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ACCURACY ANALYSIS OF GALILEO CODE POSITIONING FOR
UAV

Summary. Official ICAO certification for the Galileo satellite navigation system
is currently being implemented for aeronautical applications. Hence, experimental
studies are needed to verify the performance of Galileo for kinematic positioning
of the user in aviation. The main objective of this work is to present an optimal
computational strategy for determining the user's position and the accuracy
parameter of Galileo positioning in civil aviation. The paper uses the least squares
method and Kalman filtering to calculate the user position. The calculations were
performed in two independent Galileo observation processing software, i.e.,
RTKLIB and Emlid Studio. Galileo navigation and observation data acquired from
a DJI Matrice RTK300 unmanned platform was used in the calculations. The
Galileo SPP code method algorithm was used to determine the UAV coordinates.
The RTKLIB application uses a solution based on the least squares method model
to determine user coordinates using the SPP method. The Emlid Studio application,
respectively, is based on the Kalman filtering algorithm. On this basis, the UAV
positions were determined for the two computational strategies, and the Galileo
positioning accuracy was then determined in the form of position errors and RMS
errors. The study shows that Emlid Studio software improves Galileo's kinematic
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positioning accuracy by between 15 and 65% over the results obtained from the

RTKLIB solution. The flight tests carried out, the software used, and the

computational strategies can be utilized for other global GNSS systems.
Keywords: Galileo, SPP method, accuracy, position errors, UAV

1. INTRODUCTION

In air transport, Global Navigation Satellite Systems (GNSS) are mainly used to determine
the position of an aircraft or unmanned aerial vehicle [1]. Therefore, the operation and
performance of GNSS systems in aviation bring many benefits that have a significant impact
on improving the user's positioning quality parameters [2]. In order to utilize the functionality
of GNSS in aviation, they are subject to strict certification requirements, which are contained
in Annex 10 of the Chicago Convention on International Civil Aviation — 'Aeronautical
Telecommunications' [3]. Certified GNSS systems are intended to meet the criteria of accuracy,
continuity, integrity, and availability [2]. However, at the moment, Annex 10 mainly describes
certification for only two global systems, GPS (Global Positioning System) and GLONASS
(Globalnaya Navigacionaya Sputnikovaya Sistema) [3]. Moreover, certification requirements
for the European Navigation Satellite System (Galileo) are being implemented. The official
certification of the Galileo system in aviation raises the question of the need to test positioning
quality parameters and, in particular, the accuracy of Galileo's positioning for the use of its
functionality in aviation applications. Galileo, unlike GPS and GLONASS, will only have
civilian use, including in the area of air transport [4-6]. Furthermore, it is anticipated that there
will be a surge of interest in the use of Galileo in aviation after 2020 [7].

2. RELATED WORKS

The literature review on the application of Galileo in air transport is quite diverse. Worth
mentioning is the work on the integration of Galileo and EGNOS (European Geostationary
Navigation Overlay Service) data for single- and dual-frequency GNSS positioning [8, 9] and
including approach and landing procedures in research [10]. In terms of landing and approach
procedures, research in the development of a GBAS (Ground-Based Augmentation System)
based on the Galileo navigation system is worth highlighting. This area includes research into
the use of Galileo in combination with both GBAS and SBAS (Satellite-Based Augmentation
System) augmentation systems should be mentioned [11]. Furthermore, of interest in this field
is the research shown in paper [12], where the results of the Galileo positioning quality within
the SoL (Safety of Life) positioning service are demonstrated. Next, paper [13] presents the
concept of operation of a Ground-Based Regional Augmentation System (GRAS) using the
Galileo navigation system. On the other hand, [14] describes the results of a study on the
determination of HPL (Horizontal Protection Level)/VPL (Vertical Protection Level) protection
levels for a GBAS augmentation system with Galileo and GPS solutions. Another subject area
is the kinematic positioning of Galileo during flight test. Thus, a paper [15] describes the first
flight test, during which the position of an aircraft was determined from the Galileo solution
within the OS (Open Service) positioning service. Another paper [16] shows a simulation study
of the determination of ionospheric scintillations occurring along an aircraft flight path. GPS,
GLONASS, Galileo and BeiDou (BeiDou Navigation Satellite System) observations were used
in the study, and the calculation additionally determined GNSS satellite positioning quality
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parameters according to ICAO (International Civil Aviation Organization) requirements. The
next paper [17] presents the possibility of using Galileo, GPS, GLONASS and BeiDou data to
monitor navigation parameters and aircraft trajectories. Publication [18] presents the results of
Galileo kinematic positioning during a mobile flight test. In particular, the parameters shown
are: signal-to-noise ratio SNR (Signal Noise to Ratio), geometric coefficients DOP (Dilution of
Precision), number of Galileo satellites tracked, standard deviations and position errors.
Publication [19] is an extension of the work [18] and additionally contains the results of aircraft
position determination based on a multi-frequency Galileo solution. Furthermore, paper [20]
compares the results of Galileo and GPS kinematic positioning accuracy during a flight test.
The achieved GPS positioning accuracy was higher than the Galileo positioning accuracy. A
very interesting study was shown in paper [21], which used an Orolia GNSS simulator to
determine the position of an aircraft. The study simulated the effect of jamming on multisystem
GPS+Galileo+GLONASS positioning and determined the accuracy parameters. In the studies
of Galileo positioning in aviation, it is also important to develop RAIM (Receiver Autonomous
Integrity Monitoring) algorithms for the control of navigation calculations and the elimination
of coarse errors. Thus, in the studies [22-26], research was carried out on determination of
availability within the RAIM module for the LPV-200 procedure using a multisystem
GPS+GLONASS+Galileo solution, application of RAIM simulation algorithms within the
CAT-III approach procedure using GNSS/Galileo navigation systems, application of ARAIM
(Advances RAIM) algorithms for the determination of the predicted position of an aircraft using
GPS/GLONASS/Galileo constellations, development of coarse error detection algorithms
based on statistical tests and taking into account GPS/GLONASS/Galileo/BeiDou observations,
application of RAIM algorithms for GPS+Galileo positioning in the GNSS Non-Precision
Approach (NPA) procedure. The use of Galileo in aviation is also the subject of implementation
and validation of GNSS receivers. Thus, in this case, it is worth mentioning research on: El
Galileo signal strength for OS/SoL positioning services [27], validation of ICAO certification
requirements for single- and dual-frequency GPS and Galileo receivers [28], development of a
dual-frequency Galileo receiver architecture for aeronautical applications [29], development of
algorithms for integrating GPS and Galileo signals into a GNSS receiver [30, 31]. For Galileo
satellite receivers used in aviation, it is also worth noting the possibility of using the ES
frequency. For example, paper [32] shows the architecture of a Galileo receiver with the
possibility of receiving the ES signal for aviation purposes. On the other hand, papers [33-35]
describe the interoperability and compatibility of E5 (Galileo) and L5 (GPS) signals in civil
aviation. In the area of air transport, Galileo can be used for air traffic control and management,
as shown in [36]. In addition, Galileo has a SAR (Search and Rescue) service, which is of
considerable importance for improving the safety of flight operations [37-38]. Galileo will not
only have its uses for aircraft, but also for UAV (Unmanned Aerial Vehicle) technology. It is
possible to talk about the use of Galileo for UAVs in the areas of photogrammetric and
geoinformation studies [39], the development of RNP (Required Navigation Performance)
specifications for UAVs [40], the use of UAVs in the operation of the Galileo OS positioning
service [41], the use of UAVs equipped with a Galileo receiver to measure and test mobile
networks [42], the use of UAVs equipped with a Galileo receiver to collect data on electricity
distribution networks [43].

On the basis of the literature reviewed, and the state-of-the-art analysis carried out; it can be
concluded that:

- the problem of determining the accuracy parameter is important for Galileo to meet ICAO

certification requirements,
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- the accuracy of Galileo kinematic positioning was mainly determined using code
observations on E1 or E5 frequencies,

- the number of flight tests and flight trials performed was not very extensive from the point
of view of Galileo kinematic positioning,

- Galileo will be used in aviation to improve the quality of GNSS positioning and the
implementation of approach and landing procedures,

- an important element of research is the interoperability and compatibility of Galileo with
other global GNSS systems,

- in-flight research using Galileo should be developed for both aircraft and UAVs.

3. RESEARCH PROBLEM

As the state-of-the-art analysis has shown, more ongoing research is needed on the
application and implementation of the Galileo navigation system in precision GNSS positioning
for aeronautical applications. This concerns both the kinematic positioning aspect of Galileo
for aircraft and unmanned aircraft. Hence, it is necessary to first carry out experimental flight
tests using the Galileo solution, then use appropriate software to develop Galileo kinematic
observations, then select a suitable computational strategy, and finally determine the user
position. The user position coordinates obtained will further allow the determination of the
Galileo kinematic positioning accuracy, which is crucial from the point of view of the
certification of the Galileo system according to ICAO standards. Without further flight tests, it
will be difficult to estimate the acceptable tolerance level of accuracy according to ICAO
requirements.

Thus, this paper proposes the implementation and validation of two computational strategies
for determining the accuracy of Galileo's kinematic positioning. Namely, on the one hand, a
least-squares method algorithm was used and, on the other hand, Kalman filtering was used to
determine user coordinates using SPP (Single Point Positioning) [44]. Coordinate calculations
were carried out in RTKLIB and Emlid Studio software. The determined coordinates were
compared with the reference trajectory of the flight calculated using the PPK (Post Processing
Kinematic) method, which allowed an accuracy analysis to be carried out. At this stage, position
errors and mean squared errors were calculated as accuracy measures. Accuracy measures were
determined for the calculated coordinates from the two calculation strategies. This will make it
possible to determine which computational strategy is better for Galileo kinematic positioning
in aeronautical applications.

The article is structured into 6 main sections (1. Introduction, 2. Related works, 3. Research
problem, 4. Research method and materials, 5. Research results and discussion, 6. Conclusions),
and a literature list is added at the end.

4. RESEARCH METHOD AND MATERIALS

The research methodology was divided into several main stages, i.e.:

- Stage I concerns the execution of the test flight, recording Galileo navigation and
observation data with a given time interval,

- Stage II concerns the processing of Galileo kinematic observations in a given software
using a given computational strategy,
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- Stage III concerns the determination of the accuracy parameter in the form of position
errors and mean squared errors.

Figure 1 shows a block diagram for the presented test methodology.

Stage I: Execution of test flight, collection of Galileo
observations and ephemeris data

Stage II: Determination of the position of the user with
the SPP solution using Galileo

Stage III: Analysis of the accuracy of Galileo kinematic
positioning

Fig. 1. The flowchart of research method

In Stage I of the research methodology, the most important element was the execution of the
aerial experiment. For this purpose, the DJI Matrice RTK300 unmanned platform [45] was
used, which has a built-in GNSS receiver with the option to track and record Galileo
observations and ephemeris data. As part of the experimental study, 2 test flights were carried
out in Olsztyn in October 2021 and March 2022, respectively. The first flight lasted more than
20 minutes, while the second flight lasted about 15 minutes, respectively. Figures 2 and 3 show
the horizontal and vertical trajectory of the UAV flight during experiment 1. During the flight
performed, the B-coordinate of the UAV varied from 53.7465150° to 53.7532620°, while the
L-coordinate varied from 20.4530280° to 20.4622110°. The ellipsoidal altitude of the UAV
flight ranged from 138,275 m to 277,166 m. In addition, Figure 4 shows the number of Galileo
satellites tracked during the flight. The number of satellites ranged from 6 to 8 during flight 1.
In turn, Figures 5 and 6 show the horizontal and vertical trajectory of the UAV flight during
experiment 2. During this flight, the B coordinate of the UAV ranged from 53.7498530° to
53.7516180°. The L coordinate reached values from 20.4502370° to 20.4623430°. The
ellipsoidal altitude of the UAV flight ranged from 246.155 m to 288.416 m. Additionally,
Figure 7 shows the number of Galileo satellites tracked during this flight. The number of
satellites ranged from 5 to 6 during flight 2. It can be deduced that during flight 1, the GNSS
receiver on the unmanned platform tracked more Galileo satellites than during flight 2.

In Stage II of the research methodology, the recorded observations and Galileo
ephemeris data were processed in RTKLIB v.2.4.3 [46] and Emlid Studio v.1.7 [47]
software. For this purpose, the SPP code method algorithm was used to determine the UAV
coordinates. In RTKLIB, a computational strategy based on the least squares method
algorithm [48] is used to determine the coordinates, while in Emlid Studio, respectively,
we have a Kalman filter implemented [49]. In both programs, the resulting coordinates of
the user's position are stored using BLh ellipsoidal coordinates. The scheme of the applied
computational strategies in both programs is shown in Table 1.
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Tab. 1
The comparison of computing strategies in RTKLIB and Emlid Studio software
Parameter RTKLIB software Emlid Studio software
Positioning SPP method SPP method
mode
Source of Galileo navigation message Galileo navigation message
broadcast data
Source of Galileo code observations on E1 Galileo code observations on E1
observation frequency frequency
data
Cut-off 50 50
elevation
Model of Based on Galileo navigation Based on Galileo navigation
orbit message message
Model of Based on Galileo navigation Based on Galileo navigation
satellite bias message message
correction
Model of Based on Galileo navigation Based on Galileo navigation
ionosphere message message
correction
Model of Saastamoinen model Saastamoinen model
troposphere
correction
Interval of ls ls
computation
Computing Least Square estimation Kalman filter
strategy
Output Ellipsoidal coordinates BLh (B- Ellipsoidal coordinates BLh (B-
coordinates Latitude, L- Longitude, h- Latitude, L- Longitude, h-
ellipsoidal height) ellipsoidal height)
GNSS system Galileo Galileo

Stage III of the research methodology involved an analysis of the accuracy of the
computed UAV coordinates. For this purpose, position errors were first calculated for BLh
ellipsoidal coordinates as [50]:

dB1 [B — Bres
dL| = |L = Lyer (1)
dh h — Ryer

where:

(dB,dL, dh) — position errors,

(B,L,h) — UAV coordinates determined from the Galileo SPP solution in the RTKLIB and
Emlid Studio applications,

(Bref, Lyef, hrer) — flight reference position calculated in Topcon MAGNET Tools v.6.1.2.0
software [51].
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Root mean square (RMS) errors were then calculated as [52]:

(RMS,, = e

{ RMS,, = [142) )
dh?

(RMSg, = |5

where:

RMS ;53— RMS error to determine the accuracy of the determination of the B coordinate,
RMS ;;,— RMS error to determine the accuracy of the determination of the L coordinate,
RMS ;,— RMS error to determine the accuracy of the determination of the h coordinate,
N — number of measurement epochs.

Stage I1I is carried out in the Scilab v.6.1.1 environment [53], in which a numerical script
with computational commands was developed and written to carry out the accuracy analysis.
In addition, graphical function commands were developed and written in the script to create
Figures 2-13.

5. RESEARCH RESULTS AND DISCUSSION

Section 5 presents an analysis of the Galileo kinematic positioning accuracy for the UAV
platform and a discussion on the results. Figures 8 and 9 show the position errors for the B-
coordinate during flight 1 and flight 2. In flight 1, the position errors from the RTKLIB solution
ranged from -5.7 m to 10.8 m, while those from Emlid Studio ranged from 0.4 m to 1.9 m,
respectively. In flight 2, position errors from the RTKLIB solution ranged from -8.4 m to 9.2
m, while in Emlid Studio they ranged from -1.4 m to 4.7 m, respectively. From the RTKLIB
solution, frequent spikes in position error values can be seen due to the changing number of
Galileo satellites being tracked. The results from Emlid Studio, on the other hand, are smoothed
by applying Kalman filtering. In addition, the Klaman filtering suppressed the random errors
present in the RTKLIB solution quite significantly.

Figures 10 and 11 show the results of the position errors for the L coordinate for both flights.
In flight 1, the position errors from the RTKLIB solution ranged from -2.3 m to 5.1 m, while in
Emlid Studio they ranged from 0.7 m to 1.5 m, respectively. In flight 2, position errors from
the RTKLIB solution ranged from -0.6 m to 3.2 m, while in Emlid Studio they ranged from -
4.9 m to 2.6 m, respectively. It is worth noting on the example of flight 2 and the Emlid Studio
solution that the low number of Galileo satellites results in a deterioration of kinematic
positioning accuracy. In addition, sudden changes in the number of Galileo satellites tracked
can also result in degradation of kinematic positioning accuracy (see measurement epochs:
40164 s to 40166 s).

Figures 12 and 13 visualize the position errors obtained for the h coordinate during flights 1
and 2. In flight 1, the position errors from the RTKLIB solution ranged from -12.8 m to 14.8
m, while in Emlid Studio they ranged from -4.1 m to -0.4 m, respectively. In flight 2, position
errors from the RTKLIB solution ranged from -19.8 m to 22.4 m, while in Emlid Studio they
ranged from -9.3 m to 7.3 m, respectively. Out of all coordinates, the worst positioning accuracy
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occurred for the ellipsoidal height h. As with the horizontal B and L coordinates, the accuracy
of the vertical component h is affected by the number of Galileo satellites being tracked. It is
worth noting that the particularly low accuracy of the determination of the vertical coordinate
h is evident from the RTKLIB solution, which is based on the use of the least squares method
algorithm in the stochastic process of processing Galileo observations. To summarize the
position error results obtained, the adoption of an appropriate computational strategy quite
significantly affects the accuracy of Galileo kinematic positioning for the UAV platform. In
addition, the changing number of Galileo satellites being tracked also affects the estimation of
the accuracy parameter.
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Fig. 8. Position errors of B coordinate during flight test 1
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Fig. 9. Position errors of B coordinate during flight test 2
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The second part of the discussion of the test results obtained concerns the comparison of
the RMS errors. Table 2 summaries the calculated RMS errors for all BLh coordinates for both
tests. Thus, the RMS errors from the RTKLIB solution ranged from 1.3 m to 4.1 m for all BLh
components for both tests. Correspondingly, from the Emlid Studio solution, they ranged from
0.7 m to 1.8 m. Successively for the individual BLh coordinates, higher Galileo positioning
accuracy was obtained from the Emlid Studio solution compared to RTKLIB by respectively:

- 28% to 65% for the B coordinate,
- 15% to 29% for the L coordinate,
- 50% to 56% for the h coordinate.

Thus, the effectiveness of the Emlid Studio solution was confirmed for Galileo kinematic
positioning.

Tab. 2
The comparison of obtained RMS errors
Pa%gter Flight no. 1 Flight no. 2

RMS 5 1.8 m for RTKLIB solution, 2.0 m for RTKLIB solution,

1.3 m for Emlid Studio solution 0.7 m for Emlid Studio solution
RMS ;. 1.4 m for RTKLIB solution, 1.3 m for RTKLIB solution,

1.0 m for Emlid Studio solution 1.1 m for Emlid Studio solution
RMS 3.0 m for RTKLIB solution, 4.1 m for RTKLIB solution,

1.5 m for Emlid Studio solution 1.8 m for Emlid Studio solution

The final research topic of section 5 concerns the comparison of the obtained research results
in relation to the analysis of the state of the art and the published scientific literature. Comparing
the results of Galileo kinematic positioning accuracy with the literature on the subject, it can be
said that:

- the study used Galileo code observations at E1 frequency similarly to the articles [18-21,

27-28],
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- the research used a UAV platform similarly to the articles [39-43],

- higher or similar positioning accuracy was obtained in the calculations as in papers [16,
18-21],

- the study demonstrated and applied the SPP code positioning algorithm similarly to the
papers [18-21].

6. CONCLUSIONS

This paper shows the results of a study on determining the accuracy of Galileo kinematic
positioning. Accuracy as one of the four quality parameters of GNSS satellite positioning is
crucial for horizontal and vertical navigation. Hence, flight tests as well as the study and
analysis of this parameter according to ICAO requirements for the Galileo navigation system
are necessary. This paper presents two main computational strategies for determining accuracy.
Namely, the first used RTKLIB and the least squares method to determine position coordinates.
The second, on the other hand, used Klaman filtering in Emlid Studio. Galileo navigation and
code observation data acquired from a DJI Matrice RTK300 unmanned platform were used in
the calculations. The resulting coordinates from both solutions were compared with the
reference trajectory of the flight so that the Galileo positioning accuracy could be determined.
In the accuracy analysis, the position errors and RMS errors were determined. The RMS errors
of the RTKLIB solution ranged from 1.3 m to 4.1 m, while those of the Emlid Studio solution
ranged from 0.7 m to 1.8 m. In addition, the study shows that Emlid Studio improves Galileo's
kinematic positioning accuracy by 15 to 65% over the results obtained with the RTKLIB
solution. Further flight tests are planned in the near future, in which the accuracy parameter for
the Galileo navigation system will be further investigated.
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