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Abstract: The quality of Galileo system services is affected by the accuracy of distance determination
from the user’s application to the individual satellite. The goal of our research was to find out
what influence the accuracy of distance determination between the user’s application of the Galileo
system and the cooperating satellites of the Galileo system has on the ability to determine the
location of the user’s application. A solution based on Groebner’s algebraic approaches was used to
determine the receiver user’s position. When creating distance measurement error models between
the Galileo system user’s receiver and cooperating satellites, we assumed that the values of those
errors considered all factors that affected the accuracy of those distance measurements. To evaluate
the algorithms, we used a statistical set of 500 simulation results to determine the positioning of
the user’s application of the Galileo system. If the distances between the user’s application and the
individual satellite were measured accurately, then the user’s application coordinate errors had values
between 1.86 x 1077 m and —1.8 x 10~ m. These errors should be equal to zero. The positioning
error was caused by a numerical error in the calculation due to the software used. If the errors of
distance determination from the user’s application to the individual satellite varied from —0.05 m to
0.09 m, then the error in determining the positioning of the user’s application of the Galileo system
was from 0.0 m to 1.2 m. If the distances of the user’s receiver to the satellites were measured with
errors greater than 0.09 m, the errors in determining its position were much larger. The simulation
results confirmed the known fact that the satellites” geometry influences the accuracy of determining
the location of the user’s application. In the following research, we will solve the problem of how
to reduce the sensitivity of the mentioned algorithms when determining the position of the satellite
navigation system receiver due to errors in determining the distance from the user’s application to
the individual satellite.

Keywords: GNSS Galileo; measurement of distance; positioning accuracy

1. Introduction

The accuracy of distances determination from the user’s application to the individual
satellite significantly affects the Galileo system’s quality of service. It is obvious to recognize
that technological progress and innovation in the processing of Galileo measurement signals
can contribute to the positioning accuracy of Galileo users. It is, therefore, necessary to
continuously address the distance determination process from the user’s application to
the individual satellite. Paying attention to the processing of the measured results is
also required.

Previous papers analyzed issues and challenges related to providing a safe and reliable
global navigation system and new opportunities, perspectives, and trends in satellite
navigation [1,2]. The authors paid attention to the interference of measurement signals,
synchronization, signal manipulation (spoofing), and unauthorized forwarding of signals
(meaconing). The effect of errors in determining distances from the user’s application to
the individual satellite, atmospheric delay, and multipath propagation of measurement
GNSS signals on the accuracy of determining the position of the GNSS user is stated
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in [3,4]. The authors state that these factors directly translate into user positioning errors.
The authors” analysis in [5] showed that factors such as high-gain antennas, powerful
processors, and low internal receiver noise contribute to more accurate receiver-to-satellite
distance measurements. The effectiveness of corrections in determining the position of a
satellite navigation system user’s receiver depends mainly on accurate measurements of
the distances from the user’s application to the individual satellite [6]. Even small errors
in these measurements can lead to inaccurate positioning after corrections are applied.
In [7], the performance of RTK (real-time kinematic) and PPP (precise point positioning)
techniques to achieve accurate positioning using GNSS receivers is compared. The authors
state that RTK achieves higher accuracy but requires a nearby reference station. PPP
offers a more flexible approach without a reference station but may have lower accuracy.
Research conducted in [8-10] suggests that the geometry of satellites, the interference
and monitoring interference in GNSS operation, including methods for detection and
recognition, significantly impact the accuracy of determining the location of system users.
Works [11-13] provide some insights from monitoring interference over an extended period
in the L-band and on the E6 spectrum. Frequent interference has been observed in this
band due to radars. The authors of these papers emphasize the necessity of a thorough
investigation of the impact of jamming on navigation systems, especially when the jamming
signals are high-power. The research in [14] examines the influence of interference on
global navigation satellite systems. It focuses on the recently developed multiplexed
binary offset carrier (MBOC) modulation in Galileo E1 civil signals. Using simulation
results, the authors assess and discuss the impact of continuous-wave interference (CWI)
on the Galileo E1 civil signal. The effectiveness of real-time accurate positioning with
a single-frequency signal using Galileo satellites was evaluated in [15,16]. The results
confirmed that Galileo was more accurate than GPS. The benefits of the GNSS Galileo
E6 signal are presented in [16]. The authors highlight the potential of E6 signals of GNSS
systems in the developing commercial services in the European Union. The analysis in [17]
aims to investigate GSSN Galileo’s reliability for three years. The results indicate a direct
correlation between the accuracy and reliability of GNSS Galileo and its constellation.
Contributions [18,19] are devoted to the initial phase of the high accuracy service (HAS)
in connection with Galileo. Its complex structure, architecture, and initial operational
efficiency are presented. The authors assess the capabilities of GNSS Galileo. The research’s
focus, the notes of which are presented in [20], was to compare GNSS Galileo, GPS, and
GLONASS. GNSS Galileo demonstrated high precision and fast convergence. Paper [21]
characterizes the performance of the Galileo HAS product in a static and road scenario
characterized by decimeter accuracy in poor visibility. Methods for suppressing interference
in GPS, GLONASS, GALILEO, and BeiDou navigation signals using advanced filtering
algorithms and adaptive antenna arrays are presented in [22]. The effectiveness of these
techniques has been evaluated through simulations and real experiments, enabling further
research on optimizing GNSS signal processing. As part of the study [23], an interference
detector was designed and implemented to identify interfering GNSS signals. The design
results in a flexible receiver, providing accurate positioning. The positioning performance
in the maritime environment using signals from different GNSS in the Gulf of Finland
is listed in [24]. The authors present an advanced stochastic GNSS model for position
calculation. This model is suitable for a marine GNSS receiver. In work [25], the authors
state that the Bancroft method could be one method for calculating the position of the
GNSS receiver. Possibilities for determining the receiver’s position of the global navigation
satellite system user based on Groebner’s algebraic approaches are listed in [26]. The
authors of this work present equations for calculating the position of the satellite navigation
system user’s receiver using the range-measuring method.

Telemetry for a relative navigation system design is analyzed in [27,28]. The studies’
authors designed a system for the navigation of flying objects that operate in a telecom-
munication network and use a telemetry method to determine their position. They also
evaluated the positioning accuracy of flying objects depending on the characteristics of the
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telecommunication network and the accuracy of distance measurement between different
network users.

The Galileo system uses two basic principles to determine the position of the receiver:
measuring the distance or the signal’s phase. Our research goal was to find out how
measuring d;.g, i = 14, affects the accuracy of determining the position of an unknown
object P (see Figure 1). The accuracy of the Galileo system was evaluated using the telemetry
method and based on Groebner’s algebraic approaches.

Satellite Positions and Tracked Point
x10*

25
E1 (xy.2)
1

E9 (x,y.2)
e

) ’ X, km

Figure 1. Positions of the Galileo system satellites and the user’s receiver in the geocentric coordinate
system. Variant number 1.

2. Materials and Methods

This section describes the methodology of creating selected models used in GNSS
Galileo to determine the position of the user’s receiver. We also obtained equations with
which we determined the position of the GNSS Galileo user’s application and verified its
accuracy. An analysis of the influence of the constellation of GNSS Galileo satellites on the
precision of determining the position of the user’s receiver was also performed.

2.1. Selecting the Location of the User’s GNSS Galileo Receiver and Satellites

Next, we will present the essence of positioning using the Galileo system. In Figure 1,
we present the positions of the Galileo satellites (E26, E24, E9, and E1) at UTC 05:30:12 pm,
31 December 2023.

The coordinates of the individual satellites and the reference point are written down
in Table 1.

Table 1. Coordinates of Galileo system satellites and the user’s receiver. Variant number 1.

Name X, m Y, m Z, m
GSAT0203 (E26) 3,377,247.0 28,079,223.0 8,771,714.0
GSAT0205 (E24) 21,180,560.0 —20,423,644.0 3,104,781.0
GSAT0209 (E9) 20,007,875.0 —9,754,554.0 19,510,975.0

GSAET10210 9,391,888.0 14,368,898.0 24,119,456.0
ARP KSC +300.0 m 3,934,235.0 1,529,238.0 4,766,291.0

Satellite positions are shown in blue, and the Galileo P system user (receiver) is in red.
The distances between point P (x,y,z) and the individual satellites are marked di, i = 1-4.
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Point P (Galileo GNSS user) is above the Kosice airport reference point, at a height of 300 m
above this point.

Assume that the position of the Galileo system satellites (x;, y;, z;), wherei=1to 4 and
the distances d;_r are known. We can then calculate position point P (x,y,z). We determine
the position of P based on the solution of equations with three unknowns. The distances
dip,1=1,2,3,4, are determined according to the equation:

di_p= \/(x — x,-)2 +(y— yi)2 +(z— zl-)z,wherei = 1to4. (1)

As a rule, the satellite’s time base (clock) and the user’s receiver are not synchronous.
This fact may cause errors in the determination of d;_r. We assume that the satellite is
broadcasting the data at time t;z. Let t,r be the time of receiving this message. The
following applies to the value of d;_r:

di_g = c(tye — tir) = c- T;p, where cis the speed of light, i = 1to 4. )

The d;_f distances can be loaded with many errors, so they are referred to as pseudo-
distances. Therefore, d;_r is a pseudo-distance. We write the shift of the receiver’s clock by
At as a distance as follows:

b=c-At 3

We express the distance D;_r like this:
Dip=dig—b, 4

where i =1 to 4, d;_r is the pseudo-distance, D; is the true distance, and b is measurement
inaccuracy. The time At is proportional to the synchronization error.
For the position of user P, we apply:

(diip—b)=c-(t_g— At) = \/(X )+ —y) + (z—z) ()

wherei=1to 4.
We modify relation (5) as follows:

(x—x) 2+ Wy—vy)*+(z—2z)— (—b+ d,‘_};)2 =0, wherei = 1to4, (6)

x, Y, z is the location of user’s P,

Xi, Yi, z; are the coordinates of the satellite,

d;_g is the distance from the user’s receiver to satellites,

T; is the time that is proportional to the distance of the satellite from the user’s receiver,
At is the shift of the receiver’s and satellite’s time bases,

b is the distance proportional to the shift of the time bases of the receiver and the satellite.

2.2. Algorithms for Determining the Coordinates of the Receiver

The coordinates of receiver P are equal to [26]:

(x —x1) 2+ (y =) °+(z—z1)>— (~b+di_g)* =0, (7)
(x = x2) 2+ (y—y2)* + (z—22) >~ (~b+drg)* =0, ®)
(x = x3) 2+ (y—y3) >+ (z—23) * = (~b+ds_g)* =0, )
(x—x) 2+ (y — y)* +(z—2)* — (~b+dyp)* =0, (10)

where di_g, dy_g, d3_g, and dy_g are the distances from the Galileo satellites to the user’s receiver,

X1, Y1, z1 are the coordinates of GALILEO E26,
X2, Yo, 2p are the coordinates of GALILEO E24,
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x3, Y3, z3 are the coordinates of GALILEO E9,

X4, Ya, 24 are the coordinates of GALILEO E19,

x, Y, z are the coordinates of the receiver of the Galileo system user,
b is the shift of the user’s receiver time base converted to distance.

Modifying Equations (10) and (7), we obtain [26]:
f1a = x14X + Y14y + d1ab + €14 (11)

Modifying Equations (10) and (8), we obtain [26]:
foa = Xo4X + Youy + 204z + boab + e (12)

Modifying Equations (10) and (9), we obtain [26]:
fas = X34X + y3ay + 234z +das b+ e (13)

This way, we obtain relations for three unknowns based on (11)—(13). In the following
calculation, we used the method of multi-polynomial resultants [28].
Functions f;_3 have the shape [26]:

fi = (x1ax +dab +ews) k+y1ay + 2142, (14)
fo= (x24x +dgpb + e24) k + youy + 2247, (15)
f3= (x34x +dazb + e34) k+ yasy + 2342 (16)
Let k be the homogenization factor. Then Jacobi’s determinant for x (14)—(16) has a
shape [26]:
af df dfy
dy dz dk
J, =det| 42 df2 af, (17)
dy dz g
dy dz dk

Functions f4 ¢, for the y coordinate, have the shape [26]:

f4 = (y14y+d41b+el4) k+ x14x + z142 (18)
f5= (y24y +dab +eos) k+ x04 X + 2042, (19)
fo= (y3ay + dasb + e34) k4 x34x + 2342 (20)

Then Jacobi’s determinant for y (18)—(20) has a shape [26]:

dfs  dfs df,
dx dy gk
— d d
J, = det % diys %5 (21)
dfe  dfe dfe
dx dy dk

Functions f;_g, for the z coordinate, have the shape [26]:
f7 = (2142 + d41b + 614) k+ X14X + Y4Y, (22)

fs = (Z24Z + d42b + 624) k + Xo4X + YoaY, (23)
f9 = (2342 + dgsb + 634) k+ x34x + Y34Y. (24)
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Then Jacobi’s determinant for z (22)—(24) has a shape [26]:

afy  dfr - afy
dx dy dk
), =det| dfs  dfs dfg (25)
dx dy d
ify dp dh
dx dy dk

We calculated the determinants Jx, Jy, and Jz from Expressions (17), (21), and (25).
Subsequently, we insert expressions for x, y, and z into Equation (7) and obtain a quadratic
function [26]:

Ab?> +Bb+C =0 (26)

Equation (26) has two roots: b+ as P (x+, y+, z+) and b— as P (x—, y—, z—). We obtain
a satisfactory solution by calculating the norm [26]:

norm = \/x2+y?+z2, (27)

The correct solution will be the one for which the standard has a value close to the
earth’s radius [28]. We do not present detailed calculations according to Equations (11) to
(27) for better readability of the article.

Utilizing the algorithms (1)—(27), a simulation of the Galileo system’s ability to deter-
mine the user’s receiver position was conducted. We investigated how the accuracy of
determining the point P changes depending on the accuracy of the d; r measurement. To
replicate the errors of the d; r distance measurements, 12 generators of normally distributed
numbers with a mean value of 0 and a mean square deviation of 1 were employed. These
generators were instrumental in simulating the errors of the coordinates AXi, AYi, and AZi,
i =1-4, of the Galileo system satellites. The magnitude of the errors of the coordinates of
individual satellites AXi, AYi, and AZi, i = 1-4, was determined by the constant k, which
was used to scale the output values of 12 generators of random numbers x,, y¢,, andzg,,
i =1-4. For instance, the expression of the errors AX; is as follows:

AXi = xgi -1 (28)

The mean value and the mean square deviation of errors AXi are equal to:

MAx; = mxgi . l,i =14, (29)
UAx, = Ungi - Li =14 (30)

where m,,; and Uigi are the mean value and the mean square deviation of the random

numbers from the output of the generator, respectively.
We added the generated coordinate errors AX;, AY, and AZ; to the exact coordinates
of the satellites. We express the imprecise coordinates of the Xin satellites as follows:

Xin = X;+ A, i = 1-4. 31)

By relations (1) and (31), we calculated the pseudo-distances of user P to individual
satellites d;_ :

dip= \/(x — Xin) ? + (y = Yin) 2 +(z—zin) 2/ wherei =1-4. (32)
The distance measurement errors of user P to individual satellites Ad;_f are equal to:

Adi—E :di—E_Di—Eli: 1,2,3,4. (33)
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The flowchart of the calculation according to algorithms (1) to (33) is listed in Figure 2.
First, the satellites’ coordinates were entered, and then, using the constant /, random
errors were generated in the coordinates of the Galileo system satellites AX;, AY;, and AZ;,
i =1-4 according to the relationship (28). Based on these errors, the fictitious position of
each satellite was calculated, and the d;_g pseudo-distances were determined according to
relationship (32). The exact D;_r distances from the receiver to the satellites were determined
according to the entered accurate coordinates for the satellites and point P. Subsequently,
errors were generated measuring the distance Ad;_r according to relationship (33). Then,
the position of the user’s receiver P(x,y,z) according to the relationships (7) to (27) was
determined. Errors in determining the position of the user’s coordinates P(x,y,z) were
determined by comparing his exact coordinates P(x,y,z) and the calculated coordinates x,,
Ye, and z. according to relations (7) to (27):

Ax=x—x;Ay=y —y;Az=2z— 2, (34)

——| Calculation of the | Enl_ering satellil‘e t . |Generation of random
distance D coorcinales, constan coordinate errors
¢ A 4
Calculation of the | Calculation °t. »
distance d, < erroneous satellite <
- coordinates
v \ 4
X >
Calculation of the . C ion of the
Adi.gerror position P
v \ 2
Display ; Calculation of
Adie positioning errors
Display
Ax Ay, Az, AP

Figure 2. Simulation procedure.

The error in determining the position of the user’s AP (x,y,z) was determined by
comparison of the actual and calculated positions of the user’s receiver:

AP(xy,z) = (AX® + Ay2 + Az%)05, (35)
The results obtained were recorded graphically.

3. Results and Discussion

Through simulation, we verified the accuracy of the created algorithms. To evaluate
the derived algorithms, we used a statistical set consisting of 500 simulation results of
determining the position of the user’s receiver. These results determined the monitored
parameters’ mean values and mean square deviations. Further, we will present only the
essential results of our research so that the article is clear and understandable. We set the
constant k equal to 0 and therefore d;_r = D;_r. The mean values of m, and the mean
square deviations of errors 03 for determining the coordinates of user P for this case are
shown in Table 2.
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Table 2. Accuracy of user’s receiver coordinate calculation for k = 0.

Name AX, (m) AY, (m)
mp, (m) —~1.86 x 1078 —8.64 x 1077
03, m? 0.0 0.0

The results presented in Table 2 show that Equations (1) to (33) are correct. The error
values shown in Table 2 were caused by a numerical error in the calculation due to the
software used. Furthermore, we checked the appropriateness of the mentioned procedure

for different values of constant k. Figures 3—15 show the results of the calculations.

We checked how the errors Ad;_f affect the calculation positions of the user’s receiver.
The errors Ad;_g were simulated using Equations (28) to (34). The distance determination

errors were random for each satellite.

We changed the constant / from 0.01 to 5. The simulation results for [ = 0.02 are shown

in Figure 3. If [ = 0.02, the errors Ad,_r varied from —0.05 m to 0.09 m.
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Figure 3. Distance measurement errors Ad;_p for [ =0.02.
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Figure 4. Errors of coordinates AX, AY, AZ, and position AP of the user’s receiver for / = 0.02.



Electronics 2024, 13, 4769 9o0f17

A A o e e

Number of simulations
Error determining the Y coordinate

e g

500

AX [meter]
w0 o w

AY[meter]
N O N

=)

Number of simulations
Error determining the x coordinate Z

it N o

Number of simulations
Error measuring the user receiver position AP

oA

Number of simulations

ax

AZ [meter]
LA o

s
=)

d

AP[meter]

Figure 5. Errors of coordinates AX, AY, AZ, and position AP of the user’s receiver for I = 0.08.
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Figure 6. Errors of coordinates AX, AY, AZ, and position AP of the user’s receiver for [ = 0.2.
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Figure 10. Positions of the Galileo system satellites and the user’s receiver in the geocentric coordinate

system. Variant number 2.

From Figure 4, we can conclude that even minor errors Ad;_r significantly impact
the accuracy of determining AP. If the errors Ad;_r varied from —5.0 cm to 9.0 cm, then
the error AP was from 0 to 1.2 m. Next, we changed the value of / and determined the
coordinates’ errors AX, AY, AZ, and AP.

Figure 5 shows the simulation results for [ = 0.08. If the constant k was equal to 0.08,
the errors AX, AY, and AZ varied from —0.2 m to 0.2 m, while the errors AP ranged from
0to4.9m.

Figure 6 shows the simulation results for [ = 0.2. If the constant 1 was equal to 0.2, the
errors AX, AY, and AZ varied from —0.5 m to 0.5 m, while the errors AP ranged from 0 to
11.8 m. We have gradually checked the errors AP for more significant errors Ad;_g. The
simulation results confirmed that if the Ad;_f error increases, the accuracy of determining
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the position of the user’s receiver deteriorates. This is due to the method of calculating
the position of the user’s receiver, which requires the user to know the exact position
of the satellites and his distance from cooperating satellites. Figure 7 shows the mean
values (MVs) of the receiver’s position determination errors (PDEs) mAP depending on the
constant .
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04
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00 001 002 003 0.04 005 006 007 0.08 009 01
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Figure 11. The MVs of the receiver’s PDEs mAP depend on the constant /. Variant no. 2.
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Calculations confirmed that as Ad;_r (depends on k) increased, the MVs of the re-
ceiver’s PDEs mup increased. During the simulations, / was changed from 0 to 0.1, corre-
sponding to the errors Ad;_r from —0.4 m to 0.25 m. The MVs of the receiver’s PDEs map
varied from 1.94 x 1078 m to 1.69 m. The mean square deviation (MSD) of the receiver’s
PDEs depending on the constant / is shown in Figure 8.

Even in this case, calculations confirmed that as Ad;_r (depends on k) increased,
the MSD value of the receiver’s PDEs 02 ,p also increased. During the simulations, the
constant k was changed from 0 to 0.1, and the mean square deviation value of the receiver’s
positioning error varied from 2.74 x 1074 m? to 1.22 m2.

Figure 9 shows the MVs of the receiver’s PDEs map depending on the constant
[=0.1to01.0. The simulation confirmed that distance measurement errors significantly
impact the user’s receiver’s PDEs. The values of mpp ranged from 1.47 m to 15.0 m.

We observed how the value of the PDEs of the receiver’s P depends on the position of
the Galileo system satellites. The positions of the Galileo satellites were randomly selected
to be visible to the user’s receiver. We called this experiment variant number 2. The position
of the Galileo system satellites according to variant number 2 is shown in Figure 10.

The coordinates of the Galileo system satellites according to variant number 2 are listed
in Table 3. The date is 31 December 2023, at 03:18:26 pm. We chose the same simulation
conditions as for variant 1, to compare the results.



Electronics 2024, 13, 4769

13 of 17

Table 3. Coordinates of the Galileo system satellites and the user’s receivers. Variant number 2.

Name X, m Y, m Z, m
GSAT0203 (E26) 10,379,917.0 21,718,209.0 17,229,827.0
GSAT0205 (E24) 11,532,457.0 11,532,457.0 12,223,933.0
GSAT0209 (E9) 20,231,485.0 20,231,485.0 12,113,692.0

ng(;210 12,293,393.0 17,140,283.0 20,762,710.0
ARP KSC 3,934,235.0 1,529,238.0 4,766,291.0
+ 300.0 m

First, we investigated the PDEs of the user’s receiver, provided that the receiver has
the coordinates of visible satellites and the exact distances to these satellites available. The
MVs and the mean square deviation of errors in the coordinates of the user’s receiver P for
variant no. 2 and I = 0.0 have been meticulously analyzed and are presented in Table 4.

Table 4. MVs m_A and variance O‘i of user P coordinate errors.

Name AX, m AY, m AZ, m
mp,m —6.5192 x 10~ —2.5611 x 1077 9.3132 x 10~10
025, m2 0.0 0.0 0.0

Calculations have shown that if we have the correct coordinates of the Galileo satellites
and the exact distances of the user’s receiver from these satellites, the Galileo system will
accurately determine the receiver’s position. Figure 11 shows the MVs of the receiver’s
PDEs depending on the constant I.

In this case, calculations confirmed that as Ad;_g increased, the MVs of the receiver’s
PDEs mpp increased as well. During the simulations, the constant / was changed from 0 to
0.1, corresponding to the errors Ad;_r from —0.4 m to 0.25 m. The MVs of the PDEs map
varied from 1.06 x 10~7 m to 0.72 m. The MSD of the receiver’s PDEs 02 5p depending on
the constant /, is shown in Figure 12.

We performed simulations to determine the position of the user’s receiver P using the
Galileo system according to variant number 2. The simulations show that with the increase
in the Ad;_g, the MSD of the receiver’s position determination error increased. During the
simulations, the constant / was changed from 0 to 0.1, and the mean square deviation value
of the receiver’s positioning error varied from 2.74 x 10746 m? to 0.12 m?.

Another experiment was carried out to check how the PDEs of the user’s receiver
depends on the constellation of the Galileo system satellites, which we called variant
number 3. The coordinates of satellites according to variant number 3 are shown in
Figure 13.

The coordinates of the Galileo system satellites, specifically for variant number 3, are
detailed in Table 5, dated 12 June 2023, at UTC 06:40:02 am. These data are crucial as it
forms the basis for our evaluation of the Galileo system’s accuracy in determining the
position of the user’s receiver P, assuming P has access to the precise coordinates of visible
satellites and their respective distances. In this scenario, the constant [ = 0.

Table 6 shows the MVs and MSD errors for determining the coordinates of the user’s
receiver P for variant no. 3 and / = 0.0.

Also, in this case, the Galileo system correctly determines the user’s position based on
the actual location of the Galileo system satellites and the precise distances of the user’s
receiver to these satellites. Next, further simulations were performed, in which the constant
I'had values from 0.0 to 0.1. Figure 14 shows the MVs of the receiver’s PDEs mp depending
on the constant k.
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Table 5. Coordinates of Galileo system satellites and the user’s receiver. Variant no. 3.

Name X, m Y, m Z, m
GSAT0203 (E26) 15,808,595.0 15,954,099.0 19,285,449.0
GSAT0205 (E24) 2,328,508.0 25,483,057.0 14,835,096.0
GSAT0209 (E9) 12,821,768.0 24,872,048.0 9,673,128.0

ng(;210 18,217,144.0 13,516,486.0 19,013,602.0
ARP KSC 3,934,235.0 1,529,238.0 4,766,291.0
+ 300.0 m

Table 6. MVs mp and variance ci of user P coordinate errors.

Name AX, m AY, m AZ, m
mp,m —1.30 x 108 —3.80 x 1078 —2.60 x 10~8
025, m? 0.0 0.0 0.0

Figure 14 shows that if the error Ad;_f increased (increasing the constant /), the map
increased. If [ = 0 to 0.1, which corresponds to the errors Ad;_r from —0.4 m to 0.25 m, the
MVs of the receiver’s PDEs mup varied from 4.86 x 1078 m to 2.09 m. The dispersion of the
receiver’s position determination errors depending on the constant k is shown in Figure 15.

Even with the position of the Galileo system satellites according to variant 3, the
simulation results confirmed that the increase in the Ad;_r increased the dispersion of
the receiver’s position determination error. During the simulations, the constant / = 0 to
0.1 and the mean square deviation value of the receiver’s positioning error varied from
143 x 107* m? t0 2.18 m?.

Table 7 shows the MVs mp and MSD o3 errors for determining the coordinates of
the user’s receiver P for variants 1 to 3 and / = 0.0 to 0.1. We chose three variants of the
satellite’s location. Each variant was selected on a different day and time. The simulation
conditions were the same for each variant. The results of the accuracy comparison are
shown in the following tables.

Table 7. Mean values mp and MSD (7% of errors position of receiver P. Variants 1 to 3.

Variant map, m 0% p, m* muy, m mpy, m myz, m
No. 1=0.0 1=0.1 1=0.0 1=01 1=0.0 1=01 1=0.0 1=01 1=0.0 1=01
1. 1.9 x 1078 1.69 2.7 x 1074 1.22 -18x108 —015 —86x10"2  0.063 1.8 x 107 —0.024
2. 7.0 x 107° 0.72 2.4 x 1074 0.12 —-65x107° —0.014 -25x10"° —0.009 93 x 1071  —0.004
3. 48 x 1078 2.09 1.9 x 1074 2.18 -13x10% 0035 -38x10% 0074 -26x10"%  0.033

Research has confirmed the fact that the position of the Galileo satellites affects the
system’s ability to determine the user’s position. Tables 7 and 8 clearly show that with the
same simulation conditions and different positions of the satellites, the errors in measuring
the position user P were not approximately the same.

Table 8. Maximum errors of determining the coordinates and position of receiver P. Variants 1 to 3.

Variant 1=01
No. AXmax, m AYmax, m AZmax, m AI"'max, m
1. 5.2 2.04 —15 5.9
2. —1.8 1.1 1.5 2.2

3. 7.8 —6.3 —4.2 7.8
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The research results shown in Figures 3 to 15 and Table 7 show that the errors Ad;_¢
significantly affect the accuracy of the determination of receiver P. It was verified that
distance measurement errors between 0.05 and 0.09 m caused positioning errors AP of up
to 1.2 m. The simulation confirmed that determining the quality of the user’s receiver using
the mean value of the receiver’s positioning error is inappropriate. Errors may occur in
individual measurements of the receiver’s position, which are several times greater than
the mean value of the user’s receiver’s PDEs. For example, in variant number 3, for I = 0.1,
the MV of the X-coordinate determination error is AX = 3.50 x 10~2 m. Still, the maximum
X-coordinate determination error was equal to 7.08 m (see Tables 7 and 8).

4. Conclusions

Current trends in the research of satellite navigation systems confirm that they are
important in air transport. High demands are placed on the quality of services provided
by the Galileo system. Our research aimed to find out what influence the accuracy of
determining the distance between the Galileo system user’s receiver and cooperating
satellites d;_ has on the ability to determine the position of the user P. The user’s receiver
position measurement model was developed using Groebner’s algebraic approaches.

When creating distance measurement error models between the Galileo system user’s
receiver and cooperating satellites, we assumed that the values of these errors consider
all factors that affect the accuracy of these distance measurements. Determining the
relationship between the accuracy of the receiver-to-satellite distance measurement and the
accuracy of the user’s receiver positioning allows new methods to be developed to achieve
greater accuracy when determining the position result.

To evaluate the algorithms mentioned, we used a statistical file containing the results
of 500 simulations of determining user P’s location. These results determined the absolute,
MYV, and MSD errors monitored parameters. Suppose the distances d;_r were measured
accurately, errors AX, AY, and AZ ranged from 1.86 x 1072 mto —1.86 x 1078 m. These
errors should be equal to zero and were caused by a numerical error in the calculation due
to the software used. In our contribution, we determined the requirements for the accuracy
of the distance measurement between the Galileo system user’s receiver and the satellites
that determine its position.

For example, if the absolute errors of measuring the distance d;_r varied from —0.05m
to 0.09 m, the absolute error AP ranged from 0 to 1.2 m. In the case of variant number one,
if the constant [ = 0.01 to 0.1, then the MVs of the receiver’s PDEs ranged between 0.14 m
and 1.69 m. The mean square deviation of the PDEs receiver varied from 0.01 m? to 1.22 m?.
In the case of variant number three, if the constant [ = 0.01 to 0.1, then the MVs of the PDEs
receiver ranged from 0.21 m to 2.09 m. The mean square deviation of the PDEs receiver
varied from 0.02 m? to 2.18 m?.

The simulation results confirmed that the data on the accuracy of determining the
coordinates of the user’s receiver of the Galileo system must be treated very carefully,
especially if it is a mean error value. In the following research, we will solve the problem of
reducing the telemetry method’s sensitivity to errors in measuring d;_r when determining
the position of the satellite navigation system user’s receiver.
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