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Long Range (LoRa) is a leading low power wide area network under the IEEE 802.15.4
designation. The technology has been used extensively in wireless sensor network
applications (WSN) and studies are shifting to investigate the technology’s viabil-
ity when used for navigation. However, the problem of planning and deployment
of LoRa in navigation as well as the repeatable accuracy of such a system based on
known timing errors has not been done.

The first chapter of this thesis presents a background into the LoRa technology and
introduce some of the metrics of interest in navigation as well as in WSN appli-
cations, in which LoRa has traditionally been used. Additionally, the objectives and
problem statement are presented. In the second chapter of the thesis, a closed form of
the variance in time of arrival (TOA), a way to determine pseudo-range for LoRa and
introduce the sources of error in the ranging function, namely path-loss and noise
are derived. Furthermore, the contribution of geometry in the navigation solution is
determined. By investigating the contribution of geometry, assessments of the ideal
gateway placement technique are performed. The gateway placement techniques
under assessment are random placement, naive placement and imaginary triangu-
lar tessellation. These gateway placement techniques are then validated statistically
against one another using effect size, statistical significance and the Z-statistic.

The findings of this research show that LoRa is viable to use in navigation applica-
tions. It was observed through simulations that LoRa is capable of attaining repeat-
able accuracy below 20m. Moreover, the imaginary tessellation technique is the best
placement technique based on statistical analysis as well as practical analysis of the
results. It was also determined that the Ericsson 9999 model is able to produce sim-
ulation results which are more consistent with experimental findings compared to
the COST 231- Walfish Ikagami path-loss model and the free space path-loss model.
In conclusion, this work investigated the use of LoRa in a navigation application
and found the technology viable. A gateway placement technique which is ideal
for navigation, reduces geometry based errors and assured a low horizontal dilution
of precision (HDOP) in a desired coverage area therefore increasing the accuracy of
the position solution for LoRa was also determined. The work also proposes that
LoRa be considered as a signal of opportunity (SoOP) in future works given the
documented performance.
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Chapter 1

Introduction and Background

This chapter consists of four (4) sections namely: background, introduction, problem
statement and the thesis outline. The purpose of the section is to give the reader a
brief overview on the area being researched, provide summaries of key concepts and
principles which guide this research study, state the problem and lastly the outline
of this document.
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1.1 Background

The area of mobile ad hoc networks (MANETS) have existed in multiple forms since
the early 1970s [1]. The intent behind MANETS is to create optimal non-centralized
personal networks at times utilizing multiple hop techniques [2] to relay informa-
tion between nodes. However, the use of multi-hop techniques introduces technical
difficulties with developing energy efficient routing algorithms and quality of ser-
vice schemes [3].

An alternative technology to MANETs when transmitting non-priority bits over
large distances with limited to no physical infrastructure is low power wide area
networks (LPWANSs). The latter technologies utilize narrowband/spread spectrum
communication over licensed and unlicensed bands [4] [5] [6]. Technologies of in-
terest in this regard are Sigfox and LoRa which both work in the industrial scientific
and medical (ISM) sub GHz band. Radio-waves propagating in this band, are able
to penetrate air, rock and water with little to no attenuation [6] [7]. As a result of
this ability as well as long ranges of connectivity, these technologies have been de-
ployed in areas such as mining, research and development, logistics, fleet manage-
ment, tracking, internet of life (IoL) and internet of things (IoT) applications to name
a few [8] [9]. Unlike typical MANETs, LPWAN:Ss often utilize very low power levels
in transmission. This is primarily due to two (2) functional requirements:

e To utilise devices in the ISM band, that are limited to a transmission power of
17dB or less [3],

e To deploy nodes with long life spans using only a battery power source in
wireless sensor network deployment areas (WSN) [7].

Additionally, LPWAN propagation is susceptible to large scale fading (shadowing
and path loss) phenomenon as a result of large transmission distances between the
nodes: typically greater than a kilometre [10] [11]. However, LPWAN models es-
pecially LoRa are based on empirical data, where model calibrations are done to
ensure a better fit for a new/given area. This has driven research into radio-wave
propagation models used by these technologies, with the intent to improve upon
the accuracy of these models, so that they can used in planning and setting up such
networks.
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1.2 Introduction

This section, lays the foundations of some major concepts which guide the study
into LoRa, its propagation models as well as the state of the research field.

1.2.1 LPWAN Technology

Mekki et al. projects that there will be over 50 billion devices online by 2020 [6].
While similarly Sinha et al proposed that there would be least 25 billion devices,by
the same year [12]. In response to this projected increase in wireless communication,
LPWAN communication schemes have been developed as an alternative to multi-
hop systems, GSM and other wideband schemes, promising:

e Low start-up or maintenance cost of nodes and/or sink nodes/gateways,

e Low bandwidth and low noise sensitivity,

Ultra low power throughput,

Wide area coverage,

Very good penetration: they can be used underground, underwater and terres-
trially in LOS or NLOS scenarios [13].

All the above requirements are attained all the while trading off a high data transmis-
sion rates, [14] as well as having a high packet latency when using higher spreading
factors and little to no quality of service (QoS) [6] [15] [8]. This can be visualised
using figure 1.1. Nonetheless, technologies which have dominated in the long range
IoT communication landscape are: Sigfox, LoRa and NB-IoT [6] [12]. The two for-
mer schemes, Sigfox and LoRa, both transmit over the sub 1GHz ISM bands while
the latter (NB-IoT) utilizes LTE and 3GPP technology transmitting in the licensed
band [13]. Figure 1.2 illustrates the typical network architecture of a LPWAN. As a
result of LoRa’s high level of usage, as well as its significant lower start-up costs, this
thesis will focus on its propagation model(s), and ranging application capabilities in
any given geographical area.
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I — "
I f 1
i I
! 802 11ac 3G -
I 802 11ad — |
z 1 802 11n 4G )
- 1 i1
= =7 e I
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FIGURE 1.1: LoRa bandwidth versus range comparisons [16]
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FIGURE 1.2: LPWAN Architecture [16]
The next section describes LoRa and LoRaWAN technologies.

1.2.2 LoRa and LoRaWAN

"LoRa is a proprietary spread spectrum modulation scheme that is derivative of
chirp spread spectrum (CSS) and which trades data rate for sensitivity within a fixed
channel bandwidth"[17]. LoRa utilizes proprietary CSS modulation [3] to modulate
signals. As result of this modulation scheme LoRa has high resilience to interference,
as well as noise [7] [6]. LoRa utilizes six spreading factors (SF7,SF8,SF9,SF10,SF11
and SF12), to allow the scheme to adapt the data rate and range [6]. However, la-
tency is gained in employing higher spreading factors [3] [5]. It is worth noting that
the LoRa technology like many others in the LPWAN class utilizes a “wait and lis-
ten” scheme [13] [18] making it half duplex. Using the LoRaWAN protocol, LoRa has
a message payload of up to 243bytes [6]. As a means of addressing numerous poten-
tial use cases in IoT communication, LoRa has three classes of communication which
all keep the core characteristics of LPWANS while adding flexibility for different use
cases. The classes are A, Band C [6] [13]. The classes are expanded upon in chapter 2.

LoRa also has a MAC protocol (LoRaWAN) developed by SEMTEC and IBM that
specifies the connection properties of the LoRa modulation scheme while also al-
lowing the automatic or manual setting of connection parameters [3]. More to this,
LoRaWAN uses a scheme - adaptive data rates (ADR) - to set the connection param-
eters and data transfer rates. LoRa PHY layer uses a series of up and down chirp sig-
nals to modulate and transmit signals over the air [3]. Spread spectrum techniques
have enjoyed significant attention due to their resistance to jamming [19]. A tech-
nique is considered spread spectrum if the transmission bandwidth is larger than
the minimum required information transmission bandwidth [19][20]. Furthermore,
the following criteria were outlined by [19] as the properties of spread spectrum
modulation:
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e The bandwidth used for transmission is much greater than the minimum band-
width required to transmit information

e The "spreading" process is done by a "spreading signal or code signal". This
signal is independent of the data being transmitted.

o At the receiver, signal recovery is performed through correlation of the spread
signal with a replica of the coding signal used to spread the transmitted data.

The benefit of increasing channel bandwidth is the improved overall system per-
formance. However, this is not guaranteed as the bandwidth is increased to infinity
as increasing bandwidth lead to increased channels hence leading to higher bit error
rate (BER).

25F
T, = ——, seconds, 1.1
" BW D R, = Rs2°F, Chips per second,  (1.3)
Rs = 1_ bW Symbols per second 4BW
UT, 25 ’ Ry = Bit d (14
s 12) b= 3T CR its per secon: (1.4)
[17]
Where:

e T, - Symbol time,

e R, - symbol rate,

e R, - chip rate,

e Rj - nominal bit rate,

e SF - spreading factor, ranging from 7-12. Spreading factors denote the number
of chirps used to encode data bits [16]. Where the number of chirps will be =
25F [16].

e CR - coding rate, ranging from 1-4. This is specifically used by LoRa for FEC.
FEC is used to protect transmissions from error bursts [3]. Coding rate can be
setto4/5,4/6,4/7 or 4/8, in doing this higher CR will give better protection
while increasing the packet time on air [3].

e BW - modulation bandwidth [17].

1.2.3 LPWAN Propagation Models

Milankovich et al, described a model as a mathematical means of predicting the
performance of a RF wave [21]. Models by their nature will often be a simplification
of natural phenomenon, with it being possible for multiple different models to be
compatible with the same natural phenomenon. The authors in [22] described this
paradox as “...equifinality...” or “...model interdeterminancy”. As a result of the
former, models will often not be described as “proven true” as they are limited in the
variables they can take in, they are thus deemed “extensively corroborated” . The
same authors further proposed that this should be done after subjecting models to
some formal internal consistency tests. These tests will assess a model according to
some or all of the following metrics:
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e DPast usage,
e Status of its proponents,

e Degree of acceptance by peers.

Based on the above metrics, not all models are created equal, this because differ-
ent applications will require varying levels of accuracy, these being the following:

e “In applied science”, where a model is used by specific set of experts in a given
field. The model will typically work to simply qualify a phenomenon theoret-
ically. An example may be a biological model to describe population growth
within given constraints.

e “In consultancy”, where a model has to survive scrutiny on at least a cost-
benefit analysis level. This is the simplest form of assessment to determine
legitimacy of the model in the real world .

e “In a context of global change”, in this instance a model has a significant im-
pact on the ways and means of daily life for people across all walks of life. For
instance a climate change/sensitivity model.

Therefore, the propagation models in the context of LPWAN, specifically LoRa will
need to check all three metrics used for model assessment. This is because the tech-
nology, depending on the usecase, may have far reaching implications whether fi-
nancially, or in terms of quality of life when planning LoRa network deployments
[21].

The next subsection, describes the Horizontal Dilution of precision (HDOP), a
metric which informs on optimised gateway placement in order to guarantee good
LoRa coverage everywhere in the area of interest.

1.2.4 Horizontal Dilution of Precision

The oldest forms of navigation systems were deployed as terrestrial systems em-
ploying the use of hyperbolas to attain the location of a receiver [23]. Systems such as
Loran and Omega used the hyperbolic location principle. Using this method, three
or more transmitters [24] will have hyperbolas drawn from a radius equivalent to
the distance between the transmitter and the receiver [23]. This is repeated for all
transmitters with the point where the hyperbolas intersect being considered the ap-
proximate receiver’s location. The position solution is influenced by -node-gateway
geometry. However, when a weighting matrix is applied the position solution will
be influenced by other factors such as the variance in the signal time of arrival (TOA)
variance, signal to noise ratio (SNR) and multipath [25] [26]

Generally, a metric of interest is the position uncertainty, and this may be due to
poor node-gateway geometry in 2D and is termed horizontal dilution of precision
(HDOP). HDOP is a unit-less ratio of position error to range error. A good receiver-
transmitter geometry will result in a good HDOP, HDOP < 1, while poor geometry
will result in bad HDOP, HDOP > 1 [27]. The practical implication is that low
HDOP values will not amplify the position error and it will therefore be a affected
by SNR, multipath or TOA variance more than the receiver-gateway geometry. Table
1.1 shows the ratings of HDOP values.
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TABLE 1.1: HDOP ratings [24]

HDOP Value | Rating
0-1 Ideal

2-4 Excellent
4-6 Good

6-8 Moderate
8-20 Fair
20-50 Poor

The next section provides the research project problem statement, research ratio-
nale, the research goal and the specific objectives of the project.

1.3 Problem Statement

The increased use and relevance of LoRa in scientific, medical and industrial appli-
cations warrants an investigation into the implementation as well as performance of
LoRa as a terrestrial navigation. This could be of benefit in localisation, IoL and IoT
applications or if LoRa is ever considered as a signal of opportunity (SoOP).

1.3.1 Research Rational

This work will use propagation models to produce weighting matrices to assess the
performance of LoRa when used for navigation. Propagation models in this context
is interchangeable with path loss models. Their purpose being to estimate the most
probable behaviour of a link, most probable is the operative word due to the fact
that the data gathered to create a model will often be limited, this prevents models
from being able to "perfectly’ model link behaviour. However, modern telecommu-
nications has introduced a flexibility in the form of software defined radio (SDR) or
cognitive radio (CR) where hardware can be programmed and re-programmed to
perform optimally in a given scenario, which is key as the range of transmission is
often related to the transmission power as well as frequency of operation [21] [28].
The relevance of propagation models lies in the fact that they are essential in the cel-
lular planning process, ensuring that designers can maximize the coverage to clients
when designing a network and its topology.

Additionally, propagation models have real world fiscal implications as they de-
termine where transmission equipment are placed in a given geographical area. In
view of this, improved understanding of propagation models and gateway geome-
tries in a given area directly leads to lower network deployment cost, and fewer
instances of catastrophic network failure. This will prove vital in future novel de-
ployments of LoRa in various industrial and scientific applications.

1.3.2 Research Goal

The main goal of this research project, is to simulate the LoRa performance in Botswana
using relevant/appropriate propagation models. Specifically propagation models
suitable for LoRa applications in the 915MHz band. Finally, this research aims to
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determine a means to predict LoRa coverage in rural Botswana for terrestrial navi-
gation purposes.

1.3.3 Research Objectives

e To review pathloss/propagation models viable to model LoRa in the 915MHz
bands in Botswana,

e To determine the performance of applicable propagation models in rural Botswana
for ranging or localisation applications using a software platform written using
MATLAB.

1.4 Masters Thesis Outline

Chapter 2 will outline the literature review for the research project. The technical
background of LoRa, its previous applications and the suitability of the technology
in navigation. Furthermore, the metrics of interest in terrestrial navigation are out-
lined and viable propagation models for the 915Mhz ISM band. Chapter 3 details
the experimental methodology used to accomplish the project objectives. The chap-
ter explores the methods of LoRa gateway placement for navigation purposes as
well as determining the statistical methods used to assess the gateway placement
methods used in the study. Chapter 4 explains the experimental results of the re-
search project. The chapter analyses the performance of the gateway placement
techniques from chapter 3 using the statistical tests, namely statistical significance
and effect size, as well as the HDOP score which is the total number of grid points
with a HDOP score of 1 or less. The section also assesses LoRa repeatable accuracy,
and as a result the suitability of the technology for navigation applications. Chapter
5 gives the project conclusion, as well as recommendations on the potential future
work based on project findings.

1.5 Chapter Summary

Chapter 1 provided an introduction into the LoRa technology, and its relevance in
the LPWAN area. The chapter also provides insight into concepts of interest for the
study namely;LoRa, propagation models and HDOP. The chapter also provided the
research problem statement, the overall project goal and objectives.



Chapter 2

Literature Review

Chapter 2 provides detailed literature review of LoRa, LoRaWAN, HDOP, geoloca-
tion in LoRa and propagation models applicable to the technology. The chapter also
includes details and results of a systematic literature review conducted, to ascer-
tain the use-cases of LoRa, identify metrics as well as techniques used to determine
validity of results obtained.
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2.1 Low Power Wide Area Networks: The LoRa signal

LoRa exists in two parts; first, an Open System for Interconnection (OSI) model
physical layer transmission scheme which uses CSS modulation to transmit signals
through a wireless channel. The second part is the LoRaWAN protocol, operating
at the OSI datalink and network layers [5]. A Lora radio signal is susceptible to
induced channel fading and additive white noise when propagating through a wire-
less channel. Specifically, a wave that propagates through a wireless channel over a
distance between 100m and 1000m, is susceptible to large scale fading or path-loss
fading. Small scale fading, will occur in distances within the order of the wavelength
of the signal [29] [11].

Within the wireless channel, scatterers (eg. Trees, buildings etc) result in the trans-
mitted signal being split into multiple components while on route to the receiver .
These components are the line of sight (LOS) and none line of sight (NLOS) com-
ponents which arrive at the receiver at time (t) and t + 7, respectively. Where n
is the multipath component number. The variable T represents the time delay be-
tween the reception of the LOS component and the other delayed multipath/NLOS
components. Mathematically, a received signal y(t) will be the product of the mod-
ulated transmitted signal x(¢) and channel response h(t) = 6(f — 7) summed with
the random noise n [11] [30]. The signal characterisation is shown in equation 2.1.

LoRa is a chirp modulated signal, this chirp can be modelled in continuous time
as shown in figure 2.1. Mathematically a LoRa chirp maybe modelled as 2.1.

Amplitude

[ ——
S

S —
_

\
. |1
300 400 500 600 700 800
Time(us)

FIGURE 2.1: Start of an up-chirp in the time domain

x(t) = e, (2.1)
BW?2
U= ZTO <t< Tsym/ (2.2)

A LoRa modulated signal in the time domain is modelled as:

x(kTC) — 1 ej27f[(Nslzift+k)m0d(25F)}ZSLF, (2.3)

\/2SF
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where k =0,1,2,...(25F —1),and 0 < Ngpifr < 25F _11[31],
The transmitted signal will therefore be:

SF-1
s(t) = ) x(t—kTo), (2.4)
k=0
SF-1 ‘
S(t) = Z 1SF (e]‘utz727'[[(Nshift+k)mod(251:>]ZSLF’) (2.5)
k=0 V2

The channel response h(t) can be modelled as a sum of delays multiplied by
some attenuation of amplitude a,,, and possessing a phase difference ¢:

e where the attenuation amplitude is g,, and phase ¢ is —27TF. T,
o F.is the carrier frequency,
e the complex channel response reduces to 2.1,

e M is the number of resolvable multipaths.

M-1
m=0
y = gme 12, (2.7)
M-1 ‘
h=Y gue /2, (2.8)
m=0
M-1 M-1
h=Y gmcos(2mFeTy) —j Y gmsin(2mFcTy). (2.9)
m=0 m=0

The received LoRa signal when applying narrowband assumption is,

M-1
y(t) = Y aws(t) +n(t). (2.10)
n=0

The next section explains the LoRaWAN protocol specifically the packet structure
and its features.

2.2 Low Power Wide Area Networks: LoRaWAN protocol

The underlying technology (protocols) of LoRa were developed by the LoRa alliance,
a group of the most influential companies in the global computer and telecommu-
nications industry including but not limited to IBM and SEMTEC [12] [16] [4]. Ad-
ditionally, LoRa utilizes six spreading factors (SF7, SF8, SF9, SF10, SF11 and SF12),
allowing the scheme to adapt the data rate and range [6], this allows the data packet
being sent to be padded making it more resilient to noise. Latency is gained in em-
ploying higher spreading factors [32] [4]. It is worth noting that the LoRa technology
like many others in the LPWAN class utilizes a “wait and listen” scheme basically it
is half duplex [13] [6].
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Using the LoRaWAN protocol LoRa, has a message payload of up to 243 bytes . Asa
means of addressing numerous potential use cases in IoT communication, LoRa has
three classes of communication which all keep the core characteristics of LPWANS
while adding a dimension of flexibility for applications where constant communica-
tion is needed these are classes A, B and C [6] [13].

LoRaWAN MAC protocol specifies the connection properties of the LoRa connection
while also allowing the automatic or manual setting of connection parameters. The
LoRaWAN protocol uses an adaptive data rate (ADR) to set the connection parame-
ters. Despite the existence of an ADR scheme, it is unable to explicitly determine the
order, manner or even instance during which the relevant transmission parameters
should be used given channel conditions [32] [4]. Transmission settings used in a
usecase are either the default settings, or specified via the use of the link header or
manually set by the user based on empirical data or some calculation [33].

The LoRaWAN packet format may have a header being explicit or implicit, as il-
lustrated in figure 2.2 and 2.3. An explicit header will contain information on the
payload length and CR. However, the implicit header will not contain the former de-
tails resulting in default settings being assumed by the receiver. Within the packet,
the preamble is used to detect the start of the packet on the receiver side. The pres-
ence of a header, in the explicit header mode, will add details on the payload size in
bytes as well as the Forward Error Correction (FEC) and Coding Rate (CR). A cyclic
redundancy check for the payload will also be specified with a dedicated 16 bits at
the end of the payload. The payload is a variable field that holds the actual data
of the application. Figure 2.4 shows a LoRa packet as it is transmitted as a series of
chirps, where the preamble is a series of 8 consecutive up chirps followed by 2 down
chirps, before the payload is received [34] [30].

PAYLOAD CRC
PREAMBLE LENGTH CR PRESENT ? PAYLOAD PAYLOAD CRC

FIGURE 2.2: LoRaWAN packet with an explicit header

PREAMBLE PAYLOAD PAYLOAD CRC

FIGURE 2.3: LoRaWAN packet with an implicit header
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& upchirps

=1
=

frequency

Time ‘ >
2 downchirps

FIGURE 2.4: LoRa packet as a transmitted signal in the time domain
[30]

The next section explains the concept of HDOP, and and how it affects geoloca-
tion.

2.3 Horizontal Dilution of Precision

HDOP is a unit-less ratio of the position error to the range error. This means that the
position error is a product of the HDOP and the ranging errors. The ranging errors
are affected by SNR, BW under the LoRa specifications and the symbol time while
HDOP is affected by the locations of the transmitters relative to the receiver within a
coverage area (receiver-transmitter geometry). HDOP acts as amplification factor on
the range errors and therefore, there is need for optimal placement of LoRa transmit-
ters/gateways in a coverage area in order to minimize position errors. Large HDOP
values lead to higher position errors and vice versa [25]. HDOP values that are less
than 1 imply that position errors are influenced mainly by the ranging errors rather
than poor transmitter geometry [27]. Table 1.1 shows the ratings of HDOP values.

Navigation systems including terrestrial navigation system (TNS) employ the use
of hyperbolas to attain the approximate location of a receiver [23]. Systems such
as Loran and Omega used the hyperbolic location principle where three (3) or more
transmitters[24] will have hyperbolas drawn from a radius equivalent to the distance
between the transmitter and the receiver [23]. This is repeated for all transmitters
with the point where the hyperbolas intersect being considered the approximate re-
ceiver’s location. Figure 2.5a shows that when transmitters are appropriately placed
the approximate location of a receiver has a smaller area of uncertainty. A poor
placement scenarios, such as the one illustrated in figure 2.5b has a greater area of
uncertainty. Poor placements of transmitters results in a dilution of precision, when
performing a localisation in 2D this is called HDOP [9].
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FIGURE 2.5: HDOP

Within navigation is the concept of pseudorange, where a a receiver can deter-
mine the distance between itself and a transmitter through a simple calculation. The
approximate distance between a transmitter and receiver is the time of flight (ToF)
of a signal multiplied by the speed of light (c¢), ToF x c. If this is repeated with mul-
tiple transmitters in a 2D or 3D space it is possible to determine the location of the
receiver. However, if the transmitters are placed in a single file (one after the other).
It is not easy ro determine the exact location of the receiver in 2D or 3D space. This
placement of transmitters has a reduced/diluted accuracy when used to determine
location of the receiver as illustrated in figure 2.5b.

The reduction in accuracy due to geometry is dilution of precision (DOP) and
it exists in many forms: geometric dilution of precision (GDOP), position dilution
of precision (PDOP), horizontal dilution of precision (HDOP), vertical dilution of
precision (VDOP) and time dilution of precision (TDOP) [25] [24]. The relevant DOP
in this research scenario is HDOP as the technology would be a terrestrial navigation
system (TNS) and location is determined in latitude and longitude.

2.3.1 Deriving HDOP

If the actual locations of a transmitter and a receiver are assumed to be (x,, y, )and (xo, yo)
in Cartesian form respectively. The Euclidean distance of a receiver (r,) from a trans-
mitter is shown in equation 2.11,

71—\/ (x0 —x1)2 + (Yo —11)?,

(

2=/ (10— %2 + (0 — 12)2, @.11)
+ (
+

1’3—\/3(0—3(3 ]/O_]/3 /

7’n—\/ O_xn

In reality errors make it difficult to determine the actual range between a transmit-
ter and receiver. However, through clever assumptions it is possible to reduce the
errors so a reasonable location can be determined often within 95! percentile of the

Yo — Yn)*.
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actual value. Therefore, the approximate location in Cartesian may be assumed to
be (x4, Ya). The difference between the actual distance and the approximate distance
between the transmitter and receiver is defined by equation 2.12,

rn =/ (x0 = x0)2 + (90 — yu)?

Tan = \/(xa —xn)? + (Yo — Yn)?, (2.12)
Xg = Xz +0d.

Where the 74, x4, ¥, and dd are the Euclidean distance between a transmitter
and an assumed initial known location, the x and y coordinates of the assumed ini-
tial location and the difference in distance between the assumed and actual location.
When using the East-North-Up (ENU) reference frame and resolving for one dimen-
sion the actual location, the distance changes to the form in equation 2.13,

1y = 6dy sin B. (2.13)

Where B is the bearing of the transmitter to the receiver. When this is repeated
for multiple transmitters and a for a receiver location and the result linearised the
computation takes the form of equation 2.14,

7 sin(B1) cos(B1) 1 odq N;
ra | ) sin(Bz2) cos(Bz) 1 od N
ri - sin(ﬁi) cos(ﬁz) 1 5d§ * Ni ! (2.14)
n sin(Bn) cos(Bn) 1 od, N,

Where N is the noise in the measurements, this equation can be further simplified
into the equation 2.16, if the assignments in 2.15 are made.

1 sin(B1) cos(B1) 1 5;11 Ny
ra sin(Ba) cos(Bz) 1 N,
=7, . =A< dd =d, =N, 2.15
r3 : sin(Bs) cos(B3) 1 5d2 N3 (2.15)
T sin(Bn) cos(By) 1 (5d3 Ny
r=Ad+N, (2.16)

Equation 2.16 can be solved using least squares or weighted least squares. First
the maximum likelihood of the vector d denoted as d is given by equation 2.17,

d= argmaxp(é), (2.17)
where p(é) is the probability density function of r for fixed values of d. Addi-

tionally, if the measurement errors N,, for n =1, 2,...i are assumed to be to Gaussian
distributed, identical with a mean of 0 and a variance ¢?, and measurements are
statistically independent then equation 2.17 takes the form of equation 2.18,

r-Ad|?
' (2.18)

A eyl
d = argmax _exp 202
g (270)2 P

A

d = argmin||r — Ad|?,
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The solution to equation 2.18 can be attained by first differentiating the function
with respect to d as shown in equation 2.19. Then making d subject of the formula
results in a form shown by equation 2.20

_ Adl2 )

dir = AdlI” _ 5 \TAq — 2ATy, (2.19)
dd

d=(ATA) ATy, (2.20)

Where it is assumed that the matrix inverse exists. Also, equation 2.19 is the
least squares estimate because, it results in the minimum square error between the
measurement vector r and Ad, where the latter is the expected measurement vector
based upon the estimate of d.

Considering a more general scenario, where errors are still Gaussian distributed,
with a mean of 0 and a variance ¢2. However, they are not identically distributed,
the maximum likelihood estimated maybe expressed as shown in equation 2.21 and
223,

d = argmax

1
- —exp — = (r— Ad)To? (1) (r — Ad), (2.21)
(27r)2|o*(T)]|2 2

Where 02 (1) is,

o 0 0
(t)=<0 0% 0 3, (2.22)
0 0 o3
d = argmin(r — Ad)To?(7)(r — Ad), (2.23)

Where ¢2(7) is the covariance matrix associated with the measurement errors,
and ||c?(7)|| is the determinant of the matrix. Therefore the unweighted HDOP,
has the covariance matrix equal to an identity matrix, and is therefore affected by
receiver-transmitter geometry will be the square root of the trace of the of the inverse
of the transpose of the geometry matrix multiplied by the geometry matrix as shown
in equation 2.24. However, if the errors present in the scenario are known, then the
variances of all known errors can be placed in the diagonal of the covariance matrix
with the off diagonal elements being equal to zero. This means a weighted HDOP
may be calculated using equation 2.25, where W is the weighting matrix.

HDOP = \/trace(ATA)1, (2.24)

HDOP = \/tmce(ATWA)—l. (2.25)

2.3.2 Geolocation in LoRa

A typical low power wide area network (LPWAN) architecture is shown in figure 2.6.
End nodes transmit packets via a wireless channel to a gateway. Gateways will nor-
mally be hybrid transceivers with access to WIFI, GSM or a satellite link. This allows
LoRa to transmit node data to the cloud, via MQ telemetry transport (MQTT) proto-
col or IP for delivery to an application server such as "The Things Network"[35]. In
practical applications, the actual position determination process for LoRa uses time
difference of arrival (TDOA) [9]. In this method node (LoRa transceiver) will trans-
mit a packet, which is in turn received by atleast 3 gateways and time stamped [36]
[9]. The timestamped packet will be forwarded to an application server along with
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data pertaining to SNR, RSSI and frequency error [9]. TDOA range estimations are
limited by two major factors multipath propagation and clock accuracies [9] [36].

Sensor

w
] o
=
/
S

BROKER HANDLER: NETWORK A

P

/A;ATION SERVER
APPLICATION SERVER
ROUTER BROKER HANDLER. NETWORK B
()

Sensor

FIGURE 2.6: LPWAN Architecture [16]

The theory of maximum likelihood specifically CRLB is used to determine the
minimum time of arrival variance (TOA) of the LoRa signal assuming white gaus-
sian noise channel.

This variance in TOA can be used in a weighting matrix with the HDOP. The ex-
pression takes into account the factors which may limit accuracy in the timestamp-
ing process explained in 2.3.2, which include SNR, BW, multipath propagation and
noise density to name a few. The CRLB allows us to get results which more closely
approximates real world performance. Where the CRLB is a statistical measure that
can determine the best possible accuracy of a location system [36].

1

CRLB = _ , 2.26
E[Z Inp(NIp)] (220
1
CRLB = , 2.27
“E[Z Inp(NI) 227
[36]
where:

o E is the expectation or statistical average,
e N is the influence of various features including multipath, SNR and RF noise,
e 1 is the desired entity.

Using the signal model in equation 2.10. The signal is discretised by sampling at
Nyquist T; = ﬁ, where k is the oversampling ratio.

y[n| = Z_;) ams[n] + win], (2.28)
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Assuming the variance of y[n] = 0?2, and noise w[n] has an average and variance
NoB, Np. Also sampling at Nyquist, the samples maybe be assumed to be uncorre-
lated, the probability function of all the samples will therefore be the product of the
samples and will be used to find CRLB.

1 L [y[n]—s[n]]?
plyln) =~y et (229)

expat Lo lylni]—slnit])? (2.30)

T) =
p(y;7) 22D

Expanding the Fisher information matrix from 2.27 results in 2.31. Additionally,
this model assumes the range information is dependant on the time delay of the re-

ceived signal [30]. E [% In p(y|7)] therefore results in the CRLB relative to the delay.

(52 1 N-1 52 ) 2
Ely Inp(vio)) = 35 X i <) 50— (R @an
var(t) > E[;; Inp(y|7)], (2.32)
(7) - (2.33)
var(1) = ———, .
EN ()2

If the sampling period is assumed to be short then the summation maybe ap-
proximated using an integration operation from t = 0 — T;

o2

var(t) > CRLB > — (2.34)
1 Jo (%2t
From [36] CRLB maybe expressed as 2.35
1
CRLB = —, (2.35)
€ 2
No
2

®© 2 2
o [oulmFPIS(R)PaF 036)

Jo IS(F)2dF

[36] From [30] it is known that € = fOTS s(t)[?dt = Teym [ ., |S(F)|?. Simplified
further € can be derived to be 2.37

€ = ToymBWS(F)?, (2.37)
F2 maybe simplified to 2.38 [30]

o 4712(BW)?2
3

Therefore the variance in the range for a LoRa CSS signal with a known SNR
simplifies to 2.39

(2.38)

_ 3¢2
- 87r2KTsym(BW)3SNR'

var(D) (2.39)
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For each modulation SF, there is a minimum SNR value necessary for successful
signal detection [34]. This SNR minimum maybe applied to show the possible max-
imum variance in position accuracy using 2.39, maximum variance is populated in
table 2.1. The minimum SNR can also be used to determine the receiver sensitivity

of a deployment using 2.40.

SmindBm =—-174+10 log(BW) + NF + SNRLimit~

[17]
Where:

chips [17],

BW modulation bandwidth,

Smin is the minimum receiver sensitivity,

NF the noise floor which is fixed at 6dB for SX1272 and SX1276 transceiver

SNRLimit is the minimum detectable SNR for a given spreading factor

TABLE 2.1: SNR and TOA variance in metres

Modulation (SF) | Minimum SNR (dB) | Var(D)(m)
7 -7.5 9614.9
8 -10.0 8549.0
9 -12.5 7601.2
10 -15.0 6758.6
11 -17.5 6009.3
12 -20.0 5343.1
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Tables 2.2 and 2.3 summarise the most cited work in the growing research area
of LoRa navigation.

TABLE 2.2: LoRa navigation or geolocation articles

Source

Summary

Year

Citations

[37]

The authors of this article proposed three objec-
tives: to quantify the performance of a TDOA
based navigation algorithm on a public LoRa net-
work in Netherlands for three movement types;
walking, cycling and driving. Secondly, they in-
vestigate and determine the best LoRa spreading
factor to use with respect to updating position ac-
curacy frequently. Third, the researchers assess the
improvements when using a tracking algorithm
that takes into account road-map and the move-
ment speed of the user. The experiment showed
a 90" percentile repeatable accuracy of 579 m, 490
m,324 m for walking, cycling and driving respec-
tively, with transmission ranges of 10 km -34 km.
Lastly, their experiment revealed that the SF that
balances range, frequency of position updates and
energy consumption was SF 8. Due to the use
of a public network the authors were unable to
properly account for the influence of HDOP on the
ranging errors. Lastly, their work focusses specifi-
cally on the TDOA method

2018

37

The researchers of this work investigated the vi-
ability of ranging algorithms for LoRa based on
TOA, TDOA, RSSI and a phased based approach
(proposed by the researchers). This work deter-
mines through a combination of, presentation of
observations from other authors and mathemati-
cal analysis that phase based localisation maybe
the best to improve LoRa repeatable accuracy.
Specifically getting it to GPS and WiFi repeatable
accuracies of under 5 m. The authors cite sig-
nificant signal attenuation following barrier pen-
etration, a smooth time domain signal waveform
and low resolution internal clocks as limitations
for TDOA, TOA and RSSI respectively.

2018
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TABLE 2.3: LoRa navigation or geolocation articles continued

Source | Summary Year | Citations

[38] The researchers of this work investigated the vi- | 2018 | 7
ability of ranging algorithms for LoRa based on
TOA, TDOA, RSSI and a phased based approach
(proposed by the researchers). This work deter-
mines through a combination of, presentation of
observations from other authors and mathemati-
cal analysis that phase based localisation maybe
the best to improve LoRa repeatable accuracy.
Specifically getting it to GPS and WiFi repeatable
accuracies of under 5 m. The authors cite sig-
nificant signal attenuation following barrier pen-
etration, a smooth time domain signal waveform
and low resolution internal clocks as limitations
for TDOA, TOA and RSSI respectively.

[9] This whitepaper by LoRa details the potential vi- | 2018 | 3
ability of LoRa for navigation. The document
highlights key concepts such as the influence of
transmitter-receiver geometry on position errors.
Additionally, the authors summarise the TDOA
method of localisation as well as giving docu-
mented application scenarios from animal track-
ing to waste tracking.

[39] The authors of this work proposed two TDOA | 2017 | 100
based algorithms to estimate position of a station-
ary point. Their experiment was carried out in
Denmark with four gateways encompassing an
area of approximately 9km?. Using their algorithm
they were able to achieve a repeatable accuracy of
100 m. However, the authors did not provide de-
tails of the specific SF, BW or CR used. Lastly, their
work focusses specifically on the TDOA method

A rigorous literature review shows that most of the frequently cited work in LoRa
localisation or navigation focuses on either the TDOA method or RSSI method of
localisation.

The next section details the taxonomy of propagations models as well as the
statutory requirements of the national radio resource regulatory body, the Botswana
Communications Regulatory Authority (BoOCRA) and lastly metrics of interest when
working with propagation models.



Chapter 2. Literature Review 22

2.4 Taxonomy of Propagation Models

Phillips et al. proposed a taxonomy of wireless path loss and propagation models
[40]. The taxonomy categories propagation models as follows:

e Theoretical/Foundation models,

e Basic models,

Terrain models,

Supplementary stochastic models,

Stochastic models,

e Many Ray models,

e Active measurement models [40].

Table 2.4 and table 2.5 show the classifications of the taxonomy by [40]. Specifically,
the tables contain the model name, category, the available coverage notes and the
year it was first documented.
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Erceg-Greenstein

=
Blom Lase!

FIGURE 2.7: Phillips et al propagation model taxonomy illustrated for

easy visualisation. The illustration shows the main classes of propa-

gation models in green, the subclasses in blue and the actual model
names in white. [40]
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TABLE 2.4: Propagation models classification by [40]

NAME CATEGORY COVERAGE NOTES (frequency | YEAR
(f) and coverage distance (d))
Friis’ Freespace | Foundation d < (2a%)/A 1946
(Friss)
Egli Basic 30MHz < f < 3GHz 1957
Hata-Okumura Basic 1Km < d < 10Km 150MHz < f > | 1968
(Hata) 1500MHz
Edwards-Durkin Basic/Terrain f € 85,167, 441MHz 1969
(edwards)
Allserbrook- Basic/Terrain € 85,167,441 MHz 1977
Parsons (allese-
brook)
Blomquist-Ladel Basic/Terrain f € 85,167,441 MHZ 1977
(blomquist)
Longley-Rice Irreg- | Terrain 1Km < d >,20Mhz < f < 20Ghz 1982
ular terrain model
(ITM)
Walfisch-Bertoni Basic N/A 1988
(Bertoni)
Flat-edge (flatedge) | Basic N/A 1991
T™M90 Basic d < 10miles, h; < 300ft 1991
Cost-231 Basic 1Km < d < 20Km 1993
Walfisch-Ikagami Basic 200m < d < 5Km, 800MHz < f < | 1993
(walfisch) 2GHz, 4m < h, < 50m, 1m < h;, <
3m
Two-Ray/ground foundation N/A 1994
reflection (two ray)
Hata - | Basic 1Km < d < 300Km, 150MHz < f < | 1997
Davidson(davidson) 1.5GHz, 30m < h; < 1500m, Im <
hy < 20m
Ericsson 9999 Basic/Terrain 150MHz > f < 2GHz 1997
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TABLE 2.5: Continuation of propagation models classification by [40]

NAME CATEGORY COVERAGE NOTES YEAR
Oda Basic N/A 1997
Ercog Greenstorm | Basic f = 1.9GHz Suburban 1998
(ercg)
Directional Gain re- | Supplementary f=19GHz 1999
duction factor (grf)
Rural Hata Basic f € 160, 450, 900 MHz (Rural | 2000
Lithuania)
ITU-Terrain (ITU) Terrain N/A 2001
Stanford University | Basic 2.5 <f<27GHz 2001
Interim (SUI)
ITU-R Basic 1Km < d < 10Km, 1GHz < f < | 2002
2GHz, 30m < hg < 200m, Im <
hy, < 10m
Green-Obaidat Basic N/A 2002
(green)
ECC 33 Basic 1IKm < d < 10Km, 700 < f < | 2003
3000MHz, 20m < h; < 200m, 5m
< h; < 10m
Riback-Medbo Supplementary 460MHz < f < 511GHz 2006
ITU-R 452 Terrain N/A 2007

2.4.1 Statutory Regulations

LoRa operates in three (3) frequencies depending on the country/region of opera-
tion namely; 868MHz in Europe, 915MHz in the USA and Botswana and 433MHz in
Asia as well as Botswana [5]. Botswana has radio bands which fall under region 1
[41]. Table 2.6 shows the legal ISM bands in Botswana.
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TABLE 2.6: BOCRA documented ISM bands [41]

CENTER FREQUENCY BANDWIDTH UNIT
13560 13553 - 13567 Hz
27120 26957 - 27283 Hz
6780 6765-6795 Hz
40.68 40.66 - 40.70 MHz
433.92 433.05-434.79 MHz
915 902 - 928 MHz
2450 2400 - 2500 MHz
5800 5725 - 5875 MHz
24.125 24 - 242517 GHz
24.125 24 -24.25 GHz
61.25 61-61.5 GHz
122.5 122-123 GHz
245 244-246 GHz

2.4.2 Propagation Metrics

This section defines the metrics commonly used by other researchers to compare
theoretical path loss against actual path loss. Metrics used by researchers include
the following:

RSSI: Received signal strength indicator informs the user of the power of the re-
ceived signal from the source in Dbi versus the distance from the gateway. The
RSSI may decline linearly depending on various attributes including topology, at-
mospheric conditions, presence of objects/bodies in the fransel zone.
PRR: Packet reception rate measures the number of packets received at the receiver
vs what was originally transmitted at the source.
SNR: The SNR or signal to noise ratio is a ratio of the actual useful message power
to noise power in a received signal.
PER: PER is the packet error rate which refers to the fraction of received packets
which are erroneous vs the ones that can be recovered for information.

The next section details the propagation models which are viable for use in the
915MHz ISM band.
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2.5 Propagation Models for the 915MHz ISM Band

Propagation models are classed into three categories;

e Empirical Models are based on gathered measured data in a given area [21].
These models will often be simplistic and general, as a consequence of this it
will typically have a low accuracy [21] [28].

e Semi-deterministic models similarly are based on empirical measured data
while also utilizing determinate aspects computed based on the application
area [21]. The consequence of this is the improved accuracy relative to the
empirical models.

e Deterministic models are site specific to the area. Furthermore deterministic
models require significantly more types of data including geometric and geo-
graphic information [21]. These models have a very high accuracy.

All the models used in describing LoRa propagation take into account the large scale
fading effects of the channel large scale fading effects . This characterization indi-
cates the channel variations of strength over time and over frequency . Path loss is
applicable in these scenarios as it is a function of distance and shadowing, caused
by things such as natural formations and buildings. Furthermore, if the transmis-
sion distances are within the order of a terrestrial macro cell size (1km?), the path
loss is typically frequency dependent . Therefore, path loss is invariably a result of
a dissipation of radiated energy by the transmitter as well as due to effects of the
propagation channel [10][11]. Path loss and shadowing are phenomena which oc-
cur when signals typically travel distances of 100m and 1000m hence the term large
scale fading [11].

2.5.1 Free space pathloss model

The FSPL model falls in the foundational or basic path-loss model category [40] [42].
The model predicts path-loss as a function of the square of distance less the antenna
gains at the receiver and transmitter. This model is simplistic in nature and does not
take into account the channel fading effects and assumes that the channel is vacuum.
Equation 2.41 is the closed mathematical form of the model [42]

FSPL(dB) = ZO(ZOglo(d) + loglo(f) + 477-[) — Gm — Gb. (2.41)

Where, FSPL is the loss in power in decibels, d is the distance from the trans-
mitter to the receiver either straight line or euclidean in km, f is the frequency of
operation in MHz, c is the speed of light in m/s, G, is the gain of the transmitting
antenna, and Gy, is the gain of the receiver antenna.

2.5.2 COST 231- Walfish Ikagami pathloss model

The COST 231- Walfish Ikagami path-loss model is a modification of the COST231
developed by the Coorperation in Science and Technology, a European funded pro-
gram [42]. This model has previously been applied to 2G and 3G technology and
is applicable to the 915MHz used in region 1 for LoRa applications [40]. Table 2.5
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shows the frequency, transmitter (TX) and receiver (RX) height constraints of this
model.
PL[OS =426+ 2610g10(d) + 2Olog10 (f) (242)

2.5.3 Ericsson 9999 pathloss model

This model was developed to predict path-loss for transmission frequencies of up to
2GHz [42]. The path loss model is able to predict path loss for different environments
specifically; rural, suburban and urban environment. A closed loop form of the path-
loss model is given by equation 2.43 and equation 2.44. Specific model constraints
are provided in table 2.7.

PLerico9o = g+ arlogio(d) + azlogio(hee) + aslogio(hee)logio(d) — 0.2([log10(11.75k,)]?) + g (f),
(2.43)

g(f) = 444900g10(f) — 4.78(logro(f))*. (2.44)

The variables ag, a1, a,andaz are specified in table 2.7.

TABLE 2.7: Ericsson 9999 model parameters

ENVIRONMENT | URBAN SUBURBAN RURAL
ap 36.2 43.20 45.95

ap 30.2 68.93 100.6

ap 12.0 12.0 12.0

as 0.1 0.1 0.1

Where a, is an environmental constant unique to the type of environment, hy, is
the height above ground of the transmitter antenna, /,, is the height above ground
of the receiver antenna.

The next section will provide details on the systematic literature review used to de-
termine the different applications of LoRa.
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2.6 Systematic Literature Review

A systematic literature review was done to retrieve answers to the research ques-
tions. The research questions were developed after a precursory literature review
and the formulation of the project objectives.The results of the systematic literature
review were published in a peer reviewed journal and aspects of the study are in the
following sections of this chapter. Details of the SLR search protocol is specified in

table 2.8.

TABLE 2.8: Systematic Literature Review Summary

Characteristic

Value

Review type
Research question(s)

Systematic literature review

What is Lora and how does the PHY layer func-
tion(RQ1),What is the diversity and range of the LoRa
scheme use cases?(RQ2) How is LoRa network performance
measured ?

Databases used
Population

Study types
Inclusion criteria

Purpose Guide researchers and practitioners using/intending to use
LoRa on the limitations and ideal use cases.
Search method Automated and hand search, citation analysis, previously

known articles,

IJECE, IEEE Xplore, ScienceDirect, Google scholar, ACM digi-
tal library, Springer

Empirical studies relating to LoRa and LoRaWAN applica-
tions, tests and use cases

Experiments, case studies, observational studies, simulation.
(i) Refereed paper (journal or conference) (ii) Empirical study
(iii) Copy of the article available in the English language

Search date
Article dates

07/01/19 - present
2010 - 2019 plus in press articles
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2.6.1 Research Questions

The research questions specify the content, concepts and experimental results to be
documented. By providing answers to the research questions, the research project is
able to fill in knowledge gaps and add to the body of knowledge.

RQ1:What is the diversity and range of the LoRa scheme use cases?

Rationale: research question 2 will establish the different applicable use cases of
LoRa technology. Furthermore it will establish the criterion used to determine the
appropriateness of a given LPWAN technology in a specific area.

RQ2: How is LoRa network performance measured?

Rationale: Performance measurement in this context will specify the means by
which deployment is tested (test-beds). Moreover, this research question will allude
to the metrics used and the validation methods as ranked by prevalence.

2.6.2 Search Strategy

Previous articles on LPWAN technology have mainly focused on documented use
case scenarios whether academic or commercial. Additionally, for most articles used
in this study, care was taken to derive performance reports from OEM white-papers
as well as journals, and conference articles/papers pertaining to the investigation
LPWAN practical performance limitations. Lastly, novel use cases and performance
experiences were solicited from Medium, which is an online repository of DIY and
hobbyist practical exploits of LPWAN SDR and MAC layer manipulation.

2.6.3 Search Terminology

The following search terminology was used to ascertain journal, article and white-
paper information on the subject areas.

The following steps were used to build the search terms based on existing litera-
ture and material:

1. Derive major terms from the research questions.
2. Identify synonyms and alternative spellings for major terms.

3. Using the Boolean OR and AND to incorporate and link alternative spellings
and synonyms.

The search terminology development steps above resulted in the establishment
of the following search strings:

LoRa OR LPWAN OR LoRaWAN Propagation Model(s) OR Performance OR
Path loss AND/OR 433MHz/868MHz band LPWAN OR Low power Wide Area OR
Low Power Area. SNR OR Path loss Performance OR BER OR Propagation OR PRR
OR RSSI. Narrowband OR Chirp Spread Spectrum AND/OR LPWAN OR LoRa OR
Long Range AND Path loss OR Propagation".
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2.6.4 Search Process

The following process was used to search, filter and store material from various jour-
nals. A three (3) step process is outlined below:

Step 1

Enter search terms in google scholar /IEEE xplore/Springer / ACM/Elsivier/MDPI/Wiley
Online sources/IJECE. Apply forward search via citations in search results, keep ma-
terial with relevant timeline 2010-2018. Search titles of found journals for relevance.
Download filtered journal with satisfactory keywords and title

Step 2

Review abstract of Step 1 filtered material. Keep document that is relevant ac-
cording to contents of abstract. Use references in accepted papers to determine/find
new material.

Step 3
Identify new articles relevance in accordance with Step 2, note duplicates and
return to Step 1.

2.6.5 Results of the Systematic Literature Review

The following subsections detail the findings of a systematic literature review per-
formed to understand LoRa technology, applications as well as performance metrics
and test-beds used by practitioners and researchers.

RQ1:What is the diversity and range of the LoRa scheme use cases?

LoRa boasts resilience to noise, multipath fading, Doppler shift resilience as well
as long range transmission rates [17]. [43] observed numerous indoor and outdoor
applications. For context the largest global open source network of LoRa gateways
is currently "TheThingsNetwork" [16]. "TheThingsNetwork" can also be regarded as
the application layer allowing for management of data collected from the perception
layer and routed through the network layer as described by [44]. Some of the most
novel use cases observed in literature are provided in table 2.9.

The authors in [45] discussed that LoRa technology is limited in applications, mainly
those with a tolerance to any jitters. This eliminates applications needing constant
feed of multimedia. Additionally, the authors correctly point out the limitations of
LoRa in so far as real-time metering is concerned as there are duty cycle limitations
imposed on the ISM band usage. It is also worth noting that areas of industrial con-
trol will remain out of reach as with the lowest SF, equation 1.1 shows that the delay
will be 40 ms before any control signal is received.

Nonetheless, the fact that LoRa’s MAC layer can be easily modified opens the
door to multiple use cases. An example of LoRa MAC layer flexibility is when au-
thors of [46] created LoRaBink for energy efficient multi-hop transmission. Similarly,
with smart encoding techniques transmission of images is possible.
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TABLE 2.9: LoRa and LoRaWAN use cases [35]

Application Summary

Class

UK flood network. A series of water level
sensors deployed across rivers around
the UK to alert residents of dangerous
water levels and flood risks.

Real time monitoring

[47]

The authors documented their findings in
the use of LoRa for tractical tracking sys-
tems in Thailand.

Real time covert monitoring

[48]

The researchers were able to find positive
results with a mangrove monitoring. This
was done through the transmission of im-
ages over the LoRa physical layer with a
custom encryption technique.

Multimedia and agriculture monitoring

Carlsson et al investigated deployment of
LoRa at the 868MHz frequency in three
different scenarios: dense forest, open
setting and high elevation. The experi-
ment illustrates the LoRa physical layer
and LoRaWAN resilience in various set-
tings.

Performance evaluation

[50]

Juha et al were able to perform experi-
ments on the effects of moving receivers
on both land and water in urban and in-
dustrial environments. These settings are
the city of Oulu in Finland as well as a
dock in the same area.

Industrial monitoring
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RQ2: How is LoRa network performance measured?

This research question will draw attention to how the performance of various de-
ployments observed in literature was done with emphasis on validation, test-bed
and metrics. Jaco Marais et al. authored a paper summerising the various test-beds
used to test LoRa and LoRaWAN performance [51]. Network performance for LoRa
is conducted on the MAC layer’s ability to transfer packets reliably. Performance is
measured on the following: PRR and PER, the DER and percentage loss of packets.
Additionally, the physical layer’s performance is often gauged based on the RSSI,
SNR and the BER as well as the NEC [52].

Intra-scheme metrics of comparison

The metrics on which LoRa and the next widely available scheme (Sigfox) are to
be compared are the availability of QoS, node battery life, packet latency, scalabil-
ity, payload length, network coverage, global adoption, cost of deployment and the
ability to be open source. These are properties derived from literature and reflect the
observations of practitioners as well as researchers.
QoS: Sigfox and LoRa have very poor QoS. However, LoRa through the LoRaWAN
protocol offsets this by broadcasting information to all nearby base stations in essence
increasing the degrees of diversity. Sigfox will similarly transmit its message multi-
ple times with no acknowledgements (typically three times by default) [6].
Battery life and latency: Sigfox and LoRa have end nodes consuming lower energy
through the use of function states. The exception in this case being LoRa class C
devices. Similarly, LoRa class C having better latency compared to class A, B as well
as Sigfox [6].
Scalability and payload length: Sigfox and LoRa base stations can handle 50 thou-
sand devices each per base station making them fairly evenly matched in this regard.
More to this, LoRa and Sigfox have 243 bytes [5] and 12 bytes [6] respectively with
the latter characteristic tipping the favor to LoRa.
Network coverage and range: Sigfox commands the longest range, with line of sight
(LoS) communication capable of effective transmission at 40 km [6]. The second
longest range with LoS range of approximately 20 km is LoRa [7].
Global adoption: According to [6] LoRa is deployed across 42 countries while Sig-
fox is only available in 31. Additionally, LoRa allows communication hybridization
by using different communication schemes to transmit data effectively over a given
distance.
Cost: The hardware cost associated with Sigfox is significantly high due to the none
liberalized hardware ecosystem [6]. However, the LoRa Alliance has seen hardware
development of LoRa from other organizations such as Ada-fruit and STM signifi-
cantly improving availability of both enabled devices and public gateways [6] [12].
Open source: Considerable work has gone on to allowing this on the LoRa modu-
lation scheme. The Sigfox ecosystem remains under the tight control of the creators
of Sigfox. Whereas SEMTEC’s LoRa continues to enjoy widespread support and
experimentation of hobbyists and professionals alike [8] [13] [6].

The performance of LoRa compared to the next most popular communication
scheme Sigfox is summarised in figure 2.8 .
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FIGURE 2.8: LoRa and Sigfox comparison
LoRa Performance metrics and test-beds
TABLE 2.10: LoRa and LoRaWAN performance metrics, validation
Source | Test-bed Performance Validation method
metrics
[53] Semtech SX1307 transceiver as | RSSI Project monitoring
a gateway, LoRaWAN testing
done using Multitech Mdot de-
vices in the 868MHz band
[21] TI C110 radio module in the | RSSI Dynamic analysis,
433MHz band simulation
[50] Kerlink LoRa IoT station D100- | RSSI, Path-loss | Project monitoring
1000 antenna (base station), and | exponent, path-
LoRa mote Semtech SX1272 | loss intercept
(mobile node)
[54] SX1272 LoRa sheild with ar- | RSSI, SNR, PRR Project monitoring
duino nucleo and raspberry pi,
IC880a concentrator and STMi-
croelectronics  Nucleo-L073RZ
MCU board
[55] RN248 (RX side), RHF25008 | RSSI, PDR Simulation, project
with SX1301 chip (TX side) with monitoring
a bdBi antenna, OBCI smart ev-
erything fox board at the re-
ceiver
[32] Netblocks XRange SX1272 LoRa | PRR, ¢;, RSSI Project monitoring
RF module and simulation

Through this SLR, the authors were able to find 13 articles to ground the study and
answer the 3 research questions outlined in section 3. The main findings of this study

are the following:
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e LoRa technology and LPWANSs have a wide array of applications with an
almost equal number of potential research areas mostly into spectral access,
quality of service, and MAC layer modifications,

e The main reasons for which LoRa has bloomed in IoT and research spaces
is invariably true as the scheme is able to achieve very long communication
distances however there is a catch. Distilling performance into two areas the
MAC layer and the PHY layer. Due to the MAC layers’ limitations in terms of
QOS and the static nature of the protocol significant performance maybe lost as
a lot of testing must be done to establish which CR, BW and SF are best suited
for a particular area to maximise PRR, NEC as well as DER. With regard to the
physical layer, in all instances where little or no disruption of the Fresnel zone
occurs, signal propagation is observed to be high.The authors observed that it
is possible to obtain relatively high levels of RSSI and still have significant PER
invariably leading to inefficiency in the network implementation mainly due
to poor settings at the MAC layer.

e Being an ISM based scheme, the duty cycle limitations of LoRa imposed by
statutes poses significant bottlenecks in terms of accessibility as the ALOHA
protocol means significant wait periods can be expected between transmis-
sions in very RF active zones: urban and rural landscapes. This turns out to be
a non-hindrance in the application area Botswana aspires for, namely agricul-
tural monitoring, as most areas of interest have little RF traffic in the sub GHz
ISM bands. However spectral measurements may need to be taken to confirm
with a quantitative certainty in future.

e LoRa technology range tests/evaluations are predominantly used in the de-
veloped world. Thus the real world behaviour of LoRa is not documented in
the Southern Africa although the number of gateways in the area is increas-
ing. It is therefore the position of the authors that more field testing be done to
adapt the ADR properties of the technology in Botswana and Southern Africa
as a whole to ensure more efficient network deployments in agriculture and
IoT novel applications.

e More work is needed to isolate appropriate pathloss and propagation models
for any area. Several authors have observed the disconnect between real-world
readings and traditional propagation models. This is especially true for those
based on the Fresnel equation and traditional path loss model. However, in all
experiments it was noted that the height above ground is critical in improving
range.

2.7 Chapter Summary

Chapter 2 provided a literature review of the LoRa and the associated concepts
which guide this research. Specifically concepts addressed include, LoRa,LoRaWAN,
LPWAN technology comparison metrics, HDOP, geolocation in LoRa and propaga-
tion models
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Chapter 3

Methodology

Chapter 3 details the methodology of the study. The chapter identifies specific ob-
jectives and gives a step by step detail of how the experiments necessary to achieve
the objective are performed. Specifically, the chapter discusses the receiver sensi-
tivity analysis, propagation model performance comparisons, gateway placement
techniques and the metrics of interest with regard to navigation. The methodology
employs a repeated setup methodology based on the works by [9], [27], [56] and
[21]. Additionally, the simulations are based in the BIUST Palapye campus. A block
diagram, figure 3.1 summarises the major components of the experimental method-

ology.

IDENTIFY APPLICABLE
PROPAGATION
MODELS FOR
WEIGHTING

IDENTIFY GATEWAY
PLACEMENT
TECHNIQUES

SIMULATE SIGNAL
EMPLOY HDOP . APPLY WEIGHTING -
ASSESSMENT SIMULATION 10 HDOP PROPAGATION WITH

WEIGHTED HDOP

EMPLOY STATISTICAL
VALIDATION

FIGURE 3.1: The proposed experimental methodology based on the
work of Lebekwe et al, the LoRa alliance strategy committee, Sigweni
el al and Milankovich et al.

VALIDATION WITH
USING REPEATABLE
ACCURACY
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3.1 Receiver sensitivity analysis

This section details the technique by which gateways placement will occur in the
chosen geographical area. The placement technique in the context of navigation,
will either amplify or not introduce any errors in the navigation process. For this rea-
son, a well informed placement will decrease navigation errors due to poor receiver-
gateway geometry.

Figure 3.2 shows the proposed area where a coverage map is to be generated, it
has an approximate area of 25km?. The coverage area is sparsely populated with a
few high rise buildings and large open spaces covered in trees and bush. This pro-
posed coverage area is a reasonable facsimile for other potential areas where ranging
maybe critical but long end node battery life and range are key deliverables such as
IOL applications [9].

Measure distance

Click on the map to add to your path

Total area: 25.09 km? (9.69 mi2)
Total distance: 21.28 km (13.22 mi)

FIGURE 3.2: BIUST coverage area
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Set coverage area
grid resolution

¥

¥
Divide coverage area
into individual grid
points

- Add a transmitter fo
the coverage area

h J

Determine geometry
matrix for each grid
point Ho

Calculate HDOP for
each grid point in
coverage area

Dioaes config. give
good HDOP?

=
o
7

Save COVerage map

FIGURE 3.3: HDOP gateway placement algorithm

The placement of gateways in the coverage area is done at the proposed gateway
sites in table 3.1, these locations are visualised in figure 3.4. Placement is performed
systematically starting with 3 gateways and performing a HDOP computation, as-
sessing the result based on the HDOP scores in table 1.1 before adding more gate-
ways and repeating the process until most of the coverage area has a good HDOP.
Figure 3.3 illustrates the steps of the process. It is also observed that the placement
of gateways is more likely to result in a good HDOP when gateways are placed
such that they form equilateral triangles. This means as more gateways are placed,
it is important to place them at the vertices of imaginary tessellated triangle posi-
tions. The use of this procedure will result in comparatively good HDOP in the area
bounded by the gateways. Using the observation of triangular tessellation results
in a placement similar to figure 3.5. It is assumed that the gateways are receiving
LoRa signals via LOS, and multipath effects are considered to be negligible. The
SNR is assumed to be significantly above the minimum levels specified in table 2.1,
and the gateways are assumed to be perfectly synced with an uncertainty of 1 x 10~°
seconds.
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TABLE 3.1: Possible BIUST gateway sites coordinates

gateway Name | BIUST

LoRal -22.575827, 27.089860
LoRa 2 -22.572183, 27.091939
LoRa 3 -22.571785, 27.125548
LoRa 4 -22.582362, 27.131265
LoRa 5 -22.588882, 27.131329
LoRa 6 -22.588869, 27.135194
LoRa7 -22.605359, 27.154082
LoRa 8 -22.621233, 27.137303
LoRa9 -22.634129, 27.113086
LoRa 10 -22.619672, 27.106026
LoRa 11 -22.615757, 27.107820
LoRa 12 -22.595328,27.097094

{ ot
bjesticitive Hotel

FIGURE 3.4: Possible gateway sites around the BIUST geographical
area indicated by the blue mark points
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FIGURE 3.5: Triangularly tessellated gateway placement in proposed
locations from 3.1

The following section details the gateway placement techniques that were used
in the study as well as the justifications for their selection.

3.2 Gateway placement Techniques

The following subsections provide descriptions and justifications of the three place-
ment techniques to be tested. These techniques are derived from LoRa literature and
are tested to determine the best gateway placement technique for LoRa navigation
applications.

3.21 Random placement

Random placement is performed to provide the authors with a benchmark place-
ment method with HDOP as the performance metric. When performing random
placement, a set of longitude and latitude coordinates equal to the number of gate-
ways required are randomly generated using the software tool written by the au-
thor. HDOP performance of the resulting gateway configuration is then determined.
Random placement places no limit on the minimum number of gateways needed to
achieve the specified coverage requirement. The following steps are followed;

o the gateway placement starts with the minimum of three with the number of
gateways increased by one, depending on the coverage requirements

e A set number of iterations for any random placement configuration is per-
formed and the resulting HDOP score is determined. In this study the number
of iterations were chosen to be equal to 1000 and the HDOP score was calcu-
lated out of 30 grid points. Grid points with HDOP performance of 1 or less are
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considered to have good HDOP as shown in table 1.1. Each iterations’ score of
good HDOP grids out of 30 stored,

e and the number of gateways are increased by 1 until a certain number of gate-
ways gateways are deployed. In this study the total number of gateways was
set to 12.

The calculation will show the gateway configuration’s influence on the position error
in each case. The HDOP score generated from the placement is the number of grid
points with a good HDOP score out of 30 in the coverage area. This placement by
nature is not does not take into account gateway geometry and the expectation is
in most deployments it will fail to meet the coverage requirement that the authors
specified. However, given that random chance is at play it is expected for there to be
outliers in both very good coverage and very poor coverage.

3.2.2 Naive placement

A naive placement technique of LoRa gateways was observed in literature in the
work of [57], [58], [59] and [60]. The summaries of the articles and their methods
are given by table 3.2. None of the studies were explicit in the manner by which
gateways were placed in the coverage area. However, each study placed gateways in
a manner such that there were no overlaps in their physical locations. Additionally,
their placements guarantee that moving nodes are able to get LOS communication
are they move across their grids or coverage area.
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TABLE 3.2: LoRa naive deployment articles

Source

Summary

Year

Citations

[60]

The article proposes an analysis of gateway place-
ment, spreading factor assignment, and power al-
location in LoRa network planning. Emphasis is
in the spreading factor assignments and power al-
location to maximise network lifetime. Addition-
ally a placement strategy is proposed in the work,
however it is unsuitable for a ranging application.

2019

6

[58]

This article investigates heterogeneous network
deployments and Spreading Factor (SF) allocation
strategies. The researchers of this study determine
the performance of homogeneous networks (i.e.
when all the nodes select the same LoRa config-
uration) and heterogeneous networks (i.e. when
each node selects its LoRa configuration accord-
ing to its link budget or their needs) for large scale
deployments (up to 10000 nodes per gateway).
They further developed a LoRa Module, based
on improved WSNet simulator, including a spec-
trum usage abstraction, the co-channel rejection
due to the quasi-orthogonality of SFs and the gate-
way capture effect. Their study gives performance
comparisons in terms of reliability, network capac-
ity and power consumption for homogeneous and
heterogeneous deployments as a function of the
number of nodes and the traffic intensity.

2018

[59]

This article analyses the efficiency of large LoRa
networks, specifically those with a minimum of
10000 moving nodes transmitting to the gateway.
The article compares the existing adaptive data
rate (ADR) and EXpLoRa-AIR of LoRa versus
a new algorithm AD MAIORA with the mov-
ing nodes having homogeneous configurations
(spreading factor(SF), frequency (F;), bandwidth
(BW), coding rate (C/R))

2018

[57]

This article investigates the effects of network den-
sification through the addition of multiple gate-
ways and node configurations. The researchers
start with 3 gateways and 1000 nodes and increase
the gateway numbers until 9 gateways assessing
the effect of the different SF on the PDR and ratio
of covered nodes with increased redundancy.

2019

When deploying naive placement of gateways it is assumed that the standard
coverage is equal to the radius of a single gateway. In this scenario, and based on
literature,the transmitted signal from a Lora gateway meets the SNR requirements
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and that there is no packet loss and LOS exist over a distance of 1 km [61]. As-
suming omni-directional gateway transmission, the area that a signal can be reliably
detected is assumed to be a circle with the gateway at its centre, is equal to 777, .
Therefore the number of gateways required to cover a known area can be calculated
by equation 3.2. In this scenario equation 3.2 showed that a minimum of 7.9 gate-
ways would be required to service the coverage area, this figure was rounded up to
the nearest whole number. The required gateways are placed in the coverage area
as evenly as possible and not overlap. Once placement is done, HDOP is calculated
to determine the score of the deployment out of 30. The result is compared to the
imaginary triangular tessellation placement and random gateway placement.

Ap = 1r?, 3.1) Ny = Ac (3.2)
Atx
where A; A and r are the gateway coverage area in square kilometres and its
transmission range in kilometres respectively. The number of gateways needed to
service the geographical area is given by N, and is calculated using equation 3.2.

3.2.3 Placement with imaginary triangular tessellation

Figure 3.6 shows the proposed gateway sites in the BIUST geographical area with
gateways placed at the vertices of a triangle. Specifically, gateway A, B and C are
placed at the vertices of one of the imaginary triangles. Additionally, the omni-
directional/radial transmission of each gateway is shown in the colour of the gate-
way letter.

psticifive Ho el
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rsity Of Licience...

FIGURE 3.6: Placed gateways
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Ideal placement of the gateways or gateways in a desired coverage area is il-
lustrated in figure 3.7. This method of placement utilises triangular tessellation to
optimally place gateways to maximise coverage in the coverage area with the mini-
mum number of gateways. This relies on the use of polygon triangulation [62] and
is a variant of the art gallery problem proposed by Victor Klee in 1973 [63].

However, unlike typical WSN sensor deployments a LoRa navigation placement
setup requires that a moving gateway or node be placed within range of at least
three gateways for sufficient ranging. Being within range means that the gateways
are within the maximum /minimum transmission range of each other, as illustrated
in figure 3.7 with A,B,C and A,C,D. Using the maximum or minimum range will gen-
erate the minimum number of of gateways or maximum numbers respectively. The
overlapping areas between gateways A,B,C and A,C,D are over determined mean-
ing that there are more equations to solve than the number of unknown variables. A
moving node will therefore have high location accuracy due to a good HDOP within
the zones of overlap.

FIGURE 3.7: HDOP guided method, placed gateways

Optimally, d represents the distance within which a signal is detectable. This
means that the received signal within this area meets the SNR requirements shown
in table 2.1. Three gateways will therefore have distances d between them with the
angle CAB, ABC and BCA being 60°. The perpendicular distance between a gateway
(C) and two gateways (AB), a distance d from each other, is r. The variables d and
r are specified in equations 3.4 and 3.3 respectively. The overdetermined solution
therefore exists in an area calculated using equation 3.5. Assuming good HDOP in
the coverage area, the required number of gateways may be approximated by equa-
tion 3.6.
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2
i= 24 (3.4)
r= \fd, (3.3) V3
1A,
N, = 24 _q, (3.6)
A, = \fdz, (3.5) d2\/3

An assessment of the placement methods is then performed where imaginary
triangular tessellation placement, is compared to the random gateway placement
and a naive gateway placement with HDOP being the metric of assessment. It is
worth noting that the placement method illustrated in figure 3.7 is idealised. In
reality, a coverage area may not be perfectly symmetrical or a regular shape and
so triangular tessellation is performed. The arrangement of gateways will be made
as close to points representing the vertices of equilateral triangles as possible. An
example of this is shown in figure 3.5. The next section details the statistical tests
used to validate the different placement techniques specified in section 3.2.

3.3 Statistical Tests: Statistical significance and Effect size

The following subsections will provide explanations and descriptions of the statisti-
cal significance test and effect size respectively. In addition, justifications are given
as to the choice of test in each case are provided. A brief description of the sample
sizes of the simulation data is also provided.

3.3.1 Statistical significance

A statistical significance test determines the likelihood that the differences in results
from 2 or more treatments are due to factors inherent in the individual methods or
are due to chance. The measure of statistical significance is performed with a confi-
dence limit [64] exceeding or being below a P value normally 5%. A 5% confidence
level means that there is a 5% chance that the differences in performance are due to
random chance. In the context of the three placement methods, gateway placement
using imaginary triangular tessellation or guided HDOP guided placement, ran-
dom placement and naive placement are compared. Specifically, the extent to which
the main placement method achieves good HDOP in the coverage area, using the
minimum number of gateways. This performance is compared to random gateway
placement in a coverage map and placing gateways with no overlaps (naive place-
ment) is determined. The determination is done using the HDOP coverage scores of
each method; scores are the number of grid points with good HDOP out of 30 in the
coverage area.

3.3.2 Effectsize

The effect size is a measure of the difference in central tendency of results. The
higher the effect size score the more likely that the difference between central ten-
dency measures means one method is better/worse than the other. The interpreta-
tion is subjective and can lead to the wrong statistical inferences if not done correctly
[65]. An effect size score ranks the difference in central tendency depending on the
class of the measure (d, r or 52) [66]. An 1% score below 0.06 (exclusive) is consid-
ered small and is not acceptable. While and score between 0.06-0.11 (inclusive) is
intermediate and acceptable, above 0.140 to 0.200 (inclusive) is a large effect size
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TABLE 3.3: Simulation data characteristics

Property Random Placement | Naive placement | HDOP  guided
placement

Sample size 1000 50 50

Median 9 14 21

and is acceptable. Acceptable scores of effect size mean the observed differences are
large and conclusions maybe drawn of how effective or well a treatment/method
performs while the converse is true for non acceptable effect sizes [64] [65].

3.3.3 Simulation Data

The simulation results generated using Matlab were observed to be highly skewed
and not normally distributed. Simulation data summaries are illustrated in the box
and whisker graphs in figure. 4.15. Table 3.3 shows the sample sizes and central ten-
dencies of the three methods being tested. For results which do not exhibit normal
distribution tendencies, statistical significance is determined using non-parametric
tests such as the Wilcox Signed rank test if the data contains paired samples. Non-
parametric tests are less susceptible to the skewing effect that outliers have on data
[65] This study’s authors determined that a Mann Whitney U Test was used as a
the primary assessment for statistical significance and a Z statistic test was used to
confirm the result. Secondly, in all three combinations of the tests an effect size was
calculated to determine the significance of the differences in the measures of central
tendency in this case median due to the skewed nature of the results.

Sigweni et al. proposed the use of blind analysis to assess effort estimation tech-
niques and eliminate bias in the the assessment [65]. Key concepts outlined by
the authors are the use of the blind analysis algorithm for two researchers; one
researcher to label data separately, removing labels about the true identity of the
technique while another researcher selects appropriate tests to determine statistical
significance and effect size of the technique. Additionally, their work proposes the
use of a random technique for benchmarking [67] [65] as some studies have noted
that some reputable techniques sometimes fail to surpass random chance in their
predictions. The work of the researchers highlights the importance of determining
as accurately as possible the effectiveness of different techniques using quantitative
methods, something which is done in the social sciences and medicine. The authors
of this paper sought to use the same or similar techniques to quantify the perfor-
mance of the placement methods, however the Mann U Whitney, Z score and 172
measures were best suited for independent non normally distributed results [64].

The following section details the means by which empirical pathloss models will
be assessed and used in our chosen geolocation application.
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3.4 Empirical propagation model performance

The empirical models simulated in the study are this FSPL, COST 231-Walfish Ik-
agami and Ericsson 9999 path-loss models. These models fit constraints which are
observed in real life deployments reviewed in the SLR with the search protocol in
table 2.8. The list of applications that have used LoRa are given in table 2.9 [35].
Table 3.4 shows the proposed terrestrial navigation use case applied and described
for this research..

TABLE 3.4: Use case table for terrestrial navigation/positioning

Item Description

Usecase Name LoRa navigation

Usecase Description An actor wishes to determine the location of a LoRa gateway
in a bounded geographical area (BIUST)

Actor Organisation/Agent

Pre conditions Object or Article or Animal being tracked has a class A LoRa

transceiver module
Normal flow

1. A class A LoRa transceiver transmits a packet to at least
3 gateways in the geographical area,

2. Determine if RSSI meets minimum requirement for
given SF,

3. Time synced gateways transmit packet time of arrival to
application server,

4. Application server calculates proximity of transceiver
relative to gateways and provides position fix.

Alternative flow

1. Step 1 and 2 are executed as before,

2. If SNR is below threshold packet is rejected and a notifi-
cation is sent to application server.

3. System ’waits and listens’ for new packet(s).

Post condition Actor location determined or displayed.




Chapter 3. Methodology 48

3.4.1 Performance comparison

The work by [35] researched the performance metrics for LoRa deployments. [35]
found that LoRa has gained widespread use in LPWAN applications due to the long
ranges that LoRa signals can propagate using relatively little transmission power.
When determining how deployments were evaluated. The authors of that work de-
termined that monitoring of RSSI, SNR, PRR and path-loss were the primary metrics
[68], [54], [45]. Table 2.10 shows the documented deployments and the performance
metrics. In a positioning application, shown in table 3.4, a deployment with good
HDOP will lead to TOA variance being the major source of error for position fixes.
Specifically, the SNR in the TOA variance in equation 2.39 will determine the posi-
tion uncertainty. The path-loss models show the power loss over a given transmis-
sion distance, which can be used to determine P,, SNR and TOA variance. In the
simulation the path-loss models will give the power loss over distance and the SNR.
The simulation data for the path-loss models is listed in table B.1.

TABLE 3.5: Transmission characteristics 1

Transmission Transmission | gateway Receiver Noise (dB)
frequency power (dbm) | Gain(dB) gain(dB)
(MHz)
915 13.979 5 10 17.5*
TABLE 3.6: Transmission characteristics 2
Transmission SF BW (KHz)
frequency
(MHz)
915 7 125

*Noise is man-made noise in a quiet site for 900MHz[69] and noise figure [17]

3.4.2 Deployment of the gateways in the coverage area

Gateway placement is simulated with different gateway separations, SF,and pathloss
models. The gateway deployment was done to achieve a 20 m repeatable accuracy
over the chosen geographical area. The 20 m repeatable accuracy was chosen here to
determine if LoRa can compete with other navigation systems such as eLoran and
the theoretical accuracies for TDOA based navigation by LoRa of 20 m - 200 m [9].
First the gateways were arranged to form equilateral triangles of sides equal to 1000
m, 400 m and 200 m. This would make LoRa a valuable candidate in the naviga-
tion receiver proposed by [70]. Once the locations of the gateways in a geographical
area are known, the geographical area is then divided into grid points of equal size.
At each grid point the SNR is determined from the overall received signal and the
system noise, N,;s, given by:

Npise = KTB. (3.7)

where K is the Boltzmann constant equal to 1.38 x 1072*J /K, T is the temperature
in Kelvin, and B is the bandwidth of the system in Hz.
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In our study the system noise is assumed to be the dominant noise. The overall
received signal is determined by the difference of the transmitted power and the
power lost along the propagation path. Power lost along the propagation path was
estimated using Ericsson 9999, COST 231-Walfish Ikagami pathloss model, ECC-33
pathloss model and FSPL. The signal strength of sample gateways determined us-
ing the Ericsson9999, COST 231-Walfish Ikagami pathloss pathloss model and FSPL
models and different SFs’ for the 1500 m, 1000 m and 400 m gateway separation
are illustrated in figures C.1 to C.27 in appendix C. In all illustrations, the magenta
dots represent gateways, while the white border line demarcates the bounds of the
coverage area.

3.5 Chapter Summary

Chapter 3 detailed the methodology used to address the project objectives, generate
the quantitative data needed to run simulations, procedure and assumptions used
to create the models and simulation as well as the quantitative techniques to analyse
the results of the simulation. This was performed by identifying the most appropri-
ate method of determining the performance of the propagation models identified in
chapter 2 to address objective 1. Additionally, we determine the metrics which are
best suited to measure performance in a navigation application, to address objective
2. In conducting the work, modifications had to be made to address the experimen-
tal needs of this research, where the specific innovations in this regard where the
use of the HDOP scoring and statistical analysis to assess the placement techniques.
The use of repeatable accuracy to assess LoRa’s suitability to terrestrial navigation
was also novel at the time of researching. Chapter 3 explains the necessity of first
determining a placement technique appropriate for a navigation application based
on LoRa and the metrics of interest in that regard. To facilitate this, a triangular
tessellation method is proposed and its performance is compared against two other
common methods, namely the random and naive placement methods for the LoRa
gateways. The chapter then details the nature of the generated simulation data to
apply propagation models to while implementing the placement techniques most
suited for navigation. Lastly, methods of analysis are discussed in detail to anal-
yse the results. These are the statistical significance tests, effect size and practical
significance.
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Chapter 4

Results and Analysis

This chapter presents the results of the simulations conducted during the research
process. Specifically the receiver sensitivity map over the study area, a statistical
analysis of the result to validate the use of HDOP method when placing gateways.
As well as an analysis of the performance of path-loss models in the use-case sce-
nario used in the research project.
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4.1 Receiver Sensitivity analysis

Three methods were used to place gateways on the selected coverage area, BIUST
main campus. The methods are a random placement, naive placement and guided
HDOP method. Using the methods receiver sensitivity maps were drawn up with
HDOP being used as the performance metric. In each receiver sensitivity map the
BIUST main campus is demarcated using a white line. While gateways are illus-
trated using magenta circles. Lastly, contours with black or orange colours are re-
gions with very poor HDOP, the colorbar beside every map shows the HDOP value
of any other colour on the contour map with the exception of black.

411 Random gateway placement

The random placement of gateways in the coverage area was used a benchmark
to determine how much better or worse the HDOP guided method is for gateway
placement in a geographical area. A growing window method is employed, initially
3 gateways are placed in randomly generated coordinates, the simulation runs a
thousand times then 1 other gateway is added as outlined in figure 3.3. The algo-
rithm in figure 3.3 is used except the placement occurs until most of the map has
been covered.

270 E 271 E 272 E 27.0 E 271 E 272 E
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domly placed gate- domly placed gate-
ways ways

Figure 4.1 and figure 4.2 show the sensitivity map created using unweighted
HDOP as a metric for measuring coverage. As expected the HDOP within the cov-
erage area is greater than 1 suggesting that there is bad HDOP caused primarily by
poor geometry. In this configuration there is an amplification of positioning errors
by poor geometry.

HDOP
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Figure 4.3 and figure 4.4 show the sensitivity map created using unweighted
HDOP. As the number of gateways increases the likelihood of attaining good HDOP
increases. This observation is visible on the sensitivity map where the deep blue
areas show areas with an HDOP value of 1 or less, good HDOP. These areas benefit
from no error amplification due to poor gateway geometry. The same observation

applies in figure 4.5.
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FIGURE 4.5: 11 Randomly placed gateways

4.1.2 Naive gateway placement

The assumptions outlined in section 3 guided the placement of gateways. Naive
placement requires that the gateways simply not overlap. Additionally, the place-
ment process does not necessarily use the procedure in 3.3 HDOP in figure 4.6 and
figure 4.7 is less than and equal to 1 in many areas. Specifically, figure 4.6, has 53%
of the coverage area having good HDOP and therefore not having any positioning

HDOP
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error amplification. Figure 4.7 has 47% of the coverage area having good HDOP or
good coverage.
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Figure 4.8 and figure 4.9 have good HDOP in 47% and 50% respectively. Ulti-
mately, the maximum coverage area with good HDOP is 53%.
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4.1.3 Guided HDOP gateway placement

The guided HDOP placement method uses the triangular tessellation, as well as
the HDOP scores to place gateways. The observations made were that within the
tessellated triangle regions HDOP tended to be better than the surrounding areas.

HDOP

HDOP
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Figure 4.10 and figure 4.11 both have 3 gateways in the coverage area and within
the confines of the imaginary triangle formed by the gateways HDOP is 2, much
better than the outside of the triangle’s parameter.
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Figure 4.12 and figure 4.13 both use the procedure in 3.3. Within the confines of
the imaginary tessellated triangles shown in the figures HDOP is significantly better
than the rest of the coverage area. In figure 4.13, the first instance of HDOP less
then or equal to 1 is achieved, and this only occurs within the imaginary tessellated
triangle zones.

HDOP
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When adding more gateways, HDOP continues to improve (becomes 1), within
the confines of the outlined imaginary triangles. These changes in HDOP are visu-
alised in figures 4.12 and 4.13. The good geometry in this placement means in 70%
of the coverage area, there will be no amplification of ranging errors due to poor
geometry of the gateway placements. Rather ranging errors will be a result of TOA
variance which is affected by SNR.

4.2 Statistical Analysis of Placement methods

Figure 4.15 illustrates the spread of the HDOP scores of the placement methods.
Specifically, the results of random placements (1), are seen to be almost normal with
approximately 50% of the scores being between 13 and 7. However, it is also observ-
able that the random placement technique generates a number of outliers. These
figures are beyond the whisker plot in the same graph. By comparison the naive
placement technique (2) has most 50% of the scores being between 15 and 14. HDOP
guided placement has outliers below 20 and 50% of the HDOP scores being between
20 and 21. Unfortunately, the 50th percentile blue block is so small it is simply
not visible in the current scale. Additionally, the whisker plot shows that 75% of
the scores are below 21 and above 18. This means the average performance of the
method is greater than the other two methods. The visual results warrant further
statistical analysis to determine, effect size, statistical significance and practical sig-
nificance. Table 4.1, table 4.2 and table 4.3 show the results from the Mann U Whit-
ney tests; specifically the P values, a Z statistic and 72.
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FIGURE 4.15: Box and Whisker plot for random placement (1), naive
placement (2) and HDOP guided placement (3)

4.2.1 Statistical tests:Naive placement VS Random Placement

Table 4.1 has the the statistical significance and effect size of the naive method vs
the random placement method. The P value proves that there is a statistical sig-
nificance as the 5% threshold is higher than the calculated P value of 2.6682e-23.
A secondary statistical significance figure, Z score of 9.9444 also shows statistical
significance since the figure is greater than 1.645 [64]. Differences in the central ten-
dencies of the two methods have an 72 score of 0.094 showing that the difference is
large. This implies the naive method is statistically better than random placement
when deploying gateways in a coverage area.

Practically, random placement on average will result in only 30with the minimum
most gateways while naive placement provides coverage of 46.7%. The difference in
coverage is approximately 1166.5 of the coverage area. Naive placement can there-
fore be ranked above random placement. Figure 4.16 illustrates the results of the
random placement method. Initially, only three gateways are randomly placed on
the coverage map and this increased until the minimum 8. The centre and right
images of figure 4.16 show some of the best and worst placements with 8 gateways.
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TABLE 4.1: Mann-Whitney U Test Result: Naive placement VS Ran-
dom Placement

Property | Naive placement VS Random Placement
Z statistic | 9.9444

P value 2.6682e-23

n? 0.094
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FIGURE 4.16: Random placement coverage results

4.2.2 Statistical tests:HDOP guided placement VS Random Placement

From table 4.2 the differences between the two placement methods (HDOP guided
placement and random placement) is shown to have a statistical significance. This
is confirmed by the P value of 1.6859e-34. Using the Z statistic statistical significance
is also confirmed with a Z score of 12.2497 which is greater than the 1.645 threshold.
With regard to the difference in central tendency 7% is 0.143 which a strong effect
size. The statistical results show that the HDOP guided method is at-least statisti-
cally better than random placement.

The practical significance of the results is that on average the HDOP guided method
provides good HDOP coverage in 70% of the coverage area with the minimum num-
ber of gateways. In terms of area this is 1000 more hectares of coverage area com-
pared to random placement. HDOP guided method therefore ranks above the ran-
dom placement method. Figure 4.17 illustrates the visual results of the naive place-
ment method over the coverage map. The figure shows the different configurations
of non overlapping gateways in the coverage area and the resulting HDOP.

TABLE 4.2: Mann-Whitney U Test Result: HDOP guided placement
VS Random Placement

Property | HDOP guided placement VS Random Placement
Z statistic | 12.2497

P value 1.685%¢-34

n? 0.143

HDOP
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FIGURE 4.17: Naive placement coverage results

4.2.3 Statistical tests:HDOP guided placement VS Naive Placement

In table 4.2 the differences between the two methods (HDOP guided placement
and naive placement) are shown to be statistically significant by the P value of
1.7420 x 10721, However, this is not confirmed by the Z statistic of -9.5194. In
this scenario the secondary statistical significance test assumes that the two meth-
ods samples are normally distributed so the result of the Mann U Whitney test is
more significant than the secondary Z statistic. Moreover, literature shows that the
Z-statistics assumes that large enough sample sizes will eventually mimic a normal
distribution. However, the naive and tessellation technique have relatively small
sample sizes compared to either technique and random placement. Statistical sig-
nificance will nonetheless be inconclusive as the two tests do not convey the same
conclusions. The effect size of the central tendencies of the tests show an interme-
diate difference which is acceptable. Therefore while the statistical significance is
inconclusive the effect size is large enough that the tessellation technique maybe
considered better than naive placement.

Practical significance also shows that the HDOP guided method will on average
provide good HDOP scores in more portions of the coverage area. Average cover-
age of the naive placement method is 46.7% while the HDOP guided method has
an average coverage of 70%. Area wise, HDOP guided method provides coverage
in approximately 583.35 hectares of the coverage area with the minimum number of
gateways. Figure 4.18 illustrates the visual results of the HDOP guided method with
the imaginary tessellated triangles outlined on the coverage map. The figure shows
the improvement of HDOP from the first 3 gateways, skipping to 5 and finally 8
gateways.

TABLE 4.3: Mann-Whitney U Test Result: HDOP guided placement
VS Naive Placement

Property | HDOP guided placement VS Naive Placement
Z statistic | -9.5194

P value 1.7420e-21

n? 0.0864

HDOP
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FIGURE 4.18: HDOP guided placement coverage results

4.3 Propagation Model Ranking

The models simulated to visualise the possible path-loss of a LoRa terrestrial navi-
gation system over a range of 25km the transmission characteristics shown in table
3.5 and table 3.6. Figure 4.19 illustrates the path-loss of the FSPL, Ericsson 9999 and
COST 231-WI models. The simulation shows the manner by which losses will likely
be experienced in a LOS application of LoRa in using 915MHz for transmission. In
any given situation there is a minimum sensitivity of SNR that a receiver may detect
successfully and the losses in figure 4.19 for the Ericsson 9999 models are greater
than the calculated minimum sensitivity for the SF 7. Minimum receiver sensitivity
was calculated using equation 2.40.
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FIGURE 4.19: LoRa path-loss model performance

Figures 4.20, 4.21 and 4.22 show the simulated SNR values for COST-WI, Erics-
son 9999 and FSPL models. When analysing the results, they suggest that while a
packet could be successfully detected by a receiver upto approximately Skm away
according to the COST-WI the SNR is far too low for a ranging application using SF7.
Similarly, the FSPL model suggests that ranging could occur up-to 10km with suc-
cessful detection occurring beyond 25km. While, the Ericsson 9999 results suggest
that successful detection will occur below 1km but ranging will not be possible. The
latter two models show results which do-not reconcile with known performances
of LoRa in deployments documented by [35] and listed in table 2.9. This contradic-
tion implies that the Ericsson 9999 models may not be appropriate for LoRa network
planning in the 915MHz frequency. However, this conclusion is not absolute as the
simulation results have not been validated by a practical experiment.

Similarly, the results from FSPL and COST-WI while more consistent with prac-
tical observations are not absolute, because practical validation has not been done.
However,these two models maybe more adept at portraying SNR performance in a
LOS application deployed in a rural area at a frequency of 915MHz.
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4.3.1 Coverage area Repeatable accuracy

This subsection presents the results of the simulations determining the repeatable
accuracy of the three propagation models used in the weighting matrix. The repeat-
able accuracy is determined to be within the 90 percentile.

4.3.2 Repeatable accuracy summery
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FIGURE 4.23: FSPL repeatable accuracy: 400 m, 1000 m, 1500 m gate-
way separation at SF 8,10,12 and BW 125kHz
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FIGURE 4.25: Ericsson 9999 repeatable accuracy: 400 m, 1000 m, 1500
m gateway separation at SF 8,10,12 and BW 125kHz

The results illustrate that in general an increased SF improves the repeatable accu-
racy improves significantly. Figures 4.23, 4.24 and 4.25 illustrate the changes in re-
peatable accuracy as spreading factor is increased for gateways spaced 400 m, 1000
m and 1500 m when using the free space path-loss model, COST 231 WI and Erics-
son 9999 models respectively. In each configuration/gateway separation, the mov-
ing node was made to move across the grid created using the procedure outlined in
section 3 and at each grid point, which was a movement of 0.01 deg in the latitude
and longitudes of the coverage area. After each move the SNR at all the gateways
was determined. This was then used to determine the repeatable accuracy based on
SF, SNR, and distance using equation 2.39. In these simulations, we kept the BW
of the system constant and used the same path-loss model to determine the signal
strengths at different distances from the gateways using equations outlined in chap-
ter 2.

We observed that at a SF of 8, the best repeatable accuracy in the 1500 m separa-
tion was over 2000 m, this is an unacceptable result. Increasing the spreading factor
to 10, and finally 12 led to an accuracy of 1249 m, this value of repeatable accuracy
was the best, but still fell short of the 20 m target. A contour plot of the repeatable
accuracy of the coverage area for the different path-loss models are illustrated in fig-
ures C.28 to C.54 for SF 8,10 and 12.

For the 1500 m separation the FSPL results had a repeatable accuracy of 48 m, 24
m and 12 m for a SF of 8, 10 and 12 respectively. These results while within range
of the set thresholds are from a simplistic model. Comparatively, The COST 231
WI model has repeatable accuracies of 48 m, 24 m and 12 m for SFs of 8, 10 and 12
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respectively. These figures are similar to those of the FSPL this maybe due to the
similarities in some of the models” assumptions. Finally, the Ericsson 9999 model,
designed primarily for 3G networks and with extensive use in research, provided a
repeatable accuracy of 2887 m, 1443 m and 1249 m for SFs of 8, 10 and 12 respec-
tively. The results of the three models are summarised using bar-charts illustrated
in figures 4.23, 4.24 and 4.23 for the FSPL, COST 231 WI and Ericsson 9999 respec-
tively. The best repeatable accuracies are generally observed with higher SF which is
was expected from theoretical analysis, and in real world experiments such as those
outlined in table 2.2. Additionally, the results from the FSPL and COST 231 WI meet
the thresholds which would make LoRa a competitive navigation technology com-
parable to more established terrestrial navigation technologies or become a SoOP in
Botswana.

For the 1000 m separation the FSPL results had a repeatable accuracy of 32 m, 16
m and 8 m for SF of 8, 10 and 12 respectively. These results show that the effect of re-
ducing the distance between gateways, namely that the smaller distance means there
is a lower path-loss and hence a better SNR given that the system noise remains rel-
atively constant. Comparatively, The COST 231 WI model has repeatable accuracies
of 32 m, 16 m and 8 m for SFs of 8, 10 and 12 respectively. These figures are similar to
those of the FSPL this maybe due to the similarities in some of the models” assump-
tions. In a similar manner, Finally, the Ericsson 9999 model, designed primarily for
3G networks and with extensive use in research, provided a repeatable accuracy of
1137 m, 568 m and 284 m for SFs of 8, 10 and 12 respectively. When consulting prior
research the Ericsson 9999 results are very similar to the practical results recorded by
the authors of [37]. The results of the three models are summarised using bar-charts
illustrated in figures 4.23, 4.24 and 4.23 for the FSPL, COST 231 WI and Ericsson 9999
respectively.

The best repeatable accuracies are generally observed with higher SF which is was
expected from theoretical analysis, and in real world experiments such as those out-
lined in table 2.2 and table 2.3. Additionally, the results from the FSPL and COST 231
WI all show significant improvements in the repeatable accuracies observed compu-
tationally in all the models. The changes are improved by the reduced path-loss due
to the smaller distances between gateways which increases both the SNR of the re-
ceived signal as well as the increased number of gateways per square kilometre. The
former, in combination with the ideal placement technique from the previous sub-
section yields improved repeatable accuracy and additional improvements when
the SF is increased. It is worth noting however, that this increases the signal symbol
time. This generally means that energy expended by the node will increase. How-
ever, the energy consumption is not in the scope of this thesis.

Finally, in the 400 m separation the FSPL results had a repeatable accuracy of 17
m, 8 m and 4 m for SF of 8, 10 and 12 respectively. These results while within range
of the set thresholds are from a simplistic model. Comparatively, The COST 231
WI model has repeatable accuracies of 17 m, 8 m and 4 m for SFs of 8, 10 and 12
respectively. These figures are similar to those of the FSPL this maybe due to the
similarities in some of the models” assumptions. Finally, the Ericsson 9999 model,
designed primarily for 3G networks and with extensive use in research, provided a
repeatable accuracy of 17 m, 9 m and 4 m for SFs of 8, 10 and 12 respectively. The
results of the three models are summarised using bar-charts illustrated in figures
4.23,4.24 and 4.23 for the FSPL, COST 231 WI and Ericsson 9999 respectively. The
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latter values of repeatable accuracy are comparable to accuracies of most popular
navigation systems including but not limited to Loran, GPS and WiFi.

4.4 Chapter Summary

This chapter provided the results of the receiver sensitivity map using unweighted
HDOP in the BIUST coverage area of 2500 hectares, a statistical analysis of methods
an analysis of eligible path-loss models as well as repeated accuracy contour plots
using the three curated propagation models.

Additionally, a statistical analysis was performed on the guided HDOP method
which uses triangular tessellation to place gateways. The guided HDOP method
results were compared to placements which use randomly generated coordinates
and naive placement. These methods were assessed for statistical significance, effect
size and practical significance. It was determined that the HDOP guided method
provided results with a statistical significance as determined by the Mann U Whit-
ney test and a Z test compared to random placement and naive placement. Also the
HDOP guided method was determined to have a high effect size when compared to
random and naive placement as well as a high practical significance.

Finally, a simulation and analysis of eligible path-loss models for LoRa deployments
in a rural area with LOS characteristics for 915MHz transmission with a SF of 7 and
BW of 125kHz. The results showed that in general, an increase in the SF improved
the propagation such that regardless of the node distance there was always an im-
provement in repeatable accuracy until we were able to attain a 20 m repeatable
accuracy with a 1000 m spacing using both the FSPL and COST 231 models, while
the Ericsson 9999 model showed that a spacing of atleast 400 m would be needed
to attain such values. In both instances, it is important for a practical experiment
to take place to help in determining the accuracy of all models and help refine the
model and techniques.
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Chapter 5

Conclusion

This chapter provides the conclusion drawn from the research project with regard
to the original project objectives. More generally, a review of the research findings is
performed, research contributions are provided as well as potential future work in
the area on LoRa navigation.
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5.1 Receiver sensitivity grid

This research proposed an application area which could be used to investigate LoRa.
Terrestrial navigation was determined to be an ideal application due to its relevance
in security, agriculture, tourism and logistics, these are all key economic and research
areas in Botswana. Also, the geographical area used for the application is the BIUST
Palapye campus in Botswana. This area was determined to be a good approximation
of a rural deployment area (almost anywhere in Botswana) for terrestrial navigation
or animal tracking as the land is mostly flat, it has vegetation and few buildings or
obstructions increasing the likelihood of a LOS transmission.

5.1.1 Placement technique

Through the use of a statistical analysis consisting of a statistical significance test and
effect size the three placement methods were assessed for a ranging application. The
results show that the HDOP guided method was superior to the naive and random
placement method. Additionally, the practical significance was assessed using the
difference in average coverage area of the methods.

5.2 Propagation model performance

Simulations of four eligible propagation models were conducted for FSPL, ECC-
33, Ericsson 9999 and COST 231-WI models. The results from FSPL and COST-WI
while more consistent with practical observations are not absolute, because practi-
cal validation has not been done. ECC-33 and the Ericsson 9999 suggest that LoRa
would not be suitable for a ranging application due to an inability to meet the mini-
mum SNR for ranging in SF7. However,the former two models may be more adept
at portraying SNR performance in a LOS application deployed in a rural area at a
frequency of 915MHz. Further practical experimentation is necessary to determine
which propagation models are best at predicting path-loss and SNR for LoRa in the
BIUST coverage area or a similar area.

5.3 Research Contributions

This research project has resulted in the publication of a systematic literature review
in a SCOPUS indexed journal.

5.4 Future Work

The results of this work demonstrate that LoRa is a viable technology for terres-
trial navigation applications. Future work on LoRa navigation could focus on using
LoRa signals as a SoOP, where LoRa would work in conjunction with other major
navigation technologies.
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5.5 Chapter Summary

The objectives originally set in chapter 1 were accomplished in this research. Specif-
ically, it was determined that HDOP was the best metric for creating a receiver sen-
sitivity map when LoRa is to be employed for ranging applications. This metric is
relevant and has in the past been used for navigation systems such as Loran, DGPS
and Omega to mention but a few. Moreover, empirical propagations suited to model
LoRa propagation were found and subsequently used in the modelling of LoRa in a
navigation application. With repeatable accuracy (key metric) being observed with
each model to determine, which one most closely performed in a manner similar to
what some attempted applications have found. Furthermore, research showed that
for ranging, the deployment or placement of gateways is critical. This led to a sta-
tistical analysis and practical significance assessment for three candidate placement
methods also sourced from literature: a stochastic or random placement method, a
naive placement method and HDOP guided method. The assessments showed that:

— a deterministic method is statistically more effective at ensuring greater cover-
age in an area for the same number of gateways,

- the HDOP guided method which is based on polygon triangulation is better
than a naive method at ensuring better coverage.

Practically, the research showed that for the same number of gateways the HDOP
guided method provided 583.35 hectares more coverage than naive placement. Ad-
ditionally, a review of path-loss models was performed and four eligible models
were identified and simulated for the 915MHz band. The simulations of FSPL and
COST-WI showed that LoRa could operate in a ranging application. This is because
the distances over which the models predicted path-loss and later SNR were consis-
tent with observations of long range applications of LoRa. In the absence of practical
validation these results are not absolute, which is a limitation of the study. In conclu-
sion, the research was able to meet the proposed research objectives and contributed
a systematic literature review to the body of research.
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A.1 Effect Size

TABLE A.1: Interpretation of effect sizes [66]

70

d r n Interpretation sensu Cohen (1988) \ Interpretation sensu Hattie (2009)
<0 <0 - Adverse Effect
0.0 0.00 | 0.000 No Effect Developmental effects
0.1 0.05 | 0.003
8; 8}2 88;8 Small Effect Teacher effects
0.4 0.20 | 0.039
0.5 0.24 | 0.060
0.6 0.29 | 0.083 Intermediate Effect
0.7 0.33 | 0.110 Zone of desired effects
0.8 0.37 | 0.140
0.9 0.41 | 0.168 Large Effect
>1.0 | 0.45 | 0.200
2
P= (A1)
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A.2 Statistical significance
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FIGURE A.1: Mann Whitney U one tailed test critical values [71]
A.3 Statistical Significance Formulae
ni(n;+1
Ty = niny + % + Ry, (A2)
[71]
1
E[T] = gm(m +nz+1). (A3)
[72]

Where the variables used:

o T; test statistic from sample i,
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e 1; number of elements in sample i,
e R; sum of ranks in sample i,

e E(T1) expected value of the test statistic.

_ |T; — E(Ty)|
4= Vmina(m +na+ 1) A
12
[72]
ZZ
n = R (A.5)
[72]

Where the variables used mean:
e Z is the test statistic used to test significance for samples which are large,

e N is the total number of elements of the samples.
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B.1 Pathloss Table

TABLE B.1: Gateway and transmitter heights above ground

Gateway Height
above ground
(m)

Transmitter
Height  above
ground (m)

Distance (km)

a1

2

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

55

6.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5

10.0

10.5

11.0

11.5

12.0

12.5

Q1| Q1| Q1| Q1| Q1| G1| Q1| Q1| Q1| Q1| Q1| Q1| G| Q1| Q1| Q1| Q1| Q1| Q1| Q1| Q1| G| G| Q1| G
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13.0
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TABLE B.2: Gateway and transmitter heights above ground

Gateway Height
above  ground
(m)

Transmitter
Height  above
ground (m)

Distance (km)

a1

2

13.5

14.0

14.5

15.0

15.5

16.0

16.5

17.0

17.5

18.0

18.5

19.0

19.5

20.0

20.5

21.0

21.5

22.0

22.5

23.0

23.5

24.0

245

Q1| O1| Q1| Q1| Q1| Q1| Q1| Q1| Q1| Q1| Q1| Q1| Q1| Q1| Q1| Q1| Q1| Q1| Q1| Q1| Q1| U1| QU1
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C.1 LoRa Deployments Signal Strength
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C.3 COST 231 WI Repeatable Accuracy in the coverage area
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C.4 Ericsson 9999 Repeatable Accuracy in the coverage area
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