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Abstract

The research conducted during this project has been supervised by PhD. Jaume Anguera and
PhD. Aurora Andujar.

This project is based on the challenge to “get on the wave” of the upcoming 5G technology by
analyzing the feasibility of a 5G Antenna Array operating at the millimeter-Wave (mmW)
frequencies.

The goal is to design and analyze a feasible 5G Antenna Array solution solving the challenges
that the mmW frequencies present such as design complexity due to the extremely high
frequencies, transmission losses, the required high antenna Gain and high antenna Directivity.

In order to achieve the goal, a project plan is defined with the steps followed and the tasks
needed to achieve the goal. In this plan, several experimental phases have been carried out. A
preliminary electromagnetic analysis of a single antenna has been performed at a certain
mmW frequency, continuing with an electromagnetic analysis of an Antenna Array at the same
mmW frequency, the basis of this project, and a feasibility study of its functionality as a real 5G
antenna solution to be presented on the market.

The results obtained in the development of the project prove that the 5G Antenna Array
solution presented along this project is a real candidate to be implemented as an antenna
solution for the upcoming 5G technology’s wireless devices.




Resumen

La investigacidn llevada a cabo durante este proyecto ha sido supervisada por el Dr. Jaume
Angueray la Dra. Aurora Anduijar.

Este proyecto se basa en el desafio de "subirse a la ola" de la tecnologia emergente del 5G
mediante el analisis de viabilidad de un Array de Antenas 5G que trabaja a las frecuencias de
onda milimétrica (mmW).

El objetivo es diseiar y analizar una solucidn de Array de Antenas 5G viable que resuelva los
desafios que presentan las frecuencias mmW, como la complejidad del disefio debido a las
frecuencias extremadamente altas, las pérdidas de transmision, la necesaria alta Ganancia de
antenay alta Directividad de la antena.

Para lograr el objetivo, se define un plan de proyecto con los pasos seguidos y las tareas
necesarias para alcanzar el objetivo. En este plan, se han llevado a cabo varias fases
experimentales. Se realizé un analisis electromagnético preliminar de una sola antena a una
cierta frecuencia de mmW,; continuando con un andlisis electromagnético de un Array de
Antenas a la misma frecuencia de mmW, la base de este proyecto, y un estudio de viabilidad
de su funcionalidad como una antena 5G real para ser presentada en el mercado.

Los resultados obtenidos en el desarrollo del proyecto demuestran que la solucién de Array de
Antenas 5G Array presentada a lo largo de este proyecto es una verdadera candidata para ser
implementada como una solucién de antena para los dispositivos inaldmbricos de la
emergente tecnologia 5G.




Resum

La investigacid duta a terme durant aquest projecte ha estat supervisada pel Dr. Jaume
Anguera i la Dra. Aurora Andujar.

Aquest projecte es basa en el repte de "pujar a I'onada" de la tecnologia emergent del 5G
mitjancant I'analisi de viabilitat d'un Array d'Antenes 5G que treballa a les freqliencies d'ona
mil-limetrica (mmW).

L'objectiu és dissenyar i analitzar una solucié d'Array d'Antenes 5G viable que resolgui els
desafiaments que presenten les freqliencies mmW, com la complexitat del disseny a causa de
les freqliéncies extremadament altes, les pérdues de transmissié, el necessari alt Guany
d'antena i I’alta Directivitat de I'antena.

Per aconseguir |'objectiu, es defineix un pla de projecte amb els passos seguits i les tasques
necessaries per assolir I'objectiu. En aquest pla, s'han dut a terme diverses fases
experimentals. Es va realitzar una analisi electromagnétic preliminar d'una sola antena a una
certa freqiiencia de mmW; continuant amb una analisi electromagnétic d'un Array d'Antenes a
la mateixa freqiencia de mmW, la base d'aquest projecte, i un estudi de viabilitat de la seva
funcionalitat com una antena 5G real per a ser presentada al mercat.

Els resultats obtinguts en el desenvolupament del projecte demostren que la solucié d'Array
d'Antenes 5G presentada al llarg d'aquest projecte és una veritable candidata per ser
implementada com una solucié d'antena per als dispositius sense fils de I'emergent tecnologia
5G.
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On the Analysis and Design of 5G Antenna Arrays

1 Introduction
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1.1 Scope

It is an innate behavior on human beings to live in society and in constant contact with the
people around us, such as family, friends, etc. Consequently, throughout the history of
humanity, we have tried to find new ways whose allow us to be closer to other people.

From a technological point of view, the most important technologies that have covered this
necessity on the human beings are the Mobile Technology and Internet Technology. But, it was
not since Internet was released in 1985 and the first “.com” domain was registered [1] , when
a revolution on the “Technology World” started changing completely the way we live,
communicate and relate with other human beings.

Several mobile generations have been released since its creation, but it was not until the third
generation (3G) when both Mobile and Internet technology merged, integrating the most
important technologies in one device.

Nowadays, this necessity of being connected with others has been extrapolated to be
connected with other people and the things we have around, in a faster and more precisely
way [2] .

At this point, the market is demanding a technology that the current 4G Mobile technology
does not support. So, for this reason, a new generation is needed, to cover the expectations
and needs of the market. This new generation is stated as 5G.

Therefore, this project aims to investigate a feasible antenna solution for the upcoming 5G
technology, focusing on the importance of the challenges that this technology demands.

1.2 Objectives

In a personal way, this project allows me to acquire a maturity and experience in the
telecommunications sector, especially in the field of antennas, since this project aims to
investigate an upcoming technology which requires an optimal research and study of the cases
presented to analyze their future implementation feasibility.

An important objective set for this project is to properly plan and schedule all the required
steps for the project development, to ensure the best resolution and to properly manage the
resources and efforts needed to achieve a successful study. This will provide me the
experience to better plan and to properly size the resources for current and future projects in
a real-world environment.

From an R&D point of view, it is an extraordinary opportunity to work on the steps required for
a proper product research and development; since it comes from an initial idea and will lead to
a solution which could be implemented in a future.
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The objectives of this project are divided in three parts which will merge on the final
conclusions to solve the investigation conducted during this project and the main goal of it:
develop and study a 5G Antenna Array solution for a real-world application which will solve the
challenges that 5G technology presents.

More precisely, understand the need of the market and provide a solution for the upcoming
5G technology achieving the best performance for the millions of applications the market will
demand.

The three parts of the objectives set for this project are:

1) From a previous analysis point of view, an electromagnetic analysis will be carried out
in order to understand how 5G antennas perform and how they need to be designed
for the purposes of this project.

2) Once this previous analysis is done, study and develop the 5G antenna array solution
that better covers the demands of the market in terms of performance, space, etc.

3) Finally, analyze the results obtained to set a path to follow for a future implementation
of the 5G Antenna Array solution presented along this project.

1.3 5G

The upcoming 5G technology is, nowadays, the main challenge for the Information and
Communications Technology sector. Within this section, it is intended to expose from a
general point of view what 5G is, how will affect our life and the challenges needed to be
achieved from the ICT sector.

1.3.1 Whatis 5G?

5G is the fifth generation of mobile communications, which appears from the needs of the
Internet of Things’ and Smart Cities’ development that 4G cannot cover. The upcoming 5G
technology needs to achieve 8 specifications main requirements:

1. Up to 10Gbps data rate.

2. 1-millisecond latency.

3. 1000x bandwidth per unit area (compared with 4G LTE).

4. Up to 100x number of connected devices per unit area (compared with 4G LTE).
5. 99.999% availability.

6. 100% coverage.

7. 90% reduction in network energy usage.

8. Upto 10-year battery life for low power IoT devices.
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All these requirements come from the necessity that the market demands on the Internet of
Things’ and Smart Cities’ development. The 4G generation was obsolete due to the limitations
on the specifications. However, 5G will improve almost all the technical specifications in order
to achieve the European Commission goal (Figure 1) [3].

Figure 1. Differences between 4G and 5G [4] .

5G is a key asset for the next years global economy; since it would allow plenty of applications
that we cannot even imagine which will change how we see the world and, specially, how we
interact with the world [5] .

1.3.2 5G in our life

Since 5G first discussions and symposiums, it has been presented as an improvement of all the
technical specifications of 4G. Nevertheless, it should not be forgotten that 5G is not simply an
“improved version” of 4G (as it was 4G from 3G); 5G new technical specifications are only the
tip of the iceberg of the million changes we will all face in our daily life during the upcoming
years.

A 5G connected city will be an extremely close approach to the “Digital City” by definition; with
connected cars and remote medical operations, among millions of other applications. Smart
cities have been so far focused in only gather information from citizens interactions, but with
no real time action using this big amount of data. 5G cities will allow to directly act using the
data from the citizens interactions. This is going to be the big change thanks to the high
capacity and extremely low latency of the new 5G network [6] .

As an example of new actions 5G cities will be able to
do, it would be possible to avoid a car crash remotely;
not only due to the onboard computer, even more by
using external actors and sensors that will detect the
possibility of a crash and will tell the onboard
computer of the car what to do to avoid it in real
time. Hence, the amount of security measures that Figure 2. Autonomous vehicle interacting with
will be created using these interactions will lead to external actors [7] .

improve 5G cities quality of life.
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When talking about 5G applications, most popular among the society are the autonomous car
and remote medical operations/actions. Nevertheless, 5G is going to arrive much further in
almost all fields in our daily life with real time actions in sectors such as:

e Mobility: autonomous vehicles (not only cars), traffic management, smart parking and
car-to-car communication, for example.

e Communications: faster and higher quality communications with full coverage.

e Security: real-time security actions, new prevention methods, etc.

e Basic resources: water quality and management, waste management, energy
optimization, etc.

e Domotics: house automatization, resources management, etc.

e Healthcare: remote visits and operations using virtual and augmented reality, amount
of information available about the patients in real time, etc.

e Entertainment: gaming, smartphone applications, virtual and augmented reality, etc.

Figure 3. 5G applications [8] .

To provide all these services and applications, it is needed research and development from the
industry, universities and innovation centers to develop the technology needed to achieve 5G
expectations. This process is leading to the fourth industry revolution, popularly named as
“Industry 4.0”.

As already known, 5G will also affect the industry in several ways, since with 5G a full
automation will be possible, reducing operation times and costs in all the productive chain in
Manufacturing industries for instance. Main impacts and improvements in the industry will be
present on automation using robotics, virtual reality experiences, real time remotely actions to
control different processes, big amount of data generated and sent, etc.

Nevertheless, it is a key part of 5G success that country’s and local’s institutions invest
resources to achieve the challenging goals 5G present, in order to provide to their citizens all
these million applications. If public institutions promote on 5G, new business models, that
cannot even be imagined, are going to appear taking profit of 5G opportunities, improving the
way we see and interact with our world.
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1.3.3 5G Implementation Plan

The 5G Implementation Plan is a strategic European Commission initiative to be in forefront of
the Information and Communication Technologies (ICT) sector and the entire economy,
contributing to the digital transformation of Europe business and society [5] .

Europe’s commitment with 5G is due to the opportunity to promote the European economy,
scheduling Euro2020 football games as the deadline to ensure 5G as a reality in our life. At that
time, very high-capacity networks like 5G will be a key asset for Europe to compete in the
Global market, with 5G revenues for mobile operators expected to reach 225B€ annually by
2025 [8] .

The European Commission launched in 2014 the 5G Public-Private Partnership (5G-PPP) [5] to
improve and implement research and development in 5G technology, providing a new vision of
the new technology applications. Together with the 5G-PPP, the European 5G Action Plan was
presented [3] , and within this action plan, it is identified a number of challenges to promote
the deployment, implementation and commercialization of 5G; achieving the goals set for this
upcoming technology.

The time plan presented in this action plan (Figure 4), ensured the launch of extensive large
scale trials of 5G systems & technology in 2017, early 5G networks at the end of 2018 and
pretend a full commercial 5G infrastructure deployment in 2020.

Figure 4.European Commission 5G Roadmap [8] .

Furthermore, the action plan identifies the frequency bands to be harmonized across Europe
and adopted by the PAN-Europe member states: 700MHz band, 3.4-3.8GHz band and the
24.25-27.5 GHz band [5] .
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The 5G-PPP presented the time plan for the different standards and trials in the key cities all
over Europe (Figure 5) to achieve the EU Commission action plan Euro2020 target.

Figure 5. 5G-PPP standards and trials time plan [3] .

Therefore, from the 5G-PPP time plan, it can be extracted that the first 5G cities should start in
second half of 2019, with the release of devices that will support the EU configuration in bands
42 and 43 (3.4GHz — 3.8GHz):

Figure 6. Cities for the 5G Trials [3] .

In essence, the European vision of 5G as the enabler for the Gigabit Society is exposed as the
key part for the 5G to be implemented. The 5G Implementation Plan presents several
challenges that should be achieved to continue being in forefront of the Global Economy in the

ICT sector.
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1.4 Structure

As explained on section 1.2, this project aims to achieve various objectives. In order to achieve
the objectives, the project has been structured following several chapters.

The first chapter is an introduction of the project and the need of the research developed,
presenting the different technologies which take part of the investigation. Along the first
chapter, the basic concepts to understand the investigation carried out on this project are
presented.

In the second chapter, the project definition is presented including all the steps performed
during the project development. This planning provides an overview of the project from an
organizational point of view, allowing to better understand the parts of the project and the
reason of each step forward done.

In the third chapter, the state of the art is reviewed to see what is being done and what might
be expected from the project. After reviewing several articles, you will get a conclusion
choosing a path to follow. An investigation is carried out within the existing sources of
information and documents and works are studied to know the state of the art.

Throughout the fourth chapter, an electromagnetic analysis of single antenna solutions is
presented. This chapter will allow to get familiarized with the technology and the antennas
studied in this project. As a second part of this chapter, and the basic part of the investigation,
an electromagnetic analysis is carried out considering an antenna array of the antenna studied
on the previous chapter’s section. As conclusion of this chapter is presented a summary of the
results obtained.

In the fifth chapter, it is simulated an antenna array but considering the impact of a wireless
device cover. Along this section, it will be studied the “optimal thickness” for the cover impact
to be transparent for the antenna array.

In the sixth chapter, the final conclusions of the investigation are presented. A summary
compiling the results is concluded and the path to follow for future implementations.

1.5 Methodology

To implement the project, several processes will be followed. First, a study of the state of the
art was carried out, which has acquired the knowledge and information necessary to
understand the basic parameters of a 5G Microstrip Patch Antenna.

The electromagnetic simulation was performed with the IE3D program and Microwave Office
AWR.
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The IE3D and the Microwave Office AWR are simulation programs, with licenses at Fractus
Antennas, S.L. The IE3D is the first scalable EM design and verification platform that provides
modelling accuracy for the combined needs of high frequency circuit design engineers and
signal integrity in multi-domain design.

Once the first designs have been implemented with the IE3D software, they are exported to
the AWR to see their behavior. If the behavior in terms of antenna impedance are the once
expected, an analysis using the IE3D Pattern View and AWR is done to obtain the required
information to study every case.

Finally, the antenna solutions and their results are presented and deeply analyzed along this
report.

1.6 Basic Concepts

Along this chapter, the basic concepts that are needed to understand the cases exposed during
this project are introduced.

All the concepts explained below can be found in J. Anguera and A. Pérez “Teoria de Antenas”
[9] book.

1.6.1 Antenna Impedance

The antenna impedance is the relationship between the voltage and the input port current.
This impedance has a real and an imaginary part. Both depend in frequency.

On the one hand, an antenna can be resonant at several frequencies but will only resonate
when its impedance imaginary part is 0.

On the other hand, the real part from the antenna impedance can be separated into the
radiation impedance and the loss impedance which represents the energy or power that the
antenna will radiate and the loss that the antenna will have.

The main goal when designing an antenna system is to have the antenna adapted in order to
be more efficient and by so the radiation will be greater.

Ry +jXa = 2y
Equation 1. Antenna Impedance (Za) equation where Ra is the real part and Xa is the imaginary part
R, +R, = Ry

Equation 2. Antenna Resistance (Ra) equation where Rr is the radiation resistance of the antenna and R is the loss
resistance of the antenna.
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The maximum power delivered to the antenna occurs when we have conjugate matching, that
is when:

Equation 4. Antenna reactance (Xa) needs to be equal to minus the generator resistance reactance (Xg)

1.6.2 Directivity

Directivity is a measure of how directional an antenna’s radiation pattern is, i.e. it measures
the direction of radiation of an antenna.

Mathematically, it is defined as the ratio of its radiation intensity in a given direction over that
of an isotropic source, understanding as an isotropic source an antenna which radiates equally
in all directions.

U 4nU

D=—
UO Prad

Equation 5. Directivity (D) at a certain direction equation where U is the radiation intensity of the antenna, Ug the
radiation intensity of an isotropic antenna and P,,q is the total radiated power of the antenna.

If the direction is not specified, the direction of maximum radiation intensity is defined as:

U 4nU.
Dax = Do = Zax = P rr;ax
0 ra

Equation 6. Maximum Directivity (Do) equation where Umay is the maximum radiation intensity of the antenna, Ug
the radiation intensity of an isotropic antenna and P4 is the total radiated power of the antenna.

1.6.3 Gain

The gain of an antenna is closely related to the directivity; however, it also takes into
consideration the efficiency of the antenna.

Gain of an antenna (in a given direction) is defined as the ratio of the intensity, in a given
direction, to the radiation intensity that would be obtained if the power accepted by the
antenna were radiated isotropically. The radiation intensity corresponding to the isotropically
radiated power is equal to the power accepted (input) by the antenna divided by 4m.

Radiation intensity 4 U, o)
=47

Gain = 4n =
total accepted power P;

Equation 7. Gain of an antenna.

10
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Nevertheless, the Gain of an antenna could also be obtained if the transmission coefficient
between two antennas (S21) is known. This implies a system set-up where two antennas take
part and are transmitting and receiving signal from each other.

300
S21 =20+ l0g10 (5= )

Gain (dB) = 3

Equation 8. Gain of an antenna in dB where S;; is the transmission coefficient between two antennas, D is the
distance between both antennas and fo is the central frequency of the signal transmitted by the antennas.

1.6.4 Friis’ Transmission Equation

The Friis’ Transmission Equation relates the power received to the power transmitted between
two antennas separated by a distance R > 2D?/A, where D is the largest dimension of either
antenna.

Even the original Friis’ Transmission Equation considers the Gain and Directivity in different
directions, for reflection and polarization-matched antennas aligned for maximum directional
radiation and reception, the equation reduces to:

P. 1 \?
== (52z) GocGor

Equation 9. Friis’ Transmission Equation for reflection and polarization matched antennas where R is the distance
between both antennas and G, and G the isotropic Gain of the reception and transmission antenna respectively.

1.6.5 S-Parameters and VSWR

The S-parameters can be defined as a relationship of power waves between the incident and
the reflected. Those waves are related to the characteristic impedance of the system.

Depending of the number of ports, a matrix defining the relationship mentioned can be
analyzed. The S;1 parameter gives information of the relationship of the reflected signal and
the S;1 parameter gives information about the coupling between them.

|/ b Vi
n = —F—, Op = —F—=
JZ, JZ,

Equation 10. Incident power wave (an) and reflected power wave (bn) equations.
(b1> _ <S11 512) (al)

b, S21 S22/ \22

by = $11a4 + 20,

by = Sy,a; + S3104

Equation 11. Reflected power waves equation of a 2-ports systems, where it is expressed in function of the S-
parameter matrix and the incident power wave.

11
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The Voltage Standing Wave Ratio relates the standing wave maximum voltage with the
standing wave minimum voltage. It therefore relates to the magnitude of the voltage
reflection coefficient.

Mathematically could be expressed as:

1+ (51|

VSWR = ———
1= 1S4

Equation 12. VSWR in function of the reflection coefficient S11.

1.6.6 Radiation Efficiency

The radiation efficiency can be defined as the relationship between the power radiated and
the power given to the antenna system.

B IR, R,
" P.+P, I?(R,+R,)) R,+R,

Nr

Equation 13. Radiation Efficiency equation where Rr is the radiation resistance of the antenna and R_ is the loss
resistance of the antenna.

1.6.7 Antenna Efficiency

While the radiated efficiency (n:) only considers the efficiency over the Ohmic losses, the
antenna efficiency (n.) considers the impedance matching of the antenna (S11).

Na = Nr - (1 - |511|2)

Equation 14. Antenna Efficiency equation expressed in function of the impedance matching of the antenna.
1.6.8 Radiation Pattern

A radiation pattern defines the variation of the power radiated by an antenna as a function of
the direction away from the antenna represented on a space coordinate system (Figure 7). This
power variation as a function of the arrival angle is observed in the antenna's far field.

Figure 7. Coordinate system for antenna analysis [9] .

12



On the Analysis and Design of 5G Antenna Arrays

The radiation pattern of an antenna presents several characteristics which are used to analyze
and define the antenna performance for a required application. The main characteristics that
can be analyzed from a radiation pattern are:

e Radiation lobes: “portion of the radiation pattern bounded by regions of relatively
weak radiation intensity”. There could be different radiation lobes represented on a
radiation pattern:

0 Main lobe: it represents the direction where the highest amount of radiation is
directed to.

0 Side lobe, Minor lobe, Back lobe (secondary lobes): represent the directions
where the radiation of the antenna is not directed to (or its power is highly

decreased).

The difference between the “Main Lobe” and the “Secondary Lobes” is a critical point
when designing an antenna, since they would affect the directivity and gain of the
antenna that the designer want to achieve.

e HPBW and FNBW: correspond to the Half-power Bandwidth (-3dB from the Main Lobe
maximum) and First-null Bandwidth respectively.

Figure 8. Radiation pattern characteristics represented on a 3D coordinate system and on 2D coordinate system
respectively [10] .

The most common radiation patterns could be summarized to three different types: Isotropic,
Directional and Omnidirectional patterns:

Figure 9. Isotropic/Omnidirectional and Directional radiation pattern examples respectively.

In summary, the radiation pattern is a representation which allows us to visualize where the
antenna transmits or receives power.
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1.6.9 Microstrip Patch Antennas

In high-performance aircraft, spacecraft, satellite, and missile applications, where size, weight,
cost, performance, ease of installation, and aerodynamic profile are constraints, low-profile
antennas may be required. Presently there are many other government and commercial
applications, such as mobile radio and wireless communications, that have similar
specifications. To meet these requirements, Microstrip Patch Antennas can be used [9] .

These antennas are low profile, conformable to planar and nonplanar surfaces, simple and
inexpensive to manufacture using modern printed-circuit technology, mechanically robust
when mounted on rigid surfaces, compatible with MMIC designs, and when the particular
patch shape and mode are selected, they are very versatile in terms of resonant frequency,
polarization, pattern, and impedance.

Microstrip Patch Antennas consist of a very thin metallic strip (patch) placed above a ground
plane. The Microstrip Patch is designed so its pattern maximum is normal to the patch
(broadside radiator) [9] . This is accomplished by properly choosing the mode (field
configuration) of excitation beneath the patch.

The Microstrip Patch Antenna transmission line and ground plane are made of high
conductivity metal, like copper, of thickness t. The patch is of length L, width W, and placed on
the top of a substrate of thickness h (Figure 10).

Figure 10. Microstrip Patch Antenna dimensions [10] .

Several geometries could be achieved when designing a Microstrip Patch Antenna (Figure 11)
as well as other shapes based on fractal geometries and genetic based antennas [11] [12] [13]
[14] :

Figure 11. Different geometries of Microstrip Patch Antennas [10] .
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Linear and circular polarizations can be achieved with either single elements or arrays of
Microstrip Patch Antennas.

A Microstrip Patch Antenna could be feed in several ways (Figure 12), the type of feeding
implemented on the patch would set the polarization of the patch antenna [9] .

Figure 12. Different feeding methods of a Microstrip Patch Antenna [10] .

On the current project electromagnetic analysis and measurements, the chosen feeding
method is the Probe-feed. As it will be seen later on, this type of feeding allows obtaining
circularly polarized Microstrip Patch Antenna at a certain frequency.

In order to set the values of the parameters which characterize a Microstrip Patch Antenna,
some equations will be presented on Section 4.2.

1.6.10 Antenna Array
An antenna array can be defined as an aggrupation of minimum two antennas.

Usually the radiation pattern of a single element is relatively wide, and each element provides
low values of directivity and gain. “In many applications it is necessary to design antennas with
very directive characteristics (very high gains) to meet the demands of long-distance
communication. This can only be accomplished by increasing the electrical size of the antenna.
Enlarging the dimensions of single elements often leads to more directive characteristics.
Another way to enlarge the dimensions of the antenna, without necessarily increasing the size
of the individual elements, is to form an assembly of radiating elements in an electrical and
geometrical configuration. This new antenna, formed by multi-elements, is referred to as an
array.” [10] .
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To meet the objective of an antenna array and achieve very high gains it is necessary to
consider different characteristics which will define the antenna array performance:

Geometrical configuration of the array (linear, 2D or 3D).
Distance between the elements (ideally should be A/2).
Excitation amplitude and phase of the individual elements.

HwnNe

Radiation pattern of the individual elements.

Figure 13. Antenna array examples.

Apart of the array characteristics presented above, there is one important function in array
theory, and it is named as Array Factor (AF). The Array Factor is a function of the positions of
the antennas in the array and the weights used. By tailoring these parameters, the antenna
array's performance can be optimized to achieve desirable properties. For example, the
antenna array can change the direction of maximum radiation or reception by changing the
weights in the array.

The Array Factor is calculated as:

N
AF = Z w;e Ik
i=1

Equation 15. Array Factor, where N is the array's number of elements.

1.6.11 Beam steering

Beam steering is a new concept which appears due to the upcoming 5G technology. It is based
on the concept to dynamically change the signal beam direction of an antenna array, and
comes from the concept named as “Beam Forming” of controlling the shape and direction of
an antenna array signal beam by changing the phase and spacing between the antenna array
single elements [15] .

As said before, the signal beam direction and shape can be modified by altering the signal
phase and spacing between the antenna array elements. Nevertheless, on a real-world
environment where antenna arrays are physically fixed, the single elements of an antenna
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array do have a fixed spacing between them. Therefore, changing the signal phase is the main
tool that can be used to modify a signal beam direction of an antenna array.

Figure 14. Different signal beam directions by using Beam Forming and Beam Steering techniques [16] .

At this point is where beam steering concept appears, since it allows to dynamically change the
signal phase in a digital way. By doing so, the antenna array signal beam can be directed to
many different points of its total coverage, enabling to have continuous and full coverage in a
certain region.

Figure 15. Beam Steering technique [17] .

There are several digital techniques to achieve beam steering on a certain antenna array, and
by using them, each antenna has its own transceiver and data converters. They can handle
multiple data streams and generate multiple beams simultaneously from one array.

Therefore, when using beam steering techniques, it is possible to generate several sets of
signals. By doing so, it enables a single antenna array to serve multiple beams, and hence
multiple users in a scenario like 5G.

The challenges that beam steering technique presents, require more hardware and a highly
demanding environment on the signal processing in the digital domain, but enables much
greater flexibility and capability.
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2 Project Plan
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2.1 Introduction

Along this section, the project definition is presented including all the steps performed during
the project development.

This planning provides an overview of the project from an organizational point of view,
allowing to better understand the parts of the project and the reason of each step forward
done.

2.2 Project Definition

This project has been designed to study and develop an Antenna Array solution for the
upcoming 5G technology focused on solving the challenges this technology present.

With this research and development, it is intended to analyze a market which will grow up
extremely fast along the upcoming years and to provide a solution which will be used for
plenty of 5G applications.

The work done and presented along this report, will give an advantage in this field, being able
to strategically open this market for current and new customers interested to implement a 5G
Antenna Array solution.

2.3 Tasks List

Below is presented the proposed implementation approach for this project. The key activities
and tasks to do are as follows:

e Project Definition, Design and Start:

0 Initial meeting for project presentation.

0 Define requirements and key objectives of the project.

O 5G General Information.

0 Study 5G Implementation Plan.

0 Benefits/improvements included within 5G.

0 5G Applications.

O Solutions that the market demands.

0 Meeting for project design and scope validation.
e Review of Prior Art.

0 Benchmark of current solutions.

0 Analysis of the solutions studied.

0 Meeting to discuss and validate Prior Art studied.
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e Single Antenna Electromagnetic Simulation:

0 Solution characteristics benchmark.

0 Meeting to set and define the solution to be studied.

0 Calculations and design.

0 Simulation.

0 Results study and conclusions.

0 Meeting to discuss and validate the solution design and results.
e Antenna Array Electromagnetic Simulation:

0 Solution characteristics benchmark.

0 Meeting to set and define the solution to be studied.

0 Calculations and design.

0 Simulation.

0 Results study and conclusions.

0 Meeting to discuss and validate the solution design and results.
e Project Report:

0 Report the information, Prior Art, simulations, results and conclusions
created/obtained during the project duration.

0 Feasibility study of the solution and creation of the path to follow.
0 Meeting to discuss and validate the project report.
e Project Presentation:
0 Creation of the project presentation to be exposed during the final evaluation.
0 Meeting to discuss and validate the project presentation.
e Project Close:
O Final meeting before the final evaluation to analyze:
=  Project Execution.
=  Objectives achieved.
= Define further actions if agreed.

0 Project presentation and evaluation.
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2.4 Execution Plan

The execution plan defined for the key activities and tasks to do is presented below in a
timeline scheme. This execution plan is intended to schedule properly all the tasks involved in
the project execution to ensure good project timings:

|:| Vacation period
I:' Active period

Activity or Task Name November '18 December '18 January '19 February '19

4
1-4 5-11 | 12-18 | 19-25 | 26-30 | 1-9 | 10-16 | 17-23 | 24-31 | 1-6 7-13 | 14-20 | 21-27 | 28-31 | 1-10 | 11-17 | 18-24 | 25-28

Project Definition, Design and Start

Review of Prior Art

Single Antenna Electromagnetic Simulation

Antenna Array Electromagnetic Simulation

Project Report

Project Presentation

Project Close

Activity or Task Name March'19 April'19 May'19 June'19 July'19

4
1-10 | 11-17 | 18-24 | 25-31 1-7 8-14 | 15-21 | 22-28 | 29-30 15 6-12 | 13-19 | 20-26 | 27-31 19 10-16 | 17-23 | 24-30 1-7 8-14 | 15-21

Project Definition, Design and Start

Review of Prior Art

Single Antenna Electromagnetic Simulation

Antenna Array Electromagnetic Simulation

Project Report

Project Presentation

Project Close

Figure 16. Execution Plan defined for the project development and closing from November '18 to July '19.

2.5 Conclusions

It is a key part of a project’s success to clearly plan and schedule the project timings along its
duration.

In this section it has been presented the project definition, basis of this project’s objectives,
and the steps needed to successfully develop it. These steps have been fully followed enabling
good timings on each key part of the project execution.
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3 State of the art
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3.1 Introduction

Along this section, a series of scientific papers are revised and discussed in order to analyze the
state of the art in the field of Antenna Arrays for 5G Technology.

As exposed along section 1.3, 5G is intended to be fully deployed around mid-2020. To achieve
this challenging deadline, research and development is essential to be ready from
radiofrequency side, providing antenna solutions capable to perform as expected and as the
million applications will demand.

From this analysis, it will be extracted how the current market products are designed and
performing. It is important to have a clear view of the timings and expects we should have
from this upcoming technology.

Finally, some conclusions about the prior art are extracted in order to set the path to follow for
next experiments.

eGet familiarized with 5G Antennas and 5G Antenna Arryas.

*Obtain the typical operation frequency, max. gain, max.
directivity, array type, etc.

eIntroduce some scientific papers about 5G Antenna Arrays.
eKnow the different design methodlogies.

#Set the path to follow on the experiments carried out on
this project.
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3.2 Review of Prior Art

During this section, some scientific papers will be presented and analyzed in order to get
familiarized with the current products present on the market and what has been done in terms
of investigation regarding 5G Antenna Arrays.

3.2.1 8x8 Phased Series Fed Patch Antenna Array at 28GHz for 5G
Mobile Base Station Antennas

Along this article [18] , is presented a 64 element, 8x8 phased series fed patch antenna array,
operating at 28GHz frequency. The phased array steers its beam along the horizontal axis to
provide the coverage to the users in different directions. The series fed array is designed to
mix standing wave and travelling wave behavior, where the initial seven elements show a
standing wave and the eight element shows a travelling wave behavior.

It is arranged an 8x8-element series fed array to form an 8x8 patch array with vertical inter-
element spacing of d=A/2=3.54mm.

Parameter | Value (mm)
W, 3.539
W, 0.494
L 3.539
W, 2.727
L., 0.6269
W, 0.72

Figure 17. 8x8 Series-fed patch array

The simulated results of the 8x8 array are:

Figure 18. 8x8 Series-fed patch array Radiation Pattern and Mutual Coupling (below -15dB)

The array is operating from 27.9GHz-28.4GHz with a 500MHz
impedance bandwidth. The gain of the array is 24.25dBi, with a
suppression of the side lobes of -14dB. The beam steering is
performed obtaining eight beam steering angles: +55°, +37°,

+22°, +15°, £7.5°; which shows a stable side lobe level.
Figure 19. Multibeam Radiation
Pattern in H-Plane.
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3.2.2 A Compact Millimeter-Wave Slot Antenna Array for 5G
Standards

In this paper [19] , a millimeter wave (mmW) two-dimensional slot antenna array, operating at
28GHz, is designed.

The antenna array consists of 8 elements in a 2x4 configuration. A 1-to-4 power divider is
feeding the 2x4 slot antenna array in both schemes; parallel and series. This power divider is
constructed by microstrip lines, operated at 28GHz and implemented on an RO3003 substrate
(er = 3) of thickness 0.13mm, the realized line widths were found to be 0.35mm and 0.18mm
corresponding to 50Q and 70.7Q. After integrating and optimizing the slot antenna array with
the feed network to operate at the desired frequency, the slot length and width are found to
be 3.15mm and 0.45mm, respectively.

Figure 20. Power divider configuration and Complete System configuration.

The 2x4 slot antenna array alone has a resonance centered at 28.1GHz with -10dB BW of
950MHz, while the complete integrated system is resonating at 28.2GHz and the -10dB BW is
1.38GHz. The antenna system provides a maximum gain of 9dB directed towards 0 and 180
from the z-axis.

Figure 21. Reflection Coefficients and 3D Gain Pattern for the slot antenna array.

Such a design can be very attractive to be integrated in future mobile terminals for short range
5G communications.
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3.2.3 A High Gain Steerable Millimeter-Wave Antenna Array for
5G Smartphone Applications

During this paper [20] , a phased array antenna is designed at mm-W frequency bands for
future 5G based smartphone applications. The proposed antenna is a slot-PIFA antenna made
on a low cost FR4 board. The 8-element antenna array is located at the bottom edge of the
mobile phone chassis (130mm x 74mm). A standard low cost FR4 epoxy of a relative dielectric
constant 4.4 and loss tangent 0.25 is used as the substrate for PCB. The proposed antenna is a
simple elliptical PIFA with an open slot on the system ground plane.

Figure 22. Proposed antenna design and array location in mobile phone.

The proposed antenna is arranged as an 8-element array with a separation of A/2 between
each element to ensure good isolation between the antenna elements and minimize the
grating lobes.

Figure 23. Reflection Coefficient, Realized Gain for scanned pattern in the Phi-plane and Simulated scanned pattern
for proposed antenna at various tilt (-60°, -45°,-30°, 0°, 15°,45°).

The antenna array covers a frequency range of 26-32GHz with a 6GHz -10dB bandwidth. The
antenna exhibits a very good radiation pattern when integrate with the mobile phone chassis.
The maximum gain is around 13dBi. The pattern can be steered by varying the phase shift at
each antenna element. The steered pattern in the Phi-plane shows a gain of 10dBi maintained
for about 60°.
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3.2.4 A Multiband Millimeter-Wave 2-D Array Based on Enhanced
Franklin Antenna for 5G Wireless Systems

Along this paper [21] , is presented a novel and compact antenna array. The extension of the
standard narrowband Franklin linear antenna array in a compact two-dimensional assembly is
proposed and multiband response is accomplished in this work which fulfils demands of future
5G systems. The proposed 2D antenna arrays is designed to operate at licensed frequency
bands of 28GHz and 37GHz-39Gz.

Antenna design is initiated by altering the parameters of array geometry with the objective of
extending the concept of the Franklin array in order to generate multiple frequency bands,
rather than a single resonant frequency. The antenna solution is composed of a series of
radiating patches and folded-dipole-like antennas, where the resonant frequency is controlled
by the radiating length of the stubs.

W2 M4 W4
i\i::m:lpﬂ :::; ﬂ Parch f Symbol  Parameters (mm)
1 H | | J|:| | =, - | Ly Length of patch 43
v L e s 2 :J 8 W, Width of patch 434
s smh(a) .Fumm dmr;:ko st Curent (:)mhm" s Extended length of terminating patches 1.0
G Gap between centres of two parallel patches 8.0
L Length of folded-dipole 1.4
Wy Width of folded-dipole 0.7
Wy Width of matching stub 10.15
Iy Length of feed 2.8
g Gap of folded-dipole 0.26
L Length of array prototype 21.0
w Width of array prototype 26.0

Figure 24. Proposed 2D antenna array: (a) Franklin array unit-cell; (b) array unit-cell; (c) array current distribution;
(d) simulated prototype with te optimized dimensions; (e) fabricated antenna prototype.

The results obtained are:
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Figure 25. Reflection Coefficient, Radiation Pattern and Realised Gain for the complete system
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3.2.5 A Switchable 3-D-Coverage-Phased Array Antenna Package
for 5G Mobile Terminals

In this paper [22] , is proposed a new design of a mmW array antenna package with beam
steering characteristic for the 5G mobile applications. Three identical subarrays of patch
antennas have been compactly arranged along the edge region of the mobile phone PC to
form the antenna package. By switching the feeding to one of the sub arrays, the desired
direction of coverage can be achieved.

The proposed antenna package can operate either in diversity or MIMO mode at 21-22GHz:

Parameter Wab | Law hew Wep Lp d
Value (mm) 55 110 0.787 4.32 2 6.5
Parameter di W L Wi Ly Wa
Value (mm) 4.5 | 4574 | 3.787 1.72 3 0.5

Figure 26. Proposed design of three identical sub arrays of patch antennas operating at 5G frequencies.

The results obtained on the analysis of the antenna package are shown below for each sub-
array:

Figure 27. Reflection Coefficient, Realized Gain and Radiation Pattern for each sub-array

The proposed design has >10dB gain in the upper spherical space, good directivity and
efficiency, which is suitable for 5G mobile communications. Consisting of three sub arrays,
each sub array is steerable in the scan range of +90°.
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3.2.6 Broadband Proximity-Coupled Microstrip Planar Antenna
Array for 5G Cellular Applications

During this paper [23], a novel low-cost, high-gain millimeter-wave antenna is presented. The
antenna is a 6x5 proximity coupled planar array and has a bandwidth of 9.8% and
demonstrates a way of forming proximity-coupled microstrip planar arrays without the use of
cumbersome corporate feeding networks with the ability to easily form any planar suitable for
5G mobile applications.

The antenna operates from 27.5 to 28.5 GHz with a center frequency of 28 GHz and is
constructed from two stacked Taconic TLY-5 substrates (er = 2.2) with thicknesses of 0.508mm
each. A 50 Q microstrip line on the lower substrate feeds the resonant microstrip patch
elements on the upper substrate with spacings of SP1 to SP4.

Figure 28. Proximity-Coupled Microstrip Planar Antenna design.

The antenna has a gain of 21dBi over a -10dB bandwidth 27GHz-28.5GHz.

Figure 29. Reflection Coefficient, H-Plane radiation pattern and E-Plane radiation pattern.

The proposed 6 x 5 array has a gain of 21.86 dBi in its H-plane and 21.95 dBi in its E-plane at
28GHz with an impedance bandwidth of 9.8%. The stability of the structure is illustrated by the
similarities in the simulated and measured results, making it very suitable for integration in 5G
applications.
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3.2.7 Design and Analysis of 28GHz Rectangular Microstrip

Along this paper [24] , is presented the design of four elements 28GHz microstrip patch array
antenna for future 5G mobile phone applications. The designed antenna can be implemented
using low cost FR-4 substrates and can maintain good performance in terms of gain and
efficiency.

The 4-element rectangular microstrip patch array is formed by 4 microstrip patch antennas
with substrate height of 0.1mm, dielectric constant of 4.35 and a negligible tangent loss was
employed. A metal patch of length (L=2.503mm) and width (W=3.215mm) was connected to
50Q) feed line with an inset on the top of the substrate. The dimensions of inset feed were
Li=2.896mm and Wi=0.1928mm.

Figure 30. 28GHz Microstrip Patch Antenna design and Reflection Coefficient

The 4-element array is formed using power dividers and it is outlined in the figure below. The
Table summarizes the geometry dimensions of the suggested 4x1 element array microstrip
patch antenna.

Figure 31. 4-element Microstrip Patch antenna array and its parameters

From the simulation results, it has been observed that 4x1 linear array resonates at 28 GHz
with a gain of 11.2 dBi. Its performance regarding the Reflection Coefficient, it resonates at
28GHz at -14dB and with a -10dB bandwidth between 27GHz and 28.5GHz.
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3.2.8 Design of Efficient Microstrip Linear Antenna Array for 5G
Communications Systems

During this paper [25] , is presented a design of an efficient microstrip antenna array for 5G
communication systems. The single element has gap-coupled feeder and the antenna is
designed on low-loss Teflon based RT/Duroid 5880 substrate with dielectric constant 2.2 and
substrate thickness of 0.381mm. Below is presented the design, where Lp = 3.27mm, Wp =
4.343mm and feeder width is 1.187mm (50Q).

<>
D
== T

Figure 32. Single element design

The antenna operates at 28GHz and it is formed of 16 elements of rectangular patches
arranged in a linear configuration. A defected ground structure (DGS) in the form of
rectangular slots is employed in the array design to reduce the mutual coupling between
adjacent elements.

Figure 33. 16-element microstrip patch antenna array.

The 16-element array has a 10dB bandwidth of 2GHz and a maximum gain of 17.4dBi at
28.4GHz.
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Figure 34. 16-element Reflection Coefficient and Realised Gain

The performance of the proposed antenna satisfies the requirements of 5G communications
systems in terms of high gain, high radiation efficiency and adequate bandwidth.
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3.2.9 Design of Phased Arrays of Series-Fed Patch Antennas with
Reduced Number of Controllers for 28-GHz mm-W
Applications

Along this paper [26] , a new modified 2x2 and 3x3 series-fed patch antenna arrays with beam
steering capability are designed. In the designs, the patches are connected to each other
continuously and in symmetric 2-dimensional format using the high impedance microstrip
lines.

In this work, a low thickness Rogers RT/Duroid 5880 substrate with dielectric constant 2.2,
height 0.25mm and loss tangent 0.001 is used in the designs. The proposed cell is employed to
design the 2x2 and 3x3 series-fed array:

Figure 35. 2x2 and 3x3 series-fed arrays

The arrays will have maximum gain and good matching at 8 = ¢ = 0°. The S-Param of the
optimized arrays are presented below that show a good matchin around 28GHz and 820MHz
10dB bandwidth.

Figure 36. S-Parameters of the 2x2 and 3x3 series-fed arrays.

In the first design, 3-dimensional beam scanning range of +25° and good radiation and
impedance characteristics were attained by using only one phase shifter. In the second one,
good scanning performance of a range of +20°, acceptable side lobe level and gain of 15.6 dB
are obtained.

Figure 37. Radiation Pattern of 2x2 and 3x3 series-fed array respectively.
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3.2.10 Directive Antennas for Future 5G Mobile Wireless
Communications

In this paper [27] , several gain enhancement techniques for a single directive antenna for 5G
mobile communications including antenna arrays, metallic horn, dielectric horn, superstrate,
homogenous hemisphere lens and convex hyperbolic lens are presented.

The single element antenna configuration and geometry is presented below. The elliptical
patch is printed on a low permittivity (dielectric constant 2.2) grounded substrate with a
0.254mm thick and fed by a 50Q microstrip line on the backside of a second thin dielectric
layer with a higher permittivity (dielectric constant 10.2) and 0.254mm thick through an
elliptical aperture etched in the ground plane with a width nearly equals to half wave length of
the centre frequency 28GHz.

Figure 38. Single element design and results.

Different gain enhancement techniques are studied. Here it is presented the series-fed array
technique. The spacing among radiation elements is optimized at 28GHz to decreases the side
lobe level. This type antenna array does not affect the bandwidth, on the contrary to the
traditional antenna arrays.

Figure 39. Series-fed array design and simulated results of the different gain enhancement techniques.

A single directive antenna for the future 5G mobile networks has been presented. A realized
gain of more than 10dB with small side lobe level has been achieved.
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3.2.11 Exposure to RF EMF from Array Antennas in 5G Mobile

Along this paper [28] , radio-frequency electromagnetic field (RF EMF) exposure evaluations
are conducted in the frequency range 10GHz — 60GHz for array antennas intended for user
equipment (UE) and low-power radio base stations in 5G mobile communication systems. A
systematic study based on numerical power density simulations considering effects of
frequency, array size, array topology, distance to exposed part of human body, and beam
steering range is presented whereby the maximum transmitted power to comply with RF EMF
exposure limits specified by the International Commission on Non-lonizing Radiation
Protection (ICNIRP), the US Federal Communications Commission (FCC) and the Institute of
Electrical and Electronics Engineers (IEEE) is determined.

To analyze these limits, it is intended to simulate an antenna configuration:

Figure 40. Square-shaped array antenna and definition of area over which the power density is averaged.

It is studied the RF EMF exposure limits and limits on maximum equivalent isotropically
radiated power (EIRP) and the Power density and maximum transmitted power allowed for the
different regions:

Array area (enr) Maximum transmitted power (dBm) Maximum EIRP (dBm)

(GHz) 2x2-10x10 ICNIRP FCC IEEE ICNIRP FCC IEEE
elements

10 9.0—230 13-20 7—-18 16 —28 2445 18—43 27-53
Portable! 20 23-56 13-16 2-13 12-24 2441 13-38 23-49
applications 30 1.0-25 13-14 1-10 11-20 24-39 12-35 22-45
(d=0.5cm) 40 0.56-14 13 1-8 9-20 2438 12-33 20-45
50 0.36—-9.0 13 1-6 9-18 24-38 12-31 20-43
10 9.0—-230 20-26 18-26 27-31 37—45 37—43 42 -53
Mobile? 20 23-56 1626 1426 24-28 3741 37-39 39-49
applications 30 1.0-25 16—26 13-26 21-27 37-41 37-38 38-46
(d =20 cm) 40 0.56-14 15-26 13-26 21-27 37-40 37-38 38 -46
50 0.36-9.0 15-26 13-26 21-27 3740 3738 38-46

TFCC terminology used to denote devices intended to be used at a distance of less than 20 em from the uman body.
“FCC terminology used to denote devices intended to be used at a distance of 20 em or more from the human body.

Table 1. Summary of maximum transmitted power and maximum EIRP to comply with the ICNIRP [7], FCC [8,9,19]
and IEEE [10,11] RF EMF exposure limits.

For mobile devices very similar results are obtained for the FCC and ICNIRP limits as the
difference between the spatially averaged power density over 1 cm? and 20 cm? is small in a
large part of the parameter space where far-field conditions apply.
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3.2.12 Handheld Beamforming Antennas Adoptable to 5G
Wireless Connectivity

Along this paper [29] , is presented the design of high-frequency handheld beamforming
antennas for 5G mobile applications. A proposed 4-element antenna array resonating at
24GHz fits the placement in the top side of a handset phone.

The radiating elements are microstrip patches designed to resonate at 24GHz with 29.4mm,
8mm, 3.3mm, 3.2mm and 2.2mm as W, L, D, Wpatch, Lpatch respectively. This array antenna is
fed by the feed network whose multi-port blocks can be configured out by an optimization
process to scan the beam over the 120°-range in the broadside.

Figure 41. 4-element antenna array configuration.

The proposed 4-element antenna array scans the upward 120°-range in the elevation plane
with the movable main-beam of the antenna efficiency over 70% and the peak-gain greater
than 8dBi up to 10.5dBi at the target mmW frequency.

Figure 42. 4-element antenna array Return Loss and Far-field patterns of the movable beam.

A small beamforming antenna for the handset phone was designed with a feed network
adapted to be optimized feeding scheme. The proper antenna performance is demonstrated,
so it is a suitable solution for 5G mobile communications.
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3.2.13 Optically Upconverted, Spatially Coherent Phased-
Array-Antenna Feed Networks for Beam-Space MIMO in 5G
Cellular

During this paper [30] , it is presented a new approach to realizing extreme spatial
discrimination based on optically upconverted, spatially coherent phased-array feed networks.
The details of its approach, presented herein, include the design and initial demonstration of
both transmit (Tx) and receive (Rx) array systems that are used in tandem to form a down-/up-
link for the purpose of characterizing both array and link performance. Design parameters and
initial link characterization results are presented.

It is proposed an alternative Beam-Forming concept for RX and TX, relying on optical up
conversion of RF signals in a spatially coherent phase-array antenna to enable analog beam
forming in a planar/conformal array form factor.

Figure 43. Schematic layout of an optically fed phased-array antenna network for analog beam forming on a Tx
array.

A unique aspect of this paper was in the system-level integration
of Tx and Rx optical processors that consists of eight channels for
application in the realization of beam space MIMO up-/down-link
demonstration. In this paper, we demonstrated data rates up to
200 Mbps in data transmission with an SNR commensurate with
error-free transmission. Finally, the developed transmitting
phased array and the imaging receiver Rx array antenna have been
demonstrated in conjunction to show an end-to-end system

Figure 44. Photograph of the 1 x demonstration, where microwave communications signals have
8 imaging receiver system’s RF

front end been generated, steered, received, down converted, and
ront end.

recovered using photonic techniques.
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3.2.14 Stacked Patch Antenna with Dual-Polarization and Low
Mutual Coupling for Massive MIMO

In this paper [31], it is presented a dual-polarized antenna array with 144 ports for Massive
MIMO operating at 3.7GHz.

The proposed array consists of 18 low profile subarrays, and each subarray consists of four
single units. Each single antenna consists of one vertically polarized port and one horizontally
polarized port connected to power splitters, which serve as a feeding network. The design and
configuration of each subarray is:

Figure 45. Structure of the proposed antenna unit. (a) Prospective view. (b) Layouts on Layers 1, 3, and 5. (c) Layout
on Layer 7. [With h1=(1/2) h2=h3=0.762, 11 =w1=23.7,la=16.6, se =13.7, sa = 10.0, and sb = 12.5, all
dimensions are in mm.

The proposed Massive MIMO antenna array consists of 18 elements of each subarray
presented above providing a gain of 15dBi. The array configuration is based on the Turning
Torso building.

Figure 46. Configuration of three-level Turning Torso antenna array and Mutual coupling levels.

The proposed array could be a strong contender for the small cell base station deployment in
the urban area with high-density buildings for 5G wireless systems.
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3.2.15 User Effects on the Circular Polarization of 5G Mobile
Terminal Antennas

Along this paper [32], it is studied the effects of the user on a circularly polarized phased array
for 5G mobile applications for frequencies around 28GHz. The single element used to construct
the array consists of a magnetic dipole and an electric dipole. The proposed phased array
includes a total of 8 elements combined into a linear array on the short edge of the ground
plane.

Figure 47. Single element geometry and Proposed phased array.

When user effects are introduced, the Axial Ratio (AR) bandwidth becomes approximately 0.8
to 1.3GHz narrower.

Figure 48. AR and Maximum gain for (a) talk mode-bottom short edge; (b) talk mode-top short edge.

Figure 49. AR and Maximum gain for (a) data mode-bottom short edge; (b) data mode-top short edge

To realize the optimal CP performance and reduce the user effects of the CP coverage
efficiency, a CP array at the bottom short edge of the ground plane should be chosen in talk
mode, while the top short edge location should be chosen in data mode.
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3.3 Conclusions

It has been observed along the previous section, that there are several antenna array
configurations to be implemented for the upcoming 5G technology, from an array for Massive
MIMO purposes to simple antenna arrays for mobile communications.

In Table 2 below are represented the main and most important characteristics extracted from
each paper, in order to have a clear view about what the current solutions in the market are
proposing.

N-Element Antenna Type “ Bandwidth -10dB Bore5|ght Gain| Max. Scan Angle | Array Type

64 Patch Antennas 28GHz 0.5GHz (1.8%) 24.3dBi 155 2D Phase shifters
3. 8 Slot Antennas 28GHz 1.4GHz (4.9%) - 9.0dBi - 2D -
8 Slot PIFA Antennas 26GHz-32GHz 6.0GHz (21.4%) PCB Top Edge 13.0dBi +60° Lineal Phase shifters
9-Enhanced Franklin Antenna 28GHz, 37GHz and 39GHz 6.0GHz (21.4%) - 12.0dBi - 2D
24 Patch Antennas 21.5GHz 1.0GHz (4.7%) PCB Top Edge 12.5dBi +90° 3D Phase shifters
30 Proximity-Coupled Planar 28GHz 1.5GHz (5.4%) - 21.0dBi - 2D
4 Patch Antennas 28GHz 1.5GHz (5.4%) - 11.2dBi - Lineal
16 Patch Antennas 28GHz 2.0GHz (7.2%) - 17.4dBi - Lineal
4-9 Patch Antennas 28GHz 0.8GHz (2.8%) = 15.6dBi +25° 2D Phase shifters
4 Patch Antennas 28GHz 0.8GHz (2.8%) - 10.7dBi - Lineal
4 Patch Antennas 24GHz - PCB Top Edge 10.5dBi +60° Lineal Phase shifters
72 Patch Antennas 3.7GHz - - 15.0dBi - 3D
8 Dipole Antennas 28GHz - - 16.0dBi - 2D

Table 2. Summary of the Prior Art antenna solution most important characteristics.

From the table above, it can be extracted that the main characteristics used for designing a 5G
antenna array solution are:

¢ N-elements Antenna type: 4, 16 or greater — Microstrip Patch Antenna Array.

e Operating frequency: 28GHz.

e -10dB bandwidth: 0.5GHz (1.8%) to 2GHz (7.2%). Achievable for an antenna array. Not
needed to develop sophisticated wideband techniques.

e PCB Location: top or bottom short edge.

e Gain in boresight: >12.0dBi.

e Max scan angle: +60°.

e Array type: Linear or 2D.

e Beam steering mechanism: phase shifters.

These characteristics will be used on further sections to design, analyze and provide a suitable
solution for the market demands.

40



On the Analysis and Design of 5G Antenna Arrays

4 Analysis & Design of 5G Solutions
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4.1 Introduction

It has been seen so far that plenty of applications will be a reality with the arrival of 5G.
Nevertheless, both the hardware and software must reach the technical requirements to allow
the correct functionality of every of those applications. Hence, this project is focused on one
part of the hardware side: the antenna solution for 5G; one of the most important parts for
the technology success.

During previous section 3.2, several types of different antenna arrays already developed for 5G
applications have been presented and studied, showing the current solutions present in the
market from an antenna point of view. So, at this point, it is time to design and evaluate an
antenna array to be implemented for the upcoming 5G technology, beating all the challenges
this technology present such as high gain and directivity, high radiation efficiency, small
dimensions and beam steering for instance.

Therefore, to accomplish the required 5G Antenna Array solution and the main objective of
this project, it is previously analyzed a single element antenna, which will be replicated and
grouped to form the final antenna array solution.

4.2 5G Microstrip Patch Antenna

Nowadays, several type of Microstrip Patch antennas are present on the market, but basically,
Microstrip Patch antennas can be differentiated by the geometry and the feeding technique.

Nothing is fixed in this sense, lots of geometries and feeding techniques combinations can be
used to design a Microstrip Patch antenna for any application. In the particular case presented
in this project, a squared geometry and a probe-feed to patch technique have been used to
design the 5G Microstrip Patch antenna. The design procedure and considerations are
presented from scratch in next point.

Indeed, the objective of this first experiment is to find the correct Microstrip Patch dimensions
to resonate at the required 5G frequency obtaining high gain/directivity, with an extend -10dB
bandwidth and a highly efficient antenna. The center frequency (f;) is selected at 28GHz,
based on the analysis of the prior art done on section 3.3. Many cases have been analyzed in
order to get the best performance for a 5G solution, considering different dimensions and
different feeding point’s coordinates. However, only the best candidate is selected to be
implemented in the final antenna array.

An important point to consider which should not be forgotten is the importance of the
Microstrip Patch dimensions; because it will be used to create an antenna array which will be
probably placed into a wireless device (such as a smartphone, drone, etc.). Nevertheless, and
thanks to the 5G high frequency, in terms of lambda the electrical dimension of the antenna
elements is little enough to not be a problem for any future integration.
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4.2.1 Design procedure

As exposed above, there are plenty of design combinations to achieve an optimal Microstrip
Patch antenna solution for a desired operating frequency; but in this particular case, a square
Microstrip Patch antenna is considered.

To be squared, it is needed to set width and length equally (W=L). Antenna theory states that
an antenna element provide maximum radiation when its length is equal to 1/2. Therefore,
the desired Microstrip Patch antenna dimensions should be as close as possible to /2, but in
this case, considering the substrate dielectric constant.

_7__ %
° W—L—\/a*2

For the case of study presented in this project, it is used a RT/Duroid 5880 substrate material,
since its dielectric constant and loss tangent allow an optimal performance on the desired 5G
frequency band of 28GHz. From RT/Duroid 5880 datasheet [33] , it can be extracted the
following information:

e & =22@28GHz

e tand = 0.002 @ 28GHz

Figure 50. RT/Duroid 5880 Datasheet - Dielectric Constant.

Consequently, once established the design requirements in terms of dimensions and substrate
characteristics, the final Microstrip Patch dimensions are obtained:

c 3e108
Ao fo _ 28e109

W=1L= = -
Ver*2  ex2 V2242

= 3.6mm

Equation 16. Microstrip Patch antenna dimensions.
Where:

e W: width of the Microstrip Patch antenna.

L: length of the Microstrip Patch antenna.

&,: RT/Duroid 5880 dielectric constant.

c: speed of light.

fo: desired center frequency of operation.
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Along the design phase, several antenna solutions have been simulated on IE3D. In addition,
by using this simulation software, it has been analyzed the antenna performance in terms of
radiation pattern and efficiency. Nevertheless, the antenna impedance analysis has been
carried out on AWR.

—a—1 1-28(GHz), E-total, phi=0 (deg)

Elevation Pattern Gain Display
i)

Figure 51. Example of the information obtained and analyzed from IE3D.

Hence, a square 3.6mm x 3.6mm Microstrip Patch antenna is analyzed using IE3D and AWR
software to carry out a parametric study. It is observed the impact of the substrate height and
the probe-feed to patch points over the Microstrip Patch antenna impedance to achieve the
desired antenna performance by tuning these parameters.

Figure 52. Parametric study of the Microstrip Patch antenna solution.

However, the final and most optimal solution is only presented along this section, since the
single element solution found will be analyzed in different array configuration solutions; which
is the main objective of this project.
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4.2.2 Simulation Set-up

The 3.6mm x 3.6mm square Microstrip Patch antenna solution has been simulated on IE3D
software over a frequency range from 26GHz to 30GHz and considering:

e Aninfinite ground plane at the base of the antenna solution.
e Substrate dielectric constant = 2.2

e Losstangent =0.002

e Feeding technique: probe-feed to patch.

In the figure below, it can be observed that the simulated Microstrip Patch antenna fulfills the
dimensions obtained from the design procedure’s calculus:

4mm

A
v

3.6mm

3.6mm 0.8mm
«— ¢

4
v

4mm

1.8mm \
—>
¢0.7mm ! Infinite GP

Via: Negative level=0mm, Positive level = 0.08mm, Radius = 0.1mm

Figure 53. Single element Microstrip Patch antenna simulation set-up.

These simulation parameters and considerations have directly influenced on the Microstrip
Patch antenna performance analyzed and presented on next point, since they are a key part of
the simulation scenario and, therefore, the simulations results.

Moreover, during the design and simulation phase, the first challenge 5G present is faced: the
extremely small dimensions of the antenna elements. Due to lambda values at these
millimeter-Wave frequencies, the antenna elements must be as small as exposed on the
simulation set-up image above (or even smaller).

From a simulation point of view, the upcoming 5G antenna solutions require a really accurate
mesh process to correctly carry out the simulation, making difficult the entire simulation
process and scenario.
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4.2.3 Results

After analyzing several combinations of probe-feed to patch points and substrate heights, the
optimal antenna solution is presented.

Different figures are shown in order to characterize the performance of the single element
Microstrip Patch antenna solution for 5G application.

Reflection coefficient (S11)

Figure 54. Reflection coefficient of the Microstrip Patch Antenna.

SmithChart

28 GHz
Mag -26.184 dB
Ang 173.2 Deg

Swp Min
26GHz

Figure 55. Microstrip Patch antenna impedance shown on Smith Chart.
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It can be extracted from both graphics that the designed antenna solution is fully resonating at
the desired center frequency of the band (28GHz); since it presents a Reflection Coefficient
(S11) below -26dB, which means that more than 95% of the radiation efficiency will be radiated
(in a loss-less scenario).

Another key point to be analyzed and extracted from the Si; result’s graphics is the antenna
bandwidth. In this case, it has been intended to achieve the maximum bandwidth below the
limit of -10dB, so good antenna performance can be ensured in this range. Hence, the -10dB
bandwidth can be extracted:

BW -10db (%) = 29.092-26.757= 2.335GHz (8.3%)

It will ensure high and stable antenna performance over the 2.335GHz frequency range and
centered at 28GHz.

Antenna Efficiency and Radiation Efficiency

Efficiency Vs. Frequency

—s—{ Antenna Efficiency —=a - Radiation Efficiency
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Figure 56. Single element Microstrip Patch Antenna and Radiation Efficiency

The Radiation Efficiency obtained from the single element is 96% throughout the whole -10dB
bandwidth frequency range. In this manner, it can be ensured that the design performed is
efficient by itself, so well-designed.

On the other hand, the Antenna Efficiency is above 90% in the -10dB bandwidth frequency
range, and especially high at 28GHz, reaching completely the Radiation Efficiency limit.
Therefore, it is confirmed what was exposed previously, at 28GHz it is radiated more than 95%
(in this case 100%) of the radiation efficiency.
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Radiation Pattern

As explained on “Basic Concepts” section 1.6.8 about the Radiation Pattern, it is critical to
correctly consider the most convenient 2D views of the antenna radiation pattern to properly
show the relevant information.

In the case studied, phi = 0° and phi = 90° are shown, since as the Microstrip Patch antenna is
designed to radiate in zenithal direction mainly, no relevant patterns can be extracted from
theta = 90° view.

Figure 57. Single element Microstrip Patch antenna Radiation Pattern, phi = 0° and phi = 90° respectively.

In both cases, it is represented the Radiation Pattern considering an axis from maximum gain
to -30dB point. Therefore, the Microstrip Patch antenna maximum Gain is 8.0 dBi.

Taking into account the views presented (phi = 0°/plane XZ and phi = 90°/plane YZ), it can be
easily seen that the designed antenna is radiating in zenith direction, providing high coverage
towards the direction it points to. In addition, someone familiar with this type of antennas can
observe that there is no “back” radiation since no lobes are seen in this direction. This
phenomenon is due to the infinite ground plane considered for the simulation, which provides
an ideal surface to radiate from.

Summary

Results exposed reinforce the importance of a properly designed antenna solution, especially
for technologies such as 5G which demand really high performance. Therefore, it is validated
the single element design presented to be integrated and grouped to form an antenna array
for 5G successfully implementation as it will be done on next section.
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4.3 5G Microstrip Patch Antenna Array

Within section 1.3 it has been introduced what 5G is and what challenges this new technology
demand from a technological point of view, such as high gain and directivity, high efficiency,
broad bandwidth and the ability to provide full coverage in real time. All these requirements
are only achievable with an antenna array solution, since its design flexibility allows to achieve
high performance in tough and highly demanding environments (section 1.6.10).

Along this point, different antenna array solutions will be studied formed by the single antenna
element designed and analyzed in the previous section; considering different configurations to
study their performance and obtain the optimal solution for 5G application.

4.3.1 Design procedure

Several characteristics and design techniques are considered when designing Microstrip Patch
antenna arrays as it has been seen on the “3.2 Review of Prior Art” previously in this report.
Antenna arrays can be either linear or in two-dimension; even more, in some cases three-
dimension arrays could fulfill the specific requirements looked for.

In the study carried out within this section, linear and two-dimensional antenna array cases
have been considered; since the preferred implementation of the solution sought along this
project is for 5G wireless devices, which will demand to be as smallest as possible. For
Microstrip Patch antenna array characterization, it has been used the IE3D PatternView “Array
Pattern Calculation” tool, which provide an antenna pattern calculation with no mutual
couplings between array elements considered. Nevertheless, it provides a great flexibility to
analyze several designs and great accuracy for antenna array pattern calculation.

PatternView tool estimates the antenna array behavior by considering the number of
elements, the distance and phase step between them. From Antenna Theory, it is extracted
that the distance between antenna elements should be < A to avoid the apparition of grating
lobes in the visible range. Also, distance should also consider beam-steering to avoid the
apparition of grating lobes when steering the main beam [9] . Therefore, the distance between
the antenna array elements center and total distance of the array is calculated as:

Total Distance Cd= A ¢ 3e8

N-1 2 T2, T 2w 28e9 | O3omm

Equation 17. Distance between antenna array elements.

Where:

e Total Distance: distance between the center of the first and the last element of the
antenna array in the specific direction.

e N: total antenna array elements.
e d: distance between antenna array elements.
e c:speed of light.

o fo: desired center frequency of operation.
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However, it should be highly considered that if Microstrip Patch antenna dimensions are
greater than the calculated A/2 distance between elements, it must be set a greater distance.

Hence, once obtained the distance between antenna array elements, it is possible to get the
Total Array dimensions for each studied case.

Total Array Length

Total Array Width

Figure 58. Distance between antenna array elements and Total Array dimensions.

As exposed before, IE3D PatternView “Array Pattern Calculation” tool has been used to
characterize the antenna arrays studied in this section. It is considered the number of
elements, the total distance and the phase step for each direction:

Figure 59. Example of Add Elements to the antenna array.

On the main screen, it is possible to set the “Elevation Angles” and “Azimuth Angles” which will
be taken into account when characterizing the Microstrip Antenna array. For all cases
presented, it has been considered 73 points on each case.

Figure 60. Example of the Antenna Array Parameters.
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Once the Microstrip Patch antenna array has been defined, it is possible to analyze the array
characterization. The “Array Pattern Calculation” tool allows to generate the data needed to
plot the required radiation pattern, directivity, gain and efficiency. Information used to analyze
and define next steps on the design phase.

2D Radiation Pattern view is used to obtain the antenna array lobes, gain in boresight and
maximum scan angle for the specific Microstrip Patch antenna array.

In addition, the Total Field Directivity and Efficiency can be extracted from this
characterization.

Figure 61. Example of 2D Radiation Pattern, Directivity and Efficiency graphs.

“Array Pattern Calculation” tool provides the required information to correctly characterize
and study the different use cases for 5G applications. Moreover, it is a key tool to approach in
an easier way, the performance of the analyzed antenna array solution.

4.3.2 Simulation Set-ups

During the design phase, different simulation set-ups have been performed implementing the
3.6mm x 3.6mm square Microstrip Patch antenna solution presented along section 4.2; to
generate every antenna array case.

Figure 62. Single element Microstrip Patch antenna dimensions.

As exposed on the “Design Procedure”, in the case of study it has been selected array
configurations to be linear or two-dimension, with a number of elements from 4 to 16; since,
as said before, it is important to keep small dimensions when designing the Microstrip Patch
antenna array solution.

Six Microstrip Patch antenna arrays have been simulated and, for each case, it is presented
below the total distance considering the distance between elements exposed on section 4.3.1
of 5.35mm, together with the PatternView “Array Pattern Calculation” tool values.
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4-Microstrip Patch linear antenna array

First case of study is a 4-element linear antenna array, which Total Distance between centers
of first and last element is calculated as.

Total Distance .
N1 =d —- Total Distance = 5.35mm(4 — 1) = 16.05mm

Equation 18. Total Distance between centers of first and last element for a 4-Microstrip Patch linear case.

Hence, and considering the Microstrip Patch dimensions, the Total Array dimensions are as
follow:

20.05mm

r'y

5.35mm

4mm

Y

Figure 63. Distance between antenna array elements and Total Array dimensions for a 4-element antenna array.

To generate the required antenna array, on “Array Pattern Calculation” tool it is needed to add
the array elements with the previous characteristics. In addition, a phase step between
elements is included to analyze the maximum scan angle of the solution.

Figure 64. Array Pattern Calculation tool on IE3D PatternView for a 4-element antenna array.

Once created the antenna array elements, an antenna array pattern is generated with the
characteristics set to analyze its results.
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4-Microstrip Patch 2-D antenna array

For the two-dimension solution, it is needed to set the distance in X and Y direction

respectively; so, they are calculated as:
Total DistanceX = 5.35mm(2 — 1) = 5.35mm

Total DistanceY = 5.35mm(2 — 1) = 5.35mm
Equation 19. Total Distance between centers of first and last element for a 4-Microstrip Patch 2D case.

Therefore, the antenna array elements on Y direction are increased, which it is directly related
to an increase of the width. Total Array dimensions are set as shown below:

Figure 65. Distance between antenna array elements and Total Array dimensions for a 4-element 2D antenna array.

On a two-dimension antenna array, it is needed to implement the distance between elements
on both X and Y direction as shown below. Moreover, when including the phase step, both

direction’s elements must be analyzed.

Figure 66. Array Pattern Calculation tool on IE3D PatternView for a 4-element 2D antenna array.

Phase steps of 30, 60, 90, 120 and 150 degrees have been implemented for the scan angle
study.
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8-Microstrip Patch linear antenna array

As a second case of study considering the number of antenna array elements, it is
implemented an 8-element linear Microstrip Patch antenna array; for which the Total Distance
is increased till 37.45mm.

Total Distance = 5.35mm(8 — 1) = 37.45mm

Equation 20. Total Distance between centers of first and last element for an 8-Microstrip Patch linear case.

So, the antenna array for an 8-element linear case taking into account the dimensions
previously calculated can be characterized as shown below:

41.45mm

5.35mm

Figure 67. Distance between array elements and Total Array dimensions for an 8-element linear antenna array.

To properly characterize the 8-element antenna array solution, it is needed to generate the
elements on the X-direction only, including the Total Distance calculated previously between
both first and last element centers and the total number of elements in each direction of the
antenna array.

Figure 68. Array Pattern Calculation tool on IE3D PatternView for an 8-element linear antenna array.

For the maximum scan angle analysis, it is needed to increase the phase step value to obtain a
characterization of the performance in each phase.

54



On the Analysis and Design of 5G Antenna Arrays

8-Microstrip Patch 2-D antenna array

In this case, as it is an 8-element antenna array solution in two-dimension configurations, it is
needed to set a 4 x 2 configuration in X-direction and Y-direction respectively; so, X-direction
remains the main direction of the Microstrip Patch antenna array:

Total DistanceX = 5.35mm(4 — 1) = 16.05mm

Total DistanceY = 5.35mm(2 — 1) = 5.35mm

Equation 21. Total Distance between centers of first and last element for an 8-Microstrip Patch 2D case.

Total Array dimensions are shown below, where it can be observed that the complete antenna

array increases its dimensions in both directions:

20.05mm

5.35mm

9.35mm
5.35mm

Figure 69. Distance between array elements and Total Array dimensions for an 8-element 2D antenna array.

Eventually, and as it was explained on the 4-element 2D case, it is needed to create antenna
array elements considering both directions Total Distances to properly characterize the
Microstrip Patch antenna array. For the maximum scan angle, it has been increased the phase
step in both array directions, to observe the effect in all directions.

Figure 70. Array Pattern Calculation tool on IE3D PatternView for an 8-element 2D antenna array.
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16-Microstrip Patch linear antenna array

Finally, a 16-element linear antenna array is studied. It is set as “the limit” in terms of antenna
array elements, since its dimensions start getting too big, which will complicate its
implementation on a 5G wireless device. With this configuration, the Total Distance is
80.25mm.

Total Distance = 5.35mm(16 — 1) = 80.25mm

Equation 22. Total Distance between centers of first and last element for a 16-Microstrip Patch linear case.

As it can see below, there is such a great difference between the Total Array length and Total
Array width. For this specific configuration of antenna arrays, it is preferred to implement
them in a device short edge; because it will free plenty of space just underneath the area
occupied by the antenna array.

84.25mm

5.35mm
—

Figure 71. Distance between array elements and Total Array dimensions for a 16-element linear antenna array.

When creating the antenna array elements, and as it has been done in previous linear array
cases, it is needed to set the Total Distance in X-direction to generate the 16-element linear
antenna array.

Figure 72. Array Pattern Calculation tool on IE3D PatternView for a 16-element linear antenna array.

In this case, the phase step has been increased only in X-direction; since no elements are
present in Y-direction.
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16-Microstrip Patch 2-D antenna array

The last case that has been characterized is a 16-element two-dimension antenna array. As it
was explained in previous two-dimension solution, it is needed to set two different Total
Distances considering the X-direction and Y-direction respectively.

Total DistanceX = 5.35mm(4 — 1) = 16.05mm

Total DistanceY = 5.35mm(4 — 1) = 16.05mm

Equation 23. Total Distance between centers of first and last element for a 16-Microstrip Patch 2D case.

Total Array dimensions are shown below, where it can be observed that the complete antenna
array increases its dimensions in both directions forming a square of 20.05mm x 20.05mm:

20.05mm

5.35mm

20.05mm
5.35mm

Figure 73. Distance between array elements and Total Array dimensions for a 16-element 2D antenna array.

Finally, it is needed to add the antenna array elements in both directions equally, to generate
the desired 16-element two-dimension Microstrip Patch antenna array solution. Phase step is
characterized in both directions as well, to observe the impact of the phase difference

between elements.

Figure 74. Array Pattern Calculation tool on IE3D PatternView for a 16-element 2-D antenna array.
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4.3.3 Results

On previous section, it has been presented all the Microstrip Patch antenna array
configurations studied in this project, formed by the single antenna element specifically
designed for this purpose.

Henceforth, several figures are shown for each studied case in order to characterize the
performance of the desired antenna array solution for the upcoming 5G technology
applications. For each solution proposed, it is presented the Radiation Pattern, Directivity,
Efficiency and Maximum Scan Angle.

Along “4.3.1 Design Procedure” point, it has been exposed that 2D Radiation Patterns have
been used to obtain the gain in boresight of the antenna array solution analyzed, but
moreover, to obtain the shape and maximum scan angle of each solution.

In the cases studied, phi = 0° and phi = 90° are shown considering an axis from maximum gain
to -30dB point, since as the Microstrip Patch antenna array is designed along X-direction and Y-
direction mainly, no relevant patterns can be extracted from theta = 90° view.

4-MICROSTRIP PATCH LINEAR ANTENNA ARRAY

Radiation Pattern

Figure 75. 4-element linear Microstrip Patch antenna array Radiation Pattern, phi = 0° and phi = 90° respectively.

From both radiation pattern graphs, it can be observed that the 4-Microstrip Patch linear
antenna array maximum Gain is 12.8 dBi. Side lobes are -10dB from the main lobe maximum,
ensuring proper antenna radiation in the desired direction. Antenna array radiation is wider in
phi = 90°, since it has been physically designed to be along X-direction.
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Directivity and Efficiency

Figure 76. 4-element linear Microstrip Patch antenna array Total Field Directivity and Efficiency respectively.

Total Field Directivity is shown as cartesian plot to crosscheck the maximum Gain obtained
from Radiation Pattern graph exposed above. As it can be seen, the Directivity for the 4-
element linear antenna array is 12.8 dBi. On the other hand, the antenna array Efficiency is
shown, which matches with the Efficiency of the single element presented on section 4.2.3.;
since no mutual couplings are considered with the “Array Pattern Calculation” tool, Radiation
Efficiency is ideally 100%. For the -10dB bandwidth, the Antenna Efficiency is above 90%.

Maximum Scan Angle

To obtain the Maximum Scan Angle of the 4-Microstrip Patch antenna array solution, it has
been considered several phase steps between antenna array elements as explained in “4.3.2
Simulation Set-ups section”. By doing so, it is possible to shift the main lobe of the Radiation
Pattern. It has been considered the Maximum Scan Angle where the main lobe is -3dB from
the Phase Step 0° case.

Figure 77. Maximum Scan Angle of the 4-Microstrip Patch linear antenna array solution.

As it can be observed, the Maximum Scan Angle of the present case is +45°.

59



On the Analysis and Design of 5G Antenna Arrays

4-MICROSTRIP PATCH 2-D ANTENNA ARRAY

Radiation Pattern

Figure 78. 4-element 2D Microstrip Patch antenna array Radiation Pattern, phi = 0° and phi = 90° respectively.

In a two-dimensional case where in both directions (X and Y) there are the same number of
elements, phi = 0° and phi = 90° views have the same behavior. It can be observed that the 4-
Microstrip Patch 2D antenna array maximum Gain is 12.1 dBi. And no side lobes are present,
only a great main lobe.

Directivity and Efficiency

Figure 79. 4-element 2D Microstrip Patch antenna array Total Field Directivity and Efficiency respectively.

As it can be observed, the Directivity for the 4-element 2D antenna array solution is 12.1 dBi.
Regarding the Efficiency, same behavior than previous solution is obtained, with an Antenna
Efficiency for the -10dB bandwidth above 90%.
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Maximum Scan Angle

Figure 80. Maximum Scan Angle of the 4-Microstrip Patch 2D antenna array solution.

From the graph above, it is observed that in a two-dimensional configuration the Maximum
Scan Angle is reduced to +30°.

8-MICROSTRIP PATCH LINEAR ANTENNA ARRAY

Radiation Pattern

Figure 81. 8-element linear Microstrip Patch antenna array Radiation Pattern, phi = 0° and phi = 90° respectively.

When increasing the number of elements in one specific direction, in this case X-direction, it
can be seen on phi = 0° graph that the main lobe becomes narrower and more side lobes
appear. However, this side lobes are -10dB lower than the main lobe, which will not distort the
antenna array radiation. Another point is the increase of the maximum Gain that is 15.6 dBi.
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Directivity and Efficiency

Figure 82. 8-element linear Microstrip Patch antenna array Total Field Directivity and Efficiency respectively.

Directivity is increased as well till 15.6dBi, being totally aligned with the maximum Gain
presented above. Regarding the Efficiency, its Radiation Efficiency is obtained from the single
element due to no mutual couplings considered on the antenna array as explained before, and
its Antenna Efficiency is above 90% throughout the full -10dB bandwidth.

Maximum Scan Angle

Figure 83. Maximum Scan Angle of the 8-Microstrip Patch linear antenna array solution.

Even main lobe (Phase step = 0°) maximum Gain has been increased, the -3dB point set a
Maximum Scan Angle of £45°, the same Maximum Scan Angle than the 4-element linear
antenna array solution. Nevertheless, for the same angle, the Gain is greater on the 8-element
solution.

It is observed so far, the same behavior for all Microstrip Patch antenna array solutions. It has
to be finally confirmed with the 16-element linear case.
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8-MICROSTRIP PATCH 2-D ANTENNA ARRAY

Radiation Pattern

Figure 84. 8-element 2D Microstrip Patch antenna array Radiation Pattern, phi = 0° and phi = 90° respectively.

Even it is a two-dimension configuration, side lobes are present due to the difference between
elements in X-direction and Y-direction, 4 and 2 respectively. Side lobes are -15dB from the
main lobe maximum in phi = 0°, ensuring proper performance. From both graphs, it can be
observed that maximum Gain is 14.9 dBi.

Directivity and Efficiency

Figure 85. 8-element 2D Microstrip Patch antenna array Total Field Directivity and Efficiency respectively.

Total Field Directivity plot shows, as in previous cases, that Directivity equals the maximum
Gain observed in Radiation Pattern views, which in this solution is 14.9 dBi. From the Efficiency
plot, it is shown an Antenna Efficiency for the -10dB bandwidth above 90%.
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Maximum Scan Angle

Figure 86. Maximum Scan Angle of the 8-Microstrip Patch 2D antenna array solution.

In comparison with previous solutions, it is seen that the 8-element linear antenna array
achieves better performance on the Maximum Scan Angle test, which for the 8-element 2D
case is £30°.

16-MICROSTRIP PATCH LINEAR ANTENNA ARRAY

Radiation Pattern

Figure 87. 16-element linear Microstrip Patch antenna array Radiation Pattern, phi = 0° and phi = 90° respectively.

As it has been observed on the 8-element linear antenna array solution, when it is increased
the number of elements in one specific direction, main lobe becomes narrower and more side
lobes appear. It still has side lobes -15dB from main lobe, with a maximum Gain of 18.6 dBi.
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Directivity and Efficiency

Figure 88. 16-element linear Microstrip Patch antenna array Total Field Directivity and Efficiency respectively.

Directivity is set as well to 18.6dBi, being totally aligned with the maximum Gain presented
above. Regarding the Efficiency, its Radiation Efficiency is considered from the single element
as it is done in all cases, and its Antenna Efficiency is above 90% throughout the full -10dB
bandwidth.

Maximum Scan Angle

Figure 89. Maximum Scan Angle of the 16-Microstrip Patch linear antenna array solution.

From the last linear case, it can be fully confirmed that the Maximum Scan Angle performance
is maintained when the Microstrip Patch antenna array is linear and reduced when it becomes
two-dimensional.

As on previous linear antenna array solutions, the Maximum Scan Angle is +45°, with a
maximum gain at this point of 15.6 dBi. This is directly related to a high and stable coverage
and performance of the presented Microstrip Patch antenna array solution.
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16-MICROSTRIP PATCH 2-D ANTENNA ARRAY

Radiation Pattern

Figure 90. 16-element 2D Microstrip Patch antenna array Radiation Pattern, phi = 0° and phi = 90° respectively.

On the 4-element two-dimensional case, it has been seen that in a two-dimensional case
where in both directions (X and Y) there are the same number of elements, phi = 0° and phi =
90° views have the same behavior. In the 16-element two-dimension solution, it can be
observed that the maximum Gain is 17.6 dBi. Side lobes are -15dB below the main lobe
maximum point, ensuring a proper radiation performance.

Directivity and Efficiency

Figure 91. 16-element 2D Microstrip Patch antenna array Total Field Directivity and Efficiency respectively.

Directivity is aligned with the maximum Gain, so it is 17.6 dBi. As in all exposed cases, Antenna
Efficiency is above 90% throughout the full -10dB bandwidth.
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Maximum Scan Angle

Figure 92. Maximum Scan Angle of the 16-Microstrip Patch 2D antenna array solution.

If in previous case, 16-elements linear antenna array solution, it has been confirmed that linear
solutions have the same behavior and performance about the Maximum Scan Angle;
moreover, from the 16-elements two-dimension antenna array it can be observed that for
two-dimensional solutions the performance is decreased as soon as more elements are
introduced. In this case, the Maximum Scan Angle is £15°.

SUMMARY

Several Microstrip Patch antenna array configurations have been analyzed and presented
along this section. Results show the performance variation depending on the configuration set
as it can be observed in the figure below.

N-Element Antenna Type “ Bandwidth -10dB | Array Type | Array Total Size | Boresight Gain | Max. Scan Angle

4-Microstrip Patch 28GHz 2.3GHz (8.2%) Lineal 20.1mm x 4.0mm 13.0dBi +45 Phase shifters
4-Microstrip Patch 28GHz 2.3GHz (8.2%) 2D 9.4mm x 9.4mm 12.1dBi +30° Phase shifters
8-Microstrip Patch 28GHz 2.3GHz (8.2%) Lineal 41.5mm x 4.0mm 15.6dBi +45° Phase shifters
8-Microstrip Patch 28GHz 2.3GHz (8.2%) 2D 20.1mm x 9.4mm 14.9dBi +30° Phase shifters
16-Microstrip Patch 28GHz 2.3GHz (8.2%) Lineal 84.3mm x 4.0mm 18.6dBi +45° Phase shifters
16-Microstrip Patch 28GHz 2.3GHz (8.2%) 2D 20.1mm x 20.1mm 17.6dBi +15° Phase shifters

Table 3. Summary of the Microstrip Patch antenna array solutions studied most important characteristics.

It has been extracted this information to properly analyze if the studied solutions would
achieve the requirements set for 5G applications, as it has been presented on section 3.3.
Within “Conclusions” section, it will be evaluated each solution feasibility for the upcoming 5G
implementation.
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4.4 Conclusions

Throughout this chapter, it has been exposed the challenges 5G demand in terms of
technological requirements and specifications for its applications.

These challenges have been considered to design and analyze different solutions for 5G
technology presented along this section; starting by the design of a small and high-
performance single antenna element solution to thereafter integrate it in an antenna array

solution.

Microstrip Patch single element has been designed considering the specifications that, in terms
of performance, an antenna solution must achieve such as high gain and directivity, high
efficiency, small dimensions and radiation flexibility. The results presented on section 4.2.3,
validate the single element design presented as an optimal candidate to be integrated and
grouped to form an antenna array solution for 5G.

Once obtained the single element which form the antenna array sought, it has been
considered several Microstrip Patch antenna array configurations to achieve the specifications
and characteristics set on section 3.3 and extracted from the “Review of Prior Art” analysis.
These specifications have been used to properly design every antenna array solution:

¢ N-elements Antenna type: 4, 16 or greater — Microstrip Patch Antenna Array.
e Operating frequency: 28GHz.

e -10dB bandwidth: 0.5GHz to 2GHz (7.2%).

e PCB Location: top or bottom short edge.

e Gainin boresight: >12.0dBi.

e Max scan angle: +60°.

e Array type: Linear or 2D.

e Beam steering mechanism: phase shifters.

The results presented within section 4.3.3, are summarized and compared with the design

objectives in the table below.

4-Microstrip Patch Lineal 4-Microstrip Patch 2D 8-Microstrip Patch Lineal 8-Microstrip Patch 2D 16-Microstrip Patch Lineal | 16-Microstrip Patch 2D

Op. Freq.

10dB BW

Array Type

NN
CAX QA

CAUX AR
SAVERNEN

Beamsteering

AN

Table 4. Microstrip Patch antenna array solutions specifications.
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For instance, it has been extracted that the Maximum Scan Angle performance is better in a
linear configuration than in a two-dimension configuration. In addition, it has been observed
that as the number of antenna array elements increase, the maximum Gain is increased as
well. Therefore, all these aspects are needed to keep in mind when designing a 5G antenna
array solution.

Hence, it can be observed that all Microstrip Patch antenna array solutions designed and
analyzed along this section could fit in a 5G application wireless device. They present a variety,
in terms of dimensions and performance, that should be considered when selecting the
required antenna array solution, analyzing the specifications desired and the device physical
limitations.
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5 Cover Impact on 5G Solutions
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5.1 Introduction

Microstrip Patch antennas and Microstrip Patch antenna arrays are designed to be mainly
implemented in a device PCB (Printed Circuit Board) due to its physical characteristics.

Therefore, and once analyzed and presented different 5G Antenna Array solutions in previous
section, it is needed to characterize the behavior and the effect on the performance when the
antenna solution is integrated inside a device, and hence, when a cover is placed above its
radiating area.

mmW frequencies and 5G applications demand a stable and high antenna solution
performance to provide the needed coverage and technical requirements. Indeed, the device
cover is a critical and key point when designing the complete device, since by not choosing the
correct one (type of material, thickness, etc.), the performance of the antenna solution could
dramatically drop from the high performance obtained on a free-space scenario. Accordingly,
product designers and RF engineers should always work together to ensure good product
design but, at the same time, good radiofrequency performance.

Within this section, it is analyzed the impact of different wireless device’s cover material. It is
intended to characterize the 5G Antenna Array solution performance considering different
covers, since when implemented in a real device, several materials can be used, so the
performance must be maintained as high as possible in such different scenarios.

5.2 Cover Impact on the Array Radiation Efficiency and
Radiation Pattern

At this moment in time, there are plenty of opened topics about 5G, such as new applications,
impact on the daily life, frequencies bands in each region worldwide, licenses to operate, etc.
which will be defined as soon as the upcoming technology starts being introduced in our life
around mid-2020.

Nevertheless, in terms of performance analysis, it can be fully studied the 5G Antenna Array
solution for the desired operation frequency as it has been done in previous sections and,
moreover, what is presented along this section, the impact of different covers on its
performance.

To characterize the impact, it has been analyzed the behavior in several scenarios, considering
three material types and four different cover thicknesses.

For each case, it has been studied the Radiation Efficiency of the Microstrip Patch single
element antenna and the Microstrip Patch antenna array Radiation Pattern, which are affected
by the cover thickness and cover material dielectric constant, to obtain the performance of the
5G Antenna Array solution presented.
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5.2.1 Design Procedure

For the purpose of correctly characterize the cover impact on the 5G Antenna Array solution
designated, it is needed to clearly set a proper design procedure of the simulated set-ups to
obtain the required information.

As exposed before, when placing a cover above the radiation area of an antenna, its material
characteristics affect the Radiation Efficiency and the Radiation Pattern of the antenna.
However, and as Antenna Theory state, it is possible to minimize the impact of the cover if its
thickness is properly selected [34] . On the image below, is shown how the transmission is
affected by different thicknesses in terms of wavelengths.

Figure 93. Transmission vs Thickness in wavelengths.

Therefore, it can be extracted than the transmission of an antenna will be maximized (i.e.
cover impact minimized) every half-wavelength cycle considering the selected material
dielectric constant. Hence, the cover optimal thickness to minimize its impact on the antenna
performance can be defined as:

NA
2\/er

Equation 24. Optimal Thickness for a Wireless Device cover.

Optimal Thickness =

Along this section, three materials have been analyzed as candidates for a proper cover design
to achieve maximum 5G Antenna Array performance. Their electrical characteristics are
presented below [33] [34] .

e RT/Duroid 5880: &, = 2.2 and tand = 0.002
e Glass: g, = 6.84 and tand = 0.029

e Aluminum Oxide: ¢, = 9.0 and tané = 0.0011
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Consequently, with the electrical characteristics, it is possible to calculate the optimal
thickness for each material on the first half-wavelength cycle (N = 1).

e RT/Duroid 5880: Optimal Thickness RT /Duroid 5880 = ZI:Z_ = 3.6mm

NA
2V

e Glass: Optimal Thickness Glass = = 2.05mm

e Aluminum Oxide: Optimal Thickness Aluminium Oxide = 21\\7:_

= 1.8mm

As it can be seen, the optimal thickness is inversely related with the dielectric constant value.
On the graphic below, it is shown the trend line as the material dielectric constant increase.
For instance, to achieve an optimal thickness of 1mm, the material dielectric constant would
be around 29, which is high compared with the conventional wireless devices cover materials.

Figure 94. Optimal Thickness for the three materials considered.

Once obtained the optimal thickness for each material type, it is designed an infinite cover
considering different thicknesses on top of the Microstrip Patch antenna presented on section

4.2. It has been analyzed the performance of the Optimal Thickness, 1mm, 3mm and 5mm
cover thicknesses.

Figure 95. Example of an infinite cover layer defined on top of the Microstrip Patch single element antenna.
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On IE3D MGrid tool, it has been designed all the cases of study, to properly analyze the impact
on the performance. As it can be seen below, the parameters of the design have been
modified to include an infinite cover at the desired height and with the desired thickness.

Figure 96. Example of final cover impact simulated set-up.

Microstrip Patch antenna array and its cover are defined and simulated. Thereafter, it is
possible to analyze the array performance for each case of study.

The Radiation Efficiency impact is studied on the Microstrip Patch single element antenna,
since, as it has been exposed on previous sections, the PatternView “Array Pattern Calculation”
tool does not consider mutual couplings of the array, which make impossible to obtain an
accurate Radiation Efficiency.

On the other hand, following the process exposed on section 4.3.1, it has been characterized
the 8-Microstrip Patch Linear antenna array solution presented on 4.3, since its configuration
and performance lead to an optimal candidate for a 5G Antenna Array solution.

Finally, 2D Radiation Pattern view is used to obtain the antenna array lobes and gain in
boresight for the specific Microstrip Patch antenna array with every cover case.

Figure 97. Example of 2D Radiation Pattern and Efficiency graphs.
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5.2.2 Simulation Set-ups

Throughout the design phase, several materials with different thicknesses have been
calculated to study their impact on the 8-Microstrip Patch antenna array solution designed for
5G applications.

As exposed on the “Design Procedure”, in the case of study it has been selected three material
types: RT/Duroid 5880, Glass and Aluminum Oxide, and with four different thicknesses:
optimal for each material, 1Imm, 3mm and 5mm.

To analyze the impact of the cover, it has been simulated the Microstrip Patch single element
antenna used on previous section to create the antenna array solutions, including an infinite
cover on top of it. Thereafter, it is characterized the antenna array for each simulated scenario.

RT/Duroid 5880

First material analyzed is the RT/Duroid 5880. This material has been also used as the
substrate material for the Microstrip Patch single element antenna, since its electrical
characteristics allow to ensure small dimensions on the design for 5G application.

& = 2.2 and tand = 0.002

Equation 25. Dielectric Constant and Loss Tangent of RT/Duroid 5880.

Hence, four different RT/Duroid 5880 covers for each thickness have been designed:

Figure 98. (a) Optimal Thickness, (b) 1mm, (c) 3mm, (d) 5mm, thicknesses simulated for RT/Duroid 5880 cover
material.
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Glass

As a second case, it has been selected Glass material, since it presents great electrical
conditions to achieve an optimal thickness assumable for product designers.

In addition, its physical characteristics make them a great candidate to be selected. Moreover,
most of the current smartphone solutions are designed with this type of material.

Glass dielectric constant and loss tangent are presented below:

& = 6.84 and tand = 0.029

Equation 26. Dielectric Constant and Loss Tangent of Glass.

Its Optimal Thickness has been exposed previously in this section and it is around 2mm. In
addition to the 2mm cover case, it has been also simulated the 1Imm, 3mm and 5mm cases as
it has been done with the RT/Duroid 5880; since by doing so, it is possible to measure the
performance for each different material with same cover thickness characteristics.

Figure 99. (a) Optimal Thickness, (b) 1mm, (c) 3mm, (d) 5mm, thicknesses simulated for Glass cover material.

In this concrete case, it has been simulated practically all thicknesses ranges feasible to be
implemented on a real wireless device; since if the cover to be implemented is thicker than
5mm, the complete device would be extremely big for human being interaction.

Nevertheless, in some applications it could be needed to integrate the 8-Microstrip Patch
antenna array into a device with thicker cover than 5mm; for example, for military devices,
hard-condition device, etc.
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Aluminum Oxide

Finally, it has been selected an extreme candidate, since it is a metallic component, with a
really high dielectric constant. It is important to test such a scenario, since it enables to
evaluate cases which maybe are not considered.

& = 9.0 and tand = 0.0011
Equation 27. Dielectric Constant and Loss Tangent of Aluminum Oxide.

As on previous cases, the optimal thickness is evaluated together with other cover thickness
cases.

Figure 100. (a) Optimal Thickness, (b) 1mm, (c) 3mm, (d) 5mm, thicknesses simulated for Glass cover material.

8-Microstrip Patch Array characterization

To generate the 8-Microstrip Patch linear antenna array, on “Array Pattern Calculation” tool it
is needed to add the array elements with the previous characteristics as it has been explained
on page 54.

41.45mm

5.35mm
R

Figure 101. 8-element linear antenna array analyzed along this section.
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5.2.3 Results

Within previous section, it has been exposed all the different thicknesses studied per each
material. At this time, it is presented how each case affect the 8-Microstrip Patch antenna
array performance.

As it has been done along this report, different figures are shown to analyze the performance
and, in this case, the impact of each cover studied. For the case of study, it is presented the
Efficiency and Radiation Pattern.

COVER IMPACT ON THE RADIATION EFFICIENCY

Due to a limitation with the PatternView “Array Pattern Calculation” tool, it is not possible to
analyze the effect on the 8-Microstrip Patch antenna array Radiation Efficiency of the cover,
since no mutual couplings are considered. Nevertheless, it is studied each cover case impact
on the single element, which lead to an approach of the final array Efficiency performance.

RT/Duroid 5880

Figure 102. RT/Duroid Efficiency: (a) Optimal Thickness, (b) 1mm, (c) 3mm and (d) 5mm.
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Four Efficiency vs Frequency plots are presented for each cover thickness studied. As it can be
seen, the Antenna Efficiency in all cases is practically equal to the Radiation Efficiency at
28GHz, which means that the Microstrip Patch antenna is not distorted in terms of antenna
impedance. Radiation Efficiency is stabilized around 60% - 80% regardless the cover thickness
considered. Hence, it can be considered a candidate when a device has different casing
configurations, since its performance will be maintained for different cases.

Glass

Figure 103. Glass Efficiency: (a) Optimal Thickness, (b) 1mm, (c) 3mm and (d) 5mm.

On the second case of study, it is observed a great variance on the Radiation Efficiency for each
cover thickness scenario. For the Optimal Thickness, the Radiation Efficiency reaches to 66%.
But, on the other thicknesses analyzed, it is faced a fall in performance since the Radiation
Efficiency is below 40% in 1mm, 3mm and 5mm cases.

Therefore, on the Glass as cover material scenario, it is clearly seen the impact on the
Microstrip Patch antenna Radiation Efficiency when the thickness is not considered for an
optimal radiofrequency environment.
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Aluminum Oxide

Figure 104. Aluminum Oxide Efficiency: (a) Optimal Thickness, (b) 1mm, (c) 3mm and (d) 5mm.

Finally, as a third material cover scenario, it has been analyzed the impact in the case that a
metallic component, such as Aluminum Oxide, is used as a material for a wireless device cover
on top of the Microstrip Patch antenna.

Surprisingly, when an Optimal Thickness is considered, Radiation Efficiency goes up to 78%,
becoming the highest Radiation Efficiency value at 28GHz of the three materials and different
thicknesses studied along this section, together with the 1mm RT/Duroid 5880 scenario.

On the other hand, it is significant the distortion on the Radiation Efficiency for the other use
cases presented; since the its values go down until 50%. Even more, it is seen how the antenna
impedance is being deformed, since the Antenna Efficiency separates from the Radiation
Efficiency at 28GHz.

Hence, Aluminum Oxide could be an optimal candidate when the cover thickness is fixed and
deeply analyzed the impact on the antenna performance, because otherwise, many problems
could appear in terms of antenna impedance mismatch and failure on the performance.
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COVER IMPACT ON THE RADIATION PATTERN

Once it has been analyzed the different covers’ impact on the Microstrip Patch antenna
Radiation Efficiency, it is time to present the results of the analysis regarding the covers’
impact on the Radiation Pattern, i.e. the impact on the 8-Microstrip Patch linear antenna array
radiation shape and maximum gain. On free-space, the 8-Microstrip Patch linear antenna array
maximum Gain is 15.6dBi.

RT/Duroid 5880

Figure 105. RT/Duroid 5880 Radiation Pattern on phi = 0°: (a) Optimal Thickness, (b) 1mm, (c) 3mm and (d) 5mm.

It can be observed that the Radiation Pattern forms on phi = 0° view are maintained from the
once on free space, mainly on the Optimal Thickness and 3mm cases, since the 3mm case is
close to the optimal thickness calculated for the RT/Duroid 5880. On the other hand, on cases
1Imm and 5mm, side lobes become greater due to the reduction of the main lobe. This
phenomenon could affect antenna array performance.
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Regarding the maximum Gain for each cover thickness scenario, it can be extracted from the
plots presented above that Optimal Thickness present a maximum Gain of 16.0dBi, a Gain even
higher than the one obtained in free space. Otherwise, the 1mm and 5mm cases present a
maximum Gain below 15.0dBi while the 3mm case gets close to the optimal thickness
performance with a maximum Gain of 15.4dBi.

Figure 106. RT/Duroid 5880 Radiation Pattern on phi = 90°: (a) Optimal Thickness, (b) 1mm, (c) 3mm and (d) 5mm.

From the phi = 90° views, it can be observed the deviation of the Radiation Pattern for the
different cover thickness analyzed. On the Optimal Thickness and 3mm case, it can be seen
that the main power is being radiated on zenithal direction, while on the 1Imm and 5mm case,
the radiation pattern is being deviated to the left part of the pattern.

This is due to the “radiofrequency wall” that the 8-Microstrip Patch antenna array is facing,
since its thickness is not optimized for the use of the RT/Duroid 5880 material.
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Glass

Figure 107. Glass Radiation Pattern on phi = 0°: (a) Optimal Thickness, (b) 1mm, (c) 3mm and (d) 5mm.

On the second material scenario with Glass’ covers, it is observed from the phi = 0°, as it has
been seen on the Radiation Efficiency impact, that the cover thickness really impacts the 8-
element antenna array performance when it is not set as the calculated optimal thickness;
since side lobes become greater and main lobe is reduced due to the cover.

For the Optimal Thickness it is obtained a maximum Gain of 15.9dBi, again above from the free
space environment and extremely close from the RT/Duroid Optimal Thickness performance.

Regarding the 1mm, 3mm and 5mm cover thickness cases, it is observed a reduction on the
maximum Gain that lead to be below 10dBi; which means that the maximum Gain is reduced
by 6dBi, i.e. by a factor of 4 due to the cover presence.
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Figure 108. Glass Radiation Pattern on phi = 90°: (a) Optimal Thickness, (b) 1mm, (c) 3mm and (d) 5mm.

If it is observed the behavior on the phi = 90° views for the Glass material different cover
thicknesses, it is seen that for the cases where the optimal thickness is not set, there is a
deviation of the power radiated to the sides of the zenithal direction. The Radiation Pattern
becomes flatter, leading to a drop of the maximum Gain on the desired direction as the 8-
Microstrip Patch linear antenna array has been designed.

On the other hand, when the cover is designed to the optimal thickness calculated previously
along this section, the Radiation Pattern does not face a deviation of the main lobe; since the
cover becomes transparent in terms of wavelength for the 8-element antenna array
transmission.

Therefore, if the Glass €z = 6.84 and tand = 0.029 is selected as a cover material for a
wireless device, it should definitely be considered the optimal thickness; since if the cover is
set optimally, this material achieves a great tread off between antenna array performance and
cover thickness.
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Aluminum Oxide

Figure 109. Aluminum Oxide Radiation Pattern on phi = 0°: (a) Optimal Thickness, (b) 1mm, (c) 3mm and (d) 5mm.

Finally, it is presented the results obtained from the Aluminum Oxide different cover
thicknesses simulations and their effect on the 8-Microstrip Patch linear antenna array. This
case is particularly interesting since it is a metallic component, so in principle it should
extremely affect the antenna array performance.

Nevertheless, and as it is seen on the phi = 0° views, maximum Gain on the Optimal Thickness
scenario is maintained up to 16.0dBi; same behavior has been observed for the other two
materials studied on the optimal thickness case.

But, when the thickness is varying and is far from the optimal value, the maximum Gain is
reduced below 13dBi; i.e. half of the optimal, and moreover, side lobes are reduced too.
Hence, the cover is affecting the performance equally on the whole radiation pattern for the
1mm, 3mm and 5mm case.
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Figure 110. Aluminum Oxide Radiation Pattern on phi = 90°: (a) Optimal Thickness, (b) 1mm, (c) 3mm and (d) 5mm.

Aligned with previously shown phi = 0° views, if it is observed the 8-element linear antenna
array performance on the phi = 90° views for the Aluminum Oxide cover thicknesses, it can be
seen that the Optimal Thickness direction of radiation is maintained on zenithal direction as it
has been observed with other materials.

However, in contrast, for cases of Imm, 3mm and 5mm, the Radiation Pattern is deviated and
becoming flatter. Hence, the performance of the antenna array is affected and reduced from
the ideally designed.

Accordingly, Aluminum Oxide is a candidate to consider for product designers when modeling
a new wireless device; since its performance as a cover, if the optimal thickness is selected, has
been shown that can perfectly replace any other type of cover material. Even more, and due to
its high dielectric constant, it allows to reduce the cover thickness to be optimal up to 2mm,
dimensions that could ideally fit on a 5G wireless device design.
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5.3 Conclusions

Nowadays, when a new product is being developed, there are many characteristics that should
all merge to finally achieve the desired product for all parts involved in the project, such as
performance, usability, design, etc. For the upcoming 5G technology, this will not change; even
more, there will be more aspects to consider every time a product feasibility and design will be
analyzed due to the complexity and highly demanding technical requirements (section 1.3.1).

For the case of study of this project, it has been considered the impact of the wireless device
cover; since, from the antenna solution point of view, it is the most critical part which can
affect the antenna performance because it sits directly on top of the antenna in most of the
cases. Four cover thicknesses of three materials with different electrical characteristics have
been studied to characterize the impact of a wireless device cover. For each material, it has
been considered its Optimal Thickness (calculated from each material -electrical
characteristics), Imm, 3mm and 5mm.

These several scenarios have been studied to analyze the cover impact on the Microstrip Patch
antenna array solution Radiation Efficiency, to observe the effect on the antenna impedance;
and Radiation Pattern, which is modified due to the presence of the cover.

The results presented within this section show that the Radiation Efficiency is affected in a
more intense manner depending on the cover thickness simulated. As it can be seen on Figure
111 below, for both Aluminum Oxide and Glass, there is a huge difference in performance
when the thickness is considered as the optimal; in fact, when an Aluminum Oxide 1.8mm
cover thickness is used the Radiation Efficiency of the antenna array is close to 80%.

Otherwise, on the RT/Duroid 5880 scenario, it is observed a variation on the Radiation
Efficiency which does not match with the behavior seen for the other materials, since for the
optimal thickness case it is achieved a Radiation Efficiency below that the 1mm and 5mm cover
thickness scenario.

Figure 111. Materials cover thicknesses impact on the Radiation Efficiency.
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In addition, it has been analyzed the cover impact on the 8-Microstrip Patch linear antenna
array solution Radiation Pattern, to characterize the deviation and the effect on the main lobe
and maximum Gain, since it is a key point for a successful 5G Antenna Array solution.

In this case, it has been observed the expected behavior: when the cover thickness is set to the
Optimal Thickness, the impact on the 8-element antenna array is minimized; therefore, the
performance of the antenna array solution is maximized, which validates what has been
exposed on section 5.2.1: the transmission of an antenna is maximized every half-wavelength
cycle of the cover thickness. As it is shown on the image below, for all materials studied, there
is @ maximum on the optimal case obtaining a maximum Gain of 16.0dBi in all cases.

Figure 112. Materials cover thicknesses impact on the Maximum Gain.

Hence, and considering the results obtained from both the Efficiency and the Maximum Gain
cover impact, it is observed that, surprisingly, the Aluminum Oxide present the best
combination between minimum cover thickness and maximum antenna array performance;
since when a 1.8mm cover thickness is considered its Radiation Efficiency goes up to 80% and
the maximum Gain is maintained close to 16.0dBi.

Nevertheless, it should be deeply analyzed the impact of the cover material and thickness for
every different antenna solution and wireless device; since every scenario could extremely
change from another previously considered.
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6 Conclusions
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6.1 Introduction

Our world is changing day by day so fast, that new applications and technologies show up in a
way that technological companies and research centers must be focused on being as updated
as possible to keep track of the market demands.

The project presented has been developed within the scope of the necessity to achieve the
goals and challenges that the upcoming 5G technology, which will be a reality in mid-2020,
requires from an antenna solution point of view.

Consequently, it has been set a path to follow during the project and its investigation to clearly
consider and establish the objectives wanted to achieve; focusing on what has been done so
far, to properly design and analyze the 5G Antenna Array solution and its implementation, and
exposing different solutions to cover as maximum as possible of the market demands.

Within this section, it is intended to summarize the complete investigation and the results
obtained, to clearly see the objectives set and achieved along this project.

6.2 Final Conclusions

As it has been already exposed, this project aimed to investigate a feasible antenna solution
for the upcoming 5G technology, focusing on the importance of the challenges that this
technology demands. This project was presented as a great opportunity to “get on the wave”
of 5G, conducting a research and development of a solution for plenty of new applications.

When the project topic and scope were defined, several objectives were set to satisfactorily
success on the project execution. Before starting with the design of an antenna array solution,
it was needed to understand what 5G is and which requirements will present from a technical
point of view. Henceforth, and once set the basis of what has been studied, it has been
analyzed the current antenna solutions present in the market to finally establish the technical
goals for a future 5G implementation of the antenna array.

For the purpose of achieving the objectives of the project, it has been defined and scheduled
the project steps which have been closely followed along the project development. Steps
containing parts to be executed, meetings and deadlines have been considered. This has
helped to properly structure and focus the efforts, leading to an extraordinary organization of
each project phase.

One of the key parts of any investigation is to review the State of the Art of the field where the
project is being conducted. From the analysis done and exposed in section 3 of this report, it
has been extracted the main characteristics a 5G antenna solution presents on the current
market, such as huge bandwidth, high directivity/gain and beam steering technique. These
characteristics have been established as an objective for the 5G Antenna Array design.
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Throughout the analysis and design of a 5G Antenna Array done in section 4, it has been
studied the single element which has been grouped to form several antenna array solutions.
The Microstrip Patch antenna single element has been designed to resonate at 28GHz with
small dimensions (4mm x 4mm), huge -10dB bandwidth (2.3GHz) and high Efficiency
performance, being an optimal candidate for the Microstrip Patch antenna array.

Several Microstrip Patch antenna array configurations have been analyzed and presented,
considering 4, 8 and 16 elements on both linear and two-dimension configurations. Obtaining
high Efficiency performance, huge -10dB bandwidth and maximum Gain from 12.1dBi to
18.6dBi, all solutions presented could fit on a wireless device for 5G applications, considering
the technical requirements demanded. However, on the beam steering performance, it has
been observed that linear configurations achieve better performance, with a maximum scan
angle up to +45°,

Indeed, an 8-Microstrip Patch linear antenna array has been selected to be implemented in a
real-world environment, by studying the impact of a wireless device cover on the 5G Antenna
Array performance. Different materials and thicknesses have been analyzed, obtaining the
impact on the Efficiency and Radiation Pattern for each case. It has been observed that
considering the optimal thickness when a cover is selected, it is a key point to maximize the
antenna solution performance. Surprisingly, the Aluminum Oxide presented the best relation
between cover thickness and 8-element antenna array performance, with an Efficiency close
to 80% and a maximum Gain of 16.0dBi for a 1.8mm cover thickness.

Therefore, it has been demonstrated that several antenna array configurations of the
Microstrip Patch antenna developed along this project can perfectly fit as a 5G Antenna Array
solution. Moreover, it has been validated the 8-Microstrip Patch linear antenna array for a
real-world wireless device for 5G applications, such as autonomous vehicles, faster and higher
quality communications with full coverage, real-time security actions, resources management
and remote healthcare.

On next page, it is presented a figure summarizing the most important chapter of this project
considering the objectives, results and conclusions for each of them. It helps to better
understand the approach conducted and exposed along this report.

Finally, the path to follow from the investigation and development conducted along this
project would be implemented by the company Fractus Antennas S.L.
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