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Abstract
A hybrid positioning system that combines Global Navigation Satellite System (GNSS) and Digital Video Broadcast-Terrestrial (DVB-T) is introduced
in this dissertation. GNSS are satellites based positioning systems, which
contain four global navigation systems(GPS,GLONASS,GALILEO and BEIDOU) and several regional systems. DVB-T is an European TV standard but
it is world wide used. Although it is originally designed for TV service, but
it can be used as Signal-of-Opportunity (SoO) to assistant or replace GNSS
for positioning in some areas.
GNSS can provide a very good performance in rural areas. However the
performance in terms of accuracy and availability is degraded due to the
obstacles in urban and indoor environments. Due to these obstacles, the
number of visible satellites is greatly decreased and the received signals power
may be highly attenuated. Also the multipath is a big problem for range
based positioning techniques. Fortunately in these areas DVB-T signals can
be received with high power comparing with the received GNSS signals. Since
DVB-T is a terrestrial based system, the signals may experience dierent
multipath environment with the satellite based signals. Because of these
properties, the integrated hybrid GNSS and DVB-T positioning system is
expected to provide enhanced positioning performance over the individual
systems.
The development of the hybrid system begins with the design of DVB-T positioning receiver. Considering the structure of GNSS receiver, the DVB-T
II

receiver also achieves the position x in two steps: rst it estimates the TOA
of signals and then computes the position with a Kalman lter. In order
to estimate the TOA of signals, a classical acquisition and tracking block
is implemented. Since DVB-T adopts Orthogonal Frequency-Division Multiplexing (OFDM) technique, the pilot subcarriers are used for autocorrelation.
Since the DVB-T emitters in a Single Frequency Network (SFN) transmit the
same frequency on the same band simultaneously, the signal association is a
big issue during the positioning process. The association is achieved based
on the information obtained from initialization phase.
In the next step, we have considered low complexity. A one shot receiver is
designed. The receiver stays in hibernation until position x request arrived
and it achieves TOA estimation through acquisition and some simple interpolation methods instead of tracking comparing with the one designed before.
The linear interpolation and sinc interpolation are used after the acquisition
stage. The performance is compared with the normal tracking receiver.
Third, we investigate the path ambiguity solution. Since the receiver associates the signals on the basis of propagation delay, in case of some signals
with similar or the same propagation delay several dierent paths will be estimated. Two dierent methods are introduced, one is pseudorange comparison
and the other is Doppler aiding decision. Both methods take the benet from
an additional GNSS satellite.
Lastly, we test the integrated hybrid GNSS and DVB-T system. In this test,
we present a positioning method based on two GNSS satellites, which are not
dicult to 'see' in an urban environment, cooperating with a DVB-T system.
By calculating the TDOA between the two satellites, the receiver clock error
can be eliminated and a hyperboloid surface can be generated. The user
location will result on a line generated by intersecting the hyperboloid surface
with the earth surface. A similar approach is used with DVB-T signals. By
intersecting these two lines, the receiver position will be obtained.
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Chapter 1
Introduction
Location information always plays an important role in almost every area
of human life especially trade, commercial and military. Therefore people
continuously search better ways to obtain available, accurate and reliable
position information from the pretechnological era to the technological era,
from the tools based on observation of stars to the ways based on radio
transmissions. From 1970s, as the development of Global Positioning System
(GPS) people can get their location anywhere on or around the earth where
they can have at least four satellites [2].
GPS was originally designed for military applications. It was supposed to be
used in open sky scenario. However the growing need of positioning in many
applications of human life has increased the scope far beyond its original use
and focus [3]. Especially the rapid growth of Local Based Services (LBS) has
greatly expanded the need of positioning [4]. However these applications also
provide new challenges for GNSS community, because the users of these new
applications are often located in GNSS hostile environments, such as urban or
indoor areas. In these areas, the massive buildings and obstructers make the
view of open sky almost impossible. Therefore the GNSS only positioning will
experience greatly degraded performance in terms of availability, accuracy and
reliability. Fortunately in these areas many local networks are implemented.

1

1  Introduction

They are not originally designed for positioning, but some of them can be used
as Signal-of-Opportunity (SoO) because of their good properties. As a result,
some eorts have been done to integrate these local networks with GNSS or
to replace GNSS when GNSS is not available [5, 6]. In this dissertation, we
investigate Digital Video Broadcast-Terrestrial (DVB-T) as SoO.

1.1

Background and Motivation

Since the development of GPS in 1970s, it has played a prominent role in the
positioning area today. GPS works on the principle of trilateration, which is a
process of nd the absolute or relative position of the receiver by measurement
of distances between the receiver and some known position satellites [7]. In
three dimensional geometry, the ranges between a user and three satellites
with known positions can provide sucient information to narrow the possible
locations down to no more than two, as shown in Figure 1.1. Since one of
them is far from the earth surface, the other one will be considered as the real
receiver location. In the real application, due to the unknown shift between
the receiver clock and satellite onboard clock, one more satellite is needed. By
solving a required number of linear/quadratic equations, an analytic approach
for the evaluation of the receiver's position can be obtained. Based on this
principle, a GPS receiver has to measure the distance between itself and at
least four satellites. This distance is in turn measured by the signal travel
time from the satellite antenna to the receiver antenna. We know the speed
of light in vacuum, then we can obtain the distance by simple multiplication.
The time that the signal left the satellite is written in the information bits
carried by the signal. While the time that the signal reached the receiver
antenna can be calculated by correlating the Pseudo Random Noise (PRN)
code carried in the signal with a local generated replica. Since the positioning
process is range sensitive, which is in turn time sensitive, a Line of Sight (LOS)
is required.
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Figure 1.1. Satellite positioning with trilateration
However the rapid growing of LBS applications require more and more location awareness in urban and indoor environments. Since GPS was designed
to function in outdoor clear-sky scenario, these give a big challenge to GNSS
community which limits the use of GNSS in these environments, as shown in
Figure 1.2.
In general, these eects can be summarized into three categories [8]:

•

Signal Attenuation: for a GNSS receiver the nominal outdoor work
conditions are typically C/N0 ≥ 44 dB-Hz (for the denition of C/N0
see [9]). While in the urban or indoor environments, the signal will
experience grate attenuation due to the obstacles, such as buildings,
bridges. As an example, in the indoor environment attenuation losses
ranging from ten to more than 30 dB can be experienced, depending

3
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Figure 1.2. Urban scenario for GNSS
on the dierent building material and the receiver location within the
building. In this case, the ranging performance maybe highly degraded
[10] and the navigation data bits become unrecoverable due to the well
known Shannon limit of −1.6 dB.

•

Mutipath:

due to the reection, refraction and scattering, a single

incident ray will be received as an ensemble of cluster of phase-shifted,
time delayed and attenuated paths. Since the design of GNSS is based
on an assumption that the perfect LOS between the receiver and satellite is present, the presence of multipath will distort the LOS signal.
Depending on the relative power of signal and time spread of channel,
this distortion will produce an error ranging from tens to hundreds of
meters in pseudorange measurements. In some dramatic situations, the
LOS may be not even present and the receiver has no choice but tries
to estimate the parameters from a collection of indistinguishable overlapped signal replicas, which may produce large error in the estimated
position. In this case, the usage of SoO may be a good choice.

•

Near-Far:

in an clear sky scenario all received GNSS signal usually

hold similar powers. While in urban and indoor scenario, severe power

4
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variations are experienced because of dierent attenuation losses incurred by dierent propagation paths, which is known as near-far problem. GPS receivers distinguish dierent satellite signals through spreading codes, known as PRN. They provide a cross-correlation margins of
the order of 24 − 28 dB (for GPS L1 and Galileo E1). However comparing the additional 30 dB attenuation mentioned before, these margins
are not enough to overcome the near-far problem.

Apart from the signals propagation environment, the challenges are also arising from the technological aspects. A clear trend of GNSS application is to
include the receiver into mobile phones and handheld devices, where the use
of low-cost, low-consumption,small size and light weight components will unavoidably degrade the performance. However the integration makes it easier
and more attractive to hybridize the GNSS systems with the communication
systems to achieve a better performance in this dicult environments.
In order to improve the positioning performance, the GNSS community is
working on dierent dimensions to overcome these problems and limitations.
We summarize state of the art areas where the researches are carried out to
give an overview:

• Advance and Novel signal processing techniques. In this area people are
trying to improve the performance of a stand alone receiver by dierent signal processing techniques, such as detecting and measuring the
attenuated signal by increasing the integration time coherently [11] and
no-coherently [12] or mitigating the multipath by using more correlators outputs before the decision [13]. Another important way is using
the vector tracking architectures. Here all the received satellites are
processed together with a Vector Delay Lock Loop (VDLL) and Vector Phase Lock Loop (VPLL) instead of the normal Delay Lock Loop

5
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(DLL) and Phase Lock Loop (PLL) [14]. For a more complex and robust receiver the position information is also used to assist the vector
tracking loop.

• Network assistance. Here some assistant stations are built to assist
GNSS in the hostile environment [15]. For an example the assistant
stations can provide a pre-estimated code-phase to reduce the baseband
processing hardware [16]; or the navigation message can be used to deal
with the data sign transitions in a long coherent integration time.

• Map matching techniques [17]. As an example, the position of a running
car will be forced to the nearest road even if the estimated position is
on the top of a building based on the map information.

• Integration of GNSS with sensors like accelerometers, odometers, magnetometers and gyroscopes [18]. In this way some additional information is provided to help the receiver to improve the performance when
the number of satellites is not enough or the signal quality is poor.

• Integration of GNSS with other radio networks, like WiFi, DVB, Ultra
Wide Band(UWB), cellular network, as shown in Figure 1.3. In the
urban and indoor environments, GNSS suers from attenuation, multipath and near-far eects, as we explained before. However in these
areas many radio networks are implemented. Normally they have high
signal power. Some of them can be used to assist [19] or even replace
[20] GNSS in some situations.
Among these elds, integration of GNSS with other radio networks has taken
a lot of interest [21, 22]. Since these networks have been implemented for
communication purpose, no additional infrastructures are needed. Regarding
the coverage, Digital Television and cellular networks cover a medium areas;
WiFi has a small ranging focusing on the indoor scenario. These networks
can provide a seamless positioning together with GNSS. From the beginning
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Figure 1.3. Signal-of-opportunity in GNSS hostile environments
of this century, a lot of work has been done to investigate the positioning ability of cellular. Some of them use the cell ID for positioning [23, 24, 25, 26].
Some of them use the signals to estimate the ranges between the receiver
and dierent transmitters [27, 28, 29], like what has been done in GNSS receivers. Also the positioning based on the Angle of Arrival (AOA) is present
in the literature [30]. For digital television four dierent protocols exist.
They are Advanced Television System Committee (ATSC), DVB-T (including DVB-T2),Terrestrial Integrated Services Digital Broadcasting (ISDB-T)
and Digital Terrestrial Multimedia Broadcasting (DTMB). For ATSC some
work has been done in the leterature [31, 32]. In these papers the location is calculated based on ranges and the integration of GPS and ATSC is
present. In Europe and some other countries, DVB-T/DVB-T2 are used as
the standard of digital television. In the literature, the problem of using DVB
signals for pseudo-range calculation is addressed in some papers. In [33], a
pseudo-range measurement method in a single channel based on the DVB-T
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signal is presented. The method uses the classical functions of an OFDM
receiver to demodulate the OFDM signal and estimate the Carrier Frequency
Oset (CFO) and the Sampling Clock Oset (SCO). The method has been
assessed in [34, 35, 36] through experimental results using the French digital
TV terrestrial network based on the DVB-T standard. In [37], a pseudo-range
measurement method based on demodulated data is described. However, no
positioning algorithm is presented, because of the fact that all the emitters
in an SFN simultaneously transmit the same signal on the same frequency,
and the problem of distinguishing the signals from dierent emitters is not
addressed in the papers. In [38], the positioning method based on DVB-T2
is presented. In this paper the authors suggest to provide transmitter signature waveform in the DVB-T2 systems. Based on this waveform, transmitter
identication and timing estimation using threshold-based rst path detection
method are jointly achieved, and subsequently utilized for Time-Dierenceof-Arrival(TDOA)-based positioning approach. A method to distinguish the
emitters is proposed in [39, 40, 41], based on the idea of introducing some articial delays on the system side of a DVB-SH (satellite services to handhelds)
system. Since DVB-SH and DVB-T have a similar structure, in principle,
the method could be also studied for DVB-T, but since this option is not
available in the current DVB-T standard, the method has been ignored in
our study. Therefore we studied a method to identify the dierent emitters
and the integration of GPS and DVB-T has also been investigated. These
give the basic motivation of this thesis.

1.2

Research Objectives

After outlining the basic motivation, this section describes the main research
objectives during developing the hybrid DVB-T and GNSS positioning system. The main objectives include developing a stand alone DVB-T positioning receiver, a one shot receiver in order to reduce the complexity, the
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solutions of path ambiguity which may be faced in DVB-T Single Frequency
Network (SFN) positioning and the hybrid positioning system including two
GPS satellites and few DVB-T emitters (see Figure 1.4). These are outlined
as follows.
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Figure 1.4. Contribution to the hybrid positioning sytem

• Study the DVB-T standard and signal structure in order to implement
the acquisition and tracking process. Especially the dierence between
the DVB-T signals and the GPS signals which will help us to identify the
dierence between the DVB-T positioning receiver and GNSS receivers.

• Develop a method to identify the DVB-T emitters in SFN. Since dierent emitters transmit the same signal on the same frequency simultaneously, it is a big challenge to associate the received signals to corresponding emitters which is fundamental for a position x. We introduce a
method based on an initialization phase to overcome the problem. And
after that the Extended Kalman Filter (EKF) is used for the position
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calculation. The position performance is analyzed in dierent situations, including ideal environments and scenarios with attenuation and
multipath. These contributions can be found in [42, 43].

• Develop a one shot receiver, which can greatly reduce the complexity
and energy consumption [44]. In this receiver, some interpolation methods are used to replace the normal tracking thanks to the high Signal
to Noise Ratio (SNR). One is linear interpolation and the other is sinc
interpolation. The one shot receiver achieves comparable results with
respect to the normal receiver in terms of range and position errors.

• Develop two methods to overcome the path ambiguity problem. Since
in some cases two received DVB-T signals may have similar or exactly
the same propagation delay, the receiver may be wrong in the signal
association process. However the receiver knows where this situation
may happen, and can calculate all possible trajectories. In case there
is one satellite visible, which is normal in the urban environment, pseudorange comparison and Doppler aiding decision methods can be used
to lter the wrong trajectory [45, 46].

• Develop the hybrid positioning system [47]. In this system, two GPS
satellites are used. Based on these two satellites and the information
from initialization phase, a line where the receiver position is possibly
located can be generated. With the information obtained from the
DVB-T positioning receiver, the receiver location can be estimated.

1.3

Thesis Outline

In order to provide an overall perspective, this section provides the outline
of the thesis. The thesis is organized in seven chapters. A summary of these
chapters is listed in the following.
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Chapter 1 (this chapter) gives an introduction to this thesis. The basic motivation and background of this research is described. The goal of this research
is to use DVB-T signals as SoO to provide position information in the GPS
hostile environments, such as urban and indoor environment. Also the hybrid
positioning system is used to enhance the coverage of a single system.
Chapter 2 provides an overview of radio transmission based positioning systems, including the satellite based systems and the terrestrial radio positioning systems. The basic positioning techniques based on radio transmission
are introduced. The basic concept of Global Navigation Satellite System
(GNSS) is provided. The candidates of terrestrial radio positioning systems
are described.
Chapter 3 describes the DVB-T system and the normal DVB-T positioning
receiver. In this chapter, the range estimation techniques are introduced. The
initialization phase which is important for signals association is explained.
And nally the position calculation is performed and analyzed in dierent
transition environments.
Chapter 4 explains the concept of one shot receiver. Two interpolation methods are used to replace the normal tracking stage for the accurate delay
estimation. In stead of continuously tracking the signal, the one shot receiver
is activated only when the position x request is arrived. The performance
and complexity between these two receivers are compared.
Chapter 5 provides two methods to overcome the path ambiguity which may
be happen in certain cases in DVB-T SFN positioning. These two methods
are named pseudorange comparison and Doppler aiding decision. These two
methods are compared in terms of response time.
Chapter 6 provides the hybrid DVB-T and GPS positioning system. In the
system, the receiver uses two visible GPS satellites and the information from
the initialization phase to generate a line where the receiver position may be
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located. Combining with the information from DVB-T positioning receiver,
the real position can be estimated.
Chapter 7 provides a summary of this thesis and recommendation for future
work.

12

Chapter 2
GNSS and Signal-of-Opportunity
The most important positioning system today is GNSS, which includes GPS,
GLONASS, Galileo and COMPASS. They provide wide, possible global coverage for positioning purpose. However as mentioned in Chapter 1, in some
cases the GNSS receiver will have poor satellite visibility (typically in urban
environments, where the sky is unobstructed only in limited directions) or
even no satellite visibility (typically in indoor environments). In these cases
terrestrial networks can be used as SoO to assist or replace the GNSS for positioning applications. Based on dierent signal properties and requirements of
applications, dierent position parameters estimation and positioning methods are used. In this chapter these methods are explained. A general overview
of GNSS and SoO is also present.

2.1

GNSS Overview

In the early 1960s, several U.S. government organizations were interested in
developing satellite systems for three-dimensional positioning. These systems were expected to have the following attributes: global coverage, continuous/all weather operation, high accuracy and ability to work in highdynamic platforms. In 1964, Transit became operational. Transit's operation

13

2  GNSS and Signal-of-Opportunity

was based on the Doppler eect. Due to relative motion, the received signal frequency is dierent from the transmitted signal frequency which is well
known. By monitoring this frequency shift over a short period, the receiver
can determinate its location to one side or the other of the satellite, and combining several measurements for dierent satellites the receiver location can
be obtained.
At the same time, the Air Force conceptualized a satellite positioning system
named System 612B. In System 612B, the satellite would be placed in three
elliptical orbits. The use of PRN modulation for ranging with digital signals
was proposed [48]. Because of these technique development and the eorts to
form a single joint-use system for each military service, the system concept
for NAVSTAR GPS was founded in 1969. The GPS program was approved in
1973: the number of satellites, their position and the relative inclination were
optimized to ensure an adequate global coverage [49]. GPS uses a more direct
way to x the receiver position. Receiver calculates the distance between itself
and the satellite by measuring the time-of-ight of the signal. Several distance
measurements allow the receiver to x its position by adapting trilateration
method.
Nowadays several dierent satellite systems are implemented or in preparation. Four core satellite navigation systems are currently known, which are
GPS, GLONASS, Galileo and COMPASS. They all can provide or plan to
provide a global coverage. A brief comparison of the four systems are given
in Table 2.1.
These systems are composed by many elements, which can be categorized
into three segments: Space segment, Control segment and User segment.

Space segment: the space segment is the constellation of satellites. Dierent
systems have dierent orbits, including the orbit radium and the number of
orbits. GPS was originally designed with three orbits. Each orbit will be
occupied by eight satellites [50], but it was modied to six orbits with four
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Table 2.1. Comparison of four global satellite navigation systems

System

Modulation
Coding
Evolution
per sidereal
day
Frequency

Number of
satellites

Status

GPS

GLONASS

Galileo

COMPASS

BPSK/
BOC

BPSK

BOC

BOC

CDMA

FDMA/
CDMA

CDMA

CDMA

2

17/8

17/10

17/10

-L1=1.57542GHz,
-L2=1.22760GHz
-L3=1.38105GHz
-L4=1.37991GHz
-L5=1.17645GHz

-L1,FDMA = 1602 + n
× 0.5625 MHz -L2,
FDMA =1246 + n ×
0.4375 MHz
-L1,CDMA=1.5754GHz
-L2,CDMA=1.242GHz
-L3,CDMA=1.20714GHz
-L5,CDMA=1.17645GHz

-E1-L1-E2=1.5591.592GHz
-E6=1.260-1.300GHz
-E5=1.164-1.215GHz

-B1=1.561098GHz
-B1-2=1.589742GHz
-B2=1.20714GHz
-B3=1.26852GHz

At least 24

31 including,

4 test bed
satellites in
orbit,

24 operational

22 operational
satellites
budgeted

5
geostationary
orbit
satellites,
30 medium
earth orbit
satellites

FDMA
operational,
CDMA in
preparation

In
preparation

Operational

15 satellites
operational,
20 additional
satellites
planned

satellites each. While COMPASS system also uses the geostationary orbits.
The radium of these orbits are shown in Figure 2.1.
As of December 2012, there are 32 satellites in the GPS constellation. This is
more than the designed 24 satellites. The additional satellites provide redundant measurements to the receiver and improve the position precision. With
these satellites the constellation becomes a nonuniform arrangement which
gives improved reliability and availability of the system with respect to a uniform system, when multiple satellites fail. At present, there are 15 COMPASS
satellites on orbits. They provide a regional coverage over the Asia-Pacic
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area. As of 12 March 2013, Galileo has four In-Orbit Validation (IOV) satellites, which allows the determination of a Galileo only position x. After
restoring the global coverage, GLONASS has 29 satellites in constellation
with 24 in operation.

COMPASS
GEO satellites
Galileo

COMPASS
MEO satellites

30 Mm
Mm
30

10 Mm
Mm
10

GLONASS

Mm
220
0M
m

GPS

Figure 2.1. Comparison of the orbits of the four satellite navigation systems

Control segment:

The control segment basically consists of master con-

trol stations, data uploading stations and monitoring stations. They have
functions of coordinating the activities between satellites, monitoring the orbits and the satellite's state of health, synchronizing the atomic clocks and
exchanging information for the construction of navigation messages.

User segment: The User segment consists of the GNSS receivers and the
user community. The receivers can receive and process the GNSS signal to
obtain their position and time. Based on this information, dierent applications are developed. The detail of GNSS receiver will be explained in Section
2.1.1.

16

2  GNSS and Signal-of-Opportunity

2.1.1 GNSS Signals and Receivers
In order to obtain a position x, the receiver has to process several navigation signals from several satellites. In this part we will introduce the signal
structure of GNSS and the basic structure of a GNSS receiver is also present.

2.1.1.1 GNSS Signals
Until now several signals are transmitted by dierent systems. All of these
signals adopt Code-Division Multiplexing Access (CDMA) technique to distinguish dierent satellites without ambiguity except GLONASS. GLONASS
satellites transmit the signals on dierent frequency slots according to Frequency Division Multiplexing Access (FDMA). This improves the anti interference capability with a disadvantage to overcome the ionosphere impact.
Therefore the GLONASS is planning to broadcast CDMA signals as well in
the coming satellites.
For the CDMA system, each satellite transmits a signal modulated by a
certain PRN code on the same carrier frequency without time divisions. As
an example the GPS L1 signal is shown as:

√
x(k) = APk (t)Dk (t) cos(2πfL1 t + ϕ1 ) + 2ACk (t)Dk (t) sin(2πfL1 t + ϕ1 ) (2.1)
where x(k) is the signal from the k -th satellite, A is the amplitude of the P
code; Pk (t) = ±1 and Ck (t) = ±1 are the binary P code and C/A code; Dk (t)
is the navigation data; fL1 is the L1 frequency; and ϕ1 is the initial phase.
Generally the phase term is introduced in the received signal, therefore it is
possible to write ϕ1 = 0. In order to distinguish the signals from dierent
satellites and estimate the received time, some signal process is performed.
The key of this operation is the correlation property of PRN codes. The Auto
Correlation Function (ACF) [51] dened as:

1
R (τ ) =
T

∫

T

x(k) (t)x(k) (t − τ )dt

(k)

0

17

(2.2)

2  GNSS and Signal-of-Opportunity

where T is the code period. It exhibits a peak when the incoming code is
perfectly synchronized with the local replica. But if the correlation is carried
out with a replica of the code of a dierent satellite, the correlation becomes
a Cross Correlation Function (CCF),
∫
1 T (j)
(j,k)
R (τ ) =
x (t)x(k) (t − τ )dt
T 0

(2.3)

and the result will be almost zero. The ideal ACF is a delta function in the
point where two codes are perfectly synchronized. But some side lobes are
observed, which can be expressed as [7]:

 1, −1 , −β(n) , β(n)−2
N
N
N
< Ci ,Cj >=
 −1 , −β(n) , β(n)−2
N

N

N

if i = j
if i ̸= j

(2.4)

β(n) = 1 + 2⌊(n+2)/2⌋
where ⌊a⌋ denotes the greatest integer less than a. A typical example of GPS
C/A ACF and CCF is shown in Figure 2.2. In Figure 2.2(a), the autocorrelation of PRN 1 is shown. We can clearly see a peak and the side lobes are
dramatically lower than this peak. In Figure 2.2(b), the crosscorrelation of
PRN 1 and PRN 5 is shown. We can see that there is no peak present, and
only small lobes appear. These lobes have the same amplitude of the side
lobes of Figure 2.2(a). These allow the receiver to separate the signals from
dierent satellites and make the alignment between the local and received
codes to achieve a coarse estimation of the signal received time.
As shown in Table 2.1, currently GPS and GLONASS use Binary phaseshift keying (BPSK). While for modernized GPS, Galileo and COMPASS, the
Binary Oset Carrier Modulation (BOC) will be implemented to mitigate the
multipath inuence. The BOC modulation applies a squared subcarrier to a
BPSK signal and the maximum of the power spectrum is shifted with respect
to the center frequency. The Multiplexed BOC will also be implemented. It is
an expansion of the BOC modulation, and it is basically the power weighted
combination of two BOC signals. Figure 2.3 shows the spectra of the BPSK,
sinBOC(1,1) and the cosBOC(1,1) signals.
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Figure 2.2. Correlation properties of PRN
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Figure 2.3. Baseband power spectral densities comparison of BPSK, sinBOC(1,1) and cosBOC(1,1)

2.1.1.2 GPS Receiver
In this section, the basic structure of the GNSS receivers will be described.
The acquisition and tracking processes will be introduced.
The basic functions of any GNSS receivers are:

• To capture and separate the Signals In Space (SIS) transmitted by the
satellites in view;
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• To measure the pseudorange of each received signal;
• To demodulate the navigation message;
• To estimate the Position, Velocity and Time (PVT).
The rst task of the receiver is to synchronize its local time scale with the
satellite time scale, which is the GNSS time scale, in order to estimate the
position by ranging measurements. The basic architecture of a GNSS receiver
is shown in Figure 2.4, with a high level block diagram.

Analog part
Filtering and
amplification
stages

Down
conversion to IF
frequency

A/D conversion

Reference oscillator

Local replica generator

Navigation
message
decoding and
PVT

Tracking (FLL,
DLL, PLL)

Acquisition

Digital part
Figure 2.4. Basic architecture of a GNSS receiver
In Figure 2.4, a GNSS receiver is separated in two blocks: the analog part
and digital part.

• Analog part: this part consists of the receiver antenna, mixers, lters,
ampliers and Analog-to-Digital Convertor (ADC). In this part, the
signals are analogue. The main goal of this part is to receive the weak
satellite signals, pre-amplify them and transfer them to Intermediate
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Frequency (IF). At the end of this part, the IF signals are sampled and
converted to digits as input for the digital part.

• Digital part: It is the most critical part of a GNSS receiver. The main
processes of this part are acquisition, tracking, demodulation of the
navigation message and the PVT computation. In the design of these
functions, important SIS characteristics (e.g.,Doppler range and rate)
have to be considered. These functions can be implemented both in
hardware and software.

2.1.1.2.1 Acquisition

During the acquisition stage, the receiver tries to

align a local replica of each satellite PRN code with the received codes. To
do this, the receiver must set a search space, which is a grid of points where
Cross Ambiguity Function (CAF) is computed (Figure 2.5)
Estimated code phase
and doppler

Df

Dt

Figure 2.5. Example of search space
After the satellite signals are converted to digits, the acquisition stage can
start. The receiver can separate the signals from dierent satellites and
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roughly get the PRN code delay and the Doppler frequency. These two parameters will be used by the tracking stage to precisely calculate the delay
and frequency shift.
In Figure 2.5, ∆f is the frequency step. It is related to the predetection
integration. Smaller ∆f provides more accurate frequency estimation with
the price of more computation burden. Normally, in the GPS receiver, the
Doppler frequency should cover the range of 10kHz. ∆τ is the delay step. Its
range aects the acquisition computational time and its precision. In GPS
receiver, usually, it is set to 0.5 chips or 0.25 chips.
During the acquisition stage, the process must search through all the points.
Basically, there are two methods: serial search and parallel search. The serial search algorithm is a step-to-step search of the code delay and Doppler
shift. The process is simple but needs more time. The parallel search has
two dierent choices: the frequency parallel computation and the delay parallel computation. In this algorithm, the Fast Fourier Transform (FFT) and
Inverse Fast Fourier Transform (IFFT) are used. In the basic application,
the delay parallel computation is more ecient than the frequency parallel
computation.

2.1.1.2.2 Tracking

The tracking is implemented through a DLL and a

PLL. The DLL continuously adjusts the local code replica to keep it aligned
with the code of the incoming signal. When the two codes are perfectly
aligned, the PRN code is removed from the signal, leaving just the carrier
modulated by the navigation messages. This signal is the input of the PLL,
which estimates the carrier frequency to allowing a carrier wipe-o. After
carrier wipe-o the DLL can synchronize the local carrier and the incoming
carrier. A block diagram of code tracking is shown in Figure 2.6.
In Figure 2.6, an appropriate discrimination function is generated by correlating the baseband signal with a Prompt, Early and Late version of a locally
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x[n]

early code
correlation
prompt code
correlation

Discriminator

Loop filter

late code
correlation

Local replica
generator

Figure 2.6. Traditional GNSS tracking diagram
generated code. The Early and Late codes are dened as:

∆
)
2
∆
cE (nTs ) = c(nTs − )
2
cE (nTs ) = c(nTs +

(2.5)
(2.6)

Where c(t) is the PRN code, ∆ is the spacing of the discriminator which is
an important design parameter, and Ts is the sampling period.

2.2

Signal-of-Opportunity

According to the Webster's denition, opportunity is a combination of circumstance favorable for the purpose. Here we focus on the positioning and
navigation purpose, which is determination of a user's position and orientation with respect to the environment. In principle any measurable parameter
that changes as a function of position has the potential for determining position. In radio transmission world, some systems are originally designed for
positioning purpose, such as GNSS. Some systems are not originally designed
for positioning but they can be used for the positioning purpose and they
are available all the time, such as DVB-T. We call the second type of signals
signal-of-opportunity for positioning purpose. Since these signals are originally designed for other purpose, some new methods have to be developed to
estimate the position relative parameters.
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Due to the dierent system conguration and signal structure, the methods
used are dierent. There are ve types of methods: (1) proximity; (2)AOA;
(3) Doppler; (4) Received Signal Strength (RSS); (5) time or phase [6]. These
methods together with the candidates of SoO are explained in the following
sections.

2.2.1 Proximity
Proximity-based positioning uses the phenomenon that when the signal of a
transmitter is detected by a user receiver, then the user is obviously close to
the transmitter; while if the signal is absent, the user is not in the coverage
of the transmitter with a high probability. As illustrated in Figure 2.7, the
coverage of one transmitter is modelled by a circle with xed radius. As more
transmitters are detected, the feasible region of solution, which is obtained
by intersection of the circles, becomes smaller.
Estimated location

Figure 2.7. RF positioning with proximity method
A simple example based on proximity methods is the RF identication (RFID).
An RFID system is comprised of at least one reader, which acts as both transmitter and receiver. This reader is the power source of the system. There are
also one or more passive tags, which are used as re-transmitter. When the tag
is close to the reader, the transmitter and the tag will achieve an electrical
and magnetic coupling, and the connectivity will be established. Normally
the tags are not powered and they derive their power from the reader. This
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allows the tags to be cheap and small. Depending on the power transmitted
by the reader, the positioning accuracy of RFID can be as centimeters to
as large as 30m or more [52]. Obviously a small coverage provides better
accuracy but requires more readers for the same space.
Beside RFID, Bluetooth is also a good candidate for proximity positioning.
The frequency hopping technique used by Bluetooth makes time/phase measurements very dicult. Since its coverage depends on the power class, it is
suitable for proximity positioning. Since it is quite common that many electronic devices, like cell phones and computers, are pre-equipped with Bluetooth, it is easy and cheap to use Bluetooth as a complementary location
system for indoor environment.
In general the range of proximity-based location devices would not exceed
100m [6]. The precision of the location estimation would be proportional to
the coverage. Some aspects which are important for range estimation, like
bandwidth and multipath are not important in proximity-based positioning.
This kind of system normally has a constraint on the maximum number of
simultaneous users for a xed infrastructure, since they have limited channels
to connect transmitters and receivers.

2.2.2 Angle of Arrival
The basic idea of AOA is to estimate the angle between the receiver signal
and the receive axis. Based on two or more signals, the target location can
be estimated by triangulation. In order to determine the AOA of the receiver
signal, a directional antenna, such as an adaptive phase antenna array of two
or more antenna elements, is required. By measuring the TDOA of signal
impinging at each elements of the array, the AOA can be calculated. In
Figure 2.8, the principle of AOA is illustrated. In principle these systems
operate in RF far-eld of the transmitter with a planar wave incident on the

25

2  GNSS and Signal-of-Opportunity

receiver. Multipath and other signal distortions prevent this conguration
from being ideal.

f1 = f0 + 2p f c

d
cos q
c

fn = f0 + 2np f c

d
cos q
c

q

f1

f0

fn

d
Figure 2.8. Radio AOA principle
As shown in Figure 2.8, the TDOA of signal impinging at each element is

d cos(θ)/c, this can be converted to a phase dierence of 2πfc dc cos θ. By
measuring this phase dierence, the unknown variable θ can be determined.
There are some location applications based on AOA method. In the 20th
century, people use AOA methods for aviation navigation aid. An example
is the VHF Omni Directional Radio Range (VOR) system, deployed in 1946
[53]. It allows aircrafts to determine their position and stay on course by
receiving signals transmitted by a network of xed ground radio beacons.
It uses radio frequencies in the very high frequency (VHF) band from 108
MHz to 117.95 MHz. Similar beacons located in coastal area are also used
for maritime radio navigation. However due to the widespread adoption of
GPS, these kinds of stations are decreasing. AOA methods are also used
for emergency aid. There are many forms of radio transmitters designed to
transmit as beacons in the event of emergency, which are widely deployed in
civil aircrafts. The transmitter transmits a unique identication signal that
can aid to nd the exact location of itself. This technique has also been used
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for wildlife studies since 1960s, when the technology used in radio transmitters
and batteries made them small enough to be attached to wild animals.
One positive advantage of AOA systems is that most of the architectures are
designed with no limit on the number of simultaneous users within an operating region. But this method requires relatively large and complex hardware
and periodic array calibration. The positioning performance also degrades as
the distance between the transmitter and receiver increases.

2.2.3 Doppler
In the RF systems when there is a relative motion between transmitter and
receiver, the received frequency will be shifted up or down. This phenomenon
is called Doppler. The magnitude and sign of this shift depends on the frequency and the relative velocity of the transmitter and the receiver. By
estimating this parameter from several signals, the location of the user can
be estimated.

( x1 , y1 )

v1

v2

v1 · r1

( x2 , y2 )

v2 · r2

( xr , yr )
Figure 2.9. Doppler based positioning
As illustrated in Figure 2.9, a receiver with a xed position (xr ,yr ) receives
two signals from two transmitters. These two receivers move with velocity
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v1 and v2 at position (x1 ,y1 ) and (x2 ,y2 ). By processing these signals, the
Doppler can be calculated. Since the Doppler shift is due to relative motion,
it can be expressed by this formula:

△f = (ft − fr ) =

v
λ

(2.7)

where △f is the Doppler shift, ft and fr are the transmitted and received
frequency respectively, v is the relative velocity between the receiver and
transmitter, and λ is the signal wavelength. Therefore the direction vector rb1
and rb2 can be calculated by

v1 • rb1 = λ△f1

(2.8)

v2 • rb2 = λ△f2

(2.9)

So we can compute the two unknown variables xr and yr from two equations.
Note that this assumes a perfect reference frequency for both transmitter and
receiver and no frequency distortion. Here the receiver is stationary. If the
receiver is dynamic, more Doppler measurements will be needed.
In Doppler based positioning, the LOS is also required. In a large distance
the Doppler shift is no longer sensitive to the receiver location, so the location
accuracy will be degraded. While in a desired distance, the Doppler location
is far more precise. Simulations and experiments shown results of 1.3-2.2m
and 0.1-0.4m/s respectively in an operational area of 1,500m2 [6]. The rst
satellite navigation system, called Transit, was based on this technique for
positioning. It provided a two dimension position accuracy around 200m.
The advantage to the Doppler systems is that they are relatively simple and
the design can be used both for small and large coverage. The frequency used
is quite exible since no specic modulation or bandwidth are required.
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2.2.4 Receiver Signal Strength Methods
RSS localization methods were rst introduced in 1969 [54]. The general
idea is to determine the position from the signal strength or other signal
power related properties, such as Signal-to-Noise Ratio (SNR), Bit-ErrorRate (BER), Link Quality Indicator (LQI), Response Rate (RR) or Carrier
to Noise Ratio. The major advantage of this method is the availability of
RSS measurements practically in all systems and it does not require the time
synchronization of transmitters. Here we introduce the two most prevalent
sources which can be used for positioning with RSS method: WiFi access
points and cellular towers. Basically RSS localization methods break down
into two classes: distance estimation (following by the triangulation) and
ngerprinting.

Figure 2.10. Received signal strength based positioning

2.2.4.1 Distance Estimation
When the RF signal travels from transmitter to receiver, it is attenuated, as
discussed in [55]. Using this prole, the RSS can be linked to the distance
between the transmitter and receiver. In order to derive the distance from the
RSS, some models have to be used. The propagation loss is ruled by the free
space loss model over large distance, but experience large variations in tens
of decibels over short lengths. In the literature, some propagation models
are introduced. For example, the log-distance model can be expressed as
following [56]:

P = Pi − 10α log10 (di )
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where P is the power received by the receiver, Pi is the signal power transmitted by the ith transmitter, α is the path-loss exponent, which depends on
the channel environment and the receiver architecture, including the obstacles, the carrier frequency, reection, antenna gain and so on, and di is the
distance between the receiver and the ith transmitter.
In cellular and WiFi networks the RSS is used for hando and trac processing and is accessible without any hardware modication. Many eorts have
been done in this eld. An example is the RADAR system, developed by
Microsoft Research that uses WiFi access points to estimate the location of a
mobile transmitter within an oce environment [57]. RSS based localization
systems are simple to be implemented also in cheap devices. It is the most
widely used position-parameter estimation method. However the estimated
position suers a high variation on dierent environments.

2.2.4.2 Fingerprinting
Instead of deriving ranges from the RSS, ngerprinting methods use RSS to
form a map for location estimation. Typically, such an approach consists of
a training phase and a positioning phase. In the training phase, the receiver
can form the radio map either by empirical or model-based approaches. In
the empirical approach, the receiver can collect a single data in one location
or accumulate data as distribution. While in the model-based approach,
the receiver can either use pre-provided parameters [57] or the information
obtained from a small set of estimates [58]. During the positioning phase, the
position is calculated from the measurements and the information obtained
in the training phase. This approach takes the advantage of local channel
characteristics by using multiple transmitters to uniquely identify the receiver
location. Generally the ner the training grid the better the location accuracy.
This approach can be employed on a variety of scales, either on meter level in
indoor environment [59] or over large ranges with lower overall accuracies [60].
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An important factor about RSS ngerprinting is that it is not particularly
sensitive to the employed frequency. Moreover the time of x is very fast
with lower power consumption. The main drawback of this approach is the
database, which is laborious to be created and may need regularly updated
when a new transmitter is added or an old transmitter is decommissioned.

2.2.5 TOA, TDOA and POA Methods
In many positioning systems the ranges between the user and the reference
stations are measured. These measurements can be done by estimating the
TOA or TDOA, based on the fact that electromagnetic waves propagate
though vacuum at the constant speed of light. Therefore the range between
a transmitter and a receiver can be obtained by multiplying the speed of
light by the delay or Time of Flight (TOF) of the signals transmitted by the
reference stations to the user.
There are two ways to estimate TOA. The rst one is the one way estimation,
shown in Figure 2.11(a). The user calculates the time of arrival of the signal
at the antenna, by processing the signal. Normally the transmitting time is
stamped in the signal. So the TOF τ can be obtained. However, since it is
dicult to synchronized the user clock with the reference station clock, some
bias τf will appear in this measurement, as shown in Figure 2.11(a).
Another way is using the two way TOA, the user sends the request signal to
the reference station. After a known delay, the reference station transmits
a reply to the user. Therefore the TOF for one way can be obtained by

(τr − τ0 )/2, where τr is the round trip time (RTT) and τ0 is the known
reference delay, as shown in Figure 2.11(b). Beidou-1 system uses this two
way TOA for positioning. In this way, the clock oset between user and
reference station can be ignored. But the disadvantage is that the number of
simultaneous users is limited by the reference station capability.
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If the user can receive signals from two or more stations, the TDOA method
can be used. In this method, the two stations are synchronized, and the
dierence of the TOF for these two signals are measured. The clock oset
between the user and the station is successfully cancelled. In [32], the author
proves that TOA is slightly better than TDOA in terms of robustness and it
also has a simpler fault exclusion process than TDOA.
Reference
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Time according to
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Figure 2.11. Comparing of TDOA in one way and two ways with TDOA
Instead of measuring the time, the receive can also measure the range from the
carrier phase. By multiplying the carrier cycles (both the integer and fraction
part) by the known wavelength, the range between the reference station and
the user can be obtained, as shown in Figure 2.12. The biggest challenge
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for POA is to solve the carrier cycle ambiguity. A wrong ambiguity solution
can highly degrade the performance. If the ambiguity problem is well solved,
the POA method can provide a much better accuracy than the normal TOA
method. Taking the GPS system as an example, the L1 code phase cycle
length is roughly 300 km in range, while the carrier wavelength is 19 cm.

Relative phase
Cycles ambiguity

Transmitter

Receiver

Figure 2.12. Phase of arrival illustration

2.3

Conclusion

In this chapter, the state of positioning systems are outlined, including the
four global satellite navigation systems and some radio transmission systems
which can be used as SoO. For the GNSS, the system principle is explained.
The signal structure and receiver architecture are also presented. Due to different signal properties, dierent positioning methods are introduced together
with dierent SoO.
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Chapter 3
DVB-T Receiver with Normal
Acquisition and Tracking
GNSS has been widely used in many applications for positioning, navigation
and timing. However, in urban areas and indoor environments, where position information is required for many applications, GNSS shows degraded
performance in terms of precision and availability, because of the signal loss
or attenuation and multipaths due to obstacles. Fortunately, in these areas,
many local networks are deployed, such as 2G, 3G, WiFi, LTE (Long Term
Evolution) and DVB-T. They were originally designed for other purposes, but
they can be used for positioning, thanks to their properties, such as a high
SNR.
In this thesis, we consider DVB-T systems. It is the DVB European-based
consortium standard for the broadcast transmission of digital terrestrial television. It was rst published in 1997 and rst broadcast in the UK in 1998.
Now it is the most widely used digital terrestrial television standard, as shown
in Figure 3.1. More than 140 countries around the world are using or planning to use DVB-T as their digital television transmission standard. Also
the extension of DVB-T standard, called Digital Video Broadcasting-Second
Generation Terrestrial (DVB-T2), has been implemented in more than 20
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countries.
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$76&
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Figure 3.1. Digital terrestrial television systems worldwide.
From the positioning point of view, the DVB-T signals oer several advantages for positioning purpose. First, all the emitters are at xed and wellknown locations, the receiver can pre-store them in its memory as a prior
information for positioning. Second, they are synchronous and transmit the
same signals (provided by a distribution center) at the same time and the
same frequency. The synchronization is achieved by using professional GNSS
receivers at the emitter sites, which are used to determine synchronous time
instants and frequency values, thus providing accuracies comparable to those
of GNSS technology. Third, the SNR at the receiver is signicantly higher
than the requirement for ranging, due to the error probability requirement
for an acceptable TV service. In the coverage area of the DVB-T service the
user certainly receives at least one signal with SNR above the demodulation
threshold. Therefore, it is likely that several synchronous emitters can be
seen and are then available for ranging, up to three, four (and sometimes
more) emitters in view in some geographical area.
DVB-T adopts the Orthogonal Frequency Division Multiplexing (OFDM)
technique. Therefore the whole bandwidth is divided into many subcarriers,

35

3  DVB-T Receiver with Normal Acquisition and Tracking

in which the pilot subcarriers are included. We used these pilot subcarriers
to estimate the ranges between the receiver and dierent emitters with a
mechanism similar to the one used by GNSS receivers. If three or more
signals are successfully processed, the receiver can provide a DVB-T only
positioning by trilateration; otherwise, it can be used to assist GNSS.
In this chapter we will rst present a introduction of DVB-T system, including
the system conguration and signal structure. Then the normal tracking
receiver will be designed. The detail of this receiver will be explained. Finally
the receiver will be tested in dierent scenarios by simulation.

3.1

DVB-T Description

From the born of television, right up until the 1990s, all the television broadcasts were using analogue systems. However with the advance of digital processing techniques and the advances made in integrated circuit technology,
from 1991 various organizations started to discuss how to develop the digital
television system and how to form a platform that would enable considerable
economies of scale to be achieved. The organization named the Digital Video
Broadcasting Project (DVB), who was rst named the Electronics Launching
Group (ELG), developed a memorandum of understanding in 1993. After
that the development of the technologies and standards started to move forwards with a swifter pace. The rst DVB standard was DVB-S (Digital
Television Broadcasting-Satellites), agreed in 1994 and services commenced
in 1995. And in March 1997, the DVB-T standard was rst published and
its extension DVB-T2 has also been developed since 2006.
According to the document [61], two dierent network types are introduced,
Multi-Frequency Network (MFN) and SFN. In MFN, dierent emitters transmit the same signal on dierent frequencies, and they are not exactly synchronized; while in SFN, all the emitters are synchronized and transmit the
same signal on the same frequency, as shown in Figure 3.2. Clearly for the
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same coverage area, SFN just occupies 8 MHz bandwidth instead of 24 MHz
which is used for MFN broadcasting. This gives a great exibility of frequency planning. Besides, taking into consideration the price of broadcasting
licences, operating a network where spectrum is optimized becomes more
ecient as regards as the business plan.
Frequency: 666 MHz
Bandwidth: 8 MHz
Frequency: 674 MHz
Bandwidth: 8 MHz

Frequency: 674 MHz
Bandwidth: 8 MHz

SFN

MFN

Frequency: 682 MHz
Bandwidth: 8 MHz

Figure 3.2. Comparing between MFN and SFN topology

The challenge for SFN is to provide all the transmitters with necessary information in order to avoid interference from dierent transmitters. This
requires that the same OFDM symbols transmitted by dierent transmitters
in SFN have to been synchronized. According to the document [62], this task
is done by the SFN adapter, as shown in Figure 3.3. The adapter forms a
mega-frame, consisting of n TS-packets corresponding to 8 frames in 8k mode,
16 frames in 4k mode or 32 frames in 2k mode and inserts a Mega-frame Initialization Packet (MIP). This packet allows to uniquely identify the starting
point of the next mega-frame. The time dierence between the latest pulse
of one-pulse-per-second reference (derived from GPS) that precedes the start
of the next mega-frame and the actual start of the next mega-frame is copied
into the MIP of current mega-frame. This parameter is called Synchronization Time Stamp (STS). By this way the transmitters in the same SFN are
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synchronized, and this represents a key point when DVB-T signals are used
for positioning purposes.

TS
adaptor

TS

SSFN

Figure 3.3. Discrimination function with dierent spacing
In the MIP several parameters are inserted. The most interesting parameter
for our positioning purpose is the cell identier. The cell identier is a 16 bit
word and can be used to uniquely identify the cell to which the transmitter
belongs to. However it is important to notice that the transmission of the
cell identier is optional: this is not an issue for the provision of the DVBT service, but it is a problem to be solved when the signals are used for
positioning.
It is interesting to note that some companies transmit the emitter ID within
their bit streams, which are then completely equal apart from this small difference (this is done, for example, by RAI in Italy). This causes a (very
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limited) penalty, but it is very useful for network management and control.
It is clear that this extra-information can be very useful also for positioning
purposes, since it highly simplies the association of each signal to the corresponding emitter. Anyway, since the emitter ID transmission is optional
in the DVB-T standard (which is much more used and available than DVBHandheld (DVB-H)), we have not considered it in our study, and we have
proposed another way to solve the ambiguity. (Clearly, some actions could
be adopted in the future to convince the TV companies to transmit it, to
further exploit DVB-T for positioning.)
The scenario analyzed in this thesis considers a position device (PD) consisting of a hybrid GNSS/DVB receiver, where GNSS is the primary positioning
system, and DVB-T is used as a back-up when the number of GNSS satellites
is not sucient for computing the receiver position. In the rst phase (called
the initialization phase in the rest of the thesis), we suppose that the PD is
able to compute its position by using GNSS only. In this phase, the PD keeps
sensing the DVB-T spectrum in order to identify all the DVB-T emitters and
computes and tracks the ranges between each emitter and the PD itself. Since
the emitter positions are known, the ranges can be used to correctly associate
each received signal to the corresponding emitter. The detail of this method
will be explained in Section 3.2.1. Notice that a problem could arise when
two or more ranges assume the same value; however, the probability that
such an event continuously persists as long as the PD is in open sky is very
low and can be neglected. When the PD enters a GNSS-hostile zone (indoor
environment, urban or natural canyon or similar) and the number of visible
satellites becomes lower than four, the PD can use the DVB-T ranges to integrate them, up to a limit solution, where no satellites are visible and the
position is computed by using DVB-T data only. This last case obviously
represents an extreme situation, which may become very fragile, in the presence of path ambiguities encountered when two ranges become equal. The
problem can be quite completely eliminated if some redundancy is available
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or when auxiliary systems are available (i.e., map matching). In Chapter 5,
two methods are presented to solve the path ambiguity problem, with the
assumption that one GNSS satellite is visible.
In order to design a DVB-T positioning receiver, the signal structure has
to be well known. Rather than carrying one data carrier on a single radio
frequency channel, DVB-T split the digital data stream into a large slower
digital stream, each of which digitally modulates a set of closely spaced adjacent sub-carrier frequencies [61]. This technique is known as OFDM. In the
case of DVB-T, four dierent types of subcarriers are used, among which the
pilot subcarriers exist. They are used for channel estimation in DVB-T applications, but they can be also used for positioning by correlating the incoming
signal with a local-generated replica, with a method similar to that used in
GNSS receivers. In order to avoid inter-symbol interference, the Cyclic Prex
(CP) is introduced in the OFDM system. This property is very helpful for
our positioning purpose. In the coming part, we will give a brief introduction
of the SFN DVB-T signal structure, highlighting the points that impact more
on the capabilities of these signals to behave as SoO for positioning.

3.1.1 OFDM
OFDM is a digital multi-carrier modulation method. It divides the bandwidth into a large number of closely-spaced sub-bands. On each sub-band, a
Quadrature amplitude modulation (QAM) or Quadrature Phase-shift keying
(QPSK) is used, and all the sub-band signals are summed together. One of the
main reasons to use OFDM is to increase the robustness against frequencyselective fading or narrow band interference. In a single carrier channel, a
single frequency fade or interference can cause the entire link to fail. But
in OFDM only small amount of subcarriers will be aected. The dierence
between OFDM and Frequency Division Multiplexing (FDM) is that the subcarriers are closely spaced in OFDM instead of separated, as shown in Figure
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3.4. In this way the bandwidth eciency has been improved. However the
subcarrier width has to be well selected in order to avoid Inter-Carrier Interference (ICI) without inter-carrier guard bands. The method is to choose the
subcarrier spacing as △f = k/TU Hz, where TU is the useful symbol duration
and k is a positive integer, typically equal to 1 to save the bandwidth. Therefore the subcarriers are mathematically orthogonal. If the frequency is well
synchronized between the receiver and transmitter, the ICI (i.e., cross-talking
between subcarriers) can be avoided. The symbol rate is the same for each
subcarrier and is equal to the sub-band bandwidth in case of k equal to 1.

Subcarrier

Protection bandwidth

FDM
Savings in
bandwidth

Frequency

OFDM
Frequency
Figure 3.4. Concept of FDM and OFDM signals
In Figure 3.5, the block diagram of an OFDM transmission system is presented. First the data streams are converted from serial to parallel in order
to use IFFT for modulation in the transmitter side. In the receiver side FFT
is used for demodulation. The good eciency of this algorithm allows a large
number of subcarriers in operation, [63]. But it once restricted OFDM to
be a popular technique for wideband communications for a long time due to
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the lack of low-cost digital signal processing components that can eciently
calculate the FFT.
c kp

k

Serial to
parallel

Parallel
to serial

iFFT

sn

Add CP

s (t )

snk

DAC

Channel response

r (t )
ADC

Discard
CP

Serial to
parallel

FFT

Parallel
to serial

d pk

Figure 3.5. Orthogonal Frequency Division Multiplexing (OFDM) transmission system.

After the iFFT algorithm, the parallel data is converted into serial stream for
transmission. The output of the parallel to the serial block can be expressed
as:

s̃kn

=

IFFT(ckp )[n]

=

1

NF∑
F T −1

NF F T

p=0

ckp

)
(
pn
exp j2π
NF F T

(3.1)

with 0 ≤ n ≤ NF F T − 1
where:

• k is the OFDM symbol index,
• n is the sample index,
• p is the subcarrier index,
• NF F T is the FFT size,
• s̃kn is the n-th sample of the k -th OFDM symbol and
• ckp is the data (constellation complex value) on the p-th subcarrier of
the k -th OFDM symbol.
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Normally, in OFDM modulation, the number of subcarriers, NF F T , is chosen
as a power of two in order to eciently use the FFT algorithm.
In OFDM systems, the data is transmitted in a number of low rate streams
in parallel instead of a single high rate stream. The duration of each symbol
is long and it is feasible to insert a guard interval between OFDM symbols to
eliminate the Inter-Symbol Interference (ISI) in multipath fading channels.
This interval is used to transmit an exact replica of the end of the OFDM
symbol [64]. This interval is inserted at the beginning of each OFDM symbol,
referred to as Cyclic Prex (CP), as shown in Figure 3.6. This gives the
OFDM system an excellent multipath resistance: the receiver can easily avoid
the ISI if the multipath time-spreading is shorter than the guard interval.

Symbol
Symbol without
without CP
CP

Symbol
Symbol without
without CP
CP

Symbol
Symbol transmitted
transmitted

Symbol
Symbol transmitted
transmitted

Data stream
Figure 3.6. Cyclic Prex of OFDM symbols
Therefore, the emitted signal with the CP is:

skn = s̃kmod(n+NF F T −NCP ,NF F T )
with 0 ≤ n ≤ NF F T + NCP − 1
where:

• skn is the n-th emitted sample of the k -th OFDM symbol and
• NCP is the length of the cyclic prex guard interval.
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On the receiver side, the CP has to be removed. To do this, a coarselytimed synchronization is needed to nd the starting instant of the OFDM
symbol. The synchronization can be achieved, for example, by using the Van
de Beek algorithm [65]. This algorithm is based on the fact that the guard
interval is a replica of the end of the OFDM symbol. The correlation of
two groups of Ncp samples spaced by NF F T is calculated, and the absolute
maximum of the correlation is used to estimate the beginning of the OFDM
symbol. The synchronization can be achieved more precisely by adopting a
delay estimation method. If the starting point of the FFT window is slightly
wrong, but still within the CP, the receiver still has all wanted samples. This
can be expressed by the following equation:

r̃nk
=

=

)
(
p(n − τ )
=
exp −j2π
NF F T p=0
NF F T
)
(
)
(
NF∑
F T −1
pn
pτ
k
exp −j2π
cp exp j2π
N
NF F T
F
F
T
p=0

FFT(ckp )[n]
1

NF F T

1

NF∑
F T −1

ckp

(3.3)

with 0 ≤ n ≤ NF F T − 1
where:

• r̃nk is the n-th received sample of the k -th OFDM symbol after the CP
discarding and

• τ is oset between the transmitter and receiver CP discarding window.

We can see that these samples are circularly shifted, comparing the samples
originally emitted. This cyclic permutation only aects the phase of the received symbol output by the FFT. This additional phase rotation is typically
compensated for by the frequency equalizer, since it is summed to the phase
rotation introduced by the channel.
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3.1.2 DVB-T Signal
Based on the published standard document, DVB-T signals are located in
VHF and Ultra High Frequency (UHF) bandwidth, actually 174 − 230 MHz
and 470 − 862 MHz. The 470 − 862 MHz frequency band is also associated
to DVB-H (Handheld), which is derived from DVB-T standard. DVB-H is
designed for mobile user, but the proposed positioning technique for DVBT can also be used for DVB-H due to the similar signal structure. The
bandwidth is typically 7 MHz in VHF and 8 MHz in UHF and in several
country, like Colombia and the Philippines 6 MHz channel is also used.
The signal is organized in frames. Each frame consists of 68 OFDM symbols. Each OFDM symbol has dierent subcarriers, depending on the mode.
These are 2018 for 2K-mode and 8092 for 8K-mode, including those used for
frequency guard bands. Four frames constitute one super-frame. Therefore
the emitted signal can be expressed as following:
}
{
∞ ∑
67 K
max
∑
∑
cm,l,k Ψm,l,k (t)
s(t) = Re ej2πfc t

(3.4)

m=0 l=0 k=Kmin

with


′
 ej2π TkU (t−△−lTs −68mTs )
Ψm,l,k (t) =

0

(l + 68m)Ts < t < (l + 68m + 1)Ts
else

where

• k denotes the carrier number;
• l denotes the OFDM symbol number;
• m denotes the transmission frame number;
• K is the transmitted carriers, Kmin is alway 0, while Kmax is 1704 for
2K-mode and 6816 for 8K-mode;

• Ts is the symbol duration;
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• TU is the inverse of the carrier spacing;
• △ is the during of the guard interval, which is the CP;
• fc is the central frequency of the RF signal;
′

′

• k is the carrier index relative to the central frequency, k = k −(Kmax +
Kmin )/2;
• cm,i,k is the complex symbol for k -th carrier of the i-th data symbol in
m-th frame and 0 6 i 6 67.
An example is shown in Figure 3.7. The plot shows the dierent subcarriers
obtained from the output of the FFT block of a receiver for a clean signal (no
noise and multipath).
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Figure 3.7. Dierent types of subcarriers in DVB-T signals
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From Figure 3.7, four dierent subcarriers categories are observed. They are
null, data, Transmission Parameter Signaling and pilot subcarriers. Hereafter
we will give an overview of these four subcarriers.

•

Null subcarriers, which are placed on the edge of the signal spectra
and are not used. This is because of the low pass lter required by the
analog-to-digital (ADC) and digital-to-analog (DAC) conversion of the
transmitted and received signals. Since these lters will attenuate the
signal located on the edge band, these subcarriers cannot been used for
data transmission, as shown in Figure 3.8. Therefore these subcarrier
are not modulated. There is no data on these subcarriers, clearly shown
in Figure 3.7. They serve as frequency guard bands to avoid the out-ofband emission of the OFDM signal. In the case of DVB-T system, 1705
subcarriers are used for 2K-mode and 6817 subcarriers for 8K-mode.
The rest subcarriers are not modulated and placed on both side of the
bandwidth.
Transfer function of
transmitted/received signals

Frequency
Null subcarriers

Usable subcarriers

DC

Usable subcarriers

Null subcarriers

Figure 3.8. Null subcarrier for OFDM symbols
•

Data subcarriers, which are the payload of the OFDM symbol.

On

these subcarriers the MPEG transport streams (MPEG-TS) are transmitted. Each MPEG-TS consists of one or more MPEG program stream
(MPEG-PS). Two MPEG-TSs can be transmitted at the same time, using a technique called hierarchical transmission. Before transmission the
byte sequence is decorrelated with a technique called energy dispersal to
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increase the robustness again interference. Although some external and
internal interleavers are used against long sequences of errors. A ReedSolomon RS(204,188) code is used for external encoder and Forward
Error Correction (FEC) code is used for internal encoder to correct the
possible errors. Five dierent FEC coding rates are valid: 1/2, 2/3,

3/4, 5/6 and 7/8. Each subcarrier carries some data bits, depending
on the modulation scheme. The data subcarriers in one OFDM frame
of DVB-T are modulated using either QPSK or 16-QAM or 64-QAM.
In Figure 3.7 the 16-QAM is used, 16 dierent values can be observed.
These data are the core parts for TV service. However in our positioning method, they are not important. But they provide potential for
range calculation based on some assumptions [66].

•

Transmission Parameter Signaling (TPS) subcarriers, which are
used for transmitting signaling parameters related to the transmission
scheme. They are transmitted in parallel on 17 TPS subcarriers for 2Kmode and on 68 subcarriers for 8K-mode. They convey seven dierent
types of information on:
1. modulation including the α value for QAM, which allows specication of uniform and non-uniform modulation schemes;
2. hierarchy information, which enables two MPEG-TS transmitted
on the same time;
3. guard interval, which supports the initialization of a receiver in
case of reconguration;
4. inner code rate;
5. transmission mode, like 2K-mode or 8K-mode;
6. frame number in the super frame;
7. cell identication.

48

3  DVB-T Receiver with Normal Acquisition and Tracking

It is interesting to notice that the TPS subcarriers may contain the
cell-ID information, which is the only dierence among signals transmitted from dierent emitters in SFN. This information can be used
to associate the signals to the corresponding emitters. Unfortunately,
this cell-ID information is optional; the transmitters can discard this
identier by setting them to zero. The TPS is dened over 68 consecutive OFDM symbols, referred to as on OFDM frame. Every TPS
carrier is Dierential Binary Phase Shift Keying (DBPSK) modulated
and convey the same message. The initial bit of TPS is derived from
Pseudo-Random Binary Sequence (PRBS), which is generated for pilot
subcarriers. They are transmitted at the normal power level, which is
equal to the average power of all data cells.

•

Pilot subcarriers, which are used for channel estimation and equalization. They can be divided into two groups: the continuous pilots and
the scattered pilots. Both continuous and scattered pilots are modulated according to a PRBS sequence, which is generated according to
Figure 3.9. The rst output bit from PRBS is chosen to coincide with
the rst active carrier. A new value is generated for every used carrier,
no matter if it is a pilot carrier.
1 Bit

1 Bit

1 Bit

1 Bit

1 Bit

1 Bit

1 Bit

1 Bit

1 Bit

1 Bit

1 Bit

PRBS sequence starts:
1111111111100....

Figure 3.9. Generation of PRBS sequence

From Figure 3.9, we can obtain the polynomial for the PRBS sequence
generator:

X 11 + X 2 + 1
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This is a golden sequence, which is similar to the PRN code used
in GNSS system. It has a high auto-correlation value when the two
codes are aligned and very low value when they are misaligned. The
pilot subcarriers are transmitted at the boosted power level and the
corresponding values can be expressed by:

Re{cm,l,k } = 4/3 × 2(1/2 − wk )
Im{cm,l,k } = 0

(3.5)

where m is the frame index, k is the index of the subcarrier and l is
the OFDM symbol index which is ranging from 0 to 67. The dierence
between the continuous and scattered pilots is that the continuous pilots are placed on the same subcarriers in all OFDM symbols and the
scattered pilots are placed on dierent subcarriers in dierent OFDM
symbols. There are 177 and 45 continuous pilot subcarriers in 8K and
2K mode respectively. The location of continual pilots can be found
in document [61]. On the contrary, the scattered pilots are placed on
dierent subcarriers in successive OFDM symbols. For the symbol of
index l, the k -th scatter pilot is placed on:

k = Kmin + 3 × (l mod 4) + 12p

(3.6)

where p is an integer that takes all possible values greater than or equal
to zero, and make k satisfying Kmin 6 k 6 Kmax . It is interesting to
notice that the scattered pilots have the same location on every fourth
symbol and some continuous pilot subcarriers coincide with scattered
pilot subcarriers on every fourth symbol. The organization of the pilot
subcarriers is shown in Figure 3.10. The positioning system described in
this thesis is based on processing the scattered pilot subcarriers (SPS).
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Figure 3.10. Digital Video Broadcast-Terrestrial (DVB-T) pilot organization.
In the process of positioning computation, we are interested in the ranges
between the receiver and dierent emitters. These can be obtained by estimating the propagation delay. In DVB-T, the propagation delay is mainly
related to the FFT size, NF F T (which corresponds to the number of subcarriers of the OFDM symbol), the ratio between the Cyclic Prex length and the
useful OFDM symbol length, ρCP = NCP /NF F T , the sampling period, Tsamp ,
and the number of scattered pilot subcarirers, Nsps . They are summarized in
Table 3.1 according to the document [61].

Table 3.1. DVB-T parameters

Parameter
NF F T

ρCP
Tsamp

Nsps

Possible values
2048 (Mode 2K)
4096 (Mode 4K)
8192(Mode 8K)
1/32, 1/16, 1/8, 1/4
7/64 µs (8 MHz))
1/8 µs (7 MHz)
7/48 µs (6 MHz)
7/40 µs (5 MHz)
142 (Mode 2K)
284 (Mode 4K)
568 (Mode 8K)

These values determine the maximum delay that a DVB-T receiver can handle. For example, in the 2 K mode with ρCP = 1/4 and an 8 MHz channel, the
maximum detectable delay is 56 µs, which corresponds to a path dierence
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of about 16.8 km, assuming the propagation velocity is equal to the speed of
light in vacuum (c = 299,792,458 m/s). Therefore, in general, it is possible
to associate to each possible system conguration of Table 3.1 a maximum
allowable path dierence, ∆pmax , to avoid ISI.
As shown in Table 1, in the 2 K model with an 8 MHz bandwidth, the
sampling interval is 7/64 µs. Multiplying by the speed of light, we have 32
m. By half, it is 16 m. This accuracy can be improved by some interpolation
methods. Furthermore, we may have four or more DVB-T emitters in a
2D positioning; the obtained position resolution is acceptable for the urban
scenario.

3.2

Positioning Based on DVB-T

It is well known that the position of an object capable of measuring the
distances between itself and some reference points can be performed by using
the trilateration method; this is the technique typically employed in GNSS
[2], and the same method can be utilized when the references points are the
emitters of DVB-T signals. To implement the method, the PD has to:
1. identify a reference frame,
2. identify the emitter locations, pi = (xi ,yi ,zi ), where i = 1, · · · ,Ne and

Ne are the number of visible DVB-T emitters,
3. measure the ranges, ri , between each emitter and the PD
4. write and solve the navigation equations.
The implementation of the rst tasks does not present any dierence with
respect to a classical GNSS receiver; so, it is not described in this thesis. The
second task is the most challenging part, since the signals transmitted by the
DVB-T emitters do not contain the station identier; so, the receiver is not
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able to associate each received signal to a specic station. This is not an
issue for TV reception, but it is a problem for positioning. Notice that the
emitter identier is foreseen by the DVB-T standard, but its transmission is
optional; so, it is ignored in this study. The method proposed in this thesis
to solve this problem is described in Section 3.2.1. The third task requires
the processing of an OFDM signal to estimate the range. Since GNSS signals
exhibit dierent properties with respect to DVB-T signals, a new receiver
architecture has to be designed with respect to a GNSS receiver. In this
receiver, two more blocks are used to identify the location of SPS for dierent
OFDM symbols and overcome the correlation peak jumping during the receive
motion. Finally the receiver position is calculated by an EKF. Due to the
information obtained from initialization phase, the EKF is initialized with
good position accuracy.

3.2.1 Initialization Phase for DVB Ranging
We assume here that in the future, a PD is likely to be equipped with a GNSS
sensor as a primary tool and with other sensors able to exploit the nearby
signals-of-opportunity. This means that the architecture of a PD will include
a hybrid receiver, which computes its position with GNSS and resorts to SoO
only when the GNSS satellites are not visible. Moreover, in the case of DVBT towers, it is realistic that the PD has a map of their locations (they are
indeed available and easy to nd also on the web).
In this scenario, we can suppose that the trilateration with DVB-T-based
measurements is generally preceded by a phase of position computation based
on GNSS, performed when the PD is in open sky with complete visibility
of GNSS satellites. This phase is the standard mode of operation and, at
the same time, represents the initialization phase for the position computation based on DVB-T. During this phase, the PD continuously evaluates the
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ranges, ri , between each emitter and the PD, by using its own position, provided by GNSS, and the location of the nearby DVB-T emitters, whose map
is stored in the PD memory. Therefore, in this phase, the PD can also associate the estimated ranges with the emitter locations, solving the problem of
emitter identication, as shown in Figure 3.11.
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Figure 3.11. Initialization pahse.
Each range can be written at each discrete-time instant, n, as:

ri,G [n] = Ni,G [n]rs + δi,G [n]

(3.7)

where Ni,G [n] is an integer, rs is the distance traveled by the DVB-T signal
during an OFDM symbol time, δi,G [n] is a fractional range with respect to rs
and the subscript G stands for GNSS. Notice that Ni,G [n] could be also zero,
depending on the coverage area of the DVB-T towers. At the same time,
the PD can estimate the ranges from the DVB-T emitters by using the SoO.
This can be obtained by measuring the fractional range, δi,D [n], as shown in
Section 3.2.2, and by evaluating Ni,G [n] from Equation (3.7), as:
⌋
⌊
ri,G [n]
Ni,G [n] =
rs

(3.8)

where ⌊·⌋ stands for the integer part. Therefore, the PD knows at each instant,

n, ri,G [n] and the range provided by the DVB-T SoO, which can be written
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as:
(3.9)

ri,D [n] = Ni,G [n]rs + δi,D [n]

and can keep these values aligned. At this point, if the PD enters a GNSSblocked area at the time instant, n0 , it can start the position computation
in DVB-mode by using the range measured at the time instant, n0 − 1, that
is, the range measured during the initialization phase. This represents a hot
start for the PD, similar to the one encountered in a PD only working in
GNSS-mode.
Another benet of the initialization phase is that the out bound peaks can be
discarded, as shown in Figure 3.12. The red peak is a multipath of emitter 1,
close to the peaks of emitter 2 and stronger than them. However, since it is
out of the bound dened by the receiver position, this peak can be recognized
as a multipath and, then, discarded.

t
Figure 3.12. Associating the signals to corresponding receivers.

3.2.2 Range Measurement
As well as in GNSS navigation [9], the calculation of the user's position with
DVB-T signals requires the measurements of several ranges between the user
and the emitters. Since the receiver clock is not synchronized with those of
the emitters, the measured ranges are the true ranges plus the error caused by
the clock oset. Therefore they are referred as pseudo-ranges. In the position
calculation process at least one more pseudo-range is needed to correct this
time oset.

55

3  DVB-T Receiver with Normal Acquisition and Tracking

In the case of additive Gaussian noise (AWGN), they can be obtained by the
Maximum Likelihood (ML) estimation through correlation. Since the pilot
subcarriers are modulated by PRBS, the incoming signals can be correlated
with the local generated replicas, similar to the mechanism used by GNSS
receivers [67]. However, some dierences between GNSS and DVB-T positioning have to be taken into account in the procedure of range estimation,
due to the dierent signal structures. A possible scheme to perform this task
is shown in Figure 3.13, where four functional blocks are indicated.

Scattered
pilot
detection

d pk

Tracking
Acquisition

Reacquisition
(If needed)

t

Figure 3.13. Pseudo-range measurement block diagram
Comparing with the normal GPS receiver, there are two more blocks: the
scattered pilot detection and the Re-acquisition. As shown in Figure 3.10,
the locations of the SPSs of two successive OFDM symbols are dierent,
therefore, it is necessary to identify the SPS location of the current symbol
before creating the local replica. A possible identication method is the one
proposed in [68] and summarized in Appendix A. Once the location of the
scattered pilot subcarriers has been identied, it is possible to estimate the
relative delays of the signals received from dierent emitters.

3.2.2.1 ML Delay Estimate
It is well known that the ML estimation of the delay of a noisy signal, sr (t) =

s(t − τ ) + w(t) (where w(t) is a realization of an AWGN process), is obtained
by correlating sr (t) with a signal s(t), generated at the receiver side and by
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estimating τ as the argument of the peak of the correlation function [69]. The
basic scheme is shown in Figure 3.14. In our case, this rule has to be applied
to the signal at the output of the receiver chain shown in Figure 3.5.

Received
signals

Integration

Correlation
function
(i.e. CIR
estimates)

Local replica of scattered
pilot subcarriers

Figure 3.14. Block diagram of the CIR estimation

The rst task of the CIR estimation is to generate the local replica, which
can be done in this way: rst all the subcarriers except the scattered pilot
subcarriers are set to zero. Then the scattered pilots are generated through
a Linear Feedback Shift Register (LFSR) and the scattered pilot subcarriers
are BPSK-modulated with a 4/3 boosted signal amplitude. The last step is
to delay the local replica by applying dierent values of a time oset ñ. This
local replica can be expressed in the frequency domain as:
−j2π N pñ

Ppk (ñ) = ckp e

FFT

,p ∈ ps (k)

(3.10)

where:

• Ppk is the delayed local replica of subcarrier p of the k -th OFDM symbol,
• ckp is the emitted value on subcarrier p of the k -th OFDM symbol,
• ñ is the delay applied to the local replica, normalized by the sampling
period Tsamp ,

• ps (k) is the index set of scattered pilot subcarriers of the k -th OFDM
symbol.
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In the ideal case of a noise-free channel, after the FFT demodulation, the
received scattered pilot subcarriers of a single emitter can be expressed in the
frequency domain as:

dkp (n) = ckp αe

−j2π N pn

FFT

,p ∈ ps (k)

(3.11)

where:

• dkp is the demodulated value on subcarrier p of the k -th OFDM symbol,
• α is the signal attenuation,
• n is the channel delay, normalized by the sampling period Tsamp .
The correlation of the local replica and the incoming signal on the scattered
pilot subcarriers can be written as:

RM (m) =

1 ∑ k
dp (n)Ppk∗ (ñ)
Np

(3.12)

p∈ps (k)

where:

• m = n − ñ is the delay oset between the received signal and the local
replica,

• Np is the number of SPSs in the OFDM symbol,
• (·)∗ denotes a complex conjugate.
As mentioned before, the pilot subcarriers are BPSK modulated with a 4/3
boosted signal amplitude and the scattered pilot subcarriers are inserted every
12 subcarriers. Therefore Equation (3.12) can be rewritten as:
Np −1
I i)m
16 2 ∑ −j2π (N0 +pN0f+p
ft
e
RM (m) = σp α
9
i=0

where:
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• σp2 is the power level of the data and TPS subcarriers, normally it is set
to 1,

• N0 is the number of null subcarriers in the lower band of the OFDM
signal,

• p0 is the location of the rst scattered pilot subcarrier. It is chosen from
{3,6,9,12} depending on the OFDM symbol index,
• pI is the scattered pilot interval. It is equal to 12 for DVB-T signals.

In the ideal case of a single emitter in a noise-free channel, without multipath
and frequency oset, the correlation, RM (m) can be analytically evaluated
for m ∈ ∆m , where ∆m is a discrete-time interval containing all the possible
delays between the incoming signal and the local replica (expressed in number
of samples). The absolute value of RM (m) can be written as:

|RM (m)| =

16 2 sin(πBm)
(
)
σ α
9 p sin πBm
Np

(3.14)

where B is dened as:

B=

PI Np
NF F T

(3.15)

It is a parameter corresponding to the ratio of the useful subcarriers to the
total number of subcarriers. It is a factor characterizing the spectral occupation of the signal. From Equation (3.14) we can see that the correlation is
a Nf f t /PI -periodic function. In order to detect a long delay, it is better to
use a large FFT size or decrease the scattered pilot subcarrier interval. Here
we decrease PI by adding four successive OFDM symbols together after the
FFT demodulation, as shown in Figure 3.15. This reduces PI from 12 to 3,
extending the periodicity of the correlation function 4 times.
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Figure 3.15. Scattered pilot location of a quadruplet resulting from combining four consecutive symbols.
This conbined structure generates quadruplet with the same location at each
new measurement. Therefore the acquisition process can start without the
help of the scattered pilot subcarrier detection process. This may reduce
the starting time. However, after the coarse delay estimate, the correlation
should be performed on each OFDM symbol in order to obtain a precise delay
estimate.
In the presence of noise, the received value will be:
′

dpk (n) = dkp (n) + wk

(3.16)

where wk is the noise contribution.
The correlation can be performed in the frequency domain, as described in
[39, 33], as:

RM (m) =

1 ∑ ′k
dp (n)Ppk∗ (ñ)
Np

(3.17)

p∈ps (k)

From this correlation result, the ML estimation can be performed.
In order to mitigate the side lobe of the correlation function, we use a windowing technique. By adopting a hamming window, the correlation becomes:

R(m) =

1 ∑ ′k
dp (n)Ppk∗ (ñ)w(p)
Np

(3.18)

p∈ps (k)

where w(p) = 0.53836 − 0.46164 cos(2πp/(K − 1)) is the hamming window
and K is the number of non-null subcarriers.
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3.2.2.2 Delay Estimate in the Case of Multiple Emitters
In a scenario with more than one emitter, the correlation is characterized by
the presence of several peaks, each one corresponding to a delay, ml (with l =

1, · · · ,Ne ), introduced in the correlation by each specic emitter. Moreover,
each emitter can generate both the line of sight (the only path of interest for
positioning) and other reected signals. The peak positions can be evaluated
by adopting a threshold mechanism applied in the regions of expected delays.
The threshold can be calculated as stated in the Neyman-Pearson theorem.
However, in our simulation, since we are interested in the performance of
the PVT computation and we know that the signals are present, we skip the
phase of signal detection, and we simply estimate the propagation delay by
considering the position of the peak.
In our experiments, we have used a mechanism consisting of two stages; the
rst one, called acquisition, provides a coarse delay estimate, which will be
rened by a tracking stage in the second stage. The method adopted in the
acquisition stage is based on the comparison of the correlation obtained from
the measured samples, with the ideal expected correlation, which is, in the
ideal case, of no noise, and other interfering signals, of the type:

RNe (m) =

Ne
∑

R(m − m̄l )

(3.19)

l=1

where Ne is the number of considered propagation delays. The shape of

R(m − m̄l ) is shown in Figure 3.16.
The criterion adopted in the acquisition stage is the minimization of the
mean squared error between the measured correlation, RM (m), and the ideal
correlation, expressed as:

m̂ = arg min
m̄

K
∑

RM (m) −

m=1

Ne
∑

2

R(m − m̄l )

(3.20)

l=1

where ∥ · ∥2 denotes the two-norm of a vector, K is the number of correlation
points, m̄ is a test vector, m̄ = {m̄1 m̄2 · · · m̄Ne }, whose elements are variable
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Figure 3.16. The model of the pulse shape
delays, m̄l , introduced for performing the minimization procedure indicated
in Equation (3.20), and m̂ is the vector of the estimated delays.
Equation (3.20) can be rewritten in the matrix form:

m̂ = arg min ∥R − P∥2
m̄

(3.21)

where:

• R = [RM (1),RM (2)...RM (k)] is a vector of the correlation results,
• P = [P1 ,P2 ...PL ] is a K × L matrix containing all the considered modeled pulse samples, Pl = [RM (1 − m̄l ),RM (2 − m̄l )...RM (k − m̄l )]T is the
pulse samples at delay l.
The minimization can be done by adopting the Matching Pursuit (MP) algorithm [70]. This method can only nd one propagation delay each step.
The algorithm deduces all the expected delays by iteratively nding the most
probable delay of a pulse from the correlation results. After each iteration,
the correlation results are corrected by removing the last estimated delay and
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Algorithm 1 Matching pursuit algorithm
Require: the correlation result vector R = [R (1),R (2)...R (k)]
P = [P ,P ...P ]
Initialization: set i = 0
for i = 0 to L-1 (the expected number of propagation delays) do
0

1

2

M

M

M

T

and

L

nd the most probable delay by

• Ri |
|PH
m̂i = arg max l H
∥Pl ∥
l
removing the most probable delay from the correlation results

Ri+1 = Ri −

end for

|PH
m̂i • Rm̂i |
• Pm̂i
∥PH
l ∥

the next expected delay is estimated. The matching pursuit algorithm can
be implemented in pseudo code form in Algorithm 1.
The search space should be the whole range, ∆m , but in our application, the
size of the search interval, ∆m , can be greatly reduced, thanks to the initialization phase, which allows a prediction of the peak locations. In this way, the
estimation of the delays is done only in restricted intervals around the true
delays, ml . This allows a hot start of the DVB mode, which presents another
important advantage: the majority of peaks due to multipaths are discarded,
as they fall outside the search space identied during the initialization phase.
Once the coarse delay estimation has been achieved by the acquisition stage,
the tracking stage can be used to rene this estimation. In order to rene the
delay estimated by the MP algorithm and track the variation of the delay,
a DLL is used. One DLL is launched for each propagation delay obtained
in the acquisition stage. The tracking process used here is similar to that
used in GNSS receivers [9]. Three correlation outputs are computed: the
prompt, early and late. The distance between the early-code and late-code is
called discriminator's spacing and it is normalized with respect to the sample
duration.
The three correlation outputs are obtained by multiplying the input signal
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by the local generated replica, dened as:
−j2π N n

pprompt
= ckp e
p

fft

−j2π

n−δ/2
Nf f t

−j2π

n+δ/2
Nf f t

pearly
= ckp e
p
plate
= ckp e
p

(3.22)

(3.23)
where ckp is the local replica in the scattered pilot p of the k -th OFDM symbol
and δ is the discriminator's spacing.
Therefore the three correlations are calculated as:

Rkprompt =

∑

−j2π N n

dkp ckp e

fft

p∈ps (k)

Rkearly =

∑

−j2π

n−δ/2
Nf f t

−j2π

n+δ/2
Nf f t

dkp ckp e

(3.24)

p∈ps (k)

Rklate =

∑

dkp ckp e

p∈ps (k)

(3.25)
The discriminator used in the DLL is a normalized |E|2 − |L|2 . Its expression
is :

D(ε) =

|Rkearly |2 − |Rklate |2
|Rkprompt |2

(3.26)

In order to normalized the discriminator's linear zone, we have to divide D(ε)
by the slope of D(ε) around ε = 0.

Dnorm (ε) =
where

Knorm ≡ lim D(ε) =

D(ε)
Knorm

(3.27)

1 − 2δ πB sin(πBδ) − cos(πBδ)
2

δ
π 2 B 2 16

ε→0

(3.28)

The derivation of Knorm is shown in Appendix B.
In order to reduce the noise in the loop, a 2nd order loop lter is used. The
output of the discriminator at instant l is ltered by this lter and then it is
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used to control the local replica generation at instant l + 1. The expression
of the loop lter in Z domain is:

L(z) =

(C2 (z − 1) + C1 )
(z − 1)

(3.29)

where C1 = ωn2 and C2 = 2ηωn . η is the damping ratio and ωn is the natural
frequency. The natural frequency can be calculated from the damping ratio
and the equivalent noise bandwidth Bl , by using the expression:

ωn =

8Bl η
4η 2 + 1

(3.30)

given in [71].
One dierence between the tracking used here and that in GNSS is the reacquisition phase. This function can be used to rene the tracking performance as the correlation peak jumps from one delay point to the adjacent
point. This phase is described in Section 3.2.2.3

3.2.2.3 Re-Acquisition Phase
Since there is only one sample for each subcarrier, the output of the discriminator will change rapidly once the correlation peak jumps from one delay
point to the adjacent one. This is dierent from the tracking process used in
a GPS receiver, where the receiver can track the signal smoothly from one
chip to the next one. In order to solve this problem, a re-acquisition function
is implemented. If the output of the discriminator is above a given threshold, the receiver will enter the re-acquisition stage. This stage is similar to
the acquisition stage, but the correlation is only calculated upon a small set
of delay points, which are centered on the delay obtained from the tracking
process. Here, we choose three delay points. In fact, the receiver trajectory
is continuous, and then, the correlation peak can only jump from one delay
point to one of the adjacent two points (depending on the increase or decrease
of the range). If all the correlation results are below a given threshold, the
tracking is considered as unlocked. The receiver will restart from the rst
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step. Otherwise, the receiver goes back to the tracking process with the new
estimated delay obtained in the re-acquisition stage, as shown in Figure 3.17.
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Figure 3.17. The ow diagram of the re-acquisition stage.

3.2.3 Position Calculation
Once we obtained several pseudo-ranges from several emitters, we can calculate the user location. In this calculation, the EKF is used to mitigate the
noise eect and the accumulated errors [72, 73].
The Kalman lter is a set of mathematical equations that provides an ecient
computational mean to estimate the state of process, in a way that minimizes
the squared error. The Kalman lter estimates a process by using a form of
feedback control: the lter estimates the process state at some time and then
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obtains the feedback in form of measurements. As such, the equations of
Kalman lter fall into two groups: time update equations and measurement

update equations. The time update equations are responsible for projecting
forward the current state and error covariance estimate to obtain a priori estimate for the next state. The measurement update equations are responsible
for correcting the priori estimate based on the measurements to obtain an
improved posteriori estimate. This algorithm is illustrated in Figure 3.18.

7LPH8SGDWH
SUHGLFW

0HDVXUHPHQW8SGDWH
&RUUHFW

Figure 3.18. The ongoing discrete Kalman lter cycle
The Kalman lter addresses the general problem of trying to estimate the
state of a discrete time controlled process that is governed by linear stochastic
dierential equations. However the relationship of the process to be estimated
and the measurement to the process generally is not linear. In our scenario,
the user position (process to be estimated) and the pseudo-ranges (measurements) relationship is non-linear. Therefore the extended Kalman lter is
used. The algorithm of the extended Kalman lter is shown as following:
As shown in the predict phase of Figure 3.19, x̂−
k represent the state vector
at the estimation time tk . f is the transmition function, which is non-linear.

mk is the process noise at time tk , modeled with a normal distribution with
zero mean and covariance matrix Qk . Pk− is the error covariance matrix. It
is derived from the previous error covariance matrix Pk−1 and the previous
process noise covariance matrix Qk−1 . Ak =

∂f
|
∂x x̂k−1

and Mk =

∂f
|
∂m mk

Jacobian matrices of the transition function f at estimation time tk .
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Figure 3.19. A complete picture of the operation of the EKF
The second phase of EKF is the correction phase, where the estimated state
will be updated by using the new measurements. First, the Kalman lter
gain is computed using the estimated error covariance Pk− and the observation
function h, which is the pseudo-ranges obtained from the signal processing. As
shown in Figure 3.19, Hk =

∂h
|−
∂x x̂k

and Nk =

∂h
|
∂n nk

are the Jacobian matrices

of the observation function h at the estimation time tk . Then, the state vector

x̂k− is updated using the equation shown in Figure 3.19. zk = h(x̂k ,nk ) is the
measurement vector. Finaly the error covariance Pk is updated and the new

x̂k and Pk are used as the initial estimates for the next lter cycle.
Since it is impossible to know the exact value of the process noise at each
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−
estimation time, we use x̂−
k = f (x̂k−1 ,0) and zk = h(x̂k ,0) instead of x̂k =

f (x̂k−1 ,mk ) and zk = h(x̂k ,nk ) respectively in our position calculation process.

3.2.3.1 Final Considerations
It is well known that the minimum number of reference points for performing
the trilateration process in a 3-D space is four. In practice, in most applications, three reference points could be enough, as the intersection of three
spheres gives two solutions, one of which is not realistic and can be discarded.
Moreover, some aiding data can be provided during the initialization phase,
such as the synchronism, and the user altitude, further reducing the minimum
number of DVB-T emitters.
In a more realistic situation, three or two DVB-T signals should be sucient,
considering that in most applications, some data can be considered quite
constant (i.e., altitude) during short/medium GNSS outages, especially in a
vehicular scenario. Moreover, if the hybrid GNSS/DVB receiver can track its
position in an area where GNSS satellites randomly appear and disappear,
the position provided by DVB-T can be used to allow a very hot start of the
GNSS-based positioning, even if the GNSS satellites are visible in a very short
time interval. In general, we can say that a hybrid GNSS/DVB receiver could
be used for both a hybrid trilateration and for mutual assistance of the two
separate positioning systems. This thesis is devoted to this second aspect,
and the simulation experiments with four emitters have been done to prove
the feasibility of a positioning method based on synchronous OFDM DVB-T
signals, while the role of GNSS is only the initialization of the DVB-T-based
position computation.

3.2.4 Simulation Scenario
Simulation experiments have been done for the scenario shown in Figure 3.20,
where the user can receive four DVB-T signals from four emitters that belong
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to an SFN, and no GNSS satellites are visible when the user enters the grey
area indicated in the gure. The user moves along a path with an initial
location outside the grey area. In our simulation, four DVB-T emitters are
placed.

Y
E3

Block
area

E1

E2
X

E4

Figure 3.20. Analyzed scenario.
In the scenario of Figure 3.20, four DVB-T emitters of the same SFN are
placed on the four semi-axes. They transmit the same signals on the same
frequency, with the parameters summarized in Table 3.2.
For the signal generation, we have used the Anritsu MX3700 generator, which
is a laboratory Radio Frequency (RF) generator that can be modulated by
an array of complex baseband samples. As an option, a DVB-T/H sample generation software is sold. We used such software to generate DVB-Tcompliant baseband signals used as simulation sources. The receiver has a
constant speed equal to 100 m/s, while the direction of the velocity changes
from time-to-time. The signal received along the path has been simulated
by combining shifted and attenuated versions of the generated signal. The
delays have been simulated by shifting the FFT window according to the corresponding ranges between the user and the emitters. The SNR is simulated
according to Equation (3.31):

E[|s(t)|2 ]
C/N0 =
N0 Lu
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where s(t) is the transmitted signal; N0 is the noise oor; Lu is the signal
attenuation according to the Hata model for urban areas, which is:

Lu = 69.55 + 26.16 log(f ) − 13.82 log(hB ) − CH + [44.9 − 6.55 log(hB )] log(d)
(3.32)
where CH depends on the city size. For small and medium sized cities, it is:

CH = 0.8 + (1.1 log(f ) − 0.7)hM − 1.56 log(f )
while, for large cities, CH is:

 8.29(log(1.54hM ))2 − 1.1, if 150 ≤ f ≤ 200
CH =
 3.2(log(11.75(h ))2 − 4.97, if 200 ≤ f ≤ 1500
M
where Lu is the path loss in urban areas in dB, hB is the height of emitters in
meters, hM is the height of the receiver antenna in meters, f is the frequency
of transmission in MHz, CH is the antenna height correction factor and d is
the distance between the base station and receiver in kilometers.

Table 3.2. Parameters of DVB-T signals. FFT, Fast Fourier Transform;
CP, Cyclic Prex; SNR, signal-to-noise ratio.

Parameters

Values

FFT size NF F T
CP length
Signal bandwidth
Length of simulation
Symbol duration Tsymb
Sampling period Tsamp
SNR

2,048
µs)
8 MHz
20 s, 100 s
280 µs
109 ns
10 dB
1
(56
4

Here, we suppose all the DVB-T transmitters are placed on the same height
at 100 m. Furthermore, since all the emitters use the same frequency, the
propagation loss changes only with the distance. The SNR of the received
signal has been set equal to 10 dB, where the distance between the user and
the emitter is equal to 5 km. The SNR in the other points is calculated
according to Equation (3.32).
The position is computed in two dimensions, regardless of the altitude, every
0.2 s.

71

3  DVB-T Receiver with Normal Acquisition and Tracking

3.2.4.1 First Experiment
In the rst experiment, the position is evaluated in the absence of multipath
and by ignoring the propagation loss. The idea is to test only the capability
of a system based on DVB-T, and GNSS is only used in the initialization
phase. The simulation length is set to 20 s. The four DVB-T emitters are
placed in this way: the two emitters (E1 (−1,000,0) and E2 (8,000,0)) placed
on the x-axis have quite dierent distances with respect to the origin of the
reference system, while the other two (E3 (0,4,000) and E4 (0,−4,000)) on
the y-axis are symmetric with respect to the origin.
6

12

x 10

10

correlation

8

6

4

2

0

0

100

200

300
400
delay (samples) Tsamp = 0.109375(µs)

500

600

Figure 3.21. Acquisition results (correlation).
Figure 3.21 shows the acquisition results. Four correlation peaks are visible.
They correspond to four dierent propagation times with respect to the four
DVB-T emitters at the initial location, from where the user enters the obstructed area. Since the propagation loss has not been considered, the four
correlation peaks have the same amplitude.
Figure 3.22 presents the estimated trajectory. In order to make the gure
more visible, the trajectory plots are done every 0.4 s, which means that one
estimated point between two presented points is dropped. In the gure, two
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Figure 3.22. True and estimated trajectories.
dierent estimated trajectories are visible. The green circles always stay close
to the true trajectory, while the red diamonds deviate from the true location
after the user reaches the origin of the reference system. This is because when
the receiver reaches the origin, it receives four signals, and two of them have
the same propagation time (E3 and E4 are symmetric with respect to the
origin). Then, two dierent situations may exist in the absence of additional
information:
1. The receiver still makes the correct signal association after this point,
and the receiver will estimate the trajectory correctly. This is similar
to the case of signals from dierent emitters with signicantly dierent
propagation times. In this case, the simulation results show good performance, even in highly dynamic scenarios (e.g., 100 m/s), as shown by
the green circles. In our simulation, the receiver achieves a performance
with a Root Mean Square (RMS) = 6.8 m, Mean error = 6.0747 m and
standard deviation σp = 3.0559 m.
2. The receiver makes a wrong signal association after reaching the origin
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of the reference frame, which means the signal emitted by E3 is associated with E4, and the signal of E4 is considered as coming from E3. In
this case, the estimated trajectory deviates from the true one, as shown
by the red diamonds.

Since we cannot know the true trajectory in the real cases, some additional
information (e.g., the cell ID information, map information for map matching,
signals from other system) is needed to determine which trajectory is correct
in the case that two or more signals have a similar propagation time. Two
methods have been introduced in Chapter 5.

3.2.5 Experiments Considering the Hata Model for Urban Areas
In this experiment, the Hata model introduced in previous section is used.
Additionally, the path ambiguity problem has not been considered. Actually
it can be solved by the methods introduced in Chapter 5. In order to simulate
a large range of SNR, the simulation length is set to 100 s, and the two emitters
on the y-axis are located so as to have dierent distances with respect to the
origin.
Figure 3.23(a) presents the trajectory and the positions of the four emitters,
and Figure 3.23(b) presents the correlation results at the initial point of the
trajectory in the Hata model. The four correlation peaks have dierent amplitudes, depending on the ranges between the emitters and the PD. From
this gure, we can see that the amplitude of the correlation peak decreases
as the distance between the PD and the emitter increases. Therefore, when
the distance increases too much, even if it is less than ∆pmax (the maximum
detectable range for one DVB-T signal), the ranging operations could become
critical if the SNR becomes too low.
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Figure 3.23. Correlation results in the Hata model.
By multiplying the estimated delay by the speed of light, we obtain the range:

rm [n] = rt [n] + ϵr [n]

(3.33)

where n is the discrete time normalized by the OFDM symbol duration, rm [n]
is the pseudo-range measurement, rt [n] is the true pseudo-range and ϵr [n] is
the range error due to noise. The range error for emitter E4 is shown in
Figure 3.24, from which it can be easily observed that the error depends on
the SNR, which, in turn, depends on the distance between the emitter and
the PD.
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Figure 3.24. Pseudo-range error for emitter E4.
In this simulation, the estimated position can be expressed as:

Px,m [n] = Px [n] + ϵx [n]

(3.34)

Py,m [n] = Py [n] + ϵy [n]
where n is the estimation time, Pi [n], with i ∈ {x,y}, is the true value of the
PD position on the i-axis, Pi,m [n] is the corresponding estimated value and

ϵi [n] is the estimation error. The total positioning error can be calculated
through the following equation:

√
ϵ[n] =

ϵ2x [n] + ϵ2y [n]

(3.35)

Several dierent trajectories have been simulated. The true trajectories and
the positioning errors, ϵ[n], are shown in Figure 3.25, from which no signicant
dependence on the SNR can be observed. The reason is that along the path,
the power of some received signals decreases, while that of others increases, so
giving approximately a stationary performance in terms of positioning error.
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Figure 3.25. Dierent trajectories and the positioning errors.

77

3  DVB-T Receiver with Normal Acquisition and Tracking

3.2.6 Experiments with Multipath
In this section, we simulate the Rayleigh channel for multipath, which is
suggested by the DVB-T standard [61] for portable reception. Since the
method presented in this thesis relies on the LOS, we add the LOS signal
in this model. The related power, delay and phase values can be found in
[61]. In order to simplify the simulation, we delete the multipath signals,
which have a time delay lager than 15 OFDM samples with respect to the
LOS signal, corresponding to a 492 m separation in 2 K mode, based on the
fact that long delay multipaths can be ltered out on the basis of the initial
information.
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Figure 3.26. Acquisition results with multipath channel.
The correlation with the Rayleigh multipath channel is shown in Figure 3.26.
The Hata propagation loss model is also introduced. The trajectory estimation error is shown in Figure 3.27. From this error plot, we see that the
position error is comparable with the errors in the absence of multipath.
This is probably due to the fact that the LOS is present with the strongest
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signal power. There are four emitters visible, which can also improve the
performance in dicult environments for 2-D positioning.
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Figure 3.27. The position estimation errors with multipath channel.

3.2.7 Experiments with Dierent SNR
In this section, we simulate a scenario to test the performance in dierent
SNR. In this scenario, all the received signals have the same SNR, which
changes from −10 dB to 10 dB for dierent simulations. Additionally, the
position errors are shown in Figure 3.28. In this gure, we can see that when
the SNR is low, the position errors are slightly worse and the variance is big.
When the SNR goes higher, the position errors converge to a constant. One
thing worth noticing is that the DVB-T signals power is very high, above 10
dB, normally due to the error probability requirement of TV service. Additionally, it is normal for the DVB-T receiver to receive signals with an SNR
higher than 10 dB.
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Figure 3.28. The position errors in dierent SNR.

3.2.8 Experiments with One Transmitter Unsynchronized
In this part, we simulate the scenario in which there is one transmitter unsynchronized. We suppose emitter 1 is unsynchronized with the other three
emitters, which are synchronized with GPS time during the position calculation. Dierent time osets are tested; while in each simulation, the time oset
stays constant. The four trajectories used in Section 3.2.5 are also simulated
here.
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Figure 3.29. The position estimation errors with one transmitter unsynchronized.
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In Figure 3.29, the mean errors with respect to dierent time osets are
plotted for the four trajectories. We can see that the position error increases,
with the time oset increasing for all four trajectories.

3.3

Conclusion

In this chapter, a positioning method based on DVB-T Single Frequency
Networks has been presented. This method uses the scattered pilot subcarriers of OFDM symbols to measure the Time of Arrival (ToA) of the signals
transmitted by the DVB-T emitters. In our study, we suppose that the user
is equipped with a hybrid GNSS-DVB-T device. GNSS is used in a rst
initialization phase to solve the ambiguities referring to the various DVB-T
emitters. When this phase is completed, the user position can be obtained by
using DVB-T signals when the user enters a GNSS-blocked area. (Note that
transmission of the emitter ID would be very useful for positioning. Since it
is optional, it has not been considered in the study, but obviously, it would
further simplify initialization and tracking of DVB signals.)
The method has been tested by simulation in a dynamic scenario. The simulation results show that a position mean error = 6.0747 m can be achieved
if the user can correctly associate the signals to the emitters. If the receiver
makes a wrong association, some additional information is needed to determine which trajectory is the correct one. The Hata model has been used
to simulate emitters with dierent SNRs, and a Rayleigh channel has been
also introduced to take into account the multipath. The results shows that
the range error changes with respect to SNR, while the position estimates do
not change signicantly along the trajectory. However, if one of the DVB-T
emitters is unsynchronized, the position error will increase as the time oset
increases.
The result of this study is that the structure of the DVB-T SFN signals is such
that a PD working with DVB-T signals can be conceived. At this point, the
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performance of the positioning algorithms in the presence of dierent errors
sources has to be evaluated.
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Chapter 4
One Shot Receiver
The receiver designed in the previous chapter involves the tracking stage to
rene the coarse delay estimation obtained by the acquisition stage. If it is
necessary, a re-acquisition block is also used to solve the correlation jumping
during the receiver motion. In this way the receiver has to continuously track
the signal, as in a normal GNSS receiver. This requires a lot of calculations
and makes a large power consumption. However due to the high SNR of DVBT signals, the delay estimation can be rened by some simple interpolation
methods with lower complexity and power consumption comparing with the
normal tracking receiver.
In this chapter we present a one shot receiver to calculate the position based
on DVB-T signals. This receiver achieves the coarse delay estimation by
acquisition. After that some interpolation methods are used to rene the
delay estimation thanks to the good SNR of DVB-T signals. The receiver
just processes the data when the position is requested instead of continuously tracking the signals. This reduces the receiver complexity and power
consumption which is important for the mobile devices. Since all the emitters belonging to a SFN transmit the same signals on the same frequency
simultaneously, the initialization phase presented in Chapter 3 is also used to
distinguish the signals from dierent emitters.
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4.1

Receiver Architecture

In this section the novel receiver mechanism is presented. This mechanism
adopts only the acquisition stage together with some interpolation methods
for delay estimation thanks to the high SNR and negligible Doppler eect
[74].
The pseudoranges are calculated only when the position is requested. So
the receiver is in hibernation between these requests. The ow chart of this
positioning mode is schematically illustrated in Figure 4.1.
Boot

Initialization

Signal processing on several
possible delay points

One-shot taking

Hiliberation

...

...

t
First start

Position
request

Submit
results

Position Submit
request results

Figure 4.1. One shot positioning mode
As shown in Figure 4.1, when the receiver starts for the rst time, it needs
some initialization to obtain some information, like the DVB-T signal association. In this initialization, the receiver acquires all the DVB-T signals on all
delay points. Therefore the ranges can be calculated for all the visible DVB-T
emitters. In this chapter, the initialization phase introduced in Chapter 3 is
also used. In this way, the DVB-T signals can be correctly associated to the
emitters based on the dierence of propagation delay. The initial position
and velocity is also known by the receiver. Based on this information, the
receiver can predict the possible delay for each emitter in the following position x point. Therefore after the initialization, the receiver can compute the
correlation only on several possible delay points to simplify the complexity.
In the one shot receiver, the acquisition block is also implemented. The
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received signals are correlated with local generated replicas. The MP algorithm is also used to nd the maximum correlation peak, which corresponds
the signal propagation delay. The correlation function without noise is shown
in Figure 4.2. The y axis represents the correlation amplitude and the x axis
is the delay oset between the incoming signal and the local replica. While
the green node in the Figure 4.2 is the true maximum {tr ,Rr } and the blue
node is the estimated delay t̂. The distance between the two measured points
is δt.

Normalized correlation

1

{t l , R l }
{tr , Rr }
{t A , RA}

0.8
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Figure 4.2. Interpolation
Therefore the three measured points shown in red nodes are:

|RA | =

16 2 sin(πBtA )
(
)
σ α
9 p sin πBtA
Np

|RB | =

16 2 sin(πB(tA + δt))
(
)
σ α
9 p
sin πB(tNAp+δt)

|RC | =

16 2 sin(πB(tA − δt))
(
)
σ α
9 p
sin πB(tNAp−δt)
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Based on these three measurements, two dierent interpolation methods are
used to rene the delay estimation, instead of tracking which is used in
the normal receivers. These two interpolation methods are presented in the
following sections.

4.2

Interpolation Methods

Once the coarse delay estimation is obtained, the receiver uses interpolation methods to rene the delay estimation instead of entering the tracking
stage. There are two dierent interpolation methods: Linear interpolation
and Sinc interpolation. Both of them use the three measurements explained
in Equation (4.1).

4.2.1 Linear Interpolation
In this section, a simple linear interpolation method is presented.

This

method is based on the three points around the maximum correlation point,

A{RA ,tA }, B{RB ,tB } and C{RC ,tC }, as shown in Figure 4.2. Suppose RC is
smaller than RB , therefore we can draw a line trough points A and C, which
is:

y − RC =

RA − RC
(t − tC )
tA − tC

(4.2)

In the same way, another line passes through point B with an opposite slope
of the line expressed by Equation (4.2) is obtained:

y − RB = −

RA − RC
(t − tB )
tA − tC

(4.3)

By intersecting these two lines, we can obtain one intersection point, whose
horizontal ordinate is given by the following equation:

t̂ = tA +

RB − RC
(tA − tC )
2(RA − RC )
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As shown in Figure 4.2, the three points are equally separated. Therefore we
have 2tA = tB + tC . It is clear to see that the second part on the right side
of the equation is a linear correction of the coarse delay estimation tA .
In this method we don't have to known a prior information of the correlation,
which is dierent from the sinc interpolation method.

4.2.2 Sinc Interpolation
In this part, we present the sinc interpolation method. As shown in the previous chapter, in an ideal case with no noise, the correlation can be expressed
as:

|RM (t)| =

16 2 sin(πBt)
( )
σ α
9 p sin πBt
Np

The main lobe of this correlation is

2
.
B

Therefore if we choose δt =

(4.5)
2
,
3B

the

point A, B and C will be located in the main lobe. Then we have the following
equation for these three points:

sin(πBt)
sin(πBt)
( ) =
( )
πBt
sin πBt
sin
Np
Np

(4.6)

From t′ = tr − t, we have t = tr − t′ . Since Np is a large number (it is 142 in
( ′)
′
≈ πBt
when t′ is very close to zero. Then:
2K mode), sin πBt
Np
Np

t|R| =(tr − t′ )|R|
=tr |R| −

16 ′ 2 sin(πBt′ )
)
tσ α (
9 p sin πBt′
Np

16
sin(πBt′ )
≈tr |RM | − t′ σp2 α πBt′
9
Np
=tr |R| − K sin(πBt′ )
where K =

16 2 Np
σ α .
9 p πB
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Remembering that we choose δt =

2
3B

in this interpolation method, which

means:

2
⇒ t′C = t′A −
3B
2
tB = tA +
⇒ t′B = t′A +
3B
tC = tA −

2
3B
2
3B

(4.8)

Since we have the following equation based on the sinusoid function property:

sin(πBt′A ) + sin(πBt′B ) + sin(πBt′C )
= sin(πBt′A ) + sin[πB(t′A +
+

sin[πB(t′A

2
)]
3B

2
−
)]
3B

(4.9)

=0
Combining Equation (4.7) and Equation (4.9), we can get:

tA |RA | + tB |RB | + tC |RC |
=tr (|RA | + |RB | + |RC |)
− K[sin(πBt′A ) + sin(πBt′B ) + sin(πBt′C )]

(4.10)

=tr (|RA | + |RB | + |RC |)
Therefore the true delay can be obtained:

tr =

tA |RA | + tB |RB | + tC |RC |
|RA | + |RB | + |RC |

(4.11)

Equation (4.11) represents a weighted average of the three measured samples. It gives an independent nal delay estimation apart from the error t′
introduced by the acquisition.

4.3

Complexity Comparison

Since the most multiplication operation is introduced by the correlation. For
the sake of simplicity, in this comparison we only count the number of symbol multiplications, neglecting the complexity of the discriminator and loop
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lter for the normal receiver and interpolation of the one shot receiver. One
symbol multiplication represents all the sample multiplications included in
one OFDM symbol correlation in one delay point. For the normal receiver
mechanism, the receiver performs one acquisition and enters a continuous
tracking for the coming OFDM symbols. Therefore the number of symbol
multiplications in a normal receiver is:

4Nf f t
3Tp
+
Np
PI
Tsym

(4.12)

where Tp is the period of position x request. Tsym is the OFDM symbol
duration. Np is the number of position x request. The rst part of the
expression represents the acquisition stage. Since the correlation is a period
Nf f t
. By adding four successive symbols together,
PI
4N
expanded to PfIf t . Each symbol multiplication is needed

function with a periodicity
the periodicity is

for each possible delay point. The second part of this expression represents
the continuous tracking stage. Since three local replicas are generated and
multiplied with the incoming signal for each OFDM symbol, the number of
symbol multiplications for each position x request is

3Tp
.
Tsym

For example, for

2K mode Nf f t is 2048 and Tsym is 280µs with a CP equal to 1/4. PI is 12 for
DVB-T signal. If Tp is chosen as 0.2s and Np as 100, then the total number
of symbol multiplication for a normal receiver is 212825.
For the one shot receiver, the receiver performs one acquisition on all delay
points at the initialization stage and one acquisition on several possible delay
points for each position x request. Therefore the number of the one shot
receiver is:

4Nf f t
+ Ls Np
PI

(4.13)

where the rst part is introduced by the acquisition at the initialization stage,
which is the same with the one in a normal receiver. Ls is the search space
used for the acquisition except the rst one. It is dependent on the velocity.
Normally, it is a small number. For example, a user moves with a speed
of 100m/s toward to or away from a DVB-T emitter. If the position x
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request period is 0.2s, the distance that the user moves during two position
x requests is 20m. It is less than one delay interval, which is 32 for the

2K mode. Therefore for the same conguration of the previous one and Ls
is chosen as 10, the total number of symbol multiplications for the one shot
receiver is 1683. Comparing to the normal receiver, the complexity is greatly
reduced.

4.4

Simulation Results

We tested the proposed methods by simulation. The DVB-T signals are
generated by Anritsu MX3700. Then the fraction delay is added according
to the receiver path by shifting the FFT window. The signal parameters are
summarized in Table 4.1. We suppose that the carrier frequency oset has
been corrected before the correlation and the multipath is absent.

Table 4.1. Parameters of DVB-T signals

Parameters

FFT size NF F T
CP length
Signal bandwidth
Length of simulation
Symbol duration Tsymb
Sampling period Tsamp
position updated rate

Values
2048

1
(56µs)
4

8 MHz
100 s
280 µs
109 ns
0.2 s

In order to analyze the performance of the two methods previously presented,
the estimated range errors obtained by these two methods are compared with
those obtained with the normal tracking receiver, as shown in Figure 4.3. The
errors are calculated by comparing the estimated range with the range added
into the DVB-T signals. In this way, the error introduced by the quantization
has been avoided. In Figure 4.3, we can observe that when the SNR is low,
the tracking method is much better than the linear interpolation and slightly
overperforms the sinc interpolation by paying much higher computation complexity. While when the SNR goes to around −2dB or higher, the tracking
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method gives the same performance of the two interpolation methods. It is
worth to notice that the SNR of DVB-T signals is around 10dB normally due
to the error probability requirement of TV service. So at this SNR level the
one shot receiver provides the same performance of the normal receiver, but
it has lower complexity, which means lower power consumption.
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Figure 4.3. Pseudorange errors of the one shot receiver and normal tracking
receiver

In order to calculate the position, a scenario with 4 DVB-T emitters are
considered. The initial phase is also assumed to correctly associate the DVB-T
signals. The EKF is used for the position calculation. In Figure 4.4, the path
errors of the two interpolation methods and the normal receiver are plotted. It
can be seen that when the SNR is low, the linear interpolation method gives
the biggest position error and the sinc interpolation and tracking method
provide a similar performance. All the three methods show large variance.
When the SNR goes higher, the position errors of the three methods converge
to a similar level which is dominated by the EKF. The variance becomes
smaller as well.
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Figure 4.4. Path errors of the one shot receiver and normal tracking receiver
4.5

Conclusion

In this chapter, we presented a one shot receiver for positioning with DVBT signals in one SFN. The receive skips the tracking stage and calculates
the range by acquisition with some interpolation. Two dierent interpolation
methods are presented and compared with the normal tracking method. Both
interpolation methods provide less complexity. Both interpolation methods
achieve a comparable performance with the normal tracking method thanks
to the good SNR of DVB-T signals.
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Chapter 5
Solutions for the Path Ambiguity
Problem
In this thesis, we use DVB-T SFN signals as SoO. The good properties of these
signals provide good performance. But in some special cases, a problem arises
during the receiver motion. As we explained before, all the emitters in one
SFN transmit the same signal simultaneously on the same frequency. Since
the cell-ID is optional, we distinguish the signals from dierent emitters by the
initialization information. This method works well when the received signals
have dierent propagation delays. However, when two (or more) emitters have
a very similar propagation time, the receiver may make a wrong association
and an ambiguity arises between two (or more) trajectories. In this case, some
additional information is needed to decide which trajectory is the correct one.
As an example, the receiver could use a map to match the path. As an
alternative, in this thesis we consider the availability of a single visible satellite
- an event quite easy to obtain even in complicated urban scenarios - to
support the receiver's correct decision. Based on the information obtained
from this GNSS signal, two methods are presented in this chapter. One is
pseudorange (PR) comparison and the other one is Doppler aiding decision.
The pseudorange comparison method compares the pseudorange estimated
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from the GNSS signal and the corresponding value computed by using the
known satellite position and the receiver position in the alternative paths.
The Doppler aiding decision exploits the Doppler eect on the GNSS signal
to assist the receiver velocity and trajectory decision.
In the coming parts we explain these two methods in details and also some
simulation results are performed. The performance comparison of the two
algorithms is also presented.

5.1

Two Algorithms for Solving the Path Ambiguity

In a DVB-T SFN, all the emitters simultaneously transmit the same signals
on the same frequency. In order to distinguish dierent signals from dierent
emitters, a method based on the dierent propagation delay has been introduced in Chapter 3. However, this method cannot correctly distinguish the
DVB-T signals when two or more signals have the same propagation delay.
In this case, the receiver may fail to associate any signal to the corresponding
emitter. Starting from this point a path ambiguity may arise: in a dynamic
scenario, the receiver may calculate two (or more) alternative trajectories, as
shown in Figure 5.1.

Figure 5.1. Path ambiguity: True and false trajectories
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In the scenario considered in this thesis, four DVB-T emitters are placed on
four semi-axis (see Table 5.1 for more details). The two emitters on x-axis
have large dierent propagation delays, while the other two are symmetric
with respect to the reference origin. When in the origin, the user receives
four DVB-T signals, with two of them with the same propagation delay. The
receiver cannot distinguish them without additional information. From this
point, the receiver may wrongly associate the signals coming from the two
y-axis emitters and the path ambiguity problem appears.
In this chapter, we suppose that the user can receive an additional GNSS
satellite signal (an hypothesis which looks quite reasonable in practice, even
in urban canyons). Based on the information obtained from this GNSS signal,
two methods are proposed to solve the path ambiguity problem.

5.1.1 Pseudorange Comparison
When a user receives two or more signals with similar or exactly the same
propagation delay, two or more trajectories become possible, but only one of
them is true, while all the others are fake. Since the receiver knows when and
where the path ambiguity is appearing during its motion, it can switch to a
multi-trajectory mode and exploit the visibility of a single GNSS satellite for
solving the ambiguity. A possible way to do this is based on the comparison
of the pseudoranges. This method is here described by considering the case
of two signals with the same propagation delay, as illustrated in Figure 5.2.
The extension to the multiple alternative trajectories is straightforward.

⃗ s (ti ),Ys (ti ),
We suppose that at time ti the GNSS satellite is at position S{X
Zs (ti )} with velocity υ⃗s . The receiver is at position P⃗1 {X1 (ti ),Y1 (ti ),Z1 (ti )}
with velocity υ⃗1 . Besides this, the receiver may also produce a wrong position
estimate which is P⃗2 {X2 (ti ),Y2 (ti ),Z2 (ti )} with velocity υ⃗2 . Therefore at each
time ti , the receiver can calculate the distance between itself and the observed
satellite. Taking into account the two estimated positions, the two ranges d1
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Figure 5.2. Illustration for pseudorange comparison
and d2 are evaluated as
d1 =

√

(Xs (ti ) − X1 (ti ))2 + (Ys (ti ) − Y1 (ti ))2 + (Zs (ti ) − Z1 (ti ))2

(5.1)

(Xs (ti ) − X2 (ti ))2 + (Ys (ti ) − Y2 (ti ))2 + (Zs (ti ) − Z2 (ti ))2 .

(5.2)

and
d2 =

√

When the receiver is approaching an ambiguity area, thanks to the continuous tracking of the GNSS satellite, it can evaluate the pseudorange by using
the output of the DLL and the satellite position (obtained by demodulating
the navigation message). A critical point in this computation is the synchronization of the local clock with the satellite clock, since the method requires
the knowledge of the ranges rather than of the pseudoranges. However some
elements can be used to estimate the oset between the two clocks: the oset
estimated when the user was in open sky (initialization phase) and the DVBT based user position (before entering the ambiguity area). This means that
the user can compute the range between itself and the visible satellite, that
is

′

ρ =ρ+n
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′

where ρ is the true range, ρ is the measured range, and n is an error which
models the residual clock oset and the other error sources, such as the thermal noise, the process errors and the other terms typically present in any
GNSS receiver. In this analysis, we model n as Gaussian distributed.
′

From d1 , d2 , and ρ , the distance dierences can be computed as:

∆d1 = d1 − ρ

′

(5.4)

∆d2 = d2 − ρ

′

(5.5)

If one of them is above a given threshold, the corresponding position can be
marked as fake. For example, if ∆d1 is above a given threshold then the
estimated position P1 is marked as fake and the position P2 is recognized
as true. In our experiments, we suppose that the range errors are Gaussian
distributed, therefore the distance dierences follow the same distribution.
We choose 3 times of the standard deviation of the satellite range error as a
reasonable threshold considering that the distance dierence corresponding to
the correct path will be less than the threshold with a probability of 99%.The
position selection allows the receiver to correctly associate the signals to the
DVB-T emitters. At the next step the receiver will give only one correct
output, so solving the path ambiguity problem.
In order to reduce the probability of wrong decision due to the pseudorange
errors, the estimated position is marked as fake only after a verication phase
based, for instance, on multiple measurements of the distance dierences, and
on a proper decision strategy on the number of threshold crossing. The setting
of the number of verication steps is a trade-o between the probability of
a wrong decision and the decision latency. More comparison steps reduce
the probability of wrong decision but produce a large decision latency and
viceversa.
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5.1.2 Doppler Aiding Decision
Another method to select the correct path is based on the Doppler eect due
to the relative motion between the satellite and the receiver. The Doppler
eect is generally expressed in terms of frequency shift, on the basis of the
quantities shown in Figure 5.3. If υ⃗r is the true velocity of the receiver, then
the frequency shift can be written as:

∆f =

∥υ⃗s − υ⃗r ∥ cos θ
λ

(5.6)

where ∥υ⃗s − υ⃗r ∥ is the magnitude of the relative velocity of the receiver with
respect to the satellite, θ is the projection angle of the satellite-receiver relative velocity vector to the LOS vector, and λ is the nominal wave length of
the GNSS signal.

Figure 5.3. Doppler eect
During the path ambiguity phase the receiver can compute a vector containing
the coordinates of position and velocity for each path: one of them is correct
and the others are fake. For each possible vector, the receiver can then
calculate the corresponding Doppler eect expressed as
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∆fr =

∥υ⃗s − υ⃗r ∥ cos θr
λ

(5.7)

where ⃗υr∈{1,2} is the possible velocity for the two positions and θr∈{1,2} is the
projection angle of the satellite-receiver relative velocity vector to the LOS
vector for the two possible positions, which can be obtained as

θr = arccos

(υ⃗s − υ⃗r ) · (P⃗s − P⃗r )
∥υ⃗s − υ⃗r ∥ · ∥P⃗s − P⃗r ∥

(5.8)

It is known that a GNSS receiver is able to estimate a Doppler shift ∆fGNSS
from the received signal. Therefore, by comparing the values of ∆fr with

∆fGNSS , the true trajectory can be selected by adopting a threshold mechanism similar to the one adopted in the previous method based on the range
dierences.
We don't need to consider the DVB-T receiver clock oset to calculate ∆fr ,
since it is directly related to the estimated position. While for the GNSS
range the GNSS receiver clock oset is an error source that we should take
into account. Fortunately, in the initial phase this local clock oset can be
estimated and compensated. During the motion if the user can receive two
or more satellites the clock drift can also be estimated and compensated.
Before going on with the Section 5.2 it is worth to tell some words about the
verication mechanism performance. In the simulation, we make the decision
when the error is bigger than the threshold for 3 times continuously. Firstly
it was tested running the simulation 100 times considering 20 meters for the
standard deviation (STD) of the measurement erros. It resulted in no fail for
the choice of the correct decision. Afterwards we add a random variation of 5
meters in the standard deviation for each time we ran the simulation. In other
words, instead of xed a 20 m STD for all the 100 times, we obtained randomic
STD values with a Gaussian distributed variation of 5 m for each running of
the simulation. The result was still 100% of correct decisions. In the end,
the rst wrong decision was noticed when the variance of the measurement
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errors has dramatically increased to 100 meters, something that is beyond
the normal operation values. Concluding, we could say that the verication
mechanism for both approaches behaves quite well.

5.2

Simulation Results

The environment considered in the simulations is rst described. For simplicity, a 2-dimensional system is assumed.
The receiver starts in the third quadrant of the local coordinate system centered around zero in a Cartesian plane. It has a constant velocity of 100 m/s,
sampling time of 0.2 seconds and a non uniform shape path. The DVB-T
emitters are localized in the plane with xed and known position (Table 5.1).
The error of the distance measurements are modeled as a random Gaussian
noise with zero mean and standard deviation of 20 meters (quite realistic
values for simulation analysis). The error in the measurements related to the
satellite are modeled using a Gaussian noise with zero mean and standard
deviation of 10 meters. The results presented here consider a two dimension
system, however for validation of the algorithm we also checked it using realistic cases (where a 3D environment is considered) and similar results could
still be obtained. Table 5.1 summarizes the positions of the elements just
commented before.

Table 5.1. Positions of the elements in the simulated environment (x,y)
Unit
Emitter 1
Emitter 2
Emitter 3
Emitter 4
initial Sat. position
initial Receiver position

100

m
[-1000, 0]
[1500, 0]
[0, 750]
[0, -750]
[-300, 300]
[-692, -634]
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The simulation of the two proposed techniques is divided into four parts. The
rst one regards the generation of the position of the receiver without noise
(True Position); the second one provides the measured data, which consists
of the true position added by the emitter noise (Estimated Position); the previous step is done twice, one for each possible ambiguity path; afterwards an
Extended Kalman Filter is used to fuse initial information and the measurements from the emitters; nally, the discriminator algorithms are applied to
distinguish between the paths.
The satellite position is computed just applying the Newton's laws of motion
in the initial position and constant velocity. Regarding its orbit, we considered several dierent possibilities, but as expected it does not have a strong
inuence in the results, so that we nally chose for both cases the one depicted
in the Figure 5.1.
Finally, the distance (for the rst approach) or the Doppler (for the second
one) of the satellite signal is computed with respect to the receiver. This data
is used in order to feed the discriminator with the required information to
make the decision between the true path and the fake one.

5.2.1 Results
In this section, the simulation results are given and explained, and the two
algorithms performance are compared.
In Figure 5.4, we show the pseudorange error for both possible paths. Clearly,
the error is the same for both paths before the receiver reaches the ambiguity
intersection. In fact, since the propagation delays for the four DVB-T signals
are quite dierent, the receiver can correctly associate the signals and the two
paths overlap. Once the receiver reaches the origin, the two signals transmitted by the two y-axis emitters have the same propagation delay and the path
ambiguity problem appears. The two paths diverge due to the wrong association of DVB-T signals. Based on the algorithm described in Section 5.1.1,
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the dierence between the estimated pseudorange from the GNSS signal and
the possible value obtained from Equation (5.1) and Equation (5.2) diverge,
as shown in Figure 5.4 around the ftieth point. The red line increases to
more than 300 meters as the simulation proceeds, while the blue line stays
around zero. Therefore, the receiver can use this information to select the
path corresponding the blue line as the true path.

Figure 5.4. Pseudorange error comparison
For the second approach's discriminator, the algorithm receives from the acquisition and tracking blocks of the GNSS receiver the measured value of the
Doppler regarding the satellite in view. It is obvious that the Doppler eects
for the two possible paths are dierent after the receiver reaches the origin.
Since the receiver wrongly associates the signal from the two y-axis emitters,
the two paths go to dierent directions. The true path is going up, while the
fake one is going down. Therefore, the Doppler values calculated through the
Equation (5.7) and Equation (5.8) by using the alternative positions of the
receiver are dierent. The correct way is chosen, based on three successful
attempts. It is important to point out that an oscillating behavior was sometimes observed in the calculated Doppler (see Figure 5.5), then an averaging
between the previous value and the current one has been adopted to smooth
this variation.
Note that, in order to clearly show the dierences between the two paths, we
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Figure 5.5. Doppler Curves
entirely simulated the two alternative trajectories. In practice, once the decision is made, the receiver can discard the fake path to simplify the calculation
and to save energy.

5.2.2 Comparison
In this section we nally compare the performance of the two algorithms.
Both approaches gave good results, with the Doppler approach typically showing slightly better performance in terms of convergence time. In fact, the decision on the correct path made by the Doppler algorithm is typically quicker
than the one based on pseudorange measurements. This can be clearly seen
in the Figure 5.6 and Figure 5.7 where the Doppler technique needs 3 steps
instead of 4 of the pseudorange technique.
It is important to remark that, despite its better convergence performance,
the Doppler approach has a higher sensibility to at paths along the x axis.
Indeed, the at parts of the trajectories (in black in Figure 5.1) leads to a
misbehavior of the computed Doppler (seen in black in Figure 5.5). This
can be explained by the fact that both paths in the at region present really
similar, if not equal, velocity vectors. This makes the computed Doppler
values similar, making dicult the choice between the two paths.
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Figure 5.6. Pseudorange Technique Decision

Figure 5.7. Doppler Technique Decision
5.3

Conclusion

The DVB-T signals, when used as signals-of-opportunity, can provide good
positioning performance, but they may suer of ambiguity problems in some
specics situations. This chapter describes two algorithms for solving this
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ambiguity. By comparing the pseudorange or the Doppler measurements
and their prediction along candidate trajectories, the receiver is able to decide which is the correct path. Simulation results have shown that both
approaches take correct decisions. The Doppler technique provides slightly
better convergence time compared to the pseudorange results, but it shows
some oscillation for some trajectories.
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Chapter 6
Hybrid Positioning by Two GNSS
Satellites and Few DVB-T Signals
GNSS provides global coverage, but shows degraded performance in terms
of availability and accuracy. For example, in the urban environment, the
GNSS receiver cannot perform a GNSS only positioning when the number of
visible satellites is lower than four. DVB-T provides acceptable positioning
accuracy in their coverage areas where mostly is the urban or indoor environments. However the coverage of DVB-T signals is much small comparing with
the GNSS. Due to these facts the hybrid positioning with both GNSS and
DVB-T becomes a straightforward solution for seamless positioning coverage.
Furthermore in the future most vehicles will be equipped with GPS receiver,
this makes the hybrid positioning easier and cheaper.
In this thesis we investigate a hybrid positioning method with two GNSS
satellites, which are not dicult to 'see' in an urban environment, and few
DVB-T signals. In the open sky, the receiver performs a GNSS only positioning. If any DVB-T signal is received, the receiver will associate this DVB-T
signal to the corresponding receiver on the basis of propagation delay. And
all these DVB-T signals are used as a backup when the GNSS only positioning is achievable. When the receiver enters a GNSS hostile environment,
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these DVB-T signals will be activated for hybrid positioning together with
the GNSS signals. In this chapter we investigate the case that only two GNSS
satellites are visible. This represents a common case. When three satellites
are visible, the methods investigated here is also usable by a straightforward
way. If only one GNSS signal is received, the pseudorange can be also used as
an input of the EKF. But the clock oset between the satellite and receiver
cannot be cancelled, which may increase the position error. When four or
more satellites are visible, the receiver can perform a GNSS only positioning.
Since the methods using DVB-T signals for positioning have been well explained in the previous chapters, we will not rewrite them in this chapter.
In the coming part, the concept of positioning with two GNSS satellites and
few DVB-T signals is explained in details. The hybrid system is tested by
simulation with signals generated by software signal generator.

6.1

Using Two GNSS Satellites for Positioning

In urban canyons, it is normal to see very few satellites (for example, less
than three). In this case it is not possible to compute a 3-D position since the
unknown variables are more than the navigation equations. This diculty
can be overcome if some priori information is known, such as altitude and
clock oset. In particular if the altitude and clock oset stay constant during
the user motion it is possible to calculate the user's position by using only
two satellites. In our case, the altitude and clock oset can be estimated in
the initialization phase, as explained in Chapter 3. However, unfortunately,
the clock error of low-cost receivers drifts and it is hard to be modeled, and
then two satellites are not enough to compute the user position.
In [75], a new method using the TDOA from two satellites is presented,
which does not yield position directly. The basic idea is that the TDOA
measurement removes the receiver clock error and generates a hyperboloid
surface which can be intersected with the surface of the earth giving a possible
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line where the user location is concentrated. In our case, the surface of the
earth can be replaced with a known altitude at surface which is provided by
the initialization phase. This idea is summarized hereafter.
The pseudorange data collected by the user from satellite s at time instant n
can be expressed as:

ρ′s [n] = ρs [n] + c(d(tr )[n] − d(ts )[n]) + datm
s [n] + ϵs [n]

(6.1)

where ρs [n] is the true range between the satellite s and the user; c is the
speed of light; d(tr )[n] is the receiver clock error; d(ts )[n] is the satellite clock
error; datm
s [n] is the error introduced by the atmosphere including ionosphere
and troposphere and ϵs [n] is the contribution of the other error sources.
When two dierent GNSS satellites are received at the same time instant, the
TDOA measured for these two satellites can be written as:

T DOAs1 ,s2 [n] = ρs1 [n] − ρs2 [n] = ρ′s1 [n] − ρ′s2 [n]
+ c(d(ts1 )[n] − d(ts2 )[n]) − datm
s1 [n]
+ datm
s2 [n] − ϵs1 [n] + ϵs2 [n]

(6.2)

In this way the major error source in pseudorange, the receiver clock error, is
eliminated. The satellite clock errors can be estimated from the navigation
message carried by the GNSS signals. The atmospheric errors will be reduced
if the two satellites are approximately at the zenith, and then have similar
elevation angles. Moreover if atmospheric models are available they can be
used to mitigate these errors.
Given the two satellites' position, and the estimated TDOA, a hyperboloid
surface is obtained and intersected with the surface of the earth, obtaining a
line, which gives the possible user locations, as illustrated in Figure 6.1.
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Figure 6.1. TDOA hyperboloid-spheroid intersection geometry [1]
6.2

Two GNSS Satellites and DVB-T Hybrid
Positioning

As described in the previous chapters, if the user is equipped with a hybrid
receiver able to work with both GNSS and the DVB-T signals, it is possible to have an accurate initial position based on GNSS only just before the
user enters an area where less than 4 GNSS satellites are visible. Moreover,
in the case of DVB-T towers it is realistic that the receiver has a map of
their locations. Therefore, a user at the border of a GNSS-denied area can
correctly associate the DVB-T-based estimated ranges to the corresponding
emitters. These associated signals are set as a backup when the user can
perform a GNSS only positioning. Once the user enters into a GNSS hostile
environment, these signals will be used to calculate positions.
In this work, the user can select two DVB-T transmitters for the hybrid positioning in the GNSS blocked area. The selection criterion will take into account the SNR and propagation delays of the received DVB-T signals, choosing the ones with good SNR and signicantly dierent propagation delay in
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order to avoid the path ambiguity problem described in Chapter 5.
Another benet of the initialization information is that the user can estimate
the clock oset between the receiver and the DVB-T emitters. It is important
to eliminate this oset in case only one DVB-T signal is used in the positioning. However, the receiver clock is not stable, the drift is hard to model, and
the error tends to increase with time. Instead a better solution is to process
two DVB-T signals and calculate the TDOA. In this way, the local clock error
will be eliminated and the estimated position will be more accurate. This is
similar to what we do with GNSS satellites.

6.2.1 Hybrid Positioning with Two GNSS Satellites and
Two DVB-T Signals
Once the receiver enters a GNSS blocked area, where less than 4 satellites
are visible, it is hard to compute the user's position based on GNSS only.
Fortunately, it is normal to see two GNSS satellites in most urban area and
a hyperboloid surface can be generated. By intersecting this surface with a
known at surface provided by the initialization phase, the possible location
of the user can be concentrated on a single line. At the same time, two DVBT signals are processed, and in a similar way, another line containing the
possible locations of the user can be generated.
The two lines have one intersection which is the estimated user position, as
shown in Figure 6.2. Moreover we assume that the altitude is constant since
the eect of a small variation of the altitude is negligible in a 2-D positioning
[75].

6.3

Simulation Results

In order to verify the performance of this hybrid system, some simulations
are done in a dynamic scenario. In the scenario, the user enters a urban
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Figure 6.2. Intersection of TDOA hyperboloid of GNSS satellites and
DVB-T emitters
canyon where only two GPS satellites are visible. In addition, two DVB-T
signals with signicantly dierent propagation delays are received with good
SNR and LOS present. The user estimates the altitude in the open sky where
four GPS satellites can be tracked, and we assume the altitude stays constant
during the motion. This scenario is illustrated in Figure 6.3.

%ORFN
DUHD

Figure 6.3. Simulation scenario
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In these simulations, the GPS signals are generated by N-FUELS, which is
a matlab based GNSS signal generator [76]. The fraction delay is manually
generated according to the user trajectory and the satellites' position. The
DVB-T signals are originally generated free of noise and delay by Anritsu
MX3700. Then the Gaussian noise is added and the delays are simulated by
shifting the FFT window according to the corresponding ranges between the
user and the emitters. The parameters of these signals are summarized in
Table 6.1

Table 6.1. Parameters of GPS and DVB-T signals

Parameters

FFT size NF F T
CP length
DVB-T Signal bandwidth
DVB-T Symbol duration Tsymb
DVB-T Sampling period Tsamp
DVB-T SNR
GPS C/N0
GPS IF Frequency
GPS Sampling Frequency

Values

2048
(56 µs)
8 MHz
280 µs
109 ns
10 dB, 5 dB
45 dBHz
4.1304 MHz
16 MHz
1
4

The simulation length is set to 300s. The speed of the user stays constant
as 15m/s, while the direction of the velocity changes from time to time. The
position calculation is done every 0.2s. Moreover, we assume that the received
DVB-T signals have a constant SNR and the satellites are xed during these
time instants. Actually, in practice the satellites' position can be evaluated
from the navigation message. The location of two GPS satellites and two
DVB-T emitters are summarized in Table 6.2

Table 6.2. Locations of GPS satellites and DVB-T emitters
Satellite 1
Satellite 2
DVB-T emitter 1
DVB-T emitter 2

[-10000, 10000, 15000] km
[10000, -10000, 15000] km
[-1000, -1000, 0] m
[5000, 5000, 0] m
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Figure 6.4. Correlation function for 2 DVB-T emitters
In Figure 6.4, we can see two main peaks which correspond to the LOS of
two DVB-T emitters. Since the receiver is closer to emitter 1 than to emitter
2, the second peak has a lower amplitude. Beside this, some side peaks are
visible, due to additional multipaths modeled with a Rayleigh distribution,
as suggested by the DVB-T standard [61].
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Figure 6.5. Trajectory estimation based on two GPS satellites and two
DVB-T transmitter in SFN
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Figure 6.5 shows the estimated trajectory obtained with two GPS satellites
and two DVB-T transmitters in a SFN. In order to make the gure more
visible, the trajectory plots are done every 1s instead of 0.2s. This means
that between two plotted points there are other four estimated points not
plotted.
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Figure 6.6. Estimation error of the hybrid positioning system
The simulation results show that the method works with good performance,
as shown by the green circles in Figure 6.5. The estimation error is shown
in Figure 6.6. The receiver achieves a performance of RMS = 4.6m, thanks
to the TDOA measurements, which remove the receiver clock error, and the
presence of DVB-T LOS signal, which makes the multipath error negligible.

6.4

Conclusion

In this chapter, we investigate the performance of a positioning method based
on the cooperation of two GPS satellites and two DVB-T transmitters in
a SFN. The TDOA between two GPS satellites and between two DVB-T
transmitters are computed in order to eliminate the receiver clock error. The
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initialization phase is used to correctly associate the DVB-T signals to their
corresponding emitters and provide the altitude. The simulation results show
that the method works with good performance.
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Chapter 7
Conclusion and Future Work
In this chapter, the main results and achievements are discussed and presented. After that possible future works are suggested and listed.

7.1

Summary of Contributions

This thesis mainly focused on the investigation of DVB-T as SoO, specially
DVB-T signals transmitted from SFN. As the organization of this thesis, the
main contributions of this thesis fall into four parts, which are summarized
as following:

•

Normal Tracking Receiver:

in this part the most relevant results

refer to a DVB-T receiver for positioning purpose. In this receiver the
DVB-T signals are correlated with some local replicas in the frequency
domain, and the transmission time of the signals is calculated. Since
all the transmitters send the same signals on the same frequency simultaneously and the cell-ID is optional, we use the initialization phase
information to distinguish the signals transmitted by dierent emitters.
This initialization information is obtained from the assumption that
the receiver enters the GNSS-blocked area from an open sky area where
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the GNSS can work properly and the receiver position can be obtained.
The DVB-T only position is performed in several dierent environments.
The position can be obtained with a good accuracy if the receiver can
continuously associate the signals to the proper transmitters.

•

One Shot Receiver: in this research activity we developed a new receiver architecture. The receiver uses some simple interpolation methods to replace the normal tracking stage, and it processes the signals
only when a position x request arrives. The receiver shows comparable
performance in good SNR environment compared to a normal tracking
receiver and exhibits a much lower complexity.

•

Path Ambiguity Solution: in this step of the research activity, we
solved the path ambiguity which may appear once the receiver associate
the signal to a wrong transmitter during the motion. We propose two
dierent methods to solve the problem: pseudorange comparison and
Doppler aiding decision. These two methods work when there is one
satellite visible which is common in the urban environment. Both the
methods solve the ambiguity problem correctly. The Doppler aiding
decision method does not depend on the local clock oset.

•

Hybrid Positioning with GNSS and DVB-T: nally we integrated
the DVB-T system with GPS to obtain a hybrid positioning system
when the number of visible GPS satellites is lower than four. Two satellites and several DVB-T emitters are used. The position performance is
investigated by simulation. And the performance is quite good in terms
of accuracy.

7.2

Future Work

Since it is hard to receive real DVB-T signal currently, the results in this
thesis are based on simulation. Therefore implementing the algorithms in a
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hardware receiver and testing the performance in real environments would
be very interesting. In this way, the receiver can experience a real channel,
including the signal fading, distortion and multipath.
The second interesting work is to extend the algorithms to other signals for
positioning. There are many other signals transmitted in the urban and indoor environments. If more signals can be used, the availability and accuracy
may be improved. Some signals have a similar structure with DVB-T signals,
which makes the extension easier and more straightforward. For example,
LTE, which is the next generation telecommunication standard, also uses
OFDM technique for its signal transmission.
In this thesis the range measurements are obtained by processing the scattered
pilots. However there are also continuous pilots transmitted. Investigation
can be made to obtain ranges by both scattered pilots and continuous pilots,
maybe also the data and TPS subcarriers.
Although the MFN emitters are not synchronized and the signals are transmitted on dierent frequency, the signal structures are the same as those in
SFN apart from the MIP. The methods designed here may be also useful to
process MFN signals for positioning purpose.
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Appendix A
Scattered Pilot Subcarrier
Detection
The detection algorithm proposed in [68] is used to identify the location of
the current SPSs.
This algorithm makes use of the signal property that an OFDM symbol
has the same scattered pilot subcarriers as the OFDM symbol located four
symbols earlier. The correlation of these two OFDM symbols is computed,
obtaining

S(m) =

∑

∗
dkp (dk−4
p ) , m ∈ {3,6,9,12}

(A.1)

p∈ps (m)

where ps (m) is the set of index of the m-th pattern of the scattered pilot
subcarriers and (·)∗ denote the complex conjugate.
The maximum value of the four correlations gives the location of the scattered
pilot subcarriers of the k -th OFDM symbol, which is:

m̂ = arg max |S(m̄)|
m̄

(A.2)

where m̂ ∈ {3,6,9,12} denote dierent scattered subcarrier sets with dierent
rst scattered pilot subcarrier locations. For example, m̂ = 3 indicates that
the location of the rst scattered pilot subcarrier is 3. The scattered pilot
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subcarriers of the other OFDM symbols can be obtained by using the rule
described in [61].
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Appendix B
Coecient of Normalization
In order to make the discriminator has an unitary slop around ε = 0, we
introduce the factor Knorm . It can be derived from D(ε), which is:

D(ε) =

|Rkearly |2 − |Rklate |2
|Rkprompt |2

(B.1)

and if ϵ is very small, we have the follow equation according to the sinusoidal
function property.

Rk (ε) =

sin(πBε)

(B.2)

πBε
Np

Without considering the constant coecient, we have:

D(ε) =

[

1
|Rkprompt |2

=

1
|Rkprompt |2 (πB)2

=

1
|Rkprompt |2 (πB)2

=

1

=

|Rkprompt |2 (πB)2

sin2 (πB(ε− 2δ ))

−

sin2 (πB(ε+ 2δ ))

[

(πB)2 (ε− 2δ )2
(πB)2 (ε+ 2δ )2
]
δ
δ 2
2
sin (πB(ε− 2 ))(ε+ 2 ) −sin2 (πB(ε+ 2δ ))(ε− 2δ )2

[

(ε− 2δ )2 (ε+ 2δ )2
]
(1−cos(πB(ε− 2δ )))(ε+ 2δ )2 −(1−cos(πB(ε+ 2δ )))(ε− 2δ )2

[
[

1
|Rkprompt |2 (πB)2

(ε− 2δ )2 (ε+ 2δ )2
cos(πB(2ε+δ))
δ 2 cos(πB(2ε−δ))
εδ−(ε+ 2 )
+(ε− 2δ )2
2
2
δ 2
δ 2
(ε− 2 ) (ε+ 2 )

1
|Rkprompt |2 (πB)2

[

]

cos(πB(2ε+δ))−cos(πB(2ε−δ))
2
(ε− 2δ )2 (ε+ 2δ )2

εδ+(ε2 +( 2δ )2 )

]

cos(πB(2ε+δ))+cos(πB(2ε−δ))
2
(ε− 2δ )2 (ε+ 2δ )2
εδ+(ε2 +( 2δ )2 )(− sin(2πBε) sin(πBδ))−εδ cos(2πBε) cos(πBδ)
(ε− 2δ )2 (ε+ 2δ )2

−εδ

=

]

]

Since

sin t
=1
t→0 t

lim
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we have:

1 − 2δ πB sin(πBδ) − cos(πBδ)
D(ε)
=
≡ Knorm
δ2
ε→0
ε
π 2 B 2 16
lim
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