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ABSTRACT

As the date of availability of GALILEO approaches,
more and more interest appears to pre-evaluate the ac-
curacy of GALILEO and combined GPS+ GALILEO re-
ceivers. The majority of simulations made are based on the
general use of UERE (often presented as a function of the
elevation angle of the satellite) multiplied by the GDOP
(Geometric Dilution Of Precision) matrix. This is a too
approximate approach to state for the real position error
distributions. Therefore, the concept of an Instantaneous
Pseudo Range Error (IPRE) is defined and is implemented
into NAVSIM the DLR'’s end to end GNSS simulator. This
new module coupled with the other modules of the simula-
tor permit to lead complete End-to-End simulations. This
new functionality has the advantage to augment the field of
applications and to couple the generation of errors already
implemented in NAVSIM with error distributions coming
from real measurements. This study is a good first ap-
proach to compare constellations between each other re-
garding the accuracy issue. The IPRE concept multiplies
the functionalities thanks to its ability to generate reat d
tributions of errors. The application to a combined exist-
ing constellation (GPS) for which real measurements can
be used with a not yet existing constellation (GALILEO)
for which only simulated data can be used is an interest-
ing approach. These results can directly be used to test the
impact of correction models, of filtering techniques, of an-
tenna types to a combined GPS/GALILEO system thanks
to the time series of IPRE and the instantaneous individual
errors output from NAVSIM. The best strategy of error mit-
igation technique can be tested and the result can be used
for receiver design before the launch of GALILEO system.



INTRODUCTION

In our paper we are going to explore the results of the
DLR’s NAVSIM simulator concerning the accuracy study
of GPS, Galileo and the combination GPS+ Galileo. For
GPS, two scenarios can be used one concerning the simula-
tion of errors (orbit determination and time synchroniaati
error, ionospheric error, tropospheric error and multipat
noise error) by using references coming from modeled ef-
fects IRI model or Bent model for the ionosphere delay,
simulated clock errors... an other one concerning the use of
real navigation messages and observations from IGS sta-
tions and taking post processing data as our reference and
that is what has been adopted for our paper. For that, we
considered 3 IGS station locations: one in the equatorial
region (ntus in Singapore) another one in a mid latitude re-
gion (obe2 in Germany) and a third one inside the polar
circle (nyal in Norway). The period of measurements used
is the year 2003. The Galileo constellation has been sim-
ulated using foreseen UERE budget projected into the di-
rections user to satellites and foreseen almanacs. For both
constellations, we used the same multipath scenario.

In a first part, we will define the field of our study and
the scenario used for both GPS and Galileo constellations.
In a second part, we will recall the mathematical back-
ground providing the general formula to be applied and in a
third part, we will analyze the results obtained for GPS and
Galileo separately and for the combined GPS+ Galileo. We
will conclude this paper by recalling the important results
we obtained.

FIELD OF STUDY

The year 2003 has been taken as our period of measure-
ment for GPS. As written in the introduction, this concerns
3 IGS stations presented in Tab. 1. A single frequency ab-
solute positioning receiver has been simulated. For GPS
we used BPSK(1) in L1 and for Galileo the BOC(1,1) for
the same frequency.

Code Country Latitude Longitude Altitude
obe2  Germany 4891 11.2 651m
nyal Norway 78.9 11.9 84m
ntus  Singapore 1.35 104 79m

Table1 IGS locations

These locations have been used for both GPS and Galileo
constellations.

Tab. 2 represents the assumptions used to produce the in-
dividual errors for GPS. By defining the error as a reference
value minus the computed one with help of a correction
model or using the parameters broadcast by the satellites.
In Tab. 2 the notations are as follow:

Error Estimation Reference  Sampling period
ODTS RINEXNAV SP3 15 min
lono Klobuchar IONEX 2 hours
model
Trop MOPS model SINEX 2 hours
MN - Synthetic 15 min
scenario

Table 2 Measurement assumptions for GPS

e ODTS is the orbit determination and time synchro-
nization error

¢ |ono is the ionospheric error
e Trop is the tropospheric error
e MN is the multipath and receiver noise error

e IONEX files are the post processing files obtained
from IGS stations of the vertical total electron content
all over the world sampled every two hours

e SINEX files are the post processing files obtained
from IGS stations and providing every two hours for
the IGS location concerned the zenith tropospheric de-
lay

e RINEX NAV are the navigation files broadcast by
satellites for the considered period of measurement

e SP3 are the post processing precise clock delay and
satellite orbits provided every 15 minutes for each
GPS satellite

Error Estimation Reference Sampling period
OoDTS - Random 15 min
Generator [1]
lono Klobuchar IONEX 2 hours
model
Trop MOPS SINEX 2 hours
model
MN - Synthetic 15 min
scenario

Table 3 Simulation assumptions for Galileo

Tab. 3 represents the assumptions used to estimate the
individual errors for Galileo. The main difference from the
previous table is the ODTS random generation of errors us-
ing the UERE budget of [1]. The synthetic scenario used
for multipath is defined as follow. The reference propa-
gation delay are those used for GPS but applied with the
Galileo satellite positions. For better comparison we used
the same correction models in both GPS and Galileo. The



synthetic scenario is common for GPS and Galileo and is
defined in the next subsection.

The multipath synthetic scenario

In our paper we chose to simulate the multipath and re-
ceiver noise error for both GPS and Galileo constellation in

order to compare both constellations using the same base of

comparison. As the multipath environment of IGS stations
is difficult to model, we used a synthetic environment as
follow. The multipath scenario chosen is a single ground
reflection echo with an attenuation of -3 dB with respect to
the line of sight signal.

A choke ring antenna [2] has been used with different
right and left hand circular polarization gain, assumirgg th
the reflected signal is 100 left hand polarised. In Fig. 1
is represented schematically the multipath scenario.ign th
figure LOS is the line of sight signal, El is the elevation an-
gle and h is the height of the receiver antenna with respect
to the ground (h=2 m in our scenario). The echo delay is
given by2hsin(El).

Fig. 1 Multipath scenario for GPS and Galileo

Given the level of C/NO for both GPS [3] and Galileo
[4] [5] itis possible to provide the input for NAVSIM mul-

tipath and receiver noise generator assuming the use of a

narrow correlator, a bandwidth of 20 MHz and a chip spac-
ing of 0.1.

MATHEMATICAL MODEL

I PRE concept

Let'’s recall the fundamental error equation for a single
frequency receiver [3]:

Ap=c:(-AB+ AT+ AT +7)+% (R- P)+A-AR
- (2)

whereAp = I PRF is the vector of instantaneous pseudo-

range errors corresponding to the observable satellites,

¢- AB = Clk is the vector of satellite clock errors,

€ (ﬁ — ]3) + A - AR = Eph is the vector of ephemeris

errors,

Elevation Relative| Delay | GPS Galileo
angle power | of BPSK(1) BOC(1,1
of Echo | echo | C/NO C/NO
(dB) (ns) (dBHz) | (dBHz)
90° -32.57 | 13.34 | 48.20 | 53.20
85° -32.57 | 13.29 | 48.20 | 53.20
80° -32.28 | 13.14 | 4791 | 52.91
75° -31.31 | 12.89 | 47.80 | 52.80
70° -31.82 | 12.54 | 47.45 52.45
65° -29.42 | 12.09 | 47.05 | 52.05
60° -28.27 | 11.55 | 46.48 | 51.48
55° -29.24 | 10.93 | 4591 | 50.91
50° -28.27 | 10.22 | 44.93 | 49.93
45° -24.54 | 9.43 | 43.73 | 48.73
40° -24.60 | 858 | 43.10 | 48.10
35° -22.82 | 7.65 | 4143 | 46.43
30° -22.99 | 6.67 40.46 45.46
25° -22.65 | 5.64 | 39.14 | 44.14
20° -19.04 | 456 | 37.94 | 42.94
15° -18.69 | 3.45 | 36.27 | 41.27
10° -16.28 | 2.32 | 35.07 | 40.07
5° -13.59 | 1.16 | 33.52 | 38.52

Table 4 Parameters for multipath scenario

€ is a matrix containing the errors in unit vectors of user to
satellites,

E is the vector of estimated position of satellites,
P is the vector of estimated position of the user,

A is a matrix containing the unit vectors of user to satel-
lites,

AR is the vector of the satellite position error,

c- AT = ITono is the vector of ionospheric errors,

c- AT = Trop is the vector of tropospheric errors,

c-7 = MN is the vector of multipath and receiver noise
errors,

X is the matrix notation,

X is the vector notation.

For more details see [6]. o
For our needs, let's defineDT'S = Clk — Eph
Then this error equation can be rewritten as follow:

IPRE = —-0DTS + Iono+Trop+ MN  (2)

Position error

Two approaches will be analyzed to get the position
error. The "all in view” method and the "minimized



GDOP”.

THE ”"ALL IN VIEW ” METHOD

- — — =\ " =

IPRE:G-AJ::>AJJ:<GG) -G -IPRFE (3)
whereG is the geometry matrix as defined in [6] and:
is the4 x 1 vector of position error (the4 coordinate

corresponding to the error on the receiver clock bias.
If we set

—t—= =t —

GG -G =H
We can use all satellites in view to determine the position
of the user. By linear distribution we obtain:

IPRE = —H-ODTS+H Tono+H -Trop—H-MN
(4)

|

where each element of the second member represents the
contribution of an individual error to the global position
error.

THE "MINIMIZED GDOP"METHOD

Rather than using all satellites in view only the four ob-
servables which minimize the GDOP are used [3]. let’s calll
G* the inverse of th&' matrix with the optimized set of 4
observations. This matrix is a 4 by 4 matrix and is invert-
ible. The previous equation can be rewritten as follow:

G*IPRE = —G*-ODTS+G"* Tono+G* Trop+G*MN
%)

THE ERRORS AT PSEUDO RANGE LEVEL

In this section we present the results obtained for GPS
and Galileo for each type of error. The statistical results
give also the results for the combined GPS+ Galileo which
is obtained by fusion of both sets of data. All these proce-
dures have been implemented in NAVSIM, the End to End
navigation simulator of DLR [7]. The possibilities given by
this new functionality to proceed to an error calculation by
using "reference- correction” from both measurements or
from simulations using models or by using a random gen-
erator of noise, offers the possibility to simulate the perf
mances of a given application or a navigation system using
the concept of IPRE developed above. Thanks to the gen-
eration of time series of individual errors, it is possibbe f
a given constellation to proceed to an error calculation at
the pseudo range level and as will be developed in the next
section at the position level.

TheODTSerror

Except for multipath and receiver noise error, the
methodology used is the same as in [6]. we chose to present
the ODTS error at Oberpfaffenhoffen near Munich (obe?2),
the results obtained from the other stations are similar; th
ODTS error is independent to the geographic location of
the user.

ODTS error for GPS constellation function of time at "obe2"
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Fig. 2 ODTS error vs. time for GPS

We can see in Fig. 2 that the error has a white Gaussian
noise behavior. In this figure each satellite is represented
by a specific color. Taken independently, these satellites
experience independent ODTS errors which in the figure
can be observed by equal error level for a given satellite.
What is a little surprising is the presence of a not negligible
bias of more than 1 meter which has been observed also
for the 2 other stations.

THE GALILEO CASE

For that case we used the foreseen UERE Budget for
Galileo [6] which considered an ODTS error standard de-
viation of 0.67 m. Because the bias level was not specified,
we took a centered Gaussian distribution with 0.67 m of
standard deviation as input for our random generator. This
means that no regional effect of the user location has been
taken into account in the ephemeris error.

Practically, for each satellite in view, we took a sample
every 15 min; the time series is given in the Fig. 3. The
blanks in the figures are intentionally put in order to fit with
the lack of data for GPS. This is done in order to combine
easily both sets of data for the combined GPS+ Galileo sce-
nario.

The use of a centered Gaussian noise model for ODTS
is an approximation available for a relatively low sampling
frequency. This is done in order to consider the ODTS error
decorrelated from two consecutive time steps for a given
satellite



ODTS error for Galileo constellation function of time at "obe2"
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Fig. 3 ODTS error vs. time for Galileo

obe2 | nyal | ntus

GPS -1.014 | -1.040| -1.033

Bias (m) GAL(*) | 0.003 | -0.002 | -0.001
COM(*) | -0.422 | -0.455| -0.454

GPS 1.636 | 1.656 | 1.610

o (m) GAL 0.671 | 0.671 | 0.670
COM 1.278 | 1.310 | 1.285

GPS 1.924 | 1.956 | 1.913

RMS (m) GAL 0.671 | 0.671 | 0.670
COM 1.346 | 1.387 | 1.363

(*) GAL for Galileo and COM for combined GPS+ Galileo
Table 5 Statistical results for ODTS error at pseudo range
level

Tab. 5 shows small differences in bias and standard de-
viation for GPS due to the ephemeris error because of a
short regional dependency due to the geometry of the con-
stellation. The ephemeris error is the satellite orbit rerro
projected into the direction of user to satellite. It has not
been taken into account for Galileo because we did not
want to decompose the ODTS error into more fundamental
errors. However, this can be implemented in a future ver-
sion of NAVSIM. But for that some questions have still to
be solved like the level of the deterministic part of the erro
and the stochastic part. The low level of ODTS error for
Galileo is of course one point that should be verified. To
be fair in our comparison, one should take into account the
foreseen UERE budget for GPS when Galileo will be avail-
able that means one should consider a comparison with the
modernized GPS performances. The aim of our study is to
introduce the concept of IPRE in both measurements and
simulation, as Galileo measurements are not available yet,

we chose to use the GPS measurements to prove the effi-
ciency of this approach.

Probability density functions ofODTS error in pseudo range level at "obe2"
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Fig. 4 Probability densities of ODTS error

Theionospheric error

In this subsection, we represented the ionospheric
error for the station near the equator (ntus in Singapore).
This choice is motivated by the high level of ionospheric
activity in that region. This causes the ionospheric emor t
be the dominant one. As will be observed later in our pa-
per, the IPRE distribution is driven by the ionospheric erro

THE GPSCASE

IONO error for GPS constellation function of time at "ntus”
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Fig. 5 lonospheric error vs. time for GPS
Fig. 5 represents the ionospheric error after correction

with the Klobuchar model. The magnitude of error is here
very large and in both bias and standard deviation.



THE GALILEO CASE

As the same conditions have been taken for GPS and
Galileo satellites, the same type of results should be ob-
tained. The difference comes from the number of samples
to be considered: For Galileo 30 operational satelliteghav
been taken into account in comparison with GPS with 24
satellites and from the difference in the geometry (the dis-
tribution of satellites in the sky is not the same for GPS and
for Galileo)

IONO error for Galileo constellation function of time at "ntus"
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Fig. 6 lonospheric error vs. time for Galileo

Fig. 6 represents the ionospheric error the Galileo satel-
lites would have faced in 2003 at ntus (Singapore). We
recall that the ionospheric error could have been corrected
using another correction model (NeQuick) but this has not
been studied and the Klobuchar model has been chosen for
simple comparison. The results are quite similar with what
has been obtained for GPS. This is as expected because this
effect impacts the GPS signal in the same way as it impacts
the Galileo signal. The only changing is the geometry of
the constellation i.e. the distribution of elevation asgle
(the model does not take into account the impact of the az-
imuth angle).

An important disparity of results can be observed in
Tab. 6. The main remark concerning this error source is
that it is not a constellation dependent error. Only a slight
difference can be observed in high latitude. For that a pos-
sible explanation is the relatively low elevation angletd t
observed satellite. The consequence is the higher sensitiv
ity of the error to the elevation angle due to the mapping
function used. The consequence is that the slightest dif-
ference in the mean elevation angle can produce a higher
deviation of the magnitude of the error both at bias and at
standard deviation level. Fig. 7 shows a superimposition of
probability density functions

obe2 | nyal | ntus
GPS | 1.752| 0.310| 9.241
Bias(m) GAL | 1.760| 0.233| 9.332
COM | 1.756| 0.267 | 9.292
GPS | 2.403| 1.184| 7.513
o (m) GAL | 2.413| 1.233| 7.477
COM | 2.409| 1.212| 7.493
GPS | 2.974| 1.224| 11.910
RMS (m) GAL | 2.987| 1.254 | 11.958
COM | 2,981 | 1.241| 11.937

Table 6 Statistical results for ionospheric error at pseudo
range level

Probability density functions of IONO error in pseudo range level at "ntus"
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Fig. 7 Probability densities of ionospheric error

Thetropospheric error

For both constellations, we used the SINEX files from
IGS stations and as correction model the MOPS model
associated with the Neill's mapping function. In this
subsection, we use the results of nyal for the graphical
representation. The same remark as for ionospheric can be
made.

THE GPSCASE

Fig. 8 represents the tropospheric error for the GPS con-
stellation. One can easily see the impact of the elevation
angle in the magnitude of the error. The upper bound cor-
responds to the envelop of tropospheric error for maximal
elevation of satellites. This is for nyal not necessary the
zenith because of the inclination of orbits of satellite®’(5
for Galileo).

THE GALILEO CASE



TROP error for GPS constellation function of time at "nya1"
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Fig. 8 Tropospheric error vs. time for GPS

TROP error for Galileo constellation function of time at "nya1"
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Fig. 9 Tropospheric error vs. time for GPS

Fig. 9 represents the tropospheric error for the Galileo
constellation. The only constellation geometry and the
availability plays a role, the tropospheric environment is
taken the same for both constellations, thus the signal will
face the same level of tropospheric delay.

Tab. 7 gives the statistical results for the tropospheric er
ror for each configuration and each IGS station. The level
of this error seems to be quite low in comparison with the
ionospheric error. The correction model associated with th
Neill's mapping function is fitting the real tropospheric-de
lay well. Even for ntus (Singapore) where the partial water

vapor pressure can reach high levels and thus can generate a

wet tropopsheric delay difficult to model, the level of bias
and standard deviation of the errors stay in an acceptable
range in comparison with the ionospheric error.

It is interesting to see from Fig. 10 the perfect superim-
position of the probability density functions. The eleuati
angle distributions for the 3 configurations has even less in
fluence than for the ionospheric error. To resume, the prop-

obe2 | nyal | ntus
GPS | -0.314 | -0.288| -0.633
Bias(m) GAL | -0.336| -0.291| -0.640
COM | -0.327 | -0.289 | -0.637
GPS | 0.333 | 0.258 | 0.512
o (m) GAL | 0.354 | 0.264 | 0.517
COM | 0.345 | 0.261 | 0.514
GPS | 0.458 | 0.387 | 0.814
RMS (m) GAL | 0.488 | 0.393 | 0.822
COM | 0.475 | 0.390 | 0.819

Table 7 Statistical results for tropospheric error at pseudo
range level

Probability density functions of TROP error in pseudo range level at "nyal”
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Fig. 10 Probability densities of tropospheric error

agation middle impacts the constellations in the same way.
Unless using different correction models, the ionospheric
and the tropospheric errors have for both constellatiods an
thus for the combined GPS+ Galileo the same magnitude.

The multipath and receiver noise error

For both constellations, we used the synthetic environ-
ment defined above. It was possible using the random mul-
tipath generator of NAVSIM to provide the following re-
sults for both bias and standard deviation function of the
elevation angle for GPS and Galileo. This model respects
for both GPS and Galileo the dependency with the eleva-
tion angle.

We used a third order polynomial regression to fit the
bias function of the elevation angle and a fourth order
polynomial regression to fit the standard deviation functio
of the elevation angle see Fig. 12. We proceed then
to a random generation of multipath and receiver noise



Multipath and receiver noise error bias generated using NAVSIM

0.16 : ! : | :
— GPS BPSK(1)
= GALILEO BOC(1,1)

0.14F : : : 4

0.12

0.1r

Bias [m]

0.08-

0.06

0.04 I I I I I I I I
0 10 20 30 40 50 60 70 80 90

Elevation angle []

Fig. 11 Bias of multipath and receiver noise error function
of the elevation angle

Multipath and receiver noise error standard deviation generated using NAVSIM
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Fig. 12 o of multipath and receiver noise error function of
the elevation angle

error for each satellite using its elevation angle and the
Gaussian distribution corresponding. The results obtaine
are presented for both constellations in Fig. 13 and Fig. 14.

THE GPSCASE

Fig. 13 represents the multipath and receiver noise
error for GPS satellites. By using the synthetic model,
considering a single ground reflection, no dependency with
the azimuth angle has been taken into account.

THE GALILEO CASE

Fig. 14 shows a lower level of error than for GPS. This is
mainly due to the characteristics of BOC signal and its abil-
ity to mitigate multipath error. In fact, the use of a narrow
correlator and the characteristics of the BOC signal itself

M+N error for GPS constellation function of time at "obe2"
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Fig. 13 Multipath and receiver noise error vs. time for GPS

M+N error for Galileo constellation function of time at "obe2"
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Fig. 14 Multipath and receiver noise error vs. time for
Galileo

provide a multipath error envelop function of the multipath
delay lower than the BPSK(1) one. The Receiver noise er-
ror plays also an important role assuming that the Galileo
system should provide a higher power of signal and thus a
higher C/NO than GPS. Here again, this should be updated
with the specifications of the modernized GPS. And a new
simulation should take into account the modernized GPS
constellation which is more representative for the future.
From Tab. 8, we can see that the results correspond to
what was expected. These results obtained for GPS have
been compared with those obtained from real measure-
ments (using the TEQC program and the observation files
of the considered IGS station) and the level of multipath
and receiver noise error fit the results obtained with our
simulation. Also the errors function of the elevation an-
gle shows a similar profile as for the measurements. This
model is of course available only when considering a sam-
pling period not less than 15 minutes. For shorter periods,



obe2 | nyal | ntus
GPS | 0.101| 0.106| 0.106
Bias(m) GAL | 0.089| 0.096 | 0.093
COM | 0.095| 0.101| 0.099
GPS | 1.081| 1.069| 1.078
o (m) GAL | 0.291| 0.290| 0.294
COM | 0.782| 0.772| 0.777
GPS | 1.086| 1.074| 1.083
RMS (m) GAL | 0.305| 0.306 | 0.309
COM | 0.787 | 0.779| 0.784

Table 8 Statistical results for multipath and receiver noise
error at pseudo range level

one has to take into account an autocorrelation effect due
to the non changing configuration for successive measure-
ments.

Probability density functions ofM+N error in pseudo range level at "nyal”
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Fig. 15 Probability densities of multipath and receiver
noise error

As expected from our multipath and receiver noise er-
ror generator, the probability density functions of Fig. 15
are Gaussian like distributions. The Galileo constelfatio
has a more sharp distribution and here again as in all other
cases, the combined GPS+ Galileo is between the two other
curves.

The Global IPRE

By using Eg. 2 we obtain easily the results for the global
Instantaneous Pseudo Range Error.

Tab. 9 resumes the results obtained for the global pseudo
range error. These results are coherent with respect to the
results of [6] and [8]. The high level of IPRE at ntus Sin-
gapore is due to the ionospheric error which drive both

obe2 | nyal | ntus
GPS | 2.347| 1.113 | 9.533
Bias(m) GAL | 1.325| -0.150| 8.580
COM | 1.755| 0.403 | 9.009
GPS | 2.968| 2.262 | 7.500
o (m) GAL | 2.497| 1.495 | 7.447
COM | 2.752| 1.973 | 7.486
GPS | 3.784 | 2.521 | 12.130
RMS (m) GAL | 2.827| 1.503 | 11.361
COM | 3.264 | 2.013 | 11.713

Table 9 Statistical results for the IPRE at pseudo range
level

the Galileo and the GPS pseudo range errors. Another re-
mark concerns the level of IPRE for the combined GPS and
Galileo constellations. It seems to be always a compromise
between the errors found for GPS and the errors found for
Galileo. The results obtained are coherent with this averag
ing effect. But because the ionospheric error level is atmos
the same for both constellations, the IPRE for the combined
constellation shows also a similar level of relative magni-
tude.
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Fig. 16 Probability densities of IPRE

In Fig. 16 we can see that the curves have the same shape
but present different shifts in the right part of the protbabi
ity density functions. The consequence is the augmentation
of both the bias and the standard deviation from the best to
the worst case: we find respectively the Galileo constella-
tion, the combined GPS+ Galileo and the GPS constella-
tion.



THE IMPACT OF IPRE AT POSITION LEVEL

In this section, we are going to present the impact of the
IPRE at the position level at obe2. The results obtained for
the other IGS stations does not give new results and thus
we restrain our study to that station. The method used to
determine the position error is the "all in view” algorithm.
No significant differences have been observed by using the
minimum GDOP method. At least the results does not jus-
tify the immense additional processing time to select and
to calculated the GDOP for all possible combinations of 4
satellites among n satellites in view where n can reach 18
for the combined GPS+ Galileo constellation. Our study is
focused on the impact of IPRE at position level. For the
study of the impact of individual errors see [6].

The 3D IPRE error at the position level

IPRE error contribution to 3D position error for GPS at "obe2"

UP error (m)

S-N error (m)

W-E error (m)

Fig. 17 3D position error at obe2 using the GPS constella-
tion

Fig. 17 to Fig. 19 give a good overview of the perfor-
mances reached for each configuration by observing the de-
limitations of the axis. In fact we used a +& delimitation
along the three axis around the mean values of the results.
One should pay attention to the different scales used for
horizontal and vertical axis. For all cases, the distritnuti
of points is more scattered in the vertical direction.

Probability density functions of position errors along
each axis

The aim of this section is to study the probability density
functions of the position error with respect to each axis.
This gives us a better overview of the relative performances
of constellations. Similar results have been obtainedter t
two other IGS stations used.

In Fig. 22, the PDF curve of the combined GPS+ Galileo
in the vertical direction tends to be closer to the PDF of
Galileo than in the horizontal directions see Fig. 20 and

IPRE error contribution to 3D position error for Galileo at "obe2"
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Fig. 18 3D position error at obe2 using the Galileo con-
stellation

IPRE error contribution to 3D position error for GPS+ Galileo at "obe2"
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Fig. 19 3D position error at obe2 using a combined con-
stellation

Fig. 21. This is an interesting result since the vertical er-
ror is often the limiting factor to fulfill the requirement$ o

a given application. Is it enough to say that a combined
GPS+ Galileo constellation tends to better correct the ver-
tical error? This point should be investigated further nigki
into account a decomposition of the position error into in-
dividual error contribution to the positioning error and to
compare their PDF along each axis. What is also interest-
ing from these results is that the accuracy order is prederve
from the pseudo range level to the position level. This in-
dicates that the geometry of the constellation has a similar
impact even if the combination GPS+ Galileo gives a bet-
ter GDOP thanks to a better repartition of visible satedlite

In other words, the improvement of the GDOP is not suffi-
cient to correct the loss in the pseudo range accuracy to be
better than the Galileo accuracy in the position level.



Probability density functions of position error along West-East at :obe2
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Fig. 20 Probability densities of position error along West-
East

Probability density functions of position error along South—-North at :obe2
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Fig. 21 Probability densities of position error along South-
North

CONCLUSION

This paper gives two different applications of the use
of the IPRE concept. The traditional method considering
measurements of IGS stations and the simulation method
using random generation of individual errors using an a
priori UERE budget. The results obtained confirms what
is expected for Galileo and for a combined GPS+ Galileo
constellation. The combination of both constellationseve
if it gives better results than the GPS alone is still below
the accuracy expected for Galileo. The combination accu-
racy is bounded by both the accuracies of GPS and Galileo.
But in fact the availability of both constellations givesmo
chance to track at least 4 satellites in conditions like {posi
tioning in urban canyon for example where only a small
zone of sky is visible. Another advantage is the improve-
ment of the availability of RAIM algorithms, providing not
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Fig. 22 Probability densities of position error along Down-

Up

only the detection of faulty satellites but also their exclu
sion giving thus more robustness to the navigation system
i.e. more integrity. This argument for the combined Galileo
and GPS constellation has many different applications and
will involve a lot of interest especially in Safety of life ap
plications. However, if a user is interested more in the
accuracy, then the use of Galileo alone will provide cer-
tainly the best results because pseudo ranges are less er-
roneous. Probably in a majority of applications, a com-
promise has to be found between high accuracy and high
integrity/availability. The combined GPS+ Galileo coriste
lation would give the best results in both accuracy and in-
tegrity when the GPS satellites are tending to provide the
same level of performance at the pseudo range level as the
Galileo system is going to do and this is what would be
planed using the modernized GPS constellation.
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