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Abstract

The large number of technologies that can be used in the Internet of
Things (IoT) (LoRa, Sigfox, Nb-IoT, Wi-Fi,...) can lead to undoubted benefits in
many areas. For example the use of a Wireless Sensor Network (WSN) can lead
to a decrease in polluting emissions or to an improvement in a company’s revenues
due to a careful and automated management of resources. The presence of different
technologies with different protocols that are used within the same field leads to
the need of a standardization. The Long Range (LoRa) technology, and its pro-
tocol Long Range Wide Area Network (LoRaWAN), is standing out among others
due to its low power consumption and long communication range. The presence
in the literature of a large number of papers that test the LoRa technology and
that study its applications in various fields, attests to how this technology is leading
in the IoT field. In this work, firstly, a comprehensive review of scientific articles
has been conducted. This study focused on which use-cases were feasible with the
LoRa communication technology. The selected papers have been divided into seven
macro areas, taking into account the different applications: healthcare, environ-
mental monitoring, disaster prevention, farming, e-mobility, smart city and satellite
communication. Particular attention has been given to applications in urban envi-
ronment for which a higher amount of papers are available in the scientific literature.
An investigation on the last trend on devices which make use of the LoRa communi-
cation has been also carried out. This survey lead to a publication 1. In the second
part of this thesis numerical simulations have been carried out with the aim to verify
the possibility to cover two specific areas of interest, namely a neighbourhood in a
city and an inhabited stretch of coast. The characteristics of the TTGO LoRa32
board have been considered as transmitting and receiving nodes. The simulations
put on display how the terrain configuration could affect the covering range but
models that take into consideration building diffraction predict higher attenuation.
In the last part several measurement of RSSI have been taken in a sub-urban area
in order to drawn a proper path loss prediction model for the LoRa communication
which has been compared with general models for wireless communication both in
indoor and in outdoor scenarios.

Luca Mattiauda
November, 2020

1L. Carosso, L. Mattiauda, M. Allegretti, A Survey on Devices Exploiting LoRa Communication,
Acta Marisiensis. Seria Technologica, Vol.18 no. 2, p. 31-35, 2020
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Chapter 1

Introduction

1.1 Background

Many studies have affirmed that the world is on a new wave of innovation thanks to
ICT (Information and Communication Technologies), in particular focusing on its
application in M2M (Machine to Machine) communication, that is what is intended
by IoT (Internet of Things) [1]. By the year 2024 there are expected to be at least
20 billion devices belonging to the IoT family [2].
The global revenue related to IoT and its applications (just to name few: automated
warehouse, health-care, smart cities, environmental monitoring) have an estimated
swelling of $3.900-$11.100 trillion by 2025 [3]. Although this prevision has been done
before the COVID-19 pandemic that has severely affected the world economy [4], it
is possible to consider IoT as a way to help the economy for a fast recovery [5]. In
fact, in [1], on a sample of 85 countries around the world, a direct link between the
number of IoT connections and TFP (Total Factory Product) has been observed,
which is contemplated as directly related to GDP growth rate [6].
In everyday consumers life, IoT could drastically change how goods and services
have been traditionally used. A very popular example are Smart Homes where
users have the opportunity to control many devices (some of which are typically not
connected) comfortably via wireless while other aspects are fully automated based
on collected data, such as smart energy management [7]. Moreover saving energy
and reducing environmental impact have proved to be increasingly popular topics
within consumers, as well as being a real threat. A study over 12 000 people around
the world showed that 46% of them believe that technological innovation would help
them in being more eco-friendly, in particular, 36% see in ICT the best solution [8].
GHG (Greenhouse Gases) emissions have to be reduced by 40%-70% to maintain the
global temperature increase under 2°C [9]. IoT technologies could help in reducing
GHG both indirectly (optimizing resources management in industries) and directly

1



1 – Introduction

(via specific sensors used to monitor pollutants); in best-case scenarios, ICT may
lead to a reduction of 12% of GHG emission by 2030 [10]. Industries that have
already deeply invested in IoT technologies not only claim a decreasing in emissions
level but also a better workplace for employees since many pieces of machinery can
be connected with no cables in the way [11].
The flexibility to easily add, move and remove wirelessly connected sensors, low
power, low cost, and small size platforms are the strength that will lead to an IoT
connection density of 106 devices in a km2 [12].
At the moment there is not an unique standard for IoT communications; a first
distinction between major ICT used for IoT could be done based on some charac-
teristics [13]:

• Regular Coverage (WI-FI, Bluethoot, Zigbee);

• Deep Coverage

– Licensed Band (GSM, WCDMA, LTE, NB-IoT)
– Unlicensed Band (Sigfox, LoRa)

1.2 Objectives and Contributions of the Thesis
As mentioned in the previous section, IoT technologies will be increasingly present in
people’s everyday life. This work will focus on the LoRa communication, the physical
layer proprietary technology developed by Semtech, and its protocol LoRaWAN. As
yet there are over 100 million devices using LoRaWAN protocol on the globe and it
is expected that 43% of overall LPWAN to be based on LoRa by 2023 [14], making
it one of the leading technologies in the LPWAN sector.
Three are the points on which this work is intended to linger:

• In what areas and in what way the LoRa telecommunications could affect the
World around us?

• Which is the current trend regarding devices that support the LoRa commu-
nication?

• Would the LoRa telecommunication be suitable to cover an urban area and
how the terrain could affect the communication?

• How the measured path loss for the LoRa communication differs from the most
used general path loss models, both for indoor and outdoor applications?

2



1 – Introduction

In the first part of the thesis, through a systematic review of the scientific liter-
ature, it was wanted to define the applications in which this communication has
been applied. Moreover, it has been investigated, selecting the latest publications,
which were the most used devices and its performances. From this last review, in
collaboration with Prof. Allegretti Marco and PhD Carosso Lorenzo, it has been
drawn an article published by Sciendo in Acta Marisiensis. Seria Technologica Vol.
18 no. 2, p. 31-35, 2020.
IEEE and MDPI were the main databases from which the scientific articles have
been selected for the surveys.
In the following different Matlab scripts have been developed to implement dissimi-
lar propagation scenarios in two different areas: a neighbourhood and an inhabitated
stretch of coast. The simulation has been done exploiting the MATLAB RF Toolbox
which take into account the Longley-Rice Path Loss prediction model that has been
deepen and compared with the empirical Okumura-Hata Path Loss model. The
first model takes into account attenuation due to terrain, while the second one the
attenuation due to buildings. Since one of the main aspect of the IoT is the ease
of use and installation, for the simulation have been taken into account off-the-shelf
product parameters.
In the last chapter several measurements of received power have been taken in an
inhabited area both indoor and outdoor. Empirical prediction models have been
drawn and compared with general models and results present in scientific literature.

This work is structured as follows: in Chapter 2 an overview on the
spreading spectrum modulations, focusing on the one exploited by the LoRa physi-
cal layer, is presented; in Chapter 3 some key points of the LoRaWAN protocol are
described; in Chapter 4 has been provided the literature review focusing on LoRa
applications; in Chapter 5 the results of [15] regarding the trend on LoRa modules
have been presented; in Chapter 6 the simulation results are reported, after having
deepened some path loss models for outdoor transmission; in Chapter 7 are pre-
sented the measurement and the derived path loss; in the last chapter there are the
conclusions.
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Chapter 2

Spread Spectrum Modulations

In single carrier modulation, signals are transmitted with a very narrow band. This
is due to the fact that band is a limited resource, especially in the unlicensed zone.
On the contrary there are modulation techniques that exploit all the available band
ensuring that many users can share same channel without interference between them.
Recalling the Shannon-Hartley capacity formula [16]:

C = B log2(1 + S

N
) (2–1)

And considering that for a spread spectrum modulation usually S
N
<< 1 the equa-

tion above can be rewrite using Maclaurin expansion for logarithm:

C = B
ln(1 + S

N
)

ln(2) = B
S
N

− ( S
N

)2

2 + ( S
N

)3

3 − ...

ln(2) (2–2)

C

B
≈ 1.443 S

N
(2–3)

where:

• C: bit rate;

• B: bandwidth;

• S
N
: signal-to-noise ratio.
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2 – Spread Spectrum Modulations

So, given a fixed signal-to-noise ratio, the bandwidth is the only param-
eter free to be changed.
Since, as said, S

N
is low, in order to have high bit rate B needs to be large.

2.1 Direct Sequence Spread Spectrum
The Direct Sequence Spread Spectrum (DSSS) modulation has been widely used
both in military and private applications in last years [17].
Key point is that symbols are modulated by being multiplicated by a bipolar signal
representing a code uniquely defined for each users. Each pulse of the code is called
chip with duration Tc, and given that Tc is lower than symbol time Ts, the resulting
bandwidth is much larger. This code is called spreading code and each chip has
value 1 or -1.
The spreading code must be known both at transmitter and receiver sides, in this
way demodulation is simply done multiplying again the received signal by the same
code and initial symbol is recovered.
Spreading code must satisfy some properties [18]:

• Balance: Number of 1s and -1s inside the code must be as much as possible
the same;

• Shifting: A delayed version of a code must satisfy the same properties as
starting one;

• Correlation: auto-correlation and cross-correlation are used in order to perform
some controls, for example synchronization, level of interference, etc;

• Orthogonality: key point, orthogonal codes can be transmitted over the same
channel without interfering between them.

The described encoding allows a large number of users to use the same
frequency band, passing from a serial communication to a parallel one. Moreover,
exploiting DSSS, narrow band interference inside broadband can be easily reject
during demodulation [19]. At receiver side the signal is again multiplied by the
spreading code, despreading the desired signal on band B, while every other nar-
rowband interference are spread all over the available bandwidth Wss; then after
filtering it, most of the unwanted signal is discharged. The ability to reject narrow
band interference is approximately measured by the Processing Gain (PG) defined
in [20] as:

PG = Wss

B
(2–4)
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2 – Spread Spectrum Modulations

The PG can be used as a qualitative indicator of interference rejection.

There are different families of codes that satisfy the the previous require-
ments [18].
First example are Hadamard codes generated from Walsh matrix where columns,
or rows, are orthogonal vectors of ones and minus ones. These vectors are used as
spreading codes and each element is a chip. Unfortunately cross-correlation between
shifted version of these codes is no more zero [21].

Another example could be Pseudo Random Noise (PN) sequences. These
codes are generated by a Linear Feedback Shift Registers (LFSR) with L cells. In
this way 2L−1 orthogonal sequences can be obtained. Two PN sequences generated
by two different LFSR with the same number of cells and different feedback taps,
can be added giving a Golden Sequence. In this way cross-correlation can be lowered
[22].

0 0.5 1

t

-2

0

2

Symbol

0 0.5 1

t

-2

0

2

Spreading Code

0 0.5 1

-2

0

2

TX signal

0 0.5 1

-2

0

2

Demodulated symbol

Figure 2.1: Example of DSSS application with PN code
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2 – Spread Spectrum Modulations

Figure 2.2: Example of LFSR with 8 cells - By Jrme Desroziers - Own work, CC
BY-SA 3.0, retrieved from https://commons.wikimedia.org/wiki/File:LFSR_
Fibonacci_8_bits.png

2.2 Frequency Hopping Spread Spectrum
The Frequency Hopping Spread Spectrum (FHSS) strategy is mainly used in un-
licensed band, especially in Bluethooth application, in order to avoid interference
between users in same bandwidth [23].
FHSS makes signal hop between different carrier frequencies (taken from an hopset)
chosen in a pseudo-random way. For each carrier a burst of data is sent for a time
called hopping period, and each symbol is modulated via traditional narrowband
modulation (such as FSK).
If a complete symbol is sent in a channel before the following hop, that’s a slow
frequency hopping.
The overall order of carrier frequencies sweep must be known at receiver side in
order to de-hop the modulated signal. Also in this case it is possible to define the
PG as Wss

B
[24].

With FHSS modulation the signal is protected against wide band interference while
narrowband interference inside a channel during frequency sweeping could be harm-
ful [19].
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2 – Spread Spectrum Modulations

2.3 Chirp Spread Spectrum
The Chirp Spread Spectrum (CSS) modulation is the one implemented by LoRa.
The spread spectrum propriety is assured in CSS modulation by exploiting a sinu-
soidal signal with linear continuous varying frequency within fmin and fmax, that is
a chirp pulse. The range fmin to fmax it is what defines modulation bandwidth. If
the frequency changes upward, the pulse is an up-chirp, while if it decreases it is a
down-chirp.
Widely used in radar application due to good resilience to Doppler effects [16, 25], it
has been widely proofed that CSS modulation has good properties also in rejecting
narrowband and broadband interferences [16, 26, 27].
The CSS PHY has been described in IEEE 802.15.4, standard for low rate LPWAN
networks involving long lasting battery supplied devices. This standard comes after
the 802.15.1 inspecting Bluethoot and after 802.15.3 for high rate WPAN. In [28] it
is described a transmitter exploiting CSS modulation associated with a differential-
QPSK modulation; than each symbol is modulated with both up and down chirp
(it is different for the LoRa modulation which only uses up-chirp for payload). A
preamble of at least 6 bits is requested for synchronization.
Three parameters are fundamental:

• B: bandwidth fmin − fmax;

• SF : spreading factor (7...12);

• fc: central frequency.

Focusing on LoRa modulation, which is patented and there is a lack of in depth
description of working principle, it is possible to start from the high level description
in [16] where it is stated that Rc = B and each symbol of time length Ts is encoded
into 2SF chips.
This means that a set of 2SF − 1 symbols can be represented and therefore SF is
the same as the number of bits per symbol.
That means:

Rs = B

2SF (2–5)

Ts = 2SF
B

(2–6)

Rb = SF
2SF
B

(2–7)

8



2 – Spread Spectrum Modulations

The Symbol mapping is done by chopping symbols into 2SF equi-lasting
chips and re-arranging these samples in a circular shifting way. In such wise each
transmitted symbol is modulated into a chirp starting from a fi = fmin+δ (different
for each symbol) and after reaching fmax it folds back to fmin and rises again to fi.
It’s the initial frequency shift that really encode each symbols [29][30][31].

Regarding inter-symbol and inter-channel interference some observation
can be dawn looking at orthogonality between symbol belonging to same symbol set
and correlation between different channels.
Given the above considerations, the general equation for a CSS symbol can be
written as:

si, k(t) = ej2πfi(k,t)t (2–8)
where i indicates the symbol set, k is the symbol index and fi(k, t) can be defined
as :

fi(k, t) =


Bi
tsi

+ Bi
2SFi k if t < ti,k

Bi
tsi

+ Bi
2SFi k −Bi if t ≥ ti,k

(2–9)

and ti,k is the time the chirp need to reach fmax, peculiar for each symbol.

In order to verify inter-symbol orthogonality two different symbols are
taken from the same set, resulting in having same bandwidth B, same symbol time
ts, same SF , different k. Supposing tk1 < tk2:

Ú ts

0
s(k1, t)s∗(k2, t)dt =Ú ts

0
ej2πf(k1,t)te−j2πf(k2,t)tdt =Ú tk1

0
ej2π(B

ts
+ B

2SF
k1)te−j2π(B

ts
+ B

2SF
k2)tdt+Ú tk2

tk1
ej2π(B

ts
+ B

2SF
k1−B)te−j2π(B

ts
+ B

2SF
k2)tdt+Ú ts

tk2
ej2π(B

ts
+ B

2SF
k1−B)te−j2π(B

ts
+ B

2SF
k2−B)tdt =Ú tk1

0
ej2π( B

2SF
(k1−k2))tdt+

Ú tk2

tk1
ej2π( B

2SF
(k1−k2)−B)tdt+

Ú ts

tk2
ej2π( B

2SF
(k1−k2))tdt

The equation above is equal to zero only when k1 − k2 is equal to the
square root of an integer multiple of SF [31].
Nevertheless, in [32] it is reported that Semtech declared that in its modules the
orthogonality within chirps is assured by means of Look Up Table (LUT) which are
closed-sources.
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2 – Spread Spectrum Modulations

On the other hand it is not so trivial to demonstrate orthogonality be-
tween symbols in different channels. In [33] it is demonstrated that chirps which
have different slopes in the frequency characteristic (different bandwidth and differ-
ent symbol time) are orthogonal.

A description for CSS demodulation can be found in patent [34] and it is
quite straightforward: after sampling the received chirp signal a conjugate chirp is
generated and multiplied by receiving signal. Doing that, constant frequencies se-
quences are obtained and computing the argmax of the FFT it is possible to recover
original symbols values.

In terms of error performances it has been studied in [29] that in a pure
AWGN channel the LoRa modulation has same behaviour as FSK, whilst in a fading
channel the FSK performances are much worst compared with LoRa ones. Moreover
the broadband characteristic makes it resistant to multipath.

10



Chapter 3

LoRaWAN Protocol

LoRa communication exploit the Industrial Scientific Medical (ISM) frequency band,
which follows regional regulations:

Table 3.1: ISM frequency band characteristics for Europe and Northern America

Europe North America
Frequency Bands 867-869 MHz 902-928MHz
Channels 10 90
Channel BW Up 125/250kHz 125/250kHz
Channel BW Dn 125kHz 500kHz
TX Power Up +14dBm +30dBm
TX Power DN +14dBm +27dBm
SF Up 7 to 12 7 to 10
Data Rate 250bps to 50kbps 980bps-21.9kbps
Link Budget Up 155dB 154dB
Link Budget Dn 155dB 157dB

Under these regulations, also normative on packets air-time are depicted.
Each packet has the following general format [35]:

Figure 3.1: LoRa Packet format

The time on air is computed as [35]:
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Tpacket = Tpreamble + Tpayload (3–1)

Tpreamble = (npreamble + 4.25)Tsym (3–2)

Tpayload = payloadSymbNb · Tsym (3–3)

payloadSymbNb = 8 +max(ceil(8PL− 4SF + 28 + 16 − 20H
4(SF − 2DE) (CR + 4),0) (3–4)

where:

• PL is the payload bytes;

• SF is the spreading factor;

• H= 0 or 1 if header is present or not;

• DE= 0 or 1 if low data rate is enabled or not;

• CR is the coding rate.

In [36] it is specified how LoRa networks can be distinguished into three
classes based on how uplink and downlink are managed in time (all classes admit
bidirectional communication between transceivers).

• Class A: it is the best choice in terms of power consumption. Downlink is
only possible in two short time windows after an uplink is detected. If the
packet is completely received along the first receiving window, the second one
will not be open. Class A is the most suitable choice for application were
uplink communication is preferred.

• Class B: Devices of Class B open more windows for downlink with respect to
Class A devices.

• Class C: Class C devices continuously open receiving windows that are closed
during transmission only.

12
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Preamble PHDR PHDR_CRC PHYPayload CRC

MHDR MACPayload MIC

FHDR FPort FRMPayload

DevAddr FCtrl Fcnt FOpts

Figure 3.2: LoRa Uplink Packet Format

In the following part of this chapter briefly description of the LoRaWAN
protocol is presented, with greater consideration for Class A devices. All the follow-
ing information is taken from [36], unless otherwise specified.

The LoRa uplink packet is formed by a preamble, an header (PHDR), an
header CRC (PHDR_CRC), the payload, and a CRC payload.
In turn, the payload contains a one byte MAC header (MHDR), a MAC payload
(MACPayload), and a four byte message integrity code (MIC). The MAC payload
size range from 7 bytes to M bytes, where M is region specific.
Since LoRaWAN uses eight different type, of message, the MAC header indicates
which type is used.
The MAC payload is composed by a frame header (FHDR) and two optional fields.
Inside FHDR there is the end-device address (DevAddr), a one byte control field
(FCtrl), a two byte frame counter (FCnt), and a fifteen byte field for frame options
(FOpts). Within the FCtrl it is possible to set the bit that activate the adaptive data
rate (ADR). Exploiting ADR, the network will self regulate in terms of data rate
and power. When the gateway pass the received packet to the network server via
IP standard, it is added information about received power and time-on-air. Based
on that information, the server will change end device SF in order to optimize the
performance. End devices that are near gateway do not need high air-time, so a
lower SF and an higher data rate can be used; on contrary, far end-devices will
require higher SF and more power.
When ADR is active, each uplink increments ADR_ACK_CNT counter up to a
fixed limit, instead, each downlink resets this counter. When the ADR_ACK_CNT
reach its limit, the end-devices asks for acknowledgement in FCtrl. If no downlink
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is received after a certain amount of time, the end-device return to default data rate
value in order to re-gain connectivity.
The network server can control end-devices via MAC commands. MAC commands
can be content of FRMpayload field or FOpts, but in the same packet only one of
the two choice is possible. When the MAC command is in FRMpayload, FPort is
set to 0.
Some of MAC command could be: set end-devices to default parameters, validate
connectivity, change of frequency and data rate, request status information of end-
devices, configuring delay between uplink and downlink windows, etc..
To assure security, the payload is encrypted using AES encryption with a 128 bits
key described in [37]. The key used is different for each end-device.

Figure 3.3: LoRaWAN topology - By Brivadeneira Own work, CC BY-SA 4.0,
retrieved from [38]

14

//commons.wikimedia.org/w/index.php?title=User:Brivadeneira&action=edit&redlink=1
https://creativecommons.org/licenses/by-sa/4.0


Chapter 4

Applications

4.1 Healthcare

Clinical monitoring is moving from hospital to people houses not only to tracking
disease, but also to monitoring various biological parameters for an healthier life.
Just thinking of how common smart watches are becoming it is easy to understand
how IoT can improve the health care system sending data from home sensors to
experts that can make diagnosis and therapeutic plans.
Tele-medicine can be particularly helpful in situation where patients have some im-
pairment in moving frequently in hospitals, for instance elderly people, disables or
in presence of chronic severe ill.
LoRa technology is one of the best choice since most sensors are battery supplied
and fast data rate is of no great importance since feedback must be sent only when
monitored parameters deviate from normal values [39].
Accordingly to United Nations 16% of world population will be older than 65 years
old [40] by 2050, while in Italy, by same year, it is expected to have 36% of people 65
years old or older [41]. Within this age group 10% is affected by Alzheimer’s demen-
tia [42]. People with Alzheimer have been observed to have wandering behaviour
and tend to get lost (about 40% of patients with such disease) [43]. Tracking IoT
devices can be used to track them and detect fall so to inform caregivers and achieve
faster actions.
In [39] a cane for elderly people has been developed and tested , equipped with an
accelerometer, a GPS and a LoRa transceiver, which main objective was to commu-
nicate to a base station the need of help in case of fall. It has been demonstrated
that using B = 500kHz, CR = 4/5, SF=7 a robust communication has been ob-
tained in a city environment (reaching a distance of 1 km with a packet loss less
than 20%). A similar board integrated in a small box has been developed in [44].
In this study range has been preferred over data rate (maximum SF has been used)
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getting about 12 km communication between nodes.
60% of death worldwide are due to chronic diseases, which requires to be moni-
tored over time. Moreover these diseases can make prohibitive to patients moving
to hospitals for analysis. End devices supported with sensors for glucose level, oxy-
gen density, heartbeat rate, etc. can be used to monitor patients from home and
communicate data to a central server making it possible to experts to access them
and taking actions. In [45] the LoRaWAN protocol has been tested for such scope
(LoRa has been chosen for power consumption ten times less than GPRS and for
the cost ten times lower than GSM networks), positioning a gateway at 12 meters
of height in an urban environment. Authors have reached 33 km2 of signal coverage
in outdoor environment with SF=7, B=125kHz.
It has been observed in [46] that 96,7% of packets have been received in a campus
site sent by an end device (supporting pressure and temperature sensors) wore by
a person moving both outdoor and indoor; the base station was an antenna placed
24 m high, with SF=12 and BW=125kHz.
In many countries maternal death rate is still a big problem, caused by lack of
doctors and difficulty from women in rural area to reach hospitals in time. LoRa
platforms can be used to monitor mothers’ parameters from home and sending data
to hospitals server where the need to send an ambulance will be verified [47].
LoRa temperature sensors have been thought to help in fighting COVID outbreak
in a fast temperature screening of people in private and public buildings [48][49].
Moreover LoRa module can be used for monitoring contact between infected and
healthy people [50].

4.2 Environmental Monitoring

As said in chapter 1 environmental pollution is a big threat and it is becoming a
very popular topic. According to WHO 4.2 million deaths per year are caused by air
pollutions, and 90% of people breathe air with pollutants levels higher than guide-
line limits [51]. Air pollutants can cause cardiovascular and respiratory diseases,
and cancers [52]. This is why air quality must be monitored.
Concerning that, many studies employing LoRaWAN networks have been carried
out. In [53] a drone has been used carrying sensors for detecting major air pollutant
such as PM,CO,NH3, NO2, V OC,CO2. Drones are useful for monitoring air in
areas difficult to reach, communication with a central server storing data is done via
LoRaWAN transmission. Also in [54] an end node has been mounted on a drone,
to track CH4 emissions over oil fields. Using SF=9, B= 62.5kHz and CR= 4/6, a
distance of about 1 km has been reached. In this case, Class C operating mode has
been chosen.
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In [55] a three-month air monitoring is presented with data coming from eight dif-
ferent static end nodes with 600m of distance between receiver and transceiver.
Authors of [56] reached a maximum message received distance of 12 km in an urban
area using SF10. Their work focused on end devices supporting PM sensors placed
3m high on walls of two different schools. Other works also have demonstrated the
good reliability in LoRaWAN sensors node for monitoring air pollution in urban
areas [57–60].
Furthermore, contamination in water is determinant in affecting people health, also
in this case there is the need to monitor pollutants.
In [61] a system of floating nodes is presented. A 100% correct reception has been ob-
tained under 500m of distance between nodes and gateways using SF7, B= 125kHz,
CR= 4/5. In [62] a system for nitrate concentration in water monitoring is presented.
The LoRaWAN end-nodes are distant 340m from gateways. 98% of packets have
been received correctly (No information about LoRaWAN parameters). Further a
comparison between power consumption in LoRa-based controller versus WiFi-based
ones is presented with a significant reduction of 2.22 times in LoRa case, making
LoRa nodes more suitable for being supplied by solar panels (plus batteries, making
the service more reliable).

4.3 Disaster Prevention
Earthquakes, floods, volcano eruptions, massive fires, floods, and landslides are dis-
asters that are not predictable in their entirety or in their effective entity. The only
way to limit damages is to take action as soon as the signs of a potentially dangerous
event arise. Placing sensors in areas at risk and collecting data from them can be a
way to be aware of an imminent threat.
In [63] a flood monitoring system using an ultrasonic sensor it has been developed.
The sensor node measure the height of a river level. Data is sent to a receiving node
500 meters away and in case of danger an alert message is published on the social
network Twitter, using a Raspberry Pi. They experienced no packet loss, with an
assigned frequency of 915 MHz which is the one allowed in Mexico where the test
has been conducted.
In [64–66] sensor networks able to detect a fire within a forest have been developed.
In [64] end-nodes have been equipped with a GPS, fire sensor, LoRa transmitter,
and a Raspberry PI, reaching a maximum communication distance of 1.3 km. Unlike
all previous works, in [65], authors implemented a LoRaWAN mesh network topol-
ogy. They equipped four end-nodes with smoke sensors reaching 500 m transmission
with settings: B 250, CR 4/5, SF 10. In [66] fifteen transmitting boards have been
equipped with temperature, humidity, wind speed, and CO2 sensors to detect the
most favourable conditions for the outbreak of a fire. They covered an area with 1
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km radius using SF=7.
A landslide detection system has been studied in [67] using a set of gateways in
known locations monitoring some sensors, such as accelerometer and pressure sen-
sor, and tracking their position via trilateration based on Received Signal Strength
Indicator .
Moreover, in [68] a system which aim is the surveillance of soil heat around a vol-
cano has been tested. End nodes consist of buried thermometers sending data to a
repeater in order to extend the range. It has been used SF = 7 so that air time is
reduced, and consequently also power consumption. Authors say that LoRa perfor-
mances were good with packet loss less than 2% over an all-day monitoring.

4.4 Farming
The capability of the LoRa network to cover a large area with low cost and low
power end devices, make LoRa technology very suitable to monitor parameters of a
vast cultivated field. Moreover, in these situations, a low data rate is sufficient since
no sudden variations are not expected.
In [69] the LoRaWAN has been used to monitor a tree farm. CR, SF, and B have
been varied in order to find the best PHY parameters. Every end device has been
tested at 100m, 150m, and 200m at a height of 2,5m. It has been observed that in
a place where there are many obstacles on the field, such as trees, the best perfor-
mances have been obtained with higher CR, SF, and transceivers positioned at high
height.
Authors of paper [70] designed a communication system for underground-underground
communications and underground-aboveground communications in order to keep
track of soil specifications. It has been noticed that the quality of transmission
deeply depends on soil characteristics, in particular on the permittivity which greatly
changes with soil moisture. Wetter soil leads to great degradation. Regarding dis-
tance, it has been seen that in under-under case 20m have been reached while 200m
in the under-above case.
In [71] a network to control an irrigation system has been developed using SF=10
and CR=4/8 for a 2km range.
Also [72] claims that between all IoT LoRa network in agriculture applications can
give good results.

4.5 E-mobility
IoT applied to vehicles can lead to a reduction of traffic jams, high accident rates,
pollutant emission, and incorrect behaviours. According to the paper [73], LoRa
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transmission can follow objects that move until a velocity of 40km/h; this means
that LoRa technology is best suitable for tracking vehicles in crowded ambient where
velocity is limited.
While the Global Positioning System (GPS) is a widely used technology for local-
ization it requires a large amount of power, that means large batteries are required
and this implies that it is not the best choice for human-powered vehicles which
are required to be as light as possible. In [74] and [75] tracking systems involving
bikes have been developed using LoRa both as a way of tracking and long-range
communication between bikes and stations, the power required by the LoRa shield
could be satisfied by a simple dynamo motor [74]. Authors of [75] claimed 100% of
packet delivery for different baud rates.
In [76] a packet delivery ratio of 95% has been obtained during tracking of a vehicle
moving at a speed of 20km/h in a campus (SF=12, CR=4/5, B=125 kHz); authors
faced transmission problems due to the presence of buildings, reaching 1,4km track-
ing distance.
Some researches over systems designed to minimize car accidents have been carried
out employing LoRa plus GPS boards. The data obtained with GPS are then sent
via LoRa. Authors of [77] designed a system to avoid car accidents due to damaged
roads, involving a speed of 60 - 90 km/h. In [78] a way to avoid crashes during over-
taking has been studied, the scenario was a straight road. The studied system alerts
the driver when a proximity danger is detected. Communication between vehicles is
done via LoRa and it has been got 95% of successful results for a distance less than
200m while 90% of correctness on a distances greater or equal than 800m.
On the way of unmanned electric vehicles, in [79] a way to correctly guide an au-
tonomous vehicle has been studied, providing communication between vehicle and
stations along the road reaching a range of 2,5 - 4 km.

4.6 Smart City
Urban environments, due to a large number of people and buildings consist of a
very complex set up in IoTs application for the plethora of implementation that
such kinds of technologies could appeal. In particular, the feasibility of the LoRa
long-range communication in an open space where many buildings are present has
been studied in different articles. Prajanti et al. conducted a simulation over a big
metropolitan area in order to find the optimum network configuration, finding a
range where the packet loss was equal or higher than 90%. They have found that a
single gateway could cover a 3 km - 3.5 km radius area and the optimum number of
devices should be around 3000 [80]. A more realistic study has been conducted in
[81], authors tested a LoRa network in a city, and although the transceiver where
placed at 71m height they only reached coverage of 1km - 2km probably due to
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the shadowing effect of nearby buildings. Considering a smaller area both [82] and
[83] showed how a mesh topology would be better than a star network, the mesh
topology can extend the range using a lower SF, that means lowering the air time
and so the risk of packet collision resulting in a lower packet loss percentage. In
paper [84], authors have experienced a 14 km communication with a packet loss of
75% but must be highlighted that the study case is a port, so a flat plain area with
no obstacles over the see.
Deeping on particular applications in open space over the urban area many articles
are present in literature that discusses the IoT network which exploits LoRa com-
munication. In [85] a smart public light system that transmits data to a server via
LoRa has been presented. Authors of [86] developed a smart trash bin equipped
with an end node which consists of a micro-controller, an ultrasound sensor and a
LoRa TX module that communicates when the bin is almost full, in this way the
city trash management could be improved in terms of time and cost. The test has
been done inside city walls where the maximum reached distance has been 1.1 km
with no packet losses. Authors exploited event-driven communication since their
main target was low power consumption and estimated a lifetime of 502 days using
a 3500 mAh battery.
Another relevant issue in cities is people or vehicle traffic. In [87] a 74 low-cost
sensors node network has been installed, aim of the network was monitoring the
movement of people; while authors of [88] developed a smart parking system which
consists in positioning TX at the center of all parking slots: when a car is parked
above a sensor, the RX will sense a significant signal strength drop. Informing car
drivers of available parking slots can help lower traffic jam by 30% [89].
Furthermore, cities also have important underground structures, whether they are
historic structures or tunnels for pipelines or power supply, which can be monitored
using IoTs. In [90] it is presented a linear multi hop LoRa network for monitoring
an ancient underground aqueduct, the maximum reached distance between nodes is
200 m. Authors of [91] exploited LoRa transceiver for monitoring heat of a power
grid: the gateway was 1.5 m above the ground which communicates with a repeater
placed 2 m underground; between them, there was a metallic lid. The authors moved
the gateway up to 20 m of horizontal distance and they recorded no packet loss for
both SF 7 and 12.

Talking about IoT application in a smart city it is dispensable to consider
also indoor communication. Authors of [92] and [93] have conducted a deep analysis
of the performance of a LoRa network in different types of buildings, with an eye on
fading and coverage. Both studies have been conducted in three scenarios: in a room
with TX and RX in line of sight, TX and RX on the same floor but with obstacles
between them, TX and RX on different floors. The mentioned studies underline
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the fact that increasing the bit rate the coverage is lowered, but decreasing the bit
rate increases the time on-air which means higher power is needed. In particular, in
[93], authors considered as good LoRa coverage an area where the packet loss was
no more than 10%. Authors confirmed that they reached good coverage in an eight
floor building, whilst authors of [94] have experienced a packet loss of 78% when
fourteen floors were between TX and RX.

4.7 Satellite Communication
In all previous cases, the LoRa networks never exceeded the extension of an urban
area. There could be some context where sensors are applied to monitor an area that
is much far from a place where a server can be installed. In this optic, a solution is
presented in the literature. The main idea is to rely on the LEO satellite. The LEO
orbit is between 500 km and 2000 km from the surface and orbit of the satellites
are easily predictable with good coverage over the earth and low latency. LEO
satellites are designed to be low cost and some studies propose to use these satellites
to collect data from ground sensors using LoRa communication. In [95] a study over
the adaptability of LoRa protocol in ground-LEO satellite communication has been
carried on. Since the communication almost happens in free space the distance is
satisfied but the Equivalent Isotropic Radiated Power (EIRP) needed is quite high,
so a power higher than the one permitted in ISM frequency should be used. To
overcome this problem authors suggest using antenna with high gain. Moreover, the
time on-air could reach 7 ms which is no more negligible. Authors of [96] simulated
employing a software-defined radio a signal affected by a Doppler effect equal to as
a signal received by a satellite orbiting at an altitude of about 200 km which is lower
than LEO orbit, that means that also the frequency shift is worst than the one that
would be experienced by an LEO satellite. Simulation pointed out the resistance
of LoRa communication over the Doppler effect for all SF, in particular with lower
SF a more stable communication has been achieved. Although in section 4.7 it has
been said that the maximum relative speed between TX and RX is 40 km/h before
experiencing heavy degradation in communication, authors of [96] proved that in
line of sight condition, and so in absence of multipath fading (which is present in
an urban environment,) the speed limit declared in other studies does not apply in
satellite communication conditions. In [97] a receiver that would be capable to work
on LEO satellite and detect LoRa signals has been designed and simulated.
Furthermore, in [98] it is presented how a swarm of satellites can exploit the LoRa
communication to exchange information and commands among them.

21



Chapter 5

Characteristics of Devices

From the survey that has been carried out in [15], it has been seen, from the papers
that have been selected, that two are the manufacturers of modules that support
the LoRa communication: Semtech (which patented the LoRa physical layer) and
Microchip. SX1272, SX1276/8 and SX1261/2 are the ones belonging to Semtech
while RN2903 and RN2483 are the modules developed by Microchip.
The survey results are summarized in Tab 5.1 which is derived from the Table 2 in
[15] where it is possible to distinguish use-cases and performances for each device.

Table 5.1: Comparison within modules performances in application presented in
literature. Results taken from [15].

use-case Band (kHz) SF
Central

Frequency
(MHz)

TX power
(dBm) Range Module

multifloor
communication 500 7 915 10 7 floors (17,5 m) SX1272

urban static WSN - - 868 - 1,1 km SX1272
urban static WSN - - 868 - 350 m2 SX1276
urban static WSN - 10 868 - 1 km2 SX1276
urban static WSN 125 7÷12 923,2-924,6 12 40 m SX1276

Earth-space communication
(monopole antenna) 125 12 915 22 - SX1262

Earth-space communication
(directive antenna) 125 7÷12 915 22 - SX1262

urban WSN 250 7 868 - - SX1261
embedded node 250 7 868 14 - SX1261
smart house - - 915 18.5 - RN2903
urban WSN - 7 915 12 1,5 km RN2903

wearable sensor node 125 7 868 10 1,5 km RN2483
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It is possible to notice that the SX127X series modules are suitable for
urban WSN installation, also in indoor use-case, but, when the center frequency is
higher, communication suffers from higher attenuation. For this reason the trans-
mitting output power should be increased to reach satisfactory results. The SX126X
series modules have been used for LEO communication with a lifetime of more than
4 years. This is justified for their better performance with respect to the SX127X
series (Tab. 5.2).
It has been observed that there are not published results on use-cases involving the
latest module released by Semtech, the LR1110.

Table 5.2: Semtech modules parameters. Data taken from [99–101]

SX1272 SX1276 SX1261
Link Budget 157 dB 168 dB 170 dB
RX current 10 mA 9.9 mA 4.6 mA
Sensitivity -137 dBm -148 dBm -148 dBm

Although the majority of applications involve the Semtech products,
within the last year researches some studies have been carried out on Microchip
modules. It has been seen that they could have good performances in urban envi-
ronment, also with a slow-moving receiver, whilst there is a reported application in
smart house system of the RN2903, performance in correct received packet was low
[15].
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Chapter 6

Preliminary Propagation
Simulation

Aim of this chapter is to verify if the coverage of two real zones, where a WSN has
to be installed, is possible with transmission parameters of an off-the-shelves device
that exploit the LoRa communication according to the most common path loss
models used for outdoor communication. There are different mathematical models
that can be used for computing the attenuation that electromagnetic signals may
undergo. The models considered are empirical, that means that have been drawn
from measured data. The simulation will be carried out exploiting the Matlab RF
Toolbox which make use of the Longley-Rice Path Loss Model. Since this model only
takes into account the diffraction due to the environment (it will be explained in
Section 6.1.2) it will be compared with the Okumura-Hata Path Loss Model (Section
6.1.3). Given the significant difference between the two models, when the Longley-
Rice is compared with the attenuation obtained from the Okumura-Hata models for
the city environment, some precautions will be taken during the setting parameters
of the simulation, as it will be explained in Section 6.3.2.

6.1 Path Loss Models

6.1.1 Free Space Path Loss Model

The free space path loss model is valid only in situation for which no obstacles or
reflection are considered.
Starting from the Friis equation, a signal of frequency f at distance d in the free
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space has an attenuation in dB equal to:

Lbf (d) = 20 log
14πfd

c

2
=

= 20 log
14π
c

2
+ 20 log f + 20 log d =

= −147.55 + 20 log f + 20 log d

(6–1)

If the frequency is indicated in MHz and the distance in km, the previous equation
can be rewritten as:

Lbf (d) = 32.45 + 20 log f + 20 log d (6–2)

6.1.2 Longley-Rice Path Loss Model
The Longley-Rice Path Loss prediction model has been described for the first time
in 1968 in [102]. This model has been obtained after thousands of measurements in
different environments for a frequency range from 40 MHz to 10 GHz. As explained
in annex 3 of [102] the necessary parameters to be known are the carrier frequency
(f) in MHz, the path distance (d) in km and the antenna heights from ground
(hg1, hg2) in meters. Moreover, authors carried a probabilistic study over earth
refractivity index and morphology. Thanks to these studies they have been able
also to provide a model to calculate the effective radius of the earth and a factor
δh. The effective radius of the earth is a function of the refractivity index for which
a local mean annual value has to be considered since it changes with temperature,
pressure, humidity, etc. In this way also weather effects are taken into account.
Common value is 8493 km which is 4/3 of the actual radius. Instead, the factor δh
is related to how the terrain change with respect to the sea level, it depends on the
distance but as it increases it converge asymptotically to a constant value. Typical
values could be taken from table 1 of [102]:

Table 6.1: Typical value of δh.

δh (m)
Water 0-5

Smooth plains 5-20
Slitgthly rolling plains 20-40

Rolling plains 40-80
Hills 80-150

Mountains 150-300
Rugged Mountains 300-700
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In addition to the four essential inputs: fc, d, hg1 and hg2 , in order to
compute the attenuation, other parameters are needed:

• he1,2 which are the effective antenna heights;

• θe1,2 which are the elevation angle with respect to the line of sight plane;

• dL1,2 which are the distances from the antenna and the horizon obstruction;

• dL that is the distance between the antennas.

The distances are calculated over an arc with radius equal to the effective earth
radius.

When detailed information about the terrain morphology are not given,
he1,2 , dL1,2 and θe1,2 can be approximated as:

he1,2 =


hg1,2 for net-type communication

hg1,2 + ke−2
hg1,2
δh for antennas on hills.

(6–3)

with k equal to:

k =

1 + 4 sin(π hg1,2
10 ) if 0 ≤ hg1,2 ≤ 5,

5 otherwise.
(6–4)

The distance between antennas and line-of-sight obstruction can be com-
puted on a smooth terrain as:

dLs1,2 =
ñ

0.002ahe1,2 (6–5)

where a is the earth effective radius.
Then, same distance over a non-uniform terrain can be approximated with:

dL1,2 = dLs1,2e
−0.07

ñ
δh
he (6–6)

where he is equal to:

he =

he1,2 if he1,2 ≥ 5,
5 otherwise..

(6–7)

Values of θe1,2 can be approximated with:
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θe1,2 = 5e− 4
dLs1,2

[1.3
dLs1,2

dL1,2

δh− 4he1,2 ] (6–8)

When the morphology of the terrain is known, the horizon distances are
considered as the values that maximize:

θe1,2 =
1e− 3(hL1,2 − hs1,2)

hL1,2

−
dL1,2

2a (6–9)

where hs1,2 are the heights of the ground in the antennas locations from the reference
level and hL1,2 is the height of the line-of-sight obstruction from the reference level.
Regarding the reference level, the 4/3 of actual earth radius approximation is still
acceptable if θe1,2 ≤ 0.2 radians; if not, a reference level equal to a fitting line of the
course of the land between the two antennas has to be taken.
Regarding the antennas effective heights, also in this case the approximation .....
are still valid, especially for very uneven terrains. All the previous equations have
been taken from the body and annex 3 of [102].

Figure 6.1: Line Of Sight path

The Longley-Rice model takes into account free space losses, diffraction
and scattering effects due to terrain without considering buildings or vegetation.
Then the model distinguish three zones based on which attenuation effect is pre-
dominant. Defining a distance dx for which diffraction losses are equal to scattering
losses, the three regions are:
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• region 1 : dL < dL1 + dL2 antennas are in line-of-sight, two rays scenario is
considered;

• region 2 : dL1 + dL2 < dL < dx for which diffraction phenomena are predomi-
nant;

• region 3 : dx < dL for which scattering phenomena are predominant.

The total attenuation, in dB, therefore is:

Lcr = Lbf + Acr (6–10)

Assuming matched antennas and omnidirectional radiation, the two rays
attenuation can be written as [102]:

Acr = −10 log[1 +Re
2 − 2Re cos(4.1917e− 5fhe1he2

d
− c)] (6–11)

where c is the phase shift between the two paths and Re is the effective reflection
coefficient.
In the body of [102] it is said that under conditions of: uneven terrain and f higher
than 100 MHz, Re

∼= 0.9 and c = 0. This application is only valid on ground,
for transmission over the sea the equations in annex 3 of [102] must be followed.
Considering the maximum range of 2 km, the following distances are considered:

• d0 = 0.5dL

• d1 = d0 + 0.25(dL − d0)

Those distances are used in 6–11 to compute A0t and A1t that are the attenuations
due to the two rays scenario. Then, in annex 3 of [102], the term Ae and md

are also computed. These terms are the intercept and the slope related to the
diffraction attenuation curve and takes into account diffraction and clutter effects.
In fact, although diffraction is not the predominant cause of losses in region 1, this
effects has to be taken into account, especially if terrain is irregular. The diffraction
attenuation terms in d0, d1 and dL are:

Aod = Aed +mdd0;
A1d = Aed +mdd1;
ALs = Aed +mddLs.

(6–12)

So, given the free space two rays attenuation parameters A0t and A1t, and the atten-
uation due to diffraction A0d, A1d and ALs, it is possible to compute the weighted
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average attenuation in points d0, d1 and dL as:

Ao = wA0t + (1 − w)Aod;
A1 = wA1t + (1 − w)A1d;
ALs.

(6–13)

where w is the weighting term defined as:

w = (1 + f + δh10−4)−1 (6–14)

For smooth terrain or water, for which δh is lower, the attenuation due to two rays
is predominant; for very irregular terrain for which δh is high, also in region 1, the
attenuation is mostly due to diffraction phenomena.

The overall attenuation in region 1 can be then calculated (in dB) as :

Acr = A0 + k1(d− d0) + k2 log( d
d0

). (6–15)

The constants k1 and k2 can be set equal to:

k2 = 0;

k1 =
(ALs − A0) − k2 log(dLs

d0
)

dLs − d0
;

(6–16)

If k1 < 0 then:
k1 = 0;

k2 = ALs − A0

log(dLs
d0

)
;

(6–17)

The diffraction attenuation terms Aed and md are, respectively, the in-
tercept and the slope of a line crossing the diffraction attenuation calculated at
distances d3 and d4, which are:

d3 = dL + 0.5(a
2

f
) 1

3 if d3 ≤ 0 then d3 = dLs;

d4 = d3 + 0.5(a
2

f
) 1

3 .

(6–18)

The overall diffraction attenuation is then computed as a weighted average between
diffraction due to smooth terrain (Ar) and diffraction due to many obstacles (Ak).
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In order to compute Ak four parameters are needed:

v1,3 = 1.2915θ3

öõõôf dL1(d3 − dL)
(d3 − dL2)

;

v2,3 = 1.2915θ3

öõõôf dL2(d3 − dL)
(d3 − dL1)

;

v1,4 = 1.2915θ4

öõõôf dL1(d4 − dL)
(d4 − dL2)

;

v2,4 = 1.2915θ4

öõõôf dL2(d4 − dL)
(d4 − dL1)

.

(6–19)

where:
θ3 = θe + d3

a
;

θ4 = θe + d4

a
.

(6–20)

θe is the sum of the elevation angles.
Therefore:

A(vi,j) =

6.02 + 9.11vi,j − 1.27vi,j2 for 0 ≤ vi,j ≤ 2.4;
12.953 + 20 log(vi,j) for vi,j > 2.4.

(6–21)

Ak3 = A(v1,3) + A(v2,3) , Ak4 = A(v1,4) + A(v2,4) (6–22)
After having computed the attenuation due to smooth terrain in d3 and d4, it is
necessary to find the diffraction attenuation in the case of irregular terrain. To that,
in annex 3 of [102] there is a set of equation to follow, but in [103] released by
the International Telecommunication Union (ITU), which is an ONU agency for
telecommunication standardization, in addiction to the same algebraic method, it
is defined a graphical way to compute Ar.
Given:

Ar = F (d) +H(h1) +H(h2) (6–23)
In [103] from Figure 3 to 6, nomograms are provided to compute the values of
distance F (d) and the height-gains H(h).
In this way it is possible to obtain:

Ar3 = F (d3) +H(h1) +H(h2) , Ar4 = F (d4) +H(h1) +H(h2) (6–24)
Once attenuations due to both smooth terrain and multi-obstacles have been ob-
tained, the averaged attenuations are computed as [102]:

A3 = w3Ar3 + (1 − w3)Ak3;
A4 = w4Ar4 + (1 − w4)Ak4.

(6–25)
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In which the weighting factor wi is equal to:

wi =

1 + 0.1
δh
λ

öõõôhe1he2 + C

hg1hg2 + C
+ aθe + dL

di


1
3


−1

(6–26)

For antenna with known parameters C = 10, otherwise C = 0.

Having found all the attenuation terms due to diffraction, it is possible
to compute Aed and md, which are also requied in eq. 6–12.

md = (A4 − A3)
(d4 − d3)

, Aed = Af0 + A4 −mdd4. (6–27)

The term Af0 is defined as a clutter factor, it means that it is usefull to take into
account all unwanted effects due to echoes. It can be approximated with 15 dB.
Finally it is possible to define the attenuation due to diffraction in region 2 as:

Acr = Aed +mdd. (6–28)

Regarding region 3 it is reported as delimiting distance dx between region
2 and region 3 the approximation:

dx = dL + 0.25
A
a2

f

B 1
3

log f (6–29)

Considering f=868 MHz, an effective earth radius equal to 4
3 the effective radius and

dL equal zero; the minimum distance for which attenuation due to scatter phenomena
is equal to the one caused by diffraction is at the minimum distance of about 33 km
which is much larger than the area considered hereafter and moreover far exceed the
LoRa communication range. For this reason the calculation needed for computing
attenuation in region 3 will not be reported.

31



6 – Preliminary Propagation Simulation

6.1.3 Okumura-Hata Path Loss Model
In [104] an empirical formula, that describe the path loss in an urban environment,
has been developed based on measurements in the 1960 Okumura report. In [104]
author defined a formula which simplified version is reported to be A+B logR where
A is function of the frequency, B function of the antenna height and R depends on the
distance. Some assumption has been done during the formulation of the equation:
isotropic antennas are considered and no terrain irregularity have been taken into
account.
In Table 3 of [104] the results have been summarized: where:

Area Path Loss (dB)
Urban Lp = 69.55 + 26.16 log f − 13.82 log ht −m(hr)

Sub-urban Lps = Lp − 2
î

log
1
f
28

2 ï2
− 5.4

Open-area Lpo = Lp − 4.78 (log f)2 + 18.33 log f − 40.94

• f is the carrier frequency in Mhz;

• m(hr) is a corrective factor depending on the area of interest:

– large city:

m(hm) = 8.29 (log (1.54ht))2 iff ≤ 200MHz;
= 3.2 (log (11.75ht))2 iff ≥ 400MHz.

– medium-small city:

m(hm) = (log (f − 0.7))ht − (1.56 log f − 0.8)

• hr is the transmitter antenna height in meters;

• ht is the receiver antenna height in meters.

It is also reported that the conditions for which the Okumura-Hata model
equations are valid are that: frequency must be in the range 100 MHz - 1500 MHz,
distance between transceiver must not exceed 20 km, ht must be within 30 m - 200
m and hr within 1 m - 10 m.
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6.2 Comparison between Path-Loss Models
In this section will be compared the empirical methods previously introduced.
The Longeley-Rice method (presented in6.1.2) requires precise information regard-
ing the terrain curse, so the method is applied on the Scenario 1 detailed in Section
6.3.1.
In Scenario 1, given the transmitter locations, it possible to define both LOS trans-
mission path and path obstructed by natural obstacles. The two considered trans-
mitters have an omnidirectional antenna with 3dB gain. TX1A is at 10 m from
ground while TX1B almost at an height of 30 m from ground.

Figure 6.2: Transmission paths for TX1A. Matlab Site Viewer.
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Figure 6.3: Transmission paths for TX1B. Matlab Site Viewer

As it is possible to see, for transmitter TX1A the area of interest is
mostly in LOS (Fig. 6.2), that means that for this case the computation of the
Longely-Rice attenuation will be under the Region 1 conditions, this means that
the two ray attenuation will be mostly considered. Concerning TX1B (Fig. 6.3) the
zone of interest is shielded by a hill, but the distance is much lower than the one
computed with 6–29; for that reason the Longley-Rice model will consider diffraction
attenuation in the way that was explained for Region 2 in Section 6.1.2.
The selected paths for TX1A and TX1B are shown in Fig. 6.4 and Fig. 6.5.

Figure 6.4: TX1A LOS path. Matlab Site Viewer.
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Figure 6.5: TX1B obstructed path. Matlab Site Viewer

The Longely-Rice attenuation curves have been obtained through the
sigstrength function included in the MATLAB RF Toolbox while Free Space Path
Loss curve and Okumura-Hata attenuation curves have been obtained using eq.6–2
and equations in section 6.1.3. For the calculation has been considered a transmitter
antenna height of 30 m from ground, since it is the lowest acceptable value for
the Okumura-Hata method; receiver antenna height has been fixed at 2 m from
ground. Frequency has been set equal to 868 MHz. Attenuation is independent
from transmitted power and antenna gains.

Figure 6.6: Comparison between different empirical models for path loss attenuation.
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Table 6.2: Path Loss Methods comparative table for fixed distances.

5 m 50 m 500 m 1000 m 1500 m
Longley-Rice: LOS 60.0 67.8 86.9 92.9 96.4

Longley-Rice: Obstructed 59.7 67.5 87.0 100.7 102.3
Okumura-Hata: City 43.7 78.9 114.1 124.7 130.9

Okumura-Hata: Suburban 33.8 69.0 104.3 114.9 121.1
Okumura-Hata: Open space 15.3 50.5 85.8 96.4 102.6

Free Space Path Loss 45.2 65.2 85.2 91.2 94.7

The Okumura-Hata method has been applied for a medium-small city,
but regarding a big city it is sufficient to add 0.23 dB to the attenuation values.
The difference between a big and a medium-small city become more significative
when receiver antenna are placed at an higher level.
From Fig. 6.6 can be drawn some observations. For LOS, the Longley-Rice method
gives results very similar to the Free Space Path Loss. After 50 m the difference is
constant and the LOS Longley-Rice has a worsening of 1.7 dB.
Along the obstructed path, the curve is very similar to the one for the LOS path up
to a distance of 800 m where there is a huge attenuation peak. The reason of that
can be understood looking at Fig. 6.7.

Figure 6.7: Course of the land along obstructed path and TX1B LOS.

Around 750 m the presence of the hill, that fix the horizon level for TX1B,
arise high attenuation due to diffraction, up to 20 dB higher than the Free Space
Path Loss Fig. 6.6). After 1 km the values of attenuation become very similar to
the ones computed with the Okumura-Hata model for the Open Space. In fact, in
open space, the buildings are very few, making the attenuation phenomena similar
to the ones considered by the Longley-Rice model for Region 2.
Although Okumura-Hata model take into account the effects of buildings, must be
noticed that this is a general method and should be fixed for each use-case while
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the Longley-Rice model, that only considers attenuation due to terrain, has the ad-
vantage of consider local parameters, such as the coordinates, altitude but also the
refractivity index which in turn depend on annual variation based on the weather
of a zone.

6.3 Simulation
In this section will be carried out a simulation on Scenario 1 and Scenario 2, de-
scribed in section 6.3.1, in order to evaluate the coverage of transceivers based on
a LoRa module. Transmitter and receiver have been modelled following the param-
eters of the TTGO LoRa32 board supporting the SX1276 868MHz LoRa module.
For this module the maximum TX power is equal to 20dBm and has a maximum
sensitivity of -148 dBm. The working frequency is 868 MHz and the antenna con-
sidered is a quarter wavelength monopole wire. Considering also a velocity factor of
95% the final antenna length is 8.2 cm.
Height of transmitter and working frequency have been kept fixed while height of
receivers and output power values have been swept in order to find the best com-
promises that gave the complete coverage. It is clear that the simulation has to be
intended only as a preliminary tool just to get an idea about the feasibility of the
LoRa communication in the considered sites.
Looking at Fig. 6.6 it is possible to see that there are about 35 dB of difference be-
tween the LOS Longley-Rice attenuation curve and the Okumura-Hata attenuation
curve in city environment; for this reason, and eventually to consider further diffrac-
tion phenomena, during the simulation the coverage has been considered acceptable
only for a received signal power higher than -90 dBm although the RF transceivers
supported by the TTGO LORA32 board has a sensitivity of -148dBm.
The simulation has been done with MATLAB and mostly by means of the RF
Toolbox. The RF Toolbox take into account the Longley-Rice Path Loss Model to
compute the attenuation.

6.3.1 Scenarios
From hereafter there will be considered two scenarios for the application of the Path
Loss models previously presented. The first scenario (Scenario 1 ) in Fig. 6.8 is a
neighbourhood in a medium city. The zone is mostly plain with surrounding hilly
reliefs. A LoRaWSN has to be installed in this neighbourhood with two transmitting
stations (TX1A and TX1B) that are wanted to cover the area. TX1A is at the south
of this area while TX1B is at the west. TX1A is placed on a building with an heigth
of 10 m, while TX1B is on the roof of a six floors building with an overall height
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of 30 m. Five observation points (RX1, RX2, RX3, RX4, RX5 have been chosen to
characterize the neighbourhood. Considering the neighbourhood borders, maximum
distance from TX1A is about 1.6 km, while TX1B is more than 3 km away from the
farthest east point belonging to the neighbourhood.

Figure 6.8: Scenario 1 : Map showing location of Monticelli neighbourhood (AP).
Matlab Site Viewer

Figure 6.9: Scenario 2 : Map showing a maritime zone (AP). Matlab Site Viewer

38



6 – Preliminary Propagation Simulation

The second scenario (Scenario 2 ) is a maritime zone, depicted in Fig.
7.1. Communication must be ensured along the coast, in particular two residential
area (around RX1 and RX2 in figure 7.1) are required to be supplied with coverage.
Also in this case two transmitter stations (TX2A and TX2B) have been considered.
TX2A, that is used to irradiates the area around RX1 which is 1.6 km far, is placed
on a hill quite higher than the coast. TX2B is mostly at the sea level and should
cover the area around RX2 that is about 1.5 km far.

6.3.2 Results
Scenario 1

At first it has been plotted the coverage for the single antennas for different output
power and receiver heights of 1 m.
In this way it has been possible to see that TX1B, also with the maximum output
power of 20 dBm could not manage to supply RX2, RX3, RX4 and RX5 with a
signal strength higher than -90 dBm (Fig.6.11). This is due to the presence of an
hill fencing good part of the zone of interest from TX1B. Since TX1B could only
cover the area around RX1, an output power of 11 dBm would be sufficient (Fig.
6.11).

Figure 6.10: Scenario 1 : TX1B, Output Power: 20 dBm, Receivers Height: 1 m
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Considering TX1A, with transmitter power 20 dBm and receiver height 1
m, the Scenario 1 is mostly covered in its entirety, except for an area around RX3.
With the maximum output power there is also a large amount of signal in unwanted
directions. It has been seen that RX3 receive a signal higher than -90dBm only
for receivers height of 8 m. For that receivers height, RX3 is supplied also with an
output power of 11 dBm receiving -85 dBm (Fig. 6.12).
The area around RX3 would receive an acceptable power only for receiver placed
higher than 8 m, independent from the output power of TX1A while TX1B would
not reach that point for any configuration of power and height. For this reason, a
good compromise, would be to use transmitter output power of 11 dBm, keeping
the receivers at 1 m, in this way the installation would be easier, but for the area
around RX3 the receivers should be placed at least at 8 m. With this configuration
the coverage depicted in figure 6.13 has been obtained.

Figure 6.11: Scenario 1 : TX1B, Output Power: 11 dBm, Receivers Height: 1 m
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Figure 6.12: Scenario 1: TX1A, Output Power: 11 dBm, Receivers Height: 1 m,
8m for RX3.

Figure 6.13: Scenario 1: TX1A & TX1B, Output Power: 11 dBm, Receivers Height:
1 m, 8m for RX3.

Scenario 2

For the Scenario 2 have been provided two transmitters: TX2A that is on a hill and
TX2B which is at the sea level. The aim is to understand if this two transmitter
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could cover the coast area, especially the two residential area that are marked as
RX1 and RX2 in Fig. 7.1.
The simulation has been conducted for transmitter power equal to 11, 14 and 20
dBm. For each power level receivers antenna height of 1, 4, 8 m have been tested.
Focusing on TX2A at first, it has been possible to see that increasing both the output
power and the receivers antenna height no significative improvement could have been
obtained in the covered range toward the north. This is due to the presence of a
relief that cause major attenuation in that direction. Moreover increasing the output
power great part of signal is spread in the hinterland and over the sea, which are
out of the zone of interest. With an output power of 11 dBm the receiver height
around RX1 are required to be higher than 8 m to assure coverage along the coast.
Using 14 dBm, with an height of 4 m, the same results can be obtained compared
to the previous case (Fig. 6.14 and Fig. 6.14).

Figure 6.14: Scenario 2 : TX2A, Output Power: 11 dBm, Receivers Height: 10 m.
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Figure 6.15: Scenario 2 : TX2A, Output Power: 14 dBm, Receivers Height: 4 m.

Regarding TX2B the residential area around RX2 would receive a good
signal in two cases: for output power equal to 11 dBm and receivers antenna height
of 8 m (Fig. 6.16), or with output power equal to 14 dBm and receivers height of4
m (Fig. 6.17).

Figure 6.16: Scenario 2 : TX2B, Output Power: 11 dBm, Receivers Height: 8 m.
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Figure 6.17: Scenario 2 : TX2B, Output Power: 14 dBm, Receivers Height: 4 m.

The total area belonging to the Scenario 2 would be supplied with a good
signal coverage using both transmitter with an output power of 14 dBm and setting
the receivers antenna height to 4 m. The area would also be covered by a single
antenna with 20 dBm of output power, but the receiver height should be 4 m also
in this case and there would be great part of transmitted power on unwanted zones
(Fig. 6.18).
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(a) TX2A & TX2B, Output Power: 14 dBm, Receivers Height: 4 m.

(b) TX2A, Output Power: 20 dBm, Receivers Height: 4 m.

Figure 6.18: Scenario 2: Coverage of Scenario 2.
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6.3.3 Final Observation
In Section 6.2 it was noticed that the attenuation computed with the empirical
Okumura-Hata path loss model is, in general, higher than the one predicted by
the Longley-Rice model. In particular, the Okumura-Hata attennuation in a city
exceeded by almost 35 dB the attenuation computed with the Longley-Rice model
alongo the LOS path considered. Nevertheless, the Longley-Rice model takes into
account local parameters, as described in Section 6.1.2. During the simulation it has
been considered for the received signal an acceptable strength equal or higher than
-90 dBm in order to keep in consideration attenuation phenomena not included in
the Longley-Rice method. After these considerations, the parameters of the TTGO
LoRa32 have been taken into consideration. Aim of the simulation in Section 6.3.2
was to find a trade-off between output power and receivers antenna height to over-
come the terrain obstruction in the two area considered (Section 6.3.1).
According to the simulation, the Scenario 1 could be properly covered by the sig-
nal using a power output of 11 dBm for both transmitter when the receivers were
placed at 1 m from ground. Keeping reducing the power, the height of the receivers
should be increased making installation of an eventual WSN more difficult. Around
RX3 in Fig. 6.8 the receiver height required should be around 8 m since it is just
behind an hill. The terrain attenuation could not have been overcome with lower
receivers height also with the maximum output power of 20 dBm. In Scenario 2
two transmitter have been placed to cover two residential areas. Again the terrain
conformation has huge impact, in particular for TX2A in Fig. 7.1 an hill completely
shielded the signal toward north. Residential areas around RX1 and RX2 have been
completely covered using an output power of 14 dBm for both transmitters and a
receivers height of 4 m. The Scnario 2 could have been supplied with good signal
also with only one transmitter exploiting 20 dBm output power, but in this way
there would also have been a waste of radiated power in areas outside the zone of
interest (Fig. 6.18).
The coverage in Scenario 1 would be possible with less power and lower receivers
height since the neighbourhood is on an uphill plain, and for this reason it is mostly
LOS with TX1A; in Scenario 2 the two residential areas are further from trans-
mitter with respect to Scenario 1 and all the zone to be irradiated is at sea level,
making the ground reflection more significant.
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Chapter 7

Measurements

In Chapter 6 it was seen that the Longley-Rice model is good for determining
whether the terrain in the area under interest presents impairment for the com-
munication for a given transmitter. If not, it is better to rely on models that
take into account further diffraction phenomena due to buildings, for example the
Okumura-Hata model. Nevertheless, each case study is different and could differs
from empirical models.
In this section it will be conducted some measurements in a sub-urban environ-
ment to characterize the LoRa path loss behaviour and to see if and how it differs
from proposed models. Case studies cover both indoor and outdoor scenarios. The
measurements set-up involves two TTGO LoRa32 boards where an ESP32 and a
Semtech SX1276 chip are mounted. One boards have been configured as transmit-
ter, the other one as receiver with the Arduino IDE. The ESP32 offers the possibility
to measure the RSSI, this functionality has been used to map the path loss of the
LoRa communication.
For the outdoor transmission the LoRa parameters have been set in order to achieve
maximum distance, while for the indoor case it has been tried to use the lowest
power needed to cover the area under interest. For both the cases the center fre-
quency of 868 MHz has been used, for which, according to the Italian law [105], a
duty cycle of 1% must be respected; this means that only 36 second per hour are
allowed for transmission. The length of the payload also affect the time on air.
After the measures have been recorded, a linear regression fit algorithm has been
implemented in order to find a log-distance model [24]:

Lp = β1 + 10β2 log(d) +X (7–1)

where:

• Lp is the path loss in dB;
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• beta1 and 10beta2 are the output of the linear regression fit method, which are
respectively the intercept and beta2 is the distance power loss factor;

• X is a random variable.

TheX random variable is used to probabilistically characterize the effects
of multipath and shadowing interferences. According to the theory [106, 107], when
the power samples are taken on channel that vary spatially more than 10λ (λ is
the wavelength) the transmission is affected by shadowing (slow fading) and X is
expected to be log-normally distributed. Xi will be computed as:

Xi = Lpm(di) − Lp(di) (7–2)

where:

• Lpm(di) is the measured path loss at the distance di;

• Lp(di) is the path loss computed with: β1 + 10β2 log(di).

For both the indoor and outdoor cases (since for the central frequency
of 868 MHz, λ is equal to 34 cm and so the overall distances are higher than 10λ),
the Xi samples are expected to be normally distributed in logarithmic scale with a
standard deviation of Xσ.

7.1 Results for outdoor path loss

Table 7.1: LoRa parameters set-up for outdoor communication.

Tx Power 20 dBm
Antenna gain 2.15
BW 125 kHz
Center Freq. 868 MHz
SF 12
CR 4/5
Time on Air 827.39 ms
Transmitter height 4 m
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In order to achieve the maximum distance for the communication, it has
been used an output power of 20 dBm and a spreading factor of 12, which would
increase the sensitivity according to the documentation [108]. The transmitter has
been positioned at 4 m height from ground while the receiver was hand-helded. The
antenna is omnidirectional with a directivity of 2.15 dB. With these parameters
the scripts implemented for the Chapter 6 have been used for carrying out a first
simulation exploiting the Longley-Rice model. The resulting coverage is depicted in
Fig. 7.1.

Figure 7.1: Coverage accordingly to Longley-Rice

Without considering the attenuation caused by buildings, the area of in-
terest would be covered since no terrain obstruction are presents, but once this is
ascertained, since the antenna is in an urban area, from now on the Okumura-Hata
will be used as comparison with the measured attenuation, given that this model
consider further attenuation phenomena, as seen in Chapter 6.

In order to respect the 1% duty cycle limitation only 1 packet every
1mm:23ss has been sent for a total of 107 samples.
The points where the RSSI have been recorded have been signed on the map reported
in Fig. 7.2.
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Figure 7.2: Receiving points

Following there are the results of measured attenuation in comparison
with the Okumura-Hata path loss curves (Fig. 7.3)

Figure 7.3: Outdoor Path Loss

It is possible to see that in the sub-urban environment considered, the
maximum range that has been possible to obtain is of about 1.3 km, but only up to
600 m the packets have been received continuously. Until the distance of 500 m the
transmitter and receiver have been in LOS.
In Fig. 7.4 it has been plotted the cumulative distribution function of the deviation
of the measured samples from the predicted ones (X), which have zero mean and
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standard deviation Xσ = 3.95. For comparison in Fig. 7.4 has been also plotted the
CDF of a normal distributed variable with same mean and standard variation as the
samples. It is possible to see that the empirical CDF follows the CDF of a normal
distribution with zero mean and standard deviation equal as the one computed from
the samples.

Figure 7.4: CDF of the deviation from predicted attenuation value (in dB)

The path loss prediction model that has been obtained for the sub-urban
environment under consideration is:

Lp = 146.21 + 14.4 log(d) +X (7–3)

7.2 Results for indoor path loss

Table 7.2: LoRa parameters set-up for indoor communication.

Tx Power 11 dBm
Antenna gain 2.15
BW 125 kHz
Center Freq. 868 MHz
SF 7
CR 4/5
Time on Air 30.98 ms
Transmitter height 1.10 m
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At first a general investigation has been conducted over the indoor (do-
mestic) area under study in order to find the lowest value of power needed, resulting
in 11 dBm (Fig. 7.5).

Figure 7.5: Coverage of the indoor area

A SF of 7 has been chosen since the requirements on distance where no
longer needed and in this way the time on air has been significantly reduced. That
allowed to transmit a packet every 3 seconds and 1800 samples have been taken for
the LOS case. In indoor set-up measurements have been taken for LOS transmitter
and receiver over the same floor and also in the case for which there was a floors of
difference between the two. Keeping the receiver fixed in the same position at the
ground floor a hundred samples have been taken each meters on a path 17 m long
for the LOS case. For the NLOS cases, following the same path as the LOS, but
one floor under, 890 samples have been taken .
This time the path loss models presented in Chapter 5 were no longer suitable. For
comparison it has been taken the ITU-R indoor model [109].

LOS case
In this case transmitter and receiver have been taken in LOS on the same floor in a
residential building. The resulting path loss curve is plotted in Fig. 7.6.
Due to the larger amount of data it is now possible to see in Fig. 7.7 that the CDF
of X, with Xσ = 3.21, better follows the reference normal CDF with same standard
deviation.
The final log distance path loss model that has been obtained is:

Lp = 87.03 + 24.9 log(d) +X (7–4)
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Figure 7.6: Indoor path loss (LOS).

Figure 7.7: CDF of the deviation from predicted attenuation value, in dB (LOS).

NLOS case
In this case measures have been taken one floor under the transmitter, in an un-
derground garage. According to the ITU there should be a worsening of 9 dB with
respect to the LOS case [109].

In the considered case the intercept is almost 10 dB higher than the LOS
case, this is coherent with what was expected according to the ITU model. The
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Figure 7.8: Indoor path loss (NLOS).

final log distance model that has been found is:

Lp = 97.92 + 20.1 log(d) +X (7–5)

Again, X can be considered to be log-normally distributed, looking at
Fig. 7.9. X for the indoor NLOS case has zero mean and Xσ = 4.91.

Figure 7.9: CDF of the deviation from predicted attenuation value, in dB (NLOS)
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Table 7.3: Comparative table for LOS and NLOS models.

β1 β2 Xσ

LOS 87.03 2.49 3.21
NLOS 97.92 2.01 4.91

7.3 Final Observation
Outdoor case
The maximum recorded distance, with SF equal to 12 and output power of 20 dBm,
has been of about 1.3 km, but the packets have been received continuously only up
to 500 m. This could be probably due to imperfections in antennas design and in
the non optimal transmitter location. Improvements could be achieved increasing
the transmitter height and reducing the bandwidth, but this will lead to a further
reduction in bit rate and in a consequently increasing in time on air, meaning that
less packet could be transmitted per hour according to the 1% duty cycle regulation
in the 868 MHz band.
The measured path loss seems to suffer from high attenuation with respect to the
Okumura-Hata models, but the recorded data are coherent with the ones in lit-
erature [110, 111]. In fact authors of [110] experienced 30 dB difference between
the Okumura-Hata model and the measured attenuation, the same as the path loss
measured represented in Fig. 7.3.
Moreover authors of [111] found a log distance model for outdoor LoRa communi-
cation which are reasonably comparable with the ones proposed:

β1 β2 Xσ

Proposed 146.21 1.44 3.95
[111] 132.25 2.65 -

Indoor case
Indoor transmission, with SF equal to 7 and output power of 11 dBm, achieve
good results for both LOS and NLOS cases, regarding the area of interest, with less
attenuation with respect to the general empirical path loss model presented in [109].
Difference that have been found within the LOS and NLOS path loss models that
have been obtained are coherent with what was described in the ITU model [109].
NLOS intercept and Xσ increase due to floor obstruction and shadowing, while the
power loss coefficient remains nearly the same.
Moreover, it has been possible to find that authors of [92] and [112] verified the LoRa
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communication defining log distance path loss models, both for LOS and NLOS cases
For comparison in the following table have been reported the values found during
this work and in papers review:

β1 β2 Xσ

Proposed (averaged) 92.48 2.25 4.06
[92] (averaged) 40.93 3.30 5.08
[112] (averaged) 125.4 2.85 -
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Conclusions

In this work has been firstly presented a comprehensive review on LoRa commu-
nication technology in many fields, which have been dived into seven macro areas.
A total of fifty-nine papers that deal with LoRa application have been considered.
Taking into account the numbers of paper for each area, it is possible to see that
the trends in LoRa employment are going towards smart city applications. For this
area fourteen papers have been considered. Different studies experienced a commu-
nication range of kilometres, assuring high packet reception successful rate. Only
with one gateway it could be possible to reach 1km or more. Also, in indoor envi-
ronment, a gateway could send data to different floors. This means that the LoRa
technology is suitable for WSN in urban environment, in particular for static nodes.
Following there are healthcare and environmental monitoring application, regarding
the number of paper considered. Again these applications are usually fit in an urban
context. For all these use-case the data rate has not been a problem since monitored
parameter didn’t change frequently and the communication usually is event-driven.
In this way batteries supplied node can last years. In cities, where vehicles usually
have low velocity, LoRa networks could be also used in tracking them. The low data
rate of the LoRa communication, which is suitable in mostly urban context, could
be a problem in disaster prevention. Although there are papers presenting working
systems with LoRa communication, cases where ultra low latency and continuous
monitoring are needed for immediate intervention are not compatible with LoRa
characteristics for which low power and range are the main objectives. Moreover,
in agriculture application, it has been seen that placing nodes under ground deeply
worsen communication. Interesting case is the last application presented regarding
satellites communication, which is still under study but it seems to have future ap-
plications in applications in providing connection in remote areas.
In the second part of the thesis a simulation has been presented over two residential
areas. During the simulation an attempt was made to find the best compromise
between the output power and the height of the receivers antennas. This two aspect
have been taken into account since the low power and the ease of installation are
peculiar for a good LPWAN network for the IoT. Moreover it has been possible to
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observe that the surrounding land conformation has an huge impact over attenua-
tion. When hills shield the signal in some direction best results have been found in
increasing antenna height instead of rising output power. Although these problems,
according to the simulation, satisfactory trade-off have been found that could prop-
erly provide the areas under interest with a good signal coverage.
In the last part several measurement have been taken in a sub-urban area in order
to define a path loss model both for outdoor and indoor applications. For the out-
door scenario the results are not so excellent as expected, but this could be possibly
due to impairment during the set-up and better performances could be achieved
positioning transmitter at an higher location or choosing antennas with higher gain.
Nevertheless, it have been found results in literature that are coherent with the path
loss measured during this work. Moreover it has been possible to notice how differ-
ent could be a general path loss model compared with measurements, but general
model could be used to make a preliminary study, in particular the Longely-Rice
model is useful to verify if the terrain presents obstruction for a given transmitter.
Regarding the indoor measurements, it has been possible to see that a LoRa WSN
could suitably cover different floors, experiencing lower attenuation than the general
path loss model for indoor applications proposed by the ITU. The values that have
been found for the path loss models are similar to the one that can be found in
literature. In the indoor scenario analysed here minimum values of SF and power
have been exploited, increasing them a WSN in bigger buildings could probably be
installed with good performances.
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