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ABSTRACT
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The scope of this thesis is to analyse the performance of an loT Mesh network. This network
is based on a wireless connectivity protocol called Wirepas Mesh. As a part of the Finnish national
project called 5G-FORCE, a meshed test network was set up at Tampere University, to test the
latest technologies in the loT and 5G fields.

The nodes from this network are capable of metering data like temperature or humidity, but
also diagnostic metrics data like signal strength, neighbour’s nodes, or node’s coordinates loca-
tions. This diagnostic data will be used for the development of the thesis.

The theoretical background consists in an introduction to the IoT and Mesh technology, spec-
ifying how Wirepas mesh protocol and the physical layer works. Finally, a study and simulation of
3GPP TR 38.901 technical report for propagation model indoors will be made in order to compare
the theoretical model with the practical results.

The practical part consists in parsing and analysing the data provided by the different nodes
that take part in the network. Diagnostic metrics data will be used to produce heatmaps of the

network area, as well as different studies of the behaviour of the network, like pathloss-distance
behaviour among others.
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1. INTRODUCTION

Internet of Things (loT) is a concept based on the interconnection of multiple elec-
tronic devices that can collect and share data for a specific purpose or application. This
concept is generating expectation in the last few years because it may be the promoter
of a digital transformation in a lot of different fields, like smart cities or in the automotive
sector, especially with the introduction of 5G mobile technology in our lives.

As a part of the 5G Finnish Open Research Collaboration Ecosystem (5G-FORCE)
[1], which consists in finding new vanguard solutions for 5G technologies, a partnership
between Tampere University and Wirepas was made to set up a test network at Tampere
University. The network was deployed at Hervanta, where the technical campus of Tam-
pere University is located.

The wireless connectivity software, called Wirepas Mesh, was developed to make
massive loT networks. The nodes from this network are capable of metering data like
temperature or humidity, but also diagnostic data metrics like signal strength level, neigh-
bour’s nodes, node locations or number of hops. This diagnostic data taken from the
network will be used for the development of the thesis, in order to measure the perfor-
mance and the status of the network.

The performance of a network can be measured in multiple ways. A typical approach
is to measure some network indicators such as the throughput, the bandwidth, the la-
tency, the packet loss, or the availability. From the point of view of this thesis, the perfor-
mance of the network will be focused on the connectivity part.

The metrics that are going to be used are the pathloss, as an indicator of the degra-
dation of the signal strength level of the connections between two nodes, the distance,
as an indicator that will help to analyse pathloss versus distance plotting, and the varia-
bility of the network over time, as an indicator of the status of the network.

On the one hand, the pathloss versus distance study will help us to see if the network
behaves accordingly to a specific theoretical pathloss model. On the other hand, the time
analysis will help us to see the status and the stability of the network. Stability is referred
to the consistency in the RSSI of the nodes and the changes in the neighbours of the

network caused by changes in the environment.



The status of the network will be visualized by the creation of heatmaps of the area
covered by the nodes that take part in the network. These heatmaps will give an approx-
imation of the current situation of the network, where possible anomalies could be de-
tected.

As a review to the contents of the thesis, the wireless communication chapter will
introduce the reader into the latest concepts related to wireless technologies. An loT
overview will be the first topic, where a definition of the 10T concept will be made. After
that, the main application areas where this 0T concept is emerging will be described.
Continuing with the loT field, massive versus critical communications will be discussed.
Afterwards, the classification of the principal 0T technologies and the future aspects and
growth of the 10T ecosystem will be reviewed. Finally, the challenges to face in wireless
communications, like multipath propagation, spectrum limitations or energy limitations
will be defined. As the topology of the deployed network is mesh, an introduction to the
mesh network topology will be made. Finally, the Wirepas protocol characteristics and
some concepts to be concerned about the physical layer will also be described in this
chapter.

The next chapter is about radio propagation modelling. Some concepts concerning
basic radio propagation will be introduced, explaining what causes signal degradation
and multipath propagation. The propagation through diverse building materials will be
reviewed. After that, an explanation about signal propagation fading will be done, and
the different types of fading will be explained. Finally, two different pathloss models will
be introduced, which are the free space pathloss model and the technical report 3GPP
TR 38.901, which is a study on channel modelling for frequencies between 0.5 and 100
GHz.

The last chapter focuses on the practical part. In this chapter an explanation on how
the data is obtained from the network will be done. Heatmaps of the different floors with
the average signal strength will be created to show the status of the network. Then, sim-
ulations of the models described in the previous chapters will be compared with the real
results, in order to see the behaviour of the network. Lastly, an example on how the
network varies taking different snapshots of the network in different time intervals will be
studied, to study the stability of the network in terms of variability of the RSSI levels and
in terms of the variability of the network structure over time.

The main objective of the thesis is to represent and analyse the data obtained from
the mesh network in order to see the performance in terms of connectivity quality as well

as network status.



For that reason, the following targets should be accomplished:
= Creation of heatmaps to see the status of the network.
= Study of connectivity performance with pathloss versus distance indicators.

= Study of stability of the network with the variability of the network over time.



2. WIRELESS COMMUNICATIONS

The beginning of this chapter consists in a brief introduction to one of the latest wire-
less communications concepts, which is Internet of Things. The emerging application
areas derived from loT will be shown, and a classification of the current existing technol-
ogies will be made. Also, massive and mission critical communications will be compared.
In order to understand better wireless communications, the principal challenges that af-
fect this technology will be described. After that, wireless mesh networks will be ex-
plained as well as the protocol that manages this mesh network in this thesis, called
Wirepas Mesh. Lastly, some concepts concerning the wireless physical layer will be dis-

cussed.

2.1 Internet of Things overview

With the huge increment of digitalization in the last decades, the number of electronic
devices connected between each other or to the Internet has increased dramatically. The
obsession of making everything somehow smart or able to interact with, lead to this new
concept called Internet of Things, defining new methods to communicate between hu-

mans and machines or even between machines.

2.1.1 Definition

Nowadays, humans can communicate with a simple device from one point of the world
to the other, and even communications between devices in real time are possible without
wired and attached devices. The continuous improvements in wireless communications
technologies lead to the appearing of this new concept called Internet of Things, that it
is known as the possible next promoter of a new digitalization era, where every single
device may be interconnected to other similar devices or to the Internet. Among the mul-
tiple definitions existing to explain this concept one of them would be that it is an inter-
connection of multiple electronic devices that interact collecting and sharing data for a

specific purpose or application.

Thanks to the arrival of a high number of cheap computer-chips the number of devices
interconnected is growing fast. Therefore, the growth in the business sector is notable,
since it allows, together with Big Data and Cloud (storing on the internet) technologies,
to capture, store and analyse data of interest to companies, in order to expand their

competitiveness in the market or improve their internal processes.



According to [2], 0T is much more than the latest cellular communications, like 4%

and 5™ mobile generation technologies (4G and 5G respectively), machine to machine

communications, sensor networks or microcontrollers. These and other more are con-

sidered to be the enabling technologies for IoT purposes. 10T is a set of different hard-

ware and software technologies to provide solutions based on information technology

and communications systems.

2.1.2 Emerging applications areas

Potential applications for |oT purposes are diverse, as they take care of different

needs, from improving the quality of everyday life to improve a certain process of a com-

pany. Some of the main fields or areas are listed below [3]:

Internet of Smart Living (loSL): connected home devices to make life easier for
the individuals. This field is strongly related to home automation. Some examples
are home voice assistants and the monitoring of different aspects like water, gas,

temperature or even safety devices like cameras and alarms.

Internet of Smart Cities (IloSC): connected devices to improve certain daily city
problems like traffic congestion, or parking places availability. Other applications

related to this field would be smart street lightning or waste management.

Internet of Smart Industry (I0S1): connected devices to monitor or improve industry
processes. Strongly related to Industry 4.0 concept [4]. Hazardous gas detection,
temperature monitoring, stock calculation or machine auto-diagnosis are some of

the applications based on this field.

Internet of Smart Health (IloSH): connected devices to monitor biomedical param-
eters for patient’s surveillance or chronic disease management. This field is re-
lated to Body Sensor Network (BSN) technology and the use of implanted sensors

in the patient’s body.

Internet of Smart Energy (IoSE): connected devices to monitor energy saving or
energy consumption. Some examples where this field can be implemented are

water flow, wind turbines, photovoltaic installations or power supply controllers.

Internet of Smart Transport (IloST): connected devices to improve quality of trans-
portation. Some examples are item location and tracking, storage availability or

even autonomous driving transportation.

As it can be shown the applications in which Internet of Things can be applied are

multiple and as a result of this the loT ecosystem is going to produce a great impact in



our everyday life. It is also important to mention the economic impact that the loT concept

will have in the sectors listed above.

2.1.3 Machine-Type Communications (MTC)

The development in information systems lead to a new way of communication where
machines could communicate between each other. Machine-Type Communication is a
way of communication where human interaction is not strictly necessary. MTC is becom-
ing the dominant scenario for a wide range of applications related to loT. Other types of
machine communication like Device-to-Device communications (D2D), Vehicle-to-Eve-
rything (V2X) and Machine-to-Machine (M2M) could be included in this MTC concept.

Related to the increase in the number of devices in the loT ecosystem, and depending
on the application requirements, there are two different terminologies for the MTC pur-

poses [5], which are massive communications and mission critical communications.

On the one hand, massive communication requires certain features so that it could
be implemented. For this terminology, low cost equipment, as there will be a huge quan-
tity of devices connected, would be the preference. Related to the previous feature, low
energy consumption has to be considered when designing the communication protocols
for massive communications. Also, a large coverage area would be essential for massive
connection of devices. An example of massive communications could be agriculture
monitorization or assets tracking. These massive communications are usually grouped

into a concept called massive Machine-Type Communications (mMTC). [6]

On the other hand, mission critical communications are defined as those that require
high availability, so that the communication can be done with total preference over others
and at any moment. This implies that critical communications will also need high reliabil-
ity to avoid network failures and probably the most important feature would be very low
latency. These characteristics are specially required for safety or real time user applica-
tions, so that the failure in any of the characteristics would result in severe conse-
guences. Some extreme examples where mission critical communications would be ap-
plied are autonomous driving or remote surgeries. All these mission critical communica-
tions can be also grouped into a different concept called Ultra Reliable Low Latency
Communications (URLLC). [7]

Both services, mMTC and URLLC, alongside enhanced-Mobile-Broadband(eMBB),

are called to be the generic services for 5G technologies in the future. [8]



2.1.4 loT classification
There are several ways to classify the loT technologies depending on their character-
istics or in their features. Before classifying different technologies related to loT, the dif-

ferent possibilities of classification will be shown below.

Firstly, a consideration should be made when defining the frequencies of the technol-
ogy. As the spectrum is limited, interference could be a serious problem if there is no
control on the frequency band assignation. Normally the country’s governments assign
specific frequency bands to specific applications, in this case bands are licensed. On the
other hand, there are also some bands which are unlicensed, like for example the ISM
band, which is reserved internationally for industrial, scientific and medical purposes.

The problem with unlicensed bands is that they may suffer strong interferences.

At the same point, there could be another classification based on the carrier frequency
used. In this scenario the spectrum is divided in sub-GHz, GHz and future millimetre
wave (mmWave) bands. Notice that transmitting at higher frequencies will theoretically
result in a high-power consumption. This leads to a new classification type based on
energy consumption and battery lifetime. At the same time, energy consumption not only
depends on the transmitting frequency, but also in the transmitting time that the trans-
mitter accesses the medium, so that the transmitting rate could also be a parameter to

classify 10T technologies.

After this, a classification on how the nodes connect with each other and their hierar-
chy could also be made. In this case different topologies can be used. The most popular

are star topology, mesh topology and tree topology.

Lastly, and one of the most used classifications, is the classification by range. Range
defines how far a node can be from the next one. In this case there are short-range,

medium-range and long-range loT technologies.

The election of one technology over the other will depend on the specific requirements
of the application’s purpose. That is why there is a large variety of existing technologies
in the loT field. Each one of the technologies has its own advantages and disadvantages

for a specific application.

The optimal classification would be to consider all the different parameters mentioned
above. In the following table, (See Table 1), a classification of diverse loT popular tech-
nologies has been made considering the carrier frequency, licensed band, range, rate,

power and topology. [9] [10]



Table 1. Main loT technologies and their characteristics. [9] [10]

Carrier fre- Licensed Range Rate Power Topology
quency band
Type MHz GHz Yes No Short Medium Large Low High Low High Star Mesh
LoRa X X X X X X
Sigfox X X X X X X
Wirepas X X X X X X X
NB-loT X X X X X X X
EC-GSM- X X X X X X
loT
LTE-M X X X X X X X
DASH7 X X X X X X
Telensa X X X X X X
Zigbee X X X X X X X X
ANT+ X X X X X X
BLE- X X X X X X X
BLEmesh
EnOcean X X X X X X
Ingenu X X X X X X X
Weight- X X X X X X
less-N
Weight- X X X X X X
less-P
Weight- X X X X X X
less-W
Thread X X X X X X
Wireless X X X X X X

HART




The range division has been made so that technologies with at least 100 meters are
considered short-range, between 0.1 km and 5 km are considered medium-range, and
more than 5 km are considered long-range. For the data rate, values above 1 Mbps are
considered high data rate. For low power, and assuming that the nodes have batteries,
these are expected to last at least a couple of years. There are not technologies in the
high-power consumption cells because this sector is covered by 802.11 technologies like
Wi-Fi and also by future 5G. Finally, mmWave has not been considered because there

are no current technologies operating in those high frequencies.

2.1.5 Future aspects and growth of loT
There are still some challenging aspects that need to be addressed in the IoT field to

implement good practices in the loT scenario. Some of them are listed below. [11]

e Security: it is expected that a large amount of data will be summed to the existing
Internet traffic due to the loT concept. That is why it is important to ensure security
for the 10T devices as well as for the servers where the data will be located. For
this purpose, providing a secure exchange of data will be a requirement in those
cases where the information is compromised for customers or companies. It will
also be important to provide adapted protection mechanisms for all kind of de-
vices that may form part of the loT ecosystem. Cryptographic techniques to pro-
tect the data, and prevention, detection and recovery to attacks are the areas

where advances are required.

e Privacy: as everyday objects are expected to be added to the loT ecosystem,
some of them might get information that the consumers do not want to share, so
that protecting the sensible information from malicious activity should be the main
activity in this field. Should also be the customer choice if the non-sensible data
obtained might be used for commercial analysis or third-party companies dedi-
cated to that field.

e Interoperability: for a communication to take place, it is mandatory that the re-
ceiver understand the message of the transmitter. In terms of protocols, the use
of different standards is affecting the propagation of IoT. In order to improve in-
teroperability, the different existing protocols should adapt and merge into a com-
patible standard of communication valid for all the different devices in the loT

ecosystem.
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e Data management: with all the information that will be generated because of the
fact that most of the devices are capable of measuring different kind of data, the
volume of information and the handling of it would become crucial. At the same
time, the collection of data and the later analysis, will bring new challenges in the
Big Data field, especially for the companies, in order to optimize their internal
processes. These challenges are privacy of the data, efficiency in the search and

processing algorithms, and optimization on the data storage.

e Scalability of lIoT: the number of loT devices is going to increase in such a way
that the loT technologies should provide a protocol to host a high number of de-
vices in order to accommodate that growth. At the same time, the technologies
should also provide the capability to adapt to the newest technology changes in
the future, without redesigning the whole technology. The possibility to automat-
ically do firmware updates to all the devices in the network will become manda-
tory to provide scalability. At the same time, it will also be crucial that datacentres

provide scalable solutions to store all the generated data.

Even with the aspects shown above, the expected growth of the IoT is exponential,
especially with the inclusion of the fifth-generation mobile technologies (5G) in the eve-
ryday life, as any object can be connected to the internet and provide data. The ecosys-
tem is growing quickly due to the increasing popularity and the continuous integration in

different consumer markets.

Different studies expect a huge impact of this emerging field in the companies around
the world, as it is estimate that more than 90% of the big companies have implemented

or will implement IoT solutions by 2020. [12]

As published in [13], loT market will grow to 24.1 billion devices in 2030. In revenue
terms, the total loT market in 2019 was worth $465 billion, a figure which may rise to

$1.5 trillion in 2030, based on the current tendency.

By economic revenue, it is expected that geographically China (26%), North America
(25%) and Europe (23%) will dominate the transformation of the loT market in the eco-
nomic field. By number of devices, it is estimated that media devices (34%), smart grids
(14%), connected vehicles (7%), lightning (6%), asset tracking (4%) and inventory man-

agement (2%) will be the sectors with the higher number of connected devices.
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2.2 Challenges in wireless communications

All wireless communications based on a signal transmission between a transmitter
and a receiver device may suffer a series of problems that could prevent the signal to
propagate through the radio channel and reach the destination. The main challenges
that affect wireless communications are multipath propagation, spectrum limitation and
energy limitations. [14]

2.2.1 Multipath propagation

As it is known, a signal can reach the receiver in different paths depending on the
channel environment, especially if there are obstacles that increase the number of prop-
agation paths. This event causes interferences when summing all the signals at the re-
ceiver, that can be constructive or destructive, depending on the phases of the signals.
As it can be shown on Figure 1, constructive interference results in an increase in ampli-
tude in comparison to the original signal. However, if destructive interference exists, the
signal decreases in amplitude and can even disappear at the receiver. If the signal is
constantly observed, the received signal will result in a change of amplitude with time.
This is called fading, and a larger description of the elements that causes fading in wire-
less channels will be explained on the following chapter, as it is a key concept for radio

propagation modelling.

Signal on reflected

path
NN e A VAVE
TX Signal on direct RX
path
Constructive (self-)interference Destructive (self-)interference

Figure 1. Fading concept caused by multipath propagation. [14]
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Another event associated with multipath propagation is intersymbol interference (ISI).
This phenomenon is generated when a transmitted symbol interferes with subsequent
symbols, making the communications less reliable. Multipath propagation may cause
signal dispersion when trying to decode the signal at the receiver, increasing the error
rate. Some methods to reduce intersymbol interference are adaptative equalization and

error correcting codes.

2.2.2 Spectrum limitations

The frequency spectrum for wireless communications is limited and followed by inter-
national regulations. That is why it is important to use the spectrum efficiently. The fre-
quency chosen for a certain application may vary concerning the purpose of the applica-
tion. For example, low frequencies are more suitable for large coverage areas and lower
data rates, and high frequencies are more optimal in smaller areas and higher data rates.
At the same time a range of frequencies could be used by two different applications
simultaneously. This phenomenon of reusing the same range of frequencies may cause

intercell interference, which limits the spectrum efficiency.

The special case of unlicensed bands like the ISM radio bands, and the massive uti-
lization by a high number of devices, makes that the receivers must deal with a strong
interference, and because of that, special interference techniques should be used in or-

der to mitigate these interferences.

2.2.3 Energy limitations

Energy consumption and energy saving are always a headache for designers. In or-
der to make a connection truly wireless, replacing the wiring cables with wireless con-
nections should be taken into consideration in terms of energy consumption and battery
life. Other concepts should also be mentioned in order to improve energy efficiency,
which are the following. Firstly, power amplifiers should have high efficiency when am-
plifying the signals. Secondly, signal processing should be done so that it could save the
maximum amount of energy. Thirdly, the maximum transmitting power available should
be used only if necessary. Finally, the use of processor cores with energy saving or sleep

mode should be promoted.

All these statements cannot be accomplished at the same time and that is why a
balance of the features should be made in order to ensure energy efficiency for a certain

application.
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2.3 Wireless mesh networks

When observing the topology of a network, a differentiation on the topology can be
done depending on the way the nodes connect to each other. The most popular network
topologies are star, tree and mesh. Mesh networks are based on a network topology that
allows multiple device connections at the same time in a wide physical area. Devices are
connected dynamically, non-hierarchical way to cooperate, according to a predefined
protocol to route the data. This technology is typically used for massive loT applications.

Standard IEEE 802.11 defines Wi-Fi mode connection as point to multipoint (star to-
pology). A principal node or access point where the devices are connected can be ob-
served in this mode, and this main node is responsible for the communication between
the connected devices of the network. The main problem with standard Wi-Fi architecture
is that all the nodes should be in the range of the main node so that all the nodes can
have a proper signal power level at the receiver.

However, Mesh networks differ from the previous architecture because the nodes do
not generally need to be connected to the main node. It is a structure where some of the
devices connected to the main node can perform as well as new access points for new
devices. This allows a wider coverage area as well as theoretical unlimited devices con-
nections (there will always be a physical limitation).

If the mesh network is not connected to the Internet, all the nodes are hierarchically
similar so that the connections between the nodes are made according to the mesh soft-
ware implemented in the nodes, that will try to route the information through the network
in the fastest way possible, choosing the best routing path according to the software
algorithm. This process is known as dynamic routing.

There are two types of mesh networks, depending on the connections between the
nodes. When all the nodes are connected directly one to each other the network is fully
meshed. Otherwise, the network is partially meshed, which is the most common config-
uration for meshed networks.

With the above information, mesh networks are self-configuring because the network
can easily incorporate new nodes to the existing architecture, and self-healing, because
the network can operate and be maintained autonomously, modifying the connections
between the nodes in order to obtain a better performance of the mesh network.

Wireless mesh networks have become ideal for 0T applications that require a high
number of nodes or a wide area of coverage, as it is an accessible technology while
being a low-cost technology for production. At the same time, the more nodes that form
part in the network, the faster the mesh network becomes. Finally, mesh nodes are usu-

ally easy to install, so the network is extremely adaptable and expandable. [15]
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In Figure 2 and Figure 3 the advantages of mesh networks can be shown as mesh
networks can cover longer areas and therefore increase the number of connected nodes

to the network, because every node is at the same time an access point for other nodes

in the network.
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Figure 2. Example of a network with star topology. [16]
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2.4 Wirepas mesh protocol

Wirepas wireless mesh protocol is developed for low-power loT applications. It is a
fully decentralized meshed technology and network architecture. The decentralized ar-
chitecture of Wirepas gives to the network a high rate transmission availability and relia-
bility and at the same time, due to the mesh network, gives coverage across large areas.

This software provides many benefits that will be described below: [17]

= Decentralized network architecture: the nodes from a Wirepas network make de-
cisions themselves and contain all the intelligence. They make decisions locally,
such as choosing the neighbours, the optimal transmitting power and the most
reliable frequency channels based on the current radio situation and considering
parameters like radio spectrum and energy consumption. A Wirepas Mesh net-
work could be theoretically unlimited in number of devices and coverage. This
makes that the network can provide good connectivity in hard to reach areas like
indoors and basements. The protocol operates locally, and independently of the
network size. This makes the network functionality independent so that no exter-
nal intervention or central management is needed.

= Routing devices: as all the devices can route because every node is at the same
time an access point for other nodes, an initial routing configuration is not really
needed, apart from the sinks. The devices can transmit data over multiple hops
from one node to another, and also to the Cloud. Most of the devices will have
multiple routing paths options. Depending on the size of the network the number
of different paths will increase. It is also possible to insert multiple gateways, as
the software also provides multi-gateway support, where the routing system bal-
ances the load between gateways avoiding bottlenecks. There is initially no point
of failure as there should be many different routes to reach a node.

= Efficient collision-free spectrum usage: the protocol uses synchronized and
schedule channel access and the frequency spectrum are divided in time and fre-
quency domain. The devices access the medium based on Time Division Multiple
Access (TDMA) and Frequency Division Multiple Access (FDMA), removing com-
munication overhead and internetwork collisions respectively. The whole fre-
quency band is used for dividing the channels. Low power consumption is guar-
anteed with mechanisms like energy-optimized routing, short time-on-air and low

power sleep modes.
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Hardware and frequency band independence: the embedded software can run on
any radio chipset so that different combinations can be used to improve the per-
formance of the network. Different frequency bands can be used in order to im-
prove power efficiency or device to device range. Wirepas can be licensed for
many commercial radio System on Chip (SoC) and can use standard Low Power
Wide Area (LPWA) radio technologies, such as Bluetooth Low Energy (BLE).
Low latency and low power: low latency is one of the key features. The protocol
support applications requiring delays of less than tens of milliseconds (<10ms).
The low latency message transfer is based on Carrier Sense Multiple Access with
Collision Avoidance (CSMA/CA) operation. For this scenario the nodes are active
all the time, configured with their idle time in receptor mode so that the data can
be forwarded as fast as possible. The efficiency in energy consumption lead to a
low power operation so that all the nodes in the network can be battery-operated
with a multi-year lifetime.

Openness, flexibility and security: the software provides a high-level Application
Programming Interface (API) for an easy usage of the protocol where the complex
parts are hidden. It provides Internet Protocol version 6 (IPv6) addressing support
for scenarios with native IPv6 addressing. Lastly, it also provides over-the-air pro-
gramming, so that remote updates can be done safely for already installed de-
vices. About the security in this protocol, all the messages are encrypted with Ad-
vanced Encryption Standard AES-128. A node without the proper encryption and

authentication key will not be able to join the meshed network.

In Figure 4, a summary of the main features from Wirepas Mesh software is shown:
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Figure 4. Main features of Wirepas Mesh protocol. [17]
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In Figure 5, the solutions to possible communication failures are shown. The multi-
gateway support gives to the network the possibility to route the data through a different
gateway in case that the gateway connection is lost. Similar solution is given when a
node is removed from the network, when it has lost its connection, or when there is an
obstacle that diminishes the signal power level. In these cases, an alternative route
through a different node is chosen. These characteristics give the network a quick adap-

tation to the current local conditions as well as good resilience to environment dynamics.

- Every device can route Internet & Other

- Multi-gateway Systems - RESILIENCE TO
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Figure 5. Wirepas software solutions to types of communications failures. [17]

In Figure 6, the solutions to channel degradation problems can be visualised. The
network has the capacity to change the transmitting power of a single node if the link is
degraded by the environment. At the same time the network is energetically efficient
because it only uses a high transmitting power when it is required. Another solution is
the retransmission of data when a packet is lost and acknowledgments to verify that the
packets are transmitted. Finally, if a frequency channel is facing interferences, the net-
work is capable of changing to another channel with less interferences than the interfered

one.
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Figure 6. Wirepas software solutions to channel degradation problems. [17]

As a conclusion, Wirepas Mesh is a scalable and reliable embedded wireless protocol
for devices. The protocol can be used in any application, radio hardware, and frequency
band, and the combination of its properties makes that the software has a unique value
for large loT applications.

2.5 Wireless physical layer

The designing of the physical layer for wireless communications is very important in
terms of energy efficiency, spectral efficiency, cost, connectivity, latency and quality of
service of the final application. Due to the position dynamism, a robust physical layer
should be developed in order to ensure self-healing in bad channel conditions. Depend-
ing on the application’s purpose, different communication technologies should be used.

For the design of optimal transmission in loT, different modulation standards are being
used. Some of them are Orthogonal Frequency-Division Multiplexing (OFDM), Single
Carrier Frequency Division Multiple Access (SC-FDMA), Direct-Sequence Spread Spec-
trum (DS-SS) among others. But also new techniques are being developed like Chirp
Spread Spectrum (CSS), which is applied in LoRa technology, and Ultra Narrowband
(UNB) modulation methods, like the ones that are applied in Sigfox technology.

For short range applications, the energy consumption of the transmitting circuit design
will have a greater impact in terms of energy than the energy used for transmitting the

signal. In this case it is important to optimize the modulation scheme and the period of
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transmission, which will cause a trade-off between energy save and an increase in the
symbol error rate.

One of the challenges in IoT physical layer is to provide reliable transmissions when
the devices are low manufactured cost and low power. To face this, most of the existing
technologies use CSMA/CA instead of others but hidden terminal problem may appear.
To mitigate this, it is advisable to use spectrum sensing algorithms of cognitive radio.

As future trends, loT applications will demand a high Quality of Service (QoS). The
use of millimetre-wave band will increase due to the availability and high rate of the spec-
trum. There will also be an increase in the Multiple Input Multiple Output (MIMO) massive
antenna array systems, and beamforming techniques for directional transmissions. [18]

Specifying in the particular case of the network deployed at Hervanta campus man-
aged by Wirepas protocaol, it covers the medium access, routing and transport layers with
their own proprietary protocol. In the physical layer, BLE low energy is used, even though
the protocol can operate at any band. This means that it supports up to 40 channels of
1 MHz bandwidth, centred on 2.4 GHz. BLE mesh support mesh technology and bidirec-

tional transmission, avoiding the flooding technology from standard BLE.
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3. RADIO PROPAGATION MODELING

Radio propagation modelling will be discussed in this chapter. Firstly, an introduction
to radio propagation will be explained, focusing on the basics of propagation concepts
and the fading types. After that, the propagation models that will be used for the simula-
tion in the next chapter will be explained, showing the theorical concepts and formulas

on which they are based.

3.1 Basics of radio environment propagation

Electromagnetic radio waves can travel over long distances. In a radiocommunication
architecture, the radio waves suffer losses between the transmitter and the receiver due
to the channel conditions, affecting and reducing the distance that waves can travel from
one point to another. There are different factors that can affect radio propagation, like
reflection, scattering, refraction, absorption and diffraction.

Reflection occurs when the signal hits an object with a higher medium conductivity.
As a result, most of the signal is reflected, which may cause multipath effects like distor-
tion of the signal and fading, because the signal may add or subtract from each other de-
pending on their phases. This factor is the main cause of multipath propagation in envi-
ronments with obstacles. Reflection also produces scattering if the surface is uneven,
causing that the original signal gets split into several weaker and smaller signals, each
of them addressing to different directions.

Refraction occurs when the object that the signal is facing has a lower medium con-
ductivity. In this case the signal changes its original direction through the new medium.
The change of direction will depend on the angle of incidence, which may cause losses
due to the change of direction as well as due to the absorption capacity of the interferent
object.

Diffraction occurs in objects that appears in the path. The propagating signal tries to
travel around the interfering object. Because of this, the signal will diffract into different
signals, propagating in different directions. The losses will be higher if the object is
rounded. These factors mentioned above may form a combination of signals that have
travelled along different paths, modifying the original signal propagation. In Figure 7, the
different effects explained and caused by obstacles can be shown.

This is why it is very important to know the radio propagation characteristics of the
channel where the communication occurs. At this moment is when propagation models

can be helpful in order to anticipate how the channel is going to affect to the radio signal
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that it is propagating. Depending on the radio propagating scenarios, different propaga-
tion models and approximations could be done to simulate the channel and predict the
propagation behaviour. For this purpose, special propagation models called pathloss
models have been developed in order to see how radio waves diminished with distance.

When a propagating signal experiences multiple changes due to the presence of ob-
stacles, like vegetation, people or buildings, the following terms relating to power are
defined:

= Insertion losses: caused due to the attenuation of the signal when facing a ma-
terial or a passive component. This definition shows the difference between the
transmitting power and the received power.

= Refraction losses: caused due to the change in the properties when propagating
through a new medium. A change in the direction and transmission speed ap-
pears.

= Absorption losses: caused due to the attenuation of the signal power when the
signal faces a new medium. Each material has its own properties and the atten-
uation will depend on the kind of material and the frequency of transmission.
This energy is converted by the medium into heat dissipation, electrical, electro-

magnetic or acoustic energy.

Transmission Reflection Refraction
i
] + +
1 A ) )

|V
!

Diffraction Adsorption Scattering
: i
i ]

N
NN

Figure 7. Possible signal propagation effects when facing obstacles. [19]
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3.2 Propagation through building materials

The obstacles that a propagating signal may face have a dominant effect on the at-
tenuation of the signal. The reflection caused by the obstacles, as well as the absorption
of the signal’s energy due to the refracting medium and its material’s properties, led to a
certain attenuation that should be considered. The loss will depend on the angle of inci-
dence and on the frequency of the propagating signal. [20]

The obstacles that produce these losses are typically buildings. There is a tendency
in modern buildings to obtain a high energy-efficiency, which results in using isolating
materials that will help to maintain the indoor of the buildings isolated from the outside.
Unfortunately, this will increase the attenuation of the propagating signals. On this sec-
tion the different existing materials that a propagating signal may face are shown.

Glassy materials experience refraction when a propagating signal faces the glassy
surface. This material is the easiest for a radio signal to propagate. Even thought, be-
cause of terms related to energy efficiency, it is common that modern buildings have
double-glazed windows, and it has been demonstrated that this kind of windows may
attenuate the signal by 20 dB in the WiFi frequency range. [21]

Brick and wood are also typical building materials. These materials also produce cer-
tain attenuation that should be considered. The values of attenuation are slightly higher
than in glassy materials.

Masonry blocks and concrete are the materials that cause a higher attenuation. De-
pending on the thickness the attenuation may vary. For frequencies in the WiFi range
the attenuation is between 20 and 40 dB. [22]

Metallic materials have the capacity to reflect and attenuate electromagnetic waves
due to its high conductivity. If the thickness of the metal is high enough, most part of the
signal will be reflected, and the rest will be absorbed. On an indoor environment, it is
common to use thin metallic layer materials for heating isolation purposes, which may
let propagating signals go through them because of its small thickness, even though
suffering attenuations of tens of decibels. [23]

As previously said, the losses produced by the materials depend on the angle of inci-
dence and the frequency of the propagating signal. Apart from that, the thickness of the
material and its composition, especially in concrete, make very difficult to estimate the
attenuation that the signal will suffer. Adding to that, the presence of objects like tables,
chairs and other furniture will also affect the attenuation of the signal.

In Figure 8, the attenuation rate of different building materials through different fre-
qguencies can be observed. As said in [24], there might be an anomaly in the brick values,

so that the attenuation values of the brick material should be similar to the wood values.
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Figure 8. Attenuation rate of building materials. [23]

3.3 Fading types

As mentioned in section 2.2.1, the observation of a received signal in a multipath
propagation environment results in a fluctuation of the signal over time. This phenome-
non is called fading, and the different fading types will be described below. [24]

First of all, there is a differentiation between large-scale fading and small-scale fading.
Large-scale fading covers the fluctuations of the received signal over long distances
while small-scale fading covers the fluctuations of the received signal in short distances
and short periods of time.

Large-scale fading effects are subdivided in pathloss and shadowing. On the one
hand, pathloss is the fading component that makes the signal to attenuate with distance
when propagating through the channel. In the following section (3.4), a more detailed
explanation about pathloss models will be done. On the other hand, shadowing refers to
the losses in the signal power level due to the obstacles in the channel. The losses will
depend on the type of obstacle and in the frequency of the transmitted signal. In a wire-
less communication, the direct path between transmitter and receiver is called Line of
Sight (LOS), when there are no objects obstructing the path between transmitter and

receiver. In the other hand, when there are objects that can obstacle part of the signal,



24

like it was mentioned before because of reflection, diffraction, refraction, or other propa-
gation effects, the link is called Non-Line of Sight (NLOS).

Small-scale fading effects are subdivided in Doppler spread and multipath delay
spread. Doppler spread is caused by obstacles in the path of the signal that make the
signal to change its angle of incidence, and therefore, due to the Doppler effect, the
signal will have a different frequency. The doppler spread is the standard deviation of
multiple Doppler shifts.

Doppler spread causes slow fading and fast fading. Slow fading is the variation of the
mean amplitude of the signal strength in a wide area, and it is generated apart from
Doppler spread, because of changes in the shadowing and the position of obstacles.
Fast fading is the variation of the amplitude in a shorter area mainly generated by the
fluctuations due to the constructive or destructive interferences of the different paths that
the signal propagates through. In Figure 9, the difference between slow fading and fast

fading is shown.

Fast fading

Power

Distance

Figure 9. Slow and fast fading differentiation. [25]

The other effect caused by small-scale fading is multipath delay spread. It is caused
by the difference between the time of arrival of the direct path if it exists, and the last
multipath component. If the fading caused is the same in all the frequency range the
effect is called flat fading. If the fading caused is bigger in certain frequencies the effect
is called selective fading.

There are multiple fading models to simulate the behaviour of small-scale fading in a
channel. The two most popular models are Rayleigh and Ricean fading models. In Ray-
leigh fading model, only the NLOS components are simulated and there is no LOS com-

ponent or direct paths. The amplitude of the signal will vary according to a Rayleigh
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distribution. In the case of Ricean fading model, LOS and NLOS components are present

and the amplitude of the signal will vary according to a Ricean distribution. [26]

3.4 Pathloss models

Pathloss could be defined as the difference between the transmitted power and the
received power. At the same time, pathloss represents the attenuation caused by the
environmental conditions of the channel. Pathloss models simulate the behaviour of the
channel conditions in order to know how the signal would attenuate through the channel.

Depending on the prediction models, there are three different types of pathloss mod-
els. Firstly, empirical models are based on measurements of data and the use of statis-
tical properties. These models are the least accurate, especially if the conditions of the
channel are not similar to the conditions of the model. Secondly, semi-deterministic mod-
els are based on empirical models with deterministic aspects added. And finally, deter-
ministic models, which are based in geometry information and enormous computational
effort. Deterministic models are the most accurate. [27]

Apart from this classification, there is also another way to classify pathloss models,
depending on the area they cover. In table 2, the different types of cell are shown, de-

pending on the area they cover.

Table 2. Pathloss models cell types. [28]

Cell type Typical cell radius Location
Large macro cell 1 km to 30 km Outdoor
Small macro cell 0.5 km to 3 km Outdoor

Micro cell Up to 1 km Outdoor

Pico cell Up to 500 m Outdoor or Indoor

When trying to estimate the pathloss inside a building or office, where there could be
obstacles like walls, doors, furniture or even people, the pathloss models are called in-
door pathloss models. These models are characterized by a high multipath component
which causes fading, and usually the pathloss is higher than outdoors, where the path-
loss is more predictable. In order to compare the propagation indoors with the propaga-
tion outdoors, two models will be described in the next section and will be used for the
practical part, which are the free space pathloss model and the technical report 3GPP
TR 38.901. This last standard focuses on channel modelling for indoor office and factory

scenarios.
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3.4.1 Free space pathloss model

Free space pathloss model is probably one of the simplest pathloss models. It is
based on a channel where the transmitted signal does not face obstacles and there is a
direct and only path from transmitter to receiver. In this model, the signal attenuates with

distance based on the following formula:
4mdf 2
FSPL = (T) (1)

Where FSPL is the free space pathloss, d is the distance between transmitter and
receiver expressed in meters (m), fis the transmitting frequency expressed in Hertz (Hz),
and c is the speed of light expressed in meters per second (m/s). The formula indicates
that the attenuation of the signal is frequency dependant, so that the pathloss would be

greater when increasing the transmitting frequency.

If the formula is expressed in decibels, and the gains of the receiving and transmitting

antennas are added, the following equation shows the pathloss in free space:
FPSLqg = 20log(d) + 201log(f) + 32.44 — Gtx — Grx (2)

Where FPSLg4g is the free space pathloss in decibels, Gtx is the gain of the transmit-
ting antenna and Grx is the gain of the receiving antenna. Both antenna gains are ex-
pressed in decibels (dB)

3.4.2 3GPP TR 38.901 pathloss model

In this section the technical report 3GPP TR 38.901 [29] will be introduced. It is a
standard which consists in a study on channel modelling for frequencies between 0.5 to
100 GHz.

The channel model is applicable to the following conditions:

= The supported scenarios are urban microcell, urban macrocell, indoor office,
rural microcell and indoor factory.

» The bandwidth is supported up to 10% of the carrier frequency but no larger
than 2 GHz.

= Mobility of both transmitter and receiver is supported.
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The conditions of the study mention different channel modelling based on different
scenarios. The scenarios that are more suitable with the thesis development are the

following:

= Indoor office scenario is intended for typical indoor deployment scenarios, like

office environments and shopping malls. The model refers to this case as InH.

= |ndoor industrial scenario focuses on factory halls with varying levels of den-
sity of clutter, like machinery, assembly lines, etc. The model refers to this
case as InF. There are different approaches of this scenario depending on the

clutter and the height difference between the nodes:

= |nF-SL: sparse clutter with big machineries of regular metallic surfaces
and antennas are on the same height than the machinery.

= |nF-DL: dense clutter with small machineries with irregular structure
and antennas are on the same height than the machinery.

= |InF-SH: sparse clutter with big machineries of regular metallic surfaces
and antennas are above the machinery.

= InF-DH: dense clutter with small machineries with irregular structure

and antennas are above the machinery.

The model also defines the distance definitions. In Figure 10, the distance definitions

are shown.

o

<—d2D-out—> <_d2D-in_>

Figure 10. Distance definitions for 3SGPP TR 38.901 model. [29]

From the image above the important distance to be aware is the distance d;p, that is
defined as the distance between the antenna and the measurement point, including both
the distance from the antenna to the building, and the distance from the building to the

measurement point.
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Given the previous distances definitions and focusing only on indoor environments,

the model defines the formulas of pathloss displayed in Table 3.

Table 3. Formulas of pathloss from 3GPP TR 38.901 depending on the scenario.

7]
'% ; Pathloss [dB], frequency fc [GHZ] Shadow fading
§ o and distance d;;, [m] [dB]
n O
=
o n
e 9 PLini-Los = 32.4 + 17.3log(dsp) + 20log (£.) ogr = 3
O
: %)
L O
- 2‘ PLInH—NLOS = 38.3 log(d3D) +17.30 + 24910g (ﬁ:) Osfr = 8.03
n
9 PLinp-Los = 31.84 + 21.50log(dsp) + 19log (£.) ogp = 4.3
= SL PLInF—SL = 31.84 + 21.50 log(d3D) + 1910g (f;:) Ogsfr = 5.7
&
S
_‘I: %) DL PLInF—DL = 18.6 + 35.7 log(d3D) + 2010g (f;:) Ogf = 7.2
L 9
£ pd
SH PLInF—SH =324+ 23 log(d3D) + 2010g (f;:) Ogf = 5.9
DH PLInF—DH = 33.63 +21.9 log(d3D) + 2010g (fC) OgF = 4.0

It is important to mention that the values of the distance 4;, in the above formulas are

only valid if the distance fluctuates between 1 m and 150 m in the office scenario, and

between 1 m and 600 m in the industrial scenario. Also be aware that the NLOS cases

will be considered if the pathloss is greater than the pathloss calculated for the LOS case

in each scenario,

following the next formula

PLyios = max (PLyyos, PLyos)

(3)

Finally, the shadow fading distribution is log-normal, and the values of the standard

deviation are added in Table 3. These values should be added to the pathloss formula

when calculating the pathloss between transmitter and receiver.



29

In order to make the model more realistic, there are additional losses that can be
added to the pathloss formulas. Other additional modelling components to support ad-
vanced simulations, such as external wall penetration, LOS probability, simulations with
very large arrays and large bandwidth, simulations affected by oxygen absorption, sim-
ulations of mobility, simulations of blockage effects, simulations of absolute time of arrival,
simulations of dual mobility, simulations that include sources of electromagnetic interfer-
ence, and simulations of devices embedded in machinery or enclosures are considered

in the technical report but will not be taken into account for this thesis.
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4. PROCEDURE, RESULTS AND ANALYSIS

As it was mentioned previously, the practical part of this thesis consists in parsing and
analysing the data provided by the network. In this chapter, the procedure of getting the
data from the Wirepas Mesh network will be explained. Then, the results and functions
used from MATLAB’s software for the heatmaps creation will be described and finally
there will be an analysis of the results obtained, as well as a simulation of some of the

propagation models explained in the previous chapter.

4.1 Obtaining the data from the network

All the data captured by the nodes of the network is stored in a database located in
the Wirepas server. The data have to be fetched and filtered in order to be accessible
for the practical part. This process is divided in two parts. First one consists in a Python
script which fetches all the data from a specific period of time into a comma-separated
value (csv) file. As it has been mentioned, this project will only focus in some certain
data, so the second part consists in filtering and formatting the diagnostic data that is
going to be used for the different studies. This is also possible with the help of a second
Python script. After that the filtered values are written and formatted into a JavaScript
Object Notation (JSON) file. Finally mention that the Python scripts have been made by
other research team member.

From this point we can already achieve the data, parsing the JSON file into the
MATLAB’s workspace. The data is given as a struct, so that it can be fetched accessing
the different fields it contains.

The first fields of the structure are the node’s identities. Every node has a unique ID
that identifies the node in the network. Inside each node’s identity there are different
fields like the geographic coordinates indicating latitude, longitude and altitude of each
node, and the neighbour’s field. Inside each neighbour’s field there are the node’s iden-
tities of every connection the node had during the capturing period. After that, and inside
this last field, timestamps of the measurements can be found, that tell when the meas-
urement was made in Unix time (since epoch). Not all the nodes will have the same
number of timestamps because it depends on the network and it is not synchronized.
Finally, the Received Signal Strength Indicator (RSSI) can be found inside each
timestamp field, and it is given in dBm units. Figure 11 shows how the data is distributed

through the fields of the struct:
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Figure 11. Distribution of the structured data of each node.

4.2 Heatmaps creation

Once the data is accessible from the MATLAB’s workspace the analysis process can
begin. When evaluating the status of a network, the signal strength of the connections of
every node should be considered as an indicator, in order to see if there are zones where
the signal strength is not good enough to provide a reliable connection.

The nodes that form part of this network are mostly located in the Tietotalo building at
Tampere University, Hervanta campus. The nodes are located in different floors of the
building so that the nodes can be separated by floors in order to see the heatmaps of
signal strength level separated by floors.

It is important to remark that the network can provide the signal strength from a single
node to every neighbour connection it has, so in order to make it simpler, the signal
strength of a node will be the average of all the signal strengths of his neighbours. At the
same time, as each neighbour can have different timestamps, the signal strength of each
neighbour will be averaged with the number of timestamps. For this purpose, it is im-
portant to convert first the signal strength from dBm to power units, then calculate the

average signal strengths, and finally convert the result again to dBm units.



32

Before visualizing the results obtained with the heatmaps, images of the different
floors should be chosen for the location of the nodes as a background. Because of pri-
vacy policies, the interior parts of the building like personal rooms and laboratories will
not be shown. Knowing the coordinates of some points of the image will help the image
to be georeferenced. The location of the nodes is a part of the information that the net-
work gives, and each node calculates its own geocoordinates.

For the representation of the nodes that are connected to the network there is a small
imprecision in latitude, that is why there are some nodes that appear outside the build-
ings in Figure 11 and Figure 12. This does not make any difference when calculating the
heatmaps or pathlosses because it affects all the nodes at the same time, and it is just
a small offset error that can be omitted. The location of the nodes will also be useful for
the following sections so that the distance between the nodes can be calculated.

In the next following images, the nodes of the network are represented with their ge-
ocoordinates. In Figure 12, a capture of the nodes located in the ground floor is shown.
Notice that there are also nodes in other buildings around the Hervanta campus, so the
coverage in this floor will be greater than in the others. In Figure 13, there is a represen-
tation of the nodes from the fourth floor, which is the highest floor of the Tietotalo building.
Both first (ground) and fourth floor have been chosen for the representation as they are

the ones that differ the most.
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Figure 12. Nodes from the ground floor at Hervanta Campus.
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Figure 13. Nodes from the fourth floor at Tietotalo building.

After this step, a MATLAB’s function called scatteredinterpolant [30] will create an
interpolation model with the georeferenced points and the average signal strengths of
every node. So, after the nodes are split by floors, the next step is to create a grid. This
grid is equally spaced in the area so that the function scatteredinterpolant can calculate
the average signal strength in the positions specified by the points in the grid, making
the heatmap.

In Figure 14, the heatmaps with the average signal strength of the first and second
floors are displayed respectively. In Figure 15, the same process has been done for the
third and fourth floors. The axis on the right of the images represents the average signal
strength power in dBm units.

About the heatmaps, extrapolation methods have been omitted as they do not guar-
antee accurate results. The area where the heatmaps are shown is the area covered by
the nodes of the network on each floor. The heatmaps show that best coverage can be
found where nodes are located closely one to each other. A good indicator that a network
has an acceptable signal strength level is that most of the values are between -50 and -
70 dBm. As it can be visualized in the heatmap figures, the network has an acceptable

signal strength level.



Figure 14. Heatmaps of the 15t and 2™ floors.

Figure 15. Heatmaps of the 3" and 4" floors.
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4.3 Propagation model simulations

In this section the propagation models shown in the previous chapter will be simu-
lated in order to compare the simulation part with the real results. The following models

will be simulated:

= Free space pathloss model.
= 3GPP TR 38.901 indoor office models.
= 3GPP TR 38.901 indoor industrial models.

4.3.1 Free space pathloss model simulation

Firstly, free space pathloss model will be simulated. For this thesis purpose, the
antenna gains from equation (2) will be omitted, as well as it will be done in the real case
scenario.

Instead of using the georeferenced data that contains the altitude, longitude and
latitude, the distances will also be simulated in order to obtain the pathloss values for all
the distances in a range from 0 to 60 m.

Assuming that the frequency fis 2.4 GHz, and with the help of MATLAB’s plotting
software, Figure 16 represents the pathloss versus distance for this model.
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Figure 16. Pathloss vs distance in free space pathloss model.
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4.3.2 3GPP TR.38.901 model simulation

Secondly, the propagation model 3GPP TR 38.901 will be evaluated in this section for
both indoor office and indoor industrial scenario, in order to approximate the real scenario
with the simulated one. Among the scenarios the standard evaluates, indoor office sce-
nario will be taken for the simulated model in the first place. The losses due to shadow
fading will also be added to the formulas from Table 3 afterwards. After the MATLAB'’s

simulation, the following result displayed in Figure 17 has been obtained:
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Figure 17. Pathloss vs distance in indoor office scenario.

After this, the same simulation process will be done for the cases of the indoor industrial

scenario. The results can be seen in Figure 18.
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Figure 18. Pathloss vs distance in indoor industrial scenario.
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4.4 Pathloss versus distance study with real data

Continuing with the study, the following part to accomplish is to know how pathloss
versus distance behaves with the data obtained from the network, as the pathloss can
be calculated knowing the signal strength of each node with each of its neighbours.

It should be considered that certain parameters from the pathloss formulas of Table
3 like wall penetration were ignored in the simulation parts made before, so that it is
expected that the most of the values of pathloss vs distance will be located above the
simulated curves, as the network environment has a lot of walls and obstacles that will
diminish the signal strength level indoors.

For the pathloss propagation, the transmission power of the nodes is known, and it is
4 dBm. So, the final pathloss will be the result of subtracting the signal strength to the
transmission power.

For the distance calculation, ellipsoid model wgs84Ellipsoid [31] will be used in order
to calculate distances between the nodes considering the earth curvature. As only the
connections between nodes from the same floor are represented, differences in height
will not be considered for the distance calculation.

From all the formulas given in the 3GPP TR 38.901 model, the ones that fit better with
the real scenario are the indoor office NLOS formula, and the indoor industrial NLOS-
DL, which represents dense clutter and small machinery as scenario. From this point
both formulas will be used to represent the indoor and the industrial scenario respec-
tively.

In order to see the differences between the floors, a comparison between the 15! floor
and the 4" floor has been made. In the one hand, Figure 19 shows the results of the real
pathloss calculation for the 1%t floor. On the other hand, Figure 20 shows the results for
the 4" floor.

As it is observed in the images, the nodes from the 4 floor are closer one to each
other, this is because the area where the nodes are located in the 4" floor is smaller
than in the first floor and there are a similar number of nodes compared with the 15! floor.
The 1%t floor, on the contrary, expands over a larger area as there are nodes located in
different buildings of the campus. Even like that, the network can maintain a good signal
strength average between its connections even though the average distance increases
lightly compared with the 4'" floor. The differences in pathloss for similar distances imply
that that the signal strength level of that node connection is suffering some kind of deg-
radation. It is also remarkable that the values obtained follow the tendency of the simu-

lated indoor scenarios despite certain dispersion.
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Figure 19. Pathloss vs distance in the 1 floor.
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Figure 20. Pathloss vs distance in the 4 floor.
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In Figure 21 and Figure 22 the same results are displayed for 15t and 4™ floor respec-
tively, but the distance is shown in logarithmic scale. These figures show more clearly
that the average distance in the 15t floor will be higher than on the 4" floor.
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Figure 21. Pathloss vs log-distance in the 1% floor.
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Figure 22. Pathloss vs log-distance in the 4 floor.

After this, a comparison of different calculated parameters divided by floors is shown.

Even though there are no results displayed for floors 2™ and 3™ to avoid repetitiveness,

the following parameters have been calculated for all the floors, which are: average path-
loss and distance, variance of them, and the 5% and 95% percentiles of the minimum

and maximum values respectively. In table 4, all these parameters are shown.



40

Table 4. Comparison table of parameters from all the floors.

Floor number 1st 2nd 3rd 4t

Distance [m]

Average 20.19 17.36 12.77 7.41
Variance 115.44 109.67 106.83 43.72
5" Percentile 1.70 2.67 0.22 0.2189
Min values
95" Percentile 21.02 17.98 42.32 25.49
Max values

Pathloss [dB]
Average 78.29 77.33 73.29 68.48
Variance 54.10 88.53 70.02 221.66
5" Percentile 62.65 60.91 55.83 26.66
Min values
95" Percentile 92.44 99.10 88.98 87.49
Max values

The calculated parameters show that on average, the lowest pathloss can be found
on the 4" floor. At the same time, the lowest average distance is as well on 4™ floor. On
general terms, there might be a relation between low distances and low pathlosses, but
this is not guaranteed as there are cases where the distance is low but the pathloss is

unexpectedly high, probably caused by walls or interferences.

Another way to visualize the obtained results is to plot some histograms from each
variable to see the distribution of pathlosses and distances. In Figure 23, histograms

from pathloss and distance are shown for 15t and 4™ floor.
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Figure 24. Histograms of pathloss and distance for 15t and 4" floor.

After this, a representation of cumulative distribution will be shown for all the floors
where there are nodes located. In Figure 24 the cumulative distribution of distance is

shown and in Figure 25 the cumulative distribution of pathloss can be observed.
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Figure 25. Cumulative distribution of distance.
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Figure 26. Cumulative distribution of pathloss.

All these data visualization may result a little bit repetitive, but the idea was to show

different ways to visualize the obtained data from the network.

4.5 Time changing analysis with real data

In this section a study of how the network changes over time has been done. For this
purpose, the data was extracted from the network during a whole week. This makes that
the structured data seen in Figure 11, now have a huge quantity of timestamps from
each node connection, so that filtering the timestamps by intervals would result in differ-
ent snapshots of the network that could be compared between each other.

For the time changing visualization two different approaches will be done. Firstly, two
random nodes have been selected to see how the signal strength level with its neighbour
nodes changes over time. In Figure 26, the signal strength of the neighbours of two ran-
dom nodes can be observed during the selected week period.

The images show two different types of behaviour. On the one hand, the first image
shows that the node connections are stable, as the RSSI values are not changing dras-
tically over the week period. On the other hand, the second image shows that the values
are constantly changing, and even new nodes are joining to the random node as the
week goes by, probably to improve connectivity. This second node might be located on
a place where there are certain environmental changes like people walking or doors
opening and closing, which may explain the lack of stability in the signal strength level of

this node with its neighbours.
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Figure 27. Connections of two different random nodes with its neighbours.
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As a second approach, filtering and classifying the timestamps by time intervals will

result in different snapshots that can be compared. The defined intervals are periods of

one hour, and the updates made by the nodes to the database located at the Wirepas

server about the RSSI values of their connections were captured. In Table 5, the defini-

tions of the intervals are shown.



Table 5. Definitions of the created timestamps intervals
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Interval From Until Marker
1 Friday April 10, 2020 Friday April 10, 2020
12:00:00 13:00:00
2 Sunday April 12, 2020 Sunday April 12, 2020
12:00:00 13:00:00 ‘
3 Tuesday April 14, 2020 Tuesday April 14, 2020
12:00:00 13:00:00 )

The final step is to see how the pathloss versus distance changes over time. A small

period of time from different days of the week was chosen in order to see changes in the

pathloss versus distance graphic. In this period of time the nodes will periodically update

the signal strength level values to the server’s database. All the updates will be show on

the following images. In Figure 27, three different intervals were represented for the 15

floor. In Figure 28, the same intervals but in the 4 floor.
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Figure 28. Pathloss vs distance for different intervals in the 1% floor.
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Finally, the representation in the logarithmic scale is shown in Figure 30 for the data
of the 15t floor, and in Figure 31 for the data in the 4™ floor.
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Figure 30. Pathloss vs log-distance for different intervals in the 1 floor.
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On general terms, it can be observed a similar behaviour among the different inter-

vals. About the differentiation between the first and the fourth floor, the logarithmic scale

shows that the obtained results are behaving as expected in the simulated indoor sce-

narios especially in the first floor. On the contrary, the results of the data from the fourth

floor differs a little bit more respect to the simulated results due to the small distance

between some of the nodes, that especially in the fourth floor, are located very close to

each other, but obtaining very high pathlosses values which do not correspond with the

theoretical models.

As done in the previous section, a table with the results of the average pathloss of

each interval on each floor will be shown.

Table 6. Average pathloss for different floors and intervals.

18t floor
2" floor
3 floor

4" floor

Interval 1
74.06
71.39
73.20
72.54

Interval 2 Interval 3
74.30 74.23
71.31 72.97
72.50 72.70

71.72 72.07
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The results obtained focus the attention on the stability of the network in terms of
providing a good signal strength level in every node connection. The average pathloss
values varies between 70 and 75 dB. The cumulative distribution of pathloss for the first
floor can be seen in Figure 32. This image also proves the stability of the network as the

variation between the intervals is insignificant.
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Figure 32. Cumulative distribution of pathloss on the 15! floor.

It can be also proven that the network suffers changes on its node’s structure as the
average distance changes over time. If the network’s structure had not changed, the
cumulative distribution would be the same for the three intervals. But as seen in Figure
33, the cumulative distribution for the first floor changes, so that the network changes its

structure dynamically to provide a proper performance in terms of connectivity.
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Figure 33. Cumulative distribution of distance on the 1% floor.
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4.6 Reliability of the results

The creation of the heatmaps has been done averaging the RSSI values of each
node, so that each node was represented by a single RSSI value, and that RSSI value
was the average of all the connections with its neighbours. This may subtract some pre-
cision in the heatmaps calculation with the final results. Also, the representation of the
heatmap’s area only covers the area where the nodes are located, as the extrapolation
methods that could have been used to cover all the building area were not considered
accurate enough.

As it may be observed in Figures 19, 20, 27 and 28, some representation of the data
is under the level of the free space pathloss model, which is theoretically a simulation of
a direct path between transmitter and receiver. A justification of these results may be the
canyon effect, produced when the signal is guided by the environment through a specific
direction due to the reflection of the signals. This effect may generate an increase in the
power density of the signal.

Finally, the data from Table 4 has been calculated and corresponds to a single snap-
shot of the network. Should be considered that knowing that the mesh network is dy-

namic, the obtained results may vary.
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5. CONCLUSIONS

As a conclusion, the work of this thesis shows an update on the latest wireless tech-
nologies and concepts applied to the 10T field, the main application areas and a classifi-
cation of the existing technologies. Mesh network technologies have been introduced,
as well as the mesh network protocol developed by Wirepas, which has a great future
on the loT field due to its characteristics.

In the propagation part, there are a lot of effects that cause signal mitigation on wire-
less channels, mainly caused by obstacles in the path, which may cause propagation
and fading. That means that the signal not only diminishes with distance, but with other
effects as well, that can or cannot be predicted.

On the one hand, propagation models help to previously analyse how the channel will
behave under certain conditions. Different propagation models could be used depending
on the environment characteristics.

On the other hand, there are some effects that cannot be predicted, like the presence
and movement of people, which makes the channel conditions to change over time, the
presence of furniture and walls, that may absorb part on the signal’s energy, or possible
canyon effects caused by reflection, which make the signal to be guided through an spe-
cific direction, increasing its power density.

In the practical part, a big quantity of data has been acquired from the network to
obtain the results. This data has been used to create heatmaps of the different floors,
where it could be observed the average signal strength of the nodes from the network
and give an idea on what the network status is.

After that, the pathloss versus distance simulations were obtained from the formulas
taken from the theoretical models. Some pathloss versus distance figures were repre-
sented, where it could be observed that the nodes were distributed differently on the
different floors, with a different average distance and pathloss. The variation of the dif-
ferent pathlosses calculated for a single distance justifies all these effects that cannot be
predicted, like walls, people or furniture on this indoor environment.

Also, it has been demonstrated that the network is dynamic, and that the connections
of the nodes change over time due to the time analysis made, in which it could be shown
how the network status changed in different intervals of time.

The main objective of the thesis has been accomplished as the targets mentioned in

the introduction has been completed.
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5.1 Future lines

As future lines, the automatization by building an analysing method of the accom-
plished work in this project could be of great interest, so that the data obtained from the
network is analysed as soon as it is obtained, to provide a monitoring analysis with mon-
itoring tools such as Kibana or Grafana.

Other idea would be to insert a certain number of nodes in the network and see how
the network behaves to provide a good signal strength to the introduced nodes in the

network.
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