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Abstract

Accurate positioning has become an essential component of modern life, crucial for
applications ranging from navigation and industrial operations to emergency response. The
Global Navigation Satellite System (GNSS) has traditionally provided reliable positioning,
but its e�ectiveness diminishes in environments where satellite signals are obstructed, such as
dense urban areas and indoor spaces. This thesis explores the potential of
Fifth-Generation (5G) wireless communication technology, speci�cally utilizing Received
Signal Strength Indicator (RSSI) data for positioning, as an alternative to GNSS.

The research investigates the e�ectiveness of 5G positioning through trilateration and
compares it with GNSS-Real-Time Kinematic (RTK) positioning. The study aims to validate
the accuracy and the reliability of 5G positioning and various real-world scenarios, focusing
on challenging environments. Key aspects examined include the impact of topography on
positioning accuracy and the in�uence of network distribution on Position Dilution of
Precision (PDOP).

By attaching a 5G modem to a laptop, �eld measurements were collected and analyzed
against the "ground truth" provided by GNSS-RTK. The results demonstrate the potential of
5G RSSI-based positioning to serve as a robust positioning solution. This study's �ndings
hold signi�cant relevance for the geomatics community, with implications for urban planning,
infrastructure development, environmental monitoring, and disaster management.

Through critical analysis and validation, this thesis contributes to the advancement of
positioning technologies, highlighting the limitations of 5G trilateration using RSSI, yet
proposing it as a potential complement to GNSS. The �ndings pave the way for future
research and practical applications in enhancing precise positioning systems.
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Chapter 1

Introduction

1.1 Motivation and Problem Statement

In today's interconnected world, the ability to pinpoint one's position accurately has become
vital across various aspects of daily life, spanning transportation, industrial operations (e.g.
autonomous vehicles for agricultural applications), emergency response, and beyond. Whether
navigating through intricate urban landscapes or locating missing individuals during natural
disasters, the importance of precise positioning cannot be overstated.

The advent of the Global Navigation Satellite System (GNSS) revolutionized the way we
de�ne our position, o�ering swift and accurate location data through the utilization of
satellite signals. However, GNSS is not impervious to limitations, particularly in
environments where LOS to satellites is obstructed, such as dense urban areas or indoor
spaces. GNSS is also vulnerable to spoo�ng and jamming, which can compromise the
reliability and accuracy of the location data (Humphreys et al., 2008).

The introduction of 5G wireless communication technology promises a paradigm shift in
positioning capabilities. With its extensive coverage and ability to propagate signals through
obstacles, 5G presents itself as a compelling alternative for determining position,
complementing or even surpassing the capabilities of GNSS in certain scenarios. Utilizing 5G
positioning technology could also detect spoo�ng and jamming in GNSS systems, and
signi�cantly enhance the national defence strategies.

The focus of this thesis project lies in exploring the potential of 5G positioning via Received
Signal Strength Indicator (RSSI), comparing its e�cacy with GNSS-Real-Time Kinematic
(RTK) positioning. By leveraging RSSI data from 5G networks, the aim is to achieve accurate
and reliable positioning even in challenging environments where GNSS signals may falter.

Through this comparative study, the goal is to validate the e�ectiveness of 5G positioning,
assessing its precision, latency, reliability and practical utility across diverse real-world
scenarios.

1.2 Scienti�c & Social Relevance

Incorporating RSSI data potentially allows accurate positioning, particularly in challenging
environments like urban areas and indoor spaces where traditional GNSS signals may be
attenuated or obstructed. By analyzing these RSSI measurements from multiple antennas and
employing advanced algorithms, it is possible to �nd the device's position relative to the
known locations of the base stations or access points.
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Geomatics, with its focus on spatial data collection, analysis, and visualization, stands to
bene�t greatly from advancements in positioning technologies. By speci�cally investigating
the trilateration method using the RSSI of 5G signals, this research o�ers a novel approach to
overcoming the limitations of traditional positioning systems, particularly in urban
environments with complex topographies. Geomatics professionals rely on accurate
positioning data for a wide range of applications, from urban planning and infrastructure
development to environmental monitoring and disaster management. Thus, the �ndings of
this study hold considerable scienti�c relevance for the geomatics community.

The social relevance of this research is highlighted by its potential to enhance emergency
response systems, such as E911 calls, by providing location approximations in areas where
GNSS reception is poor or unavailable. Accurate positioning information is crucial during
emergencies, enabling �rst responders to quickly locate individuals in need of assistance and
potentially save their lives. This technology can also enhance public safety, assist in managing
large-scale events and disasters and improve accessibility for individuals with disabilities
especially indoors where there is no GNSS reception.

1.3 Research Objectives

In this study, literature's focus has been the world of 5G networks and how they might help in
order to �gure where the position of a certain device is. Instead of using traditional methods
like Global Positioning System (GPS), the objective of this project is the exploration of the
trilateration technique using just the signal strength of 5G signals. With this objective in
consideration, the following primary research question emerges:

To what extent can the trilateration method for positioning, utilizing only the RSSI of the 5G
network, serve?

The subquestions to be addressed in this research are:

1. What is the potential accuracy of standalone 5G positioning with the trilateration method
in comparison to the 'ground truth' given by GNSS-RTK solution?

2. What is the impact of topographic factors (e.g., buildings, urban canyons) on the
accuracy of 5G positioning?

3. How is the PDOP a�ected by the distribution of the 5G network?

1.4 Scope

The project's scope is about �nding the outdoor position of a device using the 5G
non-standalone network. Practical aspects of the project refer to attaching a regular 5G
modem with multiple antennas to a laptop in order to assess the signal reception and through
that de�ne its position as well as get precise positioning with a GNSS-RTK device. These
tools enable evaluating the system's performance within the cellular network, assessing signal
strength and stability. The positioning algorithm that was used relies on trilateration using
RSSI for determining position. Validation of position estimates is done against known
"ground truth" using GNSS-RTK.

CGI is intrigued by this thesis project due to the challenges associated with relying mostly on
GNSS for positioning, including issues like availability in obstructed areas, accuracy concerns,
and susceptibility to jamming and spoo�ng. They are interested in 5G positioning as it
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presents an alternative solution with wider coverage and potential improvements in reliability
and resistance to spoo�ng. By integrating 5G positioning with GNSS, CGI aims to overcome
the limitations of traditional positioning systems, ensuring dependable and precise location
data for their applications and clients.

1.5 Thesis Outline

Chapter 2 provides the fundamental theoretical framework necessary for comprehending the
subject matter with ease. It describes 5G and its associated possibilities, alongside an
exposition of the principal positioning techniques. The trilateration method is elucidated in
greater detail. Furthermore, the FSPL model is described, accompanied by an explanation of
the signal propagation parameters that in�uence its e�ectiveness. Lastly, GNSS-RTK is
discussed, including an exploration of potential errors that could impact its performance.
This chapter also outlines the research conducted and discusses various alternatives
considered for incorporation into the methodology of the project.

Chapter 3 details the process of estimating RSSI errors and their e�ect on position accuracy.
It also explains the procedure for acquiring �eld measurements and describes the preliminary
testing conducted. Finally, it discusses the �nal step of implementing the trilateration method.

Chapter 4 presents the outcomes derived from the implementation of the positioning
algorithm and provides an analysis thereof.

Chapter 5 expands upon the insights garnered throughout this thesis, employing critical
analysis to address the sub questions and the main research question. Additionally,
recommendations are o�ered regarding potential avenues for future research.



Chapter 2

Theoretical Background & Related
Work

There are multiple methods available for determining the location of a target within a given
area, each leveraging di�erent techniques and technologies. These methods include the
Cell-Identity (CID) method, which relies on identifying the radio coverage area; angle-based
positioning, which uses angular measurements of radio signals; trilateration, which calculates
distances between transmitters and receivers; and �ngerprinting, which matches signal
strength data to a pre-established database. Many of these methods can be integrated with
5G technology to enhance positioning accuracy and e�ciency. The following sections describe
each of these techniques in detail.

2.1 5G and Possibilities

The precision in locating devices facilitated by 5G cellular networks opens up numerous
commercial opportunities across various sectors such as transportation, public safety, retail,
and healthcare. Compared to previous generations of communication technologies like Long
Term Evolution (LTE), 5G introduces New Radio (NR) access technology. O�ering
advantages for precise positioning as standardized by 3rd Generation Partnership
Project (3GPP), is a global collaboration de�ning mobile communication standards for
interoperability and compatibility in Release 16. It is stated that 5G NR access technology,
meets diverse metrics for Enhanced Mobile Broadband (eMBB), low-latency communication,
and massive machine-type communication (Pileggi et al., 2023 & Cardoso et al., 2020).

The methods for 5G positioning utilize di�erent measurements associated with user
equipment, including angular measurements like Uplink Angle of Arrival (UP-AoA) or
Downlink Angle of Departure (DL-AoD), and distance-based measurements such as Time of
Arrival (ToA), Time Di�erence of Arrival (TDoA), Round Trip Time (RTT), and multi-cell
round trip time (MC-RTT). These methods are implemented in various modes including User
Equipment (UE)-assisted, UE-based, stand-alone, and network-based (Alghisi and Biagi, 2023
& Elshaer et al., 2014 & Pileggi et al., 2023).

Frequency Range (FR) 1 is a high-frequency range that is used for 5G deployment. It ranges
from 24.3 GHz to 52.6 GHz in addition to FR 2, which covers frequencies below 7 GHz.
Thanks to these bands, is used to overcome the challenge of limited spectrum availability in
wireless communication, enabling high data rates, capacity, and bandwidth with minimal
latency. It also ensures superior positioning accuracy. Radio signals within this frequency
range experience penetration and di�raction losses, resulting in a predominant LOS element
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and reduced multipath e�ects. Although millimeter-wave wireless signals have advantages,
they also present challenges such as high path loss. However, these challenges can be
addressed through the adoption of specialized compensation techniques like beamforming and
highly directional antennas (Alimi et al., 2020 & Pileggi et al., 2023).

NR provides a crucial improvement in comparison to LTE, by providing up to 100 MHz in
FR1 and 400 MHz in FR 2, at the same time that LTE supports a maximum of 20MHz. The
variability in delay estimation is inversely related to signal bandwidth. This means that as
signal bandwidth increases, the uncertainty in delay estimation decreases due to the
narrowing of the main lobe in the correlation function. A narrower lobe makes it easier for
the receiver to discriminate, leading to improved di�erentiation between direct and re�ected
paths (Pileggi et al., 2023 & Alimi et al., 2020).

Massive multiple-input multiple-output (MIMO) refers to the utilization of base stations with
numerous antennas leading to potential interference challenges. These interference issues can
be e�ectively addressed by employing beamforming (Talvitie et al., 2018). Beamforming is a
strategic process that shapes the radiated beam patterns of antennas by consolidating
processed signals towards intended terminals while nullifying interfering signal beams. The
use of beamforming optimizes the energy consumption of the system, enhances the overall
data transmission capacity and contributes to increased system security by mitigating
interference. Moreover, beamforming proves to be well-suited for millimeter-Wave (mmWave)
bands, demonstrating its versatility across di�erent frequency ranges (E. Ali et al., 2017).

2.2 Positioning Methods

Cell-Identity-Based (CID)

The Cell-Identity (CID) method, also known as the proximity-based method is used in order
to determine whether an object is located in a speci�c radio coverage area. To estimate this
location, essentially the service base station's location should be known as well as the area of
the serving cell that is utilised. The estimated area of the object is the intersection of these
coverage areas as shown in Figure 2.1. For more e�ective results, a considerable amount of
base stations needs to be deployed (Liu et al., 2017 & Mogyorósi et al., 2022).

Figure 2.1: Cell-Identity-based positioning method �gure illustrating the estimated object location as the in-
tersection of the radio coverage areas of all the base stations.
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Angle-Based

The Angle-based positioning is a technique used to determine the position of a target in a
given space by leveraging angle measurements of the received radio signals as depicted in
Figure 2.2. In this method, the angles between the target and known reference points are
measured. By triangulating these angle measurements, the system can calculate the target's
location (Liu et al., 2017 & Mogyorósi et al., 2022).

Figure 2.2: Angle of Arrival (AOA) positioning method using received radio signals. The target's location is
determined by measuring the angles between the received radio signals and known reference points, followed by
triangulation.

Trilateration

The trilateration method relies on measuring the distance between transmitters and a
receiver. Its goal is to determine the unknown location of the user equipment. To achieve
this, measurements involve the extraction of any kind of information to calculate the
distances between the observation point and the transmitters. If the distances to at least
three transmitters are known, the receiver's position can be uniquely determined, as shown in
Figure 2.3. (Liu et al., 2017 & Mogyorósi et al., 2022).

Figure 2.3: Trilateration positioning method illustrating the intersection of 3 circles at point P. The calculated
distances from the observation point to the base stationsBS form the radius of each circle. The unique position
of the observation point P is determined by the intersection of these circles, where the radius of each circle
intersects with the other 2.
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Fingerprinting

Fingerprinting refers to the measurements of the signal strength of di�erent Access Points
(APs) at known Reference Points (RPs) to determine the user's location. The �rst phase of
the method is the o�ine, where the �ngerprint database is created according to the collection
of signal strength data at various RPs. The online phase utilizes real-time signal strength
measurements from the mobile device, employing at the same time speci�c matching
algorithms to identify the closest �ngerprint match in the database. The location information
associated with the matched �ngerprint reveal the user's location (Xia et al., 2017 & Liu
et al., 2017 & Mogyorósi et al., 2022). Figure 2.4 demonstrates the steps of the method.

Figure 2.4: Fingerprinting positioning method demonstrating the o�ine and online phases. Signal measurements
are collected from various APs at known RPs during the o�ine phase to create the �ngerprint map/database. In
the online phase, real-time signal measurements are matched against the database using a positioning algorithm
to estimate the user's location.

Many of the positioning methods mentioned above, can be implemented with 5G technology.
Its observations can be transmitted either from the user to the base stations (uplinked) or
from the base stations to the user (downlinked). Figure 2.5 summarizes these methods
(Alghisi and Biagi, 2023 & Keating et al., 2019).

Figure 2.5: 5G positioning methods in a nutshell (Alghisi and Biagi, 2023).

The 5G positioning methods that were introduced in Release 16 of 3GPP are explained in
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more detail below.

Downlink Time Di�erence of Arrival (DL-TDOA)

Dowlink Time Di�erence of Arrival (DL-TDOA) is a positioning technique where the receiver
measures the di�erence in arrival times of Downlink (DL) signals from multiple base stations.
This is typically achieved by comparing the timing of reference signals, from these base
stations. Then, the receiver reports these reference signal time di�erences to the network's
location server. Using known positions of the base stations and the reference signal time
di�erences' measurements, the location server calculates the position of the receiver.

Downlink Angle of Departure (DL-AoD)

The Downlink Angle of Departure (DL-AoD) utilizes the RSRP reports from the receiver to
determine the Angle of Departure (AOD) from multiple base stations, enabling triangulation
of the receiver based on these. More speci�cally, it refers to the angle at which signals are
transmitted from the base station to the user device, departing from the base station
antennas.

Uplink Time Di�erence of Arrival (UL-TDOA)

In this case, the receiver transmits a Sounding Reference Signal (SRS) that is received by
multiple base stations. Using the New Radio (NR) measurement function that was introduced
in 3GPP Release 16 called Transmission Measurement Function (TMF), the measurement of
the relative Time of Arrival (ToA) is computed and transmitted to the location server. The
receiver's position is then calculated based on the relative ToA measurements of the signals of
all the base stations.

Uplink Angle of Arrival (UL-AoA)

The Sounding Reference Signal (SRS) is utilized as the reference signal for measuring the
Angle of Arrival (AOA). The receiver transmits SRS signals to the base station periodically.
By analyzing the received SRS signals at the base station, the network can estimate the AOA
of the incoming signals. This involves processing the signal to determine its phase and
amplitude characteristics relative to the antenna array, enabling the calculation of the angle
of arrival.

Multi-cell Round Trip Time (MC-RTT)

Multi-cell Round Trip Time (MC-RTT) method is similar to the other time-related
techniques. However, the main di�erence of this method is that it utilizes both the Downlink
(DL) and Uplink (Uplink (UL)) received signal in order to perform the trilateration and
estimate the receiver's position. The increased the total cost should be considered as a big
disadvantage, but using MC-RTT the synchronization errors are avoided.

2.3 Free Space Path Loss (FSPL)

During the transmission of radio or electromagnetic waves in open space, wireless
communication can be a�ected by many loss mechanisms such as attenuation, re�ections and
refractions. One of them is FSPL which is the reduction of the signal strength along a direct
LOS path through open space. This type of loss is proportional to the square of the distance
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separating the transmitter and the receiver, as well as the square of the frequency of the radio
signal. The Equation that describes this expression mathematically is shown below (Ahmad
et al., 2019 & Islam and Haider, 2010):

FSPL(dB) = 10 log10
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(2.1)

wheref is the frequency,d is the distance between the transmitter and the receiver,c is the
speed of light,Gt is the gain of the transmitting antenna and andGr the gain of the receiver
in dB. Utilizing SI units, d is measured in meters,f in hertz s� 1, and c in meters per second
( m

s ). In a vacuum, the speed of lightc is 299; 792; 458m
s .

For typical radio applications, it is common to �nd d measured in kilometers andf in
gigahertz, in which case the FSPL Equation becomes:

FSPL(dB) = 20 log10(dkm ) + 20 log10(f GHz ) + 92:45� Gt � Gr (2.2)

The relation between RSSI and FSPL is given by the Equation:

RSSI(dB) = Tx_Power + Gt + Gr � FSPL (2.3)

whereTx_ Power is the transmitted power in dBm. So, that means that:

RSSI(dB) = Tx_Power + Gt + Gr � (20 log10(dkm ) + 20 log10(f GHz ) + 92:45)

and if someone solve this Equation for distance:

dkm = 10

�
Tx_Power + G t + G r � RSSI � 20 log 10 ( fGHz ) � 92:45

20

�

(2.4)

However, the idea of multiplying thelog10(dm) with 20 (10� 2) is only valid for
omnidirectional free-space propagation. The 5G antennas are not omnidirectional, so in this
case, it will be a di�erent value than 2.

The following example (Figure 2.6) illustrates the RSSI values at various distances for a given
set of random parameters. The frequency is considered to be 2.4 GHz, the transmitter gain 17
dB, the receiver gain 4 dB and the distances ranging from 1 meter to 1000 meters. The power
that is transmitted is considered 16.3 dBm.
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Figure 2.6: FSPL diagram illustrating the variation in RSSI from -35 dBm to -65 dBm as the distance increases
from 50 meters to 800 meters.

2.4 Signal Propagation Parameters

There is a variety of factors that in�uence 5G signal propagation due to its use of of higher
frequency in comparison to previous generations of mobile networks. These factors include
natural and arti�cial elements in the environment that cause signal re�ections, di�ractions
and attenuations. Key topographic factors include trees, buildings, terrain elevation, and
other obstacles. Vegetation, especially trees, can have a profound e�ect on 5G signal accuracy
since they their leaves, branches and trunks tend to absorb and scatter the signal, reducing its
strength as it passes through. The most common e�ects are (Speidel, 2021 & S. Ali et al.,
2024) :

ˆ Re�ection : 5G signals can re�ect o� certain surfaces like glass, metal, or buildings.
This can create multiple signal paths which can either improve or degrade the signal
quality depending on the interference patterns.

ˆ Di�raction : This occurs when a 5G signal bends around obstacles such as edges of
buildings or other structures. Di�raction allows signals to reach areas that are not in the
direct line of sight of the transmitter.

ˆ Interference : Interference from other electronic devices, overlapping signals from other
5G cells, or from di�erent communication systems can degrade the quality of the signal.

ˆ Shadowing : Large obstacles such as buildings can create shadow zones where the signal
is signi�cantly weakened or completely blocked. That is why proper network distribution
is need so as adequate coverage is ensured.

ˆ Penetration Loss : Higher frequency 5G signals have greater di�culty penetrating
through solid objects like walls, buildings, and even trees. This results in signal
attenuation and can signi�cantly reduce indoor coverage unless complemented by indoor
small cells or other solutions.

ˆ Scattering : Scattering happens when the 5G signal encounters small objects or rough
surfaces, causing the signal to scatter in multiple directions. This e�ect can be caused by
foliage, street furniture, and other small-scale obstructions.
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ˆ Multipath Propagation : Due to re�ection, di�raction, and scattering, 5G signals
often take multiple paths to reach the receiver. These multiple paths can cause
constructive or destructive interference, leading to signal fading, which can impact the
reliability and quality of the signal.

2.5 Real-Time Kinematic (RTK)

RTK is a technique used to improve the accuracy of a standalone GNSS receiver. RTK is an
advanced positioning method surpassing standard GPS accuracy, which is two to four meters.
Unlike conventional GPS, which relies on pseudo-random codes, RTK utilizes carrier waves
for more precise measurements (Hexagon, 2023).

Two GNSS receivers are utilised in RTK, a base station and the user's GNSS receiver, also
known as the rover. In this method, a GNSS base station is positioned at a �xed location, and
both the base station and the user's GNSS receiver simultaneously gather GNSS observations.
The base station then transmits its observations, including pseudo-range and carrier-phase
data, along with its accurate position, to the user through a suitable communication link
(Feng and Wang, 2008). The user's GNSS receiver uses this correction data to improve its
own computed position from the GNSS and then it is able to achieve centimeter precision.

By incorporating GNSS carrier-phase observations and ambiguity resolution, RTK positioning
achieves centimeter-level accuracy in open-sky scenarios. However, its performance faces
challenges in deep urban environments where the accuracy requirements for dynamic systems
are not consistently met. In such settings, buildings can obstruct, weaken, re�ect, and di�ract
GNSS signals, leading to insu�cient visible satellites and observations a�ected by severe
multipath e�ects. This limits RTK's e�ectiveness in delivering high-precision positioning in
urban landscapes (Feng and Wang, 2008).

Figure 2.7 illustrates the GNSS-RTK system, showing how both the positioning device and
the RTK server receive signals from GNSS satellites. The RTK server processes these signals
to provide correction information to the positioning device, enhancing its positional accuracy.

Figure 2.7: GNSS - RTK system where the positioning device and RTK server both receive signals from GNSS
satellites; the RTK server processes these signals to provide correction information to the positioning device,
enhancing its positional accuracy.

2.6 Real-Time Kinematic (RTK) Errors

Pseudo-range is derived from the observed travel time of a signal transmitted from a satellite
to a receiver, multiplied by the speed of light. This measurement, however, is susceptible to
various sources of error such as satellite orbit and clock discrepancies, biases in satellite and
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receiver hardware, and atmospheric e�ects, speci�cally ionospheric and tropospheric
in�uences. Providers of GNSS augmentation services generate corrections in real-time by
constantly monitoring signals received from reference stations (Geo++, 2023).
GNSS positioning accuracy is a�ected by several types of error (Groves, 2013):

ˆ Ionospheric errors: as the signal "travels" through the ionosphere, the conditions of it and
its density of electrons can play a signi�cant role in the signal propagation.

ˆ Tropospheric errors: GNSS signals are delayed while passing throughout the troposphere
depending on the di�erent heights of the earth's surface. That is why, very high height
di�erence between the base stations and the rover is not ideal.

ˆ Signal obstructions: the number of visible satellites is reduced when an obstacle exists
leading to reduced GNSS performance. Also, di�erent types of materials and surfaces
such as glass, can re�ect the signal and a�ect the travel time of it.

ˆ Geometric con�guration of satellites: GNSS design is based on autonomous code
observation with worldwide coverage, ensuring the visibility of at least four satellites
positioned above 5� all time. A de�cient satellite arrangement (distribution as perceived
by the observer) results in elevated Dilution of Precision (DOP). Moreover, for 3D
positioning, having at least four observable satellites is essential when relying on phase
observations. So, when brief interruptions exist, then Real-Time Kinematic (RTK)
measurements become impracticable with a single GNSS system.

ˆ Other errors: satellites transmit to the GNSS receivers information for their clock o�sets
and orbits.

For these corrections there are two types of representations that provide di�erent qualities,
the Observation Space Representation (OSR) and the State Space Representation (SSR)
(Chen et al., 2023 & Verbree, 2023).

More speci�cally, the objective of OSR is the creation of virtual GNSS reference stations by
interpolating observations of multiple GNSS reference stations (Geo++, 2023). The total
GNSS error for the carrier phase observations is an aggregate of distance-dependent errors. In
RTK-networking, an inherent uncertainty exists, referred to as the representation error,
in�uenced by the irregular physical conditions between the real reference stations. This error
persists unless the distance between the stations is reduced and cannot be mitigated (Chen
et al., 2023 & Wabbena et al., 2005).

On the other hand, in SSR all the the individual GNSS error components are estimated as
state parameters. These real-time parameters are sent to the rover, allowing the user to re�ne
their observations from a singular GNSS receiver. By using the SSR corrections that are
speci�c to their individual position, RTK positioning is conducted based on the adjusted
observations (Chen et al., 2023 & Wabbena et al., 2005).

The utilization of high-speed cellular networks such as LTE or 5G leads to the share of data
in order to improve the accuracy of location information of single devices. The integration of
GNSS correction data with other capabilities of the cellular network to enhance
location-related services can take place in order to regularly update a server with information
about where a device is located, to use the cellular network to independently con�rm and
validate the accuracy of the location information provided by GNSS and most importantly, to
determine a device's location using methods that rely on the characteristics of the speci�c
radio access network, such as 5G, for improved precision (Gunnarsson and Shreevastav, 2022).
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2.7 Distance Measurements

In certain steps of this study, it is necessary to calculate the distance between a 5G cell tower,
with coordinates provided byVodafone Ziggo's Excel �le (see Appendix A.4), and an
observation point, whose coordinates are obtained using the GNSS-RTK device (see Section
3.3). The algorithm for computing this distance is detailed in this Section.

The line segment that connects the pointsi and j de�nes the Euclidean distance between
these two points (Figure 2.8). Mathematically, it is given by Equation 2.5 (Tiberius et al.,
2022):

E(l ij ) =
q

(x j � x i )2 + ( yj � yi )2 (2.5)

Figure 2.8: Distance measurement in 2D between pointsi and j (Tiberius et al., 2022)
.

2.8 Least Squares Adjustment

When a geodetic network is created, additional redundancy in the measurement setup is
needed so as potential errors to be detected and the network's reliability to be improved.
These extra measurements create a situation where there is not just one perfect solution that
�ts all the network conditions precisely. To handle this, a method is needed to adjust the
measurements so they meet the required conditions. These corrections are known as
observation residuals. The least squares adjustment method is used to adjust the
measurements by minimizing the sum of the squares of these residuals. This helps ensure that
the adjusted measurements �t the network model as closely as possible (Tiberius et al., 2022
& Sweco Nederland B.V., 2024).

Every least squares adjustment process is divided in two equally critical models, the
mathematical and the stochastic (Tiberius et al., 2022 & Sweco Nederland B.V., 2024):

ˆ The mathematical model refers to the Equations that describe the relationships between
the observations (measurements taken) and the unknowns (coordinates of stations in a
network). For instance, in a 1D leveling problem, the relationship is linear:

Dh ij = hj � hi : (2.6)
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The approximation of values is essential, since it refers to the initial guesses for the
unknowns, and poor guesses can cause non-convergence. Additionally, nuisance
parameters are extra unknowns not directly related to the primary goal, such as
transformation parameters, scale factors, refraction coe�cients, azimuth o�sets and
orientation unknowns. Deciding whether to �x or estimate these parameters requires
careful consideration to avoid overconstraining or overparameterization.

Scale factors are essential for �ne-shaping the model inMOVE3. Typically, one scale
factor is su�cient, although up to 10 can be used. They help correct biases in
measurement equipment and prevent overconstraining the network. A free scale factor
adjusts the network to �t known stations, but it can sometimes mask outliers, making
them undetectable. It is recommended to check the scale factor value after adjustment
and rerun it with a �xed scale if necessary.

ˆ Geodetic observations are treated as random variables within the stochastic model,
acknowledging measurement uncertainty. For example, if an individual measures the
distance between two points multiple times, each measurement will yield slightly di�erent
values due to variations in precision and potential measurement errors. This implies that,
besides the mathematical model, it is essential to develop a second model that accounts
for the random variations in the observations; this is known as the stochastic model.

Often it can be assumed that these variables follow a normal distribution characterized
by a mean (� ) and a standard deviation (� ). The mean represents the expected value,
while the standard deviation indicates precision. The probability distribution determines
the likelihood of observation values falling within certain ranges.

Two or more observables can be interdependent or correlated, meaning that a change in
one observable will a�ect the other. This correlation between two observables,y1 and y2,
is mathematically represented by the covariance� y1y2 . The covariance is also used to
calculate the correlation coe�cient, de�ned as

� =
� y1y2

� y1 � y2

(2.7)

The correlation coe�cient ranges from -1 to 1. In case the observables are not
interdependent,� equals 0.

In practical terms, standard deviations are based on �eld conditions, instrument type,
and experience. They are divided into absolute and relative parts, accounting for the
dependence on the distance between stations. The variance-covariance matrixQy

includes the standard deviations of observables, in�uencing the precision of the adjusted
unknowns.

Statistical Testing

The purpose of statistical testing is to determine if the mathematical and stochastic models
used accurately re�ect reality. Additionally, potential outliers in the data need to be
identi�ed, as these can signi�cantly a�ect the accuracy of the results. Therefore, statistical
testing is vital for quality control. The testing in MOVE3, performed alongside least squares
adjustment and based on the analysis of least squares residuals, includes three statistical
tests: the F-test, W-test, and T-test.(Sweco Nederland B.V., 2024 & Tiberius et al., 2022).
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ˆ F-test: The F-test is a common statistical test used to check the null hypothesis (H0) in
multi-dimensional models, providing an overall model test. It tests whether the model is
a good �t for the data.

Rejection ofH0 can stem from gross errors, incorrect mathematical models, or overly
optimistic a-priori variance estimates. IfH0 is rejected, further investigation is necessary
to identify the cause, such as using theW-test for potential gross errors in individual
observations. TheW-test and F-test are related through a common power value (
 ) in
the B-method of testing (Baarda, 1968).

To address model inaccuracies, improvements must be made to the mathematical model.
Additionally, adjusting the standard deviations of observations can remedy issues with
the variance-covariance matrix. Ultimately, statistical testing aims to detect outliers and
model errors rather than simply accepting all observations.

ˆ W-test: The W-test (also known as data-snooping) checks for outliers (gross errors) in
individual observations, assuming one observation is erroneous while the others are
correct.

The W-test statistic is computed by dividing the least-squares residual by its standard
deviation. This statistic helps to assess whether a particular observation is an outlier.
Speci�cally, if the value signi�cantly deviates from zero, this suggests that the
observation may contain a gross error, assuming the covariance matrix is diagonal and
the residuals are normally distributed with zero mean.

To apply this test in practise, one must compute the residuals for each observation. If
the W-test statistic for a speci�c observation is large in magnitude, it provides evidence
of a potential outlier. Thus, this test is particularly useful in situations where we assume
that only a single observation might be erroneous while the rest of the data points are
accurate.

In cases where the covariance matrix is not diagonal, the W-test may need adjustments
or alternative methods for detecting outliers, as the assumption of uncorrelated errors no
longer holds.

ˆ T-test: The T-test is used for multi-dimensional observations, like GNSS/GPS
baselines, where testing individual components (e.g. DX, DY, DZ) separately is
insu�cient. It is e�ective for identifying outliers in known stations, where traditional
data-snooping may fail to detect subtle deformations that impact multiple coordinates.

Precision & Absolute Ellipses

In the context of MOVE3, absolute standard ellipses represent the precision of station
positions within a geodetic network by illustrating the propagation of random errors through
the adjustment model. These ellipses, de�ned by semi-major and semi-minor axes and their
orientation relative to the coordinate system, indicate the spatial uncertainty of each station's
position. A standard absolute ellipse typically corresponds to a 39% con�dence level, while a
95% con�dence level requires scaling the ellipse by a factor of 2.5 (Sweco Nederland B.V.,
2024). The interpretation of these ellipses can be challenging due to their dependency on the
choice of base stations, as di�erent base stations can alter the magnitude and orientation of
the ellipses, a�ecting the assessment of network precision.
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2.9 Dilution of Precision (DOP)

DOP is a term used in satellite navigation and geolocation to describe the geometric strength
of the satellite con�guration on the accuracy of the position �x. It is a measure of how the
satellite geometry impacts the precision of the position estimates. A lower DOP value
indicates a better satellite geometry and, therefore, a more accurate position �x. Conversely,
a higher DOP value suggests poorer satellite geometry, leading to less accurate position
estimates (Yuen, 2009 & Langley, 1999).

There are several types of DOP, including:

ˆ Horizontal Dilution of Precision (HDOP): Satellite's geometry e�ect on the horizontal
position accuracy (latitude and longitude).

ˆ Vertical Dilution of Precision (VDOP): Satellite's geometry e�ect on the vertical
position accuracy (altitude).

ˆ PDOP: This is a combination of HDOP and VDOP, re�ecting the overall e�ect of
satellite geometry on 3D position accuracy.

ˆ Time Dilution of Precision (TDOP): This re�ects the e�ect of satellite geometry on the
accuracy of the timing information.

The concept of DOP can be adapted for use in the context of 5G network antennas. It can
evaluate the positional accuracy in�uenced by the geometry of 5G antennas in a given area.

2.10 Performance Metrics

The metrics that can be obtained through the utilization of the Quectel RM520n-GL, the 5G
modem, and can signi�cantly contribute to the outcomes of this project are RSSI, RSRQ,
RSRP and Signal to Interference Noise Ratio (SINR). According to Afroz et al., 2015:

ˆ RSSI : This measures the total power of the signal received by the user device across the
entire frequency band. It includes main signals, co-channel non-serving signals, and even
noise. This measurement, expressed in dBm, is vital for assessing the overall signal
strength.

ˆ RSRQ : It is a cell-speci�c metric that indicates the quality of the received reference
signal. It helps di�erentiate between cells based on signal quality, complementing RSRP
measurements. This metric is essential for tasks like cell reselection and handover
decisions. Mathematically, RSRQ = RSRP / RSSI. A higher RSRQ value means better
quality, as this leads to the conclusion that the received reference signal is stronger in
comparison to the overall received signal strength.

ˆ RSRP : It measures the average power of the signal received from the base station. It's
crucial for various functions like determining the best cell for a user device, managing
handovers, and ensuring stable connections. RSRP values are measured in dBm, and if
they are too low, it could indicate an unstable or nonexistent connection.

ˆ SINR : It indicates the quality of the received signal by comparing its power to the sum
of interference and noise. It is measured in dB and is particularly useful at the user
device level for determining throughput values based on radio conditions.
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The assessment of the metrics RSRQ and RSRP depends on the Figures 2.9 and 2.10

Figure 2.9: Relationship between RSRQ and signal quality, where signal quality degrades as RSRQ values
decrease.

Figure 2.10: Relationship between RSRP values, demonstrating that higher RSRP (closer to 0) correlates with
stronger signal and better data speed.

2.11 Studies and Approaches employed in Related Research

Shang et al., 2014 explored RSSI based location techniques in wireless sensor networks,
emphasizing accurate RSSI reception critical for precise positioning. The research analysed
RSSI distribution trends, established a signal propagation loss model, and used Gaussian
�tting to determine a relationship between RSSI and distances, complemented by linear
interpolation for any RSSI based distance calculation. The study also introduced a new
positioning algorithm, selecting anchor nodes via RSSI vector similarity degree and employing
a quadrilateral location unit for enhanced accuracy. Utilizing these two mechanisms and the
generalized inverse method for coordinate determination, the algorithm demonstrated a
location error of approximately 17.6% in simulation experiments (Shang et al., 2014),

The RSSI positioning technique using trilateration and multilateration, is also examined by
Ismail et al., 2019. More speci�cally, wireless sensor module used in this research operates
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with long-range radio at a frequency of 868 MHz. In this study, trilateration uses three
received nodes, while multilateration uses four. The transmitted node was positioned at 32
di�erent locations within a 10x10 meter outdoor area. Results indicated that the error for
multilateration is 1.83 meters, compared to 2.30 meters for trilateration. Although, the
maximum and minimum errors for multilateration ranged from 1.00 to 5.28 meters, and for
trilateration, they ranged from 0.5 to 3.61 meters, the study concluded that multilateration
o�ers greater accuracy than trilateration, and increasing the number of received nodes
improves the localization accuracy of the transmitted node (Ismail et al., 2019).

Carl Rydholm and William Pommer tried to estimate the position of the user equipment
following a comprehensive simulation of GNSS and 5G systems (Rydholm and Pommer,
2021). They simulated GNSS pseudo-range measurements by calculating satellite positions,
�ltering out satellites below a 15� elevation angle, and adding realistic clock o�sets and
Gaussian noise. Pseudo-range errors were considered with �xed values to account for receiver
inaccuracies. For 5G they considered measurements of AOD and RTT. AOD measurements
were re�ned using interpolation and were based on signal strength from di�erent base station
sectors, while RTT measurements were derived from the time a signal took to travel to and
from the base station. The hybrid positioning solution integrated these measurements using a
weight least squares approach combined with the Gauss-Newton method to optimize position
estimates, accounting for measurement error sand sector-speci�c performance.

The methodology used by Pileggi et al., 2023 involves deploying eleven custom-built 5G base
stations in a test area covering various environments (indoor, outdoor open sky, and
obstructed outdoor areas). A trolley equipped with a 5G receiver and data storage unit
collected ToA measurements while following prede�ned trajectories. These trajectories were
accurately benchmarked using a total station. The collected ToA data were processed using
the least squares method to minimize errors and optimize position estimation. Various
multilateration techniques were also tested, using ToA measurements from multiple base
stations to determine positions by intersecting distance spheres. Additionally, hybrid
positioning algorithms that combine 5G ToA data with GNSS were explored to leverage the
strengths of both systems. The study also implemented error mitigation techniques like
�ltering, smoothing, and outlier detection to re�ne the data. These strategies were compared
across di�erent environments, showing positional accuracies ranging from decimeters to a few
meters, thus demonstrating the potential of 5G ToA measurements to enhance positioning
accuracy where traditional GNSS systems are limited (Pileggi et al., 2023). Figure 2.11
illustrates the distribution of the eleven 5G transmitting reference points and the equipped
trolley used for acquiring 5G signals along prede�ned trajectories in both indoor and outdoor
areas.
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Figure 2.11: Distribution of eleven 5G transmitting reference points and the equipped trolley used for acquiring
5G signals along prede�ned trajectories in both indoor and outdoor areas (Pileggi et al., 2023).

Alghisi and Biagi investigated how integrating 5G with GNSS can enhance positioning
accuracy in urban settings with limited satellite visibility. Using simulations, They evaluated
GNSS satellite visibility and PDOP across di�erent urban scenarios. The study found that
while satellite visibility and PDOP are generally better in residential streets, urban canyons
pose signi�cant challenges. The paper also explored the potential of combining 5G base
station data, speci�cally ToA and TDoA measurements, with GNSS data. In conclusion,
optimal 5G con�gurations can signi�cantly improve positioning accuracy in urban canyons,
with �ve base stations resolving positioning issues entirely, while fewer stations provide
partial improvements (Alghisi and Biagi, 2023).



Chapter 3

Methodology

3.1 Selection of Positioning Method

RSSI-based 5G positioning over the more advanced methods such as TDoA, AOA, and
MC-RTT o�ers several practical advantages.

First of all, RSSI-based positioning only requires measuring the signal strength received by
the user's device from three or more base stations. No complex hardware like synchronized
clocks or antenna arrays are needed, making it easier to implement and deploy. By contrast,
TDoA and MC-RTT demand precise synchronization between multiple base stations and the
user's device. AOA and AOA require advanced antenna arrays and beamforming technologies,
which may not be available in all 5G deployments. Implementing these methods requires
additional hardware both at the base stations and possibly on the user's device, complicating
deployment and increasing costs.

TDoA, AOA, and MC-RTT positioning methods can o�er superior accuracy, and they are
designed for use cases where extreme precision is necessary, like autonomous driving or
industrial automation. For more general applications like outdoor positioning, indoor
navigation or asset tracking, positioning via RSSI may provide su�cient accuracy at a
fraction of the cost and complexity.

Furthermore, the more advanced positioning techniques, rely on proprietary features of
speci�c 5G vendors. Di�erent equipment manufacturers might implement these techniques in
slightly di�erent ways, leading to incompatibilities in real-world scenarios. On the other hand,
RSSI is a universal metric that is not vendor-speci�c. It is measured consistently across
devices and networks, making it a more widely applicable and neutral choice for research.

3.2 Proposed Methodological Approach for Data Collection and
Position Estimation

The �rst phase of the methodology includes static measurements and analysis of the RSSI
values that are transmitted from a speci�c antenna. Starting statically isolates the RSSI
variation over time in a stable environment. This is essential for understanding the natural
�uctuations in signal strength without the in�uence of mobility or environmental factors. It
allows the establishment of a baseline for how reliable RSSI is a metric for distance
calculation. Skipping this phase or introducing moving or environmental complexity too early
would obscure the fundamental behaviour of RSSI. More complex setups, like testing with
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multiple base stations right away, would introduce too many variables at once, making it
harder to identify how much of the error is due to RSSI variability versus other factors.

Antennas play a critical role in signal reception, and testing multiple antennas can help
exploring how hardware con�gurations impact RSSI measurements and the overall accuracy
of positioning. By testing the di�erent antennas' e�ects, the most suitable con�gurations for
reliable 5G positioning can be identi�ed. Optimizing the hardware setup and ensuring that
the �ndings are not hardware-dependent can make the research more widely applicable. The
reliance on one single antenna type can lead to limited understanding of how di�erent
antenna characteristics (e.g. gain, type) a�ect performance.

The FSPL Equation assumes ideal LOS conditions, so testing it in such an environment
allows the validation whether the theoretical model accurately predicts distance. This is a
critical step in ensuring that the model works before applying it to more complex conditions.
The earlier introduction of non-LOS environments would complicate the analysis since the
signal propagation parameters such as multipath e�ects or interference would be faced in an
early stage. By �rst testing in LOS conditions from speci�c cell tower again, the FSPL
Equation is validated in its intended use case, providing a solid foundation for further
experimentation. In this case, the GNSS-RTK is also used so the user their location.

In the second phase of the methodology, multiple cell towers' signals are used to calculate the
distances between the user's device and the towers based on the FSPL model, which
translates RSSI values into distance estimates. This trilateration approach enhances accuracy,
especially in 5G environments with dense tower deployments. The method leveragesMOVE3
software for least squares adjustment, which re�nes these distance estimates by minimizing
the error between observed and actual values, improving positioning accuracy. The use of this
technique is particularly e�ective because it accounts for signal variability and ensures that
the results are more reliable than using raw RSSI data alone. By comparing the re�ned
estimates to the real position obtained from a GNSS-RTK device, this method validates its
e�cacy for 5G positioning in real-world conditions.

3.2.1 Data Acquisition

Data acquisition depends on the two devices that are presented in Appendix A, the modem
and the GNSS-RTK device. Both devices were set up by Ericsson on a laptop running the
Linux operating system.

The modem is used to retrieve information about the transmitted signal of every cell tower
that is operating in the Vodafonenetwork. A Subscriber Identity Module (SIM) card is
attached to it for this reason, and the command-line toolqmicli is utilized. The latest is part
of the Libqmi project, a Linux library to control Qualcomm MSM Interface (QMI) devices,
which are commonly used in mobile broadband modems. Theqmicli tool allows users to
interact with QMI devices by sending QMI protocol commands directly to the modem and
receiving responses. The commands that were used in this research were (Ste�ens, 2023):

ˆ nas-get-cell-location-info: this command retrieves information about the cell towers to
which the modem is currently connected. The output typically includes information like
PCI, Location Area Code, Tracking Area Code, Mobile Network Code. Apart from
those, it also gives information about the RSSI, RSRQ and RSRP values which are then
used for the implementation of the trilateration method. The output is demonstrated in
Figure 3.1.
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Figure 3.1: Cell tower location information of the received signal � nas-get-cell-location-info command output
example.

ˆ nas-get-signal-info: this Command provides Detailed Signal Information, including
Metrics such as RSSI, RSRQ and SINR, not for each Individual PCI, but considering all
the Available Neighboring Cell Towers. The output is demonstrated in Figure 3.2.

Figure 3.2: 5G signal information � nas-get-signal-infocommand (output example).

Before implementing the trilateration method in order to identify the position of the user's
equipment in space, the distances between the observation point and the cell towers of the
network need to be de�ned as described in Section 3.2.2. In order to achieve this, the
association of the PCI of each antenna that is displayed in the output of the
nas-get-cell-location-infowith the corresponding information from theExcel �le containing
the data about each antenna (see Section A.4) was necessary. In the end, the user is able to
extract the coordinates of all the antennas that the modem is receiving signal from.

The u-blox C099-F9P GNSS-RTK device o�ers the potential for centimeter-level accuracy
through RTK corrections. However, achieving this precision depends on the accuracy with
which the base station's reference point is measured. The device can request assistance data
from a location server to enhance positioning speed and reliability. Since this project's focus
is outdoor positioning, this device is used to extract the coordinates of the user's equipment
so as the distance to the cell towers is calculated. Initially, extracted data was utilized to
determine the distance from a speci�c cell tower and evaluate signal propagation based on



Exploring the potential of 5G positioning via RSSI, comparing its e�cacy with GNSS-RTK positioning 36

that distance. Eventually, it transitioned to validating the actual position against the position
calculated using RSSI values from the 5G network.

An example client is used byEricsson that requests data from a location server. It supports
multiple requests such as OSR, SSR and Augmented GNSS (AGNSS). The program takes an
interface and port associated with theU-blox receiver as arguments. Then it is connected,
con�gures the device to outputUBX-NAV-PVT which are parsing messages that provide
position, velocity, and time data. Finally, all received messages are printed tostdout. In the
output latitude and longitude are represented bylat and lon respectively. The horizontal
1-sigma accuracy is indicated byh_ acc. An example is shown in Figure 3.3.

Figure 3.3: Output information of the GNSS-RTK device.

ˆ Static Measurements

The initial approach was the collection of data when the devices were both in a �xed
position throughout the measurement period. This method enabled a thorough analysis
of signal propagation characteristics in a controlled environment helped to mitigate
transient �uctuations through averaging. It served as an essential �rst step in ensuring
the reliability of the collected data and validating the signal's stability over time at a
known location before extrapolating the model to dynamic scenarios.

ˆ Multiple Antennas Testing

The incorporation of di�erent types of antennas took place, so as the signal behavior
could be evaluated in terms of consistency and reliability. A deeper understanding of the
impact of antenna properties on signal strength and distance calculations was developed
and insights were gained into how di�erent antennas a�ect signal propagation
characteristics.

ˆ FSPL test along a direct LOS of a speci�c transmitter

Conducting a FSPL test was an essential step in understanding how signal strength
diminishes over distance. Of course, a real environment consists of multiple obstructions
that a�ect the signal. However, the paths that were selected for this step were the ones
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where there was as much as possible clear line of sight between the cell tower and the
modem. This step of the research project contributed in comparing real-world
measurements to the theoretical model in order loss factors to be better understood, and
the theoretical predictions to be compared with real data.

The tests were conducted using two distinct approaches. Initially, measurements were
systematically taken at �xed intervals from the antenna, starting at 50 meters and
increasing in increments of 50 meters. This approach allowed for the observation of how
signal strength diminishes as distance from the antenna increases. By spacing
measurements at regular intervals, a clear pattern of signal attenuation over distance
could be established, essential for understanding the e�ective range and coverage area of
the antenna.

Continuous measurements were also conducted to provide a more granular and detailed
spatial analysis. Unlike the interval approach, which provides data points at speci�c
distances, continuous measurements o�er a comprehensive view of signal variation across
the entire area under study. This method captures nuanced variations in signal strength
due to factors such as terrain, obstacles, and environmental conditions, providing a richer
dataset for further analysis and modeling.

The most important conclusion of this step was the identi�cation of the obstructions
that a�ect the signal in a real environment. The data collected were �rstly analyzed with
plots or diagrams that show the �uctuation and overall behavior of the signal over
distance. Information was obtained regarding the antenna's e�ective range too.

The second part of the step included the visualization of the measurements in a 3D map
created with QGIS and the plugin qgis2threejs. Having already created plots and
diagrams for the signal propagation, a spatial analysis could be performed so as patterns,
trends and anomalies of it could be identi�ed. A more intuitive and comprehensive view
of the data was produced that facilitated easier identi�cation of areas with strong and
weak signal coverage.

The 3D maps were created using datasets from AHN4 and 3DBAG. Initially, the
building datasets from 3DBAG were obtained from their website as a geopackage �le
containing comprehensive data for all buildings in the Netherlands. Subsequently, AHN4
LiDAR point clouds were downloaded from GeoTiles. These point clouds underwent
classi�cation before integration into the project in QGIS. Buildings were extracted to
avoid overlap with those from 3DBAG, while ground points were removed to optimize
�le size and facilitate faster analysis. Following this, antenna data was imported as a
delimited text �le containing coordinates for both antennas and observation points, along
with corresponding RSSI values. These values were then visually enhanced through
gradual colorization based on their respective RSSI values.

3.2.2 Position Estimation through Trilateration Method using MOVE3
Software

The �nal step of the methodology involves the utilization ofMOVE3 software to
eventually analyze the accuracy of 5G positioning via RSSI and compare it with the
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'ground truth' given by the GNSS-RTK device. In the beginning, aCSV �le is imported
with cell tower coordinates and another �le with the estimated distance measurements
from observation points to these towers.MOVE3 �rstly approximates the positions of
the observation points and then performs a least squares adjustment to re�ne these
positions based on the observed data. Lastly, a report is extracted to evaluate the
accuracy of the model, the standard deviations are adjusted so as the F-test is validated,
and the precision of the network is ensured by the identi�cation of the outliers.

More speci�cally, a new project is created in theMOVE3 software, using the
Rijksdriehoekscoördinaten (RD) projection, o�cially known as the Amersfoort / RD
New coordinate system (European Petroleum Survey Group (EPSG):28992). Initially, a
CSV �le containing the coordinates of each cell tower in theVodafone Ziggonetwork is
imported. The format of this CSV �le is (CellTower_PCI, X East, Y North, Height) ,
where the values represent the PCI of the cell tower antenna, its coordinates in the X
(East) and Y (North) directions, and its height above sea level.

Next, another CSV �le is imported into the project, which contains the measured
distances from the observation points to the cell towers. It is crucial to ensure that the
PCI values in both �les are formatted consistently. This second CSV �le is imported as
"TotalStation" data, with the manufacturer speci�ed as "MOVE3 csv". This is because
the type of observation is similar: both the total station data and the RSSI data involve
distances, but the total station data also includes directions (horizontal and vertical
angles) while the RSSI data only includes distances. The format of this �le is
(Observation, Known_CellTower_PCI, height_observation_point, height_CellTower,
hor_angle, ver_angle, distance). The values of this �le represent the name of the
observation point, the PCI of the cell tower antenna, the height of the observation point
(not known), the height of the cell tower antenna above sea level (derived from the
already imported CSV �le), the horizontal and the vertical angle of the observation
point and the cell tower antenna (also not known) and the observed distance between
these respectively that is derived from the original RSSI observation.

After importing the data, MOVE3 approximates the coordinates and displays an initial
placement of the observation points on the map. The subsequent step is to forceMOVE3
to perform a least squares adjustment in the pseudo-constrained network. This process
involves adjusting the positions of the observation points to minimize the sum of the
squared di�erences between observed and calculated distances, angles, and heights. The
known stations remain at their �xed positions when a pseudo-constrained network is
selected.

Once the adjustment is completed, a report is exported as an XML �le. This report
includes the results of various tests, and it is essential to adjust the standard deviations
of the observations (distances) so that theF-test is accepted. TheF-test is a statistical
test used to determine if the variances between two populations are equal, which is
crucial for validating the adjustment (see Section 2.8).

The �nal step involves reading the report to identify any observations detected as
possible outliers through theW-test results. These outliers, which do not �t well within
the adjusted model, should be deselected to improve the accuracy of the network.
Identifying and deselecting outliers ensures that the �nal model is as precise as possible,
providing reliable coordinates for the observation points while the cell towers' ones
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remain �xed.

Figure 3.4: Example of Results of the Statistical Testing after the Adjustment using MOVE3 Software.



Chapter 4

Results

As already mentioned, this study investigates the e�ectiveness of the trilateration method for
positioning based solely on the RSSI from the 5GVodafone Ziggonetwork. The primary
research question addresses the extent to which this approach can accurately determine the
position of the user compared to the 'ground truth' given by the GNSS-RTK device.

This chapter presents the results of the conducted experiments and analyses following the
methodological framework described in Section 3.2, highlighting the capabilities and
limitations of RSSI-based positioning. In particular, the Section 4.1 reveals that the RSSI is
signi�cantly in�uenced by several factors. Static measurements taken with di�erent antenna
types show notable variability in RSSI values with substantial standard deviations indicating
inconsistent signal strength. Initial attempts to model FSPL face challenges due to these
unpredictable RSSI �uctuations. Further static measurements and trilateration performed
with the MOVE3 software demonstrate considerable positional uncertainty, with
discrepancies of hundreds of meters between calculated and actual observation positions. This
uncertainty is con�rmed in Section 4.2 where results from the experiments depict that
topographic factors, such as trees and buildings, obstruct signal propagation and cause
signi�cant variations in RSSI. Additionally, the distribution of 5G network towers a�ects
positioning accuracy, with sparse networks leading to less reliable trilateration results as
described in Section 4.3. Despite these challenges, closer proximity to cell towers improves
distance accuracy, underscoring the need for denser network deployment and advanced
modeling techniques to enhance position precision.

4.1 Accuracy

The subquestion regarding the potential accuracy of standalone 5G using the trilateration
method to in comparison to the 'ground truth' provided by GNSS-RTK is addressed through
the conducted measurements and experiments.

ˆ Static measurements - Multiple antennas testing

To evaluate accuracy, static measurements were taken using three di�erent types of
antennas were utilized to evaluate signal propagation characteristics (see Figure A.3).
The initial testing site was located near Delft Central Station, as depicted in Figure 4.1.
Throughout this assessment, the serving cell consistently identi�ed was the one with PCI
486.

The variations in RSSI were analyzed and are presented in Figures 4.2, 4.3 and 4.4 on a
total of 80 measurements conducted with each type of antenna. Speci�cally, the �rst
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