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INTRODUCTION

The European Geostationary Navigation 
Overlay Service (EGNOS) assistance system, 
apart from its basic application in air transport 
[1], can also be used in road transport [2]. It is 
particularly prominent in the area of intelligent 
transport system infrastructure, i.e., in intelligent 
mobile applications, safety-critical applications, 
payment and financing-critical applications, reg-
ulated applications, and intelligent tachographs. 
All these applications make SBAS systems 
extremely important for road transport. In addi-
tion, smart mobile applications can be used to find 
information on navigation applications, improve 
Global Positioning System (GPS) positioning, 

and increase the accuracy of determining the 
coordinates of motor vehicles [3, 4]. At this point, 
it is also worth mentioning the phenomenon of 
vehicle fleet management and traffic monitoring 
[5]. According to safety requirements [6], the use 
of the EGNOS system in road transport allows 
for the location of a motor vehicle with an accu-
racy of 5–20 m. Other criteria and requirements 
for road transport include: alarm systems, road 
transport management, traffic control, collision 
avoidance, road accident data collection, and road 
infrastructure management [6]. In addition to the 
general requirements, road transport also involves 
an increase in the number of motor vehicle users 
in the European Union due to the urgent need to 
use Global Navigation Satellite System (GNSS) 
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satellite systems [7], including the EGNOS sup-
port system [8]. This is, of course, possible thanks 
to the basic service of the EGNOS support system, 
i.e. the OS (Open Service) [9]. As part of the OS 
service, users can primarily use EGNOS correc-
tions [10] to determine their kinematic position 
and increase the accuracy of coordinates obtained 
for car navigation in road transport. The availabil-
ity, continuity, and reliability of satellite position-
ing [11, 12] also remain indispensable parameters 
thanks to the use of the EGNOS system.

BACKGROUND

The EGNOS assistance system has been used 
repeatedly in road transport and subsequently 
described in the literature on the subject of the 
article. It is therefore worth mentioning the fol-
lowing areas of research:
	• GPS kinematic positioning with real-time 

EGNOS corrections for car navigation [13], 
with positioning accuracy greater than 2 m;

	• analysis of the potential use of the EGNOS 
system in cargo transport in heavily urban-
ized areas [14–16], the positioning accuracy 
obtained drops to over 50 m in the case of 
heavily urbanized areas with large buildings;

	• development of algorithms for simulating 
dynamic GPS/EGNOS positioning in the Mat-
lab environment for car navigation [17], the 
positioning accuracy obtained was up to 3 m, 
only in single measurement epochs did the 
accuracy drop to about 50 m;

	• determining the integrity parameter of GPS/
EGNOS positioning in real time using cor-
rections from GEO satellites and the SISNeT 
service [18–21], integrity values in the form 
of the HPL (Horizontal Protection Level) 
parameter do not exceed 15 m when using 
EGNOS corrections from GEO satellites, and 
when using the SISNeT service, they even fall 
below 20 m;

	• use of data from the EDAS (EGNOS Data 
Access Service) to determine the location of 
road vehicles [22]; the study also used RAIM 
(Receiver autonomous integrity monitoring) 
algorithms for GNSS receivers, improving 
positioning accuracy from 2.6 m to 1.3 m;

	• use of Galileo and EGNOS systems to moni-
tor and track the transport of dangerous goods 
[23]; the integration of GPS+EGNOS and 

Galileo data significantly improved position-
ing in road transport;

	• application of the EGNOS system for moni-
toring regulated road tolls [24–26];

	• use of the EGNOS system for the development 
and deployment of the eCall system in motor 
vehicles within the European Union [27];

	• development and implementation of the CoVel 
system based on EGNOS and providing infor-
mation on the location of a car in relation to 
other motor vehicles [28];

	• use of a GNSS sensor (including the EGNOS 
system) and other navigation sensors in the 
construction of an intelligent motor vehicle 
prototype [29];

	• development of mobile, location and mapping 
applications using the EGNOS system [30];

	• monitoring the quality of the GPS+EGNOS 
signal in road applications in urban areas [31];

	• presenting the possible contribution of the 
EGNOS system in the field of ITS (Intelligent 
Transport System) development [32];

	• using the EGNOS system to build a position-
ing, mapping, and communication system 
CVIS (co-operative vehicle infrastructure sys-
tems) for Europe [33, 34];

	• studying the availability parameter of 
GPS+EGNOS positioning in car navigation 
[35, 36];

	• using the EGNOS support system to monitor 
road transport in Africa [37];

	• monitoring changes in the coordinates of 
local GNSS reference stations receiving the 
EGNOS signal for their potential use in posi-
tioning in road transport [38];

	• using the EGNOS support system in multi-
modal transport in the European Union [39];

	• development of an integrated positioning sys-
tem for car navigation based on INS, Com-
pass, GPS, EGNOS supported by the SISNeT 
service [40, 41];

	• concept for the development of the EGNOS 
system from version v2 to v3 for the purpos-
es of transport development, including road 
transport [42, 43];

	• analysis of the accuracy of GPS/EGNOS posi-
tioning in urban areas [44], with positioning 
accuracy exceeding 10 m;

	• analyses of the accuracy of GPS/EGNOS posi-
tioning in relation to GPS positioning alone 
in road transport [45]; the use of the EGNOS 
system improved positioning in urban envi-
ronments by 10% to 30%;
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	• use of the EGNOS system for mapping and 
determining road geometry and topology [46]; 

	• extension of the EGNOS system to North 
Africa and the Middle East for road transport 
monitoring [47];

	• development of the GINA (GNSS for Inno-
vative Road Applications) demonstrator for 
calculating charges in car navigation using 
EGNOS and Galileo [48].

The conclusions that can be drawn from the anal-
ysis of the current state of knowledge are as follows:
	• the problem of determining the kinematic 

position of a motor vehicle has often been dis-
cussed in scientific publications [13–23, 35, 
36, 44–47],

	• the problem of determining the accuracy of 
kinematic positioning has also been presented 
in publications [13–23, 35, 36, 44–47],

	• the EGNOS system has been used in conjunc-
tion with other navigation systems such as 
GPS and Galileo [23, 48],

	• the EGNOS system was very often used in 
payment applications [24–27, 48],

	• the EGNOS system was very often used in 
mobile, location and navigation applications 
[23, 28, 30, 33, 34],

	• the EGNOS system was used extensively to 
test the quality of GNSS positioning in road 
transport [18–21, 31, 35, 36].

	• the EGNOS system was actively used in various 
branches of road transport [14–16, 32, 37, 39].

RESEARCH PROBLEM

As the analysis of the state of knowledge 
shows, most studies focused on GPS+EGNOS 
positioning itself and the accuracy parameter. In 
this case, it is worth noting that both GPS alone 
and GPS with EGNOS corrections were used for 
GNSS positioning. What is more, the European 
Galileo system was also used in road transport 
in the literature on the subject. The satellite posi-
tioning process itself was based mainly on the use 
of a single GNSS receiver in car navigation. Of 
course, navigation applications also used mobile, 
location, and map data from other sensors. How-
ever, ultimately, it was the GPS and EGNOS sys-
tems that formed the basis for determining the 
kinematic position. This raises the question of 
how to determine the position of a motor vehi-
cle in which several GNSS receivers with GPS/

EGNOS positioning options are installed. Addi-
tionally, what mathematical model should be pro-
posed to determine the kinematic coordinates of 
a motor vehicle? This study used an algorithm 
to determine the coordinates of the center of the 
segment connecting two GNSS receivers placed 
on the roof of a car while driving. A total of four 
GNSS receivers were used for this purpose, two 
for each geometric segment. From there, the 
coordinates of the center point for two indepen-
dent sections that intersected at a single location 
were determined, where a fifth GNSS receiver 
was installed to verify the coordinates obtained 
from the GPS/EGNOS solution. This made it pos-
sible to determine the coordinates of the center of 
the car while driving. The aim of the work was to 
determine the accuracy of GPS/EGNOS position-
ing for the proposed algorithm and calculation 
strategy. The most important contribution of the 
author to the presented publication is:
	• the development of a new algorithm for deter-

mining the kinematic position of a motor vehi-
cle from the GPS/EGNOS solution,

	• the use of an algorithm for determining the 
coordinates of the center of a section for the 
purpose of determining the kinematic position 
of a motor vehicle,

	• the development of a computational strategy 
for determining the kinematic position of a 
motor vehicle based on a multi-receiver GPS/
EGNOS solution.

	• determination of the accuracy characteristics 
of GPS/EGNOS kinematic positioning in road 
transport.

MATERIALS AND METHODS

A computational strategy based on multi-
receiver GPS/EGNOS positioning in car navi-
gation was used to solve the research problem. 
Specifically, four GNSS receivers were placed on 
the roof of a car during the research. Two pairs of 
GNSS receivers were created to form geometric 
segments, as shown in Figure 1. Receiver No. 1 
forms a segment with receiver No. 2, and receiver 
No. 3 with receiver No. 4. Receivers No. 1–4 are 
Topcon HiperPro receivers [49]. In addition, a 
Septentrio Asterx2i GNSS receiver [50], marked 
as No. 0, was mounted in the middle of the beam. 
GNSS receivers were installed on a Subaru For-
ester 2.0. The car was manufactured in 2003 with 
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a 4-cylinder Boxer gasoline engine. The Subaru 
model belongs to the Forester II generation, 
which was produced between 2002 and 2008. 
The car has an engine capacity of 1994 cm3 and 
a power output of 130 kW. The maximum weight 
of the car is 1880 kg, and it has 5 passenger seats 
[51, 52]. The Subaru can be used for urban driv-
ing, longer journeys, and family trips. 

Each of the GNSS receivers No. 1–4 collect-
ed GPS+EGNOS data. On this basis, the kine-
matic coordinates of the car’s movement were 
determined every 1 s. The kinematic position was 
expressed in BLh ellipsoidal coordinates [53], 
and the calculations were performed in RTKLIB 
v.2.4.3 [54]. In turn, the coordinates of the central 
receiver No. 0 were determined with an accuracy 
greater than 0.05 m in Emlid Studio v.1.9 [55] 
using a precise DD (Double Difference) phase 
solution in post-processing mode [56]. Receiver 
No. 0 is the reference for the determined kine-
matic coordinates from the GPS/EGNOS solution 
within the developed research methodology. In 
addition, for each GNSS receiver, the characteris-
tics of the antenna phase center were determined 
based on the ANTEX format from IGS service 
[57]. With the GPS/EGNOS kinematic coordi-
nates determined for receivers No. 1–4, it is pos-
sible to create an equation of the coordinates of 
the center of the segments for the two pairs No. 
1-No. 2 and No. 3-No. 4 in the form:

	 𝐵𝐵𝑚𝑚 = {
𝐵𝐵𝑛𝑛𝑛𝑛1+𝐵𝐵𝑛𝑛𝑛𝑛2

2
𝐵𝐵𝑛𝑛𝑛𝑛3+𝐵𝐵𝑛𝑛𝑛𝑛4

2
 (1) 

 

𝐿𝐿𝑚𝑚 = {
𝐿𝐿𝑛𝑛𝑛𝑛1+𝐿𝐿𝑛𝑛𝑛𝑛2

2
𝐿𝐿𝑛𝑛𝑛𝑛3+𝐿𝐿𝑛𝑛𝑛𝑛4

2
 (2) 

 

ℎ𝑚𝑚 = {
ℎ𝑛𝑛𝑛𝑛1+ℎ𝑛𝑛𝑛𝑛2

2
ℎ𝑛𝑛𝑛𝑛3+ℎ𝑛𝑛𝑛𝑛4

2

 (3) 

 

{
𝛥𝛥𝐵𝐵 = 𝐵𝐵𝑚𝑚 − 𝐵𝐵𝑛𝑛𝑛𝑛0
𝛥𝛥𝐿𝐿 = 𝐿𝐿𝑚𝑚 − 𝐿𝐿𝑛𝑛𝑛𝑛0
𝛥𝛥ℎ = ℎ𝑚𝑚 − ℎ𝑛𝑛𝑛𝑛0

  (4) 

 

{
  
 

  
 RMSΔB = √[ΔB

2]
N

RMSΔL = √[ΔL
2]

N

RMSΔh = √[Δh
2]

N

  (5) 

 
𝐵𝐵𝑚𝑚 = 𝐵𝐵𝑛𝑛𝑛𝑛1+𝐵𝐵𝑛𝑛𝑛𝑛2+𝐵𝐵𝑛𝑛𝑛𝑛3+𝐵𝐵𝑛𝑛𝑛𝑛4

𝑟𝑟  (6) 
 
𝐿𝐿𝑚𝑚 = 𝐿𝐿𝑛𝑛𝑛𝑛1+𝐿𝐿𝑛𝑛𝑛𝑛2+𝐿𝐿𝑛𝑛𝑛𝑛3+𝐿𝐿𝑛𝑛𝑛𝑛4

𝑟𝑟  (7) 
 
ℎ𝑚𝑚 = ℎ𝑛𝑛𝑛𝑛1+ℎ𝑛𝑛𝑛𝑛2+ℎ𝑛𝑛𝑛𝑛3+ℎ𝑛𝑛𝑛𝑛4

𝑟𝑟  (8) 
 
 

	 (1)

	

𝐵𝐵𝑚𝑚 = {
𝐵𝐵𝑛𝑛𝑛𝑛1+𝐵𝐵𝑛𝑛𝑛𝑛2

2
𝐵𝐵𝑛𝑛𝑛𝑛3+𝐵𝐵𝑛𝑛𝑛𝑛4

2
 (1) 

 

𝐿𝐿𝑚𝑚 = {
𝐿𝐿𝑛𝑛𝑛𝑛1+𝐿𝐿𝑛𝑛𝑛𝑛2

2
𝐿𝐿𝑛𝑛𝑛𝑛3+𝐿𝐿𝑛𝑛𝑛𝑛4

2
 (2) 

 

ℎ𝑚𝑚 = {
ℎ𝑛𝑛𝑛𝑛1+ℎ𝑛𝑛𝑛𝑛2

2
ℎ𝑛𝑛𝑛𝑛3+ℎ𝑛𝑛𝑛𝑛4

2

 (3) 

 

{
𝛥𝛥𝐵𝐵 = 𝐵𝐵𝑚𝑚 − 𝐵𝐵𝑛𝑛𝑛𝑛0
𝛥𝛥𝐿𝐿 = 𝐿𝐿𝑚𝑚 − 𝐿𝐿𝑛𝑛𝑛𝑛0
𝛥𝛥ℎ = ℎ𝑚𝑚 − ℎ𝑛𝑛𝑛𝑛0

  (4) 

 

{
  
 

  
 RMSΔB = √[ΔB

2]
N

RMSΔL = √[ΔL
2]

N

RMSΔh = √[Δh
2]

N

  (5) 

 
𝐵𝐵𝑚𝑚 = 𝐵𝐵𝑛𝑛𝑛𝑛1+𝐵𝐵𝑛𝑛𝑛𝑛2+𝐵𝐵𝑛𝑛𝑛𝑛3+𝐵𝐵𝑛𝑛𝑛𝑛4

𝑟𝑟  (6) 
 
𝐿𝐿𝑚𝑚 = 𝐿𝐿𝑛𝑛𝑛𝑛1+𝐿𝐿𝑛𝑛𝑛𝑛2+𝐿𝐿𝑛𝑛𝑛𝑛3+𝐿𝐿𝑛𝑛𝑛𝑛4

𝑟𝑟  (7) 
 
ℎ𝑚𝑚 = ℎ𝑛𝑛𝑛𝑛1+ℎ𝑛𝑛𝑛𝑛2+ℎ𝑛𝑛𝑛𝑛3+ℎ𝑛𝑛𝑛𝑛4

𝑟𝑟  (8) 
 
 

	 (2)

	

𝐵𝐵𝑚𝑚 = {
𝐵𝐵𝑛𝑛𝑛𝑛1+𝐵𝐵𝑛𝑛𝑛𝑛2

2
𝐵𝐵𝑛𝑛𝑛𝑛3+𝐵𝐵𝑛𝑛𝑛𝑛4

2
 (1) 

 

𝐿𝐿𝑚𝑚 = {
𝐿𝐿𝑛𝑛𝑛𝑛1+𝐿𝐿𝑛𝑛𝑛𝑛2

2
𝐿𝐿𝑛𝑛𝑛𝑛3+𝐿𝐿𝑛𝑛𝑛𝑛4

2
 (2) 

 

ℎ𝑚𝑚 = {
ℎ𝑛𝑛𝑛𝑛1+ℎ𝑛𝑛𝑛𝑛2

2
ℎ𝑛𝑛𝑛𝑛3+ℎ𝑛𝑛𝑛𝑛4

2

 (3) 

 

{
𝛥𝛥𝐵𝐵 = 𝐵𝐵𝑚𝑚 − 𝐵𝐵𝑛𝑛𝑛𝑛0
𝛥𝛥𝐿𝐿 = 𝐿𝐿𝑚𝑚 − 𝐿𝐿𝑛𝑛𝑛𝑛0
𝛥𝛥ℎ = ℎ𝑚𝑚 − ℎ𝑛𝑛𝑛𝑛0

  (4) 

 

{
  
 

  
 RMSΔB = √[ΔB

2]
N

RMSΔL = √[ΔL
2]

N

RMSΔh = √[Δh
2]

N

  (5) 

 
𝐵𝐵𝑚𝑚 = 𝐵𝐵𝑛𝑛𝑛𝑛1+𝐵𝐵𝑛𝑛𝑛𝑛2+𝐵𝐵𝑛𝑛𝑛𝑛3+𝐵𝐵𝑛𝑛𝑛𝑛4

𝑟𝑟  (6) 
 
𝐿𝐿𝑚𝑚 = 𝐿𝐿𝑛𝑛𝑛𝑛1+𝐿𝐿𝑛𝑛𝑛𝑛2+𝐿𝐿𝑛𝑛𝑛𝑛3+𝐿𝐿𝑛𝑛𝑛𝑛4

𝑟𝑟  (7) 
 
ℎ𝑚𝑚 = ℎ𝑛𝑛𝑛𝑛1+ℎ𝑛𝑛𝑛𝑛2+ℎ𝑛𝑛𝑛𝑛3+ℎ𝑛𝑛𝑛𝑛4

𝑟𝑟  (8) 
 
 

	 (3)

where:	 (Bm, Lm, hm) – estimated central coordi-
nates of car vehicle for two pairs nr 1-nr 
2 and nr 3-nr 4, (Bnr1, Bnr2) – Latitude 
coordinates of GNSS receiver nr 1 and nr 
2, (Lnr1, Lnr2) – Longitude coordinates of 
GNSS receiver nr 1 and nr 2, (hnr1, hnr2) 
– ellipsoidal height coordinates of GNSS 
receiver nr 1 and nr 2, (Bnr3, Bnr4) – Lati-
tude coordinates of GNSS receiver nr 3 
and nr 4, (Lnr3, Lnr4) – Longitude coor-
dinates of GNSS receiver nr 3 and nr 4, 
(hnr3, hnr4) – ellipsoidal height coordinates 
of GNSS receiver nr 3 and nr 4. 

It is worth noting that the coordinates of the 
center of individual geometric segments refer to 
the 3D space for BLh components. On this basis, 
it is now possible to compare the determined 
coordinates of the center of individual segments 
with the reference position expressed by the coor-
dinates of central receiver No. 0. Then it can be 
written that [58]:

	

𝐵𝐵𝑚𝑚 = {
𝐵𝐵𝑛𝑛𝑛𝑛1+𝐵𝐵𝑛𝑛𝑛𝑛2

2
𝐵𝐵𝑛𝑛𝑛𝑛3+𝐵𝐵𝑛𝑛𝑛𝑛4

2
 (1) 

 

𝐿𝐿𝑚𝑚 = {
𝐿𝐿𝑛𝑛𝑛𝑛1+𝐿𝐿𝑛𝑛𝑛𝑛2

2
𝐿𝐿𝑛𝑛𝑛𝑛3+𝐿𝐿𝑛𝑛𝑛𝑛4

2
 (2) 

 

ℎ𝑚𝑚 = {
ℎ𝑛𝑛𝑛𝑛1+ℎ𝑛𝑛𝑛𝑛2

2
ℎ𝑛𝑛𝑛𝑛3+ℎ𝑛𝑛𝑛𝑛4

2

 (3) 

 

{
𝛥𝛥𝐵𝐵 = 𝐵𝐵𝑚𝑚 − 𝐵𝐵𝑛𝑛𝑛𝑛0
𝛥𝛥𝐿𝐿 = 𝐿𝐿𝑚𝑚 − 𝐿𝐿𝑛𝑛𝑛𝑛0
𝛥𝛥ℎ = ℎ𝑚𝑚 − ℎ𝑛𝑛𝑛𝑛0

  (4) 

 

{
  
 

  
 RMSΔB = √[ΔB

2]
N

RMSΔL = √[ΔL
2]

N

RMSΔh = √[Δh
2]

N

  (5) 

 
𝐵𝐵𝑚𝑚 = 𝐵𝐵𝑛𝑛𝑛𝑛1+𝐵𝐵𝑛𝑛𝑛𝑛2+𝐵𝐵𝑛𝑛𝑛𝑛3+𝐵𝐵𝑛𝑛𝑛𝑛4

𝑟𝑟  (6) 
 
𝐿𝐿𝑚𝑚 = 𝐿𝐿𝑛𝑛𝑛𝑛1+𝐿𝐿𝑛𝑛𝑛𝑛2+𝐿𝐿𝑛𝑛𝑛𝑛3+𝐿𝐿𝑛𝑛𝑛𝑛4

𝑟𝑟  (7) 
 
ℎ𝑚𝑚 = ℎ𝑛𝑛𝑛𝑛1+ℎ𝑛𝑛𝑛𝑛2+ℎ𝑛𝑛𝑛𝑛3+ℎ𝑛𝑛𝑛𝑛4

𝑟𝑟  (8) 
 
 

	 (4)

where: (∆B, ∆L, ∆h) – positioning errors of the 
GPS/EGNOS solution, (Bnr0, Lnr0,  hnr0) – 
reference coordinates of car vehicle based 
on DD solution.

The calculated coordinates (Bm, Lm, hm) should 
in practice equal the coordinates of the vehicle’s 

Figure 1. The scheme of location the on-board GNSS receivers
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center point expressed by the position of receiv-
er no. 0. The calculated difference (∆B, ∆L, ∆h)  
expresses the shift of the coordinates of the center 
of individual sections relative to the center point. 
The closer the calculated difference is to 0, the 
better the fit of the coordinates (Bm, Lm, hm) to the 
coordinates of the center point. In addition, for the 
determined difference (∆B, ∆L, ∆h), a statistical 
measure of accuracy in the form of RMS [58, 59]:
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where:	 (RMS∆B,  RMS∆L, RMS∆h) – RMS 
error for BLh coordinates, N – number of 
observations.

The algorithms (1–5) of the developed 
research methodology were used in a kinematic 
experiment conducted in the city of Olsztyn, 
Poland. The car journey is planned to take place 
at Olsztyn-Dajtki Airport. A map showing the 
Subaru’s route is shown in Figure 2. Figures 3 and 
4 show the horizontal trajectory of the car’s move-
ment and the vertical change in altitude, respec-
tively. The geodetic width coordinates B varied 
during the drive from 53.773493o to 53.774528o. 
In turn, the geodetic length L changed during the 
drive from 20.407058o to 20.419899o. In addition, 

the ellipsoidal height h changed during the drive 
from 163.196 m to 164.920 m. The data sampling 
period ranges from 29042 s to 32425 s according 
to GPS Time. Thus, the experiment lasted less than 
an hour, from 08:04:02 to 09:00:25 GPS Time.

A simplified diagram of the developed 
research methodology is shown in Figure 5. The 
most important element in the proposed meth-
odology is the continuity of GPS+EGNOS data 
collection by satellite receivers No. 1–4. This 
makes it possible to develop mathematical Equa-
tions 1–3. Furthermore, knowing the reference 
coordinates of the car’s movement from the DD 
solution, it is possible to implement mathematical 
Equations 4–5. The calculation process for Equa-
tions 1–5 was performed in the Scilab v. 6.1.1 
environment [61]. The script written in Scilab 
defined the mathematical formulas and produced 
the necessary graphical drawings, which will be 
presented in chapters 6 and 7.

RESEARCH RESULTS

The characteristics of the obtained test 
results began with showing the number of GPS 
satellites tracked with EGNOS corrections by 
GNSS receivers No. 1–4 (see Figure 6). Thus, 
in the initial phase of the car journey, it can 
be seen that the number of GPS satellites with 
EGNOS corrections varies between 9 and 10. 
Of course, there are noticeable individual jumps 

Figure 2. The map with Subaru route [60]
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where the number of satellites changes from 9 
to 10 and vice versa. From the middle phase of 
the experiment to the very end, it can be seen 
that the number of GPS satellites drops from 10 
to 5. This decrease in the number of GPS satel-
lites is visible for all receivers in the same mea-
surement epochs.

The number of GPS satellites tracked with 
EGNOS corrections directly affects the determi-
nation of the geometric PDOP (Position DOP) 

coefficient [62]. Figure 7 shows the PDOP coef-
ficients for each GNSS receiver No. 1–4. It can be 
seen that the quality of the satellite observations 
was good [63], and the DOP was in the range of 
1.8–2.8 for most of the experiment. Only at the 
end of the experiment, due to a decrease in the 
number of GPS satellites tracked, did the PDOP 
values jump to 9.4. Next, Figures 8–10 show the 
positioning errors (∆B, ∆L, ∆h) determined from 
mathematical equation (4) for each pair of GNSS 

Figure 3. The horizontal trajectory of car motion

Figure 4. The changes in ellipsoidal height
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	• from -0.67 m to +1.22 m for component L for 
pair no. 1–2,

	• from -1.28 m to +1.80 m for component h for 
pair no. 1–2,

	• from +0.10 m to +1.57 m for component B for 
pair no. 3–4,

	• from -0.25 m to +0.95 m for the L component 
for pair no. 3–4,

	• from -1.02 m to +2.28 m for the h component 
for pair no. 3–4.

In addition, the arithmetic mean values for the 
parameters (∆B, ∆L, ∆h) are as follows:
	• +0.72 m for component B for pair no. 1–2,
	• +0.40 m for component L for pair no. 1–2,
	• +0.65 m for component h for pair no. 1–2,
	• +0.75 m for component B for pair no. 3–4,
	• +0.40 m for component L for pair no. 3–4,
	• +0.65 m for component h for pair no. 3–4.

On this basis, it can be seen that the horizontal 
coordinates (B and L) and the vertical coordinate 
h from the proposed methodology match very well 
with central receiver No. 0. This proves that the pro-
posed algorithm (1–5) is effective for determining 
the accuracy of horizontal coordinates and ellipsoi-
dal height. For all three BLh components, the aver-
age accuracy value is higher than 0.80 m, and this 
accuracy refers to the kinematic mode of the experi-
ment. For the calculated positioning errors (∆B, ∆L, 

Figure 5. The flowchart of research method

Figure 6. Number of GPS satellites tracked with EGNOS corrections for each GNSS receivers

receivers [64, 65]. The positioning errors (∆B, 
∆L, ∆h)  were as follows:
	• from -0.02 m to +1.50 m for the B component 

for pair no. 1–2,
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∆h), RMS errors were also determined according to 
Equation 5. Thus, it can be said that:
	• the RMS errors along the B axis are 0.75 m for 

receiver pair No. 1–2 and 0.78 m for receiver 
pair No. 3–4, respectively,

	• the RMS errors along the L axis are 0.44 m 
for the pair of receivers No. 1–2 and 0.43 m 
for the pair of receivers No. 3–4, respectively,

	• RMS errors along the h axis are 0.83 m for 
receiver pair No. 1–2 and 0.81 m for receiver 
pair No. 3–4, respectively.

The calculation of the statistical measure of 
accuracy in the form of RMS errors only con-
firms that the spread of position error results for 
horizontal coordinates is smaller than that for the 

Figure 7. PDOP values based on GPS/EGNOS solution for each GNSS receivers

Figure 8. Positioning errors for the latitude
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vertical component h. This is important for car 
navigation in the horizontal plane.

DISCUSSION

The chapter discussing the results takes into 
account three elements, i.e., determining addi-
tional accuracy characteristics of GPS/EGNOS 

positioning, developing a new methodology for 
determining the position of a car based on navi-
gation data readings from four GNSS receivers, 
and comparing the obtained research results with 
the analysis of the current state of knowledge.  
As part of determining the accuracy characteris-
tics of GPS/EGNOS positioning, the following 
parameters were determined: DRMS (Distance 
RMS) errors for the horizontal plane and MRSE 

Figure 9. Positioning errors for the longitude

Figure 10. Positioning errors for the ellipsoidal height
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(mean radial spherical error) errors for 3D space 
[66]. Figure 11 shows the results of DRMS posi-
tioning errors determined separately for receiver 
pairs 1–2 and 3–4. The DRMS error values for 
receiver pair 1–2 ranged from 0.20 m to 1.70 m. 
For the pair No. 3-4, they ranged from 0.26 m to 
1.63 m. It is worth noting that approximately 80% 
of the DRMS results for the pair No. 1–2 are less 
than 1 m, and in the case of the pair No. 3–4, we 
have approximately 76%.

Next, Figure 12 shows the results of MRSE 
positioning errors determined separately for 
receiver pairs No. 1–2 and No. 3–4. The MRSE 
error values for receiver pair No. 1–2 ranged from 
0.32 m to 2.26 m. For receiver pair No. 3–4, they 
ranged from 0.30 m to 2.78 m. It is worth noting 
that approximately 26% of the MRSE results for 
pair no. 1–2 are less than 1 m and almost 99% 
are less than 2 m. For pair no. 3–4, the results are 
29% and 99%, respectively. Both the DRMS and 
MRSE error results are affected by the values of 
individual positioning errors (∆B, ∆L, ∆h), which 
are shown in Figures 8–10. The height error Δh 
has a particularly strong influence on the deter-
mination of MRSE errors, as can be seen in Fig-
ure 12. On the other hand, horizontal coordinate 
errors (∆B, ∆L) influence the calculation of the 
DRMS parameter.

In the second part of the discussion, a modi-
fication of the mathematical algorithm (1–3) was 
proposed to the following form:

	

𝐵𝐵𝑚𝑚 = {
𝐵𝐵𝑛𝑛𝑛𝑛1+𝐵𝐵𝑛𝑛𝑛𝑛2

2
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2
 (1) 
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where:	 r – number of GNSS receivers, r = 4.

The proposed algorithm (6–8) refers to deter-
mining the resultant position of a car based on 
coordinate readings from four GNSS receivers 
numbered 1–4. The algorithm thus implements 
the arithmetic mean model for a system of four 
GNSS receivers. Next, positioning errors (∆B, 
∆L, ∆h) were determined based on Equation 4. 
At this stage, Kalman filtering [58, 64, 67] was 
additionally used to increase positioning accura-
cy and eliminate any outliers from the time series 
of the data used. Figure 13 shows the results of 
positioning errors ∆B, ∆L, ∆h for the averaged 
coordinates (Bm, Lm, hm) from Equations 6–8 after 
Kalman filtering. In the case of BLh coordinates, 
the positioning errors after Kalman filtering are:
	• from +0.36 m to +1.33 m for the B component,
	• from +0.09 m to +0.74 m for the L component,
	• from -0.31 m to +1.37 m for the h component.

In addition, the average values of the param-
eters (∆B, ∆L, ∆h) were 0.73 m, 0.40 m, and 0.66 
m, respectively. In turn, the RMS errors after 

Figure 11. Positioning errors of DRMS term
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Kalman filtering are as follows for the BLh com-
ponents: 0.75 m, 0.41 m, and 0.76 m, respective-
ly. Thanks to Kalman filtering, it was possible to 
reduce positioning errors:
	• for the B component by 11% and 16% com-

pared to the results shown in Figure 8,
	• for the L component by 23% and 40% com-

pared to the results shown in Figure 9,

	• for the h component by 24% and 40% com-
pared to the results shown in Figure 10.

The third and final part of the discussion com-
pares the research results with an analysis of the 
current state of knowledge. In the context of com-
parison with the literature on the subject, it can be 
concluded that:

Figure 12. Positioning errors of MRSE term

Figure 13. Positioning errors after Kalman filter operation
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	• the article determines the position of a car 
using GNSS satellite technology, similarly to 
the works [13–23, 35, 36, 44–47],

	• the article examines the accuracy parameter, 
as in works [13–23, 35, 36, 44–47],

	• the article uses the GPS positioning method 
with EGNOS corrections, as in works [14–16, 
18–21, 23–28, 30–37, 39, 48],

	• the article shows the application of the EGNOS 
assistance system in navigation, as in works 
[23, 28, 30, 33, 34].

	• the GPS/EGNOS positioning accuracy obtained 
during the research meets the requirements for 
GNSS systems for road transport applications, 
as directly stated in work [6].

	• the GPS/EGNOS positioning accuracy 
obtained during the research is higher than the 
results described in [13–17, 22, 44],

	• the presented results and analyses are part of 
a series of studies on the use of the EGNOS 
assistance system in road transport in Europe, 
as in [5–48],

	• in paper the car mobile vehicle was used in 
experiment, as in works [68–70].

	• At the end of this chapter, the advantages of 
our own research in relation to the literature 
are highlighted:

	• this article uses a multi-receiver GPS/EGNOS 
solution, which is a different approach than in 
[13–23, 35, 36, 44–47], where single GNSS 
receivers were used,

	• this article conducts a more in-depth statisti-
cal analysis of errors by determining DRMS 
and MRSE parameters, which is not seen in 
the works [13-23, 35, 36, 44–47],

	• in this article, the research test was conducted 
in north-eastern Poland, i.e., a different loca-
tion in Poland was chosen than in the studies 
published in [13–16, 44],

	• this article shows that the advantage of the con-
ducted research is the improved positioning accu-
racy compared to the articles [13–17, 22, 44].

	• In addition, it is worth highlighting the advan-
tages of the developed algorithm in compari-
son with the literature:

	• the algorithm is based on a weighted average 
model within the framework of multi-receiver 
GPS/EGNOS positioning, which is important 
from a navigation point of view as it ensures 
control and redundancy of the determined 
position. The literature on the subject mainly 
uses single GNSS receivers, which unfortu-
nately does not guarantee a reliable position. It 

is always possible that a single GNSS receiver 
will provide coordinates with random errors. 
This means that the determined coordinates 
may deviate from the reference position. 

	• thanks to the algorithm, it is possible to deter-
mine the user’s position and estimate the accu-
racy of the coordinates. The algorithm scheme 
proposes the determination of not only single 
position errors, but also DRMS horizontal 
errors and 3D resultant errors - the MRSE 
parameter. Typically, the literature on the 
subject has been limited to calculating single 
position errors for three-dimensional coordi-
nates. Hence, the proposed solution provides 
further improved information on the distribu-
tion of measurement errors in statistical terms.

	• the use of the Kalman filter in the algorithm 
shows that the computational strategy is focused 
on improving positioning and achieving high 
accuracy of the user’s coordinates. In addition, 
the Kalman filter will ensure the elimination of 
outliers and the reduction of measurement noise 
in the time series of position error parameters. 
Compared to the literature on the subject, the 
Kalman filter is primarily designed to increase 
the accuracy of GPS/EGNOS positioning for a 
multi-receiver GNSS solution in car navigation.

CONCLUSIONS

The main objective of this article was to 
develop an algorithm and computational strat-
egy for determining the accuracy of a car’s posi-
tion based on a multi-receiver GPS solution with 
EGNOS corrections in navigation. To this end, a 
research methodology was developed using the 
GPS/EGNOS positioning method in kinematic 
mode for on-board GNSS receivers mounted on 
a car. Two pairs of GNSS receivers were placed 
on the roof of the car, forming a geometric section 
and intersecting at a single central point on the 
vehicle, where an additional reference receiver 
was placed. For each pair of GNSS receivers, the 
central point of the vehicle was determined and its 
geodetic coordinates BLh were specified. Then, 
the accuracy of these coordinates was determined 
in the form of positioning errors and RMS errors. 
The research showed that the average positioning 
accuracy for BLh components is higher than 0.80 
m. Next, as part of the accuracy characteristics, 
DRMS and MRSE errors were also calculated, 
with values not exceeding 1.70 m and 2.78 m, 
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respectively. Finally, the coordinates of the vehi-
cle’s center point were determined from the arith-
metic mean model for navigation readings from 
four GNSS receivers. In this case, the obtained 
coordinate accuracy results were subjected to 
Kalman filtering, and the average positioning 
accuracy for BLh components does not exceed 
0.73 m. The research conducted demonstrated the 
effectiveness of the developed methodology for 
the GPS/EGNOS positioning method. The pre-
sented algorithms can be used, for example, in air 
navigation for multi-receiver aircraft positioning. 
In addition, other GNSS positioning methods can 
be adapted to the proposed research methodology.
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