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Abstract

:

The main aim of this paper is to present the results of research on the application of a modified mathematical model to determine the quality parameters of SBAS (Satellite Based Augmentation System) satellite positioning in aviation. The authors developed a new calculation strategy to determine the resultant values of the parameters of accuracy, continuity, availability and integrity of SBAS positioning. To achieve it, a weighted mean model was used for the purposes of developing a mathematical algorithm to determine the resultant values of SBAS positioning. The created algorithm was implemented for two SBAS supporting systems, i.e., EGNOS (European Geostationary Navigation Overlay Service) and SDCM (System of Differential Correction and Monitoring). The algorithm was tested in a flight test conducted with a Diamond DA 20-C airplane in north-eastern Poland in 2020. The conducted research revealed that the resultant error of the position in 3D space determined with use of the proposed weighted mean model improved by, respectively, 1–7% in comparison to the standard arithmetic mean model and by 1–37% in comparison to a single SBAS/EGNOS solution. Moreover, the application of the Multi-SBAS positioning algorithm results in an increase in the nominal results of continuity and availability by 50% in comparison to the arithmetic mean model. Apart from that, the values of the integrity parameters determined with use of the proposed weighted mean model improved by 62–63% in comparison to the standard arithmetic mean model.
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1. Introduction


Satellite Based Augmentation Systems (SBAS) perform an essential function in improving the quality of GNSS (Global Navigation Satellite System) positioning in the aviation sector. The determination of the accuracy, integrity, continuity, and availability parameters of signals from GNSS satellite systems enables the improvement of the positioning of an aerial vehicle in the horizontal and vertical planes [1]. The above attributes of positioning quality contributed to an intensive development of global, generally available satellite systems that belong to the group of SBAS systems. These systems meet the certification requirements specified in Annex 10 to the Chicago Convention–Aeronautical Telecommunications [2]. Thus, it is worth analysing the selected fragments of the Annex that refer to the quality of SBAS positioning in aviation. Namely, according to the Annex, every SBAS system has two applications: firstly in the navigation aspect and secondly in the aviation aspect. As far as the navigation application is concerned, the following functions of the SBAS system described in Annex 10 may be discussed [2]:




	-

	
The SBAS system should be compatible with a specific GNSS system, e.g., with the GPS (Global Positioning System);




	-

	
The SBAS system should provide an additional code phase navigation signal at the carrier frequency L1 of 1575.42 MHz;




	-

	
The SBAS system should monitor the current status of the constellation of the given GNSS system with which it is compatible and interoperable;




	-

	
The SBAS system should transmit two main differential corrections, i.e., the correction of ephemeris data and GNSS satellite clock correction;




	-

	
Finally, apart from that, it is required that every SBAS system should determine the ionospheric correction precisely and calculate the tropospheric correction in compliance with the RTCA-MOPS (Radio Technical Commission for Aeronautics—Minimum Operational Performance Standards) model. Due to that, the following technical parameters were adopted in Annex 10 for the SBAS navigation solution [2]:




	-

	
The pseudo-range error from SBAS satellite cannot exceed 25 m;




	-

	
The probability that the range error exceeds 150 m in any hour shall not exceed 10–5;




	-

	
The probability of unscheduled outages of the ranging function from an SBAS satellite in any hour shall not exceed 10–3;




	-

	
The SBAS service area shall be a defined area within an SBAS coverage area where SBAS meets the relevant requirements;




	-

	
The carrier frequency is 1575.42 MHz within a ±12 MHz band;




	-

	
The signal of SBAS satellites should be within the range of –161 dBW to –153 dBW;




	-

	
The difference between SNT (SBAS Network Time) and GPST (GPS time) shall not exceed 50 nanoseconds.









On the other hand, the use of SBAS support in the context of aviation applications refers mainly to selected landing approach procedures of aerial vehicles and to the related determination of the quality parameters of SBAS positioning. This applies first of all to the SBAS APV-I (Approach with Vertical Guidance-I) procedure and the SBAS APV-II (Approach with Vertical Guidance-II) procedure [3]. As far as these two procedures are concerned, the quality parameters of SBAS positioning are characterised by the following values [2]:




	-

	
The accuracy parameter for navigation in the horizontal plane should not exceed 16 m for the SBAS APV-I and SBAS APV-II procedures;




	-

	
The accuracy parameter for vertical navigation should not exceed 20 m for the SBAS APV-I procedure and 8 m for the SBAS APV-II procedure;




	-

	
The maximum time-to-alert should not exceed 10 a for the SBAS APV-I procedure and 6 s for the SBAS APV-II procedure;




	-

	
The positioning continuity must not be lower than 1 ÷ 8 × 10−6/3600 s for a minimum of 15 s for the approach procedures SBAS APV-I and SBAS APV-II;




	-

	
The availability of positioning should fall into the range from 0.99 to 1 for the approach procedures SBAS APV-I and SBAS APV-II;




	-

	
The integrity parameter HPL (Horizontal Protection Level) for navigation in the horizontal plane should not exceed 40 m for the SBAS APV-I and SBAS APV-II procedures;




	-

	
The integrity parameter VPL (Vertical Protection Level) for vertical navigation should not exceed 50 m for the SBAS APV-I approach procedure and 20 m for the SBAS APV-II procedure.









The research problem defined in the title of this paper refers mainly to the aviation aspect of the use of SBAS supporting systems, i.e., to the determination of the accuracy, continuity, availability, and integrity of SBAS positioning in aviation. In the territory of Poland, the EGNOS (European Geostationary Navigation Overlay Service) supporting system has been used for many years to improve GNSS positioning [4]. Apart from that, the Russian SDCM (System of Differential Correction and Monitoring) has also been used for several years [5]. Both these SBAS systems share a common coverage of the positioning range in the area of Poland and thus they may also be used in the realisation of aviation experiments and analysing the SBAS positioning quality in this part of Europe. The EGNOS and SDCM systems have been used multiple times in academic publications related to the subject literature. Research projects where all the quality parameters of EGNOS positioning in aviation were determined may be found in publications [6,7,8,9,10,11,12,13,14,15,16,17]. On the other hand, the accuracy parameter alone was calculated and discussed in publications [4,18,19,20,21,22,23,24,25,26], while the integrity parameter was determined and presented in publications [3,27,28,29,30,31]. It is worth adding that the referenced research projects were conducted in Poland and, in one case, in Slovakia. It should also be noted that the scope of research referred either to conducting an aviation experiment or a static GNSS measurement with use of EGNOS corrections. Kinematic flight tests were performed mainly in eastern Poland, i.e., at the border of the range of availability of EGNOS system corrections in Eastern Europe. At least one and sometimes more GNSS receivers with the function of EGNOS tracking and measurement were always installed in the aerial vehicles. On the other hand, static GNSS measurements were conducted in the vicinity of airports and landing areas at various latitudes. This allowed for analysing the SBAS signal quality and verifying its potential usefulness in aviation applications.



The EGNOS system is also used in Europe and northern Africa to improve GNSS positioning quality for the purposes of air transport. Publications [32,33,34] present the positioning quality results for the territory of Algeria. On the other hand, in Europe [35,36,37,38,39,40,41,42,43,44,45,46] various aspects of analysing the GNSS positioning quality in aviation were also presented. What is worth noting is that the publications referenced above very often emphasised the fact that the task of EGNOS is to correct the code positioning of the GPS s part of the SPP (Single Point Positioning) method.



On the other hand, the SDCM system was far less frequently used in aviation applications. Here, it is worth mentioning publication [5], which presented a combined EGNOS+SDCM positioning solution as part of the positioning of UAV (Unmanned Aerial Vehicles). Moreover, publications [47,48,49,50] describe the characteristics of the SDCM system in terms of its application as a system to support the SBAS in air navigation. On the other hand, publication [51] presented the influence of the SDCM system of the availability parameter of SBAS positioning for the entire globe, while publication [52] discussed the influence of the SDCM system on the determination of the accuracy, availability, and integrity of GNSS positioning for the territory of South Korea. Publications [53,54,55,56] presented the influence of the SDCM system on the accuracy parameter of GPS positioning and of positioning with the GPS/GLONASS (Globalnaya Nawigacionnaja Sputnikovaya Sistema) systems. Yet another study [57] analysed the possibilities to use the SDCM supporting system in aerial operations in the territory of Romania in reference to the EGNOS and GAGAN (GPS Aided Geo Augmented Navigation) systems. A very interesting numerical solution was presented in publication [58]. Namely, it presented selected models of SBAS corrections for the supporting systems: SDCM, EGNOS, WAAS (Wide Area Augmentation System), MSAS (Multi-functional Satellite Augmentation System) and GAGAN, followed by their comparison. Article [59] discussed a new algorithm to modify the SDCM corrections for the purposes of their application to improve GLONASS positioning, whereas study [60] presented the influence of the SDCM solution on the determination of the equipment delay for the receiver between GPS/GLONASS systems.



The presented knowledge status analysis [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60] allows us to draw the following conclusions:




	-

	
The quality parameters of SBAS positioning are very important in terms of the application of SBAS systems in aviation;




	-

	
The studies of quality parameters of SBAS positioning were usually based on a single SBAS navigation solution;




	-

	
In Poland, the EGNOS supporting system was generally used in practically all the referenced research projects [3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31];




	-

	
In research projects conducted in Europe and Africa [32,33,34,35,36,37,38,39,40,41,42,43,44,45,46], the EGNOS system was also used as a system to support the SBAS;




	-

	
Subject literature [47,48,49,50,51,52,53,54,55,56,57,58,59,60] shows that the SDCM system was less widely applied in practice in aviation than the EGNOS system;




	-

	
However, it also demonstrates [47,48,49,50,51,52,53,54,55,56,57,58,59,60] that the SDCM system may provide an alternative for the EGNOS system in GNSS satellite positioning;




	-

	
The area of the territory of Poland is covered by the common range of corrections of EGNOS and SDCM, so that both SBAS supporting systems are used in GNSS satellite positioning.









Additionally, the presented analysis of the state of knowledge [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60] also allows us to define the missing elements that constitute current research problems for the proposed topic of the article, i.e.:




	-

	
There is no common solution for EGNOS and SDCM positioning in the context of aviation;




	-

	
In numerical terms, no algorithms exist that would integrate the single EGNOS and SDCM solutions for the purposes of determination of the resultant position of the aerial vehicle;




	-

	
In terms of aviation, there are also no available mathematical formulas that would enable the determination of the accuracy, continuity, availability, and integrity from a combined navigation solution of EGNOS and SDCM;




	-

	
In aviation, more research is required to determine the SBAS positioning quality for specific phases of flight, e.g., landing approach;




	-

	
Another missing element in the aviation context is the increased number of trainings of flight crews in Multi-SBAS positioning for aviation purposes.









The conducted analysis of the state of knowledge together with preliminary conclusions and identification of the missing elements in the research on the subject matter of this article revealed that it is necessary to develop and implement a new SBAS navigation solution in aviation based on the integration of data from EGNOS and SDCM. Due to that, this article presents a modified plan of an SBAS navigation solution based on the Multi-SBAS positioning concept. Namely, first of all, the Multi-SBAS concept enables to determine the resultant coordinates of an aerial vehicle, and secondly, it allows for the integration of single SBAS solutions. Based on this assumption, single SBAS navigation solutions are combined through the appropriate model of the resultant position of the aerial vehicle. Subject literature demonstrates [61] that the optimum model for the determination of the resultant position of an aerial vehicle is the weighted mean model. It should be noted that this approach will also require the modification of the scheme of determining the quality parameters of SBAS positioning. Moreover, it may be assumed that the accuracy, continuity, availability, and integrity parameters of SBAS positioning will also have the nature of resultants if this approach is used. Here it should be explained why this calculation strategy is so beneficial. This is due to the fact that the determined resultant accuracy, continuity, availability, and integrity parameters of SBAS positioning will be defined with at least one degree of freedom [61]. This means that, in statistical terms, the presented solution, has one redundant measurement and it involves calculation control, which will enable, at least, to reduce gross errors in a single SBAS solution, if such errors occur. It is still necessary to pay attention to the very scheme of connecting individual SBAS solutions in the data integration model. Namely, the weighted mean model used to integrate individual SBAS solutions depends on the weights assigned to measurements. In the presented study, weighting was applied as a function of the inverse number of tracked GPS satellites for which corrections were developed from EGNOS and SDCM geostationary satellites. This weighing scheme is important due to several reasons: firstly, it is easy to implement in calculations and does not require the user to possess specialist statistical knowledge; secondly, most GNSS receivers in the process of processing GNSS observations provides the users with access to information about the current number of tracked GPS satellites; and thirdly, the measurement weight model will also depend on the geometric coefficient PDOP (Position DOP). The modified Multi-SBAS positioning model presented here may be used to improve the quality of SBAS positioning in aviation. Apart from that, the proposed Multi-SBAS solution may also be used in the certification process of SBAS supporting systems in aerial navigation.



The main contribution of the authors of the article consists in:




	-

	
Defining a multi-system Multi-SBAS solution that takes into account individual EGNOS and SDCM solutions to determine the model of the resultant position of an aerial vehicle;




	-

	
Employing the Multi-SBAS solution to calculate the quality parameters of the aerial vehicle, i.e., the accuracy, continuity, integrity, and availability parameters;




	-

	
Developing a weighting plan to integrate and combine individual SBAS solutions to the Multi-SBAS model;




	-

	
Conducting navigation analyses that confirm the correctness of the developed research methodology.










2. Research Method


This section presents the algorithm of the mathematical model for the determination of the resultant coordinates of aerial vehicles from the Multi-SBAS solution. Additionally, the modified equations for the determination of the quality parameters of SBAS positioning in aviation are presented.



2.1. Mathematical Model of Multi-SBAS Solution for Aircraft Position using EGNOS and SDCM Data


The presented approach employs the multi-system Multi-SBAS solution. The analysed example refers to the EGNOS and SDCM supporting systems. This will constitute the basis for the determination of the model of the resultant position of an aerial vehicle:


   {       B m  =    α E  ·  B  E G N O S     +    α S  ·  B  S D C M      α E    +    α S           L m  =    α E  ·  L  E G N O S     +    α S  ·  L  S D C M      α E    +    α S           h m  =    α E  ·  h  E G N O S     +    α S  ·  h  S D C M      α E    +    α S           



(1)




where:




	
   B  E G N O S    —geodetic latitude from an individual SBAS/EGNOS solution [5,10,62],



	
   B  S D C M    —geodetic latitude from an individual SBAS/SDCM solution [5,10,62],



	
   L  E G N O S    —geodetic longitude from an individual SBAS/EGNOS solution [5,10,62],



	
   L  S D C M    —geodetic longitude from an individual SBAS/SDCM solution [5,10,62],



	
   h  E G N O S    —ellipsoidal height from an individual SBAS/EGNOS solution [5,10,62],



	
   h  S D C M    —ellipsoidal height from an individual SBAS/SDCM solution [5,10,62],



	
   α E   —measurement weight from the SBAS/EGNOS solution,



	
   α S   —measurement weight from the SBAS/SDCM solution.








The measurement weight was defined as a function of the number of tracked GPS satellites, for which EGNOS and SDCM corrections were recorded, as presented below:


    α E  =  1  n  s  E G N O S           i      α s  =  1  n  s  S D C M       



(2)




where:




	
  n  s  E G N O S     is the number of GPS satellites for which EGNOS corrections were defined in the SBAS/EGNOS solution,



	
  n  s  S D C M     is the number of GPS satellites for which EGNOS corrections were defined in the SBAS/SDCM solution.








Equation (1) describes the weighted mean model, taking into account the measurement weights (   α E  ,  α s  )   that enable the integration of individual EGNOS and SDCM navigation solutions. Additionally, it should be noted that the resultant model of the position of the aircraft is expressed in ellipsoidal coordinates BLh (B-Latitude, L-Longitude, and h-ellipsoidal height). The standard deviations for coordinates (Bm, Lm, and hm) will also be calculated for the determined resultant position of the aerial vehicle, in the form:


   {      δ B =     [  v  B , E G N O S   ·  α E  ·  v  B , E G N O S     +    v  B , S D C M   ·  α S  ·  v  B , S D C M   ]   n   −   1           δ L =     [  v  L , E G N O S   ·  α E  ·  v  L , E G N O S     +    v  L , S D C M   ·  α S  ·  v  L , S D C M   ]   n   −   1           δ h =     [  v  h , E G N O S   ·  α E  ·  v  h , E G N O S     +    v  h , S D C M   ·  α S  ·  v  h , S D C M   ]   n   −   1            



(3)




where:




	
   v B     —corrections along the B axis,



	
   v  B , E G N O S   =  B  E G N O S   −  B m   ,



	
   v  B , S D C M   =  B  S D C M   −  B m   ,



	
   v L   —corrections along the L axis,



	
   v  L , E G N O S   =  L  E G N O S   −  L m   ,



	
   v  L , S D C M   =  L  S D C M   −  L m   ,



	
   v h     —corrections along the h axis,



	
   v  h , E G N O S   =  h  E G N O S   −  h m   ,



	
   v  h , S D C M   =  h  S D C M   −  h m   ,



	
 n —number of measurements,   n = 2  ,



	
  n − 1  —number of degrees of freedom.








The standard deviations calculated for the resultant position of the aerial vehicle will determine the internal accuracy of the presented mathematical Equation (1).




2.2. Mathematical Model of Multi-SBAS Solution for Parameters of Quality Positioning


The analysis of the quality parameters of Multi-SBAS positioning in the presented research method is based on the determination of four parameters: accuracy, continuity, availability, and integrity of SBAS positioning. The values of the accuracy parameter of positioning the aerial vehicle were expressed in the ellipsoidal system BLh. For the purposes of this study, the following mathematical algorithms were used:




	-

	
for the accuracy parameter:











   [      d B       d L       d h      ]  =  [       B m  −  B  R T K          L m  −  L  R T K          h m  −  h  R T K        ]   



(4)




where:




	
   (  d B , d L , d h  )   —accuracy of positioning the aerial vehicle [63],



	
  (  B m  ,  L m  ,    h m  )  —the resultant coordinates of the aerial vehicle determined with use of solution (1),



	
  (  B  R T K   ,  L  R T K   ,  h  R T K   )  —the coordinates of the aerial vehicle calculated with use of the RTK (Real Time Kinematic) differential technique in the OTF (On The Fly) mode [61,62].








Additionally, for the    (  d B ,   d L ,   d h  )    parameters, the RMS (Root Mean Square) error was calculated [64]. It expresses the statistical measure of the accuracy of the determined resultant coordinates of the aerial vehicle. The value of the RMS error was calculated for the results of the dB, dL, and dh parameters in the following way:


   {      R M  S  d B   =      [  d  B 2   ]   N          R M  S  d L   =      [  d  L 2   ]   N          R M  S  d h   =      [  d  h 2   ]   N           



(5)




where:




	
  R M  S  d B    —RMS error for the calculated accuracy of the determined resultant component B of the aerial vehicle,



	
  R M  S  d L    —RMS error for the calculated accuracy of the determined resultant component L of the aerial vehicle,



	
  R M  S  d h    —RMS error for the calculated accuracy of the determined resultant component h of the aerial vehicle,



	
 N —number of measurement epochs.








Another essential factor for the determination of the positioning accuracy in 3D space is the determination of the resultant position error   d r  . In the analysed example, the   d r   parameter will define the shift vector of the resultant coordinates of the aerial vehicle with respect to the reference trajectory of the flight. The   d r   parameter may be calculated from the mathematical Equation (6), as presented below:


  d r =   d  B 2    +   d  L 2    +   d  h 2     



(6)




where:




	
  d r  —resultant position error in 3D space.













	-

	
for the availability parameter:











   A m  =    A  E G N O S   ·  α E    +    A  S D C M   ·  α S     α E    +    α S     



(7)




where:




	
   A m   —resultant availability of Multi-SBAS positioning,



	
   A  E G N O S      —positioning availability from the SBAS/EGNOS solution,



	
   A  E G N O S   = 100 % ·   t     E / a c c i d e n t      t  a l l      ,



	
   A  S D C M    —positioning availability from the SBAS/SDCM solution,



	
   A  S D C M   = 100 % ·    t  S / a c c i d e n t      t  a l l      ,



	
   t  E / a c c i d e n t    —outage duration in the SBAS/EGNOS solution,



	
   t  S / a c c i d e n t    —outage duration in the SBAS/SDCM solution,



	
   t  a l l    —total time of functioning of the given SBAS system.








The determined value of the availability parameter    A m    is dimensionless; optionally it may be expressed as percentage.








	-

	
for the continuity parameter:











   C m  =    C  E G N O S   ·  α E    +    C  S D C M   ·  α S     α E    +    α S     



(8)




where:




	
   C m   —resultant continuity of Multi-SBAS positioning,



	
   C  E G N O S    —positioning continuity in SBAS/EGNOS solution,



	
   C  E G N O S   =    P E    Δ  t E    ·  t  o b  s E     ,



	
   C  S D C M    —positioning continuity in SBAS/SDCM solution,



	
   C  S D C M   =    P S    Δ  t S    ·  t  o b  s S     ,



	
   P E   —probability of maintaining continuity in SBAS/EGNOS solution,



	
   P S   —probability of maintaining continuity in SBAS/SDCM solution,



	
  Δ  t E   —time interval unit in SBAS/EGNOS solution,



	
  Δ  t S   —time interval unit in SBAS/SDCM solution,



	
   t  o b  s E     —total time of observations in SBAS/EGNOS solution,



	
   t  o b  s S     —total time of observations in SBAS/SDCM solutions.








Actually, the determined value of the continuity parameter    C m    defines the number of failures and interruptions in the functioning of the Multi-SBAS solution. What is worth noting is the fact that this value is dimensionless.








	-

	
for the integrity parameter:











   {      H P L =  K H  ·   δ  B m    2    +   δ  L m    2          V P L =  K V  · δ  h m         



(9)




where:




	
   K H   —proportionality coefficient in the horizontal plane for SBAS APV type approach:    K H  = 6.00   [2],



	
   K V   —proportionality coefficient in the vertical plane for SBAS APV type approach:    K V  = 5.33   [2],



	
   (  δ B ,   δ L ,   δ h  )   —standard deviations for coordinates (Bm, Lm, hm) from the solution of (3),



	
  H P L  —level of positioning integrity in the horizontal plane,



	
  V P L  —level of integrity of vertical positioning.








Equation (9) describes the integrity of positioning for the Multi-SBAS solution with use of the HPL and VPL parameters.





3. Research Experiment


In reference to the analysis of the state of knowledge concerning the application of SBAS supporting systems in aviation, this study focused on the final stage of flight being the landing approach and landing. To this end, first a flight experiment was conducted, followed by the elaboration of the GNSS data, and finally, the necessary numerical analyses were conducted for the research methodology proposed in the paper.



The first stage consisted of performing a test flight. The flight was conducted jointly by a research team composed of employees of the Polish Air Force University, the University of Warmia and Mazury, and the Aero Club of Warmia-Mazury. The test flight was performed with a Diamond DA 20-C 31 aircraft on 31 October 2020, in north-eastern Poland. A dual-frequency geodetic receiver Septentrio AsterRx2i was installed on board of the aircraft. The flight lasted from 07:57:07 h (28,627 s) to 11:55:59 h (42,959 s) according to GPS Time (GPST). The Septentrio receiver recorded GPS satellite data at 1-s intervals. The obtained data were used to calculate the position of the aerial vehicle and the quality parameters of satellite positioning based on Equations (1)–(9). During the entire flight, the scope of changes in the geodetic latitude B ranged from 53.458121° to 54.097633°, while the scope of geodetic longitude L was in the range from 20.363363° to 22.982004°. The ellipsoidal height during the flight ranged from 139 m to 605 m. Additionally, the momentary velocity of the flight of the Diamond aircraft along the B axis ranged from 0 to 58 m/s, for the L component from 0 to 96 m/s, and along the h axis from 0 to 9 m/s.



An important element of the description of the flight experiment was the information about atmospheric conditions, i.e., respectively, the tropospheric and ionospheric conditions. The analysis of meteorological conditions was based on the data obtained from the weather station located in Olsztyn [65]. On the 31 October 2020, the air temperature in north-eastern Poland fluctuated between 6 °C and 10 °C, and the mean temperature was 8 °C. The highest temperature was noted at 11:30. There were heavy clouds, but the largest cloud coverage was noted after the end of the experiment, i.e., after 12. The wind was weak and moderate, from the western and north-western directions. No fog was observed during the flight. Air humidity ranged from 76% to 100%, with the mean value of 90%. As it was in the case of cloud cover, the lowest value of air humidity was noted during the realisation of the test flight. The atmospheric pressure in north-eastern Poland was initially 1017 hPa, and it increased in the subsequent hours. The highest value of air pressure, i.e., 1024 hPa, was recorded at 12:00 h.



As for the state of the ionosphere, the value of the Kp index for the 31 October 2020 was presented. The Kp index is a parameter that defines the radiation of solar wind particles that affect the magnetic field of the Earth [66]. Its value allows us to find out whether geomagnetic storms that might cause disturbances in the GNSS signal occurred during the experiment. During the flight of the Diamond, from 07:57:07 h (28,627 s) to 11:55:59 h (42,959 s) according to GPS Time (GPST) two values of the Kp index were determined: 2.34 at 7:50 h and 2.00 at 10:50 h. Thus, it may be stated that the values of the Kp index during the realisation of the experiment were low. Data related to the Kp index were downloaded from the website https://www.swpc.noaa.gov/products/planetary-k-index (accessed on 30 November 2021) [67]. With regard to the status of the ionosphere, the values of the VTEC (Vertical TEC) parameter [18,68,69] were also determined during the flight. Table 1 shows the results of VTEC parameter with time resolution of 1 h based on IONEX (IONosphere map EXchange) product from the Center for Orbit Determination in Europe (CODE) [70]. The VTEC parameter varied from 9.2 TECU (Total Electron Content Unit) to 22.6 TECU during the test flight. The highest VTEC value was at 12:00 and the lowest at 07:00 GPST.



As the article analyses the phases of landing approach and landing, further sections of the paper will focus on these stages of flight. In order to determine the quality of the Multi-SBAS satellite positioning during the approach to landing, the observations and GNSS navigation data recorded from 11:38:31 h (41,911 s) to 11:55:59 h (42,959 s) according to system time GPST were used. Figure 1 shows the horizontal trajectory of the landing approach of the Diamond aircraft that was recorded between 11:38:31 h and 11:55:59 h. During the landing approach, the geodetic latitude coordinate took the values from 53.791864° to 53.774913°. At the same time, the geodetic longitude coordinate L ranged from 20.408362° to 20.460093°. The values of the horizontal coordinates (B, L) were determined with use of Equation (1).



The next illustration-Figure 2 shows the characteristics of the vertical trajectory of the flight during the aircraft landing procedure, in the period from 11:38:31 h (41,911 s) to 11:55:59 h (42,959 s) according to system time GPST. The ellipsoidal height h during the approach to landing changed from 515 m to 163 m. The values of the vertical coordinate h were determined with use of Equation (1).



Then, Figure 3 shows the number of GPS satellites for which corrections were developed respectively from SDCM and EGNOS geostationary satellites. During the landing approach procedure, the Septentrio on-board receiver recorded from 6 to 9 GPS satellites with EGNOS corrections, as well as 5 to 8 GPS satellites with SDCM corrections. Additionally, the mean number of tracked GPS satellites with SDCM corrections during the landing approach was 6, while the number of GPS satellites with EGNOS corrections was 7. The analysis of the results presented in Figure 3 reveals that the EGNOS system sent corrections to a larger number of GPS satellites than the SDCM system.



The conducted flight test also involved the determination of the dilution of precision coefficient in 3D space–the geometric PDOP (Position DOP) coefficient. The PDOP is a coefficient that is used in GNSS systems to define the influence of the spatial location of GNSS satellite on the accuracy of the determined three-dimensional position [71]. In the present study, the PDOP was determined for an individual SBAS solution, i.e., for the EGNOS and SDCM systems. Figure 4 shows the values of the PDOP coefficient from an individual SBAS solution, i.e., EGNOS and SDCM during the phase of approach to landing of an aerial vehicle. The value of the PDOP coefficient for a single SBAS/EGNOS solution ranged from 1.8 to 2.8, with a mean value of 2.2. For a single SBAS/SDCM solution, the value of this coefficient ranged from 2 to 3.6, while the mean value was also 2.2. The values of the PDOP coefficient obtained for both single SBAS/EGNOS and SBAS/EGNOS did not exceed 3, which means that the observation conditions during the test flight were very good.



The second stage of research consisted in the pre-processing of the recorded GNSS satellite data. During the test flight, the on-board receiver Septentrio AsterRx2i was used to collect and record the GPS observations to calculate the position of the aircraft. In order to perform the pre-processing of the analysed material, GPS satellite data were saved on portable data carriers and then uploaded to the computer. After that, the data were converted from the binary format to the RINEX format. As a result, two RINEX files in the GPS system were obtained: observation RINEX and navigation RINEX. At this stage, the corrections from the EGNOS satellite number S123 were also applied as well as SDCM corrections from satellite number S125. The corrections are published on the server ftp://serenade-public.cnes.fr/SERENAD0 (accessed on 30 November 2021) [72]. The format of the EGNOS and SDCM corrections was saved in files with the “EMS” extension.



The prepared GPS navigation and observation data in the RINEX format and the SBAS corrections in the EMS format were then used in the third phase of research. At this stage, calculations were performed with use of the RTKLIB software v.2.4.3 [73] and the programming language Scilab v. 6.0.0 [74]. Calculations began in the RTKLIB navigation application. Here, the RTKPOST library was used to determine the position of the aerial vehicle from a single SBAS solution (EGNOS and SDCM). The SBAS positioning algorithm in the RTKPOST software is based on the SPP code method with the implementation of SBAS corrections [62]. For a single SBAS solution, two calculation reports were generated: one from a single GPS solution with EGNOS corrections and the other from a single GPS solution with SDCM corrections. Due to the fact that the determination of the parameters of the positioning of aerial vehicle requires us to determine the reference trajectory of the flight, the reference position of the Diamond DA 20-C aircraft was determined from the RTK-OTF solution in the RTKLIB software. The RTK-OTF solution adopted in the RTKLIB application is the “MOVING BASE” computational module [75]. The RTK-OTF solution uses the RINEX observation data from the on-board receiver and the reference station and the GPS navigation message. As for the reference station, RINEX observation data from the OPNT base station [76] located in Olsztyn were used.



The generated reports from a single SBAS solution and the RTK-OTF differential technique were then used to conduct further numerical calculations, i.e., to determine the resultant position of the aerial vehicle and the resultant quality parameters of Multi-SBAS positioning in the landing approach procedure. Calculations were performed in the Scilab programming language. Calculations performed in the Scilab software started with importing the reports generated in the RTKPOST application. Then, the necessary determined navigation parameters in the period from 11:38:31 h (41,911 s) to 11:55:59 h (42,959 s) according to system time GPST were selected. The next stage consisted in the development and application of the weighted mean model in compliance with the adopted research methodology. This stage involved the determination of: the resultant coordinates of the aerial vehicle, the standard deviations for these resultant coordinates, and the resultant quality parameters of positioning from the multi-system SBAS solution. The calculations took into account the mathematical algorithms for Equations (1)–(9). The results of the calculations performed in Scilab software are presented in form of numerical data, tables and graphics in Section 4. It is worth mentioning, that some additional numerical calculations were also conducted in the Scilab software to confirm the correctness of the proposed research method. They are discussed in Section 5.




4. Results


Section 4 presents the results of the conducted research. Firstly, the results of the measurement weights determined with use of Equation (2) are presented.



The values of measurement weights obtained from a single SDCM ranged from 0.125 to 0.2, while those from EGNOS solution ranged from 0.111 to 0.166. To analyse the results presented in Figure 5, it is worth referring to the results shown in Figure 3, i.e., to the number of GPS satellites with SDCM and EGNOS corrections. One may say that, as the measurement weight increases, the number of GPS satellites use in the EGNOS or SDCM solutions decreases. This correlation is also true for the reverse direction, so that, as the number of GPS satellites tracked by the receiver increases, the measurement weight decreases, as it is described in Equation (2). It should also be noted that the relation described by the mathematical Equation (2) changes exponentially.



Then, Figure 6 illustrates the obtained values of standard deviation calculated with use of Equation (3). The values of the    (  δ B ,   δ L ,   δ h  )    parameters are determined for the resultant coordinates of the aerial vehicle in the Multi-SBAS solution. The maximum values of the    (  δ B ,   δ L ,   δ h  )    parameters are, respectively: for component B up to 0.25 m, for component L up to 0.22 m, and for component h up to 0.62 m. The analysis of the results presented in Figure 6 reveals that the highest values of standard deviation were obtained for the vertical component h. Moreover, the standard deviations of   δ B   were approximately 60% lower than values of   δ h   results. On the other hand, the standard deviations of   δ L   were approximately 65% lower than those of the   δ h   parameter.



Figure 7 shows the results of Multi-SBAS positioning accuracy for the position of the aerial vehicle. The obtained values of the accuracy of positioning with use of multi-system SBAS solutions were obtained from Equation (4). These results were expressed in form of ellipsoidal coordinates BLh. Obviously, it should be noted that in order to determine the positioning accuracy, the resultant coordinates of the aerial vehicle obtained from the Multi-SBAS solution were compared with the reference position of the flight calculated with use of the RTK-OTF differential technique. The accuracy of the determination of the geodetic latitude B from the Multi-SBAS solution during the landing approach procedure ranged from −1.58 m to +0.33 m, whereas the mean accuracy for the geodetic latitude component B equalled −0.65 m. On the other hand, for the geodetic longitude L, the positioning accuracy ranged from −1.62 m to +0.40 m, with a mean value of −0.50 m. The accuracy of positioning the vertical component h from the Multi-SBAS solution ranged from +0.45 m to +3.38 m. The mean value of positioning accuracy along the h axis equalled +2.18 m. The comparison of the resulting values of the    (  d B ,   d L ,   d h  )    parameters revealed that the accuracy values   d B   were approximately 70% lower than the obtained results of   d h   position errors. Additionally, the values of accuracy of   d L   were 77% lower than the   d h   position errors.



Important parameters that must be determined in the accuracy analysis are the RMS errors. The values of these errors were calculated from the formulas provided in Equation (5). Based on the conducted research, it was determined that the lowest values of the RMS error were obtained along the L axis, and the highest one for the vertical component h. The values of the obtained RMS errors are presented in Table 2.



Additionally, the vector of coordinate shift   d r   on a 3D plane was determined for the accuracy parameter, according to Equation (6). The spread of the results of the vector of the shift in the position of the aerial vehicle from the multi-system Multi-SBAS solution ranged from 1.19 m to 3.55 m with a mean value of 2.39 m. It is worth noting that the factor that has the strongest influence on the results of the   d r   parameter are position errors, in particular the position errors for the h component. The lower the accuracy of the vertical component h becomes, the higher is the value of the shift vector   d r  . Obviously, the application of the square root function in Equation (6) reduces the increase in the   d r   parameter, but it is still noticeable, as shown in the results in Figure 8. As a result, it is necessary to continue solving and improving the algorithms for determining the position of an aerial vehicle, in particular for the vertical component h.



Equation (7) was used to calculate the availability of Multi-SBAS positioning for the analysed stage of flight of the aerial vehicle. In the conducted experiment, the availability of Multi-SBAS positioning was 100% through the entire procedure of landing approach and landing itself. Table 3 presents the results of the availability of positioning of the aerial vehicle from the Multi-SBAS solution. Availability is expressed in percent. Apart from that, Table 3 presents the results of calculating the continuity parameter from the Multi-SBAS solution. In this case, calculations were performed with use of Formula (8).



The continuity parameter takes into account the number of occurring outages in the functioning of SBAS supporting systems. Due to the fact that the subject of this study is the determination of the quality of Multi-SBAS positioning in the landing approach procedure, the conducted calculations were based on the probability of continuity for SBAS APV approach for the GNSS satellite technique in compliance with the requirements of ICAO, where the values      P E    Δ  t E    =    P S    Δ  t S      are the same and equal, respectively, from     1 ·   10   − 6     15   s     to     8 ·   10   − 6     15   s     [2]. The final continuity valuers from the Multi-SBAS solution ranged from 0.0000699 to 0.0005595.



Figure 9 presents the results of positioning integrity according to Formula (9). The integrity values were presented in form of the HPL and VPL security parameters. The HPL values in the landing approach procedure ranged from 0.02 m to 2.01 m, with the mean value of HPL of 0.51 m, while the VPL values ranged from 0.15 m to 3.29 m, with the mean value of 1.74 m. Thus, one may state that the proposed Multi-SBAS solution allowed for a significant increase in the value of the integrity parameter, so that the maximum value did not exceed 3.3 m. This is particularly important for the improvement of the safety of performing aviation operations, as integrity is a measure of trust in the obtained navigation solution of the position of the aerial vehicle obtained from the Multi-SBAS positioning solution.



Analysing the obtained HPL/VPL integrity parameters presented in Figure 9, it is worth to refer to the results of the positioning accuracy shown in Figure 7. The determination of the HPL/VPL values is mainly influenced by the standard deviations of the calculated aircraft coordinates [77]. The smaller the values of standard deviations, the smaller the HPL/VPL values are. Positioning accuracy, on the other hand, will mean by how much the determined aircraft coordinates are offset from the flight reference position. The smaller the difference of the compared coordinates from the SBAS and RTK-OTF solution, the higher the positioning accuracy.




5. Discussion


The aim of the discussion of the obtained research results is to highlight the advantages and the efficiency of the presented research method. First of all, the validity of the applied research method was verified, and then the influence of the obtained research results was highlighted in the context of the analysis of the state of knowledge.



5.1. Validity of the Applied Research Method


From the point of view of the applied research method, the first part of the discussion is the most important. In fact, demonstrating the validity of the presented research method requires conducting numerous additional comparative analyses for the parameters obtained from the mathematical Equations (1)–(9). Firstly, the obtained standard deviation results were evaluated and analysed. Figure 10, Figure 11 and Figure 12 show a comparison of the standard deviations obtained from the weighted mean model (see Equations (1)–(3)) and the arithmetic mean model [62]. The values from the weighted mean model were interpreted and presented in Figure 6. However, it is worth explaining why the weighted mean model is better than the arithmetic mean model for the standard deviation parameters. Namely, for the arithmetic mean model, the maximum standard deviation results are, respectively: 0.65 m for the   δ B   parameter, 0.63 m for the   δ L   parameter, and 1.69 m for the   δ h   parameter. As a result, comparative analysis reveals an improvement in the standard deviation results for the weighted mean model (Equations (1)–(3)). The results were improved by 61–65% for the horizontal components, and by 63% for the vertical component. This also demonstrates the validity of the adopted calculation strategy for the weighted mean model for the Multi-SBAS solution.



The further part of the discussion focuses on the comparative analysis of the accuracy parameter. Such comparative analysis was conducted of the accuracy from the weighted mean and the arithmetic mean models. Then, it was demonstrated how the weighted mean model improves the positioning accuracy for a single SBAS solution from the EGNOS supporting system. Figure 13 presents the comparison of the results of positioning accuracy in the 3D space, i.e., in fact of the   d r   parameter. The comparison was based on the results of the   d r   parameter from the weighted mean model and the arithmetic mean model. The values of the   d r   parameter from the weighted mean model were interpreted and presented in Figure 8. On the other hand, in Figure 13 the results of the   d r   parameter from the arithmetic mean model were added. The results of the comparative analysis of the   d r   parameter revealed that the weighted mean solution proposed by the authors improved the results of the   d r   parameter by 1% to 7% in comparison to the arithmetic mean model. It should be noted that this applies to accuracy in the 3D space, which is influenced to the greatest extent by errors in the position of    (  d B ,   d L ,   d h  )   , as shown in Equations (4) and (6).



As far as the comparative analysis of the accuracy between the weighted mean and arithmetic mean models is concerned, it is worth mentioning the position errors determined for the vertical component. Figure 14 presents the results of the comparison of the position errors for ellipsoidal height that were calculated with use of the weighted mean and arithmetic mean models. The values of the   d h   parameter from the weighted mean model were interpreted and presented in Figure 7. The results of the comparative analysis of the   d h   parameter revealed that the weighted mean solution proposed by the authors improved the results of the   d h   parameter by 1% to 14% in comparison to the arithmetic mean model. The effectiveness of the proposed solution for the weighted mean model and the vertical component is quite important for the phase of approach to landing and the landing itself. The results presented in Figure 14 demonstrate that the practical application of the weighted mean model yields better results than that of the arithmetic mean model. Improved vertical positioning accuracy is also crucial for the safety of flight.



Continuing the analysis of positioning accuracy, it should also be explained why the Multi-SBAS solution is far more effective than a single SBAS solution from the EGNOS supporting system. To do so, a comparison of the results for parameters    (  d r ,   d h  )    was conducted between the proposed weighted mean model and the single SBAS/EGNOS solution. Figure 15 shows the results of comparison of the   d r   parameter between the weighted mean model and a single SBAS/EGNOS solution. It is worth noting that the Multi-SBAS solution improves the value of the   d r   parameter by 1% to 37% in comparison to a single SBAS/EGNOS solution. The obtained improvements expressed in per cent are rather significant. Moreover, Figure 16 shows the results of comparison of the   d h   parameter between the weighted mean model and a single SBAS/EGNOS solution. As far as the positioning of the vertical component is concerned, the results obtained from the weighted mean model were significantly better than those from the single SBAS/EGNOS solution. The accuracy of the vertical component calculated with use of the weighted mean model improved by 1% to 73%. Based on these results, one may claim that the application of the Multi-SBAS positioning method in the accuracy analysis is justified. This solution is significantly more effective, especially as the results apply to aviation applications.



Further comparative analyses refer to two quality parameters of SBAS satellite positioning, in this context, respectively, to availability and continuity. The comparative analysis should be based on Formulas (7) and (8) from Section 2. Namely, it is necessary to demonstrate the reasonability of implementation of the Formulas (7) and (8) in the Multi-SBAS solution. Let us analyse a case where one of the single SBAS solutions loses its availability and continuity. In this case, it was assumed that no solution from the SDCM system was available for the given measurement epoch. Then, Equations (7) and (8) in the Multi-SBAS model will take the following form:


     {       A m  =    A  E G N O S ·  α E       α E    =  A  E G N O S          C m  =    C  E G N O S ·  α E       α E    =  C  E G N O S          



(10)







What does the above Equation (10) actually mean in mathematical terms? If one single SBAS solution is lost (the SDCM solution, in this case), it will still be possible to determine the resultant values of availability and continuity, which will be determined from the EGNOS solution. It can be noted that the availability will still equal 100%, and the continuity will range from 0.0000699 to 0.0005595, according to Table 3. The weighted mean model is characterised by the fact that, if one of the parameters involved in the model is absent for the given epoch, then a resultant solution based on the results for the second parameter still exists. In aviation, this information is very important, as the determinability of the user’s position every measurement epoch, e.g., at 1 s intervals, will be maintained. It is also worth analysing the case where the Multi-SBAS solution is considered for the arithmetic mean model. Then, Equations (7) and (8) will take the following form:


   {       A m  =    A  E G N O S     +    A  S D C M    2         C m  =    C  E G N O S     +    C  S D C M    2         



(11)







Based on Equation (11) one may draw the conclusion that the resultant availability    A m    will equal 50%, and, respectively, the resultant continuity    C m    will range from 0.000035 to 0.0002798, i.e., it will be lower by half.



What does this mean in practice for the proposed Equations (7) and (8)? If we use the arithmetic mean model for the Multi-SBAS solution and mathematical Equations (7) and (8), then the resultant availability and continuity will be underestimated by 50% in reference to the nominal results. Moreover, the resultant availability and continuity will be inadequate compared to the weighted mean model. Taking an objective approach to Equations (10) and (11), one may notice the importance of the weighted mean model for the strategy of calculating the resultant values of availability and continuity.



The last stage of analysis in the first part of the discussion concerns the evaluation of the results of the determination of the integrity parameter of SBAS positioning. Figure 17 and Figure 18 show the results of integrity parameters    (  HPL ,   VPL  )    from the weighted mean model and the arithmetic mean model. The values from the weighted mean model were interpreted and presented in Figure 9. However, it is worth explaining why the weighted mean model is better than the arithmetic mean model for the integrity parameter. Namely, the maximum integrity values for the arithmetic mean model were, respectively: 5.30 m for the   HPL   parameter, and 9.01 m for the   VPL   parameter. As a result, comparative analysis reveals an improvement in the integrity results for the weighted mean model (Equation (9)). The application of the weighted mean model results in an improvement in the determination of the   HPL   parameter by 62%, and of the   VPL   parameter, respectively, by over 63%. Thus, one may notice that the applied weighted mean model is far more effective than the typically applied arithmetic mean model. This proves that the calculation strategy consisting in the application of the weighted mean model to determine integrity in the Multi-SBAS solution is justified, which was confirmed by the comparative analysis presented in Figure 17 and Figure 18.



In the case of determining the integrity of SBAS positioning in air navigation, it is crucial from the point of view of flight safety to determine the risk indexes in the form of the Integrity Risk (IR) parameter [78]. In the case of the weighted average model, it can be written that the IR parameter can be determined as follows:


  I  R m  =   I  R  E G N O S   ·  α E    +   I  R  S D C M   ·  α S     α E    +    α S     



(12)




where:




	
  I  R  E G N O S   =   c o n s t ·  t  p e r i o d      t  a p p r o a c h     =     10   − 5   · 150   s   1049   s   = 1.429933 ·   10   − 6   = I  R  S D C M    ,



	
  I  R  E G N O S    —IR value from EGNOS solution,



	
  I  R  S D C M    —IR value from SDCM solution,



	
  c o n s t =   10   − 5     [78],



	
   t  p e r i o d   = 150   s  , primary test time for the IR parameter [78],



	
   t  a p p r o a c h    —duration of approach and landing operations [78].








In the analysed case, the value of the resultant   I  R m    parameter will be equal to the IR parameters from the single solution of EGNOS (  I  R  E G N O S   )   and SDCM (  I  R  S D C M   )  . However, this is the case where we have continuity of EGNOS and SDCM solution for the same instant of time. Moreover, the parameter    t  a p p r o a c h     in the EGNOS and SDCM solution takes the same time interval. The proposed Equation (12) is universal, because in case of loss of solution from a single SBAS (EGNOS or SDCM), the value of   I  R m    parameter will still be constant and equal to the value obtained from the weighted average model, i.e.,   1.429933 ·   10   − 6    . Of course, the calculated value of   1.429933 ·   10   − 6     is only constant for the analysed case of the aircraft approach and landing. In another aviation experiment it will take a different value adequate to the duration of the approach and landing. If, in turn, we used the arithmetic mean model then Equation (12) will take the form:


  I  R m  =   I  R  E G N O S     +   I  R  S D C M    2   



(13)







This, consequently, will make the   I  R m    parameter for the arithmetic mean model in the analysed case equal to   0.714966 ·   10   − 6    . So, it can be said that there is an underestimation of   I  R m    parameter at the level of 50%. The value of   I  R m    parameter will be underestimated by 50% in case of arithmetic mean model.




5.2. Comparison between the Research Method and Analysis of Scientific Knowledge


The second part of the discussion refers to the influence of the obtained results in the light of the conducted state of knowledge analysis. It is worth noting that the research described in this study concerned more than one SBAS supporting system, similarly as in publications [5,55,57,58]. As the application of a SBAS system in GNSS positioning should enable the control of navigation calculations, it is essential to have verified position readings from a single SBAS solution. Apart from that, a similar type of navigation solution may be found in study [55], where the mathematical model of the application of a Multi-SBAS system in GNSS positioning referred only to the use of code measurement at L1 frequency in the observational equation. Thus, one may say that the authors of [55] used the concept of a Multi-SBAS model to develop a Multi-GNSS solution. Further consideration of the concept of the Multi-SBAS model reveals that, in aviation studies conducted in Poland, a similar solution was proposed in [5]. On the other hand, the analysis of the state of knowledge demonstrated that most aviation studies in Poland were conducted with use of only a single SBAS solution, usually the EGNOS system [6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31]. A similar trend is also noticeable in aviation research conducted in Europe, where the EGNOS system was the most commonly used one in navigation [35,36,37,38,39,40,41,42,43,44,45,46]. What is important in this article, is the fact that it presents a different way to use the SBAS positioning method in aerial navigation. The test results demonstrated that the developed computational strategy proved accurate and efficient in the flight experiment. Thus, it is worth applying the mathematical model of the Multi-SBAS solution in terms of the SBAS positioning method in aviation. To conclude the discussion, it is worth referring directly to the determined quality parameters of SBAS positioning. The comparison of the obtained results of SBAS positioning quality with those presented in publications [6,7,8,9,10,11,12,13,14,15,16,17] allows us to notice that the developed computational strategy for Equations (1)–(9) brings better results or results comparable with those in studies [6,7,8,9,10,11,12,13,14,15,16,17]. In particular, the values of the accuracy and integrity parameters are improved, while the availability and continuity parameters are on a comparable level.





6. Conclusions


The paper presents the results of research on the determination of the resultant quality of satellite positioning with use of SBAS supporting systems. It focuses in particular on presenting a modified weighted mean model used to determine the quality parameters of satellite positioning with use of measurement weights. The developed model defines the Multi-SBAS solution, because it combines single position solutions from the SBAS supporting system by means of using measurement weights. The authors proposed to apply measurement weights as a function of the inverse number of the tracked GPS satellites for which SBAS corrections were developed. The created model was adapted to two SBAS supporting systems, i.e., EGNOS and SDCM. The applied calculation strategy allowed for the determination of the resultant accuracy, continuity, availability, and integrity parameters of Multi-SBAS positioning in aviation. The developed mathematical model was verified during a test flight that was conducted in north-eastern Poland. The experiment was conducted on a Diamond DA 20-C aircraft, with a Septentrio AsterRx2i geodetic receiver installed on board. The test results for the stages of approach to landing and the landing itself were elaborated. The conducted research demonstrated that:




	-

	
The values of the standard deviations calculated in the proposed weighted mean model improved by 61–65% in comparison to the traditional arithmetic mean model;




	-

	
The resultant position error in 3D space calculated in the proposed weighted mean model improved by 1–7% in comparison to the traditional arithmetic mean model;




	-

	
The accuracy of determination of the vertical component h from the proposed weighted mean model improved by 1–14% compared to the standard arithmetic mean model;




	-

	
The resultant position error in 3D space calculated in the proposed weighted mean model improved by 1–37% in comparison to a single SBAS/EGNOS solution;




	-

	
The accuracy of determination of the vertical component h from the proposed weighted mean model improved by 1–73% compared to a single SBAS/EGNOS solution;




	-

	
The application of the Multi-SBAS positioning algorithm resulted in an increase in the nominal results of continuity and availability by 50% in comparison to the arithmetic mean model;




	-

	
The values of the integrity parameters (HPL, VPL) determined with use of the proposed weighted mean model improved by 62–63% in comparison to the standard arithmetic mean model.









The SBAS positioning quality results obtained during the research demonstrated that the proposed computational strategy of applying the weighted mean model was valid and adequate to the set objective of the work. The developed resultant Multi-SBAS positioning system may prove to be highly effective and efficient in navigation calculations. In the future, further research is planned on the Multi-SBAS positioning model, also with use of other SBAS supporting systems [79].
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Figure 1. The horizontal trajectory at approach of landing procedure. 
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Figure 2. The vertical trajectory at approach of landing procedure. 
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Figure 3. The number of GPS satellites with SDCM and EGNOS corrections. 






Figure 3. The number of GPS satellites with SDCM and EGNOS corrections.



[image: Applsci 12 01335 g003]







[image: Applsci 12 01335 g004 550] 





Figure 4. The PDOP value from single SBAS solution. 
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Figure 5. The values of measurement weights from each SBAS solution. 
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Figure 6. The values of standard deviations for resultant position of aircraft. 
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Figure 7. The values of position errors. 
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Figure 8. The values of parameter   d r  . 
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Figure 9. The values of integrity parameters. 
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Figure 10. The comparison of results of standard deviations along B axis. 
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Figure 11. The comparison of results of standard deviations along L axis. 
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Figure 12. The comparison of results of standard deviations along h axis. 






Figure 12. The comparison of results of standard deviations along h axis.



[image: Applsci 12 01335 g012]







[image: Applsci 12 01335 g013 550] 





Figure 13. The comparison of results of parameter   d r   based on weighted mean model and arithmetic mean model. 
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Figure 14. The comparison of position errors of parameter   d h   based on weighted mean model and arithmetic mean model. 
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Figure 15. The comparison of results of parameter   d r   based on weighted mean model and EGNOS solution. 
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Figure 16. The comparison of results of parameter   d h   based on weighted mean model and EGNOS solution. 






Figure 16. The comparison of results of parameter   d h   based on weighted mean model and EGNOS solution.



[image: Applsci 12 01335 g016]







[image: Applsci 12 01335 g017 550] 





Figure 17. The comparison of results of parameter   HPL   based on weighted mean model and arithmetic mean model. 
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Figure 18. The comparison of results of parameter   VPL   based on weighted mean model and arithmetic mean model. 
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Table 1. The VTEC values for the analysed time period [70].
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	GPS Time [hh:mm:ss]
	Value [TECU]





	07:00:00
	9.2



	08:00:00
	12.6



	09:00:00
	16.1



	10:00:00
	19.1



	11:00:00
	21.3



	12:00:00
	22.6
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Table 2. The results of RMS error.
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	Parameter
	Value [m]





	   R M  S  d B     
	0.72



	   R M  S  d L     
	0.63



	   R M  S  d h     
	2.23
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Table 3. The results of availability and continuity terms based on Multi-SBAS solution.
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	Parameter
	Value





	Availability
	100%



	Continuity
	0.0000699 to 0.0005595
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