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Abstract

Localization systems nowadays are extensively used by a growing number of
mobile devices, such as smartphones and tablets integrated with various appli-
cations, and their use for traditional purposes such as navigation and geodesy
have pushed the development of new techniques and improved algorithms. The
combination of multiple techniques is the most common approach. Global Navi-
gation Satellite Systems, such as GPS are well known and established localization
systems that have great accuracy but are limited to locations where the strength
of the signal is good. Therefore a new approach that could increase the sensi-
tivity and even the accuracy by using GPS could benefit a large group of users.
This thesis originally proposes a new approach for these signals, based on Par-
ticle Filters that proved to work well in mitigating problems in an audio-based
localization system. The results obtained show that this approach can increase
the sensitivity of the system as a whole and positions estimations can be achieved
under conditions that previous systems were not able to.
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Chapter 1

Introduction

The Global Positioning System (GPS) is a navigation system based on space
vehicle (SV) satellites that can provide accurate time and location information
to any observer at, or in the proximity of the surface of the Earth.

Due to implementation details, current navigation approaches do not perform
well when the signal is obtained without a good line of sight with the sky. Position
estimations are often not possible, leading to the main motivation of this work.
Using a Particle Filter approach, this project’s main objective was to increase the
sensitivity to the GPS signal. This way, providing means to estimate locations
where the common existing methods fail to do so.

While the current methods try to solve a set of navigation equations in order
to estimate a position, this new method pre-compute a set of expected readings
that would be made at different locations at a given time. The actual readings
made from the incoming signal are compared to this set of points (or particles)
and the one that best fits these estimations is declared as the location for that
iteration.

This algorithm will be explained in further details in this document. Briefly,
the contribution of different satellites to the estimations is aggregated. As a
consequence, this reverse approach is more robust and can still benefit from
weak signals that the current approaches could not.

1.1 GPS System

The GPS system was initially designed in the early 1960’s by several U.S. gov-
ernment organizations with the aim of providing three-dimensional positioning
with global coverage, continuous/all weather operation, and the ability to serve
various platforms with high accuracy. Nowadays it is fully operational and all the
initial proposed design goals have been achieved. Satellite signal transmissions
are referenced to highly accurate atomic clocks onboard, which are constantly in
synchronism with a GPS time base and are periodically updated and corrected
by base stations distributed across the globe.
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1. Introduction 2

Nominally, GPS consists of 24 satellites in nearly circular orbits at an altitude
of approximately 20,000 km of altitude above the surface of the Earth. Their
sideral revolution (a complete orbit) period is almost as long as half a sideral
day at the Earth (11 hours and 58 minutes). Thanks to this setup, the same
satellite configuration may be observed in the sky at a given point in the surface
of the planet and at the same time of the day over consecutive days. This
particular organization allows for the simultaneous observation of at least 4 GPS
satellites from any point of the surface of the Earth at any time of the day, and
eight or more at particular times and places [1]. GPS can provide service to
an unlimited number of users since the user receivers operate passively meaning
that, they only receive signals. This inherently guarantees privacy for users since
the computation of an observer’s position can be done with no interactions with
the system.

GPS provides services both for civil and military users known as, the Stan-
dard Positioning Service (SPS) and Precise Positioning Service (PPS) respec-
tively. There are no restrictions on SPS usage and it is specified to provide
an accuracy of at least 13 meters in the horizontal plane and 22 meters in the
vertical plane [2].

The use of GPS has evolved, defining the directions of research into better
techniques for enhanced signal sensitivity. The following are common uses of
GPS:

• Navigation: position and velocity of objects are calculated (with reference
to a coordinates system);

• Geodesy: measurement and representation of the Earth [3];

• Emergency calls, when for instance the location of the caller must be dis-
covered [4, 5]; and

• Social Networks (e.g. Foursquare, Facebook or Google+ as shown on Fig-
ure 1.1).

The following sections of this Introduction will detail how GPS works as
it is defined today, the problems of indoors localization on which this thesis is
based and will comment on the contributions of this thesis towards solving these
problems. Later chapters will describe the related work in terms of what is the
state of the art in this area, an explanation of the methods used as well as an
evaluation of the obtained results. Finally, ideas for future work are explored in
the conclusion.
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Figure 1.1: Google+ check-in screen.

1.1.1 Signal

The GPS satellites broadcast their signals using a technique called Code Division
Multiple Access (CDMA) in two different frequencies called L1 and L2. All the
satellites use these frequencies but with different ranging codes. These codes
were selected because of their low cross-correlation properties with respect to
one another. Each space vehicle (SV) generates a short periodic code referred
to as coarse/acquisition or C/A code. Finally the third part of the signal is
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the navigation data, which provides a means for the receiver to compute the
location and time of the satellites at the time of the transmission, while the
ranging code allows the user’s receiver to compute the transmit time of the signal
(time at the satellite) and therefore determine the satellite-to-user range, or
pseudorange. This technique does not require that the receiver contain a precise
clock. Such clocks are often equipped with a crystal oscillator that would hardly
ever match the time present on the satellites with good precision. Therefore,
using time of arrival (TOA) ranging measurements of at least four different SV’s
is required. The Figure 1.2 illustrates how these signals are modulated before
being transmitted by the satellites.

Figure 1.2: GPS signals ©Wikipedia, CC BY-SA 3.0 [6]

Both L1 and L2 frequencies are derived from a common frequency f0 = 10.23
MHz. This means:

fL1 = 154f0 = 1,575.42 MHz
fL2 = 120f0 = 1,227.60 MHz

These definitions are important so that receivers can be tuned to the cor-
rect frequency for these signals as well as help national agencies from different
countries regulate the use of these bands to avoid interference.

The spreading sequence used in GPS as C/A codes are often referenced to as
Gold codes, described by Robert Gold in 1967 [7]. This sequence is commonly
referred to as a pseudorandom noise (PRN) since it is generated with noise-like

http://creativecommons.org/licenses/by-sa/3.0/deed.en
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Figure 1.3: GPS Navigation Data: Telemetry (TLM) contains a preamble, parity
and reserved bits; Hand Over Word (HOW) contains the Time of the Week
(TOW), frame ID and anti-spoofing flags. Ephemeris is unique for each satellite
and provides means for a precise computation of their trajectories. Almanac is
sent by all satellites and contains data for a rough estimation on the satellites
location.

properties. Each satellite transmits a unique deterministic sequence composed of
1023 bits (512 ones and 511 zeros) that periodically repeats every 1 millisecond.
This pseudorandom sequence is designed in a way that the cross-correlation
between two signals will only give a peak if both are identical and perfectly
aligned (zero lag). This property is extremely useful in searching for which space
vehicles are in sight and, as will be described later, in figuring out where a new
PRN sequence starts in a set of samples[8].

The navigation data is transmitted at 50 bps and its basic format contains a
frame that is 1500 bits long and is composed of 5 subframes, each having a length
of 300 bits. With that bit rate the transmission of a subframe lasts 6 seconds, one
frame lasts 30 seconds and the entire navigation message 12.5 minutes. Figure
1.3 shows a representation of a frame and its subframes and the information that
is contained in each subframe.

Each subframe begins with two special words: the Telemetry (TLM) and
the Handover (HOW). The TLM is the first word of each frame, containing a
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preamble, parity and reserved bits, and is often used for frame synchronization.
The HOW is a truncated version of the Time of Week (TOW: the number of
seconds since the beginning of the week at Saturday/Sunday midnight) followed
by flags supplying information to the user of anti-spoofing as well as the subframe
ID.

The other parts of the navigation data are distributed in its respective sub-
frame as follows:

Subframe 1 - Clock Correction containing information about time at the Satel-
lites as well as health and accuracy information that indicates whether or
not the information should be trusted.

Subframe 2 and 3 - Satellite Ephemeris data that contains information about
the satellite orbit and is required to compute the location of these space
vehicles.

Subframe 4 and 5 - Support data that repeat every 12.5 minutes, with a total
of 50 subframes. They contain the almanac which is a simplified version of
the ephemeris and clock data of all satellites as well as UTC parameters,
health indicators and ionospheric parameters.

1.1.2 Acquisition variables

While trying to acquire the GPS signal, due to the fact that the satellites are
moving, the observer is moving (the Earth is spinning as well as the observer
might be in a car or an aircraft) and also the fact that the local clock at the
observer receiver is not perfectly synchronized with the GPS clock, the search
for these two variables is needed. These are known as Doppler Shift and Code
Phase.

The Doppler Shift as the name suggests, is the variation in the actual
observed frequency of the carrier due to the relative movement of the observer
to any space vehicle (SV). It is a result of what is known as Doppler effect.
Figure 1.4 illustrates this problem. An observer moving in the direction of the
signal source would observe a frequency higher than it actually is. Conversely,
an observer moving away from the source would observe a frequency lower than
what it actually is.

Therefore, depending on the location and speed of both observer and SV,
the value and the sign of this Doppler shift will be different. There is also a
feedback loop that affects the frequency of the obtained signal. The received
signal is shifted into an Intermediate Frequency (IF). This step, reduces the
original frequency of the carrier by mixing it with a locally generated signal. The
resulting IF will have a frequency of fIF+fD, where fIF is the design IF frequency
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Figure 1.4: Doppler Effect ©Wikipedia, CC BY-SA 3.0 [9]

(e.g. 4 MHz). The second component fD is the Doppler frequency caused by the
speed of the satellite. For example, for any observer that is standing still near the
surface of the Earth, depending on his location and time of the day, an ascending
satellite can move up to 800 m/s towards a receiver, causing a frequency shift of
L1·800/c = 4.2 KHz, where c is the speed of light [10]. The frequency feedback is
designed to keep the local oscillator at a value that equals the IF frequency. The
local oscillator in common GPS receivers is usually a temperature-compensated
crystal oscillator (TCXO), and it will have some offset frequency fe, which
must be compensated for by driving the oscillator at the appropriate offset. If
the local oscillator generates a frequency slightly different from the IF frequency,
this offset will also affect the resulting correlation of the signal.

The Code Phase is given by the fact that the user receiver is not able
to estimate at what time a certain message left a satellite before decoding the
message contained in it. As already mentioned, the clock at the receiver is often
built using cheap TCXO oscillators. These oscillators drift too fast and therefore
do not provide a required stability and accuracy over time. As a drawback of this
choice, the local clock of its user will constantly drift away from a time that was
initially set and is, thus unreliable to be used with GPS specially in low signal to
noise ratio conditions [11]. Therefore, by using the time measured locally, there
is no way to estimate where a certain element (either the start of a new PRN
sequence or even any navigation data bit) can be found inside a set of samples.

Another important factor that might influence the Code Phase are the Iono-
spheric and Tropospheric path delays. These two layers (Ionosphere and Tropo-
sphere) that form part of our atmosphere, influence the time an electromagnetic
wave takes to traverse them [12, 13]. The estimated influence of the Ionospheric
delay is often give as part of the navigation data as already mentioned and Tro-
pospheric can be modelled if a higher accuracy is required.

These two variables will affect the resulting samples made by the receiver
and will require a computational effort before the actual signal can be used. The
following is a list of some of the implementation losses that current GPS systems

http://creativecommons.org/licenses/by-sa/3.0/deed.en
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are subject to:

• Due to band limitation imposed by filters in the front-end, waves of the
PRN code are not perfectly square, and independent noise samples are not
really independent;

• Analog signal is sampled into a limited number of bits before the base-
band. Therefore, it will be a discrete representation of a real number. This
quantization is limited by the implementation of the AD converter. This
may limit either the resolution of the measurements, the boundaries of the
value or both. As a consequence, the reconstruction of the original signal
will not be completely identical;

• The incoming signal is mixed with a reference wave to remove the carrier
frequency and leave only the PRN code. This reference frequency will cer-
tainly not match perfectly the received carrier, due to drifts in the reference
clock of the satellites and receiver, as well as due to the movement of any
of them. Therefore the resulting PRN code will be distorted; and

• When correlating the received signal with a local copy of the PRN code, the
initial code alignment is unknown. The output are sampled points under
the correlation triangle, as shown in Figure 1.5. Any code misalignment
will cause the sample points to miss the top of the triangle.

Figure 1.5: Correlation triangle peak misalignment [14].
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1.1.3 Assisted GPS

In order for a receiver to be able to estimate a location, the correct Doppler Shift
and Code Phase for each SV must be found before the systems is able to decode
the ephemeris sent by the space vehicles (SV) in the sky. Once this step is done,
the information can be decoded. But given the slow bit-rate of the transmission
(50 bps) and the extra elements that are transmitted, a complete frame will take
at least 30 seconds to be received. Therefore, a receiver can take more than one
minute to be able to compute the first estimation of coordinates.

To speed up this process, a service commonly referred to as AGPS (for
Assited GPS) was developed in recent years with the aim of helping the sig-
nal acquisition as well as speeding up the downloading of the navigation data
[15, 16]. Figure 1.6 shows a representation of this system.

Figure 1.6: Assisted GPS information retrieval ©Wikipedia, CC BY-SA 3.0 [17]

By querying an AGPS service provider and sending, for instance which cell
phone base stations are in range, the observer receiver can obtain:

• Acquisition assistance - that can provide a rough estimation of what is

http://creativecommons.org/licenses/by-sa/3.0/deed.en
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the expected Code Phase and Doppler Shift, among others;

• Almanac - The full Almanac of the GPS operational SVs;

• Ephemeris - The Ephemeris data for the SVs that are expected to be in
the sky at that moment;

• Time - A precise time information that can be used to synchronize the
local clock; and

• Position - The exact location of the base station a reference point that is
nearby.

With this information being downloaded from a separate service in a higher
download bit-rate, the time required to search for a satellite signal and the time
to estimate the first position can be reduced down to 1 second. With these
Acquisition Assistance data the search space for the actual uncertainties in the
signal can be reduced. Especially since specially the ephemeris will be instantly
available, the estimation of a new set of coordinates can also be improved.

Companies like Google and Nokia as well as Telecom providers such as Orange
and T-Mobile, often have this kind of services running with Secure User Plane
Location (SUPL v.1 or v.2) which is an IP based protocol that can be accessed
via data packets using, for example a mobile phone [18].

1.1.4 Navigation Equations

The traveling time between satellite k and receiver i is denoted by τki . Let c be
the speed of light in the vacuum, the pseudorange P k

i is defined as:

ti − tk = τki = P k
i /c (1.1)

Let any given time in GPS be called tGPS . The clock at a satellite k and
the clock at the receiver i do not run perfectly aligned, as already discussed.
Therefore, there is a clock offset defined as:

ti = tGPS + dti (1.2)

tk = (ti − τki )GPS + dtk (1.3)

The dtk is given from the ephemeris parameters. Rearranging Equation 1.1:

tk = ti − P k
i /c (1.4)
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For software receivers a time tcommon common to all pseudoranges observa-
tions is defined as the time of transmission at the satellites. Hence the compu-
tation of position of satellite k is done at:

tk = tcommon − dtk (1.5)

To estimate the observer’s position from pseudoranges, the most commonly
used algorithm is based on the least-squares method. It is used when there are
at least the same number of observations as of unknowns.

Let the geometrical range between satellite k and receiver i be denoted ρki , c
be the speed of light, dti the observer clock offset, dtk the satellite clock offset,
T k
i the tropospheric delay, Iki the ionospheric delay, and eki the observational

error of the pseudorange. The observation equation for the pseudorange P k
i is:

P k
i = ρki + c(dti − dtk) + T k

i + Iki + eki (1.6)

The geometrical range ρki between the satellite and the receiver is computer as:

ρki =
√

(Xk −Xi)2 + (Y k − Yi)2 + (Zk − Zi)2 (1.7)

Inserting 1.6 into 1.7 yields:

P k
i =

√
(Xk −Xi)2 + (Y k − Yi)2 + (Zk − Zi)2 + c(dti − dtk) + T k

i + Iki + eki
(1.8)

From the ephemerides, the position of the satellites (Xk, Y k, Zk) can be com-
puted. The tropospheric delay T k

i as well as the ionospheric delay can be esti-
mated from a pre-computed model.

The Equation 1.8 contains four unknowns Xi, Yi, Zi and dti. The error eki
is minimized by using the least-squares method. To compute the position and
time of the receiver, at least four pseudoranges are needed[19].

1.1.5 Classical GPS algorithm

This method to be described is the most commonly used approach due to its
simplicity and good accuracy when the signal-to-noise ratio (SNR) is above
certain levels and is obtained mostly with clear line of sight (LOS) with GPS
satellites. Figure 1.7 diagrams this classical approach.
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Figure 1.7: Classical GPS approach diagram

The first stage after sampling the signal is named Acquisition. In this
stage a coarse search of the Doppler Shift and Code phase is performed. In
a 2-dimensional search, a range of different frequencies by which the carrier is
shifted and a range, limited by the sampling rate, of code phases is performed
in order to find this first estimation on these values.

To implement this search, an efficient method, named Parallel Code Phase
Search, performs a circular cross-correlation [20] between the obtained signal
and a locally generated PRN sequence of a certain satellite. This is done for
different frequencies around which the expected Doppler shift would be expected
to be.

The result of this multi-dimensional search would be a matrix in which a
clear and distinct peak is expected for the best approximation on both variables.

Using these estimations that could for instance satisfy certain criteria, the
next two blocks represented in a parallel execution comprehend the Tracking
block. In this stage, a refined search of the Code phase and Doppler shift is per-
formed. These values are tracked for variations with the use of transfer functions.
Finally the navigation data from that specific satellite are demodulated.

The next stage, often named Telemetry, is responsible for extracting the
navigation data from the bits demodulated in the previous block.

The first step is to look for the beginning of a subframe. This is done by
searching for the preamble that marks the start of it. Once this is done, the
300 bits that form each subframe can be decoded into the actual information
that they contain. At this point the most important parts are the hand over
word (HOW) that contains the time of the week (TOW) when that frame was
transmitted at the satellite, which contains the number of seconds since the be-
ginning of that week (Saturday to Sunday mid-night) and the subframe-ID. The
following words will contain different information depending on which subframe
is being looked at that moment. From these words the other parameters, such as
ephemeris, almanac, UTC model and ionospheric model can finally be decoded.

Once a full frame is demodulated, the position of the corresponding satellite
can be computed and a new pseudorange can be estimated with the use of the full
information available. With this first estimation, if there are enough satellites
in sight, a first estimation of the location of the observer as well as time when
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the messages arrived, can be calculated. The resulting values from this first
estimation can then be used for a second iteration to correct the clock offset of
the receiver. A new set of pseudoranges and finally a new set of coordinates
for the observer, this time with more accurate values can be calculated. The
computation of the position of the satellites as well as of the observer is done in
a block often called PVT, for position, velocity and time.

1.2 Indoor localization

In the same way a user wants to figure out his location while walking in a park,
with a clear sky above his head with a direct line of sight (LOS) to a certain
number of GPS satellites, a user walking at the streets looking for a restaurant,
but surrounded by tall buildings or even sitting indoors in his office may also
want this possibility.

The total power of the signal radiated from each GPS satellite is around 27
watts and given their altitude (around 20,000 km), when this signal reaches an
outdoors receiver on the Earth, the actual received power is about 100 attowatts;
where ”atto” means 10−18, or −170 dbW (using Decibel notation). When moving
indoors, this signal becomes even weaker.

An extensive study done by Kjærgaard, MB et al. [21] shows the average
attenuation of the GPS signal for different materials that may compose the parts
of a building. From the values presented, it is possible to understand that by
moving inside a structured building, the signal-to-noise ratio may drop to values
that are too low for a standard receiver. This can make estimation of positions
impossible for current methods that would only use the GPS signal as a reference.

1.2.1 Related work

A brief analysis of related work that can be found in the literature, either with or
without the use of any Global Navigation Satellite Systems (GNSS), especially
for indoor localization, is presented here.

Aided-GPS Localization Systems

The work done by [22] combines the use of GPS and fuzzy logic algorithms to
compute the user location when the signal strength is too low. This is done using
an aid system based on an already existent map of the possible tracks a car can
take and gyroscopes that would detect the motion of the vehicle while moving.

The combination of GPS and other electromagnetic wave signals, such as
Ultra-Wideband (UWB) [23, 24, 25, 26] or WiFi [27, 28] for localization has
been explored in many different projects and studies. Since GPS is known to
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work well for positioning outdoors, and other methods for localization can be
used with great accuracy indoors, systems can use a combination of the best of
each, depending on the current location of the observer. Some of the drawbacks
of these systems are that an extra equipment might be required to provide this
infrastructure as well as a mapping of the desired area must be done before it
can be used. This would increases the time and money required for them to be
used.

The combination of using either two different GNSS’s, such as GPS and
Galileo (an EU system, very similar to GPS, from the US) [29] or locally gener-
ated GPS signals with the use of either signal repeaters or pseudolites [30, 31, 32]
as represented on Figure 1.8, showed good improvements in sensitivity and ac-
curacy, without the negative point of the user requiring new hardware. Instead,
either a new firmware for the existing receiver would be necessary or incurring a
cost due to new indoor infrastructure would be inevitable.

Figure 1.8: Aided GPS with pseudolite.

Non-GPS localization systems

Without any assistance from a GPS signal, the work done by Chung, J. et al.
in [33] makes use of measurements of the Earth’s magnetic field to estimate
locations with very good accuracy. The main problems were the need for a
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precise mapping of desired areas as well as interference caused by structural
steel elements in a building.

Other interesting evaluations and comparison of multiple systems were made
by [30, 34]. Projects using Ultra-Wideband, standard TV signals, RFID, In-
frared, IEEE 802.11 WLANs, Ultrasonic and Bluetooth are examples of active
systems that are capable of different sensitivities, accuracies and scalabilities.
Given the persistent requirement for extra infrastructure and even in some cases
extra hardware equipment, these approaches are limited to specific places and
would require a target public (i.e. minimum number of expected users) to decide
to deploy it.

Figure 1.9: RFID indoor localization ©Wikipedia, CC BY-SA 3.0 [35]

Figure 1.9 illustrates a localizations system using RFID tags. As a user gets
closer to an RFID tag and is able to identify it, its receiver is able to query a
service that can resolve, for instance, in which room or floor of a building that
receiver is. The accuracy of this system is directly related to the total number
of available tags deployed.

1.3 Contributions

The original idea of this Master’s thesis was to implement and test an algorithm
to enhance the sensitivity of GPS, especially in environments where there is no
clear line-of-sight between the user and the satellites. This situation would make

http://creativecommons.org/licenses/by-sa/3.0/deed.en
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the conventional methods perform poorly or even prevent it from working, but
the proposed method aimed to change this panorama and increase accuracy in
these cases.

This project was based on the Bachelor’s Thesis of a former student of the
Distributed Computing group, at ETH Zürich. In his thesis, Manuel Eichel-
berger [36] presented a localization system based on Audio signals. These sig-
nals were, however, weak, had a very short duration and experienced interference
from other objects and even reflections of the original wave. After trying differ-
ent algorithms, a Particle Filter approach was proposed and showed impressive
results.

To try to implement this same approach, but for GPS signals was the original
idea of this Master Thesis. As will be presented in the following sections, this
approach proved to be implementable, and even brought improvements to the
problem of solving the estimation of the geographical coordinates of an observer
under the pointed complicated conditions.

As one of the steps to implement it that will be explained later in greater
detail, a relation between samples and the timestamps of these samples had to
be found for a given set of captured GPS signals. This was achieved with good
accuracy (sub-milliseconds) and can be used for other projects that might try
different approaches but that would still need a good relation between samples
and timestamps.

The software with which the whole implementation was done will be ex-
plained in the next sections. It is an open-source project in which I made some
contributions to their code. These contributions either corrected bugs or en-
hanced existing parts of the implemented algorithms. My contributions were so
relevant and even my name was even eventually included in the AUTHORS file
of the project. This shows the importance of my work to others and a good
integration of my work with that of the other members of this open-source com-
munity.

At the time of writing, the source code corresponding to the new algorithm
had not been submitted to the project mainline since it was still an idea with
no concrete results that could benefit common users. Should improvements be
made to this code such that it can finally produce accurate results, this could
also be contributed to the community in the future.

A great knowledge of GNSS systems and signal processing was the most
beneficial improvements I achieved while working on this project. I believe the
source code produced has the potential to be extremely helpful for further studies
in other possible techniques that can improve the GPS user experience. Such
improvements could impact the daily lives of many people.



Chapter 2

Methods

In order to acquire the GPS L1 C/A signal and process it in order to develop
the proposed ideas of this thesis, the following set of tools was required:

• An Radio Frequency (RF) front-end, capable of tuning the correct fre-
quency of the GPS L1 band (1,575.42 MHz) sampling this signal with a
high sampling rate, and being able to output a complex baseband repre-
sentation of that signal. This was required in order to give flexibility to
the algorithms that were evaluated as well as to increase the sensitivity to
highly attenuated signals when testing the setup indoors; and

• A Software Defined Radio (SDR) platform that would capable of commu-
nicating with the RF front-end while providing a flexible API in order to
facilitate the implementation of different algorithms without the complex-
ity and extra cost of implementing a new hardware.

To be evaluated, two different algorithms were analyzed and their results
compared. Their characteristics are the following:

• A standard Acquisition-Tracking algorithm, that is the most well-known
and used approach for GPS signals and location estimation only based on
the average of the recent computed points, therefore without the use of any
complex filtering; and

• A reverse approach, based on Particle Filtering (or Sequential Monte Carlo)
methods. The idea is to pre-compute a grid of possible and plausible solu-
tions and try to see, based on the readings made from the RF front-end,
which ones fit best and take them as a solution. To the best of our knowl-
edge, such an approach was never tested using GPS systems and the first
idea was to implement and test it as a proof of concept, leaving further
optimizations for the future.

17
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2.1 Hardware

Given a few available options for a Radio Frequency (RF) front-end, the one that
was finally chosen for this thesis was the Ettus USRP B2001. Its characteristics
that are relevant to this project are as follows:

• Continuous RF coverage from 70 MHz to 6GHz, allowing the acquisition
of the GPS L1 band (1,575.42 GHz);

• High sampling rate, with up to 61.44 MS/s (Samples/second), allowing for
a higher sensitivity for the acquired signal;

• USB 3.0 connectivity, which allows for a simple and fast interface with a
computer thereby, allowing the corresponding sampling-rate to be trans-
fered at high speed to be either stored or processed in real-time;

• GNURadio compatibility (this tool will be explained in the next section of
this chapter); and

• Equipped with the Analog Devices AD9361 Radio Frequency Integrated
Circuit (RFIC). This chip does the analog-to-digital conversion in Bi-
Phase Shift Key Modulation (BPSK[37]) as well as a controllable receiver
gain.

To acquire the signal an input it into the USRP board, an active GPS an-
tenna2 was used, similar to the one shown in Figure 2.1. This kind of antenna
allows for a narrow band selection as well as a first amplification stage for the
signal in order to minimize noise interference and increase the sensitivity for a
specific frequency band.

Since it is an active antenna, an external Bias-Tee was used to power its elec-
tronic components, as represented in Figure 2.2. The circuit is a simple high-pass
filter in which the DC point would be connected to a +5 volts DC source, the
RF point connected to the RF front-end and the RF+DC connected to the
active antenna, providing the required power.

2.2 Software framework

To implement the signal processing part of the project it was decided that a
Software Defined Radio (SDR) would be used instead of dedicated integrated

1https://www.ettus.com/product/details/UB200-KIT
2https://www.ettus.com/product/details/GPS-ANT-5V
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Figure 2.1: Active GPS antenna ©Sparkfun, CC BY-NC-SA 3.0 [38]

Figure 2.2: Bias-T circuit representation ©Wikipedia, CC BY-SA 3.0 [39]

circuits. Therefore, GNU Radio3 was considered as a first option since it pro-
vides a driver interface with the aforementioned USRP board; a block design
that can control the stream of data between the blocks with use of an advanced

3http://gnuradio.org/redmine/projects/gnuradio/wiki

http://creativecommons.org/licenses/by-nc-sa/3.0/
http://creativecommons.org/licenses/by-sa/3.0/deed.en
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scheduler as well as a thread-per-block concept that simplifies the implementa-
tion and execution of the code in a multi-core environment with good scalability.
Additionally, and crucially, it is an open source software.

This software provides a good documentation that clearly describes its API,
available in both C++ and Python. Numerous research projects make use of
GNU Radio as an SDR, therefore its community is considerably big and active
via discussion forums and mailing lists.

By the time this report was written, the most recent, stable version of GNU
Radio available was version 3.7.3 and it had to be installed along with the USRP
Hardware Driver (UHD) that was available in the version 003.007.001. This
last one would make the interface between GNU Radio and the USRP RF board
viable.

To finally implement and test the algorithms, an existing SDR tool-box,
that wraps the GNU Radio framework was used. This software is the Global
Navigation Satellite System Software Defined Receiver4 (GNSS-SDR). It is an
open-source software, mainly developed at the Centre Tecnològic Telecomuni-
cacions Catalunya5 (CTTC) in Barcelona, Spain. Supported by this research
center and a growing group of other developers, this project is currently active
and is becoming a reference as a GPS/Galileo SDR.

The GNSS-SDR already implements various algorithms for GNSS signal ac-
quisition, including both GPS and Galileo. Given the inherited multi-threaded
block design of GNU Radio, the implementation and test of new algorithms are
simplified. The selection of different algorithms and its implementations can be
done at runtime. A single configuration file is used that allows various options
that define parameters in the signal processing to be set.

Any new block in the GNSS-SDR has to implement a GNSSBlockInterface,
as in Figure 2.3.

New algorithms that would follow the standard structure of Acquisition-
Tracking-Telemetry-Observables-PVT (this structure will be explained later)
should, for example, implement one of the corresponding Interfaces and a gr::block
(GNU Radio block class) that will be actually responsible for the signal pro-
cessing of the streamed data. A ControlThread is responsible for coordinating
the creation and inter-connection of these blocks, as well as controlling message
queues between some of them. The class diagram of a hypothetical implementa-
tion of two different Tracking algorithms is represented in Figure 2.4.

The classical approach for GPS was already coded as part of the GNSS-SDR
toolbox. Along with a standard implementation as described, the toolbox also
provides the possibility to download part of the data from SUPL v.1 servers (the

4http://gnss-sdr.org/
5http://www.cttc.es/
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Figure 2.3: GNSSBlockInterface ©GNSS-SDR, CC BY 3.0 [40]

Assisted GPS information) that can speed up the estimation of the first positions
by downloading the navigation data with a much higher bandwidth. It requires
parameters that describe the GSM base station that is in range. With this, all
the resulting information, such as approximate location and possible satellites in
the sky, would be sent using the base station as a reference point.

2.3 Particle Filter Algorithm

This approach was developed during this thesis and is based on a few concepts
that will be explained in this section. The first important concept used is named
Coarse Time Navigation. The use of this idea was inspired by the work done
by Liu, J. et al. in [10].

In the classical approach, the pseudoranges are calculated once the HOW
word on a particular subframe is decoded and the full ephemeris information
is available at the observer receiver. In this new approach, a rough estimation
of the location of the observer must be known and the HOW is not decoded
from the signal. Van Diggelen [14] proposes the following model for the full
pseudoranges. The signal travel time can be written as

NMS(k) + ϕ(k) = τ (k) − δ(k) + b+ ε(k) (2.1)

where NMS(k) and ϕ(k) are the millisecond and sub-millisecond components,
respectively, of the transmission delay from the space vehicle (SV) k; τ (k) is the
actual travel time of the signal leaving SV k; δ(k) is the satellite clock errors

https://creativecommons.org/licenses/by/3.0/
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Figure 2.4: Class hierarchy ©GNSS-SDR, CC BY 3.0 [41]

https://creativecommons.org/licenses/by/3.0/
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obtained from the ephemeris, and ε(k) represents some unknown errors (e.g.
tropospheric errors). The common clock bias b is also unknown.

Given the speed of light (3 · 108 m/s) and that the duration of 1 complete
PRN in the signal is 1 ms, light can only travel 300 km during the time window
of 1 PRN. Therefore, two points that are 300 km or less away from one another
will have the same millisecond part NMS(k) of a computed pseudorange. Then,
correlating the obtained signal with a locally generated PRN sequence, the sub-
millisecond part of the pseudorange ϕ(k) can be found by searching for the peak
in the resulting correlation function. This is possible by looking at a 1 ms window
of samples and verifying the index of this peak, as illustrated on Figure 2.5. This
index will give how many samples were made inside that window up to where the
peak was found. Finally, multiplying that by the period of the sampling rate,
the sub-millisecond part is calculated.

Figure 2.5: Illustration of full and sub-millisecond pseudoranges [14].

In our approach instead, we calculate the full pseudorange using the right
side of Equation 2.1 and the fact that, inside a 1ms window of correlated signal,
there is relation between the peak location and the sub-ms part of the pseudor-
ange.

First, to make this possible a good estimation of the carrier frequency shift
must be done. Remind that this shift is due to two parts: fIF + fD, the Doppler
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Shift fD and the reference clock drift fIF . For this, an algorithm explained by
C. Fernández-Prades, J. et al. in [42] was used to compute the Doppler Shift.
This approach requires:

• Approximate location of the observer;

• The orbital model of each searched GPS satellite (available as part of the
Ephemeris parameters); and

• Approximate time of the week (TOW) of when the samples were made.
This can be calculated from the actual current time on the local clock of
the receiver or obtained from a network time system.

Initially, since this work was completed as proof of concept, the reference
location adopted was the actual location of the observer that was known before-
hand. Otherwise in a real scenario, this location can also be obtained as part of
the AGPS information downloaded from the SUPL servers. This location would
then correspond to the GSM base station used as a reference point. Also from
the AGPS service, the ephemeris of the expected GPS satellites in the sky and
the ionospheric model parameters are downloaded and stored on disk to be used
in further offline executions.

To obtain the parameters that the SUPL services require, web services such
as OpenCellID6 can be used.

Finally an approximate time should be known for the algorithm. One option
could have been to set the USRP board with the same local clock of the computer
and configure it to start sampling at a certain desired clock time. The synchro-
nization between these two clocks is guaranteed to be within a few microseconds
(according to the board documentation) but then the problem would be in the
synchronization between the clock in the computer and the one set by the GPS
system. Services such as NTP only guarantee millisecond accuracy right after
their synchronization[43]. After that, the clock’s time would start drifting away
again.

Therefore, since only one GPS receiver was available, one proposed solution
was to find out the time of the week (TOW) from the hand over word (HOW).
For this, the following must be known:

• The sampling rate. This is part of the configuration of the GNSS-SDR
that will define how fast the USRP board will sample;

• The location of the observer. Since this was a proof of concept, the actual
location coordinates were used; and

6http://opencellid.org/
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• The ephemeris of at least one of the SVs that are in the sky. This could
either be downloaded from the SUPL service or even decoded directly from
the sampled signal using the classical approach.

Figure 2.6: Subframe timestamp for different SVs

For this to be valid for any SV, all of them should start sending their own
messages at the same tick of the clock. This means that, despite the content
of the information sent by each one of them, given the fact that they are all
synchronized with a central clock, at a certain tick of this clock they would all
send their own message. Figure 2.6 represents this situation. At time t, all
the SVs send their own messages with different contents but with similar TOW
timestamps (part of the HOW word contained in each subframe).

To prove this, the GNSS-SDR was modified to output the timestamp ob-
tained from different SVs while decoding their own subframes (with the same
ID). The output was the following:

I0409 15:47:20.888829 10447 gps navigation message.cc:663] PRN: 13 TOW: 467496
I0409 15:47:20.889225 10452 gps navigation message.cc:663] PRN: 10 TOW: 467496
I0409 15:47:20.890614 10472 gps navigation message.cc:663] PRN: 04 TOW: 467496
I0409 15:47:20.891065 10467 gps navigation message.cc:663] PRN: 07 TOW: 467496



2. Methods 26

I0409 15:47:20.891571 10457 gps navigation message.cc:663] PRN: 02 TOW: 467496
I0409 15:47:20.892320 10442 gps navigation message.cc:663] PRN: 23 TOW: 467496
I0409 15:47:20.892784 10437 gps navigation message.cc:663] PRN: 30 TOW: 467496

I0409 15:47:20.894989 10462 gps navigation message.cc:663] PRN: 08 TOW: 467496

This means that each SV would send subframes with the same ID at the
same clock tick. In this case, the corresponding subframe was sent with a time
of the week (TOW) of 467496.

The next step was to find a relation between when a HOW word was decoded
(containing a TOW timestamp) and at that point, compute with the number of
samples already made and the sampling rate the relation S → t, where S is any
sample from a sample set and t the corresponding absolute time (i.e. an epoch
such as TOW) on when it was made with a micro-second accuracy. Figure 2.7
shows a representation of how this relation was calculated.

Figure 2.7: Initial timestamp calculation based on decoded TOW

In this figure, tSV represents the time at a given space vehicle. At the observer
tlocal represents the local time when events happened; t0 is the time when the
first sample was made at the observer. This way, given the sampling rate, the
actual time when any of the subsequent samples were made can be calculated.
The same way, it is possible to calculate how long it has been since the first
sample was made, denoted by tsampled, as in Equation 2.2. In this equation,
nsamples represents the number of samples made up to that point and fs the
sampling frequency.
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tsampled =
nsamples

fs
(2.2)

By knowing the location of the observer as well as the ephemeris of the
observed GPS satellite, the pseudorange, or time of travel for its signal can be
computed and is denoted by ttravel. For this, the time of the week (TOW)
decoded from any subframe and denoted by T is used. One first estimation of
the SV position is made with the decoded TOW. A set of coordinates is found
and later corrected due to the rotation of the Earth [8]. A new set of coordinates
for the satellite is computed. The pseudorange, or ttravel is found by calculating
the Euclidean distance between the observer and the SV and dividing it by the
speed of light for the signal velocity. Finally, the satellite clock error δSV is
obtained from the ephemeris and also used to correct the travel time.

With these values calculated, t0 can be computed as in Equation 2.3.

T + ttravel − δSV = tsampled + t0

t0 = T + ttravel − δSV − tsampled (2.3)

Modifying the GNSS-SDR to perform this calculation and sampling a GPS
signal in a place with a clear view of the sky, returned the following estimates
for the timestamp (as a TOW value, in seconds):

First sample made at: 467476.3111395156 seconds, PRN: 10
First sample made at: 467476.3111395595 seconds, PRN: 13
First sample made at: 467476.3111392583 seconds, PRN: 04
First sample made at: 467476.3111392729 seconds, PRN: 07
First sample made at: 467476.3111389951 seconds, PRN: 02
First sample made at: 467476.3111389719 seconds, PRN: 23
First sample made at: 467476.3111386173 seconds, PRN: 08

First sample made at: 467476.3111384413 seconds, PRN: 09

The calculated value has the same millisecond part for different GPS satel-
lites and the difference is in the range of a few microseconds. This difference can
be explained by the propagation delay (ionospheric and tropospheric). Drifts in
the oscillator used as a reference for the USRP board for obtaining the sampling
frequency and accumulated errors due to rounded values in both Acquisition and
Tracking blocks of the classical approach.

The second part of the carrier frequency shift (fIF due to drifts in the ref-
erence clock) is obtained by calculating the difference between the computed
Doppler Shift fD (as already described) and the actual value estimated by the
classical approach in the Tracking block. The following is the output of this
difference for different satellites:
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PRN: 10 freq IF [Hz]: 2185.812889105593 Ds estimated [Hz]: +1252.979591363157
PRN: 13 freq IF [Hz]: 2181.346498662892 Ds estimated [Hz]: -1054.573061162892
PRN: 04 freq IF [Hz]: 2174.031486855263 Ds estimated [Hz]: -2075.341637001748
PRN: 07 freq IF [Hz]: 2179.233754209366 Ds estimated [Hz]: +2395.437144228134
PRN: 02 freq IF [Hz]: 2179.678063008716 Ds estimated [Hz]: +1461.304358866284
PRN: 23 freq IF [Hz]: 2179.221634504860 Ds estimated [Hz]: -2503.460312483376
PRN: 08 freq IF [Hz]: 2188.574278041627 Ds estimated [Hz]: +3535.519471958373

PRN: 09 freq IF [Hz]: 2179.911328570263 Ds estimated [Hz]: +4080.954394085987

where freq IF is the calculated fIF for each satellite and Ds estimated is
the computed fD. In this example, the carrier drift for all the satellites would
have to be corrected by an offset of around 2180 Hz. In a system where there
would be no possibility for this offset to be pre-calculated, it could be searched
inside a defined range of frequency bins, and later tracked with the use of transfer
functions.

The details of the implementation of the PFA will be described in the follow-
ing section.

The algorithm

The Particle Filter Algorithm (PFA), can be explained as follows:

1. Given a reference location point Pref (in a certain coordinate system),
create a grid with a desired number of points equally spaced around Pref .
For simplicity, Pref was initially taken as the actual location of the observer
and the altitude was kept constant, therefore limiting the problem to a 2D
search space.

2. For each space vehicle (SV ) and each point P in the grid: compute the
pseudorange ρP,SV (t) (observer–SV at P ) using the ephemeris already ob-
tained either by AGPS (SUPL servers) or saved in a readable format for
an offline execution, at time t that corresponds to the time when a certain
sample S was made. This relation S → t is calculated by dividing the
nsamples (number of samples) made since t0 (time when the first sample
was made) by fs (sampling frequency).

3. For each SV at time t: compute the circular cross-correlation between the
obtained signal and a locally generated PRN sequence that corresponds to
SV. Given that the size of one entire PRN sequence is 1 ms, this is the
length of the sample window that is correlated.

4. For each point P in the grid: take one of the channels as a reference
and shift all the other cross-correlation functions xcorrSV n by the sub-
millisecond part of the difference in time of arrival ∆toaSV ref,SV n between
each SV and the one taken as a reference. This dtoaSV ref,SV n is calcu-
lated with the difference in the pseudoranges computed for each SV and
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is illustrated in Figure 2.8. The resulting shifted correlation-functions are
summed up for each point in the grid. This last operation can be done with
the use of different mathematical functions, such as a simple addition, or
the addition of the power of 2 of each number, or even the sum of the
calculated natural logarithms of each number. Finally the maximum value
inside the sum vector is searched and assigned as a probability for that
point in the search space. The actual location of the observer is expected
to have the highest probability value.

5. The maximum value inside this matrix is expected to be found at the point
closest to the actual location of the observer. In the initial case where the
reference point taken is the actual location, the center of the matrix should
concentrate the results.

Figure 2.8: Correlation shift using SV1 as a reference, at point P

To implement this algorithm, two new blocks were added to the GNSS-SDR
toolbox. A new block that extends ChannelInterface, allows for the creation of
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multiple blocks, computes the pseudorange and cross-correlation for each SV in
parallel. Also another new block was codded to extend the standard PVTInter-
face. This block gathers the information from all the Particle Filter channels, by
aggregating the correlation values and builds the Probability Functions. These
functions are used to estimate the location for each iteration of the algorithm. A
Probability Function here, is a matrix where each element represents the proba-
bility of each particle. This means that the particle with the highest probability
might be taken as the estimated location for a certain iteration. A set of criteria
can be defined to make the system more robust and eliminate wrong estimations.

The following list summarizes the requirements for an execution of each ap-
proach:

Classical

• At least 4 satellites in view, since either the coordinates (X, Y , Z) or
(latitude, longitude, altitude) as well as time when the message of one of
the satellites was received is computed. This number can be reduced if, for
instance, the altitude of the observer is already known, or if time is known
with good accuracy;

• At least the full content of subframes 1, 2 and 3 must be demodulated.
They contain the parameters for clock correction and the ephemeris re-
quired to compute the position of the satellites with good accuracy; and

• A minimum signal strength for each searched satellite must be sustained
throughout the initial stages of the execution in order for the Acquisition
and Tracking blocks to operate properly and for the navigation bits to
finally be decoded. After this stage, a new position estimation can be
made for every new PRN sequence (i.e. 1 millisecond).

Particle Filter

• Relation between samples and time with sub-millisecond accuracy. This is
achieved with the aforementioned algorithm;

• A reference location that can be: the actual location of the observer, as it
was used in the evaluation part for simplicity; or the location of a cell phone
base station in range at the observer. This information can be obtained by
querying AGPS servers;

• The ephemeris of all the satellites available at that moment in the sky.
This can also be obtained from: the classical approach (after the execution
of that code, these data structures can be saved to disk in readable XML
format); or also from APGS servers; and
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• For simplification it is assumed to be known: the actual location of the
observer, that will be used as the reference point, and the fact that its
receiver is not moving; the altitude of the observer, that in a real scenario
could be obtained with the use of an altimeter; and the local clock drift
fIF component of the carrier frequency shift, that could be computed at
execution time and tracked for smaller corrections.

Both algorithms will require as input parameters:

• The sampling frequency; and

• The data type that is outputted by the RF front-end.
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Evaluation

To evaluate and compare how each of the described algorithms, three different
scenarios were tested. One with a clear line of sight (LOS) with the satellites,
one where there were tall reinforced buildings surrounding the observer but there
was a clear view of the sky straight above the observer’s head, and finally one
where there was no line of sight to the sky.

The three scenarios as well as the obtained results for each of the analyzed
algorithms are described next.

3.1 Outdoors with LOS

To test the different algorithms, running outdoors with a clear view of the sky
was the first tested scenario.

Collecting samples at 8 MHZ over 80 seconds, the USRP RF front-end was
tuned at the GPS L1 C/A frequency (1,575.42 MHz) and using GNU Radio.
This set of samples was stored locally, on hard-disk, for further processing using
the two different algorithms at a later time.

Note that for the PFA, a precise time for the first sample was required, with
a sub-millisecond accuracy. Given the relative speed between the satellites and a
static observer (maximum 800 m/s), within this accuracy, a difference with the
actual time would represent only a small error in the pseudorange estimation.
Therefore a real-time execution of this algorithm was not possible. One first step
was to obtain the timestamp relation for the samples as well as the clock drift
component of the carrier frequency drift. Only then the new algorithm could be
executed.

The first experiment was done at the following coordinates:

• Latitude: 47°22’33.6”N;

• Longitude: 8°32’47.5”E; and

32
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• Altitude: 450 meters

This corresponds to an open area, close to the main building of ETH Zürich.
The weather condition was rainy and the sky was totally covered with clouds.

Running the classical approach with these samples returned a set of estimated
position that is presented on the map in Figure 3.1. The yellow lines represent
the estimated positions and the red dot where the GPS antenna was placed.

Figure 3.1: Trace of estimated coordinates. The red dot corresponds to the real
location

As described, this algorithm searches for both Code phase and Doppler shift
before decoding the Navigation data and therefore to start estimating the posi-
tion of the observer. Plotting the resulting correlation functions for intervals of
different Doppler shifts should therefore show a clear peak where both variables
match the signal. Figure 3.2 shows a snapshot of these peaks that were found
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with the classical approach.

(a) PRN 2 (b) PRN 12

(c) PRN 25 (d) PRN 29

(e) PRN 31

Figure 3.2: Classical approach Doppler shift and Code phase search outdoors.

At certain moments, up to 6 satellites were tracked by the GPS software and
the accuracy was good. Figure 3.3 shows the CDF of the error in the estimations
of the position. The 66th percentile is around 7 meters. This was expected given
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the good conditions of the experiment.

Figure 3.3: CDF of the position estimation error, σerror 2.90 m.

Using the exact same sample set and using the Particle Filter Algorithm
(PFA), the first step was to find out the timestamp t0 (time of the week epoch)
in which the sample set started, as well as the local clock drift fIF component
of the carrier frequency shift. For t0 the value of 391436.4728955963 seconds
was calculated and for fIF the value of 2710 Hz was estimated by averaging the
values obtained from different satellites.

One important point to note is that the resolution of the grid is limited by the
sampling rate. For example, sampling at 8 MHz, each sample will be made every
125 nanoseconds, that for the speed of light means 37,5 meters. Therefore, two
points within this distance will have the same index in the resulting correlation
function. From this, an execution of the algorithm using a grid of 121x121 point
(14641 particles in total) and a spacing of 40 meters, results in the probability
matrices presented on Figure 3.4.

These images show a heatmap of the first three milliseconds of execution of
the algorithm. The center of the image is the actual location of the observer. The
areas in the map where the colors are warmer (brighter colors), means that there
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(a) (b) (c)

Figure 3.4: Probability matrix of the first three milliseconds of the Particle Filter
Algorithm.

is a higher probability for the estimated location of the observer. Interestingly,
the hottest point is found where lines cross in the image. These lines are the
arcs formed by the intersection of the searched 2D plane and the spherical 3D
propagation of the GPS signal from each satellite, as shown on Figure 3.5 for a
different experiment. The heatmap in sub-figure (a) contains the contribution
from all the shifted correlation functions, whereas in sub-figures (b) and (c), the
correlations of PRN 15 and PRN 17 were removed, respectively. It is possible to
observe that the lines corresponding to these signals is no longer present, while
the others remain in the image.

(a) All present (b) Missing PRN15 (c) Missing PRN17

Figure 3.5: The lines correspond to the intersection of the signal and the plane
where the grid is placed.

Based on these images, an attempt to improve the accuracy of the algorithm
was made by using different functions to sum the shifted correlation functions.
By using the same configuration for the grid, Figure 3.6 shows 5 different func-
tions to aggregate the values (a-d, show the 3rd iteration; e-g show 1st, 2nd and
3rd iterations): (a) presents the use of the natural logarithm function, as in the
following equation:
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R(k) = ln(corr0(k)) + ln(s corr1(k)) + ln(s corr2(k)) + ...+ ln(s corrn(k))
(3.1)

R(k) is the resulting element k, from them sum of the correlation function of
the first satellite (corr0(k)) and the shifted correlation functions of all the others
(s corrn(k)). As a result, the difference between the numbers was reduced, and
the result was a blurred image; (b) present the most interesting of the approaches
that were tried, the sum of the power of 2 of each correlation function, as in the
following equation:

R(k) = corr0(k)2 + s corr1(k)2 + s corr2(k)2 + ...+ s corrn(k)2 (3.2)

This way, the peaks given by the lines became more defined and the valleys
darker; (c) and (d) were computed using certain parameters to give a higher
weight to each correlation, as in the following equation:

R(k) = corr0(k) · α0 + s corr1(k) · α1 + s corr2(k) · α2 + ...+ s corrn(k) · αn

(3.3)

where αn corresponds to the given weight. The calculation in (c) was done
using the signal-to-noise ration (SNR) of each signal (therefore signals with a
better quality would get a higher weight) and (d) was done using the pseudorange
(therefore signals that would have traveled longer distances would have a higher
weight). Neither of them showed any significant improvement from the normal
approach; finally (e-g), here named normalized accumulator, can be described
by the following algorithm:

1. Create a matrix of zeros that has the same size of the grid (or the same
size of the probability matrix), here named M .

2. For each shifted correlation function s corr, add the items with the same in-
dex, normalized by the highest values of that correlation function (max(s corr)),
to the initial matrix M .

3. Normalize the whole matrixM by its resulting new highest value (max(M)).

The result of this algorithm is expected to be a probability function where
for every new iteration of the PFA, lines that are persistent over time will get
higher values in the resulting normalized matrix. The figure shows the resulting
probability matrix for the first three milliseconds. Due to sharper lines obtained
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(a) Natural Logarithm (b) Power of 2

(c) SNR as weight (d) Pseudorange as weight

(e) Normalized acc. (1st) (f) Normalized acc. (2nd) (g) Normalized acc. (3rd)

Figure 3.6: Resulting heatmap of different functions to aggregate the shifted
correlations and form the probability matrix.

with the Power of 2 approach, the values of this approach were used to compute
this normalized accumulated matrix.

Note that the accuracy of the algorithm was not the priority for this project.
Figure 3.7 shows the CDF for the error in the position estimation of the al-
gorithm. The figure (a) shows the results for the first 100 milliseconds of the
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experiment and figure (b) was computed over 100 samples, where each was made
every 720 milliseconds. This second plot intends to show that the algorithm is
consistent through out the experiment. It is interesting to note that the error is
accumulated mostly between 400 and 500 meters.

(a) First 100 ms, σerror 63.28 m (b) Samples every 720 ms, σerror 70.42 m

Figure 3.7: CDF of the position estimation error.

The Figure 3.8 shows the CDF for the error in the position estimation of
another experiment, performed under the same characteristics, except for a bet-
ter weather condition. As a consequence, the standard deviation of the error
was smaller (σ = 32.21m), although the error for every estimation was larger
(around 800 meters). This means that, the estimations were clustered around
a few particles. Therefore, there is a systematic error in this implementation.
Further studies and development of this approach may remove this error and
increase the accuracy of the whole system.

To demonstrate the difference in the probability matrix images with a smaller
distance between the particles, Figure 3.9 shows the normalized accumulated
algorithm of the 3rd millisecond of signal with three different configurations for
the space between the particles. In (a) the distance was set to 40 meters, in
(b) to 20 meters, and in (c) to 10 meters. To emphasize the point where the
location was estimated, the executions with 20 and 10 meters were corrected to
place the hottest point in the center of the image, therefore they do not represent
an increase in accuracy as it may appear to have happened. The new center was
set to the following coordinates:

• Latitude: 47°22’24.5”N;

• Longitude: 8°32’45.0”E; and
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Figure 3.8: CDF of the position estimation error for a new experiment with
better weather conditions, σerror 32.21 m.

• Altitude: 450 meters.

(a) 40 meters (b) 20 meters (c) 10 meters

Figure 3.9: More blurred lines with less space between particles.

It shows that the algorithm could be optimized by searching for the central
point in the hottest area of the second and third images, instead of only searching
for the highest point, used in the current implementation.

3.2 With partial LOS

The second scenario tested was in a place where only the view from a part of
the sky was clear, the observer was surrounded by other buildings and only
had the sky with clear line of sight right above his head. To run the algorithm
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that provides the time for the first sample, the signal from one satellite must be
available with a good signal-to-noise ration (SNR).

This second example was made in the following coordinates:

• Latitude: 47°22’ 40.6” N;

• Longitude: 8°33’ 10.0” E; and

• Altitude: 480 meters.

The execution of the classical approach under these conditions did not result
in any position estimation. Throughout the experiment, at most two satellites
signal could be received. The Figure 3.10 shows the 2D search for the correct
Doppler Shift and Code Phase for 4 different satellites that were expected to be
in the sky at the moment of the experiment. It is easy to note that only the
peak for PRN 25 was clear enough. The second satellite that was available with
good signal was the PRN 12 which does not have a peak so clearly defined.

This experiment confirms that the classical approach for GPS does not per-
form well when there are not enough satellites in sight.

Executing the PFA with the same sample set, using a grid of 101x101 par-
ticles and 40 meters between each point, returned the results presented in
Figure 3.11. The first 3 heatmaps were obtained with the standard version of
the algorithm (that simply sums the shifted correlation functions). They show a
higher number of lines that can be due to reflexions in the surrounding environ-
ment. The last 3 heatmaps are the result of the accumulated normalized version
of the algorithm, that intends to accumulate greater values were lines appear at
the same place in consecutive sample windows. It is possible to see that, on the
third iteration of the algorithm, one area concentrates more hot points and can
be assigned a position estimation.

Comparatively, the PFA was able to estimate a position after a few iterations.
Also in this case, there is an offset with the actual location (that should have
been the center of the image), but further studies of this approach may solve
this problem.

3.3 With no LOS

The third and last experiment started at the same point of the previous one,
but after a couple seconds, the antenna was moved to a place inside a building,
with no direct line of sight to the sky. It had to start outdoors in order for
the timestamps and reference clock drift component of the carrier frequency
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(a) PRN 2 (b) PRN 4

(c) PRN 12 (d) PRN 25

Figure 3.10: Code phase and Doppler shift search in the classical approach.

to be estimated. The Figure 3.12 shows the heatmaps that resulted from this
experiment. It was executed using a grid of 81x81 particles and with 40 meters
between each particle.

The first three images (a-c) show the execution of the standard version of the
algorithm, and the other three (d-f) the accumulated normalized version. The
first heatmap of each algorithm (a and d) is of an instant when the antenna was
still outdoors, after a few seconds of execution. The last two of each algorithm
(b-c and e-f) plot moments when the antenna was indoors.

When running indoors, the algorithm performed poorly, with no possibility
of a new position estimation. The main reason for this could be the heavy
attenuation of the signal when moving behind walls and reinforced glass windows.
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(a) (b) (c)

(d) (e) (f)

Figure 3.11: Heatmap of the probability matrix for the standard Particle Filter
Algorithm (a-c) and the accumulated normalized (d-f).

(a) (b) (c)

(d) (e) (f)

Figure 3.12: Heatmap of the probability matrix when still outdoors (a and d)
and after moving indoors (b, c, e, and f). Standard (a-c) and Normalized
Accumulated (d-f) versions of the algorithm.



Chapter 4

Conclusion

Increasing the sensitivity for GPS signals, specially in environments where there
was no clear line of sight with a good number of satellites, was the proposed idea
for this project. By applying a few concepts, motivated by different projects,
a Particle Filter Algorithm (PFA) was implemented as this system was tested
as a proof of concept. The probability matrices obtained with the executions of
this algorithm show that it is capable of estimating positions. These estimations
may even happen under conditions that the classical approach for these signals
is not able to.

The resolution and consequently the accuracy of the system is limited by the
sampling rate, and at the current stage, a few assumptions are made prior to
the execution of the algorithm. Some of these assumptions may also be relaxed
with a more robust implementation. For instance, it could take multiple points
of each shifted correlation for every new probability calculation; it could also use
multiple windows of one millisecond, either for a better cross-correlation or to
aggregate persistent lines in the heatmap; the altitude could be measured with
an altimeter and the exact Doppler Shift could be tracked, as in the current
approach.

The results obtained with this proof of concept were satisfactory, with posi-
tion estimations been possible where the classical method fails. The accuracy has
a systematic error, and further improvements can be made and will be discussed
in the Future Work section of this report.

4.1 Discussions

This project proved that this PFA can be used to improve the sensitivity to the
GPS signal. In the results, the errors in the position estimation were clustered
around a few values, suggesting that there is an implementation error. Further
studies can remove this difference and increase the accuracy of the algorithm.

The help obtained from AGPS services was crucial for this project and there-
fore the availability of these systems should always be guaranteed. Additionally,

44
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the information provided by these services should be guaranteed to be reliable
and correct.

Another potential issue to address is the quality of the GPS chips on mobile
devices. Designed to be cheap for mass production, their readings are not con-
sistently reliable and therefore system designers should also take these possibly
big uncertainties into account when implementing these new ideas.

4.2 Future Work

The images produced by the probability matrices give the possibility to graph-
ically represent how the signals obtained from different satellites intersect at a
certain location. Therefore, the use of image processing techniques to further en-
hance the system can be used. This could probably make the estimations more
accurate and the overall system more robust.

While adding the shifted correlation functions, points in the vicinity could
also be taken into consideration. This would smooth each correlation function
but could increase the chances of lines to intersect. Another possibility could
be to sum consecutive windows of correlation from the same satellite. This way,
similar to the normalized accumulated idea, that was implemented, lines that
would repeat over time would get even higher peaks in the resulting probability
matrix.

To be used in a real system, new hardware would have to be designed for
this purpose. An RF-front-end chip, such as the MAX27691, that costs around
U$ 4.00 (at the time this report was written). The signal would be sampled over
a period of time and could be sent to a cloud service that would be responsible
for the heavy computational task of correlating the signals and estimating the
positions. The navigation data could be constantly updated and stored in this
cloud infrastructure. Therefore, only a few bytes or Megabytes of data would
have to be handled and stored by this new receiver.

At this current stage, this approach can not be used in a real-world applica-
tion, mainly due to the accuracy error. Once this is solved, it could be an option
to be considered by manufacturers. Applications could be on emergency devices,
that would send along with other information, the location of the device when
a button is pressed. Therefore, even on locations with bad GPS signal, estima-
tions could be done with good accuracy. Another application could in delivery
services. It could make use of this approach to guarantee better estimation of
positions under partial LOS conditions and therefore, better reliability in the
deliveries.

1http://www.maximintegrated.com/en/products/comms/wireless-rf/MAX2769.html
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