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INTRODUCTION

The Galileo navigation system was officially 
certified by ICAO for aviation applications in trans-
port since the turn of 2023/2024 [1]. This allows it 
to be used in aviation operations, particularly in air 
navigation. Furthermore, the Galileo system had to 
meet specific GNSS positioning quality criteria in 
order to be approved for full operation in air trans-
port. These criteria are accuracy, availability, and 
continuity [2]. These are the basic satellite position-
ing qualities that apply to global GNSS systems, 
such as GPS, GLONASS, Galileo, and BeiDou [1, 

3]. For the Galileo system, the basic measures of 
satellite positioning quality in air transport are [1]:
• horizontal positioning accuracy for LNAV

(Lateral Navigation) navigation should be
between 5 m and 10 m with a probability of
95% throughout the entire flight,

• vertical positioning accuracy for VNAV
(Vertical Navigation) navigation should be
between 8 m and 16 m with a probability of
95% throughout the entire flight,

• Galileo positioning availability in the horizon-
tal and vertical planes should be higher than
99% throughout the entire flight,
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	• the continuity of Galileo positioning must not 
exceed the value 1–4× per hour.

Therefore, owing to its navigation capabili-
ties, the Galileo system can be used for kinematic 
positioning during flight tests. For air navigation, 
the key factors are the determined position and 
the accuracy of the determined coordinates of the 
user’s position in flight. As shown by ICAO rec-
ommendations, C/A code observations on the E1 
frequency [4] should be used to determine the kine-
matic position of Galileo in flight as part of the SPP 
method [5]. In addition, the data from the Galileo 
navigation message should be used in calculations 
to determine, for example, the satellite position, sat-
ellite clock error, ionospheric correction, relativistic 
effect, hardware delay for the satellite, etc. [6].

THE STATE OF KNOWLEDGDE

The Galileo code positioning using the SPP 
method can be corrected using the data from the 
HAS service. The HAS service allows corrections 
to be made to: satellite position, satellite clock 
error, and hardware delays to pseudo-range. The 
HAS positioning service transmits corrections in 
real time to the user using the E6 carrier frequency 
[7] and via the Internet as RTCM format. Owing 
to its dual availability, the HAS service also offers 
redundancy, increasing availability for aviation. 
The service operates 24 hours a day, 7 days a 
week, and is a free service of the Galileo system. 
The corrections transmitted can be used in both 
the Galileo and GPS navigation systems [8]. In 
addition, HAS corrections will ultimately be used 
in the PPP (Precise Point Positioning) positioning 
method [9, 10], although they will also be used in 
the SPP code method. The HAS service will pro-
vide corrections for the Galileo system on the E1/
E5a/E5b/E6 frequencies and, accordingly, in the 
GPS- L1/L2/L5 system. At the current stage, the 
HAS service is operationally at level 1 and will 
ultimately be at level 2 [11, 12].

Currently, the HAS service is mainly used in 
geodetic surveys, supporting the improvement of 
the accuracy of precise satellite positioning using 
the PPP method [13, 14]. However, in line with the 
subject matter of this paper, the HAS service can 
be used in SPP code positioning for air navigation 
purposes. As shown in the literature, the SPP code 
method using Galileo HAS corrections has been 
used primarily in static GNSS measurements. 

Thus, in [15, 16], the possibilities of using Gali-
leo HAS corrections in SPP code positioning to 
increase the accuracy of the user’s position deter-
mination were demonstrated. The article [17] 
compared the positioning accuracy, number of sat-
ellites, number of observations, and GDOP (Geo-
metric DOP) coefficients between the SPP and 
PPP HAS solutions for the GPS and Galileo sys-
tems. The publication [18] showed the results of 
static positioning using HAS corrections for both 
the PPP and SPP methods. In the case of absolute 
SPP positioning, different configurations of solu-
tions with GPS and Galileo observations at all car-
rier frequencies were presented. In article [19], the 
coordinates of selected IGS (International GNSS 
Service) reference stations were determined using 
the HAS service as part of SPP positioning. The 
accuracy of SPP positioning was higher than 3 m.

Another study [20] presented the results of 
dynamic SPP positioning with HAS corrections. 
In this case, the accuracy of SPP positioning in 3D 
space was approximately 7 m. Subsequent articles 
[21–23] compared the SPP code solution with 
PPP HAS. While the positioning accuracy of SPP 
is 3–4 m, after PPP HAS correction, the accuracy 
of coordinate determination increases to approxi-
mately 0.1 m. In article [24], HAS correction was 
used to determine the positioning accuracy of SPP 
for different types of GNSS receivers. The tests 
were performed for different configurations, cal-
culation strategies, and carrier frequencies for the 
GPS and Galileo systems. On the basis of a review 
of the literature, it can be concluded that:
	• the primary purpose of the HAS service is pre-

cise PPP positioning [13–24],
	• the HAS service can also be used in absolute 

SPP positioning [15–24],
	• Galileo HAS corrections were mainly used in 

static SPP positioning [15–24],
	• in the case of kinematic positioning, the 

SPP HAS solution was used in [20] for car 
navigation.

RESEARCH PROBLEM

Looking at the application of HAS corrections 
in the SPP absolute solution, one can mainly see 
the results of GNSS static positioning tests, which 
is characteristic of satellite surveying. However, 
for air navigation, and in particular air transport, 
kinematic solutions are needed during flight tests 
of aircraft or, for example, UAVs. This is very 
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important for ensuring and maintaining the conti-
nuity and availability of the Galileo and GPS sig-
nals in air navigation. Therefore, application solu-
tions supported by research and the use of HAS 
corrections in kinematic positioning in aviation 
are necessary. This will allow for the verification 
of the use of the HAS service in air navigation 
in air transport. The main objective of the work 
was to determine the accuracy of UAV kinematic 
positioning using HAS corrections in air naviga-
tion in the field of transport. For this purpose, the 
position of the UAV was determined using GPS/
Galileo code observations and HAS corrections, 
and the accuracy of the determined BLh ellipsoi-
dal coordinates of the UAV position in flight was 
determined. The most important contributions of 
the author to this publication include:
	• development of a GPS/Galileo positioning 

algorithm with HAS corrections,
	• determination of HAS corrections during a 

UAV test flight,
	• development of a computational strategy for 

determining the kinematic position of a UAV 
based on the SPP solution,

	• determination of the accuracy of GPS/Galileo 
+ HAS kinematic positioning in air transport,

	• presentation of the results of PPP HAS kine-
matic positioning in air navigation.

The work was divided into the following 
chapters: 1) Introduction, 2) analysis of state of 
the knowledge, 3) Research problem, 4) Materi-
als and methods, 5) Research results, 6) Discus-
sion, 7) Conclusions.

MATERIALS AND METHODS

As it was mentioned in the introduction, 
HAS corrections can be used for both Galileo 
and GPS measurements. Therefore, the basic 
observation equation for SPP GPS/Galileo posi-
tioning with HAS corrections will take the form 
(Eq. 1) [24, 25]:

where:	lGal,HAS  – pseudorange in Galileo mea-
surements, corrected by HAS correc-
tions, lGPS,HAS  – pseudorange in GPS 
measurements, corrected by HAS cor-
rections, dGal,HAS – geometric distance 
in Galileo measurements, corrected by 
HAS corrections, dGPS,HAS – geometric 
distance in GPS measurements, cor-
rected by HAS corrections, c – speed 
of light, constant value, dtrGAl – receiver 
clock error in Galileo measurements, 
dtrGPS  – receiver clock error in GPS 
measurements, dtsGal,HAS – satellite clock 
error in Galileo measurements, corrected 
by HAS corrections, dtsGPS,HAS – satellite 
clock error in GPS measurements, cor-
rected by HAS corrections, IonGal – iono-
spheric correction in Galileo measure-
ments, IonGPS – ionospheric correction in 
GPS measurements, TropGal – tropospher-
ic correction in Galileo measurements, 
TropGPS – tropospheric correction in GPS 
measurements, RelGal – relativistic cor-
rection in Galileo measurements, RelGPS 
– relativistic correction in GPS mea-
surements, GGD – instrumental biases 
for satellites in Galileo measurements, 
TGD – instrumental biases for satellites 
in GPS measurements.

In Equation 1, three parameters are corrected 
by HAS corrections, i.e., pseudorange, geometric 
distance, and satellite clock error. Therefore, it can 
be written that the pseudorange parameter is [24]:

	

{ 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑐𝑐 ∙ (𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻) + 𝐼𝐼𝐼𝐼𝐼𝐼𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺𝐺𝐺𝐺𝐺 + 𝐺𝐺𝐺𝐺𝐺𝐺
𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑐𝑐 ∙ (𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻) + 𝐼𝐼𝐼𝐼𝐼𝐼𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇

 (1) 

 

{ 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝑙𝑙𝐻𝐻𝐻𝐻𝐻𝐻𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝑙𝑙𝐻𝐻𝐻𝐻𝐻𝐻 (2) 

 

{ 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = √(𝑋𝑋𝑟𝑟 − 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑌𝑌𝑟𝑟 − 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑍𝑍𝑟𝑟 − 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2
𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = √(𝑋𝑋𝑟𝑟 − 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑌𝑌𝑟𝑟 − 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑍𝑍𝑟𝑟 − 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2

 (3) 

 

{
𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿

 (4) 

 

{
𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿

 (5) 

 
 

{
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝑅𝑅 ∙ 𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝐴𝐴 ∙ 𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝐶𝐶 ∙ 𝛿𝛿𝛿𝛿

 (6) 

 

{
𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 +

𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝐻𝐻𝐻𝐻𝐻𝐻
𝑐𝑐

𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 +
𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝐻𝐻𝐻𝐻𝐻𝐻

𝑐𝑐

 (7) 

 

{
ΔB = Br − Bref
ΔL = Lr − Lref
Δh = hr − href

  (8) 

 

{
  
 

  
 RMSΔB = √[ΔB

2]
N

RMSΔL = √[ΔL
2]

N

RMSΔh = √[Δh
2]

N

  (9) 

 

{
rB = BPPP HAS − BCSRS−PPP
rL = LPPP HAS − LCSRS−PPP
rh = hPPP HAS − hCSRS−PPP

  (10) 

 

	 (2)

where:	 lGal – pseudorange in Galileo measure-
ments,  lGPS – pseudorange in GPS mea-
surements, δlHAS – HAS corrections to 
pseudorange.

Then, the geometric distance parameter is 
expressed as (Eq. 3):

{ 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑐𝑐 ∙ (𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻) + 𝐼𝐼𝐼𝐼𝐼𝐼𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺𝐺𝐺𝐺𝐺 + 𝐺𝐺𝐺𝐺𝐺𝐺
𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑐𝑐 ∙ (𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻) + 𝐼𝐼𝐼𝐼𝐼𝐼𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇

 (1) 

 

{ 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝑙𝑙𝐻𝐻𝐻𝐻𝐻𝐻𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝑙𝑙𝐻𝐻𝐻𝐻𝐻𝐻 (2) 

 

{ 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = √(𝑋𝑋𝑟𝑟 − 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑌𝑌𝑟𝑟 − 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑍𝑍𝑟𝑟 − 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2
𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = √(𝑋𝑋𝑟𝑟 − 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑌𝑌𝑟𝑟 − 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑍𝑍𝑟𝑟 − 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2

 (3) 

 

{
𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿

 (4) 

 

{
𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿

 (5) 

 
 

{
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝑅𝑅 ∙ 𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝐴𝐴 ∙ 𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝐶𝐶 ∙ 𝛿𝛿𝛿𝛿

 (6) 

 

{
𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 +

𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝐻𝐻𝐻𝐻𝐻𝐻
𝑐𝑐

𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 +
𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝐻𝐻𝐻𝐻𝐻𝐻

𝑐𝑐

 (7) 

 

{
ΔB = Br − Bref
ΔL = Lr − Lref
Δh = hr − href

  (8) 

 

{
  
 

  
 RMSΔB = √[ΔB

2]
N

RMSΔL = √[ΔL
2]

N

RMSΔh = √[Δh
2]

N

  (9) 

 

{
rB = BPPP HAS − BCSRS−PPP
rL = LPPP HAS − LCSRS−PPP
rh = hPPP HAS − hCSRS−PPP

  (10) 

 

	 (1)

	

{ 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑐𝑐 ∙ (𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻) + 𝐼𝐼𝐼𝐼𝐼𝐼𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺𝐺𝐺𝐺𝐺 + 𝐺𝐺𝐺𝐺𝐺𝐺
𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑐𝑐 ∙ (𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻) + 𝐼𝐼𝐼𝐼𝐼𝐼𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇

 (1) 

 

{ 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝑙𝑙𝐻𝐻𝐻𝐻𝐻𝐻𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝑙𝑙𝐻𝐻𝐻𝐻𝐻𝐻 (2) 

 

{ 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = √(𝑋𝑋𝑟𝑟 − 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑌𝑌𝑟𝑟 − 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑍𝑍𝑟𝑟 − 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2
𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = √(𝑋𝑋𝑟𝑟 − 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑌𝑌𝑟𝑟 − 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑍𝑍𝑟𝑟 − 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2

 (3) 

 

{
𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿

 (4) 

 

{
𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿

 (5) 

 
 

{
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝑅𝑅 ∙ 𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝐴𝐴 ∙ 𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝐶𝐶 ∙ 𝛿𝛿𝛿𝛿

 (6) 

 

{
𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 +

𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝐻𝐻𝐻𝐻𝐻𝐻
𝑐𝑐

𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 +
𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝐻𝐻𝐻𝐻𝐻𝐻

𝑐𝑐

 (7) 

 

{
ΔB = Br − Bref
ΔL = Lr − Lref
Δh = hr − href

  (8) 

 

{
  
 

  
 RMSΔB = √[ΔB

2]
N

RMSΔL = √[ΔL
2]

N

RMSΔh = √[Δh
2]

N

  (9) 

 

{
rB = BPPP HAS − BCSRS−PPP
rL = LPPP HAS − LCSRS−PPP
rh = hPPP HAS − hCSRS−PPP

  (10) 

 

			   (3)



188

Advances in Science and Technology Research Journal 2026, 20(8), 185–200

where:	 (Xr, Yr, Zr) – receiver antenna coordinates, 
user position determined, XGal,HAS – X 
coordinate of the Galileo satellite position 
after HAS correction, YGal,HAS – Y coordi-
nate of the Galileo satellite position after 
HAS correction, ZGal,HAS – Z coordinate of 
the Galileo satellite position after HAS 
correction, XGPS,HAS – X coordinate of the 
GPS satellite position after HAS correc-
tion, YGPS,HAS – Y coordinate of the GPS 
satellite position after HAS correction, 
ZGPS,HAS – Z coordinate of the GPS satel-
lite position after HAS correction.

Accordingly, the HAS correction for individ-
ual XYZ coordinates of GPS and Galileo satel-
lites is as follows [24]:
	• for Galileo satellites:
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  (10) 

 

	 (4)

	• for GPS satellites:

	

{ 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑐𝑐 ∙ (𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻) + 𝐼𝐼𝐼𝐼𝐼𝐼𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺𝐺𝐺𝐺𝐺 + 𝐺𝐺𝐺𝐺𝐺𝐺
𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑐𝑐 ∙ (𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻) + 𝐼𝐼𝐼𝐼𝐼𝐼𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇

 (1) 

 

{ 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝑙𝑙𝐻𝐻𝐻𝐻𝐻𝐻𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝑙𝑙𝐻𝐻𝐻𝐻𝐻𝐻 (2) 

 

{ 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = √(𝑋𝑋𝑟𝑟 − 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑌𝑌𝑟𝑟 − 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑍𝑍𝑟𝑟 − 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2
𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = √(𝑋𝑋𝑟𝑟 − 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑌𝑌𝑟𝑟 − 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑍𝑍𝑟𝑟 − 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2

 (3) 

 

{
𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿

 (4) 

 

{
𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿

 (5) 

 
 

{
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝑅𝑅 ∙ 𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝐴𝐴 ∙ 𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝐶𝐶 ∙ 𝛿𝛿𝛿𝛿

 (6) 

 

{
𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 +

𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝐻𝐻𝐻𝐻𝐻𝐻
𝑐𝑐

𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 +
𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝐻𝐻𝐻𝐻𝐻𝐻

𝑐𝑐

 (7) 

 

{
ΔB = Br − Bref
ΔL = Lr − Lref
Δh = hr − href

  (8) 

 

{
  
 

  
 RMSΔB = √[ΔB

2]
N
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2]

N
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2]

N

  (9) 

 

{
rB = BPPP HAS − BCSRS−PPP
rL = LPPP HAS − LCSRS−PPP
rh = hPPP HAS − hCSRS−PPP

  (10) 

 

	 (5)

where:	XGal – X coordinate of the Galileo satel-
lite position from the navigation message, 
YGal  – Y coordinate of the Galileo satel-
lite position from the navigation message, 
ZGal – Z coordinate of the Galileo satel-
lite position from the navigation message, 
XGPS – X coordinate of the GPS satellite 
position from the navigation message, 
YGPS  – Y coordinate of the GPS satellite 
position from the navigation message, 
ZGPS – Z coordinate of the GPS satellite 
position from the navigation message, 
(δX, δY, δZ) – HAS orbit correction.

Finally, the orbit correction parameters (δX, 
δY, δZ) taking into account HAS corrections are 
calculated as [26, 27]:

	

{ 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑐𝑐 ∙ (𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻) + 𝐼𝐼𝐼𝐼𝐼𝐼𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺𝐺𝐺𝐺𝐺 + 𝐺𝐺𝐺𝐺𝐺𝐺
𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑐𝑐 ∙ (𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻) + 𝐼𝐼𝐼𝐼𝐼𝐼𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇

 (1) 

 

{ 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝑙𝑙𝐻𝐻𝐻𝐻𝐻𝐻𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝑙𝑙𝐻𝐻𝐻𝐻𝐻𝐻 (2) 

 

{ 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = √(𝑋𝑋𝑟𝑟 − 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑌𝑌𝑟𝑟 − 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑍𝑍𝑟𝑟 − 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2
𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = √(𝑋𝑋𝑟𝑟 − 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑌𝑌𝑟𝑟 − 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑍𝑍𝑟𝑟 − 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2

 (3) 

 

{
𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿

 (4) 

 

{
𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿

 (5) 

 
 

{
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝑅𝑅 ∙ 𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝐴𝐴 ∙ 𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝐶𝐶 ∙ 𝛿𝛿𝛿𝛿

 (6) 

 

{
𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 +

𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝐻𝐻𝐻𝐻𝐻𝐻
𝑐𝑐

𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 +
𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝐻𝐻𝐻𝐻𝐻𝐻

𝑐𝑐

 (7) 

 

{
ΔB = Br − Bref
ΔL = Lr − Lref
Δh = hr − href

  (8) 

 

{
  
 

  
 RMSΔB = √[ΔB

2]
N
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2]

N
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2]

N

  (9) 

 

{
rB = BPPP HAS − BCSRS−PPP
rL = LPPP HAS − LCSRS−PPP
rh = hPPP HAS − hCSRS−PPP

  (10) 

 

	 (6)

where:	eR, eA, eC – unit vectors in the radial, along, 
and cross directions, δR, δA, δC – orbit 
correction vector in the radial, along, and 
cross directions.

The satellite clock error based on HAS cor-
rection is calculated as [28, 29]:

	

{ 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑐𝑐 ∙ (𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻) + 𝐼𝐼𝐼𝐼𝐼𝐼𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺𝐺𝐺𝐺𝐺 + 𝐺𝐺𝐺𝐺𝐺𝐺
𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑐𝑐 ∙ (𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻) + 𝐼𝐼𝐼𝐼𝐼𝐼𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇

 (1) 

 

{ 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝑙𝑙𝐻𝐻𝐻𝐻𝐻𝐻𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝑙𝑙𝐻𝐻𝐻𝐻𝐻𝐻 (2) 

 

{ 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = √(𝑋𝑋𝑟𝑟 − 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑌𝑌𝑟𝑟 − 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑍𝑍𝑟𝑟 − 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2
𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = √(𝑋𝑋𝑟𝑟 − 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑌𝑌𝑟𝑟 − 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑍𝑍𝑟𝑟 − 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2

 (3) 

 

{
𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿

 (4) 

 

{
𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿

 (5) 

 
 

{
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝑅𝑅 ∙ 𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝐴𝐴 ∙ 𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝐶𝐶 ∙ 𝛿𝛿𝛿𝛿

 (6) 

 

{
𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 +

𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝐻𝐻𝐻𝐻𝐻𝐻
𝑐𝑐

𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 +
𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝐻𝐻𝐻𝐻𝐻𝐻

𝑐𝑐

 (7) 

 

{
ΔB = Br − Bref
ΔL = Lr − Lref
Δh = hr − href

  (8) 

 

{
  
 

  
 RMSΔB = √[ΔB

2]
N

RMSΔL = √[ΔL
2]

N

RMSΔh = √[Δh
2]

N

  (9) 

 

{
rB = BPPP HAS − BCSRS−PPP
rL = LPPP HAS − LCSRS−PPP
rh = hPPP HAS − hCSRS−PPP

  (10) 

 

	 (7)

where:	dtsGal – Galileo satellite clock error from 
navigation message, dtsGPS – GPS satel-
lite clock error from navigation message, 
δdtsHAS – HAS correction for satellite 
clock error.

On the basis of on Equations 1–7, the 
unknown coordinates of the receiver (Xr, Yr, Zr) 
[30] and the errors of the receiver clocks (dtrGal, 
dtrGPS) in the Galileo and GPS systems will be 
determined in the SPP positioning process [31]. 
The unknown parameters (Xr, Yr, Zr, dtrGal, dtrGPS)  
will be determined by the least squares method 
using a system of normal equations in a sequen-
tial process for a given measurement epoch [5, 
32]. The determined coordinates of the user’s 
position (Xr, Yr, Zr) in accordance with the ICAO 
recommendations are presented and expressed 
using BLh geodetic coordinates in the form of 
geodetic latitude, geodetic longitude, and ellip-
soidal height [33]. For this purpose, Helmert’s 
formulas are used to transform geocentric XYZ 
coordinates into geodetic BLh coordinates [34]. 
And now, on this basis, the BLh coordinates will 
determine the user’s position.

The developed algorithm (1-7) was used 
in experimental flight tests using a UAV. A DJI 
Matrice 350 UAV with a built-in GNSS RTK preci-
sion positioning module was used in the flight test 
[35]. A Septentrio Mosaic-X5 surveying receiver 
with a real-time HAS correction recording mod-
ule [36] recording module in real time in SSR for-
mat [37]. The Septentrio Mosaic-X5 receiver is a 
multi-system and multi-frequency GNSS receiver. 
For the purposes of the research, the GNSS receiv-
er collected the GPS and Galileo observations and 
HAS corrections in real time during the flight. 
The built-in Septentrio Mosaic-X5 receiver on the 
UAV platform is shown in Figure 1.

The test flight of the unmanned platform 
took place on April 7th, 2025, between 10:22:47 
and 10:41:50 GPST. The final destination of the 
experiment was the town of Sobieszyn in the 
Ryki County, as shown in Figure 2.

The collected GNSS data and HAS cor-
rections allowed the position of the UAV to be 
determined according to a set of mathematical 
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equations (1-7). The calculations were performed 
using RTKLIB v.2.4.3 software [38], in which the 
UAV coordinates were determined from the SPP 
GPS/Galileo solution with HAS corrections [39]. 
The following calculation configuration was set 
in the RTKLIB software [40]:
	• positioning method: SPP code method,
	• observation type: code on frequencies L1 

(GPS), E1 (Galileo),
	• elevation mask: 5o,
	• ionosphere correction: based on GPS and Gal-

ileo navigation messages,
	• troposphere correction: Saastamoinen model,
	• orbit model: based on GPS and Galileo navi-

gation messages + HAS correction,
	• satellite clock error: based on GPS and Galileo 

navigation messages + HAS correction,

	• GNSS system: GPS + Galileo,
	• calculation interval: 1 s,
	• maximum DOP value [41]: 30,
	• final position coordinates: BLh geodetic 

coordinates,
	• receiver antenna phase center: based on 

ANTEX file from IGS [42].

The calculations in RTKLIB used the GPS 
and Galileo navigation messages, GPS and Gali-
leo code observations in RINEX format from a 
Septentrio Mosaic-X5 receiver, and HAS correc-
tions converted to RTCM format. In turn, Emlid 
Studio v.1.9 [43] software, the precise flight ref-
erence trajectory was determined using the DD 
(Double Difference) solution [44]. The calcula-
tions used GPS and Galileo navigation messages, 
GPS and Galileo code observations in RINEX 

Figure 1. The UAV with Septentrio Mosaic-X5 receiver before flight experiment

Figure 2. The designed flight path of the UAV
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format from the Septentrio Mosaic-X5 receiver, 
and GNSS observations in RINEX format from 
the RYKI reference station of the ASG-EUSPOS 
system [45]. Next, a proprietary numerical script 
written in Scilab 6.1.1 [46] was used in the calcu-
lations to determine the relevant UAV position-
ing accuracy parameters in accordance with the 
objective of the study. First, position errors [47] 
were calculated according to formula (8):

	

{ 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑐𝑐 ∙ (𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻) + 𝐼𝐼𝐼𝐼𝐼𝐼𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺𝐺𝐺𝐺𝐺 + 𝐺𝐺𝐺𝐺𝐺𝐺
𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑐𝑐 ∙ (𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻) + 𝐼𝐼𝐼𝐼𝐼𝐼𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇

 (1) 

 

{ 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝑙𝑙𝐻𝐻𝐻𝐻𝐻𝐻𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝑙𝑙𝐻𝐻𝐻𝐻𝐻𝐻 (2) 

 

{ 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = √(𝑋𝑋𝑟𝑟 − 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑌𝑌𝑟𝑟 − 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑍𝑍𝑟𝑟 − 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2
𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = √(𝑋𝑋𝑟𝑟 − 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑌𝑌𝑟𝑟 − 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑍𝑍𝑟𝑟 − 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2

 (3) 

 

{
𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿

 (4) 

 

{
𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿

 (5) 

 
 

{
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝑅𝑅 ∙ 𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝐴𝐴 ∙ 𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝐶𝐶 ∙ 𝛿𝛿𝛿𝛿

 (6) 

 

{
𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 +

𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝐻𝐻𝐻𝐻𝐻𝐻
𝑐𝑐

𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 +
𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝐻𝐻𝐻𝐻𝐻𝐻

𝑐𝑐

 (7) 

 

{
ΔB = Br − Bref
ΔL = Lr − Lref
Δh = hr − href

  (8) 

 

{
  
 

  
 RMSΔB = √[ΔB

2]
N

RMSΔL = √[ΔL
2]

N

RMSΔh = √[Δh
2]

N

  (9) 

 

{
rB = BPPP HAS − BCSRS−PPP
rL = LPPP HAS − LCSRS−PPP
rh = hPPP HAS − hCSRS−PPP

  (10) 

 

	 (8)

where:	 (∆B, ∆L, ∆h) – positioning errors of the 
SPP GPS/Galileo + HAS solution, Br, 
Lr, hr)– obtained coordinates of the UAV 
vehicle based on transformation between 
XYZ geocentric coordinates and BLh 
geodetic coordinates, (Bref, Lref, href) – ref-
erence coordinates of the UAV vehicle 
based on DD solution.

Finally, the root mean square errors were also 
calculated according to Equation 9 [48]:

	

{ 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑐𝑐 ∙ (𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻) + 𝐼𝐼𝐼𝐼𝐼𝐼𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺𝐺𝐺𝐺𝐺 + 𝐺𝐺𝐺𝐺𝐺𝐺
𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑐𝑐 ∙ (𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻) + 𝐼𝐼𝐼𝐼𝐼𝐼𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇

 (1) 

 

{ 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝑙𝑙𝐻𝐻𝐻𝐻𝐻𝐻𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝑙𝑙𝐻𝐻𝐻𝐻𝐻𝐻 (2) 

 

{ 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = √(𝑋𝑋𝑟𝑟 − 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑌𝑌𝑟𝑟 − 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑍𝑍𝑟𝑟 − 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2
𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = √(𝑋𝑋𝑟𝑟 − 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑌𝑌𝑟𝑟 − 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑍𝑍𝑟𝑟 − 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2

 (3) 

 

{
𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿

 (4) 

 

{
𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿

 (5) 

 
 

{
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝑅𝑅 ∙ 𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝐴𝐴 ∙ 𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝐶𝐶 ∙ 𝛿𝛿𝛿𝛿

 (6) 

 

{
𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 +

𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝐻𝐻𝐻𝐻𝐻𝐻
𝑐𝑐

𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 +
𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝐻𝐻𝐻𝐻𝐻𝐻

𝑐𝑐

 (7) 

 

{
ΔB = Br − Bref
ΔL = Lr − Lref
Δh = hr − href

  (8) 

 

{
  
 

  
 RMSΔB = √[ΔB

2]
N

RMSΔL = √[ΔL
2]

N

RMSΔh = √[Δh
2]

N

  (9) 

 

{
rB = BPPP HAS − BCSRS−PPP
rL = LPPP HAS − LCSRS−PPP
rh = hPPP HAS − hCSRS−PPP

  (10) 

 

	 (9)

where:	RMS∆B, RMS∆L, RMS∆h – RMS error 
for BLh coordinates, N – number of 
observations.

The entire research methodology is shown 
in a block diagram in Figure 3. The calculation 
process is multi-stage, as it begins with a UAV 
flight and the collection of the GNSS data in real 
time by the on-board receiver, followed by the 
determination of the UAV coordinates according 
to Equations 1–7, by reconstructing the precise 
reference trajectory of the UAV flight, and finally 
by determining the positioning accuracy of the 
UAV for the proposed research methodology. The 
obtained research results were presented in the 
next two chapters of the article.

RESEARCH RESULTS

The research results first show the number 
of tracked GPS+Galileo satellites with HAS 

corrections, as shown in Figure 4. As it can be 
seen, the number of the GPS+Galileo satellites 
with HAS solution ranges from 11 to 14. The larg-
est number of the GPS+Galileo satellites with the 
solution is visible in the final phase of the UAV 
flight. Figures 5 and 6 show individual GPS and 
Galileo satellites with HAS corrections during the 
UAV flight. In the case of the GPS system, satel-
lites G05, G16, G20, G23, G26, G28, G29, and 
G31 were tracked. In the case of the GPS system, 
satellites E05, E13, E15, E21, E23, E26, E31, and 
E33 were tracked.

Table 1 shows the distribution of HAS correc-
tions for the GPS and Galileo satellites. In the case 
of satellite clock error corrections, the values of the 
parameter δdtsHAS range from -1.925 m to 1.053 m 
for the GPS satellites and from -0.267 m to 0.422 
m for the Galileo satellites. Furthermore, for HAS 
orbit corrections, the parameter values (δR, δA, δC) 
range from -2.376 m to 0.960 m for the GPS satel-
lites and from -0.608 m to 0.392 m for the Galileo 
satellites. In turn, for code measurement error cor-
rection, the values of the δlHAS  parameter are as 
follows: from -3.520 m to 2.080 m for the GPS 
satellites, and from -1.840 m to 1.700 m for the 
Galileo satellites. Both in the case of parameters 

Figure 3. The flowchart of the research method
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Figure 4. Number of the GPS+Galileo satellites with HAS corrections

Figure 5. Number of the GPS satellites with HAS corrections

Figure 6. Number of the Galileo satellites with HAS corrections
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(δR, δA, δC) and the parameter δlHAS, it is clear that 
the greater dispersion of HAS corrections is vis-
ible in the GPS system than in Galileo. It can be 
concluded that HAS corrections are better suited to 
the Galileo satellites than GPS. Figure 7 shows the 
positioning errors (∆B, ∆L, ∆h) determined from 
mathematical Equation 8. The positioning errors 
(∆B, ∆L, ∆h) were as follows:
	• from -1.05 m to 0.52 m for coordinate B,
	• from 0.90 m to 2.16 m for coordinate L,
	• from -9.64 m to -6.37 m for coordinate h.

In addition, the arithmetic mean values for the 
parameters (∆B, ∆L, ∆h) are equal to: -0.27 m for 
coordinate B, 1.47 m for coordinate L, -8.35 m for 
coordinate h. On the basis of the results (∆B, ∆L, 
∆h) it can be concluded that the accuracy of the 
horizontal coordinates is higher than the accuracy 
of the ellipsoidal height h. Furthermore, the RMS 
errors determined from equation (9) are: 0.36 m 
for the B component, 1.49 m for the L compo-
nent, and 8.36 m for the h component. For hori-
zontal BL components, the positioning accuracy 
of the UAV is relatively high, with a maximum 
of ±2.16 m. This is much better than the theoreti-
cal accuracy recommended by ICAO [1]. There-
fore, the impact of HAS correction is positive 
for LNAV horizontal navigation. The situation is 
completely different when it comes to the accura-
cy of the ellipsoidal height h. Here, the results are 
much worse than for the horizontal components 

BL. However, the results for the accuracy of the 
ellipsoidal height h are within the ICAO technical 
recommendations for the Galileo system [1].

DISCUSSION

The discussion of the research results obtained 
was divided into seven parts, i.e., 
	• study of the impact of navigation messages on 

positioning accuracy, 
	• comparison of the research results obtained 

with the classic SPP GPS/Galileo solution, 
	• modification of the calculation strategy of the 

SPP GPS/Galileo + HAS solution,
	• verification of the research methodology in a 

second independent aviation experiment,
	• application of HAS corrections in the PPP 

measurement technique and determination of 
the accuracy of PPP HAS positioning, 

	• comparison of the PPP HAS research results 
obtained with IGS products, 

	• and comparison of the research results obtained 
with the analysis of the state of knowledge.

The impact of navigation messages on 
positioning accuracy

The first considerations in the discussion con-
cern determining the impact of ephemeris data on 
the positioning accuracy of UAVs. In this regard, 

Table 1. The HAS corrections for the GPS and Galileo satellites

Satellite ID clock satellite correction [m] (δR, δA, δC) orbit satellite 
correction [m] δlHAS code bias correction [m]

G05 from 0.790 to 1.053 from -0.544 to 0.168 0.920

G16 from -0.967 to -0.775 from 0.065 to 0.960 2.080

G20 from -1.925 to -1.515 from -0.135 to 0.632 1.820

G23 from -0.090 to -0.008 from -1.072 to 0.400 0.360

G26 from -0.622 to -0.283 from -0.040 to 0.480 -3.520

G28 from -0.162 to 0.192 from -2.376 to 0.135 1.000

G29 from -0.160 to 0.170 from -0.576 to 0.632 0.800

G31 from -0.232 to 0.160 from -0.408 to 0.230 2.040

E05 from -0.172 to -0.087 from -0.352 to 0.112 -1.100

E13 from 0.057 to 0.125 from -0.512 to 0.160 1.700

E15 from -0.265 to -0.197 from -0.088 to 0.097 -1.840

E21 from 0.282 to 0.335 from -0.248 to 0.048 -0.720

E23 from -0.267 to -0.180 from -0.120 to -0.024 -0.460

E26 from 0.287 to 0.357 from -0.608 to 0.392 1.220

E31 from -0.135 to -0.012 from -0.232 to -0.055 -1.360

E33 from 0.335 to 0.422 from -0.152 to 0.296 1.040
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it was checked whether changing the navigation 
message would affect the positioning accuracy 
of UAVs in any way. For the calculations, a daily 
navigation message was used, recorded by the 
Trimble NETR9 GNSS receiver [49] located at 
the BOR1 reference station belonging to the IGS 
network [50]. The calculation strategy remained 
unchanged, and the calculations were performed 
using the RTKLIB program. In this case, the num-
ber of the GPS+Galileo satellites with HAS correc-
tions ranged from 12 to 15. Therefore, the quality 
of ephemeris data and satellite configuration also 
affect the determination of the UAV’s kinematic 

position. Figure 8 shows the results of position 
errors after changing the navigation message. It is 
worth noting that the positioning accuracy of the 
UAV has changed. The position errors ranged from 
-0.26 m to 1.02 m for the B component, from 0.63 
m to 1.81 m for the L component, and from -7.94 
m to -5.59 m for the h component. While for the 
horizontal BL components the RMS error reached 
approximately 0.42 m and 1.19 m, respectively, 
the results for the ellipsoidal height h accuracy 
are very interesting. The RMS error value for this 
component is now 6.95 m. And now, comparing the 
results from Figures 7 and 8 for the h coordinate, 

Figure 7. Position errors for the BLh coordinates based on the GPS/Galileo + HAS solution

Figure 8. Position errors for the BLh coordinates based on GPS/Galileo + HAS solution after modification the 
navigation message
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the accuracy has been improved by 17%. The RMS 
error difference for vertical height h is 1.41 m. This 
is extremely important in the context of improving 
flight safety in the VNAV vertical plane. Therefore, 
the quality of ephemeris data also appears to be cru-
cial in the kinematic positioning of UAVs.

Comparison the SPP GPS/Galileo + HAS 
corrections vs. classic SPP GPS/Galileo 
solution

In the second part of the discussion, the posi-
tioning accuracies obtained were compared with 
the classic SPP GPS/Galileo solution [51]. Figure 
9 shows the position errors for the classic SPP 
GPS/Galileo solution. The position errors range 
from -1.51 m to -0.03 m for the B component, 
from 1.30 m to 2.34 m for the L component, and 
from -10.19 m to -6.81 m for the h component. In 
addition, the RMS errors are equal to: 0.78 m for 
the B coordinate, 1.84 m for the L coordinate, and 
8.60 m for the h coordinate. Now, comparing the 
positioning accuracy results in the form of RMS 
errors from the SPP GPS/Galileo + HAS solution 
and SPP GPS/Galileo alone, it can be seen that: 
	• the RMS error for the B component in the SPP 

GPS/Galileo + HAS solution is 53% lower,
	• the RMS error for the L component in the SPP 

GPS/Galileo + HAS solution is 19% lower,
	• the RMS error for the h component in the SPP 

GPS/Galileo + HAS solution is 3% lower.

When compared with the results in Figure 8, it 
can be concluded that the change in the navigation 

message resulted in an improvement in accuracy 
in terms of RMS errors for: component B by 
46%, component L by 35%, and component h by 
20%. Of particular interest is the improvement 
in the determination of the ellipsoidal height h. 
On this basis, it can be said that HAS correction 
improved the positioning of SPP GPS/Galileo for 
all three components of the BLh position. There-
fore, its use in the SPP code method is justified.

Modification of the calculation strategy 
involving the SPP GPS/Galileo + HAS solution

The third part of the discussion was devoted 
to the analysis of the computational strategy, with 
particular emphasis on the impact of the elevation 
angle on the positioning accuracy of SPP GPS/
Galileo with HAS corrections. Table 2 shows the 
results of the impact of elevation angle truncation 
on the accuracy of UAV kinematic positioning. 
The configuration for recording GPS/Galileo code 
observations by the GNSS receiver was selected 
at 5° and 10°, respectively, and then the position-
ing accuracy was calculated in the form of RMS 
errors. While the elevation angle cut-off of 5° is 
imposed by ICAO [1], such code observations are 
subject to high measurement noise [52]. Increas-
ing the elevation angle cut-off reduces measure-
ment noise and the multipath effect [53], thus 
affecting the quality of the position navigation 
solution. Table 2 shows that increasing the eleva-
tion angle cutoff can improve the position naviga-
tion solution and increase the accuracy of UAV 

Figure 9. Position errors for the BLh coordinates based on the GPS/Galileo solution
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kinematic positioning. The positioning accuracy 
results presented in Table 2 vary within the range 
of ±0.11–0.25 m. On the other hand, it should not 
be forgotten that increasing the elevation angle 
cut-off eliminates some GPS/Galileo satellites 
from the position navigation solution [54]. 

Verification of the research methodology in a 
second aviation experiment

The next part of the discussion will present 
the results of accuracy tests in another indepen-
dent aerial experiment using a UAV. This time, the 
flight was performed on July 25th, 2025, also in the 
Ryki district. The calculation strategy, configura-
tion settings, software used, unmanned platform, 
and GNSS receiver were the same as described in 
the “Materials and methods” section. It is worth 
noting that the number of tracked GPS+Galileo 
satellites changed, as shown in Figure 10. In the 
second experiment, the number of GPS/Galileo sat-
ellites with HAS corrections ranged from 5 to 21. 
This translated into the quality of the determined 

UAV position coordinates and the accuracy itself, 
as shown in Figure 11. The position errors in the 
second UAV flight ranged from -0.11 m to 2.03 m 
for the B component, from 1.09 m to 2.10 m for 
the L component, and from -2.49 m to 1.51 m. In 
addition, the RMS errors are equal to: 0.53 m, 1.62 
m, 1.63 m for individual BLh coordinates. It is now 
clear that the number of GPS/Galileo satellites is of 
great importance when analyzing the accuracy of 
UAV kinematic positioning. In addition, the posi-
tioning accuracy results in the second UAV flight 
are better than in flight no. 1.

Comparison of the PPP HAS solution vs. 
reference position 

The fifth part of the discussion concerns the 
possibility of applying HAS corrections in the 
PPP measurement technology and determin-
ing the positioning accuracy of PPP HAS for 
the UAV technology [55]. Figure 12 shows the 
results of position errors for PPP HAS positioning 
in dynamic mode for UAVs. The PPP HAS solu-
tion was implemented in RTKLIB v.2.4.3 [40] for 
the GPS/Galileo data from flight test no. 1. The 
position errors from the calculations were as fol-
lows: from 0.08 m to 0.94 m for the B compo-
nent, from 0.44 m to 1.71 m for the L component, 
and from -1.82 m to -0.08 m for the h component. 
The RMS errors are as follows: 0.77 m for the 
B coordinate, 0.59 m for the L coordinate, and 
0.48 m for the h coordinate. In the case of the PPP 
measurement technique, the results obtained are 

Table 2. The impact of cut off elevation in positioning 
accuracy analysis

Cut off elevation Positioning accuracy [m]

5o
RMS∆B = 0.36 m

RMS∆L = 1.49
RMS∆h = 8.36

10o
RMS∆B = 0.25
RMS∆L = 1.33
RMS∆h = 8.11

Figure 10. Number of the GPS+Galileo satellites with HAS corrections in the 2nd flight test
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promising, as the target positioning accuracy of 
the HAS service for this method will be higher 
than 0.4 m [11, 12]. This will force changes in 
GNSS positioning in aviation, as the target accu-
racy will be higher than 1 m in real time owing 
to Galileo services. These changes will result in 
the installation of on-board GNSS receivers with 
the HAS service and coupling with the on-board 
avionics of an aircraft, including UAVs.

Comparison of the PPP HAS solution vs. PPP 
IGS solution

The sixth part of the discussion compares the 
positioning accuracy results of PPP HAS with 
the PPP solution based on IGS products [56]. For 
this purpose, the CSRS-PPP online service [57, 
58] was used, which bases its PPP calculations 
on products from the EMR Analysis Center and 
other Analysis Centers within the IGS service 
[59]. The results of the BLh ellipsoidal coordi-
nates from the PPP HAS solution and CSRS-PPP 
as the PPP solution with IGS products were com-
pared. The difference in BLh coordinates was cal-
culated from Equation 10 [60]:

	

{ 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑐𝑐 ∙ (𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻) + 𝐼𝐼𝐼𝐼𝐼𝐼𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺𝐺𝐺𝐺𝐺 + 𝐺𝐺𝐺𝐺𝐺𝐺
𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 + 𝑐𝑐 ∙ (𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 − 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻) + 𝐼𝐼𝐼𝐼𝐼𝐼𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑅𝑅𝑅𝑅𝑅𝑅𝐺𝐺𝐺𝐺𝐺𝐺 + 𝑇𝑇𝑇𝑇𝑇𝑇

 (1) 

 

{ 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝑙𝑙𝐻𝐻𝐻𝐻𝐻𝐻𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑙𝑙𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝑙𝑙𝐻𝐻𝐻𝐻𝐻𝐻 (2) 

 

{ 𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = √(𝑋𝑋𝑟𝑟 − 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑌𝑌𝑟𝑟 − 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑍𝑍𝑟𝑟 − 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2
𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = √(𝑋𝑋𝑟𝑟 − 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑌𝑌𝑟𝑟 − 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2 + (𝑍𝑍𝑟𝑟 − 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻)2

 (3) 

 

{
𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿

 (4) 

 

{
𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑌𝑌𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿
𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑍𝑍𝐺𝐺𝐺𝐺𝐺𝐺 + 𝛿𝛿𝛿𝛿

 (5) 

 
 

{
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝑅𝑅 ∙ 𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝐴𝐴 ∙ 𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿 = 𝑒𝑒𝐶𝐶 ∙ 𝛿𝛿𝛿𝛿

 (6) 

 

{
𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 +

𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝐻𝐻𝐻𝐻𝐻𝐻
𝑐𝑐

𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺,𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺𝐺𝐺𝐺𝐺 +
𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝐻𝐻𝐻𝐻𝐻𝐻

𝑐𝑐

 (7) 

 

{
ΔB = Br − Bref
ΔL = Lr − Lref
Δh = hr − href

  (8) 

 

{
  
 

  
 RMSΔB = √[ΔB

2]
N

RMSΔL = √[ΔL
2]

N

RMSΔh = √[Δh
2]

N

  (9) 

 

{
rB = BPPP HAS − BCSRS−PPP
rL = LPPP HAS − LCSRS−PPP
rh = hPPP HAS − hCSRS−PPP

  (10) 

 

	 (10)

where:	 rB, rL, rh – difference of coordinates 
between the PPP HAS and PPP IGS 
solutions, BPPP HAS, LPPPHAS, hPPPHAS – the 
obtained coordinates of the UAV vehicle 
in flight test no. 1 based on the PPP HAS 
solution from the RTKLIB software, 

Figure 11. Position errors for the BLh coordinates based on the GPS/Galileo + HAS solution in the 2nd flight test

BCSRS–PPP, LCSRS –PPP, hCSRS–PPP – the obtained 
coordinates of the UAV vehicle in flight 
test no. 1 based on the PPP IGS solution 
from the CSRS-PPP software.

Figure 13 presents the results of the differ-
ence in ellipsoidal coordinates of UAV positions 
between the PPP HAS and PPP IGS solutions. The 
values of the parameters (rB, rL, rh) are as follows: 
from -0.48 m to 0.38 m along the B axis, from -0.31 
m to 0.94 m along the L axis, and from -1.76 m to 
-0.05 m along the h axis. Additionally, the arith-
metic mean of the parameter results (rB, rL, rh) 
is: 0.17 m, -0.20 m, and -0.34 m for the individual 
BLh component. This shows a very good match 
between the results from the PPP HAS solution 
from the RTKLIB program and the PPP IGS from 
the CSRS-PPP program. The convergence time is 
approximately 200 s. After this time, the parameter 
results (rB, rL, rh) stabilize until the end of the test.

Comparison of the obtained results and 
methods vs. analysis of the state 		
of knowledge

The last part of the discussion compares the 
obtained research results with the current state of 
knowledge from the available literature. When ana-
lyzing the authorial contribution and the literature 
on the state of knowledge, it can be concluded that:
	• the article determines the position of the UAV 

using Galileo HAS corrections, similarly to 
publication [55],

	• Galileo HAS corrections were used in the SPP 
absolute positioning method [8, 15–24],



197

Advances in Science and Technology Research Journal 2026, 20(8), 185–200

Figure 12. Position errors for the BLh coordinates based on the PPP HAS solution

Figure 13. Difference of coordinates between the PPP HAS and PPP IGS solutions

	• positioning accuracy was analyzed [8, 15–24],
	• the article demonstrates the possibility of 

using the Galileo HAS service for the PPP 
measurement technique [13, 14, 36, 39, 55],

	• the SPP GPS/Galileo + HAS positioning accu-
racy obtained during the research is similar to 
the results described in [19–24].

CONCLUSIONS

The main objective of the article was to deter-
mine the accuracy of UAV kinematic positioning 
using HAS corrections in the context of air navi-
gation in the transport sector. The research and 
analyses conducted for this purpose confirmed 
that the use of HAS corrections in the SPP meth-
od for UAVs significantly improves positioning 

accuracy. On the basis of the research conducted, 
it was demonstrated that:

1.	HAS improves the accuracy of SPP code 
positioning:

	• the RMS error compared to the classic SPP 
solution was reduced by: 53% for the B com-
ponent, 19% for the L component, and 3% for 
the h component,

	• when using a daily navigation message, it is 
possible to increase the accuracy of the verti-
cal component h by up to 17%,

	• in the second UAV flight, positioning accuracy 
higher than 1.63 m was achieved for the BLh 
components.

2.	The use of Galileo HAS measurement correc-
tion in the PPP technique in dynamic mode for 
UAVs allows for high positioning accuracy:
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	• the obtained RMS error values for the BLh 
geodetic components are at the level of: 0.77 
m, 0.59 m, 0.48 m and confirm the effective-
ness of this method.

3.	The results of PPP HAS are consistent with the 
PPP solutions based on IGS products:

	• the differences in BLh coordinates between 
PPP HAS and PPP IGS do not exceed 1 meter,

	• the arithmetic mean of the parameter results 
(rB, rL, rh) is: 0.17 m, -0.20 m, and -0.34 m 
for each BLh component.

The research for the article was conducted in 
the Ryki district, in the vicinity of the Polish Air 
Force University in Dęblin. Therefore, although 
it was local in nature, its significance is enormous 
in terms of its potential use in the field of air navi-
gation in transport. For the purposes of the article, 
two independent UAV flights were carried out to 
support the developed research methodology. As 
the literature shows, the HAS service had limited 
application in aviation, so the UAV flights and 
kinematic studies carried out can significantly 
contribute to the development of this correction 
service in the field of transport. Further research 
on the application of the HAS correction service 
in real-time kinematic positioning of UAVs is 
planned for the future. The research will be con-
ducted with particular use of the HAS service for 
the development of air transport.
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