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Abstract

:

On August 2016, the Milena (E14) and Doresa (E18) satellites started to broadcast ephemeris in navigation message for testing purposes. As the Galileo constellation is not yet complete. It is very important to have two more satellites available since the position accuracy increases as the number of visible satellites increases. In this article, we examine how the inclusion of the Milena (E14) and Doresa (E18) satellites impacts the position accuracy. The analysis was carried out on 20 days of 1-Hz observations collected by a receiver placed in YEL2IGS (International GNSS service) station. Two different scenarios are considered: the first excludes the measurements coming from the analyzed satellites, while the second one includes them. The analysis was conducted by using a suitable software tool developed in the MATLAB® environment able to compute satellites position from both the broadcast and precise ephemerides, to assess DOP (Dilution Of Precision) parameters and to compute single-point positioning for all Galileo frequencies. The analyses are conducted by using both broadcast and precise ephemeris. The inclusion of the two satellites improves the system availability, varying it from 94.1–97.94%, the DOP parameters, and the percentages of achieved positioning solutions by about 5% regardless of the frequency used. Nevertheless, in the positioning domain, when the broadcast ephemerides are used, the inclusion of the satellites worsens both the horizontal and vertical accuracy of the solution. The deterioration of the horizontal accuracy goes from 0.17 m with E5a frequency measurements to 0.74 m with E1 measurements. The reduction of vertical accuracy goes from 0.68 m for E5a to 1.2 m for E1 measurements. However, if precise ephemerides are used, both the horizontal and the vertical accuracy remain stable, actually for the E5b frequency, the DRMS (Distance Root Mean Squared) improves by almost 0.5 m. The results achieved show that the real drawback to overcome is related to the quality of broadcast ephemeris as, when precise ephemeris are used, the number of solutions achieved is increased by about 5% with an accuracy similar to that obtained when the satellites are excluded.
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1. Introduction


On 15 December 2016, with 18 satellites in orbit, Europe’s satellite navigation system Galileo was declared operational and started offering its initial services to public authorities, businesses, and citizens. When Galileo will be fully operational, the constellation will consist of 24 satellites plus spares in Medium Earth Orbit (MEO) at an altitude of 23,222 km. Eight active satellites will occupy each of three orbital planes inclined at an angle of 56 degrees to the Equator. The satellites will be spread evenly around each plane and will take about 14 h to orbit the Earth. Two further satellites in each plane will be a spare on stand-by should any operational satellite fail.



Currently (April 2019), Galileo is in its Full Operational Capability (FOC) phase; 22 FOC satellites were launched up to the start of 2019 in addition to the four IOV (In-Orbit Validation) launched between 2011 and 2012. The navigation signals of these satellites are transmitted on five frequencies, E1, E5a, E5b, E5, and E6. Only three IOV satellites are operational because E20 was declared unavailable since 27 May 2014 [1] when a power anomaly led the E5 and E6 signals to a permanent loss of power. After this failure, all IOV satellites were backed-off, and thus, their signals have less transmitted power than the FOC satellites. Nineteen FOC satellites were declared operational; one (E22) was removed from active service on December 2017 for constellation management purposes, while the first two FOC satellites, Doresa (E14) and Milena (E18), were under test. These two satellites were launched on 22 August 2014 at 9:27 local time in French Guiana by a Soyuz STrocket. The two satellites were left in a non-nominal highly-elliptical orbit characterized by an apogee of 25,900 km and a perigee of 13,713 km, with an inclination with respect to the Equator of 49.69 degrees instead of planned circular medium-Earth orbits at an altitude of 23,222 km with an inclination of 55.04 degrees. The wrong injection orbits made the two satellites not usable for navigation missions; thus, the European Space Agency (ESA) planned a rescue mission to make the two satellites usable [2,3]. Starting from November 2014–February 2015, the satellites made a series of maneuvers in order to raise the low point of their orbits by 3500 km and making their orbits more circular. Satellites in new orbits overfly the same location on the ground every 20 days. This is different from a normal Galileo repeat pattern of 10 days; however, it makes possible a synchronization of their ground tracks with the rest of the Galileo constellation. Thus, the revised orbit (reported in Table 1) allowed ESA to switch on the satellites’ navigation payload. On 5 August 2016, beginning at 00:00 UTC, GSAT0201 (E18) and GSAT0202 (E14) started broadcasting navigation messages for testing purposes (for details, see the notice advisory to Galileo users https://www.gsc-europa.eu/notice-advisory-to-galileo-users-nagu-2016030).



At the end of the mission, the European Space Agency on 8 October 2016 requested to provide feedback on usage of these satellites (http://galileognss.eu/tag/sat-6/).



GNSS errors can be divided into errors that can be corrected by using differential techniques or not. The ephemeris error belongs to the first group [4], while the multipath error to the second. Therefore, before proceeding to the analysis performed in the positioning domain, the authors already analyzed these satellites considering these two aspects. They analyzed Milena (E14) and Doresa (E18) broadcast ephemeris in [5,6] and their code multipath error [7] by using the short time Fourier transform and wavelet analysis [8] showing that multipath performance of Milena (E14) and Doresa (E18) satellites are the same as the other Galileo FOC satellites also when a mobile phone is used as the receiver [9]. In 2017, Zaminpardaz and Teunissen analyzed Galileo E5’s RTK performance [10]. They showed that instantaneous ambiguity resolution is possible if a multipath correction is done, but in their analysis, they excluded both the Milena (E14) and Doresa (E18) satellites; Li et al. [11] tested the performance of a single-frequency L5/E5a array-aided state-space RTK algorithm including in the solution also the Doresa (E18) satellite. In 2018, Paziewski et al. [12] investigated the potential use of the Milena (E14) and Doresa (E18) satellites for positioning purposes. They evaluated the applicability of these satellites to precise GNSS positioning focusing on relative kinematic positioning as an instantaneous solution in multi-baseline mode. Their study revealed that the Milena (E14) and Doresa (E18) satellites were fully usable in most geodetic surveying when precise ephemerides of the satellites are provided. Wang et al. [13] studied the formal and the empirical ambiguity success rates for long baselines with different frequency combinations of Galileo signals including both the Milena (E14) and Doresa (E18) satellites.



Actually, it is very important to have two additional satellites available since currently, the Galileo system is not yet complete and the accuracy in the position increases as the number of visible satellites increases. Indeed, an in-depth study on the use of these satellites in the single-point positioning domain has not yet been carried out, and this prompted us to undertake this study.



Figure 1 shows the ground track of Milena (E14) plotted in blue, Doresa (E18) plotted in red, E1 plotted in yellow, and E2 plotted in green, over a period of 24 h on DOY 52 2018. From the figure, it can be noted that the maximum latitude of the Milena (E14) and Doresa (E18) satellites is smaller than that of the other two Galileo satellites depicted. This is due to the lower inclination of the Milena (E14) and Doresa (E18) orbits of 49.850 degrees with respect to the 56.0 degrees of the other Galileo satellites; indeed the maximum latitude of a satellite ground track is equal to the orbital inclination angle. For an ideal Keplerian orbit, the orbital period T is set by:


T=2πa3μ



(1)




where a is the semi-major axis of the orbit and μ=3.986005·105km3s2 is the product of the universal gravitational constant and the mass of the Earth. Thus, the Galileo satellites in nominal orbit have an orbital period of about 14.08 h. The Milena (E14) and Doresa (E18) satellites instead, due to the lower semi-major axis (see Table 1) of the orbit, show an orbital period of 12.97 h. The effects of the different orbital periods can be noticed by looking at the figure: the nodes (i.e., points where the trace intersects the Equator line) are unequally spaced in the tracks of the Milena and Doresa satellites with respect to the other FOC satellites represented (Sosnica et al. [14]).



The main objective of this paper is the evaluation of the Milena (E14) and Doresa (E18) satellites’ performance in the single-point positioning domain for the E1, E5a, E5b, and E5 signals. In order to provide a good indication of the positioning performance of elliptical satellites, we first evaluated the availability in terms of the number of visible satellites, of the Dilution of Precision parameters (DOP), and the percentage of time span over which the position solutions can be acquired. After this analysis, the single-point positioning solution was calculated every second for the E1, E5a, E5b, and E5 frequencies by using first broadcast ephemerides and then precise ones. The above mentioned analysis was carried out on 20 days of 1-Hz observations collected by a receiver placed in YEL2IGS (International GNSS service) station located in Yellowknife Geophysical Observatory, Northwest Territories, Canada. This station located at high latitude also allowed us to test the accuracy of the Galileo system, as ESA declares that the Galileo navigation signals will provide good coverage even at latitudes up to 75 degrees north [15]. To achieve this goal, the specifications defined in the Galileo Signal in Space Interface Control Document (ICD) were used to develop a suitable software tool in the MATLAB® environment. The tool is able to compute satellites’ position from both the broadcast and precise ephemerides, to assess GDOP (Geometric Dilution Of Precision), PDOP (Position Dilution Of Precision), HDOP (Horizontal Dilution Of Precision), and VDOP (Vertical Dilution Of Precision) values and to compute single-point positioning on all Galileo frequencies.




2. Materials and Methods


2.1. Methodology


The methodology used to achieve single-point positioning with GNSS pseudoranges is well known and widely described [16,17]. However, a brief recall is provided here to describe the algorithms used to implement the software developed according to flowchart shown in Figure 2.



GNSS receivers provide four types of measurements for each frequency: pseudorange, Doppler, carrier phase, and carrier-to-noise. The first three measurements are used to achieve receiver position [7], while the carrier-to-noise density provides an indication of the accuracy of the tracked GNSS satellite observations and the noise density as seen by the receiver’s front-end [9]. It also indicates the level of noise present in the measurements. The pseudorange measurement P is expressed by the following relation:


P=ρ+cδtRX−cδtS+T+I+MP+cδtSag+ϵp



(2)




where ρ is the geometrical distance, cδtRX is the receiver clock offset, cδtS is the satellite clock offset including the time group delay Tgd, T is the tropospheric delay, I is the ionospheric delay, MP is the code multipath, δtSag is the delay due to the Sagnac effect, and ϵp comprises the receiver hardware delays and receiver noise of the code measurements. Satellite clock offset correction parameters are transmitted in navigation data, while ionosphere and troposphere delays were estimated by using the Klobuchar and Hopfield models, respectively. To achieve the receiver coordinates and offset, at least four equations that express the distance between unknown receiver position and the known ith satellite position are necessary; they can be linearized around an a priori value obtaining:


Δρ̲=H·ΔX̲+ϵ̲



(3)




where: Δρ̲(n x 1) is the difference vector between the n raw pseudoranges and a priori information (with n number of Galileo observations), H(nx4) is the design matrix, ΔX̲(4x1) is the state vector, and ϵ̲ is the residuals vector, which includes all unmodeled errors (measurement noise, multipath, and so on).



The explicit forms of H and ΔX̲ are the following:


H=Xa−X1ρa1Ya−Y1ρa1Za−Z1ρa11Xa−X2ρa2Ya−Y2ρa2Za−Z2ρa21⋮⋮⋮⋮Xa−XiρaiYa−YiρaiZa−Ziρai1⋮⋮⋮⋮Xa−XnρanYa−YnρanZa−Znρan1










ΔX̲=ΔXΔYΔZΔ(cδTRX)








where n is the number of Galileo simultaneous measurements, the subscript indicates the ith Galileo satellite used, (Xa,Ya,Za) denotes the approximate position of the receiver, (Xi,Yi,Zi) denotes the position of the the ith Galileo satellite, ρai is the approximate a priori range between the ith Galileo satellite and receiver, ΔX, ΔY, ΔZ are the differences between “true” and approximate receiver X, Y, and Z coordinates, and (cδTRX) is the receiver clock offset relative to the time scale of the Galileo system.



The set of Equations (3) is solved for ΔX̲ by means of the Weighted Least Squares (WLS) method, and the solution is given by the equation:


ΔX̲=(HTWH)−1HTWΔρ̲



(4)




where: W(nxn) is the weighting matrix. It can be set as the inverse of the measurement co-variance matrix R, weighting the accurate measurements more and the noisy ones less. Here, all pseudorange errors were considered independent, thus the co-variance matrix was set equal to the diagonal matrix with the weights calculated as a function of the satellite elevation angle.


W=R−1·diag(Weight)



(5)







The weighted least squares estimation was used to update the a priori value:


X^̲=Xa̲+ΔX̲



(6)




where X^̲ is the updated least squares solution. In order to find the optimal solution, the process was iterated. During the software testing period, we found that residuals began to remain stable after the fifth iteration; thus, we stopped the process after five iterations. The dimensionless GDOP parameter represents the geometry contribution on positioning accuracy, and it is considered a figure of merit for Galileo system geometry analysis. Starting from Q matrix:


Q=(HT·H)−1



(7)




The elements of the matrix Q are a function of the satellite and receiver geometry only. The GDOP parameter is defined in Equation (8):


GDOP=Q1,1+Q2,2+Q3,3+Q4,4



(8)







Low GDOP values coincide with good geometries, while high values to poor geometries; satellite geometry with GDOP values up to 3 are considered excellent, while GDOP up to 6 are good. A GDOP value of 8 is considered the limit for a moderate geometry. Thus, GDOP takes into account the quality of overall solution, but we may prefer to look at the specific components such as the three-dimensional receiver position coordinates (PDOP), the horizontal coordinates (HDOP), the vertical coordinate (VDOP), or the clock offset (TDOP) [18], whose expressions are reported in Equations (9)–(12), respectively.


PDOP=Q1,1+Q2,2+Q3,3



(9)






HDOP=Q1,1+Q2,2



(10)






VDOP=Q3,3



(11)






TDOP=Q4,4



(12)







We developed a suitable software tool in the MATLAB® environment able to compute the single-point positioning solution using Galileo measurements on the E1, E5a, E5b, and E5 frequencies. The tool is provided with an orbital propagator able to use both transmitted and precise ephemeris in sp3 format. As output, the software provides also the DOP values.




2.2. Experimental Setup


The experiment was carried out on the E1, E5a, E5b, and E5 Galileo signals. In detail, we processed the measurements captured by the YEL2 (Canada) station of the International GNSS Service (IGS) network [19]. It is a low-multipath site in conformity with IGS site guidelines [20]. The experiment was carried out using the RINEX3.0 file of measurements acquired by the LEICA GR10 receiver (E5 filter bandwidth of 51 MHz), fed by the LEIAR25.R3choke ring antenna and the LEITradome. IGS is a voluntary association made up of universities, space agencies, and geodetic agencies whose mission is “to provide the highest-quality GNSS data and products in support of the terrestrial reference frame, Earth rotation, Earth observation and research, positioning, navigation and timing and other applications that benefit society” [19]. IGS products are generated at several Analysis Centers (ACs) with strict quality control and proper weighting, thus having the highest quality and internal consistency. The dataset consists of the data received in the days from 21 February 2018 (DOY 52) to 12 March 2018 (DOY 71). Data were obtained from the Federal Agency for Cartography and Geodesy (BKG) GNSS data center web-site (https://igs.bkg.bund.de/dataandproducts/rinexsearch). It is a regional IGS data center that collects observational and navigational data from several operational centers and stations, maintains a local archive of the data received, and provides on-line access to these data to the user community. We used a dataset of twenty days because the ground track of the Galileo FOC satellites E14 and E18 repeats every 20 sidereal days, and therefore, the Milena (E14) and Doresa (E18) satellites do not reach the whole range of elevations during one single day. All the analyses were carried out by discarding the satellites with an elevation angle lower than 5 degrees and with a Carrier-to-Noise density ratio C/N0 below 30 dB/Hz.





3. Results


As reported in the Introduction, Galileo E20 was declared unavailable since 27 May 2014; thus, it was not been considered in the following analysis.



Figure 3 shows the evolution of the Carrier-to-Noise density ratio (C/N0) of the Milena (E14), Doresa (E18), E1, E2, and E19 (IOV) Galileo satellites with respect to satellite elevation angle for the different frequencies E1, E5a, E5b, and E5 depicted in Panels (a)–(d), respectively, during DOYs 52–71 of 2018. Each panel shows the average of C/N0 over elevation bins of 10 degrees. In the figure, the E19 satellite was added as representative of IOV satellites. The signals transmitted by the E19 satellite showed a lower level of C/N0 than those transmitted by the FOC satellites. This occurred because IOV satellites have less transmission power than FOC satellites since 27 May 2014 [1], when a power anomaly on the E20 satellite led the E5 and E6 signals to a permanent loss of power. After this failure, all IOV satellites were backed-off, and thus, their signals have less transmitted power than the FOC satellites. The evolution of the C/N0 of the E14 and E18 satellites is similar to that of the other FOC satellites in the YEL2 site. As expected, the Milena (E14) and Doresa (E18) satellites showed a higher C/N0 with respect to the other FOC satellites, confirming results shown by Paziewski et al. [12]. This behavior is due to lower altitude of Milena (E14) and Doresa (E18) caused by their elliptical orbit.



Figure 4 shows the comparison between the carrier-to-noise density ratio (C/N0) at the different frequencies of the Milena (E14) and Doresa (E18) satellites. Panel (a) is related to the Milena (E14) satellite, while Panel (b) to Doresa (E18). In both panels, the E1, E5a, E5b, and E5 signals are plotted in blue, red, yellow, and purple, respectively. The E1 signal had a C/N0 higher than the E5a signal up to 30 degrees. Between 30 degrees and 35 degrees, the two signals showed the same C/N0, and then, starting from 40 degrees, E5a had a C/N0 higher than the E1 signal. Results reported in figure confirm the results reported by Zaminpardaz [10] with the exception of the E1 and the E5a signals at low elevation angles.



Figure 5 shows the percentage of epochs with the same satellite number reported on the x axis. Blue bars refer to the Galileo configuration without the Milena (E14) and Doresa (E18) satellites, while red bars refer to the Galileo constellation including them. The figure shows that, when the Milena (E14) and Doresa (E18) satellites were included, the percentage of epochs with seven or more visible satellites was greater than the percentage one obtains when they were excluded. Consequently, excluding the Milena (E14) and Doresa (E18) satellites, the percentage of epochs with a number of visible satellites less than seven was higher. Particularly, the exclusion of the Milena (E14) and Doresa (E18) satellites increased the percentage of epochs with less than four visible satellites, decreasing the system availability. The system availability is defined as the epoch percentage where the number of satellites is greater than four, and it does not indicate the percentage of epochs where a single code position solution can be achieved. This parameter can be considered as an upper bound: the percentage of epochs where the position solution could be achieved is always lower than system availability since the errors that afflict the pseudorange and the goodness of the ephemeris have not been considered. The inclusion of the Milena (E14) and Doresa (E18) satellites increased the system availability, varying it from 94.1–97.8%.



Figure 6 shows the evolution of dilution of precision parameters of the Galileo constellation in the YEL2 location. The blue points represent DOP values occurring when the Milena (E14) and Doresa (E18) satellites were excluded. The red points represent DOP values obtained including the Milena (E14) and Doresa (E18) satellites. The exclusion of the satellites led to an increase of the DOP parameters, as expected.



The very high values of the DOP in Figure 6 must be attributed to the fact that the Galileo constellation is not yet complete. There were, in fact, epochs where the low number of visible satellites and their non-optimal spatial disposition caused these high values. An example is reported in Figure 7.



However, in order to make a quick analysis, in Figure 8 is reported a comparison of the daily dilution of precision of the Galileo constellation in the YEL2 location excluding (blue bars) and including (red bars) the Milena (E14) and Doresa (E18) satellites. The comparison was made for GDOP, PDOP, HDOP, and VDOP. Figure 8 clearly shows that the inclusion of the two satellites improved all the DOPs, every day, as the red bars are always lower than the blue ones. This was expected, as the more satellites used in the solution, the smaller the DOP values.



Regarding the above-mentioned high values of DOP, it can be noted that the the share of DOP values larger than six was 4.92%, and this is the reason why their presence was not evident in the averages values.



Figure 9 shows the percentages of achieved positioning solutions for the E1, E5a, E5b, and E5 frequencies excluding (blue bars) and including (red bars) the Milena (E14) and Doresa (E18) satellites. It should be emphasized that we did not use any threshold for the DOP in order to obtain the greatest number of solutions. The figure clearly shows that the use of the two satellites increased the percentage of the solution for all the frequencies. In detail, the inclusion of the Milena (E14) and Doresa (E18) satellites increased by about 5% the number of solutions obtained, regardless of the frequency used.



Figure 10 and Figure 11 show respectively the scatter plot of single-point position error and the time series of vertical error, calculated by using broadcast ephemeris, for the E1, E5a, E5b, and E5 frequencies. The error represented in the figures was calculated as the difference between the coordinates obtained from the single-point algorithm and those provided by the station monograph considered as the truth. The figures allow a quick comparison between the accuracy of the solution obtained using (red) or not (blue) the Milena (E14) and Doresa (E18) satellites. It clearly emerges that the use of the two satellites degraded the solution accuracy for all frequencies. Figure 12 shows the density histograms of the E1, E5a, E5b, and E5 single-point position coordinates’ error in the case of exclusion (blue) or inclusion (red) of the satellites with broadcast ephemeris. Looking at the figure, we can see that all the histograms except those relative to the vertical component of the solution assumed the maximum value around zero. The histograms of the vertical component are wider than those relative to the other components. Comparing each blue histogram with the red one immediately to its right, we notice that each red histogram showed a peak always slightly lower than the corresponding reported in blue. This indicates that the inclusion of the Milena (E14) and Doresa (E18) satellites worsened the accuracy of the solution. What appears from the figure is detailed in Table 2, where the DRMS (Distance Root Mean Squared) and vertical RMS are shown for both scenarios and for all frequencies. The inclusion of satellites always worsened both the horizontal and vertical accuracy. The difference of the horizontal accuracy went from 0.17 m with E5a frequency measurements to 0.74 m with E1 measurements. The same fate was for the vertical accuracy with a deterioration going from 0.68 m for E5a to 1.2 m for E1 measurements. This was not completely expected since both the HDOP and VDOP parameters decreased when these satellites were included in the solution calculation, as shown in Figure 8.



Figure 13 and Figure 14 show respectively the scatter plot of single-point position error and the time series of the vertical error, calculated by using precise SP3 ephemeris, for the E1, E5a, E5b, and E5 frequencies. These figures like Figure 10 and Figure 11 allow comparing the the solution accuracy when the Milena (E14) and Doresa (E18) satellites were included (red) or not (blue). Figure 15 shows the density histograms of the E1, E5a, E5b, and E5 single-point position coordinates’ error in the case of exclusion (blue) or inclusion (red) of the satellites with precise ephemeris. Unlike what is shown in Figure 12, when precise ephemerides were used, the inclusion of satellites did not worsen the accuracy. In fact, in the histograms, there was no decrease in the peak. The vertical error showed (as expected due to lower accuracy of vertical component solution) a larger and lower histogram than those of the other coordinates. Detailed results are reported in Table 3. Looking at the data shown in the table, we can say that, substantially, both the horizontal and the vertical accuracies remained stable; indeed, in some situations, they improved, as in the case of the E5b frequency for which the DRMS improved by almost 0.5 m.



The results obtained indicated that the issue to overcame for the inclusion of the two satellites was related to the quality of their broadcast ephemerides. This drawback did not occur if sp3 precise orbits were used, whose goodness was verified by Sosnica et al. [14] and by Nicolini and Caporali [21]. Figure 16 and Figure 17 show the differences between the satellites’ coordinates calculated by using the precise ephemerides and those calculated by using broadcast ones for the Milena (E14) and Doresa (E18) satellite. As can be seen from the figures, for the three coordinates of both satellites, there were deviations that exceeded 50 m between those obtained using precise orbits and those obtained using the parameters transmitted in broadcast ephemerides.



Figure 18 allows one to analyze the causes of the largest position errors by comparing the time series of errors with the HDOP and VDOP parameters, the number of visible satellites, and the orbital errors of the analyzed satellites. The analysis was performed in the three time intervals when the largest errors occurred. The time series of the east, north, and vertical error are reported respectively in the first, second, and third row of the figure. The fourth row shows the orbital errors of the E14 and E18 satellites, while the fifth row shows the time series of HDOP (blue), VDOP (red), and the number of visible satellites (yellow). Each column shows the data related to the same time interval. With regard to the first time interval (first column), the time series of the coordinate errors showed two peaks. The peak on the left was clearly due to the Milena ephemeris error, while the second was due to poor satellite geometry and the low number of visible satellites.



Furthermore, the coordinate error of the second time series showed two peaks. This time, the first peak was due to the Doresa ephemeris error, while the second to the combination of this effect with the poor geometry.



Finally, the third time interval showed only one peak exclusively due to Milena ephemeris error, the DOP values being very good in those time instants.




4. Discussion


We analyzed and assessed how the inclusion of the Milena (E14) and Doresa (E18) satellites impacts the position domain accuracy. In order to achieve this goal, we used a dataset of 20 days of 1-Hz observations collected by a static receiver placed in the YEL2 IGS station. Two different scenarios were considered: the first excluded the measurements coming from the Milena (E14) and Doresa (E18) satellites, while the second one included these observations. First, the results related to the analysis of the signal-to-noise ratio are discussed, then those relative to system availability and DOP analysis and finally those relative to positioning accuracy achieved by using both broadcast and precise ephemeris. In the following are reported the main conclusion based on the experiments conducted.




	
The evolution of the C/N0 of the E14 and E18 satellites was similar to that of the other FOC satellites in the YEL2 site. As expected, the Milena (E14) and Doresa (E18) satellites showed a higher C/N0 with respect to the other FOC satellites, confirming results shown in previous studies. This behavior was due to the lower altitude of Milena (E14) and Doresa (E18) caused by their elliptical orbit. The comparison between the carrier-to-noise density ratio (C/N0) at the different frequencies of the Milena (E14) and Doresa (E18) satellites revealed that for both satellites, the E5 signal had a C/N0 higher than the others. Starting from 40 degrees, it can be seen that the E5b signal had a C/N0 higher than the E5a signal and this higher than E1. For elevation angles lower than 30 degrees, the E1 signal showed a carrier-to-noise density ratio higher than E5b.



	
As expected, the inclusion of the two satellites improved:




	-

	
the system availability, varying it from 94.1–97.94%.




	-

	
the GDOP, PDOP, HDOP, and VDOP parameters in each DOY analyzed;




	-

	
the percentages of achieved positioning solutions by about 5% regardless of the frequency used.









	
When the broadcast ephemerides were used, nevertheless, the above results of the inclusion of the satellites worsened both the horizontal and vertical accuracy of the solution. The deterioration of the horizontal accuracy went from 0.17 m with the E5a frequency measurements to 0.74 m with the E1 measurements. The reduction of vertical accuracy went from 0.68 m for the E5a to 1.2 m for the E1 measurements. This was not completely expected as both the HDOP and VDOP parameters decreased when these satellites were included in the solution calculation. However, if precise ephemerides are used instead of broadcast ones, both the horizontal and the vertical accuracy remained stable; actually, for the E5b frequency, the DRMS improved by almost 0.5 m.








The results achieved show that the real drawback to overcome in order to include the Milena (E14) and Doresa (E18) pseudorange measurements in the single-point positioning algorithms is related to the quality of the broadcast ephemeris. When precise ephemerides are used, we obtained a 5% increase in the number of solutions with an accuracy similar to that obtained when the satellites were excluded.
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Figure 1. Ground tracks of the Milena (E14), Doresa (E18), E1, and E2 Galileo satellites depicted in blue, red, yellow, and green, respectively, on DOY 52 2018. In the figure, for better readability, only four satellites are shown. 
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Figure 2. Flowchart representation of the algorithm developed for the determination of receiver position and Dilution Of Precision (DOP) parameters; TGD stands for Time Group Delay, while brdc for broadcast. 
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Figure 3. Carrier-to-Noise density ratio (C/N0) of the Milena (E14), Doresa (E18), E1, E2, and E19 (IOV) Galileo satellites (depicted in blue, red, yellow, green, and purple dotted lines, respectively) on different frequencies as a function of satellite elevation. The E1, E5a, E5b, and E5 frequencies are reported in (a–d), respectively. Each panel shows the average of C/N0 over elevation bins of 10 degrees. Data plotted refer to DOYs 52–71 of 2018. 
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Figure 4. Carrier-to-noise density ratio (C/N0) of the Milena (E14) and Doresa (E18) satellites on different frequencies, E1 (blue), E5a (red), E5b (yellow), and E5 (purple), as a function of satellite elevation plotted in (a,b) respectively. 
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Figure 5. Percentage of epochs with the same satellite number. The height of each bin represents the percentage of epochs with the number of satellites indicated on the xaxis. Blue bars refer to the Galileo configuration without the Milena (E14) and Doresa (E18) satellites, while red bars refer to the Galileo constellation including the Milena (E14) and Doresa (E18) satellites. 
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Figure 6. Time evolution of the dilution of precision parameters of the Galileo constellation in the YEL2location. The blue points represent DOP values occurring when the Milena (E14) and Doresa (E18) satellites were excluded. The red points represent DOP values obtained including the Milena (E14) and Doresa (E18) satellites. The ticks on the x axis are spaced 86,400 s (equal to one day); in this way, each tick corresponds to a day. 
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Figure 7. Galileo system skyplot in the YEL2 site on DOY 55 from 4:40–5:00 UTC. 
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Figure 8. Daily dilution of precision comparison of the Galileo constellation in the YEL2 location excluding (blue bars) and including (red bars) the Milena (E14) and Doresa (E18) satellites. GDOP (Geometric Dilution Of Precision), PDOP (Position Dilution Of Precision), HDOP (Horizontal Dilution Of Precision), and VDOP (Vertical Dilution Of Precision) are compared in (a–d), respectively. 
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Figure 9. Percentage of Galileo constellation achieved positioning solutions in the YEL2 location excluding (blue bars) and including (red bars) the Milena (E14) and Doresa (E18) satellites for the E1, E5a, E5b, and E5 Galileo signal. The analysis was carried out on 1,728,000 epochs. 
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Figure 10. Scatter plot of the E1, E5a, E5b, and E5 single-point position error reported in (a–d). Blue and red markers represent errors when the solution was obtained by excluding or including the measurements coming from the Milena (E14) and Doresa (E18) satellites, respectively. The solution was achieved by using broadcast ephemeris. 
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Figure 11. E1, E5a, E5b, and E5 single-point position vertical error time series reported in (a–d). Blue and red markers represent errors when the solution was obtained by excluding or including the measurements coming from the Milena (E14) and Doresa (E18) satellites, respectively. The solution was achieved by using broadcast ephemeris. 
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Figure 12. Density histograms of the E1, E5a, E5b, and E5 single-point position coordinates’ error. Each line refers to a specific frequency: the first from above refers to the frequency E1, the second to E5a, the third to E5b, and the fourth to E5. Blue and red histograms were obtained excluding and including the measurements coming from the Milena (E14) and Doresa (E18) satellites, respectively. Solutions were achieved by using broadcast ephemeris. 
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Figure 13. Scatter plot of the E1, E5a, E5b, and E5 single-point position error reported in (a–d). Blue and red markers represent errors when the solution was obtained by using excluding and including the measurements coming from the Milena (E14) and Doresa (E18) satellites, respectively. Solutions were achieved by using precise SP3 ephemeris. 
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Figure 14. E1, E5a, E5b, and E5 single-point position time series of the vertical error reported in (a–d). Blue and red markers represent errors when the solution was obtained by excluding or including the measurements coming from the Milena (E14) and Doresa (E18) satellites, respectively. The solution was achieved by using precise ephemeris. 
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Figure 15. Density histograms of the E1, E5a, E5b, and E5 single-point position coordinates’ error. Each line refers to a specific frequency: the first from above refers to the frequency E1, the second to E5a, the third to E5b, and the fourth to E5. Blue and red histograms were obtained excluding and including the measurements coming from the Milena (E14) and Doresa (E18) satellites, respectively. The solution was achieved by using precise ephemeris. 
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Figure 16. Orbital error of the Milena (E14) satellite plotted versus time. The ticks on the x-axis are spaced 86,400 s (equal to one day); in this way, each tick corresponds to a day. 
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Figure 17. Orbital error of the Doresa (E18) satellite plotted versus time. The ticks on the x-axis are spaced 86,400 s (equal to one day); in this way, each tick corresponds to a day. 
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Figure 18. Analysis of the causes of the largest position errors. The time series of errors on the east, north, and vertical coordinates are represented in the first, second, and third row, respectively. The fourth row shows the orbital errors of the E14 (first and third columns) and E18 (second column) satellites. Finally, the fifth row shows the time series of HDOP (blue), VDOP (red), and the number of visible satellites (yellow). Each column shows the data related to the same time interval. 
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Table 1. Galileo satellite orbital parameters. IOV, In-Orbit Validation; FOC, Full Operational Capability.
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	Satellite
	Semi-Major Axis (km)
	Eccentricity
	Inclination (deg)
	Orbital Period (h)





	IOV and FOC
	29,599.8
	0.000
	56.0
	14.08



	E14 and E18
	27,977.6
	0.162
	49.850
	12.97
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Table 2. RMS comparison between two scenarios (including or excluding the Milena (E14) and Doresa (E18) satellites) analyzed. Broadcast ephemeris was used. DRMS, Distance Root Mean Squared.
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	Freq.
	DRMS Excl.
	Vert. RMS Excl.
	DRMS Incl.
	Vert. RMS Incl.





	E1
	1.21
	2.74
	1.95
	3.97



	E5a
	2.21
	5.80
	2.38
	6.48



	E5b
	1.91
	4.66
	2.45
	5.77



	E5
	1.85
	4.82
	2.38
	5.71
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Table 3. RMS comparison between two scenarios (including or excluding the Milena (E14) and Doresa (E18) satellites) analyzed. Precise ephemeris used.
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	Freq.
	DRMS Excl.
	Vert. RMS Excl.
	DRMS Incl.
	Vert. RMS Incl.





	E1
	0.97
	2.23
	0.94
	2.06



	E5a
	2.08
	5.56
	1.60
	5.45



	E5b
	1.55
	4.06
	1.53
	4.12



	E5
	1.59
	4.39
	1.53
	4.28
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