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INTRODUCTION

The last few years have seen dynamic growth 
in the use of the GNSS satellite systems in avia-
tion navigation in Poland. Furthermore, active 
development can be observed among the SBAS 
systems [1]. In Poland, as the history of research 
on the use of SBAS in air navigation shows, the 
European EGNOS augmentation system was 
used as the first SBAS [2]. It should be noted 
that at that time, only the EGNOS system served 
as an SBAS augmentation system in this part 
of Europe. Currently, the number of SBAS sys-
tems has also increased [3], covering the terri-
tory of Poland with their corrections. This refers 

primarily to the Russian SDCM augmentation 
system [4]. The territory of Poland is covered 
by corrections from both SBAS systems, which 
can be effectively used in kinematic positioning. 
The EGNOS and SDCM corrections can be used 
primarily to improve the absolute positioning 
of GPS, which directly translates into the deter-
mination of the accuracy parameter. Accuracy 
in this sense should be understood as the differ-
ence between the coordinates determined from 
the GPS/EGNOS (or GPS/SDCM) solution and 
the reference position of the aircraft flight [5]. 
In this regard, it should be noted that accuracy is 
calculated in aviation, alongside continuity, avail-
ability, and integrity [6]. The entire study was 
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devoted to the analysis and examination of this 
parameter for the EGNOS and SDCM augmenta-
tion systems. 

In addition to the aforementioned SBAS sys-
tems, the British UK SBAS and Algerian AL-
SBAS systems also cover the territory of Poland 
with their corrections [3]. This gives a total of four 
SBAS systems that can be implemented in air nav-
igation today. On the one hand, the multitude of the 
SBAS systems allows the user to integrate data, and 
on the other hand, to control their use with the GPS 
navigation system. Under the kinematic conditions 
of GNSS measurement, the ability to use several 
SBAS systems is extremely valuable for the user. 
This mainly applies to the use of SBAS systems 
en route and on approach to landing in accordance 
with ICAO requirements [6]. It is reasonable for 
on-board GNSS receivers to be able to record the 
SBAS corrections from several geostationary sat-
ellites, rather than relying on a single SBAS sys-
tem. Real-time flight tests allow determining how 
individual corrections from a given SBAS system 
affect the kinematic position of the flight, which 
changes at a set time interval.

RELATED WORKS

The analysis of references for the article 
should be divided into two main parts, i.e., the 
research conducted in Poland and worldwide, 
respectively. The first part discusses the charac-
teristics of research on the use of the EGNOS and 
SDCM support systems in Polish aviation. The 
characteristics of the research mainly concern the 
following issues:
	• the influence of tropospheric delay on deter-

mining the position with the GPS/EGNOS or 
GPS/SDCM solutions [7],

	• research the availability, continuity, accuracy 
and integrity of the GPS/EGNOS and GPS/
SDCM positioning in transport [8],

	• determining the accuracy term of single-
receiver GPS/EGNOS and GPS/SDCM posi-
tioning [9-11],

	• determining the precision of user coordinate 
determination using GPS/EGNOS+GPS/
SDCM solutions [12],

	• the use of both SBAS support systems to esti-
mate the position of UAVs during flight [13, 14].

In addition, it is also worth mentioning the 
work [15], which determined the accuracy of 

static positioning using the GPS/EGNOS and 
GPS/SDCM solutions. The study was conducted 
as a typical geodetic measurement.

There are few publications worldwide on the 
simultaneous use of the EGNOS and SDCM aug-
mentation systems. Both augmentation systems 
have been used mainly in GNSS satellite naviga-
tion or surveying applications. It is worth men-
tioning publications [4, 16-18], which described 
the history of the EGNOS and SDCM systems as 
the SBAS systems in satellite navigation. Publica-
tion [19] presented the influence of the EGNOS 
and SDCM corrections on the determination of 
GPS and GLONASS positioning accuracy. In this 
case, the accuracy of determining the coordinates 
of the GNSS reference stations was within ±1-2 
m. Another paper [20] showed the possibilities of 
using SDCM in aviation operations in Romania 
in relation to the EGNOS augmentation system. A 
very interesting numerical solution was presented 
in [21]. Specifically, selected SBAS correction 
models for the SDCM, EGNOS, and other augmen-
tation systems were presented and then compared.

With regard to the literature review, it can be 
concluded that:
	• in Poland, both augmentation systems are 

mainly applied in air transport,
	• in Poland, aviation research has mainly 

focused on determining the accuracy parame-
ter of single-receiver GPS/SBAS positioning,

	• in Poland, the EGNOS and SDCM augmenta-
tion systems were used to estimate the posi-
tion of aircraft and UAV,

	• worldwide, the number of scientific studies 
using both the EGNOS and SDCM augmenta-
tion systems was small,

	• worldwide, both SBAS systems were mainly 
applied in GNSS satellite navigation,

	• globally, the use of both SBAS systems in 
the field of satellite navigation and geodesy 
mainly concerned the determination of GNSS 
reference station coordinates and the determi-
nation of their accuracy.

As the literature shows, the missing research 
topics in the analysis of the state of knowledge 
include:
	• developing a methodology for estimat-

ing the accuracy of a dual-receiver GPS/
EGNOS+GPS/SDCM solution,

	• implementation of algorithms in the analysis 
of positioning accuracy from a dual-receiver 
GPS/EGNOS+GPS/SDCM solution,
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	• integration of position errors from a single 
GPS/SBAS solution to determine the resultant 
accuracy for a dual GNSS receiver system,

	• determination of SBAS correction characteristics 
in terms of accuracy parameter determination.

The most important authors’ contribution to 
the development of research in this field concerns:
	• designating the accuracy term using the SBAS 

data for dual receivers positioning,
	• applying a Kalman filter to increase the accu-

racy parameter in kinematic positioning,
	• using an arithmetic mean model to determine 

the accuracy for on-board GNSS receivers,
	• developing an algorithm for determining the 

resultant accuracy for two GNSS receivers,
	• conducting a detailed analysis of SBAS cor-

rections during flight test,
	• using an weighted mean model to determine 

the accuracy for on-board GNSS receivers.

METHODOLOGY OF RESEARCH

The main objective of the research was to 
designate the accuracy of airplane using the GPS 
and SBAS data. The process of determining 
accuracy in form of a block diagram is shown 
in detail in Figure 1. This diagram was used for 
two satellite receivers installed on the airplane. 
Each individual GNSS receiver collects the GPS 
data and SBAS corrections. Then, based on the 
SPP solution, the position of the GNSS receiver 
(in this sense, the user’s position) is determined 
[22]. In addition, the flight reference position is 
determined at this calculation stage [23].

A model of GPS/EGNOS and GPS/SDCM 
position solution is created for each GNSS receiv-
er, and then the resultant position of the aircraft 
[24] is determined for two GNSS receivers. Com-
paring the estimated coordinates from the GPS/
SBAS solution and flight reference position allows 

the accuracy parameter to be calculated in the form 
of position errors [25]. The discussed calculation 
process for determining the accuracy parameter 
[26] is repeated for two or more on-board GNSS 
receivers. Therefore, it is also worth describing it 
in mathematical terms. For each GNSS receiver, 
the accuracy parameter of kinematic coordinates of 
an aircraft position can be written as follows:
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 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
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 𝛥𝛥𝛥𝛥 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥𝛥𝛥 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥ℎ =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟
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𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
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 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
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 – position errors for the geodetic 
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SBAS corrections solution for each GNSS 
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∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛

1
𝑛𝑛

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛
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𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
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𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
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 𝛥𝛥𝛥𝛥 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
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𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
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𝑟𝑟

𝛥𝛥𝛥𝛥 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
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2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
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𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥ℎ =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

 (3) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
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∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
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1
𝑛𝑛

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

 (1) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
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 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
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 (2) 

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  

 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
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 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
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 𝛥𝛥𝛥𝛥 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥𝛥𝛥 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥ℎ =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

 (3) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 

 – position 
errors for the ellipsoidal height component 
for a single GPS with SBAS corrections 
solution for each GNSS receiver.

Figure 1. The flowchart of research methodology
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Taking into account the number of solutions to 
Equation 1, we obtain:

	

{
 
 

 
 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛

1
𝑛𝑛

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

 (1) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 

{
 
 

 
 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

 (2) 

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  

 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 

{
  
 

  
 𝛥𝛥𝛥𝛥 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥𝛥𝛥 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥ℎ =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

 (3) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 

	 (2)

where: 

{
 
 

 
 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛

1
𝑛𝑛

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

 (1) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 

{
 
 

 
 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

 (2) 

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  

 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 

{
  
 

  
 𝛥𝛥𝛥𝛥 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥𝛥𝛥 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥ℎ =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
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𝑟𝑟
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𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
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∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛

1
𝑛𝑛

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

 (1) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
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 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
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𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

 (2) 

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  

 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
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𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥𝛥𝛥 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥ℎ =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

 (3) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
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 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛

1
𝑛𝑛

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

 (1) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 

{
 
 

 
 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
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 (2) 

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  

 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
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𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
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𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 

 – position errors for the 
ellipsoidal height component for a GPS/
EGNOS solution for each GNSS receiv-
er, 

{
 
 

 
 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛

1
𝑛𝑛

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

 (1) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 

{
 
 

 
 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

 (2) 

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  

 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 

{
  
 

  
 𝛥𝛥𝛥𝛥 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥𝛥𝛥 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥ℎ =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

 (3) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 

 – position errors for the 
geodetic width component for a GPS/
SDCM solution for each GNSS receiv-
er, 

{
 
 

 
 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛

1
𝑛𝑛

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

 (1) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 

{
 
 

 
 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

 (2) 

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  

 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 

{
  
 

  
 𝛥𝛥𝛥𝛥 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥𝛥𝛥 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥ℎ =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

 (3) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 

 – position errors for the 
geodetic length component for a GPS/
SDCM solution for each GNSS receiv-
er, 

{
 
 

 
 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛

1
𝑛𝑛

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

 (1) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 

{
 
 

 
 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

 (2) 

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  

 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 

{
  
 

  
 𝛥𝛥𝛥𝛥 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥𝛥𝛥 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥ℎ =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

 (3) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 

 – position errors for the 
ellipsoidal height component for a GPS/
SDCM solution for each GNSS receiver.

On this basis, Equation 2 describes the posi-
tion errors for each GNSS receiver, assuming the 
determinability of the GPS/EGNOS and GPS/
SDCM solutions. This procedure is used for each 
on-board GNSS receiver. Therefore, for both 
GNSS receivers, the accuracy parameter will be 
determined as follows:

where:	∆B – position errors for the geodetic 
width component for a system of two 
GNSS receivers, ∆L – position errors 
for the geodetic length component for 
a system of two GNSS receivers, ∆h – 
position errors for the ellipsoidal height 
component for a system of two GNSS 
receivers, r – number of GNSS receivers, 
in this case r = 2, Rx2 – designation of 
the second GNSS receiver, 

{
 
 

 
 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛

1
𝑛𝑛

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

 (1) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 

{
 
 

 
 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

 (2) 

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  

 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 

{
  
 

  
 𝛥𝛥𝛥𝛥 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥𝛥𝛥 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥ℎ =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

 (3) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 

 
- position errors for the geodetic width 
component for a single GPS/EGNOS 
solution for the second GNSS receiver, 

{
 
 

 
 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛

1
𝑛𝑛

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

 (1) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 

{
 
 

 
 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

 (2) 

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  

 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 

{
  
 

  
 𝛥𝛥𝛥𝛥 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥𝛥𝛥 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥ℎ =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

 (3) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 

 – position errors for the 
geodetic length component for a single 
GPS/EGNOS solution for the second 
GNSS receiver, 

{
 
 

 
 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛

1
𝑛𝑛

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

 (1) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 

{
 
 

 
 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

 (2) 

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  

 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 

{
  
 

  
 𝛥𝛥𝛥𝛥 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥𝛥𝛥 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥ℎ =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

 (3) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 

  – posi-
tion errors for the ellipsoidal height 
component for a single GPS/EGNOS 
solution for the second GNSS receiver, 

{
 
 

 
 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛

1
𝑛𝑛

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

 (1) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 

{
 
 

 
 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

 (2) 

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  

 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 

{
  
 

  
 𝛥𝛥𝛥𝛥 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥𝛥𝛥 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥ℎ =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

 (3) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 

 – position errors for the 
geodetic width component for a single 
GPS/SDCM solution for the second 
GNSS receiver, 

{
 
 

 
 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛

1
𝑛𝑛

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

 (1) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 

{
 
 

 
 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

 (2) 

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  

 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 

{
  
 

  
 𝛥𝛥𝛥𝛥 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥𝛥𝛥 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥ℎ =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

 (3) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 

 – position 
errors for the geodetic length component 
for a single GPS/SDCM solution for the 

second GNSS receiver,  𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  

 
 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥ℎ = 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

 (4) 

 
𝑓𝑓 = 𝑛𝑛 − 1 = 4 − 1 = 3 (5) 

 

{ 𝑥𝑥(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑥𝑥(𝑘𝑘 − 1)
𝑃𝑃(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑃𝑃(𝑘𝑘 − 1) ⋅ 𝐺𝐺𝑇𝑇 + 𝑄𝑄(𝑘𝑘) (6) 

 

{
𝐾𝐾(𝑘𝑘) = 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 ⋅ (𝐻𝐻 ⋅ 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 + 𝑃𝑃𝑃𝑃)−1

𝑥𝑥(𝑘𝑘) = 𝑥𝑥(𝑘𝑘) + 𝐾𝐾(𝑘𝑘) ⋅ (𝑧𝑧 − 𝐻𝐻 ⋅ 𝑥𝑥(𝑘𝑘))
𝑃𝑃(𝑘𝑘) = (𝐼𝐼 − 𝐾𝐾(𝑘𝑘) ⋅ 𝐻𝐻) ⋅ 𝑃𝑃(𝑘𝑘)

 (7) 

 
 

 𝐺𝐺 = [
1 0 0
0 1 0
0 0 1

], 𝑥𝑥(𝑘𝑘 − 1)  

 

𝑃𝑃(𝑘𝑘 − 1) = [
102 0 0
0 102 0
0 0 102

] 𝑚𝑚2, 𝑥𝑥(𝑘𝑘) 

 
  𝑃𝑃(𝑘𝑘)  
 
 

𝑄𝑄(𝑘𝑘) = [
𝑤𝑤𝑘𝑘2 0 0
0 𝑤𝑤𝑘𝑘2 0
0 0 𝑤𝑤𝑘𝑘2

] 𝑚𝑚2  = [
10−2 0 0
0 10−2 0
0 0 10−2

] 𝑚𝑚2 

 

 𝐻𝐻 = [
1 0 0
0 1 0
0 0 1

]  

 

𝑃𝑃𝑃𝑃 = [
𝑣𝑣𝑘𝑘2 0 0
0 𝑣𝑣𝑘𝑘2 0
0 0 𝑣𝑣𝑘𝑘2

] 𝑚𝑚2 =  [
3 0 0
0 3 0
0 0 3

] 𝑚𝑚2 

 

 𝑧𝑧 = [
𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥
𝛥𝛥ℎ
]  𝑚𝑚, 𝑥𝑥(𝑘𝑘)  

 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥ℎ = 𝑤𝑤ℎ1∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ2∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤ℎ3∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ4∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤ℎ1+𝑤𝑤ℎ2+𝑤𝑤ℎ3+𝑤𝑤ℎ4

 (8) 

 –  
position errors for the ellipsoidal height 
component for a single GPS/SDCM 
solution for the second GNSS receiver.

Taking into account the number of solutions 
for two GNSS receivers in Equations 3, we obtain:

	

{
 
 

 
 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛

1
𝑛𝑛

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
∑ 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖𝑛𝑛
1

𝑛𝑛

 (1) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑖𝑖  
 
 

{
 
 

 
 𝛥𝛥𝐵𝐵𝑅𝑅𝑅𝑅1 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥𝐿𝐿𝑅𝑅𝑅𝑅1 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

𝛥𝛥ℎ𝑅𝑅𝑅𝑅1 =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2

 (2) 

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  

 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 

{
  
 

  
 𝛥𝛥𝛥𝛥 =

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥𝛥𝛥 =
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

𝛥𝛥ℎ =
𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2 +𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

2
𝑟𝑟

 (3) 

 
𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 
 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
 

	 (3)

 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  

 
 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥ℎ = 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

 (4) 

 
𝑓𝑓 = 𝑛𝑛 − 1 = 4 − 1 = 3 (5) 

 

{ 𝑥𝑥(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑥𝑥(𝑘𝑘 − 1)
𝑃𝑃(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑃𝑃(𝑘𝑘 − 1) ⋅ 𝐺𝐺𝑇𝑇 + 𝑄𝑄(𝑘𝑘) (6) 

 

{
𝐾𝐾(𝑘𝑘) = 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 ⋅ (𝐻𝐻 ⋅ 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 + 𝑃𝑃𝑃𝑃)−1

𝑥𝑥(𝑘𝑘) = 𝑥𝑥(𝑘𝑘) + 𝐾𝐾(𝑘𝑘) ⋅ (𝑧𝑧 − 𝐻𝐻 ⋅ 𝑥𝑥(𝑘𝑘))
𝑃𝑃(𝑘𝑘) = (𝐼𝐼 − 𝐾𝐾(𝑘𝑘) ⋅ 𝐻𝐻) ⋅ 𝑃𝑃(𝑘𝑘)

 (7) 

 
 

 𝐺𝐺 = [
1 0 0
0 1 0
0 0 1

], 𝑥𝑥(𝑘𝑘 − 1)  

 

𝑃𝑃(𝑘𝑘 − 1) = [
102 0 0
0 102 0
0 0 102

] 𝑚𝑚2, 𝑥𝑥(𝑘𝑘) 

 
  𝑃𝑃(𝑘𝑘)  
 
 

𝑄𝑄(𝑘𝑘) = [
𝑤𝑤𝑘𝑘2 0 0
0 𝑤𝑤𝑘𝑘2 0
0 0 𝑤𝑤𝑘𝑘2

] 𝑚𝑚2  = [
10−2 0 0
0 10−2 0
0 0 10−2

] 𝑚𝑚2 

 

 𝐻𝐻 = [
1 0 0
0 1 0
0 0 1

]  

 

𝑃𝑃𝑃𝑃 = [
𝑣𝑣𝑘𝑘2 0 0
0 𝑣𝑣𝑘𝑘2 0
0 0 𝑣𝑣𝑘𝑘2

] 𝑚𝑚2 =  [
3 0 0
0 3 0
0 0 3

] 𝑚𝑚2 

 

 𝑧𝑧 = [
𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥
𝛥𝛥ℎ
]  𝑚𝑚, 𝑥𝑥(𝑘𝑘)  

 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥ℎ = 𝑤𝑤ℎ1∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ2∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤ℎ3∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ4∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤ℎ1+𝑤𝑤ℎ2+𝑤𝑤ℎ3+𝑤𝑤ℎ4

 (8) 

	 (4)
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 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  

 
 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥ℎ = 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

 (4) 

 
𝑓𝑓 = 𝑛𝑛 − 1 = 4 − 1 = 3 (5) 

 

{ 𝑥𝑥(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑥𝑥(𝑘𝑘 − 1)
𝑃𝑃(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑃𝑃(𝑘𝑘 − 1) ⋅ 𝐺𝐺𝑇𝑇 + 𝑄𝑄(𝑘𝑘) (6) 

 

{
𝐾𝐾(𝑘𝑘) = 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 ⋅ (𝐻𝐻 ⋅ 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 + 𝑃𝑃𝑃𝑃)−1

𝑥𝑥(𝑘𝑘) = 𝑥𝑥(𝑘𝑘) + 𝐾𝐾(𝑘𝑘) ⋅ (𝑧𝑧 − 𝐻𝐻 ⋅ 𝑥𝑥(𝑘𝑘))
𝑃𝑃(𝑘𝑘) = (𝐼𝐼 − 𝐾𝐾(𝑘𝑘) ⋅ 𝐻𝐻) ⋅ 𝑃𝑃(𝑘𝑘)

 (7) 

 
 

 𝐺𝐺 = [
1 0 0
0 1 0
0 0 1

], 𝑥𝑥(𝑘𝑘 − 1)  

 

𝑃𝑃(𝑘𝑘 − 1) = [
102 0 0
0 102 0
0 0 102

] 𝑚𝑚2, 𝑥𝑥(𝑘𝑘) 

 
  𝑃𝑃(𝑘𝑘)  
 
 

𝑄𝑄(𝑘𝑘) = [
𝑤𝑤𝑘𝑘2 0 0
0 𝑤𝑤𝑘𝑘2 0
0 0 𝑤𝑤𝑘𝑘2

] 𝑚𝑚2  = [
10−2 0 0
0 10−2 0
0 0 10−2

] 𝑚𝑚2 

 

 𝐻𝐻 = [
1 0 0
0 1 0
0 0 1

]  

 

𝑃𝑃𝑃𝑃 = [
𝑣𝑣𝑘𝑘2 0 0
0 𝑣𝑣𝑘𝑘2 0
0 0 𝑣𝑣𝑘𝑘2

] 𝑚𝑚2 =  [
3 0 0
0 3 0
0 0 3

] 𝑚𝑚2 

 

 𝑧𝑧 = [
𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥
𝛥𝛥ℎ
]  𝑚𝑚, 𝑥𝑥(𝑘𝑘)  

 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥ℎ = 𝑤𝑤ℎ1∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ2∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤ℎ3∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ4∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤ℎ1+𝑤𝑤ℎ2+𝑤𝑤ℎ3+𝑤𝑤ℎ4

 (8) 

, 

 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  

 
 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥ℎ = 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

 (4) 

 
𝑓𝑓 = 𝑛𝑛 − 1 = 4 − 1 = 3 (5) 

 

{ 𝑥𝑥(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑥𝑥(𝑘𝑘 − 1)
𝑃𝑃(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑃𝑃(𝑘𝑘 − 1) ⋅ 𝐺𝐺𝑇𝑇 + 𝑄𝑄(𝑘𝑘) (6) 

 

{
𝐾𝐾(𝑘𝑘) = 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 ⋅ (𝐻𝐻 ⋅ 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 + 𝑃𝑃𝑃𝑃)−1

𝑥𝑥(𝑘𝑘) = 𝑥𝑥(𝑘𝑘) + 𝐾𝐾(𝑘𝑘) ⋅ (𝑧𝑧 − 𝐻𝐻 ⋅ 𝑥𝑥(𝑘𝑘))
𝑃𝑃(𝑘𝑘) = (𝐼𝐼 − 𝐾𝐾(𝑘𝑘) ⋅ 𝐻𝐻) ⋅ 𝑃𝑃(𝑘𝑘)

 (7) 

 
 

 𝐺𝐺 = [
1 0 0
0 1 0
0 0 1

], 𝑥𝑥(𝑘𝑘 − 1)  

 

𝑃𝑃(𝑘𝑘 − 1) = [
102 0 0
0 102 0
0 0 102

] 𝑚𝑚2, 𝑥𝑥(𝑘𝑘) 

 
  𝑃𝑃(𝑘𝑘)  
 
 

𝑄𝑄(𝑘𝑘) = [
𝑤𝑤𝑘𝑘2 0 0
0 𝑤𝑤𝑘𝑘2 0
0 0 𝑤𝑤𝑘𝑘2

] 𝑚𝑚2  = [
10−2 0 0
0 10−2 0
0 0 10−2

] 𝑚𝑚2 

 

 𝐻𝐻 = [
1 0 0
0 1 0
0 0 1

]  

 

𝑃𝑃𝑃𝑃 = [
𝑣𝑣𝑘𝑘2 0 0
0 𝑣𝑣𝑘𝑘2 0
0 0 𝑣𝑣𝑘𝑘2

] 𝑚𝑚2 =  [
3 0 0
0 3 0
0 0 3

] 𝑚𝑚2 

 

 𝑧𝑧 = [
𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥
𝛥𝛥ℎ
]  𝑚𝑚, 𝑥𝑥(𝑘𝑘)  

 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥ℎ = 𝑤𝑤ℎ1∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ2∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤ℎ3∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ4∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤ℎ1+𝑤𝑤ℎ2+𝑤𝑤ℎ3+𝑤𝑤ℎ4

 (8) 

 – value forecast,	

 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  

 
 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥ℎ = 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

 (4) 

 
𝑓𝑓 = 𝑛𝑛 − 1 = 4 − 1 = 3 (5) 

 

{ 𝑥𝑥(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑥𝑥(𝑘𝑘 − 1)
𝑃𝑃(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑃𝑃(𝑘𝑘 − 1) ⋅ 𝐺𝐺𝑇𝑇 + 𝑄𝑄(𝑘𝑘) (6) 

 

{
𝐾𝐾(𝑘𝑘) = 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 ⋅ (𝐻𝐻 ⋅ 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 + 𝑃𝑃𝑃𝑃)−1

𝑥𝑥(𝑘𝑘) = 𝑥𝑥(𝑘𝑘) + 𝐾𝐾(𝑘𝑘) ⋅ (𝑧𝑧 − 𝐻𝐻 ⋅ 𝑥𝑥(𝑘𝑘))
𝑃𝑃(𝑘𝑘) = (𝐼𝐼 − 𝐾𝐾(𝑘𝑘) ⋅ 𝐻𝐻) ⋅ 𝑃𝑃(𝑘𝑘)

 (7) 

 
 

 𝐺𝐺 = [
1 0 0
0 1 0
0 0 1

], 𝑥𝑥(𝑘𝑘 − 1)  

 

𝑃𝑃(𝑘𝑘 − 1) = [
102 0 0
0 102 0
0 0 102

] 𝑚𝑚2, 𝑥𝑥(𝑘𝑘) 

 
  𝑃𝑃(𝑘𝑘)  
 
 

𝑄𝑄(𝑘𝑘) = [
𝑤𝑤𝑘𝑘2 0 0
0 𝑤𝑤𝑘𝑘2 0
0 0 𝑤𝑤𝑘𝑘2

] 𝑚𝑚2  = [
10−2 0 0
0 10−2 0
0 0 10−2

] 𝑚𝑚2 

 

 𝐻𝐻 = [
1 0 0
0 1 0
0 0 1

]  

 

𝑃𝑃𝑃𝑃 = [
𝑣𝑣𝑘𝑘2 0 0
0 𝑣𝑣𝑘𝑘2 0
0 0 𝑣𝑣𝑘𝑘2

] 𝑚𝑚2 =  [
3 0 0
0 3 0
0 0 3

] 𝑚𝑚2 

 

 𝑧𝑧 = [
𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥
𝛥𝛥ℎ
]  𝑚𝑚, 𝑥𝑥(𝑘𝑘)  

 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥ℎ = 𝑤𝑤ℎ1∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ2∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤ℎ3∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ4∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤ℎ1+𝑤𝑤ℎ2+𝑤𝑤ℎ3+𝑤𝑤ℎ4

 (8) 

  – predict-
ed values of the covariance matrix, Q(k) 
– covariance matrix of the noise process, 

 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  

 
 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥ℎ = 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

 (4) 

 
𝑓𝑓 = 𝑛𝑛 − 1 = 4 − 1 = 3 (5) 

 

{ 𝑥𝑥(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑥𝑥(𝑘𝑘 − 1)
𝑃𝑃(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑃𝑃(𝑘𝑘 − 1) ⋅ 𝐺𝐺𝑇𝑇 + 𝑄𝑄(𝑘𝑘) (6) 

 

{
𝐾𝐾(𝑘𝑘) = 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 ⋅ (𝐻𝐻 ⋅ 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 + 𝑃𝑃𝑃𝑃)−1

𝑥𝑥(𝑘𝑘) = 𝑥𝑥(𝑘𝑘) + 𝐾𝐾(𝑘𝑘) ⋅ (𝑧𝑧 − 𝐻𝐻 ⋅ 𝑥𝑥(𝑘𝑘))
𝑃𝑃(𝑘𝑘) = (𝐼𝐼 − 𝐾𝐾(𝑘𝑘) ⋅ 𝐻𝐻) ⋅ 𝑃𝑃(𝑘𝑘)

 (7) 

 
 

 𝐺𝐺 = [
1 0 0
0 1 0
0 0 1

], 𝑥𝑥(𝑘𝑘 − 1)  

 

𝑃𝑃(𝑘𝑘 − 1) = [
102 0 0
0 102 0
0 0 102

] 𝑚𝑚2, 𝑥𝑥(𝑘𝑘) 

 
  𝑃𝑃(𝑘𝑘)  
 
 

𝑄𝑄(𝑘𝑘) = [
𝑤𝑤𝑘𝑘2 0 0
0 𝑤𝑤𝑘𝑘2 0
0 0 𝑤𝑤𝑘𝑘2

] 𝑚𝑚2  = [
10−2 0 0
0 10−2 0
0 0 10−2

] 𝑚𝑚2 

 

 𝐻𝐻 = [
1 0 0
0 1 0
0 0 1

]  

 

𝑃𝑃𝑃𝑃 = [
𝑣𝑣𝑘𝑘2 0 0
0 𝑣𝑣𝑘𝑘2 0
0 0 𝑣𝑣𝑘𝑘2

] 𝑚𝑚2 =  [
3 0 0
0 3 0
0 0 3

] 𝑚𝑚2 

 

 𝑧𝑧 = [
𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥
𝛥𝛥ℎ
]  𝑚𝑚, 𝑥𝑥(𝑘𝑘)  

 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥ℎ = 𝑤𝑤ℎ1∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ2∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤ℎ3∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ4∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤ℎ1+𝑤𝑤ℎ2+𝑤𝑤ℎ3+𝑤𝑤ℎ4

 (8) 

 
wk – process noise errors, (k – 1) – previous 
measurement epoch, k – current measure-
ment epoch, K(k) – Kalman gain matrix, H 

– partial derivative matrix, 

 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  

 
 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥ℎ = 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

 (4) 

 
𝑓𝑓 = 𝑛𝑛 − 1 = 4 − 1 = 3 (5) 

 

{ 𝑥𝑥(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑥𝑥(𝑘𝑘 − 1)
𝑃𝑃(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑃𝑃(𝑘𝑘 − 1) ⋅ 𝐺𝐺𝑇𝑇 + 𝑄𝑄(𝑘𝑘) (6) 

 

{
𝐾𝐾(𝑘𝑘) = 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 ⋅ (𝐻𝐻 ⋅ 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 + 𝑃𝑃𝑃𝑃)−1

𝑥𝑥(𝑘𝑘) = 𝑥𝑥(𝑘𝑘) + 𝐾𝐾(𝑘𝑘) ⋅ (𝑧𝑧 − 𝐻𝐻 ⋅ 𝑥𝑥(𝑘𝑘))
𝑃𝑃(𝑘𝑘) = (𝐼𝐼 − 𝐾𝐾(𝑘𝑘) ⋅ 𝐻𝐻) ⋅ 𝑃𝑃(𝑘𝑘)

 (7) 

 
 

 𝐺𝐺 = [
1 0 0
0 1 0
0 0 1

], 𝑥𝑥(𝑘𝑘 − 1)  

 

𝑃𝑃(𝑘𝑘 − 1) = [
102 0 0
0 102 0
0 0 102

] 𝑚𝑚2, 𝑥𝑥(𝑘𝑘) 

 
  𝑃𝑃(𝑘𝑘)  
 
 

𝑄𝑄(𝑘𝑘) = [
𝑤𝑤𝑘𝑘2 0 0
0 𝑤𝑤𝑘𝑘2 0
0 0 𝑤𝑤𝑘𝑘2

] 𝑚𝑚2  = [
10−2 0 0
0 10−2 0
0 0 10−2

] 𝑚𝑚2 

 

 𝐻𝐻 = [
1 0 0
0 1 0
0 0 1

]  

 

𝑃𝑃𝑃𝑃 = [
𝑣𝑣𝑘𝑘2 0 0
0 𝑣𝑣𝑘𝑘2 0
0 0 𝑣𝑣𝑘𝑘2

] 𝑚𝑚2 =  [
3 0 0
0 3 0
0 0 3

] 𝑚𝑚2 

 

 𝑧𝑧 = [
𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥
𝛥𝛥ℎ
]  𝑚𝑚, 𝑥𝑥(𝑘𝑘)  

 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥ℎ = 𝑤𝑤ℎ1∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ2∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤ℎ3∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ4∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤ℎ1+𝑤𝑤ℎ2+𝑤𝑤ℎ3+𝑤𝑤ℎ4

 (8) 

, 
PR – covariance matrix of measurements, 

 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  

 
 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥ℎ = 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

 (4) 

 
𝑓𝑓 = 𝑛𝑛 − 1 = 4 − 1 = 3 (5) 

 

{ 𝑥𝑥(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑥𝑥(𝑘𝑘 − 1)
𝑃𝑃(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑃𝑃(𝑘𝑘 − 1) ⋅ 𝐺𝐺𝑇𝑇 + 𝑄𝑄(𝑘𝑘) (6) 

 

{
𝐾𝐾(𝑘𝑘) = 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 ⋅ (𝐻𝐻 ⋅ 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 + 𝑃𝑃𝑃𝑃)−1

𝑥𝑥(𝑘𝑘) = 𝑥𝑥(𝑘𝑘) + 𝐾𝐾(𝑘𝑘) ⋅ (𝑧𝑧 − 𝐻𝐻 ⋅ 𝑥𝑥(𝑘𝑘))
𝑃𝑃(𝑘𝑘) = (𝐼𝐼 − 𝐾𝐾(𝑘𝑘) ⋅ 𝐻𝐻) ⋅ 𝑃𝑃(𝑘𝑘)

 (7) 

 
 

 𝐺𝐺 = [
1 0 0
0 1 0
0 0 1

], 𝑥𝑥(𝑘𝑘 − 1)  

 

𝑃𝑃(𝑘𝑘 − 1) = [
102 0 0
0 102 0
0 0 102

] 𝑚𝑚2, 𝑥𝑥(𝑘𝑘) 

 
  𝑃𝑃(𝑘𝑘)  
 
 

𝑄𝑄(𝑘𝑘) = [
𝑤𝑤𝑘𝑘2 0 0
0 𝑤𝑤𝑘𝑘2 0
0 0 𝑤𝑤𝑘𝑘2

] 𝑚𝑚2  = [
10−2 0 0
0 10−2 0
0 0 10−2

] 𝑚𝑚2 

 

 𝐻𝐻 = [
1 0 0
0 1 0
0 0 1

]  

 

𝑃𝑃𝑃𝑃 = [
𝑣𝑣𝑘𝑘2 0 0
0 𝑣𝑣𝑘𝑘2 0
0 0 𝑣𝑣𝑘𝑘2

] 𝑚𝑚2 =  [
3 0 0
0 3 0
0 0 3

] 𝑚𝑚2 

 

 𝑧𝑧 = [
𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥
𝛥𝛥ℎ
]  𝑚𝑚, 𝑥𝑥(𝑘𝑘)  

 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥ℎ = 𝑤𝑤ℎ1∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ2∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤ℎ3∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ4∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤ℎ1+𝑤𝑤ℎ2+𝑤𝑤ℎ3+𝑤𝑤ℎ4

 (8) 

vk – observational model errors, I – unit 
matrix, z – vector of measured quantities, 

 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  

 
 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥ℎ = 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

 (4) 

 
𝑓𝑓 = 𝑛𝑛 − 1 = 4 − 1 = 3 (5) 

 

{ 𝑥𝑥(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑥𝑥(𝑘𝑘 − 1)
𝑃𝑃(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑃𝑃(𝑘𝑘 − 1) ⋅ 𝐺𝐺𝑇𝑇 + 𝑄𝑄(𝑘𝑘) (6) 

 

{
𝐾𝐾(𝑘𝑘) = 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 ⋅ (𝐻𝐻 ⋅ 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 + 𝑃𝑃𝑃𝑃)−1

𝑥𝑥(𝑘𝑘) = 𝑥𝑥(𝑘𝑘) + 𝐾𝐾(𝑘𝑘) ⋅ (𝑧𝑧 − 𝐻𝐻 ⋅ 𝑥𝑥(𝑘𝑘))
𝑃𝑃(𝑘𝑘) = (𝐼𝐼 − 𝐾𝐾(𝑘𝑘) ⋅ 𝐻𝐻) ⋅ 𝑃𝑃(𝑘𝑘)

 (7) 

 
 

 𝐺𝐺 = [
1 0 0
0 1 0
0 0 1

], 𝑥𝑥(𝑘𝑘 − 1)  

 

𝑃𝑃(𝑘𝑘 − 1) = [
102 0 0
0 102 0
0 0 102

] 𝑚𝑚2, 𝑥𝑥(𝑘𝑘) 

 
  𝑃𝑃(𝑘𝑘)  
 
 

𝑄𝑄(𝑘𝑘) = [
𝑤𝑤𝑘𝑘2 0 0
0 𝑤𝑤𝑘𝑘2 0
0 0 𝑤𝑤𝑘𝑘2

] 𝑚𝑚2  = [
10−2 0 0
0 10−2 0
0 0 10−2

] 𝑚𝑚2 

 

 𝐻𝐻 = [
1 0 0
0 1 0
0 0 1

]  

 

𝑃𝑃𝑃𝑃 = [
𝑣𝑣𝑘𝑘2 0 0
0 𝑣𝑣𝑘𝑘2 0
0 0 𝑣𝑣𝑘𝑘2

] 𝑚𝑚2 =  [
3 0 0
0 3 0
0 0 3

] 𝑚𝑚2 

 

 𝑧𝑧 = [
𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥
𝛥𝛥ℎ
]  𝑚𝑚, 𝑥𝑥(𝑘𝑘)  

 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥ℎ = 𝑤𝑤ℎ1∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ2∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤ℎ3∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ4∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤ℎ1+𝑤𝑤ℎ2+𝑤𝑤ℎ3+𝑤𝑤ℎ4

 (8) 

,  x(k) – parameters deter-
mined a posteriori, P(k) – covariance 
matrix of the parameters determined a 
posteriori.

In the analyzed case, vector z represents the 
difference between the estimated user coordinates 
from the GPS/SBAS solution and the flight ref-
erence position. In addition, during the calcula-
tions, the horizontal components B and L were 
converted from degrees to meters in order to stan-
dardize the units. Equation 6 defines the predic-
tion stage, while Equation 7 defines the correction 
stage. In aviation applications within GPS/SBAS 
positioning, Kalman filtering allows for:
	• determining the coordinates when reference 

position of the airplane is unknown,
	• or filtering the difference between the estimat-

ed coordinates and reference flight position 
when the reference position of the aircraft is 
known [15].

In practice, the second method was used, 
which is simpler, significantly speeds up calcula-
tions, and simplifies the observation model. The 
Kalman filter is implemented when all measure-
ments are observed, including the vector z. There-
fore, the algorithm is effective when having all 
measurements in all measurement epochs of the 
research experiment.

Algorithms (1–7) have already been used, 
among others, in works [10, 15, 28], which 

Equation 4 describes the determination of 
position errors for GPS/SBAS dual-receiver 
positioning in air navigation. The accuracy 
specified in Equation 4 represents the integra-
tion of position errors calculated from the GPS/
EGNOS+GPS/SDCM combination for two 
GNSS receivers. Therefore, from each GPS/
EGNOS and GPS/SDCM solution, there are 
two position error determinations separately for 
two GNSS receivers. Hence, the total number 
of position determinations is four, according to 
the developed mathematical model. The resul-
tant position of the aircraft is determined with a 
number of degrees of freedom equal to:

	

 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  

 
 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥ℎ = 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

 (4) 

 
𝑓𝑓 = 𝑛𝑛 − 1 = 4 − 1 = 3 (5) 

 

{ 𝑥𝑥(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑥𝑥(𝑘𝑘 − 1)
𝑃𝑃(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑃𝑃(𝑘𝑘 − 1) ⋅ 𝐺𝐺𝑇𝑇 + 𝑄𝑄(𝑘𝑘) (6) 

 

{
𝐾𝐾(𝑘𝑘) = 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 ⋅ (𝐻𝐻 ⋅ 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 + 𝑃𝑃𝑃𝑃)−1

𝑥𝑥(𝑘𝑘) = 𝑥𝑥(𝑘𝑘) + 𝐾𝐾(𝑘𝑘) ⋅ (𝑧𝑧 − 𝐻𝐻 ⋅ 𝑥𝑥(𝑘𝑘))
𝑃𝑃(𝑘𝑘) = (𝐼𝐼 − 𝐾𝐾(𝑘𝑘) ⋅ 𝐻𝐻) ⋅ 𝑃𝑃(𝑘𝑘)

 (7) 

 
 

 𝐺𝐺 = [
1 0 0
0 1 0
0 0 1

], 𝑥𝑥(𝑘𝑘 − 1)  

 

𝑃𝑃(𝑘𝑘 − 1) = [
102 0 0
0 102 0
0 0 102

] 𝑚𝑚2, 𝑥𝑥(𝑘𝑘) 

 
  𝑃𝑃(𝑘𝑘)  
 
 

𝑄𝑄(𝑘𝑘) = [
𝑤𝑤𝑘𝑘2 0 0
0 𝑤𝑤𝑘𝑘2 0
0 0 𝑤𝑤𝑘𝑘2

] 𝑚𝑚2  = [
10−2 0 0
0 10−2 0
0 0 10−2

] 𝑚𝑚2 

 

 𝐻𝐻 = [
1 0 0
0 1 0
0 0 1

]  

 

𝑃𝑃𝑃𝑃 = [
𝑣𝑣𝑘𝑘2 0 0
0 𝑣𝑣𝑘𝑘2 0
0 0 𝑣𝑣𝑘𝑘2

] 𝑚𝑚2 =  [
3 0 0
0 3 0
0 0 3

] 𝑚𝑚2 

 

 𝑧𝑧 = [
𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥
𝛥𝛥ℎ
]  𝑚𝑚, 𝑥𝑥(𝑘𝑘)  

 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥ℎ = 𝑤𝑤ℎ1∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ2∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤ℎ3∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ4∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤ℎ1+𝑤𝑤ℎ2+𝑤𝑤ℎ3+𝑤𝑤ℎ4

 (8) 

	 (5)

where:	 f – number of degrees of freedom, n – 
total number of position assignments.

If, for example, only one GNSS receiver was 
relied on, then the number of degrees of freedom 
would be f = n – 1 = 2 – 1 = 1. Therefore, in the 
developed research methodology, both the num-
ber of GPS/SBAS solutions and the number of 
receivers used in the experiment are important.

The calculated position error results based 
on Equation 4 may be subject to measurement 
noise, as the position coordinates from the GPS/
EGNOS, GPS/SDCM solution are estimated 
using the least squares method [27] based on 
ICAO documents. Therefore, it is advisable to 
use filtering algorithms to increase the accuracy 
of GPS/SBAS kinematic solution [28, 29]. For 
this purpose, a linear Kalman filter was used to 
increase the position errors of coordinates of the 
airplane [14, 15] as presented below:

	

 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  

 
 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥ℎ = 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

 (4) 

 
𝑓𝑓 = 𝑛𝑛 − 1 = 4 − 1 = 3 (5) 

 

{ 𝑥𝑥(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑥𝑥(𝑘𝑘 − 1)
𝑃𝑃(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑃𝑃(𝑘𝑘 − 1) ⋅ 𝐺𝐺𝑇𝑇 + 𝑄𝑄(𝑘𝑘) (6) 

 

{
𝐾𝐾(𝑘𝑘) = 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 ⋅ (𝐻𝐻 ⋅ 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 + 𝑃𝑃𝑃𝑃)−1

𝑥𝑥(𝑘𝑘) = 𝑥𝑥(𝑘𝑘) + 𝐾𝐾(𝑘𝑘) ⋅ (𝑧𝑧 − 𝐻𝐻 ⋅ 𝑥𝑥(𝑘𝑘))
𝑃𝑃(𝑘𝑘) = (𝐼𝐼 − 𝐾𝐾(𝑘𝑘) ⋅ 𝐻𝐻) ⋅ 𝑃𝑃(𝑘𝑘)

 (7) 

 
 

 𝐺𝐺 = [
1 0 0
0 1 0
0 0 1

], 𝑥𝑥(𝑘𝑘 − 1)  

 

𝑃𝑃(𝑘𝑘 − 1) = [
102 0 0
0 102 0
0 0 102

] 𝑚𝑚2, 𝑥𝑥(𝑘𝑘) 

 
  𝑃𝑃(𝑘𝑘)  
 
 

𝑄𝑄(𝑘𝑘) = [
𝑤𝑤𝑘𝑘2 0 0
0 𝑤𝑤𝑘𝑘2 0
0 0 𝑤𝑤𝑘𝑘2

] 𝑚𝑚2  = [
10−2 0 0
0 10−2 0
0 0 10−2

] 𝑚𝑚2 

 

 𝐻𝐻 = [
1 0 0
0 1 0
0 0 1

]  

 

𝑃𝑃𝑃𝑃 = [
𝑣𝑣𝑘𝑘2 0 0
0 𝑣𝑣𝑘𝑘2 0
0 0 𝑣𝑣𝑘𝑘2

] 𝑚𝑚2 =  [
3 0 0
0 3 0
0 0 3

] 𝑚𝑚2 

 

 𝑧𝑧 = [
𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥
𝛥𝛥ℎ
]  𝑚𝑚, 𝑥𝑥(𝑘𝑘)  

 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥ℎ = 𝑤𝑤ℎ1∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ2∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤ℎ3∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ4∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤ℎ1+𝑤𝑤ℎ2+𝑤𝑤ℎ3+𝑤𝑤ℎ4

 (8) 

	 (6)

	

 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  

 
 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥ℎ = 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

 (4) 

 
𝑓𝑓 = 𝑛𝑛 − 1 = 4 − 1 = 3 (5) 

 

{ 𝑥𝑥(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑥𝑥(𝑘𝑘 − 1)
𝑃𝑃(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑃𝑃(𝑘𝑘 − 1) ⋅ 𝐺𝐺𝑇𝑇 + 𝑄𝑄(𝑘𝑘) (6) 

 

{
𝐾𝐾(𝑘𝑘) = 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 ⋅ (𝐻𝐻 ⋅ 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 + 𝑃𝑃𝑃𝑃)−1

𝑥𝑥(𝑘𝑘) = 𝑥𝑥(𝑘𝑘) + 𝐾𝐾(𝑘𝑘) ⋅ (𝑧𝑧 − 𝐻𝐻 ⋅ 𝑥𝑥(𝑘𝑘))
𝑃𝑃(𝑘𝑘) = (𝐼𝐼 − 𝐾𝐾(𝑘𝑘) ⋅ 𝐻𝐻) ⋅ 𝑃𝑃(𝑘𝑘)

 (7) 

 
 

 𝐺𝐺 = [
1 0 0
0 1 0
0 0 1

], 𝑥𝑥(𝑘𝑘 − 1)  

 

𝑃𝑃(𝑘𝑘 − 1) = [
102 0 0
0 102 0
0 0 102

] 𝑚𝑚2, 𝑥𝑥(𝑘𝑘) 

 
  𝑃𝑃(𝑘𝑘)  
 
 

𝑄𝑄(𝑘𝑘) = [
𝑤𝑤𝑘𝑘2 0 0
0 𝑤𝑤𝑘𝑘2 0
0 0 𝑤𝑤𝑘𝑘2

] 𝑚𝑚2  = [
10−2 0 0
0 10−2 0
0 0 10−2

] 𝑚𝑚2 

 

 𝐻𝐻 = [
1 0 0
0 1 0
0 0 1

]  

 

𝑃𝑃𝑃𝑃 = [
𝑣𝑣𝑘𝑘2 0 0
0 𝑣𝑣𝑘𝑘2 0
0 0 𝑣𝑣𝑘𝑘2

] 𝑚𝑚2 =  [
3 0 0
0 3 0
0 0 3

] 𝑚𝑚2 

 

 𝑧𝑧 = [
𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥
𝛥𝛥ℎ
]  𝑚𝑚, 𝑥𝑥(𝑘𝑘)  

 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥ℎ = 𝑤𝑤ℎ1∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ2∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤ℎ3∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ4∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤ℎ1+𝑤𝑤ℎ2+𝑤𝑤ℎ3+𝑤𝑤ℎ4

 (8) 

	 (7)

where: G – coefficient matrix, 

 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  

 
 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥ℎ = 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

 (4) 

 
𝑓𝑓 = 𝑛𝑛 − 1 = 4 − 1 = 3 (5) 

 

{ 𝑥𝑥(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑥𝑥(𝑘𝑘 − 1)
𝑃𝑃(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑃𝑃(𝑘𝑘 − 1) ⋅ 𝐺𝐺𝑇𝑇 + 𝑄𝑄(𝑘𝑘) (6) 

 

{
𝐾𝐾(𝑘𝑘) = 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 ⋅ (𝐻𝐻 ⋅ 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 + 𝑃𝑃𝑃𝑃)−1

𝑥𝑥(𝑘𝑘) = 𝑥𝑥(𝑘𝑘) + 𝐾𝐾(𝑘𝑘) ⋅ (𝑧𝑧 − 𝐻𝐻 ⋅ 𝑥𝑥(𝑘𝑘))
𝑃𝑃(𝑘𝑘) = (𝐼𝐼 − 𝐾𝐾(𝑘𝑘) ⋅ 𝐻𝐻) ⋅ 𝑃𝑃(𝑘𝑘)

 (7) 

 
 

 𝐺𝐺 = [
1 0 0
0 1 0
0 0 1

], 𝑥𝑥(𝑘𝑘 − 1)  

 

𝑃𝑃(𝑘𝑘 − 1) = [
102 0 0
0 102 0
0 0 102

] 𝑚𝑚2, 𝑥𝑥(𝑘𝑘) 

 
  𝑃𝑃(𝑘𝑘)  
 
 

𝑄𝑄(𝑘𝑘) = [
𝑤𝑤𝑘𝑘2 0 0
0 𝑤𝑤𝑘𝑘2 0
0 0 𝑤𝑤𝑘𝑘2

] 𝑚𝑚2  = [
10−2 0 0
0 10−2 0
0 0 10−2

] 𝑚𝑚2 

 

 𝐻𝐻 = [
1 0 0
0 1 0
0 0 1

]  

 

𝑃𝑃𝑃𝑃 = [
𝑣𝑣𝑘𝑘2 0 0
0 𝑣𝑣𝑘𝑘2 0
0 0 𝑣𝑣𝑘𝑘2

] 𝑚𝑚2 =  [
3 0 0
0 3 0
0 0 3

] 𝑚𝑚2 

 

 𝑧𝑧 = [
𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥
𝛥𝛥ℎ
]  𝑚𝑚, 𝑥𝑥(𝑘𝑘)  

 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥ℎ = 𝑤𝑤ℎ1∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ2∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤ℎ3∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ4∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤ℎ1+𝑤𝑤ℎ2+𝑤𝑤ℎ3+𝑤𝑤ℎ4

 (8) 

 – estimated 
values of parameters determined a 
priori from the previous step, P(k – 1) 
– estimated values of the a priori cova-
riance matrix from the previous step, 
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presented a multi-receiver GPS/SBAS solution. 
However, it is worth noting what distinguishes 
the presented algorithm from works [10, 15, 28]. 
In [10], the research methodology was based only 
on algorithms (1–2) for a dual-receiver GPS/
EGNOS solution. Position errors were calculated 
separately for each GNSS receiver and then inte-
grated into a mathematical model. In turn, in [15], 
algorithms (1–2) and algorithms (6–7) were also 
used to determine the accuracy of static position-
ing, separately from the GPS/EGNOS and GPS/
SDCM solutions. Additionally, in [28], algo-
rithms (3–4) and (6–7) were used to increase the 
accuracy of kinematic positioning of a car only 
for the multi-receiver GPS/EGNOS solution. 
Now, comparing the methodology of this article 
with the works [10, 15, 28], it can be noted that: 
	• this paper combines all algorithms (1–7) that 

were presented separately in publications [10, 
15, 28],

	• a mathematical description of the kinematic 
position based on all possible GPS/SBAS solu-
tions for two GNSS receivers was provided,

	• the methodology has been extended to include 
aerial surveys using a multi-receiver solution not 
only for GPS/EGNOS, but also for GPS/SDCM.

	• the experimental nature of the methodology 
was emphasized as typically aerial, rather than 
just static geodetic [15] or automotive naviga-
tion [28].

RESEARCH TEST

The research methodology described in Chap-
ter 3 was tested in an aerial experiment conducted 
at the EPOD (European Poland Olsztyn Dajtki) 

airport using a Diamond DA 20-C aircraft. Two 
geodetic multi-system and multi-frequency GNSS 
receivers, i.e., Trimble Alloy and Septentrio Aster-
Rx2i [30], were installed on board the aircraft. 
Both GNSS receivers are also capable of recording 
SBAS data, which was used in this study. Figure 
2 shows the aircraft with GNSS receivers installed 
just before takeoff. The flight took place in north-
eastern Poland in the Warmian-Masurian and Pod-
laskie provinces, as shown in Figure 3. The flight 
lasted approximately 12721 s, which is about 3.5 
hours. Each measurement epoch was recorded at 
1-second intervals. During the flight, both GNSS 
receivers collected the GPS and SBAS data at 
1-second intervals for kinematic research purposes.

Next, the GPS/SBAS data was applied to solve 
the aircraft position based on absolute SPP method 
[32]. The determined coordinates were referenced 
to BLh geodetic coordinates [33]. The model of 
the SPP method was executed in RTKLIB v.2.4.3 
geodetic software [34]. During the calculations in 
the RTKLIB software, GPS/EGNOS and GPS/
SDCM position solutions were obtained for two 
GNSS receivers. In addition, a reference position 
was obtained in parallel from the MAGNET Tools 
v.5.1.1.0 software [35]. The calculations used pre-
cise GPS phase observations from on-board GNSS 
receivers and from the OPNT reference station of 
the ASG-EUPOS system [36]. The reference flight 
trajectory was determined with an accuracy greater 
than 0.1 m for BLh components. The coordinates 
from the individual GPS/SBAS solution and the 
reference flight position were then compared to 
calculate position errors according to Equations 
1–4. At this point, the calculations are performed 
in a proprietary script written in the Scilab v.6.1.1 

Figure 2. The Diamond DA 20-C aircraft with on-board GNSS receivers [photo by: A. Ciećko]
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environment [37]. In addition, commands are exe-
cuted to apply the Kalman filter to increase posi-
tioning accuracy. All graphs, starting with Figure 
4, were created using graphical functions also in 
the Scilab language.

RESEARCH RESULTS

The analysis of the test results first shows 
the satellites number in the GPS/EGNOS and 
GPS/SDCM models for both GNSS receivers, as 
shown in Figures 4–5. For the Septentrio receiver, 

the number of satellites in the GPS/EGNOS solu-
tion ranged from 5 to 13. The satellites number in 
the GPS/SDCM model ranged from 4 to 9. For the 
Trimble receiver, satellites number in the GPS/
EGNOS solution ranged from 7 to 13. The num-
ber of GPS satellites tracked with SDCM correc-
tions ranged from 5 to 9. For both GNSS receiv-
ers, a larger number of satellites was noticeable 
for the GPS/EGNOS solution. A similar configu-
ration of GPS satellites with EGNOS and SDCM 
corrections can be seen in [15].

Figure 6 shows the position errors obtained 
from Equations 1–4. The accuracy for BLh 

Figure 3. The flight path of airplane [31]

Figure 4. Number of satellites tracked by a Septentrio receiver
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coordinates equaled to: 1.60 m for component B, 
1.69 m for component L, and 2.94 m for com-
ponent h. The largest position errors are visible 
in the initial phase of flight. At that time, both 
receivers tracked the smallest number of GPS sat-
ellites, 4 and 5, respectively. Next, Figures 7–8 
show the position errors obtained against Kalman 

filtering. Position errors (∆B, ∆L, ∆h) from Equa-
tion 4 are marked in blue, while those after Kal-
man filtering are marked in red. As a result of 
applying the Kalman filter, the position errors 
were: up to 1.45 m for the ∆B  parameter, up to 
1.44 m for the ∆L parameter, and up to 2.35 m 
for the ∆h parameter. Therefore, the Kalman filter 

Figure 5. Number of satellites tracked by a Trimble receiver

Figure 6. Position errors of airplane coordinates
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algorithm reduced position errors for horizontal 
components by 9% for coordinate B and 14% for 
coordinate L. In addition, position errors for com-
ponent h were reduced by 20%. In total, Kalman 
filtering reduced position errors by:
	• in 6381 measurement epochs for coordi-

nate B, which accounts for over 50% of all 

measurement epochs recorded during the 
flight,

	• in 6444 measurement epochs for coordinate L, 
which accounts for over 51% of all measure-
ment epochs recorded during the flight,

	• in 6398 measurement epochs for the h coor-
dinate, which accounts for over 50% of all 

Figure 7. Position errors of horizontal airplane coordinates

Figure 8. Position errors of vertical airplane coordinates
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measurement epochs recorded during the 
flight.

It is also worth noting that in the flight final 
stage, the accuracy of position determination 
increases compared to the first phase of the flight.

DISCUSSION

The chapter discussing the results has been 
divided into three main thematic threads, namely:
	• extended statistical analysis of accuracy term,
	• demonstrating the characteristics of SBAS 

corrections in terms of determining the accu-
racy parameter,

	• comparing the accuracy results and other qual-
ity parameters with the ICAO requirements 
for SBAS applications in aviation,

	• development of a research methodology for 
the weighted average model,

	• comparing the accuracy results obtained with 
the state of the art analysis.

Extended statistical analysis of accuracy 
parameter

In the previous chapter, Figures 6–8 showed 
only basic accuracy measures in the form of posi-
tion errors. In this chapter, other accuracy mea-
sures in the form of statistical errors were pre-
sented: MAE [38], MAX [13], RMS [39], 1σ (at a 
confidence level of 68%) and 2σ (at a confidence 
level of 95%) [40]. Table 1 shows the individual 
values of statistical error measures before and 
after filtering. After Kalman filtering, all statisti-
cal errors were reduced. All calculated accuracy 

measures refer to the determined position errors 
(∆B, ∆L, ∆h). It is worth noting that the RMS error 
and 1σ standard deviation values were determined 
to be below 1 m. In aviation navigation applica-
tions, these are very satisfactory figures.

Characteristics of SBAS corrections in terms 
of determining the accuracy parameter

The accuracy of the GPS/EGNOS+GPS/
SDCM solution depends mainly on individual 
SBAS correction values [41]. These include long-
term corrections to satellite ephemeris and satel-
lite clock error [42–44], fast corrections to satel-
lite ephemeris and satellite clock error [24, 45], 
SBAS ionospheric correction [46, 47], and SBAS 
tropospheric delay based on the RTCA-MOPS 
model [48, 49]. It is worth noting at this point 
that the above-mentioned parameters modify the 
basic observation equation in the SPP code meth-
od [50]. Thus, the satellite ephemeris and satel-
lite clock bias are updated with long-term and fast 
SBAS corrections [27]. In addition, atmospheric 
delays are calculated as the SBAS ionospheric 
model and SBAS tropospheric correction [30]. 
It is therefore worth analyzing the individual 
types of SBAS corrections. Figures 9–11 show 
the values of long-term SBAS data to GPS sat-
ellite position in orbit [24, 51]. In this case, the 
arithmetic mean of EGNOS and SDCM correc-
tions for the geocentric XYZ coordinates of a 
GPS satellite was determined. The analysis was 
performed for 14 GPS satellites with PRN num-
bers: PRN1, PRN2, PRN3, PRN6, PRN7, PRN8, 
PRN9, PRN12, PRN17, PRN21, PRN25, PRN26, 
PRN31, PRN32. It should be noted that during the 
flight, SBAS corrections were generated for these 
GPS satellites from the EGNOS and SDCM sup-
port systems. Along the X axis of the GPS satellite 
position, the correction values changed between  
-1.875 m to 3.625 m in EGNOS system, and 
between -0.812 m to 0.500 m in SDCM system. 
In turn, for the Y component of the GPS satellite 
position, the correction values changed between 
-1.625 m to 3.187 m from the EGNOS system, 
and between -1.312 m to 0.937 m from the SDCM 
system. For the Z component of the GPS satellite 
position, the corrections changed from -2.312 m to 
3.375 m in EGNOS system and from -1.187 m to 
1.250 m in SDCM system. On the basis of Figures 
9–11, it can be seen that the spread of SBAS correc-
tions is greater in the EGNOS augmentation sys-
tem than in the SDCM system. This is confirmed 

Table 1. Statistical measures of errors
Statistical 
parameter

Before Kalman 
filter operation

After Kalman filter 
operation

MAE [m]
ΔB = 0.71
ΔL = 0.67
Δh = 0.49

ΔB = 0.70
ΔL = 0.66
Δh = 0.48

MAX [m]
ΔB = 1.60
ΔL = 1.69
Δh = 2.94

ΔB = 1.45
ΔL = 1.44
Δh = 2.35

RMS [m]
ΔB = 0.75
ΔL = 0.69
Δh = 0.63

ΔB = 0.74
ΔL = 0.68
Δh = 0.60

1σ [m]
ΔB = 0.27
ΔL = 0.18
Δh = 0.41

ΔB = 0.24
ΔL = 0.16
Δh = 0.35

2σ [m]
ΔB = 0.54
ΔL = 0.36
Δh = 0.82

ΔB = 0.48
ΔL = 0.32
Δh = 0.70
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by calculations and studies carried out as part of 
[24]. Importantly, the impact of long-term SBAS 
corrections through ephemeris data correction will 
be visible for determining the geometric distance 
in the SPP code method [30, 50]. Next, Figure 
12 shows the values of long-term EGNOS and 

SDCM corrections for GPS satellite clock error 
correction [24, 52, 53]. The analysis during the 
experiment was performed for 14 GPS satellites 
with PRN numbers: PRN1, PRN2, PRN3, PRN6, 
PRN7, PRN8, PRN9, PRN12, PRN17, PRN21, 
PRN25, PRN26, PRN31, PRN32. In the case of 

Figure 9. SBAS long-term corrections for X coordinate of GPS satellites

Figure 10. SBAS long-term corrections for Y coordinate of GPS satellites
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the EGNOS augmentation system, corrections to 
the GPS satellite clock error amounted between 
-0.209 m to 3.071 m. Similarly, for SDCM, these 
corrections amounted between -1.256 m to 2.234 
m. The differences in the corrections values to 
the GPS satellite clock error are quite significant 

between the EGNOS and SDCM systems. In a 
few cases, e.g., satellites G02, G03, G08, G09, 
the results of EGNOS and SDCM corrections are 
similar. The impact of long-term SBAS correc-
tions will be visible for determining the GPS sat-
ellite clock error in SPP code method [24, 30, 50]. 

Figure 11. SBAS long-term corrections for Z coordinate of GPS satellites

Figure 12. SBAS long-term corrections for clock of GPS satellites
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Figure 13 shows the values of EGNOS and SDCM 
fast corrections [21, 24, 54]. The analysis of SBAS 
fast corrections was performed for 14 GPS satel-
lites with PRN numbers: PRN1, PRN2, PRN3, 
PRN6, PRN7, PRN8, PRN9, PRN12, PRN17, 
PRN21, PRN25, PRN26, PRN31, PRN32. In the 
case of the EGNOS augmentation system, the fast 
corrections amounted between -1.750 m to 0.500 
m. Similarly, in the SDCM system, these correc-
tions ranged from -4.187 m to 1.375 m. On the 
basis of Figure 13, it can be seen that the spread 
of SBAS corrections is greater in the SDCM aug-
mentation system than in the EGNOS system. The 
impact of fast SBAS corrections will be visible 
for pseudo-range modifications in the SPP code 
method [24, 30, 50].

Finally, Figures 14–15 show the ionospheric 
and tropospheric SBAS corrections. The iono-
spheric correction in Figure 14 is shown using 
the VTEC parameter [55]. In this case, the VTEC 
value is specified in the TECU unit from the regu-
lar grid area of the SBAS ionosphere model with 
a spatial resolution of 5° × 5° [56]. The VTEC 
values were calculated as a weighted average of 
four neighboring nodes of the SBAS ionosphere 
model grid. In the conducted experiment, the 
VTEC correction value from the EGNOS model 
ranged from 7.7 TECU to 12.3 TECU, while from 
the SDCM model it ranged from 8.5 TECU to 

13.1 TECU, respectively. During the flight, the 
VTEC value from both SBAS systems increased 
continuously. This is because VTEC reaches its 
maximum value at 2 p.m. local time [57]. Fig-
ure 15 shows the results of SBAS tropospheric 
delay calculated using the RTCA-MOPS model 
[58]. The tropospheric correction was designated 
using the ZTD parameter [59] during the flight 
test. The value of ZTD is determined and given 
in millimeters [60]. In the analyzed experiment, 
the ZTD parameter value for the EGNOS system 
ranged from 2252.1 mm to 2391.4 mm, while for 
the SDCM system it ranged from 2252.4 mm to 
2391.9 mm. The VTEC and ZTD values were 
determined in the flight test in a similar manner to 
that described in [24].

Comparison of the accuracy results and other 
quality parameters with ICAO requirements 
for SBAS applications in aviation

In this section, the obtained position errors 
were checked with the ICAO certification require-
ments [61, 62]. According to the ICAO standards, 
the accuracy of GPS/SBAS positioning should be:
	• less than 16 m for Latitude and Longitude 

coordinates under landing procedures of 
SBAS APV-I and SBAS APV-II,

Figure 13. Fast corrections from EGNOS and SDCM augmentation system
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Table 2. The values of other GPS/SBAS quality 
parameters

Quality parameter Before Kalman 
filter operation

After Kalman filter 
operation

Availability [%] A = 100 A = 100

Continuity [-] C = 1 C = 1

Integrity [-] I = 1 I = 1

HPL [m] HPL ˂ 12.4 HPL ˂ 10.6

VPL [m] VPL ˂ 15.7 HPL ˂ 12.5

Figure 14. SBAS ionosphere correction from the EGNOS and SDCM augmentation system

Figure 15. SBAS troposphere correction from the EGNOS and SDCM augmentation system

	• less than 20 m and less than 8 m for ellipsoidal 
height coordinate under landing procedures of 
SBAS APV-I and SBAS APV-II [63].

In addition, the remaining GPS/SBAS posi-
tioning quality parameters should be at least as 
follows for the SBAS APV-I and SBAS APV-II 
procedures [27, 64]:
	• for integrity I = 1 – 2 · 10-7/h,
	• for continuity C = 1 – 8 · 10–6/h for 15 s,
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	• for availability from 0.99 to 1,
	• HPL protection levels < 40 m,
	• VPL protection levels < 50 m for SBAS 

APV-I and VPL < 20 m for the SBAS APV-II 
procedure.

Table 2 presents the results obtained for continu-
ity, availability, and reliability. Continuity and integ-
rity were 1, and availability was 100%. In turn, the 
HPL protection levels are less than 12.4 m, and the 
VPL levels are less than 15.7 m. The quality param-
eters results for dual-receiver GPS/EGNOS+GPS/
SDCM positioning solution do not exceed ICAO 
technical standards. Therefore, the shown research 
method meets the requirements of ICAO.

Development of a research methodology for 
the weighted average model

Looking at the developed algorithm (1–4), it 
can be seen that it is based on the arithmetic mean 
[30]. This causes a certain problem in assessing 
the impact of individual GNSS data from each 
receiver. In the arithmetic mean model, individual 
GNSS data are treated as equally accurate mea-
surements, which in reality is not entirely true. 
Each GNSS receiver can:
	• store data in a different way, e.g. in parallel or 

sequentially,
	• have built-in internal filters that smooth GNSS 

observations to reduce measurement noise,
	• be a single- or multi-constellation receiver,
	• be capable of recording different types of 

GNSS observations,
	• have different refresh rates for GNSS observa-

tions and position determination.

On the basis of the arguments above, it is 
worth trying to apply the weighted average model 
to determine the accuracy parameter. On this 
basis, Equation 4 will be transformed into the fol-
lowing form: 

𝑤𝑤𝑤𝑤1 =
1
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where:	 wB1 – measurement weight for Latitude for 
GPS/EGNOS solution for first receiver, 

	 wB2 – measurement weight for Latitude 
for GPS/SDCM solution for first receiv-

er, 
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, wB3 – mea-
surement weight for Latitude for GPS/
EGNOS solution for second receiver, 
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, 
wL1 – measurement weight for Longitude 
for GPS/EGNOS solution for first receiver, 

 

𝑤𝑤𝑤𝑤1 =
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𝑚𝑚𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑅𝑅𝑅𝑅12  
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𝑤𝑤𝑤𝑤1 =
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1

𝑚𝑚𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑅𝑅𝑅𝑅22  

 

𝑤𝑤𝑤𝑤1 =
1

𝑚𝑚𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑅𝑅𝑅𝑅12  

 

𝑤𝑤𝑤𝑤2 =
1

𝑚𝑚𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑅𝑅𝑅𝑅12  

 

𝑤𝑤𝑤𝑤3 =
1

𝑚𝑚𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑅𝑅𝑅𝑅22  

 

𝑤𝑤𝑤𝑤4 =
1

𝑚𝑚𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑅𝑅𝑅𝑅22  

 

𝑤𝑤ℎ1 =
1

𝑚𝑚ℎ𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑅𝑅𝑅𝑅12  

 

𝑤𝑤ℎ2 =
1

𝑚𝑚ℎ𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑅𝑅𝑅𝑅12  

 

𝑤𝑤ℎ3 =
1

𝑚𝑚ℎ𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑅𝑅𝑅𝑅22  

 

𝑤𝑤ℎ4 =
1

𝑚𝑚ℎ𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑅𝑅𝑅𝑅22  

 

, wh3 – measure-
ment weight for ellipsoidal height for 
GPS/EGNOS solution for second receiver, 

 

𝑤𝑤𝑤𝑤1 =
1

𝑚𝑚𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑅𝑅𝑅𝑅12  

 

𝑤𝑤𝑤𝑤2 =
1

𝑚𝑚𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑅𝑅𝑅𝑅12  

 

𝑤𝑤𝑤𝑤3 =
1

𝑚𝑚𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑅𝑅𝑅𝑅22  

 

𝑤𝑤𝑤𝑤4 =
1

𝑚𝑚𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑅𝑅𝑅𝑅22  

 

𝑤𝑤𝑤𝑤1 =
1

𝑚𝑚𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑅𝑅𝑅𝑅12  

 

𝑤𝑤𝑤𝑤2 =
1

𝑚𝑚𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑅𝑅𝑅𝑅12  

 

𝑤𝑤𝑤𝑤3 =
1

𝑚𝑚𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑅𝑅𝑅𝑅22  

 

𝑤𝑤𝑤𝑤4 =
1

𝑚𝑚𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑅𝑅𝑅𝑅22  

 

𝑤𝑤ℎ1 =
1

𝑚𝑚ℎ𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑅𝑅𝑅𝑅12  

 

𝑤𝑤ℎ2 =
1

𝑚𝑚ℎ𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑅𝑅𝑅𝑅12  

 

𝑤𝑤ℎ3 =
1

𝑚𝑚ℎ𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑅𝑅𝑅𝑅22  

 

𝑤𝑤ℎ4 =
1

𝑚𝑚ℎ𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑅𝑅𝑅𝑅22  

 

, wh4 – measure-
ment weight for ellipsoidal height for 
GPS/SDCM solution for second receiver, 

 

𝑤𝑤𝑤𝑤1 =
1

𝑚𝑚𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑅𝑅𝑅𝑅12  

 

𝑤𝑤𝑤𝑤2 =
1

𝑚𝑚𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑅𝑅𝑅𝑅12  

 

𝑤𝑤𝑤𝑤3 =
1

𝑚𝑚𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑅𝑅𝑅𝑅22  

 

𝑤𝑤𝑤𝑤4 =
1

𝑚𝑚𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑅𝑅𝑅𝑅22  

 

𝑤𝑤𝑤𝑤1 =
1

𝑚𝑚𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑅𝑅𝑅𝑅12  

 

𝑤𝑤𝑤𝑤2 =
1

𝑚𝑚𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑅𝑅𝑅𝑅12  

 

𝑤𝑤𝑤𝑤3 =
1

𝑚𝑚𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑅𝑅𝑅𝑅22  

 

𝑤𝑤𝑤𝑤4 =
1

𝑚𝑚𝑚𝑚𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑅𝑅𝑅𝑅22  

 

𝑤𝑤ℎ1 =
1

𝑚𝑚ℎ𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑅𝑅𝑅𝑅12  

 

𝑤𝑤ℎ2 =
1

𝑚𝑚ℎ𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑅𝑅𝑅𝑅12  

 

𝑤𝑤ℎ3 =
1

𝑚𝑚ℎ𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑅𝑅𝑅𝑅22  

 

𝑤𝑤ℎ4 =
1

𝑚𝑚ℎ𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑅𝑅𝑅𝑅22  

 

.

Equation 8 includes measurement weights 
[65], which were determined as the reciprocals of 
the squares of the mean errors of the estimated 

 𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  

 
 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

𝛥𝛥ℎ = 𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

4

 (4) 

 
𝑓𝑓 = 𝑛𝑛 − 1 = 4 − 1 = 3 (5) 

 

{ 𝑥𝑥(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑥𝑥(𝑘𝑘 − 1)
𝑃𝑃(𝑘𝑘) = 𝐺𝐺 ⋅ 𝑃𝑃(𝑘𝑘 − 1) ⋅ 𝐺𝐺𝑇𝑇 + 𝑄𝑄(𝑘𝑘) (6) 

 

{
𝐾𝐾(𝑘𝑘) = 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 ⋅ (𝐻𝐻 ⋅ 𝑃𝑃(𝑘𝑘) ⋅ 𝐻𝐻𝑇𝑇 + 𝑃𝑃𝑃𝑃)−1

𝑥𝑥(𝑘𝑘) = 𝑥𝑥(𝑘𝑘) + 𝐾𝐾(𝑘𝑘) ⋅ (𝑧𝑧 − 𝐻𝐻 ⋅ 𝑥𝑥(𝑘𝑘))
𝑃𝑃(𝑘𝑘) = (𝐼𝐼 − 𝐾𝐾(𝑘𝑘) ⋅ 𝐻𝐻) ⋅ 𝑃𝑃(𝑘𝑘)

 (7) 

 
 

 𝐺𝐺 = [
1 0 0
0 1 0
0 0 1

], 𝑥𝑥(𝑘𝑘 − 1)  

 

𝑃𝑃(𝑘𝑘 − 1) = [
102 0 0
0 102 0
0 0 102

] 𝑚𝑚2, 𝑥𝑥(𝑘𝑘) 

 
  𝑃𝑃(𝑘𝑘)  
 
 

𝑄𝑄(𝑘𝑘) = [
𝑤𝑤𝑘𝑘2 0 0
0 𝑤𝑤𝑘𝑘2 0
0 0 𝑤𝑤𝑘𝑘2

] 𝑚𝑚2  = [
10−2 0 0
0 10−2 0
0 0 10−2

] 𝑚𝑚2 

 

 𝐻𝐻 = [
1 0 0
0 1 0
0 0 1

]  

 

𝑃𝑃𝑃𝑃 = [
𝑣𝑣𝑘𝑘2 0 0
0 𝑣𝑣𝑘𝑘2 0
0 0 𝑣𝑣𝑘𝑘2

] 𝑚𝑚2 =  [
3 0 0
0 3 0
0 0 3

] 𝑚𝑚2 

 

 𝑧𝑧 = [
𝛥𝛥𝛥𝛥
𝛥𝛥𝛥𝛥
𝛥𝛥ℎ
]  𝑚𝑚, 𝑥𝑥(𝑘𝑘)  

 

{
 
 

 
 𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥𝛥𝛥 = 𝑤𝑤𝑤𝑤1∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤2∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝐷𝐷𝐷𝐷𝐷𝐷+𝑤𝑤𝑤𝑤3∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤𝑤𝑤4∙𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤𝑤𝑤1+𝑤𝑤𝑤𝑤2+𝑤𝑤𝑤𝑤3+𝑤𝑤𝑤𝑤4

𝛥𝛥ℎ = 𝑤𝑤ℎ1∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ2∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅1

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆+𝑤𝑤ℎ3∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2
𝐺𝐺𝐺𝐺𝐺𝐺/𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+𝑤𝑤ℎ4∙𝛥𝛥ℎ𝑅𝑅𝑅𝑅2

𝐺𝐺𝐺𝐺𝐺𝐺/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑤𝑤ℎ1+𝑤𝑤ℎ2+𝑤𝑤ℎ3+𝑤𝑤ℎ4

 (8) 	 (8)
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coordinates [66]. In this case, Equation 8 provides 
a solution based on measurements of varying 
accuracy. The mean errors were determined from 
a single GPS/EGNOS and GPS/SDCM solution 
for each GNSS receiver [67].

Figures 16–17 show the results of GPS/
EGNOS+GPS/SDCM positioning accuracy from 
the weighted average model. For the weighted 
average model, the position errors are:
	• from -0.40 m to 1.62 m for the B component,

	• from -0.02 m to 1.66 m for the L component,
	• from -1.19 m to 2.84 m for the h component.

As a result of Kalman filtering, position 
errors are less than: 1.47 m for coordinate B, 
1.41 m for coordinate L, and 1.97 m for height 
h. The errors in horizontal coordinates B and L 
are very close to the results from the arithmetic 
mean model. However, it is necessary to discuss 
the accuracy of the vertical component h. In the 

Figure 16. Position errors of horizontal airplane coordinates from weighted mean model

Figure 17. Position errors of vertical airplane coordinates from weighted mean model
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case of the arithmetic mean model, a maximum 
accuracy of the h component equal to ∆h = 2.94 
m without filtration and ∆h = 2.35 m after Kal-
man filtering were obtained. In turn, the weighted 
average model yielded ∆h = 2.84 m without filtra-
tion and ∆h = 1.97 m after Kalman filtering. This 
shows that the weighted average model better fits 
the ellipsoidal height results relative to the flight 
reference position. Furthermore, the weighted 
average model improved the accuracy of the alti-
tude results by 3% without filtering and by 16% 
after Kalman filtering. Better accuracy results are 
extremely important for flight safety in the ver-
tical plane. This, in turn, can be directly related 
to ICAO certification requirements for aviation 
[27, 30]. Ensuring improved determinability 
of altitude h may prove to be extremely impor-
tant in the approach procedure for landing using 
SBAS support systems. Emphasizing the use of 
the weighted average model therefore becomes 
extremely important for calculating the correct 
flight altitude of an aircraft.

Comparison of the accuracy results obtained 
with the state of art analysis

The final element of the discussion is to show 
how the research results relate to the current lit-
erature on the subject. From a comparison, it can 
be seen that:
	• at least two SBAS support systems were used 

in the research, as in publications [7–21],
	• the research focused on improving the GPS/

SBAS kinematic positioning accuracy algo-
rithm, as in [8–14, 28, 30],

	• the research algorithm used a Kalman filter, as 
in [14, 15, 24, 28],

	• owing to the use of the presented research 
method, higher GPS/SBAS positioning accu-
racy was achieved than, for example, in works 
[2, 23, 68, 69],

	• owing to the use of the presented research 
method, higher or comparable GPS/SBAS 
positioning accuracy was achieved than, for 
example, in works [8–14, 24, 28, 30],

	• this publication is part of further research on 
the use of the SBAS augmentation systems in 
aviation in Poland, similar to the works [7–15],

	• an advantage of the research conducted was 
the use of two receivers with an SBAS posi-
tioning module, compared to works [2, 13, 14, 
24, 47, 63], which used single-receiver GPS/
SBAS positioning,

	• another advantage of the work is the use of 
corrections from two SBAS systems, in com-
parison to publications [2, 4, 5, 22, 23, 26, 28, 
61], in which only a single SBAS was used,

	• a huge advantage of this work is the dem-
onstration of the characteristics of EGNOS 
and SDCM corrections during aircraft flight, 
which can be directly related to publication 
[24], in which EGNOS and SDCM corrections 
were calculated, but for a UAV platform.

The article uses a GPS constellation with 
SBAS corrections. It should be noted that the GPS 
system, as the primary navigation system accord-
ing to ICAO, is the fundamental GNSS satellite 
system for the SBAS systems. Therefore, correc-
tions from the EGNOS and SDCM systems, as 
well as other SBAS systems, are currently widely 
adapted for GPS observations. In addition, most 
GNSS observation processing software uses GPS 
data and SBAS corrections in the SPP algorithm. 
Of course, with the development of the GNSS 
constellation, SBAS corrections will also be 
adapted to the given global GNSS satellite navi-
gation system in the future. What is more, SBAS 
corrections will be available not only on the L1 
frequency, but also on the L5 frequency. This will 
primarily allow for the determination and moni-
toring of ionospheric corrections in real time in 
the form of the VTEC parameter. This will enable 
the research to be conducted as part of the DFMC 
project [70]. Currently, SBAS corrections are 
used on the L1 frequency in the SPP positioning 
method. This poses certain limitations in terms of 
SPP code positioning. Therefore, when the SBAS 
system is not working, GPS/SBAS positioning 
in aviation is not possible. Therefore, in addi-
tion to monitoring the GPS constellation, SBAS 
geostationary satellites must also be monitored. 
For aviation, the limitation of access to SBAS 
corrections is particularly burdensome in landing 
approach applications.

CONCLUSIONS

The article presented a methodology for test-
ing and determining the accuracy parameter 
for the SBAS systems based on a dual-receiver 
GNSS solution. In particular, it shows a calcula-
tion scheme for improving GPS/EGNOS+GPS/
SDCM positioning in aviation application. The 
presented algorithm includes the determination 
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of position errors of airplane position. Addition-
ally, the determined position errors were filtered to 
eliminate random and outlier errors from the given 
time series of data. A linear Kalman filter was used 
for this purpose. As a final stage of the research, 
the proposed algorithm was also tested only for 
dual-receiver GPS/EGNOS positioning and sepa-
rately for GPS/SDCM positioning. The study used 
the research material collected during a flight on 
a Diamond DA 20-C airplane. The calculations 
used RTKLIB v.2.4.3, Topcon MAGNET Tools 
v.5.1.1.0, and proprietary numerical scripts writ-
ten in the Scilab v.6.1.1 environment. The research 
yielded an accuracy of GPS/SBAS dual-receiver 
solution better than 2.94 m. After Kalman filtering, 
position errors were reduced to 14% for horizontal 
components and 20% for ellipsoidal height. This 
allowed for a reduction in position errors below 
2.35 m. The paper also calculated other statisti-
cal errors, such as: MAE, RMS or standard devia-
tion. The article also presented the characteristics 
of EGNOS and SDCM corrections during the 
research experiment. The research method in the 
paper can be used in aviation to increase the accu-
racy of aircraft positioning using a multi-receiver 
GNSS solution. Future flight tests will be extended 
to other SBAS systems. Further recommendations 
for future research should include: 
	• integration of the SBAS data also from the UK 

SBAS and AL-SBAS augmentation systems 
in precise GPS/SBAS positioning,

	• monitoring of SBAS corrections from the 
EGNOS and SDCM augmentation systems 
and others,

	• comparison of SBAS corrections from the 
EGNOS, SDCM, UK SBAS, and AL-SBAS 
augmentation systems,

	• implementation of corrections in real-time 
UAV positioning,

	• testing of SBAS corrections with other global 
GNSS systems.

In terms of the limitations of the presented 
research method, it should be emphasized that:
	• the research method is verifiable for a mini-

mum of two GNSS receivers,
	• it is necessary to use corrections from two 

SBAS systems in the research,
	• the developed algorithm must be functional 

with a Kalman filter,
	• the accuracy parameter and other GPS/SBAS 

positioning quality parameters must be moni-
tored in the research in terms of the ICAO cer-
tification requirements.
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