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I. INTRODUCTION

HE problem of geopositioning is of primary in-

Tteres‘[ in order to carry out a large variety of
applications such as companies’ vehicles fleet track-
ing, emergency calls regulations (E911 in the US and
E112 in Europe), mountain and seaborne rescue or
positioning of dependent persons (children, ageing
people) and animals. Performances of positioning
systems, such as Global Navigation Satellite Systems
(GNSS), are usually quantified or qualified through
4 notions: accuracy, availability, continuity and in-
tegrity. These performances are mainly affected in
urban and indoor environments due to possible mask-
ing of satellites by buildings and multipath effects.
Within this framework, TESA laboratory works si-
multaneously on two projects: FIL (Information Fu-
sion for Localization) and TRANSCONTROL (con-
trol and follow-up of dangerous goods transporta-
tion). This paper shows how it is possible to increase
satellite-based positioning systems performances, at
least in terms of accuracy and availability by using
hybridization with wireless telecommunication sys-
tems (such as GSM, Wifi, UWB and DVB television
signals) that are often widely deployed in urban and
indoor environments.
Rather than simply transmitting to the receiver infor-
mation easing satellite signals acquisition as Assisted
GPS (A-GPS) does, the purpose is to use information
given in GSM and Wifi beacon frames (such as times-
tamps, emitted and received power) and triangulation
techniques. There are three main classes of methods
in the literature:

o AOA (Angle Of Arrival). This method is not ac-
curate enough and can be considered as a help
for the two following kinds of methods.

e DTOA (Difference Time Of Arrival). This
method consists in measuring the duration of
the path of the electromagnetic wave (moving
at light speed) between the emitting antenna and
the receiver and to apply then triangulation tech-
niques.

o Methods based on received electromagnetic sig-
nals powers: they can be splitted in 2 subfam-
ilies: methods based on a database containing
a power profile (only applicable indoors in an
immobile environment) and methods based on
the use of a propagation model and triangula-
tion. This last sub-family of methods is more
complex and costs more computational time but
is much more adaptative regarding environmen-
tal changes.

Main scientific issues are ambitious:

e Problems of synchronization with the DTOA
method (measured values are of the order of the
nanosecond).

o Multipath effects and possible difficulties in
identifying the direct path.

o Hybridization brings a complex theoretical prob-
lem: find a way to best mix several kinds of
measurements (such as GNSS pseudoranges, re-
ceived powers or times of arrival) by automati-
cally assigning a reliability index to these mea-
surements.

II. PROBLEM FORMULATION
A. GNSS Measurement model

GNSS positioning is based on triangulation (or cir-
cular positioning): the distances between user and



satellites are obtained by multiplying travel time by
the speed of light, and expressed as functions of the
satellites’ and user’s coordinates. Travel time is mea-
sured by comparing the time of emission (provided by
the satellite) and the time of reception (measured by
the user). Satellite clocks can be synchronized with a
global GNSS time using information contained in the
navigation message broadcast by the satellites them-
selves. However, the offset between the user’s clock
and GNSS time cannot be predicted and needs to be
estimated at the same time as his position. Thus, the
GNSS measurements that are actually processed by
the positioning algorithm are not ranges but rather
pseudoranges, which have the following structure [1]:

y' = p' + cAt, + € (1

where:

o p' is the true geometrical distance between the
satellite antenna and the user receiver antenna,

o At, is the user receiver clock offset with regard
to GNSS time,

o € is the sum of the measurement errors due
to multipath, background interference, noise,
ionospheric and atmospheric propagation delay
residuals, satellite clock residuals.

For the present article, the pseudorange measure-
ments were generated. Realistic satellite trajectories
were simulated through the use of YUMA ephemeris
data and used to compute pseudoranges based on the
theoretical user position and clock bias. A simple
noise model has been used: ¢; was considered to be
Gaussian, with a standard deviation function based
on the satellite’s elevation from the user’s point of
view[2]:
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where «; is the elevation of satellite <. This model is
illustrated in figure 1. Since there are four unknowns
(the user’s coordinates plus his clock bias), there must
be at least 4 available satellites for a navigation solu-
tion to be computed. Although this number is guar-
anteed to be reached in open space, it is often not met
in more restricted environments such as urban areas.
Thus, GNSS measurements are to be complemented
with power measurements performed on GSM sig-
nals.

B. GSM channel model

In a GSM network, BTS (Base Transceiver Station)
continuously transmit a beacon signal. The power of
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Fig. 1. Evolution of standard deviation with regards to satellite
elevation

this signal is received by the mobile and allows the
mobile to choose the BTS with the most powerful sig-
nal in order to get a communication. We propose to
use the power of this continuous signal for position-
ing purpose. When propagating in a free space, RF
signal is subject to an attenuation given by the Friis
Formula [3]:

A 2
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where:
e P,: received power at user antenna (W)
o G,: linear gain of the emitter antenna
e A: wavelength (m)
¢ d: distance between emitter and receiver (m)
e G, linear gain of the adapted receiver

In the following of this paper, we make the assump-
tion that there is a Line Of Sight (LOS) between the
mobile and the BTS. Therefore, the direct path is at-
tenuated according to the Friis formula because of the
free space path loss. In addition, we will consider
the shadowing phenomenon. This effect is caused by
the propagation of the microwave through obstacles.
Shadowing is illustrated by figure 2. Shadowing phe-
nomena lead to the product of independent attenua-
tions and can be modeled by a lognormal distribution.
As a consequence, received power is the power given
by equation 2, but affected by a lognormal multiplica-
tive attenuation. In the following, parameters of this
distribution will be « and 3, such that the shadowing
is generated by 10l0g1o(X) where X is distributed ac-
cording to a Gaussian distribution N («, [3).

Value of o and ( are statistical values that are esti-
mated by experimental results. These values strongly
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Fig. 3. Shadowing simulator

depend on the type of environment (urban, subur-
ban, country). According to the literature, when the
mobile is going accross country, we will choose 0
dB for 3 parameter (variance) in the simulations [3]
(mean « is supposed to be null). In an urban environ-
ment, channel model becomes more complex because
multipath have to be taken into account leading to a
Rayleigh or Rice model depending on the power of
the multipath [4]. Such a scenario will be considered
in a forthcoming paper.
In addition, shadowing phenomenon depends on the
local environment of the mobile. As a consequence,
there is a correlation distance for the shadowing: L..
This coherence value is a statistical value that gives
an indication on how far the mobile has to move to
get a new value of shadowing realization and also de-
pends on the environment. Another parameter is the
sampling period T, for the power measurement. Sim-
ulator of the shadowing effect is given by figure 3. As
an illustration of the shadowing effect on the received
power, we plot the received power of a mobile going
away from a BTS with a speed v,,0pi7e = 50 km.h™!
on figure 4. Received power is given in dBm (log-
arithmic relative power for a reference power of 1
mW).
The numerical values for simulations are:
o Parameters for BTS:
- P, =45.5dBm (35W). This value of emit-
ted power is typical value of BTS of power
Class 4 [5].
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Fig. 4. Power profile including shadowing

— Ge = 17 dBi (value for a trisectorized an-
tenna)
— A = 33 cm (value for a GSM frequency of
900MHz)
o Parameters for channel :
-a=0
- 3=0dB
- L.=100m
o Parameters for mobile :
- Gr=04dBi
— Umobile = 50 km.h ™1,
- T =1s.

C. performance criteria

The addition of GSM power measurements to the
positioning algorithm is expected to increase perfor-
mance levels on two aspects: accuracy and availabil-
ity. Their practical definition will be derived from the
formulations used in civil aviation:

e Accuracy: it is the degree of conformance be-
tween the estimated or measured position and/or
velocity of a platform at a given time and its true
position and/or velocity.

o Availability: it is the ability of the navigation
system to provide the required function and per-
formance at the initiation of the intended opera-
tion. It is expressed as a percentage of time.

D. GNSS-GSM Farticle-Filter fusion algorithm

Realtime estimation and fusion has been widely
implemented using the Kalman Filter [6] (or one of
its numerous variants) for several decades because
this technique requires a few computational power in



comparison to more modern techniques like for in-
stance particle filtering.

Now that computational power is more available, one
can benefit from non-linear filtering techniques (see
[7] for a presentation). In addition to optimal non-
linear modeling, they allow to treat optimally the
presence of non gaussian noise on observations or
state transition equations. This is particularly conve-
nient for state transition noise because some a priori
information on the pdf (probability density function)
can be included by this way. The observation noise
can often be considered as gaussian, due to the Cen-
tral Limit Theorem. Moreover, these non linear fil-
tering techniques are suited directly to a large vari-
ety of physical equations (often non linear) whereas
Kalman filter requires linearizations that can be in-
accurate in some situations. Positioning algorithms
are a perfect example where the system experiences
abrupt changes because the number of satellites in
sight can vary over time.

Under Markov assumptions, the joint probability dis-
tribution between states and observations depends
only on the state transition probabilities and obser-
vation probabilities. As a consequence, evolution and
observation models have to be determined. We have
considered here an identity evolution model pertur-
bated by white gaussian noise and a non-linear obser-
vation model given by the concatenation of equations
(1) and (2).

This problem involves the estimation of hidden vari-
ables (target position coordinates) thanks to observa-
tions. More precisely, 4 variables have to be estimated
and compose the particle filter state vector:

e Iy, Yy and z;: the target coordinates in ECEF
(Earth-Centered, Earth-Fixed) Cartesian coordi-
nate system.

o At,, the user receiver clock offset with regard
to GNSS time (depends only on the user’s re-
ceiver).

The state vector can be decomposed into 2 blocks of
variables: the first one is composed of the user’s co-
ordinates x;, y; and z; and the second one is the user
receiver clock offset At,. Conditionally to the first
block, the second one appears as a linear gaussian
structure. In these conditions, it is possible to im-
plement an efficient particle filtering strategy called
“Rao-Blackwellisation” for which the linear part of
the model is resolved analytically by Kalman fil-
tering. The Rao-Blackwellised particle filtering has
been presented independently in [8] and [9]. It al-
lows to significantly reduce the variance of the esti-

Fig. 5. Simulations scenario

mates in the case of such models (conditionally linear
gaussian) by reducing the dimension of the vector es-
timated by particle filtering.

III. SIMULATIONS
A. Framework of the simulations:

In the first section, two Telecommunication Posi-
tioning Method (TPM) were presented, namely the
DTOA and the RP Methods. The purpose of these
methods is to provide additional information in order
to improve accuracy and integrity of the GNSS posi-
tion. Hybridization of these extra data with the GNSS
position has to be processed relying on the Particle
Filter data fusion algorithm.

The following scenario is envisaged: A vehicle is
moving straight on a road in the south of France to-
wards “Fos sur Mer” from point A to point B. 7 BTS
are placed along the road as shown in figure 5 and
their exact position is supposed to be known. The
distance between point A and point B is 9456 m and
the vehicle, starting from point A, gets point B in 720
seconds (its speed is constant and around 50 km/h).
‘We propose to investigate a positioning solution based
on GNSS pseudoranges and GSM Received Power.
This method does not require extra equipment since
it only relies on the received power of the GSM mo-
bile. Hence, we make the assumption that the vehicle
is able to measure separately the received power of
signals emitted by several BTS of the GSM network.
Two different scenarios are considered. The first one
points out the improvement in terms of accuracy when
additional GSM received powers are provided. The



second one aims at showing how the use of additional
GSM measurements impacts the levels of availability
of the global system.

Scenario 1: 5 GNSS satellites are in sight. 7 BTS
are also in sight. For such a scenario, each of the
GNSS satellites provides a pseudorange. This num-
ber of satellites would be sufficient to get a position
of the vehicle. But we propose an hybridization of
the GNSS pseudoranges with the GSM powers. We
propose to use a particular filter as an hybridization
algorithm. Observation equation of the particle filter
will integrate the models for GNSS pseudoranges and
free space loss for GSM powers (cf equations (2) and
(1)). Simulations are performed in order to compare
positioning accuracy with and without the use of the
GSM powers.

Scenario 2: At the beginning of the trajectory, 5
GNSS satellites are in sight and 7 BTS are also in
sight as in the first scenario. Between ¢ = 200 s and
t = 400 s, it is supposed that no GNSS pseudorange
measurement is available and the determination of the
position of the receiver is then not possible using only
GNSS system. However, positioning through GSM
powers remains possible through the Particle Filter
Fusion Algorithm as in the first scenario. Simulations
are performed in order to show how the level of avail-
ability can be increased thanks to the GSM powers.

B. Simulations results

With respect to scenario 1, simulations have shown
that the use of GSM powers in addition to GNSS
pseudoranges can improve positioning results in
terms of accuracy as shown in figures 6 and 7 where
are depicted the estimation error given by the norm of
the vector formed by the difference between the true
simulated position and the estimated one.

The second scenario aims to show the improve-
ment brought by the GNSS and GSM measurement
fusion in terms of availability. Between ¢ = 200 s
and ¢ = 400 s, the GNSS positioning system is not
available and is replaced by the position derived from
GSM power measurements. It can be noted that, even
if the error is far larger, a position estimate is still
available (see figure 8).

IV. CONCLUSIONS

The aim of this paper was to propose a way of
improving the positioning performance of the GNSS
system through hybridization with distances derived
from GSM power measurements. Both GNSS and
GSM measurements were generated using simulation
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models. The algorithm chosen to perform the hy-
bridization is a particle filter. Simulations showed that
while accuracy can only be slightly improved, a po-
sition solution can be obtained even when the GNSS
system is not available, thus considerably improving
availability. Urban scenarios are now under study. In
such a context, GSM channel becomes more complex
since multipath can not be disregarded but this draw-
back can be mitigated by a higher density of BTS in
urban environment.
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