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ABSTRACT 
The advent of the European Galileo navigation system, 
the modernization of the American GPS and the update of 
the Russian GLONASS satellite constellation will lead to 
an improved Global Navigation Satellite System (GNSS). 
Availability, reliability and accuracy are key parameters 
in evaluating GNSS performance. In order to completely 
understand the benefits that will bring Galileo, and the 
update of GLONASS, it is necessary to evaluate the 
performance improvement using a hybrid 
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GPS/Galileo/GLONASS Satellite Constellation simulator, 
the so-called project titled Software Defined Simulator 
(SDS). 

The development of an accurate hybrid constellation 
simulator is a key point in any GNSS Signal Generator 
simulator. The use of a Radio Frequency (RF) or 
Intermediate Frequency (IF) signal generator simulator 
for performance testing of GNSS receivers is obvious, 
allowing a repeatable and a completely controlled test 
environment which ensures the efficiency of the 
development of any GNSS receiver. The use of such a 
simulator allows also characterizing the receiver’s 
behavior in unusual or unexpected conditions. 

The SDS project results showing the capabilities of the 
hybrid GNSS constellation are presented, such as 
worldwide simulated availability and accuracy for various 
GPS, Galileo and GLONASS possible combinations. 
Spatial and temporal performances are presented and 
compared. The following parameters are considered in 
order to evaluate the performance of the hybrid GNSS 
navigation system compared to different satellite 
constellations combinations: visibility and various 
Dilution Of Precision (DOP) parameters. 

In this paper, the validation of the GPS satellite 
constellation is emphasized, the generation of the GPS 
constellation being done using either almanacs or 
broadcast ephemeris. In order to do so, comparisons with 
results obtained either from other existing satellite 
constellation simulators, from real GPS receivers or from 
precise ephemeris are done. Different parameters defining 
the satellite constellation configurations are considered 
for the validation, such as coordinates of the satellites, 
elevation, azimuth and visibility. 

1. INTRODUCTION 
The performance of any GNSS is characterized by its 
availability, accuracy, continuity and integrity. For 
example, the existing GPS constellation does not provide 
the accuracy and reliability necessary for some 
applications. 



With a 27-satellite constellation and multiple open and 
encrypted signals, Galileo is designed to provide Europe 
with a GNSS capability similar to that available from the 
U.S. Global Positioning System. The modernization of 
GPS, the advent of the European Galileo system and the 
update of GLONASS will lead to a multi frequency civil 
GNSS. The use of Galileo with the actual or the 
modernized GPS and the updated GLONASS systems 
will increase the number of GNSS navigation satellites 
currently available and will provide better accuracy, 
availability and reliability than those obtained with only 
GPS, only Galileo or only GLONASS systems. 

Three of the main advantages of the deployment of a 
hybrid GNSS constellation are greater availability, 
integrity and accuracy. 

This paper presents the performance of the hybrid 
GPS/Galileo/GLONASS satellite navigation system 
compared to those of various combinations of 
GPS/Galileo/GLONASS.  The main goal of the paper is 
the validation of the SDS GPS satellite constellation 
simulator. The generation of the GPS is implemented by 
using either GPS almanac or broadcast ephemeris data. In 
order to validate the generation of the GPS satellite 
constellation, the results obtained are first compared to 
those generated by using other simulators already 
existent, such as the Chinalake interactive satellite 
predictor (see [1]). Visibility, elevation and azimuth 
parameters available from the Chinalake simulator are 
used for performance evaluation. As the positions of the 
satellites are not provided by the Chinalake simulator, real 
data from a GPS receiver has been used, which allowed 
validating the SDN GPS constellation simulator from the 
satellites positions point of view. The GPS satellites 
positions have been also compared to precise ephemeris 
data, which has allowed us to validate the SDS simulator. 
The results are presented and analyzed afterwards. 

The latest available values of RAAN, mean anomalies 
and semi-major axis of the orbit have been considered for 
the Galileo satellite navigation system, even if the 
problem of the initial offsets of GPS and Galileo orbital 
planes is still open. Previous results obtained with a 
GPS/Galileo version of the simulator may be found in [2]. 

The SDS simulator is a powerful tool which gives access 
to any computed variables, such as availability, satellites 
positions, receiver trajectory, elevation, azimuth, GDOP, 
PDOP, HDOP, VDOP and TDOP values, Doppler 
frequency, etc. The simulator gives to the user the 
possibility to parameterize the simulation, to choose the 
results desired (spatial, temporal), as well as to choose the 
position (fixed) or a desired trajectory for the receiver. 

In this paper, the constellations parameters of the GPS, 
Galileo and GLONASS systems are briefly reviewed, as 
well as the availability and accuracy parameters for 
satellite navigation systems. In order to emphasize the 
capabilities of the simulator, some results obtained with 
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the SDS simulator are presented. Spatial and temporal 
results are presented and compared, for only GPS, Galileo 
or GLONASS and for several possible combinations, in 
order to emphasize the interest of using a hybrid GNSS 
constellation. GPS almanac, broadcast and precise 
ephemeris are also presented. The results obtained are 
presented, analyzed and validated. 

A number of papers have been dedicated to the study of 
the hybrid GPS/Galileo constellations and to the gain 
obtained using the Galileo satellite navigation system ([3-
5]). A study of hybrid modernized GPS and Galileo 
number of satellites and satellite geometry systems is 
presented in [6]. Availability, accuracy and reliability for 
a hybrid GPS/Galileo system are compared to only GPS 
and Galileo by means of HDOP and VDOP in [7]. 
Complete GNSS simulators are also used in order to 
evaluate the gain of the Galileo system compared to the 
existing GPS (see [8, 9]). 

The paper is organized as following: In Section 2 the 
GPS, Galileo and GLONASS constellation parameters are 
introduced. Section 3 is dedicated to some of the 
performance evaluation parameters considered in the SDS 
simulator (availability, accuracy). Section 4 is dedicated 
to the presentation of the SDS simulator, while the 
almanac and ephemeris data used in the GPS simulator 
are presented in Section 5. Some spatial and temporal 
results obtained with the SDS simulator are presented in 
Section 6. The main part of the paper is presented in 
Section 7 and it concerns the GPS constellation 
validation. The last section is dedicated to some 
conclusions and remarks. 

2. GNSS CONSTELLATIONS PARAMETERS 

2.1. GPS Constellation Parameters 
The GPS constellation comprises 24 satellites situated on 
nearly circular orbits, with a radius of 26561.75 km and a 
period of 11 h 58 min (half of a mean sidereal day). The 
satellites are situated on 6 orbital planes (named A 
through F) inclined at 55° relative to the equatorial plane 
(4 satellites per orbit, named 1 through 4). The satellite 
planes are equally spaced in longitude relative to the 
vernal equinox, but the satellites themselves in each plane 
are not equally spaced. The GPS constellation parameters 
may be found in [10, 11] and additional information in 
[10, 12-14]. 

2.2. Galileo Constellation Parameters 
The space segment of Galileo consists of 27 Mean Earth 
Orbiting (MEO) satellites, distributed over 3 orbital 
planes (named A through C) with a period of 14 h 21 min 
(3/5 of the mean sidereal day). There are 9 satellites per 
orbit, named 1 through 9. The Galileo constellation 
parameters are presented in Table 1. No information has 
been found concerning the phase of the Galileo planes 
with respect to the GPS ones. 

 



 

Semi-Major Axis [km] 29600.318 
Inclination [°] 56 

 

Satellite ID Right Ascension 
[°] 

Mean Anomaly 
[°] 

A1,A2,A3,A4,A5, 
A6,A7,A8,A9 0 0, 40, 80, 120, 160, 

200, 240, 280, 320 

B1,B2,B3,B4,B5, 
B6,B7,B8,B9 120 

13.33, 53.33, 93.33, 
133.33, 173.33, 213.33, 
253.33, 293.33, 333.33 

C1,C2,C3,C4,C5, 
C6,C7,C8,C9 240 

26.66, 66.66, 106.66, 
146.66, 186.66, 226.66, 
266.66, 306.66, 346.66 

Table 1: Galileo Constellation Parameters 

For more details on the nominal Galileo constellation see 
[15]. 

2.3. GLONASS Constellation Parameters 
The GLONASS satellite constellation consists of 24 
satellites, distributed over 3 orbital planes (named A 
through C) with a period of 11 h 15 min. There are 8 
satellites per orbit, named 1 through 8. The GLONASS 
constellation parameters are presented in Table 2. 

Semi-Major Axis [km] 25510 
Inclination [°] 64.8 

 

Satellite ID Right Ascension 
[°] 

Mean Anomaly 
[°] 

A1,A2,A3,A4, 
A5,A6,A7,A8 0 0, 45, 90, 135, 

180, 225, 270, 315 
B1,B2,B3,B4, 
B5,B6,B7,B8 120 15, 60, 105, 150, 195, 

240, 285, 330 
C1,C2,C3,C4, 
C5,C6,C7,C8 240 30, 75, 120, 165, 210, 

255, 300, 345 

Table 2: GLONASS Constellation Parameters 

For more details on the nominal GLONASS constellation 
see [16]. 

3. PERFORMANCE EVALUATION PARAMETERS 
Several parameters may be used in order to evaluate the 
performance of a GNSS satellite constellation simulator, 
such as satellite positioning errors, availability, accuracy, 
elevation and azimuth. 

3.1. Availability 
An important parameter for the evaluation of the gain 
brought by the hybrid GPS/Galileo/GLONASS system is 
the number of visible satellites at the user location, with a 
given elevation mask. 

3.2. Accuracy 
The accuracy is a measure of how close the navigation 
solution provided by the system is to the user’s true 
location and velocity. As the distribution of the satellites 
in the sky is important for the accuracy of the derived user 
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position estimate, the Dilution Of Precision (DOP) has to 
be computed in order to analyze the performances of the 
different configurations of the GPS, Galileo and 
GLONASS satellite constellations. DOP is often used to 
measure the accuracy of the position of the user. The 
smallest DOP means the best satellite geometry for 
calculating the position of the user. 

The accuracy of a system consists in User Equivalent 
Range Error (UERE) and GDOP. 

The UERE, also known as User Range Error (URE) 
characterizes the effect of various errors on the 
pseudorange measurements. For more details on the 
UERE see [10, 12]. 

As the DOPs are a function of the satellite-receiver 
geometry, the positions of the satellites determine their 
values. DOP values represent the geometric strength of 
the solution; hence, they are a good measure of the 
system’s availability. If it is assumed that all the range 
measurements have the same UERE, the DOP values 
represent the system accuracy. 

GDOP is the value (depending on the satellite geometry) 
that maps an error in the observation space (UERE) into 
an error in the position space (accuracy). GDOP can be 
divided into 4 components: PDOP, HDOP, VDOP and 
TDOP. For more details about DOPs see [10, 12, 17]. 

4. SDS SIMULATOR 
The SDS constellation simulator presented in this paper is 
a part of a more complex Software Defined Signal 
Simulator, which is developed at Ecole de Technologie 
Superieure in Montreal, Canada. The SDS Signal 
Simulator concerns the generation of different GPS, 
Galileo and GLONASS signals. 

Mobile (Rx)
Trajectory 
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Trajectory

GPS
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Constellation
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Constellation
Parameters

GLONASS
Satellite 

Constellation
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Figure 1: Structure of the SDS simulator 

The development environment used for the SDS simulator 
is Matlab. It allows fast implementation and easy 
graphical representation. In addition, the simulator may 



be controlled via either a Graphical User Interface (GUI) 
or Matlab Web Server, which allows remote parameters 
configurations, simulations and results analysis. 

Among various objectives of the simulator, the following 
ones are very important: (a) Evaluation of hybrid GNSS 
constellations performance; (b) Key point of a hybrid 
GNSS signal simulator design for hybrid receiver testing; 
(c) Spatial and temporal optimization and analysis from 
different performance parameters point of view: visibility, 
DOPs. The structure of the SDS simulator is presented in 
Figure 1 and it consists in the following 3 main parts: 
(1) GPS/Galileo/GLONASS satellite constellations 
generation; (2) Mobile/receiver trajectory generation; 
(3) Parameters computation. 

An important advantage of the SDS Simulator is that it 
allows the access to any parameter and at any level. 

5. GPS CONSTELLATION SIMULATOR 
The GPS satellite constellation may be computed by using 
either almanac or broadcast ephemeris data. 

5.1. GPS Almanac Data 
Each GPS satellite transmits orbital data called the 
almanac, which enables the user to calculate the 
approximate location of every satellite in the GPS 
constellation at any given time. Almanac data is not 
accurate enough for determining position but can be 
stored in a receiver where it remains valid for quite a long 
time. It is primarily used to determine which satellites are 
visible at a given location so that the receiver can search 
for those satellites when it is first turned on. 
The most important almanac parameters are: (a) Almanac 
reference week [week]; (b) Almanac reference time [s]: 

a0t ; (c) Satellite PRN (Pseudo Random Noise) number; 

(d) Eccentricity of the satellite orbit [unitless]: se ; (e) 
Satellite almanac orbital inclination offset [semicircle]: 

0i ; (f) Rate of right ascension [semicircles/s]: Ω& ; (g) 
Square root of the semi-major axis of the satellite orbit 

[ 2
1m ]: sa ; (h) Longitude of ascending node of orbit 

plane at weekly epoch [semicircle]: 0Ω ; (i) Argument of 
perigee [semicircle]: ω ; (j) Mean anomaly at reference 
time [semicircle]: 0M ; (k) Zero and first order satellite 

clock correction parameter: 0fa  [s] and 1fa  [s/s], 
respectively. 

The algorithm used for computing the satellites positions 
is similar to the one used in the case of the broadcast 
ephemeris, the equations corresponding to parameters 
which do not exist in almanac data having to be 
eliminated. 

The almanac data are much less accurate than the 
ephemeris data. However, the almanac data are valid for 
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longer periods of time and do not require frequency 
updates. 

Almanac files are available in two different formats: SEM 
and YUMA. SEM almanacs have been used in the SDS 
simulator for computing the GPS satellites position. For 
more information on the GPS almanac data see [17, 18]. 

GPS almanac files are available, for example, on the 
website of the U.S. Coast Guard Navigation Center [19].  

The algorithm used for computing the satellite positions 
using the almanac data is similar to the one for the 
broadcast ephemeris, the only difference being the 
correction parameters which exist in the broadcast 
ephemeris data but not in the almanac data. 

5.2. GPS Ephemeris Data 
Ephemeris data is similar to almanac data but enables a 
much more accurate determination of satellite. In contrast 
to almanac data, ephemeris data for a particular satellite is 
only broadcast by that satellite, and the data is valid for 
only several hours. 

GPS ephemeris are available in two general types: the 
broadcast ephemeris, and the precise ephemeris. 

5.2.1. GPS Broadcast Ephemeris 

The broadcast ephemeris contains information known as 
Keplerian Orbital Elements that allow the GPS receivers 
to compute the Earth-Centered Earth-Fixed (ECEF) 
coordinates of each of the satellites relative to the WGS84 
datum. The Keplerian elements consist of positional 
information at a single reference time, and parameters 
related to the predicted rate of change. The computed 
accuracy of the broadcast ephemeris is approximately 260 
centimeters, and approximately 7 nanoseconds. 

Several constants and many broadcast ephemeris data are 
used in the calculation of the satellite positions. The 
ephemeris data are: (a) 0M : mean anomaly at reference 
time; (b) nΔ : mean motion difference from computed 
value; (c) sa : square root of the semi-major axis of the 

orbit; (d) se : eccentricity of the satellite orbit; (e) 

210 ,,,, fffocGD aaatT : clock correction parameters; (f) 

oet : reference time ephemeris; (g) ucus CC , , rcrs CC ,  and 

icis CC , : amplitude of the sine and cosine harmonic 
correction term to the argument of latitude, orbit radius 
and angle of inclination; (h) eΩ : longitude of ascending 

node of orbit plane; (i) Ω& : rate of the right ascension; (j) 

0i : inclination angle at reference time; (k) ω : argument 

of perigee; (l) i&: rate of inclination angle. 

Comparing ephemeris to almanac data it can be seen that 
the ephemeris contain some additional parameters such 



as: nΔ , GDT , oct , 2fa , usC , ucC , rsC , rcC , isC , 

icC , i&  (see also Section 5.1). 

The algorithm for computing the satellite position from 
the broadcast ephemeris parameters may be found in [17, 
18]. 

GPS broadcast ephemeris files are available, for example, 
on the ftp server of the Royal Observatory of Belgium 
(see [20]). They are published in the RINEX format. 
For more information on the GPS broadcast ephemeris 
data see [17, 18]. 

5.2.2. Precise Ephemeris 

The precise orbit contains the ECEF coordinates for each 
satellite and includes clock corrections. This information 
is given for each satellite at regular epoch intervals of 15 
minutes. The precise ephemeris is a post-processed or 
“post-fit” product. The final precise orbits are available 
approximately two weeks after the data is collected and 
have a reported accuracy of less than five centimeters, and 
0.1 nanoseconds. 

The GPS precise orbits are derived using 24 hour data 
segments from the global GPS network coordinated by 
the International Geodynamics GPS Service (IGS). The 
precise orbits are considered the international standard 
and should be used when there is a need for a precise 
orbit. 

GPS precise ephemeris files are available on the website 
of the National Geodetic Survey (see [21]). 

6. HYBRID SDS PERFORMANCE RESULTS 
For the analysis of the advantages brought by the use of a 
hybrid GPS/Galileo/GLONASS satellite constellation, 
simulations have been done with constellations 
comprising 24 GPS, 27 Galileo and 24 GLONASS 
satellites. Some of the possibilities offered by the SDN 
constellation simulator are presented, including two 
different types of simulations: spatial and temporal. 

During the simulations presented in this section an 
elevation mask of 10° has been considered. More details 
on the performances of a GPS/Galileo version of the 
simulator may be found in [2]. 

6.1. Spatial Performance 
For the spatial performance analysis, all possible 
longitudes and latitudes have been considered for the 
receiver at a single moment. The hybrid GNSS 
constellation is considered and compared to various 
combinations of GPS, Galileo or GLONASS 
constellations. 

The performance may be evaluated by taking into account 
the following parameters: (a) Number of visible satellites 
for various GPS, Galileo and GLONASS combinations; 
(b) GDOP; (c) PDOP; (d) HDOP; (e) VDOP; (f) TDOP. 
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As the purpose of this section is just to present some of 
the capabilities of the SDN hybrid constellation simulator, 
only availability and GDOP results are presented and 
analyzed, the other parameters leading to similar 
conclusions. 

6.1.1. Visibility 
The number of visible satellites with geographic location 
is presented in Figure 2 and Figure 3 for GPS and hybrid 
GPS/Galileo/GLONASS constellations, respectively. 

Figure 2: Spatial variation of the number of visible GPS 
satellites 

Figure 3: Spatial variation of the number of visible 
GPS/Galileo/GLONASS satellites 

The spatial performance visibility results for some 
possible combinations of satellite constellations are 
summarized in Table 3, where the variation of visibility 
and the visibility mean values are presented. 

Constellation No of Visible Satellites 
[Min ↔ Max] 

Visibility 
Mean Value 

GPS 4 ↔ 10 7.40 
GAL 6 ↔ 11 8.58 

GPS/GAL 10 ↔ 21 15.98 
GPS/GAL/GLO 16 ↔ 29 23.37 

Table 3: Spatial visibility results 



6.1.2. Geometric Dilution Of Precision (GDOP) 

The GDOP variation for the hybrid 
GPS/Galileo/GLONASS constellation with geographic 
location is presented in Figure 4. 

Figure 4: Spatial variation of the GPS/Galileo/GLONASS 
GDOP 

The spatial GDOP variations are summarized in Table 4, 
where the maximal and the mean GDOP values for some 
combinations of satellite constellations are presented. 

Constellation GDOP [Min ↔ Max] Mean GDOP 
GPS 1.55 ↔ 9.57 2.60 
GAL 1.47 ↔ 3.74 2.33 

GPS/GAL 1.10 ↔ 3.02 1.58 
GPS/GAL/GLO 0.95 ↔ 2.07 1.26 

Table 4: Spatial GDOP results 

6.2. Temporal Performance 
For the temporal performance analysis, continuous 
tracking in time of various combinations of satellite 
constellations have been considered during 24 hours, with 
a sampling interval of 1s. The receiver has been 
considered as located in Montreal (45°28’N, 73°45’W, 
31m of altitude). 

The temporal variation performance of the various 
satellite constellations may be evaluated by comparing, 
over 1 day period, the following parameters: (a) Number 
of visible satellites; (b) GDOP; (c) PDOP; (d) HDOP; (e) 
VDOP; (f) TDOP. 

Constellation No of Visible Satellites 
[Min ↔ Max] 

Visibility Mean 
Value 

GPS 5 ↔ 9 6.72 
GAL 6 ↔ 11 7.89 

GPS/GAL 12 ↔ 19 14.61 
GPS/GAL/GLO 16 ↔ 28 21.68 

Table 5: Temporal visibility results 
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6.2.1. Visibility 

The number of visible satellites as a function of time is 
presented in Figure 5 for all possible combinations of the 
GPS, Galileo and GLONASS constellations. 
The variations and mean values of the visibility are 
summarized in Table 5, for various combinations of 
satellite constellations. 

Figure 5: Temporal variation of the number of visible satellites 

6.2.2. Geometric Dilution Of Precision (GDOP) 

The maximal and mean values of GDOP for various 
combinations of constellations are presented in Table 6. 

Constellation GDOP [Min ↔ Max] Mean GDOP 
GPS 1.68 ↔ 5.25 2.56 
GAL 1.53 ↔ 3.51 2.39 

GPS/GAL 1.15 ↔ 2.57 1.55 
GPS/GAL/GLO 1.00 ↔ 1.84 1.24 

Table 6: Temporal GDOP results 

By comparing the GDOP values and the temporal 
variations of the number of visible satellites one can 
remark jumps in the GDOP when the number of visible 
satellites drops. 

With the results presented upper, it can be remarked that 
both types of results, spatial and temporal, lead to the 
same conclusions. It can be remarked that the number of 
visible Galileo satellites is slightly bigger than the GPS 
one. The use of the hybrid GPS/Galileo doubles the 
number of the actual GPS visible satellites. Hence, the use 
of the Galileo satellites constellation improves drastically 
the GNSS performance from the availability point of 
view. It can be seen also that the use of the 
GPS/Galileo/GLONASS constellation increases almost 
three times the number of satellites, compared to only 
GPS or Galileo constellations. 

As the PDOP, HDOP, VDOP and TDOP parameters lead 
to results similar to the GDOP ones, the spatial and 
temporal performances presented in this section allow us 



to conclude that the availability and accuracy of the 
hybrid GPS/Galileo/GLONASS constellation are 
consistently better than the ones obtained with stand-
alone or 2-constellation versions. 

7. GPS CONSTELLATION VALIDATION 
There are several parameters which may be taken into 
account for the validation of the GPS satellite 
constellation, such as availability, satellite coordinates, 
elevation and azimuth. 

Three different types of validation have been considered 
for the validation of the GPS satellite constellation: 

• Comparison of availability and satellite positions to 
those obtained from precise ephemeris data. 

• Comparison of availability and satellite positions to 
those obtained from a real GPS receiver. 

• Comparison of availability, elevation and azimuth to 
those obtained using the Chinalake satellite predictor 
[1].1 

During the simulations presented in this section an 
elevation mask of 10° has been considered. 

7.1. Broadcast Ephemeris-Based Simulator Results 
In this subsection, broadcast ephemeris files are used to 
compute the GPS satellites position. 

7.1.1. Comparison with Precise Ephemeris Data 

Comparisons between precise ephemeris data and 
performance obtained with the SDS simulator using 
broadcast ephemeris are presented afterwards. 

As the broadcast ephemeris are available each 2 hours, the 
tests have been divide in two: 
• In the first test, the same broadcast ephemeris files 

are used for 24 hours of simulation. The last 
broadcast ephemeris file available at the beginning of 
the simulation is considered and the satellite 
positioning errors are compared to those obtained 
using 3 older broadcast ephemeris file. 

• The second test is dedicated to the use of broadcast 
ephemeris files as soon as they are available, during 
the simulation. The 24 hours simulation considered in 
the first test is done in this case by updating the 
broadcast ephemeris files each 2 hours. 

As precise ephemeris data is available each 15 minutes, 
the errors between the computed GPS constellation and 
the precise ephemeris data have been computed each 15 
minutes. 

The simulation has been started in July 25th, 2004, at 
00:00:00.000, which is equivalent to GPS Week=257 
(1281), GPS Second=0. 

                                                
1 The Chinalake US Navy GPS satellite predictor is not 
available anymore on the web. 
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The errors presented afterwards have been calculated as 
the average errors for all satellites in the constellation. 

Test 1: The precise ephemeris file considered is 
ngs12810.sp3. The first record of this ephemeris file is in 
July 25th, 2004, at 00:00:00.000, and the last one in July 
25th, 2004, at 23:45:00.000. 

The last broadcast ephemeris file corresponding to the 
date of the precise ephemeris data is IFAG2070.04N. 
Older broadcast ephemeris data has been also used, to 
show the degradation in time of the computed satellite 
positions: IFAG2060.04N, IFAG2050.04N and 
IFAG2040.04N. 

As the broadcast ephemeris is not updated during the 
simulation, the date of the broadcast ephemeris and the 
time difference between the simulation start time and the 
last update of each broadcast ephemeris considered in the 
simulation are presented in Table 7. 

Broadcast  
Ephemeris File 

GPS 
Week 

GPS 
Second 

Time Difference 
[s] 

IFAG2070.04N 257 0 0
IFAG2060.04N 256 518400 86400 
IFAG2050.04N 256 432000 172800 
IFAG2040.04N 256 345600 259200 

Table 7: Broadcast ephemeris time and time difference between 
update of almanac and start of simulation 

Figure 6 presents the X, Y, Z and 3D errors for the first 2 
hours of simulation obtained using the IFAG2070.04N 
broadcast ephemeris. 

Figure 6: X, Y, Z and 3D-Errors (2 hours, IFAG2070.04N) 

It can be remarked that the errors obtained are smaller 
than 2.8 m for X, Y, Z and smaller than 3.8 m in 3D. As 
expected, the broadcast ephemeris allow very good 
accuracies for a short time (2 hours). 

Figure 7 presents the X, Y, Z and 3D errors for 24 hours 
of simulation, with the same IFAG2070.04N broadcast 
ephemeris file. 



It can be remarked that the errors increase in time quite 
fast. As expected, the broadcast ephemeris do not allow 
good accuracies for a long time (24 hours). 

Figure 8 presents the 3D error for 24 hours of simulation 
using the last broadcast ephemeris available before the 
start of the simulation IFAG2070.04N and other 3 (older) 
files: IFAG2060.04N, IFAG2050.04N and 
IFAG2040.04N. 

Figure 7: X, Y, Z and 3D-Errors (24 hours, IFAG2070.04N) 

Figure 8: 3D-Errors (24 hours, 4 broadcast ephemeris files) 

The use of the most recent broadcast ephemeris gives the 
best results. The time difference between the 4 broadcast 
ephemeris files considered is of 1 day (see Table 7). 

Test 1 leads to conclude that without updating the 
broadcast ephemeris data, poor predictions for the satellite 
positions are obtained on a long time period simulation. In 
order to improve the performance obtained, the update of 
the broadcast ephemeris may be foreseen. 

Test 2: For this test, the broadcast ephemeris used for the 
satellites position calculation has been updated each 2 
hours during the 24 hours simulation. 
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The results obtained for 2 hours are identical to those in 
test 1 (see Figure 6). 

Figure 9 presents the X, Y, Z and 3D errors for the 24 
hours simulation with the IFAG2070.04N broadcast 
ephemeris file (last file available before the start of the 
simulation). Broadcast records data from this file have 
been updated during the simulation. 

Figure 9: X, Y, Z and 3D-Errors (24 hours, IFAG2070.04N) 

It can be remarked that the errors during the 24 hours of 
simulation stay in the same range as during the first 2 
hours. So updated broadcast ephemeris allow very good 
performance on a very long time (it depends only on the 
availability of the broadcast ephemeris records). 

Figure 10 presents the X, Y, Z and 3D errors for the 24 
hours of simulation using the last file available before the 
start of the simulation IFAG2070.04N and other 3 (older) 
files: IFAG2060.04N, IFAG2050.04N and 
IFAG2040.04N. 2 hours updates have been considered. 

Figure 10: 3D-Errors (24 hours, 4 broadcast ephemeris files) 



The use of the most recent broadcast ephemeris file gives 
the better results from the errors point of view. The time 
difference between the 4 broadcast ephemeris files 
considered is of 1 day. 

7.1.2.   Comparison with the Chinalake Satellite Predictor 
Availability, elevation and azimuth obtained using the 
Chinalake simulator [1] are compared with those obtained 
with the SDS simulator using broadcast ephemeris. As the 
Chinalake simulator allows 1-instant simulations at a 
time, the validation results are presented at 1 instant, other 
instants giving similar results. 

The receiver has been considered in Paris (48°49’N, 
2°29’E, 90m of altitude). The simulation has been 
considered in July 21st, 2004, at 15:00:00, which is 
equivalent to GPS Week=256 (1280), GPS Second= 
313200. 

The last broadcast ephemeris considered is 
IFAG2030.04N (15th record). The time of the broadcast 
ephemeris update is at GPS Week=256 (1280), GPS 
Second=309600. The difference between the start of the 
simulation and broadcast ephemeris update is of 3600 s 
(this means that the broadcast ephemeris record used is 1 
hour old at the moment of the simulation). 

Elevation and azimuth results obtained with the Chinalake 
satellite predictor and with the SDS simulator are 
presented in Table 8 and Table 9, as well as the 
corresponding errors. 

PRN Chinalake [°] SDN [°] Error [°] 
08 42.0 42.5 0.5 
10 47.2 47.1 0.1 
21 14.8 14.5 0.3 
26 59.0 60.4 1.4 
27 14.7 16.8 2.1 
28 54.1 54.3 0.2 
29 73.9 - - 

Mean Elevation Error [°] 0.8 

Table 8: Elevation results obtained with Chinalake and SDS 
simulators in Paris (using broadcast ephemeris) 

PRN Chinalake [°] SDN [°] Error [°] 
08 60.6 60.6 0 
10 192.8 192.3 0.5 
21 300.8 301.7 0.9 
26 301.3 302.0 0.7 
27 65.3 65.2 0.1 
28 117.2 117.0 0.2 
29 308.9 - - 

Mean Azimuth Error [°] 0.4 

Table 9: Azimuth results obtained with Chinalake and SDS 
simulators in Paris (using broadcast ephemeris) 

It can be remarked that the results obtained with both 
simulators are very close. 
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Remark: The satellite with PRN=29 is not visible in the 
broadcast ephemeris data, but it appears in the Chinalake 
simulator. 

7.2. Almanac-Based Simulator Results 
In this subsection, SEM almanac files are used to compute 
the GPS satellites position. 

7.2.1. Comparison with Precise Ephemeris Data 

Comparisons between precise ephemeris data and 
performance obtained with the SDS simulator using 
almanacs are presented afterwards. As the almanacs are 
not available each day, the positions of the satellites are 
calculated during 24 hours with the same almanac data. 

The last almanac file available at the beginning of the 
simulation is considered and the satellite positioning 
errors are compared to those obtained using 2 older 
almanac files. 

As precise ephemeris data is available each 15 minutes, 
the errors between the computed GPS constellation and 
the precise ephemeris data have been computed each 15 
minutes. 

The simulation has been started in July 25th, 2004, at 
00:00:00.000, which is equivalent to GPS Week=257 
(1281), GPS Second=0. 

The errors presented afterwards have been calculated as 
the average errors for all satellites in the constellation. 
The precise ephemeris data file considered is 
ngs12810.sp3. The first record of this ephemeris file is in 
July 25th, 2004, at 00:00:00.000, and the last one in July 
25th, 2004, at 23:45:00.000. 

The last almanac file corresponding to the date of the 
precise ephemeris data is 204.al3. Older almanac data has 
been also used, to show the degradation in time of the 
computed satellite positions: 203.al3 and 202.al3. 
As the almanac is not updated during the simulation, the 
date of the almanacs and the difference between the 
simulation start time and the last update of each almanac 
considered in the simulation are presented in Table 10. 

Almanac File GPS Week GPS Second Time Diff. [s] 
204.al3 256 589824 14976 
203.al3 256 503808 100992 
202.al3 256 405504 199296 

Table 10: Almanac time and time difference between update of 
almanac and start of simulation 

Figure 11 presents the X, Y, Z and 3D errors for the first 
2 hours of simulation obtained by using the 204.al3. 

It can be remarked that the errors obtained are much 
bigger than the ones obtained using the broadcast 
ephemeris files (see Figure 6). As expected, the almanacs 
allow predicting the satellites position with a lower 
accuracy than the broadcast ephemeris. 



Figure 12 presents the X, Y, Z and 3D errors for 24 hours 
of simulation, with the 204.al3 almanac file. 

Figure 11: X, Y, Z and 3D-Errors (2 hours, 204.al3) 

Figure 12: X, Y, Z and 3D-Errors (24 hours, 204.al3) 

It can be remarked that the errors do not increase in time 
fast, as it happened in the case of the broadcast ephemeris. 
Almanac files do not allow very good accuracies but they 
may be used for a long time. 

Figure 13 presents the 3D errors for 24 hours of 
simulation, with the 204.al3 almanac and other 2 (older) 
files: 203.al3 and 202.al3. 

The use of the most recent almanac gives the best. The 
time difference between the 3 almanac files considered 
are presented in Table 10. 

The results obtained allow us to conclude that almanacs 
do not allow a very good precision but they may be used 
during quite a long time. 

7.2.2. Comparison with Real GPS Receiver Data 

Comparisons between real GPS receiver data and the 
performance obtained with the SDS simulator using 
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almanac are presented afterwards. As the almanacs are 
not available each day and the available data from the 
GPS receiver is of 1 hour, the positions of the GPS 
satellites are calculated using the same almanac. 

Figure 13: 3D-Errors (24 hours, 3 almanac files) 

The first record of the GPS Rx data is in April 12th, 2004, 
at 21:44:02.000, which is equivalent to: GPS Week=242 
(1266), GPS Second=164642, the last one in April 12th, 
2004, at 22:44:01.000. The date of the first record of the 
GPS Rx data has been considered as the start time for the 
SDS simulation. 

The last almanac file corresponding to the beginning of 
the simulation is 100.al3. Older almanac data has been 
also used, to show the degradation in time of the 
computed satellite positions: 099.al3, 098.al3, 097.al3 
and 096.al3. 

As the almanacs are not updated during the simulation, 
the date of the records and the difference between the 
simulation start time and the last update of each almanac 
considered in the simulation are presented in Table 11. 

Almanac File GPS Week GPS Second Time Diff. [s] 
100.al3 242 61440 103202 
099.al3 241 589824 179618 
098.al3 241 503808 265634 
097.al3 241 405504 363938 
096.al3 241 319488 449954 

Table 11: Almanac time and time difference between update of 
almanac and start of simulation 

Figure 14 present the X, Y, Z and 3D errors for the 1 hour 
of simulation with the 100.al3 almanac file. The errors 
have been computed using all the satellites visible at each 
moment. The number of visible satellites for the real GPS 
receiver is also presented. 

It can be seen that the errors obtained are in the same 
range as those presented in Figure 12. 

Figure 15 present the 3D errors for 1 hour of simulation 
with the last almanac available before the start of the 
2



simulation 100.al3 and other 4 (older) files: 099.al3, 
098.al3, 097.al3 and 096.al3. 

Figure 14: X, Y, Z and 3D-Errors (1 hour, 100.al3, all satellites)

Figure 15: 3D-Error (1 hour, 5 almanac files, all satellites) 

The use of the most recent almanac gives the best results. 
The time differences between the 5 almanac files 
considered are presented in Table 11. 

As it can be seen in Figure 15, the number of visible 
satellite for the real GPS receiver varies in time. This 
variation gives the discontinuities in the computed errors 
that may be seen. 

Let now consider only the continuously visible satellites 
during the 1 hour of simulation for computing the X, Y, Z 
and 3D errors. The X, Y, Z and 3D errors obtained with 
the 100.al3 almanac are presented in Figure 16. 

7.2.3. Comparison with the Chinalake GPS Satellite 
Predictor 
Availability, elevation and azimuth obtained using the 
Chinalake simulator [1] are compared with those obtained 
with the SDS simulator using almanacs. 
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The receiver has been considered in Paris (48°49’N, 
2°29’E, 90m of altitude). The simulation has been 
considered in July 21st, 2004, at 15:00:00, which is 
equivalent to GPS Week=256 (1280), GPS Second= 
313200. 

Figure 16: X, Y, Z and 3D-Errors (1 hour, 100.al3, 
continuously visible satellites) 

The last almanac considered is 197.al3. The time of the 
almanac update is at GPS Week=255 (1279), GPS 
Second= 589824. The difference between the start of the 
simulation and last almanac update is of 328176 s. 

Elevation and azimuth results obtained with the Chinalake 
satellite predictor and with the SDS simulator are 
presented in Table 12 and Table 13, as well as the 
corresponding errors. 
It can be remarked that the results obtained with both 
simulators are very close. 

PRN Chinalake [°] SDN [°] Error [°] 
08 42.0 42.5 0.5 
10 47.2 47.1 0.1 
21 14.8 14.5 0.3 
26 59.0 60.4 1.4 
27 14.7 16.8 2.1 
28 54.1 54.3 0.2 
29 72.9 73.0 0.1 

Mean Elevation Error [°] 0.7 

Table 12: Elevation results obtained with Chinalake and SDS 
simulators in Paris (using almanacs) 

8. CONCLUSIONS 
This paper describes the SDS satellite constellation 
simulator. The functionalities and the implementation of 
the simulator have been presented, as well as some results 
that the simulators allow to obtain (spatial and temporal 
availability and DOPs). Availability and accuracy 
performance have been presented and analyzed, the 
advantages of using a hybrid GNSS satellite constellation 
being emphasized. 



 
PRN Chinalake [°] SDN [°] Error [°] 
08 60.6 60.6 0 
10 192.8 192.3 0.5 
21 300.8 301.7 0.9 
26 301.3 302.0 0.7 
27 65.3 65.2 0.1 
28 117.2 117.0 0.2 
29 308.9 309.0 0.1 

Mean Azimuth Error [°] 0.4 

Table 13: Azimuth results obtained with Chinalake and SDS 
simulators in Paris (using almanacs) 

The main part of the paper treats the GPS satellite 
constellation validation. The GPS constellation is 
computed using broadcast ephemeris or almanacs, the 
corresponding parameters being presented. Three 
different types of validation have been considered for the 
validation of the GPS satellite constellation: comparison 
of the performance of the SDS simulator to precise 
ephemeris, real GPS receiver and to an existent GPS 
satellite constellation simulator. The use of broadcast 
ephemeris allows good satellite predictions on short 
periods, while the use of almanacs allows poorer results 
but available on long time. The results have shown that 
the update of the broadcast ephemeris each 2 hours lead to 
very good results on long time. The results presented in 
this paper clearly showed that the GPS constellation 
generation implemented into the SDS simulator is very 
close to the reality. 
Future work concerns the validation of the SDS simulator 
with the Spirent simulator, which is one of the most 
complete commercial GNSS satellite simulators available. 
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