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ABSTRACT

The primary objective of this paper is to develop an algorithm for integrating a user’s kinematic position solution
based on corrections provided by the EGNOS, UK SBAS, and AL-SBAS systems. To date, aviation research in
Poland has primarily employed a single EGNOS augmentation system. In contrast, this study is the first to use
three independent satellite-based augmentation systems (SBAS) within a single experiment, which constitutes
a novelty in this research area. This approach is crucial for ensuring redundancy in position determination and
for controlling the calculations of the determined coordinates. To this end, a weighted mean model was applied
to determine the user’s coordinates. Measurement weights were defined as functions of the inverse number of
tracked satellites and the inverse of the point position error ellipsoid. Using the proposed computational strategy,
the user position was determined in ellipsoidal coordinates (BLh), and the precision of the solution was addition-
ally assessed by calculating the standard deviation and the mean error of the arithmetic mean. The computational
strategy was validated through an airborne experiment using a VTOL WingtraOne UAV equipped with a NovAtel
OEM7500 GNSS receiver. The results indicate that the mean value of the standard deviation of the determined
position does not exceed 3.01 m when measurement weights are defined as the inverse of the number of tracked
satellites, and 2.60 m when weights are defined as the inverse of the point position error ellipsoid. Weighting obser-
vations using the inverse of the point position error ellipsoid produced better results, as it is calculated based on the
actual mean measurement errors. The proposed research methodology can be applied to other SBAS augmentation
systems within areas of overlapping correction coverage. In particular, the developed methodology can be applied
to SBAS APV approach-to-landing operations in air navigation.

Keywords: satellite-based augmentation system, EGNOS, UK SBAS, AL-SBAS, unmanned aerial vehicle, el-
lipsoidal coordinates.

INTRODUCTION

Since 2003, research activities in Poland have
focused on the application of Satellite-Based
Augmentation Systems (SBAS) in air transporta-
tion [1, 2]. The first SBAS implemented in avia-
tion navigation was the European Geostationary
Navigation Overlay Service (EGNOS) [3], which
remains officially certified for aviation applica-
tions in Poland to this day [4]. Over more than
two decades of operational use, EGNOS has
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continuously supported and enhanced kinematic
GPS positioning performance in air transport
across this part of Europe [5]. However, according
to the International GNSS Service (IGS) [6], the
global constellation of SBAS augmentation sys-
tems has been steadily expanding, resulting in an
increasing number of geostationary satellites pro-
viding correction signals over extensive regions
of the Earth [7]. Due to Poland’s geographical
location, its territory lies within the coverage
areas of several SBAS systems, including the
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European EGNOS, the United Kingdom SBAS
(UK SBAS), and the Algerian AL-SBAS. While
the correction coverage of EGNOS and UK SBAS
extends over the entire country, the coverage of
AL-SBAS is limited to latitudes up to 50°N. Con-
sequently, all three SBAS systems can be utilized
for aviation operations in southern Poland. From
an operational perspective, the coexistence of
multiple SBAS systems over a relatively limited
geographical area may pose certain challenges.
From a scientific standpoint, however, this situ-
ation is highly advantageous, as it enables com-
prehensive airborne research on multiple SBAS
systems under comparable conditions. Of particu-
lar importance is the determination of user posi-
tion coordinates based on correction data from
EGNOS [8], UK SBAS [9], and AL-SBAS [10].
Among all GNSS navigation data, the accurate
estimation of user position is a fundamental task.
This aspect becomes even more critical in kine-
matic scenarios, such as airborne experiments,
where precise and reliable position determination
is essential for navigation performance assess-
ment. Therefore, the integration of correction
data from multiple SBAS systems represents a
promising approach to improving the reliability
and robustness of kinematic positioning solu-
tions. By combining independent SBAS-based
navigation solutions, it is possible to enhance
redundancy in position determination, thereby
increasing confidence in the obtained results for
individual measurement epochs. Such a strategy
is particularly relevant for improving flight safety
in aviation navigation, as well as for supporting
emerging applications involving unmanned aerial
vehicles (UAVS).

Multi-SBAS studies in which more than one
SBAS system was used in Poland can be found,
among others, in publications [11-13]. The stud-
ies determined both the precision and the accura-
cy of aircraft coordinates during flight tests. The
research methodology was based on a weighted
mean model and an arithmetic mean model. In
the case of the weighted mean model, the weight-
ing coefficients were defined as a function of the
inverse of the number of tracked GPS satellites
and as a function of the inverse of the geometric
dilution of precision (DOP) factor. In the arithme-
tic mean model, the measurement weights were
equal to 1. The studies used corrections from the
EGNOS and SDCM augmentation systems. The
background to the described studies [11-13] is the
fact that only a single EGNOS system is currently

used in aviation operations [1—4]. This results in
reliance on single coordinate readings, a lack of
quality control of SBAS corrections, no compari-
son of the estimated GNSS receiver coordinates,
and no redundancy of navigation position solu-
tions. Consequently, Multi-SBAS solutions are
far superior, as they enable the fusion and integra-
tion of SBAS data. In Multi-SBAS positioning, at
least two SBAS augmentation systems are con-
sidered, as already described in publications [11—
13]. However, Multi-SBAS positioning may also
involve the use of three SBAS systems, which is
the focus of the present study. This is particularly
interesting as it also concerns the UK SBAS and
AL-SBAS augmentation systems, which have not
been used in aviation operations in Poland. More-
over, it should be emphasized that during SBAS
data fusion, various weighting strategies can be
applied within the position integration model.
Therefore, it is not necessary to rely solely on
the measurement weights presented in publica-
tions [11-13], as they may be determined using
a different algorithm. The concept of the research
project presented in this paper involves conduct-
ing a UAV flight during which GPS and SBAS
data from the EGNOS, UK SBAS, and AL-SBAS
augmentation systems will be collected. Sub-
sequently, a GNSS data fusion and integration
model in the form of a weighted mean model will
be developed. This will make it possible to deter-
mine the user’s position in the form of geodetic
coordinates BLh, as well as additional precision
measures in the form of the standard deviation
and the mean error of the arithmetic mean. The
overall research concept is illustrated in Figure 1.

BACKGROUND

As stated in the introduction, this study focus-
es on three SBAS augmentation systems, namely
EGNOS, UK SBAS and AL-SBAS [14]. It is
therefore necessary to review the most impor-
tant scientific publications and research achieve-
ments related to the aviation application of these
SBAS systems. Table 1 shows the main research
achievements based on EGNOS, UK SBAS, and
AL-SBAS support systems. Most of the complet-
ed studies concerned the EGNOS augmentation
system, primarily focusing on aviation naviga-
tion flight tests. All GNSS positioning qual-
ity parameters in aviation were examined, i.e.
accuracy, continuity, availability, and integrity.
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Figure 1. The overall concept of research in paper

In addition, EGNOS was used to monitor atmo-
spheric changes as part of modeling ionospheric
and tropospheric corrections. A considerable
number of studies were devoted to EGNOS sig-
nal analysis, the application of EGNOS in land-
ing approach procedures, and the monitoring of
PBN navigation performance. A separate issue
involves application trends in the use of EGNOS
in UAV technology. Research on the UK SBAS
system mainly concerns the determination of
GNSS positioning quality parameters in aviation
and the analysis of the SBAS signal in the context
of landing approach procedures. In the case of the
AL-SBAS system, studies also address the deter-
mination of GNSS positioning quality parameters
in aviation and atmospheric monitoring, primar-
ily of the ionosphere. Based on the conducted

analysis of the state of the knowledge, the follow-

ing key conclusions can be drawn:

e the majority of aviation research in Poland
and worldwide has been conducted using the
EGNOS augmentation system;

e only limited aviation studies have been per-
formed worldwide using the UK SBAS and
AL-SBAS systems;

e applications of UK SBAS in air transportation
have been reported in Poland;

e no studies concerning aviation applications of
AL-SBAS have been published in Poland;

e aviation studies involving EGNOS, UK SBAS
and AL-SBAS have been conducted separate-
ly for each system, without attempts to inte-
grate SBAS corrections;

Table 1. Characteristic of the main research achievements based on EGNOS, UK SBAS, and AL-SBAS support

systems

Tested parameter Selected publications

SBAS systems used

Conclusions for further research

GNSS positioning quality
parameters in aviation

[1,3,5,8,14-27, 37,
39, 40, 42, 43, 58]

EGNOS, UK SBAS,

All studies reported in the literature

AL-SBAS have been conducted separately for

Monitoring atmospheric

parameters [28-30, 38, 50, 51]

the EGNOS, UK SBAS, and AL-SBAS

EGNOS, AL-SBAS systems. There is a clear need to

SBAS signal analysis in
approach procedures, including
the development of PBN
navigation performance

[9, 31-36, 41, 44-49]

perform flight experiments using all
three SBAS systems simultaneously.
This need is particularly evident in the
context of Poland, where the majority

EGNOS, UK SBAS

SBAS applications for UAV

technology [52-57]

of studies have focused exclusively
on EGNOS, while research on UK
SBAS is limited to a single publication
[58], and no studies addressing the
AL-SBAS system have been reported
to date. Consequently, it is necessary
to develop a dedicated methodology,
mathematical algorithms, and data
fusion strategies for integrating
corrections from the three SBAS
augmentation systems in order to
improve user positioning performance.

EGNOS
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e research has addressed both manned aircraft
and UAV platforms;

e existing studies have primarily focused on
positioning quality assessment and SBAS
signal monitoring in approach-to-landing
procedures.

RESEARCH PROBLEM

This section defines the research problems
identified on the basis of the conducted analysis of
the state of the knowledge. As demonstrated in the
previous section, the simultaneous application of
three SBAS augmentation systems—EGNOS, UK
SBAS, and AL-SBAS—in kinematic user posi-
tioning is a particularly relevant issue for aviation
navigation within the transportation domain. Such
an approach is highly beneficial in aviation naviga-
tion, as it introduces redundancy in the determina-
tion of user position coordinates. Consequently, the
user gains the ability to verify the obtained posi-
tioning results at individual measurement epochs,
which is a critical aspect of navigation reliability.
From the perspective of flight safety, the proposed
concept of integrating multiple SBAS-based posi-
tioning solutions is of significant importance. The
availability of independent position estimates
derived from different SBAS systems allows for
increased robustness of the navigation solution,
particularly in dynamic, kinematic scenarios such
as airborne experiments and UAV operations.

The most important research problems identi-
fied in the context of this study can be summa-
rized as follows:

e [sitpossible to simultaneously apply EGNOS,
UK SBAS, and AL-SBAS corrections
within a single flight test for user position
determination?

e If so, what mathematical model should be
adopted to describe user position estimation
based on EGNOS, UK SBAS, and AL-SBAS
corrections?

e How should EGNOS, UK SBAS, and AL-
SBAS data be integrated within a navigation
positioning solution?

e What computational methodology and pro-
cessing strategy should be adopted to support
such an integration?

The success criteria for the development of
an algorithm integrating EGNOS, UK SBAS, and
AL-SBAS data primarily include:

e acquisition, procurement, and operational
use of a GNSS receiver capable of tracking
and recording SBAS corrections from the
EGNOS, UK SBAS, and AL-SBAS systems
in kinematic tests;

e recording GPS and Multi-SBAS data with a
defined time interval (e.g. 1 s);

e synchronization of Multi-SBAS data across
all measurement epochs;

e verification of the consistency of the Multi-
SBAS navigation data sets, ensuring that the
number of observations is identical for all
three SBAS systems;

e importing GPS and Multi-SBAS data stored in
text files into a selected numerical program-
ming environment;

e development of a complete numerical script in
accordance with the assumed research meth-
odology and computational strategy;

e final execution of the numerical script and val-
idation of its functionality with respect to the
implemented mathematical algorithms.

Addressing these research gaps is essential
for advancing SBAS-based kinematic position-
ing in aviation navigation. The development of
an integrated SBAS positioning model has the
potential to improve the precision and accuracy
of navigation solutions for both manned and
unmanned aerial platforms operating in regions
with overlapping SBAS correction coverage.
Naturally, improvements in precision and accu-
racy are not achievable without prior modifica-
tion of the mathematical algorithm describing
the method for determining the user’s kinematic
coordinates. Therefore, the primary objective of
this study is to specify the mathematical algo-
rithm for user position determination, which will
ultimately enable the computation of precision
and accuracy parameters.

MATERIALS AND METHODS

The adopted research methodology was
divided into three main stages. First, an airborne
experiment was performed using a VTOL Wingtr-
aOne unmanned aerial vehicle (UAV). A NovAtel
OEM?7500 GNSS receiver installed on the UAV
platform recorded GPS observations and naviga-
tion messages, as well as SBAS corrections from
the EGNOS, UK SBAS and AL-SBAS systems
in real time during the flight. GPS observations,
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expressed as pseudorange measurements, were
recorded at a 1 s interval, similarly to the SBAS
corrections. GPS observations and navigation
messages were stored in the RINEX format [59],
while SBAS corrections were saved in the EMS
format [60]. During the experiment, EGNOS cor-
rections transmitted by satellite S123, UK SBAS
corrections from satellite S158 and AL-SBAS cor-
rections from satellite S148 were used. The col-
lected GPS/SBAS data enabled the computation
of three independent navigation solutions, namely
GPS/EGNOS, GPS/UK SBAS and GPS/AL-
SBAS. Thus, the UAV position could be deter-
mined in three different ways. This provided the
basis for developing a position integration model
based on a weighted mean approach using mea-
surement weights. In this study, two weighting
strategies taken from the literature were adopted.
In the first case, weighting is calculated as a func-
tion of the inverse number of tracked satellites
[41]. In this way, the weight of the measurement
depends on the geometry of the GPS satellites. In
strategy no. 2 the weight is defined as a function
of the inverse of the point position error ellipsoid
[2]. In this way, the measurement weight depends
on the mean errors of user coordinates from a
single GPS/SBAS solution. Using these strate-
gies, a resultant UAV position together with its
precision was determined. The UAV position was
expressed in ellipsoidal coordinates BLh accord-
ing the ICAO recommendations [1]. The precision
was evaluated in the form of the standard devia-
tion and the mean error of the arithmetic mean.
In addition, the accuracy parameter was estimated
also as a position errors. Results of accuracy will

be presented in Chapter of discussion. The preci-
sion and accuracy parameters were also expressed
in the BLh ellipsoidal coordinate frame [4]. This
has a direct impact on the units of precision and
accuracy, which are expressed in meters. The full
flowchart was presented into Figure 2.

After a brief description of the research meth-
odology, the mathematical algorithms applied in
this study are introduced. Once the GNSS data
from the UAV flight were collected, individual
GPS/SBAS navigation solutions—GPS/EGNOS,
GPS/UK SBAS and GPS/AL-SBAS—were first
computed. These calculations were performed
using RTKLIB v.2.4.3 software [61]. RTKLIB
applies the Single Point Positioning (SPP) code-
based positioning method with SBAS correc-
tions in the navigation solution [62]. As a result,
three independent UAV coordinate solutions were
obtained from GPS/EGNOS, GPS/UK SBAS
and GPS/AL-SBAS positioning. The next step
involved the development of an integration model
for combining the individual GPS/SBAS position
solutions. The general form of the weighted mean
model is expressed by Equation 1:

B, = Sz bily
2:ltl:1 Pyj

R ()
Yiz1Pij

hW — Z?=1 hi'Pi,j
Z?:lpi-j

where: B, — the resultant value of Latitude
obtained from the weighted mean mod-
el, L, — the resultant value of longitude
obtained from the weighted mean model,

GPS + Multi-SBAS data

Onboard GNSS
receiver

GPS + EGNOS

solution

Weighting Strategy no. 1
(inverse of the number of
tracked satellites)

Accuracy

(position errors)

GPS + UK SBAS
solution

Model of integration GPS
+ SBAS data (weighted
mean model)

BLh geodesic
Coordinates

GPS + AL-SBAS
solution

Weighting Strategy no. 2
(inverse of the point
position error ellipsoid)

Precision (standard
deviations, mean error of
arithmetic mean)

Figure 2. The flowchart of research method
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h, — the resultant value of ellipsoidal
height obtained from the weighted mean
model, B, — the individual value of lati-
tude obtained from the GPS/EGNOS, or
GPS/UK SBAS or GPS/AL-SBAS solu-
tion, L, — the individual value of Longi-
tude obtained from the GPS/EGNOS, or
GPS/UK SBAS or GPS/AL-SBAS solu-
tion, 4, — the individual value of ellip-
soidal height obtained from the GPS/
EGNOS, or GPS/UK SBAS or GPS/AL-
SBAS solution, i — the index denoting a
given GPS/EGNOS or GPS/UK SBAS or
GPS/AL-SBAS, i = (1: GPS/EGNOS, 2:
GPS/UK SBAS, 3: GPS/AL - SBAS), n —
the total number of individual GPS/SBAS
position solutions GPS/SBAS, n = 3, Pl.']_
— the measurement weight corresponding
to a given GPS/SBAS solution and com-
putational strategy, j — the index denoting
the computational strategy, j = (1: strategy
no. 1, 2: strategy no. 2).

Equation 1 combines individual GPS/SBAS
solutions to determine the resultant UAV position
expressed in ellipsoidal coordinates BLh. The
resultant position is determined with a number of
degrees of freedom defined by Equation 2 [63]:

f=n—-1=2 ()
where: f—number of degrees of freedom.

In a detailed form, the proposed Equation 1
will take two forms:
e for strategy no. 1:

B __ By'Py1+By'Py 1 +B3'P3 1
( w P11+Py1+P34
L, = LyPy+LyPpq+L3-P34 3)
P11+Py1+P3,
hqi-Py1+hy Py 1+h3-P3q

Py 1+Py1+P31

h,, =

e or for strategy no. 2:
_ B1P13+B3'P; +B3'P3

By = P12+Py5+P3 5

L, = LyPyp+Ly Py p+L3 Py, )
P12+Py5+P3;

h, = h1'P1p+hy Py a+h3Ps,
P1,2+Py2+P3 5

where: B, — single value of Latitude from GPS/
EGNOS solution, L, - single value of
Longitude from GPS/EGNOS solution, 4,
— single value of ellipsoidal height from
GPS/EGNOS solution, B, — single value
of Latitude from GPS/UK SBAS solution,

L, — single value of Longitude from GPS/
UK SBAS solution, 4, — single value of
ellipsoidal height from GPS/UK SBAS
solution, B, — single value of Latitude
from GPS/ AL-SBAS solution, L, —single
value of Longitude from GPS/AL-SBAS
solution, &, — single value of ellipsoidal
height from GPS/AL-SBAS solution, P, |
— measuring scale from the GPS/EGNOS
solution for calculation strategy no. 1, P, ,
— measuring scale from the GPS/EGNOS
solution for calculation strategy no. 2, P, |
— measurement weight from the GPS/UK
SBAS solution for calculation strategy
no. 1, P, , — measurement weight from the
GPS/UK SBAS solution for calculation
strategy no. 2, P, — measuring scale from
the GPS/AL-SBAS solution for calcula-
tion strategy no. 1, P, , — measuring scale
from the GPS/AL-SBAS solution for cal-
culation strategy no. 2.

In algorithm (3-4), different models of mea-
surement weights were proposed according to strat-
egies no. 1 and 2. In strategy no. 1, the measure-
ment weights were calculated as the inverse of the
number of tracked satellites [2, 41, 56] in the form:

P, =
11 = N,
1
Pyy = —
21 = 35, (5)
1
P =
31 7 Ns,

where: NS\~ number of satellites in the GPS/
EGNOS solution, NS, — number of satel-
lites in the GPS/UK SBAS solution, NS,
— number of satellites in the GPS/AL-
SBAS solution.

In strategy no. 2, the measurement weights
were calculated as the inverse of the point posi-
tion error ellipsoid [64, 65] in the form:

1
(P2 =a,
Py =— 6
22 = o (©)
1
Ps2 =
where: CL, — ellipsoid of the point position
error in the GPS/EGNOS solution,
CLy = |mBf +mlLf+mhi, mB, — mean

error of Latitude from GPS/EGNOS solu-
tion [42, 66, 67], mL, — mean error of
Longitude from GPS/EGNOS solution
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[42, 66, 67], mh, — mean error of ellip-
soidal height from GPS/EGNOS solution
[42, 66, 67], CL, — point position error
ellipsoid in the GPS/UK SBAS solution,
CL, = \/mBZZ +ml3 +mh;, mB, — mean
error of Latitude from GPS/UK SBAS
solution [42, 66, 67], mL, — mean error of
Longitude from GPS/UK SBAS solution
[42, 66, 67], mh, — mean error of ellipsoi-
dal height from GPS/UK SBAS solution
[42, 66, 67], CL, — ellipsoid of the point
position error in the GPS/AL-SBAS solu-
tion, CLy =+/mBZ 4+ mlL% + mh%, mB,
— mean error of Latitude from GPS/AL-
SBAS solution [42, 66, 67], mL, — mean
error of Longitude from GPS/AL-SBAS
solution [42, 66, 67], mh, — mean error of
ellipsoidal height from GPS/AL-SBAS
solution [42, 66, 67].

The presented algorithm (1-6) is implement-
ed in parallel for computational strategies 1 and 2.
Therefore, the resultant coordinates of the UAV’s
position will be calculated in two ways. The qual-
ity of the determined UAV position coordinates
will be determined primarily by specific statisti-
cal precision parameters, i.e., standard deviations
and mean error of the arithmetic mean. The stan-
dard deviation is described [56, 68, 69] for BLh
coordinates as below:

e for strategy no. 1:

[StdB _ \/VBIT-PM-VB#VBZT-PZJ-VBZ+VB§-P3,1-VB3
Y =

f
VLY-Py 1 - VL +VLE-Py - VL, +VLE-Py VL 7
StdL,, = : : : (7
| f
VhT-P, VR +VRI-P, ;- Vh,+VRI-P5 VR
tstdhw :J 11,1 1 2 ]2:.1 2 33,1 3

e or for strategy no. 2:

StdB. = \/VBlT “Py2'VB1+VBY-P, ,-VB,+VBI-P; ,-VB;
Y f
VLT Py o VL +VLE Py VL, +VLE-Ps 5 VL
StdL — 11,2 1 212,22 2 33,2 3 (8)
Y f
Stdh. = \/VhI-Pl_z-Vh1+Vh§-P2_2-th+Vh§-P3_2-Vh3
w =
f

where: StdB,, — standard deviation of Latitude,
StdL,,— standard deviation of Longitude,
Stdh,, — standard deviation of ellipsoidal
height, VB, =B, - B, residuals, difference
of Latitude between the weighted mean
model and the single GPS/EGNOS solu-
tion, calculated separately for strategies
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no.land2, VL =L —L,,residuals, differ-
ence of Longitude between the weighted
mean model and the single GPS/EGNOS
solution, calculated separately for strate-
giesno. 1 and 2, Vh = h — h,, residuals,
difference of ellipsoidal height between
the weighted mean model and the single
GPS/EGNOS solution, calculated sepa-
rately for strategies no. 1 and 2, VB, =
B, - B,, residuals, difference of Latitude
between the weighted mean model and
the single GPS/UK SBAS solution, cal-
culated separately for strategies no. 1 and
2,VL,=L,~L,, residuals, difference of
Longitude between the weighted mean
model and the single GPS/UK SBAS
solution, calculated separately for strate-
gies no. 1 and 2, Vh, = h, - h, residuals,
difference of ellipsoidal height between
the weighted mean model and the single
GPS/UK SBAS solution, calculated sep-
arately for strategies no. 1 and 2, VB, =
B, — B, residuals, difference of Latitude
between the weighted mean model and
the single GPS/AL-SBAS solution, cal-
culated separately for strategies no. 1 and
2, VL, =L, - L, residuals, difference of
Longitude between the weighted mean
model and the single GPS/AL-SBAS
solution, calculated separately for strate-
giesno. 1 and 2, Vh, = h, — h,, residuals,
difference of ellipsoidal height between
the weighted mean model and the single
GPS/AL-SBAS solution, calculated sepa-
rately for strategies no. 1 and 2.

Next mean error of the arithmetic mean [56,
70, 71] for BLh coordinates was estimated as
below:

StdB,,

MB,, ==
StdLy,

ML, = =% ©)
Stdh,,

th = T

where: StdB,,—mean errors of the arithmetic mean
of Latitude, calculated separately for strat-
egies no. 1 and 2, StdL,, — mean errors of
the arithmetic mean of Longitude, calcu-
lated separately for strategies no. 1 and 2,
Stdh,,—mean errors of the arithmetic mean
of ellipsoidal height, calculated separately
for strategies no. 1 and 2.
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All algorithms defined by Equations 1-9 were
implemented in a numerical script developed in
the Scilab v.2024.1.0 environment [72]. The
script included computational routines as well as
the generation of graphical plots. The numerical
analysis was performed using GNSS data collect-
ed during the UAV “flight [73] experiment con-
ducted in southern Poland in the spring of 2024.
The test flight was carried out in a mountainous
area near the town of Tylicz. Figure 3 presents the
VTOL WingtraOne UAV before the flight experi-
ment. The flight duration ranged from 09:23:27
(33807 s) to 09:47:44 (35264 s) GPST. Figure 4
shows the horizontal projection of the UAV flight
trajectory generated using Google Earth software

[74]. Additionally, Figure 5 presents the vertical
flight trajectory, with the flight altitude varying
between approximately 650 m and 898 m.

RESEARCH RESULTS

After describing the research materials and
methods, the obtained research results are pre-
sented. First, Figure 6 illustrates the number of
GPS satellites for which SBAS corrections were
determined for the EGNOS, UK SBAS and AL-
SBAS systems. In the case of the GPS/EGNOS
solution, the number of satellites ranged from 7 to
10. For the GPS/UK SBAS solution, the number

T ¥

LD

Figure 3. The UAV before flight experiment

Figure 4. The flight trajectory of UAV [74]
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Figure 5. The vertical trajectory of UAV flight
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Figure 6. Number of GPS satellites tracked with SBAS corrections

of satellites ranged from 4 to 8. In contrast, the
AL-SBAS augmentation system provided correc-
tions for four GPS satellites throughout the entire
UAV flight duration. The largest number of GPS
satellites with SBAS corrections was observed
for the GPS/EGNOS solution, while the small-
est number was observed for the GPS/AL-SBAS
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solution. The largest number of SBAS corrections
were determined for GPS satellites in the case of
EGNOS, which is not surprising given the long-
standing use of this system in air navigation in
Poland. The UK SBAS system also generated a
significant number of SBAS corrections for GPS
satellites, despite being in the validation phase.
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The smallest number of SBAS corrections was
generated by the AL-SBAS system, due to the
availability of a correction model up to a geodetic
latitude of 50°. The number of GPS satellites with
SBAS corrections directly impacts the calcula-
tion of the measurement weight for strategy no. 1,
as shown in Figure 7.

By determining the number of GPS satellites
with SBAS corrections, it was possible to calcu-
late the measurement weights (Pw P, PS’]) for
calculation strategy no. 1. Figure 7 presents the
obtained results of the measurement weights (P, |,
P, ,, P,,) for calculation strategy No. 1. The mea-
surement weights are as follows:

e the parameter P, changed from 0.100 to

0.143;

e the parameter P, varied from 0.125 to 0.250;
e the parameter P, was equal to 0.250.

In the case of the results of the parameters
(P,,, P, , P, ), 1tis necessary to consider the math-
ematical formula used to determine them and how
these results should be interpreted. The smaller
the number of satellites, the higher the measure-
ment weights (P, |, P,,, P, ), which is best illus-
trated by the AL-SBAS system. Conversely, in the
case of a large number of satellites, for example
in the EGNOS system, the measurement weights
(P,,, P,,, P;,) decrease and are the smallest in
the analyzed experiment. However, this process
should be viewed objectively, as it depends on the

0.28

number of satellites, which under kinematic flight
conditions may change frequently.

Then, Figure 8 shows the results of the point
position error ellipsoid parameter calculated
within Equation 6. Figure 8 shows the obtained
results of the point position error ellipsoid. Thus,
the values of the point position error ellipsoid
were as follows:

e the parameter CL, changed from 2.05 m to

2.63 m;

e the parameter CL, changed from 2.88 m to

11.81 m;

e the parameter CL, changed from 2.01 m to

16.37 m.

It should be noted that the smallest values
of the point position error ellipsoid are observed
for the EGNOS system, which indicates that the
UAV position coordinates in the single GPS/
EGNOS solution were determined with the
smallest mean errors. Worse results of the posi-
tion error ellipsoid can be observed in the case
of the GPS/UK SBAS solution. In this case, the
value of the parameter CL, reaches almost 12 m.
What is also important to emphasize is that large
values of the point position error ellipsoid in the
GPS/UK SBAS solution occur when the number
of satellites drops to 4 (see Figure 6). In the GPS/
AL-SBAS solution, abrupt jumps in the values of
the point position error ellipsoid are visible. This
should be explained by the number of tracked
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GPS satellites with AL-SBAS corrections, which
amounted to 4 throughout the entire UAV flight.
In this case, the jumps of the point position error
ellipsoid reach even more than 16 m.

By determining the ellipsoid parameter of
the point position error, it was possible to calcu-

late the measurement weights (P, ,, P, ,, P,,) for

18

calculation strategy no. 2. Figure 9 presents the

obtained results of the measurement weights (P, ,,

P, ,, P,,) for calculation strategy no. 2. The mea-

surement weights are as follows:
e the parameter P, changed from 0.381 to
0.488;
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Figure 9. The measurement weights in strategy no. 2
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e the parameter P,, changed from 0.085 to
0.347;
e the parameter P,,

0.499.

changed from 0.061 to

The values presented in Figure 9 are deter-
mined using the mathematical Equation 6.
Accordingly, the smallest values of the position
error ellipsoid correspond to the largest measure-
ment weights (P1 5 22, Pa,z)‘ Thus, in the GPS/
EGNOS solution, the values of the position error
ellipsoid were the smallest, which resulted in
large values of the measurement weights P ,. The
measurement weights P, , obtained from the GPS/
UK SBAS solution are smaller than the weights
P, estimated from the GPS/EGNOS solution. In
the case of the measurement weights P, they
assume values ranging from the smallest to the
largest within the analyzed dataset. This is caused
by frequent changes in the parameter CL..

After determining the measurement weights,
the precision results of the determined BLh coor-
dinates were presented. First, Figures 10-11
presents the standard deviation results for both
calculation strategies no. 1 and 2. In the case of
calculation strategy no. 1, the standard deviations
of the BLh coordinates were as follows:

e for coordinate B: from 0.05 m to 5.90 m,
e for coordinate L: from 0.03 m to 1.76 m,
e for coordinate h: from 0.16 m to 9.60 m.

10

In the case of calculation strategy no. 2, the
standard deviations of the BLh coordinates were
as follows:

e for coordinate B: from 0.06 m to 4.21 m,
e for coordinate L: from 0.04 m to 1.21 m,
e for coordinate h: from 0.23 m to 7.02 m.

Moreover, the arithmetic mean values for the

parameters (StdB,, StdL,, Stdh,) are:

e for coordinate B: 1.71 m from strategy no. 1
and 1.43 m from strategy no. 2,

e for coordinate L: 0.37 m from strategy no. 1
and 0.31 m from strategy no. 2,

e for coordinate h: 3.01 m from strategy no. 1
and 2.60 m from strategy no. 2.

By comparing the obtained results of standard
deviations, it can be observed that they are small-
er in the case of strategy no. 2. This indicates that
the measurement weights in strategy no. 2 were
better selected than in strategy no. 1.

Having calculated the standard deviations of
the BLh coordinates from both calculation strat-
egies, it is now worth comparing them. Such a
comparison was implemented using Equation 10.
Specifically, Equation 10 compares the percent-
age of how much better the results from strategy
no. 2 are than those from strategy no. 1. Equation
10 is written as:

U
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Figure 10. Standard deviation for BLh coordinates based on strategy no. 1
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where: UB[%]
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Figure 11. Standard deviation for BLh coordinates based on strategy no. 2

mean(StdBy, 2)

UB[%] = 100% ) (1 - mean(StdBw 1))
ULI] = 100% - (1 = TR (10
~ . (1 _ mean(Stdhyz)

Uh[%] = 100% - (1 mean(Stdhw.l))

— percentage value of the increase
in the precision determination for compo-
nent B from strategy no. 2 compared to
strategy no. 1, UL[%] — percentage value
of the increase in the precision determi-
nation for the L component from strategy
no. 2 compared to strategy no. 1, Uh[%]
— percentage value of the increase in the
precision determination for the h com-
ponent from strategy no. 2 compared to
strategy no. 1, mean — arithmetic mean
value operator, StdB,,, — standard devia-
tions of the determined UAV position for
the B component from strategy no. 1 (see
Equation 7), StdL,,, — standard deviations
of the determined UAV position for the L
component from strategy no. 1 (see Equa-
tion 7), Stdh,, , — standard deviations of the
determined UAV position for the h compo-
nent from strategy no. 1 (see Equation 7),
StdB,,, — standard deviations of the deter-
mined UAV position for the B compo-
nent from strategy no. 2 (see Equation 8),

StdL,,, — standard deviations of the deter-
mined UAV position for the L component
from strategy no. 2 (see Equation 8), Sth,,,
— standard deviations of the determined
UAV position for the h component from
strategy no. 2 (see Equation 8).

For comparison purposes, the standard devia-
tions obtained using computational strategy no.
1 were denoted with subscript 1, whereas those
from strategy no. 2 were denoted with subscript
2. The standard deviations for strategy no. 1
were calculated using Equation 7, while those for
strategy no. 2 were calculated using Equation 8.
Based on the obtained results, it can be concluded
that the application of strategy no. 2 improved
the determination of the standard deviation of
the BLh coordinates by 13% to 17% compared to
strategy no. 1. It is worth explaining what such an
improvement, expressed as a percentage increase
in the determination of the standard deviation,
actually means. In fact, an improvement in the
determination of the standard deviation implies:
e a better selection of an appropriate weight-

ing strategy for GPS/SBAS observations (see

strategy no. 2),

e development of mathematical algorithms
based on the weighted mean model for precise

GPS + Multi-SBAS positioning,
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e a better fitting of the residuals (see Equations Finally, Figures 12—13 presents the results
7-8) for individual BLh components, - a bet- of the mean error of the arithmetic mean for the
ter agreement of the coordinates from single determined BLh coordinates of the UAV position.
GPS/EGNOS, GPS/UK SBAS, and GPS/AL-  In the case of calculation strategy no. 1, the mean
SBAS solutions with respect to the position  errors of the arithmetic mean of the BLh coordi-
calculated using the weighted mean model, - nates were as follows:
and, in general terms, an increase in the preci- e for coordinate B: from 0.03 m to 3.41 m,
sion of GPS/SBAS positioning. e for coordinate L: from 0.02 m to 1.02 m,

MBw (strategy no. 1)
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Mhw (strategy no. 1)
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Figure 12. Mean error of arithmetic mean for BLh coordinates based on strategy no. 1

4.5

MBw (strategy no. 2)
MLw (strategy no. 2)
Mhw (strategy no. 2)

| ‘ Ty .i
oWy | ” i |
= | ‘A WWH‘UMI

0 —r
33800 34000 34200 34400 34600 34800 35000 35200 35400

Mean error of arithmetic mean [m]

Time of observations [s]

Figure 13. Mean error of arithmetic mean for BLh coordinates based on strategy no. 2
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e for coordinate h: from 0.09 m to 5.54 m.

In the case of calculation strategy no. 2, the
standard deviations of the BLh coordinates were
as follows:

e for coordinate B: from 0.03 m to 2.43 m,
e for coordinate L: from 0.02 m to 0.70 m,
e for coordinate h: from 0.13 m to 4.05 m.

Moreover, the arithmetic mean values for the

parameters (MB , ML,, Mh,) are:

e for coordinate B: 0.99 m from strategy no. 1
and 0.82 m from strategy no. 2,

e for coordinate L: 0.21 m from strategy no. 1
and 0.18 m from strategy no. 2,

e for coordinate h: 1.73 m from strategy no. 1
and 1.49 m from strategy no. 2.

By comparing the obtained results of mean
error of the arithmetic mean, it can be observed
that they are smaller in the case of strategy
no. 2. This indicates that the measurement
weights in strategy no. 2 were better selected
than in strategy no. 1. Moreover, the values
of the mean error of the arithmetic mean are
strongly influenced by the results of the stan-
dard deviation (see Equation 9). In Equation
9, the variable is the standard deviation, while
the denominator of the expression is treated as
a constant value.

DISCUSSION

The discussion begins with a comparison of
the obtained precision results with those derived
using a simple arithmetic mean model [41, 56,
75] within the framework of the proposed inte-
gration algorithm expressed by Equations 1-9.
In this case, the UAV position coordinates are
determined as the arithmetic mean of the individ-
ual GPS/EGNOS, GPS/UK SBAS and GPS/AL-
SBAS solutions, as expressed by Equation 11:

SiiBi
By = 1:
YL
L, = —n1 (11)
n
. h;

The corresponding standard deviations are
calculated according to Equation 12:

( vBT-vB,+VBI-VB,+VBI-VB,
StdB,, = 1 2 3
w f
T. T, T,
! star,, = \/VLl VLV VI VIR VLS ()
f
Stdh.. = VhT-Vhy+VRI-Vhy+VRY-Vhy
\ w f

Figure 14 presents the standard deviation val-
ues for the BLh coordinates determined using the
arithmetic mean model. The obtained standard
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deviation values ranged from 0.13 m to 13.17

m for the B coordinate, from 0.09 m to 3.88 m

for the L coordinate, and from 0.45 mto 21.32 m

for the h coordinate. The arithmetic mean values

of the standard deviation parameters were equal

to 3.82 m for B, 0.82 m for L and 6.79 m for h.

Using Equation 12, a comparison of the standard

deviation results obtained with the arithmetic

mean model and those obtained using the weight-
ed mean integration strategies can be performed.

The results indicate that the standard deviation

values derived from the arithmetic mean model

are significantly worse:

e Dby approximately 55% for the B coordinate
relative to computational strategy no. 1 and
64% relative to computational strategy no. 2,

e by approximately 54% for the L coordinate
relative to computational strategy no. 1 and
62% relative to computational strategy no. 2,

e by approximately 56% for the h coordinate
relative to computational strategy no. 1 and
61% relative to computational strategy no. 2.

Figure 15 presents the results of the mean error
of the arithmetic mean for the BLh coordinates
determined using the arithmetic mean model. The
obtained values ranged from 0.08 m to 7.60 m for
the B coordinate, from 0.05 m to 2.24 m for the
L coordinate, and from 0.25 m to 12.31 m for the
h coordinate. The arithmetic mean values of the

mean error of the arithmetic mean were equal to
2.20 m for B, 0.47 m for L and 3.92 m for h.

The second part of the discussion concerns
the determination of the UAV positioning accura-
cy. For this purpose, the position error parameters
were calculated according to Equation 13 [76]:

AB = By, ; = Byey
AL = Ly 3 = Lyer
Ah = hy; = hyer

(13)

where: AB —position errors along to B coordinate,
AL — position errors along to L coordinate,
Ah —position errors along to / coordinate,
B, — determined UAV position for the B
component from strategy no. 2 (see Equa-
tion 8), L , — determined UAV position
for the L component from strategy no. 2
(see Equation 8), A, — determined UAV
position for the h component from strat-
egy no. 2 (see Equation 8), B, —reference
coordinate of UAV along B coordinate
based on PPK solution, L, v reference
coordinate of UAV along L coordinate
based on PPK solution, href — reference
coordinate of UAV along / coordinate
based on PPK solution.

In Equation 13, the coordinates of the
determined UAV position are denoted with the

MBw (arithmetic model)
MLw (arithmetic model)
Mhw (arithmetic model)
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Figure 15. Mean error of arithmetic mean for BLh coordinates based on arithmetic mean model
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subscript 2, which in practice indicates that
they were calculated using strategy no. 2. Posi-
tion errors involve comparing the determined
UAV position coordinates with the flight refer-
ence position. The determined UAV coordinates
obtained from computational strategy no. 2 were
used for the comparison, as this method yielded
the best precision results. Furthermore, the flight
reference position was calculated using the PPK
method [77] with an accuracy better than 0.028
m for all BLh components [78]. The flight refer-
ence position was determined using MAGNET
Tools v.5.1.1.0 [79]. Figure 16 shows the results
of position errors (AB, AL, Ah). The position
errors ranged from 0.14 m to 4.59 m for AB,
from -0.27 m to 1.09 m for AL, and from -4.48
m to 0.22 m for A4. The smallest position errors
are for the parameter AL, and the largest for the
parameters (AB, Ah).

The third part of the discussion concerns a
general summary of the conducted research, mea-
surement conditions, and the testing conditions of
the research method. It should be emphasized that
the best solution was obtained for strategy no. 2,
i.e., weighting as a function of the inverse of the
point position error ellipsoid. This weighting pro-
cess proved to be more effective than weighting
based on the inverse of the number of tracked
satellites. As shown in the literature, GNSS
measurement weighting should be performed

using mathematical formulas based on the mean
observation errors [80, 81]. Thus, in the classi-
cal approach, measurement weighting can be
implemented as a function of the inverse of the
square of the mean error [82]. However, in the
present study, the weighting approach was modi-
fied and based on the inverse of the point position
error ellipsoid. This results in each BLh compo-
nent having the same measurement weight at a
given epoch in a single GPS/SBAS solution (e.g.,
GPS/EGNOS). Consequently, each BLh position
component has an equal measurement weight at
a given epoch. This is significant in kinematic
tests, as the BLh position changes every 1 s, yet
the measurement weight remains the same in a
single GPS/SBAS solution. When the mathemati-
cal model is extended and effectively based on
three single GPS/SBAS solutions, nine individual
mean error results are obtained. Therefore, it was
necessary to optimize the weighting process and
select measurement weights that are compatible
with the proposed algorithm (1-9).

A separate aspect of this part of the discussion
is the analysis of geometric conditions and signal
availability during the flight mission. In this case,
positioning was based on GPS satellites and the
L1-C/A code signal, as all SBAS systems gener-
ated corrections for the GPS navigation system,
which is consistent with the commonly applicable
ICAO standards for civil aviation applications [4].
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The presented research method can be used if and
only if both the GPS signal and SBAS corrections
are available. Otherwise, the availability of a UAV
position navigation solution is not possible. A sig-
nificant advantage of the proposed method is that in
the event of the loss of corrections from one SBAS
system, the algorithm can still operate using the
remaining two SBAS systems. However, in such
a case, the position solution will have a degree of
freedom equal to 1. Robustness with respect to
satellite geometry must be based on at least four
tracked GPS satellites for which SBAS corrections
have been generated. Naturally, the higher the
number of GPS satellites, the lower the DOP geo-
metric coefficients become [76]. Nevertheless, for
the position navigation solution to be feasible, at
least four GPS satellites must be available at each
measurement epoch in order for the algorithm to
operate. These constitute the minimum satellite
geometry requirements. At this point, it is worth
referring directly to the research results for the
GPS/AL-SBAS solution, in which four GPS sat-
ellites with AL-SBAS corrections were available.
The solvability condition was satisfied, as at least
four pseudorange measurements were available
to determine the coordinates. However, it can be
inferred that if the number of GPS satellites with
AL-SBAS corrections were higher, the quality of
the coordinate determination obtained using algo-
rithm (1-9) would likely be even better.

With further reference to the measurement
conditions, it should be noted that the study con-
cerns only a single selected UAV flight. There-
fore, there is no repeatability of the measure-
ment and computational processes. Within the
measurement process, a major limitation is the
requirement to equip the UAV with an appro-
priate GNSS receiver capable of recording GPS
observations as well as SBAS corrections. Access
to corrections is particularly important; thus, the
given SBAS augmentation system must be opera-
tional. Moreover, in the case of the GPS naviga-
tion system, the receiver must record code-based
measurements on the L1 frequency. The flight
was conducted in mountainous terrain, which
resulted in a relatively high UAV flight altitude.
In lowland areas, the altitude ceiling would be
significantly lower. Additionally, UAV operations
in mountainous regions are constrained by weath-
er conditions, such as strong wind gusts. There-
fore, UAV flights should preferably be conducted
under calm and windless weather conditions.

Finally, within this discussion thread, it is
worth addressing the testing conditions of the
presented research method. The developed math-
ematical algorithms (1-9) can be applied both in
real-time operation and in post-processing mode.
The boundary condition is that the UAV must be
equipped with an appropriate GPS receiver capa-
ble of receiving GPS signals and SBAS correc-
tions. In real-time operation, maintaining continu-
ity of positioning and GNSS data availability is
crucial. With regard to continuity, it is necessary
to verify whether there are any interruptions in the
UAV position navigation solution, which essen-
tially comes down to checking whether the coor-
dinates are determined at 1 s intervals. In terms of
availability, the GPS L1 signal and the coverage of
SBAS corrections must be verified. The absence of
any of these elements would hinder real-time UAV
navigation using the developed algorithm (1-9).

The last part of the discussion addresses a
comparison of the proposed research methodol-
ogy with existing studies reported in the litera-
ture. Similar to previous works [8—10], this study
applies SBAS augmentation systems such as
EGNOS, UK SBAS and AL-SBAS. Moreover, the
determination of UAV coordinates and their preci-
sion follows approaches presented in [41], while
positioning accuracy assessment is consistent
with methodologies applied in [5, 8]. The use of
UAV technology aligns with research reported in
[2]. The main advantage of the proposed approach
lies in the simultaneous use of corrections from
three SBAS augmentation systems, in contrast
to studies [11, 12], where only two SBAS sys-
tems were considered. An additional contribution
is the development of a position determination
algorithm that integrates corrections from mul-
tiple SBAS systems instead of relying on a single
SBAS solution, as reported in [1]. Furthermore,
the comparison of two independent computational
strategies represents a novel aspect compared to
[56]. Finally, the results demonstrate that weight-
ing based on the inverse of the point position error
ellipsoid provides superior performance compared
to other weighting approaches, which differs from
the conclusions reported in [57].

CONCLUSIONS

The article presents the results of research
concerning the determination of kinematic UAV
position coordinates, as well as their precision
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and accuracy. The study uses GPS code-based
signals and corrections from three augmentation
systems: EGNOS, UK SBAS, and AL-SBAS. The
research material consisted of GNSS data collect-
ed during a UAV flight experiment conducted in
southern Poland in the spring of 2024. The exper-
iment was performed using a VTOL WingtraOne

UAV equipped with a NovAtel OEM7500 GNSS

receiver. Data processing was carried out using

RTKLIB v.2.4.3, MAGNET Tools v.5.1.1.0 and

Scilab 2024.1.0 software. The main methodologi-

cal conclusions can be summarized as follows:

e show new approach to kinematic user posi-
tioning based on the integration of SBAS cor-
rections from three augmentation systems:
EGNOS, UK SBAS, and AL-SBAS,

e development new algorithm for determining
the user position based on the combination of
navigation solutions obtained from individual
SBAS systems,

e proposed algorithm applies a weighted mean
model using two independent computational
strategies,

e in computational strategy no. 1, the measure-
ment weights are defined as the inverse of
the number of tracked satellites, whereas in
computational strategy no. 2, the weights are
defined as the inverse of the point position
error ellipsoid.

Among the practical conclusions, the follow-
ing can be distinguished:

e demonstration that the most effective compu-
tational strategy in the presented algorithm is
weighting based on the inverse of the point
position error ellipsoid,

e demonstration that the use of a weighted mean
model in the presented algorithm is superior to
the arithmetic mean model,

e achievement of the best precision and accu-
racy results for computational strategy no. 2,

e advancement of GPS + Multi-SBAS position-
ing for high-precision UAV positioning.

Possible limitations of the study may con-
cern the continuity of kinematic UAV position-
ing as well as the availability of GPS data and
SBAS corrections from three augmentation
systems: EGNOS, UK SBAS, and AL-SBAS.
Therefore, both the GPS navigation system and
the aforementioned SBAS systems must be
operational at the time of UAV flight execution.
Most importantly, the onboard GNSS receiver
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must be capable of receiving GPS code-based
signals and SBAS corrections in real time. The
presented research methodology can be applied
to other SBAS augmentation systems operating
in regions with overlapping correction cover-
age. Furthermore, the proposed approach may be
extended to land and maritime navigation appli-
cations within the transportation domain. Future
research may focus on real-time implementation
of the proposed algorithm, the use of multi-con-
stellation GNSS observations, and the assess-
ment of integrity parameters for safety-critical
navigation applications. Therefore, it is necessary
to conduct further UAV flights in order to verify
the developed algorithm (1-9). In future stud-
ies, the proposed algorithm may be extended to
determine additional SBAS positioning quality
parameters used in aviation, namely availability,
continuity, and integrity, as well as to compute
protection levels (HPL/VPL) within the frame-
work of SBAS APV approach procedures. This
is particularly relevant since the determination of
SBAS positioning quality parameters in aviation
will be based on a Multi-SBAS solution. At this
stage, the Multi-SBAS solution was implemented
for the GPS navigation system; however, SBAS
corrections can also be adapted for other global
navigation satellite systems GNSS.
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