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Abstract

5G cellular networks rely on millimeter wave (mmWave)’s large spectrum
availability to sustain data-hungry applications. 5G New Radio (NR) sys-
tem operations have been enabled and optimized between 24.25 GHz and
71 GHz, while higher bands in the spectrum are already being explored for
future releases. Unlocking mmWave’s potential requires highly directional
links to counteract its challenging propagation conditions, creating the beam
alignment issue that motivates the current 3rd Generation Partnership Project
(3GPP) beam management procedure. However, the constant emergence of
new use cases, services and form factor designs may challenge this proce-
dure’s capabilities, especially when migrating to higher frequencies.

This thesis takes a critical look at the existing beam management frame-
work to increase its ability to support the evermore stringent usage scenar-
ios of 5G mmWave cellular systems. A limitation assessment is carried out
by evaluating the link-level performance of beam management under opera-
tional conditions such as intra-cell mobility, propagation environment, beam-
forming architecture, device rotation and mmWave user hand blockage. Re-
sults reveal that mobility, device rotation and large angular spread channels
are detrimental to beam alignment: beam measurements obtained through
the current procedure can quickly become outdated in dynamic scenarios,
leading to erroneous beam selection and performance degradation. More-
over, user blockage is shown to be a largely neglected hindrance to beam
management, capable of compromising the device’s original beam shape and
further degrading performance. The severity of this effect is dependent on
aspects such as hand grip type, antenna placement and device orientation,
which are not captured by the current 3GPP user blockage model.

In addition, two different approaches are proposed to address the out-
dated measurement challenge. While one targets overhead and latency re-
duction of the procedure, minimizing the likelihood of outdated beam in-
formation, the other explores the outdated measurements in a data-driven
solution to find the best beam pair. Both solutions offer an improvement
of beam management performance with easy integration to the current NR
standard.
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Resumé

5G-mobilnetværk udnytter den store spektrum tilgængelighed ved millime-
terbølge frekvenser for understøttelse af data tunge applikationer. 5G New
Radio (NR) systemdrift er blevet optimeret mellem 24.25 GHz og 71 GHz, alt
imens højere frekvensbånd i spektret bliver analyseret for fremtidige 3GPP
opdateringer. Det kræver stærkt retningsbestemte signaler for at modvirke de
udfordrende udbredelsesforhold og frigøre det fulde millimeterbølge poten-
tiale, hvilket skaber det antennestråle justeringsproblem, der motiverer den
nuværende 3rd Generation Partnership Project (3GPP) antennestråle håndter-
ingsprocedure. Den konstante fremkomst af nye scenarier, tjenester og mobilt
udstyrs design kan dog udfordre denne procedure, især ved migrering til hø-
jere frekvenser.

Denne afhandling tager et kritisk blik på den eksisterende antennestråle
håndteringsprocedure med henblik på at øge evnen til at understøtte stadig
mere stringente brugsscenarier for 5G millimeterbølge cellulære systemer.
Der udføres en begrænsningsvurdering ved at evaluere link-niveau an-
tennestråle styringseffektivitet under operationelle forhold, såsom intra-celle
mobilitet, udbredelsesmiljø, retningsbestemt stråleformende arkitektur,
håndsæt rotation og millimeterbølge brugerhåndsblokering. Resultaterne
afslører at mobilitet, håndset rotation og kanaler med stor vinkelspredning
er problematiske for antennestrålejustering: resultater af antennestråle
målinger udført med den nuværende procedure kan hurtigt blive forældede
i dynamiske scenarier, hvilket fører til forkert valg af antennestråle og
forringelse af ydeevnen. Derudover viser det sig at brugerblokering, der
er i stand til at kompromittere enhedens originale stråleform og yderligere
forringe ydeevnen, er et stort set overset problem for antennestrålestyring.
Størrelsen af denne effekt afhænger af aspekter såsom håndgrebstype,
antenneplacering og håndset orientering, som ikke fanges af den aktuelle
3GPP brugerblokeringsmodel.

Derudover foreslås to forskellige tilgange til at løse udfordringen med
forældede måleresultater. Mens den ene adressere procedure signalerings-
og latensreduktion for minimering af sandsynligheden for forældet stråle-
information, undersøger den anden de forældede målinger i en datadrevet
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Resumé

løsning for at finde det bedste antennestråle par. Begge løsninger tilbyder
en forbedring af antennestråle styringseffektiviteten med simpel integration
i nuværende NR-standard.
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Chapter 1

Introduction

1 Background and Motivation

The first wireless communication systems were pioneered in the 1900s thanks
to visionary minds like Nikola Tesla, Jagdish Chandra Bose, Alexander Popov
and Guglielmo Marconi [1]. Since then, the wireless industry has flourished
into several sectors, one of the most impactful being dedicated to mobile
communications. A continuous technology growth allied with consumer
demand has already produced five evolutionary generations of mobile net-
works. What initially started in the 1980s as a mobile voice service in the
1st generation (1G) quickly extended towards the mobile broadband network
we use today in the 4th generation (4G), supporting data-dominated applica-
tions that have shaped our modern world into a fast-paced always-connected
society, even through a global pandemic [2, 3].

However 4G/Long Term Evolution (LTE) has rapidly reached its maturity
stage, lacking the network flexibility, scalability and spectrum availability to
continuously adapt to new emerging use cases. These limitations motivated
the shift to the 5th generation (5G), envisioned as a forward-looking system
that facilitates compatibility with previous and future generations of wireless
deployments, all while enabling unprecedented data rates, connected devices
and low latency applications [4].

1.1 5G and the mmWave spectrum

Up until now, all generations of wireless technologies have introduced major
paradigm shifts in the wireless industry. 5G is no different in the sense that
it aims to go beyond virtually connecting people to also interconnecting ma-
chines and devices, sustaining a tremendous amount of growth in connectiv-
ity and data traffic volume while offering higher data speeds, low latency and

3



Chapter 1. Introduction

a wider range of usage scenarios [5]. The targeted use cases are loosely cate-
gorized within the industry into 3 broad areas of service, according to its fea-
sibility requirements [6]. Massive Machine Type Communications (mMTC)
cater to massive Internet of Things (IoT) applications, where machines com-
municate autonomously to enable concepts like smart cities. Ultra-Reliable
and Low-Latency Communications (URLLC) tend to small but critical data
exchanges that support futuristic markets such as remote healthcare or au-
tonomous vehicles. Finally, enhanced Mobile Broadband (eMBB) continues
to focus on supporting the ever-growing demand for mobile broadband in
cloud services, 8K streaming, and immersive experiences [7].

Currently, eMBB services are the most prevalent among everyday users,
driving the first 5G commercial deployments through consumers’ smart-
phones. Ericsson accurately predicted in [8] the average monthly usage per
smartphone in 2022 would surpass 15 GB and the number of 5G mobile sub-
scriptions to go over 1 billion. This trend shows no indication of slowing
down in the future, as seen in Fig. 1.1, with predictions pointing at 4.4 billion
5G mobile subscriptions by the end of 2027.

To sustain the higher data rates and overall increased system capacity
needed for these applications, an essential piece of the puzzle lies in securing
sufficient bandwidth [9]. However, the current sub-6 GHz bands employed
by LTE have become too crowded to enable this new wave of data-hungry
use cases. Therefore, it is necessary to find additional room in the frequency
spectrum for 5G.

The millimeter wave (mmWave) frequency band, spanning from 30 to 300
GHz, makes for a worthy candidate. Since it has remained for the most part
unused, this range of frequencies can easily offer large amounts of bandwidth
in a contiguous portion of the spectrum. While this seems like a straightfor-
ward solution, there is a reason why mmWave have been mostly overlooked
in previous communication systems. At these high frequencies, propaga-
tion conditions are quite hostile and challenged by significant pathloss, at-
mospheric and rain absorption, low object penetration and weak diffraction
around obstacles [10], [11]. Although these properties limit the applications
of mmWave, technology has now evolved to circumvent some of these chal-
lenges and unleash its full potential for 5G.

An example of this is pathloss mitigation. Simply put, Friis’ equation
states that the received power between isotropic antennas in free space scales
with the square of the waveform’s wavelength, λ2 [12]. Under the assump-
tion of a fixed antenna electrical size, it is then clear that the received power
is negatively impacted by an increase of frequency. In fact, migrating in the
spectrum from a popular LTE band of 2.4 GHz to the 28 GHz mmWave band
results in a free space power loss of around 21 dB. Considering the regulated
transmission power and battery life of devices, increasing the transmit power
would not be enough to counteract a loss of this magnitude. Therefore, to

4



1. Background and Motivation

Fig. 1.1: Number of mobile subscriptions per technology: inspired by Ericsson’s 2022 Mobility
Report [8].

maintain adequate coverage of the system, a gain increase must be pursued.
To that end, large directional antenna arrays can be implemented to perform
beamforming, where all the gain from each antenna element is construc-
tively combined and focused in a particular direction. Since this technique
produces narrow beam patterns, it is vital that the transmitter and receiver
beam pair point towards each other to achieve adequate signal strength [13].

In mobile communications, where the device is not limited to a fixed lo-
cation, the best beam pair combination not only has to be determined for
each user but also has to be kept up to date to ensure seamless connectiv-
ity. The narrow nature of these beams allied with the user’s demanding
mobility requirements creates a beam alignment issue between the base sta-
tion and the user equipment (UE) beams, becoming one of the biggest chal-
lenges of mmWave communications for 5G. Therefore, in order to transition
to mmWave and utilize its bandwidth, beam adaptation protocols must first
be established to manage the crucial operations of beam pair link search and
maintenance.

1.2 Beam Management

From the 2nd generation (2G) onwards, all wireless system have been es-
tablished and deployed according to a set of standards driven by the 3rd

generation Partnership Project (3GPP), a collaborative group of telecom or-
ganizations responsible for designing globally applicable specifications for
new wireless technologies. Under the new global wireless standard for 5G’s
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radio access technology, designated as 5G New Radio (NR), 3GPP has de-
fined a range of mmWave frequencies, frequency range 2 (FR2), where oper-
ations are being optimized. FR2, which previously spanned from 24.25 GHz
to 52.6 GHz, has now been extended to 71 GHz with even higher frequency
bands also being currently explored in the spectrum for future releases of 5G
and 6th generation (6G), as seen in Fig. 1.2 [14].

To resolve the issue of beam alignment, a set of layer 1 (L1) and layer
2 (L2) procedures has been established in NR, under the umbrella term of
beam management, to acquire and maintain an optimal beam pair link be-
tween the Next Generation Node Base Station (gNodeB) and the UE out of
a pre-defined set of beam combinations [15]. The wide bandwidths charac-
teristic of mmWave combined with large antenna arrays and bit resolution
requirements make it challenging to scale up the transceiver units (TXRU)
required to achieve complete beamforming flexibility to make the beam se-
lection process as swift as possible. To prevent it from becoming an overly
complex and costly system, the current beam management process adopts
an analog beamforming approach instead [4]. Analog beamforming relies
on adjusting the antenna array’s phase shifts to point the beam in different
directions, requiring only one TXRU per desired beam. However, a single
TXRU configuration comes with limitations such as the inability to multiplex
signals in the spatial dimension. This is why the current beam management
framework relies on sequentially sweeping, measuring and reporting a large
number of potential beam pair candidates before determining the best selec-
tion. Moreover, due to the user’s mobility, this monitoring must be repeated
periodically to avoid a link drop, always ensuring the best connection for the
user.

Although this method might be sufficient for the first deployments of
mmWave services, it may not be adequate to meet consumer demand on new
applications that require frequent beam switches like augment reality (AR)
and virtual reality (VR) systems, unmanned aerial vehicles (UAV) services,
and new types of handset designs, such as foldable phones [16]. This problem
will further aggravate in future deployments where the migration to higher
frequencies is certain. Therefore, this thesis focuses on the important task of
assessing what the limits of the current framework are and pinpointing areas
of improvement to make fully fledged mmWave communications a reality.

2 Thesis Outline

This thesis is structured into 2 parts, Part I and Part II. First, Part I offers
a summary of the work conducted during the PhD project. The remainder
of Part I’s content is organized as follows: Chapter 2 details the open prob-
lem at hand, the research questions posed and methodology used to tackle
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2. Thesis Outline

Fig. 1.2: Current 5G spectrum for Release 17.

it. Chapter 3 provides a description of the beam management framework as
established in Release 15 and the specific procedures that are targeted in this
work. Chapter 4 dives into the main challenges of beam management, the
current state-of-art on circumventing them and as lists this PhD project’s out-
comes on that subject. Finally, Chapter 5 summarizes the contributions made
and how they fit into the research questions posed. Additionally, an outlook
on future research directions for this topic is provided. Part II concludes this
thesis by presenting a compilation of the publications that resulted from the
work detailed in Part I.
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Chapter 2

Problem Statement

The motivation behind this work can be stated as

Future cellular networks will increasingly rely on the mmWave band to increase
capacity. To circumvent these frequencies’ challenging propagation conditions, highly
directional beamforming is required to acquire and maintain beam alignment for
an adequate link quality. The constant emergence of new use cases, services and
form factor designs may challenge the capabilities of the current beam management
procedure, threatening the feasibility of mmWave communications for 5G.

This thesis aims to mitigate such challenges by critically examining the
vulnerabilities of the current beam management procedure and devising so-
lutions that can be incorporated in the NR standard, thus ensuring the adapt-
ability of 5G mmWave cellular systems to future demanding or disruptive use
cases.

1 Research questions

Tackling this problem sparks several inquiries which are categorized into two
main research questions: RQ1 and RQ2. In order to improve a procedure’s
performance, one must first find its vulnerabilities. Therefore, RQ1 ponders
on potential limitations of the current beam management framework:

• RQ1: What are the main vulnerabilities of the beam management
procedure?

– RQ1-a: How robust is the current beam management procedure
to high user mobility and device rotation?

– RQ1-b: Is user blockage a hindrance to the current beam manage-
ment procedure?

9



Chapter 2. Problem Statement

– RQ1-c: To what extent is the absence of line-of-sight (LOS) condi-
tions a factor in beam management performance?

Mobility and intermittent LOS conditions are prevalent factors of beam
management performance for outdoor urban environments. The users are
likely to move through an inherently dynamic propagation environment
at mmWave frequencies, where a user’s connection can quickly degrade
just by turning a building’s corner. It is important to assess how well
the current procedure handles such challenges to pinpoint any potential
aspects to be improved upon. Additionally, and considering that a large
portion of eMBB applications are enabled through handheld devices, it is
worthwhile investigating how disruptive the user’s influence, manifested
through blockage or device rotation, could be to the beam alignment process.
Although its effects are known to be detrimental for mmWave antennas’
spherical coverage, the study of user blockage impact on beam management
performance is not widespread in current literature [17–19]. Similarly, the
user could also subject the device to sudden and frequent rotations during
use, further disturbing the delicate alignment of mmWave’s narrow beams.
These questions naturally lead to a reflection, expressed in RQ2, on the type
of solutions that could help overcome such challenges:

• RQ2: What changes are required in the current BM framework to
improve mmWave communications?

– RQ2-a: Could such changes be introduced within the current
beam management implementation?

– RQ2-b: Would the improvement of the current beam management
procedure require additional information available to the device?

If changes to the current procedure are necessary, it is relevant to contem-
plate whether improvements could be achieved through enhancements built
upon the current signalling and measurement framework or if significant
changes to the NR standard would be required. While the standard is meant
to evolve throughout different 3GPP Releases to support new features and
functionalities, incremental changes that stand on pre-existing implementa-
tions are easier to introduce and ensure backward compatibility with older
devices and infrastructure. Moreover, with the foreseen challenges, relying
solely on measurements to secure narrow beam alignment may not suffice
and additional data such as positioning or orientation of the user terminal
might need to be extracted from sensors and integrated into the beam man-
agement procedure.

Finally, it bares mentioning that beam management is a growing and vast
topic that encompasses several areas of study. However, due to the time-
limitation of a PhD project, not all research avenues can be pursued. Instead,
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this work focuses on a subset of beam management challenges perceived to
be amongst the most likely to jeopardize beam alignment and investigates
them in depth, offering a well-balanced study on mmWave beam manage-
ment performance.

2 Methodology

All publications listed in this body of work result from research carried out
according to the following scientific approach:

1. Problem definition and research questions: An extended literature
survey is conducted to deepen knowledge on the topic of beam manage-
ment for 5G NR and pinpoint the main research problems of interest.
Specifically, ponder on the potentially vulnerable procedures of beam
management for which performance could suffer from more demand-
ing use cases and applications.

2. Formulation of hypothesis solution or study proposal: To answer the
research questions at hand and pose a potential study or solution, de-
pending on the nature of the research question.

3. System modelling: To investigate the hypothesis made, a high de-
tail system model is employed including 3GPP compliant beam man-
agement signalling, intra-cell user mobility, variable propagation en-
vironments, different beamforming architectures, device rotation and
mmWave user hand blockage. Since such signalling and propagation
details become too complex to model analytically, a self-developed 3D
geometric link-level simulation tool is adopted based on the Monte
Carlo method. Further details on the simulator structure are provided
in the Appendix.

4. Result processing and analysis: After collecting the results from the
simulator, numerical evaluations are employed using appropriate key
performance indicators (KPI) to depict beam alignment performance
such as Reference Signal Received Power (RSRP), Received Signal
Strength (RSS), beam time-of-stay (ToS), beam misalignment proba-
bility and beam misalignment loss. These metrics are used to assess
a link’s performance degradation or enhancement when studying
the impact of an identified procedure vulnerability or when testing a
solution’s effectiveness for beam management.

5. Conclusion and dissemination of results: The work developed is com-
piled and shared in a peer-reviewed community through scientific pub-
lications targeting high-impact journals and conferences. Moreover,
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presentations are given in project-related meetings in Nokia and the
Wireless Communication Networks (WCN) section.
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Chapter 3

5G NR Beam management

This chapter delves into the details of 5G NR’s beam management process
introduced in Section 1.2 of Chapter 1. To contextualize this project, Section
1 describes the current beam management framework supported by 3GPP
and Section 2 narrows down the scope of this research by specifying which
procedures and system assumptions are explored in the course of this project.

1 Beam management framework

In 5G mobile networks user mobility is categorized into inter-cell and intra-
cell mobility. Inter-cell mobility, remaining true to its definition in legacy
networks, pertains to cell-level mobility where UEs are moving between cov-
erage areas of different cells. To ensure the connection is maintained, han-
dovers are performed based on cell quality measurements handled by the
Radio Resource Management (RRM) mobility procedure, which relies on the
upper Radio Resource Control (RRC) layer [20] , [7].

Intra-cell mobility refers instead to beam-level mobility within the cell
[21]. As previously established, FR2 communications require narrow beams,
which entails larger codebooks must be employed to meet the cell’s coverage
requirements. In an intra-cell mobility scenario, the best serving beam for
a non-static UE may change quite often. In order for a user to experience
seamless connection when moving through the cell, timely beam alignment
between the transmitter and receiver narrow beams must be provided at all
times. That is handled by beam management, which takes place solely in
L1 and L2, without resorting to higher layers. This thesis focus mainly on
intra-cell mobility and its associated beam management procedures.
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1.1 Beam management procedures

The following beam management procedures are supported in the standard
to handle intra-cell mobility [15]:

• Beam sweeping: the gNodeB or the UE cover the cell’s spatial area
using a set of beams transmitted or received in pre-specified directions
and time intervals.

• Beam measurement: the gNodeB or the UE evaluate quality of received
beamformed signals, typically through L1-RSRP measurements, on a
per beam basis.

• Beam determination: the gNodeB or the UE identify their own best
beam for transmission or reception based on measurements.

• Beam reporting: the UE periodically reports measurement-based infor-
mation on beamformed signals.

• Beam switching: the gNodeB or UE switch between available beams to
maintain beam alignment.

• Beam failure detection: the UE, while monitoring the quality of the
serving beam pair, identifies sudden interruption of the communication
link.

• Beam failure recovery: The UE attempts to recover from a rapid in-
terruption of connectivity after a beam failure is declared by indicating
the failure to the gNodeB, along with a new suitable beam.

There are three distinct downlink (DL) processes of operations to obtain the
best beam pair selection. While not specified in the standard, these are collo-
quially referred to as P1, P2 and P3 in technical discussions and reports:

• P1: initial process dedicated to gNodeB beam selection. Broad beams
are typically used to sweep the angular space and a coarse serving
direction is chosen based on measurements from a broad-beam UE.

• P2: second process to refine P1’s beam selection using narrower
gNodeB beams, still employing a broad-beam at the UE.

• P3: final process of beam alignment for UEs equipped to support beam-
forming. After beam selection at the gNodeB side, the transmit beam is
fixed so the UE can refine its broad-beam by sweeping through its own
narrow beams.

These processes, represented in Fig. 3.1 are meant to secure a beam pair se-
lection that is suitable for both transmission and reception. This assumption
stands on the concept of beam correspondence, which states that the best
transmit beam for the gNodeB or the UE is also its best receive beam.
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Fig. 3.1: Beam management processes.

1.2 Beam acquisition and beam tracking

According to the definition of beam management in [15], the procedures
above are used both for acquiring and maintaining a beam pair link. There-
fore, two types of beam alignment can be envisioned: beam acquisition and
beam maintenance or tracking [22]. Beam acquisition occurs when the UE
is not yet connected or has lost connection, for example, after an unsuccess-
ful beam failure recovery attempt. In other words, beam acquisition is the
starting point of the beam management process where the best initial beam
pair is acquired with little to no prior knowledge on cell quality information.
For this reason, initial beam alignment must be achieved through a P1-P2-P3
process of sweeping and measuring the available beam pair combinations.
Beam tracking takes place after beam acquisition, when the UE has already
in place a physical link connection to a gNodeB associated to a serving beam
pair. Consequently, the network must periodically monitor that connection
and assess whether its quality triggers a beam switching procedure or even
a beam failure recovery procedure. Since a link is already established, the
network usually has access to information that allows it to select a subset of
beam candidates most likely to replace the current serving beam once the
link quality deteriorates, reducing the beam alignment search space.

In summary, while beam tracking is an on-going process that relies on
all the beam management procedures listed, beam acquisition is successfully
completed after a beam pair link is secured, employing only a fraction of
those procedures, as illustrated in Fig. 3.2.
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Fig. 3.2: Beam management procedures for beam acquisition and beam tracking.

1.3 Beam management signalling and measurement

Beam management measurements rely mostly on two types of DL signals:
Synchronization Signal/Physical Broadcast Channel (SS/PBCH) Blocks and
Channel State Information Reference Signals (CSI-RS) [23].

SS/PBCH

SS/PBCH Blocks, typically shortened to Synchronization Signal Blocks (SSB),
are a pivotal part of NR, being broadcasted periodically for UE measurement
purposes. A single SSB, spanning 4 Orthogonal Frequency-Division Multi-
plexing (OFDM) symbols in time and 240 subcarriers in frequency, is com-
posed of both synchronization signals and broadcast channels, as seen in Fig.
3.3. The Primary Synchronization Signal (PSS) and Secondary Synchroniza-
tion Signal (SSS) are carried in the SSB as two 127-long pseudo random binary
m-sequences employed for initial synchronization and cell identification. The
Physical Broadcast Channel (PBCH), associated with the Demodulation Ref-
erence Signal (DMRS), contains system control information the UE requires
to communicate with the network.

During the beam sweeping procedure these SSBs are transmitted in
groups, known as SSBursts, according to a numerology-dependent transmis-
sion pattern. In FR2 an SSBurst can contain up to 64 SSBs, as displayed in
Fig. 3.3 [24]. Each SSB is mapped to a unique gNodeB beam so that the UE
can decode it, measure that beam’s power level and report its L1-RSRP value
back to the gNodeB for beam determination. This is done through SS-RSRP,
which is defined as the linear average over the power contributions in Watt
of the resource elements that carry a SSS [25]. For beam acquisition, SSBs are

16



1. Beam management framework

Fig. 3.3: SSB structure and SSBurst transmission pattern.

usually employed during P1, where broader beams are considered.

CSI-RS

CSI-RS’s are UE-specific signals transmitted by the gNodeB to monitor DL ra-
dio channel conditions. These NR signals are extremely flexible, allowing for
18 different time-frequency allocation configurations tailored to a multitude
of applications such as Channel State Information (CSI) acquisition, RRM or
beam management. In the latter, CSI-RS can only be configured through 3
distinct configurations to be used, similarly to SSBs, in L1-RSRP measure-
ments for beam candidate selection. This is achieved using CSI-RSRP, which
is the linear average over the power contributions in Watt of the resource
elements of the antenna port(s) that carry CSI-RS configured for RSRP mea-
surements within the considered measurement frequency bandwidth in the
configured CSI-RS occasions.

In the context of beam acquisition, CSI-RS’s are associated with narrower
beams and, therefore, are employed in both P2 and P3. However, their config-
uration differs in a higher layer parameter titled "repetition" which displays
a binary "on" or "off" state. This parameter is only set for CSI-RSs config-
ured for L1-RSRP and it clues in the UE on which assumptions it can make
regarding the DL beamforming configuration on the gNodeB side. In P2,
"repetition" is "off", entailing that the beamforming applied to each CSI-RS
resource at the gNodeB may vary. Therefore, the UE takes that information
as an indication to maintain the same spatial filtering until P2 is complete. In
P3 however, this parameter is set to "on", meaning that the UE can assume
that no beam sweeping is performed on the gNodeB side and, therefore, is
free to sweep through its own beams for beam refinement.
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2 Beam management modelling assumptions

Beam management is an essential building block of NR system design for
mmWave. However, due to the complex nature of this process and the
range of use cases it is meant to serve, modelling it within a simulation
tool can become an increasingly complex task. Therefore, in order to create
a 3GPP-compliant yet attainable evaluation framework, this thesis imposes
some beam management model stipulations tightly inspired by the process
described above.

Firstly, a standalone mmWave system is assumed, where all control and
measurement message exchanges are delivered without any errors through
an ideal control channel. Furthermore, this work relies on the principle of
beam correspondence by assuming the best beam pair link for both transmis-
sion and reception is always obtained directly through DL measurements.
Moreover, the topic of beam management is further scoped down to focus
on the beam acquisition stage, along with the procedures associated with
it: beam sweeping, beam measurement, beam reporting and beam determi-
nation. The beam reporting procedure, as well as any other uplink (UL)
operations such as Random Access, are assumed to display ideal signaling,
with no errors or delays. Regarding P1, P2 and P3 in beam acquisition, it is
worth highlighting that these stages are merely conceptual and the standard
does not mandate that all of them be put to use at once. Furthermore, the
relationship previously described between P1 and P2 beamwidths is also not
specified in the standard, despite being a widespread practice in the industry.
Therefore, this work adopts a variation of these stages, employing mostly P1
and P3 as represented in Fig. 3.4. The beam acquisition process in this work
is kicked off in P1 with beam sweeping on the gNodeB side. The beams used
to carry the SSBs required in this phase are intentionally configured to have a
narrow beamwidth. This is meant to circumvent the need to perform P2 and
achieve gNodeB beam refinement already in P1. These signals are received
at the UE using either a single omnidirectional beam or several directional
broad beams, depending on the UE model employed. The UE then decodes
and measures SS-RSRP in each SSB in order to report those L1-RSRP values
back to the gNodeB for beam determination. In P3 the gNodeB employs the
beam previously determined in P1 to transmit CSI-RS resources to the UE,
which performs narrow beam sweeping on its end to received each of them.
The UE then decodes and measures CSI-RSRP for each of its beams to deter-
mine which is the best beam candidate. Once P1 and P3 have taken place,
it is assumed that beam acquisition has been successfully completed and DL
data transmission can occur. All publications in this thesis follow this beam
management framework with different levels of complexity on the simulation
tool, as is further explained in Section 2.2 of Chapter 4.
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Fig. 3.4: General beam management framework adopted in the thesis.
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Chapter 4

Beam management
challenges

This chapter focuses on the challenges of the current 5G NR’s beam manage-
ment framework, which is the main subject of this PhD project. First, Section
1 describes the evolution of research for mmWave mobile communications
over the years, the main challenges identified in this front and the solutions
proposed in the literature to mitigate these issues. Section 2 details this PhD
thesis’s contributions towards extending the state-of-art knowledge of beam
management performance at a link level.

1 State-of-art

The use of mmWave technologies was first researched for wireless applica-
tions outside cellular networks, mostly on the 60 GHz frequency band [26].
Prior to its inclusion in the NR standard with Release 15 and Release 16
[27], mmWave had been integrated into other standards of wireless com-
munications, namely IEEE 802.15.3c and IEEE 802.11ad. These standards
set the protocols and requirements of mmWave usage for wireless personal
area networks (WPAN) and wireless local area networks (WLAN), respec-
tively [28], [29]. In this medium the issue of beam alignment was already
prevalent, sparking countless studies and proposals to overcome this chal-
lenge and achieve multi-gigabit connections for indoor short-range and static
environments [30–34]. Ultimately, this trend made its way to cellular com-
munications, where beam alignment challenges would be dealt with by a set
of procedures later referred by 3GPP as beam management.

This section presents a detailed survey of the research investigations
done on mmWave for cellular communications, which includes generic

21



Chapter 4. Beam management challenges

mmWave studies prior to its introduction in Release 15 (Section 1.1) and
3GPP-compliant studies following Release 15 (Section 1.2).

1.1 mmWave solutions prior to Release 15

The use of mmWave for cellular networks has been in the academic limelight
for several years now, with its potential and feasibility being heavily explored
in works such as [35–43]. Here, researchers strived to identify bands of in-
terest and use cases, envision possible network architectures compatible with
legacy equipment, test circuitry limitations and assess mmWave suitability
for propagation through exhaustive measurement campaigns. These studies
confirmed that mmWave could be employed to significantly improve system
capacity for outdoor urban environments with a limited range but its chal-
lenging propagation conditions would demand the usage of beamforming
technology to enable future mmWave commercial deployments.

Once established that mmWave was a viable solution, research interest
shifted towards designing a cell search procedure for this new range of fre-
quencies. In LTE networks, initial cell discovery employs either omnidirec-
tional1 or fixed antenna patterns, while beamforming operations and user-
specific directional transmissions are reserved for communications after the
UE is linked to a cell. However, mmWave without beamforming displays a
very small coverage range due its challenging propagation conditions. There-
fore, considering an analogous approach for mmWave would create a dispar-
ity between the discoverable coverage area of the cell and the actual support-
able coverage area with high gain beamforming, as exemplified in Fig. 4.1.
In other words, a distant user could sustain high data rates at mmWave,
assuming the correct beamforming direction is known, but would fail to
connect due to the limited coverage area that an omnidirectional initial cell
search at these frequencies can offer, as showcased in [44]. In order to cir-
cumvent this issue, the authors ponder on a few possible solutions involv-
ing cooperation with legacy cells. Since their coverage range is significantly
larger than mmWave, this could be leveraged to track the user’s proximity
to the mmWave cell: once close enough, the LTE cell would inform both the
mmWave cell and the UE of where to steer their directional signals. Alterna-
tively, the initial cell discovery procedure could be accomplished by the LTE
cell at lower frequencies so that data transmission could then ensue in the
mmWave band.

This is further explored in [45–48], where different directional cell search
procedures are conceived based on periodical synchronization signal trans-
missions. These transmissions can be either omnidirectional, like in LTE, or

1Transmissions are inherently directional due to the directive antenna radiation patterns em-
ployed in sectorized cellular layouts. However, in the context of this section the term "omnidi-
rectional" refers to non beamformed communications.
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Fig. 4.1: Coverage drawback of mmWave omnidirectional cell search: the UE is out of range to
establish a link to the cell, despite being able to reach high data rates with beamforming [45].

directional, scanning the angular space in hopes of aligning with a user. This
is done by scanning random directions in each signal iteration or following a
deterministic sequential pattern. Results indicate that omnidirectional trans-
mission of the synchronization signals offers a more reliable signal level and
a significantly smaller delay than its directional counterpart. Although the
narrow directional beams provide higher gain values, they also often find
themselves misaligned with the UE, leading to low signal strength levels. In-
stead, the omnidirectional approach maintains a weak but constant power
reception. While the authors acknowledge the need for directional beams in
the initial cell discovery process, it is clear that exhaustive beam acquisition
procedures with analog beamforming, as assumed in [49], are accurate but
very unpractical. Low-resolution digital beamforming is proposed to enable
the simultaneous transmission of these periodic signals. This expedites the
beam acquisition process while supposedly keeping a reasonable power con-
sumption on the equipment. However, it is worth noting that digital beam-
forming requires as many TXRUs as antenna elements which can become
quite costly and complex for mmWave, due to the sizeable arrays and large
bandwidths.

As a result, more sophisticated solutions are pursued to prevent the de-
lays and overhead of an exhaustive beam acquisition process. In [50] two
beam search protocols are proposed based on the link’s modulation/coding
scheme (MCS). If a fixed MCS is imposed, then an interactive protocol is acti-
vated where the search is interrupted once a beam presents sufficient power
to sustain acceptable link performance. Therefore, the protocol potentially
forfeits the best possible link in exchange for an overhead reduction, speed-
ing up the search process. If an adaptive MCS is used, however, no beam
combinations can be discarded. To circumvent this, the authors propose an
iterative method that progressively sectorizes the angular space to narrow
down the optimal beam direction.

A similar hierarchical approach is taken in [51], presented as a multi-
phase hierarchical procedure for beam acquisition, where a UE determines
the best transmit and receive beams by first receiving the directional periodic
signals with wide beams followed by successively narrower beams until ade-
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quate beam alignment is reached. As described in [52], a converse approach
can also be adopted for gNodeB beam refinement instead. The authors also
employ the use of hybrid beamforming, boasting similar results to digital
beamforming while using a less complex, costly and power consuming im-
plementation. A variation of this iterative technique is proposed in [53] to
further reduce the beam search time. A two-step beam acquisition procedure
is envisioned where the gNodeB performs wide beam search in step 1 and
the UE reverse training in step 2 according to the best beam decided in the
previous step.

Furthermore, the papers in [54–56] propose mmWave network perfor-
mance evaluation frameworks for these beam sweeping based cell discovery
methods, making sure to include important aspects such as random access
delay, blockage, pilot orthogonality and pilot re-usage, impact of beamwidth
and cell density, beamforming architectures and several signal broadcasting
schemes.

The literature on this topic also includes methods that go beyond beam
sweeping and measurement for beam acquisition. A technique is proposed
in [57] for a low-complexity beam selection process that does not rely on
explicit channel estimation. This is achieved with compressive sensing, a sig-
nal processing technique used to recover signals with lower sampling rates
than required by Nyquist’s Law [58]. The authors exploit the sparsity of
scattering environments characteristic of mmWave channels to select analog
beamformers through compressive sensing, resulting in a much smaller cell
discovery overhead. Furthermore, using context information such as terminal
positioning orientation, user spatial distribution or channel gain predictions
can greatly improve the cell discovery process. Having access to this kind
of additional information, even with some level of inaccuracy, helps restrict
the search space, reducing significantly the overhead and latency of the pro-
cedure [59–62]. Such data could come from sensors in the device, external
positioning systems like GPS, or through out-of band information obtained
with sub-6 GHz communication systems [63, 64]. This data-driven approach
can be further exploited by using it in machine learning (ML) implementa-
tions: [65] leverages vehicles’ positions and sizes to fast track beam selection
in mobility scenarios.

1.2 mmWave solutions following Release 15

Based on the existent literature, 3GPP defined 5G NR’s beam management
framework as described in Section 1 of Chapter 3. The beam acquisition por-
tion is built on an iterative measurement and reporting approach that sweeps
through a pre-defined codebook of analog beams, without relying on channel
estimation. While this method is defined in the standard, details regarding
antenna array sizes, beamwidths or beam codebook sizes are left open for
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each vendor to configure on a use case basis [66]. While this straightforward
solution has performed adequately for initial 5G deployments, new emerg-
ing use cases and applications keep pushing the needed capabilities beyond
the current procedures, driving the need to improve on this baseline. Having
the user on the move through a busy urban area while using a data-hungry
application should be a perfectly plausible use case scenario for 5G mmWave
services. However, a combined scenario of user mobility, fast multi-panel de-
vice rotation and blockage can make the task of narrow beam alignment quite
elusive. In this context, the beam sweeping-based approach becomes prone
to erroneous beam decisions, since the latency of the process prevents it from
obtaining timely beam information to keep up with the dynamic nature of
the environment [16, 67].

Several works in the literature propose alternative solutions to improve
the capabilities of the current 3GPP-defined beam management framework
by targeting overhead and latency reduction. Compressive sensing is once
again explored in works such as [68], to determine the number of SSB-based
measurements needed to find a ‘dominant’ channel cluster. Since the search
space is reduced, beams pointing away from said cluster are skipped in the
beam sweeping process, saving resources and speeding the beam alignment
process. The authors in [69] rely on hybrid analog to digital beamformers to
design a multi-level beam codebook for uplink beam acquisition based on flat
top beams. These beams display nearly constant gain values through a large
angular span around the direction of transmission that can be exploited for a
hierarchical, and therefore more time-efficient, beam sweeping procedure.

These solutions still assume an autonomous search method, where beam
acquisition is mostly based on signal exchanges between the gNodeB and
the UE. However, the vast majority of solutions in modern literature strays
away from the current standard implementation by additionally exploiting
any kind of context information that can be made available to the network or
the UE. Despite it not being a new concept, data-driven solutions have been
revisited in recent works with a more up-to-date system modelling for 5G
which includes complex mobility patterns, directional antennas, multi-panel
UEs and device rotation.

In [64] a non-standalone deployment scenario is envisioned, where spa-
tial information is extracted from sub-6 GHz bands to establish mmWave
links. This out-of-band information reveals to the network a coarse direc-
tion for the sub-6 GHz dominant propagation direction, which is spatially
congruent with mmWave frequencies. The mmWave beam weights are then
defined based on this side information, narrowing down the beam search
space and reducing its corresponding overhead. Positioning-based methods
are also quite popular in the literature to manage the latency of the beam
search procedure. In [70] positioning information is gathered for users al-
ready connected to the network, as well as their beam selection indexing.
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The target UE and other users in its vicinity will display highly correlated
downlink channels, which means that their optimal beam selection is likely
to be similar. This information can then be used to restrict the number of
candidate beams, leading to faster beam acquisition. Furthermore, [71] relies
on past users to statistically identify usual directions of arrival in the cell.
Once this data is acquired, beam acquisition can be significantly accelerated
by searching more often that angular space, instead of uniformly sweeping
the beams through the cell’s coverage range.

The authors in [67] propose to instead collect the UE’s orientation infor-
mation obtained with device integrated sensors. This data, along with the
usual SS-RSRP measurements would then be fused through a particle filter
to improve the robustness of beam prediction against frequent and unpre-
dictable rotation patterns, such as AR/VR use cases. While not particularly
targeting the reduction of the beam sweeping latency, having access to this
side information is shown to reduce losses from sub-optimal beam selection,
which even aids the UE’s battery life. As predicted in [72], many solutions
in the literature resort to ML to tackle this challenge, a trend that is also seen
in 3GPP for Release 18 [73]. Orientation is again leveraged in [74], along
with SS-RSRP, to train a recurrent neural network (NN) for best UE beam
determination. While under a genie gNodeB beam assumption, this solution
produces better results than the conventional beam sweeping-based strategy
and the solution presented in [67], particularly for high mobility and fast
rotation environments. Additionally, the authors in [75] propose a beam ac-
quisition technique that relies on both location and orientation to propose a
deep neural network based solution for indoor beam alignment. This data
produces alignment probability values for different beam pairs, which are
used to create a smaller beam candidate list, reducing the overhead and de-
lay of the procedure. This work is extended in [76] to different designs of
multi-panel devices. This approach decreases beam acquisition overhead by
recommending a subset of candidate beams/panels to be tested. This not
only improves the latency of the process but it also identifies which panels
are not in use and, therefore, can be turned off, making it a power-efficient
solution.

Blockage is also a major challenge of beam alignment for mmWave com-
munications. At these frequencies, obstacles such as surrounding buildings,
people or vehicles can be enough to disrupt or even interrupt narrow beam
alignment. Not only that, but the user himself can bring about the same
effect just by the way he grips the device or by placing its body between
the UE and a gNodeB [77]. This effect is known as self-blockage and works
such as [78–80] have attempted to mitigate it by proposing environment-
aware codebooks that take into consideration aspects such as the type of
hand grip, the application being used and the device’s orientation to adjust
beam weights on the UE side and minimize the blockage effects. While these
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techniques are shown to boost the spherical coverage of mmWave terminals,
its impact on link-performance has been scarcely investigated.

1.3 The need for a common evaluation framework

Despite the multitude of ingenious solutions available in the literature, there
is a common denominator in most of these works that prevents them from
being compared: a lack of a common evaluation framework for beam man-
agement performance. As exemplified in Table 4.1, every work seemingly
dedicates a different level of detail to their system model, depending on what
the focus of the topic is. This results in studies with very accurate modelling

Table 4.1: System modeling discrepancies in current literature for beam management solutions.

Publication gNodeB model UE model UE mobility UE rotation channel model
[68] single panel single panel no no 3GPP UMi
[70] single panel single panel no no LOS/NLOS (2D)
[71] single panel omni data-traffic model no 3GPP NLOS urban
[74] isotropic antenna multi-panel random waypoint yes ray tracing urban
[76] directional panel multi-panel no yes ray-tracing indoor

of certain components, such as a ray-tracing propagation environments that,
to contain the complexity of the model, simplify other parts of the system
like the signalling framework or the antenna patterns considered. This as-
pect makes it difficult to compare solutions since their performance might
be impacted by modelling choices done by the authors. Additionally, if the
modelling does not follow the NR standard, it is also difficult to assess its
adequacy for future 5G deployments.

With that in mind, this work aims to fill that gap by using a consistent
3GPP-based evaluation framework for all proposed solutions. The simula-
tion tool developed follows the 5G NR specifications for channel modeling,
physical layer signals, measurement framework, device design and intra-cell
mobility. While some assumptions are defined to keep the study’s scope
manageable, this thesis presents a body of work that results from a balanced
level of detail for a system model built around the standard that future 5G
deployments will be based on.

2 PhD project contributions

The work conducted in this PhD project has resulted in two main outcomes:

• Four peer-reviewed publications, briefly motivated and described in
Section 2.1, covering different aspects of beam management link-level
performance.
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• A link-level simulation tool, described shortly in Section 2.2, devel-
oped for this project with configurable features such as the network
layout, beamforming architecture, signalling, user mobility, device ro-
tation, propagation channel, device modelling and user hand blockage.

The main findings extracted from these studies are compiled in Section 2.3,
while Section 2.4 concludes this chapter with a summary of the PhD project’s
contributions.

2.1 Publications and patents

The main findings of this PhD project are compiled in the following scientific
publication list:

Paper A: F. Fernandes, C. Rom, J. Harrebek and G. Berardinelli, "Beam
Management in mmWave 5G NR: an Intra-Cell Mobility Study", IEEE
93rd Vehicular Technology Conference (VTC2021-Spring), April 2021.

Paper B: F. Fernandes, C. Rom, J. Harrebek and C. Navarro Manchón,
"Improving Beam Management Signalling for 5G NR Systems using
Hybrid Beamforming", IEEE Wireless Communications and Networking
Conference (WCNC 2022), April 2022.

Paper C: F. Fernandes, C. Rom, J. Harrebek, S. Svendsen and C. Navarro
Manchón, "Hand Blockage Impact on 5G mmWave Beam Management
Performance", IEEE Access, vol. 10, pp. 106033 - 106049, October 2022.

Paper D: F. Fernandes, S. Rezaie, C. Rom, J. Harrebek and C. Navarro
Manchón, “Machine Learning-based Millimeter Wave Beam Manage-
ment for Dynamic Terminal Orientation”, submitted to 2023 IEEE 97th
Vehicular Technology Conference: VTC2023-Spring.

Additionally, a patent was successfully disclosed related to the work pursued
in the thesis:

Patent Application 1: C. Rom, B. Vejlgaard, S. Svendsen, S. Carporal
del Barrio, F. Fernandes, "Apparatus for transmitting and/or receiving
radio frequency signals and method of operating such apparatus", Pub-
lished: January 2023, Nokia Technologies.

This project first focuses on identifying the vulnerabilities and limitations
of the current 3GPP-defined beam management procedures. Therefore, Pa-
per A results from an initial assessment of beam management’s sensitivity
to UE mobility, propagation environment, and L1 filtering parametrization.
This sensitivity study focuses on how such operational conditions can affect
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the gNodeB’s ToS on a beam2. This is an important aspect of beam man-
agement since the frequency of beam switching must come from a delicate
compromise between avoiding too frequent beam switches, along with the
resource waste that comes with it, and preventing power deterioration from
over-staying a serving beam. Paper C carries on the limitation analysis by
assessing the impact of user hand blockage on beam management perfor-
mance for handheld devices when compared to free space. Human influence
is an infamous challenge of mmWave propagation, since mmWave signals
are known to not easily penetrate objects, including the human body. Since
many eMBB applications rely on handheld devices, it is crucial to assess how
this affects beam alignment in a realistic context. This work characterizes hu-
man blockage through a high-detail electromagnetic model of a directional
multi-panel UE with three different types of handgrips.

The knowledge gathered on the vulnerability assessment stage of the
project is used to propose alternative solutions to enhance beam management
performance. Paper B proposes to parallelize the beam sweeping procedure
to improve beam selection on the gNodeB side. Using a hybrid beamform-
ing architecture, and relying on the low cross correlation of synchronization
signals, simultaneous SSB transmission is enabled to reduce beam alignment
overhead and latency. This is particularly useful in high-mobility scenar-
ios where beam information becomes outdated quicker, leading to erroneous
beam determination. Paper D expands the analysis of outdated beam infor-
mation to include UE beam selection. It investigates the feasibility of using
the measurements made outdated by high-mobility and fast rotation of hand-
held devices to train a NN capable of inferring the device’s rotation pattern
and thus predicting the best UE beam.

Finally, it is important to highlight that all publications are based on
three modelling assumptions established when defining the scope of this PhD
project:

• Assumption 1: This body of work assumes a standalone 5G mmWave
system configuration, without legacy network integration, operating in
FR2’s 28 GHz band with a subcarrier spacing of 120 KHz.

• Assumption 2: Since beam management occurs within the cell, all stud-
ies are conducted at link-level considering a single cell. Moreover, to
contain the complexity of the problem at hand, a single user assump-
tion is taken.

• Assumption 3: Studies are conducted with an urban propagation envi-
ronment in mind, such as Urban Micro (UMi) or Urban Macro (UMa),

2A beam’s ToS expresses the period of time during which a beam remains as the best serving
beam, providing high link quality.
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with a cell radius between 100 m and 200 m, to mimic a city street or an
open square, which are typical scenarios for mmWave eMBB services.

2.2 Simulation tool

The results presented in all the publications are generated through a Monte
Carlo-based simulation tool tailored specifically to assess beam management
performance. The simulation tool used was developed by the student during
the course of this project (see Appendix for additional details). It is con-
structed as a link-level evaluation framework for beam management with
its main focus on the physical layer domain, to recreate the signalling ex-
changes and measurements that take place during this process. Shortly put,
the gNodeB is modelled to be static, while the UE is characterized as a hand-
held device travelling linearly in the cell at different speeds, depicting both
pedestrian and vehicular mobility scenarios.

Over the span of three years, the simulation tool has been subject to nu-
merous enhancements to reach its current maturity level. However, a clear
distinction can be made between implementation stages when it comes to
system model complexity. Ultimately, two distinct levels of simulator capa-
bilities can be identified: Level 1 and Level 2.

Level 1

This corresponds to the first stage of development of the simulation tool.
At this stage only P1 is implemented, thus only simulating SSB transmis-
sions. The gNodeB is modelled as a single panel of directional antenna arrays
equipped with a uniform linear array (ULA), which limits the beamforming
to the azimuth domain. Additionally, two different beamforming architec-
tures are considered on the gNodeB side: analog and hybrid, represented
in Fig. 4.2. The left side depicts the classical analog beamforming architec-
ture which current beam management procedures for mmWave are based on.
The alternative hybrid analog-digital (HAD) beamforming architecture used
in this project is shown on the right. This architecture employs both base-
band and analog beamforming with a reduced number of TXRU to spatially
multiplex up to NRF streams of information. The UE is simply portrayed as a
single isotropic antenna. It’s linear trajectories can take any direction within
the cell, but the device orientation remains the same at all times. Addition-
ally, the available channel environments are mostly LOS-based profiles.

Level 2

In this stage significant improvements on system level detail are introduced
to the simulation tool. Although the single panel assumption is kept on the
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Fig. 4.2: gNodeB beamforming architectures adopted in this project: analog beamforming archi-
tecture (left) and HAD fully-connected beamforming architecture (right).

Fig. 4.3: Multi-panel UE design. The screen, glass, plastic case and other components are omitted
on the right to highlight the ULA panel placement considered in this project.

gNodeB side, uniform planar array (UPA)s are made available for grid-of-
beams (GoB) designs with both elevation and azimuth steering, producing
more realistic cell coverage scenarios. On the UE side a more accurate model
is included with a multi-panel design, each equipped with directional ULAs,
as represented in Fig. 4.3. Since receiver beamforming is integrated, the sig-
nalling framework is also completed with configurable CSI-RS transmission
to enable P3. To account for user influence, UE rotation is also introduced
for all axis of rotation. Initially, this rotation was assumed to be constant
throughout a trajectory but, at a later development stage, became feasible on
a mid-trajectory basis. User blockage is incorporated as a high-detail electro-
magnetic model with several different human hand grips, as exemplified in
Fig. 4.4. The propagation environments supported include LOS, no line-of-
sight (NLOS) and LOS probability [81]. An analog beamforming assumption
is kept on the UE side.

The main disparity between these two levels, summarized in Table 4.2,
pertains to the model complexity on the UE side. Since Level 1 focuses solely
on P1, an omnidirectional model for the UE is sufficient. Level 2, however
focuses on P3 integration which requires a more complex UE design, device
rotation, introduction of UE-specific signals (CSI-RS) and user blockage.
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Fig. 4.4: Radiation pattern of a smartphone-integrated antenna array beam both in a free space
scenario and a user hand grip scenario.

Table 4.2: Simulation tool capabilities.

System model Complexity
Feature Level 1 Level 2

gNodeB design 1 panel - ULA 1 panel - UPA
gNodeB antenna model directional [82]
gNodeB BF architecture analog/HAD fully-connected

DL signalling SSBs SSB, CSI-RS
Channel environments LOS variations LOS, NLOS, mixed

UE design 1 antenna element multi-panel - ULA
UE antenna model isotropic directional [82]
UE BF architecture analog

UE mobility linear trajectories, pedestrian and vehicular speeds

UE user influence none
device rotation,

user hand blockage

2.3 Main findings

This work initially focuses on uncovering the vulnerabilities of the beam man-
agement procedure introduced by 3GPP in Release 15.

Vulnerability analysis

Throughout the studies done in Papers A-D it becomes clear that the current
approach described in Chapter 3 can be prone to errors in the beam alignment
process. These errors, designated as beam misdetections throughout this
body of work, do in fact occur under stress factors such as user mobility,
device rotation, user blockage and challenging propagation environments.
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Mobility and device rotation: Results indicate that even in predominantly
LOS environments with low mobility and slow device rotation misdetections
are recorded between 10 % to 60 % of the time3. Despite more frequent than
expected in this close to static scenario, such misdetections are attributed to
sub-optimal connections, using beams adjacent to the optimal one, which still
provides a good enough link budget for communications. This is common
in scenarios where the user is positioned within the coverage area of two
adjacent beams that happen to overlap. Naturally, these are not the beam
misdetections that threaten the performance of beam management, having
little impact on beam alignment performance. Results show that beam mis-
detections tend to increase in scenarios where a user moves fast through the
cell while also rotating the device at a fast pace. In environments where the
UE’s position and orientation keep changing, the best beam at the time of
measurement may no longer be the best one once the sweeping, measure-
ment and reporting cycle is complete, potentially leading to outdated beam
information for beam selection. In these scenarios, the performance degrada-
tion incurred can become quite large and must be subject to improvements.

It is also evident that mobility and device rotation are two independent
processes that affect beam management performance differently. Results in-
dicate that, for slow UE rotation, high speed mobility does not cause addi-
tional misdetections on the UE side but increase the number of misdetections
on the gNodeB side. In turn, for fast rotating UEs the number of beam mis-
detection at the UE increases considerably, regardless of speed. Introducing
high speed mobility for fast rotating UE’s causes increased beam misdetec-
tions only on the gNodeB side. In summary, mobility appears to have a larger
impact on the gNodeB beam selection while device rotation seems to mostly
affect the UE’s beam selection. This can be explained by the beamwidths em-
ployed on each side of the link, since this work considers a gNodeB antenna
array size 16 times larger than the size of the UE panel array, where space con-
straints are more restrictive. As a result, the narrower beams on the gNodeB
side become outdated quicker in high mobility scenarios. The UE beams
are wider, thus its beam information will remain accurate for longer, even in
high mobility scenarios. However, once fast UE rotation is introduced, this
beam information will quickly become outdated as well. Therefore, mobility
and device rotation should be taken as two separate but equally important
challenges that require distinct solutions to improve the robustness of beam
management.

3It is worth noting that beam misdetections are heavily dependent on the type of beam man-
agement procedure adopted, beam codebook choices, antenna array sizes and the network lay-
out. Therefore, the wide range of beam misdetection percentages recorded throughout the dif-
ferent publications can be explained by small configuration adjustments done to the simulation
environment of each paper. These results should not be taken as absolute values outside this
project’s limited simulation environment but rather as relative values to compare the effects of
each stress factor tested.
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User hand blockage: Human blockage is studied in this work through the
user’s hand grip on the device. The studies conducted in Paper C show that
the user’s hand alone can destroy the original well-behaved shape of the UE
panels’ radiation patterns. Once a hand is in close proximity to a UE panel,
very little energy is able to penetrate the user’s skin, mostly slipping through
the spaces between the user’s fingers or getting reflected on the user’s palm.
It is also quite clear that each UE panel experiences the blockage source dif-
ferently. Depending on how the user grips the device, some panels may re-
main undisturbed while others may even experience different blockage levels
on each antenna element of the same panel. Essentially, hand grip blockage
can very drastically alter the originally intended UE panel codebook and is
highly dependent on factors such as hand grip type, grip tightness and panel
placement.

The employed hand grip blockage does negatively affect beam manage-
ment performance but not as drastically as expected. Its biggest impact oc-
curs for double hand grip scenarios in predominantly LOS environments
where the lack of a good alternative path to the blocked panel causes the
biggest deterioration to a connection. In other cases, even when a panel is
seemingly blocked by the user’s hand, it is still possible to sustain a sub-
optimal connection with an irregular-shaped beam. However is it still impor-
tant to model this effect since the beam shape may not behave as theoretically
expected leading to unexpected performance degradation or link failure.

It is also worth mentioning that these findings are not reflected in the cur-
rent 3GPP model in [81] for human blockage which assumes a fixed blockage
region with the same flat 30 dB attenuation applied to all panels. This results
in harsher power losses over a limited angular region while the rest of the an-
gular space remains unaltered. Consequently, the model in question exhibits
overly pessimistic results when compared to this work’s beam management
performance analysis with hand grip blockage.

Propagation conditions: This project focuses mostly on 3GPP compliant
propagation environments for urban scenarios, which include LOS, NLOS
and mixed propagation conditions. It is now quite clear that increased an-
gular spread of the channel hurts beam management performance. NLOS
conditions display the harshest propagation conditions with very low re-
ceived power levels. This causes a considerable increase of beam misde-
tections when compared to LOS, since the measurement-based beam man-
agement procedure struggles to find the best beam when all beams display
similar low performance. However it is also observed that the effects of hu-
man blockage in environments without a clear dominant path are less severe.
In NLOS conditions the second best path to a blocked panel is much closer
to the best than in LOS, making the blockage effect appear less damaging.
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Enhancement proposals

Results indicate that improvements are necessary to the currently available
beam management framework to adequately support challenging conditions
such as high speeds, user blockage or device rotation. The procedure must
be precise to meet the link budget requirements of mmWave communica-
tions but also swift enough to keep up with all the dynamic changes in the
environment. The solutions proposed in this body of work focus primarily
on mitigating the effects of out of date beam information due to the proce-
dure’s inability to collect timely measurements in dynamic scenarios. Two
proposals are presented in Paper B and Paper D to improve beam alignment
performance, one implemented on the gNodeB side and the other on the UE
side.

Parallelization of SSB transmission: The feasibility of simultaneously
transmitting spatially multiplexed SSBs using low-cross correlation signals
and HAD beamforming is investigated in Paper B. Results confirm that
parallelizing the beam sweeping portion of beam management is feasible
with small adjustments to the pre-existing signalling framework and can
successfully improve beam management performance. Since it overlaps the
SSB resources in time and frequency, this solution allows for the use of
larger codebooks with a significantly lower overhead, improving coverage
and thus beam alignment performance. Moreover, this strategy is shown
to be particularly helpful in high-speed mobility scenarios since it reduces
the latency of the beam sweeping and measurement stages, making it less
likely for the beam determination stage to be done based on outdated beam
information.

ML processing of outdated beam information: Instead of preventing out-
dated beam measurements, the solution in Paper D explores the potential of
leveraging them in a deep NN to predict the best beam selection for a UE un-
der dynamic orientation conditions. Results indicate that this approach can
successfully infer the UE’s orientation, and thus select its best beam, solely
through RSRP measurements, without requiring any context information like
other works in the literature. This solution is the most useful in dominant
LOS environments with fast rotating UEs. In NLOS environments it is shown
to loose efficacy, likely due to the significantly lower received signal strength
recorded in environments with larger angular spread, making all the RSRP
measurements closer in terms of power and hence more difficult for the NN
to distinguish. Therefore, further investigation would be needed to take this
solution from a proof-of-concept study to reality.

35



Chapter 4. Beam management challenges

2.4 Summary of Contributions

The publications listed in Section 2.1 offer two types of contributions to
the current state-of-art towards a robust beam management procedure for
mmWave: Vulnerability analysis and Enhancement proposals. As hinted
above, the research conducted in this thesis follows an incremental approach
on the considered system model. Initially, a simple but 3GPP compliant beam
management framework was designed for the first research problem (Paper
A), unencumbered by excessive modelling details that could disguise the per-
formance effects of each evaluated component like speed or angular spread.
Once the target areas became clearer and the impact level of each component
was gauged, the modelling gradually expanded to include details relevant to
the research problems tackled in the thesis. In other words, the implemen-
tation levels described above can directly be mapped to each scientific paper
in the publication list: While Paper A and Paper B result from Level 1, the
simplest stage of the simulator’s development, Paper C and Paper D are a
product of the most mature stage of development of the simulator, Level 24.

Fig. 4.5 displays a summary of the contributions’ categorization and the
main findings of this project. This body of work offers a solid contribution
to the topic of mmWave beam management for 5G NR by not only identi-
fying some of its most prominent challenges but also proposing solutions to
improve its performance.

4It is important to note that mapping a paper to a certain system complexity level does not
necessarily imply that all the available features are utilized. As an example, Paper C employs
the user hand blockage and device rotation features in Level 2 while Paper D focuses solely on
the device rotation feature.
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Fig. 4.5: Contribution categorization and summary of main findings.
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Chapter 5

Final Remarks

1 Conclusions

This project takes a critical look at the current 3GPP beam management
framework for mmWave, setting out to uncover the vulnerabilities of the cur-
rent process, as well as its potential for enhancements in challenging propa-
gation environments.

Vulnerability study

As initially conjectured in this project’s research questions, there are identifi-
able stress factors that jeopardize beam management’s performance such as
user mobility, device rotation, user blockage and difficult propagation con-
ditions. The limitations of the current sweeping and measurement-based
procedure are clearly highlighted in scenarios of both high mobility and fast
device rotation. In such dynamic environments the beam information col-
lected through sequential measurements quickly becomes outdated before
beam selection can take place, resulting in beam misalignments between the
gNodeB and UE, ultimately leading to significant performance degradation.

Additionally, it is shown that user-induced human blockage, which to
date has been mostly neglected in beam management studies, is capable of
destroying the original directive nature of UE beams. This is an important
finding since the originally designed UE codebook may be compromised just
by how the user grips the device during a video call or while gaming, making
beam alignment even more challenging. Results show that hand grip block-
age does have an negative impact on beam alignment, particularly in LOS sce-
narios with a dual hand grip, but not as significant as expected in other tested
cases. This suggests that an irregular beam shape caused by a blocked panel
may still be able to uphold a connection and that loosing the beam shape
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due to blockage doesn’t always equate to loosing the beam’s gain. However
one must consider that the effect of the user’s head and torso is not captured
in this study, which may cause additional signal degradation. Moreover,
this work does not explore maximum permissible exposure (MPE)-triggered
power backoff on the UE side. If a panel is blocked by the user’s body,
a power backoff may be required for UL communications in order to meet
MPE requirements. Therefore, even if a blocked panel is capable of providing
a good connection, it may still need to comply with this safety limitation, fur-
ther degrading the performance shown in the studies performed in this work.
The impact of hand grip blockage on beam management performance is also
compared with its 3GPP counterpart, exposing this model’s inadequacy for
properly depicting human blockage in link-level beam management evalua-
tions. While such a model may be more than fitting for system-level studies,
where a highly detailed blockage modelling may lead to excessive compu-
tational load, it is crucial to establish an additional, more nuanced model of
human blockage on a per-panel basis that can be used to design solutions
capable of circumventing human blockage challenges.

Furthermore, it becomes evident that increased angular spread of the
channel manifests negatively in beam management performance. In other
words, beam misdetections tend to increase significantly in urban environ-
ments when transitioning from a predominantly LOS environment to a NLOS
environment, where power often drops drastically to the point of certain link
failure. However, such results also raise a valid concern on how realistic the
current 3GPP channel model is for mmWave. The 3GPP channel models de-
tailed in both [81] and [83] are based on legacy sub-6 GHz results with some
modifications to fit the spectrum beyond 6 GHz until 100 GHz. This approach
has been challenged in the literature by works such as [84] that claim, among
other modelling details, that the number of clusters in the 3GPP model are
unrealistically large for both LOS and NLOS conditions, without actual real-
life measurements to support it. This suggests that the vulnerability studies
of mmWave beam management conducted in this work could look consider-
ably different if instead a model with a lower number of clusters had been
used to characterize NLOS conditions.

In conclusion, the current 5G beam management framework is capable
of providing sub optimal, yet acceptable, link level performance for a large
portion of the time. However, the occasions where the procedure does un-
derperform can lead to significant link quality degradation and should be
improved upon. Furthermore, future 5G and 6G releases will continue to
explore higher frequencies which are accompanied by larger codebooks with
even narrower beams. This will make the system even more vulnerable to the
stress factors studied in this work, making the current beam management im-
plementation impractical.
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Enhancement proposals

A large portion of time was invested during this project to develop solutions
that could mitigate the problems identified during the vulnerability assess-
ment stage. Both solutions presented in this thesis take different approaches
to the outdated measurement issue and are shown to successfully improve
performance while still being able to be introduced in the current procedure
without major changes to the NR standard.

It is worth mentioning that the feasibility of the solution proposed in
Paper B stands on the assumption that the parallel transmission of SSBs is
done with orthogonal signals to allow for proper decoding of the overlapped
SSBs at reception. Therefore, this work considers that each SSB sent in par-
allel must be associated to an unique PSS and SSS combination, which are
low cross-correlated sequences. While other signal coding alternatives can be
pursued to meet such a requirement, this is out of scope for this paper, which
aims instead to investigate whether such an approach would be possible or
even effective in improving beam management performance.

Additionally, both solutions are shown to improve beam management
performance without the assistance of any additional information sources.
However, the usage of context information was explored during Paper D,
particularly for the NLOS scenario where the efficacy of the proposed so-
lution was reduced. While not included in this publication due to a page
limitation, positioning and orientation-aided alternatives were investigated,
yielding little to no gain over the baseline solution. However the dataset
size employed was approximately the same as in this study, which is notably
smaller than the dataset sizes taken in [67] and [74]. This further shows that
there is a trade-off between data load/complexity and beam alignment per-
formance when it comes to ML-based solutions for beam management that
must be carefully considered on a scenario basis. Therefore, the answer to
the research question posed in RQ2-b remains incomplete at the end of this
project, requiring further investigation efforts.

Something that is left unexplored due to a time limitation is the impact of
user blockage in the efficacy of ML- based solutions like the one proposed in
Paper D. One could argue that the countless different grips that may be used
to handle the device would make it impossible for a NN to accurately antic-
ipate the best UE beam, since the beams would continuously change shape
in close to unpredictable ways. Furthermore, it is important to acknowledge
that models will always have limitations and developing realistic depictions
of user mobility, device rotation, user influence and NLOS conditions in ur-
ban environments may become unfeasible. Perhaps the best option may be
to collect as much data as possible from the environment and rely on data-
driven approaches to ensure the feasibility of mmWave communications in
future deployments.
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Finally, it bears mentioning that the conclusions drawn from this project
are limited to the complexity of the model employed. As an example, fac-
tors such as interference or vehicular blockage were not explored, due to the
project’s time restrictions, but could also be relevant to assess the feasibility
of narrow beam alignment in urban environments. Therefore, this is a topic
that still welcomes further investigation.

2 Outlook

Since its introduction in Release 15, mmWave has established a prominent
role in the NR standard, making beam management a flourishing topic with
several promising research avenues left to explore [85]. In fact, following
this project, the student can pinpoint certain areas of interest that could be
pursued in future studies:

• System-level studies: Firstly, the study conducted in this thesis should
be extended to a system-level study that includes multiple cells and
users. Additionally, other types of blockage like buildings and vegeta-
tion should be considered, which are shown to also hinder mmWave
propagation. This would extend the beam management scope to in-
clude issues such as beam tracking and handovers between cells, al-
lowing to assess how the issues found in this thesis regarding mobility,
device rotation and user blockage would impact a full system level net-
work performance.

• User blockage: This project concludes that user blockage will be a sig-
nificant hindrance for mmWave communications in handheld devices.
While this work explores the user hand impact on beam management
performance, future work is required on characterizing the rest of the
user’s body blockage and finding mitigating solutions for this issue.
These could include distributed antennas over the device to make re-
ception more robust to a user’s hand grip, developing ML-based algo-
rithms for panel switching, among others.

• TeraHertz communications: The issue of beam alignment gets carried
into 6G with the transition to Terahertz frequencies, a crucial step to
continue to support the ever increasing number of data-hungry users
in future deployments. Among other new challenges, many of the
same problems discussed in this work will be encountered and likely
heightened, due to the razor-sharp beams created by the colossal sizes
of antenna arrays used to overcome the limited transmission range is-
sues [86–88]. This is a new topic that requires attention and possibly
new innovative solutions to unlock its potential, some of which include
intelligent reflective surfaces and deep-learning methods [89].
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• Potential of ML: 6G is currently being envision to integrate lo-
calization and sensing information with mobile communication
functionalities [90–92]. In other words, it may be possible to employ
infrastructure-mounted sensors to aid, among other applications,
beam management for vehicular mmWave communications [93]. This
unprecedented access to copious amounts of context information could
be exploited through data-driven solutions like ML not only to reduce
beam alignment overhead but also to potentially predict user blockage
or anticipate NLOS conditions.
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Appendix - Simulation Tool

This project employs a link-level Monte Carlo-based simulation tool built
by the student with a focus on DL beam management performance. It fo-
cuses mainly on the physical layer domain, recreating the DL signalling
transmissions and measurements that take place during beam alignment.
This MATLAB-based simulation tool requires functionalities from three dif-
ferent tools to achieve this: QUAsi Deterministic RadIo channel GenerA-
tor (QuaDRiGa), MATLAB® and CST Microwave Studio®. The tool is also
configurable, supporting several tunable parameters such as network layout,
beamforming architecture, signalling, user mobility, device rotation, propa-
gation channel, device modelling and user blockage.

System model and Tooling

Fig. 1 illustrates the considered mmWave system in this project, where beam
alignment takes place between the gNodeB and a single user using a hand-
held device. The gNodeB is modelled as a static single panel of Nt patch
antennas at height ht and the UE can be modeled at height hr as either a
single omnidirectional antenna or a multi-panel device. For the latter, each
of the I panels at the UE is equipped with an array of Nr patch antennas and
placed on each side of the form factor.

The user can be static or move through the cell limited by mobility bounds
r and R. The UE position is defined according to the global coordinate sys-
tem (GCS) represented in Fig. 1. The UE´s orientation can remain constant or
change along the user’s trajectory, following a local coordinate system (LCS)
(xL,yL,zL). As illustrated in Fig. 2, the LCS is obtained from any 3D rotation
with respect to the GCS, (xG,yG,zG), over three distinct angles: the bearing
angle α, the downtilt angle β and the slant angle γ. This set of angles repre-
sents three elemental rotations about the z, y and x axes, respectively [81].
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Fig. 1: Simulation tool’s system model.

Fig. 2: Spherical coordinates in the GCS (left) and LCS transformation (right) with respect to the
GCS through 3 sequential rotations: α, β, γ. Inspired by illustration from Fig. D.2 in Paper D.

Channel model

The mmWave DL channel response for the ith UE panel is modelled for a
frequency-time resource element (s, k) as

H i(s, k) =
L(k)

∑
l=1

gl(k)ai
r(φ

i
r,l(k))aH

t (φt,l(k))e
−j2πτl(k) fs , (1)

where L(k), gl(k), τl(k) are the time-varying total number of multipath com-
ponents of the channel, the path l’s complex gain and its delay values at time
k, respectively. Additionally, fs denotes the sth subcarrier frequency. The
transmitter and ith receiver panel array responses are expressed in at and
ai

r for a path l’s time-varying angles of departure, φt, and arrival, φi
r. These

angles, expressed in elevation and azimuth (θ, ϕ), are given by

φi
r,l(k) = (θi

r,l(k), ϕi
r,l(k)), (2)
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φt,l(k) = (θt,l(k), ϕt,l(k)). (3)

The array response for a gNodeB or UE array panel of size N = Nx NyNz is
written as

a(θ, ϕ) = ã(θ, ϕ)⊙ gae(θ, ϕ) (4)

where gae ∈ CN denotes each antenna element’s linear gain, ⊙ the Hadamard
product and ã is described as

ã(θ, ϕ) =
1√
N

az(θ)⊗ ay(θ, ϕ)⊗ ax(θ, ϕ) (5)

where ⊗ expresses the Kronecker product, with ax ∈ CNx , ay ∈ CNy and
az ∈ CNz given by

ax(θ, ϕ) = [1, ejπ sin θ cos ϕ, ..., ejπ(Nx−1) sin θ cos ϕ]T (6)

ay(θ, ϕ) = [1, ejπ sin θ sin ϕ, ..., ejπ(Ny−1) sin θ sin ϕ]T (7)

az(θ) = [1, ejπ cos θ , ..., ejπ(Nz−1) cos θ ]T . (8)

This work assumes perfect subcarrier orthogonality conditions, where the
maximum channel delay response is within the cyclic prefix duration and the
channel response remains constant during a full OFDM symbol.

Signal model

The received signal at any UE panel i in a single frequency-time resource
element is given by

yi(s, k) = wi H
(k)H i(s, k)F(s, k)x(s, k) + wi H

(k)ni(s, k), (9)

where H i(s, k) ∈ CNr×Nt expresses the channel matrix between the gNodeB
and the ith UE panel, as denoted in (1). F(s, k) ∈ CNt×NRF describes the
gNodeB beamforming matrix, where each column contains a set of analog
phase shifts f ψt

∈ CNt for a TXRU to transmit a beam ψt with a constant

modulus of 1√
Nt

. These beam are employed to spatially filter the transmitted

signals in the vector x(s, k) ∈ CNRF , which expresses the NRF transmitted sig-
nals in the frequency resource (s, k), with a symbol variance of 1√

NRF
. These

signals, that can be either SSBs or CSI-RSs, are received at the UE with a beam
defined by the analog phase shifts in the beamforming vector wi(k) ∈ CNr

with a constant modulus of 1√
Nr

. The receiver noise is modelled as a complex

additive white Gaussian noise (AWGN) vector with variance σ2
n and given by

ni(s, k) ∈ CNr ∽ CN (0, σ2
n I).
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Table 1: 3GPP gNodeB and UE antenna modelling.

Parameter gNodeB UE
θ3 dB 65◦ 90◦
ϕ3 dB
SLAv 30 dB 25 dB

Am
max{Gae} 8 dBi 5 dBi

Beamforming codebook models

For beam sweeping at the gNodeB, a directional beamforming code-
book is adopted, dividing the cell’s sector coverage into angular re-
gions. These beams belong to a finite pre-defined set of NT vectors
Ct = { f ψt

|ψt = 1, . . . , NT} which is referred to henceforth as the gNodeB
codebook. The array steering vector for a transmit beam ψt pointing towards
(θψt , ϕψt) is defined in the ψth

t vector of the codebook as

f ψt
= at(θψt , ϕψt). (10)

Each UE panel produces a finite set of NR vectors C i
r = {wψr |ψr = 1, . . . , NR},

constituting the UE panel codebook. In any of the panels the array steering
vector for a receive beam ψr directed towards (π

2 , ϕψr ) is expressed as

wψr = ar

(π

2
, ϕψr

)
. (11)

Antenna element model

This project models the gNodeB and UE antenna elements to be patch an-
tennas, as described in Table 1 [82]. The obtained antenna radiation pattern
describes Gae(θ, ϕ) used in (4) in linear units. Many models typically assume
that gae(θ, ϕ) values are interchangeable between antenna elements of the
same panel. In reality, each antenna element from a common UE panel dis-
plays their own unique gae(θ, ϕ) matrix, which is influenced by factors such
as antenna placement in the form factor, spacing between antenna elements
or close proximity to the user’s body, as will be further explained in the CST
section.

UE mobility and UE rotation model

This simulation tool models time-varying UE mobility and UE rotation as
two independent processes in time. The user is assumed to move linearly
through the cell sector with constant speed v depicting both pedestrian and
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vehicular mobility scenarios. It’s initial position and trajectory direction fol-
low a uniform distribution in the xy plane within the sector’s region, with
the user’s height fixed in the z-axis. The UE’s orientation, described through
(α, β, γ), is drawn from a uniform random distribution, with a variable range
of values. Time-varying device rotation scenarios use a filtered random walk
model to update the UE’s orientation smoothly along its trajectory. Therefore,
the UE’s orientation at time sample t for α is expressed as

αt =
1
M

M−1

∑
m=0

ᾱt−m, (12)

where M is described as the filter’s length and ᾱt as the filter inputs obtained
from the following random walk model

ᾱt = ᾱt−1 +N (0, σ2), (13)

with σ representing the random walk’s standard deviation and ᾱ0 ∽
U [0o, 360o]. The same procedure is applied to obtain βt and γt, with all
angles wrapped within [0o, 360o].

This set of angles creates a different LCS for each UE orientation, which
means the angle-of-arrival (AoA) coordinates obtained from QuaDRiGa in
the GCS must be converted to the current LCS by

θt,l(α, β, γ; θ, ϕ) = arccos((cos β cos γ cos θ+

(sin β cos γ cos (ϕ − α)− sin γ sin (ϕ − α) sin θ)) (14)

ϕt,l(α, β, γ; θ, ϕ) = arg((cos β sin θ cos (ϕ − α)− sin β cos θ)+

j(cos β sin γ cos θ + (sin β sin γ cos (ϕ − α) + cos γ sin (ϕ − α)) sin θ)) (15)

These values are ultimately used to update the φi
r,l values in (1) over time.

Measurement model

The received signal is measured for RSRP, defined as the linear average over
the power contributions of the resource elements carrying reference signals.
the RSRP measurement for a beam pair (ψt,ψi

r) over V , a resource data set
containing the reference signals in question, is computed as

RSRP(ψt, ψi
r) =

1
|V| ∑

(s,k)∈V
|wH

ψi
r
H

i
(s, k) f ψt

+ wH
ψi

r
ni(s, k)|2. (16)

The simulator supports both SSB-based measurements through SS-RSRP
and CSI-RS measurements through CSI-RSRP measurements [25].
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Fig. 3: Graphical representation of the link-level simulator used in this PhD project.

Tooling

In order to implement the system model described above, three different tools
were required. As described in Figure 3, QuaDRiGa is responsible for chan-
nel response generation, CST is employed to model and characterize user
hand blockage and finally MATLAB® is used for 3GPP compliant signalling
generation and measuring for beam management, being the main implemen-
tation tool of this simulator.

QuaDRiGa

QuaDRiGa is a 3D geometry-based stochastic channel model generator that
creates realistic radio channel impulse responses for mobile network sim-
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ulations. This tool, popular among standardization bodies, is able to cre-
ate channel responses with a continuous time evolution, spatially correlated
large and small-scale-fading and supports several 3GPP-compliant propaga-
tion scenarios [94]. QuaDRiGa is used in this project to generate the channel
coefficients of a link between the gNodeB and the UE according to the de-
sired channel model, gNodeB position, UE speed and trajectory1. This tool
generates the gain and delay values for each multipath component, as well
as the angle-of-departure (AoD) and AoA (in the GCS) that are employed
in (1). It is worth mentioning that, for the simulations done in Paper C
and Paper D, QuaDRiGa is employed to generate solely single-input-single-
output (SISO) channel responses, which are then used to compute the origi-
nally intended multiple-input-multiple-output (MIMO) channel responses in
MATLAB®. This relies on the assumption that the delay difference between
antenna elements of the same array is negligible and that the AoD/AoA
barely change among the antenna elements of an array, since the spacing be-
tween them (about 0.0429 m between the extremety antennas of a 8-element
array with λ

2 spacing at 28 GHz) is so much smaller than the typical dis-
tance between the gNodeB and UE (usually around 15 m). This alternative
approach is appealing due to its flexibility, since the same coefficients can be
re-used for any arbitrary array geometry. Furthermore, relying on a smaller
SISO prevents large running simulation times for coefficient generation, as
well as storage issues, since both these factors significantly increase as bigger
antenna array sizes are considered.

CST

Computer Simulation Technology (CST) is a 3D electromagnetic solver com-
monly used to design, analyze and optimize electromagnetic components
and systems [95]. This project opted for this tool to introduce user hand
blockage in the beam management study by modelling and simulating the
UE form factor, all the antennas integrated in each panel and also a human
hand gripping the device. The model of the UE’s form factor can include
components such as the glass, the metal chassis and the plastic case. Sev-
eral different hand grips can be simulated in CST to portray different usage
scenarios. This can be done by importing them to the tool as computer-
aided design (CAD) models publicly available from sources such as Cellular
Telecommunications and Internet Association (CTIA). The UE antennas in
CST are designed to resemble 3GPP’s antenna model described in [82]. How-
ever CST simulations record certain phenomena like antenna coupling, an-

1This strategy is adopted for Paper B-Paper D. However, at an earlier stage of development
of the simulator, pertaining to Paper A, a cluster-delay-line (CDL) channel model is used instead
with a 3GPP-based channel profile from [81].
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Fig. 4: Excerpt of an ASCII file containing Gae(θ, ϕ) values for one of the antenna elements in
UE Panel 3. The same file structure is common to both freespace and blockage scenarios.

tenna mismatch, rippling and reflections caused by the metal structure and
the user’s hands, which make each antenna element’s radiation pattern com-
pletely unique, providing a more realistic depiction of the antenna’s behavior.

As an output, CST provides the unique individual radiation patterns of
each antenna element, Gae(θ, ϕ), in the format of ASCII files, as highlighted in
Fig. 4, which are then used in (4) to compute the UE array response 2. This is
a versatile tool that can support an extensive level of modelling detail. While
not explored in this project, CST can simulate a user’s full body, including
features such as muscle and bone. Furthermore, the form factor models can
be designed in the tool to also account for more specific details of the phone
such as microphone, camera and other sensors, making this tool very well
suited to extend the studies conducted in this thesis.

MATLAB

This simulator is built in MATLAB®, where the data from QuaDRiGa and
CST are used as inputs to simulate and evaluate beam management perfor-
mance. Besides generating the procedure’s DL signalling for sweeping and
measuring using the 5G Toolbox™ [96], MATLAB® is used to compute the
MIMO channel responses, the received signal at the UE and measure KPIs
such as RSRP, misdetection probability or misalignment loss.

2It is important to reiterate that the CST radiation patterns have been provided by Nokia. This
thesis’ contribution focuses on incorporating these realistic antenna element radiation patterns
from CST in the MATLAB-based simulation tool for beam management performance evaluation
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1. Introduction

Abstract

5th Generation (5G) millimeter wave (mmWave) communications rely on directive
and narrow beams to circumvent its challenging propagation conditions. Therefore,
Medium Access Control (MAC)-based Beam Management (BM) becomes essential
to secure adequate beam alignment between the User Equipment (UE) and the Next
Generation Node Base Station (gNodeB) beams. For dynamic environments, this can
be challenging, potentially compromising control procedures such as Beam Track-
ing (BT) under the current 5G New Radio (NR) deployments for FR2. This paper
presents a sensitivity study on the stability of the gNodeB selected beam - measured
by the beam’s time-of-stay (ToS) - and the resulting link quality under different op-
erational conditions with respect to UE mobility, propagation environment and op-
erational bands. Results show that the suitability of 5G NR BM procedures can be
significantly affected by UE angular speed, channel’s angular spread and availability
of channel-adaptive BM parametrization.

1 Introduction

An integral part of the 5G NR focus has been to explore the mmWave fre-
quency spectrum, since it allows for large amounts of bandwidth allocation
and thus, unprecedented data rates [1]. The 3GPP has defined in [2] the
mmWave frequency range (FR), FR2, comprised between 24.25 GHz and 52.6
GHz, where NR system operations have been enabled and optimized. These
high frequencies, however, display increasingly challenging propagation con-
ditions, with significant pathloss, environment absorption, low penetration
through objects and weak diffraction around corner edges of obstacles.

In order to mitigate these effects, antenna arrays are used to create high
gain directional beams at the UE and the gNodeB. As a result, the sig-
nal’s range is extended and the beams can be steered away from obstruction
sources. Unfortunately, such directive beams are also narrow and beam align-
ment between the UE and the gNodeB beams becomes imperative to maintain
link quality. This task can be challenging for fast-varying channels with UE
mobility, negatively impacting the performance of control procedures such
as beam tracking (BT), designed to ensure an ubiquitous connection through
beam switching.

There are several proposals in the literature on how to perform fast and
robust BT. While [3] proposes a multi-connectivity solution using both
mmWave 5G cells and legacy non-beamformed sub-6 GHz cells, [4] develops
a tracking scheme that alternates periodic beam refinements with sparser
refresh procedures. Other solutions for BT aiming at reducing overhead
and beam misalignment in high-speed UE mobility scenarios are presented
in [5], [6], and [7]. Moreover, ML solutions are described in [8] and [9],
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where beam alignment is achieved through strategies of shared situational
awareness between connected vehicles and the use of the UE’s location and
orientation. Most of these solutions, however, have been proposed at a time
where the 3GPP standard for NR was not released and, therefore, have yet
to be reassessed in the context of 5G NR.

3GPP introduces BT in [10] as one of the medium access control (MAC)-
based beam management (BM) procedures to maintain beam alignment for
DL and UL transmission/reception. These procedures perform signaling-
based beam selection, first at the gNodeB and then at the UE, through beam
sweeping, measurement, determination and reporting operations. Studies
are conducted in [11], [12] and [13], obeying the current 5G NR standard, to
evaluate accuracy, responsiveness and overhead of different BM frameworks,
as well as analyze 5G NR system-level network deployment choices.

Once the best gNodeB beam is established, the UE beam must be deter-
mined before the deterioration of the link triggers a gNodeB beam switch. In
other words, to perform BM, the period of time during which a gNodeB beam
provides high link quality, the beam’s ToS, must be large enough to accom-
modate the subsequent UE beam selection process. This requirement can be
difficult to secure depending on the propagation environment, UE speed and
frequency range. A sensitivity analysis on this beam timing aspect of 3GPP-
defined BM has not been conducted in the context of challenging mmWave
environment conditions.

This paper evaluates the behavior of the average gNodeB beam ToS, in
an intra-cell context, under three scenario variables: user mobility, dynamic
radio channel characteristics and increasing operational frequencies. Under
the ToS constraint, it is investigated whether unhindered BM can take place
without compromising link quality. This assessment is made for the FR2
operational frequency of 28 GHz and also the beyond FR2 (BFR2) frequency
of 60 GHz, as part of the new range of mmWave frequencies explored by
3GPP [14].

The remainder of this paper is organized as follows: Section 2 describes
the current BM procedure set in the standard that is evaluated in this paper.
Section 3 details the proposed system model for simulations. Section 4 states
the research target of the paper and presents the study’s performance metrics.
Section 5 analyzes the performance results for FR2 and BFR2 and, finally,
Section 6 concludes the paper and elaborates on future work.

2 BM Procedures

3GPP defines BM in [15], under the assumption of UL/DL beam correspon-
dence, as three supported DL procedures, P1, P2 and P3, represented in Fig-
ure A.1. P1 is dedicated to gNodeB beam selection. The gNodeB performs an
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Fig. A.1: Downlink 3GPP BM procedure.

angular beam scan, where each beam is associated with a different SSB [16].
The UE measures each beam’s RSRP level and reports the best measurements
back to the gNodeB for the beam selection. As shown in Fig. A.1, a refine-
ment of the P1 gNodeB beam is performed in P2, using CSI-RS. After the
P2 gNodeB beam is set, the UE (assuming beamforming capabilities) sweeps
through its beams in P3 to establish the best narrow beam that aligns with the
gNodeB selected beam, also using CSI-RS. A simplified BM model is adopted
in this study, where P1 and P2 are merged into a single gNodeB beam refine-
ment stage. To achieve a target DL gain through beam alignment, the selected
gNodeB beam must remain unaltered until the P3 stage is completed.

3 System Model

3.1 Depicted intra-cell scenario

This section presents the system model under evaluation. Fig. A.2 depicts
an intra-cell BT scenario, where a UE in connected mode travels in a circular
motion around the gNodeB with a radius of travel R, linear speed v and
angular displacement of ∆ϕ, making for a travel period T = ∆ϕ×R

v seconds.
On the gNodeB side, a ULA of NgNodeB isotropic antenna elements is con-

sidered. On the UE side, a multi-panel broad beam scanning configuration is
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Fig. A.2: Intra-cell simulation model.

assumed, where the AoA modeling of a multi panel solution with simultane-
ously active panels resembles an omnidirectional antenna. To emulate this,
the UE beam is modeled with a single isotropic antenna element in simula-
tions, NUE = 1.

The gNodeB transmits NSSB beams with a periodicity of TSS ms. While
traveling, the UE collects N RSRP samples from each incoming SSBurst. After
proper filtering, the UE reports these measurements back to the gNodeB to
determine weather a beam switch is required. Regarding the beam switching
commands from the gNodeB to the UE, ideal signaling is considered, with
no errors or delays.

In this study, several UE angular speeds are tested by varying R and v.
This simulation model is implemented in MATLAB® supported by functions
in 5G Toolbox™.

3.2 Propagation channel model

The 3GPP-defined channel model CDL is used for the simulations. This is a
3D link-level fading channel model whose properties are extensively detailed
in [17]. Three distinct channel profiles are evaluated, CDL-D, CDL-D3 and
CDL-D5, spatially represented in Fig. A.3 according to their clusters’ azimuth
AoD. The radius size of each cluster is proportional to its relative power level.

CDL-D is a LOS CDL profile, with a single dominant cluster, indicated
in Fig. A.3a by the larger size of cluster 1. To broaden this study’s perfor-
mance analysis, two other CDL-D based profiles are customized, CDL-D3
and CDL-D5. In these profiles, the clusters’ positioning and power levels
are manipulated to obtain, respectively, three and five dominant clusters to
recreate a progressively wider angular spread environment, as highlighted in
Fig. A.3b and Fig. A.3c. This channel model does not include blockage but
accounts for the Doppler effect inflicted by the UE movement. It is assumed
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Fig. A.3: AoD representation of CDL clusters (some share the same power level and AoD,
becoming therefore, overlapped).

that the UE’s travel path is within acceptable coverage range. Therefore, since
it does not affect the ToS assessment, pathloss and noise are neglected in this
paper.

3.3 Measurement model

In this paper, the UE performs SSB-based RSRP measurements. RSRP is
defined as the linear average over the power contributions (in [W]) of the
resource elements that carry cell-specific reference signals within the consid-
ered measurement frequency bandwidth [18].

In an ideal scenario, free of fast-fading variations, the beam choice for
each time sample n would fall under the beam with the highest instantaneous
RSRP. However, in a realistic scenario, depicted in the left-hand side of Fig.
A.4, this solution would cause a beam ping-pong effect. In the transition
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Fig. A.4: UE’s instantaneous and filtered RSRP measurements for three beams.

between two beams, the values reported by the UE would cause the beam
selection to bounce back and forward between beam 1 and 2 or 2 and 3 due
to small, fast-fading-induced power variations.

To mitigate this, the measurements are filtered prior to the reporting and
beam selection stage. This work employs L1 filtering combined with an
additional recursive filter and a power threshold criterion to minimize un-
necessary beam switching during the beam selection process, as seen in the
right-hand side window in Fig. A.4.

L1 filtering

Although L1 filtering is required by 3GPP’s measurement model, its exact
configuration is implementation dependent [19]. A moving average filter is
adopted with a sliding window dimension L f . The L1 filtered RSRP mea-
surement for the nth time sample is given by

RSRPL1[n] =
∑

L f −1
i=0 RSRPmeasurement[n − i]

L f
, (A.1)

where RSRPmeasurement is the physical (PHY) layer RSRP measurement
recorded at the UE.
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Additional filtering

After L1 filtering, the RSRP values can be computed via a recursive filter as
follows:

RSRP[n] = (1 − α)RSRP[n − 1] + αRSRPL1[n], (A.2)

where RSRPL1[n] stands for the latest received L1 filtered results and
α = 0.5k/4, with filter coefficient k.

Power threshold criterion

The power-based criterion is used in the gNodeB beam selection process to
dictate when a beam switch occurs. The best beam choice is based on the
filtered RSRP measurements. Therefore, a beam switch is only triggered, for
a time sample n, when the filtered RSRP value of the new beam exceeds
the filtered RSRP value of the current best beam by a threshold, thr. This is
represented in the right-hand side of Fig. A.4. The UE perceives beam 2 as
the best beam for as long as its filtered power level is less than thr dB below
beam 3’s filtered power level, extending ToSbeam2. The parameters L f , α and
thr constitute the BM parametrization and can take on several values which,
collectively, impact the instantaneous RSRP measurements reported by the
UE and, consequently, BM performance.

4 Research Target and Key Performance Indicators
(KPI)

In a mobility scenario, it is possible that the ToS per gNodeB beam may fall
short to accommodate the UE beam refinement portion of the BM proce-
dure. In this case, the procedure must resume by keeping a broad UE beam
which, given mmWave propagation conditions, affects coverage, throughput
and may even cause radio link failure (RLF). Therefore, this paper investi-
gates whether P3 can take place during BT before a gNodeB beam switch
occurs.

One of the factors that can impact this evaluation is BM parametrization.
For certain configurations, the BM parametrization can alter the perceived
gNodeB beam ToS enough to either impede or enable the UE beam refine-
ment stage. However, the latter would come at the cost of power loss. In
the right-hand side of Fig. A.4, the ToS for beam 2 is stretched beyond the
crossover point between beams due to parametrization, altough the quality
of the connection progressively worsens as the power level associated with
beam 2 decreases. This incurred power loss is designated in this paper as

71



Paper A.

∆RSRP. For a certain n, ∆RSRP is defined as the power gap between the in-
stantaneous RSRP value of the highest power beam before filtering, RSRPb f ,
and the instantaneous RSRP value of the best beam after filtering, RSRPa f .

Considering this trade-off, a ToS increase through parametrization is only
beneficial if the corresponding ∆RSRP does not deteriorate the link’s qual-
ity to a level comparable to a broad UE beam configuration. Both ToS and
∆RSRP are selected as KPIs for this study and a balance must be maintained
between the two through the selection of L f , α and thr. This paper assumes
that an optimal BM parametrization maximizes ToS while keeping ∆RSRP
low enough to avoid link deterioration. Since ToS varies per gNodeB beam
and ∆RSRP varies along T, a statistical measure is defined for both KPIs. ToS
is introduced as the average ToS per beam for a particular (R, v) simulation
scenario, calculated by

ToS(R,v) =
∑NSSB

j=1 ToSBj

NSSB
, (A.3)

where ToSBj is the ToS of gNodeB beam j and NSSB is the number of gNodeB
transmitted SSB beams. Similarly, ∆RSRP conveys the average ∆RSRP along
the UE’s travel period T given by

∆RSRP(R,v) =
∑N

n=1 RSRPb f [n]− RSRPa f [n]
N(R,v)

, (A.4)

where N represents the total number of RSRP samples registered by the UE.
According to each (R, v) scenario, N is an integer that varies as per

N(R,v) =

⌊
T

TSS

⌋
+ 1, (A.5)

where ⌊.⌋ denotes the floor function. Achieving proper BM parametrization
is a function of the operational scenario which cannot be known beforehand.
In a real-life scenario, the UE, commanded by the gNodeB, is likely to adopt
a default (suboptimal) BM parametrization. It is therefore crucial to gauge
the sensitivity of ToS and ∆RSRP to BM parametrization under challenging
operation conditions. For this, a new metric is introduced, RG, that tracks
how wide the range of ToS and ∆RSRP values are for all parametrizations.
This is calculated as

RGKPI = max KPI − min KPI, (A.6)

where KPI is either ToS or ∆RSRP.
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5 Results and Discussion

Subsection 5.1 reports the simulation parameters featured in the study. Sub-
section 5.2 presents the simulation results with the purpose of (i) assess-
ing how sensitive ToS and ∆RSRP are to parametrization in 5.2; (ii) iden-
tifying the (R, v) scenarios for which BM is not feasible, given an optimal
parametrization, in 5.2.

5.1 Simulation Parameters

Table A.1 summarizes all scenarios, BM parametrization and channel model
configurations used in the simulations.

The UE’s travel radius R assumes 10 values between 20 m and 200 m.
The upper bound of R corresponds to the intersite distance (ISD) established
in [17] for UMi open area scenarios. Similarly, the UE’s travel speed v takes
on 10 values between 3.6 km h−1, for a pedestrian user, and 120 km h−1, for a
user in a fast moving vehicle. The UE measures RSRP levels with the same
periodicity TSS = 20 ms as the gNodeB transmits Synchronization Signal (SS)
Bursts, while traveling with an angular displacement of ∆ϕ = 120◦. Regard-
ing BM parametrization, L f , k and thr take on, respectively, three, four and
five discrete values. Their combination generates 60 parametrizations that
are employed in this study. For the CDL channel model, two operational fre-
quencies are considered: the FR2 frequency of 28 GHz and BFR2 frequency
of 60 GHz. Besides sharing the same subcarrier spacing (SCS) = 120 kHz con-
figuration and NUE = 1, the frequencies adopt different NgNodeB and NSSB
at the gNodeB. While in FR2 the gNodeB panel has eight antennas elements
transmitting 16 SSBs per burst, in BFR2, to compensate for poorer propa-
gation conditions, these numbers are doubled. Finally, CDL-D, CDL-D3 and
CDL-D5 are considered, making for 300 different (R, v, CDL) scenarios under
evaluation.

5.2 Performance results

KPIs sensitivity to BM parametrization

The 60 parametrizations evaluated generate 60 ToS and ∆RSRP values for all
300 evaluated (R, v, CDL) scenarios. Fig. A.5 displays these values for six
illustrative FR2 CDL-D scenarios. Here, three speed values, v = 3.6 km h−1, v
= 55 km h−1 and v = 120 km h−1, are analyzed for two radiuses, R = 20 m, in
Fig. A.5a, and R = 100 m, in Fig. A.5b.

The blue curves represent each parametrization’s ToS, sorted by increas-
ing order. For a scenario SC, a parametrization index of iSC = 1 corresponds
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Table A.1: Simulation Parameters.

Scenario
R [m] 20 < R < 200, step size=20

v [km h−1] 3.6 < v < 120, step size=13
TSS [ms] 20

∆ϕ [◦] 120
BM parametrization

L f 1 < L f < 3, step size=1
k 1 < k < 4, step size=1

thr [dB] 1 < thr < 3, step size=0.5
Channel model

FR FR2 BFR2
f [GHz] 28 60

SCS [kHz] 120
NgNodeB 8 16

NSSB 16 32
NUE 1

CDL profile CDL-D/CDL-D3/CDL-D5

to the (L f , k, thr) combination with the lowest ToS while iSC = 60 corre-
sponds to the highest ToS of said scenario. The orange curves depict the
corresponding ∆RSRP to the sorted ToS values. It should be stressed that
the parametrization associated with a common iSC index between scenarios
is not necessarily the same.

Fig. A.5 confirms an intuitive trend regarding ToS and (R, v). For a fixed
v, ToS increases hand in hand with R, as can be seen through the ToS curves
for v = 3.6 km s−1, in Fig. A.5a and Fig. A.5b. Since the radius of travel
increases, for the same speed, the UE observes each beam for a longer period
of time, increasing ToS. Moreover, for a fixed R, ToS tends to decline as v
increases. In Fig. A.5b, the maximum attainable ToS value for v = 3.6 km s−1

is around 13.9 s while v = 120 km s−1 does not go over 432 ms. The UE
is moving progressively faster and, therefore, needs to update its gNodeB
beam more often, reducing the ToS per beam.

Sorting the results by increasing ToS reveals the consistent behavior of
∆RSRP. For all displayed scenarios, as ToS increases through parametriza-
tion, ∆RSRP values tend to grow as well, confirming the trade-off effect de-
scribed in section 4. However, this ∆RSRP increase is significantly more
noticeable for smaller radiuses, especially at high speeds. In Fig. A.5a, the
v = 120 km s−1 curve reaches higher values than the same curve in Fig. A.5b,
despite the UE’s traveling speed being the same for both scenarios. This can
be explained by the fact that a small R, combined with high v, makes for
a small number of samples N. With a reduced N, it is possible that some
parametrizations are too aggressive, resulting in big filtering-induced power
losses.
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(a) R = 20 m.

(b) R = 100 m.

Fig. A.5: ToS and ∆RSRP sensitivity to BM parametrization.

Table A.2 and Table A.3 display, respectively, a summary representation
of these six scenarios’ results for FR2 and BFR2. Moreover, 12 extra scenar-
ios are analyzed, pertaining to the same (R, v) combinations simulated with
CDL-D3 and CDL-D5 profiles. These tables provide information on two dif-
ferent fronts. The Range Assessment quantifies how much the KPIs vary
with parametrization and the Magnitude Assessment focuses on the order of
magnitude of a scenario’s maximum attainable ToS, ToSiSC=60, and its corre-
sponding ∆RSRP value, ∆RSRPiSC=60.
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The tabled values show that ToS can be quite influenced by parametriza-
tion. In Table A.2, RGToS can take values from 27.26 ms up to 13.29 s. Choos-
ing an improper parametrization can lead a ToS to be perceived as 27.26 ms
to 13.29 s shorter, potentially compromising the BM procedure.

For all profiles, in both FR2 and BFR2, at higher angular speeds, RGToS
decreases, since the smaller N lacks the resolution to differentiate the nuances
created by each parametrization. RG∆RSRP becomes wider since this sample
resolution also leads to significant power losses.

Both FR2 and BFR2 magnitude results for CDL-D3 and CDL-D5 reflect
the same behavior displayed in Fig. A.5 for CDL-D. Moreover, in FR2, as
angular spread increases from CDL-D to CDL-D3 and CDL-D5, for the same
(R, v) combination, ToSiSC=60 decreases. However, for BFR2, based on the
juxtaposition of SC3, SC9 and SC15 in Table A.3, ToS appears to no longer
decrease for higher angular spreads. However, these inconsistent values are
associated with unacceptably high ∆RSRP levels. In these types of scenarios,
one should settle for a parametrization that offers lower ToS in exchange for
better link quality.

Moreover, for the same (R, v) in CDL-D, as frequency increases, ToS de-
creases. In BFR2, the growth in the number of antenna elements at the
gNodeB leads to narrower beams, resulting in shorter ToS. However, this uni-
formity is lost once the multi-dominant cluster profiles are considered. While
CDL-D3 mostly follows the expected trend, CDL-D5 displays improved ToS
when compared to FR2. Results seem to depend on cluster positioning and
the multipath created. If a beam’s sidelobe aligns with the clusters, it looses
its narrow shape and impacts negatively the ToS. However, narrower beams
can more easily avoid unwanted alignment with clusters, inadvertently im-
proving BM robustness.

To summarize, parametrization choice has a significant impact on ToS and
∆RSRP, potentially compromising the 3GPP-defined BM procedure. Since
optimal parametrization varies between propagation scenarios, employing
a default suboptimal parametrization is not a viable solution. Even when
considering an optimal parametrization, the KPIs degrade as angular speed
and angular spread increase. However, the narrow beams associated with
BFR2, despite degrading ToS with angular speed, appear to be more likely
to avoid cluster alignment, alleviating the angular spread effect. Finally,
although only a subset pf scenarios is displayed, the conclusions drawn are
supported by all 300 simulated scenarios.

BM Boundary Scenarios

This part of the study is meant to visually pinpoint, within all scenarios
simulated, when does the 3GPP defined BM procedure break. To do so, two
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Table A.2: FR2 BM Parametrization Assessment.

CDL SC R [m] v [km h−1]
Range Assessment Magnitude Assessment

RGToS [ms] RG∆RSRP [dB] ToSiSC=60 [ms] ∆RSRPiSC=60 [dB]

D

1
20

3.6 2140 0.48 2790 0.54
2 55 32.46 1.69 195.71 1.86
3 120 27.26 3.55 109.76 3.17
4

100
3.6 13 290 0.31 13 900 0.37

5 55 385.82 0.75 915.83 0.62
6 120 106.95 1.04 432.0 1.03

D3

7
20

3.6 1320 0.26 1380 1.83
8 55 141.25 1.60 197.75 3.50
9 120 87.68 2.24 138.50 4.32

10
100

3.6 3970 0.37 4040 1.52
11 55 567.43 0.52 627.55 2.31
12 120 298.21 0.84 357.34 2.66

D5

13
20

3.6 436.87 1.09 484.27 3.24
14 55 141.74 2.02 189.52 4.28
15 120 82.92 2.53 129.31 5.14
16

100
3.6 564.45 1.03 611.77 3.03

17 55 271.16 1.28 318.49 3.63
18 120 190.73 1.65 236.70 3.93

ToS requirements are set, 500 ms and 1 s, under which a scenario is not able
to complete the BM procedure. These values are estimated as a lower and
upper bound considering typical BM assumptions such as eigth UE beams,
no-repetition CSI-RS transmission with 10 ms periodicity and three UE beam
sweeps during its refinement stage, to smooth fast fading. Moreover, a limit
∆RSRP is set to 4 dB, over which extending ToS through parametrization
would lead to significant performance loss. Values above this are typically
linked with inappropriate filtering that excessively flattens RSRP curves and
large thr values that skew the beam choice and compromise the link’s quality.

The results are presented as boundary plots, displayed in Fig. A.6, where
v is plotted against R. Each color represents a different channel profile and
the shaded areas encapsulate the (R, v) combinations that meet ToS and
∆RSRP requirements. Conversely, the non-shaded areas portray the scenar-
ios where a broad UE beam must be kept, potentially sacrificing BM perfor-
mance to the point of RLF. The boundary curves are computed with each
scenario’s optimized parametrization that maximizes ToS while maintaining
∆RSRP ≤ 4 dB. Fig. A.6a and Fig. A.6b are dedicated to the FR2 results,
while Fig. A.6c and Fig. A.6d depict BFR2 results.

As angular spread increases, the ToS requirements seem to become harder
to meet. The shaded area of CDL-D is larger than CDL-D3, which in turn is
larger than CDL-D5. Also, as v increases, the time requirement can only
be met for higher R values. Moreover, higher ToS requirements are more
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Table A.3: BFR2 BM Parametrization Assessment.

CDL SC R [m] v [km h−1]
Range Assessment Magnitude Assessment

RGToS [ms] RG∆RSRP [dB] ToSiSC=60 [ms] ∆RSRPiSC=60 [dB]

D

1
20

3.6 849.59 0.64 1380 0.71
2 55 23.01 3.57 110.62 2.45
3 120 29.36 6.62 81.37 5.62
4

100
3.6 6250 0.42 6850 0.48

5 55 95.12 1.03 456.23 1.13
6 120 40.72 1.65 223.61 1.85

D3

7
20

3.6 1200 0.60 1280 1.63
8 55 52.65 2.99 110.36 4.66
9 120 34.27 5.45 80.91 7.70

10
100

3.6 5190 0.52 5270 1.33
11 55 360.88 0.86 434.85 2.05
12 120 140.77 1.31 216.88 2.58

D5

13
20

3.6 949.46 0.47 998.49 2.50
14 55 67.63 2.97 113.68 4.63
15 120 50.70 4.52 93.48 7.30
16

100
3.6 3290 0.58 3340 2.09

17 55 334.93 0.70 383.62 2.97
18 120 154.69 1.32 201.37 3.78

challenging to fulfill. While in Fig. A.6a, CDL-D5 could guarantee proper
BM up to v =30 km h−1, in Fig. A.6b, where the required ToS goes up by
500 ms, there is no scenario where BM is not compromised.

As mentioned in section 5.2, BFR2 CDL-D5 BM appears to be more robust
to angular spread than FR2 which is represented in Fig. A.6c and Fig. A.6d
by the significant increase in the green shaded area. Lastly, the shaded area
gap between profiles is less prominent in BFR2 than in FR2. This is most
likely due to the fact that narrower beams are less impacted by the effects of
clusters, making the boundary curves for each profile closer to the original,
mostly unobstructed, LOS profile, CDL-D.

To summarize, results indicate that the increase of angular speed and an-
gular spread negatively impacts the feasibility of the BM procedure under the
simulated scenarios. A significant number of the simulated scenarios, unable
to meet the KPI requirements, must skip the UE beam refinement in an at-
tempt to carry on with BM, compromising coverage, throughput and risking
RLF. Moreover, the BM feasibility gap between profiles appears smaller in
BFR2, due to its narrower beams being less likely to be affected by angular
spread. Finally, if pathloss were to be included in this evaluation, under a
minimum coverage requirement, the boundary curves could be further re-
stricted for higher values of R.
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(a) FR2 with 500 ms.
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(b) FR2 with 1 s.
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(c) BFR2 with 500 ms.
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(d) BFR2 with 1 s.

Fig. A.6: ToS and ∆RSRP boundary plots.

6 Conclusions

This paper studies the suitability of the current 3GPP BM procedures by
performing a sensitivity study on the gNodeB’s beam average ToS under
challenging operation conditions such as UE mobility, dynamic propagation
environments and increasing operational frequencies. Results show that BM
parametrization can have a significant impact on the perceived ToS of a beam,
risking to compromise the link’s quality. Moreover, large angular speed and
angular spread can limit the scenarios where the UE beam refinement stage of
the BM procedure can occur. Furthermore, BFR2 results show to be less sen-
sitive to cluster positioning, when compared to FR2, likely due to its beams’
narrow nature.

This work is focused on intra-cell mobility, in order to grasp a deeper
level of complexity on the nuances of the physical layer. However, in future
work, an inter-cell scenario should be considered in order to include other
challenges such as interference and handover. Additionally, a rule-based or
a machine learning algorithm can be pursued to dynamically adapt filter
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settings to UE speed, radius of travel and radio channel conditions.
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1. Introduction

Abstract

5th Generation (5G) millimeter wave (mmWave) communications are enabled
through directive and narrow beams that mitigate these frequencies’ challenging
propagation conditions. In the future, 5G-Advanced and 6G will go even higher in
the frequency spectrum, to allow for progressively larger bandwidths. The need for a
larger number of narrower beams will put a strain in the current analog beamforming
(BF) based beam management (BM) framework. This paper proposes an alternative
signalling method for BM to parallelize the beam sweeping procedure using a hybrid
analog-digital (HAD) BF architecture to enable mmWave signal multiplexing with a
manageable overhead. The proposed solution is shown to significantly enhance beam
alignment performance while reducing signalling overhead and latency.

1 Introduction

The 5G NR standard supports a range of gNodeB antenna architectures for
different frequencies of operation, mainly based on the number of TXRU
that these technologies require. Given the poor propagation conditions at
mmWave frequencies, large antenna arrays are required but the number of
TXRU are not easily scalable. Large bandwidths, characteristic of mmWave,
combined with bit resolution requirements makes them a high cost, complex-
ity and power consuming solution. Therefore, fully digital architectures are
typically reserved for the lower end of the 5G spectrum [1]. Instead, analog
architectures are used for higher frequencies, to avoid the complexity-cost
challenges of fully digital beamforming (BF). However, a single TXRU con-
figuration comes with limitations such as the inability to multiplex signals in
the spatial dimension.

In the current 5G standard, mmWave communications rely on beam-based
operations [1]. This, along with the need for highly directional beams at the
receiver and transmitter, prompt the issue of beam alignment that drives BM.
This procedure can be described as a set of L1 and layer 2 operations that
establish and maintain an optimal beam pair between the gNodeB and the
UE, thus ensuring adequate link quality while the UE moves through the
cell [2]. Given the importance of this procedure, optimization of BM per-
formance has been extensively pursued in the literature. In [3], a dynamic
weight-based algorithm is proposed for initial access (IA) SSB allocation, us-
ing static user distribution, to optimize the number of SSBs per sweeping
direction. The authors in [4] introduce different beam switching algorithms
to improve robustness of BM operations for intra-cell mobility scenarios. A
mmWave IA protocol is developed in [5], with a compressive-sensing beam
sweeping algorithm that achieves high BF gain, low misdetection probability
and reduced search time. Furthermore, [6] employs a machine learning ap-
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proach with a deep neural network trained for beam selection using RSRP
measurements from standard compliant uplink signals in a high speed train
use case, reducing signalling overhead and latency.

Most of these solutions still assume an analog architecture at the gNodeB
array for BM. While the standard BM procedure performs adequately for
current antenna array configurations, its ability to scale well in future cel-
lular systems, where higher frequencies will be employed, is questionable.
Larger antenna arrays will be required to compensate for the high frequency
pathloss, making the beams even narrower. To maintain proper coverage,
larger codebooks will need to be adopted, which will increase BM overhead,
latency and overall complexity [7]. Therefore, the current BM framework
must be updated to support a higher number of narrow beams. Hybrid BF
architectures, which employ multiple radio frequency (RF) chains with ana-
log phase shifters, can be used at mmWave as a compromise to enable spatial
multiplexing while keeping a reduced number of TXRU and a manageable
overhead [8].

This paper proposes a signalling scheme that enables the simultaneous
transmission of spatially multiplexed SSBs for BM using low cross-correlation
signals and a fully-connected HAD architecture. Using Monte-Carlo simu-
lations, it is shown that the proposed signalling scheme is able to reduce
overhead and latency of the beam sweeping procedure while improving the
overall beam alignment performance when compared to its currently stan-
dardized counterpart, particularly for high-speed scenarios.

The remainder of this paper is organized as follows: Section 2 describes
the system model, while Section 3 presents the proposed signalling scheme.
Section 4 illustrates the performance of the proposed scheme and Section 5
concludes the paper and elaborates on future work.

2 System Model

2.1 Network Layout

A DL single-cell mmWave system is considered, where the gNodeB attempts
to achieve beam alignment with a moving UE. A tri-sector cell is assumed,
as seen in Fig. B.1, where the UE moves in a linear trajectory with a random
direction at speed v in the east sector, bound by mobility ranges r and R. The
gNodeB antenna array, standing at height hTX m, is equipped with a ULA
panel of patch antennas of size NTX . The UE is modeled as a single isotropic
antenna, NRX = 1, at a height of hRX m1.

1This work focuses on the signalling from the gNodeB side and, as such, this simplifying
assumption is taken. Extension of this proposal for multi-antenna UEs is straightforward.
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Fig. B.1: Network layout.

2.2 Signal Model

During the beam sweeping stage of BM, the gNodeB transmits several SSBs to
determine the best beam to serve each UE. BF is undertaken with an analog
or a HAD fully-connected architecture using NRF TXRU, as seen in Fig. B.2
(a) and Fig. B.2 (b), respectively.

The generalized expression for the UE received signal at time-frequency
resource k is given by

y(k) = h(k)⊤F(k)x(k) + n(k) (B.1)

where h(k) ∈ CNTX is the DL channel vector between the UE and the
gNodeB in the kth time-frequency resource. These channel coefficients are
obtained through a 3D geometry-based stochastic channel model generator,
QuaDRiGa, which is compliant with current 3GPP standards for channel
modelling [9]. In the gNodeB BF matrix F(k) ∈ CNTX×NRF , each column
contains the analog phase shifts f b ∈ CNRF for a beam b used by a TXRU
to transmit an SSB symbol in the kth time-frequency resource. Due to
the analog implementation, all entries of F(k) have a constant modulus of

1√
NTX

. The vector x(k) ∈ CNRF expresses the NRF transmitted SSB symbols

in the kth time-frequency resource, with a symbol variance of 1√
NRF

. This

signal is generated using the 5G Toolbox™ from MATLAB® [10]. Finally,
n(k) ∽ CN (0, σ2) is the receiver’s noise in the kth time-frequency resource
modeled as a complex AWGN vector. This work assumes perfect subcarrier
orthogonality conditions, specifically that the maximum channel delay
response is within the cyclic prefix duration and the channel response is
constant during a full OFDM symbol.
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(a)

(b)

Fig. B.2: BF architectures. (a) Analog array. (b) HAD fully-connected array.

2.3 gNodeB BF Codebook

To perform SSB-based beam sweeping at the gNodeB, a directional BF code-
book is adopted, which divides the cell’s sector coverage area into separate
angular regions. These beams are chosen from a predefined, finite set of NSS
vectors C = { f b|b = 1, . . . , NSS} which is referred henceforth as the code-
book. The bth vector of the codebook is chosen as the array steering vector
for angle ϕb, i.e.

f b =
1√
NTX

[1, e−jπ sin ϕb , . . . , e−jπ(NTX−1) sin ϕb ]T . (B.2)

The angle ϕb is the azimuth angle to which the bth beam is pointing, mea-
sured on the xy plane with respect to the x axis. The steering angles ϕb, are
linearly spaced within the angular range of the sector so that

ϕb = −π

3
+ (b − 1)× 2π

3 × (NSS − 1)
, b = 1, 2, . . . , NSS. (B.3)

3 Signalling scheme

This section presents the proposed signalling scheme for gNodeB beam se-
lection and how it differs from the current scheme in the standard. SSBs, or
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SS/PBCH blocks, are generally used, among other NR signals, for measure-
ment purposes to ensure proper beam alignment between the gNodeB and
the UE. As described in [11], an SSB is grouped into 4 OFDM symbols in
time and 240 subcarriers in frequency. It carries a PSS and SSS, for initial
synchronization and cell/beam identification, respectively. These signals are
pseudo random binary sequences with 127 m-sequence values. Additionally,
a PBCH is included, associated with a DMRS. A group of SSBs is identified
as an SSBurst, where each SSB is mapped to a different gNodeB beam.

3.1 Current Scheme in 5G NR

In the current NR standard, the SSBurst lasts less than 5 ms and its periodic-
ity Tss varies from 5 ms to 160 ms. All SSBs coming from a common gNodeB
share the same PSS and SSS sequences, having the same cell ID. The maxi-
mum number of SSBs per SSBurst, Nmax, as well as its resource mapping, are
numerology-dependent [12]. For all numerologies, the SSB pattern always
allocates one SSB at a time, as seen in Fig. B.3 (a). The gNodeB performs
analog beam sweeping with Nss beams and the UE receives and decodes
one SSB at a time. During this process, the signal will be sequentially corre-
lated with known PSS and SSS sequences to recover the physical cell identity
of the gNodeB. This information is used to process PBCH-DMRS resources
which can be used, together with SSS, to measure L1-RSRP [13]. Finally, the
UE stores a subset of the best N RSRP values and reports them back to the
gNodeB for beam determination. This study takes the current standardized
scheme as a baseline to compare to the proposed scheme in terms of beam
alignment performance.

3.2 Proposed Scheme

The proposed scheme employs the capabilities of a fully-connected HAD BF
architecture to transmit NRF SSBs in parallel while keeping the same array
gain. To distinguish simultaneously transmitted SSBs, each of them must
be associated with an unique PSS and SSS combination, exploiting the low
cross-correlation nature of these sequences to preserve beam-specific infor-
mation. Keeping the same SSBurst periodicity and block pattern, SSB groups
are transmitted in overlapping time-frequency resources, creating NSS

NRF
trans-

mission instances t. The best beam per group is identified during the PSS
and SSS decoding stage. In each t, after recovering the correct PSS sequence,
the UE searches the time-frequency resources where SSS is allocated, KSSS,
to compute the correlation function between the SSS portion of the received
signal, yt

sss, and all the reference SSS sequences, rsss,b, for each beam b through
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Xt
corr[b] =

1
|KSSS|

∣∣∣∣∣ ∑
k∈KSSS

yt
sss(k)r

∗
sss,b(k)

∣∣∣∣∣ (B.4)

where |KSSS| denotes the cardinality of set KSSS. The strongest correlation
peak of each t is stored and reported back to the gNodeB for beam determi-
nation. The resources occupied for beam alignment are reduced by 1

NRF
, as

represented in Fig. B.3 (b). However, each parallel beam also experiences a
scaling in power by the same factor.

3.3 Scheme Comparison

In order to enable the proposed scheme as add-on to the current standard,
some requirements must be met. First, the beams assigned to grouped SSBs
must be spatially separated to avoid inter-beam interference caused by beam
overlap. Their beam indexes, extracted from the codebook C, should be sep-
arated by NSS

NRF
positions. Furthermore, the beam indexing information for

beams of the same group should be mapped to their unique PSS and SSS
combination. Therefore, the PSS and SSS sequences of a group must present
low cross-correlation.

4 Results and Discussion

This section details the performance evaluation of the proposed scheme. The
KPIs used are detailed in Subsection 4.1. Subsection 4.2 showcases the over-
head advantage of the proposed scheme while Subsection 4.3 focuses on the
latency benefits for high-speed scenarios. Table B.1 summarizes all the simu-
lation parameters used.

4.1 KPIs

To evaluate beam alignment performance, RSS measurements are performed
over the time-frequency resources reserved for data transmission. This
study assumes a potential data resource allocation set, Kdata, that occupies
the whole available bandwidth B and time interval between consecutive
SSBursts, as displayed in Fig. B.4 for a generic SSBurst set2. The transmission
window of one SSBurst and one Kdata set is referred to as a measurement
period, MP, and lasts for TSS ms. The RSS over Kdata for a beam b is defined
as

2In a multi-user scenario, the available resource pool needs to be shared among users, result-
ing in a scaling of the absolute maximum achievable rate per user.
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(a)

(b)

Fig. B.3: SSBurst block pattern for SCS = 120 kHz, TSS = 20 ms, NSS = 64. (a) Current imple-
mentation. (b) Proposed implementation with NRF = 4.

R[b] =
1

|Kdata| ∑
k∈Kdata

|h(k)⊤ f b|
2 (B.5)

where |Kdata| denotes the cardinality of set Kdata, i.e., the amount of time-
frequency resources available for data transmission. For the proposed ap-
proach, the best measured beam is dictated by the strongest SSS correlation
peak over all different transmission instances t. The corresponding RSS is
calculated as

Rmeas = R[arg max
b

(max
t

Xt
corr[b])]. (B.6)

To evaluate beam selection accuracy, the measured RSS is compared to a
genie beam selection. Considering optimal beam alignment, the maximum
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Fig. B.4: Data time-frequency resource allocation.

achievable RSS over all the Nss available beams is determined by

Rgenie = max
b

R[b]. (B.7)

Misdetection probability is defined as the probability that the selected best
beam does not correspond to the optimal beam, given by

Pm = P[Rmeas < Rgenie]. (B.8)

The impact of misdetections can vary, depending on how misaligned the
measured beam is to the genie beam choice. Therefore, an additional criteria
is introduced to quantify the beam misdetection loss, written as

∆SNR =
Rgenie

Rmeas
. (B.9)

To differentiate which misdetections actually jeopardize communications,
Pm,3dB expresses the probability that the ∆SNR incurred exceeds 3 dB as

Pm,3dB = P[∆SNRdB ≥ 3 dB]. (B.10)

After beam alignment, the channel’s maximum achievable spectral effi-
ciency is calculated as

S = log2(1 +
Rmeas

σ2 ). (B.11)

4.2 Comparison of SSB Schemes with Common Overhead

With the proposed scheme, it is possible to support a larger gNodeB array
codebook during BM without an overhead increase. This section compares
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Table B.1: Simulation parameters

Parameter Notation Overhead Study High-speed study
Carrier frequency f 28 GHz

Carrier Bandwidth B 200 MHz
SCS SCS 120 kHz

Maximum SSBs / SSBurst Nmax 64
SSBurst periodicity TSS 20 ms

Inner / Outer mobility bound r / R 15 m / 100 m 15 m / 200 m
Channel model - UMi LOS UMa LOS

gNodeB position (x, y) (0, 0)
gNodeB height hTX 10 m 25 m

gNodeB TX power PTX 30 dBm
UE position (x, y) random within east sector
UE height hRX 1.5 m
UE speed v 60 km h−1 120 km h−1

Number of UE trajectories Ntraj 2000
RX Noise Figure NF 9 dB

Thermal noise density N0 −174 dBm Hz−1

gNodeB / UE antenna element - patch [14] / isotropic
gNodeB / UE array size NTX / NRX 64 / 1

the BM performance of a UE moving at 60 km h−1 under three different
SSB transmission schemes with equal overhead: NSS = 16 with NRF = 1,
NSS = 32 with NRF = 2 and NSS = 64 with NRF = 4. Due to the large array
size and reduced number of beams, the first SSB transmission scheme is also
tested for two smaller array dimensions, to reduce coverage gaps with wider
beams. Table B.2 displays the Pm and Pm,3dB values for each scheme. From
the NTX = 64 results, it is clear that beam alignment performance improves
with NSS. Since the beams are very narrow, to keep a good coverage level, a
larger codebook must be employed. With NSS = 64 and NRF = 4 it is possi-
ble to use four times more beams with the same overhead, which improves
coverage significantly. This results in less misdetections, an improved signal-
to-noise ratio (SNR) and consequently, enhanced spectral efficiency, as shown
in Fig. B.5 and Fig. B.6. However, if the scheme comparison is repeated for
NSS = 16 with NTX = 16, the Pm from the schemes with NRF > 1 become
larger than the baseline. Since the array size is smaller, the beams lose gain
and become wider, covering the sector uniformly. This approach reduces the
maximum achievable spectral efficiency of this scheme but also decreases the
number of beam misdetections. The increase in misdetections for the pro-
posed scheme are due to inter-beam interference and reduced power levels
per beam sent simultaneously. However, the performance of these schemes is
still considerably higher compared to the baseline scheme in terms of misde-
tection loss and spectral efficiency, due to the larger overlap between beams
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Table B.2: Detection accuracy

Nss NRF NTX Pm [%] Pm,3dB [%]

16 1
64 16.05 6.30
32 6.85 2.85
16 3.25 0.25

32 2 64 6.05 3.05
64 4 64 6.55 0.40

Fig. B.5: Maximum achievable spectral efficiency for three SSB schemes with common overhead,
UMi LOS, v = 60 km h−1.

which makes beam misalignment errors less significant. This is evident from
the Pm,3dB results in Table B.2. Although the number of misdetections is
larger, the occurrences where the power loss incurred is large enough to de-
teriorate communications is greatly reduced, especially for larger codebooks.
In conclusion, this signalling scheme may enable the use of larger amounts
of beams to improve coverage without overhead or latency costs, provided
that adequate beam separation and transmit power are provided.

4.3 Scheme Performance for a High-Speed Scenario

So far, the UE measurement and reporting stage, as well as the gNodeB beam
determination process have been considered to have a negligible delay. In re-
ality, besides scheduling and processing delays, the UE may need to scan the
gNodeB beams multiple times, either to smooth out fast fading effects or to
measure different UE beams, assuming BF on the receiver side. This results in
a delay of the beam selection operation. While those delays can be safely over-
looked for low and moderate speeds, they can have a significant impact on
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Fig. B.6: Beam misdetection SNR loss for three SSB schemes with common overhead, UMi LOS,
v = 60 km h−1.

beam alignment performance for high mobility UEs, since beam information
becomes outdated faster. Fig. B.7 (a) illustrates which Kdata period would be
the first to employ the beam selection obtained through the measurements
collected in the first SSBurst (highlighted in red), for different values of beam
selection delay, δBS. If one MP is considered as the smallest unit of δBS, an
instantaneous beam selection corresponds to δBS = 0, where the first Kdata is
transmitted with the beam selected in the same MP. If the delay is now con-
sidered to be δBS = 1, then the beam selected with the measurements from
the first SSBurst will only be in effect one MP later, in the second Kdata. With
the proposed scheme, it is possible to keep the same overhead as in the base-
line case and perform more frequent beam updates. Reducing the beam scan
latency by a factor of NRF allows for an increased beam scan periodicity, as
seen in Fig. B.7 (b). It is assumed that the beam measurement, reporting and
determination time constraints mentioned above can be equally compressed
with the proposed scheme. The baseline signalling scheme is compared to
the proposed scheme, at v = 120 km h−1, for δBS = 0, δBS = 1 and δBS = 3.

Results in Table B.3 indicate that, as expected, Pm becomes larger when
δBS for the baseline scheme increases, due to high-speed channel variabil-
ity. This leads to high misdetection loss which deteriorates the maximum
achievable spectral efficiency, as shown in Fig. B.8 and Fig. B.9. Employing
the proposed solution results in a decrease of Pm which improves misdetec-
tion losses and achievable spectral efficiency. The δBS curves come close to
the baseline scheme curve for δBS = 0. It is worth mentioning that, although
improvements for smaller values of δBS are less significant, this scheme is suc-
cessful in improving speed robustness for BM without increased signalling
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(a)

(b)

Fig. B.7: Selected beam usage for data transmission with different beam selection delays. (a)
baseline scheme: NSS = 64, NRF = 1. (b) proposed scheme: NSS = 64, NRF = 4.

for lower speeds.

5 Conclusions

This paper proposes an alternative SSB transmission scheme for BM using
low cross-correlation signalling and HAD BF in order to improve narrow
beam alignment performance with a reduced amount of time-frequency re-
sources. Results show that, with proper beam separation and power levels
per beam, this proposal offers a significant improvement of beam detection
accuracy and beam sweeping latency without requiring any additional over-
head.
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Table B.3: Detection accuracy

Nss NRF δBS Pm [%] Pm,3dB [%]

64 1
0 6.45 0.23
1 17.35 2.27
3 37.00 9.05

64 4
0 2.00 0.03
1 5.15 0.12
3 9.85 0.80

0.5 1 1.5 2 2.5

10
8

0.4

0.5

0.6

Fig. B.8: Maximum achievable spectral efficiency comparison for the baseline and proposed
schemes with different beam selection delays, UMa LOS, v = 120 km h−1.

This work is meant to be a first step towards evolving the current BM
procedure to support the overhead, latency and complexity challenges of fu-
ture 5G and 6G signalling frameworks for larger antenna arrays. At higher
frequencies, cellular systems will require larger BF gains but will also suffer
the effects of reduced beamwidths. To guarantee coverage for all users, larger
antenna arrays and codebooks will be indispensable. This scheme proposal
would enable large codebook sizes of high-gain beams by scaling the sig-
nalling required to manage them, all while freeing up resources to improve
the system’s spectral efficiency. Although HAD BF consumes more energy
due to the increase of TXRU, this solution is proposed to be employed on the
gNodeB side, where the power cost constraints are less stringent. It boosts
considerably the beam alignment performance with a reduced complexity
and power consumption when compared to a fully-digital BF architecture.
Moreover, to bring the proposed concept to practice, its interaction with time-
frequency synchronization procedures will need to be considered, especially
for high speed scenarios where perfect orthogonality assumptions may fall
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Fig. B.9: Beam misdetection SNR loss comparison for the baseline and proposed schemes with
different beam selection delays, UMa LOS, v = 120 km h−1.

short for proper data decoding; this will be a subject of future research.
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1. Introduction

Abstract

Modelling and managing user-induced rotation and blockage in handheld multi-
antenna panel devices are some of the pivotal challenges of future narrow beam
millimeter wave (mmWave) communications. While studies have been conducted
separately on multi-panel beam management (BM) performance and mmWave user
blockage loss, no study has been made to date, to the best of the authors’ knowl-
edge, on how hand blockage influences beam alignment accuracy in the context of
5G new radio (NR). This paper presents a link-level evaluation on the impact of user
hand grip in BM performance under a 5G NR standard compliant signalling and
measurement framework. A high-detail handset model is employed, equipped with
multiple panels and different hand grips obtained with CST Microwave Studio, a 3D
electromagnetic field simulation tool. Additionally, this study incorporates aspects
such as intra-cell mobility, device rotation, hand grip variability and changing prop-
agation conditions. Results show that hand blockage can significantly degrade beam
alignment performance, particularly for dual-hand grips in predominantly line-of-
sight (LOS) environments. Finally, results suggest that the current blockage model
proposed by 3GPP must be further enhanced to account for blockage on a per-panel
basis. This would allow a more accurate portrayal of user hand behaviour, which
would support the analysis and design of effective solutions to overcome the user’s
unpredictable shadowing effects at mmWave frequencies.

1 Introduction

While 5G relies on mmWave’s large spectrum availability to enable data-
hungry applications, its poor propagation conditions require that narrow
beams be employed, both on the gNodeB and UE, to improve overall link
budget. However, the directional nature of these antennas, along with unpre-
dictable device orientation, create the need for multi-panel integration on the
UE side [1]. This adds a higher degree of complexity to the beam alignment
procedure, being considered as one of the big challenges for BM in future 5G
and 6G releases [2], [3]. Additionally, at these high frequencies, the impact of
the user on device performance also extends to self-blockage effects. Besides
blockage from surrounding buildings, people or vehicles heightened by the
use of narrower beams, the user’s body itself will increase impedance mis-
match, energy absorption and most significantly, shadowing effects. There-
fore, the user’s proximity to the device will manifest negatively in the UE’s
radiation performance, becoming an additional hindrance to the feasibility of
mmWave communication systems.

Though both these fronts have been separately investigated, a study is
still missing on exploring the BM procedure performance in conjunction with
mmWave user blockage. This paper intends to fill this gap in the literature
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by assessing the impact of human hand gripping on the performance of link-
level mmWave BM. A detailed simulation tool has been created with a multi-
tude of features that aim to recreate realistic scenarios for mmWave commu-
nications. These features, which can also be listed as the main contributions
of this work, include:

• BM performance evaluation for initial beam alignment based on the
3GPP-defined DL signalling and measurement framework in which fu-
ture 5G deployments for mmWave will be based on.

• Introduction of intra-cell user mobility, device rotation and variable
channel conditions to achieve challenging outdoor simulation environ-
ments.

• Design of a multi-panel UE with beamforming capabilities. Most works
on multi-panel UEs assume a single wide beam per panel (see Section
1.1). However, future mmWave device implementations will use narrow
beams, further complicating the beam alignment process. Therefore, it
is important to consider this aspect when evaluating BM performance.

• Usage of a 3D electromagnetic simulation tool to produce a detailed
model of the antenna arrays, UE form factor (with a metal chassis, plas-
tic case and glass layers) and the grips used to represent user hand
blockage. In this work CST Microwave Studio [4] is employed to cap-
ture the effects of the form factor and the user’s hand on the radiation
performance of mmWave antennas that cause the loss of shape of the
original codebook beams. While usually overlooked in the literature,
results show that this phenomenon can actually significantly degrade
the BM procedure, particularly in LOS environments.

• Adoption of three commonly used hand grips portraying different hand
positions and grip tightness levels that could correspond, for example,
to a user performing a video call, streaming or gaming on their smart-
phone. This results in a range of distinct blockage levels over each
panel, to ensure that hand blockage is fairly depicted in both optimistic
and pessimistic scenarios.

• Incorporation of the 3GPP blockage model in the tool for compari-
son with the CST model employed regarding their impact on beam
alignment accuracy. Through this work it is evident that the 3GPP
model leads to an overly pessimistic performance degradation when
compared to the CST model, mostly due to its flat attenuation region
approach. Results suggest that the introduction of panel-based block-
age to the current 3GPP model could be a step towards improving its
hand grip blockage characterization.
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In summary, this work focuses on integrating a highly detailed model
of the antennas, the smartphone and the user’s hand itself in a link-level BM
performance analysis. It is important to note that this CST-based model intro-
duces an additional level of complexity that, allied with all the other features
mentioned above, provide a level of realism to the system that precludes a
theoretical analysis of its performance, hence why Monte Carlo simulations
are employed instead. This study is meant to complement other works in
the literature such as [5], [6], that employ extensive analytical performance
analysis with simplified assumptions on propagation, signalling or handset
models.

1.1 Related Works

Extensive work on BM performance assessment has been done incorporating
multi-panel UEs. The authors in [7] highlight the performance improvement
of mmWave UE multi-panel uplink transmission when compared to its om-
nidirectional counterpart under 5G-compliant system level simulations. A
mmWave system level performance evaluation is conducted in [8] employ-
ing 5G NR BM procedures and a proposed UE panel switching mechanism
that maintains beam alignment errors low even for higher speeds. In [9]
the authors explore the potential vulnerabilities of the multi-panel design for
mobility purposes in a scenario where updated beam information might not
reach all panels simultaneously. It is worth noting that these studies assume
single antenna element panels, without beamforming on the UE side. In [10]
a particle filter is used to improve beam alignment performance by com-
bining RSRP measurements for a multi-panel array equipped device with
orientation information obtained from inertial measurement unit sensors. A
machine learning approach for the same method is proposed in [11] to fur-
ther boost beam-prediction accuracy. However, the listed works on mmWave
BM performance do not factor in user blockage into their studies.

Several works have also been developed to quantify and model human
blockage. Some of these approaches include mathematical models where
the blockage loss is calculated through the diffracted fields across the body,
modeled as a conducting cylinder [12] or a combination of absorbing screens
mimicking different body parts [13]. Other papers resort to heuristic models
based on electromagnetic simulations and real-life phantom and device mea-
surements that evaluate this blockage in terms of realized gain or equivalent
isotropic radiated power-based spherical coverage, as well as RSS through
ray-tracing tools for outdoor urban environments [14–18]. Most of these
works register full body blockage losses ranging from 20 dB to 35 dB, focusing
mostly on the effects of the user’s torso with only 2 simplified hand grips:
portrait and landscape, depending on the phone’s orientations. The large
discrepancy in the loss values can be explained by the lack of consistency
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within research on antenna types and design, form factor implementation,
user stance or gripping assumptions, since there is still no common agree-
ment on how to model all of these complex components. In an attempt to
reach a consensus and achieve result replicability, 3GPP proposes a model
in [19] that attributes a flat attenuation of 30 dB to a region of the angular
space delimited by the phone’s orientation. This simplistic modelling has
been challenged in works like [20] that propose instead a statistical model to
approximate the attenuation of the same self-user blockage loss region to a
Gaussian distribution, making the distinction between body and hand grip
blockage. In [21] an exhaustive study is conducted to characterize hand and
body blockage on a commercial mmWave device that shows blockage is de-
pendent on factors such as antenna type, tightness of hand grip and narrow
beams. Based on this, smaller regions of interest are defined in the angular
space, based on where significant blockage is experienced, leading the au-
thors to conclude that blockage loss can be considerably lower than claimed
in previous papers, registering loss values for hand gripping as low as 5 dB.

1.2 Organization

The remainder of this paper is organized as follows: Section 2 describes the
system model, while Section 3 and 4 focus on describing and comparing
the two approaches used to model self-blockage in this study. Section 5 il-
lustrates the results of blockage impact on BM performance and Section 6
concludes the paper and reflects on possible solutions to incorporate more
detailed representation of self-blockage in current models.

2 System model

Fig. C.1 displays the DL single-cell mmWave system considered in this work,
where intra-cell BM operations take place to achieve initial beam alignment
between the gNodeB and a moving user. A tri-sector cell is assumed, where
the user moves linearly with a fixed orientation and speed v in the east sector,
bounded by mobility ranges r and R. The gNodeB, standing at a height of
ht m, is equipped with a UPA of Nt patch antennas. The UE, being held at
a height of hr m, is modeled as a multi-panel device, each panel composed
of a ULA of Nr patch antennas. Due to the limited angular coverage of these
antennas, its panel placement follows a commonly used edge design [22],
with one antenna module on each side of the form factor, as can be seen in
Fig. C.2.

The gNodeB and UE positioning can be described according to the GCS
represented in Fig. C.1, while their orientation is dictated by their own LCS,
expressing any 3D rotation with respect to the GCS. Although the gNodeB is
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Fig. C.1: Network Layout.

assumed to have a fixed location, with its LCS aligned with the GCS, the UE’s
orientation varies over the bearing angle αUE, the downtilt angle βUE and the
slant angle γUE. As illustrated in Fig. C.3, this set of angles represents three
elemental rotations about the z, y and x axes, respectively [19]. In this work
two distinct device orientation modes are considered for the UE: portrait and
landscape. Portrait mode takes βUE = 0 with αUE and γUE varying randomly
according to a uniform distribution in the ranges αUE ∈ [0, 2π] and γUE ∈
[0, π

2 ]. In turn, landscape mode takes γUE = 0 with αUE and βUE varying
randomly according to a uniform distribution in the ranges αUE ∈ [0, 2π]
and βUE ∈ [−π

2 , 0].

2.1 Channel model

The mmWave DL channel response is obtained for the ith UE panel through
QuaDRiGa, a 3GPP compliant, 3D geometry-based stochastic channel model
generator [23], modelled in the kth time-frequency resource as

H i(k) =
L

∑
l=1

gla
i
r(θ

i
r,l , ϕi

r,l)aH
t (θt,l , ϕt,l)e−j2πτl fk , (C.1)

with L, gl , τl and fk being the total multipath components of the channel,
the path l’s complex gain and delay values and the subcarrier frequency, re-
spectively. Additionally, at and ai

r express the transmitter and receiver array
responses for a path l’s elevation and azimuth angles of arrival (θi

r,l , ϕi
r,l), and

departure, (θt,l , ϕt,l)
1. The array response for a gNodeB or UE array panel of

size N = Nx NyNz is written as

1The reader should note that L, gl , τl , departure and arrival angles are considered to be time-
varying. However, to simplify notation, the dependency of these channel parameters with the
time-frequency index k is omitted in (C.1).
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Fig. C.2: UE’s LCS, panel placement and spherical coordinates. Pni indicates the position of the
ith antenna panel.

a(θ, ϕ) = ã(θ, ϕ)⊙ gae(θ, ϕ), (C.2)

where gae ∈ CN denotes each antenna element’s linear gain, ⊙ the Hadamard
product and ã is described as

ã(θ, ϕ) =
1√
N

az(θ)⊗ ay(θ, ϕ)⊗ ax(θ, ϕ), (C.3)

where ⊗ expresses the Kronecker product, with ax ∈ CNx , ay ∈ CNy and
az ∈ CNz given by

ax(θ, ϕ) = [1, ejπ sin θ cos ϕ, ..., ejπ(Nx−1) sin θ cos ϕ]T (C.4)

ay(θ, ϕ) = [1, ejπ sin θ sin ϕ, ..., ejπ(Ny−1) sin θ sin ϕ]T (C.5)

az(θ) = [1, ejπ cos θ , ..., ejπ(Nz−1) cos θ ]T . (C.6)

2.2 Signal Model

The signal model employed in this paper is based on the current DL sig-
nalling proposed by 3GPP for BM, which is described below.
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Fig. C.3: LCS (dotted axes) orientation with respect to the GCS (solid axes) through a sequence
of 3 rotations: αr =

11π
6 , βr = − π

6 and γr =
π
6 .

BM procedures - P1, P2 and P3

3GPP’s BM framework is described as a set of L1 and L2 procedures that
employ beam sweeping, beam measurement, beam determination and beam
reporting to achieve and maintain beam alignment between the gNodeB’s
and the UE’s narrow beams [24], [25]. The procedures in question are not
specified in the standard but are colloquially referred to as P1, P2 and P3
in technical discussions and reports [24]. P1 refers to the gNodeB beam se-
lection in an IA context where broad beams are typically used to scan the
angular space and estimate a coarse serving direction for a user. P2 takes
place after P1, where the gNodeB uses narrower beams to refine the former
beam selection within the broad beam direction. Finally, P3 occurs after beam
selection at the gNodeB side where, with a fixed transmitting beam, the UE
can sweep through its beams to find the best beam pair.

It is worth noting that the standard does not mandate that all of these
conceptual procedures be instated. Similarly, the beamwidth relationship de-
scribed above between P1 and P2 beams, despite being a common assump-
tion in the industry, is not specified in the standard. Instead, this should
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be scenario-dependent to avoid unnecessary latency and signalling overhead.
Therefore, this work employs a variation of these procedures, achieving beam
alignment through P1 with narrow beams on the gNodeB side and P3 at the
UE, eliminating the need for P2 beam refinement. Two stages are defined for
this process: first, a joint gNodeB beam and UE panel selection, followed by
a UE panel beam refinement, as detailed in Fig. C.4.

For both P1 and P3, the received signal at any UE panel i in the kth time-
frequency resource is given by

yi(k) = wi H
H i(k) f x(k) + wi H

ni(k), (C.7)

where H i(k) ∈ CNr×Nt denotes the channel matrix for UE panel i as defined
in (C.1). f ∈ CNt is the gNodeB beamforming vector containing the analog
phase shifts for a beam, with a constant modulus of 1√

Nt
, that spatially filters

the transmitted signal x(k). This signal is received at the UE with a beam de-
fined by the analog phase shifts in the beamforming vector wi ∈ CNr , with a
constant modulus of 1√

Nr
. Finally, ni(k) ∈ CNr ∽ CN (0, σ2 I) is the receiver’s

noise in the kth time-frequency resource modeled as a complex AWGN vector
with variance σ2. This work assumes perfect subcarrier orthogonality condi-
tions, where the maximum channel delay response is within the cyclic prefix
duration and the channel response remains constant during a full OFDM
symbol.

P1 - Joint gNodeB beam and UE panel selection

In this stage, the gNodeB sweeps through Nss narrow beams selected from
the gNodeB codebook Ct (see Section 2.3), each associated with a distinct SSB.
SSBs are sets of resources spanning 4 OFDM symbols in time and 240 subcar-
riers in frequency, generally used for L1-RSRP measurements to determine
the best gNodeB serving beam. One or multiple SSBs compose an SSBurst,
which is transmitted according to a numerology-dependent transmission pat-
tern [26], [27]. The SSBurst generation is performed through MATLAB®’s 5G
Toolbox™ [28]. In P1, the UE activates a single antenna element per panel,
receiving and measuring these signals with a wide beam. For this purpose, a
broad beam combining vector is employed wψr,b ∈ CNr , where all entries are
null except for the first one, which takes a unit value. It is assumed that the
UE activates all its panels simultaneously for measurement purposes, follow-
ing 3GPP’s “Assumption-2” (MPUE A2) or “Assumption-3” (MPUE A3) [29].
For each received SSB associated to a beam ψt, the UE measures its SS-RSRP
at each of the panels [30]. This is the linear average over the power contribu-
tions (in W) of the resource data set Kss within that SSB that carries the SS
signals. Thus, for panel i and beam ψt, the RSRP measurement is computed
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Fig. C.4: Flowchart of adopted 3GPP-based BM process.
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as
RSRPss(ψt, i) =

1
|Kss| ∑

k∈Kss

|wH
ψr,b

H
i
(k) f ψt

+ wH
ψr,b

ni(k)|2, (C.8)

where |Kss| refers to the total amount of time-frequency resources from the
SSB transmitted by beam ψt containing SS signals. After obtaining RSRPss
for all the beams, it is assumed that the UE decides on the best selected panel
i⋆ to keep active for data transmission and reports a subset of the highest
power transmit beams back to the gNodeB for selection of the best beam ψ⋆

t .
This joint gNodeB beam and UE panel selection results thus in

(ψ⋆
t , i⋆) = arg max

ψt ,i
(RSRPss(ψt, i)). (C.9)

P3 - UE beam panel selection

Once ψ⋆
t has been determined on the gNodeB side, it is then used to send Ncsi

CSI-RS to the UE, one for each UE beam, to initiate beam refinement on the
receiver side. CSI-RS are UE-specific signals transmitted by the gNodeB to
monitor radio link channel characteristics for several use cases. These signals
have an extremely flexible configuration, tailored to each diverse application.
This work focuses on their role for DL BM, to obtain L1-RSRP measurements
for UE beam candidate selection [25]. In this particular case, CSI-RS are
distinguished with an additional higher layer parameter named "repetition"
which has a binary "on" or "off" state. In P3 this parameter is set to "on",
meaning that the UE can assume that no sweeping is being done on the
gNodeB side and, therefore, can sweep through its own beams in panel i⋆,
which are selected from the UE codebook Cr (see Section 2.3). When received
at the UE, with a beam ψr, its CSI-RSRP is measured, in an analogous process
to the one described in (C.8), over the resource elements that carry CSI-RS so
that

RSRPcsi(ψr) =
1

|Kcsi| ∑
k∈Kcsi

|wH
ψr H

i⋆
(k) f ψ⋆

t
+ wH

ψr n(k)|2. (C.10)

This is repeated for all the beams in the panel to allow the UE to complete
the beam alignment procedure by selecting the beam with the highest power
level, indicated by

ψ⋆
r = arg max

ψr

(RSRPcsi(ψr)). (C.11)

2.3 Beamforming Codebook
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gNodeB codebook

To ensure sufficient signal strength for any user position, the cell sector’s
coverage range is divided into two smaller regions, coverage range 1 (CR1)
and coverage range 2 (CR2), as seen in Fig. C.5. A user located in CR1 is
closer to the gNodeB while a user in CR2 is nearer to cell-edge. The UE’s
initial position and trajectory direction follow a uniform distribution in the
xy plane (since the user’s height in the z-axis is kept constant) within the cell
sector’s area. For the purpose of this study, it is worth highlighting that the
UE’s mobility is restricted to the bounds of the cell sector r and R, always
remaining within the coverage range.

For beam sweeping at the gNodeB, a directional beamforming codebook
is adopted, dividing the cell’s sector coverage into angular regions in azimuth
and elevation. These beams belong to a predefined, finite set of Nss vectors
Ct = { f ψt

|ψt = 1, . . . , Nss} which is referred to henceforth as the gNodeB
codebook. The array steering vector for a transmit beam ψt pointing towards
(θψt , ϕψt) is defined in the ψth

t vector of the codebook as

f ψt
= at(θψt , ϕψt). (C.12)

In CR1, due to the UE’s proximity to the gNodeB, NCR1
ss wider beams are

employed while users in CR2 require NCR2
ss more directive beams to compen-

sate for pathloss. Since these higher gain beams are also narrower, to cover
the same angular coverage area, it is assumed that NCR1

ss < NCR2
ss . Therefore,

this codebook describes a GoB composed of Nss = NCR1
ss + NCR2

ss beams. For a
given range CR, the azimuth steering angles, ϕCR

ψt
, are linearly spaced within

the angular range of the sector such that

ϕCR
ψt

= −π

3
+ (ψCR

t − 1)× 2π

3 × (NCR
ss − 1)

, ψCR
t = 1, ..., NCR

ss . (C.13)

Moreover, all the beams of a common CR share an elevation steering an-
gle, θCR

ψt
, defined as

θCR
ψt

= π − arctan
(

rCR
ht − hr

)
, (C.14)

where rCR represents the center of the coverage region’s radius. Both regions
are assumed to have the same coverage range. The radius of CR1 is given by

rCR1 = r +
R − r

4
(C.15)

and the radius of CR2 is described as

rCR2 = r +
3(R − r)

4
. (C.16)
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Fig. C.5: Cell coverage regions for gNodeB GoB design.

UE panel codebook

Each panel integrated into the device is considered to have beamforming
capabilities for UE beam refinement. Each panel produces a finite set of
Ncsi vectors Cr = {wψr |ψr = 1, . . . , Ncsi}, the UE panel codebook. The array
steering vector in any panel for a receive beam ψr directed towards (π

2 , ϕψr )
is expressed as

wψr = ar(
π

2
, ϕψr ). (C.17)

Each ULA panel in the UE covers a π
2 sector of the angular space in the

azimuth domain, with linearly spaced steering angles ϕr such that

ϕψr = −π

4
+ (ψr − 1)× π

2 × (Ncsi − 1)
, ψr = 1, ..., Ncsi. (C.18)

3 Antenna and Hand blockage model

This work focuses on assessing how BM performance is impacted by user
hand-grip induced blockage in a multi-panel handset terminal. To achieve
this, two models are adopted for human blockage: a simplified model pro-
posed by 3GPP and a highly detailed model of the smartphone antenna inte-
gration and hand gripping obtained through CST Microwave Studio [4]. The
contrast between these two models comes down to the values that the entries
of the vector gae take in (C.2), defined in Section 2.1. Both models, linked to a
common codebook choice, are compared in Section 4, whereas their influence
in BM performance is analyzed in Section 5.

3.1 3GPP model

gNodeB and UE antenna modelling

3GPP defines in [31] a generalized antenna radiation pattern model resem-
bling a patch antenna. It’s vertical radiation pattern, in dB, is given by
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Gae,v(θ) = −min{12
(

θ − 90◦

θ3 dB

)2
, SLAv}, (C.19)

where θ3 dB and SLAv are the vertical half power beamwidth and the side
lobe suppression value. Similarly, the horizontal antenna element radiation
pattern is expressed in dB as

Gae,h(ϕ) = −min{12
(

ϕ

ϕ3 dB

)2
, Am}, (C.20)

with ϕ3 dB and Am being the horizontal half power beamwidth and the front
to back ratio of the radiation pattern. Finally, the 3D antenna element radia-
tion pattern is computed as

Gae(θ, ϕ) = −min{−[Gae,v(θ) + Gae,h(ϕ)], Am}. (C.21)

The same model is considered both at the gNodeB and UE with their own
parametrization defined in Table C.1. The antenna arrays are constructed
with this model assuming a half-wavelength spacing between antenna ele-
ments. For the UE, 4 identical ULA arrays are employed and rotated 90o ×
(i − 1) degrees, to mimic the relative orientation of a panel Pni in the LCS.

Self-blocking model

Two distinct blockage models are detailed in [19], model A and model B.
Model A in particular assumes a stochastic approach to characterize human
and vehicular blocking, including a self-blocking component. This feature
mimics the user’s blockage by creating an attenuation region in the UE’s LCS
for a device oriented in portrait or landscape mode. These self-blocking re-
gions, described in Table C.2, depict a central blockage direction, (θsb, ϕsb),
that spans xsb and ysb degrees in azimuth and elevation, respectively. This
3GPP-defined self-blocking model proposes a binary attenuation, where ev-
ery direction within the self-blocking region suffers a 30 dB loss, while the
rest of the angular space remains with 0 dB attenuation, as depicted in Fig.
C.6 for each of the UE orientation modes.

3.2 CST model

Form factor modeling

The form factor simulated resembles a commonly adopted wide-body design
with a width, length and thickness of 76 mm, 157 mm and 10 mm, respec-
tively. At mmWave frequencies, the performance of smartphone-integrated
antennas is much more susceptible to deterioration due to proximity to other
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Table C.1: 3GPP gNodeB and UE antenna modelling.

Parameter gNodeB UE
θ3 dB 65◦ 90◦
ϕ3 dB
SLAv 30 dB 25 dB

Am
max{Gae} 8 dBi 5 dBi

Table C.2: 3GPP self-blocking region parameters.

Mode ϕsb xsb θsb ysb
Portrait 260o 120o 100o 80o

Landscape 40o 160o 110o 75o

elements contained in the form factor, such as cameras, glass displays or mi-
crophones. In order to exclude the impact of design-specific placement of
these components to produce a more generic result set, a simplified form
factor is considered in Fig. C.7. It is composed of a solid metal chassis sur-
rounded by a 1 mm thick substrate layer and plastic frame, with the front and
the back glass components of the device included. These materials’ proper-
ties, at the operation frequency of 28 GHz, are summarized in Table C.3.

UE antenna modeling

A patch antenna is designed with CST to imitate the 3GPP UE model de-
scribed in Section 3.1. Each element is simulated as a dual-polarized patch
antenna occupying an area of 2.4 mm × 2.4 mm, using the device’s chassis as
a ground plane and a substrate 1 mm thick. For this study, only one of the
polarizations is employed. Assuming a half-wavelength spacing between an-
tenna elements, these patches are simulated as part of 4 distinct ULA arrays
integrated at the center of each edge of the form factor, as can be seen in Fig.
C.2.

Hand grip modeling

This work considers three representative hand grips for self-blocking, one for
the phone in portrait mode and two for the phone in landscape mode. Fig.
C.8 represents a right hand grip over the phone in portrait mode. The user’s
thumb is placed over Pn1 and three fingers clasp the device in close proxim-
ity to Pn3. This position is commonly used during video calls. This study
also includes dual-hand grips, since a large number of device applications
nowadays require the phone to be used in landscape mode, which, due to
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3. Antenna and Hand blockage model

Fig. C.6: Stereographic projection of 3GPP’s self-blocking attenuation region. (a) Portrait mode.
(b) Landscape mode.

large form factor sizes, is usually done with both hands. Since handling of
the phone is subjective to each user, countless grips could be considered. In
this paper an attempt to categorize dual hand grips is made by selecting a
moderate and severe grip in terms of blockage impact. Fig. C.9 displays dual
hand grip model 1, a pessimistic grip where the hands engulf a large area of
the smartphone, which can occur when the user is streaming content. Here
both Pn2 and Pn4 are slightly covered by the users thumbs, while Pn1 and
Pn3 are partially blocked by the user’s fingers and palms, respectively. Dual
hand grip model 2 mimics a gaming stance where the user is interacting with
the screen, as shown in Fig. C.10. Both Pn2 and Pn4 are completely ensnared
by the hands, while Pn1 and Pn3 remain uncovered. These hand grips are
replicated in CST as variations of the Wide Hand Grip CAD model defined
and supplied by CTIA [32] with εr = 16.5 and σ = 25.8 S m−1, as shown in
Table C.3 [20].
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Fig. C.7: CST-modeled form factor.

Table C.3: Dielectric constant (εr), loss tangent (tan δ) and electrical conductivity (σ) of the CST
model components at 28 GHz.

Component Material εr tan δ σ (S m−1)
Chassis Copper - - 5.8

Substrate Rogers 4003 3.55 0.0027 -
Case Plastic 2.9 0.0075 -
Glass - 5.75 0.0036 -

User hand - 16.5 - 25.8

4 Model comparison

This section highlights the main differences between the 3GPP and CST an-
tenna and user blockage models. While Subsection 4.1 compares the two
model approaches on a per-antenna element basis, Subsection 4.2 describes
the human blockage model impact on a narrow UE beam codebook.

4.1 Antenna and blockage model comparison

The 3GPP model assumes that all antenna elements in an array share the
same radiation pattern, Gae(θ, ϕ), described in Subsection 3.1. In reality, each
antenna element’s pattern depends on its placement in the form factor. Its
proximity to other device components and its coupling to adjacent antennas
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Fig. C.8: Right hand grip model - portrait mode.

Fig. C.9: Dual hand grip model 1 - landscape mode.
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Fig. C.10: Dual hand grip model 2 - landscape mode.

creates a unique radiation pattern for each element, affecting the array’s beam
shape. This phenomenon is better captured with CST, where it is possible to
extract the individual radiation patterns of each antenna in a panel array,
resulting in a more realistic combined beam pattern.

However, the repercussions of such a simplification to the model become
exacerbated when accounting for the user’s self-blockage. In the presence of
a hand grip, each antenna in each panel experiences a separate level of block-
age, depending on how the hand falls onto the device. It is possible that some
antenna elements in a panel are fully or partially covered by a finger while
others remain undisturbed. How close together the user’s fingers are, as well
as their distance to the panel also impacts the performance of each element
differently, potentially leading to a complete loss of the original beam shape.
However, the current 3GPP model for self-blockage assumes the same block-
ing region for all panels, with all antennas suffering the same attenuation.
Moreover, this model does not account for blockage-induced beam pattern
deformation. The beams still resemble the blockage-free scenario except for
a fixed attenuation area. The contrast between both models is discernible
in Fig. C.11, where the radiation patterns for Pn1’s antenna element 1 and
antenna element 4 are considered under the portrait blockage models. While
the radiation patterns of the 3GPP model are indistinguishable, there is a
clear discrepancy between the antennas in the CST model. For this grip, as
seen in Fig. C.8, the thumb of the user rests over Pn1. Although not visible
in the illustration, antenna element 1 is the closest to the base of the thumb,
being more affected than antenna element 4.

Therefore, 3GPP’s approach of keeping the same blockage assumption
per panel could lead to misleading results. Instead, CST is closer to reality
since it can use CAD models for any user body part, better characterizing the
variability of a user’s behavior through a wider range of blockage regions.
Despite not constituting a generalized model like the ones in [19] or [20],
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the CST blockage model adopted in this work portrays commonly employed
handset designs and user behaviors. Considering that such standardized
models are yet to be proposed, these can be used as representative use-cases
to complement the simpler blockage model proposed by 3GPP.

4.2 Codebook comparison

In this work, a codebook of 20 narrow UE beams is selected, with Ncsi = 5
beams per panel. These narrow beams are employed during P3 to refine the
UE’s wide beam of the panel selected in P1. Considering now user shadow-
ing, each blockage scenario will affect the UE’s radiation behavior differently,
resulting in a unique codebook shape. To evaluate blockage impact, the radi-
ation pattern envelope of all beams is displayed as a stereographic projection
in Fig. C.12 for each 3GPP and CST blockage scenario. The plots are orga-
nized such that each column represents a panel, from Pn1 through Pn4, and
each row one of the considered blockage scenarios. The first three rows rep-
resent the codebooks obtained with 3GPP’s model. As a baseline, the first
row depicts the free space (FS) codebook, to offer a reference of the ideal spa-
tial coverage of the model. The following row depicts the portrait’s blockage
(BL) codebook followed by the landscape BL codebook in the row below. The
same structure is followed for the last four rows, dedicated to the CST model.
Here, the last two rows depict the two landscape BL models, models 1 and 2,
detailed in Section 3.22.

3GPP model codebook

In free space, 3GPP’s codebook presents ideal and symmetrical beam shapes,
with a significant gain reduction over the upper and lower bounds of eleva-
tion, as seen in the first row of Fig. C.12. This model’s portrait blockage,
represented in the second row, covers partially Pn1 and Pn3 and completely
blocks the highest gain region of Pn4, leaving Pn2 unscathed. The blockage
for the device in landscape mode, illustrated in the following row, however,
reaches out to all the panels, conceiling most of Pn1 and Pn2 and slightly
blocking Pn3 and Pn4.

CST model codebook

CST’s free space codebook, displayed in the forth row of Fig. C.12, despite
employing antennas designed to resemble the 3GPP model, produces wider
beams with slightly less gain, due to the power dissipating towards the edges
of the metallic form factor, providing a more uniform spherical coverage.

2While the color scale in Figure C.12 has been restricted to be between −15 dB and 10 dB for
clarity reasons, higher and lower gain values are obtained in some cases.
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Fig. C.11: Radiation patterns of Pn1’s antenna elements 1 and 4 for portrait mode blockage -
3GPP and CST models.

However, the proximity of the user to the mmWave antenna arrays inte-
grated in the phone, allied with the glass acting as a wave guide and trapping
some of the energy before it bounces around and escapes, can cause standing
waves, making the narrow beams lose power and shape with a severity de-
pendent on the grip conditions. Furthermore, the close contact of the panel
with the device’s metal structure and glass explains the ripple effects ob-
served in the CST radiation patterns, not present in the 3GPP model. The
fifth row of Fig. C.12 represents the portrait mode blockage scenario from
Fig C.8. Since the user’s thumb is pressed against Pn1, its codebook becomes
severely affected. Pn2, on the other hand, barely registers any disturbance,
being too far from the hand to produce any significant degradation. Pn3 is
also blocked to some extent but the fingers are quite spaced apart, allowing
the panel to conserve part of its beam shape. While it is possible for Pn3 to
radiate almost undisturbed in the top hemisphere of elevation, this does not
happen for the bottom hemisphere, where a drastic loss of power takes place
in the region of the phone engulfed by the hand. Finally, in Pn4, thanks to a
small gap between the user’s hand and the form factor, the main beams are
able to maintain a regular shape and even experience an increase in power
due to reflections coming from the user’s palm. However, some attenuation
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Fig. C.12: 3GPP and CST 5-beam panel codebook envelopes for free space (FS), portrait and
landscape blockage (BL).
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is still observed in the backlobe region since, at these frequencies, the panel
is unable to radiate through the hand cupping the phone. In the following
row, landscape grip model 1’s codebook from Fig. C.9 can be found. Since
both hands are cupping the phone, Pn2 and Pn4 patterns are mostly lost for
the region above 45◦ of elevation. Pn1 beams are able to keep their shape but
the backlobes are attenuated due to the hand’s position. Pn3 suffers a simi-
lar effect to Pn4 in portrait mode, where most of its radiation is completely
blocked by the user’s palms except for the top area of elevation where some
reflections are recorded. Finally, the last row displays the codebook for the
landscape grip model 2 depicted in Fig. C.10. The attenuation experienced in
Pn2 and Pn4 is further aggravated, with the beam shapes almost lost in their
entirety. This new grip places the user’s hands near the top and bottom of
the phone, freeing up Pn1 and Pn3 to radiate very similarly to the free space
scenario. For reference in the studies that follow, Table C.4 details which
panels are affected by human blockage and to what extent they are blocked
relative to the remaining panels in each blockage scenario.

In summary, the main contrast between the models is how user blockage
is characterized:

• The 3GPP model adopts the same blockage region and attenuation val-
ues in all panels, resulting in harsher losses over a limited angular re-
gion, while the remaining angular space is unaltered when compared
to free space.

• In the CST model, where each panel is affected differently by the hand
positioning, the hand grip blockage manifests as a disturbance along
the entire angular range but rarely displays as drastic attenuation values
as its 3GPP counterpart.

5 BM performance evaluation

This section explores the impact of self-blockage in the link-level performance
of BM. The KPIs used are defined in Subsection 5.1. Subsection 5.2 and Sub-
section 5.3 showcase how RSS and beam detection accuracy are influenced by
CST and 3GPP’s user grip models. Finally, Subsection 5.4 evaluates how the
channel’s LOS conditions can affect blockage impact perception. Table C.5
summarizes all the simulation parameters used. This study is conducted at
fc = 28 GHz with a bandwidth of B = 104 MHz. Using an 8 × 8 UPA at the
gNodeB side, BM performance is evaluated over a UMi channel model with
a distance dependent LOS probability [19].
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Table C.4: Panel blockage.

Blockage scenario Most affected panels
3GPP BL portrait Pn4 > Pn3 > Pn1 > Pn2

3GPP BL landscape Pn1 > Pn2 > Pn4 > Pn3

CST BL portrait Pn1 > Pn3 > Pn4 > Pn2

CST BL landscape 1 Pn2 , Pn4 > Pn3 > Pn1

CST BL landscape 2 Pn2 , Pn4> Pn1 , Pn3

Table C.5: Simulation parameters.

Parameter Notation Value
Carrier frequency fc 28 GHz
Carrier bandwidth B 104 MHz
Subcarrier spacing ∆ f 120 kHz

RX noise figure NF 9 dB
Thermal noise density N0 −174 dBm Hz−1

SSB configuration
SSBurst size Nss 12

SSBurst periodicity Tss 20 ms
SSBs for CR1 NCR1

ss 4
SSBs for CR2 NCR2

ss 8
CSI-RS configuration

Resources Ncsi 5
Configuration row - 1

Type - NZP
Resource bandwidth - 72 PRB

density ρ 3
Layout configuration

Inner mobility bound r 15 m
Outer mobility bound R 100 m

Channel model - UMi LOS probability
gNodeB position (x, y) (0, 0)
gNodeB height ht 10 m

gNodeB array size Nt 8 × 8
UE initial position (x, y) uniformly distributed

UE height hr 1.5 m
UE panels I 4

UE panel size Nr 1 × 4
UE speed v 3 km h−1

UE trajectories - 800
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5.1 KPIs

To evaluate BM performance, RSS measurements are performed over the
time-frequency resources reserved for data transmission. This work assumes
a data resource allocation set, Kdata, to occupy, in the frequency domain, all
the available bandwidth B, and, in the time domain, the interval that follows
the last CSI-RS transmission from P3 and the following SSBurst, as displayed
in Fig. C.13. The RSS over Kdata for a gNodeB beam ψt and a UE beam ψr at
panel i is defined as

R(ψt, i, ψr) =
1

|Kdata| ∑
k∈Kdata

|wi
ψr H i(k)⊤ f ψt

|2, (C.22)

where |Kdata| denotes the cardinality of set Kdata, i.e., the amount of time-
frequency resources available for data transmission. The best measurement-
based beam pair is defined by the gNodeB and UE panel beam combination
that offers the highest L1-RSRP levels, given by

Rmeas = R(ψ⋆
t , i⋆, ψ⋆

r ), (C.23)

where ψ⋆
t , i⋆ and ψ⋆

r are determined through the P1 and P3 procedures de-
tailed in Subsection 2.2. To evaluate beam selection accuracy, the measured
RSS is compared to a genie-aided beam selection. Considering optimal beam
alignment, the maximum achievable RSS over all the Nss × I × Ncsi available
beam pairs is determined by

Rgenie = max
ψt ,i,ψr

R(ψt, i, ψr). (C.24)

It is considered that a beam misdetection occurs when the measurement
selected gNodeB beam, UE panel or UE panel beam stray from the genie
selection, based on optimal RSS results. Misdetection probability is then de-
fined as

Pm = P[Rmeas < Rgenie]. (C.25)

The impact of misdetections can vary, depending on the degree of mis-
alignment between the measured beam pair and the genie solution. An ad-
ditional criterion is introduced to quantify the beam misdetection loss, given
by

∆SNR =
Rgenie

Rmeas
. (C.26)

To distinguish which misdetections risk jeopardizing communications, PmthrdB

expresses the probability that the ∆SNR incurred exceeds a threshold thr dB
as

PmthrdB = P[∆SNRdB ≥ thr]. (C.27)
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Fig. C.13: Data time-frequency allocation.

5.2 Hand grip impact

It has been established in Section 4.2 that a user’s hand gripping can largely
impact the beam shapes of a UE codebook. It remains now to be investigated
to which extent this will degrade the BM performance. Considering each
blockage scenario as a distinct codebook to be compared against the one
originally designed for free space, Fig. C.14 shows the resulting RSS obtained
for each codebook after measurement-based beam alignment, under 3GPP
and CST modelling assumptions. The free space scenario is characterized by
two distinct curves, one for the device in portrait mode and another for the
device in landscape mode, due to the different rotations introduced to the UE
in each mode. To ease interpretation, Table C.6 pinpoints the most significant
values on the 10th, 50th and 90th percentiles. For free space, the 3GPP and CST
models produce quite similar results, which is to be expected considering
these models should match. It is noticeable that the 3GPP portrait blockage
curve does not stray too far from the baseline, despite being characterized by
such a substantial attenuation. This can be explained by how often each UE
panel is selected. Fig. C.15 and Table C.7 indicate, for each blockage scenario,
a visual and tabular representation of the selection percentage of each panel.
An increased frequency of use for a panel is indicative of its role in achieving
the best possible performance.

Results show that, for free space in portrait mode, Pn1 and Pn3 are se-
lected more than 60 % of the time. Fortunately, the panel most affected by
3GPP’s portrait blockage is Pn4, which bears the lowest usage percentage
in free space. Since Pn3 is also partially blocked, its usage drops around
2 %, but is compensated by the second and third most used panels, Pn1 and
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Fig. C.14: Measurement-based RSS (Rmeas). (a) 3GPP model. (b) CST model.

Table C.6: Rmeas values in dBm for the 10th, 50th and 90th percentiles.

Percentile
Blockage scenario 10th 50th 90th

3GPP FS portrait −98.6 −72.3 −51.5
3GPP BL portrait −100.7 −73.7 −52.3

3GPP FS landscape −99.7 −72.0 −52.0
3GPP BL landscape −110.4 −77.2 −55.5

CST FS portrait −97.1 −73.2 −52.9
CST BL portrait −101 −75.5 −55.4

CST FS landscape −97.1 −73.2 −53.2
CST BL landscape 1 −101 −76.2 −55.5
CST BL landscape 2 −102 −78.1 −55.8
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Fig. C.15: Panel selection frequency for all blockage scenarios. (a) 3GPP model. (b) CST model.

Pn2, which justifies the small but visible performance deterioration. In land-
scape mode, however, the blockage impact is a lot more flagrant. The panels
blocked more critically are Pn1 and Pn2, the latter being one of the most fre-
quently employed panel in free space. As a result, the usage of these two
panels is significantly reduced and substituted by an increase of activity in
Pn4, the most used panel in free space, and Pn1, the least resorted to panel in
the list, causing the performance degradation observable in Fig. C.14 a).

Since CST in free space offers a more uniform coverage, the distribution
of the panel selection is more balanced. Pn1 and Pn3 still remain as the most
used panels but only by a smaller margin. Due to being largely blocked,
Pn1 is selected nearly ten times less than in the baseline. The same behavior
is noticeable for Pn3, recording a 17 % drop in its usage. The least utilized
panels, Pn2 and Pn4 emerge as the available alternatives, which explains the
deterioration of the signal. For free space landscape mode, Pn2 and Pn4 are
chosen the most. However, for both CST landscape blockage grips, these
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Table C.7: Panel selection frequency for all blockage scenarios.

Selection percentage (%)
Portrait Landscape

FS BL FS BL 1 / BL 2

Pn1 3GPP 30.9 34.4 17.1 9.7
CST 29.6 3.2 22 37.1 / 49.1

Pn2 3GPP 21.1 24.7 33.1 19.3
CST 23.5 47.1 31.9 18.3 / 10

Pn3 3GPP 33.3 31.5 15.2 24.5
CST 27.5 10.3 17.9 27.1 / 31.4

Pn4 3GPP 14.7 7.5 34.7 46.3
CST 19.5 39.5 28.3 17.6 / 9.4

are also the two most blocked panels, with a different level of blockage for
each grip. Since the best panels are blocked, the remaining less optimal
ones are selected more often instead, bringing about the observed loss in
power. The performance for hand grip model 2 is even inferior to hand grip
model 1 due to the extreme blockage that the gaming grip inflicts on Pn2 and
Pn4, rendering these panels almost unusable. This reduces even further their
usage percentage, resulting in higher RSS losses. It is also noteworthy that,
even when largely blocked, some panels can still be selected, instead of being
discarded from the candidate list, which is a common strategy adopted in
prior work.

Overall, the 3GPP blockage model results in a more significant perfor-
mance degradation in the worst case scenarios, represented by the lowest
percentiles in Fig. C.14 a). CST’s model, however, leads to a more homo-
geneous degradation across the RSS range, as depicted in Fig. C.14 b). In
summary, hand grip blockage does impact negatively the performance of
mmWave BM and should not be disregarded when designing such solutions
for user handled devices.

While the current BM procedure appears somewhat resilient to codebook
distortions introduced by blockage, it is important to note that the current
implementation of this procedure is based on an exhaustive approach, where
all panels and a large number of beams are measured, leaving less room for
mistakes, under the limitations of our set-up. In future 5G and 6G releases,
where the inevitable transition to the higher frequency spectrum will call for
larger codebooks of narrower beams, such a strategy may become much less
viable [2]. If more sophisticated grip-aware solutions were to be developed
for BM that relied, for example, on identifying blocked panels for optimal
beam selection such as [33], the variability of the user grips would make
this process more prone to mistakes. Moreover, if these algorithms were to
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be developed under the current 3GPP blockage model assumptions, due to
the lack of nuance of attenuation values and shadowing regions for differ-
ent grips, it is likely that such solutions would not perform as expected in
real-life scenarios. Therefore, it is necessary to consider more accurate block-
age models in order to effectively counteract the impact of user influence in
mmWave communications.

5.3 Beam detection accuracy

The previous results show the performance of measurement-based beam se-
lection. This selection process, however, is always vulnerable to mistakes that
can occur during the BM procedure. In this context, a misdetection can take
place when either a non-ideal gNodeB beam, UE panel or UE panel beam
are selected. It is then worth to investigate how often these misdetections
occur, what is the loss incurred for such mishaps and how user blockage in-
fluences these results. Table C.8 contains the Pm, Pm,3dB and Pm,10dB obtained
for each blockage scenario.Overall, Pm results show that misdetections occur
quite regularly. This is partly due to the fact that narrow beams are being
considered on both the gNodeB and UE sides, making the criteria for opti-
mal beam selection increasingly stringent. Moreover, this surprisingly large
number of misdetections is also caused by the usage of a distance-dependent
UMi LOS channel model. Due to users’ position being uniformly distributed
in the cell area, it is more likely for users to be further away from the gNodeB
than closer. As users with larger distance to the gNodeB have larger prob-
ability of being in NLOS conditions, this is the predominant condition in
the simulation, thus increasing the chances for a misdetection. However, the
percentage of misdetections that actually lead to a sub-optimal link with a
half-power degradation is much lower, as seen by the values registered for
Pm3dB . It is also noticeable that the CST model is more susceptible to misde-
tections than 3GPP’s, which might be attributed to the nuances between their
codebooks. It has been established that, due to the presence of the form factor
in free space and the user’s hand grip, beams become slightly warped, due to
the redirection and absorption of the radiated power, creating a codebook of
beams with less gain but more coverage. Therefore, since the power is better
distributed over the angular space, it is more likely that there are more beams
offering similar power levels, leading to misdetections. The 3GPP codebook
retains its ideal shape, even when blockage is considered, only suffering a flat
attenuation in a pre-determined region. However, the values in Pm10dB seem
to suggest a conflicting trend, where 3GPP performs worse. To explore this
further, Fig. C.16 represents the misdetection-induced SNR losses for each
blockage scenario. Despite suffering fewer misdetections, 3GPP’s SNR loss
range is much larger than CST’s. This is due in part to the ideal shape of
3GPP beams in free space, having no backlobes and very low power in the
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Table C.8: Misdetection probability for all blockage scenarios under different loss thresholds.

Blockage scenario Pm(%) Pm3dB (%) Pm10dB (%)
3GPP FS portrait 74.4 37.3 16.7
3GPP BL portrait 76.1 40.6 19.9

3GPP FS landscape 72.9 36.9 17
3GPP BL landscape 77.3 44 26.6

CST FS portrait 81.1 42.7 15
CST BL portrait 84.7 48.4 17.7

CST FS landscape 80.6 42.9 14.1
CST BL landscape 1 83.9 49.3 21.3
CST BL landscape 2 81.7 48.6 21.1

Fig. C.16: SNR loss for all blockage scenarios. (a) 3GPP models. (b) CST models.

upper and lower bounds of elevation, as opposed to CST. This, combined
with the considered blockage model, can produce large power losses when a
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misdetection takes place, bringing to light the main drawback of this model’s
over-pessimistic depiction of attenuation. Therefore, even though misdetec-
tions are rarer under 3GPP modelling, these become considerably more sig-
nificant than in CST, potentially triggering unnecessary radio link failures.
Finally, it is abundantly clear that, for both models, misdetections tend to
increase with the amount of blockage incorporated, which further demon-
strates how user blockage must be considered when assessing mmWave BM
performance.

5.4 Channel model impact

So far, results have been computed using the 3GPP-defined UMi channel
model with a LOS probability dependent on the UE’s distance to the gNodeB.
This would resemble a more realistic urban environment where users closer
to the gNodeB would be more likely to find an unobstructed link than users
placed further away in the cell. However, comparing this channel model with
a strict LOS or NLOS UMi channel can provide some insightful information
on how blockage is perceived in different channel models. This study focuses
solely on CST grips since they are deemed in this paper as the most appropri-
ate method to gauge user blockage impact. Fig. C.17 displays the measured
RSS for free space, portrait blockage and landscape blockage 1 over each
channel model, having NLOS described by dotted-dashed lines, LOS proba-
bility with solid lines and finally LOS with dashed lines. The most striking
observation lies in the fact that UMi with LOS probability curves share their
lower bounds with UMi NLOS and upper bounds with UMi LOS, indicating
that having a cluster rich environment negatively impacts BM performance.
This is further corroborated by the Pm values in Table C.9, where the mis-
detection probability increases significantly as the channel model transitions
from a dominant LOS path channel to an obstacle rich one. This trend holds
true for ∆SNR as well, as seen in Fig. C.18.

Furthermore, the influence of user blockage is more visible in LOS than
for the other two channel models, since in this environment there are fewer
reflections to rely on once a panel is blocked. Therefore, opting for an al-
ternative beam pair link when the optimal one is blocked results in a larger
degradation than in NLOS, where a signal is already weak, even without the
blockage effect.

It is important to note that, besides LOS conditions, the blockage impact
assessment results are also dependent on factors such as gNodeB height and
device rotation in the 3D space, since these would also alter the angles of
arrival of the signal. Another factor that was not explored in this work but
could also be important to consider in future studies, depending on the user’s
body orientation relative to the gNodeB, would be the blockage from the
user’s torso.
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Fig. C.17: Measurement-based RSS (Rmeas) for all UMi channel models.

Table C.9: Misdetection probability for all UMi channel models.

Pm(%)
Blockage scenario LOS LOS prob NLOS

CST FS portrait 67.5 80.5 90.8
CST BL portrait 73.7 84.6 90.2

CST FS landscape 68 79.5 90
CST BL landscape 1 73.2 82.8 91.6

6 Conclusion

This work has presented a link-level analysis of the impact of high-detail
hand grip blockage in mmWave BM performance of handheld devices. Re-
sults showed that hand grip type, UE orientation, panel distribution in the
form factor, channel conditions and network layout are all determining fac-
tors to gauge the severity of a user’s blockage effect and must be carefully
modeled when designing solutions to counteract hand blockage and assess-
ing the viability of mmWave communications. While it has been shown that
hand blockage noticeably degrades the BM procedure, the current 5G system
signaling mechanisms are robust enough to provide sub optimal, yet accept-
able, link level performance, even without any proactive measures to mitigate
it. However, in future 5G and 6G releases, larger codebooks with narrower
beams will likely be employed to handle the transition to higher frequen-
cies, making sweeping-based beam selection implementations impractical.
Smarter hand grip and terminal housing-aware mechanisms, such as those
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Fig. C.18: SNR loss for all UMi channel models.

in [33–35], should be adopted to create robust solutions to realistic mmWave
propagation challenges. In order to enable such approaches, adequate block-
age models must be agreed upon to capture the signal’s absorption, reflection
and diffraction effects.

6.1 Outlook

This study’s results further suggest that the current stochastic 3GPP self-
blockage model [19], perhaps sufficient for system-level evaluations, lacks
detail to properly portray user hand grip effects on a link-level basis, leading
to an overly pessimist performance degradation. While beyond the intended
scope of this work, the task of proposing a simple yet realistic hand-grip in-
duced blockage model would be the next logical step for future work. The
CST model employed in this work is quite useful to numerically assess spe-
cific UE designs and hand grip modes but lacks the generality to become
a viable model for algorithm design. A CST-based approach could still be
used to create a more realistic blockage model than 3GPP’s, since it is able
to simulate the human body and its behavior with a remarkable level of de-
tail. However, it would require countless computationally heavy simulations
to recreate different body blockage scenarios and capture the nuances of the
user’s behavior in the antenna performance, which can be deemed as an im-
practical method. Alternatively, an improvement to the current flat 30 dB
attenuation model could be envisioned to establish a standard form factor
design and panel placement, as the one considered in this paper, but with a
statistical attenuation model instead, as introduced in [20] or [21], on a per
panel-basis.
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Abstract

Time-varying terminal orientation is an often overlooked challenge of beam align-
ment in millimeter wave communications with multi-panel handset terminals. The
use of narrow beams, allied with fast and hard to predict device orientation changes,
cause the current measurement-based beam management procedure to rely on poten-
tially outdated beam information, degrading its accuracy. This paper explores the
capabilities of deep neural networks to improve user equipment (UE) beam selection
under dynamic terminal orientation conditions. Contrary to other works, the pro-
posed solution relies solely on reference signal received power beam measurements,
without the aid of other context information. Results show that this simple solution
can successfully improve beam selection accuracy for fast rotating UEs, especially
in line-of-sight scenarios. No-line-of-sight environments however reduce the pro-
posed solution’s effectiveness due to low power-levels and increased channel angular
spread.

1 Introduction

Current 5G mmWave communications are enabled by large antenna arrays
with high beamforming gains [1]. Although achieving unprecedented data
rates, the narrow nature of the transmitter and receiver beams causes a link to
become more directional and, consequently, vulnerable to disruptions. This
prompted 3GPP to define a set of L1 and L2 operations, namely beam man-
agement, to acquire and maintain beam alignment between the gNodeB and
the UE beams [2]. Since the current beam management procedure is based
on a simplistic approach of beam sweeping, measurement and reporting, ex-
tensive research has been conducted in works such as [3–6] to strengthen its
robustness against dynamic channel conditions. Concurrently, 3GPP is cur-
rently investigating beam management enhancements for Release 18 based
on ML [7].

Most of these studies consider the UE to be modeled as a single panel
with an isotropic or directional antenna array. In reality, devices must be
equipped with multiple directional antenna array panels to be able to offer
adequate spherical coverage. The performance benefits of multi-panel UE de-
sign are highlighted in [8] where a panel switching mechanism is introduced
based on RSRP. This work, along with [9], further elaborate on practical
aspects such as the impact of sequential and simultaneous panel activation
on beam management performance for distinct mobility scenarios. Further-
more, [10] proposes to use context information, specifically location and ori-
entation data, for a ML beam selection method. This approach recommends
a subset of candidate beams/panels to be tested, reducing the beam acqui-
sition overhead and improving the device’s power efficiency by deactivating



unused panels.
However, these works assume a time-static orientation for the UE thus

concealing an additional challenge for beam alignment: device orientation
tracking. Under the current beam management framework, beam selection
relies on measurements collected over a span of time. A device whose orien-
tation is shifting, while simultaneously moving through the cell, may cause
measurements to become outdated, leading to erroneous beam selection and,
ultimately, link performance degradation. This is particularly challenging
for handset terminal use cases, where fast and hard to predict orientation
changes are common. Therefore, time-varying rotation should be modelled
along with other straining factors like user mobility or blockage to truly cap-
ture the challenges of beam alignment in multi-panel devices [11]. A few
works in the literature have tackled this issue through the use of orientation
data obtained from the device’s sensors. By employing a particle filter in [12]
and a recurrent neural network in [13], the authors show that leveraging
this information, along with RSRP measurements, outperforms the current
procedure, particularly in scenarios where fast and abrupt device rotation
is experienced. However it is worth mentioning that both these approaches
require a significant number of samples to be implemented. The particle
filter method can not be trained in advance and requires a high number of
samples to accomplish its prediction tasks, which can result in a high com-
putation load for the UE. Moreover, while the type of ML model pursued
can be trained offline, obtaining a large enough dataset size to train it can be
difficult.

Contrary to [12] and [13], this paper explores the feasibility of handling
time-varying terminal rotation without resorting to context information
sources. A ML solution is proposed based solely on information available to
the UE through the current beam management procedure: RSRP measure-
ments. Results show that this information, even if outdated, can be used
by a simple NN to infer the UE’s orientation pattern and therefore predict
the best beam in dynamic orientation scenarios. The proposed solution’s
performance is compared to a 3GPP-based beam management procedure
and its suitability is tested for different usage scenarios based on propagation
environment, user speed and time-dynamic device rotation.

The remainder of this paper is organized as follows: Section 2 details the
study’s system model and Section 3 describes both the 3GPP-based and the
ML-based solutions for UE beam selection. Section 4 presents the compara-
tive performance results and Section 5 concludes the paper.



2 System model

Fig. D.1 illustrates a DL single cell mmWave system, where beam alignment
takes place between the gNodeB and a single user. This user moves in a
straight line at constant speed through the cell while changing the terminal’s
orientation along its trajectory. The gNodeB is modelled as a UPA of Nt patch
antennas and the UE as a multi-panel device. Each of the I = 4 panels at the
UE is equipped with a ULA module of Nr patch antennas and placed on each
side of the form factor according to an edge design [14], as seen in Fig. D.2.

2.1 Channel model

The mmWave DL channel response for the ith UE panel is modelled for a
frequency-time resource element (s, k) as

H i(s, k) =
L(k)

∑
l=1

gl(k)ai
r(φ

i
r,l(k))aH

t (φt,l(k))e
−j2πτl(k) f (s), (D.1)

where L(k), gl(k), τl(k) are the time-varying total multipath components of
the channel, the path l’s complex gain and its delay values at time k, respec-
tively. These are obtained with QuaDRiGa, a 3D geometry-based stochas-
tic channel model generator which enables continuous time evolution of a
channel, spatially correlated large and small-scale-fading and a plethora of
different 3GPP-compliant propagation scenarios [15]. Additionally, f (s) de-
notes the sth subcarrier frequency. The transmitter and ith receiver panel
array responses are expressed in at and ai

r for a path l’s time-varying angles
of arrival, φi

r, and departure, φt. These angles, expressed in elevation and
azimuth (θ, ϕ), are given by

φi
r,l(k) = (θi

r,l(k), ϕi
r,l(k)), (D.2)

φt,l(k) = (θt,l(k), ϕt,l(k)). (D.3)

The array response for a gNodeB or UE array panel of size N = Nx NyNz is
written as

a(θ, ϕ) =
1√
N

gae(θ, ϕ)az(θ)⊗ ay(θ, ϕ)⊗ ax(θ, ϕ) (D.4)

where gae(θ, ϕ) pertains to the antenna element’s gain and ⊗ expresses the
Kronecker product, with ax ∈ CNx , ay ∈ CNy and az ∈ CNz given by

ax(θ, ϕ) = [1, ejπ sin θ cos ϕ, ..., ejπ(Nx−1) sin θ cos ϕ]T (D.5)



Fig. D.1: Network layout and beam sweeping procedure for NT = 3 and NR = 2. During its
trajectory (dashed red), the UE activates one panel beam (highlighted in green) and progressively
changes its orientation (αt, βt, γt) every TSS ms, as indicated by its LCS (xL,yL,zL). The gNodeB
remains aligned with GCS (x,y,z).

ay(θ, ϕ) = [1, ejπ sin θ sin ϕ, ..., ejπ(Ny−1) sin θ sin ϕ]T (D.6)

az(θ) = [1, ejπ cos θ , ..., ejπ(Nz−1) cos θ ]T . (D.7)

2.2 Signal model

The received signal at any UE panel i in a single frequency-time resource
element is given by

yi(s, k) = wH(k)H i(s, k) f (k)x(s, k) + wH(k)ni(s, k), (D.8)

where H i(s, k) ∈ CNr×Nt expresses the channel matrix between the gNodeB
and the ith UE panel, as denoted in (D.1). The gNodeB beamforming vector
f (k) ∈ CNt contains a beam’s analog phase shifts with a constant modulus of

1√
Nt

. This beam is employed to spatially filter the transmitted signal x(s, k),
received at the UE with a beam defined by the analog phase shifts in the



beamforming vector w(k) ∈ CNr and a constant modulus of 1√
Nr

. The re-

ceiver noise is modelled as a complex AWGN vector with variance σ2
n and

given by ni(s, k) ∈ CNr ∽ CN (0, σ2
n I).

2.3 Beamforming codebooks

gNodeB codebook

For beam sweeping at the gNodeB, a directional beamforming code-
book is adopted, dividing the cell’s sector coverage into angular re-
gions. These beams belong to a finite pre-defined set of NT vectors
Ct = { f ψt

|ψt = 1, . . . , NT} which is referred to henceforth as the gNodeB
codebook. The array steering vector for a transmit beam ψt pointing towards
(θψt , ϕψt) is defined in the ψth

t vector of the codebook as

f ψt
= at(θψt , ϕψt). (D.9)

The azimuth steering angles, ϕψt , are linearly spaced within the angular
range of the sector such that

ϕψt = −π

3
+ (ψt − 1)× 2π

3 × (NT − 1)
, ψt = 1, ..., NT . (D.10)

Moreover, all the beams share the same elevation steering angle, θψt .

UE panel codebook

Each UE panel produces a finite set of NR vectors C i
r = {wψr |ψr = 1, . . . , NR},

constituting the UE panel codebook. In any of the panels the array steering
vector for a receive beam ψr directed towards (π

2 , ϕψr ) is expressed as

wψr = ar

(π

2
, ϕψr

)
. (D.11)

Each ULA panel in the UE covers a π
2 sector of the angular space in the

azimuth domain, with linearly spaced steering angles ϕr such that

ϕψr = −π

4
+ (ψr − 1)× π

2 × (NR − 1)
, ψr = 1, ..., NR. (D.12)

2.4 Beam management model

The gNodeB periodically sweeps NT beams, where each beam ψt is associ-
ated to a distinct SSB. SSBs are sets of resources spanning 4 OFDM symbols in



time and 240 subcarriers in frequency employed for power-based measure-
ments that determine the best serving beam pair [16]. An SSBurst is com-
posed of one or multiple SSBs and is transmitted according to a numerology-
dependent transmission pattern [17]. The SSBurst generation is performed
through MATLAB®’s 5G Toolbox™ [18]. The UE receives each SSB with one
of its NR beams in panel i, ψi

r. The received signal is measured for SS-RSRP,
defined in [19] as the linear average over the power contributions of the re-
source elements carrying SS signals. Thus, considering Vss as a resource data
set containing the SS sequence of an SSB, the RSRP measurement for the
beam pair (ψt,ψi

r) is computed as

RSRP(ψt, ψi
r) =

1
|Vss| ∑

(s,k)∈Vss

|wH
ψi

r
H

i
(s, k) f ψt

+

wH
ψi

r
ni(s, k)|2.

(D.13)

This work assumes a sequential panel activation at the UE. In other words, as
stated by 3GPP’s multi-panel “Assumption-1”, the UE can only activate one
panel at a time for measurement purposes [20]. Moreover, analog beamform-
ing is considered on the panels to reduce power consumption. As a result,
the SS-RSRP measurements for all beam pair combinations must be collected
at the UE in a round robin fashion: to measure all the beam pair combina-
tions across all panels, 4 × NR SSBursts must be transmitted during the UE’s
trajectory, one per UE beam1. Pmeas ∈ R4NR×NT stores all measured RSRP
values to be used afterwards for beam pair selection.

2.5 Device mobility and rotation model

This work models both time-varying device mobility and device rotation as
two independent processes in time. The user moves linearly in the cell sec-
tor with constant speed v. The UE’s initial position and trajectory direction
follow a uniform distribution in the xy plane, with the user’s height fixed in
the z-axis. Mobility bounds r and R are enforced (see Fig. D.1) where the
user is considered to always remain within appropriate coverage range. The
UE position is defined according to the GCS represented in black in Fig. D.1.
The gNodeB has a fixed orientation coinciding with the GCS (x,y,z) while the
UE is considered to experience time-varying rotation over its trajectory. The
UE’s orientation is dictated by a LCS (xL,yL,zL), resulting from any 3D rota-
tion with respect to the GCS over three distinct angles: the bearing angle α,
the downtilt angle β and the slant angle γ, as shown in Fig. D.2. This set of

1Although the NR standard supports hierarchical beam sweeping practices, this works opts
for a UE with simplistic capabilities in order to highlight a particularly detrimental rotation
scenario.



Fig. D.2: Spherical coordinates and LCS transformation (x′′′, y′′′, z′′′) with respect to the GCS
(x, y, z) by a sequence of 3 rotations: α, β, γ [21].

angles represents three elemental rotations about the z, y and x axes, respec-
tively [21]. The UE’s initial orientation, described as (α0, β0, γ0), is drawn
from an uniform random distribution, taking values between 0◦ and 360◦.
The time-varying device rotation is characterized through a filtered random
walk model as in [12] and [13]. The process to obtain the UE’s orientation for
a time sample t is exemplified for α as

ᾱt = ᾱt−1 +N (0, σ2), (D.14)

with σ representing the random walk’s standard deviation and ᾱ0 ∽
U [0o, 360o]. Filtering of the random walk ᾱt is given by

αt =
1
M

M−1

∑
m=0

ᾱt−m, (D.15)

where M is described as the filter’s length. The same procedure is applied to
obtain βt and γt, with all angles wrapped within [0o, 360o]. These values are
used to update the φi

r,l values in ((C.1)) over time. This study considers t to
match an SSBursts’s periodicity TSS. In other words, the device’s orientation
is assumed to remain constant over each periodic SSBurst transmission and
progressively change between consecutive SSBursts as defined in (D.14) and
(D.15).

3 UE beam selection

This work focuses on improving UE beam selection in dynamic device rota-
tion scenarios. Overlooking the procedure to select the best gNodeB beam
ψ⋆

t for a moment, two types of UE beam selection are considered: max-
measurement based selection and ML-measurement based selection. Both



methods rely solely on Pψ⋆
t

meas ∈ R4NR×1, i.e. the RSRP measurements obtained
with the UE beams across all panels when the gNodeB uses ψ⋆

t , collected as
described in Section 2.4.

3.1 Max-measurement based beam selection

This method is based on the current beam sweeping and measurement pro-
cedure instated by 3GPP. The best UE panel and beam are selected based on
a highest instantaneous power metric such that

ψi
r
⋆
= arg max

ψi
r

(Pψ⋆
t

meas(ψ
i
r)). (D.16)

Such a solution is prone to errors in a dynamic environment since the beam
selection may be based on outdated beam measurements.

3.2 ML-measurement based beam selection

This method uses the same potentially outdated RSRP measurements in an
ML context to choose the best UE panel and beam based on its orientation,
even if said orientation is never explicitly known. A supervised learning ap-
proach is chosen in the form of a feed-forward neural network solving a clas-
sification task. The network consists of several dense layers used to process
the RSRP measurements for different UE beams. The hidden layers’ purpose
is to process the RSRP measurements and infer the orientation changes ex-
perienced by the UE during the measurement process, thus enabling the net-
work to predict the optimal UE beam at the time of beam selection. During
training, each hidden layer is followed by a dropout layer to make the neural
network more robust to overfitting. The output layer is made of 4 × NR neu-
rons, which approximate the optimality probabilities of each of the beams in
the UE codebook. Fig. D.3 shows the considered NN structure for UE beam
selection, where tanh and so f tmax functions are used as non-linear activation
functions for the hidden layers and the output layer, respectively.

Each training sample contains 4 × NR RSRPs, measured along a UE’s tra-
jectory in 4 × NR SSBursts, and the index of the best UE beam for commu-
nication at the 4 × NR + 1 SSBurst, which is used as label for training. The
categorical cross entropy is used as the loss function of the neural network,
i.e.,

L = −
4×NR

∑
i=1

Li log(Pi), (D.17)

where Li and Pi denote the label and output of the neural network for the ith
UE beam. L is a one-hot vector with 1 at the entry corresponding to the best
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Fig. D.3: The proposed fully connected neural network structure of the ML-measurement based
beam selection using RSRPs measured with dynamic terminal orientation.

UE beam at the 4 × NR + 1 SSBurst and 0 in all other entries. This training is
UE-specific and done offline, using a 5000-sample dataset size.

4 Results and Discussion

This section assesses the performance of the solutions presented in Section
3 under three distinct factors: user mobility, dynamic device rotation and
increasingly challenging propagation conditions. Table D.1 summarizes the
simulation parameters used. This study evaluates 2 UE speeds, 2 UE rotation
speeds and 3 different propagation environments, resulting in 12 distinct
training datasets of 5000 samples for the ML-measurement based solution.
Each sample includes the RSRP measurements for all the beam pair combi-
nations in the 4 × NR = 12 SSBursts that constitute the measurement period
and the RSS measurements for all those beam pairs at the evaluation period,
in the 13th SSBurst window. A neural network architecture is considered,
which consists of 5 layers including an input layer with 12 neurons, 3 hidden
layers with respectively 120, 120, and 60 neurons, followed by an output layer
with 12 neurons. A drop-out rate of 0.3 is used for all the hidden layers. In
the training process, an Adam optimizer is used [22] with the learning rate
0.001 and 15 epochs of training with progressively growing minibatch sizes
from 4 to 32 samples [23]. The training and test data split is set as 80 % and
20 %, respectively. The aforementioned parameters have been experimentally
tuned according to the dataset sizes and the NN’s structure.

4.1 Performance criteria

This work characterizes the beam selection process as consisting of two
stages: the measurement period and the evaluation period. The measure-
ment period refers to the SSBurst transmission and measurement stage,



Table D.1: Simulation parameters.

Parameter Notation Value
Carrier frequency fc 28 GHz
Carrier bandwidth B 104 MHz
Subcarrier spacing ∆ f 120 kHz

RX noise figure NF 9 dB
Thermal noise density N0 −174 dBm Hz−1

Beam sweeping configuration
SSBurst size NT 12

SSBurst periodicity Tss 20 ms
UE beams per panel NR 3

Layout configuration
Inner mobility bound r 15 m
Outer mobility bound R 100 m

Channel model - Freespace, UMi LOS, UMi NLOS
gNodeB position (x, y) (0, 0)
gNodeB height ht 10 m

gNodeB codebook elevation θψt 103◦

gNodeB array size Nt 8 × 8
UE initial position (x, y) uniformly distributed

UE height hr 1.5 m
UE panels I 4

UE panel size Nr 1 × 4
UE speed v 3 km h−1, 60 km h−1

Number of UE trajectories - 5000 per dataset
Random walk orientation configuration

Standard deviation σ 1◦, 10◦

Filter length M 21

while the evaluation period pertains to a small time frame following the
measurement period where all RSRP values have been collected and beam
determination occurs. During the evaluation period, RSS measurements are
computed over a set of frequency-time resources, Veval , for every beam pair
combination, (ψt, ψi

r), as

R(ψt, ψi
r) =

1
|Veval | ∑

(s,k)∈Veval

|wi
ψr H i(s, k)⊤ f ψt

|2, (D.18)

where |Veval | denotes the cardinality of Veval . The RSS value of the selected
beam pair is then given by

Rmeas = R(ψ⋆
t , ψi

r
⋆
), (D.19)



where ψ⋆
t and ψi

r
⋆ are determined either through max-measurement beam

selection or ML-measurement based selection. To measure beam selection
accuracy, a genie-aided solution is considered where optimal beam alignment
is always guaranteed. In this case the maximum achievable RSS over all beam
pair combinations is described as

Rgenie = max
ψt ,ψi

r

R(ψt, ψi
r). (D.20)

The beam selection process occurs successfully when the beam pair se-
lected matches the genie solution. Otherwise, a misdetection takes place.
Depending on the degree of misalignment between the selected beam pair
and the ideal beam pair, link power loss can be experienced. In such cases,
Rloss expresses the beam misdetection loss given by

Rloss =
Rgenie

Rmeas
. (D.21)

Therefore, two main performance criteria are considered:

• Beam selection accuracy (BSacc): percentage of occasions where the
beam pair selection matches the genie-aided selection.

• Average misdetection loss (R̄loss): average value of Rloss across all sam-
ples in dB.

4.2 Beam selection schemes

To properly assess the impact of the proposed solution, distinct gNodeB and
UE beam selection schemes are established with an increasing level of real-
ism, summarized in Table D.2:

• Genie aided beam pair (G-gNB/G-UE): The best beam pair is chosen
based on the highest RSS measured at the evaluation period. This is an
ideal, misalignment-free scenario that establishes the upper bound for
beam management performance.

• Genie-aided gnodeB beam and baseline UE beam (G-gNB/B-UE): This
scenario maintains an ideal gNodeB beam selection while the UE beam
selection is achieved through the baseline method detailed in 3.1.

• Genie-aided gNodeB beam and ML-based UE beam (G-gNB/ML-UE):
Similarly, this scenario considers ideal gNodeB beam selection but em-
ploys the UE beam selection method from Section 3.2 instead.

• Baseline beam pair (B-gNB/B-UE): A more realistic approach is taken
based on the current 3GPP procedure where the best beam pair is cho-
sen through the highest RSRP value. This method is taken as the base-
line that the proposed solution should outperform.



Table D.2: Beam selection schemes.

Schemes gNodeB beam UE beam
G-gNB/G-UE max RSS
G-gNB/B-UE max RSS max RSRP

G-gNB/ML-UE max RSS ML-RSRP
B-gNB/B-UE max RSRP

B-gNB/ML-UE max RSRP ML-RSRP

• Baseline gnodeB beam and ML-based UE beam (B-gNB/ML-UE): This
scenario describes the proposed beam management solution presented
in this work. The gNodeB beam is selected through the highest RSRP
measurement and the UE beam selection follows the ML procedure
from Section 3.2.

4.3 Beam management performance - Freespace

Beam management performance is first assessed in Freespace, a simplified
propagation scenario portraying free space loss with only one LOS path and
no shadow fading. This allows for the evaluation of the proposed solution’s
potential in a favourable propagation environment, unencumbered by addi-
tional effects introduced by complex channel models with several multipath
components. The beam selection schemes detailed in Section 4.2 are evalu-
ated for both a low speed, 3 km h−1, and a moderate user speed, 60 km h−1.
Additionally two σ values are taken to characterize the rotation of the de-
vice, σ = 1o and σ = 10o, which translate into a rotation speed per axis of
6.0422 ◦ s−1 in Table D.3 and 60.4218 ◦ s−1 in Table D.4, respectively.

BSacc results in Table D.3 show that misalignments can occur fairly fre-
quently for both the proposed solution, B-gNB/ML-UE, and the baseline,
B-gNB/B-UE, but lead to almost negligible losses in this slow UE rotation
scenario. Furthermore, it is evident that the B-gNB/ML-UE scheme per-
forms marginally worse than the B-gNB/B-UE scheme by less than 0.1 dB,
indicating that the proposed solution has no impact on this scenario’s beam
management performance. For a low UE speed and slow UE rotation, the
B-gNB/B-UE scheme performs quite well since the time it takes to collect all
the RSRP measurements is short enough to keep up with the UE’s mobility
and rotation rates. However the beam selection accuracy of the B-gNB/B-
UE scheme drops 14.4 % when UE speed increases. This performance drop
at high speeds is due to misselections of the gNodeB beam: while the G-
gNB/B-UE scheme causes a 7 % accuracy degradation when compared to the
ideal scheme G-gNB/G-UE, the transition to the B-gNB/B-UE scheme results
in an additional, more significant, accuracy reduction of 13.8 %. Considering



Table D.3: Beam management performance for Freespace, σ = 1o .

BSacc (%) R̄loss (dB)
Schemes 3 km h−1 60 km h−1 3 km h−1 60 km h−1

G-gNB/G-UE 100 100 0 0
G-gNB/B-UE 94.5 93.0 0.07 0.09

G-gNB/ML-UE 89.3 90.3 0.11 0.12
B-gNB/B-UE 93.6 79.2 0.07 0.28

B-gNB/ML-UE 88.4 76.3 0.12 0.31

Table D.4: Beam management performance for Freespace, σ = 10o .

BSacc (%) R̄loss (dB)
Scheme 3 km h−1 60 km h−1 3 km h−1 60 km h−1

G-gNB/G-UE 100 100 0 0
G-gNB/B-UE 62.8 61.9 3.75 3.76

G-gNB/ML-UE 75.2 76.0 1.24 1.26
B-gNB/B-UE 62.4 53.4 3.75 3.99

B-gNB/ML-UE 74.9 65.5 1.24 1.41

the source of misalignment in this scenario takes place at the gNodeB side,
where ψ⋆

t selection is based on a max-RSRP method vulnerable to errors in
mobility scenarios, it is unsurprising that the B-gNB/ML-UE scheme fails to
offer any benefits, since it employs RSRP measurements from a misselected
sub-optimal gNodeB beam.

In Table D.4, where UE rotation is more accentuated (σ = 10◦), it is no-
ticeable that the loss levels experienced are much larger. At v = 3 km h−1,
this additional dynamic factor in the environment warrants an accuracy drop
of 37.2 % and a loss of 3.75 dB when comparing G-gNB/G-UE to G-gNB/B-
UE. This means that significant UE rotation is occurring before it can finish
collecting all RSRP measurements, which leads the G-gNB/B-UE scheme to
base its beam selection on outdated beam information, resulting in beam
misalignment and link performance degradation. The baseline B-gNB/B-UE
scheme displays its worst performance at v = 60 km h−1, since this scenario
harbours both the effects of mobility and rotation of the device. This show-
cases perfectly the impact that lack of device orientation tracking can have on
beam management performance.

The B-gNB/ML-UE scheme is shown to successfully improve accuracy
and reduce misalignment losses by up to 2.5 dB in this particular scenario.
This suggests that, for dynamic terminal orientation scenarios, the NN is able
to analyze how the RSRP levels progress over time and infer the UE’s orienta-
tion changes, allowing it to select the beam that maximizes link performance.



This is something the B-gNB/B-UE scheme cannot achieve, since it chooses
the beam with the highest power at the time of measurement, which for UEs
with rapidly changing orientation may no longer be the optimal beam at the
beam selection stage.

4.4 Beam management performance - realistic propagation
scenarios

The Freespace study shows that the B-gNB/ML-UE scheme can improve the
current procedure through RSRP measurements alone. However, it remains
to be investigated if this approach is still feasible under realistic multipath
rich environments. This section focuses on high mobility and high device
rotation, since this has been established as the most challenging scenario for
the baseline method. The beam management performance of the B-gNB/B-
UE and B-gNB/ML-UE schemes are compared in Fig. D.4 under two ad-
ditional 3GPP-compliant channel enviroments: UMi LOS and UMi NLOS.
These are typically used to portray densely populated urban micro-cell areas
with gNodeB deployment below rooftop level [21].

It is clear that the trends observed in Freespace are preserved in the UMi
LOS scenario, where the gains of the proposed ML-based method over the
baseline are only ever-so-slightly reduced. Results further suggest that the
proposed solution’s performance is significantly reduced in NLOS, despite
still performing marginally better than the current baseline solution. As the
environment transitions to a predominantly NLOS environment, propagation
conditions progressively worsen: the received signal strength drops consid-
erably and RSRP measurements start to blend together, due to the channel
power being more spread in the angular domain. This makes it more chal-
lenging for the NN to infer the UE’s orientation at the evaluation period,
since all measurements have similar low power levels.

In summary, the B-gNB/ML-UE scheme can be leveraged to handle dy-
namic mobility and rotation scenarios, ultimately improving the robustness
of the current beam management procedure, but only in environments with
a dominant LOS component.

5 Conclusions

This work focuses on improving multi-panel UE beam selection robustness
to mobility and time-varying terminal orientation without relying on context
information. The feasibility of an ML solution based solely on RSRP mea-
surements is investigated as an attempt to introduce a simpler alternative to
UE beam selection with more manageable training dataset sizes than other
context information aided methods in the literature.



Fig. D.4: Beam management performance comparison of B-gNB/B-UE vs. B-gNB/ML-UE for
Freespace, UMi LOS and UMi NLOS at v = 60 km h−1 and σ = 10o .

Results indicate that the proposed ML-based scheme does not improve
beam management performance for high-speed, slow rotating UEs. Instead,
fast UE rotation scenarios respond positively to the proposed solution, show-
ing that, in dominant LOS, outdated RSRP measurements can in fact be ex-
plored to successfully infer the UE’s rotation pattern to predict its best beam
and significantly reduce misdetection losses.

However, this approach’s effectiveness suffers in predominantly NLOS
environments. The drastically lowered received signal strength levels in these
environments, along with the increased angular spread of the channel, cause
all RSRP measurements to deteriorate to a point where the ML model strug-
gles to extract the UE’s rotation pattern, reducing its accuracy margin over
the baseline 3GPP-based solution. This seems to indicate that in realistic sce-
narios with mixed LOS and NLOS conditions, the ML-solution could only be
beneficial if LOS probability is high, potentially requiring more sophisticated
solutions to mitigate the misdetections that would occur when transitioning
to NLOS. An interesting iteration on this study, left for further investigation,
is to determine whether a single model trained in mixed LOS/NLOS con-
ditions could also offer robust beam management, maintaining good perfor-
mance in LOS channels while not performing worse than the baseline method
in NLOS conditions.



References

[1] M. Enescu, editor. 5G New Radio: A Beam-based Air Interface. John Wiley
& Sons, 1st edition, 2020.

[2] 3GPP. Study on new radio access technology Physical layer aspects (Re-
lease 14). Tech. Rep. 38.802, V14.2.0 2017.

[3] U. B. Elmali, A. Awada, U. Karabulut, and I. Viering. "Analysis and
Performance of Beam Management in 5G Networks". 2019 IEEE 30th
Annual International Symposium on Personal, Indoor and Mobile Radio Com-
munications (PIMRC), pages 1 – 7, 2019.

[4] I. Ayakin and M. Krunz. "Efficient Beam Sweeping Algorithms and Ini-
tial Access Protocols for Millimeter-Wave Networks". IEEE Transactions
on Wireless Communications, 19(4):2504 – 2514, 2020.

[5] S. Tomasin, C. Mazzucco, D. De Donno, and F. Cappellaro. "Beam-
Sweeping Design Based on Nearest Users Position and Beam in 5G
mmWave Networks". IEEE Access, 8:124402 – 124413, 2020.

[6] H. Soleimani, R. Parada, S. Tomasin, and M. Zorzi. "Fast Initial Ac-
cess for mmWave 5G Systems with Hybrid Beamforming Using On-
line Statistics Learning". IEEE Communications Magazine, 57(9):132 – 137,
2019.

[7] "Study on Artificial Intelligence (AI)/Machine Learning (ML) for NR Air
Interface". - RP-213599, 3GPP TSG RAN Meeting #94e, May 2022.

[8] F. Abinader, C. Rom, K. Pedersen, S. Hailu, and N. Kolehmainen.
"System-Level Analysis of mmWave 5G Systems with Different Multi-
Panel Antenna Device". 2021 IEEE 93rd Vehicular Technology Conference
(VTC2021-Spring), pages 1 – 6, 2021.

[9] S. B. Iqbal, A. Awada, U. Karabulut, I. Viering, P. Schulz, and G. P. Fet-
tweis. "Analysis and Performance Evaluation of Mobility for Multi-Panel
User Equipment in 5G Networks". 2022 IEEE 95th Vehicular Technology
Conference: (VTC2022-Spring), pages 1–7, 2022.

[10] S. Rezaie, J. Morais, E. de Carvalho, A. Alkhateeb, and C. Navarro
Manchón. "Location- and Orientation-aware Millimeter Wave Beam Se-
lection for Multi-Panel Antenna Devices". arXiv:2203.11714v1, pages 1–5,
2022.

[11] Y. Heng, J. G. Andrews, J. Mo, V. Va, A. Ali, B. L. Ng, and J. C. Zhang.
"Six Key Challenges for Beam Management in 5.5G and 6G Systems".
IEEE Communications Magazine, 59(7):74 – 79, 2021.



[12] K. N. Nguyen, A. Ali, J. Mo, B. L. Ng, V. Va, and J. C. Zhang. "Beam
Management with Orientation and RSRP using Deep Learning for Be-
yond 5G Systems". 2022 IEEE International Conference on Communications
Workshops (ICC Workshops), pages 133 – 138, 2022.

[13] A. Ali, J. Mo, B. L. Ng, V. Va, and J. C. Zhang. "Orientation-Assisted
Beam Management for Beyond 5G Systems". IEEE Access, 9:51832 –
51846, 2021.

[14] V. Raghavan, M.-L. Chi, M. A. Tassoudji, O. H. Koymen, and J. Li. "An-
tenna Placement and Performance Tradeoffs With Hand Blockage in Mil-
limeter Wave Systems". IEEE Transactions on Communications, 67(4):3082
– 3096, 2019.

[15] S. Jaeckel, L. Raschkowski, K. Börner, and L. Thiele. "QuaDRiGa: A 3-D
Multicell Channel Model with Time Evolution for Enabling Virtual Field
Trials". IEEE Transactions on Antennas Propagation, 62(6):3242 – 3256, 2014.

[16] 3GPP. NR; Physical channels and modulation (Release 17). Tech. Spec.
38.211, V17.2.0 2022.

[17] 3GPP. "NR; Physical layer procedures for control (Release 17)". Tech.
Spec. 38.213, V17.3.0 2022.

[18] MathWorks. 5G Toolbox.

[19] 3GPP. NR; Physical layer measurements (Release 17). Tech. Spec. 38.215,
V17.2.0 2022.

[20] "Feature lead summary #3 of Enhancements on Multi-beam Operations".
- R1-1907860, 3GPP TSG RAN WG1 Meeting #97, May 2019.

[21] 3GPP. Study on channel model for frequencies from 0.5 to 100 GHz
(Release 17). Tech. Rep. 38.901, V17.0.0 2022.

[22] Diederik P. Kingma and Jimmy Ba. Adam: A Method for Stochastic
Optimization. In Proc. Int. Conf. Learn. Representations, 2015.

[23] S. Rezaie, C. Navarro Manchón, and E. De Carvalho. "Location- and
Orientation-Aided Millimeter Wave Beam Selection Using Deep Learn-
ing". ICC 2020 - 2020 IEEE International Conference on Communications
(ICC), pages 1 – 6, 2020.



Filipa Sa
n

ta
n

a d
a Silva Fer

n
a

n
d

es
M

illim
eter

 W
ave B

ea
m

 M
a

n
a

g
em

en
t fo

r
 5G

 systems


ISSN (online): 2446-1628
ISBN (online): 978-87-7573-749-9


	Omslag_FSDSF.pdf
	PHD_FSDSF_TRYK.pdf
	Kolofon_FSDSF.pdf
	PhD_Thesis_filipa_fernandes_final.pdf
	Front page
	Curriculum Vitae
	Abstract
	Resumé
	Contents
	Glossary
	Acknowledgements
	I Thesis Summary
	1 Introduction
	1 Background and Motivation
	1.1 5G and the mmWave spectrum
	1.2 Beam Management

	2 Thesis Outline

	2 Problem Statement
	1 Research questions
	2 Methodology

	3 5G NR Beam management
	1 Beam management framework
	1.1 Beam management procedures
	1.2 Beam acquisition and beam tracking
	1.3 Beam management signalling and measurement

	2 Beam management modelling assumptions

	4 Beam management challenges
	1 State-of-art
	1.1 mmWave solutions prior to Release 15
	1.2 mmWave solutions following Release 15
	1.3 The need for a common evaluation framework

	2 PhD project contributions
	2.1 Publications and patents
	2.2 Simulation tool
	2.3 Main findings
	2.4 Summary of Contributions


	5 Final Remarks
	1 Conclusions
	2 Outlook
	References

	Appendix - Simulation Tool

	II Papers
	A Beam Management in mmWave 5G NR: an Intra-Cell Mobility Study
	1 Introduction
	2 BM Procedures
	3 System Model
	3.1 Depicted intra-cell scenario
	3.2 Propagation channel model
	3.3 Measurement model

	4 Research Target and Key Performance Indicators (KPI)
	5 Results and Discussion
	5.1 Simulation Parameters
	5.2 Performance results

	6 Conclusions
	References

	B Improving Beam Management Signalling for 5G NR Systems using Hybrid Beamforming 
	1 Introduction
	2 System Model
	2.1 Network Layout
	2.2 Signal Model
	2.3 gNodeB BF Codebook

	3 Signalling scheme
	3.1 Current Scheme in 5G NR
	3.2 Proposed Scheme
	3.3 Scheme Comparison

	4 Results and Discussion
	4.1 KPIs
	4.2 Comparison of SSB Schemes with Common Overhead
	4.3 Scheme Performance for a High-Speed Scenario

	5 Conclusions
	References

	C Hand Blockage Impact on 5G mmWave Beam Management Performance 
	1 Introduction
	1.1 Related Works
	1.2 Organization

	2 System model
	2.1 Channel model
	2.2 Signal Model
	2.3 Beamforming Codebook

	3 Antenna and Hand blockage model
	3.1 3GPP model
	3.2 CST model

	4 Model comparison
	4.1 Antenna and blockage model comparison
	4.2 Codebook comparison

	5 BM performance evaluation
	5.1 KPIs
	5.2 Hand grip impact
	5.3 Beam detection accuracy
	5.4 Channel model impact

	6 Conclusion
	6.1 Outlook

	References

	D  Machine Learning-based Millimeter Wave Beam Management for Dynamic Terminal Orientation
	1 Introduction
	2 System model
	2.1 Channel model
	2.2 Signal model
	2.3 Beamforming codebooks
	2.4 Beam management model
	2.5 Device mobility and rotation model

	3 UE beam selection
	3.1 Max-measurement based beam selection
	3.2 ML-measurement based beam selection

	4 Results and Discussion
	4.1 Performance criteria
	4.2 Beam selection schemes
	4.3 Beam management performance - Freespace
	4.4 Beam management performance - realistic propagation scenarios

	5 Conclusions
	References



	Blank Page

	Omslag_FSDSF
	Blank Page
	Blank Page

