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Abstract

With the emergence of future mobile generations beyond 5G, novel technologies are
studied to satisfy the envisioned requirements of future services such as Ultra-Reliable
Low Latency Communications (URLLC) or Virtual Reality. Among these technologies,
Reconfigurable Intelligent Surfaces (RIS) arise as one of the most promising due to
their capabilities to improve the channel while only modestly increasing the network
energy consumption. However, multiple challenges have to be addressed before
they can be deployed. In this thesis, we study strategies for positioning the RIS to
achieve maximum SNR coverage in an outdoor propagation environment. Our model
takes into account the effects of shadow fading and line-of-sight (LoS). A comparison
between centralized and distributed deployments is also considered. Additionally, the
required size of RIS to match the coverage of a small cell is assessed. The results show
that the best positions to deploy a RIS lie close to the mobile terminals, in the vicinity
of the boundary between covered and out-of-coverage areas. It is concluded that a
centralized deployment is better than a distributed one, and a feasible size of the RIS

which matches the small cell coverage is obtained.
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Abstract

Med framvaxten av framtida mobilgenerationer bortom 5G, studeras nya teknologier
for att tillgodose de forvantade kraven for framtida tjanster som Ultra-Reliable Low
Latency Communications (URLLC) eller Virtual Reality. Bland dessa teknologier
uppstar Reconfigurable Intelligent Surfaces (RIS) som en av de mest lovande pa
grund av deras formaga att forbattra kanalen samtidigt som de bara okar natverkets
energiforbrukning mattligt. Men flera utmaningar maste losas innan de kan
distribueras. I denna avhandling studerar vi strategier for att positionera RIS for att
uppnd maximal SNR-tdckning i en utomhusférokningsmiljo. Var modell tar hansyn
till effekterna av skuggfading och siktlinje (LoS). En jamforelse mellan centraliserade
och distribuerade distributioner overvags ocksia. Dessutom bedoms den nodvandiga
storleken pa RIS for att matcha tdckningen av en liten cell. Resultaten visar att de
basta positionerna for att distribuera en RIS ligger nara de mobila terminalerna, i
narheten av gransen mellan tackta och utomtackta omraden. Man drar slutsatsen att
en centraliserad distribution ar battre dn en distribuerad, och en genomforbar storlek

pa RIS som matchar den lilla celltdckningen erhalls.

Nyckelord

6G, omkonfigurerbara intelligenta ytor, tradlos kommunikation, tackning.
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Acronyms

RIS Reconfigurable Intelligent Surfaces

URLLC Ultra-Reliable Low Latency Communications
SNR Signal-to-Noise ratio

UE User Equipment

SDMA Space-Division Multiple Access

HetNet Heterogenous Networks

GBSM Geometry-Based Stochastic Models
QuaDRiGa Quadriga Channel Model

MRC Maximum-Ratio Combining
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Chapter 1

Introduction

1.1 Background

With the advent of the future mobile generations beyond 5G, the data rate, latency
and coverage requirements of future services are expected to increase significantly.
Examples of it are Ultra-Reliable Low Latency Communications (URLLC), which will
require very low latencies, or Virtual Reality, which will require very high data rates.
To cope with this increase in demand, several novel technologies are being studied, e.g.
Cell-Free Massive MIMO or moving to the THz band [1].

Among these technologies, one of the most promising is the so-called Reconfigurable
Intelligent Surfaces (RIS), also known as metasurfaces. A RIS is a thin surface
composed of an array of small antennas, usually called scattering elements, where
each of these receives and re-radiates without amplification (i.e., passively) but
with a reconfigurable time delay. In narrow-band communications, this time delay
corresponds to a phase shift, which allows beamforming techniques to receive and
transmit steering the array’s radiation pattern. The reconfiguration of phase-shit
is carried out by a low-consumption microcontroller following different signalling

procedures with a base station.

RIS stems from the idea of improving the propagation environment of a wireless
link, creating a so-called smart radio channel. However, the idea of improving the
channel besides the transmitter and receiver is not new, since it is what wireless
repeaters (also known as relays) do: given a zone with low coverage, a relay improves

the signal reception amplifying the transmitted signal, which entails an additional

1



CHAPTER 1. INTRODUCTION

power consumption. In this context, RIS arise as an interesting alternative, since

amplification can be achieved only by using passive beamforming techniques [2].

Nonetheless, RIS is still a young technology with many open critical research questions
to solve about their performance, from the real-time control of the RIS and the related
pilot overhead problems [3] to the search of a convincing use case for it [2]. The
objective of this thesis is to shed light on the improvement of SNR coverage due to RIS,
studying the optimal deployment of it to achieve the best results in terms of covered
area. Besides, numerical comparisons between RIS and small cells will be carried out.
Small cells are base stations with reduced size, transmit power and computational
capabilities compared to traditional base stations (also known as macro cells), and

therefore have less range and fewer registered users.

1.2 Problem

In this thesis, the problem of optimal RIS deployment is considered. Specifically,
simulations of a given out-doors urban propagation environment will be carried out
considering there is a fixed base station and RIS. The objective will be to find the best
position for RIS to maximize the coverage area, i.e. the area on which the Signal-to-
Noise ratio (SNR) is higher than a specific SNR threshold. Additionally, numerical
comparisons will be performed to check the capabilities of RIS to replace small cells.

In summary, we want to answer the following questions:

1. Which is the best positioning and orientation of RIS in a propagation

environment?

2. Is it better to deploy only a RIS with M elements or several with a total number

of M elements?

3. How many elements does RIS need to match the coverage capabilities of a small

cell?

1.3 Purpose

The main purpose of this thesis is to gain knowledge about a hypothetical future

deployment of RIS in mobile communications. RIS is still a quite novel research topic
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CHAPTER 1. INTRODUCTION

and it is valuable to shed light on matters that might become relevant in the future

deployment of RIS in a real use case, like the one presented in this report.

1.4 Goal

The goal of this thesis is to find the best deployment strategies of RIS for several
scenarios and draw generic rules about the placement of RIS in future RIS-Aided
networks. A simulation environment in Matlab is used to numerically find the best

positioning of the RIS.

An expected deliverable of the project is a mathematical model of communication
between the base station, the RIS and the User Equipment (UE), taking into account

the fading modelling of the scenario and the directivity of RIS elements.

1.5 Benefits, Ethics and Sustainability

This project degree is scientifically relevant since it provides insights into the
deployment of RIS, which is an under-researched topic that might be of interest to
telecommunications service providers, equipment manufacturers and the academic

research community.

Regarding ethics and sustainability, the passive nature of RIS means that they consume
very small amounts of energy and future networks could be able to save energy if
deploying RIS is seen as a feasible alternative to small cells in some scenarios, thus

improving the efficiency and sustainability of cellular networks [4].

1.6 Methodology

This thesis is carried out at the Division of Communication Systems of KTH Royal
Institute of Technology. RIS is a novel technology and the aim of this thesis is to
provide some insights about a hypothetical future deployment of RIS in a cell network.
In order to answer the questions of section 1.2, a MATLAB simulation environment is
developed, which will follow a defined propagation model that captures the essentials
of reality without becoming computationally unfeasible. The numerical results of the

simulations are then used to draw conclusions on the deployment of RIS.
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1.7 Delimitations

On the one hand, remark that no physical implementation will be carried out due to
a lack of time and budget. On the other hand, it is not expected to simulate all the
propagation physics of electromagnetic waves but a simple approximation to draw

generic conclusions.

1.8 Outline

In Chapter 2, the theoretical background of RIS is discussed, from hardware
considerations to signal processing, outlining the main research carried out so far
regarding the research question of this thesis. In Chapter 3, all the details regarding the
methodology of the research are explained, e.g. channel modelling and the scenarios to
be tested, and some implementation details are introduced. In Chapter 4, the resultant
plots of the research are provided. Finally, in Chapter 5, conclusions are drawn and

future research lines are considered.



Chapter 2

Theoretical Background

2.1 Beamforming and Directivity

In essence, a RIS is an array of antennas. Through the usage of beamforming
techniques, the RIS is able to receive and transmit a signal with a configurable radiation

pattern. Next, the basic principles of array beamforming are explained.

One of the most important features of a radiation element is to which direction the
power is emitted. This is summarized in the so-called directivity function D(6, ¢),
which shows how the power is distributed in polar coordinates. In this thesis, it is
supposed that all the points of interest are in the far-field of the antenna, and near-

field considerations are neglected.

Figure 2.1: Directivity of an elemental dipole. [5]

Depending on the shape of the antenna, we obtain different directivities. The more
concentrated D(0, ¢) is around a specific direction, the more directive is the antenna.

For instance, Fig. 2.2 is more directive than Fig. 2.1.
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Directivity (dB)

I 20
N7

Figure 2.2: Directivity of a parabolic antenna. [6]

Once an antenna is built, the directivity cannot be changed, and if you wanted to steer
the radiation pattern you would have to rely on mechanical movements, e.g. marine
radars. However, in many applications, it is desired to modify the radiation pattern
without depending on mechanical movements that would make real deployments more
expensive and complex. In the field of mobile communications, with the advent of
Space-Division Multiple Access (SDMA), the idea of having a configurable directivity
gained importance [7]. In this context, the phased arrays of antennas arise as a feasible
solution thanks to beamforming techniques. In essence, beamforming is based on
steering the directivity using multiple antennas that transmit the same signal but

with different phase shifts, leading to constructive interference in a certain direction

[8].

Constructive interference

Constructive interference

MYYY @\m

Generate synthetically with antennas:

One antenna Two antennas

(same signal,
Two a"‘,e""as different delays)
(same signal)

Figure 2.3: Graphical explanation of beamforming. The coloured circles are points
with the same phase. [9]
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With this technique, it could be possible to transmit (and, due to Lorentz reciprocity
theorem, to receive) to any direction, given the proper phase shift configuration.
Besides, the signal would be amplified in certain directions, since several waves would
interfere constructively, but in other directions, the signal would be attenuated due to
destructive interference. On the other hand, the resulting radiation pattern would also
depend on the directivity of a single antenna element of the array and it can be proved
that:

D(@, ¢) = Delement<0; ¢)'Darray(‘9, ¢) (2.1)

If the antenna elements are isotropic then D(6, ¢) = Dymay(6, ¢). The proof of 2.1 can

be found in [10].

2.2 Square Law

The maximum achievable directivity in terms of power is the constructive sum of
the M waves, where M is the number of elements of the array, therefore D, =
M?. Considering uncorrelated noise between RIS elements and Maximum-Ratio
Combining (MRC), an SNR improvement of M is obtained [8]. RIS use beamforming
twice, for receiving the impinging signal from a base station and transmitting it to a
desired UE. Therefore, RIS entails an SNR improvement of /2, i.e. the SNR scales

with the square of the RIS elements. This fact is usually referred to as the square law

[2].

RIS controller

Figure 2.4: Example of RIS deployment. [9]
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On the other hand, the recent advances in the electronic design of RIS have shown
the economical feasibility and energy consumption efficiency that would entail the
deployment of RIS with respect to previous technologies such as wireless repeaters

[11] [12].

2.3 Related Work

RIS arise as one of the most promising technologies to improve the spectral efficiency of
cellular networks. In the last few years, research has been carried out in order to study
and address the main challenges regarding the implementation of RIS, from channel
estimation [1] to the search for worthy use cases [13]. This thesis is focused on the
latter. Specifically, the optimum positioning of RIS and its equivalence in terms of
coverage to a small cell are studied. Small cells are a technology already implemented
in LTE, in the context of Heterogenous Networks (HetNet), envisioned to improve the
spectrum efficiency of a cellular network. It consists of using cells with a reduced size,
transmitted power and computational capability compared to traditional macro cells,
and therefore with less range and fewer registered users. However, a small cell is still
an active element, with non-negligible energy consumption. With the advent of RIS,
the possibility of reducing the density of small cells deployed while reducing overall

energy consumption arises.

Many articles can be found on the analysis and modelling of RIS. Next, we enumerate
some of the most relevant for this project. In [14], the basic principles of RIS both
from physics and communications perspectives are described and it surveys research
contributions that apply machine learning. In [15], it overviews RIS applications from
RIS-Aided Multicell Networks to RIS-Aided cognitive radio networks. In [16], an
exhaustive overview of RIS is carried out, from path loss modelling to a comparison of
the performance of RIS in function of their location. In [17], an analysis of the state of
the art is provided and numerical simulations are carried out to show the performance
enhancement with the use of RIS in typical wireless networks. In [1], a mathematical
development of the most relevant signal processing formulas in the context of wireless
communications is provided. In [13], a stochastic geometry simulation scenario is
analyzed to draw conclusions on the performance of RIS in the presence of randomly
located blockages. In [18], a RIS-Aided Cell Free scenario is considered, and is one of

the few papers, to the best of the author’s knowledge, to draw clear conclusions on the
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CHAPTER 2. THEORETICAL BACKGROUND

capabilities of RIS to replace small cells. In this thesis, we do not consider a Cell Free

scenario, but a traditional cellular network.

On the other hand, regarding the optimal positioning of RIS, the research is not
abundant, and, to the best of the author’s knowledge, the main references are [19],
[20] and [21]. In [19] and [20], a remarkable analysis of RIS optimal placement can
be found for mmWaves in indoor and outdoor scenarios, and it concludes that RIS
should be closer to receivers than transmitters. However, the analysis is done in ideal
free space scenarios, without taking into account the shadow fading due to the possible
multiple obstacles in the propagation environment. So, in this thesis, an analysis of
the optimal positioning of RIS will be performed supposing a realistic scenario with
multiple obstacles and their respective shadow fading. In [21], aremarkable theoretical
information theory study about distributed deployment strategies of RIS is performed,
and it was concluded that centralized deployment is better than distributed. In this
thesis, the conclusions of [21] will be checked by comparing the coverage of different
RIS configurations: centralized and distributed, taking into account the total size of
the deployed RIS.



Chapter 3

Engineering-related content,

Methodologies and Methods

When it comes to the simulation of wireless networks, there is a wide variety of
simulators available, each with a different level of complexity and similarity to a real
deployment scenario. Regarding RIS simulation, several options have been considered
so far. On the one hand, there are ray-tracing simulations which are based on the idea
that, providing a digital map of the environment, a set of propagation laws are applied
to obtain the resultant coverage of a deployment. This method is computationally
demanding, especially for large outdoor scenarios, but it can provide the most realistic

results if a real deployment is expected.

Figure 3.1: Example of ray-tracing indoor simulation. [22]

On the other hand, there are non-geometry-consistent methods which are mainly

based on modelling the channel only as a probabilistic distribution (e.g. Rician).

10
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This simplification becomes really useful when studying, for instance, RIS channel

estimation algorithms [23] or qualitative comparisons between RIS and relays

[24].

There is still another option, the Geometry-Based Stochastic Models (GBSM), which
offers a trade-off between the fully-deterministic ray-tracing and stochastic methods.
GBSM does not need the exact map of the environment, like ray-tracing, as the position
of scatterer clusters is generated randomly according to calibrated distributions.
After the cluster generation, ray-tracing can be applied. Additionally, Large and
Small Scale fading parameters can be introduced. A paradigmatic example of
GBSM is Quadriga Channel Model (QuaDRiGa), a MATLAB open-source simulator by

Fraunhofer Heinrich-Hertz-Institute [25].

In this thesis, it was decided to implement a simplistic ray-tracing model in MATLAB.
The non-geometry-consistent methods do not take into account the geometry of the
environment, which is a really important point when assessing the SNR coverage. On
the other hand, GBSM might become useful in the study of RIS [26], but it is unclear
how coverage could be studied, and due to the lack of time, finally ray-tracing was

chosen. Next, the details of the implemented simulator are explained.

3.1 Scenario: Shadow Fading and LOS/NLOS

First of all, the dimensions of the environment are 300x300 meters. A BS is placed at
the point (300,300). To define the obstacles, a correlated urban shadow-fading map
with respect to the BS is generated with QuaDRiGa. With this map, we are able to
model the presence of obstacles for the BS. In order to model the shadow-fading for
the RIS, we define circular obstacles placed in a coherent way with the SF map of the
BS, see Fig. 3.2. The idea of this is to determine which points are in LoS with the RIS
and change the path loss model accordingly. One might wonder why not another SF
map for the RIS is generated. The main reason is that SF maps of BS and RIS should
be correlated with each other, and this is not a trivial question: Quadriga is not able to
generate so. Therefore, this alternative solution is considered. In Fig. 3.3, we can see
an example of the different zones we obtain given a RIS placed in (150,50). Depending
on the zone, a different channel model is applied. The same applies if a small cell is
deployed instead of RIS.

11
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5
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Figure 3.2: Example of shadow fading map with respect to BS in (300,300). In black,
the added obstacles.
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Figure 3.3: Map of zones. Green: LOS RIS - NLOS BS. Blue: NLOS RIS - LOS BS.
Red: NLOS RIS - NLOS BS.
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3.2 Channel model

The channel model is deterministic, i.e. is only dependent on the relative distance
between the transmitter and receiver. It is supposed that proper signal processing
techniques are applied to obtain a flat-fading narrowband channel without fast fading,

in order to have a simple simulation environment.

3.2.1 Base station channel model

An NLOS path loss is implemented (3GPP 38.901 UMa NLOS). The base station
transmits with a central frequency of 3.5 GHz and 100 W of power. The thermal noise
power is computed from the formula P, = kz-T-B, where kg is Boltzmann’s constant,
T is the temperature, supposed to be 290 K, and B is the bandwidth, supposed to be

100 MHz. An isotropic antenna is considered. The path loss equation is

Prios(dB) = —32.4 — 20-log,,(f./10%) — 30-log,,(d). (3.1)

3.2.2 RIS channel model

Two path losses are implemented (38.901 UMa LOS and NLOS). Note that with RIS
we have two paths defined: from BS to RIS and from RIS to UE. Depending on the
relative distance to UE, BS and obstacles, a LOS or NLOS path loss is applied for each
path. The path loss equations are

Pros(dB) = —28 — 20-log,,(f./10%) — 22-log,,(d) (3.2)

Pxros(dB) = —32.4 — 20-10g,,(f./10”) — 30-10g,,(d). (3.3)

Next, in this thesis electrically small RIS are considered, that is, RIS is small compared
to transmission distances. Therefore, according to [14], the path losses of BS to RIS and
RIS to UE are multiplied (distance product model). Due to the square law mentioned
in Chapter 2, the number of elements M squared of the RIS scales the resultant power.

Therefore, the UE would receive the following power from the RIS:

Prx = [ -M?- Dgs- Dgis element* DUk (3.4)

13
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where K, k; and k, are determined by the previous path loss equations and
Dpgs, Dris element and Dy are the directivity values of the BS, RIS element and UE. BS
and UE are supposed to be isotropic, so Dgs = Dyr = 1. rpg and ry 5 are the distance
from BS to RIS and from RIS to UE.

Next, we suppose that the system manages to sum coherently the signal directly from
the BS and from the RIS to the UE. Given the following channel gain expression of a
UE receiving from the BS and a RIS:

M
g=p + Z 6_j.cnbl,'rn'blm (35)

m=1

where p € C is the channel gain of the direct path BS-UE and b, ,,,b2,, € C is the
channel gain for each element of RIS from BS and to UE respectively. Then, it is proven

at [3] that ¢ is maximized if:

cn = arg(p) — arg(bymbam). (3.6)

Therefore:

g = |p| + [b1,mb2,ml. (3.7)

Eq. 3.6 and 3.7 entail two assumptions. First, it is supposed the BS has perfect
knowledge of the state of the channel, which is an optimistic situation since the real
control and channel estimation of RIS is still an open research question. This is though
not a critical assumption since the main point of this thesis is the study of the optimal
deployment. Second, the quantization effects of phase shift ¢, are neglected. In the
case of having multiple RIS, we suppose that all sum coherently. In other works, links
between RIS are considered (multi-hop), but this is not considered since it is out of the

scope of this study.

Finally, note that due to Eq. 2.1, the directivity of RIS elements has to be specified to

obtain more meaningful results. Based on [27], we have:

14
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Zsin?(f) 0<6<m
Delement(e) = (38)
0 T<0<2m

Note that now Eq. 3.8 is a function of one variable, since, as stated in Sec. 3.1, a 2D

case is studied.

90
120 60

150 30

180 & 0

210 330

240 300
270

Figure 3.4: Polar plot of Eq. 3.8.

3.2.3 Small cell channel model

Two path losses are implemented (38.901 UMi LOS and NLOS). In this case, in order to
avoid interference with BS, mmWaves are considered, and the central frequency is 30
GHz and it transmits with an EIRP of 40 W. The power noise is computed in the same
way as BS, but the bandwidth is supposed to be 200 MHz since mmWaves provide

larger bandwidths than the sub6 band. The path loss equations are
Pros(dB) = —32.4 — 20-1og,,(f./10”) — 21-1log,,(d) (3.9)
Paros(dB) = —32.4 — 20-log,,(f./10%) — 31.9-log,,(d). (3.10)

It is supposed that the small cell only serves the UE which can obtain a better SNR from
it than the BS.

15
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3.3 Optimal placement

The objective is to maximize the area whose SNR is larger than a specific threshold
SNR;. In a real deployment, the value of SNR; is really dependent on the kind of
provided service. In this thesis, it is decided to consider SNR; = 15dB [28].

In the case of deploying only one RIS, the optimal deployment will be done through
a grid-search algorithm. The RIS will be placed in each position of the grid. For each
position, multiple orientations of the RIS are considered. Specifically, the distance
between two points of the grid is 20 meters, starting from point (0,0) to (280, 280),
providing us with 15x15 = 225 points to test the RIS. The considered orientations are
[0°,10°,20°9,...,350°], where the orientation is the tilt of RIS surface with respect to the
x-axis. For each point and orientation, the channel model is applied, obtaining a value

of coverage. With it, the most optimal placement is found.

In the case of deploying multiple RIS, we implement a sub-optimal solution. First,
only one RIS is considered and only its optimal positioning is considered. Once it is
found, the RIS is placed there and the optimal positioning of the next RIS is considered,
and so on. The optimal solution is not considered since it would take a prohibitively
long time: with the suboptimal solution, 225-# RIS combinations of points are tested,

5#RIS

whereas with the optimal 22 combinations are tested, i.e. it scales exponentially

with the number of RIS.

In the case of the small cell, in order to have a fair comparison with RIS deployments,
optimal positioning is considered too, following the same grid-search algorithm.

However, multiple small cell deployment is not studied in this thesis.

16



Chapter 4

Results

Three scenarios are considered to carry out the simulations, see Fig. 4.1. In these,
supposing only a BS in position (300,300) m as explained in Ch. 3, the following
coverages are obtained: Map 1 is 54% covered, Map 2 is 58% covered and Map 3 is

26% covered. The SNR maps are shown in Fig. 4.2.

When deploying a single RIS, it is supposed that the number of elements is 1024. When
deploying multiple RIS, the 1024 elements are equally distributed between all the RIS:

with 2, each has 512 elements and with 3, each has 341.

4.1 Centralized RIS deployment

In Fig. 4.3, maps of the optimal positioning of a RIS are shown. The brighter the
position, the larger the coverage provided by the RIS. It can be noticed that in all maps,
the best positions are the points closer to the out-of-coverage zones shown in Fig. 4.2
when only the BS is deployed. On the other hand, it can be seen, especially in Map
3, how the RIS optimal positions tend to be in the vicinity of the boundary between
covered and out-of-coverage points in Fig. 4.2. In Fig. 4.4, the best orientation for RIS
in each position is provided. In Fig. 4.5, the resulting SNR maps are shown, obtaining
the following maximum values of coverage when the RIS is optimally deployed: 71%
for Map 1, 73% for Map 2 and 44% for Map 3. This is an improvement of 17%, 14% and

18% respectively.

17
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Figure 4.1: Considered scenarios: shadow fading and obstacles.

18



CHAPTER 4. RESULTS

Map 1

250

200 ¢

(dB)

EREIR

SNR

100 ¢

50 ¢

) 100 150 200 250
[m]

0 5

(a) Map 1. Coverage = 54%.

Map 2

250

200

{dB)

IERES

100 - .

50 ¢

SNR

0 50 100 150 200 250
[m]

(b) Map 2. Coverage = 58%.

Map 3

250

200

{dB)

E 150

SNR

100

50 ¢

0 50 100 150 200 250
[m]

(c) Map 3. Coverage = 26%.

Figure 4.2: SNR maps with only BS. In white, the points whose SNR < SN R,, i.e. out
of coverage zones.

19



CHAPTER 4. RESULTS

Map 1

300

250

200

o
@
o
)

g 150

Clovered area {9

100

50

0.55
0 50 100 150 200 250 300
]
(a) Map 1.
Map 2
300
250
200
I
— 0.66 =
B 150 E
g
064 S
100
50
0
0 30 100 150 200 20 300
]
(b) Map 2.
Map 3
300
250
200
T
2 150 z
=
g
=
&
100
50
0
0 50 100 150 200 250 300
[m]
(c) Map 3.

Figure 4.3: Maps of optimal positioning of RIS. The brighter the position, the larger
the coverage when RIS is placed in that position.

20



CHAPTER 4. RESULTS

Map 1

300 380

250

200
200

150 b

-
@
(=]

100 |

RIS orientation {degrees)

100

Q
0 a0 100 150 200 250 300
[m]
(a) Map 1.
Map 2
300
250
200 g
g
T 1501 £
£ E
g
gl
100 | o
a0
0F
0 a0 100 150 200 250 300
[m]
(b) Map 2.
Map 3
300 30
300
250
250 -
200 g
&
200 2
T 150 5
£ =
150 &
gl
100 | £
100 a
50 F
50
oF
‘ ‘ . ‘ ‘ o
0 a0 100 150 200 250 300
[m]
(c) Map 3.
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4.2 Distributed RIS deployment

421 2RIS

In Fig. 4.6, 4.7 and 4.8, it is shown the positioning procedure of two RIS for Map 1,
2 and 3 respectively. Once RIS number one is optimally placed, RIS number two is
placed with RIS one deployed in the most optimal position, as explained in Ch. 3. In
Fig. 4.9, the resulting SNR maps are shown, obtaining the following maximum values
of coverage: 70% for Map 1, 73% for Map 2 and 41% for Map 3. This is an improvement
of 16%, 14% and 15% respectively. Note that generally, the improvement is the same

or worse than centralized deployment.
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4.2.2 3RIS

In Fig. 4.10, 4.11 and 4.12, it is shown the positioning procedure of three RIS for Map
1, 2 and 3 respectively. Once RIS number one is optimally placed, RIS number two is
placed with RIS one deployed in the most optimal position, and so RIS number three.
In 4.9, the resulting SNR maps are shown, obtaining the following maximum values of
coverage: 69% for Map 1, 72% for Map 2 and 41% for Map 3. This is an improvement
of 15%, 14% and 15% respectively. Note that generally, the improvement is worse than

the 2-RIS and centralized.

4.3 Small cell comparison

In Fig. 4.14, the optimal positioning of the small cell is shown for each map. The
coverage for Map 1 is 84%, for Map 2 is 85% and for Map 3 is 65%. The comparison
of RIS was performed with centralized RIS since it is the most optimal configuration.
In all three maps, it is concluded that RIS would need 2700 elements to match small
cell coverage. Taking into account that RIS operates with a central frequency of 3.5
GHz, supposing a typical spacing between elements in a square RIS of \/2 [29] and
considering the size of each element as \/5 [30], we obtain a RIS of side length equal
to 2.6 meters, this is a surface of 6.76 m?. In Fig. 4.15, a comparison between SNR maps
by small cells and RIS is shown. It has to be noted that the optimal placement varies
with the number of RIS elements. In the previous results, it varies slightly, but as we
increase it significantly, the optimal position tends to move further from the vicinity of

the boundary between covered and uncovered zones.
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Chapter 5

Conclusions

In this thesis, we study the optimal strategies for the deployment of RIS in terms of
coverage in an outdoor urban scenario. To do so, we answer three questions: 1. Which
is the best positioning and orientation of RIS in a propagation environment? 2. Is
it better to deploy only a RIS with M elements or several with a total number of M
elements? 3. How many elements does RIS need to match the coverage capabilities of

a small cell?

With the performed simulations, we obtain the following conclusions. Firstly, the
optimal positioning of RIS lies in the out-of-coverage zone, and more specifically in the
vicinity of the boundary between covered and out-of-coverage zones. Secondly, it can
be seen that centralized deployment is better than distributed schemes, even though
the difference in coverage improvement is quite small. Finally, regarding the small
cell comparison, we find that in the provided maps a RIS of 2700 elements suffices to
match the small cell coverages, which suggests that a RIS with a feasible number of
elements could replace small cells in terms of SNR coverage since the resulting RIS

surface size is 6.76 m2.

Future research directions on the topic could be the study of the optimal placement
considering multi-hop RIS and the consideration of other meaningful metrics beyond

SNR such as throughput.
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