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Abstract 
 

 

 

Satellite navigation (GNSS) is a worldwide available technology that represents a full range of 

opportunities. For civil aviation, these systems represent a new era, as they have the potential 

to provide an all-weather gate-to-gate guidance within a global coverage, and will allow 

decommissioning most traditional navigation aids. Their sole performance, however, is not 

compliant with the requirements for the most demanding civil aviation operations, as GNSS 

systems particularly fail to grant integrity to the navigation solution they are providing, and 

therefore they require augmentation.  

 

The Ground-Based Augmentation System (GBAS) intends to help GNSS meet the requirements 

for Precision Approach operations, this way fulfilling the objective of gate-to-gate navigation. As 

an additional feature, GBAS systems will also provide a Positioning service that will allow 

GNSS-supported Departure, Landing and Surface Movements operations.  

 

This dissertation presents the process of operational evaluation of a GBAS system, by 

simulation of a GBAS ground station at the Lisbon International Airport. This simulation will be 

performed using PEGASUS, a program developed intentionally for the purpose of augmentation 

systems operational evaluation. GBAS state-of-the-art is also presented and it is seen that 

GBAS systems are already being acknowledged as a valid alternative to CAT-I ILS and are 

expected to be the primary system to support CAT-I Precision Approach operations by 2015. 

 

Keywords:  GNSS, Civil Aviation, Integrity, GBAS, Precision Approach, PEGASUS 
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Resumo 
 

 

 

Os sistemas de navegação por satélite (GNSS) estão actualmente disponíveis mundialmente e 

representam um vasto leque de oportunidades. Para a aviação civil representam o início de 

uma nova era, dado serem potencialmente capazes de suportar qualquer operação de voo, em 

quaisquer condições atmosféricas. No entanto, os sistemas GNSS são incapazes, por si sós, 

de cumprir os requisitos de desempenho das operações de voo mais exigentes, falhando 

especialmente em assegurar a integridade dos dados que fornecem. Esta limitação levou ao 

desenvolvimento de sistemas complementares (de aumento), que pretendem ajudar os 

sistemas GNSS a cumprirem os requisitos das operações da aviação civil. 

 

Em particular, o sistema de aumento baseado no solo (GBAS) foi desenvolvido com o intento 

de permitir aos sistemas GNSS cumprir os requisitos para aproximações de precisão, 

conferindo-lhes assim em definitivo a capacidade para providenciarem uma cobertura total de 

todas as fases de voo. Adicionalmente, os sistemas GBAS também providenciarão um serviço 

de posicionamento que permitirá operações de descolagem, aterragem e movimentos à 

superfície baseados em GNSS.  

 

Nesta dissertação apresenta-se o processo de avaliação operacional de um sistema GBAS, 

através da simulação de uma estação GBAS no Aeroporto Internacional de Lisboa. Esta 

simulação será efectuada através do uso do software PEGASUS, desenvolvido 

propositadamente para permitir a avaliação operacional de sistemas de aumento. O estado 

actual dos sistemas GBAS é também apresentado e será visto que estes sistemas são já 

reconhecidos como uma alternativa válida ao ILS, esperando-se que em 2015 sejam o principal 

sistema para executar aproximações de precisão CAT-I. 

 

Palavras-Chave: GNSS, Aviação Civil, Integridade, GBAS, Aproximação de Precisão, 

PEGASUS 
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Chapter 1 

 

 

Introduction 
 

 

 

Satellite navigation is becoming a well-known technology of society in general. Its applications 

range from transportation systems to agriculture and fisheries, passing by supporting other 

sciences and offering innumerable benefits to society, not disregarding leisure applications [4]. 

The first impulse to such technologies was given by the United States’ Global Positioning 

System (GPS) that is now available to worldwide users. Europe is currently developing its own 

satellite navigation system, Galileo, to enter a market that is predicted to achieve � 400 billion by 

2025 [12]. 

 

Civil aviation is one of society sectors that will take great advantage from these systems. 

Satellite navigation has been envisaged by the International Civil Aviation Organization (ICAO) 

as “the primary stand-alone navigation system in the 21st century”, as a system that has the 

capability to support all phases of flight since ground movements at the departure airport to all-

weather landing operations at its final destination. Satellite navigation is also the response to 

the constant air traffic growth that it has been faced as its performance easily matches and 

exceeds the performance of current navigation aids [19]. 

 

Global Navigation Satellite Systems (GNSS) are expected to be introduced in an evolutionary 

manner with increasing benefits that shall culminate in sole-means operation, as stated in the 

ICAO Global Air Navigation Plan. As a sole-means navigation system, GNSS must allow 

aircrafts to meet, for a given operation or flight phase, the performance requirements defined by 

ICAO for that same operation, which will be expressed in terms of Accuracy, Integrity, 

Availability and Continuity [18]. 

 

Currently active satellite navigation systems, GPS and the Russian GLONASS, however, fail to 

meet the requirements for sole-means operations. Besides the effect of several error sources 

that degrade the positioning Accuracy obtained with these systems, they particularly fail to meet 

the Integrity requirements. Integrity of a system is its ability to provide timely warnings to users 
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when it is providing erroneous information and should not be used for navigation [25]. Although 

GPS and GLONASS satellites transmit an Integrity message, assuring that their signals are 

correct, these messages can be more than one hour late, a delay too long for aviation use. 

 

Augmentation Systems help to improve the safety of satellite navigation systems, by aiding 

them to meet the performance requirements for civil aviation operations, particularly Integrity. 

These systems are classified in three different categories: Aircraft-Based (ABAS), Satellite-

Based (SBAS) and Ground-Based (GBAS). Besides Integrity, SBAS and GBAS systems will 

also improve their Accuracy and possibly Availability and Continuity [18]. 

 

Being different by concept, each augmentation type is also conceived to support different flight 

phases. ABAS systems are essential for GNSS application in civil aviation, as the decisive 

system Integrity checker, and must be used during all flight phases and operations. SBAS 

systems, being capable of providing service over a wide area, are intended to support mostly 

En-route and Terminal Area operations, and may also be used in Non-Precision and Precision 

Approaches, down to Category-I (CAT-I) operations [31]. 

 

GBAS systems provide local GNSS augmentation and are intended to support all types of 

Precision Approach, from CAT-I to CAT-III operations. This way, GBAS systems are foreseen 

as going to play a key role in the consummation of the objective of GNSS functioning as an all-

weather gate-to-gate service. GBAS systems will provide two services, a Precision Approach 

and a Positioning service. The Precision Approach service is intended to provide deviation 

guidance for Final Approach Segments, while the Positioning service enhances the GNSS 

positioning Accuracy [19]. 

 

In order for GNSS systems to be certified for use in the aviation domain it has to be performed 

the operational validation of the system. This validation intends to demonstrate that the system 

is compliant with the requirements defined for the flight phases and operations that it is meant to 

support [16]. These requirements are defined in the ICAO GNSS Standards and Recommended 

Practices (SARPs) document [25]. 

 

1.1. Research Objectives 
 

The main research objective of this dissertation is to perform a first evaluation of the 

performance that would be achieved with a Ground-Based Augmentation System station 

installed at the Lisbon International Airport. This assessment will be performed by simulating the 

GBAS ground facility using a set of fixed-based GNSS receivers and the software PEGASUS, 

developed by the European Organisation for the Safety of Air Navigation (EUROCONTROL). 
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The research will focus in the operational evaluation of the simulated GBAS, which involves 

establishing the performance of the system that would be experienced by a potential user and 

verifying the stability of the performance in a certain time period. 

 

Besides the main objective, there are several other essential research topics that will be 

approached in this dissertation, such as: 

 

·  Clarifying the role of satellite navigation systems in the future of civil aviation; 

·  Introducing the Global Navigation Satellite System and its components; 

·  Presenting the performance requirements for GNSS operations; and 

·  The relevance of Augmentation Systems in the fulfilment of these requirements; 

·  Understanding the principle behind the GBAS; 

·  Gaining experience with GBAS systems and their operation modes; and 

·  Familiarizing with data analysis software, as PEGASUS, and with the operational 

evaluation methodologies. 

 

This work was realized in cooperation with the Portuguese Flight Test Workgroup (Grupo de 

Trabalho de Ensaios em Voo – GTEV) from the Technical University of Lisbon, the Portuguese 

Air Force (PoAF), the Portuguese Air Traffic Service Provider, NAV Portugal, and 

EUROCONTROL. 

 

1.2. Thesis Outline 
 

This thesis will consist of seven chapters that will be complemented with three appendixes. 

 

Chapter 2 will provide the necessary background for the rest of the thesis and the main topics 

discussed in this chapter will be deepened in Chapter 3. 

 

Chapter 4 will introduce the main principle behind GBAS systems, Differential Correction, and 

will describe how it is applied by GBAS systems to improve GNSS performance, particularly 

their Accuracy and Integrity. 

 

In Chapter 5 a more technical and descriptive depiction of the GBAS is given, together with the 

state-of-the-art of GBAS implementations all over the world, and GBAS operating modes will be 

analysed in detail. 

 

Chapter 6 will present the operational evaluation activities that were carried, as well as the 

constraints that were found and some results will be shown. Finally, Chapter 7 will summarize 

the work described in this dissertation and the major conclusions will be drawn. Future work 

guidelines and proposals for are also presented. 
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Chapter 2 

 

 

Background 
 

 

 

Chapter 1 gave a first preview of GNSS systems and of the existing types of GNSS 

augmentation. This chapter will furthermore detail these topics, by beginning to provide a 

historical background of what GNSS systems are expected to represent for the future of civil 

aviation, and will proceed with a full introduction of GNSS systems and their augmentations, 

with particular emphasis to the Ground-Based Augmentation System. At the end of the chapter 

it will also be given a first overview of how the required performance of GNSS systems is 

characterized. 

 

 

2.1. Historical Background 
 

In the beginning of the 1980s decade, civil aviation was going through a period of steady growth 

and the perspectives pointed out that the rate of growth that it was being experienced would not 

decrease in the near future. These factors led the Council of the International Civil Aviation 

Organization (ICAO) to consider the future requirements of the civil aviation community. The 

Council determined that the systems and procedures supporting civil aviation had reached their 

limits and that it would be established a special committee on Future Air Navigation Systems 

(FANS) tasked with studying, identifying and assessing new technologies and making 

recommendations for the future development of air navigation for civil aviation. 

 

The FANS committee presented its assessments and conclusions on the Tenth Air Navigation 

Conference in 1991. It determined that it was necessary to develop new systems that would 

overcome the limitations of conventional systems. The future systems were expected to evolve 

and become more responsive to the needs of users whose economic health would be directly 

related to the efficiency of these systems. 
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The FANS committee concluded that satellite technology offered a viable solution to overcome 

the shortcomings of conventional ground-based systems and to meet the future needs of the 

international civil aviation community. The concept developed by the FANS committee was 

given the name Global Navigation Satellite System (GNSS) [18]. 

 

2.2. Global Navigation Satellite System 
 

Since the recommendations of the FANS committee, ICAO has been developing Standards and 

Recommended Practices (SARPs) for the use of GNSS in aviation and in 2001 the first GNSS 

SARPs were published. In this document, ICAO defines GNSS as “a worldwide position and 

time determination system that includes one or more satellite constellations, aircraft receivers 

and system integrity monitoring, augmented as necessary to support the Required Navigation 

Performance for the intended operation” [3]. 

 

Being a position determination system that can also be used to provide guidance to its users, 

GNSS is acknowledged as a navigation system. Besides position, GNSS is also used to 

determine time, velocity and possibly other information, depending on the application. It is, 

however, fundamentally different from the traditional navigation aids (navaids). It has the 

potential to support all phases of flight providing a truly gate-to-gate service, thus resulting in a 

seamless global navigation guidance system. GNSS can also provide accurate guidance in 

remote and oceanic areas where it is impractical, too costly or impossible to install traditional 

navaids [6]. 

 

Position

Velocity

Time

…

Position

Velocity

Time

…

GNSS

GuidanceGuidance

 

Figure 2.1 – GNSS as a navigation system. 

 

As stated on ICAO definition of GNSS, the system includes one or more core satellite 

constellations, each of them supporting its own satellite navigation system. The satellite 

navigation systems currently in operation are the Global Positioning System (GPS), operated by 

the United States, and the Russian Federation’s Global Navigation Satellite System 

(GLONASS). Both systems were offered to ICAO as a means to support the development of 

GNSS and both operate in accordance with the developed SARPs. A new constellation, Galileo, 

is in development in Europe and is expected to become fully operational early in the 2010 
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decade. Each of these systems provides independent capabilities but is expected that in the 

future they can be used in combination in order to improve GNSS robustness. GNSS 

operational benefits will be substantial, both to Air Traffic Service Provides (ATSPs) and to 

airline operators. Some of the most visible are [6]: 

 

·  Lower dependence on traditional navigation aids and associated engineering, this way 

allowing a phased decommissioning of some traditional navigation aids; 

·  A common navigation reference and a common time source worldwide; 

·  Improved airport utilization through lower minima; 

·  Low-visibility, all-weather guidance and landing capability; 

·  Landing guidance at regional airports without landing systems; 

·  Significantly reduces the need to install navigation aids at airports to support precision 

approaches; and 

·  Service economically within reach of all aircraft operators. 

 

Although GNSS has already been introduced by most of the ICAO states as a supplemental-

means of navigation1 for En-route, Terminal Area and Non-Precision Approaches [11], the ICAO 

Global Air Navigation Plan clearly states that the introduction of GNSS shall offer increasing 

benefits commensurate with improvements in navigation service and that these benefits shall 

culminate in GNSS sole-means operations [18]. Current satellite navigation systems (GPS and 

GLONASS), however, are not able, on their own, to satisfy the strict requirements for sole-

means system operations and therefore require support to help them meet the required 

performance. This support is achieved through Augmentation Systems. 

 

2.3. Augmentation Systems 
 

GNSS Augmentation Systems enhance satellite navigation systems performance in order to 

overcome some of their inherent limitations and to help them meet aviation performance 

requirements. Current ICAO SARPs divide GNSS augmentation in three categories: 

 

·  Aircraft-Based Augmentation Systems (ABAS) 

·  Satellite-Based Augmentation Systems (SBAS) 

·  Ground-Based Augmentation Systems (GBAS) 

 

One of the most important features of Augmentation Systems is the provision of Integrity data, 

essential for air navigation operations and not provided by current satellite navigation systems. 

This data allows users to check the reliability of the GNSS position, by means of several 

redundant position calculations, in the ABAS case, or by providing high-confidence bounds for 

                                                      
1 A supplemental-means of navigation requires the presence of a sole-means of navigation on board, able 
to operate whenever it is required 
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positioning error, in the case of GBAS and SBAS. It should be noted that Galileo, Europe’s 

satellite navigation system, will already account for this requirement and will provide users with 

Integrity information. 

 

ABAS relies exclusively on equipment onboard the aircraft and is used to assure the reliability of 

the navigation solution provided by the GNSS receiver. This can be achieved by augmenting 

and/or integrating GNSS information with information available from other sensors onboard the 

aircraft. The introduction of GNSS in aviation as a supplemental means of navigation required 

the use of ABAS techniques, which will be used to support any flight phase [19]. 

 

Contrarily to ABAS, GBAS and SBAS systems involve the deployment of ground infrastructures 

and in the SBAS case the use of geostationary satellites. GBAS systems provide local 

augmentation to GNSS users, by means of a ground station that collects data from the satellite 

core constellations and transmits corrections and other data to nearby users via a VHF link. 

SBAS systems involve the use of a numerous set of ground stations, distributed over a very 

large area that can even comprise more that one continent, that, likewise GBAS systems, 

compute corrections and other data which is then uploaded to geostationary satellites, to be 

broadcast to users within a large area. 

 

Being different by concept, GBAS and SBAS will also support different flight operations. 

According to the navigation strategy for the European Civil Airspace Conference (ECAC), SBAS 

systems are intended to support operations with less stringent requirements, as En-route, 

Terminal, Departure and Non-Precision Approach operations, and may possibly meet the 

requirements for Category-I (CAT-I) Precision Approaches. GBAS systems are primarily 

conceived to support operations with tighter requirements, as Precision Approaches down to 

CAT-III operations, and will also provide augmentation for Landing, Departure and Surface 

operations. 

SBAS

GBAS

SBAS

GBAS
 

Figure 2.2 – SBAS and GBAS supported flight phases. 
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The introduction of GBAS and SBAS systems in civil aviation is a phased approach. The ECAC 

navigation strategy roadmap for strategic introduction of such systems, and GNSS in general, is 

presented in Figure 2.3. It should be also noted that the introduction of GNSS-based operations 

will allow the decommission of some traditional navigation aids. 
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Figure 2.3 – ECAC navigation strategy roadmap [31]. 

 

2.4. Ground-Based Augmentation System 
 

GBAS systems will play a key-role in the accomplishment of the goal of GNSS operating as a 

sole-means gate-to-gate navigation system. GBAS systems are designed to help GNSS meet 

the requirements to support Precision Approaches down to CAT-III operations, which are the 

most demanding operations in civil aviation. Additionally, GBAS systems will also provide a 

Positioning service to improve satellite navigation systems Accuracy and are expected in the 

future to provide a ranging service, as the satellites in the core constellations do. 

 

In a phased introduction, the first ICAO GNSS SARPs launched the requirements for GBAS 

operations to support CAT-I Precision Approaches and for the GBAS Positioning service. As so, 

GBAS CAT-I will firstly constitute an alternative to ILS CAT-I service and is expected to allow 

the phased decommission of this system, as seen in Figure 2.3. This way, both Air Traffic 

Service Providers and airline operators will be able to gain experience with the system, while 

the more stringent CAT-II and CAT-III requirements are prepared by ICAO [31]. As has already 

been referred, GBAS systems provide local augmentation to GNSS systems. The global 

architecture of a GBAS system is depicted in Figure 2.4. 

 

A GBAS system is divided into three subsystems: the Satellite, the Ground and the Aircraft 

Subsystems. The Ground Subsystem comprises a set of fixed-based Reference Receivers that 

constantly collect data from the GNSS satellites, which form the Satellite Subsystem. This data 
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is afterwards used to compute corrections and other information to all satellites in line-of-sight, 

which is then arranged into messages and is transmitted to airborne users via a VHF Data 

Broadcast (VDB) link. The GBAS Aircraft Subsystem allows users to receive and decode the 

VDB data and integrate it with the navigation signals coming from the satellite constellation. 

System users will experience an enhanced GNSS positioning service and are also provided 

guidance for Approach and Area Navigation (RNAV) operations. GBAS systems also integrate a 

monitoring function that monitors the ranging sources and the GBAS data and signal to assure 

that there are no faults in the service. 

 

GNSS 
Constellation

GBAS Ground 
Station

GBAS Ground 
Station

Reference 
Receivers

VDB 
Transmitter

GBAS Aircraft 
Subsystem

GBAS Aircraft 
Subsystem

 

Figure 2.4 – Overall GBAS architecture. 

 

Guidance in Approach operations is obtained by establishing a Final Approach Segment (FAS), 

which is defined with basis on the data transmitted by the GBAS Ground Subsystem. The FAS 

is a line-in-space in which alignment and descent for landing are accomplished, similar to ILS 

Approaches. In fact, one of the requirements for GBAS-based Approaches is that GBAS 

guidance shall be equal to ILS. GBAS will also provide numerous benefits over ILS, being the 

most noteworthy the capability of a single GBAS station to provide guidance for all runways at 

the airport at which it is installed and the possibility to even support Approaches for runways at 

other nearby airports. 

 

2.5. Required GNSS Performance 
 

As a sole-means navigation system, GNSS must allow the aircraft to meet, for a given operation 

or flight phase, the Required Navigation Performance (RNP) defined by ICAO for that same 

operation within a specific airspace. RNP characterizes both the sole performance of a 

navigation system and the joint performance of the navigation and the Flight Control systems for 

aircraft operations, as illustrated in Figure 2.5, for the GBAS situation. 
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While the operational requirements at the airplane performance level are only expressed as an 

Accuracy requirement (RNP type) referred to a desired flight path, the requirements for the 

navigation system are expressed in terms of: 

 

·  Accuracy 

·  Integrity 

·  Availability 

·  Continuity 

Aircraft 
Subsystem

Satellite 
Subsystem

Ground 
Subsystem

GBAS & 
GNSS 

constellation

Flight Control 
System

Operational 
Requirements
Operational 

Requirements

Navigation System 
Performance Level

Airplane            
Performance Level

GBAS
 

Figure 2.5 – Performance requirements hierarchy. 

 

The GNSS performance requirements will be further shown in section 3.6. However, as for 

example, Table 2.1 shows the usual performance achievable with GPS and the requirements 

for CAT-I Precision Approach operations ([3] and [15]). 

 

Table 2.1 – GNSS CAT-I performance requirements versus Stand-alone GPS performance. 

CAT-I Requirements  Stand-alone GPS 

Horizontal 16 m 
Vertical 4 m 

Accuracy (95%) 
Horizontal 13 m 

Vertical 23 m 

99% Availability 99% (using ABAS) 

7
1 2 10

-
- ´  per approach Integrity None 

6
1 8 10

-
- ´  in any 15 seconds Continuity None 
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Chapter 3 

 

 

GNSS Overview 
 

 

 

In the first chapter it was given a preview of the GNSS system and its composing elements. This 

point will be deepened in this chapter, by introducing the system’s principle of work, in section 

3.2, and by giving a detailed description of each of the system’s elements, in sections 3.3 and 

3.5. Of these, special attention will be given to the Global Positioning System core constellation. 

 

Section 3.4 will introduce the main sources of error affecting the accuracy of GNSS systems 

and how they traduce into positioning errors. The chapter will end with the introduction of the 

RNP requirements for GNSS operations and with a detailed description of each of these 

requirements, in section 3.6. 

 

3.1. GNSS Elements 

 

As advanced in the previous chapter, GNSS includes core satellite constellations and 

augmentation systems. Together with these two components, the proper receivers form the set 

designated by ICAO as GNSS elements [3]. There are presently two core satellite constellations 

in operation: GPS provided by the United States and the Russian GLONASS. They both 

operate in accordance with the SARPs defined by ICAO. Both GPS and GLONASS dispose of 

an Integrity monitoring function. This capability allows the systems to check the health status of 

their satellites and the accuracy of the data they are transmitting. This way, the systems can 

warn users in case a malfunction is detected and a specific satellite should not be used for 

positioning calculation. However, the health message broadcast by the satellites can be up to 2 

hours late in GPS and 16 hours in GLONASS [11]. As so, none of these systems can timely 

warn users of a fault in the provision of their nominal service and may be transmitting erroneous 

data during long periods of time without annunciation to the users. This fault by itself makes 

these systems incapable of supporting air navigation operations, in stand-alone mode. 
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To overcome the above mentioned and some other limitations of satellite navigation systems 

and to help them meet the RNP for safety-of-life operations, such as aviation, there were 

developed Augmentation Systems. The three existing types of Augmentation Systems are 

Aircraft-Based (ABAS), Ground-Based (GBAS) and Satellite-Based (SBAS) [19]. 

 

GNSS receivers consist of an antenna and a processor that receive and decode GNSS signals 

coming from the satellite constellations and from Augmentation Systems, and then compute 

position, velocity, time and possibly other information [19].  

 

3.2. Principle of Work 

 

Even though satellite navigation is a rather recent and complex technology, the mathematical 

concept on which it is based is fairly ancient and simple. Satellite navigation relies on 

Triangulation, which can be traced back at least to the early Egyptians, while they were building 

the pyramids [6]. The main idea is illustrated in Figure 3.1, for the two-dimensional case (2D). 

 

Sat1

Sat2

Sat3

User

 

Figure 3.1 – GNSS principle of work. 

 

As shown in the figure, by measuring the range to at least three satellites it can be 

unambiguously determined the user’s 2D position. Consequently, to calculate a 3D position it 

would be necessary to measure the distance to at least four satellites. This four-satellite 

imposition is in fact verified but not because of this limitation. Measurements from three 

satellites spot two points in space but one of them can be identified as meaningless and 

excluded, as it usually is very far away from the Earth’s surface [45]. The need for a fourth 

satellite will be explained further. Furthermore, as the determination of a user’s position passes 

by measuring the range to GNSS satellites, these are often referred to as ranging sources. 

 

So, considering ( ), ,i i ix y z  the coordinates of satellite i  in a 3D Cartesian coordinate frame 

and ir  the range from the same satellite to the user, the user position’s coordinates, 

( ), ,u u ux y z , expressed in the same coordinate frame, can be determined through [32]: 
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 (3.1) 

 

Equations (3.1) are known as navigation equations [32]. The conditions for application of the 

navigation equations are that it has to be known the ranging sources position and their distance 

to the user. The determination of the range to a satellite passes by measuring the time that it 

takes an electromagnetic signal to travel from that satellite to the receiver. This time, known as 

the signal travel time, tD , is determined by assuming that the receiver knows the exact time at 

which the signal departed from the satellite and that it can also determine with precision the 

time of the signal’s arrival to it. This way, the range to a satellite i  is obtained by [10]: 

 

 i ir c t= ×D  (3.2) 

 

where c  represents the speed of light in vacuum. However, the assumptions on which (3.2) is 

based can introduce significant errors on the range calculation. Although the receiver can, in 

fact, determine with precision the time of the signal’s arrival, it may commit some errors on 

establishing the time on which the signal was emitted. That is, both the satellite and the user 

know the exact time on which the signal should be emitted in their own time count, which can be 

slightly biased. The problem is stated in Figure 3.2. 

 

Satellite Time Count

Receiver Time Count

0 1 2 3 4 5 6

0 1 2 3 4 5 6

t (ms)

t (ms)

7

rtD  

Figure 3.2 – Effect of satellite-user clock deviation. 

 

Following the example in the figure, because of the receiver clock bias, rtD , the receiver’s clock 
 

is late comparatively to the satellite one, and the travel time measured by the receiver would be 
 

around 1 millisecond smaller than the actual signal travel time, which, according to (3.2), would 

result in a ranging error in the order of 300 Kilometres. Therefore, the navigation equations in 

(3.1) are re-written as [32]: 
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 (3.3) 

 

where now, after the introduction of the receiver’s clock bias, instead of talking about ranges 
 

from the satellites to the user, it is rather used the term pseudorange, r . As so, measurements 
 

from at least four satellites are needed to determine the four unknown variables, the user’s 3D 

position coordinates and clock bias. 

 

It remains yet to explain how the user determines the satellites position. As will be seen in the 

next sections, the signals emitted by the satellites do not serve only to perform ranging 

measurements. They contain a great amount of data, known as navigation data, from which a 

sub-set is used to determine the satellites position. This point will be deepened next. 

 

3.3. Core Constellations 
 

3.3.1. Global Positioning System (GPS) 

 

The Global Positioning System is operated by the government of the United States. Developed 

in the early 1970s for military purposes, it was later made available to civilians. In a letter to 

ICAO in 1994, the United States offered the GPS Standard Positioning Service to support the 

needs of civil aviation users free of charge [6]. 

 

GPS consists of three segments: the space segment, the control segment and the user 

segment. The GPS space segment comprises a nominal constellation of 24 satellites2 in 6 

Medium Earth Orbit (MEO) orbital planes, four satellites placed in each orbital plane (Figure 

3.3). With this constellation geometry, four to ten GPS satellites will be visible to a system user 

anywhere in the world [10]. 

 

The control segment consists of a worldwide network of tracking stations. The monitor stations 

use GPS receivers to track all satellites in view and accumulate ranging data, which is then 

processed by the Master Control Station to determine satellite clock and orbit states and to 

update each satellite’s navigation message. This information is then uploaded into the GPS 

satellites by ground antennas. 

 

                                                      
2 At the time of writing, September 2007, the GPS constellation counted with 31 satellites [46] 
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Each GPS satellite transmits on two frequencies denoted by L1 and L2. The signal carriers are 

modulated by digital codes and a navigation message. The L1 code is known as C/A-code and 

the L2 code as P-code. Both codes are known as Pseudo-Random Noise (PRN) codes because 

of their apparent randomness. The C/A-code is a stream of 1023 digits that repeats every 

millisecond. Each satellite is assigned a unique C/A-code, which enables GPS receivers to 

identify which satellite is transmitting which signal. The P-code is a 266-day-long sequence 

divided into 38 segments, each one-week-long, being a code segment assigned to a single 

satellite. Each satellite is identified by the segment of the P-code that it has been assigned 

(satellite ID PRN1 is the satellite that has been assigned the first segment of the P-code). 

 

 

Figure 3.3 – GPS space segment. 

 

The use of dual-frequency pseudorange measurements considerably improves the accuracy 

provided by the system and, although both codes are publicly published, the P-code is 

encrypted by the US government, restricting the use of the L2 signal to authorized users only. 

This way, the service provided to users with access only to the L1 signal is known as Standard 

Positioning Service (SPS) and the service to dual-frequency users is known as Precise 

Positioning Service [10]. 

 

Superposed to the PRN codes is the GPS navigation message. Some of the most noteworthy 

data included in the navigation message is the information about the satellites position and 

health status. The information of the satellites position is known as Ephemeris and Almanac 

data. Each satellite broadcasts its own Ephemeris data, which contains information to 

accurately establish its position as a function of time. The Almanac, however, is the same for all 

satellites and allows to calculate an approximate position for all GPS satellites. Allied to this 

data is the satellites health data that informs users about the health status of each satellite. 

Other important data included in the navigation message is timing data, which includes the 

signal time of transmission, in the satellite time count, and clock corrections for the satellite 

clock. A full description of the navigation message data can be found in Annex A. 

 

Additional essential considerations about GPS are both the time and space references used by 

the system. GPS time is established by the control segment and is referenced to a Universal 
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Coordinated Time, zero-time point defined as midnight on the night of January 5, 1980/morning 

of January 6, 1980. The largest unit in stating GPS time is one week defined as 604800 

seconds. GPS time is expressed by a Time of Week (TOW), in seconds, within a week identified 

by a Week Number (WN). Since WN is a modulo 1024 count, each 1024 weeks (a few months 

less than 20 years) occurs a week rollover, so that by means of the week rollover, WN and 

TOW, GPS time can uniquely identify one time instant [21]. 

 
In what concerns to space reference, the official GPS reference system is the World Geodetic 

System of 1984 (WGS84). All the positions, including the satellites and the users positions, 

involved in GPS are stated and calculated in WGS84 coordinates [10]. WGS84 is a 3D Earth-

Centred Earth-Fixed coordinate system with its origin at the Earth’s centre of mass and is 

defined as follows and represented in Figure 3.4 [48]. 

 

In 1998, the US Government announced an effort for the modernization of GPS, intending to 

increase its capabilities. The modernization program aims, among other things, to provide signal 

redundancy and improve positioning Accuracy, signal Availability and system Integrity. 

Modernized GPS will include a C/A signal in the L2 band and new military codes on both L1 and 

L2. The availability of two civil signals will allow a considerable improvement in GPS positioning 

Accuracy as it permits to eliminate Ionospheric effects, which are one of the main error sources 

affecting satellite navigation systems, as will be seen in section 3.4. 

 

84WGSx  equatorial axis pointing towards the Prime (Greenwich) Meridian 

84WGSz  pointing towards the terrestrial motion pole  

84WGSy  equatorial axis composing a right-handed orthogonal coordinate system 

 

xWGS84xWGS84

Prime 
Meridian

Earth’s 
Centre of 

Mass

yWGS84yWGS84

zWGS84zWGS84

 

Figure 3.4 – WGS84 coordinate system. 

 

The addition of the C/A-code to the L2 signal, however, was found to be insufficient for use in 

civil aviation safety-of-life operations, because of the potential interference from the ground 

radars that operate near the L2 band. As such, to satisfy aviation user requirements, a third civil 

signal at 1176.45 MHz , L5 band, will also be implemented [10]. It should be noted that the L5 
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band will also be used by Galileo (section 3.3.3), what will facilitate the interoperability between 

the two systems. 

 

3.3.2. Global Navigation Satellite System (GLONASS)  

 

GLONASS is managed by the Government of the Russian Federation. It broadcasts two types 

of navigation signals: a standard precision navigation signal and a high precision navigation 

signal. Standard precision positioning and timing services are available to all GLONASS civil 

users on a continuous worldwide basis. However, in practice, there are few aviation users of 

GLONASS due to the limited number of satellites in orbit and consequently, the reduced 

availability of the positioning service. The complicated interoperability with GPS also contributes 

to this fact [45]. 

 

The full GLONASS constellation will be composed of 24 satellites in 3 MEO orbital planes, with 

8 satellites equally spaced in each plane. The spacing of satellites in orbits is arranged so that a 

minimum of 5 satellites are in view to users worldwide with the nominal constellation. 

 

The GLONASS constellation is operated by the Ground-based Control Segment. It consists of 

the System Control Centre in the Moscow region, and of several Command Tracking Stations 

placed over a wide area of Russia. These stations track the GLONASS satellites in view and 

accumulate ranging data and telemetry from the satellite signals. This information from is 

processed at the System Control Centre to determine satellite clock and orbit states and to 

update the navigation message of each satellite. This updated information is then transmitted to 

the satellites via the Command Tracking Stations. The Command Tracking Stations ranging 

data is periodically calibrated using laser ranging devices at the Quantum Optical Tracking 

Stations. Each GLONASS satellite carries laser reflectors for this purpose. The synchronization 

of all the processes and satellite clocks in the GLONASS system is done by the Central 

Synchronizer, a high-precision hydrogen atomic clock [6]. 

 

3.3.3. Galileo 

 

Galileo will be Europe’s own global navigation satellite system, providing a highly accurate, 

guaranteed global positioning service under civilian control. Galileo is a joint initiative of the 

European Commission and the European Space Agency (ESA). Galileo is considered as being 

a strategic priority to Europe, as it is envisaged as vital for the European Union for the period 

between 2020 and 2050, but is currently experiencing worrying delays and there are not yet 

precise predictions for the beginning of full capability operations, which will not be before 2010. 

 

By offering dual frequencies as standard, Galileo will deliver real-time positioning Accuracy 

down to the metre range, which is unprecedented for a publicly available system. It will 
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guarantee Availability of the service under all but the most extreme circumstances and will 

inform users within seconds of a failure of any satellite. This will make it suitable for applications 

where safety is crucial, such as air navigation. 

 

The fully deployed Galileo system consists of 30 satellites (27 operational + 3 active spares), 

positioned in three circular MEO planes at 23 222 km altitude above the Earth, and at an 

inclination of the orbital planes of 56 degrees with reference to the equatorial plane. Once this is 

achieved, the Galileo navigation signals will provide good coverage even at latitudes up to 75 

degrees north. The large number of satellites together with the optimisation of the constellation, 

and the availability of the three active spare satellites, will ensure that the loss of one satellite 

has no discernible effect on the user. 

 

 

Figure 3.5 – Galileo space segment. 

 

Two Galileo Control Centres will be implemented on European ground to provide for the control 

of the satellites and to perform the navigation mission management. The data provided by a 

global network of twenty Galileo Sensor Stations will be sent to the Control Centres through a 

redundant communications network. This data will be used to compute integrity information and 

to synchronise the time signal of all satellites with the ground station clocks. The exchange of 

the data between the Control Centres and the satellites will be performed through up-link 

stations. Fifteen up-link stations will be installed around the globe for this purpose. 

 

As a further feature, Galileo will provide a global Search and Rescue function. To do so, each 

satellite will be equipped with a transponder, which is able to transfer the distress signals from 

the user transmitters to the Rescue Co-ordination Centre, which will then initiate the rescue 

operation. At the same time, the system will provide a signal to the user, informing him that his 

situation has been detected and that help is under way. This latter feature is new and is 

considered a major upgrade compared to the existing system, which does not provide feedback 

to the user. Altogether Galileo will provide five levels of services with guaranteed quality which 

marks the difference from this first complete civil positioning system [14]. 
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3.4. GNSS Error Sources 
 

The positioning accuracy achieved with satellite navigation systems is susceptible to several 

conditionings. These conditionings can be mainly identified as errors in the pseudorange 

measurement to the ranging sources and satellite geometry. Pseudorange measurement error 

sources affect the determination of the users’ position by introducing errors in the navigation 

equations, (3.3), that will result not only in a miscalculated user position but also clock error 

deviation. These error sources are classified in two main groups, the dominant and the 

secondary error sources. Dominant error sources are those that affect nearly in the same 

manner pseudorange measurements within the same area and the secondary are those that 

are uncorrelated between proximate users [38]. These error terms will be seen in sections 3.4.1 

and 3.4.2 respectively. 

 

Satellite geometry, although not being in fact a source of error, plays a very important role in the 

GNSS positioning accuracy. This term’s influence on the positioning accuracy will be subject of 

section 3.4.3. 

 

3.4.1. Dominant Error Sources 

 

As was stated above, the dominant sources of error affecting the pseudorange measurement 

are those that are felt roughly with the same magnitude by proximate users. Although there are 

some errors that affect exactly in the same manner nearby measurements, like the satellites 

clock deviation or orbital errors, there are others that may have a slight variation from one 

location to another, increasing with the distance from receivers. This is the case of atmospheric 

effects. 

 

3.4.1.1. Satellite Clock Errors 

 

To keep the satellites time count as close as possible to the system time count, GNSS satellites 

incorporate atomic clocks, which are extremely stable. However, in one day an atomic clock can 

suffer deviations in the order of 10 nanoseconds that is already a considerable deviation when it 

is traduced into a pseudorange measurement. This way, it is necessary to account for the 

satellites clock bias and a correction to the satellites time count is transmitted in the navigation 

messages [10]. 

 

3.4.1.2. Orbital Errors 

 

For an accurate determination of the user position, it is essential to have a very precise 

knowledge of the position of the ranging sources. The navigation data present in the ranging 

signals carries the required data to determine the satellites orbits and to establish the satellites 
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position as a time-function. However, due to orbital perturbations, the satellites position may be 

estimated with an error of about 2 to 5 meters [10]. 

 

3.4.1.3. Ionospheric Delay 

 

Ionosphere is the uppermost part of the Earth’s atmosphere. It extends from an altitude of 

approximately 50 Km to about 1000 Km or even more. At this atmosphere layer, ultraviolet 

and X-ray radiations coming from the Sun interact with the gas molecules and atoms, resulting 

in gas ionization. The presence of an ionized medium bends the ranging signal by refraction 

and changes their propagation speed. Although the bending of the signal’s path causes an 

almost negligible ranging error, the change in the propagation speed may already cause a 

significant error, typically in the order of 5 to 15 meters, but can reach over 150 m  under 

extreme solar activities [10]. 

 

Although Ionosphere is repeatedly one of the principal sources of error affecting pseudorange 

measurements, its effect can be easily removed by using dual-frequency observations, as the 

delay in the electromagnetic signals suffer in the Ionosphere is frequency-dependent. 

Ionosphere is the main reason why the use of dual-frequency observations results in a much 

higher positioning accuracy in satellite navigation systems. This delay is also dependant with 

the ranging source elevation angle above the horizon and therefore will vary from one ranging 

source to another, and may also be felt somewhat different from users within the same area but 

already far from each other. 

 

3.4.1.4. Tropospheric Delay 

 

Troposphere is the lowest layer of the atmosphere, which extends from the Earth’s surface up 

to about 50 Km of height. It is composed of dry gases and water vapour, which lengthen the 

propagation path due to refraction. The delay the signals suffer is function of the local refraction 

index, which depends of the local temperature, pressure and relative humidity. Contrarily to the 

Ionospheric delay, the Tropospheric delay is not variable with the signals frequency and can not 

be removed by the use of dual-frequency observations. 

 

The delay will also be dependent of the elevation angle of the ranging sources, typically varying 

from 2 to 9 meters for satellites with more than 15 degrees of elevation above the horizon [10]. 

 

3.4.2. Secondary Error Sources 

 

Pseudorange measurement secondary error sources are those that are strictly linked with the 

user’s equipment and location. Besides the error sources that will be introduced, it can also be 
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considered part of this group the atmospheric delays variation, when there are compared the 

errors affecting measurements between nearby receivers. 

 

3.4.2.1. Receiver Clock Errors 

 

GNSS receivers are equipped with quartz clocks, which are much less accurate than the 

satellite ones and this way will exhibit much larger errors. The most usual correction for these 

errors is the introduction of the receiver clock bias into the navigation equations, as was seen in 

the introductory section of this chapter. 

 

3.4.2.2. Receiver Measurement Noise 

 

The receiver measurement noise results from the limitations of the receiver’s electronics. The 

contribution of this term to the range error will depend very much on the quality of the receiver. 

As will be seen later in this dissertation, aircraft GNSS systems, including the antenna/pre-

amplifier and the receiver, are classified into accuracy categories to ascertain their contribution 

to the system’s positioning accuracy. 

 

3.4.2.3. Multipath 

 

Multipath is another of the main sources of error of GNSS systems. Multipath errors occur when 

the receiver antenna gets the signals coming from the satellites from other paths besides the 

direct one from the satellite to the receiver. These extra-paths are labelled secondary paths and 

originate from signal reflections on obstacles surrounding the receiver’s antenna. These 

obstacles can be all types of constructions, elevations in the area and even ground or other 

surfaces, as illustrated in Figure 3.6. 

 

The signals from the secondary paths distort the direct signal and affect the measurement of its 

travel time. Without the application of multipath mitigation techniques, the range errors resulting 

from this error source can easily reach the tens of meters. Recent techniques, however, already 

permit to limit this error to a few meters. 

 

Direct Path

Secondary 
Path

 

Figure 3.6 – Multipath caused by ground reflection. 
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3.4.3. Satellite Geometry 

 

Satellite geometry is not an actual source of error but is an important constraint of the GNSS 

positioning accuracy and, this way, the overall positioning accuracy of satellite navigation 

systems is measured by the combined effect of the pseudorange measurement errors and the 

effect of satellite geometry. 

 

Figure 3.7 shows a simple 2D graphical explanation of the satellite geometry effect using two 

satellites. Due to the pseudorange measurement errors, the calculated receiver-satellite 

distance will not be exact and an uncertainty region will appear. This uncertainty region, marked 

grey in Figure 3.7, will depend of satellite geometry, as observed by the user. 

 

a) b)  

Figure 3.7 – Satellite geometry effect. 

 

As shown in Figure 3.7 (a), if the satellites are spread out, the size of the uncertainty area will 

be small and it is said to have good satellite geometry. Contrarily, if the satellites are close to 

each other, as in Figure 3.7 (b), the size of the uncertainty area increases, resulting in poor 

satellite geometry. In the case of GPS receivers, most use Almanac data to predict which set of 

satellites offers better geometry in order to obtain better positioning accuracy. 

 

3.5. Augmentation Systems 
 

GNSS Augmentation Systems enhance the performance of satellite navigation systems in order 

to help them meet aviation performance requirements and this way turn satellite navigation into 

a safer technology. These systems are classified in three different categories: Aircraft-Based, 

Satellite-Based and Ground-Based. The main feature of Augmentation Systems is the provision 

of Integrity to GNSS. SBAS and GBAS will also improve GNSS Accuracy by providing 

pseudorange corrections, accounting for some of the error sources introduced in the previous 

section. 

 

3.5.1. Aircraft-Based Augmentation System (ABAS) 

 

Aircraft-based augmentation is performed exclusively by equipment onboard the aircraft and 

provides integrity monitoring of the GNSS position. The predominant idea behind ABAS 
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systems is to determine the GNSS position based on various four-satellite sets, known as 

Receiver Autonomous Integrity Monitoring (RAIM), or to use other on-board sources, in a 

process called Aircraft Autonomous Integrity Monitoring (AAIM), in order to assess the reliability 

of the GNSS position. That is, if the various position determinations result in substantially 

different results, then a warning is issued to the aircraft operator, announcing GNSS as 

unavailable [19]. 

 

In order for a GNSS receiver to perform RAIM, a minimum of five satellites must be visible to it. 

This way, the receiver is able to compute four different GNSS positions, to compare them and 

check their validity. With RAIM a receiver only can state the system as available or not. An 

enhanced version of RAIM, known as Fault Detection and Exclusion, uses a minimum of six 

visible satellites with the aim of detecting the faulty satellites and exclude them from the 

navigation solution so that the navigation function can continue without interruption [6]. 

 

With AAIM, the integrity of the GNSS solution is validated using other on-board information 

sources, as the inertial platform or a barometric altimeter. Using these on-board sources 

reduces by one the number of required ranging sources in view to apply the position integrity 

checks, which may be a problem in some locations. 

 

3.5.2. Satellite-Based Augmentation System (SBAS) 

 

SBAS systems provide GNSS augmentation over a wide area and have the capability to 

support a variety of operations including En-route, Terminal, Departure, Non-Precision and 

Precision Approaches. Besides providing Integrity information, SBAS systems also provide 

users with pseudorange corrections. These corrections are obtained by application of the 

Differential Principle. An overview of this principle will be given in the next sub-section and 

Chapter 4 will fully detail this concept. 

 

The SBAS ground network includes a geographically distributed set of GNSS receivers 

(reference stations), which continuously monitor all GNSS satellites. The reference stations 

send the GNSS measurements back to redundant master control stations that process these 

observations in order to determine corrections for each monitored satellite. All the corrections 

and integrity data are then packed into a message that is broadcast from the geostationary 

satellites to the airborne users. Each satellite broadcasts three information streams. The first 

one consists of the integrity data which describes the health (usability) of the satellite; the 

second one contains the correction data necessary to improve the accuracy of the GNSS 

positioning; the last one is a ranging signal, which augments the existing GNSS constellation 

[11]. 
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The European Geostationary Navigation Overlay Service (EGNOS) is Europe’s SBAS project. 

EGNOS is being jointly developed by ESA, the European Commission and the European 

Organisation for the Safety of Air Navigation (EUROCONTROL). EGNOS Advanced 

Operational Capability initial phase was successfully concluded in 1998 with the preliminary 

design review. Before the deployment of the EGNOS system, the EGNOS System Test-Bed 

(ESTB) was implemented as a limited prototype. The ESTB has been operating since early 

2000, supporting EGNOS development as well as giving potential users an opportunity to gain 

experience with EGNOS-like signals, which allowed the initiation of various activities in 

preparation for the EGNOS validation. Initial operations started on July, 2005 after the 

European Satellite Services Provider concluded negotiations with ESA [11]. 

 

The EGNOS architecture is highly redundant. Thirty-four Reference and Integrity Monitoring 

Stations (RIMS) are deployed all over Europe, and in other locations on the globe, to monitor 

the GNSS satellite constellation. Each satellite has to be monitored by multiple RIMS before 

correction and integrity messages are generated. Four Mission Control Centres process the 

data from the RIMS to generate wide-area differential corrections and integrity messages for 

each satellite. Only one of these Mission Control Centres is active and operational, while the 

others are spares that can be activated if a problem occurs. Navigation Land Earth Stations 

upload the corrections and integrity messages to the satellites, for onward broadcast to the 

users. The system will deploy two Navigation Land Earth Stations (one primary and one 

backup) for each of the three geostationary satellites that form the space segment. The 

geostationary satellites are two INMARSAT-3 satellites, AOR-E and IOR, and ESA’s ARTEMIS 

[8]. EGNOS coverage is illustrated in Figure 3.8. 

 

 

Figure 3.8 – EGNOS service area. 

 

Besides EGNOS, there are other SBAS projects being implemented all over the world. These 

projects include the United States’ Wide Area Augmentation System and the Japanese Multi-

Functional Transport Satellite Satellite-Based Augmentation System, which are already under 

operational capability, and the Indian GPS and GEO Augmented Navigation that is yet under 

implementation [9]. As all the SBAS systems are compliant with the ICAO SBAS SARPs, they 

will be fully compatible and interoperable, what makes SBAS market a global market with 

significant benefits to system users. 
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3.5.3. Ground-Based Augmentation System (GBAS) 

 

GBAS systems provide local GNSS augmentation and are intended to support all types of 

Precision Approach, from CAT-I to CAT-III, Landing, Departure and Surface operations, by 

providing two distinct services: a Precision Approach service, which provides deviation 

guidance for Final Approach Segments, and a Positioning service, providing enhanced GNSS 

positioning Accuracy for the other flight operations [19]. As it was seen in Chapter 2, the 

architecture of a GBAS system is divided into the Satellite, the Ground and the Aircraft 

subsystems. The structure of these subsystems will not be detailed in this section as they will be 

approached in Chapter 5. 

 

The principle on which GBAS systems are based is Differential Correction. The main idea 

behind Differential Correction is roughly illustrated in Figure 3.9. GNSS users will determine 

their position by measuring distances to satellites from the core constellations. However, due to 

the effect of the several sources of error that affect satellite navigation systems, the GNSS 

position obtained from the navigation equations will be no more than a rough estimate of the 

user’s true position. 

 

Figure 3.9 – Differential Correction. 

 

A fixed-based user, like the red ground-based receiver in Figure 3.9, knowing its exact location 

can estimate the errors affecting the pseudorange measurements by comparing it with the 

actual pseudorange to the ranging sources – Differential Correction. Assuming that users within 

the same area are affected approximately by the same sources of error, nearby rover users with 

access to these corrections will experience an improved positioning Accuracy comparatively to 

the one obtained with the GNSS stand-alone service. 

 

Together with pseudorange corrections, GBAS systems will also provide users with Integrity 

data. This type of information is crucial in safety-of-life operations, such as civil aviation, and 

allows users to assess the reliability of the information given by the GNSS system, by providing 

high-confidence bounds for the positioning errors. The detailed description of the Integrity 
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concept will be given in the next section. A more detailed description of the GBAS system and 

its components will be found in Chapter 5 of this dissertation. 

 

3.6. GNSS Performance Evaluation 
 

GNSS capability to support a given flight operation is assessed by comparing the system 

performance against the Required Navigation Performance (RNP) defined by ICAO for that 

same operation. RNP is intended to describe an airspace by means of a statement of the 

navigation performance necessary for operations within that airspace. It therefore affects, and 

places requirements upon, both the aircraft, in terms of navigation equipment, and on the 

airspace, in terms of the provision of the navigation infrastructure necessary to support the 

specified navigation requirements [13]. 

 

RNP characterizes both the sole performance of the navigation system and the joint 

performance of the navigation and the Flight Control systems for aircraft operations. The joint 

performance of the two systems is expressed in terms of the navigation performance accuracy 

to be achieved within a defined airspace, referred to a specified flight path. This accuracy 

requirement is stated as an RNP type X or type X/z, where X and z represent, respectively, the 

horizontal and vertical navigation performance accuracy that is expected to be achieved at least 

95 per cent of the time for that operation. The horizontal accuracy is expressed in nautical miles 

and the vertical accuracy in feet. The RNP type involving both horizontal and vertical accuracy 

was developed for the application of the RNP concept to Approach procedures, in particular to 

Precision Approaches [25]. 

 

The navigation system sole RNP is characterized in terms of Accuracy, Integrity, Availability and 

Continuity. In particular for GNSS, the RNP is expressed in terms of Signal-In-Space (SIS) 

performance. The GNSS SIS comprises all GNSS signals, including: 

 

·  The navigation signals transmitted from the GNSS satellites; 

·  The GBAS data broadcast from the GBAS ground sub-system; 

·  The SBAS data broadcast from the geostationary satellites; and 

·  The SBAS geostationary satellites ranging function. 

 

The performance requirements for GNSS operations are published in ICAO SARPs, and 

declare that the combination of GNSS elements with a fault-free GNSS receiver shall meet the 

SIS requirements listed in Table 3.1. It should be noted that current SARPs only include 

requirements for operations until CAT-I Precision Approach, as CAT-II and CAT-III requirements 

are still under assessment. The Integrity requirement definition includes Alert Limits against 

which the requirements can be assessed. These Alert Limits are listed in Table 3.2 [3]. The next 

sub-sections will give a detailed view of each of the RNP parameters that characterize  
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Table 3.1 – GNSS SIS performance requirements. 

Typical 
Operations 

Horizontal 
Accuracy 

95% 

Vertical 
Accuracy 

95% 
Integrity 

Time 
to Alert 

Continuity Availability RNP type 

En-route 3.7 Km N/A 7
1 10 h

-
-  5 min 20 to 10 

En-route, 
Terminal 

0.74 Km N/A 7
1 10 h

-
-  15 s 5 to 1 

Initial Approach, 
Intermediate 
Approach, Non-
Precision 
Approach and 
Departure 

220 m N/A 7
1 10 h

-
-  

10 s 

4
1 10 h

-
-  

 to 
8

1 10 h
-

-  

0.99 to 
0.99999 

0.5 to 0.3 

Approach 
operation with 
vertical guidance  
(APV-I) 

220 m 20 m 

7
1 2 10

-
- ´  

per 
approach 

10 s 0.3/125 

Approach 
operation with 
vertical guidance 
(APV-II) 

16.0 m 8.0 m 

7
1 2 10

-
- ´  

per 
approach 

6 s 0.03/50 

Category I 
Precision 
Approach 
(CAT-I) 

16.0 m 
6.0 m to  

4.0 m 

7
1 2 10

-
- ´  

per 
approach 

6 s 

6
1 8 10

-
- ´

 in any 15 
seconds 

0.99 to 
0.99999 

0.02/40 

 

3.6.1. Accuracy 

 

Accuracy is a measure of the difference between the estimated and the true or desired aircraft 

position under nominal fault-free conditions. It is expressed as 95% bounds on Horizontal and 

Vertical position errors [25]. As seen in this section introduction, there are distinguished two 

types of Accuracy: the Accuracy concerning the navigation system alone and the Accuracy 

concerning the navigation and the Flight Control systems. 

 

The Accuracy including the two systems is defined in terms of Total System Error (TSE) and is 

referenced to a required flight path, defined for each phase of flight. To follow the required path, 

the navigation system estimates the aircraft’s position and generates commands (either to a 

cockpit  
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Table 3.2 – Alert Limits for GNSS operations. 

Typical Operations Horizontal Alert Limit Vertical Alert Limit 

En-route 3.7 Km N/A 

En-route, Terminal 1.85 Km N/A 

NPA 556 m N/A 

APV-I 556 m 50 m 

APV-II 40.0 m 20.0 m 

CAT-I 40.0 m 15.0 m to 10.0 m 

 

The error in the estimation of the aircraft’s position is referred to as Navigation System Error 

(NSE), which is the difference between the aircraft’s true position and its displayed position. The 

difference between the desired flight path and the displayed position of the aircraft is called 

Flight Technical Error (FTE) and contains aircraft dynamics, turbulence effects, man-machine 

interface problems, etc. As illustrated in Figure 3.10, the TSE is obtained as the vector sum of 

the NSE and the FTE [35]. In particular for GNSS, the NSE is often called GNSS positioning 

error and will be frequently referred to as this way. 

 

Actual Flight Path

Indicated Flight Path

Required Flight Path

FTE

TSE
NSE

 
Figure 3.10 – Navigation accuracy: TSE, NSE and FTE. 

 

3.6.2. Integrity 

 

Integrity is a measure of the trust that can be placed in the correctness of the information 

supplied by the navigation system. Integrity includes the ability of a system to provide timely and 

valid warnings to users when it should not be used for navigation [25]. 

 

The previous description of Integrity is just a qualitative definition. A quantitative approach is 

given by Integrity Risk, which is defined as the probability that the system provides information 

that, processed under fault-free conditions, results in an unacceptable NSE, without timely 

annunciation to the user. Integrity Risk is expressed as a probability and an exposure interval 

and, consequently, the RNP Integrity parameter value will be the probability that it does not 

occur an Integrity fault on a certain interval [47]. 
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From the Integrity Risk definition, two other important integrity-related concepts are derived: 
 

·  Alert Limit is the maximum allowable NSE for a certain operation and defines what an 

unacceptable position error is. It is expressed in Horizontal and Vertical components 

(HAL and VAL respectively); and 

·  Time to Alert is the maximum time on which the system has to issue a warning to the user 

alerting for an Integrity fault. Defines what constitutes a timely annunciation. 

 

According to the definitions, to assess the navigation system Integrity it would have to be 

determined the instantaneous NSE and checked against the Alert Limits for the flight operation 

in process. However, the NSE is not observable by the aircraft operator and another approach 

to evaluate the system Integrity has to be used. The standard approach passes by estimating 

the worst-case NSE and confronting this value with the corresponding Alert Limit. These limits 

for NSE are known as Protection Levels and represent high-confidence bounds for the NSE. 

 

Similarly to the positioning errors, the Protection Levels are stated in Horizontal and Vertical 

components (HPL and VPL) and are as in Figure 3.11. The horizontal plane is defined as locally 

tangent to the navigation system space reference, which in GPS is the WGS84 ellipsoid, as was 

seen in section 3.3.1. The vertical axis is locally perpendicular to the same reference. 

 

HPL
HAL

VPL

VAL

 

Figure 3.11 – Protection Levels and Alert Limits for NSE. 

 

 

As defined previously, the Protection Levels are high-confidence bounds for the NSE. However, 

it is possible that in some unfavourable occasions the NSE does exceed the Protection Levels. 

In this occasion it is said that it has occurred an Integrity Event and that the system is providing 

unreliable information, classified as Misleading Information (MI) or Hazardously Misleading 

Information (HMI). The difference between these two classifications can be seen in Figure 3.12. 

 

As will be seen in the next section, system Availability to support a specific flight operation is 

assessed by comparing the Protection Levels with the specified Alert Limits for that operation. 

In the figure, the circumferences have their centre at the estimated aircraft position and their 

radii are the system Protection Level (green) and the operation Alert Limit (purple). The red 

airplane shape represents the actual aircraft position, so the NSE is the distance from the 
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centre of the circumferences to this shape. According to the previous definitions, situations B, C 

and F represent Integrity Events, from which B is a MI situation and C and F are HMI situations. 

The desirable situation is represented by condition A. Particular attention should be given to 

situations B and especially C, which is the most feared situation, as the system does not alert 

the user for the unavailability of the system to support the operation and may be causing a 

safety-of-life risk. 

 

A B C

D E F

System Available

System Unavailable

PL

AL

PL

AL

PL

AL

AL

PL

AL

PL

AL

PL  

Figure 3.12 – Integrity and Availability definition. 

 

3.6.3. Availability 

 

Availability is the probability that the navigation system is operational during a specific flight 

operation, i.e., the Accuracy and Integrity provided by the system meet the requirements for the 

desired operation [25]. The navigation system is considered Available for use in a specific flight 

operation if the Protection Levels it is providing are inferior to the corresponding specified Alert 

Limits for that same operation. This condition is illustrated in Figure 3.12 above. 

 

3.6.4. Continuity 

 

Continuity is the ability of the system to perform its function without unpredicted interruption 

during the intended operation. Values stated are the probability that the system provides 

Continuity of service during a certain interval [25]. 

 

Continuity is a measure of the quality of the service. It is also defined Continuity Risk as the 

probability of any detected, but unscheduled, interruption after the initiation of an operation. 

There are also defined Continuity events as time intervals on which the system provide 

Continuity. Continuity events are terminated at Continuity faults, that is, in case the navigation 

system provides Continuity during all the flight operation without interruption it is said that it had 

occurred a single Continuity event. If the system provided Continuity during all the operation 

except in a certain continuous period of time it is said that had occurred two Continuity events. 
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Chapter 4 

 

 

Differential Correction 
 

 

 

This Chapter will introduce the main principle behind Ground-Based Augmentation Systems – 

Differential Correction. Differential Correction is the process of correcting data collected at an 

unknown location with data collected simultaneously at a base station. In this case, the 

differential principle will be used to correct pseudorange measurements performed by a rover 

GNSS user. This technique will actually improve the positioning Accuracy obtained with satellite 

navigation systems as it can remove most of the dominant error sources’ influence on 

pseudorange measurements. 

 

The chapter will begin by explain which are the requirements for application of the differential 

principle and will proceed with the methods for calculation and application of the pseudorange 

corrections, in section 4.2 and 4.3, respectively. 

 

As has already been highlighted, besides improving satellite navigation systems Accuracy, 

GBAS systems grant them Integrity. In GBAS systems, Integrity is assured through the 

calculation of Protection Levels, representing high-confidence limits for the positioning errors 

provided by the system (NSE). In order to calculate the Protection Levels, it has to be 

established a mathematical model for the NSE. As the position errors will be directly related with 

the pseudorange errors, this model will be derived from the pseudorange measurement errors. 

 

Section 4.4 will introduce the error sources affecting the differentially corrected pseudorange 

and the chapter will end with the derivation of the mathematical model for positioning errors. 

 

Although the differential principle can be applied to both the core constellations and SBAS 

ranging sources, this chapter will only present the methods for correcting pseudorange 

measurement errors for GPS ranging sources. 
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4.1. Differential Principle 
 

Consider the example in Figure 4.1, where iX  represents the broadcast (navigation message) 

position of ranging source i  and uX  is the known position of a fixed receiver. Both positions 

are expressed in WGS84 coordinates. The term itD  represents the time that it takes for the 
 

signal emitted by the satellite to get to the receiver, that is, the signal travel time. 
 

( ), ,i i i iX x y z=

itD

( ), ,u u u uX x y z=

 

Figure 4.1 –  Fixed-based GNSS receiver. 

 

Following the system’s principle of work, GNSS receivers estimate the pseudorange to ranging 

sources by multiplying the signal travel time by the speed of light in vacuum, c : 

 

 ˆ i ic tr = ×D  (4.1) 

 

Bearing in mind the effect of the error sources presented in the previous chapter, this formula 

will not provide an accurate pseudorange measurement, as it models the signal travel path as 

linear and assumes that it has a constant travel speed. As so, the navigation equations 

presented previously shall be re-written as: 

 

 ( ) ( ) ( )2 2 2ˆ i i u i u i u r ix x y y z z c tr r= - + - + - - ×D - D  (4.2) 

 

where irD  is the pseudorange error resultant from the application of equation (4.1). Assuming 
 

that the fixed-based user of Figure 4.1 has a very precise knowledge of its position 
 

and clock error deviation, rtD , it is possible to invert equation (4.2) and calculate the 
 

pseudorange errors that affect the navigation equation: 
 

 ( ) ( ) ( )2 2 2 ˆi i u i u i u r ix x y y z z c tr rD = - + - + - - ×D -  (4.3) 
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This error term will incorporate all the error sources that affect the pseudorange measurement. 

As discussed in section 3.4, these error sources can be subdivided into two groups [40]: 

 

 dominant secondaryr r rD = D + D  (4.4) 

 

Furthermore presupposing that the base station location has been studied in order to mitigate 
 

multipath effects, we can assume that, for the considered receiver, the secondary error sources 
 

of irD  have much less influence on the pseudorange error face to the dominant ones and, 
 

consequently: 
 

 ( ) ( ) ( )2 2 2

dominant ˆi i i u i u i u r ix x y y z z c tr r rD » D = - + - + - - ×D -  (4.5) 

 

That is, by using a fixed-based receiver of which we have a very precise knowledge of its 

position, clock error deviation and surrounding environment characteristics, it is possible to 

estimate the dominant error sources that affect pseudorange measurements for a specific 

satellite made by any receiver within the base station’s area. Receivers with such characteristics 

are entitled Reference Receivers. 

 

 

4.2. Pseudorange Correction Calculation 
 

As has already been referred, only the method for correcting GPS ranging sources 

pseudorange measurements will be viewed. The method for SBAS corrections can be found in 

[34]. 

 

The Pseudorange Correction (PRC) for a given ranging source is calculated with basis on the 

method introduced in the previous section. In the case of the GBAS system, the Ground 

Subsystem includes a set of Reference Receivers that collect pseudorange measurements to 

the satellites and the following procedure is carried by a Processing Unit. The schematic model 

for PRC computation (for GPS ranging sources) is introduced in the Minimum Operational 

Performance Standards for GBAS ground equipment [29] and is presented in Figure 4.2: 

 

As can be noted from the figure, the calculation of the PRC for a ranging source involves the 

realization of several intermediate steps, the first of which is the calculation of the true 

(geometric) pseudorange from the Reference Receiver to the satellite. This step involves the 

application of a satellite position determination algorithm. The following steps include pre-

processing the raw pseudorange measurements by a smoothing filter, together with the GPS 

SPS signal carrier phase3, and the calculation of the satellite clock error, as well as an 

                                                      
3 The signal carrier phase will be considered as observable throughout this dissertation. 
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adjustment for the Reference Receiver clock. A full description of this procedure can be found in 

Annex B. 

 

This method can be applied without further changes to a whole set of ranging sources, so that a 

single base station can calculate pseudorange corrections for all satellites in line-of-sight. 

 

Reference Receiver 
Position (WGS-84)

Range
Ephemeris

Time

Satellite 
Position 

Algorithm

Smoothing     
t = 100s

Satellite Clock Error

Clock Bias 
Estimate

Reference Receiver 
Clock Deviation

c

PRC
SMr

r

R

r̂
f

 

Figure 4.2 – Schematic Model for PRC Computation [29]. 

 

In case the base station allocates more than one Reference Receiver, and it will be seen further 

in this dissertation that a minimum of two is required for system Integrity purposes, the PRC to 

be broadcast for a given ranging source is the average of the corrections obtained from each 

Reference Receiver data for that ranging source. 

 

It should also be referred that associated with the PRC is also the time of its calculation, termed 
 

zcountt . This time label will be afterward used to assess the PRC validity and will also be used for 
 

its application, as shall be seen in the next section. 
 
 

4.3. Pseudorange Correction Application 

 
After there have been calculated pseudorange corrections for all ranging sources in view, these 

are packed into messages, as will be seen in section 5.3, and sent to system users via a data 

broadcast link. In GBAS systems this transmission is performed by a Data Transmission Unit, 

broadcasting in a VHF frequency. As will be seen in the next chapter, the group formed by the 

set of Reference Receivers, the Processing Unit and the Data Transmission Unit constitutes the 

basic structure of the GBAS Ground Subsystem. 
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PRC application can be performed in two different modes. The described mode of transmission 

by the ground station and immediate application by the system users is known as Real-Time 

Differential Correction. This working mode requires rover users to have the proper equipment to 

receive the base station data and to perform the procedure that will be introduced next. 

 

The other mode for PRC application is Post-Processing or Offline Analysis, where PRC 

calculation and their application is performed after the data collection. This mode is extremely 

useful in operational evaluation of systems and, as will be seen further, will be the adopted 

methodology for data analysis in this dissertation. Still, the procedure for PRC application is the 

same in both modes and will be introduced in this section. It has also to be noted that, as the 

differential corrections intend to remove the atmospheric effects, no atmospheric corrections, 

besides the ones that will be referred, are applied by the ground station or by its users. 

 

According to the Minimum Operational Performance Standards for Airborne Equipment, [28], 
 

the differentially corrected pseudorange, corrr , to a ranging source i  at a time instant t  is  
 

calculated as: 
 

 ( ) ( ) ( ) ( ) ( )corr SM i zcount i zcount zcount SV ii i i
t t PRC t RRC t t t c t TCr r= + + × - + ×D +  (4.6) 

 

In equation (4.6) it should be noted the introduction of the term RRC, for Range-Rate 
 

Correction, that intends to account for the time difference between the times of PRC calculation 
 

and application, zcountt  and t , respectively. This term shall also be transmitted by the ground 
 

station and is calculated as: 
 

 1

1

n n
n

zcount zcountn n

PRC PRC
RRC

t t
-

-

-
=

-
 (4.7) 

 

It also has to be noted that the pseudorange correction is not performed over the raw 

pseudorange measurement but instead over the smoothed pseudorange, obtained through the 

use of a filter like the one present in Figure 4.2 and that is described in Annex B. 

 

Besides RRC, two other corrective terms are involved in equation (4.6), the first of which is the 

correction corresponding to the satellite clock error and the second is a Tropospheric correction. 

Although Tropospheric delay can be considered a dominant error source, approximately 

affecting near users roughly in the same way, there can be significant local Tropospheric 

gradients causing different delays in the signals in this atmosphere layer. This term will account 

for these differences that will also depend of the ranging sources elevation. 

 

The full description of PRC application can be found in Annex B. 

 



36 

4.4. Corrected Pseudorange Errors 
 

Although being more accurate than the smoothed pseudorange, the corrected pseudorange 

obtained by application of equation (4.6) will still be under the effect of several errors, which will 

traduce into positioning errors. In order to estimate these positioning errors, and consequently 

calculate the position Protection Levels, it is essential to establish an adequate model for the 

corrected pseudorange errors. 

 

The most evident sources of error that will affect the users corrected pseudorange are the 

secondary error sources as, like was observed in section 4.1, the differential principle only 

accounts for the effect of the dominant error sources. Therefore, the secondary error sources 

will not be compensated. 

 

Together with the secondary error sources, local atmospheric gradients will also traduce in 

corrected pseudorange errors, as the delays produced in Ionosphere and Troposphere may 

vary from the GBAS ground station location to the aircraft location. 

 

Furthermore, it has to be noted that, even though the GBAS Ground Subsystem, particularly the 

Reference Receiver set location, is intended to minimize the effect of the secondary error 

sources upon its measurements, these effects are not completely eliminated and consequently 

there will be an error component on the corrected pseudorange due to the Ground Subsystem. 

 

Due to the above mentioned effects, the corrected pseudorange, corrr , will yet be an estimate 
 

of the actual pseudorange, r , with an error component rD : 
 

 ˆcorrr r r r= = + D  (4.8) 

 

In order to evaluate the corrected pseudorange error it has to be established a mathematical 
 

model to it, adequate to the error’s nature. Throughout this dissertation rD  will be considered a 
 

zero-mean random Gaussian variable with variance 
2s : 

 

 ( )20,Nr sD �  (4.9) 

 

This model choice follows directly from the Gaussian model of the measurement error [33]. The 
 

pseudorange error variance will be shaped by the error sources that affect the corrected 
 

pseudorange. Bearing in mind the consideration presented in the beginning of this section, the 
 

contributions that have to be considered for 2s  are [34]: 
 

 2 2 2 2 2
_ _pr air tropo iono pr gnds s s s s= + + +  (4.10) 
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where 2
_pr airs  represents the secondary error sources affecting the airborne user pseudorange 

measurement errors, 2
tropos  and 2

ionos  stand for the Tropospheric and Ionospheric residual 

uncertainty, respectively, and 2
_pr gnds  symbolizes the residual error due to the GBAS Ground 

 

Subsystem. 
 

These terms’ calculation will be discussed in section 5.4 when the GBAS Performance is 

discussed. 

 

4.5. Positioning Errors Derivation 

 

Using the corrected pseudorange, a position estimate is obtained by applying the navigation 

equations. These equations will now be written as: 

 

 ( ) ( ) ( )2 2 2ˆ ˆ ˆ ˆi i u i u i ux x y y z z c dTr = - + - + - - ×  (4.11) 

 

where ˆ ir  is the differentially corrected pseudorange to ranging source i  and ( )ˆ ˆ ˆ, ,u u ux y z  are 
 

the user estimated position WGS84 coordinates. In order to assess the positioning errors 
 

resulting from (4.11), this equation is better formulated as: 
 

 ( ) ( ) ( )2 2 2ˆ i i u i u i u ix x y y z z c dTr r= - + - + - - × + D  (4.12) 

 

where ( ), ,u u ux y z  are the user true position WGS84 coordinates and irD  is the residual 

pseudorange error for that same ranging source. From equation (4.12), irD  can be expressed 
 

as the difference between the estimated and the actual pseudorange: 
 

 ˆi i ir r rD = -  (4.13) 

where ir  is given by: 

 

 ( ) ( ) ( )2 2 2

i i u i u i ux x y y z z c dTr = - + - + - - ×  (4.14) 

 

The user true position and receiver clock error are unknown but can be expressed through the 

sum of an estimate and an incremental component: 

 

ˆu u ux x x= + D  

ˆu u uy y y= + D  

ˆu u uz z z= + D  

 ˆ
udT dT t= + D  (4.15) 
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Applying a first-order Taylor series expansion to equation (4.14) results in: 

 

 
ˆ ˆ ˆ ˆ

ˆ
ˆˆ ˆ ˆ

i i i i
i i u u u u

u u u

x y z t
x y z dT

r r r r
r r

¶ ¶ ¶ ¶
= + ×D + ×D + ×D + D

¶ ¶ ¶ ¶
 (4.16) 

where the partial derivates are: 
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 (4.17) 

 

and: 

 ( ) ( ) ( )2 2 2ˆ ˆ ˆ ˆi i u i u i uR x x y y z z= - + - + -  (4.18) 

 

 

By substituting (4.16) in (4.13), we get: 

 

 ˆi i i xi u yi u yi u ua x a y a z c tr r rD = - = ×D + ×D + ×D + D (4.19) 

 

and, for a complete set of pseudorange measurements: 
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 (4.20) 

 

what results in: 

 P H xD = D  (4.21)  

 

This equation could be solved using the Ordinary Least-Squares method, but this way it would 

be assumed that the errors related with each measurement were the same for all 

measurements. In fact, this is not verified, as the corrected pseudorange measurement errors 

are modelled in GNSS SARPs as being much dependant of the satellite position and it is 

justified to consider that for different measurements the errors will also be different. Therefore, it 



39 

is suitable to apply the Weighted Least Square method. The Weighted Least Square solution for 

equation (4.21) is directly obtained from [43]: 

 

 ( ) 11 1T Tx H W H H W P K P
-- -D = D = D  (4.22) 

where W  is the weighting matrix and K  is known as the projection matrix [33]. The weighting 
 

matrix is designed to take into account the specific uncertainty of each pseudorange 
 

measurement and is conceived with basis on their variance, 2
is : 
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 (4.23) 

 

Equation (4.22) finally provides an expression for the position errors. As it has been assumed 
 

that the pseudorange errors are jointly zero-mean random Gaussian variables, the positioning 
 

error vector, xD , will also be composed of random variables with the same characteristics. 
 

Therefore, xD  is a zero-mean random Gaussian vector with covariance, C , given by: 

 

 ( )~ 0,x N CD  (4.24) 

 

( ) { }
{ }

{ }

cov T

T T

T T

C x E x x
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= D D =

= D D

 (4.25) 

 

As seen in the previous section: 

 

 { }

2
1

2

0

0
T

n

E P P W

s

s

� 	

 �

×
 �D D = =

 �×

 �

 �� 

 (4.26) 

 

which, when introduced in equation (4.25), results in: 
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where: 

·  xs  is the standard deviation of the x -axis component of the position error (and idem 

for y  and z ) 

·  ts  is the standard deviation of the time-axis component of the position error 

·  xys  is the cross-correlation between the x - and the y -axis components of the 

position error (and idem for all other cross-correlations) 

 

Finally, the covariance matrix of the position error vector, obtained in equation (4.27), provides 

an estimate of the standard deviation of the 3D position error. It should be noted that, as was 

observed in Chapter 3, when the error sources affecting GNSS were introduced, satellite 

geometry has, in fact, a relevant contribution for the Accuracy obtained with these systems. 

 

Still, it has to be noted that the position errors, as in equation (4.27), are expressed in the same 

coordinate system as the one used in the navigation equations from where it was derived, which 

is the WGS84 coordinate frame. This coordinate frame is not, however, the most adequate to 

evaluate the system positioning Accuracy and to calculate the Protection Levels, being 

preferable to perform a coordinate transformation to a Local Coordinate Frame (LCF). This 

transformation will be seen in the next section. 

 

 

4.6. Position Errors in a Local Coordinate Frame 

 

To evaluate the positioning Accuracy of a navigation system, the position errors (NSE) are 

expressed in terms of Horizontal and Vertical Position Errors (HPE and VPE, respectively) [3], 

as was seen in Chapter 3. As so, a LCF based on a locally tangent plane is defined. A usual 

choice for LCF is the North/East/Down (NED) coordinate system that can be seen in Figure 4.3. 

zeze

xexe

xnxn

ynyn

znzn

yeye

l
j

Prime 
Meridian

 

Figure 4.3 –  North/East/Down coordinate system. 
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In the figure, the superscripts e and n  denote, correspondingly, the ECEF WGS84 system and 
 

the NED LCF axes, while j  and l  correspond to the geodetic latitude and longitude. The NED 
 

coordinate frame is defined as follows: 
 

nx  horizontal axis in the direction of increasing latitude 
 

ny  horizontal axis in the direction of increasing longitude 
 

nz  forming a right-handed orthogonal coordinate system 
 

To state the position errors in the NED coordinate system, a coordinate transformation must be 

performed. It should be noted that this coordinate transformation can be executed just by a 

frame rotation, as it is only desired to express the error vector coordinates in another coordinate 

frame and for this purpose the coordinate frame origin position is irrelevant. Therefore we get:  

 

 NED
NED WGSWGSx T xD = D  (4.28) 

 

where NED
WGST  represents the transformation (rotation) matrix between the WGS84 and the NED 

 

coordinate systems. This matrix is obtained with basis on the geodetic angles [44]: 
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 (4.29) 

 

and, from its application in equation (4.22) results: 

 

 NED NED
NED WGSWGS WGS WGS NEDx T x T K P K PD = D = D = D  (4.30) 

 

Skipping the intermediate steps, xD  covariance matrix results in: 
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and the resulting standard deviations are already expressed in NED coordinates: 
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Finally, the VPE standard deviation is equal to Downs  and the HPE standard deviation is 

considered to be the maximum deviation in the Horizontal plane, Ms  in Figure 4.4, and is 
 

obtained through: 
 

 ( )2 2 2 2 2 21
4

2M North East North East North Easts s s s s s -= + + - + ×  (4.33)
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Figure 4.4 – Horizontal Error. 

 

The presented procedure is the basis for the calculation of the Protection Levels for the GBAS 

navigation solution, which will be seen in the next chapter. 
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Chapter 5 

 

 

Ground-Based Augmentation System 
 

 

This chapter will start by reviewing the GBAS mission and will proceed by presenting the state-

of-the-art of GBAS implementations and development all over the world. The next sections will 

introduce the detailed GBAS architecture and its components, and attention will also be given to 

how a GBAS system is characterized in terms of performance. Moreover it will be seen what are 

the procedures and related considerations about the GBAS services and the chapter will end by 

giving an overview of the costs related with a GBAS CAT-I implementation, both from the ATSP 

and airlines point of view. 

 

 

5.1. GBAS Mission 
 

As has been referred in the introductory chapters of this dissertation, for most of civil aviation 

operations the performance of the currently active satellite navigation systems, GPS and 

GLONASS, is inadequate and augmentations to these systems are needed to meet the RNP 

requirements for this flight phases, particularly Integrity. 

 

Ground-Based Augmentation Systems are mainly intended to support Precision Approach (PA) 

operations, from CAT-I to CAT-III PAs. The PA service will act by first establishing a Final 

Approach Segment (FAS), which is the Instrument Approach phase where alignment and 

descent for landing are accomplished, and by afterwards providing deviation guidance from this 

FAS, in an ILS look-alike form. 

 

GBAS PA service benefits over ILS will be significant. One of the most noteworthy is the fact 

that, unlike ILS, which has to be working for every runway end, a sole GBAS station can easily 

provide multiple precision approaches not only to all the runways at the airport on which it is 

installed but also to nearby airports, this way reducing the land requirements at each airport. 

Furthermore, GBAS will also provide more stable signals in space than ILS as it is a digital 
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transmission and not a beam. ILS signals can be considerably attenuated by adverse weather 

conditions and even by other aircrafts in the Terminal area, which does not occur with GBAS. 

Among other GBAS PA benefits it can be noted the possibility of conducting curved or 

segmented approaches and the capability to change or create approach procedures and touch 

down points without infrastructure changes. 

 

Besides the PA service, GBAS stations will also provide a Positioning service that will support 

other Terminal Area operations as Departure, Landing and Surface Movements. This service 

will provide users with corrections and Integrity data, therefore improving GNSS performance in 

the surrounding airspace and may also be used to provide guidance in Area Navigation (RNAV) 

operations. Moreover it is expected that GBAS stations will provide a ranging service, similar to 

the one from GNSS constellation. Table 5.1 summarizes some of the most relevant GBAS 

characteristics and benefits for both Air Traffic Service Providers (ATSPs) and Airline operators 

[17]. 

 

Table 5.1 –  GBAS benefits [17]. 

ATSPs Airlines 

Potentially supports all-type Precision Approaches Reduced track miles 

Single station provides approaches to multiple 

runway ends 
Schedule reliability 

Increased signal stability 

No on-board procedure database 

Highly reliable Positioning service enabling to: 

�  increase airport capacity; 

�  avoid congested airspace; 

�  avoid obstacles 

�  avoid noise/environmentally sensitive areas Improved surface movements 

Reduced ground infrastructure No false lobes/ghosts 

Less maintenance required than ILS Low visibility takeoff 

Improves Terminal area surveillance Minimal retraining 

Reduces Flight inspection costs 

 

In a phased introduction, the first ICAO GNSS SARPs provide guidelines and requirements for 

GBAS operations to support CAT-I PAs and for the GBAS Positioning service. As so, GBAS 

CAT-I will firstly constitute an alternative to ILS CAT-I service and is expected to allow the 

phased decommission of this system. This way, both ATSPs and airline operators will gain 

experience with the system, while the more stringent CAT-II and CAT-III requirements are 

prepared by ICAO [31]. As referred in the ECAC Navigation Strategy, it is expected that by 2015 
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GBAS facilities have already widespread replacing ILS as the main provider of CAT-I capability 

at airports [31]. 

 

5.2. GBAS State-of-the-art 
 

Currently, GBAS systems are matter of research all over the world as ground stations are being 

implemented and tested. One of the countries that has contributed more for GBAS development 

is Australia, by its ATSP, Airservices Australia. Airservices Australia has a multiple phase 

program that includes a demonstration GBAS for revenue services at Sydney Airport, and plans 

the deployment and final certification of a GBAS CAT-I system during 2008, and to have 

commercially available certified systems for the start of 2009 [20]. 

 

GBAS trials are also being conducted in Europe, under EUROCONTROL supervision. In 

Germany, at the research airport of Braunschweig, there were firstly performed preparatory 

trials without GBAS-capable equipment, by simulating GBAS data with EUROCONTROL 

software, and in a second phase there were conducted real GBAS approaches, with promising 

results [22]. Yet in Europe, France, Italy and Spain are other countries that are already 

performing experiments with GBAS facilities. Japan, China and Brazil are other countries that 

have underway GBAS programs [30]. 

 

A significant contribution for GBAS development is also been given by the leading aircraft and 

aerospace equipment manufacturers, as Boeing, Airbus, Honeywell and Rockwell-Collins. 

Honeywell is developing GBAS ground stations, being in fact the supplier of the Sydney Airport 

facility, while Rockwell-Collins is manufacturing GNSS Landing Systems (GLS)-compatible 

receivers. Boeing and Airbus already announced that their future aircraft, as the Boeing B747-8 

and the Airbus A380, will already include such receivers [30]. 

 

5.2.1. Local Area Augmentation System 

 

The Local Area Augmentation System (LAAS) is United States’ GBAS implementation. The 

LAAS architecture is in everything similar to any other GBAS implementation and its objectives 

are the same: to provide local augmentation to GNSS in order to support all-type PAs [24]. 

 

Currently LAAS is being tested at the Memphis Shelby County Airport, with a phased plan that 

forecasts LAAS CAT-I operations by 2010. This project is being developed in cooperation by the 

US Federal Aviation Administration (FAA), Federal Express (FedEx), Honeywell, Boeing, 

Rockwell-Collins and others. The “Memphis Plan” expected benefits are [24]: 
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Table 5.2 – “Memphis Plan” benefits  [24]. 

For the FAA 
More capacity in the terminal area while reducing 

maintenance costs. 

For FedEx / Airlines 

Anticipated 10% less fuel consumption and 

weather resistant operations that help to create 

greater efficiencies in the Terminal area. 

For the Memphis Airport 

and Community 

Anticipated 30-40% noise reduction and continuous 

descent approaches that will greatly reduce 

emissions. 

For the LAAS-related 

industry 
Aa greater market domestically and internationally 

 

5.2.2. Differential GPS 

 

Differential GPS (DGPS) was the first form of GBAS. It was developed in the late 1980s mostly 

to overcome the GPS Selective Availability (SA) that intentionally degraded GPS signals in 

order to restrict their use only to allowed (US military) users. Although SA was permanently 

turned-off in 2000, DGPS stations have continued to spread, mostly by influence of the US and 

Canadian Coast Guards [2]. 

 

DGPS applies the differential principle introduced in Chapter 4 and therefore allows to improve 

the GPS positioning Accuracy, by removing the dominant error sources influence. DGPS was 

not developed to meet civil aviation requirements and is mostly used for maritime and terrestrial 

applications. With the advent of SBAS systems, it is rumoured that DGPS networks may be 

turned off [46]. 

 

5.2.3. Ground-based Regional Augmentation System 

 

The Ground-based Regional Augmentation System (GRAS) was proposed by Airservices 

Australia as a blending of the SBAS/GBAS concepts. GRAS is SBAS-like in using a distributed 

network of reference stations, for monitoring the GNSS constellation, and a central facility, for 

computing GNSS integrity and differential correction information. But, instead of transmitting this 

information to users via dedicated geostationary satellites, GRAS delivers SBAS message data 

to a network of terrestrial stations for a local check and reformatting. Each site then emits a 

GBAS-like signal via a VDB link. GRAS avionics will be similar to the GBAS ones. 

 

GRAS will provide augmentation data for En-route and Terminal Area operations, depending on 

the VHF network coverage. The GRAS approach is especially beneficial in Australia where 

geostationary satellites are not available or are too costly to broadcast SBAS data.  
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5.3. GBAS Architecture 
 

The overall architecture of the GBAS is divided in three subsystems, as can be observed in 

Figure 5.1. 

 

·  Satellite Subsystem 

·  Ground Subsystem 

·  Aircraft Subsystem 

 

Aircraft 
Subsystem

Rest of 
Aircraft

Ground 
Subsystem

Satellite 
Subsystem GBAS

 

Figure 5.1 –  Overall GBAS architecture. 

 

The Satellite Subsystem is composed by the GNSS ranging sources and produces the ranging 

signals and navigation messages. These ranging sources include the GPS and GLONASS 

constellations and SBAS satellites. It should be noted that in case of SBAS satellites, it is only 

used the ranging function. 

 

The following sub-sections will give a detailed description of the Ground and Aircraft 

Subsystems. 

 

5.3.1. Ground Subsystem 

 

The Ground Subsystem is the central part of GBAS systems. One Ground Subsystem can 

support unlimited Aircraft Subsystems within its area of coverage. The location of the GBAS 

Ground Subsystem is defined by the GBAS Reference Point. 

 

The Ground Subsystem shall monitor all GNSS ranging sources and provide users with: 

 

·  Pseudorange Corrections; 

·  Integrity Information; and 

·  Final Approach Segment data. 
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The Ground Subsystem is yet divided into three smaller units and comprises an Integrity 

Monitoring function, as illustrated in Figure 5.2. 

 

Receiving
Unit

Processing
Unit

Transmission
Unit

GNSS 
Signals

GBAS 
Data

Ground Subsystem

Integrity Monitoring

 

Figure 5.2 – Ground Subsystem organization. 

 

As each of the three units will be described in the following sections, the Integrity Monitoring 

function will be further addressed in section 5.4. 

 

5.3.1.1. Receiving Unit 

 

The Receiving Unit’s role is to collect pseudorange measurements and navigation data from all 

ranging sources in line-of-sight. This unit is formed by the set of two or more Reference 

Receivers that, as was seen in Chapter 4, are fixed-based receivers of which we have a very 

precise knowledge of its position, clock error deviation and surrounding environment 

characteristics. 

 

The location of the Reference Receivers antennas does not require many sitting considerations 

and is fully independent of the runway configuration. The ICAO recommendations are that they 

should be located in an area free of obstructions, so as to permit the reception of satellite 

signals at elevation angles as low as possible. Besides, the antennas should be designed and 

sited to limit multipath signals and should be located in places that provide independent 

multipath environments, to minimize the multipath degree of correlation. 
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5.3.1.2. Processing Unit 

 

The redundant pseudorange measurements made by the Receiving Unit are afterwards 

supplied to the Processing Unit. By combining this information with other that it has stored, as 

the precise location of the Reference Receivers, the Processing Unit computes the corrections 

and all other GBAS data and arranges it into messages. These messages are known as GBAS 

messages and are listed in Table 5.3. 

 

Table 5.3 – GBAS messages types. 

Message 

Type (MT) 

Identifier 

Message Name 

0 Spare 

1 Pseudorange corrections 

2 GBAS related data 

3 Reserved for ground-based ranging source 

4 Final Approach Segment data 

5 Ranging source availability 

6 Reserved 

7 Reserved for national applications 

8 Reserved for test applications 

9 – 255 Spare 

 

Of the eight messages in Table 5.3 only MT1, MT2 and MT4 are already defined and their 

contents are described in Annex C. 

 

5.3.1.3. Transmission Unit 

 

Data broadcast is carried out by the Transmission Unit, using a Very High Frequency (VHF) 

Data Broadcast (VDB) in the band 108 to 117.975 MHz . The lowest selectable frequency is 

108.025 MHz  and the highest one 117.950 MHz , with a separation between frequencies of 

25 KHz . 

 

The VDB antenna should be located so that an unobstructed line-of-sight exists from the 

antenna to any point within the coverage volume for each supported FAS. The nominal 

coverage of the GBAS VDB transmission shall be omnidirectional of at least 23 nautical miles 

(43 Km), but in practice may be extended to provide a larger area for the Positioning service. 
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5.3.2. Aircraft Subsystem 

 

The primary functions of the Aircraft Subsystem are to: 

 

·  Receive and decode the GNSS satellite and GBAS signals; 

·  Assess the system Availability to support the flight operation in progress; 

·  Determine the aircraft position and its Integrity; and 

·  Provide guidance signals and Integrity information. 

 

The components of the Aircraft Subsystem are represented in Figure 5.3. 
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Figure 5.3 – Aircraft Subsystem organization. 

 

The Aircraft Subsystem includes the antennas to receive the GNSS and VDB signals and a 

Multi-Mode Receiver (MMR). The MMR is a new type of receiver that was conceived to cope 

with the various types of PA that will coexist for a certain period. The MMR will perform all the 

required calculations and procedures and supplies the output information to the Flight Control 

System and to the Primary Flight Display. The MMR may operate in ILS, MLS and GLS modes. 

 

The pilot interface passes by supplying to the Aircraft Subsystem a five digit number, known as 

the Channel Number. For GBAS PA users, this Channel Number is used to communicate to the 

Aircraft Subsystem both the frequency on which the GBAS station is transmitting and the 

desired FAS for approach, using a coding that relates to a single Channel Number a 

combination of frequency and FAS. For GBAS Positioning users, this parameter will allow to 

select the desired GBAS station, in the case there is more than one in the surrounding area, 

and will also inform in which frequency the station is transmitting. 
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5.4. GBAS Integrity and Performance 
 

In sub-section 5.4.1 the concept of Integrity of a GBAS system will be deepened, by specifying 

the Integrity allocation within GBAS systems and by introducing the Integrity Monitoring function 

of the Ground Subsystem.  

 

Furthermore, sub-sections 5.4.2 and 5.4.3 will explain how the performance of GBAS systems is 

classified, in what concerns Ground and Aircraft Subsystems contribution to the differentially 

corrected pseudorange error, and 5.4.4 will show how the atmospheric contribution to this error 

is quantified. 

 

5.4.1. Integrity Allocation 

 

As seen in previous chapters, the required GNSS performance is stated in terms of SIS 
 

requirements. For CAT-I Precision Approaches these requirements indicate that the system 
 

must exhibit a SIS Integrity Risk of 72 10-´  per approach, as seen in Table 3.1. According to 
 

[27], the SIS Integrity Risk for GBAS is allocated between the Ground Subsystem 
 

Integrity Risk and the Protection Levels Integrity Risk, as depicted in Figure 5.4 for the GBAS 

Precision Approach service [27]. 

 

SIS Integrity Risk  
(2x10-7/approach)

Protection Level 
Integrity Risk   

(5x10-8/approach)

Ground Subsystem 
Integrity Risk         

(1.5x10-7/approach)

Fault-Free 
Conditions

Single 
Reference 
Receiver 

Fault

Integrity Risk due to 
Failure in Ranging 

Sources

Integrity Risk due to: 

- Atmospheric Anomalies

- Environmental Effects

Integrity Risk due to:

- Ground Subsystem

- Processor Failures

- VDB Failures

Signal 
Deformation 
Integrity Risk

Low Signal      
Level  

Integrity Risk

Code-Carrier 
Divergence  

Integrity Risk

Excessive 
Acceleration  
Integrity Risk

Ephemeris  
Integrity Risk

 

Figure 5.4 – GBAS CAT-I service Integrity allocation [27]. 

 

The Ground Subsystem Integrity is assured by implementing an Integrity Monitoring function, as 

referred in section 5.3. This function shall monitor: 

·  Reference Receiver measurements, to detect faulted receivers and exclude them from 

the processing; 

·  Ranging sources, to warn users of the occurrence of any of the failures referred in 

Figure 5.4; and 
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·  Data transmission, to ensure that the VDB link is within power requirements and that 

corrupted data transmission is noted. 

 

Figure 5.5 provides an example ([37]) of a possible implementation of the Integrity Monitoring 

function. In this example, Integrity monitoring is performed by three different tasks: quality 

monitoring, consistency check and communication monitoring [37]. 

 

Reference 
Receiver

Reference 
Receiver

Data 
Processing

ROM

SQM

DQM

MQM

MRCC

Reference 
Receiver

Reference 
Receiver

Data 
Processing

ROM

SQM

DQM

MQM

Quality Monitoring

VHF 
Transmitter

VHF 
Receiver

VCCM

Consistency
Check

Communication
Monitoring

…

 

Figure 5.5 – Ground Subsystem Integrity monitoring function [37]. 

 

The quality monitoring function includes four parts: 

·  Receiver Operation Monitoring (ROM) – monitors the receiver operation status; 

·  Signal Quality Monitoring (SQM) – verifies the power and structure of the received 

signals to confirm that they are within specifications; 

·  Data Quality Monitoring (DQM) – checks the navigation messages to confirm that the 

calculated satellite positions are valid; and 

·  Measurement Quality Monitoring (MQM) – monitors the pseudorange and carrier 

phase measurements to detect excessive accelerations. 

 

The consistency check is performed by the Multiple Receiver Consistency Check (MRCC) that 

checks the consistency of the measurements performed by different Reference Receivers to 

detect failures of the receivers and the VHF Channel Communication Monitoring (VCCM) 

monitors the VDB signal to assure that the VDB transmission is within requirements [37]. 

 

The Protection Levels Integrity Risk is the risk of occurrence of Misleading Information events, 

that is, the risk of system users experiencing a positioning error superior to the Protection 

Levels the system is providing. As described in Figure 5.4, and as will be seen in coming 
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sections, the Protection Levels are calculated under certain conditions. This point will be further 

addressed in sections 5.5 and 5.6. 

 

5.4.2. Ground Subsystem Performance 

 

This and the following sub-section will characterize the Ground and Aircraft Subsystems 

performance in terms of their contribution to the corrected pseudorange error. Reminding the 

considerations made in Chapter 4, besides these two contributions also atmospheric effects 

contribute for the corrected pseudorange error and, as so, these effects will be addressed in 

sub-section 5.4.4. 

 

The GBAS Ground Subsystem is characterized by two designators: 

·  The Ground Accuracy Designator (GAD); and 

·  The Ground Continuity and Integrity Designator (GCID). 

 

Both designators will be seen in the next sub-sections, together with other two terms that are of 
 

crucial importance in the performance of a GBAS system, the B-values and _pr gnds  

 

5.4.2.1 Ground Accuracy Designator (GAD) 

 

The GAD defines the minimum steady state performance for the pseudorange correction 

accuracy for the GBAS SIS, that is, it characterizes the predicted contribution of the Ground 

Subsystem to the corrected pseudorange error. The GAD is useful for prediction of the level of 

service that can be supported. 

 

The GAD consists of a letter and a digit combination, being the digit the number of Reference 

Receivers allocated by the Ground Subsystem. Three designator letters are defined: 

 

[A]     -  Represents an accuracy standard achievable using commonly available 

receivers and modest multipath mitigation techniques; 

[B]     -  Represents an improved accuracy consistent with the use of higher accuracy 

modern receivers and better multipath mitigation techniques; and 

[C]     -  Represents an Accuracy consistent with the state-of-the-art GNSS receivers and 

multipath mitigation techniques. 

 

The GAD letter is assessed by evaluating the Ground Subsystem contribution to the corrected 
 

pseudorange error, _pr gnds , during a evaluation period. _pr gnds  is obtained as a function of 
 

the ranging sources elevation angle and the GAD letter is obtained as the corresponding GAD 
 

curve that bounds the _pr gnds  distribution. The SARPs document presents the following table 
 

for GPS ranging sources. 
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Table 5.4 – GAD parameters for GPS satellites [3]. 

GAD iq      

(degrees) 

0q      

(degrees) 

0a       

(meters) 

1a        

(meters) 

2a       

(meters) 

A ³ 5 14.3 0.5 1.65 0.08 

B ³ 5 15.5 0.16 1.07 0.08 

>35 15.5 0.15 0.84 0.04 
C 

5 to 35 - 0.24 0 0.04 

 

From Table 5.4 are built the GAD curves as [3]: 

 

 ( )
( )0
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0 1 2
_ 2

i
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q q

s q
-+ ×

£ +  (5.1) 

 

where iq  represents the ranging source elevation angle. Figure 5.6 provides a view of the GAD 

curves and a typical _pr gnds  distribution [41]. In this case, a GAD of B4 is obtained. 

 

 

Figure 5.6 – GAD assessment [41]. 

 

5.4.2.2 Ground Continuity and Integrity Designator (GCID) 

 

The GCID value for is only applicable for the Precision Approach service and indicates if the 

Ground Subsystem can currently meet the portions of Continuity and Integrity requirements that 

are allocate to it. In practice, the GCID indicates the current operational status of the Ground 

Subsystem [3]. 

 

The Ground Subsystem Continuity is the probability that during any 15-second period the VHF 

data broadcast transmits data in tolerance, the VHF field strength is within the specified range 
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and the CAT-I PA Protection Levels are lower than the Alert Limits [3] and the Ground 

Subsystem Integrity is assured by the Integrity Monitoring function as seen in section 5.4.2. 

 

Current SARPs define a GCID of “1“ if the Ground Subsystem meets the Continuity and Integrity 

requirements for CAT-I operations and of “7” if not and, in the future, GCID values will be 

endorsed to CAT-II/III operations. 

 

The Continuity and Integrity requirements for the Ground Subsystem to support both the 

Precision Approach and the Positioning services will be seen in sections 5.5 and 5.6. 

 

5.4.2.3 B-values 

 

B-values are the integrity parameters associated with the pseudorange corrections. For a 
 

ranging source i , there are calculated B-values for each Reference Receiver j  as the 
 

difference between the transmitted pseudorange correction for that ranging source and the  
 

same correction calculated excluding that Reference Receiver: 
 

 ( ) ( )
( )

( )1
, ,

1
i

TX RR
k S
k j

B i j PRC i PRC i k
M i Î

¹

= -
- �  (5.2)

 

 

where in (5.2) ( )TXPRC i  represents the broadcast pseudorange correction for the ranging 
 

source and ( ),RRPRC i k  represents the pseudorange correction obtained by using the 
 

measurements of Reference Receiver k . Furthermore, iS  represents the set of Reference 
 

Receivers that provided valid pseudorange measurements for that ranging source and ( )M i  is 
 

the number of elements of iS . 
 

B-values are broadcast by the Ground Subsystem as a means for the Aircraft Subsystem to 

determine the number of Reference Receivers that produced valid pseudorange measurements 

for a given ranging source. 

 

5.4.2.4 Ground Station Standard Deviation 

 

The Ground Subsystem transmits the _pr gnds  term to describe the errors in the corrected 
 

pseudorange due to the ground facility. This term is calculated as function of the ranging source 
 

elevation angle and it is attributed the same _pr gnds  to all the ranging sources within a certain 
 

elevation bin. 
 

There are three phases for _pr gnds  calculation: first there are calculated estimates for each 
 

Reference Receiver, _ _pr gnd ests , based on a significant set of B-values, typically from one day 
 

or even more of observations; these estimates are then inflated, _pr gnd_infs , to cover possible 
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residual errors; and the broadcast term, _ _pr gnd TXs , is the most conservative of the _pr gnd_infs  
 

for each Reference Receiver [34]. 
 

As was referred, _ _pr gnd ests  is calculated for each Reference Receiver from a set of B-values 
 

obtained from that same receiver. This set of values is subdivided into minor groups of 
 

elevations bins, according to the elevation angle from the ranging source from which each of the 
 

B-values was derived, and, for each elevation bin b  and Reference Receiver j , it is calculated 
 

the B-values variance: 
 

 ( )
( )

( ) ( )( )
( ), 2

2

1

1
, , ,

,

N b j

B k
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b j B b j B b j
N b j

s
=

= -�  (5.3) 

 

where N  represents the number of B-values in that elevation bin. The _ _pr gnd ests  is this way 
 

obtained as: 
 

 ( ) ( ) ( )2 2
_ _ , , 1pr gnd est Bb j b j Ms s= × -  (5.4) 

 

where M  is the number of installed Reference Receivers.  
 

The next step is then to inflate each of the _ _pr gnd ests  as: 
 

 ( ) ( ) ( )_ _ _, , ,pr gnd_inf pr gnd estb j INF b j b js s= ×  (5.5) 

 

where ( ),INF b j  is the inflation factor for elevation bin b  and Reference Receiver j . The 
 

inflation factor is subject of many studies and is considered one of the factors of study for 
 

improved GBAS services, as CAT-II and CAT-III PA operations [23].  
 

Finally, the broadcast _pr gnds  for a ranging source within an elevation bin b  is obtained as the 

maximum pr_gnd_infs  from all Reference Receivers for that same elevation bin: 
 

 ( ) ( ){ }_ _ 1,..,
,pr gnd TX pr_gnd_infj M

b MAX b js s
=

=  (5.6) 

 

It should be noted that whenever it is mentioned the term _pr gnds  alone, it is always being 
 

referred the broadcast term. 
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5.4.3. Aircraft Subsystem Performance 

 

The Aircraft Subsystem is characterized by the Aircraft Accuracy Designator (AAD). Two 

designator letters are defined: 

 

[A]     -  Represents an accuracy standard achievable using commonly available receiver 

technology; and 

[B]     -  Represents an improved accuracy standard based on current state-of-the-art 

receiver technology. 

 
It is with basis on the AAD that it is calculated the aircraft contribution for the corrected 

pseudorange errors, _pr airs , for a ranging source i . This term is obtained as [3]: 

 

 ( ) ( ) ( ) ( )iiii divgnoisemultipathairpr
222

_ ssss ++=  (5.7) 

 

These terms are calculated through: 

 

 ( ) 100.13 0.53 i
multipath i e qs -= + ×  (5.8) 

 

where iq  is the ranging source elevation angle and ( ) ( )2 2
noise divgi is s+  is modelled by: 

 

 ( ) ( ) 02 2
0 1

i
noise i divg i a a e q qs q s q -+ £ + ×  (5.9) 

 

with the parameters in (5.9) being modelled by Table 5.5 for GPS ranging sources: 

 

Table 5.5 – Aircraft GPS receiver accuracy requirement [3]. 

AAD iq      

(degrees) 

0q      

(degrees) 

0a       

(meters) 

1a        

(meters) 

A ³ 5 6.9 0.15 0.43 

B ³ 5 4 0.11 0.13 

 

 

5.4.4. Atmospheric effects 

 

Besides the Ground and the Aircraft subsystems contributions, there is also a term in the 

corrected pseudorange errors caused by atmospheric gradients. These atmospheric gradients 
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will traduce in residual Ionospheric and Tropospheric uncertainties. Tropospheric uncertainty for 

a ranging source i  is calculated as [3]: 
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where: 

·  Ns  is the standard deviation of a normal distribution associated with the residual 

Tropospheric uncertainty due to spatial decorrelation; 

·  0h  is a scale factor used to calibrate the Tropospheric correction and residual 

Tropospheric correction uncertainty associated with the GBAS Ground Subsystem; 

·  q  is the elevation angle of the ranging source; and 

·  hD  is the height of the aircraft above the GBAS Reference Point. 

 

It should be noted that all these terms, except the ranging source elevation angle, are 

transmitted in the GBAS messages by the Ground Subsystem. 

 

The residual Ionospheric uncertainty for ranging source i  is calculated as: 

 

( ) ( )_ _ 200iono PP vert iono gradient air airi F x vs s= × × + ×  

where: 

·  PPF  is the vertical-to-slant obliquity factor: 
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 with: 

�  eR  the Earth radius, 6378.13Km  

�  ih  the ionospheric shell height, 350Km  

�  q  the ranging source elevation angle 

·  gradientionovert __s  is the standard deviation of a normal distribution associated with the 

residual Ionospheric uncertainty due to spatial decorrelation and is transmitted by the 

Ground Subsystem;; 

·  airx  is the distance between current aircraft location and the GBAS Reference Point; 

·  airv  is the aircraft horizontal velocity 

 

These four terms, _pr gnds ,  _pr airs , tropos  and ionos , characterize the corrected pseudorange 

error. 
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5.5. Precision Approach service 
 

This section will introduce in detail the GBAS Precision Approach (PA) service. It will start by 

give an overview about the operational categories of PA and will proceed by specifying how is 

defined a FAS. Furthermore, the whole procedure to perform a GBAS approach will be 

presented and it will also be shown how the deviations, Protection Levels and Alert Limits are 

obtained for this service. 

 

5.5.1. Operational Categories 

 

GBAS PA service is intended to support all types of PA operations, that is, CAT-I, CAT-II and 

CAT-III. Each of these categories is classified in terms of Runway Visual Range (RVR) and 

Decision Height (DH). RVR is the distance over which a pilot of an aircraft on the centreline of 

the runway can see the runway surface markings delineating the runway or identifying its centre 

line. The DH is the lowest height above the runway where pilots make the decision to continue 

the landing or to abort. It is based on the ability of pilots to obtain guidance from visual cues on 

the ground rather than from instruments on the cockpit.  

The PA operational categories are defined as: 

 

Table 5.6 – PA operational categories minima. 

Category DH (meters) RVR (meters) 

CAT-I ³  60 ³  550 

CAT-II 60 >  DH ³  30 ³  350 

CAT-IIIA <  30 or no DH ³  200 

CAT-IIIB <  15 or no DH 200 >  RVR ³  50 

CAT-IIIC No minima No minima 

 

It should be noted that, for CAT-III operations an automatic landing capability is required and for 

CAT-IIIC operations the taxiing portion of landing must also be automatic. These tasks may be 

achieved by recurring to the GBAS Positioning service. 

 

5.5.2. Final Approach Segment Definition 

 

The FAS path is a line in space defined by the Landing Threshold Point/Fictitious Threshold 

Point (LTP/FTP), the Flight Path Alignment Point (FPAP), the Threshold Crossing Height (TCH) 

and the Glide Path Angle (GPA), as can be seen in Figure 5.7. 
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Figure 5.7 – FAS definition [33]. 

 

The LTP/FTP is located at the intersection of the Runway centreline and the threshold (the start 

of the runway) and is the point at which the FAS path passes at the TCH. The FPAP is a point 

at the same height as the LTP/FTP that is used to define the alignment of the approach. The 

GPA is the angle between the glide path and the local horizontal plane at the LTP/FTP and 

defines the Glide-Path Intercept Point (GPIP).  

 

Furthermore two other parameters are used to describe a FAS: the Course Width (CW) that 

represents the lateral displacement from the path defined by the FAS at the LTP/FTP at which 

full-scale deflection of a course deviation indicator is attained; and the � Length Offset, which is 

the distance from the stop end of the runway to the FPAP. The FASs will be identified by a 

Reference Path Data Selector (RPDS) number, which will be transmitted in the GBAS 

messages. 

 

5.5.3. Ground Subsystem Requirements 

 

In order to support CAT-I PA operations, the Ground Subsystem shall exhibit an Integrity Risk 

equal or less than 71.5 10-´  per approach with a time to alert of 3 seconds and a Continuity 

Risk equal or less than 63.3 10-´  during any 15 seconds. 

 

5.5.4. Procedure 

 

The procedure to perform a GBAS approach starts by selection of the Channel Number by the 

pilot. The Channel Number is a five digits number in the range 20000 to 39999 that is used to 

obtain the frequency on which the GBAS Ground Subsystem is transmitting and to select the 

desired FAS RPDS. The channel mapping scheme is presented in Table 5.7. 

The algorithms for constructing Table 5.7 are [3]: 

 

 ( )( )108.0 20000 mod 411 0.025 [ ]F N MHz= + - ´  (5.11) 
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 ( )20000 div411RPDS N= -  (5.12) 

Table 5.7 – Channel Number mapping scheme [3]. 

Channel 

Number 
Frequency (MHz) RPDS Number 

20000 108.000 0 

20001 108.025 0 

20002 108.050 0 

…   

20398 117.950 0 

20399 117.975 0 

20400 – 20410 Unusable – 

20411 108.000 1 

20412 108.025 1 

20413 108.050 1 

…   

39998 114.750 48 

39999 114.775 48 

 

It can be noted from Table 5.7 that this mapping scheme assigns the last 11 Channel Numbers 

associated with each RPDS out of the GBAS frequency transmission range and this way shall 

not be used. After the selection of the Channel Number, the Aircraft Subsystem shall tune to the 

desired frequency, demodulate and decode the data received and check the GBAS messages, 

GBAS Message Type 4 particularly, for the matching RPDS. Once it has been identified, the 

FAS path is “built” by identifying the parameters referred in the previous subsection. 

 

The differentially corrected pseudoranges will be used to determine the relative aircraft position 

to the FAS path and there will be calculated deviations from the path in an ILS-like form. This 

information is then passed to the Flight Control System and to the primary flight displays, 

together with an Integrity flag, stating if the system meets the requirements for the operation, 

and the distance to the LTP/FTP. 

 

5.5.5. Deviations 

 

Using the differentially corrected position, the Aircraft Subsystem calculates deviations from the 

desired FAS in the form of Lateral and Vertical deviations. These deviations will be expressed in 

Difference in Depth of Modulation (DDM), as an ILS-like deviation. 

 

5.5.5.1. Lateral 

 

The Lateral deviation is obtained as shown in Figure 5.8: 
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Figure 5.8 – Lateral deviation from the FAS [33]. 

 

In order to calculate the Lateral deviation is defined the GNSS Landing System (GLS) Azimuth 

Reference Point (GARP) as the point that lies in the horizontal plane containing the LTP/FTP 

and is 305 meters beyond the point where the vertical projection of the FPAP intersects this 

plane. This way, the DDM Lateral deviation is obtained as [34]: 

 

 
,
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=  (5.13) 

 

where lata  is the angle represented in Figure 5.8, the angle whose tangent is the ratio of latd  

and the horizontal distance from the aircraft to the GARP, latD , and ,lat FSa  is the angle4 
 

producing a full-scale deflection: 
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 (5.14) 

with CW  the FAS Course Width and GD  the distance from the LTP/FTP to the GARP. 

 

5.5.5.2. Vertical 

 

The Vertical deviations are stated with respect to a GLS Elevation Reference Point (GERP) as 

illustrated in Figure 5.9: 

 

 

Figure 5.9 – Vertical deviation from the FAS [33]. 
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The GERP may be at the GPIP or laterally offset from the GPIP by a fixed GERP offset value of 

150 meters. The GERP is the apex of a circular cone with an angle defined by the GPA from 

which is calculated the Vertical deviation. The DDM Vertical deviation is calculated as [34]: 

 

 0.7 v
DDMVert

GPA
a

=  (5.15) 

 

where va  is the angle represented in Figure 5.9, the angle whose tangent is the ratio of the 

rectilinear vertical deviation, vd , and the distance between the aircraft measured position and  

the GERP, vD . 

 

5.5.6. Protection Levels 

 

The Protection Levels, as defined previously, are high confidence bounds for the positioning 

error. They will be calculated with basis on the procedure described in the last section of 

Chapter 4, where it is described how to express the GNSS positioning errors in a Local 

Coordinate Frame (LCF). However, in this section it was given an example of a 

North/East/Down (NED) coordinate system for LCF and this coordinate frame is not adequate to 

express the position errors for the PA service. For this service it is rather used the Along-

Track/Cross-Track/Up-Track (ACU) coordinate frame, defined as in Figure 5.10. 

 

LTP/FTP

Along-Track

Up-Track

Cross-Track  

Figure 5.10 – ACU coordinate frame. 

 

This way, equation 4.31 is rewritten as: 
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 (5.16) 

 

and ACUK  is obtained through: 

 

 ACU
ACU WGS WGSK T K=  (5.17) 
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This way, we have: 

 

 

Along Track x

Cross Track y

Up Track z

s s
s s
s s

-

-

-

� =
�

=�
� =�

 (5.18) 

 

The PA Protection Levels will be calculated with basis in the standard deviations in (5.18). For 

this service there are defined the Lateral Protection Level (LPL) and the Vertical Protection 

Level (VPL), which are calculated under two hypotheses, as seen in section 5.4: nominal 

conditions (Hypothesis H0) and one Reference Receiver failure (Hypothesis H1). The LPL and 

VPL are therefore obtained as: 

 

 { }_ 0 _ 1max ,PA PA H PA HLPL LPL LPL=  (5.19) 

 { }_ 0 _ 1max ,PA PA H PA HVPL VPL VPL=  (5.20) 

 

The complete determination of the Protection Levels is a rather complex process that is 

described in other documents, as [33] and [3], and will not be described here. However, an 

overview is given by showing how to calculate the LPL and VPL under nominal conditions. In 
 

this case, the Protection Levels are obtained as an inflation of the standard deviations obtained 
 

from (5.18) by fault-free missed detection multipliers, ffmdK , accounting for worst-case 
 

situations: 
 

 _ _PA HO ffmd Lat Cross TrackLPL K s -= ×  (5.21) 

 _ _PA HO ffmd vert Up TrackVPL K s -= ×  (5.22) 

 

The ffmdK  multipliers are defined in [DO-245A] as the multipliers which determine the 

probability of a fault-free missed detection, which shall be less than the Protection Level 
 

Integrity Risk. 
 

5.5.7. Alert Limits 

 

The Alert Limits against which the Protection Levels for the PA service are compared are 

defined as function of the aircraft position. The PA Alert Limits are defined from the FAS Lateral 

Alert Limit (FASLAL) and the FAS Vertical Alert Limit (FASVAL). Table 5.8 and Table 5.9 

present the conditions for calculating the Lateral and Vertical Alert Limits, LAL and VAL, 

respectively [33]. 
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Table 5.8 – Conditions for PA LAL [33]. 

Condition 

(distances in meters) 
Lateral Alert Limit (LAL) 

D ³  7500 FASLAL + 29.15 

7500 D> ³  873 0.0044 D×  + FASLAL – 3.85 

873 D³  FASLAL 

 

Table 5.9 – Conditions for PA VAL [33]. 

Condition 

(heights in meters) 
Vertical Alert Limit (VAL) 

H ³  408.432 FASVAL + 33.35 

408.432 H> ³  60.96 0.096 H×  + FASVAL – 5.85 

60.96 H³  FASVAL 

 

In the previous tables, the distance D  is the horizontal distance of the aircraft position from the 

LTP/FTP as translated along the FAS and H  is the height above the LTP/FTP of the aircraft 

position translated onto the FAS, as can be seen in Figure 5.11 [3]. 

 

GARP

 

Figure 5.11 – D  and H  definition [3]. 

 

According to the scheme presented in Table 5.8 and Table 5.9, it should be noted that, as the 

aircraft approaches the LTP/FTP, the Accuracy requirements get stricter. From these 
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definitions, it can also be compared the performance of a GBAS and an ILS approach on its 

final phase (the third condition on Table 5.8 and Table 5.9) as in Figure 5.12. 

 

Runway

FAS

GBAS 
Performance

ILS 
Performance

 

Figure 5.12 – GBAS and ILS performance. 

 

5.6. Positioning service 
 

Similarly to the previous section, this section will introduce the detailed procedure and 

considerations about the GBAS Positioning service. 

 

5.6.1. Procedure 

 

The procedure to use the Positioning service is similar to the one for the PA service. It is chosen 

a Channel Number and the mapping scheme is the same as defined to the PA service (Table 

5.7), but, instead of obtaining a RPDS, it is obtained an identifier for the GBAS station to be 

used, the Reference Station Data Selector (RSDS). This way it is already taken into account the 

possibility of existing more than one GBAS station transmitting in the same frequency within the 

same area. 

 

The Aircraft Subsystem first task is to assess the aircraft distance to the GBAS Reference Point 

and check it against the maximum distance at which the GBAS corrections are considered valid. 

This distance is broadcast by the GBAS Subsystem and is assessed through the operational 

evaluation of the system. 

 

5.6.2. Ground Subsystem Requirements 

 

In order to support the Positioning service, the Ground Subsystem shall exhibit an Integrity Risk 

equal or less than 89.9 10-´  per approach with a time to alert of 3 seconds and a Continuity 

Risk equal or less than 410-  during any 15 seconds. 
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5.6.3. Deviations 

 

There are no requirements that the GBAS Positioning service shall provide deviation guidance. 

However, GNSS will support Area Navigation (RNAV) operations, which establish a desired 

flight path, and may, this way, be used to provide guidance to the aircraft operator by indicating 

the Flight Technical Error (FTE), that is, the difference between the estimated and desired 

aircraft position. 

 

5.6.4. Protection Levels 

 

Similarly to the PA service, the Positioning service will have two types of Protection Levels 

calculated under nominal or faulted conditions, hypotheses H0 and H1, but will also consider 

another type of Protection Levels, that will account for Ephemeris errors, that is, the possibility 

of existing large discrepancies between the satellites actual and broadcast location. 

 

The Protection Levels for this service are defined as Vertical and Horizontal Protection Levels, 

VPL and HPL respectively, and are therefore obtained as: 

 

 { }_ 0 _ 1 _max , ,POS POS H POS H POS EVPL VPL VPL VPL=  (5.23) 

 { }_ 0 _ 1 _max , ,POS POS H POS H POS EHPL HPL HPL HPL=  (5.24) 

 

The VPL and HPL calculations also derive from the considerations made in Chapter 4, and in 

this service the most adequate LCF is actually the NED, as defined in section 4.6. As was 

referred previously, the calculation of the Protection Levels is in fact a complex process and just 

the calculation of VPL and HPL under H0 condition is shown as an example. These Protection 

Levels are calculated as: 

 

 _ 0 2
md

POS H Down

K
VPL s=  (5.25) 

 _ 0 10POS H MHPL s= ×  (5.26) 

 

where Downs  and Ms  are as defined in (4.32) and (4.33) and mdK  is a missed-detection 
 

multiplier. 

 

5.6.5. Alert Limits 

 

The Alert Limits for the Positioning service depend of which is the intended flight operation. 

These Alert Limits are as presented in Chapter 3, Table 3.2. 

 



68 

5.7. GBAS Economics 
 

The costs of a GBAS system can be seen from the ATSP and airlines perspective. The costs to 

the ATSP to implement a GBAS station are the costs of purchasing, installing and operating the 

ground station. According to [39], sample costs involved for deployment and maintenance of the 

GBAS Ground Subsystem to support CAT-I PA operations are summarized in Table 5.10. 

 

Table 5.10 –  GBAS CAT-I Ground Subsystem associated costs [39]. 

Item Price ( � ) Remarks 

Infrastructure 500 000 
The infrastructure cost includes: the ground 

station, VDB transmitter and GNSS receivers; 

Civil works 44 000 
Civil works price include execution of platforms 

for the various stations and antennae. 

Installation & 

Commissioning 
120 000 

This cost includes: initial study, site survey, 

installation of new equipment and 

commissioning. 

Initial Flight Certification 30 000 

The flight calibration is more a flight 

certification since there are no parameters to 

be set or adjusted in the GBAS system. This 

price does not include the investment required 

to provide calibration aircraft dedicated to 

GBAS flight inspection. 

Operating Cost  

(per year) 
43 000 

The price includes all the spare parts and 

consumables needed to assure the equipment 

maintenance, staff expenses and flight 

certification once every two years. 

 

It should be noted from [39] that the infrastructure costs for a CAT-II/CAT-III GBAS installation 

shall be more expensive than the ones for a GBAS CAT-I infrastructure, costing around 

1000K� . Furthermore, it can be compared the estimated yearly operating cost of the GBAS 

CAT-I Ground Subsystem with the same cost of a single ILS CAT-I installation, of 79000� . This 

difference increases with the complexity of the systems, as an ILS CAT-III facility already has a 

yearly operating cost of 105000�  and a GBAS facility will have the same operating cost 

whatever are its capabilities. 

 

The direct costs to the airlines for a GBAS capability are the purchase, installation, integration, 

certification and maintenance of the GNSS airborne equipment, training related to its use and 

the potentially significant cost of taking the aircraft out of operation for the installation. Estimates 

point to a MMR unit cost of 35000� , with an additional cost of 10000�  for installation and around 

15% of equipment cost spent per year in maintenance of the equipment [39]. 
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Chapter 6 

 

 

GBAS Operational Evaluation in Lisbon 
 

 

 

As was referred in the introductory chapter of this dissertation, the main objective of research is 

to perform a first evaluation of the performance that would be achieved with a GBAS station 

installed at the Lisbon International Airport (LPPT). 

 

This study will be performed by simulating the GBAS Ground and Aircraft subsystems using the 

EUROCONTROL PEGASUS software. The adopted methodology will be to deploy a set of 

GNSS receivers that will be used as the Ground Subsystem Reference Receivers (RRs) and 

use another receiver, which will be referred to as Rover Receiver (RoR), to simultaneously 

collect GNSS data. This way, the RRs data will be used to process the GBAS messages and 

the RoR data will be used to generate the GBAS navigation solution. 

 

In this first phase, due to time constraints and to the fact that PEGASUS does not yet provide 

for GBAS Precision Approach service, only the GBAS Positioning service shall be analysed. 

 

Both static and dynamic evaluations will be shown in this chapter, together with the procedure 

to be carried in order to perform the system evaluation in each case. 

 

6.1. Research Considerations 
 

As was referred, this research had as basis the execution of static and dynamic data collections 

in order to evaluate GBAS performance in both these situations, in post-processing. However, 

several major constraints led to a significant deviation from the original idea, particularly in what 

concerns the dynamic data collection. 

 

First of all, it has to be noted that, mostly due to the complex and long-lasting process of 

meeting all the involved parts in the procedure of planning and setting up an experimental 

station at the Lisbon Airport, at the time of writing the set of RRs that was idealized had not yet 
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been deployed. This fact had a great impact in what concerns daily performance evaluation 

and, as will be seen further, the system’s static evaluation was performed with a set of data not 

deliberately collected for this purpose, which will cause the results that will be shown to be 

somehow unreliable. 

 

As for the dynamic data collection, the initial proposal was to perform it using an instrumented 

Dassault Falcon 50 from the Portuguese Air Force (PoAF). This aircraft however, was 

experiencing problems and was unavailable during a long period of time. Although the PoAF 

fleet incorporates other Falcon 50 aircrafts, no other was used as they were not properly 

instrumented and the GNSS signal reception was deteriorated. Following these constraints, 

there were established contacts with a Portuguese Air Transport company, VINAIR, so that it 

could be used a Dassault Falcon 900, belonging to VINAIR, to perform the dynamic data 

collections. However, the cooperation with VINAIR is experiencing some delays and this way 

the Falcon 900 was also unavailable. After a few months, the PoAF instrumented Falcon 50 

returned from maintenance and, although not being yet fully operational, was available to carry 

the flight tests. As the aircraft was prepared to perform a flight test in the Lisbon area, it was 

installed a Septentrio PolaRX-2 receiver on-board and it was prepared a set of RRs to collect 

the reference data. However, only after the flight it was noticed that the Septentrio receiver was 

not working properly and, as so, there turned out to be no dynamic data collections performed 

to carry out this evaluation. 

 

For the reasons here presented, this research turned out to be a first study about the GBAS 

system and how to perform the GBAS Positioning service evaluation using PEGASUS. 

 

6.2. GBAS Simulation 
 

As was already referred, the GBAS Ground and Aircraft subsystems were simulated using the 

EUROCONTROL Prototype EGNOS and GBAS Analysis System Using SAPPHIRE 

(PEGASUS). PEGASUS is a processing tool which allows analysis of GNSS data collected from 

different SBAS and GBAS systems using only algorithms contained in the published standards. 

The tool has been developed in the frame of the EUROCONTROL EGNOS operational 

validation activity and was enhanced with the GBAS Modular Analysis and Research System 

(MARS). With this module PEGASUS now supports GBAS data processing needs and 

activities, particularly assisting ATSPs to obtain operational approval of a GBAS installation [33]. 
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Figure 6.1 – PEGASUS main window. 

 

The PEGASUS software is a modular tool and, as so, it is possible to define a sequence of 

tasks to be processed. The scenarios that were implemented to perform this study were: 

 

·  Scenario 1 – GBAS Messages Processing; and 

·  Scenario 2 – GBAS Messages Application. 

 

As their names indicate, Scenario 1 is used to obtain the GBAS messages from the RRs data 

and Scenario 2 will be used to apply these messages over the raw data collected by the RoR. 

These scenarios are based on scenario 001 and 007 from the GBAS MARS Tutorial [36]. 

 

6.2.1. Scenario 1 

 

Scenario 1 consists of the following tasks: 

 

1. MultiConvertor; 

2. Generate GBAS Corrections (GGC); 

3. Compute Accuracy Prediction (CAP); and 

4. GGC. 

 

The MultiConvertor module is one of the key modules of PEGASUS. It performs the first step in 

a typical processing scenario, converting all incoming data into a standard format. The 

MultiConvertor takes as input the RRs observation files and converts them into its own format.  

 

The GGC module, as the name implies, performs all the GBAS-related calculations and 

composes the GBAS messages. The GGC module shall be configured with the appropriate 

files, well described in [36]. These files contain the required data to perform all calculations and 
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to fill the GBAS MT1, MT2 and MT4 messages, such as the precise RRs location and the FASs 

description.  

 

As, at this first phase, some default EUROCONTROL values are used to configure GGC, the 
 

CAP module is used so that the simulations become more realistic as it calculates the _pr gnds
 

values from the messages output by GGC, using the method described in the previous chapter  
 

(subsection 5.4.1.3), and also determines the Ground Accuracy Designator (GAD). 
 

After the execution of the CAP module, GGC is once again used to determine a new set of 

GBAS messages, which will be more meaningful than the first ones. This way, the output of 

Scenario 1 is: 

 

·  MT1 file – file containing all the GBAS messages MT1; 

·  MT2 file – file containing all the GBAS messages MT2; and 

·  MT4 file – file containing all the GBAS messages MT4; 

 

 

6.2.2. Scenario 2 

 

Scenario 2 is essentially formed by a combination of the Convertor and the GNSS Solution 

modules. The Convertor module is similar to the MultiConvertor module in Scenario 1 and is 

used to process the raw data from the RoR. GNSS Solution will follow by calculating the GBAS 

navigation solution WGS84 coordinates and Protection Levels and also calculates deviations 

from a chosen point. In GNSS Solution it is also defined the Aircraft Accuracy Designator as a 

means to characterize the RoR. 

 

6.2.3. Data Evaluation 

 

The procedure that will be followed in the GBAS navigation solution performance evaluation will 

be different in static and dynamic situations. In static evaluations, as GNSS Solution allows to 

calculate the GBAS navigation solution deviation from a chosen point, defining this point as the 

RoR true location the Navigation System Error (NSE) is directly assessed.  

 

In dynamic evaluations, however, other approach to obtain the NSE has to be used. As so, the 

Trimble Total Control (TTC) Differential GPS (DGPS) software is used. This software allows to 

correct GNSS positions using DGPS algorithms and will be used to assess the aircraft truth 

reference trajectory against which will be compared the GBAS navigation solution.  

 

For each case it was developed a Matlab function that allows to assess the GBAS navigation 

solution RNP parameters, so they can be compared against the appropriate performance 
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requirements presented in Chapter 2 and listed in Table 6.1. Integrity and Continuity will be 

evaluated in terms of events occurrence. 

 

Table 6.1 – GNSS performance requirements. 

Operation 

Horizontal 

Accuracy 

95% 

Vertical 

Accuracy 

95% 

Horizontal 

Alert Limit 

(HAL) 

Vertical 

Alert Limit 

(VAL) 

Availability 

APV-I 220 m 20 m 556 m 50 m 

APV-II 16.0 m 8.0 m 40 m 20 m 

CAT-I 16.0 m 6.0 m 40 m 12 m 

99% 

 

 

6.3. Static Evaluation 
 

Due to the constraints referred in section 6.1, this section will only illustrate the procedure for 

static GBAS performance evaluation and the results here presented can not be seen as 

representative of the potential performance of a future GBAS station. 

 

For this exemplification two Septentrio receivers were used, a PolaRx-2 and a PolaRx-2E. 

Following the procedure presented in the previous section, both GBAS messages processing 

and application was accomplished recurring to PEGASUS, and Matlab was used to perform the 

results evaluation. However, this data collection was not performed on purpose for GBAS 

evaluation purposes and, unfortunately, at the time of data collection it was not available a third 

receiver to act as RoR. As so, the GBAS messages application had to be done over the data 

collected by one of the RRs, what considerably damages the reliability of the conclusions that 

may be drawn from this test. Furthermore, it was chosen an AAD-A and the GAD obtained from 

CAP was A2, which indicates that the RRs location is not the most appropriate. However, the 

collected set of data only contains observations from five hours, which is not representative 

enough to properly evaluate the station GAD. 

 

The GBAS navigation solution Accuracy is evaluated by comparing it with the true receiver 

location. Figure 6.2 and Figure 6.3 show the obtained Horizontal and Vertical Position Errors, 

HPE and VPE, as well as the Horizontal and Vertical Protection Levels, HPL and VPL, and the 

number of ranging sources used to generate the GBAS navigation solution, NSV, including GPS 

and EGNOS satellites. 
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Figure 6.2 – GBAS static HPE, HPL and NSV. 

 

 

Figure 6.3 – GBAS static VPE, VPL and NSV. 

The first conclusion that may be drawn from Figure 6.2 and Figure 6.3 is that no Integrity events 

occurred, as the NSE was correctly bounded by the Protection Levels during all the analysis 

time. It is also noticeable that both HPE and VPE were well below 2 meters for most of the 

evaluation time, with a 95th percentile of 0.54 meters for HPE and of 0.63 meters for VPE. The 

obtained Protection Levels are also noteworthy with 99th percentiles of 6.63 meters for HPL and 

10.13 meters for VPL. It is also observable from the graphics that a very high percentage of 

CAT-I Availability is experienced, as the VPL only exceeds the VAL during a short period of time 

and the HPL never exceeds the corresponding HAL.  

 

Figure 6.4 and Figure 6.5 show the comparative horizontal deviations obtained with the GBAS, 

EGNOS and GPS stand-alone navigation solution. 
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Figure 6.4 – GBAS static horizontal NSE. 

  

Figure 6.5 – EGNOS and GPS static horizontal NSE. 

 

The comparison between the graphics in the two figures has to be done with awareness, 

reminding the conditions over which this trial was executed. The apparently exceptional GBAS 

performance is obviously linked with the fact that the GBAS messages have been applied over 

one of the RRs and, unfortunately, it is not possible to know to what extent. However, one major 

conclusion may be drawn from the above figures. Both EGNOS and GPS navigation solutions 

are obtained using a model that partially corrects the Ionospheric delays and no Tropospheric 

correction is applied, so that these combined effects result in a bias from the true receiver 

location, as is observed in Figure 6.5. As in GBAS it is possible to completely remove both 

effects for receivers near the RRs, it is acceptable to expect that the application of the GBAS 

messages to other receiver that not one of the RRs would result in a less precise set of 

observations but equally accurate, that is, the measurements average would not be biased. 

 

The static evaluation results are summarized in Table 6.2. A valid comparison with EGNOS was 

also looked-for but EGNOS performance in the evaluated time period was rather 

uncharacteristic, with the HPL and VPL 99th percentiles well above the 100 meters. 
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Table 6.2 – GBAS static performance. 

Accuracy Integrity Availability 
Continuity  

(Continuity Events) 

HPE 

(95%) 

VPE 

(95%) 

HPL 

(99%) 

VPL 

(99%) 
APV-II APV-I CAT-I APV-II APV-I CAT-I 

0.54 m 0.63 m 6.63 m 10.13 m 100% 100% 99.6% 1 1 2 

 

Once again, these results can not be used to conclude about the performance of a real GBAS 

station. 

 

6.4. Dynamic Evaluation 
 

As was referred in section 6.1, there turned out to be no dynamic data collections for the GBAS 

performance evaluation purpose, due to the mentioned constraints. As so, to illustrate the 

process of GBAS dynamic performance evaluation, it will be used a set of data collected on 

other flight. The main constraint of this evaluation is that, simultaneously to the in-flight data 

collection, only one ground receiver was collecting data and, as is already known, GBAS 

systems must have at least two RRs in order to generate the GBAS corrections. This way, a 

second RR had to be simulated in order to accomplish the procedure. 

 

The dynamic data was collected during a Vienna (Austria) – Lisbon flight, which took place in 

July 12, 2007, by a Septentrio PolaRx-2 receiver. The aircraft was the instrumented PoAF 

Falcon 50 (Figure 6.6). The static data collection was achieved using a Septentrio PolaRx-2E. 

 

 

 

Figure 6.6 – PoAF Falcon 50. 

 

Following the procedure presented in section 6.2, GBAS messages processing and application 

over the aircraft receiver was executed using PEGASUS and the aircraft truth reference 

trajectory was assessed using TTC. The outputs of both programs were then processed with a 
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Matlab program to obtain the results that will be presented next. It should be noted that during 

this processing it was just considered the dynamic data collected within the nominal range of a 

real GBAS station, of approximately 43 Km. It was used an AAD-A and the GAD value obtained 

with the PEGASUS CAP module is not relevant as it was simulated the second RR. 

 

The GBAS navigation solution Accuracy is evaluated by comparing it with the truth aircraft 

reference trajectory. Figure 6.7 and Figure 6.8 illustrate the obtained NSE and Protection 

Levels. 

 

 

Figure 6.7 – GBAS dynamic HPE, HPL and NSV. 

 

Figure 6.8 – GBAS dynamic VPE, VPL and NSV. 

 

As in the static evaluation no Integrity events occurred. The above figures show that the HPE 

and VPE were inferior to 2 meters for most of the evaluation time and that the HPL and VPL 

exhibit an outstanding performance, allowing CAT-I Availability during the whole flight phase 

within the nominal coverage of the simulated GBAS station, as is shown in Figure 6.9. It has to 

be reminded, however, that this evaluation cannot be used to assess the true GBAS 

capabilities. 
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Figure 6.9 – GBAS flight trajectory. 

 

Furthermore it can be compared the GBAS navigation solution performance with the ones 

obtained with EGNOS and stand-alone GPS. The results from Table 6.3 essentially show that 

the Availability obtained with GBAS superposes to the one obtained with EGNOS, as there is a 

full contrast in their ability to support CAT-I operations. However, the results for this poor 

EGNOS performance led to a more deep analysis of the in-flight collected data and it was 

noticed that several anomalous events were experienced, indicating that the receiver was in a 

pre-failure status, that would be confirmed in the flight that was supposed to collect the data for 

the GBAS evaluation. 

 

Table 6.3 – GBAS dynamic performance. 

RNP Parameters GBAS EGNOS GPS 

HPE (95%) 1.06 m 1.43 m 3.71 m 
Accuracy 

VPE (95%) 1.86 m 1.08 m 1.81 m 

HPL (99%) 4.43 m 27.23 m 
Integrity 

VPL (99%) 7.18 m 22.78 m 
– 

APV-II 100.0% 

APV-I 42.3% Availability 

CAT-I 

100% 

0.0% 

– 

APV-II 1 

APV-I 13 
Continuity 

(Continuity Events) 

CAT-I 

1 

0 

– 
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6.5. Worldwide GBAS Operational Evaluation Activiti es 
 

As the Lisbon GBAS operational evaluation activities here presented can not be used to 

demonstrate the real potential of GBAS systems, this section will introduce some results 

obtained from other worldwide underway GBAS activities. In Germany, at the Braunschweig 

research airport, GBAS operational evaluation activities are well underway. In October 2005 

there were performed some flight tests by simulating the GBAS Ground and Aircraft subsystems 

using PEGASUS and the obtained HPE and VPE are shown in Figure 6.10 [22].  

 

      

Figure 6.10 – Braunschweig GBAS test HPE and VPE. 

 

The Electronic Navigation Research Institute in Japan is also conducting GBAS operational 

evaluation trials and an experimental GBAS station is already working at the Sendai airport 

(Figure 6.11). Flight trials in Sendai have shown that the experimental system meets both 

Accuracy and Availability CAT-I requirements [41]. 

 

 

Figure 6.11 – Sendai experimental GBAS station. 

 

Furthermore, Australia is other country that has an ongoing GBAS operational evaluation 

programme. This program is already near its end as it is planned to already have a certified 

GBAS CAT-I station during 2008 [20]. The examples presented in this section show that GBAS 

systems are being tested and implemented with much satisfactory results all over the world. 
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Chapter 7 

 

 

Conclusions and Final Remarks 
 

 

 

7.1. Summary 
 

This dissertation focused in the use of satellite navigation technologies in civil aviation, 

particularly applied to Precision Approach operations.  

 

It started by giving an overview of the whole concept of satellite navigation, and what it is 

expected to represent in the future of civil aviation, and continued by introducing the currently 

active and future satellite navigation systems. The Integrity issue was then raised to exemplify 

GNSS incapability to provide service for safety-of-life operations, as civil aviation, and 

Augmentation Systems were introduced as a means to grant the required Integrity to GNSS and 

also to help them meet other performance requirements. 

 

From the three types of existing GNSS augmentation, this work focused in ground-based 

augmentation. The principle behind GBAS systems was introduced and it was seen how these 

systems improve the GNSS positioning Accuracy by removing the effect of several error 

sources affecting pseudorange measurements. Furthermore it was also described how they 

grant them Integrity by providing high-confidence bounds for the positioning errors. 

 

A more technical description of the architecture and characterization of a GBAS system was 

also given and a complete demonstration of the GBAS Precision Approach and Positioning 

services was presented. Finally, the methodology to be followed in order to perform the 

operational evaluation of a simulated GBAS station was introduced. Results from the application 

of this methodology to a virtual GBAS station at the Lisbon International Airport were sought 

but, due to the mentioned constraints, valid results were not obtained. Even though, some 

results are shown as a means to exemplify the process of data evaluation. 
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7.2. Conclusions 
 

The first conclusion that has to be drawn is that the main research objective was not 

accomplished as the predicted performance of a GBAS station installed at the Lisbon 

International Airport was not simulated. This fact is due to the major constraints that affected the 

data collection activities. 

 

However, other research objectives were achieved, being the two most significant the 

compilation of a document that fully describes Ground-Based Augmentation Systems principle 

of work, operational capabilities, state-of-the-art, architecture and operations, and the 

successful elaboration of the procedure for both static and dynamic GBAS performance 

evaluation that shall be used in the evolution of the Lisbon GBAS activities. 

 

GBAS systems are being tested and implemented all over the world with results showing that 

GBAS Precision Approach service easily meets the performance requirements for CAT-I 

operations and it is expected that by 2015 GBAS shall be the primary instrument to support 

these operations. The GBAS Positioning service will be an extra advantage of GBAS systems, 

capable of providing GNSS augmentation for other operations, as Landing, Departure and 

Surface movements. 

 

7.3. Future work 
 

The future work proposals are various. As a lot remained undone within the scope of the 

research theme, future work proposals are divided between guidelines to be followed in order to 

accomplish the research objective and the proposals for further investigation. The proposals to 

complete the process of evaluation of the GBAS Positioning service performance are: 

 

·  To establish the location and deploy a set of Reference Receivers to collect GNSS 

data and generate GBAS messages corrections in a continuous basis; 

·  To evaluate all the GBAS related data needed to accurately process the GBAS 

messages; 

·  To deploy another fixed-based receiver over which the GBAS messages can be 

applied in a continuous basis for static performance evaluation; and 

·  To perform flight tests for dynamic performance evaluation. 

 

Furthermore, future work proposals would be to acquire the required equipment to set up a 

GBAS ground station and a Multi-Mode Receiver in order to advance to the operational 

evaluation of the GBAS Precision Approach service. 
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Annex A 

 

 

GPS Navigation Message 
 

 

 

The GPS navigation message contains all the relevant GPS and satellite data. The structure of 

a navigation message frame is illustrated in Figure A.1 [32]. Each frame is composed of 5 sub-

frames of 10 words of 30-bits each, performing a total of 300 bits per sub-frame and 1500 per 

frame. 

 

 

Figure A.1 – GPS navigation message structure [32]. 
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Except for occasional updating, sub-frames 1, 2 and 3 are constant from frame to frame. Sub-

frames 4 and 5, on the other hand, commutate 25 times within frames and, consequently, a full 

navigation message requires the transmission of 25 data frames. The transmission rate of the 

navigation data is of 50 bits per second, and, as so, a frame transmission takes 30 seconds 

while a complete navigation message is sent every 750 seconds, or 12.5 minutes. 

 

Each sub-frame begins with a Telemetry word (TLM), containing the preamble for beginning of 

sub-frame, parity bits and possibly a telemetry message. The second word of each sub-frame is 

called Hand-Over Word (HOW) and identifies the sub-frame that is being received. 

 

Sub-frame 1 contains diverse essential data. One of them is the clock corrections to the satellite 

clock. These corrections are expressed in the form of polynomial coefficients, defining how the 

correction varies with time. Additional information included in this sub-frame is the clock time 

itself of data transmission, the ionospheric group delay, used to correct for ionospheric 

propagation delay errors, and an issue number of the clock data, known as Issue Of Date, 

Clock (IODC), set to alert users to changes in clock parameters. 

 

Sub-frames 2 and 3 contain the Ephemeris data. This data is used to determine the precise 

satellite position required for the navigation solution. Each satellite broadcasts its own 

Ephemeris data, as it only serves to assess its own position. The components of the Ephemeris 

data are listed in [21]. 

 

Table A.1 – GPS Ephemeris data [21]. 
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The algorithm that should be used to compute the satellite position in WGS84 coordinates at 

any time instant t  is given in Table A.2 [32]. The Issue Of Date, Ephemeris, informs users when 

changes in the Ephemeris parameters have occurred. 

 

Table A.2 – Algorithm for GPS satellites position calculation [32]. 

 

 

 

Finally, sub-frames 4 and 5 transmit the Almanac data, which is a reduced precision subset of 

the clock and Ephemeris parameters, that allows to compute an approximate location of every 

satellite. This data is used by the receiver to determine what satellites are visible at a given 

location. Other relevant data in these sub-frames, more specifically in sub-frame 4, is the health 

status of the satellites. 
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Annex B 

 
Pseudorange Correction Calculation                 
and Application 
 

 

 

In this annex, the complete algorithm for Pseudorange Correction (PRC) calculation and 

application will be introduced, as these two steps are the basis for GBAS operations. The PRC 

calculation is performed with basis on the method and considerations presented in section 4.1. 

The PRC calculation for GPS ranging sources is based on the schematic model present in [29]: 

 

Reference Receiver 
Position (WGS-84)

Range
Ephemeris

Time

Satellite 
Position 

Algorithm

Smoothing     
t = 100s

Satellite Clock Error

Clock Bias 
Estimate

Reference Receiver 
Clock Deviation

c

PRC
SMr

r

R

r̂
f

 

Figure B.1 –  Schematic model for PRC calculation [29]. 

 

According to the model in Figure B.1, PRC calculation is a several step process. These steps 

include the computation of: 

 

1) Satellite Position 

The satellite position is obtained by using the navigation message data, by establishing it as 

a time-function. The algorithm for satellite position determination in WGS84 coordinates is 

well-known and is represented in Table A.2. 
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2) Range – R  

The geometric range between the ranging source and the Reference Receiver is obtained 

by: 

 

 ( ) ( ) ( )2 2 2

i i u i u i uR x x y y z z= - + - + -  (F.1) 

 

where the terms with the subscripts i  and u  correspond, respectively, to the satellite and 

receiver position WGS84 coordinates. 

 

3) Geometric Pseudorange – r  

The geometric pseudorange is the true pseudorange from the Reference Receiver to the 

referred ranging source: 

 

 i i rR c tr = - ×D  (F.2) 

 

It has to be reminded that this calculation can only be performed if the Reference Receiver 

clock error deviation is already known, which is one of the pre-requisites for application of 

the differential principle. 

 

4) Smoothed Pseudorange – SMr  

The smoothed pseudorange is obtained by passing the raw pseudorange measurement, 

r̂ , and the signal carrier phase, f , through the filter: 

 

 ( ) ( )1 1ˆ 1
2SM n i SM n n ni i i i

l
r a r a r f f

p- -
� 	= × + - × + -
 �� 

 (F.3) 

 

where: 

·  1-nSMr  is the previous smoothed pseudorange; 

·  1-nf  is the previous signal carrier phase; 

·  a  is the filter weighting function, equal to the sample interval divided by the filter 

time constant, which is 100 seconds in the present model; and 

·  l  is the L1 wavelength, m1904.0=l . 
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5) Satellite Clock Error Estimate – SVtD  

This term represents the satellite clock error with respect to the system (GPS) time. It is 

obtained by: 
 

 ( ) ( )2

0 1 2SV f f oc f oc GD ri
t a a t t a t t T tD = + × - + × - - +  (F.4) 

 

where: 

·  0fa , 1fa  and 2fa  are polynomial coefficients given in GPS Ephemeris; 

·  t  is the navigation message time of transmission given in GPS Ephemeris; 

·  oct  is the clock data reference time given in GPS Ephemeris; 

·  GDT  is the Group Delay given in GPS Ephemeris; 

·  rt  is the relativistic correction term, obtained as: 

 

 ( )sinr kt F e A E= × × ×  (F.5) 

 

with: 

�  2
11010442807633,4 msF ×´-= - ; 

�  e the eccentricity of the satellite orbit given in GPS Ephemeris; 

�  A  the square-root of the semi-major axis of the satellite orbit given in 

GPS ephemeris; and 

�  kE  the satellite’s eccentric anomaly, solved iteratively by Kepler’s 

equation [21]. 

 

6) Clock Bias Estimate – clockrD  

This term is an additional adjustment to the Reference Receiver clock. Contrarily to the 

corrective terms that have already been seen, this parameter is not exclusively function of 

the ranging source under analysis but of all ranging sources tracked by the receiver. It is 

calculated through: 

 

 ( )
C

clock i i SM SV
i S

i i
k c tr r r

Î

D = × - - ×D�  (F.6) 

 

where r , SMr  and SVtD  are the terms calculated in 3), 4) and 5), CS  is the set of ranging 

sources tracked by the receiver and ik  is a weighting factor that takes into account the 

ranging sources elevation and is described in [35]. 
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Finally, the pseudorange correction for a GPS ranging source i  is obtained as: 

 

 
i ii i SM SV clockPRC c tr r r= - - ×D - D  (F.7) 

 

And consequently, the differentially corrected pseudorange to the same ranging source at a 

time instant t  is obtained using the algorithm specified in RTCA DO-253A and shown in (F.8): 

 

 ( ) ( ) ( ) ( ) ( )corr SM i zcount i zcount zcount SV ii i i
t t PRC t RRC t t t c t TCr r= + + × - + ×D +  (F.8) 

 

where: 

·  SMr
 
is the smoothed pseudorange, obtained as in point 3 of the algorithm for PRC 

calculation; 

·  zcountt  is the PRC time of calculation; 

·  RRC symbolizes the Range-Rate Correction to account for the time difference 

between t  and zcountt  and is obtained as: 

 

1

1

n n
n

zcount zcountn n

PRC PRC
RRC

t t
-

-

-
=

-
 

 

·  SVtD  is the satellite clock error estimate, obtained as in point 5 of the algorithm for 

PRC calculation; and 

·  TC  intends to account for local Tropospheric gradients from the base station position 

to the user position and is obtained as: 

 

 
( )

0

6

0 2

10
1

0.002 sin

h
h

i R

i

TC N h e
q

- D-� �= -� �
� �+

 (F.9) 

 

with: 

�  RN  the Tropospheric refractivity index, transmitted by the Ground Subsystem; 

�  0h  the Troposphere scale height, transmitted by the Ground Subsystem; 

�  q  the ranging source elevation angle; and 

�  hD  the height of the aircraft above the GBAS Reference Point location, 

 transmitted by the Ground Subsystem. 
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Annex C 

 

 

GBAS Messages 
 

 

 

In this annex the set of data that is transmitted by the Ground Subsystem to system users is 

presented. This data is organized into messages, which will be classified into Message Types 

(MTs). There are currently defined 8 messages to be transmitted by a GBAS station. However, 

of these MT3, MT6, MT7 and MT8 are reserved for future use and MT5 is considered optional. 

As so, presently, the most relevant GBAS messages are MT1, MT2 and MT4 and only the 

contents of these messages will be described. 

 

Each GBAS MT will have the following structure: 

 

Table C.1 – GBAS MT structure. 

MT Structure 

Message Block 

Header 
Message 

Cyclic Redundancy 

Check (CRC) 

 

The message block header will contain a 4-character identifier of the GBAS station that 

produced it, which will normally be the identifier of the nearest airport. It will also define the 

message as a normal or a test message and identify the MT. 

 

It has to be noted that the following sections will describe the GBAS MT1, MT2 and MT4 

messages as output by the EUROCONTROL PEGASUS software, and described in [26]. For a 

complete description of the GBAS messages contents, it should be consulted the ICAO GNSS 

SARPs. 

 



93 

C.1. MT1 
 

MT1 shall provide the differential correction and Integrity data for individual GNSS ranging 

sources. Each MT1 will include a satellite data measurement block for each monitored ranging 

source and will include low-frequency data for the ranging source of the first measurement 

block. 

 

Message Information  – This section includes the parameters that refer to the message validity 

and type and number of measurements 

 

·  MZC – Modified Z-count 

The Modified Z-count is used as the time-of-validity of the GBAS messages. The MZC 

is obtained as a modulo 1200 seconds count. It resets at the GPS hour, hh:00, and 

every twenty minutes, hh:20 and hh:40. 

 

·  MTYPE – Measurement Type 

The Measurement Type will indicate if the pseudorange measurements are single or 

dual frequency. Currently, this parameter will always be set to “0”, symbolizing C/A 

code measurements.  

·  NO_MES – Number of Measurements 

The Number of Measurements represents the number of ranging sources for which 

there is a pseudorange correction in the message. In each MT1 there will be as many 

measurement blocks, as the value indicated by this parameter 

 

Low-Frequency Data  – In each Message Type 1 this block is always referred to the first 

ranging source present in the message. 

 

·  EPH_DCORR – Ephemeris Decorrelation 

The Ephemeris Decorrelation parameter takes in account the errors resultant from 

miscalculated satellite position due to ephemeris data errors. 

·  EPH_CRC – GBAS Ephemeris Cyclic Redundancy Check 

The GBAS Ephemeris CRC is used as an additional check by the Aircraft Subsystem 

by comparing this value with the ranging source Ephemeris CRC. 

·  AVAIL – Source Availability duration 

This term represents the predicted duration for which corrections for a ranging source 

are expected to remain available, relative to the modified Z-count. 

 

Satellite Data Measurement Blocks  – In this section there are all the correction-related 

parameters, including integrity data. 
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·  PRN – Ranging source ID 

·  IOD – GBAS Issue of Data 

The Issue of Data associated with the Ephemeris data used to determine the 

pseudorange and range rate corrections. The messages are only applicable if the 

GBAS IOD matches with the IOD of the broadcast Ephemeris. 

·  PRC – Pseudorange Correction 

For the ranging source referred on the measurement block, this field denotes the 

computed PRC. 

·  RRC – Rate of change of PRC 

The range rate correction field indicates the rate of change of the pseudorange 

correction, based on the current and immediately prior computed corrections. 

·  SIG_PR_GND – Ground Station Standard Deviation, gndpr _s  

The gndpr _s  term is an estimation of the ground subsystem contribution to the  
 

differential pseudorange error. This value’s calculation will be seen in the following 
 

section. 
·  B1 – Integrity parameter for Reference Receiver 1 

·  B2 – Integrity parameter for Reference Receiver 2 

·  B3 – Integrity parameter for Reference Receiver 3 

·  B4 – Integrity parameter for Reference Receiver 4 

 

C.2. MT2 

 

MT2 messages shall identify the location of the GBAS Reference Point and shall give other 

GBAS-related data. Additional data blocks may be included in MT2 messages and currently it is 

defined the Additional Data Block 1, which contains data relevant for the Positioning service. 

 

GBAS Station Data  – This section includes data that describes the ground station and the 

surrounding environment characteristics and also the GBAS Reference Point 

 

·  NO_RX_GBAS – Number of Reference Receivers of the GBAS Station 

·  GAD – GBAS Accuracy Designator 

The GAD defines the minimum steady state performance for the pseudorange 

correction accuracy for the SIS. 

·  GCID – GBAS Continuity/Integrity Designator 

The GCID value indicates if the system can meet the Continuity and Integrity 

requirements that are allocate to the ground subsystem. 

·  MAG_VAR – Local Magnetic Variation 

The published Local Magnetic Variation at the GBAS Reference Point. 
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·  SIG_VERT_IONO – _ _vert iono gradients  

Standard deviation of a normal distribution associated with the residual Ionospheric 

uncertainty due to spatial decorrelation. 

·  REF_IND – Refractivity Index 

The nominal Tropospheric Refractivity Index used to calibrate the Tropospheric 

correction associated with the GBAS Ground Subsystem. 

·  SCALE_H – Scale Height 

Scale factor used to calibrate the Tropospheric correction and residual Tropospheric 

uncertainty associated with the GBAS Ground Subsystem. 

·  REF_UNCERT – Refractivity Uncertainty 

Standard deviation of a normal distribution associated with the residual Tropospheric 

uncertainty 

·  LAT_REF – Latitude of GBAS Reference Point (WGS-84) 

·  LON_REF – Longitude of GBAS Reference Point (WGS-84) 

·  H_REF – Height of GBAS Reference Point (WGS-84) 

 

Additional Data Block 1 

 

·  RSDS – Reference Station Data Selector 

Numerical identifier that is used to select the station for the GBAS Positioning Service 

·  DMAX – Maximum User Distance 

Maximum distance from the GBAS Reference Point for which the corrections Integrity 

is assured 

·  KMD_E_POSGPS – Ephemeris Missed Detection Parameter, Positioning Service GPS 

Multiplier for computation of the ephemeris error position bound for the GBAS 

Positioning Service derived from the probability of missed detection given that there is 

an ephemeris error in a GPS satellite 

·  KMD_E_CATIGPS – Ephemeris Missed Detection Parameter, GBAS CAT-I GPS 

Multiplier for computation of the ephemeris error position bound for Category I 

Precision Approach derived from the probability of missed detection given that there is 

an ephemeris error in a GPS satellite 

 

C.3. MT4 

 

MT4 messages shall contain the sets of FAS data. Each FAS definition requires the 

transmission of the following data: 

 

·  FAS_VAL – FAS Vertical Alert Limit 

·  FAS_LAL – FAS Lateral Alert Limit 
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·  OPTYP – Operation Type 

Defines if it is a straight-in approach procedure or other operation type. 

·  AIRPORT_ID – Airport Identification 

·  RW_NO – Runway Number 

·  RW_LTR – Runway Letter 

·  APP_DESIG – Approach Performance Designator 

This parameter will define which PA type is associated with the approach. 

·  ROUTE_IND – Route Indicator 

One-letter identifier used to differentiate between multiple approaches to the same 

runway end. 

·  RPDS – Reference Path Data Selector 

The numeric identifier that is unique in the broadcast region and used to select the 

FAS data block. 

·  RPID – Reference Path ID 

Three or four alphanumeric characters used to uniquely designate the reference path. 

·  LTP_LAT – Landing Threshold Point / Fictitious Threshold Point Latitude 

·  LTP_LON – Landing Threshold Point / Fictitious Threshold Point Longitude 

·  LTP_H – Landing Threshold Point / Fictitious Threshold Point Height 

·  DFPAP_LAT – Delta Flight Path Alignment Point Latitude 

The difference of latitude of the runway FPAP from the LTP/FTP in arc seconds. 

·  DFPAP_LON – Delta Flight Path Alignment Point Longitude 

The difference of longitude of the runway FPAP from the LTP/FTP in arc seconds. 

·  TCH – Approach Threshold Crossing Height 

·  GPA – Glide Path Angle 

·  C_WIDTH – Course Width 

·  RW_LEN_OFFSET – Delta Length Offset 

Distance from the stop end of the runway to the FPAP. 

·  CRC_OK – Flag indicating if FAS CRC check passed 

 

 
 

 

 

 

 


