This approach not only facilitates efficient analog self-interference cancellers but also al-
lows more adaptable analog-to-digital (A/D) transmission and reception beamforming. Ad-
ditionally, supervised and reinforcement learning techniques can be utilized for traffic pre-
diction, enabling dynamic scheduling of uplink and downlink users in FD massive MIMO
networks and reducing the overhead associated with multiple pilot-assisted channel estim-
ates [3]. Extending this approach to efficient near-field beam tracking, machine learning
could dynamically search over a time-evolving area of interest, enabling rapid adaptation
to changing user positions and further optimizing resource allocation in complex, high-
mobility scenarios.

Another promising direction for future work involves the development of advanced beam
tracking algorithms tailored for mobile users (MUs). As MUs traverse through varying en-
vironments, maintaining optimal beam alignment becomes paramount for ensuring high-
quality communication. This challenge necessitates real-time beam training, beamform-
ing, and alignment, which must adapt dynamically to the changing positions and orienta-
tions of users. The complexities of this task arise from several factors, including the need
for rapid adjustments to compensate for user movement, variations in channel conditions,
and potential interference from surrounding obstacles. Moreover, achieving low-latency
responses while ensuring high accuracy in beam alignment poses significant technical
hurdles that could impact user experience. Despite these challenges, the growing import-
ance of mobility in wireless communications—particularly in applications like autonomous
vehicles, augmented reality, and loT devices—underscores the necessity of such invest-
igations. By addressing these complexities, we can significantly enhance user experience
and system reliability in mobile environments, ensuring that users remain connected even
in challenging circumstances.

Additionally, future work could focus on the real-world implementation of RIS technology,
particularly addressing hardware challenges and ensuring compatibility with existing 5G
networks. The transition from simulation to practical deployment will require addressing
issues such as power consumption, form factor, and integration with existing commu-
nication infrastructure. Expanding the application of RIS to other environments, such as
rural or large-scale outdoor networks, would also provide valuable insights into its broader
utility and effectiveness. These applications could help bridge connectivity gaps in under-
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served areas, enhancing communication capabilities and providing equitable access to
high-speed data.

Finally, investigating the role of RIS in emerging communication technologies, including
6G and THz networks, could open new opportunities for low-latency, high-capacity wire-
less communication. As the demand for faster and more reliable connections continues
to grow, RIS technology may play a crucial role in meeting these needs, particularly in
supporting high-density urban areas and facilitating new applications such as holographic
communication and immersive virtual experiences. Understanding how RIS can be effect-
ively integrated into these next-generation networks will be essential for realizing the full
potential of future wireless communication systems.

In conclusion, the exploration of RIS technology and its applications in beam management
systems is paving the way for the future of wireless communications. As we continue to
refine these approaches and tackle emerging challenges, we can unlock the full potential
of RIS-enabled networks, ultimately enabling a new era of connectivity characterized by
improved performance, efficiency, and user experience. The advancements in this field
hold great promise for transforming how we interact with technology and connect with one
another in an increasingly digital world.
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ABBREVIATIONS - ACRONYMS

6G Sixth-Generation Wireless Technology
A/D Analog-to-Digital

ANN Artificial Neural Network

AoA Angle of Arrival

AoD Angle of Departure

AP Access Point

AWGN Additive White Gaussian Noise

BA Beam Alignment

BER Bit Error Rate

BF Beamforming

BS Base Station

CAP Continuous-Aperture

CE Channel Estimation

CS Compressed Sensing

CSl Channel State Information

dB Decibel

ELLA Extremely Large-Scale Antenna Array
EM Electromagnetic

ETSI European Telecommunications Standards Institute
FD Full-Duplex

FFT Fast Fourier Transform

FoV Field of View

loT Internet of Things

ISAC Integrated Sensing and Communications
LoS Line-of-Sight

MIMO Multiple-Input Multiple-Output
mmWave Millimeter-Wave

MU Mobile User

NFC Near-Field Communication

34



Beam Management Strategies for Wireless Communications with Reconfigurable Intelligent Surfaces

K. Despotidou

NLoS Non-Line-of-Sight

PBIT Passive Beamforming and Information Transfer
QoS Quality of Service

RF Radio Frequency

RIS Reconfigurable Intelligent Surface

RPM Reflection Pattern Modulation

RRA Relative Reflection Angle

SISO Single-Input Single-Output

SNR Signal-to-Noise Ratio

THz Terahertz Frequency
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