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Resumo
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O uso de frequéncias na banda das ondas milimétricas & visto como uma
tecnologia chave para os futuros sistemas de comunicagdo moveis, tendo em
vista a ultrapassar o problema da escassez de banda a sub-6 GHz, e por permitir
as elevadas taxas de dados requeridas para sistemas 5G/6G. Contudo, a
propagacdo deste tipo de ondas estd associado a perdas acentuadas em
espaco livre e varias atenuacfes que se tornam cada vez mais significativas
com o0 aumento do valor da frequéncia, impondo obstaculos a comunicacéao.

Para ultrapassar estas adversidades, agregados constituidos por multiplos
elementos de antena sdo implementados por forma a permitir técnicas de
formacdo de feixe e possibilitar a transmissdo de feixes mais estreitos e
altamente direcionais, diminuindo os niveis de interferéncia e melhorando
consequentemente o link budget. Deste modo, para assegurar constantemente
que a comunicacdo efetuada em cada dispositivo ocorre utilizando o conjunto
de feixes que proporciona o melhor nivel de conectividade, é entdo necessario
um conjunto de procedimentos de controlo de gestdo de feixe, assegurando um
estabelecimento eficiente da comunicagdo e a sua continua manutencao entre
um dispositivo e a rede.

Esta dissertacdo descreve o procedimento de gestdo de feixe conhecido
como estabelecimento inicial de feixe, focando o processo de sele¢céo do melhor
par de feixe de transmissdo-rece¢do disponivel apés o uso de técnicas de
varrimento de feixe por fim a efetuar medicdes dos diferentes niveis de poténcia
do sinal recebido. O principal objetivo passa pela conce¢do de um novo
algoritmo de estabelecimento de par de feixes baseado em estima¢cBes de
angulo (BSAE), que explora o uso de multiplos SSBs definidos pelo 3GPP, por
forma a maximizar o RSRP no recetor, através do feixe selecionado. Esta
otimizagdo € feita usando os sinais de sincronizacdo secundarios (SSSs)
presentes em cada SSB para efetuar uma estimagédo de canal no dominio digital
(que contém o efeito do processamento analdgico). Depois, combinando essas
estimacdes, foi feita uma estimagdo da matriz do canal de propagacédo, sem o
efeito desse processamento analédgico. Finalmente, através da matriz do canal
de propagacéo, foi determinado o angulo que maximiza o RSRP, e calculado o
feixe através do vetor de resposta do agregado.

Os resultados obtidos demonstram que o algoritmo proposto atinge melhor
desempenho quando comparado com o algoritmo convencional de sele¢céo de
par de feixes. Foi feita ainda uma comparacao com o caso 6timo, isto é, com o
caso em que se conhece completamente o canal e se obtém um angulo 6timo.
Os resultados obtidos pelo algoritmo proposto foram muito proximos do caso
6timo, pelo que é bastante interessante para sistemas praticos 5G mmWave
mMIMO, que estejam de acordo com o padrao 3GPP.
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The use of Millimeter wave (mmWave) spectrum frequencies is seen as a
key enabler technology for the future wireless communication systems to
overcome the bandwidth shortage of the sub 6GHz microwave spectrum band,
enabling high speed data transmissions in the 5G/6G systems. Nevertheless,
mmWave propagation characteristics are associated to significant free-path
losses and many more attenuations that become even more harsher as the
frequency increases, rendering the communication challenging at this
frequencies.

To overcome these distinct disadvantages, multiple antenna arrays are
employed to allow beamforming techniques for the transmission of narrower
concentrated beams in more precise directions and less interference levels
between them, consequently improving the link budget. Thus, to constantly
assure that the communication with each device is done using the beam pair that
allows the best possible connectivity, a set of Beam Management control
procedures is necessary to assure an efficient beamformed connection
establishment and its continuous maintenance between the device and the
network.

This dissertation will address the description of the Initial Beam
Establishment (IBE) BM procedure, focusing the selection of the most suitable
transmit-receive beam pair available after completed beam sweeping techniques
to measure the different power levels of the received signal. The main goal is to
design a new 3GPP-standard compliant beam pair selection algorithm based on
SSS angle estimation (BSAE), that makes use of multiple Synchronization Signal
Blocks (SSBs) to maximize the Reference Signal Received Power (RSRP) value
at the receiver, through the selected beam pair. This optimization is done using
the Secondary Synchronization Signals (SSSs) present in each SSB to perform
channel estimation in the digital domain (comprising the effects of the analog
processing). Afterwards, the combination of those estimations were used to
perform the equivalent channel propagation matrix estimation without the analog
processing effects. Finally, through the channel propagation matrix, the angle
that maximizes the RSRP was determined to compute the most suitable beam
through the aggregated response vector.

The obtained results show that the proposed algorithm achieves better
performance levels compared to a conventional beam pair selection algorithm.
Furthermore, a comparison with an optimal case is also done, i.e., the situation
where the channel is known, and the optimal beam pair angle can be determined.
Therefore, the similar performance results compared to the optimal case
indicates that the proposed algorithm is interesting for practical 5G mmWave
mMIMO implementations, according to 3GPP-compliant standards.
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Chapter 1

1. Introduction

This chapter begins with a brief description about the historical background of mobile
communication systems which have been in permanent evolution, witnessing five distinct
generations over the last 50 years. Then, an overview of the current under development 5G generation
is presented to give a better understanding of the implemented work. After, the motivations and
objectives are described, followed by the original contributions of this work. Lastly, the structure of
this dissertation is presented.

1.1  Background and basic concepts of cellular communication systems

Telecommunications, particularly wireless mobile networks, have become an essential part in
our societies since they are a revolutionized connectivity element that promotes the economic growth
of countries all around the world while providing a conformation of the information society and
current knowledge. In the last 50 years, the cellular communication systems evolution has generated
new resources and services to the end users worldwide over distinct generations:

o 1G

The first generation of mobile communications (1G) appeared in 1980 and was limited to
voice services over analog systems based on circuit-switching, frequency modulation (FM) and
frequency division multiple access (FDMA) to allocate different frequency bands for all the users
[1]. Some of the first 1G worldwide main technologies used were the Advanced Mobile Phone
System (AMPS) standard, developed in North America, the Nordic Mobile Telephony (NMT),
created in the Nordic countries and the Total Access Communication System (TACS), which
was used in the United Kingdom. All these cellular systems made mobile telephony accessible
to ordinary people for the first time but were also presented with innumerous drawbacks, such
as has low-capacity unreliable handoff, poor quality untrustworthy voice links and also the
impossibility to interoperate between countries due to the incompatibilities created by the
different technologies at the time of their creation [2].

o 2G

The second generation of mobile communication (2G) emerged in the early 1990s to keep
up with the demands originated by the exponential growth of the 1G. These new fully digital
systems based on Time Division Multiple Access (TDMA), Frequency Division Duplex (FDD)
and Gaussian Minimum Shift Keying (GMSK) modulation allowed innovative data services such
as the Short Message Service (SMS), Multimedia Message Service (MMS) and improved
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capacity, voice transmission quality and data rate [3]. Some of the numerous 2G technologies
include both the Digital-AMPS (D-AMPS) and the Code Division Multiple Access (CDMA)
used in the United States, the Personal Digital Cellular (PDC) used exclusively in Japan and the
Global system for Mobile Communications (GSM) developed by many European Countries. The
later GSM technology worldwide spread made it the most used standard globally, extending the
success of the 1G generation, experienced by a small fraction of people, to a large majority of
individuals, that still currently utilize 2G, preserving its importance nowadays [4].

The continuous improvement on the 2G technologies, alongside the creation of the World
Wide Web (WWW) led to the appearance of some advance systems like the General Packet
Radio Service (GPRS), on the informally known 2.5 generation (2.5G) and the later Enhanced
Data Rate for global Evolution (EDGE), on the 2.75 generation (2.75G). The 2.5G GPRS
technology introduced systems that had implemented an additional packet switched domain to
the already existing circuit switched domain like the Transport Control Protocol (TCP) while
enhancing the data rates supported by the 2G networks, providing some innovative services such
as the Wireless Application Protocol (WAP) access and internet access. On the other hand, the
2.75G EDGE technology introduced the 8-Phase-Shift Keying (8PSK) encoding within existing
GSM timeslots, allowing the achievement of higher data rates and more flexibility to carry both
packet switch data and circuit switch data in comparison to GSM [1].

o 3G

The third generation of mobile communication (3G) appeared in the early 2000s to face once
more the exponential growth of the mobile data services demand, requiring even higher data
rates capable of enabling faster wireless internet access, a better Quality of service (QoS) and
scalability [5]. Alongside all these innovations, it had also become apparent the need to surpass
all the interoperability limitations of the different standards already adopted across different
geographical locations, each one with its own regulatory issues, making the portability of the
global roaming service impossible.

The plan of a new standard to overcome this lack of globalization while accommodating the
backward compatibility of all the already existing networks, together with the definition of a
common structure, under which all of them could evolve, was created by the International
Telecommunication Union (ITU) and was named International Mobile Telephone 2000 (IMT-
2000) standard. This standard had the intent to converge all the existent wireless systems in a
global frequency band in the 2000 MHz range, supporting a single universal wireless
communication standard across all the countries around the world.

As a result, two main systems emerged: the Universal Mobile Telecommunication System
(UMTS) for Europe, based on GSM network with the main air interface know as Universal
Terrestrial Radio Access (UTRA) with both Time division Duplex (TDD) and FDD modes and
the Code Division Multiple Access 2000 (CDMAZ2000), used in the United States.

The evolution of these main systems towards 3G standardization, according the IMT-2000
specifications, was made by two organizational groups: The 3™ Generation Partnership Project
(3GPP) [6], related to the based on Wideband Code Division Multiple Access (W-CDMA)
evolved GSM networks and the associated radio access technologies supported, and the 3
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Generation Partnership Project 2 (3GPP2), comprising North American and Asian interests
developing global specifications for the CDMA2000 3G systems. These partnership projects
unite several telecommunications standard development organizations and provide their
members with a stable environment to produce technical specifications and technical reports for
each of the two main 3G mobile systems standards, the European UMTS and the CDMA2000,
mostly used in the United States.

These new 3G technologies enabled the efficient use of global roaming, service portability
and multimedia, allowing the differentiation of products and wider range of more distinct and
advanced services making use of the greater network capacity due to the enhanced spectral
efficiency [7]. Some of these new applications over the previous networks included Global
Positioning System (GPS) services, Internet Protocol Television (IPTV) support, wider area
wireless voice services and improved audio and video streaming, among others [8].

As a similar way to the improvement process of the 2G technologies, so the 3G networks
were also developed along the years to keep up with the market demands leading to the
appearance of two newer technologies implemented in the 3G networks: the High-Speed
Downlink Packet Access (HSDPA) on the informally know 3.5 generation (3.5G) and the High-
speed Uplink Packet Access (HSUPA) on the 3.75 generation (3.75G).

The HSDPA is a W-CDMA packet-based data service protocol that allows faster Downlink
(DL) data transmission speeds [9]. It has been implemented in some applications like fast cell
search, Hybrid Automatic Repeat Request (HARQ), Adaptive Modulation and Coding (AMC),
more advanced receiver (RX) designs and at Multiple-Input Multiple-Output (MIMO) systems.
On the other hand, the HSUPA is a UMTS/WCDMA Uplink (UL) evolution technology
complementary to the HSDPA, that enhances the UL data transmission speed [10].

o 4G

The fourth generation of mobile communications (4G), represented by the Long-Term
Evolution (LTE) technology, was once more a response to a given demand, focused on a concept
of inter-operability between different sorts of networks, being able to provide additional services
and higher data transfer speeds. The LTE standard introduced the concept of division multiple
access but in a different manner, this division is not done in time (TDMA) nor code (CDMA)
but in a frequency domain equalization process at the DL known as Orthogonal Frequency-
Division Multiple Access (OFDMA), enabling more advanced multi-antenna technologies as
well as wider transmission BWSs by providing orthogonality between the users, reducing the
interference, and improving the network capacity [11]. On the other hand, LTE uses the
technique of Single Carrier Frequency Division Multiple Access (SC-FDMA) at the UL, taking
advantage of the lower Peak-to-Average Power Ratio (PAPR) to provide high spectral efficiency
[12].

In comparison to 3G networks that supports mobile communication in unpaired spectrum
using the TD-SCDMA radio access technology, the main difference is that LTE supports both
FDD and TDD operations in just one radio access technology [13]. This new technology became
responsible for the convergence of digital appliances and technologies into a unique mobile



communication technology used in almost all mobile-network operators, diminishing the data

distribution boundaries related to both unpaired and paired spectra.

The Figure 1.1 shows the evolution of the already described mobile communications
systems, along with their main associated technologies, from the 1G until 4G:
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Figure 1.1: Mobile Communications systems evolution from 1G to 4G [14].

1.2 5G and the future of mobile communications

Even though LTE has proved to be a very capable technology, some requirements such as the
lower latency levels to deliver more instantaneous and real-time communications were still not met.
To answer this, the 3GPP organization, responsible to develop and maintain global technical
specifications, initiated the development of the New Radio (NR) access technology. Discussions
around the Fifth generation (5G) of mobile communication have been around for a while now,
sometimes not only referring to the specific NR access technology but also to the new wide range of
possibilities and services on the edge to be enabled by future mobile communication [15]. The new
focus on providing not only connectivity between users but also between any device or application
has a revolutionary impact in a wide range of different industries and services, such as the phone
industry, automation, automotive industry, manufacturing, entertainment industries, health care and
much more, providing to each of them new enhancements and opportunities with the main goal of
improving the quality of life of all its users [16].

The radio communications sector of the International Telecommunications Union (ITU-R),
responsible for ensuring efficient and economical use of the RF spectrum by all radio communication
services, identified mainly three distinctive classes of 5G use cases to support the requirements of
the International Mobile Telecommunications for 2020 (IMT-2020) standard, presented in Figure
1.2. These main use cases are Enhanced Mobile Broadband (eMBB), Massive Machine-Type
Communication (MMTC) and Ultra-Reliable and Low Latency communication (URLLC) [17], [18]:



¢ eMBB corresponds to a response to the growing needs triggered by the evolution of mobile
broadband (MBB) services offered by 4G, representing a wide range of scenarios from hot
spots to wide-area coverage, allowing even larger data volumes and further enhanced user
experience, for example, by supporting even higher end-user data rates, higher user densities,
and the need for higher capacity levels [19].

e mMTC scenarios corresponds to pure machine-centric services typically characterized by a
massive number of connected devices that consume and generate only a relatively small
amount of non-delay sensitive data. The main requirements include low device cost and very
low device energy consumption, allowing for very long device battery lifetime needed for
subsequent remote deployment scenarios [20].

e URLLC scenarios are characterized by human and machine-centric communication services
with strict requirements for very low latency, high reliability, and high availability. Examples
hereof are vehicle-to-vehicle communication and remote medical surgeries [21].
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Figure 1.2: Three main use-cases and their key capabilities defined by ITU-R [22].

The initial set of NR specifications goes back to the concluded 3GPP Release 15, supporting
both Non-Standalone (NSA) and Standalone (SA) network mode operation. The main difference
between these two modes is that in NSA mode operation, 5G radio systems are integrated in previous
LTE networks for coexistence and interworking assurance purposes, relying on them for initial
access (I1A) procedures and mobility while in SA mode, 5G NR systems are directly connected to a
new developed 5G core network in conjunction with its own air interface.



By the end of 2018, as soon as the Release 15 work matured into the first full set of 5G standards
in compliance with the first requirements towards the IMT-2020 standard, 3GPP started to shift its
attention to the development of Release 16, the second installment of the global 5G standard, greatly
expanding the reach of 5G to new services, spectrum, and deployments [23].

In the middle of 2020, with the completion of the Release 16, 3GPP continued the standardization
work, expanding 5G into new devices, applications, and deployments, concluding the stage 3 of
Release 17 in March of 2022. This current release marks the conclusion of the first phase of the 5G
technology evolution and delivers additional enhancements to 5G systems at many levels, including
capacity, coverage, latency, power, mobility, and many more improvements [24].

Meanwhile, new discussions about the recently approved Release 18 are being made towards the
development of the 5G advanced era, beginning the second phase of the 5G technology developments
in order to bring a new wave of wireless technology expansions to address the short and longer terms
needs of a wide variety of new verticals and use cases across 5G systems, powered by artificial
intelligence and extended reality technologies [25].

A representation of the main enhancements of the last mentioned 3GPP Releases is presented
below in Figure 1.3:
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Figure 1.3: Overview of the 3GPP Releases [93].

Doing a brief comparison between the latest NR technology and the existing LTE technology, it
is easy to point out some remarkable improvements:

e Use of additional higher frequency bands, particularly mmWave frequencies, greatly
expanding the range of spectra and thus enabling much wider transmission BWs with both
high traffic capacity and extreme data rates in implementations of small cell-based networks
characterized by reduced inter-cell interference levels.




1.3

An ultra-lean design, effective to diminish the volume of transmissions done by the network
nodes regardless the amount of user traffic. These ‘always on’ signals, can carry out
considerable negative effects in ultra-dense networks whether by imposing network energy
performance limits or by causing cell-interference, ultimately leading to a reduction of
achievable data rates. In NR, for example, the highly used reference signals for channel-
estimation are only present when there is data being transmitted.

The forward compatibility, with the goal of creating an existent radio-interface design not
only capable of responding to the actual user needs but also able to assure good incorporation
of future technology release improvements, use-cases, and requirements.

Low latency support, a requirement that has impacted the design details of many NR layers
such as Radio Link Control (RLC) and Medium Access Control (MAC), for example, with
the creation of new header structures capable of processing information without previous
knowledge of the exact amount of data to transmit.

A Beam-centric design and multi-antenna transmission, a key feature that provides support
for many steerable antenna elements in both transmission and reception, either capable of
exploring the advantages of providing extended coverage in higher frequency bands or by
enabling massive MIMO (mMIMO) implementations at lower frequencies, allowing the
concentration of transmitting antenna power in more narrower beams that can be focused on
desired directions with much-less multi-user interference. These higher degrees of freedom
(DoF) translate into much improved link reliability and diversity gains and can also be
applied for control-plane procedures such as IA. Additionally, a major difference towards
LTE is that all the NR channels and signals have been designed to support beamforming
(BF), which caused a different reference signal design with each control channel, carrying
scheduling decisions in the DL and providing feedback information in the UL, to have its
own dedicated reference signal.

Motivations and Objectives

The mobile networks have become one of the most successful worldwide communication

methods, with each succeeding generation being driven by a need to improve and provide more
advanced features to address the challenges not overcome by its predecessors. Due to the fast growing
pace of high-speed mobile broadband demands triggered by the exponential increase of the number
of users and distinct sets of requirements associated with the new wide range of possibilities and
specific services to be enabled by the future mobile communications, the IMT-2020 set of
specifications, mostly known as 5G, which are being developed by 3GPP according to a published
set of recommendations that represent the basis for the implementation of 5G Radio Access Networks
all around the world [26]. To fulfill the 5G performance requirements for different use cases, the
usage of mmWave spectrum has been considered as a key technology to enable large radio BWs,
overcoming the currently saturated frequency spectrum below 6GHz, used in LTE mobile systems.
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However, the use of higher frequencies for wireless communications are restricted by the harsher
propagation characteristics of the mmWave systems, that become even more hostile as the frequency
increases [27].

To efficiently surpass these impairments, NR communication systems benefit from the shorter
wavelengths to enable more sophisticated processing techniques such as BF, capable of providing
highly precise directional transmission links over multiple receive and transmit antenna elements,
each one with detailed control of both phase adjustment and amplitude scaling to provide both high
Antenna Array (AA) and spatial multiplexing gains, overcoming the severe high path losses of the
mmWave systems [28]. Nonetheless, to achieve the most possible connectivity, there is a need to
ensure that the established beamformed connection with each device occurs in the best possible set
of beams.

This led to the creation of a distinct set of interoperable procedures known as Beam Management
(BM) procedures, mainly consisting on a variety of control tasks, such as the determination of a
suitable beamformed beam-pair for idle users, establishing a connection between the device and the
network, the retention of the best connectivity possible for already connected users through beam
tracking processes, or even the beam recovery procedures needed to reestablish the connection with
minimal delay after blockage events, gradual changes in the environment radio propagation
conditions or additional user movements and rotations [29], [30].

The Initial Beam Establishment (IBE) stage is the first of the three defined 3GPP BM procedures
that aims at establishing the best beam pair in the DL and UL directions. This is usually done by
measuring the different Reference Signal Received Power (RSRP) values for each of transmit-
receive candidate beam pairs in a dual-end beam sweeping procedure, defined as procedure P-1 [29].
The correspondent beam pair link with the highest RSRP value will be chosen as it ideally
experiences the best channel conditions available. Therefore, relevant metrics to perform beam-pair
comparisons are fundamental in NR mobile systems for establishing the most suitable available
connection.

The work presently done within the framework of this dissertation falls in this context. The main
goal consists in a deeper comprehension of the 5G NR BM procedures and requirements defined in
the 3GPP standards for the IBE stage. Furthermore, the design and subsequent performance
evaluation in terms of Bit Error Rate (BER) of a new 3GPP-standard compliant beam pair selection
algorithm based on the SSSs angle estimation (BSAE) is also performed. This BSAE algorithm is
implemented in a NR system model that uses BM techniques at both transmitter (TX) and RX ends
to establish the beamformed connection in the DL direction by choosing the best Beam-pair available
for further synchronization, demodulation and decoding of a live gNB signal.

1.4 Contributions

The main contribution of this dissertation include:

e The design of a new 3GPP-standard compliant algorithm that aims to improve the beam-pair
selection stage by using multiple Synchronization Signal Blocks (SSBs) to maximize the
RSRP value at the receiver, considering the equivalent channel propagation matrix
estimation based on SSSs, to subsequently enhance the overall system performance.
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e The simulation and performance analysis comparison of different beam-pair selection
algorithms employed in a NR system that makes use of BM procedures at both TX and RX
ends for the IBE process.

1.5 Structure

This dissertation is organized into five chapters and starts with an introductory overview of the
mobile communication systems evolution along with their main respective correspondent adopted
technologies towards the 5G appearance. Afterwards, the motivations and objectives are also
presented. The remainder of this dissertation is organized as follows:

o Chapter 2: 5G New Radio Overview — This chapter starts with a brief description of some
key enabler technologies and techniques used in 5G NR namely, the Orthogonal Frequency Division
Multiplexing (OFDM) modulation scheme used in this work, the description of spatial diversity,
spatial multiplexing and BF concepts brought by MIMO systems, and the usage of mmWave
spectrum alongside its conjugation with mMIMO systems. Next, an overview of some 5G NR details
needed to provide a better understanding of the following BM procedures, in particular the new
frequency bands used, the transmission structure, the Bandwidth Parts (BWPs), and an outline of the
Radio Interface architecture is presented. Finally, the DL Physical Layer (PHY) channels and signals
are also described and contextualized.

e Chapter 3: Beam Management Procedures - This chapter provides a more detailed
description of the essential BM procedures involved in the IBE stage that aim at establishing a
suitable beam pair for further communication between the TX and the RX. These procedures include
beam sweeping techniques for SSB transmission and reception as well as beam measurement and
determination techniques used to determine the best beam pair link with the maximum RSRP value.
Moreover, cell search and selection procedures are also presented to provide initial System
Information (SI) to the User Equipment (UE) so it can effectively communicate with the network.

e Chapter 4: Simulation of the Proposed Beam Pair Selection Algorithm — In this chapter,
an efficient proposed beam pair selection algorithm for the IBE stage is presented in detail. We start
by analyzing a conventional beam pair selection algorithm through the characterization of the TX
and RX models alongside with the channel description, focusing the main BM procedures in IBE.
After, the proposed beam pair selection algorithm that uses channel estimation based on SSSs is
evaluated in terms of BER against the standard one as well as against an optimal beam pair
determination algorithm.

e Chapter 5: Conclusions and Future Work - In this chapter, we point out the main
conclusions of this work summarizing the main achieved results, and some guidelines for future
research and improvements are presented.
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Chapter 2

2. 5G NR overview

The exponential growth of the wireless communications systems brought even more demanding
requirements for 5G. The fast adoption rate of new users is expected to continue alongside their
requests for enhanced applications, digital services, and improved performance. To provide this, 5G
NR is based on several different key technologies like OFDM, a highly spectral-efficient modulation
technique, the use of mmWave spectrum and mMIMO, that combined makes use of multiple
antennas to provide transmissions with increased data throughput, coverage, more network capacity
and reduced multi-user interference [31], [17]. The aim of this chapter is to present some of the key
enabler technologies and techniques used in 5G NR systems to overcome the limited BW shortage
of the LTE systems.

2.1 OFDM Modulation

The OFDM is a multi-carrier modulation concept that consists of a frequency division
multiplexing (FDM) scheme where the data signal is divided into different encoded sub-streams
which are transmitted by multiple closely spaced orthogonal sub-carriers. Thus, each sub-stream has
both a lower symbol rate and reduced BW occupation while each sub-carrier is modulated with a
conventional modulation scheme such as Binary Phase-Shift Keying (BPSK), Quadrature Phase-
Shift Keying (QPSK) or M-ary Quadrature Amplitude Modulation (M-QAM) [32].

These narrowband OFDM sub-carriers overlap to achieve higher data throughputs while being
orthogonal to each other, a feature that heavily reduces the Inter-Symbol-Interference values (ISI)
and provides improved spectrum and BW efficiency without a complex channel equalization at the
RX, an operation usually done in single carrier systems [33].

In Figure 2.1, the orthogonality concept is illustrated by the data transmission along multiple
simultaneous sub-carriers with their correspondent peak values aligned with the null points of other
overlapped subcarriers, therefore reducing the Inter-carrier Interference (ICI) while providing a good
spectral efficiency, useful to an effective signal recovery.
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Figure 2.1: OFDM signal frequency spectrum [34].

This OFDM orthogonality is also responsible for additional resilience against frequency-
selective fading, multi-path fading and co-channel interference [35]. Additionally, another important
concept is the insertion of a defined duration cycle prefix (CP), attached at the start of each OFDM
symbol within the subframe, repeating the end of another OFDM symbol. This CP is used to
accommaodate the delay spread of the channel while effectively avoiding the distortion caused by the
ISI for duration values higher than the maximum delay spread of the multipath channel [36].
Furthermore, it is also important to mention the increase of the symbol duration value along with the
increase of CP values, consequently leading to a decrease in the transmission rate. Lastly, to an
effectively ICI avoidance, the Subcarrier Spacing (SCS) must be much higher than the maximum
Doppler shift [37]. These features allow more efficient system implementations with simplified TX
and RX designs using Inverse Fast Fourier transform (IFFT) and Fast Fourier Transform (FFT)
algorithms, at the TX and RX sides, correspondingly [33], [38].

A conventional OFDM system is presented in Figure 2.2. First, the modulation process starts in
the TX with the digital modulation of a bit stream into data symbols to be posterior mapped into the
OFDM frame. Later, these symbols suffer an IFFT that is responsible for the signal frequency domain
conversion into the time domain. Lastly, the CP is added to preserve the OFDM orthogonality. The
signal is then transmitted through a wireless channel where the transmitting information may be
affected by different channel conditions such as fading. At the RX side, the CP is then removed and
the signal passes through a FFT that converts the time domain signal into the frequency domain,
where the equalizer is applied (based on channel estimation) to remove the channel effects. Finally,
the information is then de-mapped followed by the demodulation process for the data bits effective
recovering.
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Figure 2.2: OFDM block diagram: (a) transmitter; (b) receiver.

2.2 Conventional MIMO Systems

MIMO is the term used to describe the application of multiple transmit and receive antenna
elements both at the TX and RX with the aim of achieving simultaneous transmission of multiple
signals, enhancing the transmission data rates, directivity, the channel robustness, and the system
spectral efficiency [39]. This antennas scheme provides more DoF than previous configurations but
also presents some drawbacks at both hardware and software levels. In terms of hardware, the
increasing complexity of the full digital architectures, where there is one dedicated Radio Frequency
(RF) unit connected to each antenna, results in higher cost and power consumption. In terms of
software, the need of additional computationally intensive signal processing algorithms and their
additional power consumption presents some challenges for the systems optimization [40].
Additionally, with the use of a higher number of antennas, more RF interference occurs, and the
antennas correlation values become even more important.

To improve the overall system performance taking advantage of the usage of terminals with
multiple antennas, the use of MIMO technology, presents different benefits without an additional
increase in BW or transmit power, presented in Figure 2.3 [41]:

e Spatial Multiplexing gain, increasing throughput rate and system’s capacity with the
transmission of information in multiple parallel independent data streams that share the
same set of time and frequency-domain resources.

e Spatial Diversity gain, improving the link reliability and robustness to co-channel
interference by placing the antennas appropriately apart to create independent
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transmission paths with low uncorrelated fading values between them. The transmission
probability error can then be decreased by averaging over these multiple independent
signal paths and hence, obtaining the desired diversity gain.

e Array gain, by using the multiple transmit antennas to perform BF, directing the
transmitted signals to the UE with improved Signal-to-Noise Ratio (SNR).
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fading paths to minimise the antennas enables transfered using the same
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Figure 2.3: Benefits of MIMO systems [42].

For those reasons explained above, MIMO has come to be the adopted technology in LTE
systems with its first specification standards defined in 3GPP Release 8, back in 2008, enabling the
use of the first 2 TX/2 RX variation, called 2x2 MIMO. This initial version experienced numerous
critical enhancements over the subsequent releases, especially concerning processing power rates,
ending up enabling the usage up to 8 DL transmission layers and spatial multiplexing up to 4 UL
layers in the current LTE Advanced 4G networks, specified in Release 10.

2.3  Millimeter-Waves and massive MIMO

The combination of mmWave and mMIMO complement each other and represent two important
5G enabling key technologies used to overcome the limited BW constraint, high data rate and spectral
efficiency requirements of the modern mobile systems.

Frequency bands from 30 to 300 GHz in the electromagnetic spectrum are also known as
mmWaves due to their associated wavelengths between 1mm and 10mm. This Extremely High
Frequency (EHF) spectrum [43] is mostly unexploited and thus, presents a particularly important
resource for the future of the mobile communication systems since it can offer wide channel BW and
escalating capacity demands useful for a wide range of new possibilities, use-cases and 5G scenarios
[44].

MmWave mobile communication systems capable of achieving gigabit-per-second data rates in
urban deployments have been already studied [45], [46]. Still, the use of this mmWave frequencies
is constrained to much different propagation characteristics than the most utilized nowadays sub-
6GHz microwave frequency bands, with favorable propagation conditions. Different difficulties,
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such as increased free space pathloss, shadowing effects and many attenuation loses that become
even more relevant at more higher frequencies cannot be neglected.

On the other hand, a particular case of the MIMO systems is the mMIMO that uses hundreds
of antennas to allow the transmission and reception of a signal through beams with narrower BW
and higher gain value. Moreover, there is also the possibility to adjust both amplitude and/or phase
values of each RF chain, thus, providing an active control of the beam direction, concentrating the
transmit power towards the UE location. This feature allows to reduce the problem caused by high
attenuations in mmWave, hence it is considered a promising combination. In mMIMO, the larger
number of additional steerable antenna elements are also used to dynamically assign beams in a
specific direction allowing the transmission of multiple data streams while at the same time,
providing much greater adaptivity, user throughput, network capacity and improved UE signals with
reduced interference without an additional increase in BW or transmit power [28].

2.4  Analog, fully digital and hybrid architectures

The adaptative BF can be applied at either BS or UE ends with the goal of establishing the Beam-
pair that leads to the best connectivity possible. By adjusting the phase values between the
transmitted/received signals, it is possible for both the TX and RX to have a more precise control of
the angle at which the constructive frequency occurs, maximizing the beam gain towards the desired
UEs while minimizing the leakage power of intrusive signals originated from unwanted spatial
locations. This mechanism can be applied via analog, digital or even a combination of these two
domains, also known as hybrid architectures, as shown in Figure 2.4.

Analog beamforming Digital beamforming

Digital |  Analog
domain . domain

Digits! | Analog Y |
doram. = comes Antenna ] DAC > % Y Antenna 1
| Y . 1 b
] . / £
S I Anao Antenna 2 k] i |_|_ Y
0} DAC lb\ heamlcmgnng = Digital DAC % Antenna 2
= : b, i L i | beamferming  Basthied
& =7 | phase shifters | : 5 ; b ¥
> - : b ' aseband 7 e
Antenna M ‘
N: number of DACS —@— PA Antenna M
M: number of antennas 1
N=1 N
N: number of DACs/PAS
M: number of antennas
" A N=M
Hybrid beamforming
Digital | Analog
domain . domain
| | Arvlanna 1
Ana‘cg Anlenna
II DACY % beaméorming j
o | | phase shilters | Antenna p
«
= Digital :
2 beamforming |
§ baseband | j7
Ana‘og 2 Antenna q
@ b beamforming H 57
I phase shifters | Artenna i

N: number of DACs/PAs/analog beamformers
M: number of antennas
N<M

Figure 2.4: Beamforming architectures [47].
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In fully analog BF architectures, Power Amplifiers (PA) and digitally phase shifters (PS) are
implemented to reduce both the system’s complexity and power consumption [48], where an analog
signal which has been previously processed in the digital domain is then divided into separate paths.
The application of the set of BF weights to the RF signal generate a single beam that can be directed
towards one or multiple UEs being served in the same direction at that point in time. This method
has the advantage of requiring only one Radiofrequency (RF) chain for all antenna elements however,
in practice, analog BF techniques do not explore all mMIMO resources because the formed beams
are either fixed or steered at a much slower rate compared to digital BF, consequently imposing limits
to the achievable system performance and effective capacity.

On the other hand, fully digital architectures require one dedicated RF chain per antenna element
and thus, since mMIMO implementations comprehend a very large number of antenna elements,
their implementation is not practical due to the increased power consumption, complexity and higher
hardware component costs needed for mmWave frequencies applications, like power amplifiers (PA)
and digital-to-analog converters (DACs) using alternative semiconductor technologies. To maximize
the diversity and multiplexing gain in the MIMO environment, unlike the fully analog BF technique,
the digital BF technique performs BF in the digital domain using the baseband signal operation where
digital amplitude and phase weighting is performed in multiple parallel RF chains, allowing the
simultaneous generation of multiple beams that can be separated and directed towards the UESs.

To overcome the performance limitations of analog architectures and the cost/power
consumption limitations of digital architectures, hybrid architectures have been proposed, where
some signal processing is done at the digital level, and some left to the analog domain. This structure
allows combining the advantages of both analog and digital BF techniques while reducing hardware
complexity in a mMIMO environment are seen as a promising solution [46]. In this method, a more
energy-efficient implementation is presented where each data stream has a separate analog
beamforming unit (BFU) with a set of antennas, reducing the total number of RF chains in the system
while preventing performance losses.

2.5 Overall Radio Interface-Architecture

The 5G systems (5GSs) are composed by the 5G Core Network (5GC), the Radio Access
Network (RAN) and the UE, as presented in Figure 2.5.

The 5GC is a service-based architecture responsible for non-related radio access functions
needed to provide a complete network, thus, providing connectivity both to internet and application
servers while offering flexibility in terms of functionality. This is specially observed in the split of
user-plane and control-plane functions, allowing independent scalability, evolution, and different
deployment strategies.

The 5G NG-RAN, by its turn, is responsible for all the radio-related functions of the overall
network such as scheduling processes as well as the multi-antenna schemes [2]. For assuring
backwards compatibility, the new RAN supports two types of logical nodes defined in 3GPP: the
gNB and the next generation eNB (ng-eNB) for LTE devices [49]. These nodes are responsible for
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all the radio-related functions in one or more cells, including radio resource management and
connection establishment, among others [50].

5G System (5GS)

User Equipment (UE)
5G Core Network Rt G\cncrarin-nl )] (t9)
(5GC) Radio Access Network
i (NG-RAN)
gNB ng-eNB

Figure 2.5: 5G System (5GS) illustration.

A more detailed overview and overall description of the NG-RAN architecture with its various
interfaces and their interactions is presented in 3GPP TS 38.300 [49] and 3GPP TR 38.801 [50].
Additionally, a more complete description of the 5GS CN architecture model and concepts, including
the user plane and control plane split can be found in 3GPP TS 23.501 [51] and 3GPP TS 38.401
[52].

One important characteristic of the NG-RAN is the split between user plane and control plane
functions allowing independent scalability, where the user plane protocol stack is responsible for
carrying information between the end user and the application server while the control plane stack is
responsible for transmitting signaling messages further used for connection setup, mobility and
security [42].

The Radio Resource Control (RRC) is the only control plane protocol stack that is not present in
the user plane context. It is used for signaling between the UE and the BS, handling RAN-related
control-plane procedures like the broadcasting of System Information (SI), needed for the UE to be
able to communicate with a cell, or the connection management, configuring all the necessary
parameters for communication between the UE and the RAN. This RRC layer is particularly relevant
in the BM procedures and will be later discussed in chapter 3.

A general overview of all the different user/control plane protocol entities in the NG-RAN
between the UE and the gNB is presented in Figure 2.6, as well as a brief description of each of their
layer’s functions in Table 2.1.
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Table 2.1: Main functions of the different protocol entities.

Layer

Functionalities

Radio Resource Control (RRC)

Signaling messages (3GPP TS 38.331)

Service Data Application Protocol
(SDAP)

Mapping QoS Flows of 5G CN data to radio
bearers based on their requirements (3GPP TS
37.324)

Packet Data Convergence Protocol
(PDCP)

header compression

Integrity protection

Ciphering

In-sequence delivery retransmissions to
highest layers

Routing and duplication (3GPP TS 38.323)

Radio Link Control (RLC)

Segmentation and retransmission handling
(3GPP TS 38.322)

Medium Access Control (MAC)

Multiplexing of logical channel data from
RLC

Hybrid-ARQ retransmissions

Scheduling related functions

Provides services to RLC in form of logical
channels

Generates Transport blocks from the original
channel data to pass to PHY (3GPP TS
38.321)

Physical Layer (PHY)

Coding/Decoding
Modulation/Demodulation
Multi Antenna Processing
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e Mapping the signals to appropriate physical
time-frequency resources (3GPP 38.211;
38.212; 38.213; 38.214)

More detailed information about the user plane protocol can be found in 3GPP TS 38.425 [53].
In addition, the user plane and control plane are also described in 3GPP TS 38.300 section 4.4 [49].
Finally, a better description of the RRC protocol can also be found in 3GPP TS.300 section 7 [49]
and in 3GPP 38.331 [54].

For the sake of simplicity, in this dissertation there is only the focus on the Physical layer (PHY),
also known as Layer 1 (L1).

2.6  Transmission Structure

The following subchapters aim to deliver a better insight of the flexible resource allocation in
the 5G technology, crucial to provide an efficient support for numerous devices with different
transmission capabilities.

2.6.1 Time-Domain Frame Structure

The NR time-domain structure is composed by an indexed 10ms duration radio frame using the
System Frame Number (SFN) and is equally divided in 10 subframes of 1ms each one. Each
subframe is, on the other hand, composed by slots consisting of a fixed number of OFDM symbols
as shown in Figure 2.7. As the numerology increases, the number of slots per subframe also increases,
causing the reduction of each slot duration and therefore resulting in the increase of the number of
symbols sent in a determined time. Using Normal CP values, the slot is composed by 14 OFDM
symbols whether in Extended CP mode there is only 12 OFDM symbols per slot [55].

Since the slot is defined by a fixed humber of OFDM symbols (Nj},‘,’,fb), there is a possibility to
reduce the slot duration by using numerologies with higher SCS values, however, the CP duration is
also decreased. Thus, this methodology cannot always be feasible to support low-latency
communications because of the drawbacks in scenarios where there is a long delay spread that might
results in not enough provided CP protection against inter-symbol Interference (ISI).

A more efficient approach to achieve low latency communications is done by enabling
transmissions over a fraction of a slot subsequently minimizing the decoding delay, a feature
sometimes referred as “mini-slot” transmission [56]. These types of transmissions enable the
immediate transmission of mini-slots containing a reduced number of OFDM symbols (2, 4 or 7
symbols), being capable of providing a quick delivery of low-latency data needed in URLLC
scenarios [57]. This is also particularly useful in NR unlicensed (NR-U) spectra operation, introduced
for the first time in the 3GPP release 16 supporting the existing global 5GHz and 6GHz unlicensed
bands widely used by Wi-Fi and LTE technologies nowadays, and the later expansion to the
unlicensed 60 GHz band (57 to 71 GHz) available for 5G deployment, for both public and private
networks [24]. In NR-U operation, the TX commonly applies the “listen-before-talk” procedure to
certify that the radio channel is not already occupied with other transmissions and, as soon as the
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channel is declared available, it is advantageous to immediately start a transmission rather than wait
until the start of the slot, greatly avoiding channel occupation from other devices and hence,
improving the system efficiency.

Besides the better support for very low latency communications and unlicensed spectra, there are
several benefits in occupying only a part of the slot for transmission, for example, with the use of
analog BF, where it can only be used one beam at a time in transmissions to multiple devices using
different beams, resulting in the need for time-domain multiplexing of the different devices. In this
situations, with the large BW available in the mmWave spectrum, a few OFDM symbols can be
sufficient to carry the available payload.

One frame, Tiame = 10 ms

|;#0]#1[#2[#3]#4[#5]%1#7[%]#9i

Af=15KHz | s

= * One slot, 1 ms
Af=30kHz [ ]
- + One slot, 0.5 ms

Af=60kHz ]

-

One slot, 0.25 ms

Af=120kHz [

fo—es One slot, 0.125 ms

Af= 240 kHz [
=+ One slot, 0.0625 ms

Figure 2.7: Subframe and slots in NR (Normal CP values assumed) [2].

2.6.2 Frequency-Domain Frame Structure

In similarity to LTE, NR technology is based on OFDM modulation due to its robustness to time
dispersion and ease of exploiting both the time and frequency domain resources while defining the
structure for different channels and signals [58].

In the already mentioned 3GPP Release 17, specification of multiple OFDM numerologies to
provide flexible resource allocation for a wide variety of deployment scenarios and electronic devices
transmission’s capabilities is presented [49]. To withstand implementations from using large cells,
operating at lower frequencies, to mmWaves systems with very wide spectrum allocations, NR
supports a flexible OFDM numerology (1) with SCSs from 15 to 960 kHz and its correspondent
proportional change in the Cyclic Prefix (CP) duration for a DL or UL BWP [55]. This SCS value is
responsible for frequency domain BW determination and the time domain duration of a single
Resource Element (RE), the smallest physical resource in NR, with the respective dimensions of 1
subcarrier in the frequency domain and 1 symbol in the time domain. Furthermore, a set of 12
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consecutive subcarriers in the frequency domain is defined as a Resource block (RB), as illustrated
in the Figure 2.8:

One resource element

One OFDM symbol

Figure 2.8: Resource Block and Resource Element illustration [2].

The NR numerology configurations are presented in Table 2.2, where p=0 corresponds to the
previous LTE technology subframe configuration with the SCS value fixed at 15 kHz, which is
beneficial to coexistence purposes while the new possibility of scaling SCS values up to 960 kHz
can assure the stricter latency and QoS demands of a wider range of services [59]. The use of a
smaller SCS value can provide a long CP value while higher SCS values are useful, for example, to
deal with the increased phase noise at higher frequencies.

Table 2.2: Supported transmission numerologies [55].

Af =15 x 2" Ne slots/ N° Slot Resource
H (kHz] CP frame slots/ duration Block
(NJ7emety | subframe (TTI) Bandwidth
15 Normal 10 1 1ms 180 kHz
1 30 Normal 20 2 500us 360 kHz FR1
Normal,
2 60 Extended 40 4 250 ps 720 kHz use
3 120 Normal 80 8 125 ps 1.44 MHz
4 240 Normal 160 16 62.5 s 2.88 MHz FR2
5 480 Normal 320 32 31.25 us 5.76 MHz Use
6 960 Normal 640 64 15.625 ps | 11.52 MHz

Another major difference towards LTE is related to the maximum carrier BW value in NR as
stated in the last subchapter. Even though the same total of up to 3300 subcarriers can be used, the
maximum carrier BW can take values up to 100MHz for FR1 or 2000MHz for FR2. Additionally,
there is also the possibility of combining different numerologies within the duration of a single
symbol [60], [61]. A more detailed presentation of which numerologies can be used within each
operative band is presented in 3GPP TS 38.104 [62].
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2.7 Bandwidth Parts

Another new concept in NR is a feature known as BWPs, a subset of contiguous Common
Resource Blocks (CRBs), a set of RBs which occupies the channel BW and aims to provide more
flexibility by enabling the multiplexing of different numerologies with different signals and signal
types to be transmitted in the same carrier for better efficient use of spectrum and power resources
[55]. Due to the wider possible range of BWs in NR and the different UEs capabilities, the challenge
of using the larger available BWSs can be surpassed using BWPs, sub dividing the carrier and using
it for different purposes. In this way, if a device can process the simultaneous reception of multiple
BWHPs, the mixing of different numerologies in a carrier is possible. Despite this new possibility,
some interference problems with subcarriers of another technology, known as Inter Numerology
Interference (INI) may arise, introducing new challenges in the way waveforms are built and
managed [57], [61].

The Figure 2.9 illustrates some of the new possibilities associated with the flexible use of BWP,
where the BS and the UE different capabilities do not need to match, thus, the BWPs are therefore
used to provide services to UEs that do not support the full channel BW. In the first case, the UE is
assumed to only support a reduced channel BW and the BWP is used to provide services with a
subset of the total channel BW. In the second case, there is the representation of mixed non-
contiguous BWPs with different numerologies in a carrier. Finally, the last case represents the
insertion of a reduced device energy consumption for each separate user through using a smaller part
of the overall subcarrier.

Overall carrier Overall carrier Overall carrier
BWP2

"

Numerol. 1 Numerology 2
BWP | omwe | | Bwe2 | BWPI
¥ L ~ L |
Supporting reduced UE BW Supporting mixed numerology

Supporting reduced UE

(network perspective) energy consumption

Figure 2.9: Main Bandwidth parts multiplexing possibilities [63].

Regarding configuration purposes, these BWPs can have different configurations, including
different numerologies, different frequency locations, BW sizes or even a different Control Resource
Set (CORESET). A UE can be configured up to four BWPs per carrier both in the DL and the UL
from which only one can be active in each direction, implying that the reception of PDSCH or
PDCCH can only be done within an active DL BWP [55]. In a similar way, for the UL, the
transmission of the PUSCH or PUCCH can just be done in the active UL BWP. These new
specifications create more new test possibilities and permutations in need of validation in 5G NR
devices, introducing more complexity to the way 5G NR signals are created and demodulated. A
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more detailed description about BWP operation can be found in 3GPP TS 38.213, section 12:
“Bandwidth part operation” [64].

2.8

An

Physical layer Downlink Overview

overview of the DL PHY layer is presented in Figure 2.10 with its different physical channels

and signals. A description of their functions and carried information is also described.

Physical Layer
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Figure 2.10: Mapping of DL Transport channels onto Physical channels.

Physical Channels

A DL physical channel corresponds to a set of time-frequency REs carrying information
originated from higher layers across the air interface. The following downlink physical channels are
defined in 3GPP:

Physical Downlink Shared Channel (PDSCH): is the main physical channel not only used for
data transmission but also paging information, Random-Access (RA) response messages, and
delivery of SI. This channel is not used to transfer high layer information, so it does not have
any associated transport nor logic channels

Physical Downlink Control Channel (PDCCH): is used for transmission of Downlink Control
Information (DCI) in one or more control resource sets (CORESETS), mainly scheduling
decisions, required for the correct reception, demodulation and decoding of the PDSCH. For
assuring a compatibility between devices with different BWs, the forward compatibility
concept and the device-specific BF support on the control channels, a different reference
signal design was required with each control channel having its own dedicated reference
signal.

Physical Broadcast Channel (PBCH): is used to broadcast part of the Sl, which is needed for
the UE to access the network.
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2.8.2 Physical Signals

A DL physical signal is used for synchronization, channel state information (CSI) and channel
estimation. They are generated and used by the PHY layer without carrying information originated
from higher layers. Currently, the following DL physical signals are defined in 3GPP:

e Demodulation Reference signals (DM-RS): used for the PBCH, PDCCH and for PDSCH.
They are sequences know to UE that will be further compared with the received signal
sequence for channel estimation impact of the propagation channel.

e Phase Tracking reference signals (PT-RS): equally used for UL, is employed as an extension
to DMRS for phase-noise compensation within the signal transmission duration. This phase
noise is predominantly generated in the oscillators at both the TX and RX, becoming more
significant for the higher operating frequency bands.

e Positioning Reference Signals (PRS): is the main reference signal supporting DL based
positioning methods, used to provide better levels of accuracy, coverage and interference
avoidance or suppression of neighboring cells which can be difficult to measure in scenarios
where they are co-channel with the reference cell.

e Channel-state information reference signals (CSI-RS): are a multi-purpose signals intended
to be used by the UE to acquire DL channel-state information (CSI) and then perform Channel
Quality indicator (CQI) reports. They can also be configured by the BS for time/frequency
tracking in BM procedures and for mobility measurements.

e Primary Synchronization Signal (PSS) and Secondary Synchronization signal (SSS): used by
the UE during the IA procedure, Physical Cell Identity (PCI) identification, and during other
BM procedures. They can also be used for Reference Signal Received Power (RSRP), Signal-
to-Interference plus Noise Ratio (SINR) and Reference Signal Received Quality (RSRQ)
measurements.

A more detailed description of the physical channels and signals in the DL are presented in 3GPP
38.211, sections 7.3 and 7.4 [55], respectively. Additionally, some more information regarding the
physical DL channels is also presented in 3GPP 38.300 in sections 5.2.2 and 5.2.3 [49].
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Chapter 3

3. Beam Management techniques in the

Initial Beam Establishment context

As mentioned before in the chapter 2, the use of mmWave frequencies is crucial to provide the
coverage area extension by enabling AASs with beam-centric design and additional BF gain. Hence,
it is of great importance an efficient management of the established beam-pairs used for both
transmission and reception of information between the gNB and the UE. To support this, 3GPP
specified a set of Layer 1 (L1) and Layer 2 (L2) BM procedures in 3GPP TS 38.802 with the main
goal of establish and retain a suitable beam-pair capable of providing the best connectivity possible
for transmission, both in UL and DL directions [29].

Since the optimal beam-pair may not always be in a Line of Sight (LoS) scenario between the
gNB and the UE, especially at mmWave frequency bands, where there are higher levels of reflection
upon static or moving obstacles in the Radio Link Path, a reflected beam-pair can provide a better
connectivity, as shown in Figure 3.1. Thus, the BM procedure are also required to handle this
situations and support mobility between beams for seamless data transmissions.

((l |))@—@D ((l |)) e ai

Beam pair
(a) (b)
Figure 3.1: Downlink direction Beam-pair establishment: (a) Direct; (b) Reflected [2].

Another important aspect of the beam-pair selection is the possible existence of Beam
Correspondence, specified in 3GPP TS 38.101-2 section 6.6 [65]. This concept aims at increasing
the efficiency of the BM procedures by making use of the optimal beam-pair selected measurements
in DL transmission to select a suitable beam for UL communications, sparing time in the process of
selecting another pair for communication in the opposite transmission direction. Otherwise, in case
it turns out to be inconceivable to use the same Beam-pair, the UE can still perform UL beam
sweeping allowing the BS to complete the beam-pair reselection based upon Sounding Reference
Signals (SRS) transmissions.

Usually, BM consist of the following three procedures:
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e Beam Establishment: where initial cell synchronization occurs enabling UE measurements
on the different TX beams with the purpose of establishing an initial DL beam-pair selection
between the gNB and the UE.

e Beam Adjustment: a beam refinement procedure not only used to compensate for the UE
mobility effects but also for gradual changes in the environment.

e Beam Recovery: a recovery beam-pair procedure in link failure scenarios that ultimately led
to the loss of connection between the UE and the gNB.

This dissertation is primarily focused on the initial beam establishment procedure in the DL as
well as beam-pair refinement for transmission performance enhancement purposes. A more detailed
view of BM procedures in the Initial Beam Establishment stage will be discussed in more detail in
the following sections.

3.1 Introduction

The IBE stage includes the procedures and functions by which a beam pair is initially selected
for the DL and UL transmission directions, for example, when a UE enter a coverage area of a system
or is switched on, accessing the network to request the set-up of the connection with the gNB.

3GPP TS 38.304 defines some expected functions and procedures for the suitable cell selection
by the UE for RRC_IDLE and RRC_INACTIVE states, described in RRC subsection, while still
leaving some freedom and flexibility for different implementation designs [66]. The main processes
in IBE context are presented in the Figure 3.2, consisting of PLMN selection, the 1A stage composed
by Cell Search, Selection and RA procedures that allow the device to find a cell to camp on and
further receive the necessary Sl for the connection set up and finally, the RRC connection
establishment. More detailed information about the RRC sublayer and its functions inside the
control-plane can be correspondingly found in 3GPP 38.300 Sections 7 and 4.4.2.

The following section of this dissertation will describe the IBE processes involved, as well as
Radio Resource Control (RRC) functionality, an important mechanism used to handle the RAN-
related control-plane procedures needed for the successful exchange of UE information and 5GC
connection establishment, such as the broadcast of Sl required for the device communication with a
cell.
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Figure 3.2: Initial Beam Establishment Overview.

3.2 PLMN Selection

The Public Land Mobile Network (PLMN) is defined in 3GPP by a network established and
operated for the purpose of providing land telecommunications services to the public, in one or a
combination of frequency bands [66]. Its selection can be done either automatically or manually and
this process corresponds to the first stage of the Initial Beam Establishment procedure.

The process of PLMN selection can be performed using previously stored information
measurements for optimization purposes or, otherwise, with no previous known information, where
the process of PLMN selection is accomplished by the UE performing a cell search of the strongest
cell on each carrier of every RF channel within its supported frequency bands, as described in the
next subchapter. Each PLMN found is identified by its PLMN identity (PLMN ID), acquired from
the Sl on the broadcast channel within System Information Block 1 (SIB1) and subsequently, based
on a RSRP quality metric criterion, reported back to the Non-Access Stratum (NAS) layer,
responsible for the PLMN selection [66]. A more detailed description of the PLMN selection process
can be found in 3GPP 38.304 Section 5.1.
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3.3 Cell Search and Selection

The Cell search stage includes the functions and procedures by which a UE finds cells nearby
when entering a system, or new cells to allow efficient mobility while moving within the system,
even in RRC_Connected/Inactive states. This is done by the acquisition of time and frequency
synchronization with a cell based on the so-called SSBs, specified in 3GPP TS 38.211 as SS/PBCH
block, a structure consisting of a PSS, a SSS and a PBCH with associated DMRS, needed for coherent
demodulation of the PBCH [55].

This section will start by presenting the SSB structure along with the stage | of the IA,
correspondent to the cell search and selection procedure. Additionally, the L1/L2 control signaling
associated with the PDCCH transmissions, including the necessary information needed for the UE
to receive, demodulate, and decode the PDSCH are also described to provide a better understanding
of the process.

3.3.1 SSB and SS Burst set

An SSB is transmitted periodically with a default value of 20ms on a set of time/frequency REs
within the basic OFDM grid, consisting of 4 OFDM symbols in the time-domain and 240 contiguous
subcarriers (20 RBs x 12 subcarriers) in the frequency domain, as illustrated in Figure 3.3.

[ I
- -
One OFDM symbol

Figure 3.3: Time/frequency structure of a single SSB [2].

This 20ms default value is used as an indication for the UE to know how long it must stay on
each frequency before concluding that there are no synchronization signals (SSs) present.
Nevertheless, there is the possibility of periodicity configuration for shorter or longer SSB
transmissions with values from 5ms to 160ms, useful, for example, to enable a faster cell search in
already network connected devices, where beam-sweeping over many beams with a corresponding
large number of time multiplexed SS blocks is performed or allowing enhanced network energy
performances in mMMTC scenarios, respectively [67]. This possibility for faster cell search is even
more enhanced in NR by allowing a set of different possible frequency locations for the SSBs within
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each frequency band. In this way, instead of fixing the SSs location at the center of the carrier like in
LTE, a device without prior knowledge of the frequency-domain carrier position only searches for
the SSs in a smaller set of frequency positions that can be used by the UE for Sl acquisition, known
as synchronization raster [62].

These SSBs can be organized in sets, and it is possible to apply beam-sweeping techniques for
their transmission. 3GPP defined an SSB set, or SS burst in TS 38.213 as the set of one or more SSBs
within a beam-sweep procedure. These Bursts are used to address the requirements of BF and BM
procedures and their periodicity (Tss) is flexibly configurable between the same values described
above for the SSB period, however, each SS burst set is always confined to half a radio frame, that
is, 5ms time interval, either in the first or second half of a frame. Currently, there are seven different
time domain patterns defined by 3GPP from case A to case G, which are used for SSB transmission
with different combinations of both SCS and frequency range values [64]. The following Figure 3.4
shows the five first SSB patterns:

10ms 10ms 10ms 10ms 10ms 10ms 10ms 10ms

i i Wit W e

«— freq —»

u u u u patterns depending on
< Case A > subcarrier spacing and
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Figure 3.4: Different SSB transmission patterns [68].

Each SSB belonging to an SSB burst is assigned to a different beam as shown in Figure 3.5 and
the maximum number of SSBs per burst is also specified depending upon the operating band. For
FR1 bands below 3GHz, there can be up to 4 SSBs within a SSB set, while the remaining FR1 bands
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can have a maximum of 8 SSBs per SS Burst set. Otherwise, FR2 bands can achieve a higher number
of 64 SSBs per SS burst set, enabling beam sweeping techniques over 64 beams, mainly because of
the use of more narrow centric beams in this range of frequencies [64]. Even though there is a
limitation to the maximum number of used SSBs, the gNB still has the freedom not only to define
the number of allowed SSBs within a burst but also how to distribute them in any possible spatial
locations. More information regarding the set of SSBs in a burst for each case can be found in TS
38.213 Section 4.1.
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Figure 3.5: Multiple time-multiplexed SS blocks within an SS-burst-set period [69].

This cell search process, without any previously stored information such as carrier frequencies
the UE has already camped, starts with the UE scanning all the RF channels searching for one or
more SSs positions on the synchronization raster based on the frequency band the UE is performing
cell search on. After finding them at a specific Global Synchronization Channel Number (GSCN)
associated to each carrier frequency, the UE will then search for the strongest cell, select it, and
proceeds to decode the required SI. More information regarding the synchronization raster for each
band can be found in TS 38.104 Tables 5.4.3.3-1 and 5.4.3.3-2 [62].

At this stage, both a gNB TX-side and UE RX-side beam sweeping procedure defined in 3GPP
TR 38.912 as P-1 BM procedure [56] is carried, consisting of a sequential transmission of the SSBs
in different spatial DL directions, where which SSB is mapped to a wider beam for the purposes of
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coverage area enhancement and consequently, the higher possibility of synchronization with UEs.
An example regarding the beam sweep procedure is exemplified in Figure 3.6, where N transmit
beams are transmitted in a way that each one is then received over M receive beams after being
transmitted M times from the gNB. For the sake of simplicity, only one SS Burst is generated and
processed at the RX M times in the azimuthal plane over a certain time duration, where each interval
at the gNB corresponds to an SSB and each interval at the UE corresponds to the SS burst.
Additionally, in this scenario, both S3 and U2 beams are highlighted as the theoretically selected
beam-pair link.

aNB

| s3
|

UE U1 g L3 L4 time

Figure 3.6: Dual beam-sweep at both receiver and transmitter ends (N=M=4) [70].

After the UE acquires an SSB, the PSS is the first specific signal searched by the UE to get the
initial system timing and radio frame synchronization when trying to access the cell for the first time.
It consists of three possible PSS sequences generated by the application of 3 different cyclic shifts to
a sequence of 127 BPSK symbols mapped onto 127 REs. The detection of PSS allows the UE to
know the transmission timing of the SSS, corresponding to 1 of 336 possible sequences. Together,
these two SSs are used to identify the unique PCI of the discovered cell, a parameter used to
distinguish cells on the PHY layer of the 5G RAN, required for DL synchronization and channel
estimation [55]. One of the possible 1008 cell ID values can then be simply determined by:

NE" = 3% Njp + Np, (3.1)
Where:
e N} corresponds to the SSS with the range {0, 1....335}
e N3, corresponds to the PSS with the range {0, 1, 2}

Thus, an appropriate PCI planning should represent an important role in 5G NR network
construction, capable of providing an effective solution to ICI reduction and increased resource
utilization over PDCCHSs, avoiding collisions, confusions and intercell interference between
neighboring cells sharing the same PCI [71].
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After PCI identification, the UE can obtain the frequency-domain position of the DMRS in the

PBCH to perform channel estimation, measuring the SS-RSRP strength of DMRS of each detected
SSB in the search for the strongest one to clearly identify which is the SSB index (issp)
correspondent to the best suitable RX beam for the UE within the burst it has received. Once the
strongest beam has been determined by the UE, it can report the beam measurement results to the
UL location mapped to that specific igsp in gNB via a RA Preamble, known as MSG1, the first of a
four-stage RA procedure. This iggp is also responsible for the association of the different DL beams
to different Random-Access Channel (RACH) occasions, enabling RX-side beam-sweeping for the
reception of UL RA transmissions as well as DL BF for the RA response.
Having determined the mentioned iss5, the UE decodes the Master Information Block (MIB)
contents, where a combination of System Frame Number (SFN), half radio frame bit, and the
frequency domain offset between SSB and the overall RB grid in number of subcarriers (kssg)
parameters allow the acquisition of radio frame synchronization and slot timing so it can determine
all or part of the information in the igsp required for an effective PBCH demodulation [55].

The MIB is broadcasted through the Broadcast Logical Channel (BCCH) mapped to Broadcast
Transport Channel (BCH) and carries information needed to acquire the Remaining System
Information (RMSI) broadcasted by the network. It also provides more key information to get part
of the RMSI needed to access the cell, such as the SIB1 numerology and configuration parameters.
On one hand, SIB1 numerology is useful to provide information about the SCS used for SIB1
transmission and information for RA procedures. On the other hand, SIB1 configuration provides
information about the search space, corresponding CORESET, and other PDCCH-related parameters
that a device needs to monitor for scheduling of SIB1.

Once this information is provided, SIB1, occasionally referred as the RMSI, can be periodically
broadcasted over the entire cell area with a 160ms periodicity containing important information
required for the UE initial RA procedure. The RMSI needed for a correct UE operation within the
network is usually carried out in different SIBs besides SIB1 and can be transmitted on demand to
avoid unnecessary periodic broadcasts, leading to enhanced network energy performances. However,
these blocks consist of the Sl that a device does not need to know before accessing the system. More
detailed information about Sl acquisition can be found in the following 3GPP specifications:

e MIB acquisition:

o PSS search and frequency offset estimation in 3GPP TS 38.211, Section 7.4;

o SSSsearch and PCI detection in 3GPP TS 38.211 Section 7.4 and 3GPP 38.213, Section
4.1;
SS-RSRP measurement in 3GPP TS 38.215, Section 5.1.1;
DM-RS search for determination of the LSBs of the SS/PBCH block Index needed for
PBCH scrambling in 3GPP 38.211, Section 7.3.3.1;

o Payload generation, scrambling, transport block CRC attachment, channel coding and
rate matching for the PBCH in 3GPP TS38.212, Section 7.1;

o RRC BCCH-BCH message containing MIB in 3GPP TS 38.331, Section 6.2.1 and MIB
message field description in 3GPP TS 38.331, Section 6.2.2.
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e SIB1 acquisition:
o SIB1 message field description with relevant information to access a cell or defining the
scheduling of other Sl in 3GPP TS 38.331, Section 6.2.2.

3.3.2 Decoding of PDSCH/PUSCH

In the important step where the UE decodes the MIB, it is provided with information regarding
the cell barred information state needed to decide whether to continue with a cell selection procedure,
concluding the cell search procedure or to restart the process, by finding another 5G cell. If the cell
is not barred, the UE will proceed trying to demodulate the PDDCH and blindly search for DCI
format messages in the location of the Control Resource Set (CORESET) search space to get the
frequency locations of the PDSCH resources to read SIB1 information. For more detailed
information about the DCI formats and their correspondent functions and configurations based on
different PDCCH payloads can be found in 3GPP TS 38.212, section 7.3.

The PDCCH is responsible to transfer the DCI which is mapped to REs following a certain
structure based on Control Channel Elements (CCE), and Resource Element Groups (REG), the unit
upon which the search spaces for blind decoding of PDCCH are defined. The PDCCH mapping is
done according to the DCI information onto a specific periodic Search space set, with each set
mapped onto one specific CORESET, corresponding to a set of time-frequency resources in a specific
area of the NR DL Resource grid upon which the UE tries to blind decode PDCCH candidates [55].
It is worth mentioning that is possible to have multiple CORESETS on a carrier and multiple search
spaces using the resources in a single CORESET, as illustrated in the Figure 3.7.
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Set of REGs CCE-io-REG | Set of CCEs —= — o Tal o vt il
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Figure 3.7: PDCCH processing overview [2].

The size and location of the CORESET is configured by the network and can be adjustable within
the NR carrier BW to accommodate the UE capabilities, however, for performance purposes in traffic
scenarios, acommon practice is to locate it at the beginning of the slot for faster scheduling decisions.

Following the determination of the PDSCH configuration using the PCI, the MIB and the DCI
already decoded before, the UE gets the remaining Sl from the extracted SIB1 such as the PLMN
ID, the cell selection parameters and RACH parameters needed for UL synchronization. If this
PLMN ID of the network matches with the PLMN ID list available with the UE and the cell selection
criterion is fulfilled, the cell selection procedure is accomplished successfully, otherwise, the UE
tries to acquire a new NR cell and restarts the process again. A more detailed description of the cell
selection process criteria as well as the different cell categories can be found in 3GPP 38.304 sections
5.2.3.2 and 4.5, respectively. A more complete information about cell selection/reselection can also
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be found in 3GPP 38.300, Section 5.2, while details on performance requirements for the two
processes is presented in 3GPP TS 38.133.

Finally, after the UE and the gNB establish the suitable beam-pair and start to communicate, the
gNB sends the RMSI needed for the effective establishment of the connection to the UE. At this
point, the system will switch the wider coverage beams to a more UE specific beam centric coverage
using beam refinement procedures defined by 3GPP as P2-BM procedures, which are out of the scope
for this dissertation, assuring the maintenance of the best selected beam pair quality in RRC
connected mode through beam adjustments.

While camped on a cell, the UE regularly performs a cell reselection evaluation process and will
reselects onto a more suitable cell, if found. Otherwise, if no suitable cells are found after the initial
cell selection, the UE shall find an acceptable cell of any PLMN to camp on while still searching for
a higher-quality cell [66]. An overview of all the cell selection steps is presented in the Figure 3.:
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Figure 3.7: Flowchart of the cell selection main steps.

Here below, there is a description with references to 3GPP specifications for a detailed
information related to configuration and parameter description needed for the demodulation of the
PDCCH and the decoding of DCI:

e PDCCH monitoring occasions determination through a slot and OFDM symbol offset from
the location of the SSB detected, described in 3GPP TS 38.213 Tables 13-16 and 13-17;

e CORESET and search spaces configuration according to TS 38.213 Section 13 Tables 13-1
through 13-15A;

o CCE-to-REG interleaved mapping parameters are described in TS 38.211 Section 7.3.2.2;

e CORESETO BWP with the size of the CORESET, described in TS 38.212 Section 7.3.1.0;

e PDCCH scrambling parameters presented in TS 38.211 Section 7.3.2.3.
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Chapter 4

4. Proposed algorithm for beam-pair
selection enhancement in IBE stage

In the previous chapters, the importance of employing highly directional arrays in mmWaves
spectrum frequencies was discussed. The use of higher frequency spectrum enables the possibility of
a higher number of compacted antenna elements at both RX and TX sides due to their reduced
individual size, enhancing the transmission BW while BF techniques can be applied to surpass the
higher signal attenuations.

In this chapter, a 5G system that generates a NR SS burst, beamforms each of the SSBs within
the burst to sweep over both azimuth and elevation directions, transmits this beamformed signal over
a spatial scattering channel, and processes this received signal over the multiple receive-end beams
is implemented. Initially, some tools used for the system simulation are presented, followed by a
more in-depth description of the generated signal burst by the TX, the channel and RX models, as
well as its working description, emphasizing the BF steps following 5G NR standards.

Finally, a proposed beamforming based on SSS angle estimation (BSAE) algorithm is designed
and implemented in a simulation environment for subsequent BER performance analysis focusing
the main specified 3GPP P-1 BM DL procedures for the NR IBE stage. The primary goal comprises
the enhancement of the acquisition of a suitable beam-pair link, i.e., a gNB used beam paired with
one RX beam at the UE, improving the overall system efficiency.

4.1 Related works for beam-pair selection enhancement

This subsection presents a state-of-art regarding the main topic of this dissertation. Although a
set of 3GPP specifications have been already defined for the suitable beam pair selection of the highly
directional beamformed transmissions required to enable the communication in the mmWave
frequency bands, there is a lot of flexibility in how the required procedures are implemented.

To address the reliance on directional BF and its inherent complications in the initial cell search
stage in scenarios where many UEs and BSs must cooperatively search over a large angular
directional space to locate a suitable path to initiate communication, the authors of [72] proposed a
directional cell discovery procedure, where BSs periodically transmit SSs in both time-varying
random and omnidirectional directions to scan the angular space. The results, derived from actual
field measurements for both single and multipath channels, showed that omnidirectional
transmissions of SSs have much better performances than random angular search, in both digital and
analog cases. Additionally, it was also concluded that digital BF offers significantly better
performances than analog BF even when digital BF uses very low quantification to compensate for
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the additional power requirements, suggesting that a low rate per antenna digital BF design with an
appropriate search algorithm may be a better choice for initial cell search, while hybrid or analog BF
should be used for the remaining communications once the connection has finally been established
in both directions.

An extension to the previous work is presented in [73] where the authors proposed several
different SA mmWave design options for the directional search in the IA procedure, comprising both
the synchronization phase, where the UE discovers the BS and the RA phase, where the BS detects
the RA request from the UE. A further comparison between the different designs considering
different scanning and signaling procedures to evaluate access delay and system overhead was made
for both realistic LoS and NLoS scenarios. The obtained results demonstrated significant benefits of
low-resolution fully digital architectures in comparison with single stream analog BF, not only
offering significantly improved data rates and lower data plane latency but also significantly reduced
control plane latency. Furthermore, practical evaluations point out that the short SSs duration needed
for the directional transmissions to perform as well as omni-directional ones may be too short for
practical implementations.

To similarly address the high overhead problem for the required directional link establishment
which restricts the mmWave high throughput capabilities, beam-width scalability and mobility
support, the authors of [74] designed and implemented an assisted beam-pair selection algorithm to
remove in-band overhead on LoS scenarios, coupling mmWave architectures with legacy sub-6GHz
bands while using out-of-band direction interference to establish communication. The experimental
results obtained from the passively direction estimates of the pairing nodes without incurring in any
additional protocol overhead demonstrated that the algorithm achieves on average 97.8% accuracy
for direction estimation when 5 or more antennas are used at the detection band. Additionally, it can
also detect unobstructed direct path conditions with an accuracy of 96.5% while reducing the BF
training overhead by 81% for highly directional transceiver with 7-degree beam width.

More related work focusing on the mitigation of the total duration of 1A directional search is
presented by the authors of [75] and [76], revisiting different techniques of exhaustive and iterative
beam search to propose a novel hybrid training method, where the BS performs wide beam search in
the first stage while the UE will perform reverse training according to the best wide beam decided
on the first stage. These more complex implementations are based on the initial transmission of SSs
in few directions over wide beams, which are subsequently refined until the communication is
satisfactorily directional. The simulated results revealed that the designed hybrid training method
reduces searching delays while providing similar access error probability as iterative search without
much more UE power consumption.

There is also some additional work based on several sources of side-information that successfully
help the establishment of the mmWave links with substantially reduced training overheads for the
beam-selection stage. They include the use of spatial information retrieved from sub 6GHz frequency
bands in an analog mmWave system, proposed by the authors of [77], the leveraging of vehicle’s
position information along with past beam measurements to rank desirable pointing directions that
can reduce the required beam training to a small set of pointing directions, proposed by the authors
of [78], and also a novel framework of 3D scene based beam selection information for mmWave
communications, proposed by the authors of [79]. This last work relies only on the environmental
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data and deep learning techniques of neural networks used alongside image processing techniques to
improve the suitable beam selection. The proposed approach can predict the optimal beam pair for
any point in the current cell and can further work for a new environment with the same type of
building distributions. The simulated results showed a reduction of the beam-training overhead and
a higher beam selection accuracy, clearly demonstrating the advantage of exploring 3D
reconstruction techniques for beam selection methods to avoid severe overheads by using expensive
auxiliary devices, such as Radar or Light Detection And Ranging (LIDAR).

Moreover, the authors of [80] proposed a BM strategy based on a conjunction of beam orientation
information retrieved from on-board sensors at the UE with RSRP measurements to improve beam
determination accuracy and achieve reduced power transmission values, allowing for a considerable
higher UE battery life duration. In this algorithm, the source of side-information is available at the
UE and thus, it requires no additional signaling overhead to be used for the optimal transmit and
receive beam pair predictions. Exhaustive simulations accounting realistic channel models, practical
beam patterns and many UE movements and rotation speeds without additional transmission of
signaling overheads were performed and the obtained results showed a significant a great improve
in the beam prediction accuracy and power loss reduction triggered from the sub-optimal beam pair
selection in BM procedures.

The authors of [70] present a beam pair selection algorithm which deploys BM procedures at
both the gNB and the UE ends of a NR system to acquire a set of beam pair links using SSBs
transmitted as a burst in the DL direction. In this algorithm, described in Algorithm 1 below, a set of
beamformed SSBs is swept over both azimuth and elevation directions to be further transmitted over
a spatial scattering channel and consequently processed over multiple receive-end beams.
Afterwards, the RSRP values for each correspondent transmit-receive beam pair combination are
measured and the beam pair link with the maximum RSRP value is chosen as the most suitable one
to establish connection.

Algorithm 1: Beam-Pair Selection based on RSRP maximization Algorithm

For IDrx=1, ..., Nrxgeams (Number of Transmit end Sweep beams)
Generate weights for steered beam directions and apply them to each SSB
End

For IDgx=1, ..., Npxgeams (Number of Receive end Sweep beams)

For ID;x=1, ..., Nrxgeams (Number of Transmit end Sweep beams)
Measure the RSRP for each Beam-pair

End

End

10  Determine the best beam-pair link based on the maximum RSRP value

1
2
3
4
5 Generate weights for steered beam directions and apply them per receive element
6
7
8
9

Finally, contrasting with the work mentioned above, where the proposed algorithm only choses
the beam pair that maximizes the RSRP while neglecting the information contained in all the other
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beams, the proposed algorithm contained in this dissertation performs the beam pair selection based
on information relative to all the beams without the addition of significant complexity to the overall
system since the processing of all the candidate beam pairs were already done. This optimization is
accomplished by a beam angle refinement process at the UE side using the SSSs present in each SSB,
focusing the application of BM techniques to the subsequent enhancement of the overall NR system
performance. Later in this chapter, a performance evaluation of the beam pair selection based on
RSRP maximization is going to presented along with the comparison to the proposed enhanced
beam-pair determination algorithm based on SSSs angle estimation.

4.2 System Design

In this section, a more detailed description of the TX, channel and RX model considered for the
application of BM procedures at both the TX and RX-side directions during IA is presented. The
simulated system uses both the 5G toolbox and the Phased Array System Toolbox. The first one
provides 3GPP-standard compliant functions and reference examples useful for modelling and
simulation of a 5G NR end-to-end communication system, since the DL physical channels and
signals creation for transmission and reception of DCI messages to the DL synchronization,
demodulation, and further decoding of a live gNB signal at the UE. On the other hand, the phased
array system toolbox provides the necessary algorithms for enabling BF techniques with
electronically steerable antennas, allowing the simulation of multipath fading environments to
evaluate the performance of the employed BF AAs.

An overview of the main processing stages required for the dual-end beam sweeping procedure
at both the gNB and the UE ends, along with the main BM steps for an effective beam-pair
establishment and maintenance are highlighted in red color in the Figure 4.1:
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SS Burst TX Beam Propagation
Generation Sweep Channel AWGN
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Beam OFDM Tyming RX Beam
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o ) S
-
Beam Beam
Determination Pair

Figure 4.1: Main processing simulation steps.
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4.2.1 Transmitter Model Description

The TX, equipped with N5 antennas, is responsible for the generation and transmission of a DL
waveform which will be subject to some BM techniques used in the IA procedure, where a
connection is established between the gNB and the UE. After a SS Burst have been generated and
configurated carrying the MIB and the DMRS for the PBCH demodulation, every SSB is then
beamformed within the burst and swept over both azimuth (Ag) and elevation (Agy) specified
directions within the SS Burst periodicity. The SS Burst spectrogram is presented in the following
Figure 4.2:
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4-100

1-105
g N
! 3

-110
= <
(&}
Y 5
2 2
3 115§
o £
9 [
I g
120 &

-125

Time (ms)

Figure 4.2: Spectrogram of the generated SS Burst.

This beamformed signal is then transmitted over a spatial scattering channel, which will be
presented in the following section, and then processed over each one of the multiple receive-end
beams in a dual-end beam sweeping process.

4.2.2 Channel Model Description

A spatial scattering MIMO channel is used, modeling a LoS multipath propagation channel
where the transmitted array radiated signals are reflected from multiple scatterers to the receiver.
This channel model applies free space path loss and specifies the locations for both the BS and UE
as [X,y,z] coordinates in a Cartesian system, consisting of a Uniform Rectangular Array (URA) and
an Uniform Linear Array (ULA) with isotropic antenna elements at the TX and RX, respectively.
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Additionally, to simulate the noise in the actual propagation medium, distributed and uncorrelated
additive white gaussian noise (AWGN) is added to the transmitted signal [81].

The spatial scene illustrating a combined view of the channel scatterers along with the TX and
RX determined beams is presented in the Figure 4.3:
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Figure 4.3: Spatial scattering scene.

Additionally, the directivity patterns related to both the TX and RX are shown in the following
Figure 4.4:
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Figure 4.4: Selected Transmit/Receive Array response pattern.
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4.2.3 Receiver Model Description

The RX is responsible for several needed synchronization and demodulation processes of the
received waveform to determine the System Frame Number (SFN) and the PCI to decode the MIB,
providing the required initial SI for blind decoding of DCI in a PDCCH. The RX will further use
DCI to configure the PDSCH demodulator, decode the DL-SCH and finally recover the Transport
Block (TB) information.

The following Figure 4.5 presents a more detailed diagram of the received signal processing
steps inside the RX to perform the acquisition of frame synchronization and the further required cell
search and selection procedures before the UE can communicate with the network. The remaining of
this subchapter will cover the discussion of the received signal demodulation process complemented
with simulated images from the starting PSS search procedure until the effective DL-SCH decoding
stage.
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Figure 4.5: Detailed block diagram of the receiver processing steps [82].

Additionally, Figure 4.6 shows the spectrogram of the received waveform:
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Spectrogram of the Received Waveform
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Figure 4.6: Spectrogram of the received waveform.

After the signal transmission by the gNB, the UE starts a synchronization procedure with the TX
performing PSS search and coarse frequency offset estimation following these steps:

Frequency shifts the received waveform with a candidate frequency offset which are spaced
half subcarrier apart.

Correlate the frequency-shifted received waveform with each of the three possible N7
sequences centered in frequency and extract the strongest correlation peak, providing a
measure of coarse frequency offset (coarse Af) with respect to the center frequency of the
carrier and also the indication of the PSS sequence that has been detected in the received
waveform at the time instant of the best channel conditions, as shown in Figure 4.7.

Do an estimation of frequency offsets lower than half subcarrier by correlating the CP of

each OFDM symbol in the SSB with the corresponding useful parts of the OFDM symbols
resulting in a correlation phase proportional to the frequency offset in the waveform.
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PSS Correlations versus Frequency Offset
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Figure 4.7: PSS Correlations vs. Frequency Offset for N7 determination.

Having found the strongest PSS sequence, i.e., position of the 1% symbol in the radio frame, the
RX can proceed with the time synchronization process by estimating the timing offset of the strongest
SSB due to the content of the reference grid, for frequency offset correction purposes. This is an
important step that allows the UE to assume that the center frequencies of both the reference PSS
sequence and the one from the received waveform are aligned and thus, the OFDM demodulation of
the synchronized waveform and the extraction of the strongest SSB can take place.

For an effective PCI detection required for PBCH DM-RS and PBCH processing, the RX also
extracts and correlates the resource elements associated to the SSS with each of the possible 336
sequences generated locally to obtain the strongest SSS sequence (N;5), as illustrated in Figure 4.8.
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SSS Correlations (Frequency Domain)
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Figure 4.8: N}, determination to obtain cell identity.

After having detected the PCI using (3.1) the UE will determine the frequency-domain position
of the DM-RS candidates in the PBCH according to the ‘case B’ SSB transmission pattern used for
simulation purposes in this dissertation. At this phase of the cell search procedure, the UE also
performs both channel and additive noise estimations for the entire SSB based on the SSS and PBCH
DM-RS detected in the previous steps. This additional use of the SSS for the determination of the
impact of the propagation channel is possible due to the location of SSS in the PBCH, leading to
similar propagation channel experienced for both signals. Afterwards, the respective PBCH DM-RS
index with the best SNR value is subsequently used to determine the LSBs of the issp required for
PBCH scrambling initialization, as shown in Figure 4.9.
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Figure 4.9: Selected issp for the highest SNR value.

Once the UE has finally obtained the PCI and completed the channel and noise estimations
mentioned before, it will proceed with Minimum Mean Square Error (MMSE) equalization, where
the equalized PBCH symbols presented in Figure 4.10 are then demodulated and descrambled to give
bit estimates of the coded transport BCH block, which will be later weighted with CSI from the
MMSE equalizer for PBCH decoding.
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Figure 4.10: Received PBCH constellation after equalization.

After the cell search procedure has been concluded with the parsing of the decoded BCH TB bits
into the MIB message, the UE will then use a common SCS value and determine a minimum BW
supporting CORESET 0 to OFDM demodulate the frame containing the detected SSB. However,
before the OFDM demodulation process, the already aligned center frequencies of the OFDM
resource grid and the SS burst need to be aligned with the center frequency of the CORESET 0
through a frequency shift determined by kggp to assure that the control and data channels are also
aligned in frequency with their CRB raster.

The OFDM demodulated received resource grid with the highlighted strongest RB is presented
in the following Figure 4.11:
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Received Resource Grid. System Frame Number: (0...1)
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Figure 4.11: OFDM resource grid and the highlighted chosen SSB.

After the OFDM modulation on full BW, the UE will perform PDCCH demodulation and blindly
search for DCI format messages in the location of the CORESET Search Space. The UE will then
blind decode the received PDCCH symbols by monitoring all PDCCH candidates for every
aggregation level (contiguous control channel elements upon which the PDCCH is transmitted), as
shown in Figure 4.12.
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Figure 4.12: OFDM grid of the slot containing the strongest PDCCH.

For finally being able to recover the first SIB1, the RX needs to determine the PDSCH
configuration using the cell ID, the MIB and the DCI already decoded before. Additionally, the
PDSCH channel estimation and equalization using PDSCH DM-RS also occurs, where the impacts
of a possible carrier mismatch in symbol phase compensation and channel estimation are reduced by
OFDM waveform demodulation with a set of carrier frequencies over a search BW around the carrier
center frequency that will finish when DL-SCH decoding succeeds, or the last search frequency has
been reached.

Lastly, after the demodulation of the PDSCH symbols, the UE can perform the effective
decoding of the DL-SCH.

4.2.4 Proposed Beamforming based on SSS angle estimation Algorithm

An illustration of the BSAE algorithm concept is presented in the following Figure 4.13:
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Figure 4.13: BSAE algorithm concept.

To achieve better system performance levels in the effective decoding of transmitted
information, the UE can additionally use the SSS in combination with DMRSs to determine the
impact of the propagation channel and then apply the inverse to the PBCH payload before the
decoding attempt since these two signals experience similar propagation channels effects. However,
the RX processing is carried out after ADC conversion and thus, to efficiently perform better Rx
beam angle adjustments, an equivalent channel estimation of the analog part is required. Considering
a DL system with a BS equipped with N, transmit antennas as well as a single user equipped with
asingle RF chain and N,, receive antennas, the received SSS signal dy, s € C at the kth subcarrier for
the sth analog beam at the UE, is given by:

d~k,S = W(II-I,Skaadk + WCIZI,Snk,SI (41)

where the d;, € C is the transmitted SSS at the subcarrier k while the f, € CVex and w,, ; € CNrx
parameters model the analog beam at the BS and the UE, respectively. Additionally, H, € CNrx*Nex
is the frequency domain channel at the subcarrier k and the n; ¢ € CVrx parameter denotes the zero
mean Gaussian noise, with variance ;2 .

Having the transmitted and received SSSs the equivalent channel estimation in the digital part
based on the SSSs can be estimated by:

i'leq,k,s = ak,sdzl’ (4-2)

At this point, the equivalent channel estimated in (4.2) contains the needed analog counterpart
estimation. Considering W, = [Wa,lﬁ---»wa,S] € CN=*S where S is the number of beams in the

beam sweeping procedure, N = [n;d;?,..., ngd; ] € CV+*S, and h, ) = [Eeq,kjl,...,fzeq,k,s]T €
CS. Then, from (4.2), we have:

hey . = WiH,f, + WIN, (4.3)
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Therefore, W, is a square matrix, with wy 4, ..., w, ¢ selected to be an invertible matrix and we
can estimate the channel in analog part, h, ; = H,f, € CVrx by:

ila,k = (Wawrll-l)_lwaheq,k- (4-4)
Hence, the receive beamformer, w, € C¥rx can be found by solving the following problem:

Wi = argg max ||[wh (6) hy | (4.5)
wileq, ' '
where Q,, is the set of feasible vectors and w# (8) is the array response vector for angle 6.
Compared to the beam-pair selection based on RSRP maximization algorithm that performs a
dual end beam sweep with pre-configured beam directions for the subsequent suitable beam pair
selection, the proposed BSAE algorithm described in the following Algorithm 2 incorporates the
previous described operations of channel estimation in the digital domain without adding much
complexity to the main system since the channel estimation process was already performed. At this
point, it is important to remove the effects of the analog processing for the further use of a
combination of channel estimations to perform the equivalent channel propagation matrix estimation
without the analog processing effects. This matrix can then be used for a further metric evaluation of
different steering angle vectors to determine the one that maximizes the RSRP and finally compute
a best suitable adjusted beam at the RX end.

Algorithm 2: Proposed BSAE Algorithm
For IDrx=1, ..., Nrxgeams (Number of Transmit end Sweep beams)

Generate weights for steered beam directions and apply them to each SSB
End
Calculate Rx Beam Angle Sweeping values between Azimuthal limits
For IDgx=1, ..., Npxgeams (Number of Receive end Sweep beams)
Generate weights for steered beam direction and apply them to each receive element
Extract the received SSSs
Get SSSs symbols for the PCI
Channel propagation matrix estimation in the digital part based on SSS (4.2)
End

Channel propagation matrix estimation in the analog part based on SSS (4.4)

© 00 N O O A W N B

e e =
N R O

Extract the optimized Rx Beam Angle considering the optimization problem (4.5)
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4.3 Performance Results

In this section, the simulated performance results of the described beam pair selection scenarios
are presented in terms of correct MIB, DCI and DL-SCH decoding percentages alongside with the
BER metric, presented as a function of E}, / Ny, where E}, is the average bit energy and N, is the one-
sided noise power spectral density. The QPSK is the modulation scheme adopted in this section and
the Transport Block Size (TBS) is 176.

The simulation was done for three different algorithms where the vectors specifying the antenna
element array sizes are composed by a two-element row vector size specifying the number of antenna
elements in the rows and columns. A URA vector specifying the antenna element array sizes is used
when both values are greater than one while a ULA is assumed if any of the value is one.

The three different simulated algorithms are:

e 1: Beam-pair selection based on RSRP maximization algorithm;
e 2: Optimum beam-pair angle selection algorithm, for comparison purposes;
e 3: Proposed BSAE algorithm.

The considered optimum beam-pair selection algorithm corresponds to the case where the real
channel matrix is used to compute the optimal RX angle, however, since this matrix is not known in
practical implementations, this algorithm is not feasible in real-time scenarios.

In each simulation, for the sake of simplicity, a single cell scenario with only one BS and one
UE was considered for both FR1 and FR2 mode operation (hormal CP values). The considered
transmit array is an URA with N, =64 whereas the receive array was employed with an ULA type
configuration with Ng, =16. Additionally, 8 SSBs per SS burst (L) for the frequency mode operation.

A more complete list of system parameters commonly used for the three algorithms mentioned
above are presented in Table 4.1:
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Table 4.1: Simulation Parameters.

Parameter Value
Af 30 kHz (FR1); 120 kHz (FR2)
N 10000
Main L 8
fe 3.5 GHz (FR1) ; 28 GHz (FR2)
BWehannet 100 MHz (FR1); 400 MHz (FR2)
Ay [-60;60]
Ay [-90; 90]
fs 15.36 MHz (FR1); 61.44 MHz (FR2)
Transmitter Tes 20ms
Ny 64
Array configuration URA
N 10
Channel TX position [0;0;0]
RX position [100;50;0]
Ag [-100;100]
Ay [-90;90]
Receiver Npy 16
Array configuration ULA

4.3.1 FR1 operation mode

The following Figure 4.14 to Figure 4.16. illustrate the comparison of the different decoding
percentages of the DL PHY channels of the three algorithms referred above for the FR1 operation
mode. Despite the lower effective PBCH decoding throughput of the designed BSAE algorithm, we
can verify an enhancement in the DL-SCH decoding percentages, where the worst performance of
the beam-pair selection algorithm based on RSRP maximization is noticeable with almost all TBs
only successfully decoded above E}, / Ny= 0 dB. Additionally, the BSAE algorithm achieves sensibly
100% throughput percentage for values higher than E, / Ny=-12 dB, which corresponds to a 12 dB
performance improvement gain. Comparing the DL-SCH decoding throughput between the proposed
and an optimal beam pair determination algorithms, it is still possible to observe similar

performances.
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Figure 4.14: Decoding percentage of PBCH for FRL1.
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Figure 4.15: Decoding percentage of PDCCH for FR1.
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Figure 4.16: Decoding percentage of DL-SCH for FR1.

The respective performance results in terms of BER for the three algorithms mentioned above are
presented in the following Figure 4.17, where the proposed BSAE algorithm presents a clear
improvement over the beam-pair selection based on RSRP maximization algorithm, with a
performance gain around 17.5 dB at BER target 1073,
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Figure 4.17: Performance BER comparison of the 3 different algorithms for FR1.

4.3.2 FR2 operation mode

In a similar way to the previous presented results, the following Figure 4.18 to Figure 4.20
illustrate the comparison of the different decoding percentages of the DL PHY channels of the three
algorithms referred above for the FR2 operation mode. We can verify an enhancement of the
designed BSAE algorithm for all the channel decoding percentages against the performance of the
beam-pair selection algorithm based on RSRP maximization. Additionally, the BSAE algorithm
achieves sensibly 100% throughput percentage for values higher than E;, / Ny= -24 dB, which
corresponds to a sensibly 4 dB performance improvement gain. Comparing the decoding throughputs
between the proposed and an optimal beam pair determination algorithms, it is still possible to
observe similar performances.
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Figure 4.18: Decoding percentage of PBCH for FR2.
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Figure 4.19: Decoding percentage of PDCCH for FR2.
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Figure 4.20: Decoding percentage of DL-SCH for FR2.

The respective performance results in terms of BER for the three algorithms mentioned above
are presented in the following Figure 4.21, where the proposed BSAE algorithm presents a clear
improvement over the beam-pair selection based on RSRP maximization algorithm, with a

performance gain around 15 dB at BER target 1073,
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Chapter 5

5. Conclusions and Future Work

In this final chapter, the main conclusions are presented alongside some guidelines for future
research and possible improvements.

5.1  Conclusions

The 3GPP organization has been constantly evolving through different generations of mobile
communication systems, maintaining, and developing both new technical reports and specifications
for more evolved technologies since the 3G networks. To answer the currently increase in the number
of users in an already congested saturated spectrum, as well as their growing demands for the new
wide range of possibilities and services on the edge to be enabled by future mobile communications,
the 5G NR technology is being developed by 3GPP, combining the use of smaller cells in the so-
called mmWave frequencies, characterized by stronger propagation losses. For an effective support
of the mmWave higher frequencies, detailed control of both phase adjustments and amplitude scaling
of the different antenna elements is needed, enabling BF techniques capable of producing precise
directional transmission links over multiple receive and transmit antennas, overcoming the severe
high path losses of mmWave systems. This led to the creation of a distinct set of PHY L1/L2
procedures known as BM procedures that specify how the suitable beamformed beam-pair links (a
beam used at gNB paired with a beam used at the UE) are determined and maintained for
transmission and reception of information in both DL and UL directions. The work developed in this
dissertation addresses the guidelines on BF for 5G NR, providing a more detailed description of the
BM procedures used during IA, applying, and evaluating them in a 3GPP-standard compliant
implementation proposal involving the establishment of the best beam-pair link for further
synchronization, demodulation and decoding of a live gNB signal.

Firstly, some important key enabler technologies and techniques used in the 5G NR systems to
overcome the limited BW shortage of the LTE systems were presented. Here, the main features of
the OFDM highly spectral-efficient modulation technique are discussed alongside the conventional
MIMO systems adopted in LTE technology, used to improve the overall system performance taking
advantage of multiple antennas terminals to provide multiplexing and diversity gains. These two
technologies can be used together, presenting an effective combination capable of mitigating the
multipath propagation effects while avoiding the need for complex channel equalization since all the
OFDM subcarriers are orthogonal to each other, greatly reducing the ISl in both time and frequency
domains. Thus, MIMO-OFDM systems enable good spectral efficiency and therefore, deliver high
data throughput and capacity. Next, the mmWave propagation characteristics and challenges were
revised together with their implementation with mMIMO systems, combining the use of much
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smaller wavelengths of the mmWave frequencies to allow the implementation of a higher number of
antenna elements in the same needed physical space compared to the 4G microwave communication
systems. The conjugation of these two technologies is used to achieve the 3GPP requirements of
increased capacity and data rates both in SA and NSA modes, enabling the employment of more
sophisticated spatial processing techniques, such as BF in mMIMO systems, capable of
compensating the propagation loses associated to the mmWaves systems and providing
transmissions with reduced multi-user interference. After, an overview of the NR radio access
technology is described, including some basic design principles, a brief description of the overall NR
radio access architecture with the associated 5GC, and the most important technology concepts for a
better comprehension of the BM procedures applied for an efficient establishment and management
of suitable beam-pairs. In here, the PHY layer is particularly focused, with a more detailed
description of both physical channels and signals used in the DL direction, including their
correspondent functions and contextualization.

Then, in chapter 3, the P1-BM procedures applied for IBE purposes in the DL direction at PHY
and RRC layers are described according to information collected from multiple 3GPP technical
releases and specifications documents, where beam sweeping, measurement, determination and
reporting processes are performed to acquire initial cell synchronization, enabling UE measurements
on the different TX beams with the purpose of establishing an initial beam-pair selection between
the gNB and the UE. The IBE stage is the first of the three BM procedures by which beamformed
connectivity is established and retained, consisting of PLMN selection, 1A and RRC connection
establishment. After the UE has selected a PLMN, the beam sweeping technique is performed at both
gNB and UE sides, where each SSB of the transmitted burst is used to obtain DL synchronization
and the respective RSRP beam measurements needed to an effective determination of the most
appropriate beam-pair. The next step is known as beam reporting and corresponds to the second stage
of 1A, where the UE sends a PRACH request to the gNB with the necessary beam quality and beam
decision information it needs to establish the connection. If this request is successful, the gNB will
exchange additional Sl at RRC connection establishment and the UE specific BF connection occurs
with the switching from wide beam coverage to a more specific beam-centric coverage associated to
narrower beam provided from beam refinement procedures.

Next, in chapter 4, a 3GPP standard compliant implementation of a NR system performing beam-
pair determination based on RSRP maximization algorithm for subsequent decoding of the
transmitted signal is compared to a more efficient designed beam-pair selection algorithm using
channel estimation based on SSSs. A testing environment was created using for different scenarios
and configurations, where BM procedures for idle users during 1A were focused. The system consists
of a NR SS Burst generation with the employment of beam sweeping techniques at both the TX and
RX ends to beamform each SSB within the burst over both azimuth and elevation directions through
a spatial scattering channel for subsequent RX signal processing over the multiple receive-end
beams. After the performed RSRP measurements for each of the transmit-receive beam-pairs, the
one with the maximum RSRP value is chosen as the most suitable beam-pair for the simulated spatial
scenario and then the UE performs cell selection procedures to obtain the initial SI needed to establish
the SFN, the PCI and the MIB. These last procedures deliver all the necessary information for the
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blind decoding of the DCI in the PDCCH, which will be further used for PDSCH configuration,
decoding of the DL-SCH and to finally recover the SIB1 for every simulated symbol.

Finally, it can be concluded that the design and employment of efficient algorithms that explore
BM procedures for beam-pair selection is of extreme importance and carries a significant impact in
the overall system performance. The obtained results for the designed BSAE algorithm showed a
considerable performance improvement over the beam pair determination algorithm based on RSRP
maximization without the addition of much complexity. This emphasizes the benefits of designing
algorithms that consider information about all the candidate beam pairs for an effective enhanced
beam pair selection between the gNB and the UE. Additionally, when comparing the results between
the proposed BSAE algorithm and the optimal case, similar performances are also noticeable,
highlighting its potential for practical 56 mmWave mMIMO implementations following 3GPP-
compliant standards.

5.2 Future Work
In this subchapter, some guidelines for future work are presented. Future efforts include:
e Simulation upon other numerology configurations with different SCSs and different SSB
patterns that optimize the beam-pair selection with channel estimation techniques for

different scenarios.

e Implementation and performance comparisons of higher order 64-QAM and 256-QAM
modulation schemes intended for 5G.

e Extension to massive-MIMO hybrid architectures and subsequent trade-offs between
complexity and performance.

e Real-time implementation of the work delivered in this dissertation.
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