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Abstract

The main purpose of this project is to improve the positioning behaviour of the Android
smartphones, using them as station of Global Navigation Satellite System (GNSS). Focusing on
the main errors that occurs by different factors and affect on the phone location and applying
solutions, to achieve the understanding of the behaviour of the devices under different situations.
For the Rinex data collection the app Geo++ Rinex Logger has been the main support, different
Android smartphones has been checked during the process and, furthermore, an u-blox device is
involved in this project. The collected data, is processed with RTKLib software, which allow to
perform a post-processing and a real time study.

Obviously, this project has many applications in an industrialized world, but it is focused
on the usage of a better location service of smartphones on apps, to ensure that a non-desired
failure cause an undesired performance, ending with unsatisfied clients.
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Chapter 1

Introduction

Positioning has been always a human field of study, trying always to achieve and to have the
knowledge of where exactly we are. Nowadays, a lot of technologies have been involved in this
process, satellites, stations and specific devices have done that the situation improves.

A very interesting example to demonstrate, in a simple way, how the satellites work and per-
form the positioning calculation, is the lighthouses and ships problem. Imagine that a lighthouse
correspond to a satellite and the ship is the rover for which the position wants to be known.
The distance between the lighthouse and the ship can be computed using the time that the light
wave spends for getting the ship. With this distance, a circumference can be created, and also, if
a new lighthouse is involved, another circumference will be created. Then, we could reduce the
positioning space of the ship as shown in Figure 1.1 from the GNSS Data Processing Book [16].

Figure 1.1: Radius for positioning purposes [16]

In 1973 the Defence Department of the United States developed the NAVSTAR/GPS allowing
to determine the position using satellites and the adequate receptors. However, this system had
some imperfections in the results.

Even today, this kind of errors are present in the modern positioning systems, due to this,
some different correction methods appear. These errors can be observed and analysed by some
differential techniques, like post-processing (for a not real-time study) and real-time techniques.

The post-processing technique is focused on the result corrected obtained after a time, gen-
erally involving a process in which the data are treated previously. This process needs the
differential corrections from a base station, that allows to perform the study. This base station
could be, from one given by the government to one created by a user, the main requirement
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of this devices is that it has to be in a known position and to be fixed. Can be observed the
behaviour of the system in Figure 1.2. [9].

Figure 1.2: Post-processing method scheme [9]

The second method mentioned is the real-time technique or RTK (Real-Time Kinematics),
in this case, the phase measurements obtained from the rover given by the different satellites are
corrected at the moment with a base station solution. This allows to have a high level accuracy
while using the positioning services, probably is the most interesting application for the usage of
smartphones and apps, achieving very good precision in them.

1.1 GNSS Architecture

Basically, GNSS involves the satellite navigation systems of GPS, Glonass, Galileo and Beidou
which allows the access to continuous positioning information. GNSS can be divided into three
parts [11], space segment, basically composed of the satellites; control segment, include all the
operations for the correct data treatment; and user segment, that involves all the devices that
makes a data receiving. Positioning information is provided thanks to the carrier frequencies
which will be different for each GNSS singals.

1.1.1 GNSS Segments

As mentioned previously, GNSS is composed by three segments. The space segment, is referred
to the generation and transmission of code and carrier phase signals. The main tool used are
high accuracy atomic clocks, which allows to determine the difference between the signal sending
and the receiving, these clocks are onboard the satellites.

This segment is composed by all the satellite fleet, ensuring a good number of the to achieve
good generation, transmission and receiving of code. Also is important, that the rover, detects
a high number of satellite (with a minimum number of 4) to be success in the process.

The control or ground segment is focused on the management of status and configuration of
the satellites, in charge of the ephemeris and clock performance, ensure the good GNSS time
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Figure 1.3: GNSS Three segments architecture [11]

scales and keep updated the navigation files that receives the satellites. In thi field is included
the base stations for the data corrections.

Finally, the user segment involves all the GNSS receivers or rovers, in which the signals are
analysed, the pseudoranges are determined and the navigation equation are solved to obtain the
positioning and a good time.

All this fields, involve the different GNSS signals of which will be talked in the following
section, analysign how they are integrated in the system.

1.2 GNSS Signals

The satellites transmit information in frequency bands, each band is corresponded to different
signals, these are: GPS, GLONASS, Galileo and Beidou. With this signal, the positioning
calculation is possible thanks to the travel time that can me computed by the user. The signals
[4] are composed by:

• Carrier: Depending on the frequency in which the signal is focused, a sinusoidal wave will
be given.

• Ranging Code: Is the main tool used to determine the time that the signal spends from
the satellite to the receiver, is a binary sequence.

• Navigation Data: Ephemeris (from the different signals), clock and status of the satellites
are provided in these data.

The frequency in which the data are sent, depends on the signal and the capability of the
rover/receiver to acquire one of them. In many cases, some devices are only capable to access
some signals, obviously, if the receiver is able to reach more satellite signals better for the position
accuracy.
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1.2.1 GPS Signals

The radio frequency in which the GPS (EEUU) signals are transmitted are named L1, L2 and
L5 (L band), whose frequencies are represented in Table 1.1 [16]. GPS provide two services,
Standard Positioning Services (SPS), centred in L1 and Precise Positioning Service (PPS) that
uses L1 and L2.

Frequencies (MHz)
L1 L2 L5

1 575.42 1 227.60 1 176.45

Table 1.1: Data Transmission GPS Frequencies

Satellites receive information from the antennas on earth, and then, they send information
back to the rovers, this information is named navigation message. These data, contains all the
necessary requirements that the user needs to compute the position. Clock data, ephemeris,
ionospheric model parameters and the almanac are given in the message. The most recent
messages are named CNAV, CNAV-2, MNAV and L5-CNAV, being the last one modulated
using L5I signal.

1.2.2 Glonass Signals

For this signal (Russian Space Forces) the radio frequencies are also in the L band and have the
names G1, G2 and G3 with their respective values in Table 1.2 [16]. Also, can be differentiated
two services, SPS, which transmits in G1 and recently it uses G2, and PPS, that allows two
bands, G1 and G2.

Frequencies (MHz)
G1 G2 G3

1 589.06 1 242.93 1 201.00

Table 1.2: Data Transmission Glonass Frequencies

Also, the navigation message is present in Glonass, being a bit different with respect to GPS,
but containing the necessary information for positioning processing.

1.2.3 Galileo Signals

Galileo (European Union) uses the frequencies E1, E6, E5a and E5b and the services offered are
different with respect to the two previous signals, these are: OS (Open Service), PRS (Public
Regulated Service), CS (Commercial Service), SAR (Search and Rescue) and SoL (Safety-of-
Life). Each frequency support one of the services mentioned and the values of them are shown
in Table 1.3 [16].

Frequencies (MHz)
E1 E6 E5a E5b

1 575.42 1 278.75 1 176.45 1 207.14

Table 1.3: Data Transmission Galileo Frequencies
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1.2.4 Beidou Signals

Beidou (China) works also in the L-band, using the frequencies named B1, B2 and B3 [16] and
using only an Open Service and an Authorized Service.

Frequencies (MHz)
B1 B2 B3

1 575.42 1 191.80 1 268.52

Table 1.4: Data Transmission Beidou Frequencies

The values correspond to Beidou Phase III, in which the satellite constellation were increased,
and it started to work as an open service.

1.3 GNSS Measurements

1.3.1 Pseudorange

Basically, this kind of GNSS measurement, allow us to know the amount of time that is expended
in the reception, being this value computed by the difference among the time registered in
the reception, expressed in the frame of the receiver, and the time that is registered in the
transmission by the satellite.

The computation of this measurement, for L1 and L2, is performed by the device that carry
out the GNSS data acquisition, and the formulation used is represented below [8].

γ = (fL1/fL2)
2 (1.1)

Equation 1.1 shows the frequencies L1 and L2, and then, applying the ionospheric corrections
and considering both frequenies, the pseudorange computation is performed below.

PR =
PRL2P (Y ) − γPRL1P (Y )

1− γ
(1.2)

Being the components of Equation 1.2 :

• PR: Here the pseudoreange with the corrections for the ionospheric delays

• PRi: Pseudorange for the channel.

1.3.2 Carrier-Phase

This technique, assume that the satellite, which send the information, and the GNSS receiver,
and synchronized in time, so the phase of the carrier, will be the same for both. In this case,
the time that the signal spend in the travel among both devices is computed by the lag that the
signal presents, this is due to the linear variation behavior of the signal with time.
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This kind of measurement, is interesting for this project, because will be the one in which the
computation and the position generation will be focus. So the smartphone that will be chosen
for the performance of the data acquisition will be required to have this measurement among
him characteristics.

It is necessary to differentiate between the time expended in the transmission (t1) and the
current time (t2), measured by the current phase that arrive to the receiver at the current
moment. Is also interesting to know some parameters that take part in the process.

Figure 1.4: Carrier-phase characteristics [7]

Then it is interesting to know how to compute the transmission time and the received time,
Tt and Tr respectively Equation 1.3 and Equation 1.4.

Tt = k(n12π + αt) (1.3)

Tr = k(n22π + αr) (1.4)

Where:

• (n12π + αt): Transmission carrier phase.

• (n22π + αr): Received carrier phase.

• n1 and n2: number of complete 2 pi radians executed by the phases.

• k: factor conversion from phase to time.

With this, the propagation time is easily computed, because is the difference among the time
expended by the transmission and the received time.

Tr − Tt = k((n2 − n1)2π + (αr − αt)) (1.5)
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δT = kN2π + kδρ(t) (1.6)

1.3.3 Correction methodologies

Above, it has been written about ionosphere corrections, this is due to the effect created by
this atmosphere layer in the GNSS signal. For this reason, some computations techniques are
performed to achieve better results in the data acquisition. In this section, this techniques are
going to be analyzed in a briefly way.

1.3.4 GNSS Receivers

Nowadays, a lot of different devices are able to achieve this kind of measurements, from the most
expensive and bulky to the cheapest and smallest. The quality obviously is related with the
hardware implemented in the device, and the accuracy reached in the data of some devices is
unbelieve.

In this project, two receivers are going to be used, and u-blox, that is a small device that
allow the easy transportation of it to get data from different places with no difficulties, and
the LEIAR25.R3, which is the receiver located at PoliTO and will be used as a base station
also. The last one, presets better characteristic in comparison with the u-blox, but the purposes
of them in this thesis are completely different. The market offers many possibilities to choose
among different devices, depending on the necessities of the user, even the smartphones, could
be considered as a GNSS receiver, but, not in all the cases, the expected results are obtained.

As mentioned above, the smartphone can reach the functions of a GNSS receiver, but, and like
is described in this thesis, some of them not present the expected results. The mainly problems
found in the smartphones tested are, in a briefly way, that some of them are not able to reach
a good number of satellites to obtain the signal and that a lot did not have the possibility of
compute a carrier-phase measurement. These complications will be described more precisely in
one of the following chapters.
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Chapter 2

Objectives

Nowadays, most people have a smartphone and the more applications appears the more useful is
the positioning. Food apps, where you can find the nearest restaurant, location apps, that show
you the way to get the place that you are looking for and more. The accuracy in this positioning
is becoming more and more crucial.

The main purpose of this project, is to show how the smartphones perform their location, and
how corrections can be applied to achieve the desired results, ensuring and given the possibilty
to introduce this on the apps. Obviously, not all the devices have the same features, and this
will be also tested to prove that there is not an unique solution, since we depend on the most
recent technology advances. But this is a good turning point, to have in mind that, with the
adequate tools, the accuracy can be reached.

Giving a real example of the application of this study, in the company Repsol SA, are de-
veloping a new way of payment for the gas station clients.This method allows the user to pay
without getting out of the car, only with the app Waylet, which detects the gas station in where
the client is located and also the hosepipe that is required, this is a great solution to reduce the
time that a person spends on the station.

However, a problem is present in this situation, in many cases, gas stations are located in
parallel, one for each side of the road, and a bad positioning of the smartphone while it is using
the app, could generate a wrong payment, switching it from the gas station in where the client
is to the opposite one.

Figure 2.1: Parallel Repsol Gas Stations

Like this, many other apps require a high level usage of positioning services, then the project
can be relevant, with the comprehension of the whole process, which will be breaking down
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below.

Establishing the main points of the project, can be remarkable:

• Setting the devices that will carry on the data collection

• App source where the data will be obtained

• Establishing the errors present on the data without any correction applied

• Creation or selection of a base station to support the rover

• Post-processing methods to apply corrections

• Individual analysis of the smartphones selected

• Analysis of a pure location device

• Comparison among pure location device and smartphones

All this tasks, will be analysed and decomposed in a theoretical and a practical way, to
achieve the objectives exposed.

Probably, the most important task to carry out would be the last one, obviously all of them
are necessaries to achieve the expected results and to have a whole comprehension of the study.
But, with the comparison, the results will show the similarity that presents a normal smartphone
with respect to an u-blox, which its purpose is to send raw GNSS data.

If the situation expected is achieved, then it will be possible to affirm that a smartphone could
reach really good location performance, applying this to all the apps that requires a service like
that.

The actual behavior of the Repsol application is to simple but imprecise, this app assume
that the smartphone can have errors and create a circumference with the center in the gas station
and a radius that do not interfere with the circumference created for the parallel gas station.
With this, if the user is inside of one of the circumferences, the payment will be processed in one
or another station.

Figure 2.2: Radius methodology

10
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This is ambiguous, because if a good positioning performance of a smartphone can not be
ensure, the actual method could fail. Because of that, this thesis is important, being able to
ensure that with an smartphone, a precise positioning can be reached, avoiding this imprecise
methods implanted in the apps, with a behavior that do not ensure the correct work of the app.
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Chapter 3

State of the Art

Knowing the importance that is currently given to positioning is easy to find a lot of researchs
in which this topic is treated. Increasing the accuracy for localization devices, the usage of new
processing tools like phyton, a better real-time orbit determination for the satellite and more are
becoming increasingly important for our society and are being an remarkable object of study in
the present.

3.1 GNSS Positioning techniques

This web [21] introduce the concept of a successful GNSS data treatment, in which first the data
is obtained in a code-phase way, and then it is necessary a transformation into X,Y,Z or ENU
type.

Figure 3.1: GNSS Requirements

Even carrier-phase and code measurement are able to perform a post-processing analysis,
which consist on a data collection and after the data are checked a programme is used to obtain
positioning results. Here, the negative effects over the signal can be eliminated or reduced by
the software of the application.

Another method is the Real-Time Kinematic Positioning (RTK) , in which are available

13



CHAPTER 3. STATE OF THE ART Pedro Ríos Bravo

different techniques to improve the results, minimizing errors (satellite clock, ionospheric delay...).
This method involves a base station, a rover and the satellite constellation, with a minimum of
4. The corrections and the results are obtained instantly.

Precise Point Positioning (PPP) ensure corrections for the satellites broadcast orbit and
clock, and even applies solutions for ionospheric and tropospheric errors, estimating their delays.
For this method is necessary a high accuracy multi-frequency GNSS receiver.

3.2 GNSS Data Post-Processing

Here [14], the different techniques are explained and compared with each other, so a global image
of the available options is obtained.

The initial two methods to compare are the Differential GNSS (DGNSS) and RTK. Both
require the existence of a base station receiver. The main difference among them is that in RTK
carrier phase measurement are carried out and this gives more accuracy to the method. On the
other hand, DGNSS is useful when exits a long distance between the base station and rover.

Then, is interesting to analyse PPP with respect to SBAS method. Both acquire the correc-
tions from the satellite and again, the main difference is that PPP allows carrier phase, and like
in the previous case is more accurate than SBAS. But, the advantage of SBAS is that provide
the user with free corrections.

If DGNSS is compared with SBAS, the difference appears in the technologies required by
each other. SBAS only need a receiver and a GNSS antenna but DGNSS requires, as mentioned
before, base station, rover and antenna.

The more precise methodologies, PPP and RTK have a similar precision, but as in the
previous comparison, the technologies required are different and the baseline distance. PPP only
needs receivier, GNSS antenna and L-Band frequencies, but RTK requires two RTK receivers,
base station and rover.

3.3 Real-Time Kinematic using Galileo

GNSS RTK performance improvements using Galileo Satellite Signal [17] focuses on the usage
of multiple satellite constelations with Galileo signal measurements (managed by the European
Union), applying a real-time correction with the field receivers for numerical analysis using
RINEX data.

With at least five satellites, centimeter accuracy is provided, but this is a complex real-time
process, obiously a big amount of satellites produce more precission in the measurementes, usign
NAVSTAR, Glonass and adding Galileo the satelite availability reach twenty eight.

Is also interesting the effect of Galileo system on the Position Dilution of Precision (PDOP)
which has a value near 1, achieving good results and it can be said that the ionosphere impact
is small and can be negleted.

As a conclusion, can be said that using Galilleo signal the number of satellites is increased,
improving the PDOP and reducing the error limits.
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3.4 Floating Car Data (FCD) for mobility applications

Regarding the devices involved in this study, is interesting to know more about the VIASAT
devices, these are dedicated to generate positioning information, being this their only application.
It is interesting to know how they work and if a samrtphone could equalize their behaviour.

Now a days, practically every car needs GPS information and it is also important that each
car could send this information of his position to a place in charge of traffic control.

Floating Car Data (FCD) is the information that includes all the GNSS positioning data
required for the real-time processing method to achieve the car location.

This report [18], shows some examples of the FCD obtained at the City of Torino, to prove
the feasibility of them achieving some expected points and giving the posibility of a good location
service to areas with a lack of sensors. This kind of data is provided by On-Board Unit (OBU)
of the vehicles. The data given is too similar to Rinex, it provides Latitude, Longitude, Time...
so a real-time method and a post-procesing analysis are admited.

Here, the data obtained is compared with traffic sensors, which provides information with
on-site measurements, this comparison is really interesting because gives knowledge about the
accuracy that a VIASAT device can have with respect to a static measurement element, enabling
VIASAT with this study as a really good positioning device.

This report shows the travel behaviour, observing the vehicle flow and the mean velocity
using this kind of data, performing a comparison between privates cars and fleets. Ensuring with
the whole report, the possibility of using FCD as mobility services, analysing also the limitations
that presents.

3.5 Common Errors

Sometimes, and because of the phone characteristics, the app is not able to reach a sufficient
number os satellites, being the minimum of 4 to reach a good obs file. Is important for the
project to have a good smartphone with a good quality in the measurements, however, the study
of all kind of devices is also important, to know the deficiencies of the market and how to improve
those that are not good enough to achieve a high number of satellites.

This capability of acquire a sufficient number of satellite, was the first problem presented in
the smartphones tested, not all of them were able to reach a decent number of satellites which
allow to carry out the post-processing studies, due to a good number of data are necessary.

Once this problem was solved, another one came, and was the inexistence of carrier-phase
information, some of the mobiles tested, were able to get information from a decent number of
satellites, but once the data were analyzed, it is easy to realize that the carrier-phase column
was not present. This is a very important fact, because the study was developed focusing on
this kind of measurement, which provide a bigger accuracy to the results obtained from the
post-processing method.

Finally, a pair of mobile phones that reach the expected situation were found, and the study
was developed with these two, ensuring the existence of a sufficient number of satellites and the
presence of carrier-phase measurements in the observation file.
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3.5.1 Noises

Obviously, all the receivers could present noises in the data acquired, this can be due to the
antenna design, the weather factor and more. When this is present in the receivers, some
solutions are possible, like the usage of a filter to eliminate the undesired noises [22].

When the biases are produced by instrumental errors and delays, these can be modelled by
equations, but the main solution is to get a better receiver, with better hardware characteristics.

3.5.2 Ionosheric and tropospheric delays

Terrestrial atmosphere cointains some layers and depending on the electron density that this
layer presents, the GNSS signals will be affected and delayed. This effect can be among a few
meters and to a quantity bigger than twenty meters,

Modelling this effect is not an easy task, because the geomagnetic and solar interactions are
involved in this behaviour, but the ionospheric effect can be considered as frequency dependent,
then this can be measured and also corrected.

On the other hand, the tropospheric effect cannot be considered as frequency dependent,
these are the problems originated below the ionosphere. It depends on the zenith angle, being
affected mostly by the satellite degree elevation.

3.5.3 Clock errors

As described, the satellite and the receiver can present a bad synchronization with the GNSS
time stablish. To correct this kind of differences, is useful to consider both (satellite and receiver)
as different devices.

3.6 Post-Processing method

This process involves the data treatment when the positioning information is already collected.
Is very important to ensure that in our Rinex file carrier-phase measurements are present, to
achieve a more precise result than the one that will be obtained with code measurements.

Carrier phase measurement can be defined by the equation written below.

ΦLf
= ρ+ c(dtrcv − dtsat) + Tr − αfSTEC + kLf,rcv

− ksatLf + λLf
(NLf

+ ω) +mLf
+ εLf

(3.1)

Describing the equation:

• ρ: Geometric range.

• dtrcvanddt
sat: Clock offset from GNSS time scale (receiver and satellite) multiplied by the

speed of light (c).
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• Tr: Tropospheric delay.

• αfSTEC: Frequency-dependent ionospheric delay.

• kLf,rcv
andksatLf : Carrier-phase instrumental delay (frequency-dependent).

• mLf
+ εLf

: Multipath and noise.

3.7 Real-time processing method

One known technique is Real-Time Kinematic (RTK), where with two receivers and a distance
limited between them, the ambiguity value can be obtained to reach a high (centimeters) accu-
racy.

Also, it is interesting to consider the usage of geodetic receivers, allowing the performance
of differential corrections, this process is named Network Real-Time Kinematic (NRTK). The
corrections are applied to ionospheric and tropospheric delays and are broadcasted to the rover.

Using a master station, described by A subscript in equations (3.2) and (3.3), which has
a known position , and the smartphone as a rover, the pseudorange corrections (PRC) and
carrier-phase corrections (CPC) for real-time methods are described below.

PRCp(t) = ρpA(t)−RpA(t)− cdtp(t)− cdTA(t) = αIpA(t)− T pA(t)− EpA(t) (3.2)

CPC(t) = ρpA(t)− Φp
A(t)− λNp

A(t)− cdtp(t)− cdTA(t) = αIpA(t)− T pA(t)− EpA(t) (3.3)

The simbols involved by the equations are:

• ρpA: Geometric range.

• RpA: Pseudorange measurement

• Φp
A: Carrier-phase measurement.

• cdTA: Biases of the receiver clock multiplied by the speed of light.

• cdtp: Biases of the satellite clock multiplied by the speed of light.

• αIpA: Ionospheric propagation delay.

• αIpA: Ionospheric propagation delay.

• T pA: Tropospheric propagation delay.

• EpA: Ephemeris error.

• λNp
A: Carrier-phase ambiguity
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The rover (B) sees the CPC and PRC values from the master station as the following equations
(3.4 and 3.5).

RpB(t)correct = RpB(t) + PRCp(t) = ρpB(t)− cdTAB(t) + ∆EpA(t)−∆IpAB(t) + T pAB(t) (3.4)

ϕpB(t)correct = ρpB(t)+CPC(t) = ρpB(t)−cdTAB(t)−λNp
AB(t)+∆IpAB(t)+∆T pAB(t)+∆EpAB (3.5)

The most relevant is the carrier-phase measurement which can reach a centimeter accuracy.
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Chapter 4

Positioning Data

Obtaining raw data from different devices can be done with many applications, the one selected
for the smartphone usage is Geo++ Rinex Logger app, in which can be obtained the Rinex
observable files to procced with the post-processing and real-time studies. Furthermore, another
device has been used, u-blox is a low cost location device that can be used as base station and
provide raw data, observable files, navigation files and more.

4.1 RINEX

The open source software presents some different version, and both of the were tested in order
to compare and check the solutions provided. One of the was the version 2.x, in which the
post-processing data obtained were good, but it do not give the possibility of processing Galileo
signal. On the other hand, with versions in 3.x, the usage of Galileo signals is a reality, and the
data processing obtained with this version allow to get better results. Once both version were
tested, obviously the second one (v3.x) was selected for the data treatment.

The pseudorange (code) measurement, equivalent to the difference between the time in which
the signal is transmitted by the satellite and when the signal is received by the rover.

The carrier-phase measurement (at one or both carriers) actually being a measurement on
the beat frequency between the received carrier of the satellite signal and a receiver-generated
reference frequency.

The observation time that is the reading of the receiver clock at the instant of validity of the
carrier-phase and/or the code measurements.

And, sometimes the files could include the Doppler measurements.

The name of this Rinex files has the format "aaaabbbc.xxy" and the meaning is described
below:

• aaaa: Represent the name of the receiver station.

• bbb: The day in which the measurement was registered.

• c: The time sequence of the day when the data were recorded.
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• xx: Last two digits of the present year.

• y: Kind of file.

Focusing on the letter "y" described previously, different files are presented:

• o: Observation files.

• d: Observation with Hatanaka compression.

• n: Navigation GPS files.

• m: Meteorological files.

• g: Navigation Glonass files.

• h: Navigation message of the geostationary payload GPS and navigation SBAS.

• f: Navigation Beidou files.

• l: Navigation Galileo files.

• q: Navigation QZSS files.

• p: Navigation mixed GNSS files.

• s: Observation summary.

The header of the Rinex files, contains relative information about the station, antenna or
receiver.

4.1.1 Observation files

The kind of files that are involved in this field are the base station and the rover files. The first
one, comes from a known and static position (permanent GPS station) and it will record 24 hours
of data, giving to users the possibility of downloading the desired interval depending on the time
of the rover file, being the base station file useful for applying corrections with RTKlib software.
The second type, are recorded by the smartphone or the u-blox device, being a measurement of
a non-static position (or yes) in which many errors are present and can be fixed as mentioned
previously.

The header has a brief description of the collection app (if its used), the device (station name),
antenna information, approximate coordinates, the satellites system available, the recording date,
number and kind of observations, time interval, first observation time and others.

Can be found in the file: the pseudorange, carrier-phase, SNR and Doppler measurements;
described in the first point of this chapter.

The kind of observation in the pseudorange case involves three different measurements, C1
(corresponding to C/A standard code over the frequency L1), P1 (Precise code over L1) and P2
(P code over L2). The Doppler effect gives also two measurements, D1 and D2 in L1 and L2
respectively. For SNR there are also S1 and S2, related again with the two frequencies mentioned.
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Depending on the rover, (the different devices described) the information provided could be
more precise or not, is very important, for a good develop of the project, to ensure a good device,
not forgetting that also the devices with bad conditions have to be analized to have in mind all
the possible behaviours.

Figure 4.1: Observation Rover file

4.1.2 Navigation files

This file contains satellite information, orbits, clock parameters and the accuracy of the pseu-
dorange measurements from the observable satellites. The header provides the date of creation
of the file, the name of the satellite constellation and other information. The origin of the file
is detailed in the name of it, being described in the point 4.1 of this fourth chapter. Navigation
files are provided by different sources, depending on the receptor, we have to choose one that is
near to our rover, to achieve a better accuracy in the corrections.
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Figure 4.2: Navigation file

The header that Figure 4.2 shows is the same for all the satellite signals, and then the
measurements appears [13].

These measurements are divided in two different groups, referred to the same satellite and
give information about the orbit. The columns show a first number that indicates the satellite
PRN, and after this number the information about the time of the satellite is provided, obtaining
finally all the information about position, velocity, orbit... as mentioned previously.

4.2 Geo++ Rinex Logger app

The application used for the data collection using a smartphone, is available in Android 7 or
higher. This app allows to access raw positioning data in Rinex format (observation files).

When the app is opened, it can be observed the quantity of satellites available for the smart-
phone and even which of them are the best option to be observable. Then, with a button on the
top of the app, the recording can be played. This interface is shown in Figure 4.2.
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Figure 4.3: Geo++ Rinex Logger Interface

Furthermore, the recorded time is visible all the time, being able to stop the record touching
the button "Stop". Then, once the recording is done, automatically the app save the files into a
folder in the phone storage.

Also, in the bottom part of the app, the options "Settings", "Files" and "Info" are available
for the user.
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Chapter 5

Devices

With all the specifications described in the previous chapters, the data processing can be carried
out, but first is also important to set which are going to be the devices used, and the functionality
of each one.

5.1 Rover

This devices, which will be used as a rover, are included in the user segment, being the element
of which the position wants to be known. This rover will provide the observation file relative to
the user segment.

The smartphones that have been used as a rover for this project are: Huawei P8 lite, One Plus
7 and Xiaomi Mi 8. All the devices are able to allow Android 7 and the app can be downloaded.
The main characteristcis of the phones are shown below:

Figure 5.1: Huawei P8 Lite [5]

Huawei P8 Lite
Constellations Observations Cost (€) Weight (g) Dimension (mm)
AGPS, Glonass L1 160 131 70.6x143

Table 5.1: Huawei P8 Lite Characteristics
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Figure 5.2: One Plus 7 [2]

One Plus 7
Constellations Observations Cost (€) Weight (g) Dimension (mm)
GPS, Glonass L1+L5 (Dual) 380 131 74.8x157.7

Table 5.2: One Plus 7 Characteristics

Figure 5.3: Xiaomi Mi 8 [6]

Xiaomi Mi 8
Constellations Observations Cost (€) Weight (g) Dimension (mm)

GPS, Glonass, Galileo, Beidou Dual Band 319 175 74.8x154.9

Table 5.3: Xiaomi Mi 8 Characteristics

Figure 5.4: Samsung A40 [1]

Samsung A40
Constellations Observations Cost (€) Weight (g) Dimension (mm)

GPS, Glonass, Galileo, Beidou Dual Band 159 140 69x144.3

Table 5.4: Samsung A40 Characteristics

Xiaomi Mi 8 introduced in 2018 the dual-band chipset Broadcom BCM47755 GNSS, which
allow to use the frequencies L5 and E5a (described in section 1.2 ). One of the most relevant
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features of a dual-frequency receiver is that it allows performing carrier and code-phase measure-
ments, being really useful to reduce the ionospheric effect, which is the main error in GNSS. With
the linear combination of both measurements, the elimination of this effect can be achieved.

Not all the smartphones are able to obtain good measurements, this is due to different factors
among those which are the features of them and even is important to consider the low-grade
antenna. Furthermore, the u-blox device could be used even as a rover, the characteristics of
this location device will be described in section 5.3.

The principle of the rover station is explained in Figure 1.2, the data collection can be done
by a static or motion rover.

5.2 Base Stations

The control segment is formed by a set of station that controls the space segment, this is thanks
to the constant monitoring of the satellites performed by stations located in strategic places.
Each one of these stations are located in a place with known coordinates with high accuracy and
with GPS dual-band (L1 and L2) receiver.

As a base station can be used the one created by Politècnico di Torino [3], which is located
in the building and provide observation and navigation files. Moreover, the u-blox device, if its
setted in a specific position can be used also as base station.

Figure 5.5: Antenna from PoliTO

The model used for the project is LEICAR25.R3 and their main parts are shown in Figure
5.6.
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Figure 5.6: Antenna Parts

5.3 u-blox

This module has a ceramic antenna and EEPROM integrated given a higher accuracy. The way
to use this device is really simple, it realizes the communication with serial port and allow 4 pins:
VCC, RX, TX and GND. The model that was used in this project is u-blox M8T.

Figure 5.7: u-blox device [15]

Among the most important characteristics stand out:

• Observation files.

• Supply voltage 3.5 - 5 V.

• Capture sensitivity - 148 dBm.

• Tracking sensitivity - 161 dBm.

• Frenquency Band: L1.

• Accuracy of 1 microsecond.
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Chapter 6

Data Processing

6.1 Positioning methods using smartphones

The software utilized for the data processing is RTKLib [19], in which the post-processing and
the real-time process can be performed.

Due to the main smartphone used for the present work is Xiaomi Mi 8, which includes
pseudorange and carrier-phase, is important to describe the main characteristics of these two
measurements.

6.2 Geodetic to UTM transformation

For a better comprehension of the data obtained in the position files, which comes into Geodetic
coordinates, is good to do a transformation into UTM (East, North and Altitude). Knowing
that the data recorded correspond to the UTM Zone 32N and being the hemisphere North and
East positioning. The computation is done by the following equations [12].

To do the transformation, the earth is represented by an ellipsoid, and previously of all the
computation is important to know the main characteristics of it.

Figure 6.1: Ellipsoid

Where "a" is the semi-major and "b" the semi-minor axis. These two measurements, will be
obtained from the WGS84 (World Geodetic System 1984), which is a geodetic coordinate system
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that allows to compute any point over the earth surface with three given units (x,y,z) [10]. Then,
the values for the semi-axis and the curvature polar radius "c" are:

a = 6378137m (6.1)

b = 6356752.314245m (6.2)

c = 6399593.626m (6.3)

First, the UTM zone will be computed, using the geodetic longitude of the point (λp) from
the position file (Equation 8.4), being also computed the logitude of the central meridian (λ0)
(Equation 8.5) and the longitude variation (Equation 8.6).

ZONEUTM = round(
λp
6

) + 31 (6.4)

λ0 = 6 · ZONEUTM − 183 (6.5)

∆λ = (λp − λ0) ·
π

180
(6.6)

λpr = λp ·
π

180
(6.7)

With the UTM Zone known, the computation of this parameter should be always 32, which
is the one that correspond to Torino. The different parameter that will be involved in the
transformation will be described bellow:

• e: Eccentricity.

• e′: Second ec centricity.

• k0: Scale factor with 0.9996 value.

• E0: Fake East, 500 000 meter.

• N0: Fake North is 0 for North latitudes.

With all this background, the procedure of the transformation can be carried out. Is impor-
tant that the units of latitude and longitude should be in radians for this calculations.

e =

√
a2 − b2
a

= 0.081819191 (6.8)

e′ =

√
a2 − b2
b

= 0.082094438 (6.9)

e′2 = 0.00676817 (6.10)

A = cos(λpr) · sin(∆λ) (6.11)

ξ =
1

2
· ln(

1 +A

1−A
) (6.12)

η = atan
tan(λpr)

cos(∆λ)
− λpr (6.13)
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ν =
c

(1 + e′2 · cos2(λpr))1/2
· 0.9996 (6.14)

ζ =
e′2

2
· ξ2 · cos2(λpr) (6.15)

A1 = sin(2 · λpr) (6.16)

A2 = A1 · cos2(λpr) (6.17)

J2 = λpr ·
A1

2
(6.18)

J4 =
3 · J2 +A2

4
(6.19)

J6 =
5 · J5 +A2 · cos2(λpr

3
(6.20)

α =
3

4
· e′2 (6.21)

β =
5

3
· α2 (6.22)

γ =
35

27
· α3 (6.23)

Bφ = 0.9996 · c · (λpr − α · J2 + β · J4 − γ · J6) (6.24)

With this the computation of XEast and YNorth is easily calculated.

XEast = ξ · ν · (1 +
ζ

3
) + 500000 (6.25)

YNorth = η · ν · (1 + ζ) +Bφ (6.26)

Then, all the equations described will be programmed in MatLab for an automatic processing
of the position files, for this reason, the file should be studied to have a better comprehension. The
columns with the longitude, latitude and height information are relevant for the computation.
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Figure 6.2: Position file, latitude, longitude and height
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Chapter 7

RTKLIB Software

RTKLib [20] is an open source programs package made for the standard and precise positioning
with GNSS. RTKLib consist on a library of portable programs and some access points which the
library uses.

The standard and precise positioning study is developed with raw GNSS data. It is able
to execute real-time and post-processing methods, using a base station for Precise Positioning
Point (PPP) for example among others. Furthermore, the software is compatible with the main
satellite constellations (GPS, GLONASS, Galileo, Beidou...) descirbed in section 1.2.

The software is executed with a graphical interface that can be run either in Windows or in
Linux.

This software owns differents applications which can be used for different purposes, this apps
will be described in the following sections.

7.1 Features and compatibilities

This software is able to realize different types of GNSS positioning, in real-time and post-
processing:

• DGPS/DGNSS

• Simple

• Static (Post-Processing)

• Kinematic (Post-Processing)

• Moving-Baseline

• Fixed

• PPP-Static

• PPP-Kinematic

• PPP-Fixed

33



CHAPTER 7. RTKLIB SOFTWARE Pedro Ríos Bravo

In addition, RTKLib owns compatibility with different protocols and standard GNSS formats,
allowing the following most relevant GNSS messages:

• RINEX

• CLK

• BINEX

• RTCM

• NTRIP 1.0

• SP3-c

• u-blox LEA-4T/5T/6T

• SkyTraq

These are one of the most important messages, and also is remarkable the compatibility with
external communication through Serial, TCP/IP, local registered file and FTP/HTTP.

7.2 Applications

RTKLib includes the following Graphical User Interfaces (GUI AP), which give to the user the
possibility of realize different studies and works.

Applications
Description GUI AP
Initializer RTKLaunch

Post-Processing RTKPost
Real-Time RTKNavi

RINEX Converter RTKConv
Communication Service STRSVR

Plotting RTKPlot
NTRIP Navigator NTRIP

Downloading of GNSS data and products RTKGet

Table 7.1: GUI Apps functions

7.2.1 RTKPlot

This application allows to visualize the positioning solutions from RTKPost and RTKNavi. This
tool also shows the satellite signals recorded by the receptors, commonly GPS and GLONASS.

The principal window contents all the features shown below:
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Figure 7.1: RTKPlot characteristics

• 1: Kind of graphic selection.

• 2: Toolbar.

• 3: Signal quality.

• 4: Toolbottons.

• 5: Scrollbar.

• 6: Refresh, configuration and close botton.

• 7: Graphic area.

• 8: State bar.

File: This option allows to open nav and obs files, connecting to RTKPost for the analysis.

Edit: Allowing to modify the connexion interval, the selected points and the options to work
with RTKPost can be modified.

View: The toolbar, state bar, Google Maps or Earth view, etc, are shown.

Processed points, navigation and observation files

The kind of files that can be plotted by RTKPlot are: processed points (.pos), navigation (.nav)
and observation (.obs). We can plot the main characteristics of the files, like the Satellite
Visualization, in which the satellites available are shown; the Skyplot, a representation of the
position of the satellites that are involved; the Doppler effect, the change in frequency in relation
to the observer; and the SNR (Signal-to-Noise-Ratio), the proportion of the signal to noise, being
30 dB the best quality.
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Different views are shown in Figure 7.1, in number 1, these appear when the post-processing
method is performed, these are Gnd Trk, Position, Velocity, Accel and NSat.

Gnd Trk: In this display the error in positioning is shown, being able to see also the Google
map view. In this plot the axis are horizontal and vertical, no time axe is available.

Positioning: This graphic shows the position evolution and errors by time, allowing to see the
moment in which the signal produces the failures.

Velocity: Is interesting to see this field if the data recording were done in a kinematic way,
seeing the velocity reached during the process.

Accel: As in the velocity representation, this plot is interesting in the case of a moving data
record.

NSat: This section shows the number of valid satellites, age of differential (s) and the ratio
factor for AR validation.

7.2.2 RTKConv

The main function of this app is to transform files in a complex format into a RINEX. This
translates the messages from a native receptor.

Figure 7.2: RTKConv interface

RTKConv can also extract SBAS messages from receiver raw data. This app is really impor-
tant as RTKPost uses the Rinex format for the data treatment.
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7.2.3 RTKPost

This app is dedicated to post-processing, is prepared to get solutions from data obtained by
different measurement methods, using observation and navigation files (from rover and master
devices).

The main interface of this app is represented in Figure 7.3 where can be appreciated, the
section which requires an observation file from a rover, the one referred to the base station file
(observation) and in the last section a navigation (GPS or GLONASS, clock, SP3... file can be
included.

Figure 7.3: RTKPost interface

The bottom options, show the possibility of plotting which able to represent all the graphs
explained in section 7.2.1 ; View, allow to see the .pos, generated from the initial files; To KML,
is able to represent the positioning into Google Maps or Earth; Execute, is required for running
the post-process; and Options will be described more in detail below.

Can be observed three main spaces to upload files for the data treatment:

• RINEX OBS: Rover: Here the path for observation file is included and it is processed
like rover point.

• RINEX OBS: Base Station: Here the observation file of the point is added, is processed
like Base Station.

• SBAS Corrections space: Can be introduced SBAS corrections: NAV/CLK, SP3,
IONEX or SBS/EMS.

If the button "Options" is selected, the following interface appears.
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Figure 7.4: Options interface

In this section, some different possibilities can be selected for the post-processing method,
like the positioning mode, the frequencies selected, ionospheric and tropospheric corrections, the
integer ambiguity resolution, etc.

The options selected for the data treatment can be appreciated in Figure 7.4, the most
relevant selections are the static positioning mode and the usage of GPS and GLONASS.

7.2.4 RTKNavi

This app of the RTKLib Software is dedicated for positioning in real-time, allowing the data
treatment in their different phases, differential, autonomous, by code, carrier-phase... and also
using different methods for data flow (serial, NTRIOP...).

With the rover connected to the PC, the app allows to know the coordinates of the receptor,
visualize the satellites and all of this in real-time.

The main window of the app, included also the Options, Plot, Start and Exits buttons, can
be appreciated in Figure 7.5.

Figure 7.5: RTKNavi interface
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In the upper left corner of the app, the GPS time is present, showing the GPS date and
hour. Also, is remarkable the section "Solution" in which the coordinates of the receptor
are shown, under this space, a small button can be appreciated, this is dedicated for the
RTK monitor, giving acces to a real-time report in which shows the software characteristics,
the positioning mode, satellite system, different kind of signals and frequencies... Furthermore,
the satellite and signal information appears in the right part of the interface, plotting the satellite
data in a rosette and the quality of the signals received.

This app, gives also the possibilities to select the positioning mode (static, kinematic, moving-
base, PPP...), the option of selecting among one o more frequencies, choose the satellite navigation
that is going to be used, change the data outputs, upload coordinates of the receiver, etc. For
the data processing is a requirement to stablish the data input and output format.
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Chapter 8

Positioning Results

8.1 Data collection and measurement campain

The measurement campaign have been done using the smartphones Xiaomi and Samsung, u-blox
and the base station located in Politècnico di Torino. These devices have been alternated in their
use to reach all the combinations present Table 8.1.

Deviced Involved
Xiaomi Samsung u-blox BS Polito

Rover and Base Station Rover and Base Station Rover and Base Station Base Station

Table 8.1: Usage of the deviced involved

The base station of PoliTO is able to reach GPS+GLO+GAL+BDS satellite signals and the
precise location of the base is shown in Figure 8.1, is on the top of a building.

Figure 8.1: PoliTO Station location

The antenna is a LEIAR25.R3 model, being the receiver a LEICA GR30 loceted in the back
office.
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Figure 8.2: Antenna and receiver from PoliTO

With all the elements involved in the campaign defined, the procedure was realized during
the day 9th of January and the 14th, 15th and 20th of February.

8.2 Post-Processing results

Once the data were collected, the post-processing method was carried out with the settings
established as shown in Figure 8.2, selecting Static as positioning mode, the frequencies L1+2+5,
GPS and GLO and "Fix and Hold" as Integer Ambiguity Resolution in which the static integer
ambiguities are estimated and solved, among other features.

This last mentioned characteristic is really fascinating, because with a carrier-phase integer
ambiguity resolution the unknown cycle ambiguities of the carrier-phase dataset are solved as
integers obtaining a higher accuracy in the GNSS parameter estimation.

Figure 8.3: Settings for Post-Processing

It is also interesting to know, that when the study have been performed a .pos file is gener-
ated, Positioning Solution File, which contains information about the calculated process of the
positioning results and what level of accuracy is statically expected.

8.2.1 Xiaomi 21-01-09

The measurement campaign was carried out on 9th of January, and all the combination were
studied.
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Receiver: Xiaomi, Master: Base Station PoliTO, Nav: Base Station PoliTO

Observing the positioning solution is important to highlight that mostly there are present three
different Qs, Q = 1 (green colored) is referred for fixed point position, Q = 2 (yellow colored) is
for floating point position and finally Q = 5 (red colored) single position.

Figure 8.4: Positioning Solution 1 for Xiaomi

Analysing the solution shown, the maximum error values for position and the corresponding
Q for the specific time are in Table 8.2

Maximum errors
E-W N-S U-D

Q= 2; d= -1,9 m Q= 1; d= 2,1 m Q= 1; d= -2,8 m

Table 8.2: Distance errors and Qs

Mostly, the solution is performed in fixed point position (Q = 1) which means than the
accuracy when this occurs is about millimeters.

With the ground tracking, these errors are also visualized, setting in the centre of the plot
the original position of the receiver. Being the scale of the squares of 1 meter, Figure 8.5 shows
the maximum dispersion.
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Figure 8.5: Ground Tracking Solution 1 for Xiaomi

The maximum distance represented in Figure 8.5 is bigger than 5 meters.

8.2.2 Xiaomi and u-blox 21-01-09

Receiver: Xiaomi, Master: u-blox, Nav: u-blox

In this case, the data obtained from u-blox are used as a Master, getting from it the navigation
and the base station files for the solution.

Figure 8.6: Positioning Solution 1 for Xiaomi and u-blox

Here in Figure 8.6 the solution is really stable, but at the end can be appreciated some
dispersion with Q = 5 which indicates that a single positioning its being performed.
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Maximum errors
E-W N-S U-D

Q= 5; d= 5,6 m Q= 5; d= 10,2 m Q= 5; d= -24,2 m

Table 8.3: Distance errors and Qs

Figure 8.7: Ground Tracking Solution 1 for Xiaomi and u-blox

As can be observable from Figure 8.7 the dispersion at the final points of positioning solution
I also represented, being this distance bigger than 11 meters.

Receiver: Xiaomi, Master: Base Station PoliTO Nav: u-blox

Changing the master for the data recorded by the PoliTO Base Station, the results that can be
thought to be better, have a worse response to this, probably originated by using three different
devices for the operation, creating errors in the comparison of three files with different origins.

Figure 8.8: Positioning Solution 2 for Xiaomi and u-blox
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Maximum errors
E-W N-S U-D

Q= 1; d= -1,2 m Q= 1; d= -2,8 m Q= 1; d= 5,9 m

Table 8.4: Distance errors and Qs

Figure 8.9: Ground Tracking Solution 2 for Xiaomi and u-blox

Receiver: Xiaomi, Master: u-blox Nav: Base Station PoliTO

Observing these results, can be confirmed that one kind of error may occur during the data
acquisition, this is thought because of the perfection in the data, being the error of 0 meters.

This option is also a possibility during the performance of the study, not all the data are
good and able to be studied, so this is a possibility that is good to keep in mind and to know
that the error in the measurement is possible.

Figure 8.10: Positioning Solution 3 for Xiaomi and u-blox
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Maximum errors
E-W N-S U-D

Q= 2; d= 0 m Q= 2; d= 0 m Q= 2; d= 0 m

Table 8.5: Distance errors and Qs

8.2.3 u-blox 21-01-09

Receiver: u-blox, Master: Base Station PoliTO Nav: u-blox

The behaviour of the u-blox, should be more precise than the others presented, in this case, the
master and the navigation files are different, one comes from the base station in Politècnico and
the other from the own u-blox, which probably will cause a non-regular behaviour. Nevertheless,
the result are very similar to the Smartphone ones.

Figure 8.11: Positioning Solution 1 for u-blox

Maximum errors
E-W N-S U-D

Q= 1; d= -1,2 m Q= 1; d= -2,7 m Q= 1; d= 5,5 m

Table 8.6: Distance errors and Qs
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Figure 8.12: Ground Tracking Solution 1 for u-blox

8.2.4 Samsung 21-02-14

Receiver: Samsung, Master: Base Station PoliTO Nav: Base Station PoliTO

This is a really interesting analysis, because it will be the combination used to prove the perfor-
mance of the Samsung smartphone, comparing it with the u-blox behaviour, obviously in both
cases with the same base station and navigation file.

Figure 8.13, shows that in practically the three cases, the error increases when the value of
the Q is 1, this is because of the computation capability of the smartphone, and if the calculation
method is reduced into a fixed point positioning, the accuracy will be affected. However, when
the Q values is 1, the results present an admisible error.

Figure 8.13: Positioning Solution 1 for Samsung
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Maximum errors
E-W N-S U-D

Q= 1; d= 155 m Q= 2; d= -210 m Q= 1; d= -211 m

Table 8.7: Distance errors and Qs

Figure 8.14: Ground Tracking Solution 1 for Samsung

8.2.5 Xiaomi, Samsung and u-blox 21-02-15

Receiver: Samsung, Master: Base Station PoliTO Nav: u-blox

In this case, can be observable that the majority of the data are computed with Q = 5, this
indicates that probably the possibility of using the u-blox for the navigation file is not good, it
will be checked again in the next measurements.

This kind of combination is being carried out, because it is interesting also to consider the
possibility of an u-blox as a base station in places where a good location will be required for the
mobile apps, so it is interesting to keep in mind this results.

Figure 8.15: Positioning Solution 2 for Samsung
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Maximum errors
E-W N-S U-D

Q= 5; d= 110 m Q= 5; d= -280 m Q= 5; d> 1000 m

Table 8.8: Distance errors and Qs

Figure 8.16: Ground Tracking Solution 2 for Samsung

Receiver: Samsung, Master: Base Station PoliTO Nav: Base Station PoliTO

This .pos file analysed will be used in the study, observing the dispersion after the ENU trans-
formation and the comparison with the u-blox .pos file for the same date.

Samsung device, presents more or less a regular positioning of the points, being the worst
results obtained when the Q is equal to 1. Probably, this measurement presents some repetitive
errors in positioning, but nothing that gets a value that would complicate the smartphone per-
formance. Moreover, the u-blox will be analysed in the same conditions and compared epoch by
epoch with the smartphones, and also could occur that u-blox would present the same errors in
the same epochs, being in this case the difference among smartphone and u-blox practically null.

Figure 8.17: Positioning Solution 3 for Samsung
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Maximum errors
E-W N-S U-D

Q= 1; d= 22 m Q= 1; d= 120 m Q= 1; d= -208 m

Table 8.9: Distance errors and Qs

Figure 8.18: Ground Tracking Solution 3 for Samsung

Receiver: Xiaomi, Master: Base Station PoliTO Nav: u-blox

Again, when the u-blox is used to provide the information required for the navigation file, prac-
tically all the points are computed with Q = 5, so can be affirmed that is not a good option to
consider.

Figure 8.19: Positioning Solution 2 for Xiaomi

Maximum errors
E-W N-S U-D

Q= 5; d= -13 m Q= 5; d= -16 m Q= 5; d= 24 m

Table 8.10: Distance errors and Qs
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Figure 8.20: Ground Tracking Solution 2 for Xiaomi

Receiver: Xiaomi, Master: u-blox Nav: Base Station PoliTO

In this case, the u-blox is used as a master, since it did not work properly as a navigation file
provider.

Here, the results have not got big errors and the response to the combination is good as
appreciated in Figure 8.23. With this conclusion, the possibility of the usage of an u-blox as a
Master y completely right, getting the base station data from one static point provided by an
user (there are a lot available for data adquisition).

Figure 8.21: Positioning Solution 3 for Xiaomi

Maximum errors
E-W N-S U-D

Q= 1; d= 0,8 m Q= 1; d= 0,9 m Q= 1; d= -0,8 m

Table 8.11: Distance errors and Qs
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Figure 8.22: Ground Tracking Solution 3 for Xiaomi

Ground tracking, also shows the good response of the combination, only a few points have
an insignificant error.

8.2.6 Xiaomi 21-02-15

Receiver: Xiaomi, Master: Base Station PoliTO Nav: Base Station PoliTO

This plots, show the combination used for the Xiaomi study and comparison. The results repre-
sented in Figure 8.23 and Figure 8.24 indicate that only a few points have errors, but not in a
value that could refutate the good response of the smartphone to location requirements.

With this initial analysis, the situation is promising, observing that these erros occurs in
some points and do not disable the good behaviour in positioning terms. So the comparison that
will be carried out with the u-blox response should have minimal differences.

Figure 8.23: Positioning Solution 4 for Xiaomi
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Maximum errors
E-W N-S U-D

Q= 1; d= 0,8 m Q= 1; d= -1 m Q= 1; d= 0,1 m

Table 8.12: Distance errors and Qs

Figure 8.24: Ground Tracking Solution 4 for Xiaomi

8.2.7 u-blox 21-02-15

Receiver: u-blox, Master: Base Station PoliTO Nav: Base Station PoliTO

u-blox is the element selected as a pure location device, so the expected results should be the
best in comparison with the smartphones and combinations.

However, the results that are shown in Figure 8.25 and Figure 8.26 indicate that they are
similar to the Xiaomi ones, but even the smartphone presents better results, which means that
the Xiaomi device could be used for location purposes.

Figure 8.25: Positioning Solution 2 for u-blox
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Maximum errors
E-W N-S U-D

Q= 1; d= 2,1 m Q= 1; d= -1,5 m Q= 1; d= -4,1 m

Table 8.13: Distance errors and Qs

Figure 8.26: Ground Tracking Solution 2 for u-blox

8.2.8 Samsung 21-02-20

Receiver: Samsung, Master: Base Station PoliTO Nav: Base Station PoliTO

Here are shown the results to be compared with U-blox but for a different day, the 20th of
February. In this case, Samsung device present results that are practicaly equal to the ones
represented before, with big errors in a few points and presenting even Qs equal to five. However,
and like has been said before, this kind of data could be also useful for location purposes.

Figure 8.27: Positioning Solution 5 for Samsung
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Maximum errors
E-W N-S U-D

Q= 5; d= -210 m Q= 2; d= -150 m Q= 2; d= 302 m

Table 8.14: Distance errors and Qs

Figure 8.28: Ground Tracking Solution 5 for Samsung

8.2.9 Xiaomi 21-02-20

Receiver: Xiaomi, Master: Base Station PoliTO Nav: Base Station PoliTO

Xiaomi again presents results as good as the ones recorded for the previous day, this means that
the actual smartphones are incredible devices with the capability to capture and process GNSS
data for location purposes.

Figure 8.29: Positioning Solution 5 for u-blox
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Maximum errors
E-W N-S U-D

Q= ; d= m Q= ; d= m Q= ; d= m

Table 8.15: Distance errors and Qs

Figure 8.30: Ground Tracking Solution 5 for u-blox

8.2.10 u-blox 21-02-20

Receiver: u-blox, Master: Base Station PoliTO Nav: Base Station PoliTO

Finally, the results from u-blox which will be used for the comparison in this day. Now, the
Figures shown a behaviour again worse than the presented by Xiaomi, so the comparison will be
successful for it.

Figure 8.31: Positioning Solution 2 for u-blox
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Maximum errors
E-W N-S U-D

Q= ; d= m Q= ; d= m Q= ; d= m

Table 8.16: Distance errors and Qs

Figure 8.32: Ground Tracking Solution 3 for u-blox

8.2.11 Geodetic to UTM transformation results

Following the equations described in section 6.3 and the Matlab code shown in the Annex, a
matrix with the ENU results will be obtained and used to compare the positioning solutions
epoch by epoch and with a Q classification, among different devices. It is interesting to have
the comparison between u-blox device and smartphone, to have the values differences among an
element that is completely dedicated to this purpose and a device available for everyone, the
smartphones.

Once the transformation is done, and the data are saved into a matrix, the comparison
mentioned before is performed, giving to the points different colours depending on the Q that is
assigned to the epoch.

Talking about the code in the Annex, the first step is to create a function that computes
all the equations required for the ENU transformation. After that, the results are called in the
next script, creating graphs to see that the points obtained have a dispersion. The procedure is
the following, the .xls files are stored into matrices for doing the data treatment, and once this
is done, the columns that are interesting for the study are saved, these are the East, North and
Height columns. Then, the plotting is performed using for the ’x’ axis the East column and for
the ’y’ axis the North column, being able to observe the dispersion of the points obtained in the
data recording.

The plotting which is interesting to see is the one that will be compared below, because they
present the same epochs, these are the results that correspond to Xiaomi and u-blox for the 15th

of February, with this, a global image of the behaviour of the devices in an individual way will be
completely analysed and seeing the comparison, the performance of the smartphone as a location
device will be studied.
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First, the matrix created in Matlab with the results of the transformation is shown in Figure
8.27, appreciating three columns, the first one include the East results, the second one the North
and the last one the Height results.

Figure 8.33: ENU Data MatLab Matrix

Data from 21-02-15

Then, applying the code described, the representation is done, and the results are represented in
Figure 8.34 for the Xiaomi and Figure 8.35 for the u-blox.
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Figure 8.34: Xiaomi ENU Dispersion results

Q percentages
Q=1 Q=2 Q=5
0,82% 99,18% 0%

Table 8.17: Q Xiaomi percentages

Figure 8.35: u-blox ENU Dispersion results

As can be observed, the dispersion in both devices is more or less the same, even in the
smartphone the concentration of points is bigger than in the u-blox measurements, is true that
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Q percentages
Q=1 Q=2 Q=5
51,86% 48,14% 0%

Table 8.18: Q u-blox percentages

here the Qs differentiation is not performed, but in the next subsection, with the comparison,
this will be shown. For this reason, it is feasible to start thinking about the possibility of a
Smartphone developing the functions of a pure location device.

Furthermore, the MatLab code includes a computation of the percentage of Qs that present
the dataset, and the results are shown in Table 8.17.

As a result, can be observed that the majority of the Q are equal to two, which means that
the computations mostly are done by floating point, which gives more accuracy to the results.

The other smartphone analysed is the Samsung mentioned in the thesis, so it is interesting
first to see the dispersion of the points once the transformation is done. The u-blox file that will
be used for the comparison is the same as the used for Xiaomi Figure 8.35, due to the date is
the same.

Figure 8.36: Samsung ENU Dispersion results

Q percentages
Q=1 Q=2 Q=5
32,56% 47,55% 19,89%

Table 8.19: Q Samsung percentages

These results are not as good as the Xiaomi ones, due to the percentage (Table 8.19 ) of Qs
equal to 1 and 5 (fixed and single position respectively), this confirms that the GNSS measure-
ments are getting more importance in the newest smartphones, in which the data obtained for
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this purpose have bigger accuracy. The dispersion (Figure 8.36 ) shows that the points are not
assembled at all.

This effect, will cause differences in the comparison with the u-blox, but is interesting to see
that, even with a smartphone that has not got a good location performance, the results obtained
could be used for positioning purposes that requires less precision.

Data from 21-02-20

Applying the same procedure over the data obtained for Samsung, Xiaomi and u-blox the 20th

of February. the dispersion is shown bellow.

Figure 8.37: Xiaomi ENU Dispersion results

Q percentages
Q=1 Q=2 Q=5
8,41% 88,61% 2,98%

Table 8.20: Q Xiaomi percentages
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Figure 8.38: u-blox ENU Dispersion results

Q percentages
Q=1 Q=2 Q=5
28,09% 71,91% 0%

Table 8.21: Q u-blox percentages

Figure 8.39: Samsung ENU Dispersion results

Observing the dispersion of the data and the Q percentages, the conclusion is approximately
the same as in the previous date analysis, (Table 8.20 ) and (Table 8.21 ) show the results from
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Q percentages
Q=1 Q=2 Q=5
15,96% 68,24% 15,80%

Table 8.22: Q Samsung percentages

Xiaomi and u-blox, being these with a high quality, presenting the Xiaomi data more Q = 2
(floating point) than the u-blox, which means that with Xiaomi a good positioning accuracy will
be obtained.

On the other hand, Samsung present a percentage of Q = 5 (single position), which indicates
that a worse performance of the positioning computation will be performed, however, the Q =
2 percentage is good, being able to confirm that the comparison with the u-blox device will not
be bad at all.

8.2.12 Geodetic to UTM comparison results

Data from 21-02-15

Furthermore, as we talked previously, the comparison epoch by epoch between u-blox and the
smartphones is also programmed. This code involves a call to the transformation equations,
but previously, the file selection has to be done, in which the data with same date and epoch
are compared. Once, the data are transformed, and the matrices for the study are created, the
plotting is done selecting the positioning data with the same epoch and also same Q, giving a
different colour to the Qs, as mentioned before, green for Q = 1 and yellow for Q = 2, knowing
then when the devices are acting in fixed point positioning (green) and in float point positioning
(yellow).

Being the files selected for the comparison the ones corresponding to Xiaomi and u-blox data
for the 15th of February, being the representation performed in Figure 8.30 and Figure 8.31.
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Figure 8.40: East Comparison Xiaomi and u-blox

Figure 8.41: North Comparison Xiaomi and u-blox

As can be appreciated in the first graph, the maximum variation among the devices is around
1.2 meters, appearing this values when the Q is equal to 1, fixed point solution, which offers a
solution with "less" quality with respect to Q equal to 2. Practically, all the data is obtained
by float point positioning, this is a good aspect, because normally a floating point maths offer
a bigger range of numbers, increasing the accuracy of the solution, so in this case, is fascinating
to have the major part of the data treatment processed with floating point treatment.
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The second graph, shows a really similar behaviour with respect to the first one, even in this
case, the variation is also lower than in the first case, being this value near the 0.3 meters when
Q = 1, again the Qs have the same results, being better for Q = 2. If we observe the best results,
these are lower than 0.05 meters, which indicates that the behaviour of both devices is really
similar.

As a conclusion of this comparison, can be confirmed that the Xiaomi device and u-blox have
a similar behaviour, this is really interesting because the Smartphone could achieve a location
data treatment practically equal to the one obtained with a device that is completely dedicated
to this task.

Figure 8.42: East Comparison Samsung and u-blox

Figure 8.43: North Comparison Samsung and u-blox
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As predicted before, the comparison of Samsung and u-blox was not as good as the Xiaomi
one, but the results are still interesting. East comparison present really good computation when
Q reach the value 2 being the differences with u-blox among the 1,5 meters, however, and when
the Q is equal to 1, the differences increases into values that reach the 20 meters. This may be
due to the hardware of the smartphone and that is a model older than Xiaomi.

Even the results represented in Figure 8.43 are worse than the ones shown in Figure 8.42,
but in this case, the biggest difference is in approximately 25 meters, which could be considered
for the app purposes, not with the same precision but could be useful.

Data from 21-02-20

The second dataset, present even better results for Xiaomi thant the one presented before. Here,
the differences are around 0.05 meters (for East comparison), which indicates that the behaviour
of Xiaomi and u-blox in positioning terms are very similar. Also, the percentage of Q = 2 is
higher that the Q = 1 which ensures, as shown in the Figures below, more accurate results.

Figure 8.44: East Comparison Xiaomi and u-blox
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Figure 8.45: North Comparison Samsung and u-blox

Also, in the North comparison, the results obtained ensure that the Xiaomi and u-blox
performances are practically equal. With this, the affirmation that the behaviour of a Smartphone
as a pure location device is nearest.

Again, Samsung dataset present deviations bigger than the ones presented in Xiaomi. In this
case, for some epochs, the difference reach values of 350 meters Figure 8.46, this values are only
for a few epochs and it is not a problem to be considered a to discard Samsung as a location
device.

Figure 8.46: East Comparison Samsung and u-blox
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Figure 8.47: East Comparison Samsung and u-blox Zoom

Figure 8.48: North Comparison Samsung and u-blox
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Figure 8.49: North Comparison Samsung and u-blox Zoom

This second comparison of Samsung and u-blox Figure 8.46 ), shows the same performance
that the first one, only for a few epochs the values increase to 90 meters of difference, but this
is something punctual.

Finally, with the whole comparisons performed, for Xiaomi and Samsung, in two different
days, the possibility of the usage of the smartphones as a positioning devices could be confirmed.
With this, an app could use these functionalities for the purposes required.
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Chapter 9

Conclusions

Basically, the main goal of the thesis is to study the capability of the smartphones to reach GNSS
positioning levels similar to pure location devices. If this is proved, then could be demonstrated
that the applications installed in the smartphones could take advantage of this feature, providing
to the user, a good accuracy and ensuring the correct behaviour of the app, avoiding the errors
that could cause a bad positioning of the phone.

It is interesting to exploit this characteristic of the smartphones, because sometimes and as
mentioned in the thesis, some apps use location to perform payment processes, so it is important
to use the location correctly.

Regarding all the steps followed in the development of the thesis, it has been performed,
initially some attempts for the data collection, getting results from different devices, with these
data, a classification of them was made, discarding the datasets that not achieve the minimum
required features. This bad quality in the data could be originated by the hardware of the
smartphone, the capability to accept the version of the app Geo++ or different conditions.
After this analysis, two smartphones were selected, Samsung and Xiaomi, which achieve the
expected results in the dataset.

The software used for the data processing was RTKLib, which allows developing a post-
processing study to check the good quality of the data. This program is analyzed also in the
document, to be able to understand how it works.

Once the data are selected and the software is understood, the analysis was carried out,
obtaining the .pos files, which are more or less like a text document in which the whole location
information of the device is registered. This kind of file present a latitude, longitude and height
format, and for that reason, it is required a transformation into ENU (East, North and Up)
format, to be able to compare and to have a better comprehension of the data.

Then, the main purpose of the thesis can be performed, and this is, as mentioned in the
whole thesis, to be able to confirm that an smartphone can carry out the functions of a location
device (as the u-blox) applying this capability into the apps that requires this kind of services.
It was observed that the individual behavior of each device involved in the study (Samsung,
Xiaomi and u-blox) present good features and a good quality of positioning data, after of the
post-processing data treatment. With this, it is not very difficult to have a first approximation
and to confirm that they are able to carry out location performances. It is true, that Samsung
presents results that are not as good as Xiaomi ones, but even with this kind of data, a good
positioning performance is done by the device.
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After proving and seeing the behavior of the devices individually, it was interesting to see
a comparison between a pure location device, u-blox. This study were carried out comparing
the devices performances in the same epoch, obtaining the differences among them, so if the
results would have present big differences during the whole comparison, the final conclusion of
the thesis would have been oriented into other way. The case was that the values obtained in the
study were interesting, putting the focus over the Xiaomi, that is the one that presents the best
results, the performance of it as a location device is perfect, presenting insignificant differences
with the u-blox for the same day and time. As described during the thesis, exist some devices,
as u-blox, that specifically are created with location purposes and they could be assembled in
cars to achieve better location performance, but with a devices with the Xiaomi features, this
kind of devices will not be necessary.

Knowing this, the cost of introduce a positioning element in the car, will be eliminated, being
able to achieve, as mentioned in the Objectives, the possibility of paying into gas stations without
getting out of the car, because the positioning problems will not appear. This is only one of the
multiple applications that could be performed with a good location behavior.

The Samsung case could cause confusion, but the performance presented is completely nor-
mal, this is due to the hardware of the smartphone and because it is older than Xiaomi. However,
the results are good enough to ensure a good location performance of this device. Probably it will
not have the same accuracy as Xiaomi, but it will provide to the users an admissible precision
in the apps when location.

Summarizing, this study proves that there are devices that are not able to carry out this kind
of study, due to different facts (GPS available, compatibility with Geo++ app. . . ), also ensure,
that the most recent smartphones are able to perform good positioning functions, because the
comparison with a pure location device demonstrate that, the differences are minimal.
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Chapter 10

Observations

It would be interesting to indicate, that at the beginning of the thesis study, many smartphones
ware tested to see if they could provide the raw data, in order to extract them for post-processing,
however, a lot of them could not afford this. By this fact, we could obtain wrong conclusion
and to think that not all the device are able to have a good behavior in location terms, which
obviously is true, but the impossibility to obtain the raw data for the study from an smartphone,
do not ensure that the device could not act for positioning purposes.

Furthermore, would be interesting to talk about the direct application into the Repsol app,
Waylet. Waylet is an app that allow the users to pay with the own application, and one of the
most innovative developments inside the app is that this allows the user to pay into the gas
station without getting out of the car. As explained in the objectives, sometimes an error in
the smartphone positioning could cause a wrong behavior in the payment, confusing the app
and creating the possibility of a payment in a parallel station. This is avoid by the smart-
phones that present the behavior of Xiaomi and Samsung, obtained the expected behavior of
the app. Obviously, this is also comparably to other applications that require the same location
performances.
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Appendix A

Annex

A.1 Programming Code

A.1.1 Transformation into ENU

function [East,North,Alt,Zone]=lla2enu(lat,lon,alt)
% Transformation from Lat Long Alt to ENU

latr=deg2rad(lat);
lonr=deg2rad(lon);

%Definition of the elipsoid data (WGS84).
%First, the semi-major and semi-minor axis

a=6378137; %semi-major
b=6356752.314245; %semi-minor

%Its also important to know that the hemisphere is the North and the
%Direction is East
%The excentricity is:

exc=0.081819191;
exc1=0.082094438;
exc1_2=exc1^2;

%The curvature polar radius

c=6399593.626;

%The computation of the zone

zn=round((lon/6)+31);

%the meridian zone
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znm=6*zn-183;

%delta lambda

dlam=lonr-((znm*pi)/180);

%Being Xi the vertical desviation and Eta the meridian desviation

A=cos(latr)*sin(dlam);
Xi=(1/2)*log((1+A)/(1-A));
Eta=atan((tan(latr))/cos(dlam))-latr;

%Being the scale factor at the central meridian 0.9996

Ni=(c/(1+exc1_2*(cos(latr))^2)^(1/2))*0.9996;
Zeta=(exc1_2/2)*Xi^2*(cos(latr))^2;

A1=sin(2*latr);
A2=A1*(cos(latr))^2;
J2=latr+(A1/2);
J4=((3*J2)+A2)/4;
J6=(5*J4+A2*(cos(latr))^2)/3;
alpha=(3/4)*exc1_2;
beta=(5/3)*alpha^2;
gamma=(35/27)*alpha^3;
B_phi=0.9996*c*(latr-(alpha*J2)+(beta*J4)-(gamma*J6));

%And finally the East North coordinates

East= Xi*Ni*(1+Zeta/3)+500000;
North=Eta*Ni*(1+Zeta)+B_phi;
Alt=alt;
Zone=zn;
return
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A.1.2 Analysis of the data and dispersion representation

%PEDRO RIOS BRAVO
%% 21-01-09
%Solution for Xiaomi Master:PoliTO Nav:PoliTO

clear East North Alt Zone Q1 Q2 Q5
sol1=xlsread(’21-01-09-Xiaomi.xls’);
[m,n]=size(sol1);

for i=1:m
[East(i,1),North(i,1),Alt(i,1),Zone]=lla2enu(sol1(i,3),sol1(i,4),sol1(i,5));

end
enu1=[East,North,Alt];

%Comparison of the solution by epoch

figure
plot(East,North,’*’)
title(’Solution for Xiaomi Master:PoliTO Nav:PoliTO 21-01-09’)
xlabel(’East’)
ylabel(’North’)

%Solution for Xiaomi+ublox Master:U-blox Nav: U-blox

clear East North Alt Zone
sol2=xlsread(’21-01-09-XiaomiUblox1.xls’);
[m,n]=size(sol2);

for i=1:m
[East(i,1),North(i,1),Alt(i,1),Zone]=lla2enu(sol2(i,3),sol2(i,4),sol2(i,5));

end
enu2=[East,North,Alt];

figure
plot(East,North,’*’)
title(’Solution for Xiaomi+ublox Master:U-blox Nav: U-blox 21-01-09’)
xlabel(’East’)
ylabel(’North’)

%Solution for Xiaomi+ublox Master:U-blox Nav: PoliTO

clear East North Alt Zone
sol3=xlsread(’21-01-09-XiaomiUblox3.xls’);
[m,n]=size(sol3);

for i=1:m
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[East(i,1),North(i,1),Alt(i,1),Zone]=lla2enu(sol3(i,3),sol3(i,4),sol3(i,5));

end
enu3=[East,North,Alt];

figure
plot(East,North,’*’)
title(’Solution for Xiaomi+ublox Master:U-blox Nav: PoliTO 21-01-09’)
xlabel(’East’)
ylabel(’North’)

%Solution for Ublox Master:PoliTO Nav: Ublox

clear East North Alt Zone
sol4=xlsread(’21-01-09-Ublox.xls’);
[m,n]=size(sol4);

for i=1:m
[East(i,1),North(i,1),Alt(i,1),Zone]=lla2enu(sol4(i,3),sol4(i,4),sol4(i,5));

end
enu4=[East,North,Alt];

figure
plot(East,North,’*’)
title(’Solution for Ublox Master:PoliTO Nav: Ublox 21-01-09’)
xlabel(’East’)
ylabel(’North’)

%% 21-02-14

%Solution for Samsung Master:PoliTO Nav: PoliTO

clear East North Alt Zone
sol5=xlsread(’21-02-14-Samsung.xls’);
[m,n]=size(sol5);

for i=1:m
[East(i,1),North(i,1),Alt(i,1),Zone]=lla2enu(sol5(i,3),sol5(i,4),sol5(i,5));

end
enu5=[East,North,Alt];

figure
plot(East,North,’*’)
title(’Solution for Samsung Master:PoliTO Nav: PoliTO 21-02-14’)
xlabel(’East’)
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ylabel(’North’)

%% 21-02-15

%Solution for Samsung Master:PoliTO Nav: PoliTO
clear East North Alt Zone
sol6=xlsread(’21-02-15-Samsung.xls’);
[m,n]=size(sol6);

for i=1:m
[East(i,1),North(i,1),Alt(i,1),Zone]=lla2enu(sol6(i,3),sol6(i,4),sol6(i,5));

end
enu6=[East,North,Alt];

figure
hold on
for i=1:m
if sol6(i,6)==1
plot(East(i),North(i),’*g’)
end
if sol6(i,6)==2
plot(East(i),North(i),’*y’)
end
if sol6(i,6)==5
plot(East(i),North(i),’*r’)
end
end
title(’Solution for Samsung Master:PoliTO Nav: PoliTO 21-02-15’)
xlabel(’East’)
ylabel(’North’)

%Computation of the Q percentages for Samsung

syms Q1 Q2 Q5
Q1=0;
Q2=0;
Q5=0;

for i=1:m
if sol6(i,6)==1
Q1=Q1+1;
end
if sol6(i,6)==2
Q2=Q2+1;
end
if sol6(i,6)==5
Q5=Q5+1;
end
end
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Q1Samp=(Q1/m)*100
Q2Samp=(Q2/m)*100
Q5Samp=(Q5/m)*100

%Solution for Xiaomi Master:PoliTO Nav: PoliTO

clear East North Alt Zone
sol7=xlsread(’21-02-15-Xiaomi.xls’);
[m,n]=size(sol7);

for i=1:m
[East(i,1),North(i,1),Alt(i,1),Zone]=lla2enu(sol7(i,3),sol7(i,4),sol7(i,5));

end
enu7=[East,North,Alt];

figure
hold on
for i=1:m
if sol7(i,6)==1
plot(East(i),North(i),’*g’)
end
if sol7(i,6)==2
plot(East(i),North(i),’*y’)
end
if sol7(i,6)==5
plot(East(i),North(i),’*r’)
end
end
title(’Solution for Xiaomi Master:PoliTO Nav: PoliTO 21-02-15’)
xlabel(’East’)
ylabel(’North’)

%Computation of the Q percentages for Xiaomi

syms Q1 Q2 Q5
Q1=0;
Q2=0;
Q5=0;

for i=1:m
if sol7(i,6)==1
Q1=Q1+1;
end
if sol7(i,6)==2
Q2=Q2+1;
end
if sol7(i,6)==5
Q5=Q5+1;
end
end
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Q1Xiap=(Q1/m)*100
Q2Xiap=(Q2/m)*100
Q5Xiap=(Q5/m)*100

%Solution for Ublox Master:PoliTO Nav: PoliTO

clear East North Alt Zone
sol8=xlsread(’21-02-15-Ublox.xls’);
[m,n]=size(sol8);

for i=1:m
[East(i,1),North(i,1),Alt(i,1),Zone]=lla2enu(sol8(i,3),sol8(i,4),sol8(i,5));

end
enu8=[East,North,Alt];

%Computation of the Q percentages for Xiaomi

syms Q1 Q2 Q5
Q1=0;
Q2=0;
Q5=0;

for i=1:m
if sol8(i,6)==1
Q1=Q1+1;
end
if sol8(i,6)==2
Q2=Q2+1;
end
if sol8(i,6)==5
Q5=Q5+1;
end
end

Q1Ubxp=(Q1/m)*100
Q2Ubxp=(Q2/m)*100
Q5Ubxp=(Q5/m)*100

figure
hold on
for i=1:m
if sol8(i,6)==1
plot(East(i),North(i),’*g’)
end
if sol8(i,6)==2
plot(East(i),North(i),’*y’)
end
if sol8(i,6)==5
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plot(East(i),North(i),’*r’)
end
end

title(’Solution for u-blox Master:PoliTO Nav: PoliTO 21-02-15’)
xlabel(’East’)
ylabel(’North’)

%Solution for Samsung Master:PoliTO Nav: Ublox

clear East North Alt Zone
sol9=xlsread(’21-02-15-SXU1.xls’);
[m,n]=size(sol9);

for i=1:m
[East(i,1),North(i,1),Alt(i,1),Zone]=lla2enu(sol9(i,3),sol9(i,4),sol9(i,5));

end
enu9=[East,North,Alt];

figure
hold on
for i=1:m
if sol9(i,6)==1
plot(East(i),North(i),’*g’)
end
if sol9(i,6)==2
plot(East(i),North(i),’*y’)
end
if sol9(i,6)==5
plot(East(i),North(i),’*r’)
end
end
title(’Solution for Samsung Master:PoliTO Nav: u-blox 21-02-15’)
xlabel(’East’)
ylabel(’North’)

%Solution for Samsung Master:Ublox Nav: PoliTO

clear East North Alt Zone
sol10=xlsread(’21-02-15-SXU2.xls’);
[m,n]=size(sol10);

for i=1:m
[East(i,1),North(i,1),Alt(i,1),Zone]=lla2enu(sol10(i,3),sol10(i,4),sol10(i,5));

end
enu10=[East,North,Alt];
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figure
hold on
for i=1:m
if sol10(i,6)==1
plot(East(i),North(i),’*g’)
end
if sol10(i,6)==2
plot(East(i),North(i),’*y’)
end
if sol10(i,6)==5
plot(East(i),North(i),’*r’)
end
end
title(’Solution for Samsung Master:u-blox Nav: PoliTO 21-02-15’)
xlabel(’East’)
ylabel(’North’)

%Solution for Xiaomi Master:PoliTO Nav: Ublox

clear East North Alt Zone
sol11=xlsread(’21-02-15-SXU3.xls’);
[m,n]=size(sol11);

for i=1:m
[East(i,1),North(i,1),Alt(i,1),Zone]=lla2enu(sol11(i,3),sol11(i,4),sol11(i,5));

end
enu11=[East,North,Alt];

figure
hold on
for i=1:m
if sol11(i,6)==1
plot(East(i),North(i),’*g’)
end
if sol11(i,6)==2
plot(East(i),North(i),’*y’)
end
if sol11(i,6)==5
plot(East(i),North(i),’*r’)
end
end
title(’Solution for Xiaomi Master:PoliTO Nav: u-blox 21-02-15’)
xlabel(’East’)
ylabel(’North’)

%Solution for Xiaomi Master:Ublox Nav: PoliTO
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clear East North Alt Zone
sol12=xlsread(’21-02-15-SXU4.xls’);
[m,n]=size(sol12);

for i=1:m
[East(i,1),North(i,1),Alt(i,1),Zone]=lla2enu(sol12(i,3),sol12(i,4),sol12(i,5));
end
enu12=[East,North,Alt];

figure
hold on
for i=1:m
if sol12(i,6)==1
plot(East(i),North(i),’*g’)
end
if sol12(i,6)==2
plot(East(i),North(i),’*y’)
end
if sol12(i,6)==5
plot(East(i),North(i),’*r’)
end
end
title(’Solution for Xiaomi Master:u-blox Nav: PoliTO 21-02-15’)
xlabel(’East’)
ylabel(’North’)

%% 21-02-20

%Solution for Samsung Master:PoliTO Nav: PoliTO

clear East North Alt Zone
sol13=xlsread(’21-02-20-Samsung.xls’);
[m,n]=size(sol13);

for i=1:m
[East(i,1),North(i,1),Alt(i,1),Zone]=lla2enu(sol13(i,3),sol13(i,4),sol13(i,5));
end
enu13=[East,North,Alt];

%Computation of the Q percentages for Samsung

syms Q1 Q2 Q5
Q1=0;
Q2=0;
Q5=0;

for i=1:m
if sol13(i,6)==1
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Q1=Q1+1;
end
if sol13(i,6)==2
Q2=Q2+1;
end
if sol13(i,6)==5
Q5=Q5+1;
end
end

Q1Samp=(Q1/m)*100
Q2Samp=(Q2/m)*100
Q5Samp=(Q5/m)*100

figure
hold on
for i=1:m
if sol13(i,6)==1
plot(East(i),North(i),’*g’)
end
if sol13(i,6)==2
plot(East(i),North(i),’*y’)
end
if sol13(i,6)==5
plot(East(i),North(i),’*r’)
end
end
title(’Solution for Samsung Master:PoliTO Nav: PoliTO 21-02-20’)
xlabel(’East’)
ylabel(’North’)

%Solution for Xiaomi Master:PoliTO Nav: PoliTO

clear East North Alt Zone
sol14=xlsread(’21-02-20-Xiaomi.xls’);
[m,n]=size(sol14);

for i=1:m
[East(i,1),North(i,1),Alt(i,1),Zone]=lla2enu(sol14(i,3),sol14(i,4),sol14(i,5));
end
enu14=[East,North,Alt];

%Computation of the Q percentages for Xiaomi

syms Q1 Q2 Q5
Q1=0;
Q2=0;
Q5=0;

for i=1:m
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if sol14(i,6)==1
Q1=Q1+1;
end
if sol14(i,6)==2
Q2=Q2+1;
end
if sol14(i,6)==5
Q5=Q5+1;
end
end

Q1Xiap=(Q1/m)*100
Q2Xiap=(Q2/m)*100
Q5Xiap=(Q5/m)*100

figure
hold on
for i=1:m
if sol14(i,6)==1
plot(East(i),North(i),’*g’)
end
if sol14(i,6)==2
plot(East(i),North(i),’*y’)
end
if sol14(i,6)==5
plot(East(i),North(i),’*r’)
end
end
title(’Solution for Xiaomi Master:PoliTO Nav: PoliTO 21-02-20’)
xlabel(’East’)
ylabel(’North’)

%Solution for Xiaomi Master:PoliTO Nav: PoliTO

clear East North Alt Zone
sol15=xlsread(’21-02-20-Ublox.xls’);
[m,n]=size(sol15);

for i=1:m
[East(i,1),North(i,1),Alt(i,1),Zone]=lla2enu(sol15(i,3),sol15(i,4),sol15(i,5));
end
enu15=[East,North,Alt];

%Computation of the Q percentages for Ublox

syms Q1 Q2 Q5
Q1=0;
Q2=0;
Q5=0;
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for i=1:m
if sol15(i,6)==1
Q1=Q1+1;
end
if sol15(i,6)==2
Q2=Q2+1;
end
if sol15(i,6)==5
Q5=Q5+1;
end
end

Q1Ubxp=(Q1/m)*100
Q2Ubxp=(Q2/m)*100
Q5Ubxp=(Q5/m)*100

figure
hold on
for i=1:m
if sol15(i,6)==1
plot(East(i),North(i),’*g’)
end
if sol15(i,6)==2
plot(East(i),North(i),’*y’)
end
if sol15(i,6)==5
plot(East(i),North(i),’*r’)
end
end
title(’Solution for u-blox Master:PoliTO Nav: PoliTO 21-02-20’)
xlabel(’East’)
ylabel(’North’)
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A.1.3 Comparison among the devices

%PEDRO RIOS BRAVO
% COMPARISON BY EPOCH AND Q, PEDRO RIOS BRAVO

%% Xiaomi and u-blox 21-02-15

clear
clc

%reading the solutions that we are going to compare

sol1=xlsread(’21-02-15-Xiaomi.xls’);
[m,n]=size(sol1);
sol2=xlsread(’21-02-15-Ublox.xls’);
[h,j]=size(sol2);

%Then the solution is transformed into ENU
%Xiaomi

for i=1:m
[East1(i,1),North1(i,1),Alt1(i,1),Zone]=lla2enu(sol1(i,3),sol1(i,4),sol1(i,5));
end
enu1=[sol1(:,2),East1,North1,Alt1,sol1(:,6)];

%Ublox

for i=1:h
[East2(i,1),North2(i,1),Alt2(i,1),Zone]=lla2enu(sol2(i,3),sol2(i,4),sol2(i,5));
end
enu2=[sol2(:,2),East2,North2,Alt2,sol2(:,6)];

%the the comparison have to be made between the same epochs and also the
%same Q, so we are going to check the values of each table.

k=1;
for i=1:m
for j=1:h
if enu1(i,1)==enu2(j,1) && enu1(i,5)==enu2(j,5)
comp(k,:)=[abs(enu1(i,2)-enu2(j,2)),abs(enu1(i,3)-enu2(j,3)),abs(enu1(i,4)-enu2(j,4)),
enu1(i,5)];
k=k+1;
else
end
end
end

%East representation

[r,s]=size(comp);
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figure
hold on
for i=1:r
if comp(i,4)==1
plot(i,comp(i,1),’.g’)
end
if comp(i,4)==2
plot(i,comp(i,1),’.y’)
end
end
title(’East comparison Q=1 (Green) Q=2 (Yellow) 21-02-15 Xiaomi and U-blox’)
xlabel(’Epoch’)
ylabel(’East Variation (m)’)

hold off

%North representation

figure
hold on
for i=1:r
if comp(i,4)==1
plot(i,comp(i,2),’.g’)
end
if comp(i,4)==2
plot(i,comp(i,2),’.y’)
end
end
title(’North comparison Q=1 (Green) Q=2 (Yellow) 21-02-15 Xiaomi and U-blox’)
xlabel(’Epoch’)
ylabel(’North Variation (m)’)

hold off

%% Samsung and u-blox 21-02-15

clear
clc
sol1=xlsread(’21-02-15-Samsung.xls’);
[m,n]=size(sol1);
sol2=xlsread(’21-02-15-Ublox.xls’);
[h,j]=size(sol2);

%Then the solution is transformed into ENU
%Xiaomi

for i=1:m
[East1(i,1),North1(i,1),Alt1(i,1),Zone]=lla2enu(sol1(i,3),sol1(i,4),sol1(i,5));
end
enu1=[sol1(:,2),East1,North1,Alt1,sol1(:,6)];
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%Ublox

for i=1:h
[East2(i,1),North2(i,1),Alt2(i,1),Zone]=lla2enu(sol2(i,3),sol2(i,4),sol2(i,5));
end
enu2=[sol2(:,2),East2,North2,Alt2,sol2(:,6)];

%the the comparison have to be made between the same epochs and also the
%same Q, so we are going to check the values of each table.

k=1;
for i=1:m
for j=1:h
if enu1(i,1)==enu2(j,1) && enu1(i,5)==enu2(j,5)
comp(k,:)=[abs(enu1(i,2)-enu2(j,2)),abs(enu1(i,3)-enu2(j,3)),abs(enu1(i,4)-enu2(j,4)),
enu1(i,5)];
k=k+1;
else
end
end
end

%East representation

[r,s]=size(comp);

figure
hold on
for i=1:r
if comp(i,4)==1
plot(i,comp(i,1),’.g’)
end
if comp(i,4)==2
plot(i,comp(i,1),’.y’)
end
if comp(i,4)==5
plot(i,comp(i,1),’.r’)
end
end
title(’East comparison Q=1 (Green) Q=2 (Yellow) 21-02-15 Samsung and U-blox’)
xlabel(’Epoch’)
ylabel(’East Variation (m)’)

hold off

%North representation

figure
hold on
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for i=1:r
if comp(i,4)==1
plot(i,comp(i,2),’.g’)
end
if comp(i,4)==2
plot(i,comp(i,2),’.y’)
end
if comp(i,4)==5
plot(i,comp(i,1),’.r’)
end
end
title(’North comparison Q=1 (Green) Q=2 (Yellow) 21-02-15 Samsung and U-blox’)
xlabel(’Epoch’)
ylabel(’North Variation (m)’)

hold off

%% Xiaomi and u-blox 21-02-20

clear
clc

%reading the solutions that we are going to compare

sol1=xlsread(’21-02-20-Xiaomi.xls’);
[m,n]=size(sol1);
sol2=xlsread(’21-02-20-Ublox.xls’);
[h,j]=size(sol2);

%Then the solution is transformed into ENU
%Xiaomi

for i=1:m
[East1(i,1),North1(i,1),Alt1(i,1),Zone]=lla2enu(sol1(i,3),sol1(i,4),sol1(i,5));
end
enu1=[sol1(:,2),East1,North1,Alt1,sol1(:,6)];

%Ublox

for i=1:h
[East2(i,1),North2(i,1),Alt2(i,1),Zone]=lla2enu(sol2(i,3),sol2(i,4),sol2(i,5));
end
enu2=[sol2(:,2),East2,North2,Alt2,sol2(:,6)];

%the the comparison have to be made between the same epochs and also the
%same Q, so we are going to check the values of each table.

k=1;
for i=1:m
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for j=1:h
if enu1(i,1)==enu2(j,1) && enu1(i,5)==enu2(j,5)
comp(k,:)=[abs(enu1(i,2)-enu2(j,2)),abs(enu1(i,3)-enu2(j,3)),abs(enu1(i,4)-enu2(j,4)),
enu1(i,5)];
k=k+1;
else
end
end
end

%East representation

[r,s]=size(comp);

figure
hold on
for i=1:r
if comp(i,4)==1
plot(i,comp(i,1),’.g’)
end
if comp(i,4)==2
plot(i,comp(i,1),’.y’)
end
end
title(’East comparison Q=1 (Green) Q=2 (Yellow) 21-02-20 Xiaomi and U-blox’)
xlabel(’Epoch’)
ylabel(’East Variation (m)’)

hold off

%North representation

figure
hold on
for i=1:r
if comp(i,4)==1
plot(i,comp(i,2),’.g’)
end
if comp(i,4)==2
plot(i,comp(i,2),’.y’)
end
end
title(’North comparison Q=1 (Green) Q=2 (Yellow) 21-02-20 Xiaomi and U-blox’)
xlabel(’Epoch’)
ylabel(’North Variation (m)’)

hold off

%% Samsung and u-blox 21-02-20

clear
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clc
sol1=xlsread(’21-02-20-Samsung.xls’);
[m,n]=size(sol1);
sol2=xlsread(’21-02-20-Ublox.xls’);
[h,j]=size(sol2);

%Then the solution is transformed into ENU
%Samsung

for i=1:m
[East1(i,1),North1(i,1),Alt1(i,1),Zone]=lla2enu(sol1(i,3),sol1(i,4),sol1(i,5));
end
enu1=[sol1(:,2),East1,North1,Alt1,sol1(:,6)];

%Ublox

for i=1:h
[East2(i,1),North2(i,1),Alt2(i,1),Zone]=lla2enu(sol2(i,3),sol2(i,4),sol2(i,5));
end
enu2=[sol2(:,2),East2,North2,Alt2,sol2(:,6)];

%the the comparison have to be made between the same epochs and also the
%same Q, so we are going to check the values of each table.

k=1;
for i=1:m
for j=1:h
if enu1(i,1)==enu2(j,1) && enu1(i,5)==enu2(j,5)
comp(k,:)=[abs(enu1(i,2)-enu2(j,2)),abs(enu1(i,3)-enu2(j,3)),abs(enu1(i,4)-enu2(j,4)),
enu1(i,5)];
k=k+1;
else
end
end
end

%East representation

[r,s]=size(comp);

figure
hold on
for i=1:r
if comp(i,4)==1
plot(i,comp(i,1),’.g’)
end
if comp(i,4)==2
plot(i,comp(i,1),’.y’)
end
if comp(i,4)==5
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plot(i,comp(i,1),’.r’)
end
end
title(’East comparison Q=1 (Green) Q=2 (Yellow) 21-02-20 Samsung and U-blox’)
xlabel(’Epoch’)
ylabel(’East Variation (m)’)

hold off

%North representation

figure
hold on
for i=1:r
if comp(i,4)==1
plot(i,comp(i,2),’.g’)
end
if comp(i,4)==2
plot(i,comp(i,2),’.y’)
end
if comp(i,4)==5
plot(i,comp(i,1),’.r’)
end
end
title(’North comparison Q=1 (Green) Q=2 (Yellow) 21-02-20 Samsung and U-blox’)
xlabel(’Epoch’)
ylabel(’North Variation (m)’)

hold off
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