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Abstract

The arrival of the next generation of mobile communication standards, the
so-called Fifth Generation (5G), is already a reality. The first commercial net-
works have begun to be deployed, and they focus on providing higher data
rates. However, the 5G standard goes much further from that and aims at
providing support to new services which will revolutionise the society. These
new services impose a high level of requirements not only in terms of the data
traffic speed, but also in terms of very low latency or incredibly large number
of simultaneous connections. This wide variety of requirements cannot be tech-
nologically supported by the current Fourth Generation (4G) networks, so it
became necessary to move forward with a new paradigm for wireless networks.

With the promise of large amounts of bandwidth, in the order of GHz, the
5G standard contemplates the use of frequencies in the commonly known as
Millimeter Wave (mmWave) band. The mmWave band experiences large prop-
agation losses, which are accentuated in blockage events. Regulatory activities
worldwide in the mmWave bands attracted the interest of both the industry
and the academia. In the last few years, a tremendous number of contribu-
tions on mmWave propagation studies and networks have appeared, most of
them based on Multiple-Input Multiple-Output (MIMO) solutions. MIMO ar-
chitectures allow to beamform, which focuses the radiated energy on certain
directions of interest called beams. The additional beam gain compensates the
high propagation losses, ensuring the viability of the communications in the
mmWave band.

There is an evident lack of viability studies of mmWave MIMO systems in
mobile and highly-dynamic environments, where obstacles may block beams
and forcing frequent re-configurations. This Thesis work aims to fill this gap
from a practical approach and proposes beam management mechanisms utilis-
ing the mechanisms and resources offered by the Third Generation Partnership
Project (3GPP) 5G radio access standard: 5G New Radio (NR). The practical
solutions are based on the efficient use of measurement reports of standardised
downlink Reference Signal (RS).

In first place, this Thesis provides a thorough state-of-the-art analysis and
corroborates the need of adopting beam tracking solutions for mmWave net-
works. Then, a complete overview of the 5G standard mechanisms that enable
beam tracking is given. The NR standard does not define a standardised mech-
anism for beam tracking, leaving the door open to proposals to carry out such
monitoring.



Once the technologies have been identified, the Thesis continues with as-
sessing the impact of the beam tracking strategies on the network and link-level
performance. The study is focused on individual point-to-point mmWave links
in a realistic urban environment. Based on end-to-end network simulations,
the Thesis is interested in assessing the beam tracking success ratio and how
beam misalignment affects the perceived Signal to Interference plus Noise Ra-
tio (SINR) and user throughput at pedestrian and vehicular speeds.

The beam tracking solutions proposed in this Thesis fall into two categories.
The first category monitors beams based on measuring and reporting beam-
formed RS. This beam tracking category reaches a maximum beam tracking
performance of 98%, with little throughput reduction if the beams of interest
are measured with a periodicity below 20 ms. Beam tracking in the second cat-
egory relies on external information sources. Within this category, this Thesis
proposes a fingerprinting database relating beams to the user position and a
Machine Learning (ML) model. Fingerprinting beam tracking is technologi-
cally viable and provides similar performance levels. However, this solution is
very sensitive to errors and requires considering all possible situations. On the
other hand, the ML beam tracking model can make predictions with a 9% of
estimation error for the reference data set.



Resumen

Lallegada de la préxima generacion del estandar de comunicaciones moviles,
la llamada quinta generacion (5G), es practicamente una realidad. Las primeras
redes comerciales han comenzado a ser desplegadas, centrandose en ofrecer altas
velocidades de transferencia de datos. Sin embargo, el estdndar 5G va mucho
mas alld y prevé dar soporte a nuevos servicios que pretenden revolucionar la
sociedad. Estos nuevos servicios imponen un nivel alto de requisitos en no solo
en cuanto a velocidad del trafico de datos, sino en cuanto a latencia o niimero
de dispositivos conectados simultaneamente. La amplia variedad de requisitos
no puede ser soportada por las redes de cuarta generacién (4G), por lo que se
hizo necesario plantear un nuevo paradigma para las redes inalambricas.

Con la promesa de grandes cantidades de ancho de banda sin utilizar, el
estandar 5G contempla utilizar frecuencias en la comuinmente conocida como
banda de milimétricas (mmWave). Esta banda presenta grandes pérdidas de
propagacion, que se acentian si existen bloqueos de senal. Actividades reg-
ulatorias del uso de las bandas de milimétricas atrajo el interés tanto de la
industria como de la academia en plantear soluciones para dar servicio en estas
bandas. En los ultimos afios se han presentado infinidad de trabajos basa-
dos en sistemas con miltiples antenas o MIMO, para conformar las senales
transmitidas o recibidas en haces apuntando en determinadas direcciones. La
ganancia que aportan los sistemas MIMO pueden compensar las altas pérdidas
de propagacién, asegurando la viabilidad de las comunicaciones mmWave.

Se ha detectado una evidente falta de estudios sobre la viabilidad de sis-
temas MIMO en entornos méviles y dindmicos con bloqueos que hagan nece-
sario que el sistema se reconfigure. Esta Tesis pretende cubrir este espacio desde
un enfoque préctico y propone mecanismos de gestion de los haces para hac-
erles un seguimiento utilizando los recursos y mecanismos del nuevo estandar
5G. Las soluciones aportadas se basan en el uso eficiente de los reportes de
medidas de las senales de referencia estandarizadas en enlace descendente.

En primer lugar, esta Tesis recoge un andlisis minucioso del estado del
arte, donde se corrobora la necesidad de aportar soluciones de seguimiento de
haces en sistemas de comunicaciones en la banda de milimétricas. Ademds, se
estudian los diferentes mecanismos definidos en el estandar 5G y que posibilitan
el seguimiento. Cabe destacar que el estdndar no define un mecanismo tinico a
seguir, permitiendo presentar propuestas.

Una vez conocidas las tecnologias, se centra el estudio en el impacto del
seguimiento sobre las prestaciones a nivel de red y de enlace. Dicho estudio se



realiza sobre un sistema punto a punto, donde el terminal mévil se desplaza
por un entorno urbano. En base a simulaciones de red, se cuantifica el indice
de seguimiento de haz y de como dicho seguimiento afecta a la relacién senal a
ruido m4és interferencia (SINR) y la tasa de transmisién del usuario.

Las soluciones de seguimiento propuestas en esta Tesis se pueden clasi-
ficar en dos categorias. En una primera categoria, se realiza el seguimiento en
base a reportes de medidas de las senales de referencia. Se llega a alcanzar
un seguimiento del 98% con poca penalizacién en la tasa de transmision si se
monitorizan los haces de interés con una periodicidad menor de 20 ms. En la
segunda categoria caben mecanismos de seguimiento que hacen uso de fuentes
externas de informacién. Dentro de esta categoria, se propone un fingerprint-
ing que relacione haces con la localizacién reportada y un modelo de machine
learning (ML) que prediga los haces a utilizar. El fingerprinting proporciona
los mismos niveles de rendimiento. Sin embargo, esta solucién es muy sensible
a errores y requiere considerar todos los casos posibles, lo que la hace tec-
nolégicamente muy costosa de implementar. En cambio, el modelo de ML, que
hace predicciones con un error del 9%, presenta una alternativa més factible.



Resum

L’arribada de la segiient generaci6 de ’estandard de comunicacions mobils,
Panomenada cinquena generacié (5G), es practicament una realitat. Les
primeres xarxes comercials han comencat a desplegar-se i s’han centrat en oferir
altes velocitats de transferencia de dades. No obstant, I'estandard 5G va molt
més alla y preveu donar suport a nous serveis que pretenen revolucionar la
societat. Estos nous serveis imposen un alt nivell de requisits no sols en quant
a velocitat de trafic de dades, si no també en quant a laténcia o nimero de
connexions simultanies. L’ampla varietat de requisits no es suportada per les
xarxes de quarta generacié (4G) actuals, per el qual es va fer necessari un nou
paradigma de xarxes sense fil.

Amb la promesa de amplies quantitats d’ample de banda, ’estandard
5G contempla utilitzar freqiiencies a la banda de mil-limetriques. Esta
banda presenta I'inconvenient d’experimentar grans perdues de propagacio, que
s’accentuen en cas de bloqueigs. L’apertura de les bandes de mil-limetriques
va atraure 'interes tant de I'industria com de l'academia en plantejar solu-
cions per a donar servei en estes bandes. En els tltims anys s’han presentat
infinitat de treballs basats en sistemes amb multiples antenes o MIMO, per
a conformar els senyals transmesos o rebuts en feixos apuntant en determi-
nades direccions d’interes. El guany de feix es pot utilitzar per a compensar
les perdues de propagacio, assegurant la viabilitat de les comunicacions en la
banda de mil-limetriques.

No obstant aix0, s’ha detectat una preocupant manca d’estudis sobre la
viabilitat d’estos sistemes en entorns mobils i dinamics, amb obstacles que
bloquejen els feixos i facen necessari que el sistema es reconfigure. El present
treball de Tesi pretén cobrir este espai buit i des d’'un punt de vista practic,
es proposen mecanismes de gestié dels feixos per a ser el seguiment utilitzant
els recursos i mecanismes dels que disposa 'estandard 5G. D’esta manera, les
solucions aportades es basen en la utilitzacid eficient dels reports de mesures
dels senyals de referencia del enllag descendent.

En primer lloc, esta Tesi recull una analisi minuciosa de l'estat de ’art
on es corrobora la necessitat de aportar solucions de seguiment de feixos per
a comunicacions en la banda de freqiiencies mil-limetriques. A més a més,
s’estudien els diferents mecanismes definits a l'estandard 5G i que possibiliten
el seguiment. Cap destacar que I'estandard no defineix un mecanisme unic, si
no que deixa la porta oberta a presentar propostes.



Una vegada conegudes les tecnologies, 1'estudi es centra en l'impacte del
seguiment sobre les prestacions a nivell de xarxa i d’enllag. Este estudi es
realitza sobre un sistema MIMO punt a punt, en una tunica estacié base i
un terminal mobil desplagant-se en un entorn urba. En base a simulacions
d’extrem a extrem, es quantifica I'index de seguiment de feix i com ’anomenat
seguiment afecta a la relacié senyal a soroll més interferéncia (SINR) i a la taxa
instantania de transmissié de 'usuari.

Les solucions de seguiment de feixos propostes a la Tesi es poden classificar
en dos categories. A la primera categoria, el seguiment de feixos es realitza en
base als reports de mesures dels senyals de referéncia. Es pot arribar a una taxa
de seguiment del 98% amb poca penalitzacié de la taxa de transmissié si els
feixos d’interés es mesuren amb una periodicitat menor a 20 ms. A la segona
categoria pertanyen els algoritmes que utilitzen fonts d’informacié externes.
Dins d’aquesta categoria es proposa un fingerprinting que relaciona un parell de
feixos amb la ubicacié de I'usuari, i a banda un model d’intel-ligencia artificial
(TA) que preveu el feix a utilitzar. El fingerprinting ofereix el mateix rendiment.
Pero, esta solucié es molt sensible a errors i requerix considerar tots els casos
possibles, fent-la tecnologicament molt costosa. En canvi, el model IA, que fa
prediccions amb un error del 9%, es una alternativa més realista.
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Notation

This section describes the notation used in this Thesis.

A (boldface capital letter) and Ay represent matrices.
[A];; is the element of matrix A in row ¢ and column j.
[A];: represents the i-th row of matrix A.

[A].; represents the j-th column of matrix A.

A" denotes the conjugate transpose or Hermitian transpose of A.
I,, denotes the identity matrix of size n.

a (boldface lower-case letter) and aj represent vectors.
[a]; represents the i-th element of vector a.

a and A (not boldface italic letters) represent scalars.
A (calligraphic letter) represents a set of numbers.

|A| denotes the number of elements in the set A.
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Chapter 1

Introduction

The concept of mobile network is evolving. The next generation of the mobile
communication standard, the so-called Fifth Generation (5G), will bring pro-
found modifications in many aspects. The projected roadmap to the ubiquitous
high-speed network promised by the year 2020 implies managing ultra-dense
Multi-User MIMO (MU-MIMO) cellular deployments. On the other hand, the
use of additional frequency bands in the Millimeter Wave (mmWave) domain
is presented as a major requirement in order to increase the network capacity
1000-fold, given the complete saturation of the electromagnetic spectrum in
frequencies below 6 GHz, in which legacy wireless networks operate.

The present chapter of the Thesis introduces the results of the research
activity conducted on the field of link adaptation mechanisms for massive Mul-
tiple-Input Multiple-Output (MIMO) 5G wireless networks operating in fre-
quencies over 6 GHz, the called Centimetre Wave (cmWave) and mmWave
bands. This chapter serves as an introduction to the Thesis and explains the
motivation of the work done and provides the necessary technological back-
ground. The background is structured as a series of the explanations of some
fundamental concepts or by presenting the most significant references.

With this aim, this chapter has been divided into the following sections:

e Section 1.1 situates the Thesis in its technological and historical context.

e Section 1.2 analyses the state of the art in the field covered by this The-
sis previous to the beginning of this Thesis work. Concurrent research
activities are also commented.

e Section 1.3 identifies the main problems discussed by the research com-
munity concerning the specific field covered in this Thesis. The section
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concludes establishing the research hypothesis and the research objectives
of the Thesis.

e Section 1.4 outlines the structure of the Thesis summarising the main
contents of each chapter.

e Section 1.5 lists the publications related with this Thesis, including sci-
entific papers in journals and conferences.

1.1 Background

This section presents the context in which the Thesis has been undertaken.
This process includes the evolution process of the mobile and wireless commu-
nication networks to cope with the voracious demand of user data traffic and
the standardised solutions adopted through the years.

1.1.1 Why 5G?

Mobile communications have fueled the evolution of society and technology for
the past three decades. Since the irruption of the smartphones, communication
devices are becoming more and more frequent in different situations of people’s
daily lives. This trend is expected to continue, making technology and society
bounds more profound.

The future will impose more exigent requirements to the wireless networks.
New services and applications will demand higher volumes of data traffic from a
massive number of devices simultaneously connected, each with different service
requirements and hardware complexities. The creation of new applications will
open up new revenue streams for mobile operators, which are also pushed to
reduce their operation expenditure and maintain user tariffs low.

The services to come and their requirements will undoubtedly need of inno-
vative solutions. In this scenario, the International Telecommunication Union
(ITU) Radiocommunication Sector (ITU-R) is pushing the wireless technology-
enablers to a revolutionary new network paradigm where new scenarios and ser-
vices will flourish. With the firm intention to conclude in the year 2020, the new
International Mobile Telecommunication (IMT) 2020 (IMT-2020) specification
[1] for the future generation of wireless communications focuses on three main
usage scenarios: Enhanced Mobile Broadband (eMBB), Massive Machine-Type
Communications (MTC) (mMTC) and Ultra-Reliable Low-Latency Communi-
cations (URLLC). The expected capacities of the 5G network are listed in
Table 1.1
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Table 1.1: Wireless network requirement for IMT-2020.

] Capability | Target value | Usage scenario |

Peak data rate 20 Gbps eMBB
Guaranteed data rate 100 Mbps eMBB
Latency 1 ms URLLC

Maximum user speed 500 Km/h eMBB/URLLC
Simultaneous connections 10°/km? mMTC
Energy efficiency Equal to 4G eMBB
Area traffic capacity 10 Mbps/ m’ eMBB
Spectrum efficiency (3-4)x 4G eMBB

Achieving the requirements imposed by IMT-2020 will require the adoption
of innovative solutions in the network. The enhancements in data rate and net-
work capacity can be tacked down from different perspectives. One of them is
increasing the spectral efficiency of the network. To that aim, advanced phys-
ical layer techniques can be introduced, including advanced modulation and
coding schemes. Advanced processing techniques like Three Dimension (3D)
beamforming or using massive MIMO are also promising solutions to increase
the spectral efficiency by performing what is called spatial multiplexing.

A revolutionary novelty in IMT-2020 is that it opened the door, for the
first time, to consider carrier frequencies between 6 and 100 GHz for the 5G
radio access. Rather than suggesting a common range of frequencies for all the
geographic areas, the IMT-2020 recommends policy regulators of the different
regions to make and effort and harmonise the use of frequency bands. Har-
monisation will simplify the network equipment and terminals since they will
equip a single radio front-end. Such complexity reduction will also help reduce
the energy consumption, thus extending the battery life of the devices, and
facilitate the economies of scale. Furthermore, the IMT-2020 recommends the
new frequency bands to have large and contiguous portions of spectrum. The
bandwidth must be flexible and long enough to accommodate the IMT-2020
usage cases may require bandwidths from a few MHz to 1 GHz or even more.

3GPP 5G timeline

It is clear now that some of the new requirements imposed by the IMT-2020
specification are incompatible with the current Long Term Evolution (LTE)
technology. In order to fulfil the IMT requirements, Third Generation Part-
nership Project (3GPP) created the next G of its mobile network standards
and named it New Radio (NR) [2].
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It was during TSG #67 in March 2015 when 3GPP reported its tentative
timeline for the development of their 5G standard [3]. Later, during RAN #69
in September 2015, 3GPP RAN group identified three initial steps which were
necessary to support the development of NR: 1) preparation of a new channel
model supporting larger frequencies; 2) study the new scenarios for 5G; and
3) define RAN Working Group (WG) to evaluate technology solutions for 5G.
The timeline of the development of each of the three requirements started with
the creation of their individual Release 14 Study Items (SI) in successive RAN
meetings is the following.

The first SI, which also appeared in RAN #69, was the Release 14 SI entitled
“Study on channel model for frequency spectrum above 6 GHz” [4]. This study
centred on channel models for frequencies above 6 GHz. The study concluded
with the creation of the 3GPP standard model defined in Technical Report
Technical Report (TR) 38.900, which was created in RAN #72 meeting held
in June 2016 [5]. This TR can be seen as the first official Release 15 document
centred in NR. Later, the channel model for frequency spectrum above 6 GHz
was integrated with the channel model for sub-6 GHz frequencies in TR 38.901
[6].

The Release 14 SI “Study on Scenarios and Requirements for Next Gener-
ation Access Technologies” [7] was initialised in RAN #70 in December 2015.
This study spanned for one year until RAN #74 meeting in December 2016,
when 3GPP moved the SI to the standard document TR 38.913 [8].

In March 2016, ITU-R invited for candidate radio interface technologies for
IMT-2020 in a Circular Letter. The overall objectives of IMT-2020 were set
via ITU-R M.2083 and the requirements were provided in ITU-R M.2410 [9)].

In alignment with the ITU-R Circular Letter, 3GPP started during RAN
#71 meeting in March 2016, the Rel-14 SI “Study on New Radio (NR) Ac-
cess Technology” [10] with the purpose to identify the usage cases and their
requirements. This study completed at RAN #75 in March 17 and it is part of
the 3GPP TR 38.912 [11]. This standard document summarises the features
of the new radio technologies, extending those contained in [8], and provides
feasibility and capacity studies.

The outcome of RAN #75 meeting in March 17 was an important milestone
in the development of NR. 3GPP started a Release 15 a Work Item (WT) on
“New Radio Access Technology” [12]. In this meeting, the RAN work groups
committed to accelerate the developing and deployment of NR. Due to the
complexity of the 5G network and the very challenging timing, the NR release
plan was split into 3 phases addressing different network operator demands.

For this aim, 3GPP released an “early Release 15 drop”, which was in-
tended for speeding the adoption of 5G. This architectural solution consisted
in integrating NR base stations (called NR base station (gNB)) to an existing
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Figure 1.1: 3GPP roadmap for 5G [13]

LTE Advanced (LTE-Advanced) network in such a way that NR only conveys
user-plane data and all the control signalling is conveyed throughout LTE’s
legacy Evolved Packet Core (EPC). 3GPP refers to this architectural solution
as NR Non Standalone (NSA) mode.

3GPP contemplates a “regular Release 15 freeze” release, which focus on
the NR Standalone (SA) mode. Opposite to the NSA mode, this architectural
option conveys the signalling data through an 5G Core Network (5GC), not
requiring the background support of an LTE network.

Finally, there is a third release of NR named “late Release 15 drop”, which
provides inter-networking flexibility between LTE and NR networks.

3GPP has been actively developing 5G specifications since June 2017 when
LTE Release 14 was declared to be completed (freeze). 3GPP planned the full
development of the NR standard in two phases and they spanned throughout
Releases 15 and 16. Completion of Release 15 is referred to as 5G Phase 1, and
the 5G Phase 2 occurs throughout the completion of Release 16. The whole
roadmap to 5G is illustrated in 1.1, where the “Stage 1”7 refers to the service
description, “Stage 2”7 described the architectural and logical analysis of the
network, and “Stage 3” is the implementation of the protocols.
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The first set of 3GPP 5G specification documents, NR in NSA mode saw
the light in December 2017. The SA mode was due to by September 2018 but
was concluded in June 2018.

The first commercial call using the NSA 5G NR standard was completed in
February 2018 on a test network in Spain, by Vodafone and Huawei. Vodafone
started to commercialise 5G coverage in 15 cities in the Spanish territory in
June 2019.

New operation frequencies

As already stated, the services envisioned for 5G will require a large number of
contiguous chunks of spectrum, way beyond the currently available bandwidths
in legacy cellular systems. This basic requirement made mmWave bands so
attractive for 5G systems, given the vast unoccupied spectrum.

The IMT-2020 system requirements demand at least 100 MHz width chan-
nels, extending this compromise to up to 1 GHz for frequencies in the mmWave
band.

3GPP, following the IMT-2020 guidelines on use of the 5G spectrum, ex-
tended the operation frequencies used in legacy cellular systems to higher
frequencies for NR. Accordingly, 3GPP separates the 5G spectrum in two
Frequency Range (FR) [2, 14]. The FR 1 (FR1) term refers to frequencies be-
low 6 GHz, and the FR 2 (FR2) term refers to the inaccurately called mmWave
band. More precisely, FR2 includes operation frequencies ranging from 24.25
to 52.60 GHz.

One of the mandatory objectives in IMT-2020, and extended to 3GPP NR,
is the spectrum harmonisation among geographical areas. This implies that
regions must make an effort to make available the frequency bands identified for
5G deployments. Spectrum harmonisation is desirable because it allows using
the same mobile terminals and radio access network equipment worldwide.
This brings significant benefits in terms of end-user and network equipment
simplification, and cost manufacturing cost reduction with the introduction of
economies of scale. An harmonised spectrum is even more desirable in mmWave
frequencies. Having a unified ecosystem eases the development of advanced
multi-antenna techniques.

3GPP TR 38.815 is devoted to the spectrum harmonisation efforts for
mmWave [15]. The document summarises the initiatives taken by governments
of The United States of America, the European Union, South Korea, Japan,
and China, with respect to their spectrum licensing activities for 5G. The
original tentative frequency bands for each region are illustrated in Figure 1.2.

On July 2016, the USA Federal Communications Commission (FCC) open
up nearly 11 GHz of spectrum in the mmWave band for commercial wireless
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Figure 1.2: The plans of spectrum use for 5G systems proposed in different
regions are harmonised in the 24-30 GHz band [15].

services: 3.85 GHz of licensed spectrum and 7 GHz of unlicensed spectrum
by creating a new Upper Microwave Flexible Use service (UMFUS) in the 28
GHz (27.5-28.35 GHz), 37 GHz (37-38.6 GHz), and 39 GHz (38.6-40 GHz)
bands, and a new unlicensed band at 64-71 GHz. In Europe, the frequency
band 3400-3800 MHz is considered as the pioneering frequency band for 5G
networks in Europe before the year 2020 given that it is already harmonised
for mobile networks and satisfies the IMT-2020 channel bandwidth requirement
for the lower 5G frequencies. On December 2016, the European Conference of
Postal and Telecommunications (CEPT) recommended the 24.25-27.5 GHz as
a pioneer band for 5G above 24 GHz and encouraged the European partners
to undertake the necessary spectrum harmonisation efforts and make the band
available for national operators by the year 2020. On June 2016, Japanese
Ministry of Internal Affairs and Communications (MIC) published their final
report on 5G spectrum allocation and planned to use 5G networks operating in
the 27.5-29.5 GHz band in Summer 2020 during the Olympic Games in Tokyo.
Additionally, national policy makers and regulators are considering early 5G
trials in the 3600-4100 MHz, 4405-4895 MHz and 27.5-28.28 GHz bands. On
January 2017, Korean Ministry of Science and ICT (MSIT) announced the
K-ICT Spectrum Plan in order to use the 28 GHz (26.5-29.5 GHz) band for
5G. On June 2017, Chinese Ministry of Industry and Information Technology
(MIIT) is consulting wireless industry leaders on the mmWave spectrum plan-
ning in two principal candidate bands: the 24.75-27.5 GHz and 37-42.5 GHz.
At the time of writing this Thesis, no decision has been made on this aspect
by the Chinese government.

With regard to the description of the mmWave spectrum use plans in each
region, 3GPP actively studied the frequency bands in the region between 24
and 30 GHz for NR in a WI which crystallised in the TR 38.815 document [15].
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Figure 1.3: First standard mmWave bands for NR [15].

Finally, only two of the four original candidate bands in FR2 made it to the
final specification document: standard bands n257 and n258. From lower to
higher frequency, n258 ranges from 24.25 GHz to 27.5 GHz and n257 consider
operation frequencies between 26.5 GHz and 29.5 GHz. Both frequency bands
are large, 3.25 GHz and 3 GHz bandwidths respectively. Figure 1.3. Note that
the overlapping frequencies of the two frequency bands is 1 GHz bandwidth.

1.1.2 3GPP Releases

This subsection aims at describing the novelties brought by the 5G Phase 1
and Phase 2 to put the attention on the new services and applications.

Release 15

After initial delivery in late 2017 of NSA NR specifications, much effort focused
in 2018 on completing the Release 15 specification documents in due time and
on passing the first milestones imposed by the IMT-2020 time plan.

The first drop of the initial Release 15 specifications centred on NSA 5G
network deployments integrated in the previous-generation LTE network ar-
chitecture. The late versions of Release 15 standard documents cover SA 5G
with a new core network. Release 15 also brings enhancements to LTE and,
implicitly, its core network: the EPC. This crucial way-point enables vendors
to progress rapidly with chip design and the early deployment of commercial
5G networks during 2019.

As the Release 15 work has matured and drawn close to completion, the
focus shifted to the first stage of Release 16, also referred to as '’5G Phase 2’.
By the end of 2018, 83 studies relating to Release 16 were in progress for 5@G,
covering diverse topics such as Vehicle-to-Everything (V2X) application layer
services, 5G satellite access, Local Area Network (LAN) co-existence, terminal
positioning and location, introduction of network automation processes and
novel radio techniques, multimedia transmission, network slicing and Internet
of Things (TIoT).
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In addition, 3GPP groups are evaluating the applicability of 3GPP technol-
ogy to satellites, airborne base stations, railway or maritime communications.

Release 16

Release 16 is a major Release for the 3GPP project since it will be a full 5G
system compliant with the IMT-2020 guidelines. The completion of the Release
16 of NR is expected by March 2020.

Release 16 is the continuation of the services envisaged for Release 15.
Moreover, Release 16 centres on extending Mission Critical (MC) services to
address a wider business sector than public security and civil defence services.
The focus is on new commercial applications like taxi dispatching or railway
traffic management. This would bring enhanced reliability to those MC services
due to the wider adoption of the technology, which can reduce deployment costs
due to economies of scale.

1.1.3 Multi-antenna transmission in 3GPP
Evolution along LTE releases

Multi-antenna schemes are an integral part of the LTE standard from the very
beginning of the technology. Generally, a number of transmission layers Ny,
are mapped to a number of antennas N4 by a N4 x Ny precoder matrix,
with the limitation on the number of layers, also referred to as rank in LTE
nomenclature, cannot be larger than the number of antennas, that is, N;, < N4.
The number of antenna elements and layers has increased along LTE re-
leases. In Release 8, the number of maximum antennas is 4. In downlink, the
maximum number of antenna layers is 4, but commercial base stations sup-
ported 2 layers at maximum. Up to four layers is possible in the downlink
although commercial deployments typically use only two layers. Conversely,
uplink transmissions only supports a single layer. LTE Release 8 offers a theo-
retical maximum data-rate of 150 Mbps in downlink with a rank 2 transmission
and 20 MHz of bandwidth, and a maximum data rate of 75 Mbps in uplink.
Release 10, also referred to as LTE-Advanced represented more than a sig-
nificant update of the LTE technology, since it brought important novelties to
the standards, also to multi-antenna transmissions [16]. The maximum number
of supported layers and antenna ports in downlink augmented to 8. But more
importantly, LTE Release 10 redefined the Reference Signal (RS) structure, and
introduced separated RS for channel estimation for data and control planes.
This redefinition was due the irruption of new transmission techniques in the
Radio Access Technology (RAT) such a Coordinated Multi-Point (CoMP).
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Releases 13 and 14 focused on supporting very-large or massive antenna ar-
rays, up to 64 antenna elements, and in Channel State Information (CSI) feed-
back enhancements. Among the enhancements, Releases 13 redefined the base
station Transceiver Architecture (TXRU) [17], which separates the analog and
digital precoding stages to better support beamforming. In addition, a beam-
formed Channel State Information Reference Signals (CSI-RS) was introduced
that impacted the CSI channel training procedure and feedback, introducing
the beam index report. The larger degrees of freedom obtained from the very
large number of antennas can be used to create directional links to various
users, i.e. to beamform. In this MU-MIMO, users are spatially multiplexed
and each link conveys dedicated user data, which means that the same time-
frequency resource can be shared among users. 3GPP recognises the spatial
multiplexing advancements in LTE as Full Dimension MIMO (FD-MIMO).

LTE Release 15 extended the maximum number of antenna ports to 32.
The maximum number of receive antennas in downlink was increased to 8.
Therefore, up to 8 data streams could be transmitted to a single User Equip-
ment (UE) with 8 antennas. 3D beamforing was introduced in this release, so
beams can be configured not only in the horizontal plane but the vertical plane.
On the other hand, Release 15 uplink supports the simultaneous transmission
of 4 data streams from a user terminal with 4 antennas.

Channel state information feedback

The transmission rank, as well as the exact precoder matrix, can be selected
by the network based on CSI measurements reported by the UE to the evolved
Node B (eNodeB). This channel information feedback operation is known as
closed-loop spatial multiplexing. This Thesis focuses on closed-loop reporting,
but there are other strategies contemplated in the standards.

LTE allows spatial multiplexing in rank 1 channels. In this case, the pre-
coder matrix is a N4 x 1 matrix, that is, a precoder vector. This precoding
vector can be used to beamform by selecting the precoding vector values or
codeword out of a set of predefined precoding vectors or codebook. For this
reason, this beamforming strategy is known as codebook beamforming.

In codebook beamforming transmissions, the UE gets the CSI from the
transmitted Channel state information Reference Signal (CRS). Then, the user
reports the eNodeB its perception of the channel state by sending a Precoding
Matrix Indicator (PMI). Then the eNodeB applies the spatial domain pre-
coding on the transmitted signal taking into account the PMI so that the
transmitted signal matches with the channel experienced by the UE. Note
that the PMI may be changed by the eNodeB according to the instantaneous
state and then will be sent back to the UE. After precoding, the UE receives

10
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Figure 1.4: Evolution of RS in LTE.

the information from the eNodeB on what precoding matrix is used, which is
utilised by the UE for demodulating the data.

Before Release 10, channel estimation is entirely performed by measuring
CRS. LTE-Advanced introduced two new RS: CSI-RS and Demodulation
Reference Signal (DM-RS) for CSI acquisition and data channel demodulation,
respectively. Figure 1.4 illustrates the evolution of the RS use in LTE separated
by data planes. The transmission frequency of the reference signals was altered.
CRS transmission occurs every millisecond, whilst CSI-RS is transmitted with
a periodicity of a multiple of 5 ms. Similarly to CRS, the CSI-RS signals are
transmitted to every user in the cell. On the contrary, DM-RS is UE-specific
and individually addressed to the intended UE, so DM-RS signals are precoded
or beamformed with the same weights applied to the data transmission channel.
Since the DM-RS is present in the transmission grid under scheduling basis,
this RS is not valid for CSI measurements in LTE.

Release 13 complemented CSI-RS with a beamformed version for CSI ac-
quisition. Beamformed CSI-RS introduced a different channel training tech-
nique in LTE that uses multiple precoding weights to transmit the CSI-RS on
different directions. The UE measures the received precoded CSI-RS and se-
lects best received vector weights and reports its index to the eNodeB. This
scheme is particularly beneficial over non-precoded CSI-RS for large number
of antennas, since it reduces the uplink signalling overhead, the downlink pilot
overhead, higher RS quality due to the beamforming gain [16].

11
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MIMO in NR

The use of multi-antenna technology in NR is focused on two objectives. The
first objective is to ensure sufficient coverage for NR deployment in over-6 GHz
spectrum where propagation loss over wireless channels is significantly higher
than that of sub-6 GHz spectrum. The second objective is to achieve spectral
efficiency 3 times larger that in LTE systems.

Overcoming the large propagation loss is achieved in NR with beamformed
transmission and reception, where the transmitter and receiver benefit from
the antenna gain due to the large number of antenna elements. At a given
time instance, data transmission to or from a base station is made using one
of the multiple beams that can provide sufficient signal quality. Support for
multi-beam operation in NR includes beam quality measurement, beam quality
reporting, beam assignment, and recovery mechanism in case the assigned beam
quality is not good enough. NR provides support for multi-beam operation at
every stage of the radio operation: initial/random access, paging, data/control
transmission /reception, and mobility handling.

1.1.4 Channel models for simulations

Standardised channel models have been widely used and have significantly con-
tributed to the successful evolution of wireless network systems. This trend will
undoubtedly continue in future developments. As a rule of thumb, standard-
ised models must represent real channels with a certain level of precision, in
addition to having an acceptable computational complexity; this makes them
economically viable and advantageous compared to the normally expensive di-
rect prototype of the technology to be developed. Generally, the degree of
realism or accuracy of the model to be used depends ultimately on the scope
of use of the model itself, so the computational cost can always be minimised.
For example, a lower accuracy will be required in those cases in which you
want to compare certain algorithms. In these cases, stochastic models have
traditionally been used, which can be parameterised according to the use sce-
nario: urban, rural, indoor, etc. On the other hand, a high degree of fidelity
of the channel is necessary when planning a cellular network that must take
into account both the antenna sites and their orientation or the morphology of
the area under study. For the later case, professional planing software must be
used. Such professional tools use channel models based on raytracing, which
have a very high accuracy at the expense of a high computational load.

The most widely used standardised stochastic geometric models are the
3GPP Spatial Channel Model (SCM) [18], the 3GPP 3D [19] or the IMT-
Advanced [20], which were formerly designed for frequencies below 6 GHz.

12
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These models have been improved to adapt to higher operation frequencies,
up to 100 GHz. It is worth mentioning that the propagation conditions in the
millimetre range are different due to the shorter wavelength of the signal. For
example, diffraction tends to be smaller due to a reduced area of the Fressnel
zone, scattering is higher due to the greater effective roughness of the materials
and higher penetration losses [21]. The possible millimetre channel models
will use common properties of low frequency systems such as multipath delay
spread, angular dispersion or Doppler deviation, but with adequate values,
and will also include new features such as high sensitivity to blocking due to
buildings, people (even fingers) and strong differences between links with direct
vision and no direct vision.

1.2 State of the art analysis

This section presents an analysis of the state of the art in the field of study
of this Thesis based on an exhaustive literature review. This review is divided
into five parts. The first one is the review of the MIMO antenna architectures.
The second part discusses the channel estimation techniques. The third and
last part deals with beam alignment techniques.

1.2.1 Millimeter Wave communications

The extremely-high data transmission rates and the service ubiquitousness ex-
pected in 5G require huge portions of bandwidth. The traditional operation
frequency bands of wireless networks, which typically operate below 6 GHz, are
highly saturated. Radio Access Network (RAN) in the unsaturated cmWave
and mmWave bands have traditionally been discarded due to the higher wave
propagation losses and blockage sensitivity in this frequency range, which usage
seemed unfeasible in medium and long range communications. However, the
large amount of free chunks of spectrum has attracted the interest of the sci-
entific community in compensating the high propagation losses in the cmWave
and mmWave bands. From the sake of notation simplicity and clarification of
concepts, this Thesis will refer to cmWave as mmWave, even if the term is not
used correctly. As the authors note in [22], it is well-known that free space
propagation losses proportionally increase with the frequency, but the same
formula applies to isotropic antennas with an effective aperture area of half
the wavelength (A/2). The higher the frequency, the shorter the wavelength
and, therefore, the smaller the effective aperture area. On the other hand, an
antenna with larger aperture has larger gain since it can capture more energy.

13
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Shorter wavelengths allows placing many antennas separated /2 in the
same effective aperture area. Having several antenna radiation elements makes
the antenna being directional, meaning that the antenna can focus the energy
around given directions, configuring lobes or beams. As a result, an additional
antenna gain can be expected in the directions with maximum energy.

The combination of these two gains can overcome the free space propaga-
tion losses and additional losses from other agents which are not perceived in
frequencies below 6 GHz such as the foliage attenuation or rain attenuation.
Authors in [22] experimentally demonstrate that the losses due to foliage can
be very high, of up to 80 dB, while the rain attenuation is negligible in commu-
nication link distances shorter than a few hundred meters. The authors in [23]
foreseen the use of high gain directional antennas as an enabling technology
of wireless communications in the mmWave band. In their work, authors also
identify a series of elements to be taken into account in mmWave communica-
tions, such as 1) the shadowing probability behind the rapid fluctuations of the
received wave signal level; and 2) coordination among users to reduce undesired
interferences; and 3) the computational cost of the signal processing solution.

Measurement campaigns above 6 GHz

For the correct design of the future 5G system and its enabling technologies,
it is necessary to correctly characterise the spatial and temporal propagation
characteristics of the channels in the mmWave band in a wide variety of en-
vironments. The characterisation of mmWave channels gained momentum in
the past five years with the explosion of 5G research activities. It is worth
highlighting the significant contribution to this field of the research group led
by professor Theodore S. Rappaport of the New York University (NYU). Some
of their numerous experiments are public, like the outdoor measurement cam-
paigns at the NYU campus in Downtown Manhattan at 28, 38 and 73 GHz [23]
or the repetition of the measurement campaign in the campus of the University
of Austin in Texas [24]. The measurement campaigns basically consisted on
placing a couple of directive horn antennas in different locations (with precise
location information from Global Positioning System (GPS)), one antenna be-
ing the transmitter and the other antenna is the receiver, and determine the
existence of direct vision between them or not. Both antennas were rotated in
azimuth and elevation in order to obtain the departure and arrival angles of
the different received power contributions, which is known as Packet Data Pro-
tocol (PDP), which have great relevance when obtaining the greater possible
signal in conditions of no direct vision.

In both scenarios, Rappaport showed that in conditions of Line of Sight
(LoS), the multipath component is practically irrelevant and the direct ray

14



1.2 State of the art analysis

predominates, whereas in Non Line of Sight (NLoS) conditions the power is re-
ceived from a few significant contributions, finding 3 maximum contributions in
the outdoor Manhattan measurement campaigns. For these findings, mmWave
channels are supposed to be low ranked, being the rank the number of suc-
cessful rays. Channel statistics can be extracted from the PDP information
such as the average delay spread Delay Spread (DS). In the measurement cam-
paigns, the DS was about 200 ns in the Manhattan experiments, whereas the
DS was 70 ns in Austin. In light of these results, it can be said that in very-
dense urban environments there are more reflections so the contributions are
received with greater delay and attenuation. Rappaport also draw the atten-
tion on an important reflection: the construction materials in very dense cities
introduce larger propagation losses at mmWave frequencies. Despite the larger
attenuation due to reflections, all the measurements experiments in Manhattan
reported received Signal to Noise Ratio (SNR) values of 10 dB at all distances
below 200 m even in NLoS conditions due to the large antenna gain of the
transmit and receive horn antennas, providing a joint gain of 50 dB.

As for the probability of outage, all locations in Austin registered sufficient
signal for distances shorter than 200 metres away from the base station. The
measurement campaigns in Manhattan showed that at 28 GHz the probability
of a user to be out of coverage, i.e. in outage, is 14% for all receivers below
200 metres away from the base station. At 73 GHz, the outrage probability
slightly increased to 17%. These outages percentages are due to the higher
probability of blocking the signal in dense urban scenarios, where 57% of the
outage locations were in either in NLoS condition or the receiver was place
further than 200 metres away from the transmitter. Finally, the authors also
noted that in LoS conditions, the beam gain requirement can be relaxed.

In light of these results, the Rappaport group does not hesitate to claim
that cellular systems operating in mmWave is feasible in ultra-dense urban
environments, where the cell density is high and, therefore, the coverage area
of the cells can be lowered and the LoS probability is larger. Communication
is also possible in short-range NLoS conditions.

Rappaport’s group went further in their measurement campaigns and re-
peated the study in a varied indoor environment for frequencies of 28 GHz and
73 GHz as detailed in [25]. The main novelty introduced was the study of the
polarisation diversity. The main results drawn from the indoor experiments
are a greater isolation between vertical and horizontal polarisation which led
to a larger diversity. On the other hand, polarisation misalignment severely
penalises (up to 32 dB of loss) if horn antennas are used as Maccartney showed
in his evaluation. Antenna arrays with circular polarisation, or antenna panels
with cross-polarisation should be used to minimise losses due to polarisation
mismatches.

15



CHAPTER 1. INTRODUCTION

Other initiatives worth noting in the characterisation of the mmWave chan-
nels are the Samsung initiative in Daejeon, South Korea, which conducted a
statistical characterisation of the 28 GHz band [26, 27] in a similar procedure to
Rappaport’s, or the characterisation undertaken by Salous in Durham Univer-
sity [28], who designed a 2x2 MIMO wideband sounder operating at 60 GHz,
with a firm intention to extend the frequency to 90 GHz. The TU Ilmenau [29]
has focused on characterising the 70 GHz band in indoor environment.

In light of all the measurement campaigns detailed so far, it can be said that
mmWave cellular communication systems are viable since useful signal levels
were received. Measurement campaigns were undertaken in static conditions,
with fixed transmitter and receiver. There is very little contribution in terms
of the characterisation of the mmWave channel in mobility scenarios, and such
characterisation is of great importance given the fact that one millimetre dis-
placement at this large frequencies can completely change the perception of the
channel. It would also be interesting to consider channel models with trans-
mitter mobility to support Vehicle-to-Vehicle (V2V) type communications.

Channel models above 6 GHz

The partners of the METIS project were the first to review the existing channel
models, identifying the model deficiencies that make them unsuitable for high
frequencies. In their study [30], METIS consortium focused on the 3GPP 3D
models [19], Winner / IMT-Advanced [20, 31, 32] and their extensions, COST
2100 [33] and Institute of Electrical and Electronic Engineers (IEEE) 802.11ad
[34]. The main limitations that arose were the following:

e Inadequate bandwidth. As you go up in frequency the bandwidth is
usually also higher, even greater than the maximum bandwidth allowed
by the models.

e Two-dimensional models. 3GPP SCM and IMT-Advanced / WINNER
[20, 31] are 2D; that is, the diffraction and reflector phenomena occur
on the same plane. This fact limits the use of MIMO techniques to the
azimuth domain. Key elements and scenarios of 5G as 3D beamforming
need the three coordinates of space. Therefore, it is necessary to use 3D
models such as [19] or it would be necessary to introduce modifications to
the SCM models that add the elevation component as proposed in [35],
which provides similar values compared to the 3D slope of IMT-Advanced
/ WINNER [32].

e Low suitability for device-to-device (D2D) communications. The models
only suppose movement in one of the two elements involved in the com-
munication and does not contemplate that both ends are mobile, so that
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effects such as Doppler at both ends must be introduced. In addition, the
authors emphasize that adapting the WINNER / IMT-Advanced mod-
els to D2D would be highly inefficient. These models estimate very well
the correlation of the large-scale parameters based on a map of the pre-
calculated area with a fixed base station. Having mobility in transmission
and reception required to have a map for each location combination of
the mobile nodes, increasing the dimensions of said map (from 2D to 4D
or 6D). Ignore the correlation of the meters for large scale, especially
shadowing, will lead to erroneous predictions [36].

e Inconsistency of the small-scale parameters, in the sense that the spa-
tial variety is not modelled realistically. The position of the diffraction
elements or scatterers is determined stochastically, so that very close re-
ceivers can see different scatterers when they should be very similar. Es-
pecially affects the determination of the angles of departure and arrival,
referred to in the literature as Angle of Departure (AoD) and Angle of
Arrival (AoA) respectively, and whose determination is fundamental for
a good design of beamforming solutions and beamtracking. In contrast,
future models should be more realistic and with an improved spatial cor-
relation.

e Lack of support for arrays of large antennas. The models require a much
higher and more realistic resolution, in addition to supporting spherical
and non-planar waves as in all two-dimensional stochastic models anal-
ysed. This last characteristic is of vital importance in order to validate
multi-antenna systems.

In the report [37] the authors collect the measures initiatives and modelling
of channels below 100 GHz for 5G, among which are included in this thesis
proposal. The authors stress that the 3D model of the 3GPP must be the basis
on which to build the future stochastic geometric models for the 5G, and also
detail the fulfilment of the necessary attributes to satisfy a 5G model. The
3GPP presented the first version of their 3D channel model for frequencies
above 6 GHz [5] in June 2016 and took the form of a Release 15 as a channel
model from 0.5 GHz to 100 GHz in June 2018 [6].

Parallel to the development of the 3GPP models for very high frequencies,
Professor Rappaport’s group developed the first statistical channel model for
high frequencies. The NYU channel model is based on their measurement
campaigns with highly directional channel sounders, for which it was necessary
to obtain the equivalent omni-directional propagation loss models by adding the
received powers in each direction of aiming; that is, adding the areas below each
of the PDPs for each angle, for each combination of elevation and azimuth for
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each pair of transmitter and receiver and eliminating the effect of the antenna
gains, as detailed in [38]. Similar to 3GPP or IMT models, the NYU channel
model is of the alpha-beta-gamma (ABG) style [39] where the coeflicients are
calculated in such a way that the Minimum Mean Square Error (MMSE) of the
estimation is minimised for the operation frequency. But as already mentioned,
communications in mmWave are directional, so Rappaport’s group introduced
in [40, 41] their preliminary 3GPP-3D-like model for Urban Micro-cell (UMi)
and indoor environments, respectively. Both models are still alpha-beta-gamma
(ABG) model type, with the difference of an additional propagation loss due
to polarisation mismatch of the signal in the indoor model.

For a precise characterisation of the channel environment in a given sce-
nario, professional channel models based on powerful ray tracing tools [42],
completely established in the industry and used by professionals, and that are
also helping to characterise the mmWave channels. These tools use multiple
rays in three-dimensional representations of real scenarios to obtain very ac-
curate propagation loss measurements. The only drawback of the ray-tracing
tools is their high computational cost, which is why they are indicated for large-
scale channel models in which the propagation losses of each stage point are
calculated only once. The partners of the METIS project have their so-called
map-based model in which the propagation losses from each antenna to any
outdoor position of their Madrid-grid scenario were calculated with a commer-
cial ray-tracing tool [30]. The authors of [43] characterise two indoor scenarios
in the mmWave band, from 26 GHz to 30 GHz, in conditions of no direct vision
to the transmitter, and corroborate the blockages that introduce people and
objects in the signal and that the contributions with greater power they only
come from a few addresses that can be grouped into a few clusters.

1.2.2 Beamforming

Signals transmitted in the mmWave bands suffer of propagation losses several
orders of magnitude higher than those experienced by signals in the operation
frequency which are typically used in cellular and other wireless communication
systems. To overcome the excess in free-space propagation losses, systems
operating in high frequencies must and can benefit from the additional gain
provided by antenna arrays, which due to a shorter wavelength A\ results in
higher density of antennas for the same effective area. The gain introduced by
the array is directional. The energy is concentrated in certain directions where
the signals coming from the different antenna elements sum constructively.
These directions are influenced by the configuration of the array of antennas,
this is, the number of antennas elements and the geometric shape of the array,
and the spatial separation between adjacent antenna elements. By changing

18



1.2 State of the art analysis

the amplitude and phase of the signal feeding the radiating elements, it is
possible to steer the pointing direction of the main lobes. This is known in the
literature as beamforming.

Beamforming architectures

In MIMO systems, the term of beamforming refers to the multi-antenna prop-
erty of controlling the direction of a wave-front by appropriately adjust the
magnitude and phase of the signals feeding each antenna element of the array.
Considering the transmission case, the different copies of the signals trans-
mitted from the antenna elements travels with different phases. In free-space
propagation conditions, the signal level experienced in an arbitrary location is
determined by the phase relationship among the copies. There are two extreme
cases of signal phase interactions. On one hand, if signals arrive in opposite
phases, they add destructively and, consequently, no signal is received. On the
other hand, if the signals are in phase, the signals sum up constructively and
the signal power level is significantly increased.

In LTE, the term MIMO usually refers to Single User MIMO (SU-MIMO).
In SU-MIMO, both the Base Station (BS) and UE have multiple antenna ports
and antennas, and multiple data streams are transmitted simultaneously to the
UE, re-utilising the same time/frequency resources. Depending on the MIMO
configuration, SU-MIMO doubles (2x2 MIMO), or quadruples (4x4 MIMO) the
peak throughput experienced by the UE.

In MU-MIMO, the BS sends multiple data streams. Each flow is intended
for a single UE. Like in SU-MIMO, data flows are multiplexed using the same
time-frequency resources. As a result, the total cell capacity is increased. The
BS has multiple antenna ports, at least as many as data streams or UEs, and
each UE is mapped to a unique antenna port.

The transmission of multiple data streams (layers in 3GPP terminology) for
different users is also known in the literature as precoding. Unlike beamforming,
in which the phase shift of the signals emitted by the antenna elements is
constant, in precoding the antennas are fed with different signals and also
with different phases. The beam conformation in MIMO systems is done in
baseband. This digital processing requires dedicated Radio Frequency (RF)
chains, Analog-to-Digital Converter (ADC)s and power amplifiers per data
stream. These components are not inexpensive, so the use of MIMO solutions
with purely digital preprocessing is not feasible when the number of antennas is
high. And so is the case of massive MIMO deployments. Note that precoding
refers to the digital signal processing at the transmit side; the equivalent term
for precoding at the receiver side is named combining.
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The number of RF chains, ADCs and power amplifiers, and their connection
to each one of the antenna radiation elements in the array gives three different
beamforming architectures:

e Precoding and MU-MIMO are also known as digital beamforming. This
architecture requires separate RF and ADC chains for each individual an-
tenna element in the array, enabling fully-digital signal processing. Mul-
tiple beams (one per user) can be formed individually for each UE and
simultaneously to all the UEs served by the BS. The number of beam
directions to form is potentially unlimited and it is only affected by the
quantisation resolution of the ADCs used [44].

e Analog beamforming is the simplest beamforming architecture: it
presents a single RF chain and it is connected to all the antenna elements
of the array. Compared to the digital architecture, the analog architec-
ture saves power, since only one power amplifier is used, and is more
economical. Precoding is significantly less complex and computationally
lightweight. The principal drawback of the analog beamforming archi-
tecture is that it can only form a single beam at a time. The number of
beam directions to form is limited by the resolution of the phase shifters.
Despite the aforementioned drawbacks, the reduced power consumption
and complexity of analog beamforming architecture makes them an ideal
candidate for early mmWave NR deployments.

e Hybrid beamforming is the compromise solution between digital and ana-
log beamforming architectures. An hybrid architecture presents N; an-
tennas and N RF chains, with the condition of Ny < N;. The number
of simultaneous data flows in an hybrid architecture is the number of RF
chains Nip. It is expected that NR deployments will evolve to some
sort of hybrid transceiver configurations. One possible application in NR
is performing beamforming in a two-step procedure: the analog beam-
forming would do beamforming with a wide beam, and then the digital
precoder can fine tune and the beam to some extend.

Massive MIMO

The concept of massive MIMO was introduced by Thomas L. Marzetta [45]
to refer to antenna array configurations with a very large number of antenna
elements. It is commonly agreed that to properly refer to a massive MIMO
system as massive, the number of antenna elements must be larger then than
the number of potential users. In mmWave, a massive MIMO system typically
consists of around a hundred radiant elements.
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A massive MIMO network may take advantage of the multiple degrees of
freedom Degrees of Freedom (DoF) provided by the large number of antennas,
more than users, for multiple purposes besides the beamforming gain, which
details were provided in Subsection 1.2.2. The multitude of antennas may serve
to transmit multiple data flows simultaneously using the same time-frequency
resources, thus increasing the spectral efficiency of the base station. This is also
known in the literature as spatial multiplexing. Furthermore, the multiple DoF
can also be used to eliminate interference among users [46] and to reduce the
complexity and precision of the hardware transceiver to reduce the economical
cost. In a study on the effect of non-ideal hardware [47], the authors noted
that, in effect, the hardware impairments reduce the potential capacity the
massive MIMO system can achieve. However, the imbalance introduced by the
user terminal is the most limiting factor.

When increasing the number of antenna elements, new interesting effects
appear from a mathematical perspective. In his work, Marzetta noted that
MIMO equations get important simplifications from the theory of random ma-
trices. With very large number of antennas, the values of the MIMO channel
matrices become deterministic functions instead of random variables. This
characteristic allows introducing simplifications to the computational-intense
channel matrix inversions. Furthermore, Marzetta proved that in MU-MIMO,
when the number of antennas tend to infinite, linear coding in both base sta-
tion and users is optimal even with users with a single antenna. In addition,
the massive MIMO receiver can filter the thermal noise and fast fading effect
just by averaging out the signals received in all its antenna elements, even in
conditions of low SNR.

It is known that the performance of MIMO systems is penalised if favourable
propagation conditions are not provided; that is, the channels perceived by the
users must be sufficiently uncorrelated among them (they are mutually orthog-
onal) so the interference can be easily filtered out with linear coding. Most
contributions in the MIMO literature assume rich scattering scenarios such as
independent and identically distributed (iid) Rayleigh fading propagation envi-
ronments, and preferably NLoS condition. However, mmWave communications
are usually low ranked, with few significant contributions, given the elevated
propagation losses and direct visibility conditions between user and BS accord-
ing to Professor Rappaport’s evaluation in [23]. Massive MIMO could overcome
this axiom and provide good performance even in direct vision conditions due to
the greater number of antennas in the transmitter, as suggested by the authors
in [48]. In a latter work, Yang and Marzetta showed that in LoS situations, a
massive MIMO system can achieve sum-rate values comparable to richer and
more favourable idd Rayleigh channels with a simple power allocation strat-
egy and selectively dropping certain users with large channel correlations [49].
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Dropped users can be served in following subframes. In light of this result, the
low ranked channel problem in a massive MIMO system can be tackled with
an efficient scheduling policy.

The massive MIMO - mmWave binomial seems immediate. Fundamentally,
the antenna spacing in an antenna array at mmWave is shorter compared to
sub-6 GHz systems. As a result, more antenna elements can be fit in the same
antenna form factor in mmWave. The extra antenna elements provides larger
antenna gains, which compensates the high propagation losses at mmWave.
However, the high number of antennas increases the complexity of the precoding
stage at both the BS and user sides. If the number of antennas is very large,
the computational cost of the fully-digital signal processing can be prohibitive
with the current technology.

This is the fundamental motivation that impulsed the research of hybrid
schemes for mmWave massive MIMO systems. Professor Robert W. Heath Jr.
is one of the most prolific researchers in the field of hybrid precoding schemes
for mmWave MIMO [50, 51]. Professor Heath noted the signal processing load
is not negligible and represents a real challenge [44]. Given the dispersive na-
ture of the mmWave channel, Professor Heath is inclined to use beam training
algorithms based on predefined codebooks to find the best beams providing
the largest beamformed channel gain. In his prior work with Alkhateeb [52],
the authors propose an algorithm based on an iterative multilevel codebook
in which, at each level, the aiming beam is sharpened until finding the con-
tribution of the highest received signal power. In [53] the authors extend the
hybrid precoding to a MU-MIMO system with limited feedback, that is, that
the CSI information sent by the user is quantified, which affects the fine tuning
of the beam. The algorithm, in its first phase, adjusts the analog beamforming
by performing beam training in the BS and selects the beam that maximise
the power received by each user. Later, in the second phase, the algorithm
calculates the prcoding matrix in the base station to reduce the interference
among users. Based on simulation results, the authors claim that hybrid archi-
tectures with this codebook-based beamforming offer similar performance in
terms of cell capacity to the figures achieved by a purely digital beamforming
architecture.

Channel estimation

The optimal operation point of a massive MIMO system is based on two as-
sumptions:

e There is an exact knowledge of the channel response
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e User channels served by the same base station are completely uncorre-
lated.

Traditionally, wireless systems have transmitted pilot signals to estimate
the response of the channel and adapt future transmissions to the channel
response. This technique is based on the transmitter sending certain training
sequences, distributed throughout the system bandwidth, which are known by
the receiver. The relevance of acquiring information on the state of the channel
or CSI is greater in massive MIMO than in traditional systems for two reasons.
The first and fundamental reason is to concentrate the energy on the receiver.
The second is that the energy efficiency that can be achieved with a massive
MIMO solution is affected by the accuracy of the channel estimation.

Lets define the power efficiency as the power difference between a MIMO
and Single Input Single Output (SISO) systems for the same sum-rate perfor-
mance. Authors in [54] affirm that in a massive MIMO system with perfect
knowledge of the channel state, the power efficiency is proportionally to the
number of antennas of the base station, whereas if the CSI is not perfect, the
maximum efficiency is proportional to the square root of the number of an-
tennas of the base station. The acquisition of channel information can raise
the signalling load, particularly if the number of antennas is high or the avail-
able bandwidth is large. The scientific community has put the attention in
techniques to reduce the overhead due to CSI. The canonical massive MIMO
system uses Time Division Duplexing (TDD) to take advantage of the supposed
reciprocity of the channel response and thus prevent CSI reporting. With such
strategy, the overhead depends on the number of terminals in spite of the num-
ber of antennas, which completely eliminates user scalability problems.

In [48] the authors ask themselves about the viability of massive MIMO
systems operating in Frequency Division Duplexing (FDD) and authors found
some important limitations. Note that in FDD channel reciprocity is no longer
valid. As a result, users would need to report their CSI. Ideally, each user
would report CSI feedback of each antenna of the base station. In an FDD
massive MIMO, the signalling would significantly increase with the number of
antennas, exhausting many time/frequency resources. Besides, the CSI values
are only valid during the coherence time of the channel, which is inversely
proportional to the carrier frequency and the user speed. In some very large
antenna systems, it could not be possible to generate all the CSI reports within
the same coherence time. Still, some research work was done to find alternative
techniques to make massive MIMO systems feasible in FDD mode. Alternatives
include using partial channel knowledge or limited feedback [55], or even blind
methods in the sense that we do not use pilots to estimate the channel in FDD
as in [56].
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Pilot contamination has been addressed to be one of the most important
limiting element of massive MIMO [46, 57]. Each user is assigned an orthog-
onal pilot sequence for their uplink transmissions, but the maximum number
of orthogonal sequences is limited by the coherence interval divided by the de-
lay spread. This is why this maximum number can become short for cellular
systems. For instance, in a typical deployment such as the one presented by
Marzetta in [58], only 200 codes are obtained for a coherence time of 1 ms.
Such a small number can be easily exhausted and, therefore, base stations will
need to reuse those sequences. When users of contiguous cells use the same
code, reception interference occurs and makes the uplink channel estimation
incorrect. This is what is known in literature as pilot contamination. To model
realistic conditions, we ought to add other sources of measurement contamina-
tion such as hardware non-idealities and imbalances or the non-reciprocity of
actual transceivers. Nevertheless, the situation in uplink channel estimation is
not pessimistic. Authors in [47] affirm that if the number of antennas is very
large, the effect of pilot contamination can eliminated by simply averaging the
received contributions. And according to Marzetta [58], pilot contamination
phenomena in massive MIMO systems will neither be an issue. Authors in
[50] explore alternative pilot-free channel estimation mechanisms for mmWave
MIMO systems which use beamforming.

The authors of [59] give an exhaustive review of the pilot contamination
problem in massive MIMO TDD systems and collect channel estimation solu-
tions that mitigate the problem that appear in the literature recently. Marzetta
and Appaiah propose in [60] to apply a temporal offset to the frames transmit-
ted by each base station so that the pilots are not overlapped. This straight-
forward solution imposes the need to establish some coordination between the
base stations involved. However, this solution might find scalability problems
in high-dense heterogeneous networks where the cell density is very high and
multiple BS may overlap their coverage areas.

Other authors suggest considering additional factors in the pilot sequence
assignment in order to overcome the pilot contamination problem. For ex-
ample, the spatial information of users can be exploited as suggested by the
authors in [61], where they demonstrate that in an ideal assumption that use-
ful and interfering signals reach the base station from different AoAs, inter-cell
and intra-cell interferences can be completely eliminated if the number of an-
tennas tends to infinity. However, the method requires obtaining second-order
statistics of the massive MIMO uplink channels, which would be expensive to
achieve. On the other hand, the works of [62, 63] completely eliminate the pi-
lot contamination in precoding stage in TDD systems, using what they named
Pilot Contamination Precoding (PCP), by including channel statistics such as
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the slow fading the users experience and reports to the BS. Sharing this type
of channel information between cells is key to minimise inter-cell interferences.

1.2.3 Beam tracking solutions

One of the fundamental problems of directional communications is maintain-
ing the link alignment. In the following subsections two possible approaches to
solve the beam alignment problem are given. The first considers classical fin-
gerprinting databases. The latter option considers Artificial Intelligence (AI)
models, which is a modern research trend.

Inverse Fingerprinting

In a multipath environment, the signal power level at a given point largely
depends on the topology of the scenario and the geometry of the blocking
elements within. At a given point, the arriving wave contributions may combine
constructively or destructively, resulting the latter in a coverage hole where no
useful signal is received. Databases have been traditionally used by network
operators to optimise certain network parameters such the list of neighbouring
cells.

On a different note, databases may also assist in the user localisation or
positioning. The channel conditions experienced by the UE can be seen as a
sort of electromagnetic signature which is strongly correlated with the position
of the user. The network operator can store in a database the collection of
measurements and other network parameters reported by UEs. Each sample of
the network parameter information is called a fingerprint. When a localisation
procedure is needed, the network may instruct the UE to perform the necessary
measurements and report them to the location server. The location server
determines the UE location by comparing the received information with the
fingerprints stored. The resolution of the fingerprint database determines the
precision of the localisation estimation.

Lakmali’s work in [64] introduced a localisation mechanisms for outdoor and
indoor based on reporting Global System for Mobile Communication (GSM)
signals. Lakmali achieved a localisation effectiveness of 33 % in urban scenarios,
and found an average localisation deviation error of 112 m. In a latter work,
Kupershtein et.al. [65] reported average localisation errors not larger than 1 m
for indoor wireless networks with a fingerprint database considering the spatial-
temporal evolution of the dominant contributions in multipath environments,
demonstrating that accurate localisation estimations can be made.

The fingerprinting philosophy can also be applied to beams in mmWave
communications. For example, Va et.al. introduced in their work in [66] an
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inverse fingerprinting approach: based on the user location, the geo-located
database relates the reported position to a list of candidate beams to monitor
for that specific location. Authors show that this method works well in LoS
scenarios. But its performance in highly-dynamic scenarios with blockages with
different time intervals in NLoS needs to be evaluated.

Machine learning

Without any question, Machine Learning (ML) is one of the most promising
technologies. According to Simeone [67], ML can offer an efficient solution
when cost and time constraints are the main concerns of the problem to solve,
or when the problem appears to be too complex to be properly modelled in
its full generality. ML generally provides a suboptimal solution, and most of
the times, the interpretability of the solution is uneasy and only limited to a
number of applications.

There is an increasing interest in using ML in different aspects of wireless
network. Due to the wide diversity of service requirements, applications and
hardware equipment complexities, 5G networks will be as complex as ever. This
high complexity makes traditional network parameter adjustment inadequate.
Authors in [68] suggest using novel self-aware, adaptive, and predictive optimi-
sation algorithms in 5G networks. Network operators should use information
from their network and subscribers to continuously monitor and optimise their
networks. In the authors’ opinion in [68, 69], this network intelligence can be
obtained with the combination of Big Data analysis and ML.

The scientific community is interested in ML applications for all the network
levels, including the Physical (PHY) layer. Authors in [68] suggest maintaining
radio-electric maps reflecting the spatiotemporal evolution of the channel en-
vironment to make predictions of the signal fluctuations. This information can
also be used to make suggestions on the optimised beamforming vectors to use
at a given moment. In their survey, authors in [70] provide different research
trends of ML applications in PHY, naming cognitive radio, energy harvesting,
Massive MIMO, or coverage planning for ultra-dense networks.

The fundamental problem which is halting the development of ML appli-
cations for 5G PHY is the lack of real measurements. Measurements are a
fundamental part of the beam tracking problem, and without them, it is im-
possible to train an ML algorithm. Authors in [71] attempt to fill this gap and
provide a small free-to-access database with measurements obtained from Rem-
com’s InSite professional planning tool [72], which use a raytracer to accurately
characterise the electromagnetic wave propagation conditions in real-world de-
ployments. They use different snapshots (static scenario) to train the ML
model. Measurement resolution is one square meter, which might be too large
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considering the mmWave wavelength size. To reduce the computational bur-
den of the ray-tracing software used, obstacles like vehicles remain fixed during
the scene; the receiver however is allowed to move during the scene. Ray trac-
ing models are better than stochastic channel models because of the spatial
consistency, which must be modelled in the latter models. Authors assume a
good knowledge of the vehicular communication scenario used, including the
number of lines, the type of vehicles - car, truck or bus - and the location of
the vehicles. Authors evaluate a number of classification algorithms (the most
complex deep neural network outperforms from the rest of learning algorithms)
and a deep reinforcement learning approach.

Authors in [73] use a classification method approach to the beam pair se-
lection in vehicular-type communication. Authors assume what they call “sit-
uational awareness,” which consists of the system knowing the location of the
surrounding vehicles and their type, which can be either a car or a truck. Such
knowledge is obtained from other systems which can be available to the wireless
network. This information is best known as side-band or out-of-band informa-
tion. ML algorithms predict the best AoA directions, which match a specific
beam in the beamforming codebook. As features, authors feed their ML net-
works with AoA and received power levels (given as quantised Channel Quality
Indicator (CQI)) obtained from Remcom InSite ray tracing software. Results
show that as long as a complete out-of-band information is provided, the over-
head due to beam alignment can be practically eliminated without reducing
the tracking ability nor the data rate experienced by the UE. However, the
situational awareness seems an optimistic simplification of the problem: this
information might not always be available nor be accurate. For this reason,
authors in [74] extend the previous work and assume some practical issues that
can occur in realistic environments such as GPS data inaccuracy, outdated
locations given the reporting delays and missing features in the ML algorithm.

Authors in [75] use a type of Recurrent Neural Network (NN) (RNN) to
predict the beam sweeping pattern according to the users spatial distribution.
Their goal is to cover all users with the minimum number of beams, thus
reducing the beam sweeping procedure timing. The spatial distribution of users
is inferred from data in Call Detail Records (CDRs) of a real cellular network in
Milan. Results show that the users spatial distribution and their approximate
location (direction) can be accurately predicted based on CDRs data using the
RNN model, which is then used to calculate the sweeping pattern in the angular
domain during cell search. This certainly helps reducing the beam area search
and reducing the initial connection delay.

An example of predicting the best beam without any out-band or side in-
formation is Alkatheeb’s work in [76]. In their work, the authors train a neural
network with past information of best past beams of a vehicle moving along a
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street in a V2X communication situation. The ML solution predicts whether
or not the vehicle is about to experience blockage (the LoS link will not be
available and connection should be hand-off to another base station with LoS).
Therefore, the ML algorithm is a centralised solution and some degree of inter-
activity among base stations is required. In a similar system approach, the work
in [77] use ML to leverage uplink channel training. In their systems, authors
suggest using uplink training sequences or pilots in the sub-6 Ghz band using
omnidirectional antennas. This is a two-step procedure: first, omnidirectional
and beamformed measurements are done, taking most of the transmission time
for training, and; second, only omnidirectional pilots are transmitted, freeing
resources for data transmission. Authors noted the limited range of received
SNR, which limits how far receivers must be from the transmitter, but the ad-
vantage is training overhead is practically non-existing once the ML network is
trained according to authors. Four mmWayve base stations, strategically located
around the transmitting vehicle, receive the omnidirectional pilots and help
constructing a spatial signature of the transmitter, which helps locating the
transmitter. The location error is smaller than GPS accuracy. The envisaged
deep learning solution use the spatial signatures to predict the beamforming
weights.

Va, Heath et.al. in [78] introduced an online learning beam selection algo-
rithm based on user positioning. The reinforcement learning beam selection
algorithm has two stages. In the first step, the UE scans the angular space us-
ing a progressive phase-shift codebook. The beam sweep is done on a subset of
promising beams or directions. In the second stage of the algorithm, the angles
of the maximum gain directions of both base station and UE are fine tune to
optimise the total beam gain. The envisaged reinforcement learning solution
cannot be considered as fully online, given the fact that the database relating lo-
cations and candidate beams must be initialised offline by the method detailed
in Va’s previous work in [66], for the initialisation of first beam search proce-
dure. The reward function feeding in this reinforcement learning approach uses
binary values, relating to the selection of the optimum beam pairs (1) or not (0).
The selection of a binary function limits the amount of valuable information
feeding the neural network, but the selection of this criteria was necessary in
order to reduce the complexity of the solution, facilitating the online training.
In addition, the optimal reward function the authors considered in first place
need measurements on all possible beams combinations. This is clearly unfeasi-
ble and authors rewarded on selecting the beam pairs with maximum gain out
of a subset of promising beams. Authors claim that 30 promising beam pairs
are needed in order to beam train, which seems a reasonable amount of beams
for a massive MIMO deployment. Training with more beams will reduce the
time resources devoted to data transmission, since an IEEE 802.11ad network
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is assumed. In the beam refinement procedure, authors assume an error area
or bin size, ranging from 2 metres to 5 meters, which might seem over-sized for
pedestrians.

Authors in [79] presented an Al-based AoA estimation for beamform-
ing weight determination algorithm for multi-user MIMO. The beamforming
weights decision is seen as a supervised learning problem, and weights are ex-
tracted out of a predefined Discrete Fourier Transform (DFT) codebook. Since
the beamforming weights must cover with different beams users in different
directions, authors need to widen the beams, hence reducing the beamform-
ing gain. In order to reduce complexity, authors required hybrid beamforming
architectures, which are a feasible solution for real mmWave network deploy-
ments. Different ML networks are evaluated and their learning is based on
snapshots with fixed positions and conditions. This makes the current model
not compatible with mobility environments, since every movement within a
wavelength would need to re-train the ML network.

Real measurements over 6 GHz

The fundamental limitation to effectively evaluate any beam management so-
lution, and for mmWave communication networks in general, is the limited
amount of accessible realistic measurement data collections. Due to this limi-
tation, most contributors to the beam management problem in the literature as
Alkhateeb, Heath, or Va tend to rely on professional ray-tracing tools such as
Remcon’s InSite to obtain a propagation characterisation very close to reality.
These professional tools have two important drawbacks:

e The computational cost to run this software is expensive.

e Normally, this tools takes static scenarios or snapshots where the blocking
objects and the transmitter and receivers are fixed. Moving any element
on the static scenario implies re-calculating all the measurement points.

e A commercial license to use this kind of professional software is required,
and for some researchers the cost can be prohibitive.

To fill this gap, some altruistic initiatives have arisen and provide free-
access data sets of mmWave campaigns. Table 1.2 lists some of the open-access
initiatives for mmWave or ML.

The database in [71] contains more than 40, 000 measurement of 10 vehicles,
acting as users of the mmWave network, on a 200 meters long section of a three
line road with other vehicles, seen as obstacles. Measurements are arranged
in 116 episodes, and each episode contain 50 scenes or static snapshots of

29



CHAPTER 1. INTRODUCTION

Table 1.2: Summary of mmWave free-access collections of propagation data

’ Initiative\ Summary \ Source \ Frequency\ Scenario
5GMData | More than 40,000 | Ray- 60 GHz Outdoor
[71] measurement tracing

points of a three-
lane road section
for a ML model for
V2  communica-
tions.
Deep More than | Ray trac- | 60 GHz Outdoor
MIMO 1,000, 000 mea- | ing
[80] surement points in
a V2X scenario in
the intersection of
two streets
5G NIST and collab- | Real From Outdoor
mmWave | orating partners | measure- | 2.4 GHz to | and in-
Channel maintain a col- | ments 300 GHz door,
Model lection  of real | from multiple
Alliance measurements. NYU scenarios
[81] Wireless,
Qual-
comm,
NIST,
and
others
DeepSig A dataset of | Synthetic | NA NA
[82] recorded RF sig-
nals with different
digital and analog
modulations for
ML.
Signal A GNU Radio data | Synthetic | NA NA
Metadata | format to share
Format signal measure-
(SigMF) | ments. Provides
[83] some mmWave
waveforms — exam-
ples.
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the channel conditions and location of the 10 receivers and other vehicles.
This dataset was created with the sole intention of demonstrating that a ML
approach can be given to the problem of predicting the optimal combination
of transmit and receive beams. For each measurement point, the database
contains information on the number of rays arriving at that location, the AoA
and AoD in both azimuth and elevation planes, and the delay and attenuation
of each ray. Even if the number of measurement points is large, the time
resolution of the data collection is 100 ms, which might be very large for some
complex mmWayve system models with more exigent time resolution demands.

The dataset in [80] is the same data source used in Alkhateeb’s ML works
[77] and [76]. The scenario selected is a two street intersection with about
4,000,000 measurement points. However, the open-access data contains infor-
mation of one single channel realisation and with no obstacles in the scenario.

The 5G mmWave Channel Model Alliance [81] is the most extensive collec-
tion of real measurement campaigns data in an open-access form. The Alliance,
sponsored by the National Institute of Standards and Technology (NIST), was
created “to facilitate improved data and knowledge sharing amongst leading
communications engineers interested in producing more accurate and predic-
tive channel models and measurements required to support the commerciali-
sation of next generation wireless networks (5G and beyond)”. Up to date,
the database contains waveform measurements from 50 contributors such as
Qualcomm, NYU Wireless, Georgia Institute of Technology, Communications
Research Centre Canada, or NIST. Some examples of the measurements in-
cluded in the dataset are given below:

e Indoor path-loss models at 28, 29, 60, 73, 140, and 300 GHz.

Outdoor path-loss models at 38 and 73 GHz.

Data-center-type communications at 60 GHz.

Semi-Open and closed office measurements at 2.4, 3.5, 5.8, 26, 38, and 61
GHz.

Lobby hallway and basement propagation measurements at 83.5 GHz.

Shopping Mall signal propagation measurements at 2.9, 29, and 60 GHz.

1.3 Problem formulation and Thesis scope

This Thesis focuses on investigating the link adaptation problem of mmWave
communications for NR networks under user mobility. The mmWave band
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presents the disadvantages of experiencing large propagation losses and being
very sensitive to blockage phenomena. It is widely agreed that MIMO solutions
are called to solve the propagation problem in mmWave frequencies. MIMO
ability to beamform the transmission and reception of signals adds a signifi-
cant beam gain, which is vital to the success of the mmWave communication
link. Many research activities have focused on channel estimation in mmWave
links finding the precoding matrices that optimise a given performance met-
ric, e.g. the cell capacity or user throughput. However, those same studies
assume random channel realisations of the MIMO channel, and there is a lack
of performance evaluation in realistic propagation scenarios.

Characterising scenarios in a realistic manner is necessary for the correct
evaluation of any beam management strategy since the different rays arriving
to the receiver depend on the geometry of the scenario. The geometry counts
for the number of rays arriving at destination and also for the number of times
a given ray bounces on different reflectors. This Thesis aims at providing
a realistic MIMO channel model for mmWave communications supporting 3D
beamforming and antenna arrays with very-large (massive) number of radiation
elements.

Many contributions in the literature to the channel sounding problem rely
on the transmission of non-standard pilots. Pilot transmission side effect is allo-
cating time/frequency resources for such transmission. The overhead due to pi-
lot transmission scales up with the number of the transmit antennas. In massive
MIMO system, when the number of antennas is very large, pilot transmissions
might exhaust the available resources, reducing the network capacity. One ob-
jective of this Thesis is keeping the pilot overhead to a minimum. To that aim,
channel information will be obtained from the standardised Synchronization
Signal (SS), which are transmitted periodically and, therefore, no additional
overhead might be required. The Thesis tries to identify scenarios where this
strategy may actually work.

Previous work on mmWave communication networks evaluated the perfor-
mance of their solutions based on performance figures at the PHY level. There
is little work in assessing the impact of beam misalignment in end-to-end net-
work simulators. Another objective of this Thesis is to provide a standardised
mmWave beam management framework within an end-to-end 5G network sim-
ulation tool.

In order to support user mobility, the channel information associated to
users must be periodically updated. However, full channel knowledge from
standardised SS in NR might be delayed in time. In beamformed communi-
cations, full channel information knowledge implies performing and reporting
measurements of each combination of transmit and receive beam. The chal-
lenge is to update all possible beam combinations in a reasonably short period of
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time. Instead of performing an exhaustive beam search throughout the whole
beam space, it would be desirable to get fast updates of promising beams.
Then, the objective is finding those promising beams in an efficient and accu-
rate way. Such mechanisms may also relax the dependency of beam tracking on
measuring the periodically-transmitted SS, and the network could eventually
extend the SS transmission period in order to allocate less resources to pilots
and devote more resources for data transmission and, therefore, increasing the
network capacity.

To conclude the Thesis outline, the main objectives of the Thesis are sum-
marised as follows:

e Propose and evaluate mmWave beam tracking strategies which are in
alignment with 3GPP Release 15 of NR. Beam tracking strategies will
make use of the collection of beam measurements of standard down-
link RS and The envisage strategies must make an efficient use of the
time/frequency resources available in the system, keeping signalling over-
head to a minimum.

e Study alternative beam tracking strategies which make use of user loca-
tion or other information sources.

e Provide a realistic MIMO channel model adjusted to massive MIMO
based on real-world propagation conditions.

e Provide a whole simulation framework for beam management using stan-
dardised protocols and signals.

1.4 Thesis outline

This Thesis is organised into 7 chapters. The present chapter is the first one
and serves as an introduction to the mmWave beam tracking problem in NR.
The rest of the Thesis is structured as follows:

e Chapter 2 presents the main features of 3GPP NR Release 15 which
are the foundations of the management and tracking strategies of the
mmWave beams. More precisely, the Chapter centres the attention on
the PHY and higher layer aspects.

e Chapter 3 introduces the system model for the evaluation of the beam
tracking strategies in the mmWave bands. Two channel models are used
to recreate the multipath MIMO channel: 3GPP channel model for larger
frequencies and a ray-tracing tool built in Unity, an open-source video
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game engine. This ray-tracing channel model was specifically created for
this Thesis.

e Chapter 4 establishes the simulation environment, which is the main
evaluation method used in this Thesis. The selected simulation tool is the
well-known end-to-end network simulator ns-3. This chapter presents the
mmWave module for ns-3 and deepens on the modifications introduced in
this Thesis work to the PHY and high layers to be Release 15 compliant.
A section of this chapter is devoted to detailing a visualisation platform
created in Unity to visualise network-related information in the context
of a real city.

e Chapter 5 defines the beam tracking strategies devised in this The-
sis. The proposed beam tracking strategies are based on the collection
and use of measurement reports. These reports are generated by well-
configured UEs, which are mandated to measure certain downlink RS in
certain time/frequency resources. The beam tracking strategies make use
of the standardised RS used for synchronisation and initial access: the
SS/Physical Broadcast Channel (PBCH)-Block (SSB). The SSB-based
tracking may be complemented by periodic CSI-RS reports.

e Chapter 6 implements beam tracking strategies which use additional
information sources or tools to suggest the NR system which beams to
use in both the transmit and receive side. The proposed solutions include,
first, a database which relates the user position with the optimal pair of
beams; and, secondly, a machine learning model to estimate the following
pair of beams to use.

e Chapter 7 draws the main conclusions of the research work conducted in
this Thesis and gives some insights on the possible research work activities
for the future.

1.5 Publications

The work developed during this Thesis made possible the publication of the
following journals, conference papers, project reports with special relevance
and a book chapter. A set of publications resulting from work closely related
with the Thesis is also provided.
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Chapter 2

3GPP NR Release 15

This Thesis is oriented towards the study of beam tracking strategies within
the ambit of the New Radio (NR) specifications defined by Third Generation
Partnership Project (3GPP). In order to perform any assessment, it is nec-
essary to have a deep knowledge of the system protocol under study before
defining an evaluation methodology. This chapter of the Thesis deals with the
first issue.

This chapter deals with the principal aspects of the 3GPP specification doc-
uments released for Fifth Generation (5G), also referred to as NR, which are di-
rectly related to the beam tracking problem in the Millimeter Wave (mmWave)
band. This chapter is focused on Standalone (SA) NR networks operating in
the mmWave band or in Frequency Range (FR) 2 (FR2) in 3GPP terminology.

With this aim, this chapter has been divided into the following sections:

e Section 2.1 presents the structure of the new Physical (PHY) layer.

e Section 2.2 deals with the higher layers mechanisms that enable the beam
management framework.

e Section 2.3 draws the main conclusions of the present chapter.

2.1 Physical layer aspects

This subsection summarises the principal novelties in the PHY layer introduced
by 3GPP which are directly connected to multi-antenna techniques in FR2.
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2.1.1 Flexible radio frame structure

In order to accommodate the new 5G services such as Ultra-Reliable Low-
Latency Communications (URLLC) and the use of high carrier frequencies, the
frame structure needs a certain degree of flexibility. Some of the assumptions
made in Long Term Evolution (LTE) are still valid in the new standard. As
an example, NR continues using Orthogonal Frequency Division Multiplexing
(OFDM). However, the separation in frequency among consecutive OFDM
subcarriers or Sub-Carrier Spacing (SCS), is flexible and not fixed to a single
value as in the LTE case. Taking the SCS in LTE as reference, A fiase = 15 kHz,
the possible SCS values in NR are multiples of the reference SCS [84]:

Af = Afbase . 2”, (2.1)

where the scaling factor u = [0, 1,2, 3, 4]

Each combination of SCS and cyclic prefix Cyclic Prefix (CP) length is
referred to as numerology. The motivation behind having different numerologies
is to address different types of services, and CP is mainly motivated to protect
subcarriers from the Doppler effect. The choice of a given numerology depends
on various factors: type of deployment, service requirements, possible hardware
impairments, user mobility, performance and implementation complexity [85].

The complete list of numerologies that can be applicable in NR are listed in
Table 2.1. It is worth noting that different numerologies apply to different FR.
Smaller SCS values are supported for FR 1 (FR1) (15, 30 and 60 kHz), whereas
the largest SCS values only apply to FR2 (60, 120 and 240) [86]. According
to the specification, numerologies can accommodate data and control physical
channels, with two exceptions: 60 kHz SCS can only be used for data channels;
and 240 kHz SCS can only transport control data. In FR2, SCS values of 60 kHz
and 120 kHz are to be expected for data transmission, whereas SCS values
of 120 kHz or 240 kHz are meant for transmitting NR control information,
mainly cell synchronisation signals. The SCS does not necessarily need to be
announced to users in the control information. This is not a problem because
the User Equipment (UE) may derive the SCS from the carrier frequency.

Moreover, Downlink (DL) and Uplink (UL) transmissions are multiplexed
in time within frames with a fixed duration of 10 ms, being each frame further
divided into 10 subframes with a fixed duration of 1 ms. This transmission
arrangement in time is exactly the same used in LTE. The difference in NR is
that the SCS value determines the number of OFDM symbols in a subframe.
The specifications define a slot as a group of 14 consecutive OFDM symbols,
except for the case of using Extended CP where the number of symbols in a slot
is 12. As a result, the number of slots per subframe is not fixed, as it occurred
in LTE, and its value entirely depends on the SCS configuration. Figure 2.1
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Table 2.1: The different numerologies can be applied to different CP,
frequency bands and data planes.

] o \ SCS(kHz) \ Cyclic prefix \ FR \ Physical channel \
0 15 Normal FR1 Control/Data
1 30 Normal FR1 Control /Data
2 60 Normal/Extended | FR1/FR2 Data
3 120 Normal FR2 Control/Data
4 240 Normal FR2 Control

- ——————————————— = Imy——————— = —— = — — = — — ] >
Subframe

SCS = 15 kHz Slot 0

SCS = 30 kHz Slot 0 Slot 1

SCS = 60 kHz Slot 0 Slot 1 Slot 2 Slot 3
SCS = 120 kHz Slot 0 Slot 1 Slot 2 Slot 3 Slot 4 Slot 5 Slot 6 Slot 7

Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slos

SCS = 240 kHz 0t 1t 2t 3t 4t 5t 6t 7t st gt 10t 11t 12t 13t 14t 15t

Figure 2.1: The number of slots that fit in one subframe (1 ms) varies with
the SCS.

illustrates the number of slots in a subframe for the supported SCS values and
normal CP. Note that the number of slots can be directly obtained as the SCS
value divided by the reference SCS value of 15 kHz.

Another interesting aspect of the new radio frame in NR is the possibility of
grouping 2 consecutive OFDM symbols to form a mini-slot in the NR nomen-
clature. Mini-slots are of particular interest for low-latency URLLC services,
since scheduling decisions can be made at a mini-slot granularity.

Another novelty introduced in NR is that the OFDM symbols within a
slot can be mapped to be DL or UL. This is different to LTE Time Division
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DL heavy transmission

DDDDDDDDDDDDDD

UL heavy transmission

J] U U U U J] U U U U U
Slot format 1 U uUuuuuuvuvuuuuUuduul

DL heavy transmission
with UL control DD DD DD DD DD DD g U
Slot format 28

UL heavy transmission
with DL control D U U /U U U U U U U|fU|U/|U
Slot format 32

Slot format 45 DD DD D papU U U U U U/ U

— 1 slot = 14 OFDM symbols—————#»

Figure 2.2: Some examples of the slot formats for NR.

Duplexing (TDD) systems, in which a subframe and all of its symbols can only
be configured either for downlink or uplink transmission. NR defines several
slot formats [86], which determine how the symbols within a slot will be used,
that is, which symbols will be marked for DL and which symbols will be mark
for UL. The number of slot formats is potentially large. In practice, 3GPP
specifies 61 slots formats in Release 15; slot formats 62 to 128 are reserved.
Most of the slot formats have in common that DL symbols are mapped at the
beginning of the slot and UL symbols are located at the end of the slot. Slot
formats contemplate the use of special cases called as flexible. Flexible symbols
can be used for downlink or uplink transmissions indistinctly; the decision on
how to use the flexible symbols is up to the scheduler. Some examples of slot
formats are given in Figure 2.2.

In NR, a single slot can be divided into multiple segments of consecutive
symbols marked as DL, UL or flexible.

In frequency, an OFDM subcarrier is the minimum allocation entity or
Resource Element (RE). More precisely, a RE is made of one OFDM subcarrier
and one OFDM symbol. A Resource Block (RB) contains 12 subcarriers and
1 slot or 14 OFDM symbols, which makes 168 REs. In NR Release 15, one
carrier has a maximum number of 3300 subcarriers, which represents 275 RBs.
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Table 2.2: Summary of the radio frame parameters that depend on the SCS.
The number of slots and OFDM symbols are given on a per subframe and per
frame basis. The symbol duration influences the minimum and maximum
numbers of RBs and bandwidth for a single component carrier.

] SCS (kHz) | 15 | 30 | 60 [ 120 | 240 |
Number of slots per subframe 1 2 4 8 16
Number of slots per frame 10 20 40 80 160

OFDM symbol length (us) 66.67 | 33.33 | 16.67 | 8.33 4.17
Number of symbols per subframe 14 28 56 112 224
Number of symbols per frame 140 280 560 1120 2240
Minimum RB 24 24 24 24 24
Maximum RB 275 275 275 275 138
Minimum bandwidth (MHz) 4.32 | 8.64 | 17.28 | 34.56 | 69.12
Maximum bandwidth (MHz) 49.5 99 198 396 | 397.44

Another novelty in NR is the possibility of defining Bandwidth Parts (BWPs),
which is a subset of contiguous RBs within a carrier [84]. The maximum
number of BWPs per transmission direction (downlink or uplink) is four and,
at a given time, a UE can only have one active BWP per link. For instance,
the network can dynamically change from a narrow BWP to a wider BWP in
case the UE data rate needs grow.

Table 2.2 summarises the numerologies supported by 3GPP for NR, in-
cluding the number of slots and OFDM symbols for each SCS per frame and
subframe. The table also contains the minimum and maximum number RB for
each SCS, which results in different bandwidths.

2.1.2 Synchronisation and initial access in NR

In LTE, base stations or evolved Node B (eNodeB) transmit Synchronization
Signal (SS) so a UE in their vicinity can detect the presence of the eNodeB.
The synchronisation procedure is a keystone procedure in every wireless
network. Mobile stations perform channel measurements in order to recognise
a known signal which helps them get the fundamental information needed to get
connected to the base station. In LTE this information is conveyed in Primary
Synchronization Signal (PSS) and Secondary Synchronization Signal (SSS).
In NR, PSS and SSS are packed together with Physical Broadcast Channel
(PBCH) in a single block, which is known as SS/PBCH-Block (SSB). The
structure in time and frequency of an SSB is depicted in Figure 2.3. The block
spreads in time over 4 OFDM symbols. In frequency, the SSB occupies 240
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Figure 2.3: Illustration of the periodic SSB directional transmission over time.

contiguous subcarriers or 20 RB. Unlike in LTE, the location in frequency of
the SSB is not fixed. In LTE,PBCH, PSS and SSS are located at the centre of
the carrier bandwidth. The position of SSB in frequency domain is identified by
two higher layer parameters naming offsetToPointA and ssb-SubcarrierOffset.

SSB transmissions occur within a half frame, i.e. 5 ms, which is referred to
as SS burst set in NR terminology. The possible locations in time of the SSBs
depend on the SCS. All locations are referenced to OFDM symbol 0, which
corresponds to the first symbol of the first slot of the SS burst set [86]. Table 2.3
lists the different patterns or cases of the starting OFDM symbols (AS) of the
SSB in the SS burst. As it can be seen, the SSB positions depend on the SCS
and frequency. Cases A, B and C can be used for sub-6 GHz frequencies, and
cases D and E for mmWave band. Additionally, Table 2.3 details the maximum
number of SSB transmission occasions (L) within an SS burst, which depends
on the operation frequency: L = 4 for FR1 frequencies below 3 GHz, L = 8 for
FR1 frequencies over 3 GHz and below 6 GHz, and L = 64 for frequencies in
FR2.

The SS burst structure is periodically repeated. The NR standard contem-
plates periodicity values are 5, 10, 20, 40, 80 and 160 ms [86]. This period
repetition, which is larger or equal than the SS burst length, gives the sense of
a burst SSB transmission. For initial access, by default the SSB transmission
window is repeated every 20 ms [86]. Nevertheless, the network may announce
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Table 2.3: Starting OFDM symbol indices (AS) of SSB within the SS burst
set for the possible SCS vales and maximum number of SSB transmissions L.

G SCS AS FR1 FR2
as€ | (kHz) f<3GHz | f >3 GHz | f >6 GHz

n={0,1} | n={0,1,2,3}

A 15 | {2,8}+14n ot 7= NA
{4,8,16,20} n={0} n={0,1}

B 30 +28n L=4 L =38 NA
n={0,1} | n={0,1,2,3}

C 30 | {2,8}+14n et = NA

n={0,1,2,3,5.6,

{4,8,16,20} 7,8,10,11,12,

D 120 +28n NA NA 1 13 15,16,17,18)

L=064

{8,12,16, n={0,1,2,3,

E 240 | 20,32,36, NA NA 5,6,7,8}

40,44} 456n L=064

a different periodicity in the system information. More precisely, the network
broadcasts in ssb-PeriodicityServingCell and ssb-PositionsInBurst elements of
the System Information Block (SIB) 1 (SIB1), the SS burst set period and the
SSB time index for the cell [87]. Additionally, the network can provision UEs
with a SSB-based Measurement Timing Configuration (SMTC) value, which
imposes a restriction on the SSB measurement duration and periodicity. This
limitation on the subset of SSB to measure helps reduce the UE power con-
sumption and save battery.

In FR2, the maximum number of SSB transmissions (L) within the SS burst
set (5 ms) is 64, although the number of transmitted SSBs can be lower.

In NR network deployments, SSB cases may not be explicitly indicated when
broadcasting the system information. In such case, the UE can deduce which
case is used by detecting the central carrier frequency and the SCS. PBCH
conveys an SSB time index, which helps identifying the current SSB within
the SS burst set. The frequency location of the SSB, however, is configurable
by upper layers and the SS do not need to be allocated at the centre of the
frequency band as happens in LTE. The ssb-SubcarrierOffset field in the Master
Information Block (Master Information Block (MIB)) announces the frequency
offset in number of subcarriers between the start of the SSB and the beginning
of the resource grid [87].
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SSB transmission must be beamformed in FR2. This requires the NR base
station (gNB) to alternate different beams pointing at different directions in
order to transmit the SSB over the whole coverage area. This is known as beam
sweeping. To identify beams in downlink, or transmit beams, each direction
can be associated to a SSB time index.

2.1.3 Channel State Information in NR

NR can indistinctly operate in TDD or Frequency Division Duplexing (FDD).
But mainly TDD. TDD can assume channel reciprocity, which eliminates the
need of estimating downlink and uplink separately. The standard provides all
the elements needed to perform channel sounding and obtain Channel State
Information (CSI).

As mentioned in Section 1.1.3, Channel State Information Reference Signals
(CSI-RS) were introduced in the Release 10 of LTE, which was the first Release
of LTE Advanced (LTE-Advanced) [88]. CSI-RS were introduced to support
3D beamforming and to perform a more efficient channel sounding. Originally,
CSI-RS supported up to 8 antenna ports, but this number has been extended
in NR and supports up to 32 antenna ports in Release 15. A CSI-RS resource
associated to a single antenna port occupies one RE.

Unlike LTE, the CSI-RS mapping in NR is not based on a defined pattern,
but rather on a set of combinations and conditions that must be met. CSI-RS
resources are spread on every RE in the active BWP and use the same numerol-
ogy. However, CSI-RS cannot be allocated in those REs conveying an SSB or
Demodulation Reference Signal (DM-RS) associated to the Physical Downlink
Shared Channel (PDSCH). The CSI-RS resource configuration always refers
to the active BWP. Nevertheless, the CSI-RS can be configured to cover just a
fraction of the BWP. In such case, the network must instruct the UE the the
starting RB index and the number of RB mapped with CSI-RS resources.

In the context of NR Release 15, the number of REs used for CSI-RS and
their time-frequency locations depend on three parameters [84]:

e The number of CSI-RS ports, which can be 1, 2, 4, 8, 16, 24 or 32.

e The CSI-RS resource density, which defines the number of RBs used for
CSI-RS resource within the BWP. The density can take three possible
values: 0.5, 1 or 3. A density configuration of 1 means that CSI-RS will
be transmitted in every RB within the BWP or the configured fraction
of bandwidth. If the network provides a density value of 0.5, CSI-RS
will be transmitted in half of the RBs that compose the BWP, in odd or
even RBs. The standard mandates that 4, 8 or 12 antenna port cannot
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support CSI-RS density equal to 0.5. The density value of 3 is only used
for oscillator time and frequency tracking.

e Port multiplexing allows sharing the CSI-RS resources among a set of
CSI-RS ports. Such resource sharing is possible with the use of orthog-
onal sequences in transmission, which cancels any possible interference
within the shared resources. This technique is known as Code Division
Multiplexing (CDM). The advantage of using CDM is that it balances
the transmit power of the CSI-RS signal along its frequency resources.
Depending on the code bit length determined by the upper layers, a
number of 2, 4 or 8 ports can be multiplexed in the same CDM group.
For larger number of port multiplexing, CDM can be combined with
time Time Division Multiplexing (TDM) or frequency Frequency Divi-
sion Multiplexing (FDM) multiplexing, or both options, and have all the
32 CSI-RS ports multiplexed.

The exact time/frequency resources reserved for a specific CSI-RS resource
within an RE results from a process involving a pseudo-random sequence mul-
tiplied by weighting sequence in both time domain and frequency domain. The
exact procedure is detailed in [84].

CSI-RS resources have three different time allocation strategies, naming pe-
riodic, aperiodic or semi-persistent reporting. For periodic and semi-persistent
CSI-RS configurations, the UE assumes that the CSI-RS signals are transmit-
ted with a periodicity of Tsr_rs slots and with an offset value of Togset slots,
both defined by the network. This CSI-RS reporting is determined by upper
layers in the reportSlotConfig parameter. For SCS of 60 kHz, the possible
periodicities that can be configured are 40, 80, 160 or 320 slots, whereas the
possible periodicities are doubled for the SCS value of 120 kHz. Regardless of
the numerology used, the periodicities in time that can be configured are 10 ms,
20 ms, 40 ms or 80 ms. For periodic or semi-persistent CSI-RS strategies, only
one CSI-RS resource set is given. In semi-persistent reporting, the transmission
of CSI-RS can be dynamically activated or deactivated by the network by send-
ing a Medium Access Control (MAC) Control Element (MAC CE) [89]. When
the network activates the allocation of CSI-RS, the UE assumes the reporting
periodicity from the moment it received the activation indication message until
the allocation is explicitly deactivated.

A UE may report different CSI parameters [90], based on the network con-
figuration, which most of them were already introduced in LTE: Channel Qual-
ity Indicator (CQI), Precoding Matrix Indicator (PMI), Layer Indication (LI)
(Layer Indication), Rank Indicator (RI), or the newly introduced Layer 1
Reference Signal Received Power (RSRP) (L1-RSRP) for link adaptation mea-
surements. In case of measuring beamformed signals, the UE sends a CSI-RS

45



CHAPTER 2. 3GPP NR RELEASE 15

Resource Indicator (CSI-RS Resource Indicator (CRI)) with the CSI-RS re-
port. CSI information is feedback through the Physical Uplink Control Chan-
nel (PUCCH) or the Physical Uplink Shared Channel (PUSCH).

2.1.4 Downlink signals and overhead

The transmission of Reference Signals (RSs) occupies a number of
time/frequency resources which cannot be used for user data transmission.
Therefore, it is important to evaluate the impact of the signalling overhead
in the number of available resources and achievable data rate. This Thesis is
interested in evaluating the contribution of the downlink RS to the signalling
overhead, and no uplink RS will be considered.

In the first place, the contribution of the SSB to the signalling overhead
is determined. As illustrated in Figure 2.3, in the frequency domain an SSB
occupies 240 subcarriers, equivalent to 20 RBs, while in time it spans 4 OFDM
symbols. During an SS burst period with duration Tgsp,ust multiple SSBs may
be transmitted. Let’s use L for the number of SSBs during an SS burst.

The product of time/frequency resources devoted to SSB transmissions,
R%SB, during a time interval with duration 7', and considering a large T', tends
to be equal to:

T
TSSburst

RSB =240 x Ap x 4 X Ty x L X (2.2)
where Ay is the subcarrier bandwidth and Ty is the duration of each OFDM
symbol including the cyclic prefix.

The valid values for Ty, can be approximated by Tsyms = 71.35/2"us
where n = log,(A/15000). Therefore, the previous expression can be simpli-
fied to:

RSB =1027.44 x L x (2.3)

SSburst
The total product of time/frequency resources available in a system during
the same period of time, depends on the system bandwidth, BW:

R = BW x T. (2.4)
Then, the percentage of the total time/frequency resources devoted to the
transmission of SSB is:

5B 1027.44 x L
R g = L2, (2.5)

Overheadgsg = A
R%otal BW X Tssburst

Note that the valid range of values for L depends on the SCS configuration
for control data as it can be seen in Table 2.3. Specifically for SCS up to 30 kHz,
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the maximum L is 8, while for higher bandwidths the maximum L is 64.Also
the valid range of BW depends on the SCS configuration (see Table 2.2).
Table 2.4 shows the maximum and minimum signalling overhead obtained
for different control data SCS values when the maximum L is used for each
SCS value. Lower overheads could be obtained if the number of SS bursts per
burst period was lower. To obtain the minimum overhead shown in the table,
the maximum system bandwidth for data transmission of 396 MHz and the
maximum SS burst periodicity of 160 ms have been considered. The maxi-
mum overhead values correspond to the minimum system bandwidth for data
transmission of 4.32 MHz and the minimum SS burst periodicity of 5 ms.

Table 2.4: SSB overhead for different control data SCS.

y SCS (kHz) | 15 & 30 | 120 & 240 |
Maximum overhead (%) 38.05 100
Minimum overhead (%) 0.01 0.10

This Thesis assumes a common numerology for user and control data.
Specifically it is used an SCS of 120 kHz and the maximum system band-
width for that SCS, which means a BWgrp of 275 RBs. It also assumes that
64 SSB transmission occasions are used within an SS burst. In such case, the
percentage of resources occupied by SSB is summarised in Table 2.5.

Table 2.5: Percentage of the overhead due to SSB transmission over the whole
system bandwidth in this Thesis (one component carrier).

| SS burst period (ms) | SSB overhead (%) |

S 3.32
10 1.66
20 0.83
40 0.42
80 0.21

160 0.10

The overhead due to CSI-RS signalling is calculated similarly. The CSI-RS
are transmitted periodically with a period equal to Tosr—grs. In one slot
within this period, a configurable number of CSI-RSs related to different an-
tenna ports can be accommodated. This number should lie within the set
1,2,4,8,16,24,32. In frequency, for each CSI-RS, one RE (1 subcarrier during
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1 symbol), is reserved in every p RB, where p is the density parameter defined
in Section 2.1.3. Note than p can only take 1 or 1/2 as value.

The product of time/frequency resources devoted to CSI-RS transmissions,
R%SI_RS, during a time interval with duration 7', and considering a large T,
tends to be equal to:

T
R$STRS — BWgp X p X Ap X Taymp X B X == (2.6)
Tcsi-rs

where BWgp is the system bandwidth measured in RBs and B is the number
of different CSI-RS transmitted.
The product of total time/frequency resources, R¥°*2! during the time in-
terval T is:
R = BWgp x 12 x Ap x T. (2.7)

Then, the percentage of the total time/frequency resources devoted to the
transmission of SSB is:
CSI-RS

% 100 = —Lsymd

Overheadcsi—rs = T ___ —_—
RTotal 12 X Tosi-rs

X px Bx100 (2.8)

The overhead due to CSI-RS for the different CSI-RS periods and a SCS of
120 kHz is listed in Table 2.6.

Table 2.6: Percentage of the CSI-RS overhead with respect to the total
number of resources available for the CSI-RS periods with an SCS of 120 kHz.

| CSI-RS period (ms) [ CSI-RS overhead (%) |

10 74-103p- B
20 3.7-103p B
40 185-10 3p- B
80 0.93-103p B

The contribution of CSI-RS to the signalling overhead is largely determined
by the number of CSI-RS resources B. The density parameter p can only be
1 or 1/2 and can contribute to reduce the overhead. As it can be seen in
Table 2.6, the base CSI-RS overhead with unitary p and B values is 3 orders
of magnitude below the number of resources allocated for SSB transmission
with the longest SS burst period of 160 ms. The low CSI-RS overhead allows
allocating large number of CSI-RS resources to measure the same number of
combinations of transmit and receive beams without exceeding the overhead
due to SSBs. It can be concluded that the contribution to the dowlink signalling
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overhead of CSI-RS resources is marginal for low number of B, and practically
all of the overhead associated to the transmission of downlink RS is due to SSB
transmissions.

2.2 Higher layer aspects

This Section discusses the upper-layers procedures and aspects that make an
important part of the beam tracking framework.

2.2.1 Beam management

3GPP introduced beam management as a part of the new multi-antenna trans-
mission technology in the study of the PHY requirements to support 5G [91].
3GPP defines beam management as the collection of L1 and L2 procedures
to acquire and maintain a set of Transmit Receive Point (TRP), i.e. one of
the possible multi-antenna panels belonging to a gNB, and UE beams. Beam
management is composed of 4 stages:, which are illustrated in Figure 2.4:

e Beam determination is the ability of the TRP or the UEs to select of its
own beams.

e Beam measurement is the process to quantise the characteristics of the
received beamformed signal.

e Beam reporting is the ability of the UE to report the beam information.
This information is obtained from having performed a beam measurement
procedure.

e Beam sweeping is the operation of covering a spatial area with transmit
or received beams during a specific time interval and in a specific manner.

The Technical Report (TR) 38.802 also details the beam correspondence
between TRP and UE. On one hand, the TRP can determine the set of down-
link beams to use based on UE uplink beam measurements. In the same way,
the TRP can also determine the set of uplink beams to use based on TRP
uplink beam measurements. On the other hand, the UE can determine the set
of uplink beams to use based on TRP downlink beam measurements. But, the
TRP notifies the UE the set of downlink beams to use based on TRP uplink
beam measurements. Beam correspondence relies on efficient beam measure-
ment and beam reporting mechanisms. Note that an important simplification
can be assumed in situations where downlink and uplink channel reciprocity is
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(a) Beam sweeping.

[TX:,RXj): RSRP, RSRQ, SINR... |

(b) Beam measurement.
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Quality level

[TXi,RXj]|

Beam pairs

(c) Beam determination.

[TXi1,RXj|: RSRP, RSRQ, SINR...
[TXi,RX): RSRP, RSRQ, SINR...
[TXi1,RXj]: RSRP, RSRQ, SINR...

(d) Beam reporting.

Figure 2.4: The four beam management procedures studied by 3GPP during
the PHY-study phase.
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guaranteed, which can be the case of TDD systems. In this case, uplink and
downlink beams are the same.

Beam management can be seen as a continuous process which starts when
a UE triggers the initial access procedure and continues as long as the UE is in
the CONNECTED state. 3GPP TR 38.802 splits the process in three separated
processes which are tightly coupled, which are P-1, P-2 and P-3 processes.

P-1 objective is enabling the UE to perform beam measurements on differ-
ent TRP downlink beams and select the set of most promising TRP downlink
beams. To this aim, the TRP performs beam sweeping and transmit the ref-
erence signals the UE has to measure on different TRP beams. In this stage,
the UE also beam sweeps with its downlink beams.

P-2 is the procedure in which the UE measures different downlink TRP
beams in case of changing the TRP downlink beam discovered in P-1. In P-2,
the downlink UE beam is fixed. P-2 also performs beam sweeping on the TRP
side, so it can be seen as a reduced case of P-1 with a smaller set of TRP
downlink beams. P-2 can be used for beam refinement of the downlink TRP
beam.

P-3 is the complementary procedure to P-2 on the UE side. The UE beams
sweeps and measures a TRP beam, which is fixed, with different UE downlink
beams.

2.2.2 Beam measurement and reporting

NR CSI framework is not a trivial procedure and involves Radio Resource
Control (RRC) and PHY. The network instruct a UE in RRC_CONNECTED
to perform and report measurements. The measurement configuration is pro-
vided by means of dedicated messages RRCReconfiguration or RRCResume.
The network can configure measurements on NR or legacy networks, but in
this description of the CSI framework the focus is on NR measurements on
mmWave.

The network may configure the UE to report the following measurement
information based on SSB or CSI-RS. Each signal has its advantages and dis-
advantages. On one hand, SSBs are used for initial access and the gNB always
transmits this signal. Monitoring SSBs for CSI does not result in increased
overhead. However, SSB spans along 20 RBs and, therefore, rarely cover the
whole system bandwidth. CSI-RS resource allocation is flexible and can be
configured to cover any RE in the whole bandwidth. In addition, CSI-RS can
be allocated more frequently if needed. The disadvantage of CSI-RS is the
additional overhead.

The UE can filter the CSI measurement reports, so it can notify results per
individual SSB or CSI-RS resource, or group SSB or CSI-RS measurements in
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a cell report. In addition, the UE can provide the resource identifier, that is,
the SSB index or the CSI-RS resource identifier. This last feature is of extreme
interest for beam management since it allows reporting the beam associated to
the reported index, and SSB and CSI-RS resources are mapped to beams in a
1-to-1 basis.

The CSI framework includes five measurement configuration parameters:

1. First of all, a Measurement Object (MO) indicates the list of objects on
which the target UE shall perform measurements. More precisely, a MO
indicates the RB location and SCS of the RS to be measured. For a
given MO, the network may configure a list of cell specific offsets, a list
of "whitelisted’ cells and a list of 'blacklisted’ cells. The UE may perform
measurements of cells which cell ids are contained the white list. On the
contrary, the UE will not perform any measurement of cells which cell id
is in the black list of cells. The network configures as many MO as serving
cells. The measObjectld of the MO which corresponds to each serving
cell is indicated by servingCellMO within the serving cell configuration.

2. Each MO has a list of associated reporting configurations. Each reporting
configuration contains the following information:

e The measurement report criterion that triggers the UE to send a
measurement report. This criterion can be a time periodicity con-
dition or a triggering event.

e The type of RS the UE considers for beam and cell measurement
results. The RS can be either SSB or CSI-RS.

e The reporting format determines the information reported by the
UE. The format specifies the measurement quantities per cell and
per beam that the UE includes in the measurement report (e.g.
RSRP) and other associated information such as the maximum num-
ber of cells and the maximum number beams per cell to report.

3. A measurement identity links one MO with one reporting configuration.
By configuring multiple measurement identities, it is possible to link more
than one MOs to the same reporting configuration, as well as to link more
than one reporting configuration to the same MO. The measurement
identity is also included in the measurement report that triggered the
reporting, serving as a reference to the network.

4. The quantity configuration defines the measurement filtering configura-
tion used for all event evaluation and related reporting, and for periodi-
cal reporting of that measurement. For NR measurements, the network
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may configure up to 2 quantity configurations with a reference in the
NR measurement object to the configuration that is to be used. In each
configuration, different filter coefficients can be configured for different
measurement quantities, for different RS types, and for measurements
per cell and per beam.

5. A measurement gap is a period of time when the data transmission and
reception of the addressed UE is deactivated. During the measurement
gap period, as it name suggests, the UE perform measurements on other
Radio Access Technologys (RATS).

An NR device can be configured to carry out different measurements, in
most cases with corresponding reporting to the network. In general, such a
configuration of a measurement and corresponding reporting are done by means
of a report configuration, in the 3GPP specifications referred to as a CSI-
ReportConfig.

Each resource configuration describes/indicates:

e The specific quantity or set of quantities to be reported;

e The downlink resource(s) on which measurements should be carried out
in order to derive the quantity or quantities to be reported;

e How the actual reporting is to be carried out, for example, when the
reporting is to be done and what uplink physical channel to use for the
reporting.

A report configuration indicates a quantity or set of quantities that the
device is supposed to report. The report could, for example, include different
combinations of CQI, RI, and PMI, jointly referred to as CSI. For beam
management purposes, the report quantity can be L1-RSRP, which is similar
to RSRP used for in higher layers but without performing the (layer-3) filtering.

In addition to describing what quantity to report, a report configuration
also describes the set of downlink signals or, more generally, the set of downlink
resources on which measurements should be carried out in order to derive the
quantity or quantities to be reported. This is done by associating the report
configuration with one or several resource sets

A resource configuration is associated with at least one NZP-CSI-RS-
ResourceSet to be used for measuring channel characteristics. A NZP-CSI-
RS-ResourceSet may either contain a set of configured CSI-RS or a set of SS
blocks. Reporting of, for example, L1-RSRP for beam management can thus
be based on measurements on either a set of SS blocks or a set of CSI-RS.

Note that the resource configuration is associated with a resource set. Mea-
surements and corresponding reporting are thus in the general case carried out
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on a set of CSI-RS or a set of SS blocks. In the case of beam management,
the resource set will typically consist of multiple CSI-RS, alternatively multi-
ple SS blocks, where in practice each CSI-RS or SS block is associated with a
specific beam. The device measures on the set of signals within the resource
set and reports the result to the network as input to the beam-management
functionality.

In addition to the quantity to report and the set of resources to measure on,
the report configuration also describes when and how the reporting should be
carried out. Similar to CSI-RS transmission, device reporting can be periodic,
semi-persistent, or aperiodic.

As the name suggests, periodic reporting is done with a certain configured
periodicity. Periodic reporting is always done on the PUCCH physical channel.
Thus, in the case of periodic reporting, the resource configuration also includes
information about a periodically available PUCCH resource to be used for the
reporting.

In the case of semi-persistent reporting, a device is configured with period-
ically occurring reporting instances in the same way as for periodic reporting.
However, actual reporting can be activated and deactivated by means of MAC
signalling.

Similar to periodic reporting, semi-persistent reporting can be done on a pe-
riodically assigned PUCCH resource. Alternatively, semi-persistent reporting
can be done on a semi-persistently allocated PUSCH. The latter is typically
used for larger reporting payloads.

Aperiodic reporting is explicitly triggered by means of Downlink Control
Information (DCI) signalling, more specifically within a CSI-request field within
the uplink scheduling grant (DCI format 0_1). The DCI field may consist of
up to 6 bits with each configured aperiodic report associated with a specific bit
combination. Thus, up to 63 different aperiodic reports can be triggered.

Aperiodic reporting is always done on the scheduled PUSCH and thus re-
quires an uplink scheduling grant. This is the reason why the triggering aperi-
odic reporting is only included in the uplink scheduling grant and not in other
DCI formats. It should be noted that, in the case of aperiodic reporting, the
report configuration could actually include multiple resource sets for channel
measurements, each with its own set of reference signals (CSI-RS or SSB).
Each resource set is associated with a specific value of the CSI-request field in
the DCI. By means of the CSI request the network can, in this way, trigger the
same type of reporting but based on different measurement resources. Note
that the same could, in principle, have been done by configuring the device
with multiple report configurations, where the different resource configurations
would specify the same reporting configuration and report type but different
measurement resources.
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Table 2.7: Possible combinations of measurement report type and
measurement resource type

Resource type
Periodic | Semi-persistent | Aperiodic

Report type

Periodic Yes No No
Semi-persistent Yes Yes No
Aperiodic Yes Yes Yes

Periodic, semi-persistent, and aperiodic reporting should not be mixed up
with periodic, semi-persistent, and aperiodic CSI-RS as described in Section
2.1.3. As an example, aperiodic reporting and semi-persistent reporting could
very well be based on measurements on periodic CSI-RS. On the other hand,
periodic reporting can only be based on measurements on periodic CSI-RS but
not on aperiodic and semi-persistent CSI-RS. Table 2.7 summarises the allowed
combinations of reporting type (periodic, semi-persistent, and aperiodic) and
resource type (periodic, semi-persistent, and aperiodic).

2.2.3 UE positioning

In NR, the network can instruct the UE to start reporting its current loca-
tion. A UE may, after being requested by the upper layers, send a Location
measurement indication message to indicate the beginning or the conclusion of
a location procedure by the UE. Before starting the procedure, the network
should have notified the UE about the availability of measurement gaps the
UE can use to obtain the location information. The UE shall complete the
location procedure within the time allocated in the measurement gaps. If the
allocated time is not enough to complete the location procedure, the UE will
not trigger its location procedure. By sending this message, the UE notifies the
network that it is going to start or stop location measurements which require
measurement, gaps.

2.3 Conclusions

The inclusion of high frequency transmissions demanded the introduction of
important modifications in the PHY and upper layers of NR. The new stan-
dard provides the necessary technologies and mechanisms to enable an efficient
management of transmission and reception beams. Beam management in NR
is based on beam measurements of RS for downlink, uplink or both. This
chapter of the Thesis has focused on measuring downlink RSs, which offers the
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possibility of measuring the directional transmission of SSBs used for initial ac-
cess for beam management for free, without increasing the signalling overhead.
Additionally, beam measurements can be done on CSI-RS resources.

There is, however, a clear lack of a precise beam management procedure in
the 3GPP specification documents. It is, therefore, up to equipment manufac-
turers and operators to implement their own beam management algorithms.
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Chapter 3

System Modelling

This Thesis is oriented towards the study of beam tracking strategies within
the ambit of the New Radio (NR) specifications defined by Third Generation
Partnership Project (3GPP). In order to perform any assessment, it is nec-
essary to have a deep knowledge of the system protocol under study before
defining an evaluation methodology. This chapter of the Thesis deals with the
latter issue.

There is an evident lack of real Millimeter Wave (mmWave) measurement
data of users in mobility that can help research the beam tracking problem.
For this reason, channel data must be artificially handcrafted. Good channel
models providing spatial consistency are required.

This chapter of the Thesis is composed of two differentiated parts. The
first part is devoted to providing the details of two channel models for large
frequencies which were considered in this Thesis. The second part discusses the
simulation tool used, focusing on the different implementation aspects which
were necessary to implement the beam management framework.

This Chapter is structured as follows:

e Section 3.1 presents the point-to-point hardware configuration assumed
in this Thesis .

e Section 3.2 introduces the realistic channel models used together with
the network architecture to model the mmWave Fifth Generation (5G)
system. Special attention is paid to the ray tracing channel model for
mmWave communications created specifically for this Thesis. The main
novelty of this ray tracing tool is that it runs with a video game engine.

e Section 3.3 addresses the problem of the generation of beams in the az-
imuth and elevation domain. This Thesis proposes an adaptation of Two
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Figure 3.1: System model.

Dimension (2D) Discrete Fourier Transform (DFT) codebooks to support
Three Dimension (3D) beamforming.

e Section 3.4 concludes the present chapter by highlighting the most sig-
nificant revelations.

3.1 Network architecture

This Thesis assumes a point-to-point mmWave system as illustrated in Fig-
ure 3.1. This architecture is similar to works on mmWave Multiple-Input Mul-
tiple-Output (MIMO) communications [44, 55, 92, 93]. On one side, the Base
Station (BS) is equipped with Ny antenna elements. On the other side of the
link, a User Equipment (UE) is equipped with an antenna array of N, antenna
elements. The BS is capable of transmitting Ng data streams simultaneously
through N§r Radio Frequency (RF) transmission chains, in such a way that
Ng < Nfp < M. Similarly, the UE is equipped with Nk RF chains to receive
Ny simultaneous flows only if Ny < Ngp < N;.

The number of simultaneous streams depends on Ngrp. In analog beam-
forming architectures, Nip = 1 and only one stream can be transmitted. In
fully-digital beamforming, the number of transmission chains matches the num-
ber of antenna elements, so the number of simultaneous streams can be up to
the number of antennas. The middle term is the hybrid beamforming archi-
tectures in which the number of flows matches the number of transmission
chains.
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The considered transmitter architecture consists on a base band precoder
(digital) Fgp which is a N x Ng matrix, followed by an analog beamformer
or RF precoder Frp which is a Ny x Nfp matrix. The analog beamforming is
composed of phase shifters, which implies that Frp has norm 1. Note that the
phase shifters are all connected to all the antenna elements of the array.

The discrete-time signal transmitted can be written as:

X = FRFFBBS (31)

where s is the Ng x 1 input signal vector representation, which energy is
distributed as E|[ss*||> = -1y, and x is the N; x 1 vector representing the
signal transmitted by the BS.

Assuming a narrow-band block fading channel as in [55], the received signal
can be expressed as follows:

y = \/ﬁHFRFFBBS +n (32)

where y is the signal vector N, x 1 arriving at the UE, H is the N, x Ny
channel matrix, p is a parameter describing the received power level, and n
is the i.i.d. noise vector of size N, x 1. The channel matrix satisfies that
E[|[H][3] = NN,

The recovered signal at the end of the analog beamformers and digital
combiner stages can be written as:

S = \/EWEBWEFHFRFFBBS + WEBWI*KFH (33)

where Wgg is the baseband combining matrix of size Ngp x Ny and Wgp
is the analog beamforming matrix of size N, X Ngp.

For the sake of simplicity and without loss of generality, this Thesis will
consider analog beamforming with one RF chain at both communications sides.
This simplifies Equation 3.1, Equation 3.2 and Equation 3.3 by reducing the
precoding and combining matrices to 1, which can be then rewritten as:

X = FRFS (34)
y = +pHFgps +n (3.5)

Furthermore, Frr and Wy matrices are now beamforming vectors of Ny x 1
and N, x 1 respectively.
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The mmWave frequency bands are known to suffer high free-space propa-
gation losses, which leads to poor scattering environments, with only few sub-
stantial contributions [23]. The traditional geometric channel models used in
sub 6 GHz MIMO systems are inaccurate for sparse scattering environments, as
occurs in mmWave transmissions [55]. For this Thesis, a narrowband clustered
channel model based on Saleh-Valenzuela model [94] is assumed, in alignment
with other relevant research works in mmWave MIMO systems [44, 55, 92, 93].
This channel model assumes that the multi-path environment is composed by
[ scattering clusters, and each one of them originates i rays which are slightly
different one from the others. The general MIMO channel matrix H can be
written as follows:

H= ’YZ it (D0, 050) Me(Digs 00) an (D, 050 )ae (g, 050)* (3.7)
it

where ~ is a power normalisation factor which depends on the number of
transmit and receive antennas and the total number of rays involved, such as
v =4 /%’ ¢ is the complex path gain of the i-th ray belonging to the I-th
cluster. Since the channel model is three-dimensional, the Angle of Departure
(AoD) and Angle of Arrival (AoA) are expressed in spherical coordinates, that
is, providing the azimuth (¢) and elevation (6) angles. ¢!, and 6, correspond
to the azimuth and elevation AoD. Similarly, ¢, and 6}, refer to the azimuth
and elevation AoA.

Functions A¢(¢Y,, 0Y), Ar(¢h,,60%,) represent the antenna element of the BS
and UE, given the AoD and AoA. Typically, antenna elements at UEs are
omnidirectional, meaning that they radiate in all directions equally. On the
contrary, antenna elements at the base station have an angular response in order
to create the sectors which are typical in macro-cellular deployments. 3GPP
provides in its channel model Technical Report (TR) the reference antenna
element radiation diagram at the BS for model calibration [6].

The BS and UE array response vectors, a; and a, respectively, are a function
of the antenna array geometry and frequency. The MIMO channel equation
takes arbitrary antenna array configurations. A widely-used antenna array con-
figuration is Uniform Linear Array (ULA), which is illustrated in Figure 3.2(a).
Assuming that N antenna elements are placed over the z-axis, the ULA re-
sponse equation is as follows:

1 . . . . T
aULA(¢) _ ﬁ 1’ egkd51n(¢)7 e eg(Nfl)kdsm(q&) , (38)
where the wavenumber k = 27” ,being A the wavelength, and d is the physical

separation between adjacent antenna elements.
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(a) Uniform Linear Array (b) Uniform Rectangular Array

Figure 3.2: Antenna array configurations

Note that ULA response equation only depends on azimuth angles, and it
cannot fully capture the multipath components in elevation. Such response is
impractical for 3D beamforming, which is of interest in this Thesis work. 3D
beamforming can be achieved with an antenna array which radiation elements
are placed over the same plane. This Thesis will focus on Uniform Rectangu-
lar Array (URA). The antenna array response equation for an URA on the
zy-plane, with W antenna elements in the horizontal plane and H antenna
elements in the vertical plane is:

_ b [1,..., e/kd(msin(@)sin(@)tncos(®)
Vi (3.9)

EIRA((W 1) sin(9) sin(6)+(H 1) cos(0)] T

aura(¢,0)

where m and n are the antenna element index of the horizontal and vertical
planes, respectively, 0 <m < W, 0<n < H and N =WH.

3.2 Channel models for mmWave

3.2.1 3GPP channel model for frequencies over 6 GHz

On December 2016, 3GPP published its standard document TR 38.900 con-
taining the reference channel model for evaluating 5G systems and technologies
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operating in high frequency bands, up to 100 GHz [5]. The channel model is
the result of the natural evolution of the 3D statistical spatial channel model
used in Long Term Evolution (LTE) [19]. The parameters of the new channel
model were obtained from exhaustive propagation measurement campaigns at
mmWave frequencies conducted by several 3GPP partners. The final channel
model document, including also sub 6 GHz channels, is included in TR, 38.901
[6].

The maximum system bandwidth allowed represents the 10 % of the se-
lected carrier frequency, with a practical upper bound of 2 GHz. The model
supports the mobility of one of the two communication edges. The modular de-
sign of the channel model allows adding optional features into the base model.
One interesting addition in mobility scenarios is the calculation of the spatial
consistency of the channel realisations. With spatial consistency, 3GPP model
ensures that the channel realisation among very-close users are correlated and
not completely independent. Other interesting additions to the channel are
blockage modelling or User Terminal (UT) rotation.

3GPP channel model for frequencies over This model supports different
scenarios, which must be chosen when setting the simulations parameters:

e Urban Micro-cell (UMi) assumes small base stations with small Inter-Site
Distance (ISD) among cells, which targets at densely deployed urban area.
This scenario also assumes a street canyon scenario where the BS are at
street level, not higher than building rooftops, hence blocking signals from
cells in surrounding streets. UMi scenario considers outdoor, Outdoor-
to-Indoor (O2I) and Outdoor-to-Outdoor (O20) propagation conditions.

e Urban Macro-cell (UMa) is similar to UMi but BSs are place on rooftops
and the ISD is larger.

e Rural Macro-cell (RMa) focuses on a rural deployment or low-density
population scenarios. The coverage area of cells are larger than the in
the previous two urban cases, and takes typical ISD values of thousands
of meters.

e Indoor Office (In) aims at capturing the rapid channel condition fluctua-
tion which are typical in offices, with cubicles and wireless access points
on ceilings, and shopping malls, which might have several stories with
open areas shared by different floors.

The channel model coeflicients generation is illustrated in Figure 3.3. Given
a certain scenario, the 3D positions, velocities and indoor/outdoor state of UT
and BS, the model assigns a Line of Sight (LoS)/Non Line of Sight (NLoS) con-
dition to each link according to scenario-specific probability distributions. This
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Figure 3.3: The different channel coefficients are generated sequentially
following this block diagram [6]

condition affects both the pathloss computation and the generation of fading
parameters. For the pathloss, different formulas are provided, according to the
scenario, and an additional O2I component can be added, with the possibil-
ity of modelling different kinds of building penetration losses (glass,concrete,
wood).

The channel between a transmitter point and a receiver end is described by
a channel matrix H(t, 7) of size N, X Ni,, where N,., and Ny, are the num-
ber of antennas at the receiver and the transmitter, respectively. Each entry
depends on N different multipath components, named clusters, which have dif-
ferent delays and received powers, following an exponential Packet Data Proto-
col (PDP). The clusters are themselves a combination of M rays, each one with
small deviations from the others in terms of the arrival and departure angles in
both vertical and horizontal planes. All these parameters are randomly gener-
ated from the distributions that take different simulation parameters, naming
the scenario, the LoS condition, the presence of indoor or outdoor transitions,
the carrier frequency and bandwidth, the 2D and 3D distance between trans-
mitter and receiver, and their respective antenna configurations and heights.
The model distinguishes large scale and slow scale fading components. The
large scale fading depends on user mobility or changes in the propagation con-
ditions in the scenario, that have an impact on parameters such as the Delay
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Spread (DS), the angular spread of arrival and departure, either in the azimuth,
i.e., the horizontal plane (ASA, ASD), or in the elevation plane or zenith (ZSA,
ZSD), the Ricean factor for the LoS condition (K) or the shadowing. The large
scale parameters for each link are generated and cross-correlated using the pro-
cedure originally suggested in the WINNER-II channel model [32]. Different
correlation parameters are given for the scenarios previously introduced and
for the LoS and NLoS conditions. The small scale fading, instead, depends
on the small variation of the multipath components within a cluster, including
the arrival and departure angles of the rays, small power variations, and the
Doppler effect in mobility scenarios. The main difference between a LoS and a
NLoS channel is the overall reduced power levels in the clusters in NLoS.

The channel model for NR specifies additional modelling components that
can be included to the base simulator depending on the level of detail needed
for the simulations. For example, in a drop-based simulation with no mobil-
ity, the basic channel model is recommended. But, if the simulation requires
user mobility, more realistic results are obtained from a channel model that
updates the channel matrix correlating it with the channel conditions in the
previous location of the user. This can be achieved with the spatial consistency
component, which provides the decorrelation distances for the given fading pa-
rameters, the LoS condition whether the UT is outdoor or indoor. The blockage
option introduces an attenuation factor over the received power of certain clus-
ters according to some randomly deployed blockers simulating the presence of
human bodies, vehicles, etc. Another interesting feature in mobility scenar-
ios is the addition of the UT rotation. The UT orientation is critical when
applying beamforming in the UT, where beams are referred to the antenna
array plane. Another optional feature is oxygen absorption,that introduces a
frequency-dependent additional pathloss factor to account for the atmospheric
absorption at certain frequencies.

The 3GPP channel model may also interact with an external ray tracing
tool in order to obtain the ray directions from a virtually-recreated scenario
and deterministically create the different clusters. This approach is referred to
as map-based hybrid channel model and it is clearly influenced by the METIS
project activity in redefining statistical channel models for 5G networks needs
[30]. The flow explaining the channel coefficient calculation in the map-based
hybrid channel with ray information from external ray tracer is illustrated in
Figure 3.4.

3.2.2 Ray tracing tool in Unity

Professional ray tracing software such Remcom’s InSite [72] are sophisticated
tools with an elevated degree of accuracy in their channel propagation predic-
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Figure 3.4: Ray information, including arriving and departure angles, delays
and propagation losses are calculated with an external raytracing tool and
used in the creation of the channel coefficients [6].

tions. This kind of software is computationally very intensive and calculating
the propagation conditions in a relatively small are takes a long time to com-
plete. In order to alleviate the computational burden, calculations can be run
in paralleled in multiple General-Purpose Graphics Processing Unit (GPGPU).
The use of open-source video game engines like Unity is an attractive alternative
given the collection of optimised library to accelerate ray tracing calculations.

Creating the 3D model

The first issue to solve is how to create a 3D model of a real-world area. There
are several possible approaches for the creation of a virtual scenario. Synthetic
scenarios devised for mobile technology testing purposes are typically a simple
set of regular polygons spread over a surface, which can be recreated in Unity
easily. However, when it is needed to realistically reproduce a real-world area
with many irregular shapes, then the use of a 3D modelling software is required.

Obtaining realistic 3D models of urban environments is a time-consuming
process if the recreation has to be done manually by a team of digital artists,
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Figure 3.5: A panoramic view of the Downtown Manhattan 3D model
recreated in Unity.

and it would be largely desirable to add some degree of automation in the cre-
ation process. Luckily, when the interest is on recreating scenarios from the
real world, the process can be alleviated by using geographical data sources
and integrating the resulting models in the game engine directly [95]. The
use of geomatics engineering databases like Open Street Map (OSM) [96] or
Geographical Information Service (GIS) may boost the modelling design pro-
cess by introducing automations whilst making the resulting model geographi-
cally consistent [97]. OSM is a valid free open-source option, which is basically
supported by the altruistic work of the OSM community. The main drawback of
this open-source database is the incompletion or total absence of some regional
data [98]. On the other hand, GIS databases are typically commercialised and,
therefore, shall contain complete information of a given geographical area and
may provide realistic characterisations in computer-based simulations [97].

The virtual scenario recreated in Figure 3.5 is a spatially-consistent three-
dimensional model of a large area in Downtown Manhattan in New York. In
order to obtain the 3D model, we imported the geographical information in
Autodesk 3ds Max® and exported the model in Filmbox (FBX®) format,
which is completely compatible with Unity. The resulting model accurately
reproduced the shape of the buildings, although some post-processing exercises
was required to add architectural elements such as trees, billboards, lamp posts,
traffic lights, and so on.
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Description of the ray tracing tool

The ray tracing channel model created in Unity for this Thesis was inspired
by the dissertation in [99]. This method calculates the propagation between
a transmitter point and a receiver point in the 3D space. The ray tracing
technique used is ray launching, which is describes as follows. The transmitter
launches a ray in a given direction, seeking to hit the receiver’s surface. A
sphere with an arbitrary radius is placed at the receiver point and only the
rays hitting this sphere are considered in the calculation of the electric field at
the receiver location. Different rays are launched in separated time intervals,
sweeping the whole 3D space. The angular resolution is configurable in azimuth
(9) and elevation (¢). The number of reflections is also configurable. However,
the contribution of rays with more than 3 reflections is negligible [42] and
discarded in order to reduce the computational burden.

The ray tracing algorithm in Unity calculates the signal power level at the
measurement point. Since the urban channels are typically multi-path, the
resulting power level is the result of the sum of each arriving ray. Accordingly,
the power level at the measurement point is the addition of the Free Space
Power Loss (FSPL) of the direct ray in case of LoS condition and the reflected
rays.

According to ITU recommendation P.525-2 [100], the FSPL can be obtained
as follows:

LFSPL(dB) :324+2010gf+d (310)

where f is the frequency of the transmitted wave in MHz and d is the
distance between transmitter and receiver expressed in kilometres.

To calculate the power level of a reflected signal, it is necessary to operate
in the electric field E. In free-space propagation, the conversion from the
transmitted power to field strength is defined as follows:

E =P —20logd+ 74.8 (3.11)

where P; is the isotropic transmit power expressed in dBW and electric
field strength E' is expressed in dBuV/m units. On the other hand, the power
received with an isotropic antenna for a given electrical field E is

P, =E—20log f + 167.2 (3.12)

Then, the resulting Lrgpy, in terms of E can be rewritten as follows:

Lpspr, =P, — P. =P, — E+20log f +20logd + 167.2 (3.13)
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The electric field is a vector which is composed of two components, parallel
€| and perpendicular é; to the plane of incidence.

Considering an electromagnetic wave impinging on a surface at point Q,
the electric field of the reflected wave is determined by the reflection coefficient
matrix R.

E.(Q) = RE;(Q) (3.14)

where E,.(Q) is the electric field of the reflected wave and E;(Q) is the
electric field of the impinging wave at point ). Note that both impinging and
reflected electric fields are vectors, and R is a matrix.

The reflection coefficient R can also be decomposed into two components
parallel and perpendicular to the incidence plane, denoted as R and é,, re-
spectively, which are defined as follows:

_ macosfy —m cost;

Ry

3.15
72 cos 6y + m1 cos b; ( )

_ macosB; —m cos by

= 1
R 72 cos 6; + 11 cos O (3.16)

where 77 and 7, denotes the wave impedance in free space (vacuum) and
the medium of the surface, theta; is the angle of the incident ray with respect to
the normal direction of the plane and the theta; is the angle of the transmitted
ray with respect to the normal direction of the plane. The wave impedance 7
is expressed as follows

Jwi

—_ 3.17
o+ jwe ( )

’[7:

where j is the imaginary unit, and w is the angular frequency of the wave,
w1 is the magnetic permeability, o is the electrical conductivity of the medium,
and € is the real part of the electric permitivity.

Equation 3.14 can be separated in the parallel and perpendicular compo-
nents to the incident plane:

By = R E;) (3.18)

E.. =R.,E;, (3.19)

The magnitude of the electric field after the reflection can be obtained as

2
B| = /| B ? + By L 2 (3.20)
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The multi-path channel response is typically represented with the PDP,
which represents the intensity signal received through rays or tabs in time.
Different tabs arrive in different time instants. This time delay between con-
tributions depends on the difference on the distance travelled by the waves.

The Unity ray-tracer is capable of estimating the channel propagation con-
ditions in a given area of interest. It is also possible to define a set of points
of interest on which ray tracing calculations are to be performed. This charac-
teristic allows creating user walks, which can be used in mobility models.

The ray tracing tool in Unity stores the channel information at the measure-
ment points in a log file. This log file contains the PDP information, including
the power level and the time delay, the AoD and AoA separated in azimuth and
elevation planes in order to support 3D channel modelling. This channel in-
formation file, in the appropriate format, can be used by simulators recreating
realistic wave propagation conditions.

3.3 Codebook-based beamforming

In a mmWave NR system, the transmission of the Synchronization Signal
(SS) described in Section 2.1.2 is beamformed and, consequently, SS/Physical
Broadcast Channel (PBCH)-Block (SSB)s are sequentially transmitted on dif-
ferent beams. This procedure is referred to as beam sweeping.

Beam sweeping is a blind process in which the NR base station (gNB), i.e.
the 5G BS, transmits Reference Signal (RS) without any prior knowledge of the
channel status perceived by UEs. For this reason, beams are obtained out of
a predefined matrix of beam forming vectors known as codebook. A codebook
is composed by codewords, and each codeword determines the weights applied
to each antenna element phase shifter to conform the beam.

This Thesis work aims at covering as much surface as possible with equally-
distributed beams. DFT codebooks [101] are a perfect fit for such objective, and
have been massively used in the MIMO systems literature [102, 103]. Some of
the properties of DFT codebooks assuming a ULA are the following: beams are
spread almost proportionally over a circumference and the beamwidth or Half-
Power Beamwidth (HPBW) scales down with the number of antenna elements
and increases the beam gain.

The DFT beamforming codebook matrix C is the concatenation of several
codewords ¢p: C = {cg,c1,-- ,cn}, where N is the number of codewords of
the codebook and m =0,1,--- , N.

A DFT codeword ¢y, is expressed as follows:
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L [} o d2mm j2r(Ny — 1)ym]"
Cm = ﬁ ) OXD T €Xp T
where V; is the number of antenna elements of the ULA.

It is worth noting that ULA beam diversity is restricted to the azimuth
plane. There is no change of beams in elevation. Elevation or 3D beamforming
is interesting not only to provide beam coverage to users in positions over the
transmitting antenna, but to increase the beam gain of users from different
distances away from the BS.

To enable 3D beamforming, antennas cannot be arranged over a single
dimension in a straight line. To provide elevation gain the antennas must be
placed on a plane. This Thesis work assumes URA with a symmetric antenna
separation. However, the number of vertical and horizontal antenna elements
does not necessarily need to be the same.

DFT codebooks cannot be directly applied to URA. This Thesis work
adopts the Kronecker product approximation described in [102]. The rectan-
gular antenna array is decomposed in a horizontal and a vertical ULAs with
their respective DFT codebooks. This approximation assumes that there exists
no interaction between the horizontal and vertical antenna elements. The final
URA codebook matrix is the Kronecker product of the vertical and horizontal
DFT codebooks as described in Equation 3.22.

(3.21)

T
j2mm 'ZW(N(U) —1)m
(v) — ll J JemNy ~ — m
c, = , exp s v, €XD
N BN, BN,
T
*) 1 j2mn j2r(N — D)
c,’ = 1,exp N 7...,e){pT
N h h
cNpmin = @c (3.22)

where Nt(h) and Nt(v) are the number of antenna elements of the horizontal
and vertical sub-arrays, and N, and N, are the number of codewords of the
horizonal and vertical DFT codebooks, respectively. There is an additional
parameter J in the vertical codebook, which is a scaling factor associated with
downtilt. In the literature, this codebook is known as Kronecker Product Code-
book (KPC) and has N, x N, codewords: C = {cg,C1," - ,CN,xN;,—1}

In the ambit of this Thesis, two antenna array configurations are going to
be used. One is a rectangular antenna array of 64 omnidirectional radiation
elements, with W = 16 elements in the horizontal axis and H = 4 in the
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vertical axis. The second configuration is another rectangular-shaped array of
16 omnidirectional radiation elements, with W = 8 in the horizontal axis and
H = 2 in the vertical axis. The number of horizontal and vertical beams of each
configuration matches their corresponding number of antenna elements in each
domain. The downtilt parameter 5 = 1 and the antenna element separation is
half wavelength.

Each beam has a unique identification number. For simplicity, this identi-
fication number is referred to beam id. The codebook-based beamforming has
a codebook matrix in which each column of the matrix is one codeword. And
the codeword determines the weights and phases that feeds the antenna array
to beamform. So, there is a direct codeword-beam relationship. In this Thesis,
beam ids are given based in their position in the codebook matrix, this is, the
column number. The Kronecker codebook in Equation 3.22 is composed of H
blocks, and each block is composed of the W beams contained in the same
azimuth plane. Therefore, it is possible to obtain the azimuth and elevation
information from the beam id. Equations 3.23 and 3.24 determine the azimuth
baz and elevation beam b of a given beam id b:

bay, = bmod W (3.23)

be1 = floor(b/W) (3.24)

where mod is the modulus operation function and floor is the round to
next smaller integer function.

The opposite operation of determining the beam id b from the azimuth and
elevation beams is possible:

b=W - be + by (3.25)

The combined antenna array and codebook maximum gains are illustrated
in Figure 3.6. The horizontal axis contains the angular variation in azimuth,
ranging from —180° to 180°, whereas the vertical axis represents the variation
on elevation angles, raging from —90° to 90°. Figure 3.6(a) illustrates the beam
gains of the BS, whereas Figure 3.6(b) represents the beam gains of the UE.
The figure represents for each combination of azimuth and elevation beams,
the maximum beam gain obtained from all the beamforming vectors. As it can
be seen, the number of lobes is larger on the BS and, as a result, the lobes
are more compressed in the two angular domains than in the UE beam gain
response. In addition, due to the larger number of antenna elements, the beam
gains in the BS are larger than in the UE, with a peak value difference between
the two antenna configurations of 10 dB.
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(a) 16x4 URA

Figure 3.6: Maximum beam gains (dB) varies in azimuth (horizontal axis)
and elevation (vertical axis) angles due to the combined effect of the antenna
array and the Kronecker codebook.
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3.4 Conclusions

This chapter has presented the system model assumed in the Thesis to evaluate
the beam tracking strategies. The Thesis has presented the MIMO architecture
for MIMO point-to-point communications in the mmWave band.

This chapter has introduced a ray tracing tool to estimate the signal prop-
agation in the mmWave band. This tool has the particularity of being imple-
mented for Unity video game development platform, which can take advantage
of multiple GPGPU to speed up calculations. In combination with the visuali-
sation platform described in Appendix A, this ray tracing tool allows obtaining
realistic channel estimations of any real scenario virtually recreated. In the
right format, the channel characterisation can be used in any external simula-
tor.

Then, the general description of the channel model was adapted to analog
transceivers, which is of particular interest in this Thesis. Special attention
was put to enabling 3D beamforming, in such a way that beams are diverse
in azimuth and also in elevation. To that aim, a special version of the DFT
codebook, the Kronecker codebook, was discussed. Considering the substan-
tial gains provided by the combination of the antenna array response and the
Kronecker codebook, directional communications in the mmWave band are
certainly feasible from an analytical point of view.
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Chapter 4

Simulation Framework and
Visualisation

The objective of this Thesis is the proposal and evaluation of beam track-
ing strategies within the ambit of the New Radio (NR) specifications defined
by Third Generation Partnership Project (3GPP). This evaluation is to be
achieved by means of computer simulations. Once the system model has been
declared in Chapter 3, this chapter of the Thesis introduces the used simulation
tool and describes the modifications made in that tool in order to implement
the beam management framework, which serves as a basis to the devised beam
tracking strategies.
The present Chapter of the Thesis is structured in the following way:

e Section 4.1 introduces the reader to the simulation tool ns-3 and to the
Millimeter Wave (mmWave) module for Fifth Generation (5G) end-to-
end network simulations assessment.

e Section 4.2 discusses the necessary modifications to adapt the mmWave
module for ns-3 to the Release 15 NR specifications and provides the
implementation details of the beam management framework.

e Section 4.3 presents some results from simple ns-3 simulation runs that
serve to prove that beam management effectively manages the mmWave
beams.

e Section 4.4 illustrates through some visualisation examples that there ex-
ist alternative ways to efficiently communicate and educate on 5G tech-
nologies.
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e Section 4.5 list the main conclusions drawn from the experience with ns-3
and the beam management framework developed for this Thesis.

4.1 End-to-end network simulation with ns-3

ns-3 is a discrete event network simulator for research on fixed and wireless
networks. ns-3 has been developed to provide an open, extensible network
simulation platform, for networking research and education. In brief, ns-3
provides models of how packet data networks work and perform, and provides
a simulation engine for users to conduct simulation experiments. Some of the
reasons to use ns-3 include to perform studies that are more difficult or not
possible to perform with real systems, to study system behaviour in a highly
controlled, reproducible environment, and to learn about how networks work.
Even if ns-3 focuses on modelling how Internet protocols and networks work,
non-Internet-based systems can also be simulated.

The ns-3 project is committed to building a solid simulation core that is
well documented, easy to use and debug, and that caters to the needs of the en-
tire simulation workflow, from simulation configuration to trace collection and
analysis. The ns-3 simulation core supports research on both IP and non-IP
based networks. However, the large majority of its users focuses on wireless/IP
simulations which involve models for Wireless Fidelity (Wi-Fi), Worldwide In-
teroperability for Microwave Access (WiMAX), or Long Term Evolution (LTE)
for layers 1 and 2 and a variety of static or dynamic routing protocols.

The LTE implementation in ns-3 started within the LENA project, which
implemented the LTE and Evolved Packet Core (EPC) network functionalities.
The flexibility of the solution allow emulating different network topologies.
Moreover, the modular design of ns-3 permits creating additional functionalities
and test them in the tool.

With the 5G in the horizon, the NYU Wireless created a fork of the ns-3
LENA project and created a module to support transmissions in the mmWave
bands. In the past few months, an important effort is being made to combine
the mmWave module to the 5G LENA. The first version of the 5G LENA
simulator was released in February 2019.

4.1.1 The mmWave module

The mmWave module for ns-3 can be used to simulate 5G cellular networks
operating in the mmWave band. Figure 4.1 illustrates the network architecture
of the mmWave module for ns-3. As it can be seen, the mmWave module is
built on top of the LTE protocol stack, which means that it uses most of LTE
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network functionalities implemented in ns-3. The implementation details of
the mmWave module are given in [104]. Some of the most important features
of the last version of the mmWave module for ns-3 are listed below:

e Support of a wide range of channel models, including the 3GPP model
for frequency spectrum above 6 GHz. The implementation details of the
3GPP channel model for frequencies larger than 6 GHz can be found in
[105].

e The channel model implementation allows using realistic wave propaga-
tion data sources such as ray tracing tools or traces from real measure-
ment campaigns.

e Physical (PHY) and Medium Access Control (MAC) layer classes have
been redesigned for simulating mmWave communication networks.

e Custom schedulers for the dynamic Time Division Duplexing (TDD) for-
mat.

e Possibility to perform Carrier Aggregation (CA) in the MAC layer.

e Dual Connectivity with LTE base stations, with fast secondary cell han-
dover and channel tracking through the legacy network.

4.2 Extension of the mmWave module

This subsection details the necessary modifications introduced in the ns-3
mmWave module to support beam management within the framework of NR.
Figure 4.2 illustrates the diagram of classes related to the contribution to ns-3
mmWave module. The source code of the simulator used to obtain the results
of this Thesis can be downloaded from [106].

4.2.1 Flexible radio frame

The frame structure in the ns-3 mmWave module required modifications in
order to accommodate the NR specifications. The common class object
MmWavePhyMacCommon stores the customisable variables affecting the PHY and
MAC layers. This class was extended to include an enumerator variable m_scs
that determines the system Sub-Carrier Spacing (SCS). There can only be
one possible value for the whole system. From this value, the simulator calcu-
lates in the MmWavePhyMacCommon : : SetScs method the remaining frame struc-
ture variables: m_symbolPeriod, m_symbolsPerSlot, m_symbolsPerSuframe
and m_slotsPerSuframe
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Figure 4.1: End-to-end ns-3 network architecture with the mmWave module
over the LENA LTE protocol stack.

Codebook

The beam directions are ruled by a precoding matrix called codebook. Each
instance of MmWaveBeamManagement has one codebook, which is loaded by call-
ing MmWaveBeamManagement : : LoadCodebookFile method. The beam manage-
ment implementation assumes that beamforming vectors are rows in the code-
book matrix, and the beam id is directly mapped to the row index of the
codebook matrix. Therefore, the number of beam indexes shall not exceed the
number of rows in the codebook. Each row of the matrix has a certain number
of complex values, which corresponds to the exact number of radiation ele-
ments in the antenna array. The codebook must be generated according to the
design of the antenna array determined in AntennaArrayModel. The values of
numAntennasH and numAntennasV in the MmWaveSpectrumPhy class determine
whether the antenna array is rectangular, squared or linear. Other antenna
geometries are not supported.

4.2.2 Beam management

A new MmWaveBeamManagement class is introduced in the mmWave module
for ns-3. The NR base station (¢gNB) and User Equipment (UE) mmWave
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Figure 4.2: UML class diagram of the beam management framework for ns-3.
New classes are coloured in orange, and the former ns-3 mmWave module
classes that have been modified are coloured in yellow.
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Figure 4.3: The devised NR-compliant beam management framework
extension interacts with the mmWave module in different levels.

device classes instantiate independent MmWaveBeamManagement objects, which
are also controlled by the MmWaveUePhy and MmWaveEnbPhy through the
m_beamManagement class member in order to perform beam-related operations.
Figure 4.3 illustrates the end-to-end network architecture in ns-3 with the beam
management class. The MmWaveBeamManagement class manages the beamform-
ing vectors and regulates the beam sweeping, beam measurement and beam
determination procedures to find and maintain the best pair of beams for data
transmission and reception.

The MmWaveBeamManagement class stores BeamPairInfoStruct objects for
each managed beam. This BeamPairInfoStruct object contains a single trans-
mit beam id m_txBeamId to a target receiver identified in m_targetNetDevice.
The m_rxBeamId field contains the beam id used in reception. The
BeamPairInfoStruct object also contains channel quality information in terms
of Signal to Interference plus Noise Ratio (SINR): m_sinrPsd contains the
Power Spectral Density (PSD) of each configured sub-band, which averaged
value is stored in m_avgSinr. The choice of SINR is motivated by the fact that
it is one of the measurement report metrics supported by 3GPP for NR and
SINR can be easily mapped to other of the supported metrics in [90].
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Beam sweeping

The initial access in Standalone (SA) mmWave NR deployments is based on
beam sweeping, in which a base station sequentially uses the beams from its
predefined codebook to transmit Synchronization Signal (SS)/Physical Broad-
cast Channel (PBCH)-Block (SSB) in the programmed time instants, covering
the whole angular domain. UEs will try to detect the SSB on different direc-
tions by sequentially switching its beams extracted from its independent code-
book. The MmWaveBeamManagement class has a BeamSweepingParams member
that governs the beam sweeping procedure. This new class contains the id of
the currently used beam (m_currentBeamId) and the beam change periodicity
m_steerBeamInterval.

SSB transmission opportunities in the time domain are fixed and depends
on the numerology. 3GPP determines the [86]. In MmWavePhyMacCommon, the
m_ssBurstPattern class member stores the indexes of the starting Orthogonal
Frequency Division Multiplexing (OFDM) symbol of the 4-symbol-long SSB
referenced to the beginning of the current SSB transmission window or SS
burst. This sort of SSB transmission pattern is initialized when setting the
system numerology by calling MmWavePhyMacCommon: : SetScs. Assuming car-
rier frequencies over 6 GHz, the possible SCS values can be 120 kHz or 240 kHz.
In the current version of the simulator, only one numerology is supported. This
limitation forces the SCS value to be 120 kHz, which is the only value compat-
ible with data and control transmission in the mmWave regime.

SSB transmissions have a maximum length of 5 ms, which is the min-
imum periodicity of the SSB burst [86]. It is possible to configure the
SSB transmission window periodicity in the m_ssBurstSetPeriod in the
MmWavePhyMacCommon class, whose possible values can be 5 ms, 10 ms, 20 ms,
40 ms, 80 ms or 160 ms. For initial cell selection, a UE may assume an SS
burst periodicity of 20 ms [86], but this is not an stringent requireme<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>