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Abstract

Future mobile communications are expected to experience a technical revo-
lution that goes beyond Gbps data rates and reduces data rate latencies to levels
very close to a millisecond. New enabling technologies have been researched
to achieve these demanding specifications. The utilization of mmWave bands,
where a lot of spectrum is available, is one of them.

Due to the numerous technical difficulties associated with using this fre-
quency band, complicated channel models are necessary to anticipate the radio
channel characteristics and to accurately evaluate the performance of cellular
systems in mmWave. In particular, the most accurate propagation models are
those based on deterministic ray tracing techniques. But these techniques have
the stigma of being computationally intensive, and this makes it difficult to use
them to characterize the radio channel in complex and dynamic indoor scenar-
ios. The complexity of characterizing these scenarios depends largely on the
interaction of the human body with the radio environment, which at mmWaves
is often destructive and highly unpredictable.

On the other hand, in recent years, the video game industry has developed
powerful tools for hyper-realistic environments, where most of the progress in
this reality emulation has to do with the handling of light. Therefore, the
graphic engines of these platforms have become more and more efficient to
handle large volumes of information, becoming ideal to emulate the radio wave
propagation behavior, as well as to reconstruct a complex interior scenario.
Therefore, in this Thesis one has taken advantage of the computational capac-
ity of this type of tools to evaluate the mmWave radio channel in the most
efficient way possible. This Thesis offers some guidelines to optimize the signal
propagation in mmWaves in a dynamic and complex indoor environment, for
which three main objectives are proposed.

The first objective has been to evaluate the scattering effects of the hu-
man body when it interacts with the propagation channel. Once evaluated, a
simplified mathematical and geometrical model has been proposed to calculate
this effect in a reliable and fast way. Another objective has been the design
of a modular passive reflector in mmWaves, which optimizes the coverage in
indoor environments, avoiding human interference in the propagation, in order
to avoid its harmful scattering effects. And finally, a real-time predictive beam
steering system has been designed for the mmWaves radiation system, in order
to avoid propagation losses caused by the human body in dynamic and complex
indoor environments.



Resumen

Se espera que las futuras comunicaciones moviles experimenten una revolucion
técnica que vaya mas alld de las velocidades de datos de Gbps y reduzca las
latencias de las velocidades de datos a niveles muy cercanos al milisegundo.
Se han investigado nuevas tecnologias habilitadoras para lograr estas exigentes
especificaciones. Y la utilizacién de las bandas de ondas milimétricas, donde
hay mucho espectro disponible, es una de ellas. Debido a las numerosas di-
ficultades técnicas asociadas a la utilizacién de esta banda de frecuencias, se
necesitan complicados modelos de canal para anticipar las caracteristicas del
canal de radio y evaluar con precisién el rendimiento de los sistemas celu-
lares en milimétricas. En concreto, los modelos de propagaciéon més precisos
son los basados en técnicas de trazado de rayos deterministas. Pero estas
técnicas tienen el estigma de ser computacionalmente exigentes, y esto dificulta
su uso para caracterizar el canal de radio en escenarios interiores complejos y
dindmicos. La complejidad de la caracterizacion de estos escenarios depende en
gran medida de la interaccion del cuerpo humano con el entorno radioeléctrico,
que en las ondas milimétricas suele ser destructiva y muy impredecible. Por
otro lado, en los ultimos anos, la industria de los videojuegos ha desarrollado
potentes herramientas para entornos hiperrealistas, donde la mayor parte de
los avances en esta emulacion de la realidad tienen que ver con el manejo de la
luz. Asi, los motores graficos de estas plataformas se han vuelto cada vez més
eficientes para manejar grandes volimenes de informacién, por lo que son ide-
ales para emular el comportamiento de la propagacion de las ondas de radio, asi
como para reconstruir un escenario interior complejo. Por ello, en esta Tesis se
ha aprovechado la capacidad computacional de este tipo de herramientas para
evaluar el canal radioeléctrico milimétricas de la forma mas eficiente posible.
Esta Tesis ofrece unas pautas para optimizar la propagacion de la senal en
milimétricas en un entorno interior dindmico y complejo, para lo cual se pro-
ponen tres objetivos principales. El primer objetivo es evaluar los efectos de
dispersion del cuerpo humano cuando interactiia con el canal de propagacién.
Una vez evaluado, se propuso un modelo matematico y geométrico simplificado
para calcular este efecto de forma fiable y rdpida. Otro objetivo fue el disefio de
un reflector pasivo modular en milimétricas, que optimiza la cobertura en en-
tornos de interior, evitando la interferencia del ser humano en la propagacion.
Y, por tultimo, se disend un sistema de apuntamiento del haz predictivo en
tiempo real, para que opere con el sistema de radiaciéon en milimétricas, cuyo
objetivo es evitar las pérdidas de propagacion causadas por el cuerpo humano
en entornos interiores dindmicos y complejos.



Resum

S’espera que les futures comunicacions mobils experimenten una revolucié
tecnica que vaja més enlla de les velocitats de dades de Gbps i reduisca les
latencies de les velocitats de dades a nivells molt proxims al milisegundo. S’han
investigat noves tecnologies habilitadoras per a aconseguir estes exigents es-
pecificacions. I la utilitzacié de les bandes d’ones millimetriques, on hi ha molt
espectre disponible, és una d’elles.

A causa de les nombroses dificultats tecniques associades a la utilitzacio
d’esta banda de freqiiéncies, es necessiten complicats models de canal per a an-
ticipar les caracteristiques del canal de radio i avaluar amb precisié el rendiment
dels sistemes cellulars en millimetriques. En concret, els models de propagacid
més precisos son els basats en tecniques de tragat de rajos deterministes. Pero
estes tecniques tenen l'estigma de ser computacionalment exigents, i ago di-
ficulta el seu s per a caracteritzar el canal de radio en escenaris interiors
complexos i dinamics. La complexitat de la caracteritzacié d’estos escenaris
depén en gran manera de la interaccié del cos huma amb 'entorn radioeléctric,
que en les ones millimetriques sol ser destructiva i molt impredicible.

D’altra banda, en els dltims anys, la industria dels videojocs ha desenrotllat
potents ferramentes per a entorns hiperrealistes, on la major part dels avangos
en esta emulacié de la realitat tenen a veure amb el maneig de la llum. Aixi, els
motors grafics d’estes plataformes s’han tornat cada vegada més eficients per a
manejar grans volums d’informacid, per la qual cosa son ideals per a emular el
comportament de la propagacié de les ones de radio, aixi com per a reconstruir
un escenari interior complex. Per aixo, en esta Tesi s’ha aprofitat la capacitat
computacional d’este tipus de ferramentes per a avaluar el canal radioelectric
millimetriques de la manera més eficient possible.

Esta Tesi oferix unes pautes per a optimitzar la propagacié del senyal en
millimetriques en un entorn interior dinamic i complex, per a la qual cosa es
proposen tres objectius principals. El primer objectiu és avaluar els efectes
de dispersio del cos huma quan interactua amb el canal de propagacié. Una
vegada avaluat, es va proposar un model matematic i geometric simplificat per
a calcular este efecte de forma fiable i rapida. Un altre objectiu va ser el disseny
d’un reflector passiu modular en millimetriques, que optimitza la cobertura en
entorns d’interior, evitant la interferéncia del ser huma en la propagacié, per
a aixi evitar perdues de propagacié addicionals. I, finalment, es va dissenyar
un sistema d’apuntament del feix predictiu en temps real, perqué opere amb el
sistema de radiacié en millimetriques, ’objectiu del qual és evitar les perdues
de propagacié causades pel cos huma en entorns interiors dinamics i complexos.
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Chapter 1

Introduction

Nowadays, due to the constantly changing requirements and expectations of
users and operators, mobile wireless communications are continuously evolving.
The last 20 years have seen remarkable technological developments, particularly
with the rapid adoption of wide-band services.

These services have reached a saturation point in developed countries, with
more mobile phones than fixed lines in most countries. Mobile data traffic is
expected to overtake the fixed internet service soon, because people tend to be
more connected to the internet network from their mobile devices than from
fixed ones, for reasons of mobility and convenience.

In addition to this trend of increasing Internet usage, in the early 2020s,
the demand for data traffic increase even more due to the implementation of
teleworking, videoconferencing, mail transfers, etc, due to the health crisis that
forced nearly everyone to work from home; for instance, in the case of Spain
the increase of telework increased by 216% compared to 2019 [1].

Therefore, due to this sharp increase in bandwidth needs, there is a need
to use the millimeter spectrum to offer higher bandwidth in mobile services.
But the use of this spectrum region brings with it many technical challenges.
The most unpredictable is the scattering effects of the human body that cause
considerable propagation losses.

This Thesis presents the results of the research effort focused on studying
the harmful effects of signal propagation at mmWave frequencies in indoor
environments and how to avoid them.

The effect that is most emphasized throughout this work is the effect of
human body scattering at mmWaves, because it is the most relevant non-
stationary obstacle in the propagation channel in this frequency range.
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Therefore, throughout the Thesis different approaches were investigated,
aiming to determine how to address this phenomenon to characterize and ad-
equately mitigate its effect.

Hence, human body and channel modeling techniques were developed in
real time simulation indoor environments, in order to figure out how to reduce
the human body effects for Fifth Generation (5G) system at mmWaves.

This chapter contains the frame of reference on which the research carried
out in the Thesis is based, as well as the scope and methodology used for the
execution of this research.

In order to better structure the information, this chapter has been divided
into the following sections:

e Section 1.1 discusses the most important radio channel concepts in the
context of this Thesis while also presenting the historical backdrop of
mobile communications.

e Section 1.2 defines the technical starting points to be developed through-
out the Thesis.

e Section 1.3 defines the research hypoThesis and outlines the primary issue
that drives this Thesis.

e Section 1.4 defines the research objectives of this Thesis.

e Section 1.5 outlines the Thesis organizational framework while summa-
rizing the key points of each chapter.

e Section 1.6 lists publications associated with this Thesis, including jour-
nals, conferences and patents.

1.1 Technical and Historical Background

This section presents the framework of communications systems and the stan-
dardization process from 5G to 6G and the main concepts of Millimeter Wave
(mmWave) propagation models and strategies that could potentially be used
in the industry.

1.1.1 Why is 4G not enough?

Over the decades, the mobile communications technology sector has been char-
acterized as one of the fastest growing technology sectors, due to its usefulness
and great acceptance among people. For this reason, bandwidth requirements
have been increasing dramatically over the years, both for users and operators.
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This growth is due to the increasing need to digitize various basic services,
such as health services, public utilities, banking services, video conferencing
services, etc.

In addition, there has also a great need for video-on-demand entertainment
services, video games, as well as social networks, which require much more
bandwidth than essential services for their proper functioning.

Additionally, due to the health circumstances that have been experienced in
2020/2021, the demands for broadband services have increased substantially as
it was not foreseen. Therefore, there is an urgency to offer higher throughput,
hence it becomes imperative to increase the operating frequencies of mobile
systems in order to guarantee the throughput demanded by the current re-
quirements.

Because it is essential to increase bandwidth, it is equally important to do
so in an organized and regulated manner. The main global entities in charge
of regulating telecommunications standards for 5G mobile systems are the In-
ternational Telecommunications Union (ITU), with its Radiocommunications
segment (ITU-R), as well as the Third Generation Partnership Project (3GPP):

e The ITU-R, which is one of the three main sectors of the ITU, is re-
sponsible for managing the radioelectric spectrum at international level.
Therefore, one of its main objectives is to develop standards for all radio-
communication systems that use the electromagnetic spectrum. For this
reason, this entity has been in charge of the standardization of 3G/4G
mobile communications and has been a fundamental part in the stan-
dardization of 5G mobile communications systems in the mmWave band.

e The 3GPP is an international organization that, under its leadership, or-
ganizes different regional and industry mobile communication standards,
in order to have a standard common to all that allows the best inter-
compatibility of technology worldwide. The 3GPP’s responsibilities are
to standardize three segments of mobile communications: radio access
networks, services and systems, and central networks and terminals.

e The Third Generation Partnership Project (3GPP) consists of seven re-
gional telecommunications organizations, along with market representa-
tive partners, as a mobile standards body. Three areas make up its work:
radio access networks, services and system components, and central net-
works and terminals. A brand-new radio access technology termed 5G
NR is being proposed by the 3GPP as part of the 5G standardization
process. In 2017, the initial iteration of the 5G NR specification was fin-
ished. In fact, the 3GPP released Release 15 in 2019 that details Phase
1 of the 5G standard.
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In 2012, the ITU-R developed initial recommendations to standardize the
technological framework based on the global objectives for the further imple-
mentation of International Mobile Telecommunication systems (IMT) by 2020
[2]. Therefore, when the term IMT-2020 is mentioned, it will be used as a
simplification to make reference to the 5G standards stipulated by ITU-R. The
recommendations proposed in the IMT-2020 standard were the first step in
structuring the vision of the future 5G technology in terms of its technical
challenges.

This vision showed a system that allows full connectivity, so that any mobile
device (Mobile Terminal, Tablet, SmartWatch, etc) can be connected anytime
and anywhere, without altering its performance of maximum data rate and
minimum latency, remaining stable over time [3][4].

Indeed, the implementation of full 5G technology will be a paradigm shift
that will have major consequences for industry and society. 5G will enable
active interaction between humans and their environment (Internet of Things
IoT) to achieve this. In addition, it will increase the interaction of Human-to-
Human (H2H), Human-to-Device (H2D) and Device-to-Device (D2D), which
implies having real-time positions of people and devices [5].

The recommendation [2] above identifies the main trends at user, technology
and application level. It also proposes a reference framework to address the
technical feasibility for the correct use of spectrum in the 6 to 100 GHz bands.
This recommendation considers three fields of action for the correct use of 5G
capacity [6]:

e extreme Mobile Broadband (xMBB): It offers extreme data speeds,
low latency communications and wide coverage. This optimises the user
experience by offering stable tariffs within the service area. Its applica-
tions are focused on the average user to enable easy access to multimedia
content, data and services.

e massive Machine Type Communications (mMTC): Provides wire-
less connectivity to many millions of networked devices. Connectivity
adapts to the number of devices in a given area. Coverage is more im-
portant than high data rates. This scenario only considers H2H and
D2D communications. This context is ideal for use cases that require low
latency, high reliability and high availability.

e ultra-reliable Machine Type Communications (uMTC): This
context provides ultra-reliable, low latency communications to services
and high availability. It focuses on D2D communication, which has a
large number of connected devices and low delay, sensitivity and battery
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life. It is ideal for industrial processes for communication with robots
(industry 4.0).

1.1.2 Technical guidelines for the 5G implementation

The ITU Radiocommunications Sector (ITU-R) has continued the standardi-
sation process by determining the requirements and their evaluation methods
for IMT-2020 systems[2]. These are the Key Performance Indicators (KPIs),
which were used to establish the key technical parameters, defining the scope
of the technology:

e Peak Data Rate [Gbps]: Maximum data rate that a user or device
can achieve in a lossless environment.

e User Experienced Data Rate [Mbps or Gbps]: Data rate present
in a coverage radius, useful for the mobile device.

e Latency [ms]: The time it takes for a radio network to send a packet
from the source until it reaches the destination.

e Mobility [km/h]: Maximum speed that the terminal can have between
base stations to achieve minimum Quality of Service (QoS).

e Connection Density [#devices/km?]: The number of mobile termi-
nals connected in each coverage area.

e Network Energy Efficiency [bit/Joule]: Energy efficiency is referred
to as the number of bits of information transmitted or received from users,
per unit of radio access network (RAN) energy consumption.

e Reliability [%]: The success rate of a connection over a period of time.

e Area Traffic Capacity [Mbps/m?]: Traffic throughput per geograph-
ical area.

The proposed IMT-2020 standardization was supposed to provide a user
experience like fixed networks. This improvement implies increased data rates,
increased spectrum efficiency, increased mobility, and reduced latency.

Figure 1.1 shows graphically the proposed IMT-2000 requirements for 5G
systems and their comparison with International Mobile Telecommunications
Advanced (IMT-Advanced) capabilities. The proposed KPIs do not have equal
importance for all use cases according to their field of action. The level of
importance (xMBB-mMTC-uMTC) of each requirement will depend on the
needs of each use case.
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A: Area traffic capacity (Mbit/m2) Importance

B: Network energy efficiency) (xMBB mMTC- uMTC)
C: Connection density (Devices/km2)
D: Latency (ms) High

E: Mobility(Km/h) O Medium
F: Spectrum Efficiency

G: User experienced data rate ( Mbit/s) Low

H: Peak data rate (Gbit/s)

Figure 1.1: 5G KPI defined by ITU and ITU-R [7][§].

1.1.3 5G Use Cases

The main characteristics of 5G systems include the high data transfer speed,
the large number of supported devices and the ultra-low latency. The idea of
the 5G network is that it should be flexible enough for a wide range of use cases.
Mobile network operators (MNOs) must build a dense network that includes a
large number of network nodes. This will be the basis of the 5G infrastructure.
Initially the use cases will be focused where communications are most critical
[9], such as in the case of public health, security and industrial automation.
These are the most important technical and business use cases for 5G [10]:



1.1 Technical and Historical Background

e Mobile Broadband: Mobile broadband is more than just Internet ac-
cess. It includes a number of new services that require high-speed Internet
and real-time (RT) response. In addition, it supports Augmented Reality
and Virtual Reality (VR) and these services are increasingly in demand
nowadays due to the incursion into the Metaverse of companies as big as
Meta (Facebook), so these kind of solutions will be indispensable in the
near future.

e Vehicular Communications: Vehicle-to-Vehicle (V2V) and Vehicle-
to-anything (V2X) communications will make transport safer, more com-
fortable, more secure and environmentally responsible. This technology
will enable massive connectivity between vehicles, roads and infrastruc-
tures in a constant and reliable way. Latency should therefore be minimal.
This sector has a lot of potential because the aim is to have smarter cities,
where energy resources are prioritised, therefore more efficient transport
will have to be guaranteed.

e Industrial Sector: Reliability and ultra-low latency are crucial criteria
for communication between equipment in the production chain in the in-
dustrial sector. With complete visibility, real-time control, and intelligent
data analysis, industrial sector automation aims to enable intelligent and
adaptable production processes, boost production efficiency, and bring
manufacturing closer to end users. A latency of less than 8 ms and a
dependability of 99.3% are specifically needed for real-time control. In
some situations, ultra dense D2D connections with vast access capabili-
ties and extremely low terminal power consumption will be necessary for
the collecting and reporting of data from industrial meters and sensors.

e Healthcare Sector: In this use case all healthcare models will be
customer-centric and will aim to provide quality care at an affordable
cost. It is therefore a priority to maximize the medical human resources
that have been so depleted after the health crisis. Consequently, many
hospitals and medical centers have opted to encourage remote medical
consultations in order to streamline patient care. This is where the new
5G technology will help to meet these new needs.

e Smart Cities: This use case addresses the connectivity needs of urban
residents to improve their quality of life. The 5G will combine dense
networks of wireless sensors into a smart grid to provide a holistic solution
in various sectors, such as security, energy saving and transportation.
Therefore, these smart grids will be designed to manage, control and
optimize these resources.
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1.1.4 Technical strategies to address 5G requirements

The ITU identified the key technologies that enable the successful implemen-
tation of the 5G standard requirements as follows [11]:

e Advanced Modulation and Coding Schemes: The number of ap-
plications that 5G supports is enormous, so the criteria used to select
modulation and coding schemes fit the type of use case. For exam-
ple, a strong and low-power link is necessary for M2M communications.
Whereas, for real-time communication, a high bandwidth and high fre-
quency band should be used to prioritize the data rate, where the rec-
ommended frequency band should be the mmWave band. The 5G mod-
ulation schemes include filter bank multi-carrier (FBMC), Universal Fil-
tered Multi-Carrier (UFMC), Generalized Frequency Division Multiplex-
ing (GFDM), and Filtered OFDM (f-OFDM).

e Dynamic Beam-Forming: Current cellular base station (BS) networks
have antennas with fixed radiation patterns along the horizontal axis.
This system has worked well so far, because the operating frequency was
low for 4G and earlier systems. But in the case of 5G systems the operat-
ing frequency is considerably higher. Therefore, the wave propagation is
more complicated to characterize, so the radiation pattern of the anten-
nas cannot be simplified as it has been done. It is therefore essential that
the radiation pattern of base stations (BS) be dynamically adapted to
each environment [12], in order to acomplish with the quality standards
proposed by the ITU.

e Massive MIMO: The main difference between traditional MIMO and
Massive MIMO systems is the number of antenna elements that both base
stations and mobile terminals will have. With mMIMO, significant gains
will be obtained by having a more directive antenna with higher gain, also
increasing spectral efficiency [13] and spatial diversity [14]. Although it
sounds good in theory, in practice Massive MIMO brings with it a host
of technical challenges that do not existed in previous technologies.

e Dynamic Spectrum Usage: According to the 5G standard, flexible
spectrum usage is necessary to meet the traffic demand in the differ-
ent IMT-2020 scenarios. Flexible spectrum usage optimizes spectral ef-
ficiency through the use of cognitive radio techniques, authorized shared
access, joint management of multiple radio access technologies (RATS),
discontinuous band carrier aggregation and inter-band carrier aggrega-
tion. This could enable the joint operation of time division duplexing
(TDD) and frequency division duplexing (FDD).
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5G Full-duplex: This technique increases the spectral efficiency and ca-
pacity of the cellular network and reduces latency. Full-duplex communi-
cation theoretically allows a node to transmit and receive simultaneously
in the same frequency band. One of the limitations of full-duplex is self-
interference. But with the proposed spatial diversity (Massive MIMO)
for this new technology, this interference can be mitigated. Full-duplex
communications is considered a key technique for 5G systems because
it doubles the speed and allows reusing the spectrum to connect many
clients simultaneously [15].

Dynamic Backhaul: This technology improves the spectral efficiency
and performance of point-to-point and point-to-multipoint links. It is
mainly used in industrial and enterprise applications. It allows dynamic
management of network resources, adapting to different traffic levels and
capacities, and efficient use of the electromagnetic spectrum [16].

Flexible Radio Access Network (RAN): In this new generation,
the wireless devices can operate in a dual mode, so a mobile terminal
can act as a base station. With this approach the mobile handset will
have the ability to manage radio resources locally, in order to optimize
connectivity to a base station or to another mobile handset.

Dynamic Beam-Steering: This technology aims to redirect the radi-
ation pattern of the base station or mobile terminal to reach a specific
receiver, so the Beam-Steering is achieved by changing the phase of the
antenna elements [17]. This strategy is one of the most ambitious because
the antenna must dynamically calculate the direction in which to send
the signal. Therefore, the device must have characterized its environment
prior to redirect the radiation.

Dynamic Beam-Switching: This technique is complementary to
Beam-Steering techniques, where according to a previously established
Beam-Forming, the system will have the ability to dynamically switch
between radiating beams according to coverage needs. This technique is
usually more efficient than Beam-Steering techniques because it is faster
to switch between beams than to reorient a complete beam [18].

Technologies to improve network energy efficiency: Provide a
signaling and control information system to ensure low latency and reli-
ability in the link, as well as dynamically manage spectrum, modulation
and control information, support a wide variety of devices with different
hardware capabilities, as well as various types of radio environment [19].
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1.1.5 Spectrum management in 5G

Previous mobile cellular generations have operated in the sub-6 GHz bands. On
the other hand, new 5G networks will also have to operate in frequencies above 6
GHz to meet IMT-2020 requirements. According to the 5G standard, the lower
bands will be used for long range solutions (xMBB-uMTC). As opposed to the
upper bands, which will operate in the mmWave range, to be used for medium
and short range solutions for bandwidth-intensive applications (mMTC) [20,
21].

The 5G higher frequency bands should be used exclusively for short dis-
tance communications [22], due to the high propagation losses in line of sight
(LOS) and even higher losses in case of no line of sight (NLOS) due to block-
ing elements in the environment like people, furniture etc. This effect is more
pronounced in the mmWave frequency band, because the obstacles are more
obstructive at higher frequencies compared to bands below 6 GHz. On the
other hand, in the frequency bands below 6 GHz the spectrum is already sat-
urated, which is not used for high transfer rates, but where wide coverage is
required. Many mmWave band frequencies are used for short-range and back-
haul services. However, its use in mobile communications is still under study.

According to [23], spectrum selection is affected by three factors: first, the
spectral range must be accessible in all regions of the world. Second, the spec-
trum range must be contiguous to ensure more flexible spectrum management.
And the final requirement is that the spectral range meets the requirements for
cellular mobile communications [24].

ITU is a leader in radio spectrum management and development of inter-
nationally applicable standards for IMT-2020. Therefore, the ITU conducted
the World Radiocommunication Conference 2019 (WRC), where they identified
the target frequency bands for the 5G standard below 6 GHz.

Within all bands, the following bands of special interest for the 5G stan-
dard were found [22]: First, there is a global band that has been identified
in many countries but neither in Europe nor in North America within the
frequency range 3300-3400 MHz. Second, there is a global C-band for all coun-
tries between 3400-3600 MHz. Third, a global C-band is identified in many
countries, but not in Africa nor in some Asia-Pacific regions at 3300-3400MHz.
Finally, there is a C-band band that has been identified for some countries in
Asia-Pacific at 4800-4990 MHz. C-band will provide adequate bandwidth per
operator and meets the traffic demands of the 5G standard in highly populated
urban coverage [23].

On the other hand, there has been great interest in using the 700 MHz band
to offer high coverage services. Although this implies additional work on the
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part of governments and companies to free up this spectrum range and migrate
some existing services [20].

One of the central topics in the discussion of spectrum management pro-
posed at WRC 2019 was to finalize the definition of the frequency ranges above
6 GHz for the 5G standard, where they were initially defined at WRC 2015.
These were the main bands that were proposed: 24.25-27.5 GHz, 37-43.5 GHz,
45.5-47 GHz, 47.2-48 GHz, , and 66-71 GHz.

WRC-2019 has identified a 17.25 GHz spectrum, compared to a 19 GHz
bandwidth proposed in WRC-2015. Of the 17.25 GHz, 85% has been harmo-
nized globally.

In this Thesis the research has been focused on the study of the radio chan-
nel behavior in the band above 6 GHz, especially in the mmWave band range
(24 GHz to 40 GHz). From the three approaches for spectrum management in
5G, (i) global availability of access, (ii) bandwidth in a contiguous spectrum,
(iii) optimal radio propagation, this Thesis focuses on the latter aspect, where
it is key that the radio propagation must be characterized, in order to use the
radio resources properly, both from the mobile device and the base station.

1.1.6 5G Propagation Channel Model

This section explains briefly what a channel propagation modeling for 5G is, its
requirements, and the most important scenarios in which it is necessary to cor-
rectly characterize the propagation models to provide the expected capabilities
in 5G.

There are two main factors that influence channel propagation modeling
according to [25]: the first factor corresponds to the requirements that the new
channel propagation model must meet in order to operate in the upper 5G
frequency bands (up to 71 GHz). Such requirements are based on the existing
models already proposed by 3GPP to meet this new technical challenge, where
some of these requirements are shown below:

e The new channel propagation model must support large antenna arrays,
especially at high frequencies in mmWave bands, to compensate propa-
gation losses with antenna directivity gain and take advantage of massive
MIMO (mMIMO) capabilities.

e The radio channel model must be flexible enough to support a wide range
of frequencies up to 71 GHz, mainly in the mmWave range because it is
more complicated to model stochastically.

e To evaluate multiband operation it is important to include the character-
istics of joint propagation across different frequency bands. As in carrier
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aggregation configurations (CA) from 24 GHz to 71 GHz in the mmWave
range.

e The channel model must allow mobility. In particular, it must allow speed
up to 500 km/h, according to ITU-R.

e The mobility channel model should allow scenarios such as vehicle-to
vehicle (V2V) and device-to-device (D2D), because a network node will
not always be available close to the mobile device and the relay effect in
information exchange can be exploited.

e This new channel approach recommended by ITU-R must ensure tempo-
ral stability as well as spatial and frequency coherence.

e The model proposed should be flexible enough to evaluate various states
of the link between network node (BTS) and mobile device. For example,
when the mobile device is in direct line-of-sight (LOS) or not (NLOS).

The propagation environment or scenario is the second factor influencing
channel propagation modeling. The propagation scenarios of the 5G standard
are determined according to the use cases described in section 1.1.3. The
following classification of scenarios where the radio channel is intended to be
modeled has been proposed by the ITU according to the report [2]:

e Backhaul (Distribution Network): This type of scenario refers to the
connection between network nodes (Base Stations). Normally this type
of scenario has a point-to-point connection with highly directive antennas
and simple stochastic models are used. But in 5G standard, there will
be more concentration of network nodes, where a simple point-to-point
communication might not be the best option, so properly characterizing
this type of outdoor environment is vital in order not to reduce network
performance [26].

e Urban Micro-cell (UMi): This type of scenarios are densely populated
with maximum coverage of 90 meters. Because the network nodes are lo-
cated at mid-height of the surrounding buildings, this makes signal prop-
agation very difficult, especially in the mmWave band range. This type
of scenario is usually stochastically characterized due to its complexity
and the type of connections it establishes are Outdoor to Outdoor (020)
and Outdoor to Indoor (O2I) [27].

e Urban Macro-cell (UMa): Similar to Urban Micro-cell (UMi), this sce-
nario has the base station located on top of the surrounding buildings.
This scenario covers an average distance of over more than 100 meters
[27].
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e Indoor: In this scenario the base station is usually located within a
building. This scenario covers a variety of environments, including offices,
malls, Conference centers, etc. The average height of the base station
ranges between 2 to 3 meters. In this scenario, modelling the propagation
channel is particularly complex, because the base station antenna is at
low height. This implies that the radiation emitted by the base station
will be prone to be constantly obstructed by people in the environment.

e Device to Device (D2D): This type of scenario refers to communication
between devices, without the need to establish a link with the base sta-
tion. In this approach each device will bridge the link with the base
station [28]. This is the most complex propagation model to character-
ize because the interaction of the mobile terminal with the human body
becomes very relevant.

This Thesis focuses on propagation models in indoor and D2D environ-
ments. Therefore, emphasis has been placed on modeling the human body
correctly, because it is the most obstructive element in this type of environ-
ments. The scattering effect of the human body in the mmWave band can be
characterized according to the model proposed by 3GPP in TR-38.901 - Re-
lease 14 [29]. This effect has been included in a propagation model using ray
tracing techniques, to evaluate a complex indoor scenario as a whole (people,
furniture and architectural structure), where both LOS and NLOS zones are
considered.

1.2 State of the Art Analysis

This section provides an overview of the status at the PhD start date, based
on a summary review of the literature. This review is divided into three areas.
The first area is a review of the mathematical models used to characterize
the scattering effect of the human body. The second area presents the reflector
antenna designs used to increase the propagation diversity of the radio channel.
The third area presents the concepts of propagation modeling for 5G in the
mmWave band with ray-tracing techniques.

1.2.1 Human Blockage Models

Mathematical models in the literature consider that human body blockage in
mmWave propagation can be defined through its morphology and material.
The blocking loss of the human body is evaluated by simple mathematical for-
mulas, most of which are driven by the diffraction of plane waves as they impact
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the boundaries of blocking objects. These proposed models are physically valid,
if their parameters, such as shape, dimension and material, are statistically de-
fined in order to adjust the models to reproduce realistic losses measured in the
laboratory. Therefore, one of the most arduous tasks in modeling the blocking
effect of the human body is to calculate statistically reasonable properties to
obtain reliable results. This section reviews the models available for human
blocking, considering different geometrical shapes, which emulate the morphol-
ogy of the human body, as well as dielectric properties that simplify human
body tissues in order to estimate propagation losses and scattering phenomena.

1.2.2 Absorbing Screen Models
Double Knife-Edge Diffraction (DKED) Model

Traditionally in the scientific community, the human body has been modeled
as an absorbing screen. The screen’s simplest shape is a vertically infinitesimal
strip. It is also known as a Double Knife-Edge model (DKED) [30], as shown in
figure 1.2. It is feasible to obtain good estimates of the received electromagnetic
field (RX) behind the human body using double-edged diffraction (DKED) of
the absorbing screen. The diffracted fields from two wedges sides ( @ and
@ ) of the absorbing screen are included. First, starting from a half-plane
absorbing screen with a point source of transmission (7'X) and a receiving
point (RX), whose positions are shown in figure 1.3, the RX field is given by

(1.1).
= (139 (3 -)

where Ey is the RX field when there is no absorbing knife edge; C'(v) and
S(v) are cosine and sine Fresnel integrals given by 1.2.

Cv)+jSw) = /0“ emp(jgtz)dt (1.2)

Where in the (1.4) indicates the wave propagation velocity in the path (1.3)
from the TX to the corner of the obstacle to the RX.

Ad,, = (drx—n + dnsrx) — (drx + drx) (1.3)
v = :t 2koAdn (1.4)
T
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Where n can be any of the positions of the edges of the obstacle, as in
figure 1.2, can be the distance to position A or B.

The diffraction estimate of the incident field is not affected by the polariza-
tion states, so this effect is not included in the mathematical model. Fresnel
integrals (1.2) can be easily solved with numerical methods, which are available
in all scientific libraries.

The DKED model has a higher accuracy under the following conditions:
drx,drx >> XA and dyrx,drx >> ha + hp. The simplification proposed by
the model is critical because it limits the applicability of this model to evaluate
obstacles such as the human body. Therefore, it is one of the research objectives
proposed in the Thesis.

The sign of the variable v is defined by the degree of obstruction between the
TX and the RX (See figure 1.3). In the situation where there is a total visibility
blockage (NLOS), V' would be positive and in the opposite case where there
is a partial obstruction without loss of visibility (LOS), V would be negative
if it has a separation greater than the first Fresnel zone and zero if it is equal
to the Fresnel radius with regard to the relative position between the T'X and
the RX.

Human Body Cross Section

(Absorbing Screen) A Diffraction Path {A}
a
e ARy
Grx ()
o dpR
B Diffraction Path {B}

Figure 1.2: (DKED) Double Knife-Edge Diffraction model [30].
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Figure 1.3: Half-Plane absorbing screen.

The relative RX field strength across the absorbing screen can be calcu-
lated by considering the DKED approach of figure 1.2 as two independent
sub-problems, where each field estimation only takes into account one of the
two edges of the absorbing screen, and each edge is bounded by the screen con-
tours of the half-plane screen. Therefore, the final diffracted field is calculated
by the sum of the two field contributions according to equation (1.1), wherein
the line-of-sight field is given by (1.5).

drx + drx )
dr(drx + drx) A
The final field in the RX is given by the sum of the two sub-problems

associated with each side ( (&) + (B) ) of the absorbing screen, and is expressed
as 1.6.

E, = exp(—j2m (1.5)

. Ad . Ad
Er=FE,+ Eg = ERXAexp(—jZWTA) + ERXBexp(fJZWTB) (1.6)

Note that the Fresnel integral (1.2) is not strictly valid at low radio frequen-
cies, since the conditions drx,drx >> A and drx,drx >> ha + hp are not
satisfied. Because of its simplicity, the DKED model of a single human body
is also useful for predicting the link attenuation when multiple human bodies
block a propagating path [31], [32]. To estimate the human blockage attenu-
ation more accurately, [33] modifies DKED to consider the radiation patterns
of the transmitting T X and RX antennas.
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Multiple Knife-Edge Diffraction (MKED) Model

Unlike DKED models, in which the human body is represented as a simple
infinitesimal absorbing screen along one axis, more sophisticated human body
blocking models consider not only the human torso, but also the shoulders and
the head [34]-[35], and are commonly referred to as MKED models.

These are also absorbing screen models, and take into account the diffraction
field of each edge of the absorbing screen to calculate the total blocking loss.
Furthermore, depending on the orientation of the human body, the blocking
losses will change radically. [34] evaluates human blocking by assuming that
the human body can be simplified with only two truncated vertical absorbing
strips; where on one side a human head is assembled to consider its effect [35],
see figure 1.5. The two screens cross orthogonally and are representative of the
thickness and width of a human body, see figure 1.4.

Diffraction
Path
Over the\
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Two screens @

intersect
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] ZC N
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Figure 1.4: Half-Plane absorbing screen.

Depending on the orientation of the two screens, only the one with the
bigger cross section, as perceived from the TX/RX link, is used to compute
the diffracted trajectories. A diffracted path from the top edge of the screen is
considered in addition to the diffracted paths from the sides. Therefore, this
mathematical methodology is called the truncated multiple diffraction model
(STMKE) (see 1.7).

When multiple diffraction from multiple edges of an absorbing screen is
considered, any extra diffraction contribution must be calculated using (1.1)
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and added to (1.6). For example, as in the case of STMKE, the RX field is
determined by (1.7).

Ad
Esrvke = Epkep + Eheﬂﬁp(—QWfTh) (1.7)

where Ady, = drgr — di — do, and drgg is the 3-D distance between the
TX source and RX observation point through the top edge of the half-plane
vertical absorbing screen. While applying 1.1 to compute the diffraction from
each edge, the height h, distances d; and ds in 1.1 can be set by h = h/cos(«)
, d1 = Dpp & htsin(«), and do = Drp + htsin(a) for bt = hyy, hea, hst, hso for
—7/2 < o < 7/2 as defined in figure 1.5. If the human body orientation is
perpendicular to the TX - RX line, i.e., a ~ +m/2, where the thickness of the
human body depends on the orientation of the cross-section of the geometrical
model of the body, depending on the positions of the TX and RX.

Head
Hs1 Hqi Hqz Hs2

Figure 1.5: Multiple knife-edge model with head and shoulders.
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The diffraction coefficients do not depend on the polarization of the wave,
because the human body is modeled as an absorbing screen, so no induced
currents are modeled on the surfaces that are modified by the polarization
of the incident wave. The MKED models provide greater consistency with
measurements when the orientation of the human body is arbitrary and when
the heights of the mobile and base station antennas are significantly different.
These are significant features in mobile cellular links and this methodology
allows to model more complex environments.

Conducting Screen and Wedge Models

This model estimates the diffraction coefficients of each edge of a finite con-
ducting screen in a similar manner to the DKED model, assuming that each
edge is a zero-angle wedge [36]. Compared to the MKED model, this one does
not consider the screen as an absorbing material but as a conductor or insu-
lator. In this approach, the uniform theory of diffraction (UTD) is used to
obtain the RX field [37]. Given the wedge geometry shown in figure 1.6, the
diffracted field is defined by (1.8).

Wedge \

O-face nt-face

Figure 1.6: Wedge between two points of TX and RX.

B E e_ij/DlH S/ ks (1 8)
W= S(S+5)° '

where the polarization dependent diffraction coefficient for a finitely con-
ducting wedge is given by (1.10), where D+l is the diffraction coefficient of

19



CHAPTER 1. INTRODUCTION

parallel and perpendicular polarizations. The function F'(x) is the Fresnel in-
tegral defined in equation (1.9).

F(z) = 2jy/zel” /OO eI dr (1.9)

x

_e—im/4 - _
DI = Qnrx~cot (W) F(kLa* (¢ — o))

+cot<_(2¢n_¢/)> F(kLa™ (¢ — 1))

(1.10)
+Rylco <7T - (;i:r ¢/)) F(kLa™ (¢ + ¢1))
Rl (W) F(kLa™ (6 + 1))
and furthermore, in (1.11),
= % (1.11)
a*(B) = 2cos® (W;_ﬂ) (1.12)
B=o¢+¢ (1.13)

where n defines the exterior wedge angle to be nm and N+ are the integers
that satisfy the following two equations:

2Nt —f=7,2rnN~ — 3= —7 (1.14)

Finally, Ré I and Ry I are the polarimetric Fresnel reflection coefficients of
a plane wave at 0— and n — face, where incident and reflecting angles are
given by ¢/ and Nw — ¢, respectively. There are no cotangent functions in
1.8 around the reflection and shadowing boundaries is mitigated through the
approximation given by 1.15.

cot <7T2:|: ﬁ) F(kLa®B) ~n (m.sgn(e) — 2kLeej7r/4> eI/ (1.15)

n

with € defined by (1.16).
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B =2mnN* T (1 —¢) (1.16)

In this way, it is possible to consider the realistic conductivity and permit-
tivity of the real human body. To enhance the estimation of the diffracted
field of right-angle wedges, [38] suggests diffraction coefficient using the inverse
problem theory to improve the estimation. It should be noted that wedge
diffraction becomes a thin screen when n = 2, which allows to calculate the
blocking loss due to finite conducting screens using (1.8). The diffraction co-
efficient for a finitely conducting wedge can also be applied to shadow objects
other than humans, e.g. corners of buildings [39].

1.2.3 Cylinder Models
Circular Cylinder Model

Cylinder-based human blocking models have also been popularly discussed in
the literature [40-43]. When a cylinder is a perfect electrical conductor (PEC)
and its cross section is circular, the mathematical model can derive exactly
diffracted polarimetric fields based on the geometrical theory of diffraction
(GTD) [44]. Consider a circular cylinder of radius « as shown in figure 1.7. The
detected field at point P2 is determined as a sum of the diffracted trajectories
from the two sides of the cylinder, given by 1.17.

di

Sa Shadow

@) P00

X
P2(pz,oz)@

T2 Shadow boundary

Figure 1.7: Circular model illustration for link blockage.

_ e . e . . exp(—jksq)
E.= Ezj D1, By fexp(=(k + )m) + exp(=(ik + 2)m)] — e
(1.17)
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where two propagation paths are of distances 73 and 7o and attenuated
according to a constant €2,. For the electric field, this constant is given by
1.18.

Qf = — I ppeim/6 (1.18)
a
where ¢, = —a,, indicate the nth root (zero) of the Airy function Ai(x)

[45]. Finally, D,, and M are given by 1.19 and 1.20.

D,, = 2M Air(gy,) " 2e7™/6 (1.19)
M = %a (1.20)

where Ai’ indicates as the derivative of the Airy function [45], and k = 27/
is the wavenumber. It should be mentioned that GTD solutions have unique-
ness around the transition region between the illuminated and shadow regions.
Analytical UTD methods for a conductive cylinder are limited, for example, to
a thin coating of lossy material [46], and are only valid at RX positions of the
cylinder [47]. Reference [42] also discussed the impact of clothing on blocking
loss and concluded that clothing could affect the blocking loss under specific
conditions, and is susceptible to the thickness of the clothing layer. This is
another of the topics analyzed throughout the development of the Thesis, in
order to clarify whether or not clothing has any effect on the blocking of the
human body at mmWaves.

Elliptical Cylinder Model

In this mathematical model a cylinder with elliptical cross section is considered.
It is assumed that the center of the ellipse coincides with the z — azis of the
Cartesian coordinate system [48]. The distance between the two focal points
of the ellipse is assumed to be 2h. The elliptical coordinates on the horizontal
plane, defined by £ — 1 domain as depicted in figure 1.8, have a relationship
with the Cartesian  — y coordinates as in equations 1.21 and 1.22.
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Figure 1.8: Elliptical model illustration for link blockage.

x = hCosh(£)Cos(n), (1.21)

y = hSinh(&)Sin(n) (1.22)

In figure 1.8, the locations are represented on the elliptic coordinate system
as, e.g., P(&,n). The ellipse representing the human cross section is given
by £ = a. The TX and RX antennas are located at P(&,7) and Q(&o,0),
respectively. Two diffracting rays symmetric to the horizontal axis exist from
the T X antenna at P to the RX antenna at ). The points of tangency where
the two rays impact and leave the cylinder are Py (a, m—1q), Q1(a,n0), P2(a, 7+
1) and Q2(a,no). The radial distance from the points of tangency to the
TX and RX is P - PP =Q - @1 =P - P, =Q — @2 = p. The
following derives the total field at the RX E, for vertical polarization. First,
the diffracted field at the RX due the ray PP;Q1(Q is given by 1.23.

By, =Aop texplik(p + t1)]
Z Bn(np)Bn(nQ)exp[jkl/STna(tl)]. (1.23)
n=0
(1 — exp(GkT + jk 1,0 (T))]

where £P = m and 7@ = 0 are the n coordinates corresponding to the T'X
and RX locations P and @, respectively; ¢; denotes the arc length from the
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Py to Q1 and T is the total arc length of the ellipse, Ag is a constant given by
1.24.

4= 4
= 1.2
0= 5 (1.24)
B, (n) represents the diffraction coefficient
Bn(n) — 773/421/46_2/3€jﬂ/24k‘_1/12b1/6(77)[A’L'/(qn)}_l (1-25)

where g, is the same as used in [43]; b(n) refers to the radius of the ellipse
on the major axis as

b(n) = h.(Cosh(a)Sinh(a)) " .(Sinh?(a) — Sin®(n) + 1)3/? (1.26)

Furthermore, in [37], a(z) is

ate) = [ 0y (1.27)

and 7, is

T = eI™/36713¢, (1.28)

The diffracted field E5, due to the ray PP>Q2Q can be evaluated in the
same way as F1,. Now the total diffracted field at the RX as a combination
of the diffracted fields from the two sides of the elliptic cylinder is given as
E.=Fi1z + Eaz.

The two mathematical models in which the equivalent of the human body
was considered as a circular or cylindrical object, only work for a normal inci-
dence of a plane wave, which only allows to analyze the problem of scattering
in two-dimensional space. When the scattering problem is extrapolated to 3-D,
with an oblique plane wave incidence, in scenarios with different TX and RX
heights, there are no closed-form solutions in the literature to determine the
scattering field. In this situation it is required to resort to a numerical solver of
the electromagnetic (EM) field [49] and a more extensive numerical integration
[50], which in most cases is very computationally expensive, due to the com-
plexity of the morphology of the human body and the relative electrical size of
the human body in the mmWave range.
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1.2.4 Other Heuristic Models

Human blocking models have been described as estimating the blocking loss
by determining the diffracted field around objects. The analytical methods
for estimating diffracted fields, using GTD or UTD solutions, can be used for
simple objects such as absorbing screens, conductive edges and PEC cylinders.
These methods involve using Fresnel integrals (see equation 1.2), which can be
calculated as integrated functions available in scientific tools and mathematical
libraries. However, this type of approach is too complex to implement in more
complex simulations where not only a single person but several people and their
environment need to be characterized. Alternatively, with the heuristic model-
ing approach, GTD and UTD solutions can be simplified with approximations
of the formulas involved, observations and measurements.

Measurement-Based Models

The models based on mmWave frequency measurements include, for instance,
[51], that characterizes the signal level attenuation caused by human shadowing
observed on short-range 60 GHz radio links employing a Gaussian probability
distribution. In the research presented in [43], authors propose a linear approx-
imation where the concealment of the human body is random in time in a 60
GHz band, in order to statistically predict how the radio channel would behave
in a highly crowded scenario. The scattering caused by the human body is
emulated as a decreasing slope in the received intensity as the link becomes
progressively obstructed, and as an increasing slope when the person is no
longer obstructing the link. In spite of its simplistic approach, results obtained
with this methodology show good agreement with measurements, considering
that measurement campaign used a point to point link, where the T X and
RX antennas are at the same height as the torso of an average person. The
research conducted in [52] models fast fading due to pedestrian crowds, using
a measurement-based Markov process in a dense urban environment at 73.5

GHz.

3GPP-mmMagic Model

In the European Union H2020-5GPPP project mmMagic [53], a simplified
blocking model based on the GTD is proposed, which is the improvement of the
blocking model adopted by 3GPP version 14 TR-38.901 [54]. Tt is classified as
a heuristic model because the formulas for predicting losses include approxima-
tions that do not strictly follow the physical behavior of wave propagation. The
equivalent geometry used by the mathematical model representing the blockage
of the human body is shown in figure 1.9, where the side and top views of the
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geometry are drawn. The blocking object is an infinitesimally thick rectangu-
lar screen that floats in the air, and is claimed to be large enough to simulate
different physical objects over the entire human body. By considering that the
screen floats in the air, only the blocking of the object of study is analyzed,
without taking into account external elements such as the floor. The diffraction

losses in the screen are determined by the mathematical formula 1.29.

where,

2 2
1 hij
Epmyacic = [1=]D_ S (2 - pphj Fij

i=1j=1

™ T0]J T0J T0J
Vij = \/)\(lej J +D2§’j I pbreny

—19
phij — exp |:J/\ 7T(Dlij + DQZJ):|

Ph =exp {_])\27r r}

(1.29)

(1.30)

(1.31)

(1.32)

(1.33)

Finally, S;; is a sign parameter, which is 1 if the non-line-of-sight (NLOS)
condition is in projection i,, while s;; = sgn(D1;; + D2;; — D1;, — D2;k) if
the line-of-sight (LOS) condition is in projection i, where k = mod(j,2) + 1.
It is important to emphasize that the multiplication of the fields from different
sides of the absorbing screen in [48] is an approximation that is not physically
accurate for wave propagation, and therefore, this model is considered heuristic.
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Figure 1.9: 3GPP-mmMAGIC model geometry.

The terms cosiy;; in Fj; account for the increase in shadowing loss in the
shadowed zone behind the screen. For long distances with respect to the screen,
this parameter can be ignored. The formulation satisfies Babinet’s principle
that different shapes of blocking objects like a truck [53] can be simplified by
combining multiple screens.
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1.2.5 Reflector Antennas

Since the discovery of electromagnetic wave propagation by Hertz in 1888, re-
flector antennas have been used in some form to optimize wave propagation.
However, the sophisticated art of designing and analyzing reflectors, consider-
ing many different geometrical shapes, did not emerge until the beginning of
World War II, where one of their benefits was to enhance the newly invented
military radar applications. After the war, reflectors were increasingly in de-
mand for applications in radio astronomy and microwave communication, as
well as for tracking balloon satellites, because there was a need for long distance
communication, where large antennas were required to establish the wireless
link between the TX and RX. Therefore, the most practical way to have elec-
trically large antennas with high gain was through reflectors. This boosted the
development of analytical and experimental techniques to optimize reflector
surfaces to maximize their gain and optimize their coverage.

In most cases, reflectors operate in the high frequency range. Consequently,
the propagating waves behave like an electromagnetic wave in the light range.
This implies that the design of the reflector can be realized by a projection
of incident rays on a polished surface, similary to the ray tracing techniques
that will be discussed throughout the progress of the Thesis, not exclusively
for reflector design but also to analyze radio channel propagation in complex
indoor scenarios in the mmWave band.

There are many configurations of reflector antennas. However, the most
common shapes are corner, flat and curvilinear reflectors figure 1.10(a~b-c-d).

The analysis of reflectors is not always done with geometrical optics (ray
tracing), but only in those cases where the surface is smooth and the operating
frequency is quite high, as in the classical cases of figure 1.10(a-b-c-d). This
means that other techniques cannot be used to emulate the effect of an elec-
trically large reflector. Another alternative to an electrically large antenna is
to use several smaller antennas in an array [55]. Nowadays most antenna ar-
rays are built of microstrips, a technology proposed by Deschamps in 1953 [56],
which has many advantages such as low cost, small size, compact structure,
simple manufacturing process and ease of configuration. Since then, microstrip
antenna arrays have played an essential role in modern phased-array systems.
While reflectors and arrays continue to race for the largest apertures, a new gen-
eration of high gain antennas has emerged in recent years, which have attracted
increasing interest from the antenna/electromagnetic science community due to
their low profile, low mass and, in many cases, low cost characteristics. These
antennas are a hybrid of these two previously antagonistic technologies, now
known as reflectarray antenna [57]-[58]-[59], see figure 1.10(e).
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Plane Reflector

The most simple type of reflector is a flat reflector used to direct the energy
in a specific direction. Antenna theory has shown that the polarization and
position of the radiating source with respect to the reflecting surface can be
used as controls on the radiating properties (patterns, impedance, directivity,
etc.) of the entire system. With this basic type of reflectors, image theory
has been used to analyze the radiation characteristics of the entire system
as a whole. Mathematically it is often assumed that the flat reflector has
infinite dimensions; this assumption is valid when designing reflectors that are
electrically large, which is the case study of this Thesis, where the operating
frequency is the mmWave band. In the opposite case, when the reflecting
surface is not electrically large enough, the geometrical diffraction theory can
be used [60].

Corner Reflector

To better concentrate the radiation energy in the forward direction, it is essen-
tial to change the geometrical shape of the flat reflector itself to avoid radiation
in the rear and lateral directions. A configuration that achieves this consists
of two flat reflectors joined together in the form of a corner, as shown in fig-
ure 1.11(b). and in 1.11(a).

/

Da

/
\V o b) €=90°

a) Side View

Figure 1.11: Side views of solid corner reflector.
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Figure 1.12: Perspective views of solid and wire-grid corner reflectors.

This type of reflector is known as the corner reflector. Its design is simple
and has many unique uses. If the reflector is used to transmit a communication
or radar signal, it will return it exactly as it received it, even if its angle is 90°.
This geometrical premise is illustrated in the figure 1.12(b). This unique prop-
erty makes possible to design ships and military vehicles with a minimum of
sharp corners to reduce their detection by enemy radars. As receiving devices
for television, corner reflectors are frequently used. In most practical applica-
tions, the angle formed by the reflectors is usually 90°; however, other angles
are sometimes used. For the reflector to work at its best efficiency, the distance
between the vertex and the feed must increase as the included angle of the
reflector decreases, and vice versa. Reflectors with infinite size have a greater
gain when the angle between the planes is smaller. Therefore, the higher the
operating frequency of the system, the higher the gain in the reflector, because
it will be electrically larger. However, this is not true for reflectors of finite
size. For simplicity, it will be assumed that the reflectors have infinite extent
(I = 00). However, since in practice the dimensions must be finite, guidelines
will be provided for aperture size (D), length (1) and height (h).

The feed component of a corner reflector is almost always a dipole or an
array of parallel dipoles placed parallel to the vertex at a distance s, as shown in
a perspective view in figure 1.12(a). A higher bandwidth is obtained when the
feed is a set of cylindrical dipoles instead of thin wires, because it has a larger
surface in the reflector, therefore it obtains a higher gain by concentrating more
energy.

A higher bandwidth is obtained when the feed is a set of cylindrical dipoles
instead of thin wires, because more energy is incident on a larger surface area
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in the reflector, thus obtaining higher gain. In many applications, particularly
when the wavelength is large compared to tolerable physical dimensions, the
corner reflector surfaces are commonly made of mesh wires instead of solid sheet
metal, as shown in figure 1.12(b). One of the reasons to manufacture it this
way is to have more wind resistance, less weight and lower system cost. The
separation (g) between the wires must be a small fraction of the wavelength
(usually g < 10)\). Reflectivity of the grid-wire surface is equal to that of a solid
surface for wires parallel to the length of their dipoles, as in figure 1.12(b). The
corner reflector aperture (Da) is usually made between one and two wavelengths
(A < D, < 2)). The length of the sides of a 90° corner reflector is at least in
practice twice the distance from the vertex to the feed (I ~ 2s). For reflectors
with small angles «, the sides of each reflector have to be larger. The distance
between the feed and the vertex (s) is suggested to be between % and %(% <
5 < %)

There is an optimum separation between the feeder and the vertex for each
reflector. If the separation (s) is too small, the losses increase, because all
the reflected contributions are canceled by being in counter-phase, so the loss
becomes comparable to the loss due to the resistance of the system, resulting
in a useless antenna. For a very large separation s, the system generates un-
desirable multiple lobes and loses its directional features. Experimentally, it
has been demonstrated that increasing the lateral dimensions does not signif-
icantly affect the beam-width or directivity, but increases the bandwidth. For
reflectors of finite dimensions, the main lobe is slightly wider than for those
with infinite dimensions. To reduce back radiation, the height (k) is typically
between 1.2 to 1.5 times the length of the feed elements [61].

Parabolic Reflector

The general radiation performance (antenna pattern, antenna efficiency, po-
larization discrimination, etc.) of a reflector can be improved by changing its
surface structural configuration. Geometrical optics shows that when a beam
of parallel rays is incident on the surface of a parabolic reflector, most of the
energy will be concentrated at a point called the focal point. Similarly, if a
point source is positioned at the focal point, the rays reflected by a parabolic
reflector will exit as a parallel beam. This is called the reciprocity principle and
is demonstrated through geometrical optics graphically in the figure 1.10(c).
The symmetric point of the parabolic surface is known as the vertex. Rays
emerging in a parallel forming are commonly referred to as collimated. The
collimation is frequently used to describe the highly directional characteristics
of an antenna even though the radiating rays are not exactly parallel. If the
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TX/RX is located at the focal point of the parabola, this type of configuration
is usually referred to as front-fed.

Reflector
Reflector (paraboloid)
(parabolic cylinder)

l 5

\ Feed (horn
Feed (dipole) (horn)

a) Parabolic right cylinder a) Paraboloid

Figure 1.13: Parabolic right cylinder and paraboloid.

The drawback of the front-feed setup is that it requires the transmission line
to reach the TX and RX equipment. This equipment is typically located be-
hind or below the reflector. This may require the use of long transmission lines
where losses cannot be tolerated in many applications, especially in low-noise
receiving systems. In some applications, the T'x or RX equipment is positioned
at the focal point to avoid the need for long transmission lines. However, in
some of these applications, these may require large amplifiers and low noise
receiving systems, where cooling and weatherproofing may be mandatory. The
equipment may be too heavy and bulky, resulting in undesirable blocking. An-
other setup that eliminates the need to place the feeder (T'X and/or RX) at
the focal location is commonly known as Cassegrain feeder see figure 1.10(d).

Thanks to geometrical optics, a famous astronomer named Cassegrain
proved that parallel incident rays can be focused to a point using two reflec-
tors. This requires that the main reflector be a parabola and the secondary
reflector a hyperbola. The feeder should be placed along the parabola’s axis,
usually at the vertex. This design was used by Cassegrain to create optical
telescopes. Later, his design was used for RF systems. In this configuration,
the rays leaving the feeder, incident on the subreflector, are reflected back to
the primary reflector, as if originating from the focal point of the parabola. The
primary reflector then reflects the rays and converts them into parallel rays.
The interaction between the primary and secondary reflector is not perfect, so
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it is necessary to analyze the diffractions produced at the edges of the reflec-
tors and in the reflector structure, in order to determine the overall radiation
pattern of the system, in order to avoid unwanted radiation that affects the
proper antenna performance [62], [63]. The Cassegrain feed setup allows the
TX or RX equipment to be placed behind the primary reflector device. This
configuration facilitates maintenance and adjustment of the system.

A parabolic reflector can be of two basic geometrical shapes. One shape is
that of the parabolic cylinder (figure 1.13(a)), whose energy is collimated in a
line parallel to the axis of the cylinder which is its focal point. The most com-
monly used feed for this type of reflector is a linear dipole, a slotted waveguide
or a linear array. The other type of reflector is shown in figure 1.13(b). Where
the surface is formed by rotating the parabola around its axis, and is called
a paraboloid or parabola of revolution. Typically, pyramidal or conical horn
antennas are used as the T'X or RX of this type of configuration.

There are many kinds of reflectors, the analysis of which has been widely
documented in the literature [64]-[65]-[66]. The spherical reflector has been
used for radio astronomy and ground station applications, because by being
able to change the position of the feed, the received signal can be scanned
more easily.

An example of this approach is the 305 m diameter spherical reflector in
Arecibo, Puerto Rico [67], whose surface is built on the ground and the beam is
scanned by feed motion. This radio telescope has recently ceased operation due
to a structural problem where the feed has fallen off. But it has been replaced
by another larger radio telescope called FAST located in China with a diameter
of 500m [68]. In the case of spherical reflectors, the feeder will substantially
block radiation, resulting in unacceptable minor lobe levels, in addition to im-
minent gain decrease and regular cross-polarization discrimination. In order to
eliminate the inherent problems of symmetrical reflectors such as those men-
tioned above, offset parabolic reflector designs have been developed for single-
and dual-reflector systems [65].

Due to the asymmetry of the reflector, evaluating the resulting radiation
is more complex. However, with the increase in computing power, it has been
possible to model and optimize these reflector designs for maximum perfor-
mance. Such offset reflectors reduce aperture blockage and VSWR, and they
allow the use of larger f/d ratios while preserving the structural rigidity of the
antenna, making it possible to design customized radiation patterns to take full
advantage of this type of reflectors, thereby reducing the cross-polarized radi-
ation generated by the feed. However, this kind of reflector doesn’t have only
advantages, because this type of displaced reflectors generate a cross-polarized
radiation when illuminated by a linearly polarized power supply. Therefore, it
is suggested to use circularly polarized feeders in order to eliminate depolar-
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ization, but this causes cross-polarization of the main beam. In addition, the
structural asymmetry of the system is often considered a major drawback if
the reflector is very large.

Paraboloid reflectors, which are large-aperture ground-based antennas, are
the most popular [66]. The 100 m diameter radio telescope of the Max Planck
Institute for Radio Astronomy (West Germany) was the largest fully steerable
reflector of the time [69]. The 64 m reflector at Goldstone (California) was built
primarily for deep "space” applications [70]. Paraboloid reflectors can produce
a pencil beam with high gain and low sidelobes when fed from the focal point.
They also have good cross-polarization discrimination properties. This antenna
is popular for low-noise applications such as radio astronomy and is considered
to be a good compromise of cost and performance. A large reflector will require
a substantial financial investment, as well as a complex structural undertaking.
It must be able to withstand extreme weather conditions.

Cassegrains design with Dual reflector surface are used for applications that
require pattern control, such as globe satellite ground system systems. This
reflector design has an radiation efficiency of 65-80%. This design outperforms
the classic front-fed reflector design by approximately 10%. Thanks to geo-
metrical optics, Cassegrain reflectors are designed to achieve a uniform phase
front at the main reflector aperture. This design can be used to achieve less
overflow and uniform illumination of the main reflector by using good feed
designs. Slight shaping of one or both surfaces of the dual reflector can cre-
ate a uniform amplitude or phase aperture, with significant gain enhancement
[14]. These reflectors are also known as shaped reflectors. Dual reflectors used
in ground station applications have used shaping techniques. Radio astronomy
and ground station applications have led to significant effort in the development
of more efficient feeds that can illuminate the main reflector and subreflector.
Wave horns, which can support hybrid mode fields (combination of TE/TM
modes), can be used to realize more desirable feeds. By matching the feed to
the reflector surface, cross polarization is reduced [61].

1.2.6 Reflectarray antenna

The reflectarray is a hybrid design, combining many favorable features of
reflectors and printed arrays, and as such can provide advantages over the
two conventional large-aperture antenna configurations (arrays and reflectors).
Parabolic reflectors are often difficult to fabricate due to their curved surface,
which demands costly custom molds; this difficulty increases when higher fre-
quencies are used. While antenna arrays have the advantages of flexible design
freedom, flexible radiation performance, and a simple-to-manage feed network,
the cost of T/R modules [14] for phased active arrays can be very expensive
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for many applications. The reflectarray is fast becoming a popular alternative
to more advanced technologies because it can mitigate the drawbacks of two
high-gain antennas. A reflector antenna is an antenna that has a flat reflective
surface and hundreds of elements in its aperture. It also includes an illumi-
nation feed antenna, as shown in figure 1.10(e). The feed antenna spatially
illuminates the aperture. The elements reflect the incident field with specific
phase shifts to reflect it. This allows the antenna to collimate its beam in the
desired direction with the best radiation pattern shape. The synThesis of this
type of antenna is similar to that of reflector antennas in terms of spatial illu-
mination by geometrical optics, and is also similar to that of antenna arrays in
terms of phase synThesis and beam collimation.

The advantages of reflectors, such as their low profile, light weight and
shaped geometry, make them desirable for diverse communication systems, par-
ticularly for mobile platforms. Its uses in space exploration, satellite balloon
communications, remote sensing and radar systems are growing in the last
decade, and will continue to widen in the future. Moreover, the current PCB
manufacturing technology and low-cost commercial laminates enable rapid pro-
duction of prototypes at a low cost. This enables large-scale production and
marketing of commercially useful reflective antennas. Reflectarrays for optical
and terahertz communications are also very promising. Advances in manufac-
turing technology, such as 3D printing and nanotechnology, enable the practical
implementation of low-cost THz and reflective optical designs. Reflectarray’s
full potential has yet to be fully tapped. New ideas and designs are constantly
being presented by researchers in this field, where they make use of new mate-
rials for multifunctional systems. Over the next decade, this field is expected
to remain an active area of research, and there is no doubt that reflectors will
be a key focus within the antenna community.

Reflectarray element analysis and design

Reflectarray antennas consist of an array of elements in a conformal or planar
configuration that is excited by a feed antenna. Figure 1.14 shows a typical
reflectarray antenna. Each element is designed so that it reflects a specific
phase when illuminated by the antenna feed. The phase distribution across the
aperture of the reflectarray is then synthesized to allow it to realize a collimated
beam or shaped beam in the required directions.

Therefore, the analysis and design of the reflectarray elements, usually
called phase elements, is of great importance. Two steps are required in design-
ing a reflectarray: the element design and the system design. But this chapter
only explains the basics of the design of the phase distribution in the reflector
aperture, which is key to determine the phase of each element individually,
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according to the design parameters. In other words, we will describe how the
individual elements should be designed to scatter the electromagnetic waves
with the required phases.

Phase element
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Figure 1.14: Show a typical geometry of a planar reflectarray antenna.

The classic planar antenna arrays will produce a collimated beam in broad-
side orientation if there is a uniform phase distribution at the aperture. This is
normal to the array’s plane. A progressive phase distribution is used to focus
the beam in a specific direction [71], [72]. The basic operating principle for
reflectarrays is the same, but one must also account for the position of the
feed antenna [73]. Figure 1.15 shows that the feed antenna is at a specific
position relative to the reflectarray coordinate systems. It is supposed that
the elements of the reflecting network are typically in the far field of the feed
antenna. Therefore, it is feasible to approximate the electromagnetic field inci-
dent on each element of the reflectarray by creating a plane wave that excites
the element at a specific angle of incidence. Electromagnetic fields radiating
from the feeder propagate as spherical waves that originate at the phase cen-
ter of the antenna feeder. Electromagnetic fields incident on the reflectarray
aperture are phased proportional to the path traveled, which is called spatial
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phase delay. Therefore, to obtain a collimated beam, the phasing elements of
the reflectarray have to compensate for this phase. figure 1.15 presents a geo-
metrical model of the reflectarray system illustrating the position of the center
of the feeding phase and the reflectarray coordinate system.

Feed Antenna Z

ithelement

X

Figure 1.15: Show a typical geometrical parameters of a planar reflectarray
antenna.

The spatial phase delay (spd), from the feed phase center to the element,
must be compensated by the reflection phase of a reflectarray component. This
is represented mathematically by 1.34.

Plspd) = —koR; (1.34)

Where R; is the distance from the feed phase center to the i element, and
ko is the wavenumber at the center frequency. Such a phase convert the spher-
ical wave radiated by the feed antenna, to a collimated beam in the broadside
direction, that is, in the Z-direction with respect to figure 1.15. To scan this
collimated beam in any direction, a progressive phase (pp) can be added to the
aperture; its vector expression is given by (1.35).

pp = —ko iRy (1.35)

Where R’Z is the position vector of the it" element, and ]?O is the direction
of the main beam as shown in figure 1.15. In the cartesian coordinate system
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of previous figure, the position of each element can be described as (z;,y;), so
for a beam directed in a certain spherical direction (6,, ¢g), this mathematical
expression can be simplified to (1.36).

Opp = —ko(x;851n8,c08p0 + Y;5in8,8in00) (1.36)

Therefore, the requested phase shift in the aperture of the reflective grid
must compensate for the spatial delay (spd) and add the progressive phase to
the aperture, which is given by 1.37.

drA = ko(R; — sinb,(x;cos00 + yisingg)) + do (1.37)

¢o is a phase constant that indicates the requirement for a relative phase in
order to use reflectarray elements. Note that the necessary phase distribution
given in (1.37) will create a pencil beam in the desired direction. However,
for shaped beams, the progressive phase (1.36) should be replaced with an ap-
propriate phase distribution. Furthermore, in any design, the phasing elements
must compensate for the spatial phase delays related to the feed. The reflectar-
ray antenna has a similar structure to a parabola reflector antenna. However,
unlike the parabola it consists of a limited number of elements and is usually
laid out in a Cartesian grid. Thus, the phase distribution in the reflectarray
aperture is essentially subdivided in pixels, where each pixel modifies the phase
individually over the incident radiation.

39



CHAPTER 1. INTRODUCTION

1.2.7 Radio Propagation Channel at mmWave for 5G

MmWave communications

Massive amounts of bandwidth are required to support 5G’s high data trans-
mission speeds and service ubiquity. Traditionally, wireless networks operate
at bands below 6 GHz, which are very saturated. Traditionally, the radio ac-
cess network (RAN) has not been using the unsaturated cmWave and mmWave
bands, due to the higher propagation loss in these frequency bands and to their
sensitivity to blocking effects. Therefore, these frequencies were not considered
viable for medium and long distance communications, and so far they have
been used only for short distance communications, essentially for indoor en-
vironments where there is high concentration of people with large bandwidth
requirements, or in use cases for very specific applications such as telemedicine
or industrial applications. The large amount of spectrum available at those
bands has attracted the attention of scientists, with the challenge of mitigat-
ing the high propagation losses in the cm/mm wavebands, in order to increase
bandwidth and decrease latency in radiocommunications.

As pointed out by the authors in [74], it is common knowledge that free
space propagation losses increase in proportion to the square of frequency, but
isotropic antennas with an effective aperture size of (A\/2) equal to half the
wavelength also follow this rule. The wavelength becomes shorter and the
effective aperture area becomes less as the frequency increases. Furthermore,
an antenna with a larger aperture will have a higher gain, since it can capture
more energy.

Shorter wavelengths allow placing many independent antennas in the same
effective aperture area. Several radiating elements make the antenna more
directional, which means that the antenna can focus the energy in specific
directions, forming lobes or beams dynamically. As a result, extra gain can be
obtained from the antenna in the directions with maximum energy according
to the propagation channel.

The combination of these two gains can compensate for free space propa-
gation losses and additional losses from other physical phenomena that are not
relevant at frequencies below 6 GHz, such as attenuation by human obstruc-
tions and furniture, in indoor scenarios. According to the studies performed in
[75], it was experimentally demonstrated that losses due to human body ob-
struction can be very high, around 45 dB. This could make signal propagation
unfeasible, because people will always be interacting with the mobile phone at
close range.

According to [76], the authors consider high-gain directional antennas as
an enabling technology for wireless communications in the mmWave spectrum.
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To use this technology, it must be taken into account that the communication
system must know where to focus the beam. This approach is not trivial and is
one of the technical challenges that we will address in the work of this Thesis.

Radio Propagation Channel

The Radio Channel is the electromagnetic characterization of the environment
through which radio waves propagate from a transmitter to a receiver. The
radio channel analysis can be simple or complex, depending on the wave fre-
quency and the complexity of the scenario, that creates multiple routes of wave
propagation from TX to RX. This is known as the “multi-path radio channel”.
The figure 1.16 shows some of the major phenomena that affect mmWave ra-
dio propagation, including free space propagation losses, reflections, diffraction
and scattering. The complexity of characterizing each of these phenomena
is directly proportional to the frequency increase, because the objects on the
scenario are electrically larger and therefore their influence will be greater.

Contribution 4 . kS L

1. Direct Signal . e

2. Reflected Signal —
3. Diffracted Signal

4. Scattered Signal

Figure 1.16: Multi-Path propagation contribution in indoor environments.

Each phenomenon induces alterations in the phase and power change of the
radio waves that cause a variation of the channel in time, frequency and space.
The frequency of the radio waves will determine the effects of each phenomenon.
One of the major differences between frequencies below 6 GHz and mmWave
is, for example, the sensitivity to signal blocking, which is significantly higher
compared to sub-6 GHz bands.
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Radio Propagation phenomena

Reflection is a physical phenomenon that happens when an electromagnetic
wave is incident on an object that is larger than the wavelength [22]. The 5G
networks working above 6 GHz in the mmWave range will cause radio waves
to reflect over all objects due to their short wavelength. Multiple characteris-
tics such as wave frequency, electrical and geometrical characteristics and angle
of incidence are important in determining reflection behavior. Studies of re-
flections in the mmWave bands have shown interesting results. For example,
in [77] an analysis of reflection and absorption is done for different materials
that are commonly used in indoor and outdoor scenarios. Brick materials were
more susceptible to penetration than other materials, with an average loss of
28.3 dB due to their porosity. Tinted glass showed no evidence of penetra-
tion. Other materials, such as clear glass, concrete, had penetration losses
of 6.65 dB or 3.58 dB, respectively. Reflection is more important in mate-
rials with lower penetration attenuation, because most of the incident power
on the material is reflected such as in the case of metallic materials. Tinted
glasses have a higher reflection coefficient than drywall and transparent glass,
but they are still highly reflective materials. [77] shows that indoor-to-outdoor
penetration losses are high. However, indoor-to-indoor and outdoor-to-outdoor
propagation are more feasible due to the strong reflectivity of outside building
materials (except brick) and low attenuation of indoor materials.

Reflection studies extended to the 38 GHz band [76], concluded that in
UMa or UMi scenarios, the power levels due to specular reflections are enough
for propagation loss predictions. However, reflections can change considerably
from one scenario to another depending on the complexity of the scenarios
and the number of obstacles with reflective and/or absorbing materials. For
the case of indoor environments, where wood is a predominant material in
the manufacture of furniture, and according to [78], wood is a material with
considerable penetration losses of 3.11 dB, due to their porosity and the denser
it is the less losses it will have.

It is important to give a brief mathematical background of the specular
reflection. A simple method for estimating the electric field of reflected rays
is to solve Maxwell’s equations and the boundary conditions. The electromag-
netic characteristics of the materials where the ray is reflected are also to be
considered, and the answer to this problem can be obtained from the Fresnel
coeflicients. The final electric field is split into three components: an incident
beam part, a reflected beam part and a transmitted part through the material.
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Figure 1.17: Generic geometric model of specular reflection and diffuse
scattering.

The electric field of the reflected beam is given by 1.38

—j2nfd

E—rpo—c 1.
r y (1.38)

where r, would be r;, for the horizontal polarization and r, for the vertical
polarization, and d is the path distance for the reflected beam (from the TX
to the reflection point).

siny) — \/e* — cos?p (1.39)
siny + \/e* — cos2 -

Th =

and

. _ e*sing — \/e* — cosy (1.40)
Y e siny 4+ y/e* — cos?y .

Diffuse Scattering refers to a particular type of reflection, which occurs
when a radio wave impacts irregular objects that are smaller than its wave-
length. Although scattered rays usually have lower energy than the specularly
reflected signal, they can contribute considerably to the total received power
[79]. Diffuse scattering has been extensively studied for frequencies below 6
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GHz. Therefore, for communications in small environments or with few obsta-
cles, diffuse scattering elements are less dominant than specular ones [80].

However, bands above 6 GHz are more affected by diffuse scattering [81].
Usually, the Effective Roughness (ER) and Beckmann-Kirchhoff models are
used to calculate diffuse scattering. ER introduces the Directive Model and
the Lambertian Model as dispersion patterns. The Lambertian model gives
the maximum power perpendicular to the reflection surface regardless of the
direction of the incident waves [82]. This model introduces a coefficient S,
referring to the amount of energy of the scattering component corresponding
to the incident wave.

The Directional Model is analogous to the Beckmann-Kirchhoff Model in
the sense that the maximum scattering lobe of the Directional Model is directed
towards the direction of specular reflection. In [83], a study was done to esti-
mate diffuse scattering characteristics at 60 GHz. A directive scattering loss
parameter S was calibrated in this study for indoor scenarios, and small-scale
parameters including diffuse scattering components were also calculated. The
obtained results reveal a mean S of 0.5, a root mean square error (RMSE) of
the delay estimate of 8.2%, and azimuth and elevation errors of 2.6° and 0.6°,
respectively. Recent research on mmWave band frequencies has shown that
diffuse scattering elements have a significant impact on NLOS communications
[84].

It is also essential to provide a brief mathematical background for the diffuse
scattering. The point P is where diffuse scattering happens (see figure 1.17),
has attached a coefficient of dispersion S and a reflection coefficient I'. In
[85], two approximations of S are defined; a first one in which all the incident
power is dispersed and radiated in all directions, and the second one where
the scattering components are extended in all directions, but only consider the
reflected energy. The first one, S is defined by 1.41.

_ |Es|
|Ez| (157

(1.41)

where F is the electric field of diffuse scattering, F; is the specular electric
field. In [86] it is described the power balance of diffuse scattering, reflection,
and transmission in P, and is defined by:

P
1=T2%R?+ 8% + FI-)’ (1.42)

2
ngl—%. (1.43)
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Where R is the reflection loss factor, 0 < R < 1, I and S are the reflection
and scattering coeflicient, respectively, P, is the power that penetrates material

and P; is the incident power.
In the second approximation, S is defined by equation (1.44) and the power

balance by equation (1.45).

E
g - IEsl (1.44)
|ET‘ ds
2/ 2 2y, bp
1=T%R +S)+F (1.45)
With these two approximations, a function U is defined as follows:
(1.46)

1 i S=|Es/E
~|T if S=|Es/Eg|.

Therefore, according to the approach to the coefficient of dispersion S, two
diffuse scattering models are derived: the Lambertian model and the Directive

model, as shown in figure 1.18.
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Figure 1.18: The Lambertian model and the Directive model.

In this model the energy is scattered in all direc-

Lambertian Model:
tions centered in the normal to the point P and diffuse electric field is defined

by:
2
|ES|2 = (i(OTS> .U?. Mds’ (1.47)
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where r; is the distance between the T, and the point P, r, is the distance
between R, and the point P. 6; and 6 are the incident and departure angles,

and K,
Ko =4/60Grx(B)P,.,), (1.48)

where Grx (/) is the antenna gain in 3 direction, and P, is the ray power
in W.

Directive Model: The directive model uses energy to scatter in direc-
tions around reflection angles. There are two versions: directive and directive
with back scatter. The module for the electric field in directive model is pro-
vided by:

_ 9 14 cosyhp \ "

Bl = B+ (—52) (1.49)

where ¥ is the angle between the scattering and specular rays, the expo-

nent ag is related to the width of the scattering lobe. When the exponent (ag)
is higher, the lobe will become wider. EZ% is defined by:

SKo\? dScos(0;)
2 0 2 7
Eg, = (Tﬂ”s ) U Foo (1.50)

where Fy,,, is,

1 il aRr
FQRW.Z<,)-Ij (1.51)

and I is

2 < (2 in”" 0
I = - T cosb; ( w) o . (1.52)

Diffraction is based on Huygens’ Law, which states that any point on an
original wavefront can be treated as a source of secondary waves that propagate
in all directions with exactly the same frequency and wavelength as the one
from which they originate [87]. In general, the signal strength of diffracted rays
will be lower than that of the reflected signals [88].

To understand the phenomenon of diffraction, a brief mathematical de-
scription is essential. This physical phenomenon is created by the incidence
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of rays which impact the corners or edges. Both indoor and outdoor environ-
ments can be studied with the Geometrical Optics (GO) and Uniform Theory
of Diffraction (UTD) algorithms.. The geometric connection between incident
and diffracted rays is the basis of the algorithm of GO. The elevation view in
figure 1.19.a, shows the incident ray reaching the diffracting edge with an angle.
The diffracted moments are formed in the form Keller’s cone in all directions
[89].
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Figure 1.19: Elevation-Top view - Diffraction.

In the top view, figure 1.19.b, the geometric characteristics of diffraction are
described with the angles ¢/, and ¢4 for the outgoing beam, both with respect
to face 0. These geometrical characteristics should be known to calculate the
diffraction coefficient, D. If both the T'X and RX points are known, the height
of the intersection point can be calculated as:

hrdgr + hrdr
h= ————+-, 1.53
dr +dp ( )

Where hr and hgr are the TX and RX heights respectively, dr is the
distance between the diffraction point and the TX and dgr is the distance
between the diffraction point and the RX.

The diffraction coefficient is calculated as:

—e—i%

D=——°"" D/ 4 Dy+ RyDs+ R,Ds, 1.54
I 2rksin g o 0T (1.54)

47



CHAPTER 1. INTRODUCTION

where k is a wave constant. Ry and R,, are the reflection coefficients on
face 0 and face n respectively. The factor n is calculated by knowing the angle
a of the edge n =2 — 2.

The components of diffraction are defined as:

T+ (¢a — ¢})

D; = cot [
2n

} F(kLa™), (1.55)

where F'(z) is the Fresnel transition function:
o0

F(z) = 23\/56”/ eI dr. (1.56)
vz

It is possible to simplify F(z) with high values of z, with the following
approximation:

1 31 151 751

F(m)21+j%—iﬁfjgﬁ+l—6g, (1.57)
and for small values of x
F(z) ~ |Vaz — 2ze & — %:LQG%M () (1.58)
where the distance L is given by:
L =s-sin*(B), (1.59)

and s is the distance between the RX and the diffraction point. The func-
tion a¥ is defined as:

2nT N+ — (pg — @)

aF(¢g — ¢fy) = 2cos> 5 , (1.60)
where NT and N~ are closest integers that can satisfy the equations:
InaNt/~ —(pa— o)) =7 (1.61)

where a*, N* are related with face n and a=, N~ with the face 0. Finally,
the diffracted electric field it is given by 1.62:

E4 = EqDAe*™. (1.62)
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1.2.8 Propagation Models

The propagation channel models are essential for predicting interference, map-
ping frequency and defining cell parameters in mobile communication systems.
In fact, radio channel knowledge allows proper planning of wireless networks
[3]. Therefore, the implementation of new networks in the mmWave band must
face new technical challenges due to the increase in frequency [5], so it is essen-
tial to have new reliable channel models, which allow to adequately characterize
the radio channel in different scenarios [90], especially in indoor environments,
where it is more feasible to implement this new technology.

Channel models can be divided into two groups: deterministic models and
stochastic models. Deterministic models take into account the geometry and
architectural structure of the propagation environment. Their objective is to
reproduce all the electromagnetic and geometric components associated with a
specific scenario, such as walls, ceiling, furniture and also dynamic environment,
like humans. These deterministic models can be pure deterministic, such as
the general ray-tracing model, or semi-deterministic, such as the map-based
channel modeling of Mobile and wireless communication Enablers to Twenty-
twenty Information Society (METIS) [25].

On the other hand, the stochastic models evaluate the propagation channel
behavior from a statistical point of view according to the scenario features.
Propagation models of this type are divided into two groups: the models based
on the geometry of the environment and the pure probabilistic models, where
geometrical characteristics where the radio signal propagates are unknown. The
following describes the channel modeling process specific to each type of model
and examples of models created by different institutions.

Stochastic Models

In the case of Stochastic Models, simple path loss models are basically prob-
ability functions that depend on the logarithm of the distance between the
transmitter and the receiver, in addition to some constants. Depending on the
channel model approach, the probability functions will be different for line-of-
sight (LOS) and non-line-of-sight (NLOS) scenarios. In this model, depending
on the type of scenario, for a fixed transmitter and receiver position, it can be
determined whether the propagation channel is line-of-sight or not, according
to probability functions. This applies mainly to model propagation in outdoor
environments where the complexity of the scenario is usually less than in indoor
scenarios [91]. Although this modeling approach may seem a bit simplistic, one
of its great advantages is that it is computationally efficient. Although some of
its disadvantages are its inaccuracy in propagation loss estimation, especially
in indoor environments, in simple outdoor environments its results may be ac-
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ceptable as a first approximation. In simple terms, stochastic models allow
us to evaluate the chances of occurrence of events such as propagation losses,
NLOS/LOS scenario type, delay spread, etc., which cannot be accurately pre-
dicted with so little information from the environment. The 3GPP model [92],
mmMagic model [93] and WINNER+ model [94] are some examples of widely
accepted stochastic models.

e 3GPP: This model is also known as a geometric stochastic one. It sepa-
rates large-scale parameters such as shadow fading, delay spreading and
angular spread, from small-scale parameters such as delays, group pow-
ers and angles of departure and arrival. These two sets of parameters are
tabulated in random probabilistic distributions. The large-scale param-
eters are the geometric positions TX and RX. They are used to model
statistics for the small-scale parameters. The PDP and the angular pro-
file (AP) are used to define channel behavior. This model was proposed
in the 3GPP TR 138.901 technical report and it can operate in a wide
frequency range from 6 to 100 GHz. This model can evaluate a variety
of urban and rural environments. This model has been adapted to oper-
ate in 3D environments to take advantage of its capabilities to simulate
Massive MIMO environments [95].

e mmMagic: The Millimetre-Wave Based Mobile Radio Access Network
for Fifth Generation Integrated Communications (mmMagic) project pro-
poses a stochastic propagation model that builds on the 3GPP model.
Their objective is to improve the probability functions proposed by 3GPP
with an intensive measurement campaign. It considers the same fre-
quency ranges and the same use cases as 3GPP.

e WINNER+: One of the major limitations of the early geometry-based
stochastic channel models is their inability to be used for 2D coordinates.
Although this works for simple MIMO schemes, with this limitation is
not possible to study the large-planar (full-dimensional) effects for 3D
beam-forming approaches. For this purpose, a large number of additional
measurements were required to obtain the necessary parameters for the
model. After all, the new model required 18 additional parameters (50
in total, compared to 32 for the WINNER-II model [96]).

Deterministic Models

Deterministic models are based on a detailed description of the geometrical and
electrical characteristics of the propagation environment. In addition to the pa-
rameters of the communication link such as operating frequency, bandwidth,
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modulation, etc., deterministic models consider the characteristics of the an-
tenna radiation pattern at the TX and RX. Therefore, deterministic models are
geometrically complex, computationally slow and more difficult to implement,
although they are the most accurate. For example, ray-tracing techniques are
purely deterministic channel propagation models, in which it is essential to pos-
sess information about the geometrical structure of the room to be analyzed,
such as the relative positions of walls, floors, doors, ceilings, structural columns,
etc. In addition, the relative positions and dimensions of furniture and peo-
ple, the electromagnetic properties of each of these scenario elements must be
provided. It is an accurate model with detailed angular data and can be used
for extensive estimation of channel variables for both small- and large-scale
fading [97]. Because making use of this type of purely deterministic models
is usually quite complex, and they are usually custom-designed for companies
or universities for commercial or research purposes. The following determinis-
tic propagation models were proposed to simplify the implementation for 5G
systems in the mmWave band.

e TEEE802.11ad: This semi-deterministic model works for short-range
communications at 60 GHz. To model the propagation loss, the specu-
lar component is estimated by ray-tracing algorithms. The components
due to diffuse scattering, diffraction and transmission are stochastically
combined.

e MiWEBA: The mmWave evolution for backhaul and access (MiWEBA)
[98], is an extension of the IEEE802.11ad channel model. It is oriented to
outdoor access, backhaul and D2D communications scenarios. The model
uses both stochastic and deterministic models to simulate the specular
parts. The models are useful in system-level simulations as well as in
access network capacity analysis. This model assumes random arrival
clusters with a Poisson distribution. The time intervals are exponentially
distributed, while the random amplitudes obey Rayleigh distributions.

e COST2100: This model uses a cluster-level approach. Clusters interact
with each other in a simulated setting. A visibility region is defined as
an area that represents the spatial, temporal, and overall extent of mul-
tipath components presented at a common antenna. Spatial consistency
is achieved using the visibility regions associated to each cluster of mul-
tipath elements. A cluster can be associated with one or more regions
whose size changes with mobile terminal movement, allowing for spatial
consistency within a simulated environment. However, this model does
not take into account mobility at both ends of a link, so it cannot be
applied for D2D.
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e METIS: This model is semi-deterministic and map-based, developed
upon measurement campaigns for the 6 GHz - 70 GHz bands [99]. The
model uses ray-tracing techniques to determine the large-scale features of
a given environment. It also uses measurements to calculate small-scale
fading statistics. The 3GPP model and the Worldwide Initiative for New
Wireless Radios (WINNER) are used to generate the small-scale statistics
[97].

e QuaDRiGa: The QUAsi Deterministic Radlo channel GenerAtor
(QuaDRiGa) channel model [100] is a significant extension of WINNER
II/WINNER+, 3GPP-3D and 3GPP-3D models. It also includes some
new features such as time evolution and scenario transitions. QuaDRIGa
is capable of supporting any carrier frequency between 0.45 GHz and 100
GHz. The QuaDRIGa uses a geometry-based stochastic Channel mod-
eling approach. QuaDRIGa modeling process is divided into two parts.
The stochastic part generates and updates the large scale parameters
(LSPs), while the geometry-based part calculates and updates the Short
Scale Parameters (SSPs) based on the geometrical relationships between
the receiver and transmitter. The channel parameters are subject to the
statistical distributions that were determined from real-world channel
measurements. For a given propagation scenario, the channel parameters
are updated at every user location by a drifting process.

e NYUSIM: the model is capable of operating in a range of carrier fre-
quencies from 0.5 to 100 GHz. This is based upon measurements at
28 to 140 GHz. NYUSIM is capable of supporting urban macrocell,
rural macrocell, and urban microcell environments. New features in-
clude spatial consistency in the NYUSIM 2.01 version. It is now possible
to generate the continuous time-variant channel coefficients, which al-
lows for the reproduction of realistic scattering environments. The time
cluster-spatial loop (TCSL) is used to determine the channel’s tempo-
ral and spatial properties. Multipath components (MPC) which may be
close in time, but have different directions of arrival, form a time clus-
ter. The main directions of departure (or arrival) are represented by a
Spatial Lobe (SL). A geometry-based reflection surface method, is also
first adapted to update spatially and time-varying angular information
along a user’s trajectory.
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1.3 Problem and Thesis Scope

The key to an optimal development of the Fifth Generation (5G) radio technolo-
gies and its evolution towards 6G, is to evaluate and solve the future problems
related to its implementation in the mmWave band. Therefore, it is foreseen
that one of the major problems for the implementation of this technology will
be to deal with the excessive signal propagation losses due to the intrinsic be-
havior of the radio wave in such high frequency bands. For this reason, it will
be essential to characterize signal propagation in complex and dynamic indoor
environments, and to propose strategies to mitigate propagation losses proac-
tively. In consideration of the problems presented, the following hypotheses are
considered:

e HypoThesis 1: In indoor scenarios people cause a distortion in the radio
propagation channel in the mmWave band.

e HypoThesis 2: Mathematical models evaluate the scattering effects of
the human body in the mmWave band and adequately estimate propa-
gation losses in non-line-of-sight (NLOS) areas.

e HypoThesis 3: The scattering effects of the human body can be mod-
eled with a simplified morphology model to increase computational per-
formance without losing scattering information.

e HypoThesis 4: Evaluating propagation losses in complex 3D environ-
ments, considering the scattering effects of the human body, improves the
channel estimation in the mmWave band.

e HypoThesis 5: There are low-cost passive strategies that optimize sig-
nal propagation in the mmWave band and mitigate losses due to the
scattering effects of the human body, so passive reflectors could be used
to mitigate these effects in complex environments.

e HypoThesis 6: In short-range scenarios, stereographic video informa-
tion can be used to deterministically estimate the radio channel in the
mmWave band with ray tracing techniques.

e HypoThesis 7: The evolution of the propagation channel can be an-
ticipated according to the prediction of the relative positions of moving
objects, mainly humans, in indoor scenarios.

e HypoThesis 8: Open source video game engines allow to emulate and
visualize the signal propagation in a 3D environment in real time.
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1.4 Thesis Objectives

This Thesis focuses on the study of strategies to mitigate wireless propagation
losses for 5G systems, taking into account the human body scattering effects in
complex dynamic indoor environments. In addition, the Thesis aims to develop
an interactive graphical tool where the propagation channel can be evaluated
in a fast and predictive way, to reduce the uncertainty in the Radio Access
Network (RAN) design at mmWaves.

The Thesis objective can be subdivided into the following sub-objectives:

e To investigate the propagation phenomenon of radio waves when they
collide with the human body, in order to evaluate the scattering effects
in the mmWave band.

e To propose a mathematical method to model the electromagnetic wave
scattering phenomena when it impacts on the human body.

e To evaluate the performance of the proposed simplified geometric model
of the human body, which is equivalent to its complex morphology in
order to estimate its scattering effect.

e Design and validate the use of broadband modular passive reflectors to
minimize propagation losses and maximize coverage.

e To explore the feasibility of using video game platforms to emulate
mmWave band wave propagation in complex environments, considering
the scattering effects of the human body with the proposed mathematical
and geometrical model using with proprietary ray tracing techniques.

e Validate the use of stereoscopic cameras to analyze the environment in
real time to determine the positions of all obstacles in the room, in order
to evaluate the distortion of the radio channel in the mmWave band.

e Design and implement a ray tracing system on a video game platform that
evaluates the radio channel in complex and dynamic scenarios, in order
to propose antenna array orientations for RANs to improve coverage and
minimize propagation losses.
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1.5 Thesis Outline

This Thesis is organized in seven chapters and an appendix as described below:

Chapter 2 describes the proposed mathematical model used to characterize
the scattering effects of the human body and its limits of applicability.

Chapter 3 describes the implementation of the double knife edge mathe-
matical model in Unity, where the proposed mathematical and geometric
simplifications are used for its efficient evaluation.

Chapter 4 describes the design and evaluation strategies of a diffuse reflector
to optimize coverage in complex indoor areas.

Chapter 5 describes the methodology used to design the hexagonal passive
modular reflector, explaining in detail the calibration process with simu-
lation tools and the measurements performed.

Chapter 6 describes the design, implementation and validation of a predictive
steering system based on video and depth information from stereographic
cameras in complex and dynamic real-time environments.

Chapter 7 presents the conclusions of the Thesis and describes future lines
of research.

Appendix A presents the description of the software used to carry out the
research and implementation of the Thesis simulator.
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1.6 Thesis Publications

The work developed during this Thesis made possible the following publica-
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Mar. 2020, pp. 1-5.

[C2] Romero-Penia, J. Samuel, Cardona, Narcis, “Applicability Limits of
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ropean Conference on Antennas and Propagation 2020 (EuCAP 2019),
Mar. 2019, pp. 1-5.

[C3] Romero-Pena, J. Samuel, Cardona, Narcis, “Diffuse Modular Hon-
eycomb Passive Reflector for Efficient mmWave Propagation in Indoor
Environments,” 2022 Joint European Conference on Networks and Com-
munications - 6G Summit (BEuCNC/6G Summit), Jun. 2022, pp. 1-5.

Patents

[P1] Romero-Pena, J. Samuel, Cardona, Narcis, “Reflector para ondas
milimetricas” Patent Number: ES202130068,PCT/ES2021/070909, Jan.
2021

[P2] Romero-Pena, J. Samuel, Cardona, Narcis, “Procedimiento para anal-
isis de la cobertura en espacios interiores para redes inalambricas” Patent
Number: P202130290, (In process), Feb. 2021

COST Technical documents

[TD1] Romero-Pena, J. Samuel, Cardona, Narcis, “Human Blockage Models
at 5G mm-Wave Frequencies for indoor scenarios,” 9th MC and Technical
Meeting, Furopean IRACON COST IC15104 action, Dublin - Ireland,
Jan. 2019

Research projects
[RP1] WaveComBE, Wave Communications in Built Enviroments

e Funding institution: Marie Sktodowska-Curie grant agreement No.
766231

e Start date: 01/07/2018

e Duration: 36 Months
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Chapter 2

Mathematical model
analysis to evaluate the RF
scattering effects of
blocking obstacles

This chapter presents the implementation of a proposed mathematical model to
evaluate the scattering effects of the human body in the mmWave band. This
analysis consists of evaluating the simplified mathematical model of Double
Knife-Edge to evaluate the scattering effects of the human body in mmWave,
and from the applicability of this it will be possible to model objects whose
materials are totally absorbing or reflective in mmWave, independent of their
geometrical morphology. As a result of this study, guidelines for the use of the
mathematical model were established, not only to characterize the human body,
but also for all types of obstacles in both indoor and outdoor environments.
To this aim, this chapter has been divided into the following sections:

e Section 2.1 presents a brief introduction.

e Section 2.2 presents the mathematical formulation of the Double Knife-
Edge model to evaluate the scattering of absorbing objects.

e Section 2.3 presents validation strategies with measurements and simula-
tion of the Double Knife-Edge model to evaluate the scattering effects of
the human body
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EVALUATE THE RF SCATTERING EFFECTS OF BLOCKING
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e Section 2.4 presents an analysis of the applicability limits for using the
Double Knife-Edge model to characterize the scattering effects of the
human body in mmWaves in a reliable way.

e Section 2.5 presents the conclusions of this chapter.

2.1 Introduction

The increasingly widespread use of the mobile technologies has created a pro-
gressive demand for higher bandwidths in the last few years, well above those
used for the 4G standards or in the early 5G implementation.

Consequently, it was proposed to use the mmWave band (above 30 GHz)
for mobile communications, mainly for indoor environments [76] [101].

The use of mmWave band in mobile terminals brings many technical chal-
lenges [102], especially on the characterization of the radio channel in indoor
environments. Such scenarios are quite complex due to the large number of
static and dynamic obstacles, like constantly moving people, which are elec-
trically large and can produce significant alterations in the short-term and
long-term fading radio channels [35].

Through the literature, several models with different mathematical formu-
lations have been proposed to characterize the fading generated by the human
body in mmWave bands, the most used of which are: Uniform Theory of diffrac-
tion - “UTD” [36], Geometrical Theory of diffraction - “GTD” [103], Method of
Moments - “MoM” [49], numerical integration [50], measurement-based model
[51] and mmMagic project model [53].

Despite using many different mathematical approaches, the concealment
caused by the human body is modeled similarly for all the models publised
in literature [104]. Because the whole human body has been modeled only
with a simple geometric shape such as a cylinder or cube, models use to omit
considering the head, arms and legs in its analysis.

Therefore, according to the analysis performed in [104], the simplest and
most flexible mathematical model that characterizes the concealment of the
human body is the Double Knife-Edge model ”DKED”. But because the DKE
model is the simplest mathematical model, it is also the one with the most
restrictions [30] at mmWaves. Nevertheless, the knife-edge model has been
extensively used in the literature to characterize the dispersion of large-scale
communication links [105].

Part of the objectives of this chapter are to quantify the DKED model
restrictions, since in the literature [104], [30], [106] no specific limits have been
defined, only very restrictive open limits, making it very uncertain under which
circumstances it is valid to use this model.
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2.2 Double Knife-Edge (DKE) Model to estimate Human Body
scattering effects

Other objectives of this chapter are to analyze the viability of simplifying the
morphology of the human body with basic geometric shapes, while considering
all the relevant parts of the body. The aim is to easily implement this DKE
model and reduce the computational load when it is applied to a large dynamic
and complex environment.

The simplification morphology proposed is very useful in complex environ-
ments because the position of each person changes constantly and therefore the
behaviour of the radio channel changes accordingly [52].

Another key contribution of this chapter was the study of the polarization
effects of scattering on of the human body. This study is important because it
has never been considered with mathematical model proposed in the literature
[51] and especially with the DKE model.

2.2 Double Knife-Edge (DKE) Model to esti-
mate Human Body scattering effects

The double knife-edge DKED model has been used to estimate the scattering
propagation on the human body, since it is the simplest way to model the
shadowing of such a complex morphology. As a result of this simplification, it
has also been concluded throughout the literature [103] that the human body
at millimeter-wave frequencies behaves as a fully absorbing material, according
to the electromagnetic characteristics of human tissues in this frequency range.

In this section, only the basic behavior of the double-edge model has been
analyzed, so the human body will be simplified as an absorbing screen of in-
finitesimal thickness (Hp). As depicted in figure 2.1 the equivalent width of
the human body is given by (Wp) and its height by (Lp), and points (&) and
@ are the reference positions of the edges of the equivalent absorbing screen
that will depend on the relative positions of the transmitter (7;,) and receiver
(R;). These two reference positions indicate the limits of the dimensions of
the human body equivalent. These limits determine the relative concealment
(visibility) between the transmitter (7)) and receiver (R,).

In summary, this mathematical model makes two key simplifications: the
first is about the morphology of the obstacle, where it comes to be a two-
dimensional obstacle, and the second is that the material of the obstacle must
be completely absorbing at the operating frequency.
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Figure 2.1: (a) Double Knife-Edge Model, (b) Human Body simplification to
use the DKE.
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2.2 Double Knife-Edge (DKE) Model to estimate Human Body
scattering effects

The DKE model [30] considers only two contributions (dr,4/p and
da/B—r,) in two opposite points of the intersection plane between the screen
“Obstacle” and the TX-RX path, as illustrated in figure 2.1. When the model
refers to a ”contribution” , it means that it is the route from the transmitter
(T) to the edge (@A) or (B)) of the obstacle and from the edge (@A) or (B))
of the obstacle to the receiver (R,), where each path has a phase component
according to the path traveled.

According to [30] the DKE is only valid to model the concealment effect of
any type of obstacle if the following restrictions are met:

e The electrical distance between the obstacle and the antennas (TX/RX)
must be larger than the wavelength (drx/drx >> A).

e The electrical dimensions of the obstacle must be much greater than the
wavelength (Wp/Lp >> X).

e The thickness of the obstacle must be much lower than the wavelength
(Hp << A).

e This DKE model is only valid to characterize the diffraction of symmet-
rical screens. It does not consider any other geometric shape.

e This DKE model does not consider the effects of polarization in its mathe-
matical formulation, as the obstacle is assumed to be an absorbing screen.

Therefore, one of the main contributions of this chapter is to find out under
which electrical circumstances “quantified restrictions”, this model is valid to
fully characterize the human body, avoiding excessive simplifications that are
quite common in the literature. With this study, it will be possible to take
into account all the parts of the body that are important for the radio channel
at mmWave according to its electrical dimensions such as the arms, legs and
head.

The DKE model calculates the normalized field diffracted at the RX location

(diffraction loss).
(5-c@)-i(5- s<v>)] (2.1)

E  [(1+j
S

Where C(v) and S(v) are cosine and sine Fresnel integrals respectively,
and the Fresnel parameter v is defined as the phase shift ratio between the
paths from the T, /R, to the edges of the obstacle as quantifies the diffraction
concealment according to the Ty /R, visibility calculated in the equation (1.3)
and (1.4) of the section 1.2.2.
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where n is (A) or (B) for upper and lower paths, X is the wavelength,
drx /drx is the distance from the transmitter /receiver to the absorbing screen.

The Fresnel parameter v indicates how the incident field is diffracted ac-
cording to the shadow generated by the obstacle. The sign uncertainty of v
depends on the TX/RX visibility, being positive for LOS and negative in the
NLOS case (See figure 2.2). This model can only be used if the obstacle is
within the first Fresnel zone.
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Figure 2.2: (a) Fresnel parameter v(+) (NLOS), (b) Fresnel parameter v(—)
(LOS).

As shown in figure 2.1, the model is applied independently on each path.
Therefore, the total losses are the sum of the two contributions of each path,
being the reference line-of-sight field given by:

A o drxtdrx
Eo _ —j2m Y

R - (22)
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2.3 DKE validation strategy

Thus, the total field at the receiver (RX) , is given by:

CiomAda _ionAdp
ET:EA+EB:ERXA6 J A +ERXBe J A (23)
One of the advantages of the DKE model is its great versatility and, ac-
cording to the simplifications and rules proposed in this chapter, to its being
applicable to characterize the indoor radio channel more realistically.

2.3 DKE validation strategy

In the literature, the human body concealment analysis has been performed
with different mathematical models, but all these mathematical approaches
have given similar far-field behavior at the receiver. This is because in all
the proposed mathematical approaches, the human body has been modeled
with simple geometric shapes, such as cubes, planes or cylinders, omitting the
geometry of the arms, legs and in some cases the head (See figure 2.3).

Concealment Ef fect
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B
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I

Radiation
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Figure 2.3: Scattering behaviour of the body with a simplified geometrical
model.

Therefore, one of the objectives of this chapter is to identify which simpli-
fications are valid based on the DKE model restrictions [30], in order to model
the human body in the best way without ignoring details of its morphology
that could significantly alter the fading of the signal.

For this reason, a double comparison strategy is proposed, where the diffrac-
tion losses obtained from the DKE model implemented in MATLAB will be
compared with measurements and simulations, so to identify those restrictions
that limit the use of the DKE model to correctly characterize the human body.
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In all test scenarios, to compare and validate it with the far field results
obtained with the DKE mathematical model implementation, the same set-up
is used, i.e., materials, electrical dimensions, positions and geometrical shapes
(See figure 2.4). Tt is worth noting that the material used for the obstacle in
both cases (Simulation/Measurement) was a metal surface, so to emulate the
absorption characteristics of the human tissue at mmWave [104] in the direction
of concealment. The measurements and simulations were carried out consider-
ing the applicability rules proposed in [107], which indicate basic guidelines to
avoid errors in the validation of the DKED model.
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Figure 2.4: Simulation scenario Set-Up.

The approach used to obtain the resulting field behind the obstacle differs
for measurements and simulations. Therefore, in the following subsections the
procedure used for both measurements and simulations will be explained.

But first, the simulation platform CST Microwave Studio [108] used to
perform the simulations is briefly discussed. This simulator is used both to
determine the feasibility of characterizing the human body with the double
knife edge model, and to characterize the passive reflector in millimeter waves,
which is discussed in later chapters.

2.3.1 Simulation Set-Up in CST Microwave Studio

As mentioned above, the simulations have been carried out through the electro-
magnetic analysis tool (CST Microwave Studio). Within this tool the antenna
simulation template was used, since this template is the most appropriate to
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2.3 DKE validation strategy

simulate the scattering effects on the radiation pattern of an antenna when it
is obstructed by a totally absorbing element.

In our case the radiation source is a horn antenna operating in the Ka-band
[109], and the obstacle is a basic geometric shape that may be either a plane,
a cube, or cylinder. The dimensions of each geometric shape are variable (see
figure 2.4) and depend on the type of simulation to be performed, which will
depend on which of the constraints of the Double Knife-Edge model [30] is
evaluated.

Both the material of which the radiating horn is composed and the obstruct-
ing object are a perfect electrical conductors (PEC). Recall that the objective
of both simulations and measurements is to validate the usefulness of the Dou-
ble Knife-Edge model to analyze the scattering behavior of the human body in
mmWave.

The strategy used to simulate the radiation pattern scattered by an ob-
structive passive element was to place the obstacle at a distance (drx) (See
figure 2.4), so that it is far away enough to be in the far field region of the
radiating element, thus the incident radiation can be considered a plane wave.

In simulations a receiver antenna is not considered, as it does in the mea-
surements, because CST calculates the final radiation pattern of the whole
system (Horn 4+ Obstacle). Therefore, to obtain the resulting field behind the
obstacle it is not necessary to put a receiver that will move gradually, as it is
the case of the measurements. This feature of the antenna templates in CST
allows to save computational load, because when we do simulations in mmWave
most of the objects are electrically very large.

Since simulations give the far field, it is possible to know which are the rel-
ative diffraction losses in each angular position behind the obstacle, according
to the resulting radiation pattern. The transmitting antenna is the only source
of energy and the obstacle should be located in front of the antenna, so that
the most energy is incident on the obstacle.

Figure 2.5 shows the steps to be followed for each simulation. Initially, in
step one, the type of validation to be performed is determined, depending on
the type of geometric shape of the obstacle (Plane, Cube or Cylinder) and its
dimensions (W), Hy, L,), and the separation between the transmitting antenna
and the obstacle (drx). In step two, this experiment is replicated in CST,
taking into account the type of transient solver and its mesh resolution, in order
to obtain the most accurate results in the simulation. In step three, the final
radiated field of the whole system consisting of the radiating element (horn) and
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the passive element (obstacle) is simulated. Finally, in step four, the results
obtained from the radiation pattern are examined, where not only the result
in three dimensions is analyzed, but also the cross sections of this radiation
(0 = 90° and ¢ = 90°), in order to determine how the obstacle scattered the

radiation produced by the antenna.
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Figure 2.5: Simulation step to validate the DKE in CST.

2.3.2 Measurement Set-Up with VNA

The measurement campaign was carried out following the scheme shown in
figure 2.6. The transmitter and receiver were equipped with the same horn
antenna in Ka-band, which has been manufactured by Sagemillimeter, model
WR-28, operating at frequencies from 26 to 40 GHz, with a nominal gain of 20
dBi [109]. The antenna 3 dB beamwidth is 18 degrees in both the vertical and
horizontal planes.
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2.3 DKE validation strategy

The antennas of both the receiver and transmitter are connected to ports 1
and 2 respectively on the vector network analyzer (VNA) which is manufactured
by Rohde-Schwarz and the model is the RS ZNB40. The measurement scheme
is set up in an anechoic chamber, where the TX and RX antennas are oriented
one in front of the other to minimize the path loss, and are separated by a
distance (2drx).

The obstacle is located at a distance (drx) from both the receiver and the
transmitter, and its dimensions depend on the experiment to be performed,
as well as its geometric shape and material. The obstacle material is fully
metallized to emulate one of the constraints of the DKE model, where it must
be fully absorbing. As discussed in the subsection on the simulation setup,
metallic materials are fully absorbing in transmission, which is similar to the
behavior of human tissue at mmWave.

Anechoic Chamber

Figure 2.6: Measurement setup scheme for TX and RX positions.

In the measurement procedure the transmitting antenna remains fixed,
while the receiving antenna is gradually moved in steps of 5cm along the orthog-
onal axis of the antennas orientation, where 30 receiver positions are considered
for each measurement corresponding to a single sweep from left to right. Along
the receiving antenna sweep, the channel frequency response or (Ss1;S12) is
measured at each receiver position. This procedure was carried out to measure
the scattering field contributions when the receiver is at either a LOS or NLOS
position.

These measurements are compared with the results obtained with the simu-
lations and those obtained with the Double Knife-Edge model implemented in
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Matlab, in order to validate its usefulness to describe the scattering effect of the
human body. The measurement procedure is shown from another perspective
in figure 2.7.a, and the set-up of the measurements in the anechoic chamber is
shown in figure 2.7.b.
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Figure 2.7: (a) Scheme of the movement of the obstacle in measurements
(b)Measurement scenario in the anechoic chamber.
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2.3.3 Decision criteria to compare the scattering results

The decision criterion for measuring the reliability of the proposed Double
Knife-Edge mathematical model is based on the Minimum Mean Squared Error
(MMSE), which has been widely used in the literature, especially in signal
processing, when the aim is to compare the similarity between two functions
or signals [110].

The objective of the MMSE estimator is to determine the error between
the results obtained with the CST simulations and those measured with the
results obtained with the DKE implementation in Matlab, taking into account
the same scenarios, where each scenario is defined by the dimensions of the
obstacle (W), Ly, Hp) and its separation to the antennas (drx).

MMSE in linear domain is given by:

N
MMSE = Z
=0

(B; — K;)?
N(R; - K;) (24)

Where R; is the far-field received power (measured or simulated) at the
location point i, K; is the power level calculated for the same scenario but with
the Double Knife-Edge (DKE) implementation in MATLAB, at the equivalent
position point i, and N is the number of position samples between the point
(D and (2) of figure 2.8.
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Figure 2.8: (a) MMSE Decision Factor < 1 (Point 1: Maximum Diffraction
Gain — Point 2: -6dB in the shadow zone), (b) MMSE Decision Factor > 1
(worst adaptation).
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The lower the MMSE value, the more accurate will be the estimation (more
similar are the two sets of data compared). The decision threshold that has
been chosen is MM SE < 1 for the data set in the range between the position
with mazimum diffraction gain (I) to the -6 dB point of diffraction loss in the
concealment zone (2) (See figure 2.8), where the diffraction gain (D) is the
increased field power due to the scattering effects of the obstacle edge.

2.4 DKE Applicability Limits Analysis

As mentioned above, the human body has been modeled with simple geometric
shapes in the literature [103], [49], [50], mainly due to the complexity of the
body, although the larger electrical dimensions of the body have been main-
tained, as shown in figure 2.9.b.

But to our best knownledge, no model in literature has considered the geo-
metric complexity of its morphology, due to the high computational cost that
this would imply, and that for long links (several meters at mmWave band),
this simplification is enough to evaluate the scattering effects of the human
body. Such simplifications should not be made carelessly, because the arms,
legs and head also play an important role in the dynamic behavior of the ra-
dio channel at short distance links in indoor scenarios. This is because body
parts are electrically large in mmWave, and irremediably affect the propagation
of the radio channel. This is even more relevant in uplink, because both the
arms and the head interact directly with the cell phone due to their physical
proximity. Legs also play an important role, because many of the multipath
contributions arrive after having previously bounced on the ground, and be-
cause people are constantly moving, so the radio channel will be affected by
the natural movement of the legs.

Therefore, the entire human body is a dynamic obstacle and not a rigid-
static one as has been simplified in the literature. However, these simplifications
were used as a reference (See figure 2.9.a) to analyze the constraints described in
[30] on the proposed DKE model, and the analysis of each of these constraints
with measurements and simulations will be carried out in detail throughout
this section.
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Figure 2.9: (a) Human Body geometrical simplification. (b) Geometric

simplification in the literature.
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The first simplification adopted is to assume that the human body can be
characterized as a set of parallelepipeds, in the form of a robot model (see
figure 2.9.a). The minimum dimensions that each parallelepiped should have
to meet the constraints of the Double Knife-Edge model will be analysed, its
width Wp, height Lp, and thickness Hp.

As mentioned above, the double knife edge model has a set of constraints
that will be analyzed one by one to identify under which electrical dimensions
of the obstacle (Wp, Lp, Hp) the DKE is applicable for each case study. That
is, as the scattering characterization of each individual element of the robot
model (See figure 2.9.a) is equivalent to evaluating the human body scattering,
therefore all validations made on small scale on basic obstacles are extrapolated
to higher electrical dimensions and more complex morphologies.

The applicability limits of the DKE model were determined by simulations
and verified by measurements. The following subsections objectives will carry
out the following analyzes:

e (SubSection 2.4.1): Determine the geometric limits of the obstacle height
Wp and width Lp, regardless of the thickness Hp of the obstacle, because
it is not a sensitive dimension for the obstruction, from the point of view
of the TX and RX (See figure 2.4) and additionally it is part of the entry
restrictions of the mathematical model [30].

e (SubSection 2.4.2): Determine the minimum distance drx between the
obstacle and the antennas for which the proposed Double Knife-Edge
(DKE) model approximation is valid for downlink or uplink scenarios
according to its restrictions [30].

e (SubSection 2.4.3): Determine the truth of the assumption according to
the restrictions [30], that the obstacle thickness does not influence the on
the scattering phenomenon.

e (SubSection 2.4.4): Determine if there are different scattering effects,
when the obstruction is modeled with different non-planar geometric
shapes.

e (SubSection 2.4.5): Analyze the polarization effect on the scattering mod-

eled, because according to limitations of the DKE model, this effect is
not taken into account mathematically.
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2.4 DKE Applicability Limits Analysis

In order to evaluate the limits of applicability of the mathematical model,
the following basic scheme was used (See figure 2.10), where the electrical
dimensions of the obstacle, its separation relative to both the transmitter and
the receiver, as well as the morphology of the obstacle are considered, thus
using these simple variables the constraints of the DKE model are evaluated.
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Figure 2.10: Simulation scenario Plan.

2.4.1 Analysis of the Electrical Dimensions of the Obsta-
cle

In the present sub-section we determine the geometrical limits that an obstacle
must respect for the DKE to be valid to model the scattering effect caused by
this obstructive element. This is due to the fact that one of the first restrictions
of this mathematical model, to be used properly, is that the cross-sectional
dimensions of the obstacle must be much larger than the wavelength.

Therefore, the Lp dimension on the Y axis (See figure 2.10) has been set to
Wp = 80 to satisfy all the proposed constraints [30], except for the Wp dimen-
sion. The Wp dimension is progressively scaled (3\, 6\, 10X, 15X, 20\, 28X at
30 GHz) along the X axis, in order to determine at what minimum dimensions
of Wp the Double Knife-Edge model is valid for modeling its scattering effect,
according to the quantitative comparison of the MMSE estimator, with simu-
lations and measurements versus the results of the DKE model implemented
in Matlab.
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Figure 2.11: Diffraction Losses comparison in terms of blocking element width
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Electrical Dimensions Analysis
Wp MMSE
3\ 1.12
6 0.85
10X 0.73
15\ 0.32
20 0.15
28\ 0.27

Table 2.1: Tabulated MMSE results of the analysis of the electrical
dimensions with Lp = 80X and drx;rx >> A fixed.

The observed behavior of the far-field measurements and the radiation pat-
tern simulated in CST are very similar to the Double Knife-Edge (DKE) diffrac-
tion loss implemented in MATLAB according to the MMSE estimator. There-
fore, for obstacles with electrical dimensions larger than 6\ (MMSE=0.85) the
Double Knife-Edge model can be used to evaluate the scattering behavior of the
radiation field behind the obstacle. It should be noted that in this section all
the measured and simulated obstacles are metallic screens without thickness,
respecting the initial restrictions of the DKE [30].

2.4.2 Analysis of the Distance between the antenna and
the obstacle

In the present analysis the minimum viable distance between the obstacle and
the radiation source is analyzed, so that the Double Knife-Edge model can
adequately calculate the scattering generated by the obstructive element.

This limitation is especially important in uplinks, because the mobile termi-
nal is considerably close to the upper body (head, torso and arms), therefore it
interacts in the signal propagation in a negative way. It is therefore important
to know if this model can evaluate to evaluate this effect despite the proximity.

In this analysis the electrical distance dpx will be varied between the obsta-
cle and the antennas TX/RX (5, 10, 15X, 20\, 25, 30\ at 30 GHz), keeping
the physical dimensions Lp = 15\ and Wp = 15\ of the obstacle fixed, in
agreement with keeping the limits identified in the previous subsection, where
minimum dimensions must exceed 6.

In this case study, the model has been compared with the measures on the
one hand and with CST simulations on the other, because the two types of
results were obtained from different scenarios and methodologies.
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The simulation results were obtained according to the methodology de-
scribed in section 2.3.1, and the far field was calculated with a single transmit-
ting antenna and an obstacle, where the separation distance between them was
gradually changed from 5\ to 30\.

On the other hand, in the methodology used for the measurements, only the
relative distance between the TX-RX and the obstacle can be changed, being
the distance between the TX and RX fixed to 70cm (70X at 30 GHz), due to
physical limitations of the cable used in the VNA and the anechoic chamber
dimensions (See figure 2.10).

The figure below shows the results of the measurements according to their
methodology and scenario.
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Figure 2.12: Equivalent far field concealment in terms of the distance between
blocking screen and TX [drx] with DKE MATLAB implementation vs
measurements.
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According to the results observed in figure 2.12, it can be concluded that
concealment will be similar regardless of the relative distance of the obstacle
to TX and RX, because the distance between the T X and the RX is fixed
to 70cm. According to the measurement results, the DKE model can be used
from 10cm (10X at 30 GHz) (MMSE=0.47). Note that the DKE model does
not contemplate angles of incidence (See figure 2.1).

The figure below shows the results of the CST Simulation according to their
methodology and scenario.
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Figure 2.13: Equivalent far field concealment in terms of the distance between
blocking screen and TX (drx) with DKE MATLAB implementation vs
simulations.

Figure 2.13 shows the far field simulation results (dotted lines) compared
to the DKE model implemented in MATLAB. The distance to transmitter is
fixed, and represented in figure 2.21 for five values of drx, from 15 to 50 cm
(15X to 50\ at 30GH z). As the obstacle is moved away from the antenna, it
becomes electrically smaller.

7



CHAPTER 2. MATHEMATICAL MODEL ANALYSIS TO
EVALUATE THE RF SCATTERING EFFECTS OF BLOCKING
OBSTACLES

Electrical Distance Analysis

drx MMSE Measurement MMSE Simulation
5\ 1.12

10X 0.47

15X 0.67 0.91

20\ 0.73 0.89

25\ 0.55

30\ 0.58 0.88

40\ 0.98

50 1.1

Table 2.2: Tabulated MMSE results of the electrical distance from the TX to
Obstacle, with obstacle dimensions of with Lp; W, = 15 fixed.

According to the results, the DKE model can be used to characterize the
concealment according to the CST simulations with electrical distances from 15
cm (15X to 30 GHz) (MMSE=0.91), taking into account the smallest electrical
distance for which the results of the DKE model are valid.

2.4.3 Obstacle Thickness Analysis

One of the main simplifications of the DKE model is that the absorbing screen
is infinitesimally thin. In this section the influence of obstacle thickness will be
analysed on the far field computation/measurement results. The most impor-
tant restriction of the proposed mathematical model (DKE) is the assumption
that the obstacle must be a screen “without thickness”. Due to this DKE re-
striction [103], the thickness influence will be analysed according to the far field
behaviour.

The simulation and measurement of the far field of the obstacle were made
for obstacles of different thicknesses Hp (0A,3X,6A at 30 GHz), but with the
same electrical dimensions Wp = 15\, Lp = 15\ and electrical distance drx =
35\ for all the scenarios, respecting the applicability limits identified in the
Section 2.4 in order to have reliable results,i.e electrical dimensions of Wp, Lp >
6 and drx,rx > 15\ are considered.
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Figure 2.14: Equivalent far field radiation pattern (Screen Obstacle without
thickness) vs blocking obstacle thickness ( Hp ) for measurements and CST
simulations.

According to the results of the figure 2.14, it can be affirmed that the thick-
ness of the obstacle has no influence on the behaviour of the concealment far
field. The resulting far field (Measurements/Simulations) does not differ con-
siderably from the field obtained by a completely flat obstacle without thick-
ness that is used by the proposed DKE mathematical model. According to the
MMSE estimator the worst results were MMSE=0.24 for Measurements and
MMSE=0.78 for the CST Simulations in both cases the similarity condition is
achieved satisfactorily.
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2.4.4 Geometrical Shape Analysis

As discussed at the beginning of the section, the entire human body has been
modeled in the literature with simplified geometric shapes as in figure 2.9.

But part of the objectives of this research is to avoid this type of simplifi-
cation without justification. Therefore, in this subsection the scattering effects
of different geometric shapes will be analyzed, to simplify as much as possi-
ble without omitting important effects that may affect the radio channel in
mmWave frequencies.

We must take into account that the most common geometric shapes in the
morphology of the human body are cylinders [104] so it is important to consider
this geometric shape with different dimensions in order to evaluate its behavior.

Recall that according to the conclusions of the previous analysis, the thick-
ness of a cubic obstacle is not relevant to the effect of far-field scattering, so
analyzing a cylindrical shape is vital to fully validate the DKE model for char-
acterizing the human body.

The geometric shapes that were used in the simulations and measurements
are shown in figure 2.15 and figure 2.16, where, as a general rule, of them must
have the same transverse electrical dimensions ( Wp(X) — Width , L,()\) —
Height ), while the geometric shape and thickness Hp variable.

This analysis in conjunction with the previous one, has the purpose of
determining how to simplify the thickness Hp of the geometric model of the
human body to be able to use DKE model correctly and efficiently.

v
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Figure 2.15: Scenario of geometric shapes in the simulation.
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[M easurement J

Symmetrical Elliptical Random
Cylinder Cylinder Cube Screen Shape

Figure 2.16: Scenario of geometric shapes in the measurements.

Absorbent @ perdom

Figure 2.17: Measurement set-up with different geometrical shapes.
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Figure 2.18: Equivalent far field radiation pattern (horizontal plane) for
several shapes of the blocking (metallic) obstacle measurements and CST
simulations.

According to the results observed in figure 2.18, the scattering losses calcu-
lated with the mathematical model implemented in MATLAB are very similar
to the measured results, getting a MMSE estimator of 0.23, and also to the
simulated ones (CST-Radiation pattern), with a MMSE estimator of 0.83, for
different geometrical shapes (see figure 2.17), taking into account that the cal-
culated MMSE estimator corresponds to the worst result obtained when testing
with different morphologies.
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Therefore, it can be affirmed that the geometrical shape of any obstacle
does not affect the performance of the DKE model, only the equivalent con-
tour of the original geometric shape. This issue is very important, because it
simplifies the geometrical shapes to be characterized in such a way, that the
DKE model can be directly implemented it in MATLAB or any other simu-
lation tool. Additionally, it also simplifies the physical geometric models to
perform measurements. Therefore, to apply the DKE model, it will only be re-
quired a screen completely absorbent or reflective with the same obstacle edge
projection as shown in figure 2.19 in the “Qutline Model” .

<& &

& <&

3D 2D

Human Body Cube Robot  Screen Robot  Cylinder Robot Outline
u Model Model Model Model

Figure 2.19: Geometrical Models Simplifications Evolution to the DKE
Model.
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2.4.5 Polarization Effect

Another significant contribution of this chapter is the analysis of the polar-
ization effects on the implementation of the DKED model. This aspect is
important because this mathematical model considers the obstacle as perfectly
absorbing [103] which is valid in the case of the human body tissue at mmWave
band. But because the obstacle is completely absorbing, the model does not
consider the currents induced on the obstacle surfaces and therefore polariza-
tion effects are completely ignored in such a mathematical formulation, so it
becomes a constraint.

Throughout the literature, when trying to characterize the human body,
the effects of polarization have not been considered with simple mathematical
models, and although its relevance has been confirmed in some works such
as [36], its influence and how to avoid it have never been studied in depth.
Therefore, the purpose of this analysis will be to identify the minimum electrical
dimensions (Wp , Lp) in which the polarization effect has no influence and the
DKE model can be applied directly.

In this study, only two types of polarization were taken into account: Ver-
tical and horizontal polarization, alternating between them only by changing
the rotation of the horn antenna, both in the simulation and measurement
scenarios.

In this analysis, the L, dimension on the ¥ — Azis (See figure 2.10) has
been fixed to Lp = 15\ in order to satisfy all the restrictions proposed in the
previous analysis, except for dimension Wp. The dimension Wp has to be
changed progressively along the X — Axis in order to quantitatively determine,
by the MMSE estimator, from which electrical dimensions of Wp, the DKE
correctly models the scattering effect, regardless of the disparity in the results
of orthogonal polarizations in measurements and simulations.

In the following results an orthogonal polarization refers to a horizontally
polarized incident wave (X-axis), because the predominant dimension of the
obstacle is on the Y axis (L,) while parallel polarization refers to a vertical
polarization (Y-axis), because it is parallel to the orientation of the obstacle
on the Y axis (Ly).
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Figure 2.20: Far field comparison in terms of blocking element height Wp
with orthogonal polarizations.

According to the results, it is concluded that in the case of the two studied
polarizations, considering electrical dimensions of 15\, and above, the diffrac-
tion losses can be characterized by the DKE mathematical model, without dis-
tinguishing between them. It is important to note that the polarization effects
are more visible for electrical dimensions below 15X if the incident polarization
is parallel to the obstacle. Furthermore, it can be concluded that according to
the measurements, the applicability limit of the model is less restrictive, being
6 instead of 15\. Therefore, the concealment effects of the human body can be
characterized with a metallic screen without considering the polarization effects
if the electrical dimensions are greater than 15\ reaching a MMSE estimator
from simulation results of 0.87.
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2.5 Conclusions

In this chapter the applicability limits of the DKE for modeling the scattering
effect of the human body in mmWave frequencies have been verified. Through-
out the development of this chapter, all the constraints of the Double Knife-
Edge model [103] on the geometrical dimensions of any absorbing or reflecting
obstacle have been analyzed. The geometrical limits where the DKED mathe-
matical model can be applied have been found by analyzing measurements and
simulations in CST.

According to the analysis of the obtained results, some simplifications on the
morphology of the human body have also been proposed. These simplifications
will facilitate the implementation of the DKE model in a complex simulation
environment (Unity or Unreal Engine), where the objective will be not only
to characterize a single human body, but several simultaneously in motion, as
well as considering the effects of other obstacles within a complex indoor room.

Briefly, the applicability limits identified for implementing the Double
Knife-Edge (DKE) model to characterize human body scattering at mmWave
frequencies are:

e The minimum electrical dimensions of the cross section of any obstacle
must be Wp, Lp > 6.

e The minimum electrical distance between the obstacle and the antennas
must be dTX/RX > 15,

e With the proposed geometrical simplifications, the scattering effects of
the obstacle thickness Hp and the shape of its geometric volume can
be ruled out if the edges projection to the obstacle from the TX/RX is
known (see figure 2.19 “Outline Model”).

e The wave polarization effect is relevant on the DKE implementation for
low electrical dimensions (cross-section) of the obstacle, below 15\.

These implementation rules and simplifications will be used in the next
chapter to characterize the complex morphology of the human body, and to
perform comparisons with measurements of the body shadowing in a real, dy-
namic indoor environment.
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Chapter 3

Implementation of the
human blockage simplified
model at millimeter-wave
frequencies

This chapter presents some evaluations of the applicability of the Double Knife-
Edge (DKED) model, which was confirmed in the previous chapter to be po-
tentially suitable to characterize the scattering effect of the human body. This
assumption is verified by measurements with a reference person. And finally
it is discussed how the model can be implemented in a 3D environment plat-
form with proprietary ray-tracing techniques, developed throughout the Thesis
research. These analyses confirmed the applicability of the DKED model to
characterize the scattering generated by the human body in mmWaves. By us-
ing simulation tools, the DKED can be implemented quickly and without losing
accuracy, taking into account the simplifications and rules proposed above.

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

e Section 3.1 presents a brief introduction.

e Section 3.2 presents additional analyses about the considerations that
must be taken into account to use the Double Knife-Edge model to eval-
uate the human body.
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e Section 3.3 presents the measurement campaign strategy used to vali-
date the usefulness of the Double Knife-Edge model to characterize the
scattering effects of the human body effect.

e Section 3.4 presents the video game platform used to implement the DKE
model that emulates the scattering effects of the human body.

e Section 3.5 presents the implementation performed in the Unity simula-
tion environment, where the DKE model was used to characterize the
scattering effects of the human body in a complex simulation environ-
ment.

e Section 3.6 presents the conclusions of this chapter.

3.1 Introduction

As discussed in the state of the art and in the previous chapter, throughout
the literature there have been quite a few mathematical models that have at-
tempted to characterize the human body in this frequency band, among which
some are more complex than others. But, regardless of the model used to char-
acterize the human body, the residual field calculated by each model behind
the blocking object is almost identical, because the complexity of the morphol-
ogy of the human body is simplified with simple geometric shapes, hence their
results [104].

Additionally, these models were verified with measurements, but having the
radiating source electrically far away from the body, so this kind of simplifica-
tions are valid. This is not the case when the radiation source is close to the
body, such as when a person holds a mobile phone in his hand.

Therefore, the objective of this chapter is to validate additional consider-
ations on the implementation of the DKE model. One of them is to evaluate
the concealment when the obstacle changes its cross section with respect to the
relative positions of the transmitter and receiver, and an important additional
consideration is to validate the DKE model in different frequency ranges, more
specifically from 30 to 40 GHz.

With these additional considerations the aim is to characterize the scat-
tering generated by the human body in the best possible way with simulation
tools.
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3.2 Additional Double Knife-Edge Model Con-
siderations

Before presenting the additional considerations that have been taken into ac-
count to validate the double-knife edge model, we briefly review the basic con-
cepts on which the DKE model is based to evaluate the scattering of the residual
field behind the blocking object.

Recall that the mathematical formulation of the double-knife-edge model is
determined by the calculation of the normalized field at the receiver position.

Brs. =5 = (52) | (5-c0) -5~ suo)] (3.)

2k, A
L (3.2)
'/T
Ady, = (drx—5n + dnsrx) — (drx + drx) (3.3)

Where C(v) and S(v) are cosine and sine Fresnel integrals that depend
on the parameter v and this parameter defines the relationship between the
transmitter and receiver visibility, and the relative distance to each of the
equivalent edges of the obstacle. The equivalent edge is understood as the
visible geometrical limits of the obstacle as seen from the point of view of the
transmitter and receiver, like shown in figure 3.1 as points @ and (B).

@ Equivalent Edge #A

24

- /// %
7 as¥
de_B Equivalent Edge #B
Figure 3.1: Simplified implementation at the DKE model.
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Therefore, to implement the Double Knife-Edge model in a simulation envi-
ronment only the relative positions of the transmitter and receiver, the relative
distance (Ad,,) to the equivalent edges of the obstacle, the visibility within the
first radius of the Fresnel zone and finally the applicability limits identified in
the previous chapter must be taken into account.

The DKE model is relatively easy to implement and has very few input vari-
ables that depend on the electrical dimensions of the obstacle and ts relative
concealment of the direct path between transmitter and receiver. It is impor-
tant to evaluate how the electrical dimensions of the obstacle, and especially
its orientation, affect the identification of the equivalent edges that define the
electrical distance (Ad,,). Furthermore, it is worth considering how the fre-
quency affects the scattered field produced by the obstacle in the concealing
zone.

All the simulations and measurements carried out in this analysis follow the
same methodology proposed in the previous chapter in section 2.3

3.2.1 Obstacle Cross-Section Analysis

In the present analysis the effect of changing the orientation of the obstacle is
to be determined. The obstacle will always maintain the same electrical dimen-
sions. It has to be taken into account that, according to the applicability limits
of the DKE model, the thickness of the obstacle is not important, therefore,
and according to this premise, the obstacle used for both measurements and
simulations is a screen with thickness Hp << A. The obstacle has a width
W, = 15X at 30 GHz and a separation distance between the antennas and the
obstacle of drx/rx = 35\.
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Figure 3.2: Simulation/Measurements set-up of rotation analysis.
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In this analysis the obstacle is progressively rotated Afp from 0° to 90°,
with steps of 10°, along the orthogonal axis to the relative positions of the
antennas, as shown in figure 3.2. Recall that the objective of this analysis
is to determine the impact of changing the cross section of the obstacle as
it is rotated. The following figure shows the set-up used to carry out the
measurements, which is similar to that of the simulations.

_ Rotation 0° Rotation 10°

Rotation 40° Rotation 90°

(k)

A

Figure 3.3: Measurements of a rotating flat obstacle to validate the DKE
model.
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Figure 3.4: Normalized residual scattered field at the receiver with
measurements and simulations. Obstacle dimension of 15\, E Field with
Polarization ¢ = 90°.
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According to the results observed in figure 3.4, the simulation of the field
dispersion in the angles between 80° and 90° is erroneous because it does not
fit with the measurements, which is not critical because in the remaining slopes
lower than 70° they agree. So the measurements match, taking into account
the minimum mean square error (MMSE) parameter between two functions,
which at 70° is MMSE = 0.96.

But the most important conclusion from the results is that, when the ob-
stacle is rotated orthogonally to the orientation of the antennas, its occultation
decreases as if it were electrically smaller from the point of view of the receiving
antenna. This implies that the equivalent edge changes as a function of the
obstacle orientation as can be seen in figure 3.5 where there are two obstacles,
one of which has a considerably larger size (see figure 3.5.a) than the other (see
figure 3.5.b).

A
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vy T Hy A ds*2-" 7 ey
/ e - 3 A

Hy «4 Equivalent
Edge Screen = Equivalent Edge
(a) Same Scattering Effects (b)

Figure 3.5: Equivalent concealment of two obstacles with different electrical
dimensions.

But although the two obstacles have different electrical dimensions, their
scattering effect on the residual field at the receiver is equal, and therefore their
equivalent edges would be equal. Note that the DKE model only takes into
account the distance to the visible boundaries of the obstacle. Therefore, when
implementing this model, only the projection of the edges must be considered,
which can vary drastically, depending on the relative position of the person
in the indoor environment. Then, the complexity of implementing the DKE
model comes from effectively identifying such equivalent edges.
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3.2.2 Frequency Analysis

In the present analysis, the effect of the scattering caused by various obstacles
with different electrical dimensions, measured and simulated at different fre-
quencies, is evaluated in order to validate the Double Knife-Edge model in the
bandwidth of interest from 30 to 40 GHz.

In these tests, the electrical dimensions of a flat obstacle are changed
(IX,3X, 6,10, 15X, 20\, 28,40\ at 40 GHz) orthogonally to the positions of
the transmitting and receiving antennas, with different target carriers (30 GHz,
32 GHz, 34 GHz, 36 GHz, 38 GHz and 40 GHz), separation distance between
the antennas and the obstacle drx,rx = 35A. Figures 3.6 and 3.7 show the
results of the measurements performed.
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Figure 3.6: Residual scattered field by obstacles with electrical dimensions of
(1A, 3X,6X, 10X at 40 GHz) in the frequency range from 30 GHz to 40 GHz.
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Figure 3.7: Residual scattered field by obstacles with electrical dimensions of
(15X, 20, 28,40\ at 40 GHz) in the frequency range from 30 GHz to 40 GHz.

According to the previous results, the residual scattered field measured with
different dimensions of an obstacle at different frequencies at mmWave band
is almost the same, therefore, the scattering in that frequency range has the
same behavior, with a MMSE of 0.983.

Additionally, figure 3.8 shows the results of normalized scattering losses for
a 15X at 40 GHz obstacle, but compared to simulations and to the double Knife
model implemented in Matlab.
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Figure 3.8: Residual scattered field simulated and measured by obstacle with
electrical dimension of 15\ at 40 GHz compared with Double Knife-Edge
implemented in Matlab.

Again after the last results in figure 3.8, it is reconfirmed that the DKE
model is valid to characterize the obstacle masking at least in a bandwidth of
10 GHz, from 30 GHz to 40 GHz.

Recall that it is fundamental to be aware of the applicability limits of the
DKE model discussed in the previous chapter, to characterize the scattering
effect of the human body. The following section describes a measurement cam-
paign carried out, in which simplifications of the morphology of the human
body modelled with a flat metal obstacle were considered.
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3.3 Measurement Campaign to Validate the
DKE Model on the Human Body

Before starting to consider the measurement campaign on the human body,
it is essential to briefly remember the applicability limits of the DKE model,
which must be taken into account in order to model the scattering effect of the
human body at mmWave, which are presented below:

e The minimum electrical dimensions of the cross section of the obstacle
must be greater than 6 .

e The minimum electrical distance between the obstacle and the antennas
must be greater than 15\

e With the proposed geometrical simplifications, the scattering effects of
the obstacle thickness and the shape of its geometric volume can be ruled
out if the equivalent edges to the obstacle from the TX/RX are known.

e The polarization effect on the scattering of the human body modelled by
the DKE can be omitted if its electrical dimensions are greater than 15\.

e The model is only validated for the frequency range of 30 GHz to 40 GHz,
according to the measurements performed.

e The model is valid to characterize obstacles of totally absorbing materials
at mmWave frequencies, or totally reflecting materials such as metallic
surfaces.

The objective of identifying the applicability limits was not to confirm
whether the model was valid for modeling the human body, because this hy-
poThesis had already been confirmed in the literature [30]. Rather, it was
to know under what conditions this model would still be valid to characterize
the human body in a complex dynamic environment, where people movement
influences the radio channel, which would have to be constantly updated.

This constant updating implies running the model in a very efficient way,
S0, if the model can be simplified, it can be easily implemented in a simulation
environment with proprietary ray-tracing techniques.

Therefore, in this section a set of measurements were carried out that con-
firmed the simplifications proposed to model the scattering effects of the human
body with the DKE model.
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3.3.1 Measurement Set-Up on the Human Body

The measurement campaign was conducted according to the set-up shown in
the figure 3.9. The T, and R, were equipped with identical Ka-band horn
antennas, manufactured by Sagemillimeter, model WR-28, operating at fre-
quencies from 26 to 40 GHz, with a gain of 20 dBi [109]. The antenna 3 dB
beamwidth is 18° in both the horizontal and vertical planes.

The R, and T, are connected to ports 1 and 2 respectively of the vector
network analyzer (VNA) model is the RS-ZNB40. The measurements were
carried out without using an anechoic chamber, because the T, and R, anten-
nas are perfectly oriented facing each other to maximize their gain, and avoid
external interference. T, and R, are separated by a distance of 100cm, and
they move in steps of lem, until they cover 100cm, so for each T, position it
has been measured 100 R, points.

Throughout the simultaneous sweep of the T, and R, antenna, the fre-
quency response of the channel (S21;S12) is measured over the entire bandwidth
of interest from 30 GHz to 40 GHz at each position.

This process was performed to measure the scattered field contributions
for both LOS and NLOS positions of T, and R,. The human body and its
simplified geometric equivalent, is located halfway (50 cm) between the T}, and
R, antennas as shown in figure 3.9.
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Figure 3.9: Setup scheme for the Human Body scattering effect measurement.
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3.3.2 Analysis of Human Body Measurements

Before conducting the measurements it is important to remember one of the
most important conclusions of the previous chapter, which is the simplification
of the morphology of the human body: It can be affirmed that for using the
DKED model the volumetric geometrical shape of any obstacle is not necessary
if the equivalent contour of the original geometrical shape is available. Where
the equivalent contour depends on the equivalent edges of the entire contour
of the obstacle as seen in figure 3.10.

This statement is very important, because it allows to simplify the volumet-
ric morphologies in such a way, that the DKE model can be implemented only
knowing the relative distance to two edges of the equivalent contour, where the
cross section depends on the positions of the antennas 7T, and R, as seen in
figure 3.10.b.

Equivalent Contour
\“*{ "Outline Model"

,‘A Equivalent Edge
‘ Cross Section

(@) (b)

Figure 3.10: (a)Volumetric human body with cross-sections depending on TX
and RX positioning, (b)Morphological equivalent of a volumetric human body
(Outline Model).

With this in mind, the measurements were carried out in conjunction with
the metallized flat geometric equivalent of the human body. And this must be
metallized because it is the easiest way to emulate an absorbing material while
transmitting at mmWaves.
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Figure 3.11: Equivalent edges of the human body cross-section in arms and
torso.

According to the figure above it is important to note that only one ob-
stacle at the time can obstruct the visibility of the transmitter and the re-
ceiver. Therefore, only two simultaneous equivalent edges per obstacle should
be considered, where these edges delimit the region of concealment and how
the DKED model is implemented.

For example, in figure 3.10.a, depending on the position of the TX and
RX with respect to the human body, the concealment of the arm or torso
will be considered independently or as the same obstacle. So, depending on
the location of the TX/RX, different edges equivalent to the obstacles are
considered, even when evaluating the scattering effects of the same human
body.

The equivalent of the geometric contour of the person was made taking
into account the outlines of the person. In order to accurately identify these
contours, a shadow projection technique was used. This was carried out in a
totally dark room, where a strong enough light source (10000 lumens flashlight)
was projected towards the person, to delimit the equivalent contour of the
person, and used to build our equivalent of the contour shape, which was built
with cardboard and aluminum tape. Although it is a somewhat rudimentary
procedure, it is precise enough to provide results almost identical to those
measured directly with the human body, as can be seen in figure 3.12.
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Figure 3.12: Photo of Real Measured Scenario.
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The measurements were carried out for four different cross sections on the
human body, at head, shoulder, upper torso, and half torso heights, with the
arms separated from the torso, thus being two additional independent obstacles,
as illustrated in figure 3.12. The measurements were performed on the same
cross section for both the human body and its metallic flat outline equivalent,
in order to compare how similar the scattered field measured by the obstacles
is.
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Figure 3.13: Measured scattered field of the human body with its contour
equivalent.

According to the results obtained, it can be assured that the residual far
field produced by the human body is almost identical to that produced by its
equivalent contour. The simplification of the morphology confirms that appli-
cability limits proposed in the previous chapter are valid, where only metallic
objects were considered to carry out the measurements and simulation, due to
the difficulty of having a material with the same electromagnetic characteris-
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