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Purpose and Scope of the Dissertation 

The core satellite constellations were not developed by system providers to satisfy the strict 

requirements of Instrument Flight Rules (IFR) navigation. For that reason, the GNSS capable 

equipment used for IFR operations augments the GNSS signal-in-space (SIS) to ensure 

integrity and accuracy. Integrity is required to guarantee that an airplane will not deviate from 

its intended course beyond the Alert Limit (AL) without a warning to the pilot. Unknown 

course deviations could result in a significant navigation error or even a collision. The 

simplest form of globally available augmentation system is the Receiver Autonomous 

Integrity Monitoring (RAIM) which currently augments only the GPS L1 signal. Based on 

DO-208 [6] the FAA has published a Technical Standard Order (TSO-C129c) that does not 

specify which RAIM algorithm is to be used. It specifies that the RAIM function shall provide 

worldwide availability of at least 95%. Today’s GPS (L1)-RAIM is approved for non-

precision approaches and provides only lateral guidance for Oceanic, En route, Terminal, 

LNAV approaches and Departure RNP/RNAV operations. Continued improvement, 

transparency, and robustness of GPS service on the L1 frequency are the key elements of the 

current RAIM’s performance achievements. By having multiple GNSS constellations, where 

the number of satellites added into the navigation solution increases, RAIM lateral navigation 

performance is expected to be better. Precision approaches with vertical guidance have even 

more stringent requirements on accuracy and integrity of GNSS navigation performance. 

Here, the threat of misleading information moves from major to the hazardous category. In 

practice, this means that the integrity monitoring chain must go through much more scrutiny 

and it is not enough to have single frequency (L1) navigation. Dual frequency navigation 

performance becomes the essential condition for GNSS-based operations where the priority is 

vertical guidance. GPS (L1)-RAIM conceptual design is undergoing a revolution as many 

GNSS are on the way to reaching their full operational capability, offering more modernized 

signals on multiple frequencies. The new algorithms and assumptions that could provide 

vertical guidance have been labeled 'Advanced RAIM.' EUROCAE currently has plans to 

publish MOPS for GPS/Galileo applications that will require an ARAIM service, initially to 

support horizontal navigation only and current generation surveillance requirements.  

The purpose of this dissertation is to show the capability and benefits of the ARAIM system 

and its possible smooth integration into the standards (MOPS/EUROCAE). The work is 

scoped to show the flexibility and availability of ARAIM to provide lateral and vertical 

guidance for any air vehicle during all phases of flight, up to and including final approach 

guidance to a decision height of 200 feet (61 m). It will elaborate in greater detail on all 

performance requirements, which are as important as the accuracy of the navigation solution. 

The top four goals of the dissertation are to: describe integrity monitoring algorithms in the 

multi-GNSS environment; show differences and benefits of the ARAIM concept over 

traditional RAIM; answer a question on how many satellites we need to have a robust service; 

analyze expected service performance as a function of design trade-offs.  

With a comprehensive description of the ongoing development of ARAIM user algorithms 

with a lot of material for the reproduction of the current results, there is enough information 

for receiver designers. For the constellation service providers, it could be interesting to reveal 

the parameters that mostly contribute to the overall system performance in the near term. 

Here, the focus is to provide an overview and transparency of the real tradeoffs and 

requirements for aviation users. This dissertation can also serve as a starting point for a design 

of similar concepts that could also be adopted for applications other than aviation (e.g., 

maritime navigation, railway applications). 
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1. Introduction 

Due to a navigational error, an airplane was shot down in 1983 by mistakenly entering Soviet 

airspace; 269 passengers were aboard and lost their lives. At that time there were about ten 

GPS satellites in space that were supporting U.S. military craft localization on land, in the air, 

and on the sea. Shortly after this accident of Korean Airlines Flight 007, the Reagan 

administration announced that the existing military GPS system would be made available for 

civilian use to provide safe and efficient navigation. It was realized that for representation of 

an actual airplane’s location, not only the exact knowledge on navigation system performance 

but also the integrity of that position is of great importance.  

In the early nineties, the civil aviation community was the largest public sector that was 

interested in the integration of GPS sensors for navigation purposes. This new availability of 

the next generation GPS based navigation system has required some time for setting up the 

requirements, and the corresponding adaptation of those specifications by receiver 

manufacturers. Radio Technical Commission for Aeronautics (RTCA) [1] provides a forum 

for the development of the Minimum Operational Performance Standards (MOPS) that 

includes available full operational capability (FOC) GNSS that has to be certified by the 

Federal Aviation Administration FAA [2]. Following civil aviation, GPS also became of great 

interest to maritime transportation and government agencies that provided navigation, timing, 

and geographic reference services. In 1995 the GPS system was fully completed for civil use 

and public safety applications. The FAA sped up the implementation of GPS navigation 

technology to civil aeronautics by developing GNSS authorized non-precision approaches of 

navigation. After the successful integration of GPS navigation technology into avionics, the 

FAA approved Area Navigation (RNAV) fly procedures which became the basis for a new, 

more efficient air navigation system in the U.S. airspace. The RNAV procedures enable 

aircraft to fly any desired path and not be constrained to a straight airway which is the main 

disadvantage of Very High-Frequency Omni-Directional Range (VOR). Not only for the U.S., 

but for global use on all aircraft, the GNSS based navigation system as a whole was on the 

threshold of a revolutionary change in the design of new route networks [15]. Since 1963 the 

European forum EUROCAE has dealt with aviation standardization for airborne and ground 

systems and equipment [3]. The Performance Based Navigation (PBN) Manual [15] provides 

navigation specifications for GNSS which allows navigation in all phases of flight through the 

Standards and Recommended Practices (SARPS) [5].  

Flying RNAV (GNSS) approaches in aviation are inconceivable without existing techniques 

to augment GNSS.Therefore, various concepts were formulated for different phases of flight 

to ensure trust in positioning coming from the GPS/GNSS sensor. One of these concepts is the 

Receiver Autonomous Integrity Monitoring (RAIM) originally described for use in aircraft by 

RTCA DO-208 in 1991 [6] and updated in RTCA documents [7] and [8]. This avionics 

functionality allows for a globally available integrity monitoring function for lateral 

navigation by relying on only the GPS L1 signal. The new algorithms and assumptions that 

could provide horizontal and vertical guidance have been labeled 'Advanced RAIM' 

(ARAIM). Additionally, to the main advantage of RAIM function - its global use, ARAIM is 

going to provide a robust service. The focus of this dissertation is to show the capability and 

flexibility of the ARAIM system and its possible smooth integration into the standards 

(MOPS/EUROCAE) to provide aircraft guidance for any air vehicle and the global air routes 

using GNSS. 
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1.1 Motivation 

The GPS and GLONASS systems have been operational for almost thirty years. In the early 

nineties, GPS integration into avionics was strongly supported by the FAA and opened new 

possibilities for civil aviation operations. However, the core satellite constellations were not 

developed by system providers to satisfy the strict requirements of Instrument Flight Rules 

(IFR) navigation. Flying RNAV (GNSS) approaches based on GPS/GLONASS in aviation 

are inconceivable without existing techniques to augment GNSS (e.g., RAIM, SBAS and 

GBAS, described in more detail in Section 1.1.1.2). For that reason, the GNSS capable 

equipment used for IFR operations shall augment the GNSS signal-in-space (SIS) to ensure 

accuracy and integrity. The simplest form of globally available augmentation system is 

Receiver Autonomous Integrity Monitoring (RAIM), which currently augments only the GPS 

L1 signal [6]-[8]. Today’s GPS (L1)-RAIM is approved for non-precision approaches. The 

error bounds that are supported by RAIM are large and defined only in the horizontal 

dimension to provide lateral navigation. The most stringent operational Horizontal Alert Limit 

(HAL) is 185 meters for RNP 0.1 operation level (Section 1.1.1). This limit allows for 

conducting non-precision approaches and en-route flight operations, whereby no limits in 

vertical dimension are defined. The only reason why RAIM is sufficient enough for non-

precision approaches is continuous robust navigation performance on GPS L1. Today GPS 

(L1)-RAIM achieves service availability of 96.7% SPS RAIM RNP 0.1 provided 99% of the 

operational time globally, as of January 13, 2016 (see Section 1.1.2.2).  

Those pilots that nowadays have GPS/SBAS capable equipment are already benefiting from 

the RNP/RNAV GPS advanced and flexible approach lineups with lower minimums 

augmented by regional Satellite Based Augmentation Systems (SBAS). This technology 

already exists and approved advanced procedures allow flexibility for entering all aerodromes 

within the coverage area of SBAS. The SBAS is very beneficial especially in the U.S., where 

general aviation (GA) benefit from WAAS making regional travel safer and more cost-

efficient by bringing travelers closer to their final destination. Whereas the U.S. has a notably 

higher share of GA aircraft [14] to benefit from SBAS than there are in Europe to benefit 

from EGNOS. Two distinct disadvantages that SBAS has are the limited coverage and costs 

of geostationary satellites (GEOs). The advantages brought through increased flight-planning 

opportunities, in any case, are impressive: 

▪ Supports vertical navigation, curved paths and allows use outside radar areas, 

▪ Greater runway capability and airport access, 

▪ Allows minimization of existing (required) ground navigation infrastructure, 

▪ Enhanced safety by entering small local airports in the footprint of SBAS. 

The ICAO assembly resolution A37-11 recognizes that "implementation of approach 

procedures with vertical guidance (APV) (Baro-VNAV and/or augmented GNSS), including 

LNAV only minima, for all instrument runway ends, either as the primary approach or as a 

back-up for precision approaches by 2016" has to be mandated [131]. Some of the benefits 

mentioned above (except the second and the last one) are also valid for the local ground 

augmentation system known as GBAS. The footprint of the GBAS service is smaller if 

compared to SBAS. GBAS corrections to augment GPS-(L1) are only valid for the users in 

the vicinity of the airport (approx. 40km). The local airport system allows authorized aircraft 

to use a GBAS approach guidance (CAT I to CAT-II/III minima) in all weather conditions.  

As we approach a stage where all GNSS are going to provide a minimum of three available 

civil signals in the future (Chapter 2, Figure 2-1) rethinking and modernization of existing 

augmentation systems becomes imperative. The primary augmentation system, which most 



 Introduction Page: 3 of 185 

 

 

 

benefits from multiple GNSS and multiple frequencies, is RAIM. Today, RAIM is 

undergoing a revolution in conceptual design.  

▪ Advanced RAIM (ARAIM) has three key features: multiple constellations, multiple 

frequencies, and Integrity Support Message (ISM). These are playing a significant 

role in starting to redefine which place RAIM is going to take in the next generation 

MOPS and how future RNP/RNAV operations will be shaped.  

▪ ARAIM techniques are targeting SBAS-like system performance reachable on the 

global scale.  

The assumptions used in GPS (L1) or legacy RAIM are no longer valid. GNSS augmented by 

ARAIM will bring civil aircraft navigation to a new generation of operational standards of 

GNSS-based operations and make it robust against interferences. The ARAIM system 

additionally offers to SBAS users the following advantages: 

▪ Robust, accurate, continuous, and global navigation. 

▪ Benefits to Terminal Maneuvering Area (TMA): support in management of high 

volume of traffic. Contribution to global surveillance: the component of ADS-B 

system. The ARAIM user algorithm output can provide controllers with precise 

information on position and velocity with the required confidence level. 

▪ High availability, continuity, and adherence to following a course. Reducing 

separation standards, which allow increased capacity in a given airspace without 

increased risk. This leads to reducing CO2 emissions and en-route flight time. 

▪ Little or no ground infrastructure investment. 

All these advantages are significant and reachable if we have all three key ARAIM features as 

well as the system’s global safety assurance. However, what happens if one of those becomes 

not available? What does ARAIM need to provide a robust service? Soon there will be 

enough GNSS, but probably not enough signaling frequencies on L5. The GNSS signal delays 

due to the ionosphere make only SBAS or GBAS system capable of conducting GNSS based 

approaches with vertical guidance. EUROCAE currently has plans to publish MOPS for 

GPS/Galileo applications that will require an ARAIM service, initially to support horizontal 

navigation only and current generation surveillance requirements.  

The motivation of this dissertation is to show the flexibility and availability of ARAIM to 

allow RNP/RNAV down to LPV1 minimums globally. An increased number of satellites from 

various GNSS improve navigation performance accuracy. The question is: how many 

satellites are sufficient to provide targeted service levels? Each additional constellation to 

GPS has its own physical and operational characteristics. The ARAIM algorithm benefits 

from the autonomy of each constellation. There is a keen interest to see the buffer in 

performance of each constellation, but also the opportunities that provide multiple 

constellations strength. Soon there will be many features to vary. How and to what degree 

ARAIM system architectures will be realized depends mainly on the ability to utilize ISM. 

The trade-off between accuracy and robustness is evaluated in this work. The correct design 

of the ARAIM concept can provide a great benefit to this development and robustness in all 

phases of flight. 

                                                 

1 This dissertation uses LPV terminology to label the APV SBAS approach with vertical guidance flown to the 

LPV DA/H (see “Terminology” in Annex A). 
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1.1.1 ICAO’s GNSS Navigation Specifications 

As the integration of GPS into navigation applications for civil aviation occurred, the 

International Civil Aviation Organization (ICAO) [4] introduced the navigation performance 

specifications for the Global Navigation Satellite System (GNSS). Those specifications allow 

navigation in all phases of flight according to Volume 1 of Annex 10 to the Convention 

International Civil Aviation [5]. At that time, aircraft operators already used early GPS 

receivers as an aid to Visual and Instrument Flight Rules (VFR and IFR), respectively. The 

pilots quickly saw the benefits of the Required Navigation Performance (RNP) of the RNAV 

system. ICAO relied on experience with GPS, where for the en route flights the RNP system 

allows flight within an air corridor by defining an optimal path and thereby reaching the goal 

of increasing the capacity, efficiency, and safety of the air traffic over the oceanic and remote 

continental areas. 

▪ The only difference to Area Navigation (RNAV) system specifications is that RNP 

capable equipment requires autonomous onboard navigation performance 

monitoring and alerting specification as a part of the avionic functionality. 

▪ RNP is primarily intended for high-density airspaces.  

The main goal of ICAO is to undertake a modernization path and reach global air navigation 

efficiency while simultaneously improving safety criteria. Certification and specifications 

required at any GPS receiver used for aircraft navigation incorporate integrity monitoring 

[10]. Integrity is needed to ensure that an airplane will not deviate from its intended course 

beyond the Alert Limit (AL) without a warning to the pilot. Unknown course deviations could 

result in a significant navigation error [18]. Horizontal AL (HAL) is defined for lateral 

navigation (e.g., airspace route width requirement for a particular phase of flight). Based on 

the probability of a collision, path width, obstacle clearance requirements and typical aircraft 

dynamics, the Radio Technical Commission for Aeronautics (RTCA) has developed GPS 

integrity performance requirements published in the MOPS [6] for GPS as a supplemental 

navigation system (Table 1-1). A complete description of terms in Table 1-1 can be found in 

Annex (A.2).  

 

Table 1-1: GPS Integrity Performance Requirements [6] 

RNP equipment provides crew both accuracy and associated integrity for the current position 

that has several levels of performance. Basic RNP 1 system performance is summarized in 

Table 1-2. 

 

Table 1-2: Basic RNP1 System Performance [16] 
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Navigation specification: The lateral Total System Error (TSE) must be within a determined 

nautical miles (x.x NM) for at least of 95% of the flight time where the performance 

requirements in Table 1-2 are met. Path Definition Error (PDE) 2 is not assumed here. Figure 

1-1 shows a graphic representation of the route width requirement which bounds navigation 

error (e.g., AL). 

 

Figure 1-1: RNP Navigation Specification 

Integrity is expressed in nautical miles (NM) and represents a radius of a circle centered on 

the estimated position at a given point in time (Figure 1-2). The number after RNP specifies 

the 95% bound per flight hour on the TSE. 

▪ RNP 1 means that a navigation system must be able to calculate its position to within a 

circle with a radius of 1 nm (1852 meters). 

A minimum RNP value varies depending on aircraft configuration or operational procedures. 

▪ RNP 0.1 and RNP 0.3 mean that a navigation system must be able to calculate its 

position to within a circle with a radius of 0.1 nm (185 meters) and 0.3 nm (556 

meters), respectively.  

RNP AR approaches have an RNP value of RNP 0.3 or less. Further, RNP also specifies that 

99.999% of the time, TSE shall be within twice the specified RNP (Figure 1-2).  

 

Figure 1-2: RNP Navigation Specification 

Traditionally, approaches were separated into non-precision approaches and precision 

approaches (NPA / PA). NPA’s are supported by terrestrial navigation systems such as NDB, 

VOR and DME, where PA’s include vertical guidance and are supported by ILS. GNSS 

approach capabilities should make NPA’s based on conventional navigation aids and without 

                                                 

2 See definition Annex A.2. 
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vertical guidance redundant or even eliminate them. GPS (L1)-RAIM approvals support RNP 

service levels and have operational restrictions - RAIM availability is enough for non-

precision approaches only. While GBAS was always designed for precision approach, 

SBAS targeted vertically guided approach capability at the boundary between NPA and PA. 

The air corridor becomes tighter for landing approaches with a greater possibility to have 

missed-approaches (Figure 1-3). 

In 2008 ICAO adopted the concept of Performance Based Navigation (PBN) [15]. PBN 

operations (e.g., RNP/RNAV3) are based on the all-weather use of GNSS as a primary means 

of navigation and Automated Dependent Surveillance (ADS).  

▪ The PBN Manual [15] provides navigation specifications for GNSS which allows 

navigation in all phases of flight through the Standards and Recommended Practices 

(SARPS) [5]  

▪ GNSS is the only onboard position sensor for the various ADS services implemented 

so far. 

PBN applications result from international collaboration and ensure harmonization and 

consistency to all areas of flight: from oceanic/remote to terminal area and approach (Figure 

1-3). The minimums for RNP/RNAV approach procedures (e.g., LNAV, LNAV/VNAV, LP 

and LPV) are summarized in Annex N. To prevent any possible mixing or confusion, they are 

the only APV I and II terms that ICAO uses to refer to GNSS approaches (Annex N). 

According to G.Berz (EUROCONTROL), a quote is: “While the vertical guidance is a 

defining characteristic of precision approach, the lowest typical ILS approach Category I 

required a decision minima for the transition to visual landing of 200ft above the threshold, 

which SBAS struggled to achieve at least in the early stages of development. This led to the 

introduction of an approach service class called APV, approach procedure with vertical 

guidance. Two levels were defined, APV-I and APV-II, where today APV-II has been 

abandoned and only APV-I is used. The lowest approach guidance height associated with 

APV-I system performance is 250ft. Where in the past there was a direct relationship between 

system performance and the achievable operation, this is becoming more complex, thus 

necessitating the separation of system performance levels and associated achievable 

operations. Especially with the introduction of SBAS, they have evolved from a lateral 

guidance only NPA system to one providing 3D type B approaches which have by now 

reached the performance level of the traditional Category I (Cat I) precision approaches. 

These most advanced SBAS approaches are today sometimes termed “LPV200”, which 

stands for Localizer Performance with Vertical Guidance down to minima as low as 200ft 

Height Above the runway landing Threshold (HAT). Strictly speaking, the term “LPV200” 

does not exist in ICAO, and is today being referred to as a system performance level of 

EGNOS which enables Cat I operations. Sometimes the term “LPV250” is also used, which 

refers to an approach which is enabled by a system meeting APV (I) performance for 

supporting 3D type A operations to 250ft minima.”  

Today, RNAV approach operations are part of PBN, and can be split into two main types 

which provide vertically guided (3D) approaches: APV Baro and APV SBAS. APV Baro 

RNAV approaches use the barometric height reference system to provide an avionics-

                                                 

3 RNP/RNAV is used to label the alerting functions for navigation performance that is present in an RNP capable 

RNAV system. Therefore, it always includes augmentations to GPS (L1) signals.  
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generated vertical guidance, where APV SBAS uses a vertical path reference defined by 3D 

coordinates. APV Baro approaches are flown to so-called LNAV/VNAV minima and APV 

SBAS approaches are flown to LPV minima. Following this tradition, ARAIM would then 

provide APV ARAIM system performance to support RNAV approaches flown to LPV 

minima as well, where these minima are expected to range between 250 and 200ft HAT. 

Horizontal ARAIM could also support an NPA or 2D approach to either LNAV or LP minima 

(to be defined). G.Berz (EUROCONTROL) states that the more demanding type B 3D 

approach operations below the Category I precision approach level of 200ft HAT could also 

be envisioned by SBAS and ARAIM, however, currently, these are clearly the domain of 

either the traditional ILS or GBAS, which enable up to Category III operations. These are fail-

operational procedures which include guidance all the way to flare, touch-down and roll-out 

of the aircraft, with increasingly more demanding and limited visibility conditions. Cat II and 

Cat III operations also become more demanding in terms of crew training and equipage 

(RADAR altimeter, autopilot). Air Traffic Control (ATC) in a particular airspace are aware of 

the onboard RNAV/RNP system equipment of a flying airplane and its capabilities through 

the flight plan filing. However, the equipment field of the flight plan is normally only 

processed in radar display systems for terminal area control service where aircraft are being 

cleared for approach. ATC has a responsibility of not clearing aircraft to an approach where 

the intended guidance system is not available. With the multiplication of possible approach 

guidance systems through GNSS and all the various GNSS-element combinations, it is 

becoming increasingly difficult for ATC to make such a determination. Consequently, it is 

likely that in the future, it will be left to the responsibility of the aircrew to determine if they 

have the necessary equipment capability to fly an approach, and ATC will only give a 

clearance for an RNAV approach without specifying the GNSS augmentation system or even 

the associated achievable descent minima.  

 
Figure 1-3: Application Specific Integrity Monitoring (Future Receiver Capabilities) 
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1.1.1.1 GPS SIS Integrity 

The 1996 Federal Radionavigation Plan [19] defines integrity as the ability of a system to 

provide timely warnings to users when the system should not be used for navigation. The GPS 

constellation is monitored by a Master Control Station (MCS) at Schriever Air Force Base. 

Using data collected by five monitor stations distributed around the globe, MCS assesses GPS 

performance every 15 minutes by conducting tolerance and validation checks of the measured 

pseudorange using a predetermined Time Determination and Orbit Synchronization (TDOS) 

process (which is not publicly available).  

Heavy ion cosmic rays and energetic particles from the sun can ionize silicon material and 

thereby corrupt the data stored in memory devices. GPS achieves integrity and protects users 

against system anomalies and failures by relying on the following features: 

▪ Satellite self-checks and monitoring by the U.S. Department of Defense operation 

control segment Master Control Station [123], [124]. 

▪ Signal assessment by users (e.g., augmentations to GPS). 

Two types of failures are outlined by the RTCA SC-159 GPS Integrity Working Group [123]: 

▪ A slow ramp. An example is a satellite oscillator failure that results in a slow code 

and carrier phase drift.  

▪ A step error. This type of failure occurs in a massive and instantaneous measurement 

jump and could be caused by a bad ephemeris upload. The GPS receiver clock bias 

may change abruptly because of the oscillator, a clock bias rollover, or other reasons. 

1.1.1.2 Augmentations to GNSS  

 

Figure 1-4: Augmentation Systems Overview 
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The core satellite constellations were not developed by system providers to satisfy the strict 

requirements of IFR navigation. For that reason, the GNSS capable equipment used for IFR 

operations shall augment the GNSS signal-in-space (SIS) to ensure accuracy and integrity. 

The definition of GNSS by ICAO makes application specific integrity monitoring an 

integral component: “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” [5]. With respect to this, in general, the variety of airborne navigation performance 

requirements for operators of GNSS–equipped aircraft has been defined in each phase of 

flight. The details on GNSS navigation performance levels (minimums) are documented in 

ICAO’s Standards and Recommended Practices (SARPs) and related guidance material [5]. 

These performance standards are summarized in Annex N and discussed in Section 1.1.1. 

From the early nineties forward, various concepts were formulated to fulfill these 

requirements and to ensure trust in positioning coming from the GPS/GNSS sensor (Figure 

1-4). ICAO defines Space, Ground, and Aircraft based Augmentation as the possible 

augmentations to provide such integrity monitoring (Figure 1-5). Figure 1-8 gives an 

overview and highlights the main differences between augmentation systems. Looking at the 

status in 2000, only 50-60% of aircraft were equipped with approved GPS (L1), even less 

with a GPS/GLONASS single frequency receiver. Therefore, current systems augment only 

the GPS L1 (C/A) signal. 

The defined by ICAO Aircraft-based Augmentation System (ABAS) augments and/or 

integrates the information obtained from GPS signals with information available on board the 

aircraft (Figure 1-8). The most common form of ABAS is the RAIM (Figure 1-5). GPS-(L1) 

RAIM approvals support RNP service levels and have operational restrictions: is used for 

non-precision operations only (Section 1.1.2). Today RAIM achieves service availability of 

96.7% SPS RAIM RNP 0.1 provided 99% of the operational time globally, as of January 13, 

2016 (Section 1.1.2.2, “RAIM Availability”).  

• Today, the largest error source for single frequency GNSS receivers that degrade 

navigation accuracy a lot is the accumulation of delays in position domain caused due 

to signal propagation through the ionosphere. 

The goal of established GNSS augmentation systems for precision approach phases with 

vertical guidance is to increase GPS (L1) navigation performance accuracy and integrity 

utilizing additional ground and/or space-based infrastructure (Figure 1-5).   

The challenge here lies in developing local ionospheric corrections and high-confidence error 

bounds for the clock and ephemeris that is disseminated to the airborne receiver flying over 

the system’s coverage region. Moreover, the provided integrity data ensures that the 

Constellation Service Provider (CSP) output is not corrupted and can be used for integrity 

monitoring by the airborne receiver. Various countries have their regional system where they 

develop their own procedures and estimate the ionospheric corrections based on local best 

suitable models (Figure 1-5). The most successful implementations are the SBAS. GPS 

standalone augmented by SBAS/WAAS has shown reliable 200-feet decision height (DH) 

approaches similar to those of category-I (CAT-I) performance in the U.S. since 2000. Valid 

for January 5, 2017, the FAA has published 3,767 LPV approach procedures at 18324 airports 

                                                 

4 1074 of these airports are Non-ILS airports as of January 5, 2017, retrieved from [2]. 
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[2]. The EUROCONTROL PBN approach map tool available at https://www.eurocontrol 

illustrates the deployment of an instrument approach procedure in Europe compliant with the 

PBN Manual [15] specifications. 

ARAIM is the corresponding RAIM successor system to provide global integrity monitoring 

not only for horizontal guidance but also for vertical navigation. V-ARAIM techniques are 

targeting SBAS-like system performance on a global scale. 

 

 Figure 1-5: ICAO GNSS based Navigation Service 

Those pilots that have GPS/SBAS capable equipment are already benefiting from the 

RNP/RNAV approaches with lower minimums augmented by regional SBAS. The SBAS is 

very beneficial for those regional areas (Chapter 2, Figure 2-3). The disadvantage is its local 

availability and dedicated ground infrastructure investments. Moreover, the cost for the 

maintenance of geostationary satellites (GEOs), which are used to disseminate integrity 

information, is large. Figure 1-6 provides current coverage of availability of SBAS service at 

250’ decision height (DH). Next SBAS modernization steps are going to provide corrections 

on L1 (1575.42 MHz) and L5 (1176.45 MHz) both broadcast via GEO satellites. The SBAS 

International Working Group (IWG) negotiates to make those regional systems compatible 

and interoperable and works out the possibilities to extend SBAS coverage. The SBAS 

expected status and coverage using dual frequency observations is displayed in Figure 1-16 

and addressed in Section 1.1.3 on “Global Aircraft Navigation.” 

The Ground Based Augmentation System (GBAS) is the only alternative to ILS for Low 

Visibility Procedures in CATII/III conditions. Except for ABAS (e.g., RAIM), and similar to 

SBAS, the philosophy of the GBAS augmentation system is based on the concept of 

differential correction, which uses GNSS receivers installed on the ground in a precisely 

defined position to calculate the error for each pseudo-range distance measured from satellites 

given the core constellation. A single GBAS station supports multiple runway ends (up to 48 

individual approach procedures) and requires less frequent flight inspections compared to ILS 

operations. GBAS corrections provide position, navigation, and integrity and support a full 

range of approach and landing operations. CAT II-III requires additional certification for 

operators, pilots, aircraft, and equipment. The flyGLS.net [21] provides an overview on 

several airports that have GBAS and support revenue operations (Figure 1-7). 
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Figure 1-6: Status 2015 SBAS Coverage at 250’DH (generated by T.Walter, SU) 

 

 

Figure 1-7: GBAS Sites retrieved January 12, 2017, from flyGLS.net [21] 
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The augmentation systems that are listed in Annex 10 SARPs [5] are described briefly below.  

With additional ground 

infrastructure 

 

 

SBAS and GBAS augmentation systems 

require additional ground infrastructure and 

work based on three segments: satellite 

constellation(s), ground station(s) and aircraft 

receiver. 

SBAS (regional) augments core satellite 

constellations by providing ranging, integrity 

and correction information via GEO satellites 

using the L1 frequency. The system 

comprises a network of dedicated spatially 

separated ground reference stations that 

monitor satellite signals; master stations that 

collect and process reference position data 

and generate SBAS messages; uplink stations 

that send the messages to GEO satellites; and 

transponders on these satellites that broadcast 

the SBAS messages [2]. 

GEO satellite constraints: costs, limited 

visibility (site constraints) 

 

GBAS (airport) utilizes GPS-(L1) 

measurements from multiple antennas 

installed at the airport to minimize the 

potential error [22]. GBAS broadcast 

corrections using a VHF data link (2Hz rate 

update) available to users in the vicinity of 

the airport (approx. 60km). ICAO approved 

Standards and Recommended Practices for 

GBAS CAT II/III (GAST-D) in 2017 that are 

going to be applicable by November 2018. 

Individual stations are currently validating 

the requirements to support CATII/III 

precision approach operations.  

Site Constraints: Signal blockage, multipath 

effects, interference  

NOTE: Interference noticed within the 

navigation satellites band at airports in USA 

and Germany, caused by GNSS repeaters and 

GNSS blockers (jammers). 

Self-consistent 

(without ground infrastructure) 

Aircraft-based augmentation system 

(ABAS) augments and/or integrates the 

information obtained from GNSS elements 

with information available on board the 

aircraft 
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▪ Autonomous Aircraft Integrity 

Monitoring (AAIM) module augments 

GPS/GNSS measurements with the 

information available from the aircraft 

inertial navigation systems. 

▪ Receiver Autonomous Integrity 

Monitoring (RAIM) is a self-consistent 

technique and uses redundant 

measurements to provide consistency 

check(s).  

Navigation Accuracy constraints: GPS (L1) 

observations 

Figure 1-8: GNSS Operational Services Overview  

 

1.1.2 GPS RAIM and Civil Aircraft Navigation 

Since the beginning of civil use of GPS/GLONASS, the core satellite system has provided 

necessary integrity information. This integrity information consists of a “Healthy Flag" that 

broadcasts via the navigation message (NAV) that delivers the user receiver a proportion of 

trust in the operation of the satellite but not into the navigation solution. The 

recommendations of the RTCA Special Committee 159 (RTCA SC-159) for using GPS as a 

supplemental navigation aid in U.S. civil aviation established in March 1985 were used as a 

strong design driver for most of the developed GNSS operational services.  

However initial concerns over legal and institutional issues were not fully resolved by the 

agreement of a “Charter on the Rights and Obligations of States relating to GNSS Services” 

(Assembly resolution 32-19, 1998) [26]. Some States struggle with approval of the use of 

GPS in their airspace. It is agreed that aviation use of GNSS should be free of direct user 

charges.  

▪ The current generation of receivers installed on airplanes relies primarily on the GPS 

L1 (C/A) code signals for their GNSS functionality. 

The GPS Standard Positioning Service (SPS) Performance Standard documents published 

from 1996 define the levels of Signal in Space (SIS) performance that the U.S. government 

makes available to users of the GPS L1 C/A code. This specification does not account for 

errors due to the atmosphere, multipath, or user equipment. Actual performance is typically 

significantly better than the published specification. The SPS SIS user range error (URE) 

accuracy standard (for single frequency C/A code) is ≤ 7.8m 95% global average URE during 

normal operations over all age of data (retrieved from Table 3.4-1 of [23]). The updated 

version of the latest available GPS SPS-PS document published in 2008 is under development 

and is expected to be publicly available by 2017/2018.  
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The GNSS receiver must meet essential criteria to ensure flight safety: 

▪ Accuracy forms the basis for all other RNP parameters and is defined as the degree of 

conformance between the estimated or measured value and its reference value (true).  

▪ Integrity characterizes a navigation system to provide a timely warning when the 

GNSS-based positioning should not be used for navigation. 

▪ Continuity is defined as the capability of a system to provide navigation accuracy and 

integrity throughout the intended operation given that navigation accuracy and 

integrity are provided.  

▪ Availability builds upon accuracy, integrity, and continuity and represents the portion 

of time during which reliable information is presented to the user.  

▪ Coverage is where the navigation system is specified to provide service.  

Annex N summarizes ICAO’s performance requirements. The service volume for GNSS 

coverage is global. The service period for GPS coverage officially began with the declaration 

of full operational capability on July 17, 1995. Section 1.1.1 highlights the need not only for 

an accuracy of navigation performance but also its integrity. The specified accuracy of the 

GPS SPS is 13m and 22m, 95% for horizontal and vertical positioning, respectively (retrieved 

from Item 3.7.3.1.1.1 of [5]).  

• Indeed, although the L1 (C/A) code signal meets the accuracy requirements for many 

phases of flight, it can achieve the integrity requirement only with augmentation: 

ABAS, SBAS, GBAS (Figure 1-8). 

The ABAS augments and/or integrates the information obtained from GNSS elements with 

information available on board the aircraft. The most common form of ABAS is the RAIM. 

Therefore, in the nineties, the RAIM method was put forward to protect the user against 

incorrect position estimation with regard to a consistency check of GPS (L1) based 

positioning under the worst-case scenario. Currently, RAIM is only approved for 

supplemental navigation and is for non-precision approaches.  

▪ RAIM originated with the publication of RTCA DO-208 Minimum Operational 

Performance Standards for Airborne Supplemental Navigation Equipment Using 

Global Positioning System (GPS) in 1991.  

Traditional RAIM uses widely accepted, hard-coded integrity information, setting the 

probability of GPS constellation failure as negligible and the likelihood of an individual 

satellite failure at 10-5 per hour (e.g., single satellite fault). These assumptions were the 

recommendations of RTCA SC 159, and therefore were implicitly accepted by the navigation 

community. Avionics should not only have the ability to detect a faulty satellite (through 

RAIM), but it should also exclude this satellite and continue to provide guidance. This feature 

is called Fault Detection and Exclusion (FDE). An aircraft uses at least six satellite signals: 

four signals allow for basic positioning; five signals allow for detecting a faulty signal 

(essential RAIM function); six signals allow for determining which satellite is faulty (e.g., 

FDE). The latest version of MOPS for single frequency airborne navigation sensor equipment 

augmented by the ABAS system was prepared by RTCA SC 159 and published in 2009 [7]. 

There is an updated version of RAIM that augments GPS L1 signals in an updated 

interference environment taking into account the absence of Selective Availability (SA) [32]. 

Moreover, an additional (optional) output of a GPS receiver is specified: velocity and its 

accuracy. The standards in [7] define minimum performance, functions, and features for GPS 

sensors that provide position information to a system with multiple sensors or separate 
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navigation system. They also address RNAV equipment to be used for the en route, terminal, 

and Lateral Navigation (LNAV) phases of flight [7]. En route through non-precision approach 

applications require lateral navigation (horizontal position estimates) only. These operations 

rely on vertical position estimates from an onboard barometric altimeter [16]. Moreover, a 

barometric altimeter may be used as an additional input for RAIM so that the system provides 

a vertical reference and reduces by one the number of ranging sources required to provide 

lateral integrity of the navigation solution. Under such approval, aircraft carry dual systems 

and operators perform pre-flight predictions to ensure that there will be enough GPS satellites 

in view to support the flight route. In 2007, the FAA published Advisory Circular (AC) 90-

100A – U.S. Terminal and En Route RNAV Operations [29], which reflects PBN criteria that 

have been harmonized with the ICAO, and addresses RNP/RNAV systems used for 

navigation with GPS/GNSS, DME, and IRU. The AC90-101 requires the following system 

capabilities in specific cases: 

▪ TSO-129c sensor [9] is used to satisfy RNP/RNAV requirement solely; RAIM 

availability must be confirmed at dispatch, so called “Pre-flight Action5” using 

approved ground-based prediction software67. 

▪ TSO-145a/146a sensor [12]/ [13] with WAAS IFR GPS; avionics must have RAIM 

whenever SBAS system is unavailable.  

A reversion mode to the other navigation equipment is required in case RAIM is not 

available: “The crew must verify aircraft position by the other localizer necessary to be used 

to the route being flown (e.g., VOR, ILS, ADF and/or DME)” [29].  

The use of GPS as the only GNSS navigation service was approved, but not globally (Figure 

1-9). A key concern from the technical point of view here is the vulnerability of GPS signals 

to unintentional or intentional radio frequency interference. The situation will be no different 

for other GNSS constellations since the authorization and operation of GNSS aviation 

services in non-core constellation states are always related to legal and institutional issues 

[25]. 

The civil aircraft navigation types listed below use GNSS receivers carried on board for the 

needs of a flying airplane and at a minimum use GPS RAIM for integrity monitoring. 

Air Transport. Redundant multiple mode receivers (MMRs) are used with a GNSS sensor on 

board the aircraft. The multimode receivers are separated into digital and analog and process 

additionally to GNSS other navigation sensors [125]. The digital MMR provides GNSS, ILS, 

and Microwave Landing System (MLS) receiver capabilities within a single unit. An analog 

MMR additionally provides VOR and marker beacon receiver functionality. Moreover, 

MMRs may be linked to the flight management system (FMS), where the generated data is 

                                                 

5 All aircrafts use “Pre-flight Action” unless they can assure availability separately. 

6 FAA provides RAIM Service Prediction Tool (SAPT) available at http://sapt.faa.gov/raim-start.php (last access 

on 17 August 2017). 

7 AUGUR service is a web-tool which checks the availability of GPS Integrity (RAIM) for different operations 

including B-RNAV, P-RNAV, and RNP APCH to LNAV minima (available at 

https://www.eurocontrol.int/augur, last access on 17 August 2017). 

http://sapt.faa.gov/raim-start.php
https://www.eurocontrol.int/augur
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cross-checked, blended and provided to the pilots via displays, autopilot, and/or Terrain 

Awareness Warning System (TAWS).  

Regional/Business. The GNSS avionics configurations used for this category mainly depends 

on the size of the airplane. It could vary from sophisticated navigation systems as they use 

within the air transport category, where the GNSS sensor is installed typically as a separate 

unit. Smaller aircraft could be related to the GA category. Therefore, they use similar avionics 

to that described below.  

General Aviation (GA). A more standard configuration uses a panel mount unit which 

integrates GPS/SBAS with ILS/VOR and VHF communication functionalities.  

 

Figure 1-9: GPS approvals map 2007 (generated by C. Hegarty, updated version of [24])  

1.1.2.1 RAIM Operational Modes and Decision Outcomes 

The integrity, accuracy, and alert limit levels quantify the GNSS navigation performance 

statistically. The brief relationship to one another is described below and summarized in 

Figure 1-10. The true position is located at the red ball in Figure 1-10 to visualize the 

operational modes for the integrity monitoring of the navigation solution. The radius of the 

green shaded area (Position Error, or PE) describes the measure of the uncertainty contained 

in the estimate for the position dimension. It needs to be noted that the exact location is not 

known to the receiver. That is why there is a variable offset between the real and estimated 

position. The area within which the estimated position solution is located is called the 

confidence region.  

▪ Protection Level (PL) or integrity requirement is a radius of the circle defined in 

meters that will overbound a required percentage of the expected errors in a 

corresponding dimension.  
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▪ An Alert Limit (AL) is established to verify that the determined PL is smaller than the 

minimum position error magnitude in meters considered to be major (*or hazard) 

inducing as per MOPS and other standards (i.e., XPL<XAL8).  

 

Figure 1-10: RAIM Operational Modes  

Regarding the relationship between the three integrity measures depicted in Figure 1-10, six 

states can occur. Those states build up four RAIM statistical decision outcomes in Figure 

1-12.  The nominal operation is declared if PL bounds the PE and is overbounded by AL, e.g., 

PE<PL<AL condition holds. The integrity monitoring system is declared unavailable if PL 

exceeds AL but PL bounds PE, e.g., PE<AL<PL or AL<PE<PL condition occurs. The 

unavailability of the system can happen in the case of bad navigation accuracy. The system is 

unavailable and has misleading information if PL exceeds AL, but PL does not bound PE 

(e.g., AL<PL<PE). The misleading operation occurs if AL bounds PL but PE exceeds PL 

(e.g., PL<PE<AL). This can happen if statistics are assessed too optimistically. A hazardous 

operation is declared when AL bounds PL, but PE exceeds AL (e.g., PL<AL<PE). Since this 

is not easy to detect, it may result in an injury or damage. The well-used Stanford Diagram 

developed for SBAS systems shows perfectly the RAIM operational modes of the user 

receiver located at the reference station. If the system is operating normally, all the data is 

going to be in a white triangle (Figure 1-11).  

                                                 

8 X designating the horizontal H or vertical V component.  
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Figure 1-11: Stanford Diagram 

The primary task of RAIM according to the specification is that the receiver shall provide 

warning flags to the user to indicate that the GNSS satellite should not be trusted and used for 

navigation.  To protect users against satellite faults, the RAIM Fault Detection (FD) or its 

extended form Fault Detection and Exclusion (FDE) algorithm is applied to all satellites not 

flagged “Unhealthy” by the GNSS ground segment. FD creates a test statistic (Ts) from the 

redundant measurement suite and tests it against some threshold (TH) criterion to determine 

whether a “failure” has occurred or not. To declare that integrity (e.g., RAIM FD/FDE 

function) is “available” the algorithm must satisfy stringent statistical requirements on False 

Alarm rate (PFA) and Missed Detection Probability (PMD). Therefore, the RAIM algorithm 

requires a redundant number of ranges in the navigation system that vary independently. If 

there are not enough satellites in view, the RAIM algorithm is declared “Unavailable.” The 

number of ranges shall not be a problem for the future multiple GNSS RAIM operations. If 

the RAIM algorithm is declared “Available,” the statistical theory breaks up the error plane 

into four regions consisting of following possible outcomes Figure 1-12. 

 

Figure 1-12: RAIM FD Statistical Decision Outcomes 



 Introduction Page: 19 of 185 

 

 

 

1.1.2.2 RAIM Availability 

In the nineties, the GPS receiver was capable of capturing and demodulating L1 (1575.42 

MHz) Coarse/Acquisition (C/A) signal only. Since the original intention of the first GNSS 

navigation services was thought to be primarily used by the military for national security 

reasons, the U.S. government implemented a degradation of its satellite clocks. This 

intentional degradation of public civil GPS signals is known as Selective Availability (SA). In 

May 2000, the U.S. decided to remove this clock uncertainty, thus providing full access to the 

user of the navigation system. Later aviation receivers were able to take advantage of these 

improved accuracies. Since the certification process of flight equipment takes a long time, 

there are still some aircraft receivers hard coded to assume SA is still present (e.g., position 

bias of 45m, [32]). Please note that SA was only affecting the accuracy (e.g., introduced 

position error), but not integrity. It was quite clear at the beginning of the ABAS specification 

that the integrity bounds provided by RAIM on the positioning were going to be large and that 

safety critical applications are not covered. Currently, RAIM is only approved for 

supplemental navigation and is foreseen to be used for non-precision approaches. 

▪ Traditional RAIM algorithms were not designed to support precise approaches. 

Today’s SPS RAIM with Fault Detection (FD) function provides 99.7% RNP 0.1 (HAL = 

185m) service level 99% of operational time. There are some locations on Earth where RAIM 

RNP 0.1 service level is unavailable. It should be noted that aviation does not require RNP 0.1 

service level for non-precision approach operations. Figure 1-13, as of January 13, 2016, 

shows locations and duration of RAIM RNP 0.1 unavailability. At those locations, RAIM 

provides RNP 0.3 (HAL = 556m) service level.  

▪ Traditional RAIM is available globally - providing only lateral guidance and used only 

for Oceanic, En route, Terminal, LNAV approaches and Departure RNP/RNAV 

operations.  

 

Figure 1-13: SPS RAIM RNP 0.1 Unavailability (http://www.nstb.tc.faa.gov/24Hr_RAIM.htm) 

http://www.nstb.tc.faa.gov/24Hr_RAIM.htm
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1.1.3 Global Aircraft Navigation 

Automatic Dependent Surveillance (ADS) is a concept whereby aircraft continually transmit 

position, intent, and other data to air traffic management facilities or to other aircraft directly.  

▪ GNSS is the only onboard position sensor for the various ADS services implemented 

so far.  

Current U.S. standards include ADS-broadcast (ADS-B) functioning which continually 

broadcasts its location over a data link to air traffic services and other nearby aircraft. The 

incident of Malaysia Airlines Flight 370 which disappeared from Air Traffic Control (ATC) 

radars on the 8th of March, 2014, had a malfunctioning communication system (Figure 1-14).  

▪ The connectivity risk always exists when using real-time capable systems. 

▪ The ARAIM user algorithm output can provide controllers with precise information on 

position and velocity within the required confidence level, but it will not avoid a 

connectivity risk.  

The main benefit that ARAIM is going to provide to aircraft navigation is: 

▪ robust, accurate, continuous, and global navigation. 

This will support the management of a high volume of traffic in TMA. The other tangible 

benefit is that ARAIM can be implemented at a much lower cost than SBAS. It will contribute 

toward offering a robust global navigation service and a possibility to follow routes based on 

the daily updated jet stream wind pattern. ARAIM will become an irreplaceable part of 

ensuring the integrity of positioning onboard airplanes and will provide aircraft guidance 

using GNSS worldwide (Figure 1-15).  

 

Figure 1-14: Malaysia Airlines MH370 Missing Playback (retrieved from http://www.flightradar24.com, last 

access 17 January 2017) 

The main limitation of any GNSS augmentation system is that it relies on the navigation 

performance of core constellations. While GPS steadily improves its performance 

commitments published in [23], the accuracy is no longer an issue for en route flight 

operations. It is expected that, other than GPS core constellations like GLONASS, Galileo 

and BeiDou will be able to build a similar reliable performance over the years. Moreover, 

http://www.flightradar24.com/
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future updates of the documents will include the new civil signals L5 and L1C which will 

allow for having a Dual-Frequency (DF) service. This will to a great degree minimize the 

largest error uncertainty in the navigation solution using single-frequency receivers and open 

new opportunities for augmentation systems. With the measurements on dual frequencies, 

airborne receivers will be able to estimate the propagation delay error for the line of sight 

using so-called Ionospheric-Free (IF) measurements (Annex D.1). 

 

Figure 1-15: Robust integrity monitoring for all possible worldwide air routes 

The goal of the ARAIM system is to provide at minimum global and robust RNP service 

levels available 99% of the time. Indeed, the expectations of developers are even higher - to 

support LPV approaches worldwide. A validated implementation for LPV is the SBAS 

(Section 1.1.1.2). All existing and planned SBASs have announced an intent to modernize and 

support DF SBAS services: WAAS (U.S.), EGNOS (EU), GAGAN system (India), MSAS 

(Japan) and the SDCM (Russia). However, there are not necessarily guarantees nor is it 

assured when such service will become available. As one can see, GEO satellite footprints 

define the coverage area of an SBAS. There is a very high availability of LPV-250 service 

level for the upper part of the world map in Figure 1-16, which shows an estimated coverage 

of 36.42% (99%). Within this coverage area, States may establish service areas where SBAS 

supports approved operations.  

• The ARAIM concept’s advantage over the SBAS is that it monitors faults directly at 

the airborne receiver by relying on the Integrity Support Message (ISM).  

Therefore ARAIM benefits over SBAS through its global availability. The clear motivation 

for the development of ARAIM is given in Figure 1-17. Under normal operating conditions, 
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the expected ARAIM services using DF dual GNSS constellation strength can reach 98.7% 

global coverage of 99.5% availability of LPV-200 and a 100% availability of LPV-250 

service level, respectively. This figure is generated to be compared with the estimated 

coverage values for future SBAS displayed in Figure 1-16. 

 
Figure 1-16: SBAS future Status and Dual Frequency Coverage (generated by T.Walter, SU) 

 

 

Figure 1-17: DF ARAIM coverage 

The details of the ARAIM concept are discussed in this dissertation. The brief overview is 

given here to describe results illustrated in Figure 1-17: 

▪ The core constellation signal-in-space user range error (URE) accuracies are currently 

assumed to be 2/3 of User Range Accuracies (URA). Figure 1-17 illustrates the 

availability of LPV-200 service level using dual frequency 24 GPS and 24 Galileo 

satellites and URA of 1 meter. 
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▪ The probability Pconst set at 10-4 describes the performance of ARAIM when the 

residuals test contained in the avionics must also be used to check for constellation-

wide faults. The likelihood of satellite failure Psat is set at 10-5 and requires monitoring 

of each satellite for possible fault detection.  

▪ The bnom term is set at 0.75 meters and bounds the nominal errors arising from signal 

deformation, code-carrier incoherence, and antenna phase center variations.  

The results in Figure 1-17 show high coverage values for LPV-250 minima down to 98.7% 

(99.5% availability) of LPV-200-minima. It shall be kept in mind that for LPV performance 

levels ARAIM requires all three key elements: multiple constellations, various frequencies, 

and Integrity Support Message (ISM) with minimum monthly updates9. The results in this 

dissertation show that the URA values for ARAIM to provide a robust LPV service level must 

be better than 2.0 meters. It is acknowledged that the ionospheric field can impact all GNSS 

signals and its augmentation systems. It can lead to a great decrease in position accuracy or 

even a complete signal interruption. 

Currently, the simulation analyses have put in place large boundaries and various assumptions 

that can be used to achieve a conservatively assessed global performance in the interest of 

promoting the ARAIM system by maintaining safe and efficient global navigation. 

1.2 Previous Work  

Since the beginning of GPS use for civil navigation, it was stated that the integrity must be 

satisfied at each user location at all times. Early research studies were developing 

RAIM/ABAS concepts based on assumptions made in the early nineties about the expected 

navigation performance with GPS (L1) observations, and Selective Availability (SA) 

switched on. The pioneers in the area of GPS integrity monitoring were papers [48]-[62]. 

These articles summarize the definitions, civilian accuracy and alarm limit requirements, 

system characteristics and capabilities. The requirements for aviation were either derived 

from AC 90-45A or were the recommendations of RTCA SC 159. For all other civilian use 

(marine, land or space) the numbers were derived from the Federal Radionavigation Plan [19]. 

Two alternate equivalent approaches, which rely solely on pseudorange measurements, were 

crystallized already at the beginning and shall be kept in mind for clarity: range comparison 

vs. position comparison [48]. The estimated probability of the loss of integrity at 1.12x10-5 

[52] is mainly caused by random satellite clock faults and human keystroke errors in the GPS 

Operational Control Segment [62].  

The baseline Fault Detection and Exclusion (FDE) algorithm for aviation use was presented at 

the 49th Annual Meeting of the ION in San Francisco in June 1993. Major error sources were 

assumed: SA which has a correlation time on the order of minutes (3min, 30m); unintentional 

ephemeris or clock error which adds an additional 10 to 12 meters error; signal propagation 

due to the ionosphere, troposphere and multipath; user equipment internal errors including 

receiver noise, quantization, crystal clock period error effect, with asynchronous 

measurements; and the lever arm, which is a concern only if RAIM relies on measurement 

information from multiple Inertial Measurement Units (IMUs). The detection algorithm 

                                                 

9 To be defined in the near term.  



Page: 24 of 185 Introduction  

 

 

cannot distinguish between nominal measurement errors and measurement errors that would 

cause the horizontal radial position error to exceed the alert limit in Figure 1-2. It is also not 

known a priori what kind of error must be expected. The algorithms can only detect a bias 

error if it is larger than the level of measurement noise. The snapshot techniques focused on 

detecting slow growth and recursive errors were thought to identify the rapid expansion of 

error. For sole means navigation, both estimators were suggested to be used in parallel to 

achieve fault detection [57]: 

▪ Least squares batch estimator (snapshot technique): Does not rely on the 

measurement history, but it requires at least one redundant measurement.  

▪ Recursive estimator (typically a Kalman filter): Uses the history of the observation 

data to assess the trust of new measurement data and does not require redundant 

measurements, but has to deal with extensive error propagation models. 

The optional fault detection techniques include residual distance, squared residual distance 

(chi2), maximum separation, residual parity vector, and solution separation [62]. A baseline 

RAIM scheme and the equivalence of three RAIM methods are given in [54]. Some 

referenced methods also include integrated navigation data available on board the aircraft 

(e.g., Baro-aiding). On the one hand, we have the requirements. On the other, we have the 

vision of future systems which has promoted algorithm designers to add information to the 

integrity monitoring function in different forms as currently available in the literature. For 

instance, the user integrity monitoring chain designed for horizontal, en-route, GPS 

navigation is not properly tuned for the approach operation, where the emphasis is on vertical 

performance.  

If RAIM is extended to support vertical navigation, the error is considered to pose higher 

safety risk which leads to a stronger assessment of possible errors. All RAIM methods have 

common characteristics: a weighted combination of satellite errors, amplification of nominal 

or compensation of significant errors, where safety always precludes overbounding. RAIM 

was, at the beginning, the only method for obtaining GPS integrity pending the 

implementation of receiver external integrity methods, e.g., Local Area Differential GPS 

(LDGPS10), GPS integrity concept (GIC11). As progress in this area always continues, the 

definition of the integrity need by the navigation community is continuously intensified, and 

successful implementations have taken stable places in aviation applications (Figure 1-4).  

Current RAIM implementations operate with GPS (L1) and have been certified and used for 

non-precision aviation applications only. Based on DO-208 [6] the FAA has published a 

Technical Standard Order (TSO-C129c) which does not specify which RAIM algorithm is to 

be used. It specifies that the RAIM function shall provide worldwide availability of at least 

95%. As mentioned, in May 2000, the U.S. decided to remove the clock uncertainty (e.g., 

SA), thus providing full access to the user of the navigation system. Better yet, the largest 

error source was canceled. All of the techniques and procedures relevant to statistical 

decisions based on widely accepted snapshot techniques, plus recent extensions for protection 

levels and modified solution accuracies have been available since 2000 [59]-[63]. 

                                                 

10 Later GBAS and SBAS. 

11 Note, both GPS and Galileo Integrity Concept are abbreviated as GIC. 
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1.3 Current Research 

New integrity concepts were developed where the threat of misleading information moves 

from the major to the hazardous category [64-79] to support safety-of-life GNSS navigation. 

The new algorithms and assumptions that could provide vertical guidance have been labeled 

'Advanced RAIM' (ARAIM). The origins of this concept were established by the GNSS 

Evolutionary Architecture Study (GEAS) Group in 2010. The study in [37] shows results 

based on GPS only navigation accuracies (SVs-number varies from 18-30) and usage of 

L1/L2 signal frequencies. The Galileo Integrity Concept for the safety-of-life (SoL) service 

was suggested to the Galileo service providers. The full description of the user Integrity Risk 

(IR) calculation at the Alert Limit (AL) can be found in [70] and [74]. The Galileo Integrity 

Concept (GIC) requires a signal in space accuracy and integrity information provided to the 

user via Galileo NAV messages (e.g., real-time monitoring to meet the time to alert). On the 

output, GIC algorithm provides calculated IR at any user location. The analysis in [77] has 

revealed that the concept is similar to the suggested Advanced RAIM [37] that was also 

developed to protect against errors in the vertical dimension based on GPS navigation and is 

targeting LPV-200 operation minima. Therefore, it has to be noted that the Galileo SoL 

concept from 2011 is undergoing a re-profiling. One of the solutions under assessment is 

ARAIM with multiple GNSS (GPS and Galileo) developed within the framework of a 

bilateral agreement between the EU and U.S. Depending on the ARAIM architecture, there is 

foreseen a ground-monitoring network compliant with the necessary safety requirements. The 

research paper [95] describes and further develops two user receiver algorithms which were 

considered by a bilateral Integrity Monitoring (ARAIM) technical subgroup called ATSG 

[122]: the baseline ARAIM MHSS algorithm and an alternative approach termed Q*-MHSS. 

The availability performance, given either an equal or an optimized allocation of integrity and 

continuity budgets to all failure modes, was assessed [95]. The paper furthermore proposes an 

improvement to the protection level calculations by introducing a geometry check to optimize 

weak geometries and corresponding fault modes. These fault modes account for an excessive 

constellation (wide) consistent fault under relatively high constellation fault probabilities, 

such as may be necessary when initially starting ARAIM service with constellations that have 

a limited service history. Since the MHSS ARAIM under multiple failure hypotheses has 

distinct advantages in calculation over the Q*-MHSS concept, the baseline Advanced RAIM 

user algorithm is widely accepted by Working Group C (WG-C). The WG-C Advanced 

RAIM Technical Subgroup Reference Airborne Algorithm was described in reference 

document [45] in March 2015, and this thesis shows the development steps.  

DLR Project 'MultiRAIM' [88] initiated and realized by ISTA (Universität der Bundeswehr) 

from 2010 to 2011 examined the relationship of legal RAIM and proposed ARAIM in the 

GEAS study [37]. The least-squares residual based RAIM algorithm [63] was developed to 

handle multiple faults and to be compatible with assumptions made in the GEAS study [37]. 

Additionally, different 'user error models' were considered [77]. The basic ARAIM [37] and 

its optimizations suggested by J. Blanch in [82], [87], and [98] were implemented and 

compared to the performance of the Slope-Based detection algorithm. The necessary 

parameters for simulation runs were adopted from the WG-C study on 'Combined 

Performances for Open GPS/Galileo Receivers' [38] and further developed to account for 

noise and multipath in multi-GNSS and multi-frequency environments. A choice of various 

options enabled us to provide investigations that are interesting for other than aviation 

applications (e.g., maritime navigation, railway applications). For example, it was shown in 
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[85] that an extended Slope-RAIM is compatible to proposed MHSS ARAIM and achieves 

99.8% of IMO future GNSS availability requirements, A 22/Res. 915. Furthermore, the 

developed Multi-RAIM algorithm employs a single and the multi-GNSS measurements. It 

utilizes up to two frequencies and four constellations: GPS, GLONASS, Galileo, BeiDou. As 

a result, the 'MultiRAIM' project investigated GEAS results and Slope based detector under 

multi-GNSS and multi-frequencies (L1, L2, and L5). The results provided by Multi-RAIM 

using more than two GNSS constellations show stagnation in the navigation performance as a 

function of the number of measurements. It was found sufficient to have two robust baseline 

GNSS constellations to provide vertical service globally. The analytical comparison between 

slope based RAIM and MHSS ARAIM and several additional project outcomes can be found 

in the technical note [88]. A comprehensive analysis of the solution separation versus 

residual-based RAIM was also discussed by M. Jorger in [97] in 2014. By slightly lowering 

accuracy the integrity function (user algorithm) can optimize navigation system performance. 

As a result, integrity algorithms benefit when there is a margin in the navigation accuracy. 

The project study in [88] performed extensive investigations into the required number of 

satellites to take advantage of optimization as a function of navigation accuracy. Selection 

techniques like convex hull [135] modified to find the combination of satellites which 

provides the best geometric dilution of precision (GDOP) were examined [78]. This method 

applied in horizontal and vertical dimensions showed rapid deterioration of navigation 

performance and its integrity even using multiple constellations. It's hard to optimize integrity 

for vertical navigation using a selected (reduced) number of channels. The studies on satellite 

selection for SBAS systems in [105] showed that VDOP and VPL become worse when low-

elevation satellites are removed in favor of higher ones. The study suggests not attempting to 

replace the selected set of satellites too often, but to give priority to satellites that are tracked. 

Moreover, based on the all-in-view geometry, the research investigation in [105] proposes an 

algorithm that creates a ranked list of which satellites are most important to track. To provide 

a protection level for vertical navigation by relying on an onboard integrity monitoring 

function requires even higher levels of scrutiny than any suggested selection technique so far. 

1.4 Thesis Contributions 

This work focuses on the development of Advanced Receiver Autonomous Integrity 

Monitoring (ARAIM) algorithms and can also serve as a starting point for a design of similar 

concepts that could also be adopted for applications other than aviation (e.g., maritime 

navigation, railway applications). Moreover, this dissertation provides an overview of the 

existing requirements and trade-offs that system providers and integrity monitoring designers 

shall consider when looking to the future. The top two goals of the dissertation are to describe 

the ARAIM concept in the multi-GNSS environment and its benefits over the traditional 

RAIM. In the case of a strong navigation performance issued by constellation providers, there 

is a possibility to increase ARAIM service availability gained at the cost of degradation of the 

fault-free navigation solution. This thesis offers lots of material to reproduce current results 

and can serve as a tutorial assistance to the ongoing development of ARAIM user algorithms. 

The results are generated from the Integrity Support Tool for Advanced RAIM (ISTAR) 

program written in Matlab language. ISTAR is a software tool developed within the 

framework of this thesis and applied for different projects [88],[90]. It also provided results 

for the WG-C on Advanced RAIM. The reader will find a definition of usage scenarios to get 

clear evidence to the expected performance levels of the ARAIM system. The particular 

contributions to this research topic and the main conclusions can be summed up in the 

following: 
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Investigation of failure modes that are used to monitor the integrity of GNSS-sensor 

positioning in the multiple constellations environment and evaluate dependability of a 

system whose design correctness is conditioned on the validity of the assertions made in 

[43]. In fact, the user algorithm generates possible fault modes and even their 

combinations about the magnitude (power) of ISM parameters. One of the critical steps in 

algorithm design is the allocation of risk provisions to each claimed fault combination 

individually. One of the ways to do this is shown in this work. Finally, the assessment of 

the remaining integrity risk coming from not monitored fault modes is bounded. The 

overall impact on algorithm performance is evaluated afterward.  

Earlier work on RAIM is extended. Theoretical description of the slope based concept 

extended to monitor all fault states under assumptions that are later formalized as 

assertions in Milestone 3 report of ATSG WG-C [43]. This extension advances the 

understanding of the main differences between the present MHSS ARAIM algorithm 

proposed by ATSG WG-C in 2015 and the version of the RAIM algorithm from 1991 [6]. 

Conducted simulation study assesses a quantitative difference in magnitude between fault 

detection monitors which could be used by the ARAIM user algorithm. It demonstrated 

that the ARAIM user algorithm could be based on slope detector. The proposed Slope 

ARAIM algorithm meets requirements and shows comparable results to baseline MHSS 

ARAIM coverage results considered as a benchmark. It remains to be seen which 

detection monitor receiver manufacturers wish to implement. Baseline ARAIM MHSS 

[45] is currently suggested to be standardized and possibly certified.  

Alternate equivalent approach referred to as Q*-MHSS. Theoretical description of the 

Q*-transformation method [127] further developed here to provide integrity to LPV-200 

precision approach service. This ARAIM user algorithm is referred to as Q*-MHSS and 

assumes that there could be a single fault, multiple independent faults, or a constellation 

wide consistent fault. The key finding is that the scaling factor that shows the proportion 

of separation between the full set and a fault mode solution in the q-th direction can be 

taken as a metric to optimize algorithm performance. This can be applied to any ARAIM 

user algorithm.  

The benefits of the MHSS Advanced RAIM (ARAIM) over traditional concepts for 

integrity monitoring of GNSS based navigation were demonstrated. The significant 

opportunities and possible improvement of the RAIM operational service level are 

quantified and supported by examples. Here, the H-ARAIM concept was primarily 

analyzed as a successor of the current GPS (L1)-RAIM module. Trade-offs among 

possible ARAIM architectures were discussed based on the capabilities of near and far 

future system components. A parametric study is set up as an intermediate link between 

system components and the range of MHSS ARAIM performance levels. The 

performance improvements were achieved thanks to the '1-D optimization' technique 

shown. In conclusion, recommendations were made concerning ARAIM system design 

drivers. 

Receiver design considerations for ARAIM implementation. The optimal number of 

satellites selected by the airborne algorithm to provide a robust ARAIM service was 

evaluated against the performance of the benchmark. Starting this analysis with the most 

challenging operational level of service expected from ARAIM (e.g., LPV-200) and 

turning to the expected early horizontal service only (e.g., H-ARAIM), this work provides 

a comprehensive trade-off between ARAIM output parameters and the selection of the 
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satellites. This analysis forms the basis for the evaluation of the results with a constant 

number of selected satellites and concludes with final adjustment of the ARAIM user 

algorithm, highlighting key findings and expected performance. 

The parametric study produced by this research can help receiver designers and constellation 

service providers to reveal the parameters that contribute the most to the overall performance 

in the future.  

1.5 Thesis Outline  

The top two goals of the dissertation are to describe the ARAIM concept in the GNSS 

environment and its benefits over traditional RAIM. The first chapter provides motivation and 

a background on RAIM algorithms. The optimal allocation of integrity risks between the fault 

modes increases the availability of the integrity user algorithm. Therefore, traditional RAIM 

techniques adjusted to multiple faults are directly linked to the formulas used within the 

ARAIM user algorithm [45].  These absolutely necessary basics are explained in Chapter 2. A 

theoretical description of the slope based concept extended to monitor all fault states under 

assumptions that are later formalized as assertions in the Milestone 3 report of ATSG WG-C 

[43] is added on top of that.  It is shown how to use the slope monitor for the detection.  The 

pre-calculation of geometry dependent parameters for each fault mode are used for ease of 

understanding and given at the beginning of Chapter 3.  Any ARAIM user algorithm can use 

these parameters. Moreover, next to the baseline ARAIM MHSS (considered as a 

benchmark), Chapter 3 discusses an alternative ARAIM user algorithm.  The so-called Q*-

MHSS ARAIM user algorithm was proposed in 2012 by a respective EU-U.S. working group 

C on ARAIM and developed here to handle multiple faults. The differences between 

algorithms are identified, and the calculation of protection levels is further explained in more 

detail.  Both Chapters 2 and 3 are intended to be a tutorial with numerical examples that help 

to better understand all the mathematical equations used within the integrity monitoring chain.  

Based on that, a link between the traditional RAIM algorithm (developed further in this work) 

and the baseline ARAIM MHSS (considered as a benchmark) is made.  Chapter 4 deals with 

the evaluation methodology and defines scenarios for integrity testing of ARAIM service 

levels. Most material herein was first discussed in WG-C and some of the generated results 

were published in Milestone reports of WG-C [40, 42, and 43]. Chapter 5 is dedicated to 

showing the vulnerability of the ARAIM system and how a simple optimization technique 

improves ARAIM global performance availability. The sensitivity analysis for operational 

utility for all expected ARAIM service levels is provided in Chapter 6. The goal here is to 

highlight ARAIM operational benefits. The robustness of horizontal ARAIM (H-ARAIM) to 

possible interferences using single and dual frequency operational modes is demonstrated. 

Moreover, a parametric study in Chapter 6 shows operational cases for the ARAIM user 

algorithm that could provide benefit to en-route and transatlantic flights soon and opens new 

possibilities to develop flying procedures with lower minimums. Those results are evaluated 

for the single and dual frequency ARAIM user algorithm to figure out the system’s behavior 

in the case of losing one of the frequencies (L1 or L5). Chapter 7 summarizes research results, 

highlights key findings, and provides accompanying illustrations of services as a function of 

geometry, signaling frequencies, and ISM parameters. At the end of the dissertation, some 

examples and illustrations may be helpful to better understand the conducted analysis and 

generated plots. Terminology in Annex A is used to ease a search for acronyms and terms 

used throughout this dissertation. Annex B summarizes all notations and numerical values 

used for ARAIM/RAIM user algorithms. The auxiliary functions and nominal error models in 

Annex C and Annex D are required for the mathematical model, respectively. The origins of 
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the MHSS ARAIM concept with equal risk allocation between fault modes were established 

by the GNSS Evolutionary Architecture Study (GEAS) Group in 2010 and are summarized in 

Annex E. The coverage values used to generate the table overview of available results shown 

in this dissertation are given in Annex F for LPV and in Annex G for RNP service levels. The 

additional information on satellite selection is included in Annex H. Previous research in [88], 

used as a starting point for the analysis of the required number of satellites conducted in this 

work, provides results regarding statistical dependence on the number of satellites 

summarized in Annex I. Moreover, the derivation of the probability of occurrence of 

misleading information and the Q*-transformation table used within the Q*-MHSS user 

algorithm are given in Annex J. The results of the baseline MHSS ARAIM algorithm 

developed in [45] and considered here as a benchmark are cross-checked with the Stanford 

University Matlab-tool 'MAAST' in [129]. The main differences are highlighted in Annex K. 

The numerical example in Annex L is dedicated to presenting a calculation of different 

protection levels described in this dissertation. The almanac for the current GPS constellation 

can be found in Annex M. The details on GNSS navigation performance levels (minimums) 

are documented in ICAO’s Standards and Recommended Practices (SARPs) and related 

guidance material and are summarized in Annex N. 
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2. RAIM Development Overview 

As previously stated, GPS augmented by RAIM has been used for aircraft navigation since 

the early nineties. GPS with navigation data on the L1 (1575.42 MHz) frequency has proven 

to be reliable over the last two decades. Misleading information during en route, terminal, or 

non-precision approach navigation supported by RAIM is designated as a major failure [23]. 

Conventional GPS (L1)-RAIM statistical assertions rely on a single satellite failure 

assumption (Psat=10-5)12 and no GPS constellation (wide) fault (Pconst = 0). The probabilities of 

false alarm (PFA) and missed detection (PMD) are constant rates hard coded into the receiver. 

The GPS (L1) navigation performance is tracked in the Standard Positioning Service - 

Performance Standard (SPS-PS) document, where all adopted statistics for GPS (L1)-RAIM 

used for lateral navigation met with margins (Figure 2-5). The significant improvement in 

GPS satellite reliability, gained by its clock and ephemeris accuracies, today enables non-

precision GNSS operations with high availability of GPS L1 service. Today GPS (L1)-RAIM 

provides the RNP 0.1 service level with high global availability (Section 1.1.2.2). The GPS 

(L1)-RAIM conceptual design is undergoing a revolution as many GNSS are on the way to 

reaching their full operational capability, offering more modernized signals (Section 2.1). 

Continuous improvement, transparency, and robustness of GPS service on the L1 frequency 

are the key elements of the current RAIM’s performance achievements. By having Multiple 

Constellations (MC), where the number of satellites added into the navigation solution 

increases, RAIM lateral navigation performance is expected to be even better and foremost 

globally.  

▪ In the integrity monitoring context, the accuracy of a navigation solution plays an 

important but not primary role. In the improvement of RAIM performance, the 

robustness of the signal and its particular availability are most important.  

While available since the early nineties, GLONASS has not established a publicly accessible 

service document as GPS has. For that reason, the RAIM developers use GPS statistics scaled 

to address concerning assertions made on observed GLONASS navigation performance 

(Figure 2-8). The URA and PMD of GPS (L1) performance scaled and described the expected 

signal in space navigation accuracies and expected failure rates Psat and Pconst of each core 

constellation individually. As a result, first investigations have shown that multiple 

constellations increases the number of ranges available for navigation purposes, and so 

increases the availability of RAIM itself. This increases GNSS operational performance 

flexibility across different applications for navigation (e.g., maritime, aviation, land 

applications).  Precision approaches with vertical guidance have even more stringent 

requirements on accuracy and integrity of GNSS navigation performance. Here, the threat of 

misleading information moves from major to the hazardous category. A classification and 

description of the major and hazardous level severity terminology can be found in (Annex 

A.2) and [5]. 

• In practice, this means that the generation of the Vertical Protection Level (VPL) must 

go through much more scrutiny and it is not enough to have single frequency 

navigation accuracies. DF navigation accuracies become an essential condition for 

GNSS-based operations where the priority is the vertical guidance.  

                                                 

12 Psat at 10-5 and higher values requires integrity user algorithm to monitor each satellite for a possible single 

satellite fault (e,g. narrow fault, see Section 4.4). 
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It is essential to improve navigation accuracy in order to be more flexible. Moreover, 

improved navigation accuracy supports optimization techniques leading to the overall 

increase in the system’s performance. The integrity monitoring function benefits significantly 

by utilizing multiple measurements on L1 and L5 frequencies across robust GNSS 

constellations. Depending on the receiver technical capabilities and availability of signals, 

RAIM algorithms will become more flexible and can operate by using single or dual 

frequencies. The navigation solution based on single frequency (SF) measurements integrates 

corrections for the ionospheric delay (Annex D.2) by applying validated empirical models. 

Those receivers that process dual-frequency (DF) measurements reduce to a great extent the 

magnitude of errors by applying the iono-free combination (Annex D.1). Indeed, the 

integration of DF-GNSS measurements into the mathematical navigation model increases 

accuracy and integrity of the position solution (Section 2.2). With regard to the federal radio 

navigation plan [19], there will be a minimum of three available civil signals provided by 

each GNSS in the future (Section 2.1, Figure 2-1). Only L1 and L5 are of interest for aviation 

applications. Why L5 as a solution for the second frequency? The L5 signal on protected 

frequency is shared by all GNSS and all SBAS systems. Moreover, this signal was 

specifically developed to provide increased robustness. The signal design enables better 

multipath mitigation and higher received power. There will be more L5/E5 signaling 

frequencies than L2C (Figure 2-1). Moreover, it is more widely separated from L1, which 

minimizes the iono-free linear combination errors. Since there are currently not enough 

broadcast signals on L5 for MCDF RAIM use, the integrity monitoring module shall 

internally identify and automatically switch between the modes. It will take some time to 

develop and validate error models on L5. Today’s accuracy provided by a navigation solution 

based on single constellation L1 measurements meets aviation requirements for en-route 

through non-precision approach (Section 1.1.2.2). The simulation results show expectations 

that DF and single GNSS constellation (e.g., DFSC scenario) RAIM applications will be more 

effective than the SF and dual GNSS constellations (see H-ARAIM performance in Section 

6.2). As a result, the decision on Multiple Constellations (MC) Single Frequency (SF) or Dual 

Frequency (DF) RAIM use depends mainly on the availability and robustness of signals. 

When signals are available, and GNSS is robust, it is important to demonstrate compliance 

with the availability requirements for the targeted service level.  

This chapter is largely a tutorial serving two purposes. First, the focus is put on overview of 

the current development status of snapshot RAIM algorithms and generation of Protection 

Levels using a Slope detector. Second, an introduction is given to the new algorithms and 

assumptions that could provide vertical guidance that have been labeled 'Advanced RAIM.' 

As mentioned earlier, the origins of the ARAIM concept were established by the GEAS group 

in 2010. The study in [37] shows results based on GPS only navigation accuracies (SVs-

number varies from 18-30) and usage of L1/L2 signal frequencies. Further studies have 

revealed that something was still missing in RAIM/ARAIM algorithms designed for 

lateral/vertical guidance. It showed that the user must be protected against not only 

independent satellite faults not flagged by the ground in real time, but also against possible 

dependent faults within the same constellation.  

▪ RAIM/ARAIM algorithms rely on a detailed threat characterization and risk 

allocation. 

This dissertation shows results using the latest threat model developed by the WG-C group 

and published in [41]. It revealed that the constellation faults could not be ignored. This is still 
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a question in how the ARAIM system architecture will look and if it will be sufficient to show 

robust operational performance. Last but not least is the validation of correct understanding of 

the operational needs and safety matters and evaluation of RAIM/ARAIM to maintain those 

specifications.  For that reason, the WG-C group has established three architectures that are 

suggested to implement incrementally: H-ARAIM, Offline ARAIM, Online ARAIM (Section 

2.4). The Offline architecture is attractive to service providers because it could reduce the cost 

of ground infrastructure. Before any of this is possible, ARAIM must be proven to have the 

necessary accuracy and integrity. 

2.1 Multi-GNSS Environment  

This section provides an overview of GNSS limitations and the technical status of the core 

GNSS constellations today. The most recent summary of the updates and performance status 

of GNSS are given by the Multi-GNSS Experiment and Pilot Project (MGEX). The multiple 

GNSS include the following constellations: GPS, GLONASS, Galileo, BeiDou. In addition to 

the global satellite constellations, there are the following regional systems: QZSS, NAVIC 

(IRNSS), and SBAS. The Global Positioning System (GPS) first reached Full Operational 

Capability (FOC) on July 17, 1995, and has successfully supported navigation applications 

through today. Chronologically the world’s second GNSS system is the Russian Federation’s 

GNSS – GLONASS. The economic collapse after the fall of the Soviet Union led to its 

underfunding and only seven operational satellites by 2001. An FOC was achieved during the 

GLONASS Space Segment Modernization Program (2012-2015). Both GPS and GLONASS 

already provide accurate positioning and time reference information for various applications 

worldwide. Europe’s GNSS called Galileo is intended to be an EU civilian GNSS that allows 

access like the other two. On 16 December 2016 Galileo started to provide first Initial 

Services for authorities, businesses, and citizens. The BeiDou satellite system from China 

(earlier referred as COMPASS) currently comprises a total of 15 satellites (as of December 

16, 2016). The current status of the global multiple GNSS networks along with supporting 

information from the site database is shown on the IGS Network page http://mgex.igs.org/.  

According to Annex 10, there are two core constellations that have been incorporated into the 

Standards and Recommended Practices (SARPs): GPS from the U.S. and GLONASS from 

the Russian Federation. There are two others on the way to be included in the updated 

document: Galileo (European) and BeiDou (Chinese). All those GNSS are interoperable and 

compatible:   

▪ Each GNSS core constellation provides vital strategic national functionality, and each 

has a stated requirement for independence from the others, 

▪ Each has been independently developed and independently operated, 

▪ Shared frequency bands (Figure 2-1) 

▪ Shared information employed by all GNSS: physical constants, coordinated reference 

frame definitions13, and timing standards14. 

                                                 

13 Each constellation uses its own state’s implementation of the International Terrestrial Reference Frame 

(ITRF), which are consistent to within centimeters of each other. Physical constants change slowly with time.  

14 Timing offsets between the different GNSS are directly estimated by the user or provided within the NAV 

message. 

http://mgex.igs.org/
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Concerning the Federal Radio Navigation (FRP) plan [19], there is going to be a minimum of 

three available civil signals provided by each GNSS in the future. An FRP covers both 

terrestrial- and space-based operated PNT systems. An overview of GNSS core constellations 

and available measurement frequencies is given in Figure 2-1.  

 

Figure 2-1: GNSS Navigational Frequency Bands (generated by S. Wallner) 

Many factors were considered in determining the optimum mix of GNSS. Relevant technical 

parameters include system accuracy, integrity, coverage, continuity, availability, reliability, 

and radio frequency spectrum usage.  
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GNSS interference can come from a variety of sources, including radio emissions in nearby 

bands, intentional or unintentional jamming, and naturally occurring space weather. 

Vulnerabilities and shortfalls for GNSS are summarized in Figure 2-2.  

Specifically, most shortfalls for GNSS come from local environments: 

▪ Physically impeded environments (e.g., indoors, multi-story buildings, urban canyons, 

and underground), 

▪ Electromagnetically obstructed environments (intentional, unintentional interference, 

jamming, spoofing), 

▪ Ionospheric scintillations.  

 

Figure 2-2: Overview of GNSS Threats  

The growing need for desired higher accuracy and integrity for future aviation, highway, rail, 

maritime and other safety applications always demands a major consideration that must be 

balanced with a needed operational capability.  

To improve the accuracy of the position solution, various countries have their regional system 

where they develop their own procedures and estimate the ionospheric corrections based on 

local best suitable models. (Section 1.1.1.2).  

The SBAS is very beneficial for those regional areas shown in Figure 2-3. The SBAS 

augments core satellite constellations by providing ranging, integrity, and correction 

information via GEO satellites in Table 2-1 using the L1 frequency. All existing and planned 

SBASs have announced an intent to modernize and support dual frequency (L1/L5) SBAS 

services: WAAS (U.S.), EGNOS (EU), GAGAN system (India), MSAS (Japan) and the 

SDCM (Russia). The China is also interested in creating its own Satellite Navigation 

Augmentation System (SNAS). Australia is leading a test project of a Satellite-Based 

Augmentation System GATBP. with an interest to overcome the current gaps in mobile and 

radio communication and receive accurate positioning anytime and anywhere within Australia 

and New Zealand.  
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Figure 2-3: Global overview of regional SBAS 

 

Table 2-1: SBAS GEO satellites (http://mgex.igs.org/IGS_MGEX_Status_SBAS.html, retrieved on 3 

December 2017) 

http://mgex.igs.org/IGS_MGEX_Status_SBAS.html
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2.1.1 GPS 

The GPS baseline core constellation consists of 24 operational satellites available 95% of the 

time [113]. However, the design of the GPS space segment is comprised of 31 operational 

satellites in six orbital planes as of December 3, 2017: 12 Block IIR: L1 C/A, L1 P(Y), L2 

P(Y); 7 Block IIR-M: adds L2C, L1M, L2M signals; 12 Block IIF: adds L5 signals. Nine 

additional satellites are in residual/maintenance status. Those additional satellites are not 

considered to be a part of the core constellation. Each plane contains four 'slots' occupied by 

baseline satellites. In June 2011, the Air Force expanded three of 24 slots and so repositioned 

in total six satellites. These maneuvers have resulted in a 27-slot constellation, which is 

expected to replace the baseline core constellation. Modified battery charge control has 

extended GPS IIR and IIR-M life by 1-2 years per satellite vehicle. About the time of the GPS 

III status overview provided at the Munich Satellite Navigation Summit in 2016 [117], four 

civil signals were planned in total: L1 C/A, L1C, L2C, L5; four military signals: L1/L2 P(Y), 

L1/L2M; and three improved Rubidium atomic clocks. The satellites operate in near-circular 

20200km orbits (medium Earth orbit, MEO) at an inclination angle of 55 degrees to the 

equator. It takes 11 hours 58 minutes for each satellite to complete an orbit. The baseline GPS 

expandable 24-slot satellite constellation is defined in [23] and is depicted in Figure 4-5 in 

Chapter 4. 

The GPS control segment has one master control station in Colorado, 15 monitor stations 

located throughout the world, and four dedicated ground antennas with uplink capabilities. In 

addition to these, there is support from seven Air Force Satellite Control Network (AFSCN) 

remote tracking stations worldwide (Figure 2-4). The monitoring stations are passively 

tracked and transmit the measurements from GPS satellites into the master control channel. 

The master control station receives this information, processes the orbit determination and 

time synchronization (ODTS), and generates the data to update the navigation message of 

each satellite. This updated information is transmitted to the satellites via the ground upload 

stations. The current system’s Operational Control Segment (OCS) includes disposal 

operations software systems and cyber security enhancements which are still in progress. It is 

in the architectural evolution plan and is going to be renamed into OCX and include a 

modernized command and control system with M-Code, advanced civil and signal monitoring 

with improved PNT performance. 

 

Figure 2-4: GPS Ground Segment and Orbital Configuration 
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Central transmission frequencies – Data broadcast radio frequencies selected from the radio 

frequencies in the bands of L1, L2, and L5. GPS SPS [23] utilizes a coarse acquisition (C/A) 

code on the L1 frequency (1575.42 MHz), available and mainly used to provide global, 

accurate positioning for civil navigation use. The L1 frequency is also used for the civilian 

(L1C) and military (M) codes on the Block IIR-M satellites. A second civil signal, L2C, is 

designed to meet commercial needs and assures higher accuracy through ionospheric 

correction. A precise positioning service (PPS), utilizes the Precise Code (P-code) on a second 

frequency L2 (1227.6 MHz) that is encrypted to restrict its use to authorized users. The lowest 

assignable frequency is L5 (1176.45 MHz), which is proposed for use as a civilian safety-of-

life (SoL) signal. 

Access technique – The Code Division Multiple Access (CDMA) spread-spectrum technique 

allows all satellites to use the same frequencies without mutual interference.  

Navigation information – The navigation data transmitted by GPS includes the following 

particulars: pseudo-random code, ephemeris data (updated every two hours; a fit interval for 

four hours) and almanac data (updated every 24 hours). Klobuchar parameters are included in 

the ephemeris data to correct navigation data for ionospheric delay. 

The Interface Control Document (ICD) GPS-200 [113] defines the requirements related to the 

interface between the Space Segment (SS) of GPS and the navigation user segment. Since 

1994, the U.S. has offered the GPS standard positioning service (SPS) to support the needs of 

international civil aviation and remains the main feature of GNSS based operations. GPS SPS 

(L1) position errors shall not exceed the limits in Table 2-2. 

 

Table 2-2: GPS SPS Position Accuracy [5] (Annex 10, vol.1, item 3.7.3.1.1.1) 

GPS uses the geodetic reference datum World Geodetic System 1984 (WGS-84) approved as 

a common reference frame for aviation by ICAO. There is continued performance 

improvement as new satellites replace older satellites (Figure 2-5). The best weekly average 

for URE was 52.7cm observed on 23 November 2014 [113].  

 

Figure 2-5: GPS Signal-in-Space Accuracy from 2001 to 2013 [2] 
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2.1.2 GLONASS 

ГЛОбальная Навигационная Спутниковая Система (ГЛОНАСС, Engl. GLONASS) is an 

alternative to the GPS navigation system provided by the Ministry of Defense of the Russian 

Federation. In 1996, the Russian Federation offered the GLONASS Channel of Standard 

Accuracy (CSA) to support the needs of international civil aviation, and the ICAO Council 

accepted this offer [5]. The nominal GLONASS space segment consists of 24 operational 

satellites and several spares. There are currently 27 satellites in total, where 23 are 

operational, one in maintenance, two spares and one in flight test phase (as of July 28, 2016). 

GLONASS satellites orbit a medium earth orbit at an altitude of 19100 km with an orbital 

period of 11 hours and 15 minutes. There are eight evenly spaced satellites arranged in three 

orbital planes, inclined 64.8 degrees and spaced 120 degrees apart. GLONASS orbits are 

more suitable to users located at Russian Federation and at high latitudes (north or south). The 

GLONASS constellation geometry repeats about once every 8/7 sidereal days. Concerning the 

presidential decree of May 17, 2007, No. 638, GLONASS is the core element of the national 

PNT infrastructure. The latest GLONASS federal program was adopted in 2012 and serves as 

an instrument for implementing national policy in PNT. Today’s space segment program is 

going to modernize GLONASS-M by GLONASS-K satellites, which have a prolonged 

guaranteed lifetime, more stable onboard clocks, an introduction of SAR payload and new 

signals. Moreover, GLONASS civil services are free and, like GPS, unlimited globally.  

 

Figure 2-6: Position geometry factor PDOP and GLONASS Orbital Configuration (as of 12/12/2016) 

The GLONASS control segment consists of the master control center and a network of 

command tracking stations across Russia (Figure 2-7). The System Control Center (SCC) is 

located in Krasnoznarmensk and is responsible for the control and management of the 

GLONASS constellation. It processes the information collected from the command and 

tracking stations distributed throughout the Russian territory and uploads the navigation data 

to the satellites once a day. There are three upload stations located in Yenisseisk, 

Komsomolsk, and Schelkovo. The central clock is situated in Moscow (Schelkovo) and is 

used to synchronize GLONASS time. Two Satellite Laser Ranging (SLR) stations with 

geodetic-class receivers connected to hydrogen maser frequency standards allow monitoring 

of onboard clocks and use of the data for operational control of GLONASS time and 

ephemeris data.  
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Figure 2-7: GLONASS Ground Segment 

Central transmission frequencies/access technique – GLONASS satellites broadcast in two 

L-Band portions of the RF spectrum (Figure 2-1) using the same code at slightly different 

frequencies via the frequency division multiple access (FDMA) concept. Therefore, a 

GLONASS receiver separates the total incoming signal from all visible satellites by assigning 

different frequencies to its tracking channels. The center frequency of L1 is 1602 MHz + 

nx0.5625 MHz, where n is a satellite’s frequency channel number (n = -7,-6,-5,..0,..6). The 

use of FDMA permits each GLONASS satellite to transmit identical P-code and C/A code. 

GLONASS is designed to use 15 channels to support antipodal (opposite side of the planet in 

orbit) transmission, i.e., to share the frequencies between the satellites that are never both in 

view for the user on the Earth at the same time. The L2 band signals use the same FDMA as 

the L1 band signals, but transmit straddling 1246 MHz with the center frequency 1246 MHz + 

nx0.4375 MHz, where n spans the same range as for L1. Since 2008, research has been in 

progress for new CDMA signals for use in advanced applications. According to the 

preliminary statements from GLONASS developers, there will be three open and two 

restricted CDMA signals [117]:  

▪ GLONASS-M satellites produced from 2014 broadcast FDMA Signals on L1 and L2 

and open CDMA signal L3OC centered at 1202.025 MHz with BPSK(10) modulation 

for both data and pilot channels for testing purposes. 

▪ The first block of GLONASS-K satellites (Glonass-K1) is going to broadcast the new 

CDMA signals on L3OC.  

▪ The second block of GLONASS-K satellites (Glonass-K2) adds two more CDMA 

based signals broadcast at the L1 and L2 frequencies. The existing FDMA L1 and L2 

signals will continue to be broadcast as well as to support legacy receivers. 

▪ The third block of GLONASS-K satellites (GLONASS-KM) will add an L5 OCM 

signal with BPSK(10) modulation centered at 1176.45 MHz, similar to the GPS 

“Safety of Life” and Galileo/COMPASS signal E5a. 
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The Glonass-K1 test satellite launched in 2011 (Table 2-3) showed that all systems operate 

without any problems, with the experimental use for the intended purposes starting in May 

2011. December 1, 2014 was the second launch of Glonass-K1 which serves as a prototype 

for the operational GLONASS-K2 spacecraft. Glonass-K2 should gradually replace existing 

satellites starting in 2017.  

 

Table 2-3: Russian Satellites status (translated from https://ru.wikipedia.org/wiki/Глонасс-К) 

Navigation information – The navigation message of the CSA signal (L1OF/L2OF15) 

modulated at 50 bps is transmitted from each satellite on a different frequency as continuously 

repeating superframes with a duration of 2.5 minutes. The message content divides the data 

into immediate and non-immediate data. The immediate data comprises information on 

satellite coordinates, velocity vector components, corrections to GLONASS system time, the 

relative difference between a carrier frequency of the satellite and its nominal value, and 

satellite health information. The ephemeris parameters are predicted from the Ground Control 

Center for a 24 hour period and are updated every 30 minutes. The non-immediate data 

broadcasts the almanac for 24 satellites and reserved bits, and is updated approximately once 

a day. The GLONASS NAV message transmits no parameters to correct for the ionospheric 

delay.  

As a geodetic system, GLONASS uses the Parameters of Earth 1990 coordinate system (PZ-

90). Ephemeris information includes the three-dimensional Earth-Centered Earth-Fixed 

(ECEF) position, velocity, and acceleration for every half-hour epoch of each satellite 

(±15min). For a measurement time t0, a user extrapolates the satellite’s coordinates using a 

fourth-order Runge-Kutta numerical integration. The Interface Control Document (ICD) for 

GLONASS provides guidance for the GLONASS users and is available at 

http://www.glonass-cener.ru. Since ICAO has approved WGS-84 as a global navigation 

system, there is a conversion matrix that shall be applied from PZ-90 to WGS-84. This 

transformation matrix is regularly updated. There was an approximately 400ns offset between 

                                                 

15 Later use. 

http://www.glonass-cener.ru/
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GLONASS time and UTC(SU) before August 2014 [117]. Currently, the offset is kept within 

12-15 ns (RMS), where the error of broadcast corrections to GLONASS time does not exceed 

12 ns.  

 
Figure 2-8: Current Available GLONASS User Range Errors (as of 12/12/2016) 

The accuracy improvement is going to be achieved using: 

▪ ground segment modernization,  

▪ the introduction of new onboard atomic frequency standards (2 CAFs + 2 FAFs), 

▪ inter-satellite crosslinks in RF and optical bands, 

▪ transition to PZ-90.11 Geodetic System aligned to the ITRF with mm level, and 

▪ synchronization of GLONASS time scale with UTC(SU) at less than 2ns. 

PDOP values shown in the left plot in Figure 2-6 show the goodness (strength) of position 

estimation based only on GLONASS measurements (Section 2.2.2).  

The ICAO in [5] specifies accuracy standards on the GLONASS Standard Accuracy Channel 

summarized in Table 2-4. The time transfer errors shall not exceed 700 ns 95% of the time.  

 

Table 2-4: GLONASS CSA (L1) Position Errors (Annex 10, vol.1, item 3.7.3.2.1.1) 

Moreover, the frequency of major service failure for GLONASS SVs shall not exceed more 

than three per year for the entire constellation, and the reliability of GLONASS CSA shall be 

within at least 99.7% (global average). 
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2.1.3 Galileo 
Europe’s GNSS Galileo, designed through the European Space Agency (ESA), European 

Commission (EC), and the European GNSS Agency (GSA), will offer a precise positioning 

and timing system for various services and safety-critical applications (civil aviation, 

emergency services, security). One of the tasks of Galileo is to provide a new global search 

and rescue (SAR) function as a part of the long-running international emergency beacon 

location (Cospas-Sarsat system). The former “Safety-of-Life” service is being re-profiled into 

an integrity monitoring service, which is going to provide vital integrity information for 

safety-critical applications. This service is based on the Advanced RAIM system, which is 

currently under development.  

Galileo has undergone its first performance evaluations published in ‘European GNSS 

(Galileo) Initial Services Open Service’ and ‘Galileo SAR Service’ quarterly performance 

reports available at gsc-europa.eu. Galileo has two major implementation phases: the In-Orbit 

Validation phase (IOV) and the Full Operational Capability phase (FOC). The design of the 

fully deployed Galileo space segment is comprised of 30 in-orbit spacecraft (three are spares) 

in three orbital planes. The satellites operate in near-circular 23222km orbits (medium Earth 

orbit, MEO) at an inclination angle of 56 degrees to the equator. It takes 14 hours 05 minutes 

for each satellite to complete an orbit. Currently, the Galileo constellation includes 18 

satellites, but only 15 are available for the Open Service (OS) and Public Regulated Service 

(PRS) and 12 for SAR services (as of December 3, 2017). Current information on the 

performance status can be found at http://www.gsc-europa.eu/system-status/Constellation-

Information. 

There are two ground operation centers in Oberpfaffenhofen near Munich in Germany and 

Fucino in Italy. The data provided by a global network of Galileo sensor stations are sent to 

these two control centers. A dedicated Galileo control system handles spacecraft 

housekeeping and constellation maintenance through the control centers and five globally 

distributed Telemetry Tracking and Control (TT&C) stations. An overview of Galileo’s 

ground segment is provided by M. Lisi from ESA [118] and shown in Figure 2-9. 

 

Figure 2-9: Galileo Ground Segment Overview [118] 

http://www.gsc-europa.eu/system-status/Constellation-Information
http://www.gsc-europa.eu/system-status/Constellation-Information
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On August 22, 2014, the launch of the first two fully operational Galileo satellites took place. 

Unfortunately, due to a launch anomaly, the satellites were put into an orbit of 26900km and 

an inclination of 49.8 degrees to the equator. As a result, ESA engineers decided to test one of 

those satellites for the SAR service and to put another out of service for the moment.  

The most recent four satellites launched on 17 November 2016 are undergone testing and 

joined the constellation in spring 2017. Concerning the next steps, there are four new satellites 

expected to be launched on 12th December 2017 and next four through 2018. The Deployment 

phase is supposed to be continued until 2020.  

Central transmission frequencies – Galileo Initial Services offer up to three frequencies for 

OS (E5a, E5b, E1B/C) and two frequencies for PRS (E6A, E1A), see Figure 2-10.  

Access technique – Code Division Multiple Access (CDMA) spread-spectrum technique 

allows all the satellites to use the same frequencies without mutual interference.  

Navigation information – The navigation data transmitted by Galileo includes the following 

particulars: pseudo-random code, ephemeris data (updated every two hours; valid for four 

hours) and almanac data (updated every 24 hours). NeQuick parameters [119] are included in 

ephemeris data to correct navigation data for ionospheric delay. 

On 15 December 2016, the EC declared the availability of the Galileo system Initial Services 

for chipset, receiver, and device manufacturers and applications developers operations in the 

GNSS market. Currently, most Galileo-enabled chipsets and RF-receivers are found in the 

automotive, consumer, agriculture, and surveying sectors thanks to active cooperation 

between the GSA and receiver industry. Moreover, Galileo was recognized as part of the 

Worldwide Radio Navigation System during the 96th session of the Maritime Safety 

Committee in London on 17 May 2016. The working group 62 (WG-62) of EUROCAE [3] 

was established in 2002 to accommodate the changes in planning of the Galileo satellite 

deployment and GPS modernization. The group is currently working in coordination with 

RTCA SC-159 on the following subjects:  

▪ Guidance document on status of single constellation Galileo OS receiver MOPS and 

way forward -2016,  

▪ MOPS on GPS/Galileo L1/L5 antenna – 2017, 

▪ A new ED on Receiver using Dual Frequency GPS/Galileo with multiple 

constellations SBAS – 2018. 

 

Figure 2-10: Galileo Main Transmission Frequencies [89] 
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Galileo system providers have established reference documentation for three service types 

(Galileo initial service definition documents published in December 2016), SIS status 

description (similar to GPS-SPS-PS), and specification of the ionospheric model used for 

Galileo observations: 

▪ Open Service Signal in Space Interface Control Document (version 1.0 published 

in December 2016), 

▪ SAR/Galileo Service Definition Document (version 1.0 released in December 2016), 

▪ Galileo’s Public Regulated Service (PRS) is a robust service for government-

authorized users,  

▪ Signal in Space Operational Status (latest version OS SIS OSD issued July 11, 2016 

is updated by initial service definition version 1.0 published in December 2016), 

▪ Nequick Ionospheric Model (version 1.1 published in April 2015). 

Galileo will provide an efficient, resilient and low-cost solution against spoofing attacks. 

Here, the OS E1B with OS (NMA)16 authentication starting in 2018, and CS E6 signals with 

Spreading Code Encryption/Authentication by 2020 is foreseen. The latest status of 

performance services was provided by J. Godet from EC [118] in December 2016 and 

includes: 

▪ ~0.8 meters (avg. ranging, 95%) 

▪ 3/~8 meters (avg. H/V accuracy, 95%, when PDOB<6) 

▪ ~9.5 ns (UTC dissemination accuracy, 95%) 

▪ 7 ns (Galileo-GPS time offset, 95%) 

▪ SAR location probability within 10 minutes above 98% 

The conditions under which the Galileo Initial Services are delivered include expected 

performance and availability published on the website of the European Service Center 

(www.gsc-europa.eu). The accuracies published in the OS definition document and observed 

during the Initial Services are given in Table 2-5. The Galileo signal in space ranging 

accuracies (avg. ranging, 95%) measured during Q3 2017 for the worst-case utilizing dual and 

single frequency measurements are shown in Figure 2-11 and Figure 2-12. Both plots were 

adopted from 'Galileo Intitial Services – Open Service quarterly performance report Jul-Aug-

Sep 2017. '  

Galileo uses the most stable and accurate onboard atomic clocks (two passive hydrogen maser 

and two rubidium standards). First evaluations have revealed that Galileo has clock 

anomalies. Further launches will continue to build the entire satellite constellation, which is 

going to improve clock stability and misalignment and overall system performance 

availability worldwide. 

                                                 

16 December 2016 by F. Diani from GSA [118]: “Current OSNMA proposed in “Reserved 1” field (20bps) of 

E1-B through TESLA protocol. Analysis and simulations incl. degraded environments show no performance 

degradation wrt. Standard PNT”. 

http://www.gsc-europa.eu/
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Table 2-5: Galileo OS Performance Parameters [118] 

 

Figure 2-11: Galileo dual frequency SIS Ranging Accuracy (95th percentile) measured during July-

September 2017 

 

Figure 2-12: Galileo single frequency SIS Ranging Accuracy (95th percentile) measured during July-

September 2017 
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2.1.4 BeiDou 

The BeiDou Navigation Satellite System (BDS), earlier referred to as COMPASS, is China’s 

GNSS which is targeted to provide open, stable and reliable independent global technology. 

The China National Space Administration (CNSA) and China Satellite Navigation Office 

(CSNO) are developing the BDS in three major implementation phases. Phase-I is the 

demonstration system with three experimental satellites, which was established from 2000-

2003; Phase-II is the establishment of regional BeiDou-1 by 2012 with expanded service 

coverage to the Asia-Pacific region by 2014; Phase-III is the globally available BeiDou-2 

system by 2020. The initial operational service of the BeiDou-2 system was officially 

declared in December 2011. The space segment of a new BeiDou-2 system under 

development consists of 5 geostationary (GEO) satellites, 3 Inclined Geosynchronous Orbit 

(IGSO) satellites, and 27 Medium Earth Orbit (MEO) satellites. The GEO satellites are 

operating in orbit at an altitude of 35786 km and positioned at 58.75°E, 80°E, 110.5°E, 

140°E, and 160°E, respectively. There are three IGSOs with intersection node of 118°E, 

where the sub-satellite tracks for the other two IGSO satellites have coincided with the 

longitude of the intersection at point 95°E. The phase difference of right ascensions of 

ascending nodes of those orbital planes is 120°. The MEO satellites operate in near-circular 

27878 km orbits at an inclination angle of 55 degrees to the equator. The BeiDou’s Walker 

constellation includes 24 MEOs in three orbital planes and three spares, and the right 

ascension of ascending node of the satellites in the first orbital plane is 0°. It takes 12 hours 

53 minutes for each MEO satellite to complete an orbit.  The orbital parameters are 

summarized in Table 2-6.  

 

Table 2-6: Final Orbital Parameters for BeiDou Constellation17 

In 2017 BDS comprised a total of 23 satellites out of which 15 were fully operational, and 8 

additional satellites were planned. For the most up-to-date information, please refer to the 

China Academy of Space Technology. 

The BDS system is currently under development18 and aims to provide two navigation 

services by 2020: 

▪ Open Service: Free of charge and globally available. The open service will provide a 

positioning accuracy of 10 m, a timing accuracy of 20 ns, and a velocity accuracy of 

0.2 m/s [120], 

                                                 

17 The information is collected from [116], MGEX IGS, Navipedia and eoportal.org websites.  

18 Note: There are no official space vehicle numbers (SVNs). The preliminary numbers for the BeiDou satellites 

have been assigned. 
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▪ Authorized service: On a commercial basis, aims to provide high precision service 

with the provision of more reliable PVT (Position, Velocity, Timing) information and 

communications services as well as integrity information.  

The communication access technique of the navigation signals is Code Division Multiple 

Access (CDMA).  

Central transmission frequencies – BDS Open Service offers B1 I (In-phase component), 

B1-BOC (Binary Offset Carrier), B2 (I/BOC), and L5 (E5b) signals. An authorized service 

will offer B1 Q (Quadrature component), B1-2, B2 Q, B3, and B3-BOC signals.  

Table 2-7, retrieved from EO Portal Directory on 'CNSS (Compass/BeiDou Navigation 

Satellite System) / BDS (BeiDou Navigation System)' in [120], gives an overview of signals 

and their characteristics. The new OS signals of global BDS: B1-C (1575.42 MHz); B2-a and 

B2-b (1191.795 MHz) are going to be transmitted by new- BDS satellites generation in order 

to get better compatibility and interoperability with other GNSS [117].  

 

Table 2-7: BeiDou signal characteristics [120] 

BDS uses the China Geodetic Coordinate System, CGCS2000, referenced to the China 

Terrestrial Reference Frame 2000, CTRF2000 [116]. A total of 47 IGS stations are used in 

CTRF computation. The coordinate frame coincides with ITRF within a few centimeters. The 

BDS system is going to broadcast Galileo and GPS system time offsets within the NAV 

messages. There are no other coefficients for the ionospheric corrections planned to be 

transmitted via BDS NAV messages [116].  

The user range error of signal-in-space for 14 BDS satellites is given in (averaged over a 

January-September 2016).  
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Figure 2-13: User Range Error of Signal-in Space (SISURE) of BDS [117] 

BDS was officially approved and recognized as part of the Worldwide Radio Navigation 

System during the 94th session of the Maritime Safety Committee on 10 February 2015. The 

main development steps can be summarized as follows: 

▪ The ground segment consists of a central control station, three ground tracking stations 

for orbit determination (Jamushi, Kashi, and Zhanjiang), and a certain number of 

ground correction stations and user terminals (receivers/transmitters).  

▪ China prepares for the migration of its B1 open service signal from 1561.098 MHz to 

a frequency centered at 1575.42. The signal modulation will also change from a 

quadrature phase shift keying (QPSK) modulation to a multiplexed binary offset 

carrier (MBOC).  

▪ The two new satellites began operating and established inter-satellite links in the 

BeiDou constellation on August 14, 2015.  

▪ The BeiDou SBAS services will be provided by 3 BDS GEO satellites which will be 

launched in the in the 2018/2020 time frame. 

The latest version of the Open Service Signal ICD [116] covered the B1 and B2 signals and 

was released on December 26, 2013. A comprehensive overview of technical information 

with associated references for the BeiDou system can be retrieved from [120] dated January 

12, 2017. 

2.2 Position Solution, Accuracy, and its Integrity  

The satnav system’s mathematical model considers a hyperbolic system in which an airborne 

receiver acquires electromagnetic waves transmitted from each GNSS satellite and propagated 

through space at the speed of light. Each GNSS satellite transmits radio frequency (RF) 

signals in the L-band carrier (Section 2.1). The unlimited number of GNSS users use a one-

way ranging positioning technique, by receiving and processing ranging signals on separated 

channels to determine their location on the Earth. Although most GNSS envisage using Code 

Division Multiple Access (CDMA), the GLONASS system still uses the Frequency Division 

Multiple Access (FDMA) technique.  
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For timing measurements, the receiver can use code-phase or carrier-phase measurements. A 

carrier phase measurement is a measure of the range between a satellite and a receiver 

expressed in units of cycles of the carrier frequency. In the case of the 'pseudo random code,' 

the receiver compares internally linked code of the navigation signal with a copy of the 

generated code, and it estimates the time that signals take to travel from the satellite to 

receiver. This navigation algorithm used for RAIM is a well-established signal-processing 

technique and is often referred to as a carrier-smoothed code positioning solution, which is 

not attempting to resolve the carrier phase ambiguities. Therefore, the noisy, but 

unambiguous, code pseudorange measurements can be smoothed with the precise, but 

ambiguous, carrier phase measurements. The use of the Dual-Frequency (DF) code and 

carrier phase measurement combination to attenuate pseudorange errors and as a precursor of 

ambiguity resolution has gained increasing importance. This algorithm must be initialized 

every time that a carrier phase cycle slip occurs. The user knows the time at which the signal 

was transmitted, the satellite vehicles orbital position (NAV messages) as well as its 

approximate location and measured Time of Arrival (ToA) of a signal at the receiver. The 

receiver determines the elevation angle based on the given approximate position estimate and 

satellite locations provided via the satellite almanac files. In the noiseless case, the user has 

the ideal measured ToA from perfectly time-synchronized satellites. By determining satellite 

positions in the Earth Centered Earth Fixed (ECEF) coordinate system (e.g., WGC-84) and 

knowing the difference in the ToA of the timing signals emitted by two satellites, the user can 

determine the distance to those satellites and iteratively localize itself as a unit sphere 

centered on the user. The Figure 2-14 uses the blue triangle to indicate the correct estimated 

position and a blue dashed line shall be thought of as circling the SV, which shows the 

possible localization of the user.  

 

Figure 2-14: TOA dependence 

In practice, the user is not able to make perfect measurements, and signals experience delays, 

noise, and offsets on the way from the transmitter to the receiver. Signals received from 

satellites are subject to several error sources. Some of these errors are satellite and 

constellation dependent (e.g., clock and ephemeris biases), others are expected to be affected 

by random errors that change over time and location (so called Signal-in-Space (SIS) errors), 

or only user location and environment specific (e.g., ionospheric delays, multipath). 

Therefore, the user estimates pseudoranges, which are raw, one-way range measurements 

corrupted by range errors bu, and arrives at the so-called estimated user location depicted as a 
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blue triangle in Figure 2-14. Since there are always some errors that affect GNSS 

measurements, the expected uncertainty of the estimates drives the nominal performance. The 

so-called fault tree (threat) allocation helps to determine how the system could fail and which 

faults lead to system failure conditions. Those conditions are specified by the severity of their 

impacts. In other words, there are different error origins (e.g., biases) that impact the 

accuracy/continuity or integrity monitoring function. As a result, threat allocation is the basis 

for the formation of integrity monitoring criteria. RAIM performance is dependent on which 

faults are assumed to occur, how often, and how long it would take the core-constellation 

provider to mitigate them. At first, the nominal effects of measurement errors bu must always 

be included into the navigation system’s mathematical model (Section 2.2.1). Moreover, the 

intersection of the two arches represented in Figure 2-14 is not sufficient to determine the 

user’s position in the 3-D coordinate space. Time accuracy and synchronization between the 

users is a highly important metric for navigation. Indeed, 33 nanoseconds change in the clock 

run can lead to 10 m magnitude difference in the pseudorange error (e.g., one-millisecond 

change can produce 300 km range error). Therefore, the navigation system must include 

additional unknown parameters to correct a reception time from each GNSS system. To 

reduce the number of unknowns in the mathematical model used for navigation with GNSS 

systems, one can define a referenced system time (e.g., GPS), whereby for other systems a 

high-precision offset to the referenced time is to be estimated. The intersection of at least four 

sphere surfaces is shown in Figure 2-15, where the noisy measurements emitted from four or 

more satellites are used to provide a GNSS-sensor based position estimation.  

 

Figure 2-15: Solution Accuracy 

RAIM methods require more measurement information than those needed for the position 

solution. Many RAIM techniques based on self-consistency check(s) of observations have 

been proposed. These techniques with the primary emphasis on failure detection and 

exclusion fall into two categories: recursive scheme (typically a Kalman filter, which uses 

the history of the observations) and a snapshot scheme (uses only the current epoch). Since 

the recursive scheme is not optimal to catch slowly growing measurement errors, called soft 

failures or ramp type because of attempting to adjust the solution to match faulty past 

measurements, snapshot schemes have gained the most acceptance by the navigation 

community. The most commonly used snapshot schemes are the least-squares-residuals (LSR) 

method, parity methods, and the maximum residual method. A baseline GPS scheme and a 

note on the mathematical equivalence of three methods are shown in [54].  
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2.2.1 Mathematical Model  

The navigation system’s mathematical model contains pseudorange measurements that are 

affected by random errors ε, which are projected from the Nsat -measurement space into 3D-

position space described by the local North, East, and Up (NEU) coordinate system (Annex 

C.2). The user does not know the errors in vector ε and estimates a correction to the a priori 

state estimate and the pseudorange measurement residual by solving the fundamental 

overdetermined system of equations: 

Gxy  (2-1) 

unksat NNG   observation matrix of full rank (NEU) 19 

1unkNx  incremental deviations from the nominal state about 

which the linearization has been made 

1satNy  pseudorange residuals (including carrier smoothing 

effects and all necessary corrections) 

1satN  the vector of measurement errors 

satN  number of measurements 

unkN  number of unknowns 
 

 

Into the navigation solution goes the set of satellites with elevation angles that are greater than 

or equal to the minimum allowable elevation (ELmask). The number of all valid satellites is 

given by Nsat. The geometry matrix G is an Nsat x Nunk matrix, where Nunk is the number of 

unknowns in the mathematical model. 

GNSSunk NN  3  (2-2) 

NGNSS is the number of independent GNSS constellations. The first three columns of G are 

defined in Annex C.1. Each of the remaining columns corresponds to the clock reference of 

each constellation. Labeling the indices of satellites in navigation model  satNn ,1  and 

GNSS constellations  GNSSNj ,1  the additional columns are defined: 

13,  jnG , if n-th satellite belongs to the j-th constellation, 

03,  jnG  otherwise. 

(2-3) 

The number of unknowns in (2-1) reduces in the case where there is a precise knowledge of 

time synchronization error between GPS20 and other GNSS.  

14, nG , if n-th satellite belongs to GPS constellation, 

joffsetn tG ,4,   otherwise. 

(2-4) 

It is required to ensure that the use of the time-offset model does not lead to an optimistic 

view of the actual performance. There is a Degrees of Freedom (DoF) positive whole number 

of values in a calculation that vary independently: 

                                                 

19 There is an additional transformation made from ECEF (WGS-84) to the NEU coordinate system (Annex C.1). 

20 GPS is widely approved and accepted GNSS and is used as a reference system. 
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unksat NNDoF   (2-5) 

The Least Squares (LS) method is a standard approach to approximate position solution and 

satisfies all the equations in (2-1) by minimizing the sum of squared errors. The closest vector 

to the y vector in the position domain is the projection of the n-th range onto the column space 

of the observation matrix G (Figure 2-16). The iterative process of LS estimation starts by 

substituting the last valid LS solution xLS into the right-hand side of Equation (2-1):  

LSGC xGyproj

)()(  (2-6) 

The orthogonal component of the column space, abbreviated as C(G), is the G transpose or 

the so-called non-space of C(G): 

)()( TGNGC   (2-7) 

The vector with residuals in the range space of the LS estimation is orthogonal to everything 

in observation matrix G, and this can be written as: 

)()( yprojyw GC


        )( TGN  (2-8) 

Therefore, the orthogonal projection of residuals into position space is the solution to: 

0))( ( )(


 yprojyG GC

T
 (2-9) 

By multiplying and substituting Equation (2-6) into (2-9), we get the transformation: 

0G T


 LS

T xGyG  (2-10) 

The closest fit to the solution is given by: 

LS

T xGyG
 TG  (2-11) 

The observation matrix G has linear DoF-number of independent columns, where GTG has to 

be invertible. There is the following matrix relationship multiplying by covariance both sides 

of Equation (2-11): 

  LS

T xGGyGG
 T-1T1T GG)G( 

 (2-12) 

The Nsat x Nunk unit matrix results from transformations by the following matrix 

multiplications: 

  IGG T-1T GG  (2-13) 

Linear transformation of the range residual vector y from (2-12) can be written: 

  ySyGGGx TT

LS




1
             (unnormalized position solution) 

(2-14) 

The Nunk x Nsat projection matrix S transforms y measurements from range to position space.  

The final iteratively estimated LS position solution xLS is added to the state vector and 

depicted as the estimated user location in Figure 2-16. By substituting (2-14) into (2-6) the 

linear transformation can be rewritten in a matrix vector product of: 

yPySGyyproj LSGC


)()(  (2-15) 
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Figure 2-16: Geometric representation of vectorial relationship in n-th dimensional hyperspace  

The matrix P is known as the (Moore-Penrose) pseudo-inverse of the matrix G. 

  TT GGGGSGP
1

  (2-16) 

If the a priori estimate of the change in the last solution is off by a lot, the LS solution may be 

iterated until the difference becomes sufficiently small. The vector y that goes directly to the 

RAIM algorithm contains the pseudorange residuals from the last iteration when the position 

solution has converged. Traditional RAIM algorithms work out the consistency measure of 

the All-in-View navigation solution based on the expected (modeled) navigation performance 

(Section 2.2.2) and the sum of squares of the pseudorange residuals: 

▪ The position solution (or position error, PE) in Equation (2-14) is a correction vector 

xLS to the a priori state estimate (e.g., 3-D position corrections and time 

correction(s)). 

▪ The pseudorange residual (w) elaborated in (2-17) is the difference between an 

observed value and value provided by a mathematical model describing the physical 

situation. 

The RAIM snapshot algorithm compares the result in (2-15) with the empirical Nsat-

measurements in y, where the estimated state vector xLS with corrections to the user location 

and the yLS is the output of the converged iterative LS estimation process. 

 ])([)]([

][)()(

1

1

)(

TT

nn

n

TT

GCLS

GGGGIGxPI

yPIyGGGGyyprojyyyw








 

(2-17) 

where, In is the Nsat x Nsat unit matrix. The idempotent and symmetric matrix P in (2-16) is an 

orthogonal projection of pseudorange residuals to position space: 

yPIyPy )(   (2-18) 
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2.2.2 Expected Navigation Performance 

The measurements are associated with a physical system for which the statistical modeling 

equation to predict its performance is defined below. The existing uncertainty between 

estimated and true location due to the measurement errors is characterized by the navigation 

solution accuracy. Assuming normal distribution, the expected GNSS navigation 

performance is described by solution accuracy as a combination of both the measurement 

accuracy and the user-to-satellite geometry: 

DoPREPE   (2-19) 

PE  (d)RMS of a Position Error (PE) [m] 

RE  (d)RMS of a Range Error (RE) 
[m] 

DoP Dilution of Precision (geometric factor) [dimensionless] 

The measurement quality σRE is described by the variance of the systematic measurement 

error in meters. The Root Mean Square (RMS) error is the square root of the averaged square 

errors in one dimension (1-D). Position error variation in the horizontal dimension is 

described by a bi-dimensional distribution, the so-called distance RMS (dRMS) term. The 

best user-to-satellite geometry is observed when one satellite is in the zenith, and the other 

three equally spaced at the receiver mask angle around the horizon. Position dilution of 

precision is an indicator of 3-D positioning accuracy in GNSS systems (upper left plot in 

Figure 2-6)  

      1

3,3

1

2,2

1

1,1


 GGGGGGPDOP TTT

 
(2-20) 

The first two components of the position error vector provide the horizontal radial position 

error: 

    1

2,2

1

1,1


 GGGGHDOP TT

 
(2-21) 

The DoP can be viewed as a scale factor that helps to judge the goodness (strength) of the 

position estimation based only on geometric parameters used in the mathematical model in 

(2-1). The estimation of DoP in the vertical dimension21 is simply the third element on the 

diagonal of the covariance matrix, 

  1

3,3


 GGVDOP T

 
(2-22) 

As long as Selective Availability (SA) was the largest error source (until 2000), all GPS 

satellites were viewed from that perspective to have one large standard error [32]. For that 

purpose, the GPS RAIM that was implemented in the early nineties and hard coded into 

avionics still uses for each satellite the range error bounded by the σRE term.  Since GNSS 

RAIM techniques are going to operate in a GNSS environment where SA is switched off, 

there is no longer a reason to separate the expected positioning errors into a geometric factor 

DoP and the ranging accuracy common for all satellites as was done in (2-19). Instead, these 

values are combined into expected confidences put on range residual errors.   

                                                 

21 As is common in GNSS based navigation, the vertical error is approx. twice as large as the horizontal error 

because of the larger geometric dilution of precision in the vertical direction (VDOP). 
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2.2.3 Weighted Solution Accuracy 

Advanced Position Velocity and Time (PVT) estimation techniques suggest the use of 

Weighted Least Squares (WLS) by allocating an optimal weight according to each satellite 

taken to the position solution in Equation (2-14). Weighted position solution provides several 

advantages over the unweighted solution. The WLS techniques provide more accurate 

position fixes and reduce discontinuities caused by rising and setting satellites. This gives 

higher elevation satellites more weight when calculating a position solution. Low elevation 

satellites suffer from greater multipath effects, increased tropospheric delay uncertainty, and 

usually have a lower Signal-to-Noise Ratio (C/N0). At the same time, those satellites provide 

lower DoP values (Section 2.2.2). The optimum allocation of both factors is the best solution 

to provide accurate positioning. In geodesy, there is a significant interest in the accuracy of 

the solution and integrity monitoring techniques are sacrificing accuracy to provide a higher 

availability and continuity of the navigation solution. The best accuracy is reached by taking 

all valid measurements for the position solution. Indeed, the converged weighted position 

solution for the mathematical model in (2-1) is the one with all valid Nsat (number of 

satellites), weighted with regard to elevation angles. RAIM views this as an All-in-View set, 

indicated by superscript 0 which describes the nominal state Fault-Free (FF) mode with no 

faults present: 

ySxWLS  00
 (2-23) 

The vector y contains the pseudorange residuals from the last iteration when the position 

solution has converged. The projection matrix that transforms measurements from range to 

position space in (2-14) is weighted by using models that describe nominal error behavior as a 

function of satellite elevation: 

INT

T

INT

T WGGWGS 10 )(   (2-24) 

The weighting matrix W is currently based on fixed error models used for integrity purposes 

and abbreviated by index INT. These models are assumed to be more stringent than models 

used for accuracy purposes for the navigation solution only22.  The expected nominal errors in 

the mathematical model are described by: 

  )( 2

int n

T diagEC    (2-25) 

The diagonal elements of the Nsat x Nsat weighting matrix W are the inverses of the variances 

(σ2) calculated in Annex D corresponding to each n-th satellite. 

1

int

CWINT  (2-26) 

Preliminary error models internationally accepted by RAIM/ARAIM developers within the 

framework of WG-C are given in Annex D. While those assumptions may not be strictly 

correct, the idea remains the same. It is a good approximation for the first results in the RAIM 

development chain.  

                                                 

22 Traditional RAIM uses error models used for accuracy purposes WACC instead of WINT.  
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The weighted covariance matrix is used as a measure of the overall variance and indicates 

expected ranging errors confidences. One-sigma uncertainties in the East ( 1q ), North 

( 2q ), and Up ( 3q ) directions and clock range rates can be found on the diagonal basis 

of the xLS vector’s covariance matrix: 
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(2-27) 

The orientation and geometry of an error ellipse are specified by the rotation angle, semi-

major, and semi-minor axis, which are directly related to the covariance matrix in (2-27). This 

results in a weighted solution accuracy metric for the All-in-View set indexed by zero and 

replaces (2-19). For the vertical dimension it is the RMS error, where q equals three: 

0

3,3

1

3,3)(   GWG INT

To

VERT  (2-28) 

where, for the horizontal plane, the variance of an error distribution results in the error 

uncertainty along the semi-major axis of an error ellipse: 
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(2-29) 

The estimated weighted range residual vector w in Equation (2-17) is: 

ySGIWyWGWGGGIWyyw n

TT

nWLSWLS   )())(( 01
 (2-30) 

The overall overview of geometric representation of the vector relationship between position 

error and the range residuals in n-th dimensional hyperspace remains similar for the weighted 

position solution as compared to the unweighted one depicted in Figure 2-16. 

2.3 Traditional RAIM – Slope based Concept 

The expected GNSS navigation performance in Section 2.2.3 and its statistics allows the 

RAIM algorithm to perform the integrity monitoring process and detect excessive errors in the 

position domain. RAIM techniques provide high availability, continuity, and integrity of 

position solution when there is enough margin in expected ranging error confidences which is 

a function of navigation accuracy. The GPS L1-based RAIM established in the nineties was 

designed to support only lateral navigation (e.g., to provide an alarm in case horizontal 

position error exceeds the alert limit in Annex N). It is based on hard-coded integrity 

information, setting the probability of constellation failure as negligible and the probability of 

an individual satellite failure at 10-5 per hour. Therefore, traditional RAIM handles single 

satellite failure and uses hard coded into the receiver integrity information on the performance 

of only the GPS constellation (e.g., PFA and PMD probabilities).  The most popular RAIM 

algorithm refers to the snapshot scheme and is known as a slope based concept. A paper on 

baseline GPS RAIM scheme and a note on the mathematical equivalence of the three RAIM 

methods are shown in [54], a good background for this topic.  
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▪ The focus of this section lies on the description and further development of the 

residual based RAIM approach, which refers to the snapshot algorithm and is known 

as a slope based concept [63].  

▪ This section also takes into account knowledge and results gathered from recent 

studies [64]-[79].  

The goal of the RAIM algorithm developed in this section is to provide an alarm in the case 

that the position error not only in the horizontal but also in the vertical direction goes beyond 

a certain level. Moreover, this is done with a specified statistical accuracy defined by given 

requirements in Annex B.2 (linked to Advanced RAIM study). Navigation approaches that 

require vertical guidance have typically lower minimums and more demanding requirements 

than ones used for only lateral navigation. The design driver of traditional RAIM algorithms 

was navigation accuracy, which was based on the robust and continuously improved 

performance of GPS (L1) service level: 

▪ The first step in the development of the RAIM algorithm is to include even more 

measurements from multiple constellations in order to increase navigation accuracy 

only. Here, the RAIM algorithm shall be capable of monitoring multiple satellite 

independent faults from multiple constellations. 

▪ For even better performance, the Iono-Free modeling (Annex D.1) can be applied, 

when dual-frequency measurements are available. 

Indeed, the studies in [64]-[79] show explicitly that the two points above were already taken 

into account by researchers and a sound basis for the improvement of availability of the 

RAIM module has already been provided [88].  

Further studies have revealed that it is still not sufficient to use the current RAIM algorithms 

and the fault assumptions for vertical guidance. For GNSS constellations other than GPS are 

assumed to have similar performance, but in reality, statistics differ. Therefore, the impact of 

nominal errors can be the same, but due to the independent development of each GNSS 

(Section 2.1), the error origins could vary. 

▪ The second step in the development of RAIM algorithms is the detailed threat 

characterization and risk allocation. 

Here, the latest results of WG-C group published in [41] and its threat model was adopted. It 

was revealed that RAIM does not specifically treat simultaneous or dependent faults. RAIM 

must protect users against not only multiple satellite independent faults, but also against 

possible dependent faults within a core constellation that are not flagged by the ground in real 

time.  

▪ The third step in the development of RAIM algorithms is the availability to monitor all 

faults concerning the threat model, including constellation faults.  
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2.3.1 RAIM Statistics 

The most important quantity for a RAIM algorithm is the offset of estimated position in 

(2-23) to the true position (e.g., TRUEWLS xx 0 ).  Of course in real life, when the receiver is not 

located at a reference station, there is no possibility to determine this offset directly. Thus 

RAIM must define something about errors and local disruptions projected into position 

domain from the quantity that can be observed (Section 2.2.2, Figure 2-16). Traditional RAIM 

uses the pseudorange measurement residual w of (2-30) as its test statistic (Ts) to transform 

range errors to position domain and to judge if the fault has occurred or not.  The sum of the 

squares of the range residuals is the same in either range or parity space RAIM approaches. 

Thus, the way to compute this is simply a matter of computational convenience (Annex L.3). 

The Weighted Sum of the Squared Errors (WSSE) is defined as a scalar measure either in 

range or parity space: 

ppwwWSSE T

WLS

T

WLS   (2-31) 

The WSSE quantifies the error remaining after performing linear transformations in Equation 

(2-23) to get xWLS.  Therefore, the first assumption made by RAIM developers is that for a 

large number of Nsat the measurement noise components are independent zero-mean Gaussian 

random variables with a standard deviation of user range errors, e.g.,  
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(2-32) 

where the symbol ~ means “is distributed as.” Under no failure (Fault-Free) mode, H0, the 

measurements are nominal, while under all other Hi modes measurements could contain an 

excessively large bias. The mean of the distribution in the failure case is the i , and the 

variances Cacc are estimated using the nominal error model for accuracy and continuity 

calculation (Annex D). It is important to know that the size of bias ib  is unknown, and RAIM 

can only estimate the worst-case expected impact of possible deterministic biases. The 

elementary unit vector in Equation (2-32) is determined as: 

]0,...1,...,0[
1 in

ie 


 (2-33) 

As one can see, there is a direct relation between a chi-square distribution and a Gaussian 

random variable in (2-32). The squared sum of pseudorange measurement residuals is 

assumed to have a non-central chi-square distribution (abbreviated as 
2

,DoF ) with 0

X -

standard deviation estimated for the All-in-View satellite set, where X designates Horizontal 

(HOR) or Vertical (VERT), the cumulative distribution function F(x), where λ is the 
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noncentrality parameter. While the central χ2-distribution characterizes how the chi-square 

test statistic with zero mean and σn2 –variance is distributed when the null hypothesis H0 is 

assumed to be true (e.g., λ equals zero), the noncentral distribution with λ>0 shows how 

WSSE behaves under the alternative hypothesis. Finally, it is very conservative, but traditional 

RAIM uses the worst-case bias estimation described by noncentrality parameter λ in Equation 

(2-32). 

2.3.2 Real-Time Consistency Check  

The magnitude of the observed range residual vector for the All-in-View set in (2-31) or, 

equivalently, the magnitude of parity vector p (Annex L.3) is used to make a consistency 

check of the all-in-view position solution. The RAIM algorithm is declared to be available 

in the case where there are enough accuracy and sufficient geometry to provide integrity 

monitoring (Section 2.3.3). The following definition describes the expected distribution of the 

WSSE, see Equation (2-31): 

00
2 Xproj

T THySyWSSE 

  (2-34) 

WSSE  Weighted Sum of the Squared Errors (Section 2.3.1) with range residual 

vector from Equation (2-30) 
 

y  pseudorange residuals (including carrier smoothing effects and all necessary 

corrections) 
 

0

projS  projection matrix for the All-in-View set from Equation (2-35)  

2
TH  detection threshold (chi-square distribution), see Equation (2-37)  

 
0

X  error uncertainties in the horizontal or vertical position dimension estimated 

using All-in-View satellite set in Equation (2-28) or (2-29), respectively 
 

This reasonable statistic for testing the null hypothesis (e.g., H0: All-in-View set) shall detect 

if at least one measurement differs from the others.  The symmetric and idempotent Nsat x Nsat 

projection matrix Sproj results from (2-30): 

    INT
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INTINTproj WGGWGGIWSGIWS 
100  (2-35) 

INTW  weighting matrix based on fixed error models used for integrity purposes (see 

Annex D.4) 
 

I  identity matrix   
G  observation matrix of full rank (NEU), see Section 2.2.1  

0S  projection matrix from the measurement space to the position domain for All-

in-View satellite set from Equation (2-24) 
 

RAIM assures the probability that test statistic WSSE does not exceed the pre-defined 

threshold under fault-free hypothesis. 
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(2-36) 

x  detection test statistic, see Equation (2-32)  

0H  fault-free hypothesis  

   Gamma function  
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DoF  degree of freedom   

REQC  continuity risk requirement allocation (e.g., specified in Annex N for aviation 

specifications) 
 

 
  worst case bias (λ=0)  

 F  cumulative probability distribution   

The full continuity risk CREQ takes into account all mission interruptions, including alarms 

under fault hypothesis Hn and requires fault exclusion, which is beyond the scope of this 

dissertation. The equation in (2-36) is typically referred to as a continuity risk but accounts for 

false alarms under fault free H0 hypothesis only. Therefore, the traditional RAIM method 

relates to a constant false alarm rate detection algorithm, where THχ2 is predetermined 

according to the probability of false alarm (PFA) and Nsat number of satellites in the 

observation matrix G. To satisfy the PFA the detection threshold is found according to the chi-

square distribution function with zero mean and inverse variance (see H0 definition in 

Equation (2-32)): 

)1(),(
1212

22 FADoFFAsat PPNFTH 
 


 (2-37) 

where F-1 represents an inverse cumulative probability distribution function (CDF) and is 

given in Eq. (2-36). The minimum value the chi-squared variable can take on is zero (Figure 

2-17) since there is no general closed form solution to (2-37), and the probability density 

function must be integrated numerically (the values can also be looked up from tables). So far, 

the following Figure 2-17 shows the relationship between the specified statistical accuracy 

(95%) and the analysis of bounds put on the expected ranging error conceptually. 

The probability of false alarm PFA is defined for a normal operation condition, where no 

failures are assumed to be present (e.g., H0 with error vector en in (2-33) equals zero).  For 

this, RAIM requires a minimum of one DoF to perform the consistency check in (2-34) of an 

all-in-view solution provided by Equation (2-23). To provide an example, several values of 

THχ2 as a function of PFA and DoF from Equation (2-5) are listed in Table 2-8.  

For supplemental navigation, the maximum allowable false alarm rate is one alarm per 15000 

samples or 0.002/hour [63], where one sample was considered a 2-minute interval based on 

the correlation time of SA. The maximum false alarm rate for GPS primary means navigation 

is 0.333x10-6 per sample.  

 

Table 2-8: Values of THχ2 for given probabilities of false alarm and DoF –number 
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Figure 2-17:Chi2 threshold for DoF-degree of freedom 

2.3.3 Distribution under Present Failure 

If the traditional RAIM algorithm is declared available (passes the Real-Time Consistency 

Check, e.g., Equation (2-34) holds), it proceeds with the integrity monitoring calculation. The 

algorithm seeks to find a worst-case projected bias (or a combination of biases) on integrity 

risk to describe test statistic (WSSE) behavior under the alternative Hi-hypothesis (e.g., 

failure present).  

The integrity risk, or equivalently the Probability of Hazardous Misleading Information 

(PHMI) is a joint probability defined as: 

 iX HTHxALPEPPHMI )(/
2

0    (2-38) 

PE  position error   

AL  specified alert limit that defines hazardous situations (e.g., specified in [5] for 

aircraft approach navigation for a specific operation ) 
 

 
x  detection test statistic  
0

X  error uncertainties in the horizontal or vertical position dimension estimated using 

All-in-View satellite set in Equation (2-28) or (2-29), respectively 
 

2
TH  detection threshold  

iH  for i = 1, …, Nsub, the fault hypotheses corresponding to faults on subset 

measurement i, where Nsub is the total number of all monitored fault 

combinations) 

 

  worst-case bias )0(    

In the most general case, the RAIM algorithm screens the satellite geometries searching for 

the largest bias that is mapped into a position dimension with certainty. The idea here is to 

find the worst-case fault on integrity risk that is assumed to be described by a critical bias 

pBias. It sets the limits (overbound) on PE by estimating a Protection Level (PL), which is the 

primary output of the RAIM algorithm.  

▪ The overbounding process is set in place to ensure that an upper bound for all system 

risks holds continuity and integrity requirements 
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The position error estimated by the subset used to generate pBias is the so-called tolerated 

position solution. The tolerated position solution shall not exceed the pre-defined AL. More 

than two DoF is required by RAIM if a corrupt satellite(s) is to be identified and rejected from 

the calculation of a navigation solution in (2-1).  

▪ The missed detection probability PMD can be equated with total integrity risk PHMI 

in Equation (2-38) since a large undetected fault might have catastrophic implications.  

The critical bias vector describes the maximum magnitude of bias in the state space where its 

estimated overbound cannot exceed the specified integrity (PMD) and continuity (PFA) 

requirements (Figure 2-18). To calculate the deterministic value pBias, the following 

integration by parts has to be performed: 

▪ Estimation of the detection threshold THχ2 according to Equation (2-37),  

▪ Searching for noncentrality parameter λ such that the integral under the curve of zero-

mean, non-central χ2-distribution function to THχ2 fulfills the PMD requirement.  

 
Figure 2-18: Graphic representation of critical bias vector 

The impact of the worst-case fault on integrity risk is evaluated by the non-central cumulative 

distribution function: 
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(2-39) 

F(x) cumulative distribution function for the central χ2-

distribution, see Equation (2-36) 

 

Collectively the DoF, Cacc, and λ (see Equation (2-32)) give a great deal of information about 

the distribution regarding the center, spread, and skewness of the χ2-distribution. This is a 

very conservative way to estimate the worst-case bias. Table 2-9 shows the values 

exemplarily as a function of PMD and DoF (Note, THχ
2 according to Equation (2-37) remains 

constant).  
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Table 2-9: Values of noncentrality parameter    of χ2-distribution with one DoF to maintain 

continuity requirement for precision approaches 

Annex L.3 provides Matlab code that estimates λ in Table 2-9 with the help of Matlab 

program functions. Figure 2-19 shows a graphic representation of a possible distribution for 

various PMD, e.g., 
321 MDMDMD PPP  . The growth in λ and increase in Integrity Risk can be 

observed. As an example, the minimum detection probability PMD for both supplemental and 

primary means of navigation is 0.999 per event or a missed detection rate of 10-3 [7]. 

 

Figure 2-19: Non-central Chi2 various PMD and DoF = 1 

The term pBias is completely deterministic, but it is dependent on the number DoF [63]: 

  UEREpBias  (2-40) 

UERE  Traditional RAIM availability analyses typically assumed a fixed standard 

deviation of user equivalent range error (UERE) of 33.3m for all satellites, 

regardless of the satellite elevation angle. 

 

2.3.4 Slope Concept to monitor Multiple Faults 

In the case that the RAIM algorithm has a sufficient number of satellites (Nsat) and is declared 

available, it conducts the integrity monitoring of positioning under the worst-case scenario by 

observing the behavior of position error (PE) versus its test statistics (Ts) in Eq. (2-38). The 

direct variation between PE and Ts for each monitored subset of satellites is given by Slope-

values.  
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(2-41) 

where X designates the horizontal (HOR) or vertical (VERT) dimension. To predict a possible 

inconsistency, traditional RAIM determines from the All-in-View set of satellites, a set of 

satellites minus one satellite building Nsat-number of subsets. The characteristic Slopes in 

Equation (2-41) regarding the horizontal and vertical dimensions are estimated as follows: 

   
proj

nn

nn

nHOR

s

ss
Slope

,

20

,2

20

,1

,




 

(2-42) 

proj

nn

n

nVERT

s

s
Slope

,

0

,3

,   

(2-43) 

The matrix elements used to estimate the Slope-values in the equations above are found in the 

S0 and Sproj matrices in Equations (2-24) and (2-35), respectively. The graphic representation 

of those projections is depicted in Figure 2-16 and described in Section 2.2. The projection 

matrix S0 consists of partial derivatives of the position error with respect to the pseudorange 

error on the n-th satellite and the GNSS system time offsets to the receiver clock, written in 

matrix form: 
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(2-44) 

In this simplest case, there are Nsat-number Slope-values (e.g., single satellite out). Those 

slopes are expected to vary slowly with time, dependent on changes in satellite-user geometry.  

▪ Next, the slope concept is extended to multiple failure hypotheses to monitor the 

simultaneous occurrence of independent/dependent faults on multiple satellites.  

If RAIM assumes more than one simultaneous independent fault (e.g., Nfaults>1), then the 

algorithm shall deal with the estimation of Slope-values in (2-41) by generating and 

monitoring subsets that exclude 1 to Nfaults-number of satellites. In the simplest case, RAIM 

deals with the Nsub-number of subsets which is derived by: 
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(2-45) 

For each subset indexed by  subNi ,1 , RAIM estimates the maximum variation of Slope-

values in Equation (2-41), by removing the given number of satellites. To give an example, 

there is a two-degree polynomial relationship to monitor the possibility to have two 

independent faults simultaneously: 

02002 2 jjjljjlllli seseesePE    (2-46) 

e  Elementary unit vector that indicates biases on satellites indexed by 

 nl ,1  and  nj ,1 , where jl   
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The polynomial problem is solved for any monitored fault combination by the eigenvalue 

problem. With Nfaults-number of faults, there is exactly Nfaults-number of solutions for each 

monitored combination.  Let’s define zero-matrix idx with dimensions Nsub x Nfaults, which 

contains for each i-th fault mode indices of satellites to monitor, written in matrix form. Using 

the example shown above, where Nfaults–number equals two, the idx-matrix follows: 
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(2-47) 

The first Nsat-number of columns in Eq. (2-47) refers to the monitored fault combinations 

using an independent single satellite fault. The total number of satellites that builds the i-th 

monitored fault combination have their satellite indices stored in idxi
23-subset, and can be 

found in a vector v


 with dimension 1 x Nsub: 

],...,[ ,1, rfaultsfaults NNv 


  (2-48) 

where, 1,faultsN  is always 1 satellite out and rfaultsN ,  defines the maximum number of satellites 

taken out from the all-in-view solution. To calculate Slope-values in Eq. (2-41) assuming 

multiple dependent and independent faults, first, the subset matrix with Nidx,i–number of 

columns is generated for horizontal and vertical dimensions: 














0

,2

0

,10

,

i

i

idx

idx

iHOR
S

S
S   

(2-49) 

0

,3

0

, iidxiVERT SS   (2-50) 

The elements of the idempotent and symmetric matrix Sproj with dimensions Nsat x Nsat, in 

Equation (2-35) form the i-th subset Sproj,sub matrix with dimension Nfaults x Nfaults. Let’s use 

the parity vector to show those transformations:  

),()(:,)(:,),( iiINTi
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iiiINT

proj

sub idxidxWidxpidxpidxidxWS
i

   (2-51) 

INTW  weighting matrix based on error models used for integrity purposes   

p  parity matrix 
 

The parity space describes the best relation between position error and test statistics. The 

parity space is obtained by QR factorization of the observation matrix G. An easy way for 

those who have access to MATLAB is to use the built-in QR-factorization function, e.g., 

[Q,R]=qr(G). Here, the error vector is mapped into two orthogonal spaces: one of dimension 

Nunk corresponding to the position solution error and one of dimension (Nsat-Nunk) that 

corresponds to the statistics.  

Under the multiple satellite failure assumption the worst-case detection can be found as the 

exploitation of a standard result of linear algebra: for two positive defined matrices, the 

                                                 

23 Subset with indices stored for the i-th fault mode to indicate the satellites that are taken out of the All-in-View 

set 
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maximum of the so-called Rayleigh’s quotient over all vectors equals the largest eigenvalue 

of: 
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(2-52) 

The solution to the equation results in a vector with Nfaults-number of eigenvalues.  The 

maximum eigenvalue is the characteristic Slope for a given idxi-th subset of satellites: 

 2/1

,, max ieigiXSlope 
 

(2-53) 

As mentioned above, RAIM monitors the poorest coupling between the PE (that RAIM 

protects) and Ts that RAIM defines as a detection metric.  

▪ SlopeX,MAX describes the linear relationship between PE and the Ts for the worst 

satellite range error in X-position dimension.  

The maximum error variation is then obtained by maximizing over all i-th fault modes, i.e.,  

 iXX SlopeSlope ,max, max
 

(2-54) 

Figure 2-18 depicts the critical bias vector, which is exactly represented by SlopeX,max in 

(2-54) estimated as a linear relationship between position error and the test statistics for the 

largest satellite(s) range error. The noncentrality parameter lambda in Equation (2-40) is 

extracted, since the UERE - variance assumed for each satellite individually is already 

accounted by SlopeX,max. 

pBias
 

(2-55) 

The output of the algorithm is the protection level (PL) in the horizontal and vertical 

direction, which is the radius of a sphere, centered at the estimated user position that is 

assured to provide a trust for positioning within a specified level of confidence. The resulting 

PL according to [63] in horizontal and vertical dimension designated by X can be written as: 

pBiasSlopePL XX  max,  
 

(2-56) 

Since the equation above is very conservative, and allows no space to separate statistics, the 

better method available in the literature to estimate XPLs [59] follows:  

0

max, )(2 XMDXX PKTHSlopePL 


   (2-57) 

max,XSlope  Maximum error variation, see Eq. (2-54)  

2
TH  Threshold (chi-square distribution) 

 

)( MDPK  number of standard deviations used for the distribution of present 

failure using the probability of missed detection only (PMD) 
 

0

X  error uncertainties in the X-position dimension estimated using 

All-in-View set  
 

The main task of the PL is to provide a conservative overbounding of navigation error with 

adequate availability of the monitoring function. To summarize this section, integrity is 

determined either by the probability that the PE exceeds the AL without annunciation or by 

the PL, which is defined as the smallest AL that can be achieved for a given maximum 

allowable probability of exceedance (Figure 2-20).  
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To operate independent from knowledge of runway heading, the latest version of the slope 

algorithm calculates HPL derived as the root-sum-square of the protection levels estimated in 

East ( 1q ) and North ( 2q ) dimensions (Annex L.3). 

2.3.5 RAIM Process Flow Overview 
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Figure 2-20: Detection Metric and PL 

The fundamental core of the traditional RAIM algorithm builds upon the RAIM statistical 

decision outcomes:  

▪ The inputs are the measurements, its statistics, and integrity requirements. 

▪ The assertion on the “worst” case operational performance and estimation of the 

corresponding navigation error.  

✓ Defining the Test Statistics (Ts),  

✓ Determining the Detection Threshold (THχ2), 

▪ Provide RAIM output: Availability flag and a confidence level XPL. 

It is possible to perform exclusion and attempt to identify and remove the faulty satellite(s). 

However, exclusion is beyond the scope of this dissertation. 

2.4 Advanced RAIM Concept 

The provision of integrity for vertical aircraft guidance using mainly onboard monitors is 

referred to as the Advanced RAIM (ARAIM) concept. ARAIM is an advanced version of 

RAIM, which has been known to the aviation community since the late 1980s [6, 7]. Today, 

RAIM is currently used for horizontal navigation only. Where ARAIM targets not only en-

route and terminal operations, it must also ensure navigation integrity for approach operations 

with vertical guidance. The enhanced level of integrity for vertical aircraft guidance results in 
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expanded threat models for airborne algorithms (Section 2.4.1) and requires a higher level of 

scrutiny in the generation of the protection levels. This is the first distinguishing feature of 

ARAIM from traditional RAIM.  

The currently proposed ARAIM techniques to support LPV-200 approaches on a global basis 

first rely on an Integrity Support Message (ISM) because it permits a more dynamic 

optimization of user algorithm performance in light of continuously evolving GNSS satellites 

and constellations. This Localizer Performance with Vertical guidance (LPV) approach is 

flown to the decision altitude/height (DA/H) of 200 feet (61m) with a visibility of 800 m. 

The ARAIM concept handles multiple GNSS constellations (multi-GNSS) and targets global 

international acceptance of ISM. In light of continuously evolving GNSS satellites and 

constellations, it would not require any additional airborne equipment changes once the ISM 

is accepted and the receiver is certified. The integrity data (Section 2.4.2) is developed on the 

ground and provided to the airborne receiver depending on the ARAIM physical architecture 

(Section 2.4.3). Therefore, the second and the main distinguishing feature from RAIM is that 

ARAIM suggests the use of a ground monitoring system that can update the assumptions used 

by the airborne algorithms via ISM (Section 2.4.2). 

Indeed, the ARAIM concept targets the same service level as SBAS but is going to monitor 

faults directly at the airborne receiver by relying on ISM. The first challenge in the 

development and evaluation chain is to understand how to apply SBAS requirements of LPV-

200 service level to a new system like ARAIM. Currently, it is targeted that in the case of 

LPV-200, ARAIM must ensure the pilot within 6 seconds of any Hazardously Misleading 

Information (HMI), i.e., before the navigation sensor error exceeds the alert limit. The 

ARAIM airborne algorithm performs three primary functions:  

▪ It ensures that the pseudorange measurements are consistent with the nominal 

assumptions, including the assertions carried by the ISM (Section 3.4 on MHSS Test 

Statistics). 

▪ The measurements are found to be consistent: For lateral aircraft guidance only, 

ARAIM algorithm provides the horizontal protection level (HPL). If the aircraft is 

conducting phases of flight that require vertical guidance, then the ARAIM algorithm 

produces for the LPV-250 level of service HPL/VPL values, and additional Effective 

Monitoring Threshold (EMT), and accuracy requirerement for the fault free mode σACC 

for the most challenging service LPV-200 that ARAIM concept targets (Section 4.1). 

▪ If the pseudorange measurements are found to be inconsistent, it attempts exclusion 

until a consistent set is found (Fault Detection and Exclusion, FDE). 

Having different designs of the airborne receiver (user) algorithms is possible. The baseline 

ARAIM airborne algorithm and its optimization are described in Chapter 3. Additionally to 

that, the ARAIM user algorithm based on Slope detector from Section 2.3 and Q*-

transformation [127] are considered. The second challenge in the development and evaluation 

chain is to ensure that assumptions made in certified avionics critical to the safety of the 

operation are evaluated and correct24. As stated, other user algorithms may be used for as long 

as they demonstrate a level of performance equal or better than the reference [45]. 

                                                 

24 Note, several States have struggled to authorize services based on multiple GNSS with single frequency L1-

measurements (Figure 1-9). 
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Figure 2-21: Fundamental Concept 

The essential design elements of ARAIM and its assumptions originated within the U.S. GPS 

Evolutionary Architecture Study (GEAS) report [37]. This study focused on a single GPS 

constellation with two distinct frequency bands (L1 and L2). The GEAS results and 

conclusions were used by the ARAIM Technical Sub-Group (ATSG) of Working Group C 

(WG-C) as a starting point. The ATSG was established on July 1, 2010, by the WG-C, which 

was created following the U.S.-EU Agreement on GPS-Galileo Cooperation signed in 2004. 

The mandate of the ATSG is to investigate on a bilateral basis with the objective of defining a 

reference multiple constellations ARAIM concept. It will allow horizontal and possible 

vertical guidance. Therefore, ATSG of WG-C suggests implementing ARAIM concept 

(architectures) incrementally. After years of analysis, three main possible architectures were 

determined: Horizontal (H-ARAIM), Offline, and Online ARAIM (V-ARAIM) (Section 

2.4.3). Those architectures are dependent on the service level which ARAIM will provide – 

which will impact the size, costs, and sophistication of potential ARAIM ground monitoring 

architecture. Moreover, ATSG proposes modes and message types for H-ARAIM and V-

ARAIM with a moderate data rate in [43]. It is still under discussion how ISM for V-ARAIM 

is going to be transmitted. There is great interest not to use geostationary (GEO) satellites, 

which are currently used to disseminate integrity information to SBAS users. Indeed, the 

GNSS transmission link can be recognized as very preferable, since it would obviate the cost 

for the maintenance and availability constraints of GEO satellites. Not all GNSS can enable 

this opportunity (e.g., GPS has no space to transmit ISM). Moreover, there must be 

transparency and international acceptance to make it possible. Galileo system designers are 

working on the options to allow global ISM to be transmitted via Galileo satellites [43]. But 

terrestrial data links, such as GBAS VHF data Broadcast (VDB), the Aeronautical Mobile 

Aircraft Communication System (AeroMACS), or the L-band Digital Aeronautical 

Communications System (LDACS), are also potentially viable options. Until that time, the 

Air Navigation Service Providers (ANSPs) might not be willing to trust the Constellation 

Service Providers (CSPs) with sufficient confidence and therefore might wish to introduce a 

performance margin or extra monitor and flag the faults by themselves. This dissertation 

supports the idea to have globally available ISM, established through an independent ground 

network. This chapter is mainly a summary of the outcome of the Milestone reports 

established by the ATSG in the 2010/2016 time frame [40], [42] and [43].  
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2.4.1 List of Threats and Assertions 

Traditional GPS (L1) RAIM uses widely accepted, hard-coded integrity information, setting 

the probability of GPS constellation failure as negligible while monitoring for a single 

satellite fault per hour. At the time when GPS RAIM was designed, these assumptions were 

the recommendations of RTCA SC 159, therefore implicitly accepted by the navigation 

community. Once a fault occurs on a satellite, it is assumed by the RAIM algorithm that the 

fault will remain unless it is corrected or flagged by Constellation Service Providers (CSPs). 

This means that there must be a mechanism to flag satellite faults within a certain time so that 

the state probability is bounded. It is expected that the CSPs will flag faults promptly. 

Currently, the GPS (L1) navigation performance is documented in Standard Positioning 

Service - Performance Standard (SPS-PS) documents, where all adopted statistics for GPS 

(L1) RAIM used for lateral navigation are confirmed and met with wide margins (Figure 2-5). 

In Annex B “Definitions” of the Milestone III report of ARAIM technical subgroup [43] the 

definitions of a signal-in-space fault, the probability of a satellite (Psat), and constellation fault 

(Pconst) are provided.  

Detailed independent GPS ephemeris investigations and analysis in [75], [80] reveal stable 

GPS (L1) navigation performance. As a result, it is acceptable to use RAIM assumptions and 

set Psat at 10-5 (which monitors a single satellite fault) and Pconst at zero (no constellation fault) 

for the future horizontal-ARAIM (H-ARAIM) service level only (see Assertion 1 of [43]). 

Moreover, FAA AC 23.1309-1E states that 'similarity' arguments are acceptable in the 

analysis of a major failure condition25. Indeed, thanks to an excellent record of GPS (L1) 

performance, Pconst for the GPS constellation can be set to zero, but for anything other than the 

GPS constellation this value is not initially acceptable (see Assertion 2 of [43]).  

Concerning vertical navigation targeted by the ARAIM system, there is a concern as to what 

extent the specifications given in the SPS-PS can be exploited for safety-critical applications 

(Assertion 3 of [43]|). Moreover, the mechanism to flag satellite faults within a certain time, 

so that the state probability is bounded, must be transparent. Referring to the ongoing 

discussions within the WG-C, it is also considered that: the Air Navigation Service Providers 

(ANSPs) might not be willing to trust the CSPs with sufficient confidence and therefore might 

wish to introduce a performance margin, or monitor and flag faults independently. Therefore, 

ATSG in [43] puts Assertions 4 – 7 forward, which state that each CSP for their own satellites 

shall constitute ISM parameters, or its equivalent, accessible to ANSPs and users, employing 

broadcast navigation data or written specifications26. Note, that there are several workable 

ways to convey such information and is still fall under the definition. From the user algorithm 

design point of view, the first key to knowing if something is operating within acceptable 

limits is to establish a list of all possible threats and to try to characterize them concerning 

their size, duration, and severity. Afterward, those errors are allocated to those parties that can 

be responsible for monitoring the errors: the CSPs, entirely independent ground monitoring 

networks, or the airborne user algorithm itself. The airborne ARAIM algorithm relies on ISM 

and can only protect the user against a pre-determined number of “worst-case simultaneous” 

satellite faults. ATSG in [43] puts Assertions 8 – 11 forward to support ARAIM monitoring. 

Since not all GNSS core constellations are thoroughly deployed, there is currently no 

                                                 

25 For more details see Assertion 1 of [43] and relevant text from FAA AC 23.1309-1E (Sec.17c, p.29). 

26 Note 3 of Assertion 4 states that “it is expected that the Galileo SISA will be equivalent in purpose to the GPS 

URA.” 
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possibility to provide a full threat model. From the lessons learned from SBAS (e.g., WAAS), 

experts from ATSG suggest separating all possible threats into three groups: nominal, narrow, 

and wide errors. This section summarizes the main outputs of the ATSG study from [41]. 

Nominal errors correspond to the errors when all operational capabilities are nominal. 

▪ Nominal clock and ephemeris errors arise due to accuracy limits of the estimation of 

the calibration coefficients, the reference time and the impact of the relativistic effects 

on satellite clock (e.g., accuracy limits of the ODTS process). This can be viewed as a 

function of the age of broadcast data of the navigation message and onboard clock 

prediction model. 

▪ Nominal signal deformation errors are due to small imperfections of the equivalent 

transfer function (e.g., up conversion from baseband to L-Band, amplification, 

filtering, and antennas waveform distortion). The induced tracking errors depend on 

the pre-correlation bandwidth and on the code-loop discriminator of the user receiver. 

▪ Antenna biases appear in the code phase on L-band in GNSS satellite antennas. The 

antenna biases might be considered as a systematic error on the pseudorange 

estimation, due to its predictability given the spatial characterization of group delay 

and the GNSS satellite attitude with respect to the user. 

▪ Tropospheric errors are nominal environmental errors due to the troposphere and are 

typically small compared to possible unexpected satellite faults. The total slant delay 

due to the troposphere can be approximated as the sum of the wet and the dry 

component and the range of this delay depends on the refractive index n. The error 

magnitude depends linearly on the signal path through the atmosphere.  

▪ Code noise and multipath (CNMP) describe an effect when the incoming signal 

consists not only of the direct signal but a number of its reflections as well. Multipath 

impairments can be categorized according to the causing phenomenon as hardware 

induced, the result of signal diffraction, specular reflection, or diffuse reflection. The 

dynamics of a reflector and receiver affect the signal characteristics (amplitude, delay 

in whole cycles, phase delay, and angular speed) and result in time varying or fixed 

offset multipath signals. 

Narrow failure errors correspond to errors induced by the ground segment or satellite faults 

that affect the navigation signals or/and the navigation message of just one satellite. The 

origin for that fault can be evil waveform, code carrier incoherency, GNSS loss of signal, etc.  

▪ Clock and Ephemeris Estimation Errors include clock runoffs, bad ephemeris, and 

unflagged SV maneuvers.  

▪ Signal Deformations lead to biases that depend upon the correlator spacing and 

bandwidth of the observing receivers.  

▪ Code-Carrier incoherency/divirgence is due to a fault mode directly on the satellite or 

due to the local events caused by ionospheric scintillation. The code-carrier 

divergence is complicated to detect and mitigate since it occurs shortly (within 

seconds) after the user acquires the satellite. This threat causes a step or a ramp error 

between the code and carrier broadcast from the satellite. 
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Wide failure errors correspond to errors induced by the ground segment or satellite faults 

that affect the navigation signals or/and the navigation messages of multiple satellites 

simultaneously. 

▪ Ground Segment Integrated Failures arise due to tracking station failures, design 

flaws in the satellites, not the nominal behavior of UTC1, and inadequate manned 

operations induced errors by the contamination of the commands (uplink/downlink).  

▪ External errors are induced by erroneous Earth Orientation Parameters (EOP) and 

EOP Prediction (EOPP). Type A: The EOPPs used in the orbit determination process 

were good, but Earth motion has changed since upload. Type B: The EOPPs used in 

the orbit determination process were bad, and the situation was not detected by MCS 

prior to upload. 

▪ Multiple Scintillations arise due to unperiodic, spontaneous deep amplitude fades 

(fluctuations) and fast carrier phase variations of radio waves. This error source has 

celestial origin and is on the time scale of seconds to minutes. The receiver can lose 

tracked signals.  

In the current GPS SPS-PS, the threat coming from wrong estimation or upload of Earth 

Orientation Parameters (EOPs) is listed as a potential integrity failure mode. Variations in 

EOPs over time (e.g., pole motion, length of the day) can be very effectively screened out by 

any core CSP. In the worst-case, where CSPs fail to observe (for a long time) those changes 

and all satellites are consistently wrong, the error would be projected into the horizontal 

direction only. Since all satellites are shifted in a coordinate frame equally, this threat is not 

detectable by the algorithm onboard the aircraft. The details on checks that each single CSP 

provides, the time it takes to complete an update, and the frequency of update are not publicly 

described. An EOP fault was observed on GPS PRN 19 on June 17, 2012 and also on half of 

the GLONASS constellation on April 1-2, 2014. It is important not to neglect wide failure 

errors. The ARAIM assumes that the GNSS core constellations are sufficiently independent 

such that the only potential source of common mode error comes from incorrect EOPs - 

Assertion 10 of [43]. Moreover, the likelihood that incorrect EOPs lead to consistent and 

harmful errors on more than one constellation may require inter-CSP coordination (Assertion 

11 of [43]). 

2.4.2 Integrity Support Message 

The integrity support message (ISM) may contain different parameters depending on the level 

of trust placed in the navigation data broadcast by the GNSS constellations. It could also 

include extra design elements which could optimize the ARAIM system. More critical 

operation levels may require new approaches, and eventually a different set of ISM 

parameters (for example, Online ARAIM architecture is going to send a complete re-

calculated ephemeris set to the user receiver). A set of parameters broadcast in the ISM, 

currently proposed by ATSG [39-45] includes: 

▪ tk (time of applicability)  

▪ bn,j (use/don’t use flag) per satellite/constellation  

▪ σURA,n (1-sigma ranging error integrity bound) per satellite 

▪ σURE,n (1-sigma expected ranging accuracy bound) per satellite 

▪ bnom,n (maximum nominal bias for integrity) per satellite 

▪ Psat,n (likelihood that a satellite is in a faulted state) per satellite  
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▪ Pconst,j (likelihood that multiple satellites are in a faulted state) per constellation 

▪ Navigation data overlay27 (description of SV position and clock over time) or 

navigation data corrections per satellite 

This list is representative, but not exhaustive. The key differentiating features about ISM 

needed for H-ARAIM and Offline vs. Online monitoring are summarized below. 

▪ H-ARAIM (later Offline monitoring) – long Time to ISM Alert (TIA). ISM is 

computed manually and is not expected to be updated often. Latency is on the order of 

days to months (quasi-static ISM). Note that the information describing Psat and Pconst 

is significant for early single frequency operations with multiple GNSS. The ARAIM 

user algorithm uses this information to determine how many sets of potentially failed 

satellites must be considered. The required ISM parameters for the airborne algorithm 

to provide H-ARAIM service could even be hard coded into the receiver and would 

not need to be updated. 

▪ Online monitoring – short TIA. ISM is computed automatically with near real time 

measurements collected by a dedicated reference receiver network. Latency is from 

minutes to hours. Not all constellations have the capacity to carry navigation data 

overlay. Another option is to use geostationary satellite links for this purpose. It has to 

be noted that this is a feasible and potentially attractive solution, but it is not consistent 

with a goal to eliminate or reduce costs of the SBAS geostationary broadcast 

sometime in the future. 

If full trust could be placed in all of the core constellations, there would not be a need for an 

ISM at all. At least when all needed parameters are broadcast via NAV-Messages. 

2.4.3 ARAIM Physical Architecture 

The ATSG has developed ARAIM architectures that support the following navigation 

objectives: 

▪ Horizontal ARAIM: to support horizontal navigation based on an occasional ISM 

from the ground to the air. Provides global RNP 0.3 down to RNP 0.1 service level. 

▪ Offline ARAIM: to support horizontal and vertical navigation based on a monthly 

ISM from the ground to the air. Provides global LPV-250 service level. Challenged to 

provide global LPV-200. 

▪ Online ARAIM: to support horizontal and vertical navigation based on an hourly ISM 

from the ground to the air. Provides global LPV-200 service level.  

Potential ground monitoring architectures can be divided into two distinct approaches: H-

ARAIM (later Offline ARAIM) and Online ARAIM. H-ARAIM service is going to provide 

lateral navigation only. This suggests that Offline ARAIM is the corresponding H-ARAIM 

successor system to provide global integrity monitoring not only for horizontal but also for 

vertical navigation. H-ARAIM may find near-term application before dual frequency GNSS 

                                                 

27 Only for Online ARAIM architecture, for more details see [43]. 
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systems are available. When performance commitments from the core constellations for dual 

frequency services are going to be available, it is possible to have a smooth transition from H-

ARAIM (static ISM) to Offline ARAIM (quasi-static ISM). During this period, experience to 

provide targeted LPV-service levels can be gathered. The main feature of Offline monitoring 

is that it provides vertical service without the need to communicate with the aircraft in flight. 

Quite the contrary is the Online monitoring, which directly connects the observations to the 

integrity parameters broadcast in the ISM. This means that the processing chain to generate 

the mathematical model in Section 2.2.1 differs between H-ARAIM (later Offline) and Online 

architectures. 

The recommendation of the WG-C is first to proceed with H-ARAIM in synchronism with the 

build out of the new constellations [43]. Moreover, it is believed by ATSG of WG-C [43] that 

H-ARAIM with a static ISM can be implemented in the near-future with Offline monitoring 

at very low risk. H-ARAIM implementation will require ANSPs and CSPs to reach agreement 

on new performance commitments and Offline monitoring processes. To allow H-ARAIM to 

proceed, the following elements will be needed [43]:  

▪ detailed concept paper, 

▪ contribution to DFMC SBAS MOPS standards, 

▪ the concept of operations (CONOPS) for H-ARAIM, and 

▪ preliminary safety case.  

To consolidate the elements needed for H-ARAIM (later Offline ARAIM), some challenges 

need to be tackled, such as global ISM approval, sovereignty, and liability issues.  

Vertical ARAIM (Offline) service can be implemented once sufficient data is collected and 

experience gained to establish safe operations. As simulation results show, to provide LPV-

200 minima globally, it will be required that the CSPs provide user range accuracies (URAs) 

of one meter or better. Otherwise, vertical guidance may not be available from ARAIM with 

sufficient availability. The necessity of ARAIM monitoring implementation is going to be 

examined concerning the available performance level and the coverage of the Offline service. 

For more details on ARAIM architectures, see the Milestone III report of WG-C [43] which 

provides readiness key points and feasibility checkpoints for each ARAIM design. 

2.4.3.1 H-ARAIM Architecture 

H-ARAIM for horizontal guidance is similar to traditional RAIM that has supported 

navigation since 1993 [6, 7]. Unlike traditional RAIM, Horizontal ARAIM (H-ARAIM) is 

going to rely on an Integrity Support Message (ISM) because it permits a more dynamic 

optimization of user algorithm performance in light of continuously evolving GNSS satellites 

and constellations. This data is not frequently required and would only be used to 

communicate to the ARAIM user algorithm large changes in the core constellations (monthly 

updates or static ISM). H-ARAIM targets lower RNP levels to support a greater variety of 

aircraft operations. It can utilize dual frequency to reduce the effect of ionospheric uncertainty 

and improve the accuracy of the navigation solution. Moreover, it can reduce the impact of 

radio frequency interference by reverting to either L1-only or L5-only operation. H-ARAIM 

will obviate the GPS (L1) RAIM outages because it utilizes multiple constellations to reduce 

sensitivity to the strength of any individual constellation. There must be transparency and 

international acceptance of ISM since the authorization and operation of GNSS aviation 

services in non-core constellation states are always related to legal and institutional issues. It 

will provide global RNP 0.1 service, which offers robust GNSS based lateral operations.   
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2.4.3.2 Offline V-ARAIM Architecture 

Offline V-ARAIM is the corresponding H-ARAIM successor system to provide global 

integrity monitoring not only for horizontal guidance but also for vertical navigation. It targets 

achieving vertical guidance (global LPV-service levels) without a real time monitoring system 

like SBAS. The Offline V-ARAIM architecture does not require communication with an 

aircraft after departure, and avails daily/monthly data base updates. Importantly, the ISM 

communication link may be a suitable wireless link (e.g., core constellations NAV database, 

geostationary satellite, or terrestrial radio). The Offline V-ARAIM user algorithm is even 

more dependent on ISM than its predecessor (both H-ARAIM and RAIM). In other words, it 

is subject to availability risk, since it directly depends on potentially weak commitments from 

constellation service providers (CSPs) relative to the achieved ranging performance of their 

satellites.  Offline V-ARAIM is especially sensitive to the user range accuracies (URAs) that 

are contained within the navigation messages from the core constellations (see note 26 on 

page 70). Offline V-ARAIM employs three mechanisms to provide aircraft guidance using 

GNSS safely: 

▪ The user airborne algorithm identifies and eliminates dangerous faults rapidly. 

▪ The CSPs continue to operate their constellations in a manner consistent with 

performance commitments and history and remove faulty satellites and conditions 

within hours.  

▪ The Offline V-ARAIM ISM parameters are chosen conservatively to cover the 

expected short-term performance variations of the core constellations.  

2.4.3.3 Online V-ARAIM Architecture 

Online V-ARAIM has its origin in SBAS and the previously proposed Galileo Safety-of-Life 

(SoL) service. The main difference is that the ground ARAIM system does not need to 

provide the six-second Time-To-Alert (TTA) associated with LPV-200 (and LPV-250). Like 

H-ARAIM and Offline V-ARAIM, Online V-ARAIM relies on ISM and the ARAIM user 

algorithm at the aircraft to detect abrupt faults. The main features of Online V-ARAIM 

architecture are: 

▪ The Online V-ARAIM ground segment generates and disseminates its own navigation 

messages (satellite orbit and clock predictions). 

▪ It requires ISMs to be broadcast to aircraft that are in flight (hourly). Thus, Online V-

ARAIM is subject to connectivity risk. 

▪ The processing chain to generate a mathematical model in Section 2.2.1 differs 

between H-ARAIM/Offline and Online architectures. The user algorithm overlays 

NAV messages broadcast by the constellations with ISM information. 

▪ The user algorithm is responsible for protecting the six-second TTA associated with 

LPV-200. 

Therefore, Online ARAIM reduces the availability risk present in Offline architecture by 

replacing the navigation messages from the constellations with ones generated by the 

independent and trusted ground network to support ARAIM user algorithm monitoring 

functions. The ephemeris and clock corrections provided by the ground must be less than a 

few hours old, otherwise Online ARAIM does not provide the benefit over the Offline 

architecture.  
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3. Advanced RAIM User Algorithm 

The currently proposed ARAIM techniques to support LPV-200 approaches on a global basis 

first rely on an Integrity Support Message (ISM), because it permits a more dynamic 

optimization of RAIM performance in light of continuously evolving GNSS satellites and 

constellations. Secondly, RAIM characterizes a nominal pseudorange error model as a zero 

mean Gaussian distribution. To account for unknown, but bounded, biases (Section 2.4.1), 

ARAIM defines a bias term which asserts the norm of the biases bounded by a known 

maximum nominal value. Thus, ARAIM describes a nominal pseudorange error by a 

Gaussian overbound and a maximum bias. In addition, as discussed in [41], different 

requirements target different probability levels and different levels of hazard severity (H-

ARAIM vs. V-ARAIM).  

• It is practical to have two error models for each pseudorange: a conservative one and a 

realistic one.  

The first error model is labeled by ARAIM developers as the nominal accuracy (continuity) 

error model and is applied to the requirements that are in the Major category only. In addition 

to the error model developed to support approaches in the major category (alike RAIM) and 

the nominal accuracy error model, ARAIM defines a nominal integrity error model, which is 

applied to the requirements that are in the Hazard category. For a given geometry, the 

covariance of the measurements is designated by Cacc for the accuracy/continuity error model 

and Cint for the integrity error model. Both covariance matrices are diagonal and the terms to 

compute each component are given in Annex D, which includes the nominal satellite clock 

and ephemeris error, the tropospheric delay error, and the code noise and multipath error. The 

maximum biases are designated by bint and bacc respectively.  

The main difference between the ARAIM airborne algorithm and traditional RAIM is the 

included knowledge on the GNSS current performance status (added ISM information). 

Therefore, the integrity monitoring process additionally consideres multiple faults and 

includes: 

▪ information on the maximum nominal bias for each individual GNSS satellite that 

accounts for unknown, but bounded biases (Section 4.3). 

▪ knowledge of the a priori probabilities of a satellite and possible GNSS constellation 

fault (Section 4.4). 

The monitor chosen to protect against the list of determined fault modes is the Solution 

Separation (SS) concept. The most widely known Slope concept described in Section 2.3.4 

could easily be extended to narrow and wide faults (Section 3.2).  It is shown in Annex J that 

the only difference between the concepts is in the way to estimate the detection thresholds.  

These thresholds contribute to the PLs and Effective Monitoring Threshold (EMT) 

estimations. This means that all projections in Section 3.3 remain valid for both monitors. 

Covariance matrices that are used to form the σACC are the same. The second difference is that 

the ARAIM developers suggest using a multiple hypothesis testing problem. Multiple 

hypothesis testing monitors i-tests where each is designed to guarantee that for any one test, 

the chance of a false alarm and missed detection probability holds. The idea of MHSS 

ARAIM is to create in one dimension, position error bounds for each of the fault modes 

defined in Section 3.2 by computing a position solution unaffected by the fault, computing an 

error bound around this solution, and accounting for the difference between the all-in-view 

position solution and the fault tolerant position (Figure 3-2). This chapter’s focus is to 
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describe how the MHSS ARAIM user algorithm estimates the output values listed in Table 

3-1. 

 

Table 3-1: Input and Output Parameters of ARAIM user algorithm 

There are three independent one-dimensional Protection Levels (PLs) in the East ( 1q ), 

North ( 2q ), and Up ( 3q ) directions. The PL in vertical direction is indexed by 3q , 

3PLVPL   (3-1) 

To operate independently from knowledge of runway heading, the horizontal error is derived 

as the root-sum-square of the East ( 1q ) and North ( 2q ) dimensions as follows: 

2

2

2

1 PLPLHPL   (3-2) 

Critical steps and design parameters used within the ARAIM user algorithm’s process routine 

are discussed first (Section 3.1). The key inputs to the ARAIM user algorithms are the 

integrity requirements (Table 3-1), fault mode terms generated in Section 3.2 based only on 

ISM information, and projections used within the mathematical model described in Section 

3.3. Section 3.4 discusses the test statistic that is used by the real-time integrity monitoring 

process and the sanity check for the all-in-view position solution suggested by ATSG in [43, 

45]. 

The algorithm outputs depend on the service level and are discussed in Sections 3.5 to 3.7.  

For lateral navigation, the output of the ARAIM algorithm is the horizontal protection level 

(HPL). If the aircraft is conducting phases of flight that require vertical guidance, then for 

LPV-250 service level the ARAIM algorithm produces HPL/VPL values. For LPV-200, the 

most challenging service that the ARAIM concept is targeting, EMT and σACC are calculated 

in addition to HPL/VPL. 
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3.1 Critical Steps and Design Parameters 

The ISM does not specify explicitly which Failure Modes (FM) need to be monitored or their 

corresponding combinations and their prior probabilities. This determination must be made by 

the ARAIM user algorithm based on the contents of the ISM, which provides the knowledge 

on the prior probabilities of independent events. It is also dependend on the user-to-satellite 

geometry. This is the first critical step, where the user algorithm generates assumptions on 

FM and estimates the probability of occurrence of a particular combination of narrow and 

wide faults (Section 3.2). The decision on which combinations could be excluded from a 

monitoring process and the total Nsub –number of FMs to monitor is driven by the ARAIM 

user algorithm only.   

The tunable design parameters currently used by the ARAIM user algorithm are listed in 

Annex B.3, 

▪ PSAT_THRES  and PCONST_THRES are used to limit the number of FM that is monitored by 

the ARAIM user algorithm,  

▪ PHMI_ADJ describes the probability of PHMI that is adjusted for those FM that are not 

monitored by the user algorithm because of their low probability of occurrence or in 

order to avoid a double counting of Monitored Fault Combinations (MFCs).  

If those critical parameters are set too low, some MFCs that could be neglected are actually 

double or triple counted. Section 3.2 shows an estimation of FM to be monitored by the 

ARAIM user algorithm and how to avoid unnecessary extra calculations of MFCs. 

 

Figure 3-1: Failure Modes 

Another critical step in ARAIM is the allocation of integrity and continuity budgets among all 

monitored FM indexed by  subNi ,0 , as it determines the overall performance of the 

algorithm. The constraints on these parameters are: 
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For optimal allocation, first, the above formulas shall not exceed the system requirements PFA 

and PHMI from Annex B.2. Second, the entire risk shall be allocated as a function of the 

range of the expected ISM content and the targeted operation (e.g., service level), as follows: 

▪ The allocation of the integrity budget PHMI between the vertical and horizontal domain, 

PHMIVERT and PHMIHOR, respectively (e.g., HORVERTHMI PHMIPHMIP  ). 
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▪ The false alert rate allocation to the monitors in the vertical and horizontal domain, 

PFA_VERT, and PFA_HOR, respectively (e.g., HORFAVERTFAFA PPP __  ). 

For the horizontal operation, the current ARAIM user algorithm allocates the entire integrity 

PFA and PHMI budgets to the horizontal dimension, and the remaining negligible portion is 

allocated to the vertical dimension (Annex B.3). This is done similar to work performed by 

the ATSG WG-C in [43, 45]. 

The decisions on whether to continue with Protection Level (PL) calculation, attempt fault 

exclusion, or declare the HPL and VPL invalid are critical issues in the monitoring process. 

Those parameters that impact decisions are briefly summarized below: 

▪ The false alert rate allocated to the chi-square test (PFA_CHI2). Here, the definition 

suggested by [43] is adopted: 0__2  HORFAVERTFAFA PPPP


. 

▪ Threshold calculation Di,q: The need for the EMT requirement in the form it is 

currently suggested is under discussion within WG-C. It is possible that future 

ARAIM services will need to elaborate this in greater detail. 

▪ It is possible that the accuracy estimate is not correct under faulted conditions (e.g., 

XREQACCqqURAi

T GWMG ,_

2/1

,)(  ).  The accuracy estimate used for the ARAIM user 

algorithm assumes that no fault is present in the all-in-view solution (e.g., 

XREQACCqACC ,_,   ). 

• Assumption: faults shall be sufficiently unlikely so as not to affect the 95% 

accuracy requirement. The driving requirement on σACC,q is currently defined 

only for fault-free (FF) conditions (Section 3.5.1 ). 

Further evaluation and validation of all these metrics should be made to ensure that the error 

distribution for ARAIM meets the true operational goals. 

3.2 Fault Mode Parameters 

In this section, the generalized description of the Fault Modes (FM) and how the baseline user 

algorithm deals with monitored subset faults (fault combinations) is explained in detail. There 

are many different possible causes of faults on the pseudorange measurements. This section is 

based on the threat model for the ARAIM system (Section 2.4.1) and how the user algorithm 

monitors and identifies relevant faults. The ARAIM system groups them into two fault 

classes. Let’s first summarize the differences between these fault definitions: 

▪ Narrow faults are ones that affect a single satellite only. These may be caused by a 

faulty component on the satellite that in no way affects any of the other satellites.  

These faults are considered to be independent from one satellite to another. Narrow or 

satellite faults are described by PSAT (ISM). 

▪ Wide faults are ones that can affect more than one satellite within a constellation 

simultaneously. These are also called constellation faults. They can be caused by the 
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control segment, by a common design flaw in the satellites, etc. Their distinguishing 

characteristic is that a single event can cascade and affect multiple satellites within the 

core constellation. The probability of wide or constellation fault is described by PCONST 

(ISM). 

The ARAIM user algorithm generates a list with Nsub –number of subsets (event 

combinations) that shall be monitored, indexed by i-th FM, e.g.,  subNi ,1 .  Moreover, the 

user algorithm defines the prior probability that the error model follows nominal measurement 

models. The likelihood of being in the FM state is calculated based on the ISM information 

and is stored in the vector abbreviated by Pf.  The next steps describe how exactly the 

algorithm proceeds with these calculations. There are the following FM states: Fault Free (FF) 

and Monitored Fault Combinations (MFC): 

▪ The nominal state is described by Fault-Free (FF) mode which uses the All-in-View 

set of satellites, where zero faults are considered to be present. The probability of no 

fault being present is (1-Pf), where Pf in the simplest representation corresponds 

directly to PSAT (or PCONST) depending on which fault is being considered (narrow or 

wide). The prior probability of the FF mode can be approximated as 1 for the user 

algorithm as the monitored FM probabilities are quite small: 

  11
1

0  


subN

i

i

fFFf PPP  
(3-5) 

▪ Faulted state is described by the magnitude of PSAT, PCONST, and corresponding 

thresholds (Annex B.3). The user algorithm forms unique combinations, e.g., subset 

faults, created by removing a single satellite up to ))(,max( max,max kGNSSsatr NNN -SV’s 

number.  

✓ Nmax,r – from Equation (3-14) is the maximum number of narrow faults that 

could occur simultaneously on different satellites, 

✓ Nmax,k –from Equation (3-16) is the maximum number of constellations that 

are going to be taken completely out to monitor the constellation fault(s),  

✓ Nsat,GNSS(j) – number of satellites (Nsat) within j-th GNSS constellation.  

The ARAIM user algorithm provides consistency check(s) by forming only reasonable 

subsets that remove all sufficiently likely satellite combinations that could lead to a defined 

position failure. The value nFC determines the number of satellites taken out of All-in-View 

set to generate a subset to monitor. 

▪ The unique combinations with indices of satellites that are going to be monitored by 

the i-th FM  subNi ,0  are stored in the matrix idxi with dimensions 

))(,max( max,max kGNSSsatr NNN  by Nsub.  

Therefore, vector Pf contains the needed information on a priori probabilities of integrity 

failures for satellites assumed to be faulty within the i -th FM (e.g., i > 0).  The list below 

illustrates those unique combinations in Figure 3-1, where the ARAIM user algorithm 

generates and provides the estimated likelihood of being in the MFC state: 

▪ Single satellite out. The number of such subsets is equal to Nsat. The probability of 

occurrence of this MFC is stored in the fault vector: nsat

i

f PP , , with satNni ,...,1 . 
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▪ Unique subset faults (1) (belonging to different GNSS constellations). Build unique 

fault combinations with nFC-number of satellites taken out without repetition assuming 

that by fitting higher order polynomials lower combinations of fault events are always 

included: 



i
FC

i
r

nr
idxsat

i

f PP
,...,1

,
, where Nmax,r > 1 and idxi

  is the matrix those columns 

including indices of satellites that are temporarily taken out from the All-in-View set.  

▪ Unique subset faults (2) (belonging to the same constellation). These MFCs belong 

to the wide faults category: jconst

i

f PP , , if all satellites of idxi –subset for i-th FM 

belongs to the j-th constellation.  

▪ Full constellation and single narrow fault (n-th SV belongs to GNSS1 and multiple 

faults on GNSS2): jconstnsat

i

f PPP ,,  . 

▪ Full constellation(s)  (wide faults, Nmax,k >0). Individual wide faults are considered to 

already test the Nmax,r-satellites out combinations (subset faults) within the wide fault 

event subset: 



k

i
r

Nr
idxconst

i

f PP
max,...,1

,
 

Current implementation of ARAIM user algorithm in [45] makes no distinction between Pconst 

and Psat. Thus the faults are treated identically and the algorithm utilizes: single satellite out, 

unique subset faults (1) and full constellation(s). Having a large number of satellites with  

relatively high fault rates (Table 3-2 and Table 3-3) can lead to a very large number of 

satellite subsets to evaluate (Section 3.2.1 and 3.2.2).  Among the fault modes determined by 

the ARAIM algorithm, there could be some that cannot be monitored (e.g., Nsat < Nunk).  The 

list above becomes more complicated when the number of constellations that ARAIM uses 

increases (e.g., Nconst > 2). The filtering of double or triple monitored event combinations is 

discussed in [104] and becomes more efficient for all subsets with three satellites or less, or 

four satellites or less belonging to two or more constellations. In other words, if the fault 

modes are sufficiently unlikely, there is also no need to monitor them.  As one can see, those 

multiple faults that belong to one constellation at a given epoch (snapshot at a given time) are 

not taken into the list of MFC (monitoring process) but assumed to be monitored by the fault 

event subset all at once.  In this case, these FMs build so-called removed probability PREMOVED 

in Equation (3-6) and must be removed from the list of faults (and their estimated integrity 

risks stored in Pf shall be subtracted from the available integrity budget PHMI, Equations 

(3-10) and (3-11)).   


excl

excl

fremoved PP  (3-6) 

This filtering reduces the list of FM (e.g., total number of subsets) that needs to be evaluated: 

removedWFNFsub NNNN 1  (3-7) 

As mentioned above, the Nmax,r , and Nmax,k –numbers are found by applying the failure 

thresholds from Annex B.3. All higher probabilities, where Pupper_bound_aprox,r in Equation 

(3-13) and Pconst_upper_bound,k  from Equation (3-16) are greater than PSAT_THRES  and 

PCONST_THRES (Annex B.3), respectively, impact only a small fraction of the total integrity 

budget.  Therefore, there is a small residual of probability coming from both narrow and wide 

fault monitors, which is considered to be small and added to the probabilities of unobservable 

satellite combinations: 
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kNk

kboundupperconst

rNr

rapproxboundupperleunobservab PPP
max,

,__

max,

,__  
(3-8) 

The total probability of not monitored narrow and wide faults is as follows: 

leunobservabremovedmonitorednot PPP _  (3-9) 

Finally, the user algorithm adjusts the integrity risk with respect to position dimensions. The 

integrity risk allocated to the vertical dimension PHMIVERT is adjusted according to the sum 

of contributions of not monitored fault modes, 













HORVERT

monitorednot

VERTADJVERT
PHMIPHMI

P
PHMIPHMI

_

_ 1  
(3-10) 

The same is done for the integrity risk PHMIHOR allocated to the horizontal dimension; the 

adjusted probability of risk with respect to the not monitored fault combinations is adjusted as 

follows: 













HORVERT

monitorednot

HORADJHOR
PHMIPHMI

P
PHMIPHMI

_

_ 1
2

1
 

(3-11) 

As a result, only those subsets are considered in the integrity monitoring of the navigation 

solution which could lead to position failure. Note that the allocation in equations (3-10) and 

(3-11) was made arbitrarily and could be further optimized in the future. 

3.2.1 Narrow Faults 

In the multi-GNSS environment (Section 2.1), one has to deal with the possibility of having a 

multiple number of independent simultaneous faults on satellites. To design a narrow failure 

monitoring process, it is necessary to determine the: 

▪ Maximum number of satellites that could fail independently at a given time ( rNmax ), 

▪ A maximum number of subsets to be monitored for narrow faults ( NFN ). 

Note, that in the latest algorithm version of WG-C, narrow and wide faults are trated 

identically. In general then, the failure mechanism follows the binomial distribution with 

parameters: 

▪ satN - total number of measurements, 

▪ satP - the prior probability of a fault in satellite (ISM). 

To determine the maximum number of satellites that could fail at a given time ( rNmax ), the 

probability of having exactly r fault conditions existing during a service level approach and 

extending to the assumption of having various satellite a priori probabilities GNSSP  for GNSS 

satellites is given by, 

THRESSAT

N

n

N

nn

N

nn

N

k

ksatnsatnsatboundupper PPPPP
sat sat sat

rr

sat

rnnk

r _

1 1 1

,,,_

1 12 1
,1

1
)1( 














   
  

 

  

(3-12) 
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For satNkr ,,1,0 , the boundupperP _ is estimated and bounded by threshold integrity risk 

THRESSATP _  (Annex B.3). 

Moreover, the upper bound of the probability in (3-12), that there are exactly r satellite faults, 

can be approximated by the Poisson distribution: 

THRESSAT

r
N

n
nsat

P

rapproxboundupper P
r

Pe
P

sat

satN

n

nsat

_
1

,

,__
!

)(1

,






 





 

e  the base of the natural logarithm. 

nsatP ,  satellite failure probability caused by the GNSS 

space segment (ISM). 
 

(3-13) 

The maximum number of simultaneous satellite faults that need to be monitored ( rNmax, ) is 

defined by searching for a significant portion of the impact of r  satellite faults on the total 

integrity risk budget: 

)(max ___max rPPN THRESSATapproxboundupper
r

r   
(3-14) 

The maximum number of subsets to be monitored is given by: 

 



rN

r

satNF rNCN
max

1

,  
(3-15) 

The maximum number of simultaneous faults that need to be monitored by the ARAIM user 

algorithm as a function of the averaged PSAT over NSAT (number of satellites) is given in Table 

3-2.  

 

Table 3-2: Maximum number of simultaneous satellite faults to be monitored by user algorithm 

3.2.2 Wide Faults 

A constellation-wide consistent fault, where all or multiple satellites in the constellation are 

affected simultaneously, is described for each GNSS by PCONST (ISM). This kind of a fault 

shall be made a very rare event by each constellation service provider (CSP, see Section 2.4). 

Note, that in the latest algorithm version of WG-C, narrow and wide faults are trated 

identically.  

For 
constNk ,,1 , the 

kboundupperconstP ,__
 is estimated and similarly bounded by the limit for the 

integrity risk coming from unmonitored constellation faults 
THRESCONSTP _

(Annex B.3). The 

main assumption for the constellation fault is that consistent faults affect only one to k  of 

the constN  (number of constellations) at a time. The maximum number of simultaneous 
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constellation faults that need to be monitored ( kNmax ) is defined by searching for the subset of 

k  satellite faults which have a cumulative prior probability of failure that is below the 

integrity risk: 

)(max _,__max kPPN THRESCONSTkboundupperconst
k

k   
(3-16) 

The total number of subsets to be monitored is given by: 

 



kN

r

constWF kNCN
max

1

,  
(3-17) 

The number of constellations that shall be monitored by the ARAIM user algorithm as a 

function of the averaged PCONST over NCONST is given in Table 3-3. 

 

Table 3-3: Maximum number of simultaneous occurred constellation faults to be monitored by user 

algorithm 

As a reminder, when using the GPS constellation within multiple GNSS for H-ARAIM, it is 

acceptable to use PCONST(GPS) = 0. In this case, the ARAIM user algorithm does not monitor a 

GPS constellation wide fault. For more information see Section 2.4.1. This is in accordance 

with Assertion 1 of [43].  

3.3 Geometry-dependent Parameters 

This section provides guidance on how to calculate generalized projections and covariance 

matrices used within calculations of ARAIM output values in Sections 3.4 through 3.7. All 

notations used within this section are detailed in Table B.4 of Annex B. 

First, based on a valid set of ISM parameters for an Nsat (number of satellites), the fault modes 

indexed by i are defined and include the fault-free (FF) and Monitored Fault Combinations 

(MFCs). Note that the ARAIM user algorithm provides consistency check(s) by forming only 

reasonable subsets that remove all sufficiently likely satellite combinations that could lead to 

a position failure (Section 3.2). 

Similar to traditional RAIM in Chapter 2, to calculate the projection matrix S which 

transforms the measurement space to the position domain for the Fault Free (FF) mode (All-

in-View set indexed by 0i ) is given by: 

  INT

T

INT

T WGGWGS 
10  (3-18) 

The next step is to get the projection matrix denoted by Si which generalizes Eq. (3-18) and 

MFC modes with subNi  ...,2,1 : 

INTi

T

INTi

Ti WMGGWMGS 1)(  , with subNi  ...,2,1,0  (3-19) 

The matrix Mi in Equation (3-19) is used to generate unique subset fault combinations. Thus, 

M0 is the (Nsat x Nsat) unit matrix that is used to generate an FF mode with All-in-View 
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satellites. To generate individual MFC modes ( subNi  ...,2,1 ), the diagonal elements of the 

M0–matrix are set for each mode individually at zeros using indices of satellites stored in the 

idxi matrix. 

The Weighted Least-Squares (WLS) position solution is estimated (Nsub+1) times according 

to the i-th fault mode: 

ySx ii

WLS   
(3-20) 

The error uncertainty in one position dimension (e.g., q=1,2,3) is found according to the 

diagonal elements of the covariance matrix which is also generated for each individual i-th 

fault mode: 

1

,, )(  qqINTi

T

qi GWMG  (3-21) 

Note, that observation matrix G removes its 3+jth column for all GNSS whose satellites are 

not in the subset defined by the i-th MFC (see Section 3.2). It can be written as: 

T

INTi

T WMG ]0...0[)(   (3-22) 

The weighting matrix WINT is based on fixed error models assumed for the integrity parameter 

calculation and additional information on ranging performance provided by the ISM. The 

diagonal elements are the inverses of the variances (σ2) calculated based on error models in 

Annex D corresponding to each satellite.  

1

int

 CWINT  (3-23) 

where 2

,int DFiC   in the case of dual frequency measurements are available (Annex D.1) and 

2

,int SFiC   if there are only single frequency pseudorange measurements (Annex D.2). 

The estimated deviation between the fault mode-specific position and the all-in-view solution 

set for the i-th fault mode is called solution separation and is given by: 

0SSS ii   (3-24) 

The solution separation error uncertainties in the North-East-Up (q=1,2,3) coordinate system 

are found according to the diagonal elements of the covariance matrix: 

qq

Ti

acc

ii

qss SCS ,, )(   
(3-25) 

Here, the weight matrix WACC is also based on fixed error models assumed for the 

accuracy/continuity parameter calculations and additional information on the ranging 

performance transmitted by the ISM (see Section 4.3). The diagonal elements are the inverses 

of the variances (σ2) calculated based on error models in Annex D corresponding to each 

satellite. The error models might be changed in the future. 

The covariance matrices of fault tolerated position solutions used by ARAIM are given by 

matrix Pi. To show parallels to the traditional RAIM, the approximation to terms used in 

Chapter 2 is given by: 
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qq

Tiii

qq SCSP ,int, )(  (3-26) 

The biased terms in the 1-D position domain for integrity purposes are: 





satN

n

n

i

nq

i

q bsb
1

int,,  
(3-27) 

 
 

Note that accuracy biases are used only to estimate the detection threshold in Equation (3-40) 

of Section 3.5 and therefore impact EMT values in Section 3.5.3. Since the impact of 

accuracy biases on EMT and PL is expected to be small, it is currently suggested by WG-C to 

evaluate the need for accuracy biases during the V-ARAIM (Offline) evaluation phase. 

Therefore, current ARAIM assessment methodology sets bacc to zero and re-names bint used in 

Equation (3-27) the bnom term. This is done to estimate the preliminary impact of nominal 

biases on the performance results (Section 4.3).  

3.4 MHSS Test Statistics 

For integrity purposes, the test statistic is used to flag bad position solutions. The ARAIM 

user algorithm uses the MHSS test statistics for real time monitoring of the alternative 

hypothesis Hi: 

▪ MHSS ARAIM ensures integrity by comparing the position solution estimate made 

with all satellites in view, which may contain faulted satellites, to estimates from 

subsets of faults (Figure 3-1) that have removed some of the satellites.  

MHSS ARAIM has been described in [37] for single satellite faults and in [40-45] for a 

scenario with multiple simultaneous failures. The basic idea of the solution separation (SS) 

technique is to create multiple hypotheses (MH) tests accounting for the difference between 

the all-in-view position solution and the fault tolerant position (small nominal biases can be 

present). A fault tolerant position is the position solution that is estimated based on the 

assumptions generated by a fault mode to monitor a system failure.  

The differences between the all-in-view and fault tolerated position solutions are used as a test 

statistic to perform real-time detection tests and to provide a position error bound satisfying 

the system requirements (see Section 3.4). The MHSS test statistics (Ts) are formed by 

separating the All-in-View set solution from the i-th subset solution in the corresponding East 

( 1q ), North ( 2q ), and Up ( 3q ) directions, 

0

,,, qWLS

i

qWLSqi xxx   (3-28) 

Real-time decision tests are performed to determine whether there is an excessive position 

error in the q-th dimension of the predetermined nFC number in Section 3.2 of satellites by 

checking the inequality, 

qiqi

i

qs DxT ,,,   (3-29) 

If they disagree by more than the internal detection threshold qiD , , the all-in-view position 

estimate is declared invalid and not used. The test statistics Ts are indexed by the fault index 

i  and the coordinate index q. If any subset solution differs from the All-in-View by more than 

the threshold, the protection levels are set to infinity (e.g., algorithm is not available). 
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Protection Level (PLq) can be computed only if, for all FM indexed by i  in the q-th positional 

dimension, the following inequality holds: 

1
,

,

, 



qi

qi

qi
D

x
  

(3-30) 

▪ If any of the tests of inequality in (3-28) fail, the exclusion can be attempted. 

▪ If they agree to within the threshold Di,q, then the sum of the threshold and the subset 

covariance error bound are sufficient, and the all-in-view position error will be 

bounded by the protection level PLq (Section 3.5). 

3.4.1 χ2 Sanity Check 

For a sanity check, [45] suggests monitoring the H0 hypothesis using traditional Chi2 test 

statistics of the All-in-View satellite set. Section 2.3.2 shows the assumptions RAIM 

developers made in deriving the error distribution.  If the sanity check for the All-in-View set 

does not hold, but the solution-separation tests all pass, then the ARAIM user algorithm 

declares “no availability.” The Chi2 test is an upper bound of the square of any possible 

normalized solution separation statistic (see Section 2.3.2).   

22 )( 
THTs  , and 1, qi  for all q and i-th FM 

)2(
sT  chi2 test statistic of all in view set 

2
TH  chi2 detection threshold 

 

(3-31) 

If the chi-square statistic is larger than expected, but none of the solution separation tests in 

Equation (3-30) have failed, then the fault is probably outside the threat model. In this case, 

the PL cannot be considered valid, and exclusion cannot be attempted. The ARAIM service is 

not available. 

This test can detect faults that fall outside the formal threat model. There are two small 

differences between the formulas used in Equation (2-34) in comparison to the formulation 

used here: 

▪ Test statistic 
)2(

sT  applies models for accuracy instead of for integrity calculation, 

▪ Detection Threshold 2
TH  satisfies the pre-determined PFA_CHI2  (Annex B.3). 

Applying the two differences above, the defined scalar measure error estimate which 

describes the chi-square consistency metric Tsχ2 to judge the goodness of the WLS fit for the 

All-in-View set follows: 

22

0

)()( 
THySyT ACCproj

T

s   (3-32) 

This statistic is observable whereas the positioning error of the least squares solution is not 

(Section 2.3.1). The projection matrix for the All-in-View set (e.g., FF mode) is the same as in 

(2-35), but uses accuracy models: 
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ACC WGGWGGIWS 
1

 (3-33) 

As one can see, the test is similar to another test required by SBAS in [8].  The threshold THχ2 

is chosen such that the probability of false alarm is commensurate with the continuity 

requirement for the precision approach (Annex N). As a result, the chi-square density function 

is used to define the detection threshold to satisfy pre-determined PFA_CHI2 (Annex B.3). Given 

the probability of false alarms, the threshold is found by inverting the incomplete gamma 

function: 

1

2_

2

1 )1(2



  CHIFADoF PTH 


 (3-34) 

The graphic representation of the THχ2 definition for the chi-square sanity check is shown in 

Figure 2-17 of Section 2.3 and is a result of the integration from the detection threshold to 

infinity so that the area under the curve is equal to PFA_CHI2.  

3.5 Protection Level and Detection Threshold 

The main differences to the estimation process of Protection Level (PL) performed by 

traditional RAIM concepts are the following two modifications (in addition to the ISM 

information): 

▪ Accounting in Equations (3-36) and (3-37) for a priori probabilities of a fault ( fP ),  

▪ Special treatment of outliers (to reduce the unwanted bias in fitted parameters) via the 

middle term in Equation (3-35). 

In case there is no detection of an excessive position error (e.g., 
0

,,,, qWLS

i

qWLSqiqi xxxD  ), the resulting MHSS protection level PL for the i-th fault mode 

that bounds the impact of the noise term and the biases on the range measurements in one 

dimension (1-D) is calculated28 by,  

  



satN

n

qinnom

i

nqqi

i

qMDqi DbsKPL
1

,,,,,  ,  0i  
(3-35) 

i

qMDK ,  The number of standard deviations or scale factor to satisfy the missed 

detection probability for the allocated integrity buffer to the q-th 

direction  

 

 

qi,  1σ error uncertainty in the q-th direction  

i

nqs ,  Partial derivatives of position error with respect to the pseudorange error 

on the n-th satellite for the i-th fault mode in the q-th dimension  

(e.g., i=0 is the fault free mode with all-in-view solution, i>0 the i-th 

fault mode with subset solution) 

 

nnomb ,  Bias for the signal in space nominal error behavior of satellite n for 

integrity computation (ISM) 

 

qiD ,  Detection threshold for the i-th test statistic in the presence of nominal 

biases (Di=0,q equal to 0) 

 

                                                 

28 Geometry-dependent parameters are pre-calculated for each i-th fault mode. All equations can be found in 

Section 3.3. 
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First, let’s allocate the integrity (PHMI), and continuity (PFA) risks equally between the fault 

modes and position dimensions: 
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1´ 0

,

q

N

i

HMI

i
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i

f

sub

PKQP  with FFf PP  20
, and 1FFP   

(3-36) 

 



3

1´

,2
q

FAqFAsub PKQN  
(3-37) 

where Q is the tail probability of a zero mean unit normal distribution and Pf is the prior 

probability of integrity failure for i-th fault mode (generated by the fault mode function in 

Section 3.2 based on ISM). Each of the terms in the sum in (3-36) is an overbound of the 

probability of exceeding PL, see Equation (3-35), weighted by the probability of the state 

(each of the monitored fault combinations or no fault combination which uses the All-in-View 

satellite set). A factor of two is necessary in Equation (3-36) for the fault free (FF) case 

because there is a need to account for both tails of the error distribution. In the case of a fault 

mode (FM), there is a need to account for only one side of the error distribution [106]. In this 

way, all terms in the equation can be placed under the summation sign (the FF case does not 

need to be written separately). 

For aviation applications, the fault-free detection risk in Equation (3-37) is typically referred 

to as continuity risk, since false alarms are a major source of service interruptions. The full 

continuity risk actually takes into account all mission interruptions, including alarms under 

fault hypothesis Hi and requires fault exclusion, which is beyond the scope of this thesis. The 

KFA is the number of standard deviations used for the continuity/availability risk (fault free) 

position error in a q-th direction (Annex B.3). 

GEAS [37] and WG-C [40-45] have suggested allocating risks in Equations (3-36) and (3-37) 

between horizontal and vertical directions as follows: 
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The integrity and continuity risk allocations can be found in the MS-II report [43] and are 

listed in Annex B.3. 

 

It is possible to allocate risks optimally. Various studies were conducted to find optimal 

allocations of risks. These studies revealed that the optimal allocation of PHMI and PFA using 

iterative process provides best results, but increases complexity in computation [76],[88]. 

 

Depending on the monitor, there are different possibilities to estimate detection thresholds Di,q 

in Eq. (3-35). 

▪ For the fault-free mode ( 0i ), the D0,q in Eq.(3-35) equals zero. 

▪ The detection threshold Di,q accounts for a possible presence of a worst-case impact of 

the nominal biases and their contribution to a threshold TH in the corresponding q-th 

dimension. 
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In comparison to traditional RAIM, take a look at Figure 2-17 in Chapter 2, the solution 

separation term can be viewed as an estimated offset from TH to λ for each hypothesized i-

th fault mode: 

i

qssqiqi bTHD ,,,   (3-40) 

where the threshold TH is scaled to bound solution separation statistics and estimated using 

Equations (3-39) and (3-25) by: 

i

qssqFAqi KTH ,,,   (3-41) 

The worst-case impact of the nominal biases for continuity/accuracy calculations occurs when 

the nominal bias of each measurement has the same sign as the coefficient projecting the 

pseudorange onto the position. Since the absolute value of each nominal bias used for 

accuracy/continuity estimation is bounded by bacc, the worst-case impact on the detection 

threshold is given by bss in Equation (3-42).  The inner product of the q-th row of the solution 

separation difference ∆Si (Equation (3-24)) and the corresponding bacc (ISM) of the 

pseudorange error on the n-th satellite for the i-th subset of faults is applied to each of the 

unbiased thresholds by adding bias terms in Equation (3-40), 
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nq

i

qss bsb
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,,,  
(3-42) 

The nominal bias magnitude for accuracy computation in Equation (3-40) is used because the 

detection threshold affects continuity and not integrity29. Note that bss,q is the effect of the 

nominal biases on the solution separation, not the effect of the fault on position solution xWLS,i. 

There are (Nsub + 1) cross-checks for using predefined fault modes in Section 3.2, where 

 subNi ,0 . The 1-D PL bounds all subset solutions estimated in Equation (3-35) using 

constraints defined in Equations (3-36) and (3-37): 
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(3-43) 

3.5.1 Baseline MHSS ARAIM 

Optimal allocation of integrity risk in Equation (3-35) between the fault modes provides lower 

protection levels and leads to higher algorithm performance results. 

▪ The reference algorithm for WG-C has been taken as the basis for the assessment of 

the ARAIM performance by the ARAIM TSG; other user algorithms may be used as 

long as they demonstrate a level of performance equal or better than the reference 

[45].  

                                                 

29 Currently, according to the assumptions made in [43], bacc is set to zero, e.g. Di,q = THi,q. 
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This is a so-called baseline ARAIM algorithm with optimal allocation of scale factors (
i

qMDK ,  

in Equation (3-38) shown in Figure 3-2), which is reached by solving Equation (3-35) in order 

to find the optimal PLq. This can be reached by rewriting Equation (3-36) to Equation (3-45) 

using 
i

qMDK ,  factors from Equation (3-35): 
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(3-44) 

The solution to Equation (3-36) provides optimal PL by respecting the integrity requirement 

while monitoring all modes: 
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(3-45) 

Moreover, there is an integrity budget allocated concerning the horizontal or vertical position 

dimension, see Equation (3-38). This leads to separating the sum in Equation (3-45), making 

clear terms for the Fault-Free and Monitored Fault Combinations: 
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(3-46) 

where the biased terms in the 1-D position domain are given by Equation (3-27). The integrity 

risk is adjusted to the total probability of not monitored satellites and constellation faults with 

respect to error detection: 
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The increase in the computational load for a baseline ARAIM algorithm compared to other 

versions of ARAIM algorithms [37, 95] is minimal. The algorithm provides lower PLs in the 

q-th dimension, and due to its transparency, is easy to integrate into the avionics receiver. 

Therefore, it is suggested to be used as the reference algorithm by the ATSG WG-C and 

called the baseline MHSS ARAIM user algorithm.  
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Figure 3-2: Geometrical representation of baseline MHSS concept 

3.5.2 1-D Optimization  

Most optimization techniques improve the integrity of the position solution at the expense of 

overall navigation accuracy. There are several methods in the literature that suggest ways to 

find optimum elements of the all-in-view solution [68, 72, 84, 92, 98, and 101]. One of the 

simplest ways to lower the position error bounds in ARAIM is to modify the all-in-view 

position solution 0

,qWLSx  with respect to the fault tolerant position solutions i

qWLSx ,  for a given 

q-th position dimension (Figure 3-2). This method was developed in collaboration with 

J.Blanch (Stanford University). In this case, the accuracy requirement is very important, since 

the optimization technique degrades navigation accuracy, but increases integrity and improves 

continuity/availability. This approach has its origins and has been explored in NIORAIM [68] 

within the framework of slope-based RAIM, where only single faults were assumed and 

accuracy constraints were not considered. Further studies in [92] were using accuracy 

constraints by simultaneously allocating the integrity budget and searching for the optimal 

position solution. The key parts of that method are the formulation of the problem as a convex 

optimization problem, the explicit computation of the gradient, and the Hessian of the 

function that is minimized. It was shown in [92] that the algorithm reduced the PLs by more 

than 30%, which resulted in significant availability improvements. The only disadvantage of 

this algorithm is that the computational load was significantly higher than for a baseline 

ARAIM algorithm (Section 3.5.1). Nevertheless, this disadvantage exists whenever any 

optimization is applied. In order to reduce the computational load, but still benefit from an 

optimal position solution that is provided to the user in [92], a 1-dimensional (1D)-

optimization technique was suggested in [101, 43, 45] and scrutinized in connection with 

developments of the ARAIM baseline user algorithm. In the case when there is a margin in 

the accuracy budget in the q-th position dimension (Section 3.7), there can be a significant 

improvement in the integrity error bound by choosing an optimum factor that regulates the 

amount of solution separation in Equation (3-25) between the worst-case solution smax and the 

best accuracy that is provided by the All-in-View set so.  This approach works for threat 

models that include multiple faults, with heterogeneous prior probabilities of fault and does 

not complicate the overall processing chain. In fact, this method is very beneficial for the 

ARAIM (Offline) architecture (Section 2.4.3.2). This is due to the fact that weak geometries, 

such as subsets that monitor wide faults (Pconst = 10-4), lead to large detection thresholds in 

Equation (3-40).  That increases PL in Equation (3-46)  and reduces overall availability of the 

ARAIM user algorithm. '1-D optimization' techniques press the accuracy of the All-in-View 
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set to the limit (constraint on accuracy), in order to reduce VPL and EMT values providing 

the integrity monitoring for most user cases in Chapter 5. 

Since baseline MHSS ARAIM in Section 3.5.1 is fast and provides robust performance for 

most of the cases, this method shall be applied only if: 

▪ PLq in Equation (3-46) exceeds XAL (or the EMT exceeds EMTTH set to 15 m)30, and 

▪ σACC,q ≤ qACCREQ , (Annex B.3). 

 

Figure 3-3: Reducing PL and EMT at the expense of accuracy (1-D Optimization) 

For each monitored fault combination, the simplified detection threshold in Equation (3-40) 

for the q-th position dimension can be written in matrix form as: 

acc

i

qq

i

qqacc

Ti

qqqFAqi bssssCssKD  000

,, )()(  (3-49) 

This describes a standard deviation of the difference between the all-in-view position solution 
0

,qWLSx  and the fault tolerant solution i

qWLSx ,  under nominal conditions (Figure 3-2). For more 

details see Equations (3-25) and (3-42). In Equation (3-49) the matrix Cacc is the covariance of 

the pseudorange measurements and is a function of σURE and satellite elevation (Annex D).  

Referring to Section 3.5, Equation (3-42) and to lighten the notations here, bacc is set to zero 

(see note 29 on page 90). Thus, Equation (3-49) becomes: 

)()( 00

,

i

qqacc

Ti

qqqFA

i

q ssCssKTH   
(3-50) 

                                                 

30 Used only for V-ARAIM architectures. 
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The threshold TH is defined such that under nominal conditions the probability of exceeding 

this threshold is below 2Q(KFA,q). Q is defined as the right-hand side cumulative distribution 

function of a zero mean unit Gaussian.  

The idea here is to choose a different all-in-view linear estimator sopt (within some 

constraints) than the one given by the least squares so in Equation (3-18). With regard to [92], 

this approach simplifies the computational load since it provides an optimization for the 

worst-case solution in one dimension by finding the position that minimizes the threshold 

while meeting the accuracy requirement: 

max0min qq ss    (3-51) 

Subject to the requirement on the standard deviation of the accuracy constraint (Annex B.3), 

2

,XACC

Topt

qacc

opt

q REQ
sCs   

(3-52) 

The left term is the fault-free test (Section 3.7) that shall hold during the optimization for the 

all-in-view position under nominal conditions.  

The term smax is the largest solution separation term in the q-th direction from Eq. (3-24):  

)max(max i

qq Ss  , 0i  (3-53) 

where the optimal value sopt for a later exchange of the All-in-View s0 in the q-th dimension is 

as follows: 

)( 0max0 sstss qq

opt

q   
(3-54) 

where t is the scalar factor that moves s0 towards smax, in 1-D, and so decreases the largest 

solution separation term. Let’s integrate Equation (3-54) into (3-52) and perform a search for 

the optimum factor t that regulates the amount of solution separation between the worst-case 

solution and the best All-in-View accuracy set: 

20max00max0 ))(())(( REQqqqacc

T

qqq sstsCssts   (3-55) 

By opening the brackets and by doing simple mathematical manipulations, Equation (3-55) 

leads to a quadratic polynomial with unknown parameter t:  
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qqqacc

T

q

ssCsst

sstCssCsstsCs




 

(3-56) 

0)()()(2 20max0max200max00  REQqqaccqqqacc

T

qqqacc

T

q ssCsstsCsstsCs   
(3-57) 

This equation is solved analytically. To make it more obvious, let’s determine the real roots of 

a function in (3-57), rewritten into: 

02  cbtat  (3-58) 

where,  

T

qqaccqq ssCssa )()( 0max0max   

T

qqaccq ssCsb )(2 0max0   

(3-59) 
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200

REQqaccq sCsc   

If c is positive, then the optimization cannot be performed because the accuracy requirement 

cannot be met. This requires c to be a negative value to maintain the constraint in (3-52) and 

a0.  The constraint above imposes two possible roots: 













 


a

acbb

a

acbb
t

2

4
,

2

4 22

 

(3-60) 

Since the idea is to choose such t that brings the coefficients as close to smax as possible, the 

upper limit of the interval in (3-60) is chosen. When t is found (valid), then the ARAIM user 

algorithm proceeds to the next step and replaces s0 with the newly estimated sopt in Equation 

(3-54) and recalculates all geometry-dependent parameters in Section 3.3.  

▪ This simple optimization technique improves V-ARAIM results up to 80% (Chapter 

5) and is suggested to always be applied to complete evaluations of ARAIM on a 

global basis.  

Now some words about the choice of required accuracy stored in the table in Annex B.3, 

since there are no specified requirements on accuracy for the traditional RAIM algorithm. To 

estimate required vertical accuracy in Equation (3-55), the following assertions (based on 

SBAS specifications) were used:  

mK ACCFF 103,    

m
m

m

K

m

FF

ACC 876.1
33.5

1010
3,   

(3-61) 

 

 

(3-62) 

▪ 10 m Fault Free Accuracy Performance at the 10-7 level, designed to ensure that 

normal performance will be within ILS look-alike (vertical) limits 

▪ scale factor FFK set to 5.33, which corresponds to the 99.99999th percentile of a zero-

mean Gaussian distribution 

Therefore, the required standard deviation σREQ is set to 1.87 m for vertical to be sure to meet 

the above requirements. Since there is no requirement on 1-D Horizontal Fault Free Accuracy 

performance at all, an arbitrary choice was made. Since the error bounds for RNP approaches 

are much higher, the required horizontal standard deviation σREQ,1 = σREQ,2 is set to 20 m for a 

preliminary analysis. Those arbitrary values were chosen to be optimal for the preliminary 

analysis in [43] and this work and could be further optimized in the future.  

3.5.3 Q*-MHSS ARAIM 

This section describes an alternative ARAIM user algorithm that was proposed in 2012 by the 

bilateral EU-U.S. Working Group C on ARAIM [122]. This algorithm is the so-called Q*-

transformation method [127] which was published as a patent, with the right held by ESA 

(patent number 20120146851, not subject to royalties). It is referred to as “Q*-MHSS,” and 

the version in [127] supports single satellite failure only. At that time no information on 

nominal biases in range measurements was included into the protection level (PL) calculation. 
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The user algorithm in [127] has been further developed in the framework of this thesis to 

provide integrity to LPV-200 precision approach service assuming that there could be a single 

fault, multiple independent faults, or a constellation wide consistent fault. The Q*-MHSS can 

directly adopt the determination of faults to be monitored and the associated probabilities of 

occurrence of a particular fault combination from baseline ARAIM in Section 3.2. The 

difference between baseline MHSS ARAIM (Section 3.5.1) and the Q*-MHSS is the 

determination of an upper bound of the integrity risk. 

The Q*-MHSS method generates an upper bound of the maximum value of the product of 

occurrence of a particular failure mode, the probability of missed detection, and the 

probability of impact on a particular dimension in the q-th position domain. The 

implementation of this algorithm is supported by look-up tables, which reduces the associated 

computational complexity.  

▪ Q*-MHSS differs from baseline MHSS ARAIM only in the estimation of the PL in a 

fault condition. 

The Q*-MHSS user algorithm assumes the probability of occurrence of misleading 

information ( i

FOMIqP ,, ) as a product of the probabilities of occurrence of an i-th failure mode 

( i

fP ), the probability of missed detection ( i

qMDP , ), and the probability of impact on a particular 

dimension in the position domain ( i

qI ): 

i

q
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FOMIq IPPP  ,,,  (3-63) 

For each failure mode, the probability of missed detection as well as the probability of impact 

can be written as follows: 
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where erfc  denotes the complementary error function. The definition of two geometry 

dependent auxiliary functions a  b  and the worst case bias   is done according to [127] and 

complemented here by adding additional information about the biases nnomb ,  (ISM parameter): 
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(3-67) 

The alert limit L  is shifted according to the biases in the pseudorange domain: 
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By original algorithm in [127], i

qk  in Equations (3-66) and (3-67) was used in the initial 

Galileo Integrity Concept (GIC) to transpose SIS monitored accuracy σSISMA to the position 

domain. To calculate protection levels using the Q*-transformation the subset projection 

matrices of Equations (3-18) and (3-19) are used to transpose the range biases to the position 

domain. As a result, the transpose factor i

qk  used in [127] is set to one. The Equation in (3-63) 

is rewritten considering Equations (3-64) and (3-65) to solve for a  and b :  
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(3-69) 

The probability of occurrence of misleading information allocated to the i-th fault mode and 

q-th direction is then: 

i
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,   
(3-70) 

The values of a  and b  in Equation (3-69) are found numerically for the worst case bias ( ) 

using the notation of implicit functions for each fault mode individually (Annex J). The first 

derivative of the ),,( baPQ i

fp  function is used to determine relative extrema of a function (see 

Annex J.1) and is given by: 

0)()(),,(
22

,,   b

qs

a

qsdp eaerfcKberfcebaKQ  (3-71) 

The scaling factor shows the proportion of separation between the subset and a fault mode 

solution in the q-th direction (separation between full set and a subset). It is the normalized 

test statistic noise according to the i-th fault mode: 
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(3-72) 

The variances of the solution separation ( i

qss, ) and nominal subset solution ( qi, ) are defined 

in Equations (3-21) and (3-25), respectively. To reduce the computational load required for 

solving for (3-69) and (3-71) numerically for each individual i-th fault mode with known 

values of qallocP ,  and i

qsK )( , , the Q*-transformation look-up table can be used. The relation 

between the auxiliary functions )(i

qa  and )(i

qb in [127] is found to be described according 

to: 

0)(),,,,( ,,  qTLqiTLqiab KKaKbbaKKKQ  (3-73) 

The (KL-KT) term shows the number of standard deviations for a given distribution to the 

detection threshold and alert limit, respectively. The scale parameter (KL-KT) in Equation 

(3-73) is then given by: 

  aKbKK qiTL  ,  (3-74) 
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Real-time decision tests are performed by the ARAIM user algorithm to determine whether 

there is an excessive range error in the q-th dimension of the nFC-number (Section 3.2) of 

satellites by checking the Inequality (3-29).  

In the case when there is no detection of an excessive range error, the protection level for the 

i-th fault mode (PLF) that bounds the impact of the noise term and the biases on the range 

measurements in one dimension, is calculated as follows, 
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(3-75) 

with,  
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qFL KKKK )()( ,   (3-76) 

The geometry dependent auxiliary parameter KT for the q-th position domain component 

estimated for each i-th fault mode is determined as follows: 
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(3-77) 

The detection threshold Di,q in the equation above is identically estimated as for the baseline 

ARAIM MHSS user algorithm and can be found in Equation (3-40). 

The determination of an upper bound of the integrity risk in Equation (3-75) is calculated 

differently compared to the baseline ARAIM MHSS PL in Equation (3-35). It becomes more 

evident if Equation (3-75) is rewritten as follows: 
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(3-78) 

The bias values  i
qTL KK   in Equations (3-76) and (3-78) are pre-calculated and stored in 

accordance with the estimated a  and b  auxiliary parameters in the so-called Q*-

transformation table in Annex J.2.  

As a result, for the q-th dimension, the corresponding geometry dependent auxiliary 

parameter [KL-KT] is found by interpolating the input table values. The input values for the 

Q*-transformation table are the logarithm (base 10) of the probability of occurrence of 

admissible misleading information allocated to the i-th fault mode qallocP ,  in Equation (3-70) 

and the normalized test statistic noise terms 
i

qsK )( ,  estimated in Equation (3-72).  

▪ The PL in a fault condition is estimated by Equation (3-78), all other steps in the 

ARAIM user algorithm remain the same compared to the baseline MHSS ARAIM.  

▪ The PL in a fault-free condition is estimated identical to the baseline MHSS ARAIM.  
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To satisfy the integrity requirement, the false detection probability for the fault free mode and 

the product of probabilities in i

FOMIqP ,,  of Equation (3-63) shall not exceed PHMI (Annex B.2): 

The estimation of the scale factor to satisfy the missed detection probability allocated equally 

between the fault modes in Equation (3-64) remains the same as for the baseline MHSS 

ARAIM (Annex E).  

Here, the scale factors in Equation (3-64) can be written in terms of erfc function: 
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There are (Nsub + 1) cross-checks for using predefined fault modes with  subNi ,0  generated 

in Section 3.2. The 1-D PL bounds all subset solutions estimated in Equation (3-78) under 

present failure hypothesis and one additional (fault-free) t mode (Figure 3-1): 

  i

qFqNq PLPLPL max,)(max  (3-81) 

Protection levels derived from the all-in-view fault-free satellite set PLN in Eq. (3-81) are the 

same as for the baseline MHSS ARAIM in Equation (3-35) with i equal to zero.  

The optimization of the integrity budget allocation used for baseline MHSS ARAIM in 

Equation (3-46) is directly exploited by the Q*-MHSS processing methodology: 
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with, 
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(3-83) 

The Q*-MHSS method in Equation (3-83) requires a two-dimensional search, where the 

required optimized parameters are the geometry dependent parameters a  and qPL  in the q-th 

direction.  

 

3.6 Effective Monitoring Threshold (EMT) computation 

The EMT was first suggested by the GEAS group in [37] and verifies that the internal 

thresholds of Equation (3-40) are sufficiently tight and used only for the LPV-200 service 

level. This work suggests two types of monitors to estimate the thresholds: MHSS ARAIM in 

Section 3.5.1 and Slope ARAIM in Section 2.3.4.  
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The Effective Monitor Threshold (EMT) can be defined as the maximum of the detection 

thresholds of faults that have a prior value equal or above PEMT (Annex B.2). It is computed as 

follows: 

)(max 3,
)(




 qi
PPi

DEMT
EMTf

 (3-84) 

As the actual distribution of errors becomes better characterized over time this value will be 

subject to change.  

3.7 Accuracy Metric 

This section describes two criteria for the vertical positioning performance, %95VPE  and 

FFVPE , respectively. This requirement has its origin in SBAS system design. The error 

uncertainty for the position solution is given by: 
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001
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(3-85) 

Let %95VPE  and FFVPE  be the 95th and 99.99999% percentile of the protection error in the 

vertical direction with the nominal bias terms used for accuracy/continuity calculation. Then, 

the formulas for the two accuracy requirements used for the two criteria for vertical 

positioning performance: 
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(3-86) 

ACCK  is set to 1.96 to get a 95th percentile of a zero-mean Gaussian 

distribution. 

 

ACC

n
s

,3
 partial derivatives of position error with respect to the 

pseudorange error on the n -th satellite for an all-in-view 

solution for the vertical dimension of the matrix using accuracy 

error models (WACC) in Eq. (3-19) 

 

nACCb ,  bias for the signal in space nominal error behavior of 

satellite n for accuracy computation (ISM) 

 

And the Fault Free (FF) condition: 
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(3-87) 

FFK  is set to 5.33 to get a 99.99999th percentile of a zero-mean 

Gaussian distribution. 
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4. ARAIM Evaluation Methodology and Scenarios 

The ARAIM service levels (RNP 0.3 down to LPV-200) have been set as a goal according to 

which ARAIM is evaluated. The airborne user algorithm has to fulfill the performance criteria 

in Section 4.1 in order to be available and to augment GNSS-based aircraft operations. 

ARAIM has three key features: multiple constellations, multiple frequencies, and the Integrity 

Support Message (ISM). The ARAIM evaluation methodology is focused on the ambition to 

achieve LPV service levels providing the choice of parameters to reach those targets. The goal 

of the defined scenarios is to show the expected performance of the ARAIM system under 

various conditions and find boundaries for the operational utility of the future system. 

Therefore, starting with the most challenging level of service, V-ARAIM, and turning to H-

ARAIM with Dual Frequency (DF) and its Single Frequency (SF) fallback mode, various 

scenarios were developed as a function of constellation strength and ISM. This chapter 

provides a scenario planning matrix for ARAIM performance evaluation in order to quickly 

track different settings used throughout Chapters 5 and 6.    

The ARAIM evaluation methodology is based on the user algorithm specified in Section 4.2 

that can detect and flag failures in single satellites (narrow faults) as well as in entire 

constellations (wide faults). The decision on which fault modes to monitor is made by the user 

algorithm based on Psat and Pconst probabilities stored within the ISM (Section 2.4.2). Current 

RAIM assumes Psat at 10-5 and Pconst at zero (there is no GPS constellation wide fault). Even 

when the other constellation has higher nominal user pseudorange errors (Section 4.3) and 

fault rates (Section 4.4), ARAIM will make use of it from the beginning. Those pseudorange 

errors and fault rates are expected to decrease as the constellation matures. The GLONASS 

failure in April of 2014 is taken as an example for a constellation-wide fault, where most of 

the satellites in the constellation were faulted (Section 2.4.1). Therefore, the additional 

monitor of a wide fault and the user range accuracies (URA) are the most important 

simulation features between architectures and can be summed up as follows: 

▪ Horizontal ARAIM, Pconst is set at 10-8 or even at zero (like current RAIM). For multiple 

GNSS only GPS Pconst can be set to zero (Annex B – Assertion 1 in [43]), but not for other 

GNSS (Annex B – Assertion 2 in [43]).  URA value of 2.5 meters is used.  

▪ Offline ARAIM, Pconst is set at [10-4, 10-7) values which describe the performance of 

ARAIM when the residuals test contained in the avionics must also be used to check for 

constellation-wide faults. URA values of 2.0 meters and below can support V-ARAIM service 

levels. 

▪ Online ARAIM, Pconst set at [10-7, 10-8] values, which assume that other means are used 

to check for constellation wide faults31. Low URA values are expected, e.g., 0.5-2.0m. 

The evaluation methodology summarizes characteristics of service levels and explains how 

ARAIM services can be implemented. First, H-ARAIM should be implemented, to support 

near-term proposed multiple constellation (MC) applications. The H-ARAIM service based 

on Single (SF) or Dual Frequency (DF) measurements. The ionospheric corrections included 

                                                 

31 None of Pconst of core constellations in V-ARAIM can be set to zero.  
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in the current MOPS [5] are used to process a single frequency (SF) mode (Annex D.2). The 

expected measurement accuracies are assumed to be not worse than current GPS (L1) service 

level accuracies, e.g., URA = 2.5 meters [99]. Once sufficient data is collected, and 

experience is gained to demonstrate safe operations, the step from major to hazardous service 

levels can be made. At that point in time, it is expected that CSPs provide baseline 

constellation strength (24 satellites per constellation, Figure 4-3) on two distinct frequency 

bands (L1/E1 and L5/E5) which are going to support V-ARAIM and enable LPV service 

levels globally. Indeed, Dual Frequency Multiple Constellations (DFMC) V-ARAIM remains 

to be investigated. The measurement accuracies for V-ARAIM service shall be lower than for 

H-ARAIM service level. The URA (SISA for Galileo) values are expected to be limited to 2 

meters. As a result, V-ARAIM (Offline), can subsequently be verified and implemented 

immediately after the establishment of H-ARAIM service. After detailed real-time global data 

evaluation, the GNSS accuracies and CSP commitments may not be sufficient enough for V-

ARAIM (Offline) to provide robust LPV-200 service level, and it could be desired to 

implement V-ARAIM (Online) with independent ground infrastructure. The ephemeris and 

clock corrections provided by the independent ground infrastructure to the airborne receiver 

must be less than a few hours old; otherwise, it is not possible to provide lower URA/SISA 

values. It is assumed that for each individual chosen scenario, bnom and URA bound the 

convolution of all nominal errors with sufficient probability.  

The scenarios developed for this thesis use static ISM parameters to estimate the availability 

of the ARAIM service. This supports a provision of a single, globally harmonized ISM, 

generated through a transparent and standardized methodology building on the already 

existing processes and frameworks. Section 4.5 shows simulation settings used to configure 

the ISTAR, the Integrity Simulation Tool for Advanced RAIM (Section 4.6), developed to 

evaluate ARAIM performance. 

4.1 Navigation Performance Evaluation Criteria 

The duration of simulation and time step of computation in Section 4.5 defines the number of 

samples that were gained at each user location used to evaluate ARAIM navigation 

performance. For each user location defined in Section 4.5.3, the ISTAR-Matlab Tool 

estimates availability metric as the percentage of time that the performance criteria in Figure 

4-1 are met. At least six conditions must be met for V-ARAIM to provide LPV-200: Vertical 

Protection Level (VPL) must be below a Vertical Alert Limit (VAL) of 35 m; the Horizontal 

Protection Level (HPL) must be below 40 m; the Effective Monitor Threshold (EMT) must be 

below 15 m; the false alarm rate must be below 8x10-6 per approach; the 95% vertical 

accuracy must be below 4 m; and the 10-7 bound on the fault free (FF) vertical error must be 

below 10 m. A definition of those different figures of merit and guidance on how to compute 

them is given in Chapter 3. Some of the new parameters, like qACC , (Section 3.7), are not 

standardized values for any augumentation system. Indeed, it is recognized that there is a need 

to monitor navigation accuracy since the integrity algorithms can be optimized and provide 

lower bounds using an accuracy constraint (Section 3.5.2). These values are still tunable 

values (Annex B.3). The value 1.87 for vertical FF accuracy comes from Equation (3-62). 

Since there is no requirement on 1-D horizontal FF accuracy performance, only an arbitrary 

choice is made on needed navigation accuracy. The error bounds for RNP approaches are 

much higher. Therefore, for the preliminary analysis in the MS reports of WG-C [40, 42, 43] 

and in this work, the required horizontal standard deviation σREQ,1 = σREQ,2 is set to 20 m. The 

simulation results conducted in Chapters 5 and 6 use the first four requirements to evaluate 
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the LPV-200 service level (see Offline/Online service ARAIM in Figure 4-1). To evaluate 

APVI/LPV-250 level service, only the requirements on HAL and VAL according to the 

current SBAS standards in [5] are used.  

For RNP 0.1, the true aircraft position must be within 0.1 NM of the estimated position 

(Section 1.1.1). The availability criteria for RNP 0.1 and RNP 0.3 used for ARAIM’s 

availability criteria are that the HPL must be below an HAL of 185 m and 556 m, 

respectively. Note, that the table windows in Chapter 6 are colored based on RNP 0.1/0.3 

capability (green/yellow color), where the label “Low” indicates a global coverage between 

80% and 90%. Those scenarios where estimated global coverage is below 80%, are colored 

red and indicate that the H-ARAIM service is not available. Some of those results mention 

RNP 1 and RNP 2 service levels. In those cases the HAL was taken to be 1852 m and 3704 m, 

respectively. The availability criteria for LPV-200, APVI/LPV-250, RNP 0.1, and RNP 0.3 

ARAIM service levels used in this thesis are summarized in Figure 4-1 and in Annex B.2.   

 

Figure 4-1: ARAIM Services: Availability Criteria  

▪ The most appropriate metric to judge the global ARAIM service performance is the 

criterion of 90% coverage of 99.5% availability.  

Sometimes the availability maps show high availability everywhere except in a few isolated 

points where the availability was degraded due to low navigation accuracies. Therefore, to see 

if global coverage results are affected by slightly lower availability at some user locations, in 

addition to the 99.5% availability coverage (in bold), the tables in Chapters 5 and 6 provide 

the 99% availability coverages.  

▪ Because a rectangular grid (Figure 4-9) is used to estimate the global coverage values, 

each user is weighted by the cosine of the latitude to account for the relative area they 

represent. 

Note, that some tables show coverage of 99.5% of LPV-200 and APVI/LPV-250 between -70 

and +70 degrees latitude. This was chosen to be coherent to the original GEAS study and 

show results for ARAIM performance at mid-latitudes only (not to be limited by polar 

coverage issues).  
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4.2 ARAIM Airborne Algorithm 
The airborne algorithm used to evaluate ARAIM performance is a modified version of the so 

called Baseline MHSS ARAIM described in Section 3.5.1 (suggested by ATSG of WG-C in 

2015 in [42]). Moreover, the improvements in the vertical ARAIM (V-ARAIM) service level 

using a '1-D optimization' technique shown in Section 3.5.2 are scrutinized in Chapter 5. This 

simple optimization technique suggested in 2016 improves V-ARAIM results up to 80% and 

is always applied to complete evaluations of ARAIM on a global basis, as provided in 

Chapter 6. For each user location defined in Section 4.5.3, the algorithm uses the equations in 

Section 3.5 to compute the VPL and HPL, EMT in Section 3.5.3, and standard deviation of 

the accuracy, qACC ,  in Section 3.7.  

▪ The V-ARAIM user algorithm allocates the full integrity risk to the vertical mode 

(see values for the service level in Annex B.3).  

Note that the same user algorithm used for the Offline V-ARAIM user algorithm is also used 

for the online architecture (Section 2.4). Here, the fault rates are assumed to be lower for the 

Online ARAIM, but no other difference in processing chain is made. 

▪ The only difference between the Offline/Online V-ARAIM and the H-ARAIM user 

algorithm is that the H-ARAIM user algorithm allocates the full integrity budget to 

the horizontal mode (Annex B.3). 

The vertical estimates do not need to be computed at all when in horizontal only mode. 

Therefore, the H-ARAIM user algorithm computes only HPL for each user location defined in 

Section 4.5.3. H-ARAIM does not benefit from the '1-D optimization' technique since HAL 

values for RNP service levels are large. 

4.3 Nominal User Pseudorange Errors 

The ARAIM user algorithm in Chapter 3 characterizes each pseudorange error using a 

conservative and less conservative error model (Annex D). The first is used for integrity 

purposes and the second for accuracy and continuity purposes (Section 2.4.1).  Each of those 

is described by a Gaussian distribution and a maximum bias bnom and bacc.  It is assumed by 

the ARAIM user algorithm that for each individual chosen scenario, bnom and URA bound the 

convolution of all nominal errors with sufficient probability. In order to evaluate ARAIM 

performance, the nominal pseudorange error is estimated concerning the effect of the residual 

tropospheric error, code noise and multipath, and the effect of the nominal signal-in-space 

(SIS) error, which in turn includes the nominal clock/ephemeris error and the nominal errors 

due to frequency biases. For Dual Frequency (DF) GNSS measurements, the ISTAR-Matlab 

Tool (Section 4.6) estimates the standard deviation of the nominal pseudorange error using 

Iono-Free (IF) modeling (Annex D.1). For the single frequency (SF) case, it additionally 

includes the effect of the ionospheric delay (Annex D.1). There are various models to describe 

the ionosphere of the Earth. These include the Klobuchar model, IRI2012, NeQuick, or 

NTCM. Over the past decades, the Klobuchar model developed by John A. Klobuchar in 1975 

at the Air Force Geophysics Laboratory in the U.S. was kept to predict ionospheric time-delay 

in GPS L1. The ionospheric corrections included in the CSPs NAV message are going to be 

used for SF ARAIM mode (Section 2.1). Not all core constellations provide this information 

in their NAV messages. In these cases, those parameters available to model the ionospheric 

effect are used for other constellations as well. To evaluate SF ARAIM mode performance, 

the ionospheric corrections included in the current MOPS [5] are used and applied for all 

GNSS constellations (Annex D.2). For the simulation runs, it is reasonable to use the MOPS 
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corrections in order to provide globally representative coverage results since the pseudorange 

errors estimated using the models in Annex D.2 are defined very conservatively. The user 

range error (URE), which is used for accuracy and continuity purposes by the ARAIM user 

algorithm, was set to be two-thirds of the user range accuracy (URA) which is going to be 

provided via ISM to the user (Section 2.4.2). The Galileo NAV message is going to provide a 

signal in space accuracy SISA which is equivalent in purpose to the GPS URA term (note 26, 

p.70). The user range accuracies for GLONASS satellites used for simulation runs were set to 

twice the GPS URA. This choice was made based on observed GLONASS performance in 

[80-81]. A relative comparison to the GPS (L1) navigation service level can be inferred from 

Figure 2-5 and Figure 2-8 in Section 2.1. The URE, or equivalent for Galileo system, SISE, is 

not safety critical. Therefore it requires a less conservative value than the URA and SISA, 

respectively. The choice of two-thirds is representative of what could be expected [43]. 

Today, the minimum possible broadcast URA value for GPS satellites has a corresponding 

sigma of 2.4 meters (lower values are going to become possible within the next few years, see 

Figure 2-8). Figure 4-2 adopted from [99] shows the relative frequency of the different 

broadcast URA values by satellite block and across the whole GPS constellation. The 

observation period was seven years from 2008 through the end of 2014. For all three blocks, 

the nominal clock and ephemeris errors are very conservatively described by the broadcast 

σURA value down to well below the 10-5 level. The figure makes it obvious that a URA of 2.4 

meters is sent more than 92% of the time for the newest Block IIF satellites. The older 

satellites have larger errors and fault likelihoods and are more likely will send out larger 

values. Summing up, for the ARAIM evaluation methodology, the following URA values 

were assumed:  

▪ H-ARAIM service level: 2.5 meters, 

▪ V-ARAIM service level: better than 2.0 meters. 

 

Figure 4-2: Relative Frequency of URA Values (courtesy T.Walter [99])  
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The bnom and bacc terms transmitted via ISM are used to bound the nominal errors arising from 

signal deformation, code-carrier incoherence, and antenna phase center variations (Section 

2.4.1):  

▪ For V-ARAIM, three bias terms together nominally can be conservatively limited to 

0.75-meter value [47]. 

▪ For H-ARAIM service scenarios, the maximum nominal bias for integrity purposes 

(bnom) was kept at 0.75 meters. Some scenarios show results using bnom = 0, since that 

is what RAIM assumes currently for GPS, and that is expected to be valid in the future 

for lateral navigation, but not for vertical.  

▪ For accuracy purposes, all scenarios set bacc at 0.  

4.4 Probability of Wide and Narrow Faults 

The ARAIM user algorithm can detect and flag failures in single satellites (narrow faults) as 

well as in entire constellations (wide faults). It relies on the Psat and Pconst probabilities stored 

within the Integrity Support Message (ISM). Years of observations are required to provide the 

ARAIM users small values for Psat and Pconst (Table 4-1). For H-ARAIM and V-ARAM 

(Offline) architectures, each Constellation Service Provider (CSP) will conduct the analysis 

for their own constellation and provide the values to ANSPs by means of written specification 

or broadcast navigation data (Annex B – Assertion 5 in [43]). Thus, Psat and Pconst rely a lot on 

performance commitments. Today’s GPS performance standard [23] specifies a major service 

failure if the error, averaged over the surface of the Earth, is greater than 4.42 x σURA. These 

commitments specify the upper limit of 10-5 faults per satellite per hour which implies 

approximately three narrow satellite faults within any given year for a constellation of 

approximately 30 satellites [23]. GPS SPS PS [23] does not state whether these faults could 

be concurrent or not. It further states that the Psat = 10-5 (note, this is a probability of a fault 

onset/satellite/hour and six hours to alert) represents an upper bound which is worse than 

observed values. The ARAIM developers use a more stringent criterion for the evaluation of 

major failures. As stated earlier, the satellite is declared to be in a faulty state if the projected 

error at any point on the Earth is greater than 4.42 x σURA. The study in [99] provides evidence 

that, on average, errors below 4.42 x σURA occur no more frequently than would be expected 

from a Gaussian distribution. Moreover, there is a factor of 60 between the observed fault 

probability and the upper bound from the commitment [99]. Observations of GPS 

performance in [99] indicate that Psat at 10-5 averages fewer than three major faults per year 

for a constellation of approximately 32 satellites and that they are typically resolved within an 

hour (Table 4-1). As a result, the probability of a satellite being in a faulted state at a given 

time, Psat, was set at 10-5 for almost all scenarios. However, for newer constellations, Psat 

might need to be set higher. Simulation studies in Chapter 6 show that results did not change 

availability substantially whether 10-5 or 10-4 for either narrow or wide faults. Existing RAIM 

techniques [6-8] operate with GPS only and have been certified and used for non-precision 

aviation applications for over 15 years without real-time monitors for wide faults (e.g., Pconst = 

0). The GLONASS failure in April of 2014 can be taken as an example of a constellation-

wide fault, where most of the satellites in the constellation were faulted. Therefore, it is 

important not to neglect constellation failure errors. The same specification as given for 

probability of occurrence of a narrow fault Psat can be used to set an upper bound on Pconst. No 

more than three concurrent faulted satellites per year imply no more than one constellation 

fault per year [99, 104]. This leads to an onset probability of approximately 1.1x10-4 per hour. 
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Table 4-1, adopted from [104], shows the approximate average number of events per a given 

time period that correspond to a specified fault probability. The values in the table are 

estimated assuming a mean time to remove MTTR of 1 hour. Preliminary investigations into 

GLONASS performance indicate that satellite faults appear ten times more likely than in 

GPS. The observations in [80, 81] predict rates of Psat = 10-4 and Pconst = 10-4. 

 

Table 4-1: State probabilities given for the number of observed faults per time period [104] 

It must be mentioned that a GNSS constellation with high fault probabilities should not be 

used for safety-critical applications. Table 4-1 shows bounds on Psat and Pconst which could be 

estimated based on empirical observations. The probability that there are two or more faulted 

satellites in view of the user from one constellation (Pconst) was set in this work depending on 

the targeted ARAIM service level. 

▪ H-ARAIM: The single GPS constellation H-ARAIM service targets the same service 

levels as current GPS RAIM where Pconst is set to zero. Pconst equal to zero is currently 

valid only for H-ARAIM and the GPS constellation. To be coherent with Assertion 2 

(Annex B, [43]), those scenarios that show H-ARAIM with a single Galileo 

constellation represent the situation where operational experience with the Galileo 

constellation has already been gained. For the dual constellation results, Pconst was set 

to either zero or 10-8 for GPS and 10-4 for Galileo to account for this uncertainty (see 

Annex B, [43]). Pconst at 10-8 concerning Table 4-1 also corresponds to no more than 

one hour of simultaneous faults every 10000 years 

▪ Offline ARAIM: Pconst is set at [10-4, 10-7) values which describe the performance of 

ARAIM when the residuals test contained in the avionics must also be used to check 

for constellation-wide faults. It has to be noted that only Pconst at 10-4 is a realistic 

value to assume. 

▪ Online ARAIM: Pconst set at [10-7, 10-8] values assumes that other means are used to 

check for all constellation wide faults. The independent ground system is used to 

estimate and replace the ephemeris and clock information broadcast by the core 

constellations with data created by trusted hardware and software. Moreover, the 

ground monitor is responsible for removing faulty satellites within one hour thus 

reducing the exposure time to failures.  

At the beginning of dual frequency multiple constellations (DFMC) H-ARAIM, Psat and Pconst 

might initially be large. Please note that because there are approximately 30 GPS satellites but 

only one GPS constellation, using the same probability for Psat and Pconst means that the 

likelihood of a narrow satellite failure being present is still 30 times more likely than a wide 

failure being present at any given time [99].  



Page: 108 of 185 
ARAIM Evaluation Methodology 

and Scenarios 
 

 

 

4.5 Simulation Settings 

This section describes the simulation conditions used to the configure the ISTAR Matlab Tool 

(Section 4.6) in order to evaluate ARAIM performance. First, the constellation configurations 

are listed, including their strength and how the orbits and satellite locations are calculated. 

ARAIM targets global service performance. Therefore a rectangular Earth grid is defined to 

judge service performance. Moreover, there is also a possibility to look into the performance 

of the ARAIM user algorithm at chosen user locations. Next, the number of samples and user 

grid resolution required to provide a reliable judgment on ARAIM global performance is 

discussed. It is used to estimate final global coverage of the 99.5% availability metric.  

Note that the availability analyses conducted for MS-reports [40, 42, 43] of WG-C and in this 

work have several gaps that have not been fully addressed by simulation settings:  

▪ Masking angle of 5 degrees for signals in L1 and L5, which is in line with 

observations from airborne receivers; 

▪ Effect of ionospheric scintillation in high latitudes and equatorial latitudes is assumed 

to be negligible;  

▪ Negligible impact of faults on the loss of continuity. This assumption, and more 

generally the analysis of continuity, will need to be refined in future analysis;   

▪ Keplerian orbit propagator neglects perturbations due to gravitational interactions with 

other objects, atmospheric drag, solar radiation pressure, a non-spherical central body, 

and so on; and 

▪ Deviations of the actual constellation from the nominal definition (Number of SVs and 

a slot adjustment). 

4.5.1 Constellation configurations 

Three constellation scenarios were considered in Table 4-232. They were accepted by WG-C 

in 2014 and published in MS-I through III reports [40, 42, and 43] and meant to represent 

three situations: a baseline configuration, a depleted configuration, and an optimistic 

configuration. The 'Baseline' uses a reference almanac for each constellation. For GPS, it is 

the 24-slot nominal constellation described in [23]. For Galileo, it is a Walker 24/3/133 [34]. 

In the 'Depleted' configuration, one arbitrarily chosen satellite has been removed from the 

baseline in each constellation. For the 'Optimistic' configuration, both constellations have 27 

satellites. The 'Optimistic' GPS constellation is obtained by removing three satellites from an 

actual almanac (with 30 satellites flagged healthy) so that the expandable slots are filled. The 

'Optimistic' Galileo constellation takes into account the planned replenishment strategy 

(which is meant to ensure that the 24 main slots are filled with healthy satellites) [34]. It 

represents a hypothetical case where three in orbit spares would be transmitting from optimal 

positions, one in each of three orbital planes (Section 2.1.3). While the optimistic GPS 

constellation is well within what is expected for GPS (as service history shows), the optimistic 

Galileo constellation might be seen less likely [43]. 

                                                 

32 
http://waas.stanford.edu/staff/maast/almanacs_ARAIM_sim.zip. 

33 see terminology in Annex A. 



 
ARAIM Evaluation Methodology 

and Scenarios 
Page: 109 of 185 

 

 

 

 

Table 4-2: Almanac Filenames for 'Depleted, ' 'Baseline' and 'Optimistic' constellation configurations 

Table 4-3 summarizes scenarios and a total number of satellites defined for the dual and 

single constellation. As an example, the 'Baseline' dual-constellation configuration (strength) 

is graphically represented in Figure 4-3. The plot shows 24 Galileo and 24 GPS satellites in 

Medium Earth Orbit (MEO). Eight Galileo satellites occupy each of three orbital planes 

inclined at an angle of 56 degrees to the equator. It takes about 14 hours to orbit the Earth. Six 

GPS orbital planes with four satellites per plane complete the 'Baseline' dual-constellation.  It 

takes GPS satellites about 12 hours to orbit the Earth. 

 

Table 4-3: Number of Satellite in 'Depleted,' 'Baseline' and 'Optimistic' constellation configurations 

 

 
Figure 4-3: 'Baseline' constellation configuration with 24 GPS and 24 Galileo  
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4.5.1.1 Current GPS Constellation  

On November 8, 2016, an almanac file is downloaded from the internet homepage of the U.S. 

coast guard navigation center http://www.navcen.uscg.gov/?pageName=gpsAlmanacs. The 

almanac data for 31 GPS satellites from 8.11.16 can be found in Annex M.  

4.5.1.2 Three Constellation Scenario 

 
Figure 4-4: 'Baseline' constellation configuration with 24 GPS, 24 Galileo, and 24 GLONASS 

As can be seen in previous work [88], there is an exponential accuracy improvement if more 

satellites are used in the navigation solution (Section 2.2). This leads to a continuous 

reduction in PL values (Annex I). If more satellites are used for positioning, more subsets 

have to be evaluated by the user algorithm in Section 3.2. The risk is allocated to all generated 

fault modes, the monitoring chain complicates, and the performance improvement becomes a 

function of navigation accuracy only. This means that beyond a certain number of satellites 

(Section 6.3) there is no further improvement in the integrity monitoring function. Indeed, as 

discussed in Chapter 6, some user locations suffer because of large position error bounds, 

where vertical accuracy is not sufficient to apply a '1-D optimization' technique. For more 

details see Figure 6-2 and Section 3.5.2. At those user locations, it is better to use all satellites 

acquired by the receiver. For all other user locations, the evaluation results have shown that it 

is sufficient to have dual-constellation, dual-frequency ARAIM function in order to reach 

global coverage with LPV-200 service level. Moreover, the ARAIM fundamental concept 

(Figure 2-21) is based on placing trust in the expected navigation performance of GNSS. For 

H-ARAIM and V-ARAM (Offline) architectures, each CSP (or maybe the ISM providers) 

will conduct the analysis for their own constellation. The GPS and Galileo system providers 

are working on a common understanding and development of globally available integrity 

monitoring functions in the framework of WG-C activities. Despite proactive outreach, other 

CSPs have not stated their intention to participate in this development. Therefore, this focus 

of this work lies mainly in the performance evaluation of ARAIM using only GPS and Galileo 

systems. 

http://www.navcen.uscg.gov/?pageName=gpsAlmanacs
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4.5.2 Orbits and Propagator 

The ISTAR Matlab tool calculates satellite (SV) coordinates using a pre-loaded almanac file 

and propagates SVs position for the next point in time using a Keplerian orbit propagator.  

Keplerian orbit describes the motion in an elliptical orbit of a GNSS satellite around the Earth 

and forms a two-dimensional orbital plane in 3-D space. Using the laws of celestial mechanics 

discovered by Kepler, it is possible to figure out how the body moves at the next step in the 

future. This movement is parametrized by six orbital elements and considers only the point-

like gravitational attraction of two bodies. Moreover, this kind of simple orbit propagator is 

neglecting perturbations due to gravitational interactions with other objects, atmospheric drag, 

solar radiation pressure, a non-spherical central body, and so on. Therefore, a location of a 

satellite in terms of a few constants and some initial conditions (almanac file) help to 

propagate the position of a satellite to any point in time. Figure 4-5 visualizes the movement 

of satellites in Keplerian orbits estimated based on the almanacs in Table 4-2 with the 

'Baseline' single constellation strength. 

 

Figure 4-5: GPS (left) and Galileo (right) orbits 

4.5.3 Sample Size and Grid Resolution 

This section is going to examine and answer the quandary of how many samples are needed to 

provide reliable coverage results. The scenario analysis period defines the epoch and the start 

and stop times of simulation. The sample size determination directly depends on the time step 

and time duration of the simulation. Moreover, the user grid resolution plays an additional 

role on the accuracy of estimated results. Table 4-4 and Table 4-5 show, as an example, 

scenarios for H-ARAIM (DF-mode) with a different number of samples at each user location 

(all else being equal). The user grid settings in Table 4-5 uses granularity set at 1 degree to 

estimate coverage values of 99.0% up to 99.999% availability threshold of RNP service level. 

For this special case the global grid was reduced to an EGNOS operational region with 

Latitude[35:82] and Longitude[-40:40]. This is done to show the impact of grid resolution 

on coverage results. One can observe that the maps in Figure 4-6 show a similar pattern of 
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averaged HPL values34. The main plot shows results averaged for 2873 samples at each user 

location: time step 300 sec, duration of 10 sidereal days. The upper right plot shows results 

averaged for 28720 samples at each user location: time step 3 sec, duration of 1 sidereal day. 

There is no difference in estimated coverage results for the selected region using up to 99.5% 

availability thresholds. The results in Table 4-4 and Table 4-5 are slightly different from each 

other for higher availability thresholds. As an example, for the 99.9% availability threshold, 

the coverage results increase from 75.9% to 76.8%. To reach 99.999%, a minimum of 105 

samples at each user location is required. In other words, there is a relationship between 

sample size and availabiity level. This leads us first to conclude that 2873 samples at each 

user location (time step 300 sec, duration of 10 sidereal days) are sufficient enough for 

simulation runs evaluating the 99.5% availability threshold of ARAIM service globally.   

 
Table 4-4: Coverage values for selected region estimated using 2873 samples at each user location 

and 1-degree user grid resolution 

 
Table 4-5: Coverage values for selected region estimated using 28720 samples at each user location 

and 1-degree user grid resolution 

 

Figure 4-6: Averaged HPLs provided by H-ARAIM (DF-mode) with 23 SVs GPS and 23 SVs Galileo.  

Next, let’s drop a grid resolution to 5 degrees since it takes a shorter time to perform 

simulation runs. The number of samples generated at each user location remains the same, but 

                                                 

34 The XPL(99.5%) throughout this thesis shows the upper quantile of XPL at each user location. This means, 

that 95% values are below the XPL shown on the plots 99.5% of the time. 
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the number of user locations used to estimate the coverage values drops from 3888 to 170 

using 1° x 1° (Table 4-4) and 5° x 5° (Table 4-6) grid resolution, respectively. The impact of 

user grid resolution on coverage values estimated for the selected region is shown in Table 

4-6.  

 
Table 4-6: Coverage values for selected region estimated using 2873 samples at each user location 

and 5-degree user grid resolution 

 
Table 4-7: Coverage values for selected region estimated using 1437 samples at each user location 

and 5-degree user grid resolution 

The coverage results decrease rapidly using the 99.5% availability threshold from 84.7% in 

Table 4-5 to 72.0%. This shows that grid resolution for a selected region is significant and 

that a 5° x 5° user grid resolution for small areas is of course not sufficient to calculate robust 

service coverage results. Nevertheless, to give an example of how the further decrease in 

number of samples impacts the coverage results, the time step between the samples at each 

user location is increased twice (from 300 sec to 600 sec). This decreases the number of 

samples at each user location from 2873 to 1437. As one can see, the coverage results in 

Table 4-6 and Table 4-7 are only slightly different from each other. Therefore, it shall be kept 

in mind that the simulation settings are always linked to the size of the defined service 

regions: regional or global. That means that the values in Table 4-6 and Table 4-7 differ by a 

lot from Table 4-4 and Table 4-5 since the total sample number is severely degraded. Table 

4-8 shows results only for the sake of completeness for a selected region with 5° x 5° grid 

resolution, time step of 3 seconds, and duration of 10 sidereal days. As one can see, the grid 

resolution, time step, and simulation durations must be chosen to take into account the size of 

the region and targeted accuracy.  

 

Table 4-8: Coverage values for selected region estimated using 287200 samples at each user location 

and 5-degree user grid resolution 

Since ARAIM targets global coverage of 99.5% service availability, the user grid resolution 

of 5° x 5° is found to be optimal to represent global coverage results. This gives 2701 samples 

at each epoch. Note that a 1° x 1° global grid resolution will lead to 65341 samples for each 

time step (epoch). Table 4-9 shows coverage results, where Figure 4-7 shows expected HPL 
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values estimated using the 5° x 5° global grid resolution, time step of 3 seconds, and 1 

sidereal day. This gives 28720 samples at each user location. Figure 4-8 provides an overview 

over global 99.5% availability maps of RNP service levels for which coverage values in Table 

4-9 were estimated. 

 

Table 4-9: Global coverage values using 28720 samples at each user location and 5-degree user grid 

resolution 

 

Figure 4-7: Averaged HPLs (right) provided by H-ARAIM (DF-mode) with 23 SVs GPS and 23 SVs 

Galileo values using 28720 samples at each user location and 5-degree user grid resolution.  

 

Figure 4-8: Global (99.5%)-RNP 0.1 (right) and Global (99.5%)-RNP 0.3 (left) availability maps from H-

ARAIM estimated using 23SVs GPS and 23 Galileo satellites.  

Table 4-10 and Table 4-11 show global coverage results using 10 sidereal days simulation 

duration, but different time steps. Similar to Table 4-6 and Table 4-7 generated for the 

selected region, the global coverage results deviate, but only slightly from each other. In this 
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case, ARAIM developers go for shorter simulation time duration in order to investigate a 

greater variety of scenarios.  

 

Table 4-10: Global coverage values using 2873 samples at each user location and 5-degree user grid 

resolution 

 

Table 4-11: Global Coverage values using 1437 samples at each user location and 5-degree user grid 

resolution 

The following simulation settings were accepted in 2014 by WG-C and adopted for all 

simulation runs conducted for MS-reports and this work: 

▪ grid resolution 5 x 5 degrees (see Section 4.5.4), 

▪ simulation duration 10 sidereal days (the repetition of the Galileo constellation), 

▪ simulation time step of 600 sec (5 min), 

▪ 1437 sample points at each user location.  

This raises evaluation levels and allows conservative estimation of global availability and 

service coverage provided to the members of WG-C and other bodies interested in ARAIM. 

4.5.4 User Locations and Earth Grid 

Users were simulated on a 5 x 5-degree grid, for a period of 10 sidereal days (the repetition of 

the Galileo constellation) with a time step of 600 seconds (Section 4.5.3).  

➢ Rectangular Earth grid, with a latitude (φ) and a longitude (λ) where the 

granularities (δλ) and (δφ) both are equal to 5° 

➢ Between Longitudes 180W to 180E and Latitude 90S and 90N 

▪ 2701 grid points (global) 

➢ Between Longitudes 180W to 180E and Latitude 70S and 70N 

▪ 2088 grid points (central) 

For the results presented in the MS-II report and Annex F.1, grid resolution of [38] was 

applied (Figure 4-9). 



Page: 116 of 185 
ARAIM Evaluation Methodology 

and Scenarios 
 

 

 

 

Figure 4-9: Earth Grid Points [38] 

For time series evaluation, the user locations shown in Figure 4-10 were used. The 

coordinates are stored in Table 4-12. 

 

Table 4-12: Coordinates of Selected User Locations  

 

Figure 4-10: Selected User Locations (Mercator projection) 
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4.6 ISTAR-Matlab Tool 

The Integrity Simulation Tool for Advanced RAIM (ISTAR) comprises modules written in 

Matlab language which allow for predicting the expected performance levels of augmented 

GNSS navigation performance using snapshot RAIM algorithms. The goal of ISTAR is the 

modular flexibility which allows comparing, cross checking, and analyzing methods available 

in the literature. Currently, ISTAR supports different versions of ARAIM, RAIM, and a 

previous Galileo Integrity Concept (GIC) based on integrity information available from the 

ground network35. The simulation results for the baseline ARAIM algorithm were cross-

checked with results from the Stanford Matlab tool MAAST available at 

https://gps.stanford.edu/resources/tools/maast (last access June 2017). ISTAR was developed 

completely independently from MAAST and the main differences are summarized in Annex 

K. With the brief structural overview in Figure 4-11, it is easily possible to further extend 

each module in the ISTAR tool. There is also a possibility to use different weighting 

functions. First, the output values can be customized in order to support analysis and 

parameter evaluation through additional output metrics. Simulations can be performed either 

for the defined Earth grid or user locations (Section 4.5.4). As an example, an ISTAR user 

provides default output values in Table 4-13. 

 
Table 4-13: ISTAR User Customized Output Formats  

From an implementation point of view, the user can easily modify the output formats within 

the 'computeOUTPUT' Matlab function located in the 'Propagator' module in Figure 4-11. 

                                                 

35 GIC, the former Galileo “Safety of Life” service, is currently being re-profiled into an integrity monitoring 

service (e.g., ARAIM) which is going to provide foreseen safety of life integrity information for safety-critical 

applications.  
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Second, the integrity monitoring module is configured so that all commonly used terms 

between most snapshot monitoring schemes (e.g., ARAIM/RAIM/GIC) are written in extra 

Matlab functions. Some of those terms are already pre-calculated in the 'Propagator' module 

and available for later use. Others are estimated directly in the 'Integrity Monitoring' module: 

ISM, Fault Modes (FM), the number of subsets and indices of SVs to monitor, etc. This 

clearly increases the computational time but allows more flexibility for the purpose of 

research. Directly in the 'Integrity Monitoring' module, the ISTAR user can integrate their 

own integrity monitoring function and test its functionality and availability against existing 

concepts without changing the ISTAR structure. Different plotting functions are available in 

an extra 'Data2Plot' folder, which automatically calls the output data files stored in the 

'OUTPUT' module. 

 

Figure 4-11: ISTAR-Matlab Tool structural overview  
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5. Results with 1D-optimization 
The Baseline ARAIM user algorithm optimizes position solution availability by minimizing 

the PLs by careful allocation of the integrity and continuity budget across the fault modes 

(Section 3.5.1). Section 3.5.2 described a simple method to modify a position solution in one 

dimension (1D) with respect to the commonly used least squares estimator. Several examples 

of the improvements achieved due to the 1D-optimization technique are highlighted and 

discussed in this chapter. The V-ARAIM (Offline) architecture especially benefits from 1D-

optimization in the vertical dimension, since this method improves the integrity of the 

position solution at the expense of overall navigation accuracy. In this case, 1D-optimization 

techniques push the accuracy of the All-in-View set to the limit (constraint on accuracy), in 

order to reduce VPL and EMT values providing the availability of the integrity monitoring 

function. The comparison of the results generated using a baseline ARAIM user algorithm 

with and without 1D-optimization highlights those cases where the most convincing 

improvements have been achieved. Table 5-1 shows global coverage of 99.5% and 99.0% of 

Offline (Pconst = 10-4) and Online (Pconst = 10-8) service availability using the baseline MHSS 

ARAIM user algorithm (Section 3.5.1) and the 'Depleted' GPS and Galileo satellite 

constellations (see Section 4.5.1). The URA and SISA are set to an optimistic value of 0.75 

meters for both GPS and Galileo satellites. The coverage values show that it is not sufficient 

to have low URA/SISA values and a 'Depleted' dual-constellation strength to demonstrate that 

the conditions for LPV service levels are met globally. Indeed, the reason for that is that not 

all, but some user locations suffer because of large uncertainties on position error. This is 

caused by the MHSS ARAIM user algorithms monitoring a wide fault, implicitly estimating a 

position solution by using a single GNSS. Precisely for such cases, it is possible to reduce 

those uncertainties on position error (e.g., Protection Levels) by choosing a different position 

solution (Section 3.5.2), thereby degrading the accuracy of the position solution.  

▪ 1D-optimization: In the case where there is a margin in the accuracy budget (Section 

3.7), there could be a significant improvement in the integrity error bound. This is 

achieved by choosing an optimum factor that regulates the amount of solution 

separation between the worst-case solution and the best accuracy provided by the FF 

mode (Section 3.5.2).   

Thanks to 1D-optimization, Table 5-2 shows improved global coverage results. The coverage 

increases from 58.89% to 86.21% of 99.5% LPV-200 availability for the most challenging 

scenario, where the MHSS user algorithm uses both Psat and Pconst set at 10-4.  

 

Table 5-1: Baseline ARAIM user algorithm with 'Depleted' constellation strength, Psat = 10-4, Pconst = 10-4, 

URA=SISA=0.75 m, URE=2/3URA, SISE=2/3SISA, bnom=0.75 m.   
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As can be observed from Table 5-2, the improvement due to 1D-optimization is not sufficient 

to provide LPV-200 service, but it provides robust LPV-250 with the coverage criterion of 

90% of 99.5% availability. There is no strict requirement for coverage: even 10% coverage 

might be good if a region for the LPV-service operation is inside the area of availability. 

Therefore, some isolated user locations have high availability, but do not reach the 99.5% 

availability threshold at each user location.  

 

Table 5-2: Baseline ARAIM user algorithm with 1D-Optimization and 'Depleted' constellation strength, 

Psat = 10-4, Pconst = 10-4, URA=SISA=0.75 m, URE=2/3URA, SISE=2/3SISA, bnom=0.75 m  

The coverage results presented in tables in this chapter are estimated using rectangular user 

grid points with the granularities equal to 5° in longitude and latitude. For the simulation, the 

duration of 10 sidereal days, with a time step of 5 minutes (600 seconds) is used. It provides 

in total 1437 samples at each user grid point. The almanac data for 'Depleted' constellation 

strength (23 SVs GPS and 23 SVs Galileo) in Table 4-2 is the starting point for the first 

sample. For coverage, due to the curvature of the Earth, user grid points are weighted by the 

cosine of the latitude to account for the relative area they represent.  The coverage values in 

the corresponding boxes in the tables are shown for 99.5% and 99.0% (bold) geographical 

coverage while meeting the 99.5%-availability.  

If there is sufficient navigation accuracy, the 1D-optimization works well for unbalanced 

constellations, too. Table 5-3 and Table 5-4 show evidence for that. The top half of the tables 

describe the performance of ARAIM when the residuals test contained in the avionics must 

also be used to check for constellation-wide faults, e.g., Pconst [10-4, 10-7). The bottom half of 

the tables assume that other means are used to check for constellation-wide faults, e.g., 

Pconst[10-7,10-8]. The availability driver using the MHSS ARAIM algorithm and having weak 

constellation strength is the VPL. The performance is limited due to the vertical navigation 

accuracy only. The coverage results estimated using the scenario with Pconst and Psat set at 10-4 

in Table 5-3 are improved from 1.0% to 83.6% of 99.5% LPV-200 service availability (Table 

5-4). The availability maps show dramatic improvement everywhere except a few isolated 

points that remain yellow (Figure 5-1). The navigation accuracy at those points is not 

sufficient enough to provide better results. As expected there is only a slight improvement in 

coverage values for the V-ARAIM (Online) service. Here the user algorithm does not monitor 

the constellation-wide faults. Note that Online ARAIM service (Section 2.4.3.3) is going to 

provide independent monitoring of constellation faults. Moreover, the URA and SISA values 

are expected to be smaller, since there is a possibility to use independently re-estimated 

ephemeris, which is going to contain more accurate data (orbits and clock information of each 

individual satellite). The global coverage of LPV-200 service level with Psat = 10-4 and Pconst at 

10-7 in Table 5-3 is only slightly improved from 97.8% to 98.1% of 99.5% service availability 
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using the 1D-optimization. At first glance, it may seem strange, that for this case with Psat = 

10-5, the results show slightly degraded coverage values compared to those estimated having 

Psat = 10-4. Indeed, this observation is valid for both MHSS ARAIM user algorithms in Table 

5-3 and Table 5-4, and it is a statistical behavior. Since 1D-optimization is performed only 

when VPL/EMT exceeds a specified limit and there is a margin in σACC,3 (Section 3.5.2), there 

are 999 and 1401 globally optimized numbers of samples using user cases with Psat set at 10-4 

and 10-5, respectively. Optimization always reduces VPL and EMT values, but sometimes it is 

still not enough to pass the threshold. Therefore, these small differences are linked to the fault 

modes generated for the cases and numerical uncertainties in calculations, e.g., Equation 

(3-46).  

 

Table 5-3: Baseline ARAIM user algorithm with 'Depleted' constellation strength, URA=0.75 m, and 

SISA=1.5 m, URE=2/3URA, SISE=URE, bnom=0.75 m.  

 

Table 5-4: Baseline ARAIM user algorithm with 1D-Optimization and 'Depleted' constellation strength, 

URA=0.75 m and SISA=1.5 m, URE=2/3URA, SISE=URE, bnom=0.75 m.  

Moreover, there are also situations where estimated values are slightly below the alert limit, 

and so 1D-optimization per definition does not actually take place at all. Therefore, the 

averaged VPL and EMT may become slightly lower for Psat = 10-4 compared to those 

estimated having Psat = 10-5. This may seem confusing, but it is the only exception (see Figure 

F-4 of Annex F with the user case Pconst = 10-5), and this does not affect the availability values 

(Figure F-3 of Annex F with user case Pconst = 10-5). For the case with Pconst = 10-4 shown in 

Figure 5-1, the averaged VPL values are depicted in Figure 5-2. To find averaged VPL, a 

quantile function is used, which produces sample quantiles corresponding to the given 

probability. In other words, the smallest VPL corresponds to a probability of zero and the 

largest to one. The VPL (99.5%) maps in Figure 5-2 show the upper quantile of VPL at each 

user location. This means that 95% values are below the VPL shown on the plots 99.5% of the 
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time. Note that the values shown in maps represent almost the largest VPL that could be 

expected at a specific user location on Earth. More details on coverage results and analysis of 

Table 5-3 and Table 5-4 including availability and VPL maps can be found in Annex F.   

 

Figure 5-1: Availability maps for V-ARAIM with 23SVs GPS and 23SVs Galileo and Pconst = 10-4, Psat = 

10-4, URA=0.75 m, SISA=1.5 m, URE=2/3URA, SISE=URE, bnom=0.75m, VAL = 35 m.  

 

Figure 5-2: VPL(99.5%) maps for V-ARAIM with 23SVs GPS and 23SVs Galileo and Pconst = 10-4, Psat = 

10-4, URA=0.75 m, SISA=1.5 m, URE=2/3URA, SISE=URE, bnom=0.75 m.  

The following examples in Table 5-5 and Table 5-6 clearly illustrate ARAIM performance 

using unbalanced constellation strength. As expected, weaker constellation strength leads to 

significant improvement in the ARAIM performance by applying the 1D-optimization 

method. Users particularly profit by evident improvements if the MHSS ARAIM user 

algorithm monitors wide faults (Offline ARAIM). The global coverage with 'Baseline' 

multiple constellations strength where Pconst = 10-4, URA = 0.75 m, and SISA = 2 m increase 

from 46.5% to 95.7% of 99.5% LPV-200 service availability. This is the very sound 

foundation for the ARAIM Offline service which shows the capability to provide globally 

available LPV-200 operational levels using unbalanced GNSS measurement accuracies. 

Strong constellations have minimal or no benefit from 1D-optimization. Without a doubt, 

there is a tradeoff between the number of receiver tracking channels and measurement 

accuracies, e.g., URA/SISA.  For example, the global coverage results estimated for the case 

with 'Optimistic' multiple constellations strength and Pconst = 10-4, URA = 1 m, and SISA = 2 
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m are considerably improved from 53.4% to 98.9% of 99.5% LPV-200 service availability. 

Better measurement accuracies lead to 100% global coverage of 99.5% LPV-200 service.  

 

Table 5-5: Baseline ARAIM user algorithm and URE=2/3URA, SISE=2/3SISA, bnom=0.75 m 

 

Table 5-6: Baseline ARAIM user algorithm with 1D-Optimization and URE=2/3URA, SISE=2/3SISA, 

bnom=0.75 m 

By taking a deeper look at the baseline multiple constellations strength and biases expected 

for V-ARAIM service in Table 5-7 and Table 5-8, it is easy to realize that the improvement 

caused by 1D-optimization becomes smaller when the constellation strength improves. There 
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is a 13.6% increase in coverage from 85.0% (Table 5-7) using 1D-optimization and having 

Pconst and Psat at 10-4 (Table 5-8).  

 

Table 5-7: 'Baseline' constellation strength, URA=SISA=1 m, URE=2/3URA, SISE=URE, bnom=0.75 m;     

Baseline ARAIM user algorithm 

 

Table 5-8: 'Baseline' constellation strength, URA=SISA=1 m, URE=2/3URA, SISE=URE, bnom=0.75 m;     

1D-Optimization 

The detailed analysis of the results matrix of V-ARAIM with the baseline dual-constellation 

strength shows that the availability driver is the VPL when 1D-optimization is applied 

(Section 3.5.2), and EMT without that optimization, e.g., the algorithm shown in Section 

3.5.1. 

 

Table 5-9: Availability drivers of V-ARAIM with 'Baseline' dual-constellation strength and Pconst = 10-4,  

URE=2/3URA, SISE=URE, bnom=0.75 m      

Based on the results shown above, it can be seen that 1D-optimization improves results 

dramatically in the case of weak constellation strength and high probabilities of a 

constellation and satellite fault.  
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▪ Since 1D-optimization is straightforward, it is recommended that it always be applied 

by the baseline ARAIM user algorithm.  

▪ Chapter 6 shows only those results which were estimated using the baseline MHSS 

ARAIM user algorithm with 1D-optimization. 

▪ Since lateral navigation has larger accuracy margins, there is no significant 

improvement to the expected coverage values.  
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6. Conditions for Operational Utility 

Since the baseline ARAIM user algorithm and its ISM parameters are defined, it is interesting 

to examine what is required to support global aircraft guidance down to approach operations. 

The main objective of this section is to establish the boundary conditions on the performance 

of consecutive ARAIM service levels. Specifically, the aim is to highlight those ISM 

parameters that affect ARAIM service performance most and define which 

thresholds/requirements are put on core GNSS. The focus is to support en route and terminal 

area flight, as well as lateral and vertical guidance during airport approach operations. 

Therefore, depending on ARAIM concept, see Section 2.4, the investigated ARAIM service 

levels are: 

▪ LPV-250 down to LPV-200 (SBAS like service levels), 

▪ RNP 2 down to RNP 0.1 (RAIM performance). 

Since global approach guidance for aviation and service levels similar to those provided by 

the SBAS system are for ARAIM developers the most ambitious goals to achieve, this 

analysis starts with the definition of boundary conditions for ARAIM (Offline/Online) 

services. Here, the main focus lies on the robustness of core constellations, where each 

individual satellite has L1/L5 measuring frequencies and URA values below 2 meters. Before 

that happens, the near-future expected H-ARAIM service for lateral navigation only is going 

to provide integrity monitoring by using the Offline ARAIM algorithm based on multiple 

GNSS and L1/L5-frequencies. Moreover, H-ARAIM has a single frequency and even a single 

constellation fallback capability. The second part of this analysis targets global RNP 0.1 

service, since the largest bound is the RNP 0.3 which is going to provide H-ARAIM 

architecture globally under any baseline or extended (24 SVs+) satellite configuration (Annex 

G). To summarize, the targeted ARAIM services, for which the boundary conditions are 

going to be examined in the sections below, are: 

▪ H-ARAIM is going to replace traditional GPS (L1) RAIM in the near future. Refer to 

[43] Figure 2: “Aviation Near-Term Development Schedule until 2023.” Current GPS 

(L1) RAIM already supports RNP 0.3 globally with high availability at most locations 

on Earth. Those locations where traditional RAIM provides insufficient availability 

are very interesting for the current analysis.  

▪ ARAIM (Offline/Online) is going to expand H-ARAIM service when sufficient Dual 

Frequency (L1-L5) measurements are acquirable from the MEO satellites and signal in 

space accuracies are not worse than 2 meters. Refer to [43] Figure E-1: “Aviation 

Long-term Timeline.”  

It shall be kept in mind that the coverage values are not always representative for individual 

user locations, but represent global availability (which is indeed the goal of this work). As can 

be seen from the unavailability plot in Figure 6-2, there are some user locations where GNSS 

position accuracies are bad, and service is declared not available. It should be noted that the 

values in the tables are representative for the end-users with the most challenging geometries. 

The results generated for this section were part of the WG-C activity, and some of them are 

published in Milestone reports created by the group members jointly [40, 42, and 43].  
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6.1 ARAIM Service (Offline/Online) 

The essential property required by the V-ARAIM system is the availability of both L1 and L5 

frequencies and strong constellation strength. The ionospheric delay will be estimated and 

removed by user receivers using dual frequency Iono-Free (IF) signal modulation (Annex 

D.1), which will improve availability. Vertical guidance (Offline/Online ARAIM) requires 

conservative threat models (the characterization and allocation of faults that either need to be 

mitigated by the airborne algorithm or identified by the ground, see Section 2.4.1). As a 

result, the V-ARAIM service level will only become available to the user once sufficient data 

and safety evidence is gathered. 

In this work, no difference is made in the process sequences between the Offline or Online 

ARAIM user algorithms. Therefore, it is assumed that when processing using: 

▪ Offline ARAIM, Pconst is set at [10-4, 10-7) values. This describes the performance of 

ARAIM when the residuals test contained in the avionics must also be used to check for 

constellation-wide faults, 

▪ Online ARAIM, Pconst is set at [10-7, 10-8] values. This assumes that other means are used 

to check for constellation wide faults36.  

Table 6-1 shows expected vertical navigation from Offline (upper table with Pconst = 10-4) and 

Online (lower table with Pconst = 10-8) ARAIM using GPS and Galileo satellite constellations 

(see Section 4.5.1). The table indicates whether or not vertical guidance is available to a 

decision height of 200 feet (LPV-200) or 250 feet (LPV-250, which is equivalent to APV-I). 

The coverage is estimated using a global rectangular user grid, where each user is weighted 

by the cosine of the latitude to account for the relative area they represent. The availability 

threshold is 99.5%. Each entry indicates the most stringent level of service for which a 

threshold of 90% coverage of 99.5% availability is used. The colors green, yellow, and red 

indicate high (e.g.,>90%), medium (e.g., 80%-90%), and low (e.g., <80%) global coverage, 

respectively. 

 

Table 6-1: Vertical Service available from ARAIM (Offline/Online) as a function of constellation strength 

and User Range Accuracies with Psat = 10-5, bias = 0.75 m  

                                                 

36 None of Pconst of core constellations in V-ARAIM can be set to zero (Annex B – Assertion 3 in [43]).  
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The coverage results estimated for the major part of the globe (e.g., coverage values measured 

between -70 and 70 degrees latitude) are provided and published in the Milestone 2 report 

[42]. These values can be found in Annex F.1. 

From Table 6-1 it can be observed that Offline ARAIM with 'Depleted' constellation strength 

(23 SVs GPS and 23 SVs Galileo) provides robust LPV-250 service when URA/SISA values 

are equal to or below 0.75 meters. This restriction comes from the residual test contained in 

the avionics that is used to monitor constellation-wide faults. Table 6-2 highlights expected 

vertical navigation from Offline ARAIM with Pconst set at [10-4, 10-6] and Online ARAIM with 

Pconst [10-7, 10-8] using a 'Depleted' constellation strength. The estimated global coverage 

values of 99.5% availability of ARAIM services are given in Table F-9 of Annex F.3. It is 

important to note that estimates of the service coverage based on a global user grid show 

slightly higher values than those estimated using only the central part of the user grid in 

Annex F.1. 

 
Table 6-2: Vertical Service available from ARAIM (Offline/Online) with 'Depleted' constellation strength 

as a function of Pconst and User Range Accuracies with Psat = 10-5, bias = 0.75 m  

To elaborate on the URA/SISA values and constellation strength in greater detail, Figure 6-1 

and Figure 6-2 were generated. It is shown that 1D-optimization (Section 3.5.2) does a good 

job and improves global availability. After applying 1D-optimization, the remaining yellow 

spots in Figure 6-2 represent those user locations where 35-meter availability is below 95%. 

Indeed, some user locations suffer because of large position error bounds, where vertical 

accuracy is not sufficient to apply the 1D-optimization technique. The so-called “geometry 

gaps” depend on core constellations and they can move (differ from those shown in Figure 6-

1 and Figure 6-2). Therefore, a loss of availability of vertical guidance caused by weak 

satellite-user geometries will be eliminated when enough operational satellites are available, 

and then those geometry gaps will disappear from the global map. Robust LPV-200 service is 

already achieved by applying baseline constellation strength (24 SVs GPS and 24 SVs 

Galileo), see Figure 6-2. Baseline constellation strength improves navigation accuracy 

dramatically, but as one can see from Figure 6-1, it is still beneficial to use the 1D-

optimization technique, which increases the continuity and availability of ARAIM.  

▪ To provide LPV-200 service dual frequency measurements and averaged URA/SISA 

accuracies better than 1 meter are required (See Table 6-1 and Figure 6-2).  

Indeed, the “averaged URA/SISA accuracies” mean that not all satellites monitored by the 

ARAIM system must provide accuracies of 1 meter or better. Here the tradeoff between the 

number of available channels and the quality of measurements is very important.
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Figure 6-1: V-ARAIM Availability Plots (baseline algorithm) with Psat = 10-5, Pconst = 10-4, bias = 0.75 m 
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Figure 6-2: V-ARAIM Availability Plots (baseline algorithm with 1D-optimization) with Psat = 10-5, Pconst = 10-4, bias = 0.75 m 
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Let’s first investigate the importance that all satellites tracked by the receiver show robust 

performance (Section 4.2, Psat set at 10-5), even if some URA/SISA values are slightly higher 

than 1 meter. First, it is shown how URA/SISA values impact global coverage results. The 

following examples illustrate this relevance: the GPS system and its URA values are set at 

0.75 meters and Galileo SISA values at 1.5 meters or even at a maximum for V-ARAIM 

service, 2 meters. This is reasonable to assume since GPS has a long stable performance on 

L1 and expects to provide accuracies on L1 better than 1 meter. At the same time, Galileo and 

signals on L5 are still in the deployment phase. To be conservative enough, it is assumed that 

the accuracies of Galileo measurements are more than twice the values of GPS. This 

unbalanced GNSS (e.g., an established and a new GNSS as it becomes available) 

configuration is a good scenario to evaluate and to show one of the benefits of the ARAIM 

system: 

▪ The ARAIM system allows direct inclusion of new constellations and provides 

smooth improvements over time (updates via ISM). 

As one can see in Figure 6-1 and Figure 6-2, the global coverage values are not degraded 

assuming that Galileo provides measurements on L1 and L5 bounded by SISA equal to 1.5 

meters and GPS URAs values of 0.75 meters. The user algorithm monitors a constellation-

wide fault on both GNSS and Psat is kept constant at 10-5 (maximum of three independent 

satellite faults per year). These figures of merit provide even slightly higher coverage values, 

due to better DoP-values (Section 2.2.2) caused by the geometric allocation of Galileo 

satellites among three orbital planes (Figure 4-5). The middle maps in Figure 6-2 show that 

LPV-200 availability 99.5% of the time is reached with the 'Baseline' constellation strength. 

The global coverage of LPV-200 service using 24 GPS SVs and 24 Galileo SVs reaches 

98.7% with URA and SISA of one meter.  

▪ The results in Figure 6-1 and Figure 6-2 show that ideally, both GPS and Galileo 

constellations are robust. The reasonable values to assume are Psat at 10-5 and Pconst at 

10-4. Even when one constellation has lower accuracies than the other, the overall 

service performance is still improved.  

Table 6-3 makes evident how future V-ARAIM services look in the case of unbalanced 

constellation strengths (coverage results can be found in Table F-3, Annex F).  

 
Table 6-3: Vertical Service available from ARAIM (Offline/Online) as a function of unbalanced 

constellation strength and User Range Accuracies. ISM Parameters: Psat = 10-5 
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The goal of Table 6-3 is to show the results for unbalanced constellation strength: various 

settings of URA and SISA values and different Pconst. Moreover, additional scenarios are 

included where GNSS#1 is independently monitored from the ground infrastructure which 

allows having Pconst = 10-8 and GNSS#2 with Pconst at 10-4 is added to the position solution to 

increase accuracy. This should be seen as a part of the expanded scenario for the Offline V-

ARAIM architecture. It is important to underscore the results for 'Depleted' constellation 

strength with high URA/SISA values in Table 6-3, which are not sufficient to provide robust 

global LPV-200 service. The VPL values are the availability driver in order to reach global 

coverage with LPV-250 service level using 'Depleted' constellation strength and Pconst at 10-4 

for both GPS and Galileo navigation systems. It is already shown that the 1D-optimization is 

doing a great job. The coverage results are improved for V-ARAIM performance with weak 

constellation strength. There is high availability at some user locations, at the same time loss 

of V-ARAIM service at others. Hence, an output related to other constellation strengths and 

URA/SISA combinations shows clear limitations caused by vertical accuracy only. 

Nevertheless, the V-ARAIM based on 'Optimistic' constellation strength and multiple GNSS 

is going to provide a robust global LPV-200 service level. 

Now, we can turn to the aspect of how Psat affects global coverage results using 'Depleted' 

constellation strength. Table 6-4 shows estimated performance and global coverage of an 

Offline ARAIM service (Pconst = 10-4) with a weak constellation strength and different settings 

of Psat. There is no need to have Psat set at 10-7, since it does not change global performance 

results a lot and moreover, it is very hard to achieve (Table 4-1). It would be fully sufficient if 

the core constellation provides onset Psat bounded by 10-5, 

▪ Psat[10-4; 10-6). 

 

Table 6-4: Coverage (99.5%-Avail.) from ARAIM (Offline/Online) with ‘Depleted’ multiple constellations 

strength as a function of Pconst and Psat. ISM Parameters: URA = SISA = 0.75 m 

The results in Table 6-4 highlight the fact that global LPV-250 down to the LPV-200 service 

level may be expected with 'Depleted' constellation strength only if other means are going to 

be used to check for constellation wide faults (Online ARAIM, where Pconst = 10-8). 

It is shown in Table 6-2 and Table 6-3 that by improving accuracies and having 'Baseline' 

constellation strength, the ARAIM service performance becomes much better and allows 

global LPV-200. As one can see from Table 6-3 (the lower left corner is green), dual 

frequency measurement accuracy provides a robust service, where the number of channels 

plays the most important role.  

Indeed, the constellation strength and the probability of wide faults (Pconst) impact global 

availability most. Although Pconst changes the results, it has the least influence on the 
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availability values (Table 6-4) than the prior probability of a fault in each individual satellite 

per approach (Psat). To demonstrate this more clearly, Table 6-5 and Table 6-6 are generated 

and show the results for Psat set at 10-4 (where two simultaneous narrow faults are monitored) 

and 10-5 (monitors single satellite fault). The results show coverage values using the ARAIM 

user algorithm with 1D-optimization.  The rows show a gradual transition between Offline to 

Online ARAIM architectures and how the transition impacts global coverage results.  

 

Table 6-5: Vertical Service available from ARAIM (Offline/Online) with 'Baseline' constellation strength 

as a function of Pconst and Psat. ISM Parameters: URA = SISA = 1 m, bnom = 0.75 m 

The results for the 'Baseline' constellation strength and URA/SISA values of 1 meter are 

shown in Table 6-5. The coverage results estimated for Psat set at 10-4 differ only in minor 

respects from results for Psat set at 10-5. Here, the threshold for Offline V-ARAIM architecture 

is the case with Pconst at 10-6. At this level, the ARAIM user algorithm still checks the subset 

for a possible constellation wide fault, but the weighted position solution impacts the overall 

estimation, therefore providing high coverage values. Since there is not a big difference in the 

magnitude of estimated ARAIM output values in Table 6-5, the additional impact of the 

number of available channels on coverage results is analyzed in Table 6-6. This table shows a 

'Depleted' constellation strength with unbalanced URA and SISA values and how the 

coverage results vary as a function of Psat and Pconst. Here, the expectation is to obtain similar 

performance, i.e., that Psat set at 10-4 changes global coverage results, but not by a lot. The 

results in Table 6-6 are improved due to 1D-optimization, where the availability and VPL 

maps are shown in Figure F-3 and Figure F-4 of Annex F, respectively. Indeed, the results 

show minor differences in the magnitude of estimated ARAIM output values. There is a 

99.9% global coverage of LPV-200 service, which is minimally limited by accuracy at some 

user locations (Figure F-3, Annex F). The results using weaker constellation strength and only 

the MHSS ARAIM algorithm without 1D-optimization show similar statistical performance 

and provide minimal differences between estimated coverage values. Figure F-1 and Figure 

F-2 show a graphic representation of results using the baseline MHSS ARAIM user algorithm 

(Section 3.5.1). The user cases with Pconst at 10-4 and 10-5 benefit greatly from 1D-

optimization. 
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Table 6-6: Vertical Service available from ARAIM (Offline/Online) with 'Depleted' constellation strength 

as a function of Pconst and Psat. ISM Parameters: URA = 0.75 m, SISA = 1.5 m, bnom = 0.75 m 

This analysis suggests a requirement to have Psat not worse than 10-4 (Section 4.2). It is 

observed that Psat has a minor impact on V-ARAIM performance results. As expected, by 

moving from Offline to Online ARAIM, the expected service from V-ARAIM reaches its 

goal and provides global LPV-200 using Psat set at 10-4 or better values. For vertical guidance, 

without the need to communicate with the aircraft in flight and by monitoring two 

independent faults (Offline ARAIM), the user gets:  

▪ LPV-200 service using the 'Baseline' constellation strength (both GPS 24 SVs and 

Galileo 24 SVs) and URAs of one meter or better. Higher URA/SISA values will 

apparently degrade Offline ARAIM performance. URA set at 1 m and SISA at 2 m 

does not provide global LPV-200 service, e.g., coverage is still high at some user 

locations, and low at others. A simulation predicts 87.34% global coverage of 99.5% 

LPV-200 service availability. 

▪ LPV-250 service using the 'Depleted' constellation strength with Psat set at 10-4 for 

all GNSS satellites (Table 6-6 shows URA set at 0.75 and SISA limited to 1.5 m). 

Higher URA/SISA values will apparently degrade Offline ARAIM performance. URA 

set at 0.75 m and SISA at 2 m does not provide LPV-250 service. A simulation 

predicts 88.13% global coverage of 99.5% LPV-250 service availability. 

However, Offline ARAIM requires that CSPs provide URA of one meter and Psat of 10-4 or 

even better. Otherwise, vertical guidance may not be available from Offline ARAIM globally 

with sufficient availability. It has already been shown in [99] that the GPS constellation 

currently supports accuracies at the needed level, but the constellation service providers may 

be reluctant to guarantee these realistic values from their modernized (L1C) and new (L5) 

signals [43]. Online ARAIM is going to provide integrity on measurement accuracies, by 

using an independent ground infrastructure which is going to estimate and replace the 

ephemeris information broadcast by the core constellations. This information must be updated 

not later than one hour before an approach operation (Section 2.4.3). Figure 6-3 shows results 

based on the assumption that the GPS constellation is observed online independently and has 

Pconst at 10-8. Moreover, the user range accuracies are set at 0.85 meters. Note that 

measurement accuracies on L5 are assumed to be as good as established performance on L1. 

The coverage results are generated using the current GPS constellation (almanac from 
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November 8, 2016). The simulations predict a 98.1% coverage of 99.5% LPV-250 availability 

(Table 6-7). 

 
Figure 6-3: LPV-250 availability map from V-ARAIM with current GPS constellation and dual frequency 

measurement accuracies with URA=0.75 m (Almanac from November 9, 2016) 

 

 

Table 6-7: Global coverage of 99.5% availability for V-ARAIM simulations with current GPS 

constellation and dual frequency measurement accuracies: URA=0.85 m 

In the case the aircraft banks, the receiver may lose some satellites. This, of course, degrades 

service performance. Additional analysis on the number of channels required by V-ARAIM is 

given in Section 6.3. 
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6.2 H-ARAIM Service 

One of the objectives of the ARAIM system is to increase availability due to the usage of L1 

and L5 measurement frequencies and increased number of satellites in view for each 

individual user. The analysis of V-ARAIM service in Section 6.1 has shown that constellation 

strength and robustness of GNSS measurements play a significant role for the user. The key 

definitions and assertions which are considered to be fundamental to design of ARAIM 

architectures, algorithms, and support messages, are listed in Annex B of [43]. Current GPS 

(L1) RAIM is setting the probability of constellation failure as negligible37 and the probability 

of an individual satellite failure at 10-5 per hour. Since service level in ARAIM moves from 

major to hazardous, this assumption is only valid for the H-ARAIM, and cannot be adopted 

for the V-ARAIM service level. Indeed, the main goals of H-ARAIM service are to allow 

clear understanding of the ARAIM concept (highlight the differences to the well-known 

RAIM technique and the reasons behind them), afterwards support smooth integration of 

ARAIM in new performance standards (DFMC SBAS MOPS), and enable early adoption of 

ARAIM even when the initial core constellation performance commitments are still 

conservative. The primary mode of H-ARAIM is L1-L5 as it provides the highest 

performance. Before the constellation service providers establish dual frequency service and 

publish a performance standard, H-ARAIM can be used in single frequency (L1) mode 

instead of dual frequency mode (L1-L5). For that reason, in H-ARAIM the ISM parameters 

will be set to values that are expected to be safe for use for the foreseeable future based on 

initial core constellation performance commitments. The range of parameters chosen here was 

discussed within the framework of WG-C and meant to be a very conservative estimate of 

both the expected CSP commitments and the actual performance. The robustness of H-

ARAIM service concerning signal in space error (URA/SISA) is evaluated in this section. For 

this purpose, the URA/SISA chosen for the parametric availability simulations start at 2.5 m 

and increase to higher values. Let’s start with an example which illustrates the completely 

new environment and the future H-ARAIM service performance level that is going to use L1 

and L5 measurements (improved accuracies due to Iono-Free measurements). This scenario 

still falls under the worst-case condition scenario because the user algorithm utilizes 

'Depleted' multiple constellations strength where URA/SISA values are limited to 9 meters 

(Figure 4-2). Moreover, the Pconst probability that at any given time and due to a common 

cause, any subset of two or more satellites within a single core constellation could be in a 

faulted state is set at 10-4 for the Galileo constellation (Figure 6-4) and to zero for GPS38 with 

regard to Assertion 1 of [43].  

▪ Figure 6-4 shows availability results for the 185 m Horizontal Alert Limit (HAL). 

There are clear availability gaps for RNP 0.1 service level due to the weak satellite-

user geometries at the mid-latitude user locations.  

▪ It is demonstrated that robust global RNP 0.3 is reached worldwide under the worst-

case accuracy values (Figure 6-5). It has to be noted that for GPS (L1) performance, 

the URA value of 9 meters represents very rare conditions, approximately 0.12%, 

Figure 4-2).  

                                                 

37 H-ARAIM assumes Pconst = 10-8 or even set to zero (which is equivalent for RAIM).  

38 ARAIM user algorithm does not monitor the wide fault on GPS constellation.  
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Figure 6-4: Availability map for H-ARAIM (DF-mode) with 23 SVs GPS and 23 SVs Galileo and URA = 

SISA = 9 m and HAL = 185 m.  ISM Parameters: Bias = 0.75 m. 

 
Figure 6-5: Availability map for H-ARAIM (DF-mode) with 23 SVs GPS and 23 SVs Galileo and URA = 

SISA = 9 m and HAL = 556 m.  ISM Parameters: Bias = 0.75 m. 

 
Figure 6-6: HPL map for H-ARAIM (DF-mode) with 23 SVs GPS and 23 SVs Galileo and URA = SISA = 

9 m. ISM Parameters: Pconst(GPS) = 0, Pconst(Galileo) = 10-4, Psat = 10-5, Bias = 0.75 m. 
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To generate availability maps in Figure 6-4 and Figure 6-5, the following assumptions were 

used: rectangular Earth grid, with latitude (φ) and longitude (λ) where the granularities (δλ) 

and (δφ) both are equal to 5°; with 28720 samples generated at each grid point (time step 3 

seconds, duration of 1 sidereal day). The results of this analysis show high availability and 

continuity at most user locations on Earth (except at mid-latitudes). Figure 6-6 averages over 

the time series HPL values to get a feeling for the expected magnitude of HPL values. There 

is a variety of ways to plot an averaged HPL, but the most representative maps are found to be 

those that show the upper quantile of HPL at each user location. To find averaged HPL, a 

quantile function is used, which produces sample quantiles corresponding to the given 

probability. In other words, the smallest HPL corresponds to a probability of zero and the 

largest to one. This means that 95% values are below the HPL shown on the plots. The yellow 

color at the mid-latitudes designates areas where HPL varies between 150 and 250 meters. 

There are four spots in the middle of those areas which show averaged HPL values of about 

560 meters that lead to RNP 0.3 service unavailability.  The results in Figure 6-4 and Figure 

6-5 at the beginning would not impress RAIM and SBAS developers, since GPS (L1) RAIM 

already provides RNP 0.1 using the current constellation for most user locations (see 

availability map, Figure 1-13).  

▪ The goal of H-ARAIM is to provide RNP 0.1 worldwide by using a flexible user 

algorithm which allows a smooth transition to global V-ARAIM (Offline).  

That means a smooth move from major to hazardous service level. The largest differences that 

can be observed in availability results compared to GPS (L1) RAIM are due to differences in 

the user algorithm, constellation scenarios, and error model developed based on experience 

and observation of previous years. 

▪ Indeed, the results in Figure 6-4 through Figure 6-6 are very conservative and show 

the worst-case of H-ARAIM with dual frequency (L1-L5) mode performance.  

It is expected, that URA/SISA values would be much lower than 9 meters at the beginning of 

(L1-L5) H-ARAIM mode. That supports the decision to evaluate URA/SISA bound only up 

to 10 meters in [43]. This is going to be discussed later in this chapter. But for now, let’s keep 

large URA/SISA accuracies and analyze how the nominal bias (bnom) term impacts H-ARAIM 

(L1-L5) mode performance. As discussed in Section 4.3, nominal biases are transmitted via 

ISM to the user and are designed to bound the threats coming from the nominal errors arising 

from signal deformation, code-carrier incoherence, and antenna phase center variations. 

Various studies were conducted by members of ATSG, especially CNES colleagues, which 

have provided a justification that 0.75 meters are going to bound nominal biases at any user 

location on the globe [47]. It has to be noted that bnom (bias terms) in Equation (3-27) of 

Section 3.3, were previously not assumed in traditional GPS (L1) RAIM at all. Therefore, for 

H-ARAIM service analysis, they could be set to zero meters. However, the benefit of the 

ARAIM user algorithm is its threat separation and allocation, which makes it flexible 

compared to traditional RAIM. Those bias terms, on the way to Offline ARAIM, should not 

be disregarded. Figure 6-7 shows upper quantiles of estimated H-ARAIM (L1-L5) mode HPL 

values based on 24 GPS SVs and a URA of 6 meters. bnom is set to zero (right side plots) and 

limited to 0.75 meters (left side plots). Both upper and lower plots show the same averaged 

HPL values, but using different Earth projections and color schemes. The goal here is to show 

the impact of bias terms on H-ARAIM performance when URA values remain high and the 

number of satellites in view is low. As can be seen, there are slight differences in HPL values, 

but in general, there is not a big impact on availability results. The global coverage results for 

LPV-200 service level estimated by H-ARAIM (L1-L5) mode using the baseline GPS 
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constellation are 89.7% and 90.4% with bnom of 0.75 and zero meters, respectively. In the case 

of lower URAs (e.g., URA = 2.5 m) and the same scenario, the coverage values for bnom 

limited to 0.75 and zero meters are 97.4% and 98.5%, respectively (Table 6-8). It is important 

to note that bnom does not change global performance much even when URA values are 

getting much lower.  

• Figure 6-7 and Table 6-8 highlight the availability of H-ARAIM to provide global 

RNP 0.1 service based on a single GNSS constellation with 'Baseline' constellation 

strength and dual frequency measurement accuracies. 

 

Figure 6-7: H-ARAIM (DF-mode) with 24 SVs GPS and two nominal biases (bnom = 0.75 m and bnom = 0)  
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The expected GPS L1 accuracies are much better than 6 meters (Section 4.3). However, at the 

beginning of dual frequency (L1-L5) H-ARAIM service, because of a new signal on L5, high 

URAs could be expected. Figure 6-9 shows a matrix plot with Lambert projections generated 

to show expected HPLs at the beginning of H-ARAIM (L1-L5) service as a function of 

narrow and wide faults (Section 4.4). For that reason, the reduced baseline constellation of 23 

GPS satellites and 23 Galileo satellites is used (Table 4-2). Note, that the upper quantile of 

HPL in some scenarios shows not only the averaged quantile of HPL but the worst-case HPL 

value. An example for this situation can be created with Psat set at 10-4 in Figure 6-9. 

Throughout the equatorial zone, the HPLs seem to be larger with Pconst at 10-5 than those 

estimated with Pconst at 10-4. This is based on the fact that there are larger HPL values which 

fall into the required quantile when Pconst is at 10-4. Conversely, there are lower HPL values 

with Pconst at 10-5, which are rare events. Indeed, in this case, the highest value still remains 

present (based on limitations due to the satellite-user geometry) which turns out to be not only 

an averaged quantile of HPL but a worst-case HPL. This represents an upper quantile of HPL, 

and exactly that value is plotted on the map. Additionally, the color scale plays a role. This 

does not have any impact on estimation of global service coverage but on the graphic 

representation. Figure 6-8 shows 99.5th HPL percentile using H-ARAIM DF-mode with 

'Depleted' constellation strength for the case with Pconst =10-5, but using different color scales 

and Earth projection than in Figure 6-9. The difference between the left and right plot in 

Figure 6-8 is the number of narrow faults and the resulting number of fault modes that the 

ARAIM user algorithm monitors (Section 3.2). Noting the color scale, Figure 6-9 shows clear 

improvements by moving from the left upper corner of the matrix to the lower right corner. 

There is a constant improvement in H-ARAIM (L1-L5) mode performance, but the mid-

latitude unavailability remains and limits the global coverage results. Except for those 

locations which are limited by the number of available satellites for positioning in Figure 6-9, 

the yellow mid-latitude areas with HPL120 m, where Pconst is at 10-4, are turning into light 

green areas (HPL100 m) by moving to Pconst = 10-5 and finally to light blue areas where 

HPL80 m and Pconst = 10-6.  

▪ Similar to the results shown for V-ARAIM, there is a small impact in terms of Psat, 

but much greater dependence on Pconst.  

The matrix plot in Figure 6-9 shows how H-ARAIM performance changes and how those 

changes impact global availability and the corresponding coverage value.  

 
Figure 6-8: RNP 0.1 availability map for H-ARAIM (DF-mode) with 23 SVs GPS and Psat = 10-4 (left plot) 

and Psat = 10-5 (right plot)  
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Figure 6-9: Multiple Constellations H-ARAIM (DF-mode) with 'Depleted' constellation strength 
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It is expected that with time, the accuracies will be better for all core constellations 

participating in the ARAIM system. Figure 4-2 in Section 4.3 shows that URA of 2.4 meters 

is sent more than 92% of the time for the newest Block IIF satellites [99]. L1/L5 measurement 

accuracies are expected to be limited to 2.5 meters. GPS alone (without Galileo) can only 

support RNP 0.3 when GPS is in depleted state. Figure 6-10 shows the upper quantile of HPL 

values in meters using Lambert azimuthal equal area projection. HPL values are lower at 

equatorial latitudes and poles. Compared to Figure 6-9, the colors are much darker, which 

means that the HPLs in Figure 6-10 are lower. This highlights the need for lower URA/SISA 

accuracies. Only some user locations show degraded performance, which remains present due 

to the limited number of satellites. This is already improved by having the baseline 

constellation strength with 24 SVs (Figure 6-13).  

 
Figure 6-10: Single Constellation H-ARAIM (DF-mode) with 23-GPS SVs  

Table 6-8 provides an overview how bias terms impact global coverage values depending on 

the constellation strength and single or dual frequency H-ARAIM mode. Since there is a 

minimal impact of nominal bias terms on results, the maximum nominal bias for integrity 

purposes (bnom) was kept at 0.75 m for the H-ARAIM parameter study, and at 0 for accuracy 

purposes. 

 

Table 6-8: Global coverage values based upon RNP 0.1 of 99.5% and 99.0% availability using 'Baseline' 

constellation strength. ISM Parameters: Psat = 10-5, URA = SISA = 2.5 m 
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The first and second rows of Table 6-8 corresponds to the single constellation case: GPS 

alone or Galileo only with the 'Baseline' constellation strength (Table 4-3). In these cases, 

Pconst equals to zero. Since GPS has a long term stable performance this definition is only 

valid for GPS and H-ARAIM service, see Chapter 4 and Assertion 1 of Annex B in [43]. To 

be coherent with Assertion 2 of Annex B [43], those scenarios which show single 

constellation  

▪ Galileo H-ARAIM results represent the situation where already operational 

experience with the Galileo constellation has been gained. These rows are shown for 

comparison only.  

The availability of horizontal navigation from ARAIM for the two levels of service (RNP 0.1, 

RNP 0.3) with the satellite ranging integrity bounds set to 2.5 meters is evaluated and 

summarized in Table 6-9 through 6-11.  

 

Table 6-9: Horizontal Service available from ARAIM based on dual frequency (L1-L5) as a function of 

Pconst and constellation strength. ISM Parameters: Psat = 10-5, URA = 2.5 m, SISA = 2.5 m, bnom = 0.75 m 

 

Table 6-10: Horizontal Service available from ARAIM based on single frequency (L1) as a function of 

Pconst and constellation strength. ISM Parameters: Psat = 10-5, URA = 2.5 m, SISA = 2.5 m, bnom = 0.75 m 

 

Table 6-11: Horizontal Service available from ARAIM based on single frequency (L5) as a function of 

Pconst and constellation strength. ISM Parameters: Psat = 10-5, URA = 2.5 m, SISA = 2.5 m, bnom = 0.75 m 
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Each of the tables above shows the worldwide coverage of 99.5% availability of RNP 0.1 or 

RNP 0.3 service level. Here, the coverage is defined as the fraction of the users that have 

availability above 99.5%. The service is declared globally available if 90% spatial coverage of 

99.5% temporal availability is achieved (Section 4.1). Tables in Annex G.1 show availability 

values estimated for the RNP 0.1 and RNP 0.3 levels of service and are used to fill Table 6-9 

through 6-11 above. At the beginning there is a strong benefit to having a fallback mode, 

since measurements on the L5 need to be validated or evaluated in the case of possible signal 

interferences.  

The H-ARAIM single frequency (L1) mode uses ionospheric corrections included in the 

Constellation Service Providers (CSP) navigation message (e.g., GPS Klobuchar parameters, 

Section 2.1). The fallback mode on L1 frequency for H-ARAIM that uses a single 

constellation (Table 6-10) is graphically shown in Figure 6-12. Both graphs show upper 95% 

quantiles of averaged HPL values. Upper and lower plots show the same averaged HPL 

values, with the difference that the Lambert azimuthal equal area projection represents the 

values brighter at the poles and around magnetic equator using an optimized color bar. A 

single constellation L1-mode H-ARAIM reverts to global RNP 0.3 service level. It has to be 

noted that the results corresponding to GPS only could significantly differ from other 

estimates of current GPS (L1) RAIM performance due to differences in the user algorithm, 

constellation scenarios, and error model.  

▪ Do note that with the current GPS constellation (almanac from November 8, 2016) in 

Figure 6-12 the simulations predict a 95.8% coverage of 99.5% RNP 0.1 availability 

using H-ARAIM SF (L1)-mode, which is consistent with current RAIM predictions 

(Section 1.1.2.2 and Section 4.5.1.1). 

In the case of loss measurements at the L1 frequency, the airborne receiver can utilize an L5 

only H-ARAIM mode (Table 6-11). The ionospheric delay error on L5 must be scaled 

appropriately with respect to errors estimated for L1 single frequency observations [40]. 

Single frequency L5 H-ARAIM mode provides robust RNP 0.3 service assuming that a 

sufficient number of satellites broadcast signals on the L5 frequency.  

Figure 6-13 provides an overview for the upper quantile of averaged HPL values estimated 

using baseline constellation configuration. The H-ARAIM with a single frequency (L5) and 

single constellation (GPS) mode provide insufficient coverage to declare global RNP 0.3 

service availability. Therefore, those results are not shown on the plot. These plots39 make 

evident that the number of satellites available globally plays one of the most important roles 

in H-ARAIM performance. 

                                                 

39 There are thirteen defined colors in Figure 6-13 (and previous similarly generated figures) that are used to 

show the magnitude of averaged HPL value at pre-defined user locations (Section 4.5.4). The following logic is 

applied to program the color scale to generate the global HPL maps: 

▪ There are 13 pre-defined colors in total, indexed by 13,...,1i . The maximum and minimum HPL 

values in the plot legend are set at HPLbar,1 = 40 and HPLbar,13 = 560 meters, respectively. 

▪ The first and the last color bars are filtering the data with respect to the max and min values: All user 

locations where HPL≤ HPLbar,1 condition holds are colored purple; those user locations where 

HPL≥560m are colored red. The middle color bars sort the data with respect to: 








 




2
,

2

,1,,1, ibaribaribaribar HPLHPLHPLHPL
HPL . 

The data between the user locations are interpolated using a Matlab function. 
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Figure 6-11: Single baseline constellation H-ARAIM (L1-Mode)  

 

Figure 6-12: Current GPS constellation H-ARAIM (L1-Mode) almanac from November 8, 2016
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Figure 6-13: Baseline constellation strength and all H-ARAIM modes
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The main output coming from the analysis conducted in Table 6-9 through 6-11: 

▪ To support global RNP 0.1 service levels, it is sufficient for H-ARAIM to have a 

single baseline core constellation that provides dual-frequency (L1-L5) measurements 

with accuracies of 2.5 meters (Figure 6-13).  

▪ There is a fallback mode to global RNP 0.3 performance by using single constellation 

and single frequency L1 or L5 measurements only.  

Lower RNP levels are more desirable because they can support a greater variety of aircraft 

operations. Increased margin in H-ARAIM performance is expected by having more than one 

GNSS constellation. By performing an airborne constellation cross-check for Galileo 

navigation performance and combining this with various other checks, different types of 

service result.  For example, 

▪ Galileo cross-check plus L1 and L5 measurement frequencies from multiple GNSS 

with 'Depleted' constellation strengths (23 SVs GPS and 23 SVs Galileo) yields H-

ARAIM with robust RNP 0.1 service worldwide. 

▪ Galileo cross-check plus fallback mode on L5 along with utilization of measurements 

from 'Depleted' multiple constellations strength reverts to global RNP 0.3 service. 

▪ Galileo cross-check plus fallback mode on L1 and ‘Baseline’ multiple constellations 

strength still enables H-ARAIM with robust RNP 0.1 service worldwide. 

To find boundary conditions for H-ARAIM service, the signal-in-space error (URA) bounds 

are evaluated in Annex G using a threshold of 20 meters (Table G-8 through G-15). The 

analysis above shows that the URAs chosen to start from 2.5 m are limited by a conservative 

upper bound of 10 meters (Section 4.3). The summaries of results using a threshold of 10 

meters are published in [43]. The coverage values can be found in Table G-19 through Table 

G-21 of Annex G. The scenarios with multiple constellations strength set Pconst for GPS to 

zero and provide a constellation wide fault check of Galileo satellites, e.g., Pconst(Galileo) = 

10-4 (Section 4.4) . In addition, Table 6-12, Table 6-13, and Table 6-14 show the boundary 

conditions for signal-in-space error for dual and single frequency H-ARAIM service based on 

multiple or single constellation strength. Here, constellation strength for both GPS and 

Galileo is set at 10-4, e.g., the user algorithm provides constellation wide fault checks for both 

Galileo and GPS constellations. Each entry indicates the most stringent level of service and 

maximum URA/SISA value for which a 90% coverage of 99.5% availability is achieved. This 

illustrates the robustness of H-ARAIM as a function of URA/SISA bounds.  

Given the current levels of URA for GPS and the expected SISA for Galileo, there is a low 

risk that the ranging accuracy required for H-ARAIM target service availability may not be 

guaranteed by the CSPs. Even if the new constellations did not achieve the performance of the 

current L1 GPS service, the results in Table 6-12 through Table 6-14 show that single 

frequency multiple constellations H-ARAIM would provide improved availability and 

robustness compared to the single constellation. As shown in Table 6-12, RNP 0.1 is always 

available when both signaling frequencies (L1 and L5) are available and the two 

constellations are tracked. Moreover, dual frequency mode H-ARAIM with a single baseline 

constellation (GPS or Galileo) supports RNP 0.1 capabilities even when subject to large URA 

values, see Table 6-13 and Table 6-14. At the mid-latitudes, the users are limited by the 

accuracies that multiple GNSS provide when using 'Depleted' constellation strengths. With 
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the improved constellation strength that GNSS is going to offer based on dual frequency 

measurements, the H-ARAIM system paves the way for challenges that Offline ARAIM is 

going to deal with. H-ARAIM supports RNP 0.1 under all normal conditions and reverts to 

RNP 0.3 when the L1 signal has been lost.  

 

Table 6-12: Required performance strength for Multiple Constellations H-ARAIM 

 

Table 6-13: Required performance strength for Single-Constellation (GPS) H-ARAIM 

 

Table 6-14: Required performance strength for Single-Constellation (Galileo) H-ARAIM  

6.3 Satellite Subset Selection 

The results carried out to find the boundary conditions for operational utility have pointed out 

that ARAIM service depends on several factors. The first on the list is the number of usable 

channels used for positioning. The second is the availability of two distinct frequency bands, 

L1/E1 and L5/E5. The third is the existence of robust dual-constellations, e.g., GPS and 

Galileo.  

In the next decade, certain significant enhancements will impact civil aviation: the 

deployment of Galileo and BeiDou, the modernization of GPS and GLONASS, and the fact 

that all these core constellations will broadcast navigation signals on multiple frequencies 

(Section 2.1). In particular, the increased redundancy and accuracy will rapidly improve the 

performance of ARAIM. This can help ARAIM to enable worldwide vertical guidance 

(Section 6.1).  



 Conditions for Operational Utility Page: 149 of 185 

 

 

 

Previous analysis in Sections 6.1 and 6.2 have shown that to enable a robust ARAIM service 

it will be enough to have two baseline core constellations (24 SVs GPS and 24 SVs Galileo), 

which supply the user with about 20 channels 24 hours a day (Figure 6-14). For the services 

that utilize lateral guidance, H-ARAIM is going to provide robust service already with single 

frequency L1. Moreover, the RNP 0.1 service level is even valid with high 10 m user range 

accuracies (Table 6-12) for any user on Earth. Dual frequency navigation measurements are 

required to provide LPV service levels globally and become the essential condition for GNSS-

based operations with horizontal and vertical guidance. ARAIM (Offline) with the baseline 

GNSS constellation strength provides a 98.0% global coverage of 99.5% LPV-200 service 

availability estimated based on simulation duration of 1 sidereal day with a time step of 5 

minutes. The coverage results are generated using in total 144 samples at each user location. 

 
Figure 6-14: Average number of satellites in view of the user using baseline multiple constellations 

strength (24 SVs GPS and 24 SVs Galileo)  

On the other hand, there is, of course, a steady degradation in availability of ARAIM service 

(mainly vertical guidance) when navigation accuracy is degrading. There is a limited number 

of satellites at some user locations. The geometric factor in Section 2.2.2 provides a direct 

link to the degradation of accuracy. How the navigation accuracy explicitly depends on the 

receiver elevation mask angle (ElMASK) and how that impacts ARAIM service is given in 

Table 6-15 and Table 6-16. 

The results use Psat at 10-5 (user algorithm monitors single satellite fault), where the nominal 

biases are limited to 0.75 meters and URA/SISA measurement accuracies of 1 meter are 

applied (Section 4.3). All coverage values shown in Table 6-15 and Table 6-16 are for 99.5% 

and 99% time availability. The simulation duration of 10 sidereal days with a time step of 5 

minutes is produced to generate these results. This provides in total 1437 samples at each user 

location. Table 6-15 shows the impact of antenna mask angle on the worldwide coverage of 

LPV-200 and LPV-250 service levels supported by ARAIM. Five degrees is the nominal 

mask angle. Quite a high masking edge can represent scenarios when the airplane approaches 

landing or performs curved approaches in a mountain area. With baseline multi-GNSS and 
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ARAIM (Offline), coverage drops from 98.7%40 to 59.3% of 99.5% LPV-200 service 

availability only by switching the receiver mask angle from 5 to 10 degrees. Stronger 

constellations strength (e.g., a higher number of acquired measurements) will enable ARAIM 

to have a robust performance since that will populate the higher elevation angles and thus 

tolerate the loss of satellites below the receiver mask angle. The results in Table 6-15 show 

that GPS alone with Pconst at 10-8 (without monitoring of  GPS constellation (wide) faults) and 

'Baseline' constellation strength is not sufficient to provide LPV service levels.  

 
Table 6-15: Vertical guidance based on baseline constellation strength and different receiver mask angles: 

5°, 10°, 15°, and 20°. ISM Parameters: Psat = 10-5 and bias = 0.75 m 

The results for H-ARAIM service based on dual frequency mode (L1-L5) and applying 

various cutoff angles (El.Mask) are shown in Table 6-16. The nominal biases equal to zero 

meters and URA/SISA measurement accuracies of 2.5 meters are employed to evaluate H-

ARAIM dual frequency (L1-L5) mode. Here, the loss of satellites would probably not limit 

ARAIM performance since the lateral guidance has a margin of accuracy (Figure 6-13). 

 

Table 6-16: Horizontal guidance based on baseline constellation strength and different receiver mask 

angles: 5°, 10°, 15°, and 20°. ISM Parameters: Psat = 10-5 and bias = 0 m 

Moreover, H-ARAIM may be able to toughen GNSS receivers against jamming and spoofing 

[43]. The results in Table 6-16 show the impact of antennas which limit gain towards ground 

based emitters. The results show the worldwide coverage of RNP 0.1 and RNP 0.3 service 

levels using 'Baseline' constellation strength. With GPS only, the coverage drops from 98.5% 

to 45.1% of RNP 0.1 service availability for the baseline 24-satellite constellation by 

                                                 

40 This result differs from that shown in Figure 6-14 because of the use of different simulation durations (Section 

4.5.3) 
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switching the receiver mask angle from 5 to 10 degrees. With GPS plus Galileo, the coverage 

does not drop fast for the selected scenario. It drops from 100% to 70.5% of RNP 0.3 service 

availability when the receiver mask angle changes from 5 to 20 degrees. Note, that the 

simulation results using nominal biases set at 0.75 meters slightly decrease the coverage 

values. For example, with GPS only and an elevation mask angle of 10 degrees, the coverage 

45.1% of 99.5% RNP 0.1 service availability drops to 41.5%.  

Using baseline multiple constellations strength, the number of satellites available for the 

ARAIM user algorithm dramatically decreases by increasing receiver mask angle. The results 

for vertical and lateral guidance are confirmed using various scenarios. V-ARAIM has tighter 

operational limits than H-ARAIM, and therefore the coverage results degrade faster. Other 

selected algorithms lead to similar outcomes. The 'convex hull' algorithm provided by [135] 

and modified to find the combination of satellites which provides the best geometric dilution 

of precision is not suitable for the integrity monitoring purpose. The study on the optimal 

number of channels to provide future SBAS service based on the selected satellites in [105] 

proposes an algorithm that creates a ranked list of which satellites are most important to track. 

Indeed, it's hard to optimize integrity for vertical navigation using a selected (reduced) 

number of channels. Moreover, the study suggests not attempting to replace the selected set of 

satellites too often, but to give priority to satellites that are tracked. As the previous study on 

RAIM/ARAIM algorithms in [88] has shown, to provide protection level for vertical 

navigation by relying on an integrity monitoring function aboard the aircraft requires even 

higher levels of scrutiny than any suggested selection technique so far. Table 6-3 shows the 

vertical service available from ARAIM as a function of unbalanced constellation strength and 

URA. This example demonstrates design drivers for ARAIM to provide global and robust 

LPV service coverage. To achieve LPV-250 service levels, the optimization techniques have 

to be applied and provide the smallest VPL to meet aviation requirements for vertical 

guidance. By having stronger and robust multiple-GNSS constellations (e.g., Baseline, 

Optimistic), the LPV-service level availability is limited only due to the accuracy metric in 

the vertical dimension. Thus, by looking at Table 6-15, it appears impossible to get better 

VPL values by utilizing ARAIM with a reduced number of satellites as compared to the all-

in-view set, e.g., utilizing less than approximately 20 channels, see Figure 6-14. This issue 

becomes a new challenge to investigate in terms of how VPLs and ARAIM output values are 

going to be impacted by the number of satellites. This section addresses two related 

objectives:  

▪ identifying the optimally selected satellites to track to provide ARAIM Service Levels 

(Section 4.1), 

▪ determining a recommended number of channels to provide robust ARAIM service 

availability. 

This analysis begins with the most challenging operational level of service expected from 

ARAIM, e.g., LPV-200. The scenario with the baseline constellation strength for both GPS 

and Galileo navigation systems is furthermore analyzed in greater detail (see Sections 4.5.1 

and 6.1 for introductory information). Pconst is placed at 10-4 for both constellations. In this 

case, the user algorithm monitors all possible narrow and wide fault combinations. The 

possibility to have a constellation (wide) fault leads to larger integrity bounds, putting a 

challenge on the expected robustness of ARAIM (Offline) service. This analysis is going to 

explain and prove that there does exist a solution that does not degrade ARAIM overall 

performance by utilizing a reduced number of satellites selected from the All-in-View set. 
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▪ The All-in-View set: The set of satellites, whose elevation angles are greater than or 

equal to the minimum allowable elevation angle (e.g., receiver mask angle). The 

received measurements from these satellites build the GNSS navigation model 

specified as the linearization of the pseudorange equations. 

▪ The All-in-View set is used by the ARAIM user algorithm to generate a Fault-Free 

mode (Chapter 3). 

Previous analysis of V-ARAIM in Chapter 5 and Section 6.1 has shown that the VPL and 

EMT requirements are the most critical ones. Table 5-9 highlights the EMT as a design driver 

of the algorithm’s availability employing the baseline ARAIM user algorithm without 1D-

optimization. By having baseline constellation strength and All-in-View satellite sets, the 

thresholds in Section 4.1 are met whenever VPL is met. The results show that the HPL is 

always met (Table 6-5). Therefore, the first selection algorithm to investigate is the one that 

reduces the All-in-View set by searching for the satellite combination that does not degrade 

the VPL value. At first, two algorithms were selected to examine two different questions: 

▪ Could one expect to have lower VPLs by using optimally selected satellites without 

any limitations put on the number of channels (selection algorithm best VPL Type I)? 

The idea here is to see what number of channels will lead to the lowest VPL. 

▪ How does navigation accuracy (e.g., with only a constant number of optimally 

selected channels) impact the overall ARAIM service availability globally (selection 

algorithm best VPL Type II)? 

Both selection algorithms start to select satellites one by one, taking them out of the All-in-

View set sequentially. This is not done randomly, but rather searches for a subset that 

provides the best accuracy (σv). This selection does not provide the lowest VPL, but does 

provide the quasi-lowest one (see Annex H for more details). Indeed, the primary goal is 

reached, which is not to degrade the VPL value by utilizing a reduced number of satellites, 

but instead, to sacrifice the navigation accuracy. This serves to answer quickly the first point 

above. Moreover, to respond to the second aspect, the satellites are taken out sequentially 

using the VPL Type II selection algorithm until the max#SVs (e.g., max#SV=14) for a given 

location is reached. If there is less than the selected max#SVs given to the user, then the 

algorithm uses the All-in-View set to estimate the outputs. If the algorithm is not able to find 

a valid subset of max#SVs to provide best VPL value, it declares unavailability of the 'VPL 

Type II' algorithm and returns to the All-in-View set. This is done for research purposes only 

since the interest is to see when and at which user locations the availability target is no longer 

reached. This method succeeds; it is always possible to find max#SVs out of the All-in-View 

set to meet the operational conditions in Section 4.1. 

▪ The first type of simulation, Best VPL (Type I) searches for the minimum VPL 

generated out of all possible satellite combinations. When the corresponding 

combination is found, the ARAIM user algorithm provides all other output values 

estimated using exactly that selected subset of satellites (e.g., reduced All-in-View 

set). This set of subsets is called the opt#SVs. This is assumed to be an optimal 

number of satellites for the VPL calculation only.  

▪ The second type of simulation, Best VPL (Type II) takes exactly max#SVs and 

generates ARAIM output values. The selected combination might not lead to the 

lowest VPL, but it is shown by example using three user locations in Annex H to be 

sufficient for the first algorithm validation on the global grid and very beneficial from 

the computational point of view. 
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Indeed, the first results already prove that there exists the possibility to get slightly lower 

VPLs using a selected number (opt#SVs) of 16-17 satellites (Figure 6-15, upper plot) instead 

of approximately 20 available channels in Figure 6-14. Figure 6-15 shows the number of 

satellites available at each user location averaged over 1 sidereal day with a time step of 5 

minutes using the selection algorithm for the 24-slot nominal GPS and 24 baseline Galileo 

multiple constellations configuration. It is also shown that slightly lowering VPLs using the 

Best VPL (Type I) routine does not change overall service performance compared to the one 

estimated using the All-in-View set of satellites (Figure 6-14). The estimated results achieve 

98.0% global coverage of 99.5% LPV-200 service availability. Here, it is important to bear in 

mind that while the ARAIM user algorithm with the All-in-View set provides optimal 

performance, it is not possible to improve the coverage values even when the lowest VPL is 

found. On the other hand, there is the possibility to first use a lower number of channels, and 

then use the number of satellites in the All-in-View set, which in turn does not degrade 

ARAIM performance, thus targeting LPV-200 operations. 

Best VPL (Type II) in Figure 6-15 (lower plot) shows slightly decreased coverage values, but 

indeed uses a position solution with not more than 14 selected satellites (e.g., constant number 

of max#SVs=14). Although there is a slight degradation that is analyzed next, existing 

knowledge already permits us to answer the second question above:  

▪ It is possible to provide worldwide LPV-200 service by using only 14 selected 

channels from multiple GNSS with the baseline constellation strengths.  

The reason for the decrease in coverage values using the Best VPL (Type II) routine with 14 

channels selected is principally the degradation of horizontal accuracy at some user locations. 

To highlight those user locations, Figure 6-16 is generated. The map shows those user places 

where Best VPL (Type II) was able to find 14 satellites, but the V-ARAIM service was not 

available. For a graphic representation of those locations, the Best VPL (Type II) algorithm 

turns from 14 satellites back to the All-in-View set. Therefore, those places along the equator 

are the red-yellow-green colored regions (Figure 6-16).  

Figure 6-17 is generated to provide a better understanding of how ARAIM service criteria are 

influenced by the Best VPL (Type II) selection. The time series are given for all V-ARAIM 

output values at user locations selected from Figure 6-16 with 30°N latitude and 75°W 

longitude coordinates. The user location is called LatN30LonW75 (Table 4-12) and is 

depicted in Figure 4-10 for illustration. Figure 6-17 shows the V-ARAIM user algorithm 

output values estimated utilizing the All-in-View set (red) and a reduced set of a maximal 

number of 14 channels selected by the Best VPL (Type II) routine (blue). The graph in the 

bottom right corner shows the number of satellites used by the V-ARAIM user algorithm to 

estimate VPL, EMT, HPL, σv, and σh output values. The time series in Figure 6-17 are given 

for the simulation duration of one sidereal day with a time step of 600 seconds. As can be 

seen, the Best VPL (Type II) routine slightly reduces VPL and EMT values, but at the same 

time always degrades other V-ARAIM output values. Specifically, at time step 42, there is an 

enormous increase in HPL value which leads to V-ARAIM unavailability while using the 

Best VPL (Type II) routine. Digging deeper into satellite geometries at simulation time step 

42, there are 18 channels in the All-in-View set (Figure 6-18). By selecting 14 satellites using 

the Best VPL (Type II) routine, the VPL sinks from 11.22 to 11.20 meters, but at the same 

time, the HPL value jumps from 11.32 to 73.12 meters. This increase in HPL degrades LPV 

service level availability, where HAL is fixed to 40 meters. 
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Figure 6-15: Average Number of Selected Satellites from baseline multiple constellations strength (24 SVs 

GPS and 24 SVs Galileo) using Best VPL Type I and Type II selection algorithms  

 

Figure 6-16: User Locations where the algorithm Best VPL Type II is not available 
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Figure 6-17: V-ARAIM user algorithm output using lowest VPL (Type II) selection routine at single user 

location (Lat30Nlon75W) 

                          

Figure 6-18: Azimuth vs. Elevation Plot at single user location (Lat30Nlon75W) at time step 42 
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The satellites (PRN# 98, 92, 22 and 9) that the Best VPL (Type II) algorithm excludes from 

the All-in-View set to achieve the minimally lowered VPL value are not optimal at all for a 

robust LPV operational service. This example shows the worst case performance of the Best 

VPL (Type II) routine which searches for lowest VPL and so dramatically increases HPL. 

Additional investigations concerning other selection metrics were conducted to understand 

better how those factors impact ARAIM output values. The following selection types are 

investigated: lowest VPL, best/worst subset vertical accuracy (σo,3), and best/worst solution 

separation error uncertainties (σss). All analyzed metrics individually increase VPL and EMT 

by a large amount. Some examples are demonstrated in Annex H.4. 

▪ To provide LPV-200 service, it is not enough to have a single criteria that limits 

performance e.g., geometric factor. It must be a mix between accuracy, geometry, and 

precision between the fault modes. 

There are in total 16 samples of the Best VPL (Type II) algorithm’s unavailability (Figure 

6-16). All of them have the same reason: very poor geometries where a little decrease in VPL 

value leads to rising HPL. Since the intention is to find a subset of satellites that do not 

degrade global LPV-200 service level, the following selection algorithm, referred to as 

'best_PL(3D),' was suggested for test purposes: 

▪ The Best VPL (Type II) routine shows that most of the time it is possible to find a 

smaller VPL using a reduced All-in-View set. The one disadvantage of the selection 

algorithm is its availability at equatorial regions. Thus, under best_PL(3D), this 

algorithm is always applied, as long as it is available. 

▪ If the Best VPL (Type II) routine is not available, the best_PL(3D) algorithm performs 

a search for all possible combinations with max#SVs out of the All-in-View set. This 

maintains all navigation criteria applied to provide LPV-200 service levels (Section 

4.1). If the All-in-View set has Nsat satellites, the number of max#SVs (combinations) 

to investigate is equal to the binomial coefficient which can be written using factorials 

as, 
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(6-1) 

This solution is used for research purposes only and is not real-time capable. Indeed, Annex H 

demonstrates a time series of three chosen examples which highlight the outcomes conducted 

for a global grid in Table 6-17. The best_PL(3D) routine always finds a reduced All-in-View 

set with a pre-defined max#SVs that provides smaller VPL than the All-in-View set. The time 

series at user location LatN30LonW75 in Figure 6-19 points out how best_PL(3D) performs. 

By comparing HPL and VPL values in Figure 6-17 to Figure 6-19, it becomes evident that all 

outputs remain the same, except the one at time step 42, where the Best_VPL(Type II) routine 

is not available. Now, by searching out of all possible combinations at time step 42 for the one 

that provides all ARAIM output values below the thresholds and has the lowest VPL, the user 

algorithm excludes PRN# (98, 82, 22, and 9) in Figure 6-18 and improves its availability. As 

a consequence, the VPL climbs from 11.21 to 11.30 meters using 14 selected channels, and 

HPL drops from 73.12 to 15.24 meters. Annex H.4 shows sky plots, geometric parameters, 

and numerical values estimated for this particular case at time step 42 and displayed in Figure 

6-17 (Best VPL(Type II) and Figure 6-19 (best_PL(3D)). 
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The results demonstrated in Annex H.4 are representative of the most challenging V-ARAIM 

scenario with the baseline multi-GNSS strength where the user algorithm controls 

constellation faults (Section 2.4.3.2), e.g., Pconst10-3, 10-6. Using V-ARAIM (Online) 

monitoring, the user algorithm does not control the possibility of a constellation fault (Section 

2.4.3.3), e.g., Pconst 10-7, 10-8.  

As a result, the degradation in HPL values is smaller (Figure 6-20) compared to the V-

ARAIM (Offline) shown in Figure 6-19. The results in Figure 6-20 at time step 42 when the 

ARAIM user algorithm utilizes only 14 optimally selected satellites show a slight increase in 

VPL from 7.84 to 7.85 meters and growth in HPL from 6.92 to 10.1 meters. 

 

Figure 6-19: V-ARAIM (Offline) user algorithm output using 3D selection at single user location 

(Lat30Nlon75W) 
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Figure 6-20: V-ARAIM (Online) user algorithm output using Best VPL (Type II) at single user location 

(Lat30Nlon75W) 

Further analyses have revealed that 12 selected satellites greatly degrade the navigation 

performance and are not sufficient to provide robust V-ARAIM service. Annex H facilitates 

the verification of ARAIM performance behavior with a reduced All-in-View set in terms of 

VPL, HPL, EMT, and ACCv using 12, 14, and 16 selected satellites. Moreover, Annex H 

provides a complete summary and examples on selection algorithms that were used to reduce 

the number of satellites in the All-in-View set while at the same time not degrading VPL 

values.  

▪ As a consequence, analysis has projected expected availability of ARAIM LPV-200 

service with 14 satellites selected out of all visible ones.  

▪ The requirement on horizontal navigation accuracy qACC ,  (Annex B.3) is suggested 

for further investigation. It shall be tuned to benefit from a 1D-optimization technique 

in the horizontal dimension (Annex K.4).  
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At some user locations, by using the baseline multiple constellations configuration strength, a 

minimum number of eleven satellites in the All-in-View set is seen (Annex H). Table 6-17 

provides an overview of the availability of ARAIM-services for three parametric simulations 

using 16, 14, and 12 selected channels. Each entry shows the percentage of the global 

coverage values 99.5% and 99.0%, averaged over one sidereal day. The last two rows include 

a combination of requirements (Section 4.1) to provide LPV-200 and LPV-250 service levels, 

respectively. The results in Table 6-17 show that best PL(3D) allows ARAIM to provide 

98.0% LPV-200 coverage with only 14 satellites in view globally. The increase in max#SVs 

from 14 to 16 satellites does not lead to improvement in global coverage. Moreover, by 

studying statistics for the HPL and VPL in Table 6-18, one can recognize that the ARAIM 

user algorithm with 14 selected satellites, on the one hand, provides lowest VPL values and 

on the contrary leads to a considerable increase in HPLs. The mean, std, min, max, and 

quantile(99.5%) in Table 6-18 are estimated averages over 144-time steps and 2701 user 

locations (total = 110880 samples). The variations in PL values are larger using the All-in-

View set than with the selected number of satellites. For HPL0 std reaches 7.70 meters caused 

by global variations in navigation accuracies. This increase in HPL can be reduced by 

applying the 1D-optimization by setting σACC,1= σACC,2=2 meters. 

 

Table 6-17: Global coverage of 99.5%|99.0% availability for ARAIM (offline) 

 

Table 6-18: Statistics on V-ARAIM user algorithm’s output values using different number of channels 
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In order to get a better idea, two additional maps in Figure 6-21 and Figure 6-22 are 

generated. Figure 6-21 shows estimated averaged differences in percentage between VPLs 

from the ARAIM user algorithm which uses the All-in-View and with max#SVs. The 

differences illustrated in percentage are found using the following equation: 

%100. 00max# XPLprctlXPLXPL SVs   (6-2) 

XPL0 XPL estimated using All-in-View set 

XPLmax#SVs XPL estimated using max#SVs  

.prctl  Differences between XPL values in percentage 
 

 

The differences in VPL values are averaged over 1 sidereal day and shown for each user 

location on the global map in Figure 6-21. Black indicates no change in VPL values. The left 

plot in Figure 6-21 shows graphically that a selected set of 14 channels leads to slightly lower 

VPLs compared to results using a selected 16 channels (right plot). The differences in Figure 

6-21 are minimal, but they are globally evident. There is a small reduction in VPLs observed 

in 92.2% of the grid points by using 14 selected channels.  

This global reduction in VPLs compared to the values estimated using the All-in-View set 

becomes less evident when 16 selected channels are used and drops to 72.4%. Stronger 

constellations like 'Optimistic' in Table 4-2 will support additional selection techniques, but it 

would not reduce VPL values much compared to those estimated using the All-in-View set 

(e.g., VPL0).  

▪ The ARAIM user algorithm benefits more from optimization techniques than from an 

optimal selection. 

 

Figure 6-21: Global reduction in VPLs estimated using ARAIM user algorithm with selected number of 

channels compared to All-in-View set 

At the same time, Figure 6-22 graphically displays an increase in HPL values globally. There 

is not always an increase. Indeed, at some user locations with high navigation accuracies, the 

user can even observe a slight decrease in HPLs. To get a feeling for the magnitude of this 

small reduction in HPLs, for the 'Baseline' constellation strength using 14 selected channels a 

15.9% decrease in HPL0 was observed. This global reduction in HPLs compared to the values 

estimated using the All-in-View set becomes more evident when 16 selected channels are 

used and drops to 29.5%. HPLs estimated from the subset with a selected number of satellites 

are higher than those estimated from the All-in-View set.  

As the color in Figure 6-22 suggests, HPLs estimated using a selected set of 14 channels are 

larger compared to results using 16 selected channels. Therefore, the design driver for the 
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selection algorithm to provide robust V-ARAIM service is navigation accuracy. With 14 

selected channels it is possible not to degrade navigation performance. The results for 

'Baseline' constellation strength as a function of URA/SISA values and Pconst (Offline/Online 

ARAIM) are shown in Table 6-19.  

 
Figure 6-22: Global increase in HPLs estimated using ARAIM user algorithm with selected number of 

channels compared to All-in-View set 

 

Table 6-19: LPV-200 service level from ARAIM with selected 14 channels from multiple GNSS baseline 

constellations strength 

LPV-200 service requires stronger constellation strength and lower URA/SISA values. It is 

possible to provide global coverage at 98.0% LPV-200 service availability using 14 selected 

channels. This is available from multiple GNSS with baseline constellation strengths and 

URA values of 1 meter or better. Higher URA/SISA values degrade V-ARAIM performance. 

Notwithstanding, the results show that there is a global LPV-250 service with only 14 

channels selected optimally from baseline multiple constellations strength with Pconst at 10-4 

and URA values of 1.5 meters. For the case with URA limited to 2 meters, the results with 14 

selected channels are not much worse than with the All-in-View set, but the selection process 

increases in complexity. Indeed, with Pconst set at 10-4, 85.3% and 86.2% global coverage (of 

LPV-250 99.5% service availability) is reached using 14 selected channels and the All-in-

View set, respectively. Note that the results shown in Table 6-19 and Table 6-20 differ 

slightly from those shown in the tables of Annex F.1 since a different number of samples at 

each user location is used (e.g., different simulation time durations).  
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Table 6-20: LPV-250 service level from ARAIM with selected 14 channels from multiple GNSS baseline 

constellations strength 

Table 6-21 shows expected results with selected 14 and 16 satellites using different H-

ARAIM modes and baseline multiple constellation strength. There is no degradation in 

coverage results. This analysis is incomplete, and further studies are required. It is presumed 

that other user cases, will benefit even more from optimal selection than from optimization 

techniques. The ISM values are kept constant as follows: Pconst(GPS) = 10-8, Pconst(Galileo) = 

10-4, Psat = 10-5, URA=SISA=2.5 m.   

 
Table 6-21: H-ARAIM service level with selected 16 and 14 channels using multiple GNSS baseline 

constellations strength 

The H-ARAIM SF (L1)-mode with 14 optimally selected satellites out of the 'Depleted' 

constellation strength (23 SVs GPS and 23 SVs Galileo) in Table 6-22 provides higher 

coverage values compared to those estimated using the All-in-View set. The values are 

directly associated with the increase in horizontal navigation accuracy. In this case, the 

estimated results using H-ARAIM SF (L1)-mode and 14 selected satellites are 72.3% (99.5%) 

of RNP 0.1 and 98.9% (99.5%) of RNP 0.3 global service level.  

 
Table 6-22: H-ARAIM service levels (with selected 14 channels) using multiple GNSS in depleted state 

In summary, H-ARAIM benefits more from selection techniques than V-ARAIM. Indeed, 

ARAIM (Offline) fully benefits from optimization techniques, e.g., improvements due to the 

1D-optimization applied in three positional dimensions individually. Therefore, in the 
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development and optimization of V-ARAIM, it is suggested to maintain H-ARAIM metrics to 

ensure an adequate balance between both services. 

Generating a list of best geometries for integrity purposes can be advantageous. For example, 

the scale factor K0 which shows a proportion of separation between the fault subset and a fault 

free mode in the q-th dimension can be employed to rank geometries (see details on Q*-

MHSS ARAIM user algorithm in Section 3.5.3).  

q

i

qssi

qK
,0

,

,0 )(



  

The scaling factor K0 varies between zero and one by definition. Equation (3-21) gives the 

error uncertainty in one position domain. The solution separation σ in the North-East-Up 

(q=1,2,3) coordinate system are determined according to the diagonal elements of the 

covariance matrix and given in Equation (3-25). When the ascending list with (K0,qi)-values 

with i>0 is formed, the simple search for the needed number of satellites can be started. The 

selection algorithm chooses those satellites which overlap particularly in the beginning of the 

list. 
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7. Conclusions and Future Work 

Soon, transatlantic flights and aircraft guidance with robust integrity function, where the 

aircraft automatically determines and periodically broadcasts navigation information to Air 

Traffic Control (ATC) or other aircraft, will become more important (Figure 1-15). GNSS is 

the only onboard position sensor for the various Automatic Dependent Surveillance (ADS) 

services implemented so far. Flying RNAV (GNSS) approaches based on GPS/GLONASS in 

aviation are inconceivable without existing techniques to augment GNSS (e.g., RAIM, SBAS 

and GBAS). The only globally available GNSS augmentation system is going to be Advanced 

RAIM (ARAIM) which will augment GPS and Galileo signals on the L1/E1 (1575.42 MHz) 

and L5/E5 (1176.45 MHz) frequencies. Each additional satellite constellation to GPS and 

Galileo has its own physical and operational characteristics. The ARAIM system allows direct 

inclusion of new constellations and provides smooth improvements over time. Table 6-3 

evaluates how the ARAIM algorithm benefits from the autonomy of each constellation and 

shows clear advantages over traditional GPS (L1) RAIM. As simulation results show, 

ARAIM allows the flexibility to include any GNSS constellation, even if their navigation 

performance differs sharply. This dissertation examines capability and flexibility of the 

ARAIM system and shows its possible smooth integration into the standards 

(MOPS/EUROCAE) to provide global aircraft guidance. 

The simulation results confirm that Horizontal-ARAIM (H-ARAIM) will offer a robust 

service to conduct non-precision approaches and en-route flight operations. The H-ARAIM 

with Offline monitoring to provide lateral navigation only can be implemented in the near-

future at very low risk. The main feature of Offline monitoring is that it provides ARAIM 

service without the need to communicate with the aircraft in flight. For the ARAIM user 

algorithm, this means that the Integrity Support Message (ISM) is static. Most important, H-

ARAIM service may find near-term application before dual frequency GNSS systems are 

available (Figure 7-2). For the users who are interested in horizontal navigation, e.g., 

maritime applications, H-ARAIM is going to provide robust, accurate, and continuous service 

especially when SBAS GEOs are not available. Moreover, this active globally available 

augmentation system for satellite navigation will enable the use of GNSS in areas where radar 

surveillance is not possible. The single-frequency (L1) measurements from baseline multi-

GNSS enable H-ARAIM to provide robust RNP 0.1 service level globally. Moreover, this is 

even valid with high 10 m user range accuracies (Table 6-12) for any user on Earth.  

ARAIM provides the capability to have a smooth transition from major to hazardous safety 

category to support vertical navigation with stringent requirements on GNSS navigation 

performance. In practice, this means that the integrity monitoring chain must go through much 

more scrutiny and it is not enough to have single frequency (L1/E1) navigation accuracies. 

Dual frequency navigation measurements are required to provide LPV service levels globally 

and become the essential condition for GNSS-based operations with horizontal and vertical 

guidance. Therefore, when performance commitments from the core constellations for dual 

frequency services are made available, a smooth transition is expected from H-ARAIM (static 

ISM) to Offline ARAIM (quasi-static ISM). As a consequence, Offline ARAIM is the 

corresponding H-ARAIM successor system to provide global integrity monitoring not only 

for horizontal guidance but also for vertical navigation. Indeed, it targets achieving vertical 

guidance (global LPV service levels) without a real time monitoring system like SBAS. The 

Offline ARAIM architecture does not require communication with an aircraft after departure 

and is not expected to be updated often. Importantly, the ISM communication link may be a 
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suitable wireless connection (e.g., core constellations NAV database, geostationary satellite or 

terrestrial radio). The ARAIM concept’s advantage over the SBAS is that it monitors faults 

directly at the airborne receiver by relying strictly on ISM. The Offline ARAIM user 

algorithm is even more dependent on ISM than its predecessor (both H-ARAIM and RAIM). 

It is subject to availability risk since it directly depends on potentially weak commitments 

from constellation service providers (CSPs) relative to the achieved ranging performance of 

their satellites. Offline ARAIM is especially sensitive to the user range accuracies (URAs) 

that are contained within the navigation messages from the core constellations. Thus, the 

signal in space accuracies for Vertical ARAIM (V-ARAIM) service levels has to be better 

than 2 meters. The design drivers for ARAIM (Offline) as a decreasing function of URA are 

the horizontal protection level, vertical accuracy, effective monitoring threshold, and finally, 

the vertical protection level (Figure 7-3). The Offline architecture allows for designing new 

approaches. Global LPV-200 service level is reached utilizing multiple measurements on L1 

and L5 frequencies across robust GNSS constellations and a URA of 1 meter.  

Therefore, most results provided in this dissertation put the focus on requirements and new 

developments for Offline monitoring architecture. The challenge was to show expected 

ARAIM performance applied to any user worldwide. It shows that ARAIM (Offline) provides 

global LPV-200 service levels, but it will take time to collect sufficient data and gain 

experience to demonstrate safe operations. This dissertation supports the implementation of 

H-ARAIM with Offline monitoring. Quite the contrary is the ARAIM with Online 

monitoring, which uses the navigation data overlay (description of SV position and clock over 

time) or navigation data corrections per satellite. ISM is computed automatically with near 

real time measurements collected by a dedicated reference receiver network. Latency is from 

minutes to hours. The processing chain to generate a mathematical navigation model in 

Section 2.2.1 differs between Offline and Online architectures. The user algorithm overlays 

NAV messages broadcast by the constellations with ISM information. The online ARAIM 

architecture is going to provide LPV service levels (Table 6-1, Pconst = 10-8), but due to hourly 

ISM reception, it is subject to connectivity risk. How and to what degree ARAIM system 

architectures will be realized depends mainly on the ability to utilize ISM. 

The baseline ARAIM user algorithm developed within WG-C [45] is considered as a 

benchmark and used to answer the questions on how many satellites does a receiver need to 

have a robust service, which system requirements are the design drivers of the ARAIM 

system, and which ISM parameters impact availability results most. There is a functional 

interrelationship between ARAIM coverage results and simulation settings of the ISTAR-

Matlab tool. The most important details on that are summarized in Section 7.1. The trade-off 

between accuracy and robustness evaluated in this work and the primary outcomes are given 

in the results summary (Section 7.2). The MHSS ARAIM, Slope ARAIM, and Q*-MHSS 

user algorithms discussed within this dissertation are equivalent and compatible. It remains to 

see which detection monitor receiver manufacturers wish to implement. Baseline ARAIM 

MHSS [45] is currently suggested to be standardized and possibly certified. The results 

summary on algorithmic issues is given in Section 7.3. 
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7.1 Results Summary on ARAIM global Service Performance 
The results show that the primary mode of H-ARAIM with dual frequency (DF), L1 and L5, 

provides the highest performance, as expected. As shown in Table 6-9 and in the summary 

overview of H-ARAIM service levels in Figure 7-2: 

▪ RNP 0.1 (illustrated in green) is always available when both frequencies (L1 and L5) 

are available, and two constellations are tracked.  

This is valid even for theoretically high values of URA (Table 6-12). The chart blocks in 

Figure 7-2 are colored based on RNP 0.1/0.3 capability (green/yellow). Those scenarios 

where the estimated global coverage is below 80% are colored red and indicate that H-

ARAIM service is not available. The satellite ranging integrity bounds to evaluate H-ARAIM 

service levels set to 2.5 meters. The probability of a constellation (wide) fault is zero for GPS 

and 10-4 for the Galileo constellation.  

▪ Results further show that H-ARAIM with a single baseline constellation (GPS or 

Galileo) and H-ARAIM (L1-L5)-mode also supports RNP 0.1 capabilities, but 

requires baseline constellation strength (e.g., 24 GPS SVs or 24 Galileo SVs).  

Moreover, in the evaluation of H-ARAIM DF-mode service levels, the single frequency (SF) 

mode would become a backup mode in case of loss of measurements on the other frequency. 

It was found for the single frequency H-ARAIM (L1)-mode, which uses ionospheric 

corrections included in the CSP navigation message, that RNP 0.1 can be achieved in both the 

'Baseline' and 'Optimistic' multiple constellations scenarios (upper left side of Figure 7-2). 

When the number of satellites drops, the H-ARAIM (L1)-mode provides robust RNP 0.3 

service levels globally. The single frequency H-ARAIM (L5)-mode only with Pconst = 10-8, 

and multiple constellations strength is capable of providing RNP 0.1 service levels globally 

(Table 6-11). It reverts to RNP 0.3 when L5 frequency mode is used (lower left side of Figure 

7-2). Given the current levels of URA for GPS and the expected SISA for Galileo, there is 

only a low risk that the CPSs may not provide the ranging accuracy necessary for H-ARAIM 

target service availability. Even if the new constellations did not achieve the performance of 

the current GPS (L1) service, the results show that single frequency multiple constellations H-

ARAIM (SF)-mode would provide improved availability and robustness compared to the 

single constellation (see left and right sides of Figure 7-2). 

The bar graph in Figure 7-1 shows the exponential dependence of HPL values on the number 

of channels used for the integrity monitoring by the H-ARAIM user algorithm. There is a 

clear underestimation and overestimation of HPL values at the beginning and the end of bar 

charts because of low statistical power. The uncertainties related to sampling and their 

impacts on the estimated 99.5th HPL percentile are discussed in Annex I. Table 7-1 shows 

how many samples were collected using all estimates at globally disseminated user locations 

and sorts them as a function of the number of visible satellites (NumSVs). The conducted 

analysis has shown that the navigation accuracy with 12 selected satellites is sufficient for H-

ARAIM at most user locations, but there are still a couple of situations,where the availability 

is limited or even degraded. For integrity monitoring purposes it is suggested not to go to the 

limit but to have a margin in horizontal navigation accuracy. A closer look at various user 

scenarios (Figure 7-1 as an example) reveals that the use of optimally selected 14 satellites 

from 'Baseline' or 'Optimistic' multiple constellations strength at each user location will 

provide a robust RNP 0.1 service using H-ARAIM with DF or SF(L1)-mode globally. 
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Table 7-1: Statistics on Number of Satellites in All-in-View set 

 
Figure 7-1: 99.5th HPL percentile as a function of number of selected satellites 

Moreover, the simulation results predict improvement in H-ARAIM SF(L1)-mode availability 

at some user locations using only 14 optimally selected channels from depleted multiple 

constellations strength. Note that this performance improvement is limited to those user 

locations where reception of all available signals (All-in-View set) allows a selection to be 

made. Stronger constellation strength provides lower HPL values and does not show an 

improvement in H-ARAIM availability results using a selected number of satellites. 

Moreover, Annex H.6 indicates that using a set of not optimally selected 14-channels will 

even degrade overall future ARAIM with Offline monitoring performance. It is a decision of a 

receiver manufacturer to make a selection or not. Different constraints can be applied to make 

a selection algorithm work successfully (Section 7.2). The only important metric for RNP 

service levels is the horizontal navigation accuracy. Indeed, the goal of H-ARAIM service is 

to support near-term proposed multiple constellations (MC) applications and to allow a 

smooth transition from H-ARAIM (static ISM) to Offline ARAIM (quasi-static ISM).  
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Figure 7-2: H-ARAIM Performance Overview Diagram 
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Therefore, once sufficient data is collected, and experience is gained to demonstrate safe 

operations with H-ARAIM, the step from major to hazardous service level could be made. A 

classification and description of the major and hazard level severity terminology can be found 

in Annex A.2 and [5]. 

For use in the hazardous safety category to support vertical guidance, the errors are 

considered to pose a higher safety risk, which leads to a stronger assessment of possible 

errors. The essential property required by the ARAIM system to provide LPV-service levels is 

the availability of both L1 and L5 frequencies. The results show that ARAIM with the current 

single GPS constellation (almanac from November 8, 2016), where the emphasis is put on 

vertical performance, provides 98.1% global coverage of 99.5% LPV-250 service availability 

(Figure 6-3). The Offline ARAIM architecture with 'Depleted' dual-constellation strength (23 

SVs GPS plus 23 SVs Galileo) provides robust LPV-250 service when URA/SISA values are 

equal to or below 0.75 meters. For higher URA/SISA values, the global LPV-250 down to 

LPV-200 service level may be expected with 'Depleted' constellation strength only if other 

means are going to be used to check for constellation (wide) faults (Online ARAIM 

architecture, where Pconst = 10-8). At least six conditions must be met for V-ARAIM to provide 

LPV-200, where the internal thresholds are tight, and over time some of them could be subject 

to change. It is shown that a simple optimization technique in Section 3.5.2 improves ARAIM 

performance, especially for those cases where vertical navigation accuracy is better than 

required. The availability drivers for Offline ARAIM as a function of URA are shown in 

Figure 7-3. As a result, Offline ARAIM requires that CSPs provide a URA of one meter and 

Psat of 10-4 or even better. Otherwise, vertical guidance may not be available from Offline 

ARAIM globally with sufficient availability. The simulation results show that ideally both 

GPS and Galileo constellations are operating robustly and transmitting dual frequency 

messages, e.g., Psat=10-5 and Pconst=10-4 (Table 4-1). Even when one constellation has higher 

accuracies than the other, the overall service performance is still improved.  

To highlight the conclusions of the analysis in Section 6.1, the boundary conditions for the 

ARAIM system to provide LPV minima are as follows: 

▪ LPV-200 service is provided using 'Baseline' dual-constellation strength (both GPS 

24 SVs and Galileo 24 SVs) and URAs of one meter or better. Higher URA/SISA 

values will apparently degrade Offline ARAIM performance. The results show that in 

the case of unbalanced multiple constellations strengths with Pconst = 10-4 the ARAIM 

performance remains stable. URA set at 1 m and SISA at 2 m does not provide global 

LPV-200 service. A simulation predicts 87.34% global coverage of 99.5% LPV-200 

service availability for the ARAIM with Pconst = 10-4 and Psat = 10-5.  

▪ LPV-250 service is still provided using 'Depleted' dual-constellation strength and 

Psat  = 10-4 for all GNSS satellites where URA is equal to 0.75 and SISA limited to 1.5 

meters. Higher URA/SISA values will apparently degrade Offline ARAIM 

performance. URA set at 0.75 m and SISA at 2 m does not provide LPV-250 service 

for this case. A simulation predicts 88.13% global coverage of 99.5% LPV-250 

service availability. This shows high availability everywhere except in a few isolated 

points where the availability was degraded due to low navigation accuracies.  

These selected results are particularly impressive at the beginning of the evaluation phase of 

V-ARAIM service levels (e.g. ARAIM with Offline monitoring). The bar graph, generated for 

URA set at 0.75 meters and SISA at 1 meter in Figure 7-4, shows the exponential dependence 

of VPL values on the number of channels used for integrity monitoring by the ARAIM 



Page: 170 of 185 Conclusions and Future Work  

 

 

(Offline) user algorithm. The statistics for individual constellation strength used to estimate 

the 99.5th VPL percentile are given in Table 7-1. The estimated VPL values in Figure 7-4 

yield a solid baseline indicating that ARAIM Offline service with unbalanced constellation 

strength provides VPL values below VAL globally, thus supporting global LPV-200 service.  

 

Figure 7-3: Availability Drivers for ARAIM (Offline) service levels as a function of URA 

 
Figure 7-4: 99.5th VPL percentile as a function of number of satellites in All-in-View set 

The comprehensive investigations on the impact of number of satellites on V-ARAIM 

(Offline) performance levels have addressed two related objectives:  

▪ identifying the optimally selected satellites to track to provide ARAIM Service Levels 

(Section 4.1), 

▪ determining a recommended number of channels to provide robust ARAIM service 

availability 
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Before starting with satellite selection for V-ARAIM (Offline), it is important to have 

URA/SISA values on average of 1 meter, since the navigation accuracy in a vertical 

dimension is a performance driver for the scenarios with large URA/SISA values (Figure 

7-3). The analysis has revealed that the ARAIM user algorithm that uses the All-in-View set 

shows the highest possible availability of LPV-200-minima. It is possible to get slightly lower 

VPL and EMT values using an optimally selected number of satellites to track, but other 

ARAIM user algorithm’s output values in Table 3-1 are degraded. This is the most important 

trait that shows the need for a selection algorithm that achieves an optimal balance between 

horizontal and vertical performance. The selection algorithm has to monitor both horizontal 

and vertical navigation accuracy to meet LPV-200 operational requirements. LPV-200 service 

requires stronger constellation strength and lower URA/SISA values. It is possible to provide 

global coverage at 98.0% LPV-200 service availability using 14 selected channels. This is a 

substantial part of the investigations in Section 6.3. This is available from multiple GNSS 

baseline constellations strength and URA values of 1 meter or better. The increase in 

max#SVs from 14 to 16 satellites does not lead to improvement in global coverage (Table 

6-17). Moreover, by looking at statistics for the HPL and VPL in Table 6-18, one can observe 

that the ARAIM user algorithm with selected 14 satellites, on the one hand, provides lowest 

VPL values and on the other leads to a larger increase in HPLs. Nevertheless, there is still 

sufficient margin for horizontal accuracy. Higher URA/SISA values slightly degrade ARAIM 

performance. The results show that there is global LPV-250 service with only 14 channels 

selected optimally from baseline multiple constellations strength with Pconst at 10-4 and URA 

values of 1.5 meters. For the case with URA limited to 2 meters, the results with 14 selected 

channels are not much worse than with the All-in-View set, but the selection process increases 

in complexity. Indeed, with Pconst set at 10-4 , 85.3% and 86.2% global coverage (of LPV-250 

99.5% service availability) is reached using 14 selected channels and the All-in-View set, 

respectively. Note, that the results shown in Table 6-19 and Table 6-20 differ slightly from 

those shown in the tables of Annex F.1 since a different number of samples at each user 

location is used (different simulation time durations). As a consequence, analysis has 

projected a recommended number of channels to provide global and robust availability of 

LPV-200 service level (at any user location on Earth) with 14-16 satellites selected out of all 

visible ones.  

7.2 Results Summary ISTAR-Configuration 

The grid resolution, time step, and simulation durations must be chosen taking into account 

the size of the region and targeted accuracy. Section 4.5 of this dissertation examines the 

quandary of how many samples are needed to provide reliable coverage results. Since 

ARAIM targets global coverage of 99.5% service availability, the user grid resolution of 

5°x5° is found to be optimal to represent global coverage results. This gives 2701 samples at 

each epoch. There is a minor difference in coverage results using 10 sidereal days simulation 

duration, but 300 (Table 4-10) and 600 sec (Table 4-11) time steps, respectively. In this case, 

ARAIM developers go for shorter simulation time duration to investigate a greater variety of 

scenarios. Higher targets of global coverage will require more samples. Because of the use of 

a rectangular grid (Figure 4-9) to estimate the global coverage values, each user is weighted 

by the cosine of the latitude to account for the relative area they represent.  

The scenarios developed for this thesis use static ISM parameters to estimate the availability 

of the ARAIM service. This supports the provision of a single, globally harmonized ISM, 
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generated through a transparent and standardized methodology building on the already 

existing processes and frameworks. Section 4.5 shows simulation settings used to configure 

the Integrity Simulation Tool for Advanced RAIM (ISTAR). ISTAR was developed 

independently, presented in Section 4.6, and is used in this work to evaluate ARAIM 

performance. 

It is acknowledged that the ionospheric field can affect all GNSS signals and its augmentation 

systems. It can lead to a great decrease in position accuracy or even a complete signal 

interruption. Besides the fact that faults had a negligible impact on the loss of continuity,  the 

effect of ionospheric scintillation in high latitudes and equatorial latitudes is also considered 

as negligible. This assumption, and more generally the analysis of continuity, are critical and 

have to be refined in future studies. 

Currently, the simulation results employ large margins and various assumptions that could be 

used to get lower coverage values and in turn to achieve better global representation. In the 

interest of pushing forward the ARAIM system, while at the same time maintaining safe and 

efficient navigation by providing aircraft guidance of any air vehicle using GNSS, it can be 

advantageous for the future ARAIM system to work together with SBAS system developers.  

7.3 Results Summary on ARAIM User Algorithm 

The analysis of boundary conditions for operational utility is conducted for the baseline 

ARAIM user algorithm developed within WG-C [45] which is considered as a benchmark. 

Two additional detectors were designed to show an ARAIM performance: the so-called slope 

ARAIM and Q*-transformation referred here as to Q*-MHSS user algorithm (Annex L). Both 

detectors were adjusted to monitor a single fault, multiple independent faults, or a 

constellation (wide) consistent fault. First, the bias terms were added. Second, new criteria for 

the fault-free navigation sensor error (NSE) and a fault tolerant failure condition EMT were 

considered to support LPV-200 operations (Section 4.1, Figure Figure 4-1). It is demonstrated 

that an ARAIM user algorithm can be based on slope detector. The proposed Slope ARAIM 

algorithm meets requirements and shows comparable results to the MHSS ARAIM version 

presented in [37] and was extended to the constellation wide faults in the framework of 

'MultiRAIM' project [88]. Those algorithms use equal allocation of continuity and integrity 

risks as shown in Annex L. The Slope and Q*-MHSS monitors have to keep up with progress 

in the development of MHSS ARAIM which uses different optimization techniques. Since 

optimization techniques require an additional computational load, at least the optimal PHMI 

allocation and 1D-optimization can be implemented in the future. The optimization of the 

integrity function using the chi2-function is shown in Annexes K.1 and L.3 and must be 

further verified. Moreover, a Q*-transformation method in [127] was developed in 2014 to 

provide integrity to LPV-200 precision approach service. Initially, an attempt was made to 

utilize the Q*-MHSS method as developed by ESA in [127], which reduces PLs. However, it 

became apparent that Q*-MHSS only provided tighter upper bounds for a single fault 

condition. Slightly lower PLs in a fault condition assuming multiple satellite failures were 

observed [95]. By also taking constellation (wide) faults into account, PLs generated by Q*-

MHSS were higher concerning the PLs produced by the benchmark. The computation load is 

increased. All monitors become more complex if the number of independent faults increases. 

The user algorithm can choose which fault modes to monitor and according to that adjust an 

integrity risk (Section 3.2). The output results that were generated using an adjusted integrity 

risk in the ISTAR-Matlab tool have the prefix 'true.' The MHSS ARAIM, Slope ARAIM, and 

Q*-MHSS user algorithms discussed within this dissertation are equivalent and compatible. 
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The coverage results are given in Annex L. As shown, other user algorithms may be used for 

as long as they demonstrate a level of performance equal to or better than the reference [45].  

This dissertation shows that a benchmark ARAIM algorithm is the optimal one. It has the 

potential to handle multiple faults, utilize optimizations, and provide the highest availability 

values. Indeed, it is still possible to slightly reduce PL values of a benchmark user algorithm, 

but the LPV-service coverage provided by a chosen version of ARAIM remains the best 

option. In other words, the conducted analysis has provided a 98% global coverage of LPV-

200 with only 14 satellites worldwide estimated using 99.5% availability threshold. It shall be 

kept in mind that for LPV performance levels ARAIM requires all three key elements: 

multiple constellations, various frequencies, and Integrity Support Message (ISM) with a 

minimum monthly update. Moreover, the investigations on different selection types have 

revealed that it is not enough to have a single metric (e.g., accuracy or DoP value) as a 

selection criterion to achieve lower PLs. A substantial extent of a combined performance of 

ISM parameters and DoP in 3-D is required rather than a single metric. Generating a list of 

best geometries for integrity purposes can be advantageous. For example, the scale factor K0 

which shows a proportion of separation between the fault subset and a fault free mode in the 

q-th dimension can be employed to rank geometries.  
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The scaling factor K0 varies between zero and one by definition. Equation (3-21) gives the 

error uncertainty in one position domain. The solution separation σ in the North-East-Up 

(q=1,2,3) coordinate system are determined according to the diagonal elements of the 

covariance matrix and given in Equation (3-25). When the ascending list with (K0,qi)-values 

with i>0 is formed, the simple search for the needed number of satellites can be started. The 

selection algorithm chooses those satellites which overlap particularly in the beginning of the 

list. 

For the H-ARAIM service levels, the availability criteria for RNP 0.1 and RNP 0.3 are that 

the HPL must be below an HAL of 185 m and 556 m, respectively. Since the lateral 

navigation has larger accuracy margins, there is no significant improvement to the expected 

coverage values due to the 1D-optimization technique. The required horizontal standard 

deviation σREQ,1 = σREQ,2 was set to 20 m for a preliminary analysis. Those arbitrary values 

were chosen to be optimal for the analysis of URA/SISA boundary conditions for H-ARAIM 

operational utility in [43] and this work and need to be optimized in the future. This decision 

is mainly based on the following issue: there is a big margin to provide lateral service levels 

with high URA/SISA values, so the results are not optimized to show a conservative 

performance of the H-ARAIM function at each user location.  

In the integrity monitoring context, the accuracy of the navigation solution is not a design 

driver, but the robustness of the signal and its particular availability are. It is found that the 

optimization techniques provide the most impact on the improvement of service availability. 

The key finding is that the scaling factor, that shows the proportion of separation between the 

full set and a fault mode solution in the q-th direction, can be taken as a metric to optimize 

algorithm performance. This can be applied to any ARAIM user algorithm. An improvement 

to the protection level calculations is provided introducing a geometry check to optimize weak 
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geometries and corresponding fault modes. These fault modes account for an excessive 

constellation (wide) consistent fault under relatively high constellation fault probabilities. The 

optimization techniques allow tighter bounds on position error without any additional risk. 

This provides a great benefit to the ARAIM with Offline monitoring (Chapter 5). The 

optimization techniques work only in the case of a strong navigation performance issued by 

constellation providers.  

▪ First, there is a possibility to increase ARAIM service availability gained at the 

expense of degradation of the all-in-view (fault-free) navigation solution. Based on the 

results shown in Chapter 5, it can be seen that 1D-optimization improves results 

dramatically in the case of weak constellation strength and high probabilities of a 

constellation and satellite fault. Since baseline MHSS ARAIM in Section 3.5.1 is fast 

and provides robust performance for most user locations, this method was applied only 

if PLq in Equation (3-50) exceeded XAL (or the EMT exceeded EMTTH set to 15 m), 

and σACC,q ≤ 1.87 m (Annex B.3). Since 1D-optimization is a straightforward process, 

it is recommended to be always applied. As a result, in the last version of the ARAIM 

user algorithm, 1D-optimization is always utilized for three positional dimensions. 

The ARAIM (Offline) user algorithm estimates 3-D optimized PLs and compares each 

PL with a benchmark algorithm [45]. The lowest protection levels are provided on the 

output. Optimization in each positional dimension does not improve V-ARAIM 

availability results but, if possible, reduces protection levels (Annex K.2 vs. K.3 ). The 

last version of H-ARAIM functionality does not differ from Offline ARAIM 

(‘VARAIM_WGC2016’ function in the ISTAR-Matlab tool) and provides not only 

horizontal but also vertical protection level in the output. The difference between H-

ARAIM and ARAIM (Offline) is the allocation of integrity risk (Section 4.2) and 

output metrics (e.g., EMT and σACC,3 required for LPV-200 minima). Moreover, the 

URA values for ARAIM (Offline) are bounded by 2 meters. The H-ARAIM user 

algorithm that uses the latest function with optimization of all three positional 

dimensions must have URA values not worse than 2.5 meters to benefit from the 

optimization.  

▪ Second, it is possible to select optimal satellites by screening the all-in-view set. The 

analysis in Section 6.3 proved that it is possible to have a constant number of selected 

satellites to provide globally available ARAIM service levels. In this case, the 

satellites are selected optimally, not randomly. A minimum number of optimally 

selected satellites for ARAIM (Offline) is found to be 14. The number 14 is mainly 

derived because of the accuracy metric. It is necessary to have accuracy sufficient to 

meet all requirements for LPV-200. 1D-optimization supports weak satellite-user 

geometries such that integrity is not degraded. H-ARAIM with Offline architecture 

will profit even more from selection techniques. The variations in PL values are larger 

using the all-in-view set for integrity monitoring and show exponential dependence. 

Using an optimally selected constant number of satellites will limit those variations.  

Therefore, in the development and optimization of ARAIM (Offline), it is suggested to 

maintain H-ARAIM metrics to ensure an adequate balance between both services. It remains 

to see which detection monitor receiver manufacturers wish to implement. Baseline ARAIM 

MHSS [45] is currently suggested to be standardized and possibly certified. 
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7.4 Suggestions for Future Work  

Since the standards development process focuses on Dual-Frequency (DF), Multiple 

Constellations (MC) SBAS MOPS which is going to be a primary navigation means for an 

extended period of approximately the next 20 years, certain development paths seem to be 

more promising than others.  

Monitoring 

The Milestone III report of ATSG [43] provides a chart which shows feasibility 

checkpoints and critical time points for targeted ARAIM services in connection with 

DFMC SBAS evaluation phases. It is already planned to include H-ARAIM in the 

next generation MOPS which is going to support DF fallback modes and offer a robust 

lateral (only) integrity monitoring globally. Offline ARAIM is the corresponding H-

ARAIM successor system to provide global integrity monitoring not only for 

horizontal guidance but also for vertical navigation. It would already be advantageous 

today to bring SBAS and Offline ARAIM together, instead of implementing integrity 

monitoring systems independently. Indeed, a form of H-ARAIM will be required 

anyway if the successor ARAIM with Offline monitoring has real opportunities to 

prove the statements made in this dissertation and show ARAIM performance 

capabilities. The main issue here is that some of the SBAS systems are not currently 

supporting LPV-200 while ARAIM (Offline) can assist to extend the service area. 

Therefore, it is suggested to combine the SBAS and ARAIM (Offline) systems and 

offer an aircraft guidance system down to LPV-200-minimum (or possibly even lower 

minima) using GNSS globally in the next generation of GNSS avionics. The future 

work needed here is to examine additional criteria and safety cases to extend new 

vertical guidance services to cover approach operations with vertical guidance. The 

costs play an additional role in the interest in the service and its adaptation; therefore, 

there is hope for small infrastructure costs for Air Navigation Service Providers 

(ANSPs). The research on those issues is still in progress. A later evaluation phase will 

show whether ARAIM is going to operate with a global ground network or not. In the 

event that future results reveal the need to establish an independent ground monitoring 

network required for ARAIM (Online) service levels, there is an expectation to have 

fewer reference stations than for SBAS, and be able to eliminate the need for GEO 

satellites. 

Sovereignty and Liability Issues 

The main dependence of any GNSS augmentation system is that it relies on the 

navigation performance of core constellations. GPS has steadily improved its 

performance commitments (the last ones were published in [23]), such that the 

accuracy is no longer an issue for en route flight operations. It is foreseen that other 

core constellations like GLONASS, Galileo, and BeiDou will be able to build a similar 

reliable performance over the years. Therefore, the implementation of ARAIM is only 

possible if countries and their governments will assure system safety. The big 

challenge for ARAIM at the beginning of its evaluation phase is the trust in 

Constellation Service Providers (CSPs), which are not providers of Aviation Safety of 

Life (SoL) services. The demands of sovereignty and liability issues must be 

addressed, solving institutional concerns to get sufficiently detailed information 

available from CSPs to expert standardization groups and aviation system 

development bodies. As a result, further research regarding Integrity Support Message 



Page: 176 of 185 Conclusions and Future Work  

 

 

(ISM) generation and dissemination must be conducted. Currently, CSP spare bits or 

other approaches are under research [43].  

The other questions that the results of this dissertation raise are mainly concerns on the 

airborne algorithm and availability criteria.  

Airborne Algorithm 

The implementation of ARAIM with Offline monitoring makes it possible to balance 

the interests of the ATSG and standardization bodies (EUROCAE, RTCA). This 

dissertation encourages direct Offline ARAIM implementation, to support near-term 

GNSS applications. This service can be based, similar to H-ARAIM, both on Single 

(SF) or Dual Frequency (DF) measurements. Since the results summary in Section 7.1 

shows promising outcomes, the research goal is going to be focused on integrity 

testing and validating the expected DFMC performance levels. ARAIM implemented 

with Offline monitoring will immediately allow for evaluation of algorithm 

performance using two distinct frequency bands (L1/E1 and L5/E5) in a Major 

category with low risk. At the same time, it makes it possible to tune the nominal error 

models and identify which requirements on horizontal and vertical navigation 

accuracy become system performance drivers. The fault tree (threat) allocation shall 

continuously be evaluated and adjusted for the new conditions that are specified by the 

severity of their impacts. Once sufficient data is collected, and experience is gained to 

demonstrate safe operations, the step from a major to a hazardous service level could 

be investigated. This opens new challenges and opportunities for researchers and 

allows for creating global robust and accurate aircraft guidance based on GNSS. The 

ARAIM (Offline) established for use in the hazardous safety category to support 

vertical guidance can subsequently be validated.  

Availability Criteria 

The goal of the ARAIM system is to provide at minimum global and robust horizontal 

navigation available 99% of the time and support current generation surveillance 

requirements. The availability criteria must be verified. Moreover, the ARAIM user 

algorithm imposes additional factors to be addressed: continuity of service, fault 

detection, and exclusion decisions. All those factors impact availability of ARAIM 

service. Soon, the number of available channels that are used for positioning and the 

availability of two distinct frequency bands will enable the integrity algorithm to 

benefit from satellite subset selection. The next research investments will benefit from 

margins in navigation accuracy. The optimally selected satellites for H-ARAIM 

service levels improve availability and deliver robust integrity monitoring of the 

GNSS position solution.  

Extension to Other Applications 

Maritime and rail have an increasing need for robust accurate GNSS horizontal 

guidance. H-ARAIM adapted to other applications will successfully provide additional 

means for increased safety in utilizing multiple constellation signals for horizontal 

navigation for the user communities beyond civil aviation. 
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ANNEX A Terminology 

A.1 Glossary of Acronyms 

Acronym  Description 

- A -  

AAIM Autonomous Aircraft Integrity Monitoring 

AC Advisory Circular 

ACARS Aircraft Communication Addressing and Reporting 

System 

ADF Automatic Direction Finder 

ADS Automatic Dependent Surveillance 

AL Alert Limit 

ANSP Air Navigation System Provider 

APV Approach Procedure with Vertical guidance 

ARAIM Advanced Receiver Autonomous Integrity Monitoring 

ARNS Aviation Radio Navigation System 

  

- C -  

CSP Constellation Service Provider 

- D -  

DAL Development Assurance Level 

DC Dual Constellation 

DF Dual-Frequency  

DH Decision Height 

DME Distance Measuring Equipment 

DoF Degrees of Freedom 

DoP Dilution of Precision 

- E -  

EC European Commission 

ECEF Earth Centered Earth Fixed 

EOPP Earth Orientation Prediction Parameters 

EUROCAE EURopean Organisation for Civil Aviation Equipment 
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Acronym  Description 

- F -   

FAA Federal Aviation Administration 

FF Fault Free  

FM Fault Mode 

FOC Full Operational Capability 

- G -  

COM COMPAS/BeiDou 

GA General Aviation 

GAL Galileo Satellite Navigation System 

GEO GEOstationary satellites 

GLN GLONASS 

GLONASS GLObal NAvigation Satellite System 

GMS Ground Earth uplink Stations 

GNSS Global Navigation Satellite Systems 

GPS Global Positioning System 

- H -  

H-ARAIM Horizontal ARAIM 

HMI Hazardously Misleading Information  

- I -   

ICAO Inernational Civil Aviation Organisation 

IFB Inter-Frequency Bias 

IFR Instrument Flight Rules 

ILS Instrument Landing System 

IMC Instrument Meteorological Conditions  

IMU Inertial Measurement Unit 

IRU Initial Reference Unit 

ISM Integrity Support Message 

- L -  

LS Least Squares 

- M -  

MCDF Multiple Constellations Dual Frequency 

MCSF Multiple Constellations Single Frequency 
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Acronym  Description 

MEO Medium Earth Orbit 

MHSS Multiple Hypothesis Solution Separation 

MLS Microwave Landing System 

MMR Multiple Mode Receiver 

MOPS Minimum Operational Performance Standards 

MTTR Mean Time To flag and Remove 

- N -  

NAS National Aerospace System 

NAV NAVigation message 

NAVIC NAVigation Indian Constellation 

NEU North - East - Up 

NSP Navigation System Panel 

- P -  

PBN Performance Based Navigation 

PDE Path Definition Error 

PL Protection Level 

PVT Public Regulated Service 

- Q -  

QZSS Quasy Zenith Satellite System 

- R -  

R&D Research & Development 

REQ REQuirment documents  

RINEX Receiver Independent Exchange Format 

RNP Required Navigation Performance 

RTCA Radio Technical Commission for Aeronautics 

- S -   

SAR Search And Rescue 

SARPs Standards And Recommended Practices  

SBAS Satellite Based Augmentation System 

SC Single Constellation 

SF Single Frequency 

SIS Signal In Space 
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Acronym  Description 

SNR Signal to Noise Ratio 

SoL Safety of Life 

SSA System Safety Assessment  

SV Satellite Vehicle 

- T -  

TAWS Terrain Awareness Warning System 

TDOS Time Determination Orbit Synchronisation 

TH THreshold 

TMA Terminal Maneuvering Area 

TSE Total System Error 

TSG Technical Sub-Group 

TTA Time To Alarm 

TTFF Time To First Fix 

- U -  

UERE User Equivalent Range Error 

URA User Range Accuracies 

- V -  

VAL Vertical Alert Limit 

V-ARAIM Vertical ARAIM 

VHR Very High Frequency 

VFR Visual Flight Rules 

VOR Very High-Frequency Omni-Directional Range 

VPE Vertical Position Error 

VPL Vertical Protection Level 

- W -  

WAAS Wide Area Augmentation System 

WG Working Group 

WGS-84 World Geodetic System 1984 

WLS Weighted Least Squares 

WMS Wide Area Master Station 

WRS Wide Area Reference Station 

- X -  
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Acronym  Description 

XAL Vertical or horizontal Alert Limit 

XPE Vertical or horizontal Position Error 

XPL Vertical or horizontal Protection Level 

 

A.2 Definitions 

Term Definition 

- A -  

Accuracy (95%) Corresponds to the accuracy that the user expects with 

95% confidence under nominal performance of a fault-

free receiver, which means that the difference between 

the measured and the true position can be no higher than 

one in twenty. 

Alert Limit  is used to ensure the monitoring performance, under 

nominal performance of a fault-free receiver, which 

restricts the pseudorange error that is transformed from 

measurement domain to the position domain not to 

exceed the specified level in meters 

All-in-view satellite set The set of the satellites which belongs to the linear 

GNSS measurement equations with elevation angles that 

are greater than or equal to the minimum allowable 

elevation angle 

Almanac The file broadcast by each GNSS satellite that includes 

the reduced-precision set of ephemeris parameters for all 

satellites in a system 

Availability is the percentage of time the accuracy and integrity 

criteria are both fulfilled for a specified user location 

throughout the operation 

Average probability per flight 

hour 

A statistical representation of the number of times the 

failure condition occurs during a typical flight of mean 

duration of all airplanes of one type divided by that mean 

duration 

Azimuth angle  The angle of the line-of-sight vector, projected on the 

horizontal plane, measured clockwise from true North 

- C -  

Continuity is the percentage of time that the system is functioning 

without interruption throughout the operation. The 

integrity, accuracy, and continuity requirements shall be 
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Term Definition 

fulfilled 

Conventional RAIM RAIM that has established an adequate service history 

and the means of compliance for approval.  

- D -  

Development Assurance Level Substantiation at an adequate level of confidence to 

satisfy applicable certification basis.  

Dilution of Precision  A description of the purely geometric contribution to the 

uncertainty in a position fix 

- E -  

Elevation Angle The angle of the satellite above the local horizontal 

Ellipsoid  

En route Cruising flight between terminal areas 

EOPs Define the angular rotation of the Earth Centered Earth 

Fixed (ECEF) ITRF and the International Celestial 

Reference Frame (ICRF) 

Ephemeris  The almanac data on GNSS signals and current status at 

a given time and date 

Epoch an arbitrarily fixed instant of time or date, used as a 

reference in giving the orbital elements that are fixed 

with respect to each other  

  

- F -   

Failure An occurrence that affects the operation of a component, 

part, or element such that it can no longer function as 

nominal 

Failure conditions A condition having an effect on either the airplane or its 

occupants, or both, either direct or consequential which 

is caused or contributed to by one or more failures or 

errors considering flight phase and relevant adverse 

operational or environmental conditions or external 

events [AC 23.1309-1E] 

FTE Flight Technical Error accounts for deviations due to 

display interpretation, pilot response, and aircraft 

response 

- G -  

Geoid  

GNSS A worldwide position and time determination system 

that includes: one or more satellite constellations, aircraft 
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Term Definition 

receivers, system integrity monitoring, augmented as 

necessary to support the required navigation performance 

(RNP) for the intended operation [5] 

 

GPS Antenna An antenna designed to receive GPS radio navigation 

signals 

- H -  

HAL The horizontal alert limit is the probability of the 

horizontal radial position error exceeding the alert limit 

without an alert 

Hazardous failure for RNP AR (requiring less than 1.0) and LPV/APV 

approach operations, the loss of the lateral or vertical 

guidance is a severe-major failure condition (see Table 8, 

AC 20-138B) 

- I -   

Integrity refers to the confidence the user is able to have in the 

navigation solution 

- L -  

Localizer Performance is a label used only on new IAL charts to denote a flying 

  procedure to a minima line associated with NPA 

procedures that use the lateral guidance of APV avionics  

- M -  

Major failure condition malfunction of the aircraft navigation equipment that 

causes the TSE to exceed 2 times the RNP value without 

annunciation 

Mathematical Model is a description of a prediction about position error 

behavior using mathematical concepts and language  

Minimum Allowable Alert 

Rate 

Is the total alert rate due to false and true integrity alert, 

but does not include those alerts generated by the 

integrity system due to poor detection geometry of the 

satellites 

Minimum Detection 

Probability 

Is defined as the probability of successfully annunciating 

the integrity alert if the horizontal radial position error 

exceeds the AL. Moreover, the detection probability 

must be satisfied at each space and time point to ensure 

mission integrity 

- O -  

Outliers Single unusual large values among fault modes that 
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Term Definition 

introduce a bias in the solution 

- P -  

PDE The difference between the actual airway and the desired 

airway at a given point in time 

Performance Based Navigation Area navigation based on aviation performance 

requirements for aircraft operating along an air route, 

instrument procedure or in designated airspace. 

Navigation performance is expressed in terms of the 

accuracy, integrity, continuity, and functionality needed 

for the proposed operation in a particular airspace 

concept [NPA_APV_178-1] 

Primary Means Navigation 

System  

A navigation system that, for a given operation or phase 

of flight, meets accuracy and integrity requirements, but 

need not meet full availability and continuity of service 

requirements [CAAP 35-1(10), Global Positioning 

System (GPS):general installation guidance].  

Pseudo-random code An identification or ID code that identifies which 

satellite is transmitting the information 

Pseudorange is a pseudo (Euclidean) distance from the satellite to the 

approximate user position in the WGC-84 coordinate 

system corrupted by the user’s clock bias 

- Q -  

Q Tail probability of a zero mean unit normal distribution 

- R -  

Receiver Mask Angle A measure of the minimum elevation angle above which 

GNSS satellites must be located before the signals from 

the satellite will be used to compute a position solution 

- S -   

Sidereal Day has duration of 23 hours, 56 minutes and 4 seconds 

Sole Means Navigation System A navigation system that, for a given phase of flight, 

allows the aircraft to meet all four navigation system 

performance requirements – accuracy, integrity, 

availability, and continuity of service [CAAP 35-1(10), 

Global Positioning System (GPS):general installation 

guidance]. 

Subset   

Supplemental Navigation 

System 

A navigation system that is used in conjunction with a 

sole means navigation system. Approval for 

supplemental means for a given phase of flight requires 

that a sole means navigation system, for that phase of 
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Term Definition 

flight, is on board of the aircraft and is monitored and 

cross checked [CAAP 35-1(10), Global Positioning 

System (GPS):general installation guidance]. 

- T -  

Terminal Flight between en route and approach; normally below 

18000 feet and within 50 miles of the airport  

Time To Alert specified time in seconds when the user has to be alerted 

by the integrity module in case GNSS is not to be used 

for the navigation 

Time to ISM Alert specified interval between the ISM reception time at the 

user receiver and the time of a fault occurrence 

Walker N/P/F Denotes a constellation of N satellites in circular orbits 

equally divided and equally spaced within P planes with 

an offset in mean anomaly between the first satellite in 

  each plane of 360°xF/N 

WGS-84 is a standard ECEF coordinate system for the spheroidal 

reference surface (the datum or reference ellipsoid) for 

raw altitude data, and a gravitational equipotential 

surface (the geoid) that defines the nominal sea level 

- X -  

XPL x designating the horizontal H or vertical V component  
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ANNEX B Notations and Numerical Values 

B.1 Geometrical and physical constants 

Name Description Value Unit 

R_E Earth’s semimajor axis  6378137 m 

c Speed of light 299792458 m/s 

L1 Broadcast carrier frequency as 

a link number 1 
1575.42e6 Hz 

L5 Broadcast carrier frequency as 

a link number 5 
1176.45e6 Hz 

MU_E Earth’s gravitational parameter  3986004,418e8 m3/s2 

OMEGA_E Earth’s angular velocity 729115.0e-11 rad/s 

FLAT_E Earth’s flatting constant  1/298.2572235604902 dimensionless  

B.2 System Requirements  

Name Description  Value for the Service Level 

LPV-200 LPV-250 RNP.1 RNP.3 

VAL Vertical Alert Limit 35m 50m - - 

HAL Horizontal Alert Limit   185m 556m 

EMTTH Effective Monitoring 
Threshold 

15m - - - 

PEMT Probability used for the 

calculation of the 

Effective Monitoring 

Threshold 

10-5 - - - 

PFA Continuity budget 
allocated to disruptions 
due to false alert.  The 
total continuity budget is 
8x10-6 per approach 

 

4·10-6 

PHMI Total Integrity Budget 10-7 
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B.3 Design parameters (tunable) 

Name Description Value 

KFA Number of standard deviations used 

for the 10-7 fault free vertical 

position error 

5.33 

KACC Number of standard deviations used 

for the accuracy formula 
1.96 

TOLPL Tolerance for the computation of the 

Protection Level 
  

PFA_CHI2 False alert to χ2 test   

PHMIADJ Adjusted Integrity Risk   

Value for the Service Level LPV RNP 

VERTREQACC ,_  Required Vertical Accuracy 1.87m - 

HORREQACC ,_  Required Horizontal Accuracy 20m 

PHMIVERT Integrity budget for the vertical 

component 
9.8x10-8 2.0x10-9 

PHMIHOR Integrity budget for the horizontal 

component 
2.0x10-9 9.8x10-8 

PFA_VERT Continuity budget allocated to the 

vertical mode 
3.9x10-6 0 

PFA_HOR Continuity budget allocated to the 

horizontal mode 
9x10-8 3.99x10-6 

PCONST_THRES Threshold for the integrity risk 

coming from unmonitored 

constellation (wide) faults 

4x10-8 

PSAT_THRES Threshold for the integrity risk 

coming from unmonitored narrow 

faults 

4x10-8 
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B.4 Variable notations 

Name Description NOTES 

latusr user’s position latitude degrees 

longusr user’s position longitude degrees 

EL elevation angle of the satellite degrees 

ELMASK receiver mask angle  degrees 

AZ azimuth angle of the satellite degrees 

y the vector of pseudorange residuals (including 

carrier smoothing effects and all necessary 

corrections)  

meters 

G observation matrix of full rank (also called 

design, geometry or connection matrix) in 

NEU coordinate system 

- 

H observation matrix of full rank (also called 

design, geometry or connection matrix) in 

ECEF (WGS-84) coordinate system 

- 

x vector of unknowns meters 

ε vector of measurement errors meters 

w pseudorange measurement residual ( the 

difference between the expected measurement 

and observed one) 

meters 

χ2 Chi-squared test statistic meters 

Q zero mean normal unit distribution - 

Qχ2 Chi-squared distribution with v degrees of 

freedom 
- 

Dχ2 detection threshold for All-in-View set meters 

0

projS  projection matrix for the All-in-View set - 

S0 projection matrix from the measurement 

space to the position domain for All-in-View 

satellite set 

- 
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Name Description NOTES 

Si projection matrix from the measurement 

space to the position domain for the i-th fault 

mode  

- 

∆Si solution separation matrix - 

smax lagest solution separation term - 

sopt optimal solution separation term - 

Mi fault mode matrix [0;1] 

WINT weight matrix based on fixed error models 

assumed for the integrity parameter 

calculation 

1/m2 

WACC weight matrix based on fixed error models 

assumed for the accuracy/continuity 

parameter calculation 

1/m2 

R correlation matrix m2 

Cacc covariance matrix for accuracy/continuity 

estimation 
m2 

σURA standard deviation of a fault-free integrity 

bound (ISM) 
meters 

σURE standard deviation of SIS error for the fault 

free maximum-likelihood distribution (ISM) 
meters 

σACC,q 1σ –error uncertainty in the q-th direction  meters 

XACCREQ ,  X designating the horizontal HOR or vertical 

VERT component for accuracy requirement 
meters 

σo,q error uncertainties in the North-East-Up 

coordinate system estimated for the All-in-

View set 

meters 

σss solution separation error uncertainties meters 

bint bias for the signal in space nominal error 

behaviour of satellite used for 

integritycomputation(ISM) 

meters 
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Name Description NOTES 

bacc bias for the signal in space nominal error 

behaviour of satellite used for 

accuracy/continuity computation(ISM) 

meters 

bnom maximum nominal bias (ISM) meters 

b vector with biases  meters 

pbias critical bias  - 

Nunk number of unknowns - 

Nsat number of measurements - 

Nsat,GNSS(j) number of satellites (Nsat) within j-th 

constellation 

- 

NGNSS number of satellite constellations - 

Nsub number of subsets to be monitored  - 

Nfaults maximum number of satellites assumed to be 

faulted simultaneously  
- 

NNF total number of combinations with narrow 

faults 
- 

NWF total number of combinations with wide faults - 

Nmax,r maximum number of satellites assumed to 

have independent failures  
- 

Nmax,k maximum number of core constellations that 

is removed for integrity monitoring purpose 
- 

Nidxi number of satellites to be monitored by i-th 

fault mode 
- 

I unit matrix - 

TH threshold (normal distirbution) meters 

TH(χ2) threshold (chi-square distribution) meters 

Di,q detection threshold meters 

Ts real-time test statistic meters 
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Name Description NOTES 

Tsχ2 chi-square test statistic meters 

PE position error  meters 

SlopeMAX worst direct variation between position error 

and test statistic 
- 

Slope direct variation between position error and 

test statistic 
- 

xLS position solution (or position error) meters 

∆xi,q MHSS Test Statistic meters 

i indices for a satellite subset  1,2,…,Nsub 

n indices for a satellite 1,2,…,Nsat 

j indices for a number of GNSS constellations 1,2,…,Nconst 

q particular dimension in the position domain. 

East (q=1), North (q=2), and Up (q=3) 

- 

idxi indices of satellites that are monitored by fault 

mode  
- 

PSAT prior probability of fault in satellite per 

approach (ISM) 
- 

Pf prior probability of integrity failure for 

narrow and wide faults of i-th fault mode  
- 

PHMI_ADJ adjusted probability of HMI for not monitored 

subsets 
- 

PCONST prior probability of a fault affecting more than 

one satellite in constellation per approach 

(ISM) 

- 

Xn vector with (x,y,z) ECEF coordinates for the 

n-th satellite position (WGC-84) 
meters 

Xusr vector with (x,y,z) ECEF user position 

coordinates (WGC-84) 
meters 
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ANNEX C Auxiliary Functions 

C.1 Observation Matrix H in ECEF coordinate system 

Observation matrix H is a function of the direction to each of the satellites as observed from 

the user receiver. For each epoch, the H matrix is processed by following steps: 

Step 1. Remove all GNSS measurements, which have elevation angles smaller than the 

minimum allowable elevation angle (ELMASK) from the All-in-View set of linear 

GPS/Galileo measurement equations.  

Step 2. Determine the arbitrary number of observed satellites (Nsat) using the number of 

NGNSS measurements, e.g., GPS constellation has Nsat,j (number of satellites with j=1). 

Thus, the total number of observed satellites is given by: 



GNSSN

j

jsatsat NN
1

,  

Step 3. Process a Nsat-number of observation equations which mathematically describe 

line of sight vectors from user receiver to each satellite and augment them by 1 for the 

clock.  

The first three elements of the n-th row of observation matrix H corresponds to the n-

th satellite in view and can be written regarding the elevation angle ELn and the 

azimuth angle AZn:  nnnnnn ELAZELAZELH sinsincoscoscos3:1,  . 

i. If NGNSS2. The observation matrix H has uknsat NN   dimensions, where the first 

three elements in each row are the components of the 3n  unit vector 

pointing from the associated position of the n-th satellite to the predicted 

receiver position. The total number of columns in the observation matrix is 

defined by: GNSSukn NN  3 .  

The successive elements in each row of matrix H for m>3 are: 13,  jnH  if 

satellite belongs to NGNSS,j and zero otherwise, where, n is the index for the 

used measurements, e.g., n=1,2,…,Nsat and m=1,..,Nukn. 

ii. If NGNSS = 1, then the observation matrix H has 4satN  dimensions, where the 

first three elements in each row are the components of the 3n  unit vector 

pointing from the associated position of the n-th satellite to the predicted 

receiver position. The fourth element in each row of matrix H is the clock 

reference of GNSS constellation (e.g., Hn,4=1). 

For more information see GNSS basics [63], [126]. 
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C.2 ECEF (WGS-84) to Terrain Local Coordinate System (NEU) 

 
Figure C-1: ECEF (WGS-84) to Terrain Local Coordinate System (NEU) 

The transformation matrix from Earth Centered Earth Fixed (ECEF) to local North-East-Up 

(NEU) coordinate system uses following rotation matrix: 

The unit vectors in local North, East and Up directions from ECEF coordinates: 
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C.3 Elevation and Azimuth of Satellite (Sky Plot) 

 
Figure C-2: Sky Plot 

Sky plot delineates elevation and azimuth angles of satellite, where:  

▪ Elevation angle is measured up from the horizon, 

▪ The azimuth angle is the angular distance of an object from the local North, measured 

along the horizon. A satellite whose projection on the horizon is due North has Az = 0; due 

East is Az = 90; due South is Az = 180; due West is Az = 270 degrees.   

The zenith angle measured from vertical is depicted in Figure C-2 for illustrative purposes 

only.  

GNSS receivers usually show which satellites are being tracked on the sky plot and display 

the satellite status (green and yellow – available; gray – not available for positioning). Each 

GNSS satellite has its pseudorandom noise (PRN) code, which is independent of the 

transmitted data. For example, the NMEA ID for GPS satellites is the same as the GNSS 

system’s PRN designator (ranges from 1 to 32). For GLONASS satellites, the NMEA ID will 

be slot number plus 64. GLONASS slot numbers range from 1 to 24. Moreover, two WAAS 

satellites also transmit a navigation message, and a GNSS receiver can use those signals in a 

pseudo-range measurement for a position solution. These PRN (135, 138) or NMEA ID (48, 

51) could sometimes be seen among the displayed PRNs. 
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ANNEX D Nominal Error Models 

D.1 Dual Frequency GNSS Measurements 

The standard deviation of the nominal error model using the Dual Frequency (DF) Iono-Free 

(IF) combination is given by: 

The 2

,_ iephemclk  term describes the User Range Accuracies (URA), which are used to model the 

clock and ephemeris accuracies of each individual i-th satellite. This value is transmitted for 

GPS via NAV messages and generated by the core constellation service (CSP) provider. 

Currently, not all CSPs provide this information (Chapter 2). Later, for each constellation that 

is used for the ARAIM system, the Integrity Support Message (ISM) is going to provide terms 

in order to model nominal clock and ephemeris accuracies.  

The User Equivalent Range Error (UERE) for DF-IF GNSS observations is given as a fraction 

of the code noise and multipath term used for DF observations by: 

The elevation dependent ranging residual errors 2

,itropo , MPL ,1  and NoiseL ,1  are the fixed 

nominal error models and are defined for the GPS constellation in [8]. However, except for 

Galileo, the same models or a scale factor on 
DFUERE  are currently applied for all other core 

constellations. Indeed, the look-up table [38] is used to estimate the 
DFUERE values for Galileo 

satellites.  

 

Table D-1: User Equivalent Range Error (UERE) for Galileo Satellites  
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D.2 Single Frequency GNSS Measurements 

The standard deviation of the nominal error model for Single Frequency (SF) GNSS 

measurement is given by: 

The following two differences must be highlighted in addition to the nominal errors described 

in Equation D.1 used to estimate DF nominal accuracies. The two differences are: 

▪ The estimation of the ionospheric delay error 2

,iLXiono  in meters (Annex D.2), where X 

designates the broadcast carrier frequency, referred to as Link number 1 (L1) or Link 

number 5 (L5), 

▪ The study in [40]-[43] scales down the UERE values (
DFUERE ) estimated for DF-IF 

Galileo measurements and provided in Table D-1 as follows:  

For the observations on L1, the variance of the ionospheric delay error in Equation (D-3) is 

bound by 2

,1 iionoL  which is equal to 2

,UIREi  defined in Appendix J.2.3 of [8] and briefly 

discussed in Annex D.2. For L5, the error bound estimated for L1 observations additionally 

accounts for the increased uncertainty due to the difference between the L1 and L5 

frequencies by: 

D.3 Ionospheric Model for Single Frequency 

There are various models to describe the ionosphere of the Earth. These include the 

Klobuchar model, IRI2012, NeQuick, or NTCM. The Total Electron Content (TEC) describes 

the ionosphere and enables the computation of the ionospheric delays applicable to the GNSS 

signals. The ionosphere is a dispersive media and TEC is inversely proportional to the radio 

frequency f. 0.1 TECUs is approximately 1.6 cm of delay in the GPS L1 signal. Over the past 

decades, the Klobuchar model developed by John A. Klobuchar in 1975 at the Air Force 

Geophysics Laboratory in U.S. was kept to predict ionospheric time-delay in GPS L1. The 

algorithm approximates day time variation of the ionosphere as a half period of a cosine 

function with a maximum at 14 hours local time. The amplitude and period of the cosine are 

each calculated with four coefficients and transmitted by GPS satellites via NAV messages. 

Galileo system providers transmit the NeQuick parameters [119] which are included into 

ephemeris data to correct navigation data for ionospheric delay. However, GLONASS 

satellites broadcast no parameters for iono-corrections. The dependence on the signal 

frequency allows for removing the effect up to the third order of magnitude using dual 

frequency measurements (Annex D.1).  
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The study in 2010 on “Combined Performances for Open GPS/Galileo Receivers” [35] shows 

an example in Appendix D2-D3 (p.22-23) and Appendix E for how the simulation could runs 

using averaged ionospheric parameters. During the periods of higher solar activity, the 

differences between modeled TEC are expected to be large. The study in [35] suggests 

calculating slant ionospheric delay Tiono using the single frequency model of [113] and scaling 

it with respect to the estimated minimum, average, and peak solar cycle. In contrast, for the 

simulation runs used in this and the [40, 42, 43] studies, the variance of the ionospheric delay 

error in Equation (D-3) is bound by 2

,1 iionoL  which is equal to 2

,UIREi  defined in Appendix 

J.2.3 of [8]. Those are very conservative estimates of 2

,1 iionoL  which were applied for all 

included GNSS that were used to investigate ARAIM global performance.  

D.4 Weight Matrix (W) 

The inverse of the covariance matrix C is the so-called weight matrix W given by: 

For single frequency user receivers, partial correlation of the ionosphere and full correlation 

of the troposphere are assumed similar to [35] as follows: 

Where, 

1 CW  (D-6) 
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However, it is noted in [35] that the correlation is related to the separation between the 

satellites, where the exact formulation of that relationship has not been determined. Indeed, a 

conservative approach where correlation is set to zero has been accepted and used for this, 

and further WG-C conducted studies in [38].  

Therefore, for both SF and DF receivers (Annex D.1 and D.1), no correlation of the 

ionosphere and troposphere was assumed resulting in the following W-matrix in Equation 

(D-6): 

The XF designates dual frequency (DF) or single frequency standard deviations of the 

nominal error model. There are two nominal error models established by ARAIM developers. 

The first is labeled the nominal accuracy (continuity) error model and is applied to the 

requirements that are in the Major category only. Additional to the error model developed to 

support approaches in the major category (like RAIM) and labeled accuracy nominal error 

model, ARAIM defines an integrity nominal error model, which is applied to the requirements 

that are in the Hazardous category. For a given geometry matrix (Annex C.1), the covariance 

of the measurements in Equation (D-7) is designated by Cacc for the accuracy/continuity error 

model and Cint for the integrity error model. Both covariance matrices are diagonal and 

include the nominal satellite clock and ephemeris error, the tropospheric delay error, and the 

code noise and multipath error defined in Annex D.1 for DF observations. Indeed, for SF 

observations and additionally defined terms in Annex D.1 are required. However, it has to be 

noted that SF observations are only used for H-ARAIM service level and are not targeting 

requirements that are in the Hazardous category. 

Currently, Cacc for the accuracy/continuity error model and Cint for the integrity error model 

differ only with respect to the nominal satellite clock and ephemeris error. The user range 

error (URE), which is used for accuracy and continuity purposes by the ARAIM user 

algorithm, was set to be two-thirds of the user range accuracy (URA) which is going to be 

provided via ISM to the user. The URA term is currently transmitted for GPS via NAV 

messages and generated by a core constellation service (CSP) provider. Note 3 of Assertion 4 

in [43] states that “it is expected that the Galileo SISA will be equivalent in purpose to the 

GPS URA.” As a result, there are WINT and WACC weight matrices that are used by the 

ARAIM user algorithm and estimated with regard to Equation (D-12).  
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ANNEX E MHSS ARAIM Equal Risk Allocation 

E.1 Equal Continuity Buffer Term Allocation 

For the calculation of the threshold, a continuity requirement (PFA) has to be allocated 

between the fault modes relevant to the corresponding position dimensions, so that the 

following inequality holds: 

The scale factors are allocated equally to the Nsub–number of monitored subsets 

corresponding to the horizontal and vertical dimension and are given by: 

where Q-1 is the inverse of the Q-function defined as normal distribution: 

E.2 Equal Integrity Buffer Term Allocation 

In order to satisfy the integrity requirement, the probability of false information caused by a 

missed detection must be limited by: 

where Q is the tail probability of a zero mean unit normal distribution and Pf  is the prior 

probability of integrity failure for the i-th fault mode. The main philosophy inherent in 

algorithms with equal allocations of risks is that the integrity shall be provided with a 

maximum conditional probability of detection regardless of which satellites fail. The scale 

factor to satisfy the missed detection probability for the equally allocated integrity buffer 

between the position dimensions for the fault-free condition can be allocated as follows: 

Note, for the fault free mode 
0

fP  is one (e.g., 0i ). 
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ANNEX F LPV Service Sensitivity Matrix 

F.1 ARAIM (Offline/Online) Service overview 

The coverage results presented in the tables below are estimated using rectangular user grid 

points with granularities equal to 5° in longitude and latitude. For the simulation, the duration 

of 10 sidereal days, with a time step of 5 minutes (600 seconds) is used. It provides in total 

1437 samples at each user grid. The almanac data in Table 4-2 is the starting point for the first 

sample. 

▪ For coverage, due to the curvature of the Earth, user grid points are weighted by the 

cosine of the latitude to account for the relative area they represent.   

Coverage is measured between -70 and 70 degrees latitude and -175 and 180 degrees 

longitude. This is called 'central' coverage results. Note, that the 'central' coverage results may 

slightly differ from those estimated using a global user grid41. The simulation results stored in 

Table F-1 and Table F-2 were prepared for WG-C and are published in [42].  

 

Table F-1: 'Central' coverage results for Offline ARAIM as a function of constellation strength and User 

Range Accuracies. Static ISM parameters: Psat = 10-5, Pconst = 10-4, bias = 0.75 m 

 
Table F-2: 'Central' coverage results for Online ARAIM as a function of constellation strength and User 

Range Accuracies. Static ISM parameters: Psat = 10-5, Pconst = 10-8, bias = 0.75 m 

                                                 

41 The differences between 'central' and 'global' coverage values become larger by having weak constellation 

strength (e.g., the 'Depleted' constellation configuration). 
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F.2 V-ARAIM Service with unbalanced constellation strength 

The coverage results presented in Table F-3 below are estimated using rectangular user grid 

points with granularities equal to 5° in longitude and latitude. For the simulation, the duration 

of 10 sidereal days, with a time step of 5 minutes (600 seconds) is used. It provides in total 

1437 samples at each user grid. The almanac data in Table 4-2 is the starting point for the first 

sample.  

▪ For coverage, due to the curvature of the Earth, user grid points are weighted by the 

cosine of the latitude to account for the relative area they represent.   

The 99.5% coverage is measured using the global user grid defined in Section 4.5.4. 

Therefore, the values in Table F-3 represent the 'global' coverage values. 

 

Table F-3: 'Global' coverage results of 99.5%|99.0% availability of ARAIM (Offline/Online) service as a 

function of constellation strength and User Range Accuracies. ISM Parameters: Psat = 10-5, SISA = 

2/3SISE, URE = 2/3URA, bias = 0.75 m 

The global coverage values using 99.5% availability of HPL, EMT, VPL and σv values are 

shown in Table F-4 throughout Table F-8.  

 

Table F-4: 'Global' coverage results of 99.5% Availability of VPL<35 m as a function of constellation 

strength and User Range Accuracies. 
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Table F-5: 'Global' coverage results of 99.5%|99.0% Availability of VPL<50 m as a function of 

constellation strength and User Range Accuracies. 

 

Table F-6: 'Global' coverage results of 99.5%|99.0% Availability of HPL<40 m as a function of 

constellation strength and User Range Accuracies. 

 

Table F-7: 'Global' coverage results of 99.5%|99.0% Availability of EMT<15 m as a function of 

constellation strength and User Range Accuracies. 

 

Table F-8: 'Global' coverage results of 99.5%|99.0% Availability of σv<1.87 m as a function of 

constellation strength and User Range Accuracies.  
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F.3 V-ARAIM Service with ‘Depleted’ constellation strength: f(Pconst , URA) 

This section shows coverage results with 'Depleted' constellation strength estimated using the 

global user grid (Section 4.5.4). For the simulation, the duration of 10 sidereal days, with a 

time step of 5 minutes (600 seconds) is used. It provides in total 1437 samples at each user 

grid. The almanac data for 'Depleted' constellation strength in Table 4-2 is the starting point 

for the first sample.  

▪ For coverage, due to the curvature of the Earth, user grid points are weighted by the 

cosine of the latitude to account for the relative area they represent. 

 

Table F-9: 'Global' coverage results of LPV-200 service level for Online/Offline ARAIM with 'Depleted' 

constellation strength as a function of Pconst and User Range Accuracies. Static ISM parameters: Psat = 10-5, 

bias = 0.75 m 

 

Table F-10: ‘Global’ coverage results of LPV-250 service level for Online/Offline ARAIM with ‘Depleted’ 

constellation strength as a function of Pconst and User Range Accuracies. Static ISM parameters: Psat = 10-5, 

bias = 0.75 m 
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F.4 V-ARAIM Service with ‘Depleted’ constellation strength: f(Pconst , Psat) 

The following scenario was chosen as an example to show V-ARAIM performance as a 

function of Psat and Pconst: 'Depleted' constellation strength (Section 4.5.4) with URA = 0.75 

meters and SISA = 1.5 meters. 

This scenario represents the early evaluation phase of V-ARAIM service levels where dual 

frequency measurements (e.g., L1/E1 and L5/E5) from multiple constellations (GPS and 

Galileo) with 23 satellites in each core constellation are assumed to be available to the user. 

The bounds for Galileo measurements are set twice as high as for GPS. The reason for that is 

that GPS-(L1) signals have a long time observation history and there is continuous 

performance improvement as new satellites replace older satellites (Figure 2-5). The coverage 

results presented in Figure F-1 through Figure F-4 below are estimated using rectangular user 

grid points with granularities equal to 5° in longitude and latitude. For the simulation, the 

duration of 10 sidereal days, with a time step of 5 minutes (600 seconds) is used. It provides 

in total 1437 samples at each user grid. The almanac data for 'Depleted' constellation strength 

(23 SVs GPS and 23 SVs Galileo) in Table 4-2 is the starting point for the first sample. For 

coverage, due to the curvature of the Earth, user grid points are weighted by the cosine of the 

latitude to account for the relative area they represent.   

Figure F-1 and Figure F-2 show results using the baseline MHSS ARAIM user algorithm, 

while Figure F-3 and Figure F-4 represents improved coverage values thanks to the '1-D 

optimization' technique (Section 3.5.2). It must be noted that '1-D optimization' is doing a 

great job and improves V-ARAIM global performance. To provide graphic evidence of the 

coverage results, the availability maps in Figure F-1 and Figure F-3 are generated. The 

availability plot matrix in Figure F-3 shows obvious improvement over results shown in 

Figure F-1, especially for Offline V-ARAIM architectures, e.g., Pconst is set at [10-4, 10-7) 

values. However, some user locations suffer because of large uncertainties on position error. 

This is especially caused when the MHSS ARAIM user algorithm monitors a wide fault 

(ARAIM with Offline architecture) and implicitly estimates the position solution by using a 

single GNSS. This is an expected behavior, and the '1-D optimization' technique is suggested 

to be applied whenever VPL or EMT exceeds the required limit. The Online ARAIM 

architecture obviates the availability risk present in the Offline architecture by replacing the 

navigation messages from the constellations with ones generated by the independent and 

trusted ground network to support the ARAIM user algorithm’s monitoring function. This 

allows the ARAIM user algorithm to monitor only narrow faults and ignore wide faults 

(Section 3.2). For Online ARAIM with Pconst at 10-7 and unbalanced constellation strength 

(URA = 0.75 m and SISA = 1.5 m), a minor improvement is still observed at some user 

locations. As expected, the results for Online ARAIM with Pconst at 10-8 are limited by vertical 

navigation accuracy and these do not benefit from the '1-D optimization' technique at all. 

Additionally, let’s take a look at averaged VPL(99.5%) values in Figure F-2 generated using 

the baseline MHSS ARAIM user algorithm and Figure F-4 which additionally shows results 

after applying a '1-D optimization' technique. The probability to exceed the averaged VPL 

shown in Figure F-2 and Figure F-4 is 0.05%. The VPL values are averaged at each user 

location over the duration of the simulation (e.g., 1437 samples). It becomes obvious that 

VPL values are on average always much better using the baseline MHSS algorithm with '1-D 

optimization' for Offline ARAIM service levels. The impact of improvement due to the '1-D 

optimization' technique on global coverage results is diminished for Online ARAIM service 

levels. 
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Figure F-1: 99.5% Availability Plots with 'Depleted' constellation strength and baseline MHSS ARAIM 

algorithm 
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Figure F-2: VPL(99.5%)[m] Plots with 'Depleted' constellation strength and baseline MHSS ARAIM 

algorithm 
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Figure F-3: 99.5% Availability Plots with 'Depleted' constellation strength and baseline MHSS ARAIM 

algorithm with '1-D optimization' 
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Figure F-4: VPL(99.5%)[m] Plots with 'depleted' constellation strength and baseline MHSS ARAIM 

algorithm with '1-D optimization' 
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ANNEX G RNP Service Sensitivity Matrix  

G.1 Horizontal Service available from ARAIM 

The availability of horizontal navigation from ARAIM for the two levels of service: RNP 0.1 

and RNP 0.3 with the satellite ranging integrity bounds set to 2.5 meters is evaluated and 

stored in the tables below.  

 

Table G-1: RNP.1 service level available from ARAIM based on dual frequency (L1-L5) as a function of 

Pconst and constellation strength. ISM Parameters: Psat = 10-5, URA = SISA = 2.5 m, bnom = 0.75 m 

 

 

Table G-2: RNP.1 service level available from ARAIM based on single frequency (L1) as a function of 

Pconst and constellation strength. ISM Parameters: Psat = 10-5, URA = SISA = 2.5 m, bnom = 0.75 m 

 

 

Table G-3: RNP.1 service level available from ARAIM based on single frequency (L5) as a function of 

Pconst and constellation strength. ISM Parameters: Psat = 10-5, URA = SISA = 2.5 m, bnom = 0.75 m 



220 RNP Service Sensitivity Matrix Annex G 

 

 

 

Table G-4: RNP.3 service level available from ARAIM based on dual frequency (L1-L5) as a function of 

Pconst and constellation strength. ISM Parameters: Psat = 10-5, URA = SISA = 2.5 m, bnom = 0.75 m 

 

 

Table G-5: RNP.3 service level available from ARAIM based on single frequency (L1) as a function of 

Pconst and constellation strength. ISM Parameters: Psat = 10-5, URA = SISA = 2.5 m, bnom = 0.75 m 

 

 

Table G-6: RNP.3 service level available from ARAIM based on single frequency (L5) as a function of 

Pconst and constellation strength. ISM Parameters: Psat = 10-5, URA = SISA = 2.5 m, bnom = 0.75 m 
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G.2 Boundary Conditions for User Range Accuracies (Part I) 

Each entry indicates the most stringent level of service and maximum URA/SISA value for 

which a coverage value shown in brackets of 99.5% availability is achieved. 

 

 

Table G-7: Estimated maximum URA required to achieve RNP 0.1 and 0.3 for DFMC H-ARAIM service 

with Pconst = 10-4. ISM Parameters: Psat = 10-5, bnom = 0.75 m 

 

Table G-8: Estimated maximum URA required to achieve RNP 0.1 and 0.3 for SFMC H-ARAIM (L1 

mode) service with Pconst = 10-4. ISM Parameters: Psat = 10-5, bnom = 0.75 m 

 

Table G-9: Estimated maximum URA required to achieve RNP 0.1 and 0.3 for SFMC H-ARAIM (L5 

mode) service with Pconst = 10-4. ISM Parameters: Psat = 10-5, bnom = 0.75 m 

 

Table G-10: Estimated maximum URA required to achieve RNP 0.1 and 0.3 for DFMC H-ARAIM service 

with Pconst = 10-8. ISM Parameters: Psat = 10-5, bnom = 0.75 m 

 

Table G-11: Estimated maximum URA required to achieve RNP 0.1 and 0.3 for SFMC H-ARAIM (L1 

mode) service with Pconst = 10-8. ISM Parameters: Psat = 10-5, bnom = 0.75 m 
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Table G-12: Estimated maximum URA required to achieve RNP 0.1 and 0.3 for SFMC H-ARAIM (L5 

mode) service with Pconst = 10-8. ISM Parameters: Psat = 10-5, bnom = 0.75 m 

 

Table G-13: Estimated maximum URA required to achieve RNP 0.1 and 0.3 for DFSC (GPS only) H-

ARAIM service with Pconst = 10-8. ISM Parameters: Psat = 10-5, bnom = 0.75 m 

 

Table G-14: Estimated maximum URA required to achieve RNP 0.1 and 0.3 for SFMC (GPS only) H-

ARAIM (L1 mode) service GPS only with Pconst = 10-8. ISM Parameters: Psat = 10-5 , bnom = 0.75 m 

 

Table G-15: Estimated maximum URA required to achieve RNP 0.1 and 0.3 for SFMC (GPS only) H-

ARAIM (L5 mode) service with Pconst = 10-8. ISM Parameters: Psat = 10-5 , bnom = 0.75 m 

 

Table G-16: Estimated maximum URA required to achieve RNP 0.1 and 0.3 for DFSC (Galileo only) H-

ARAIM service with Pconst = 10-8. ISM Parameters: Psat = 10-5, bnom = 0.75 m 

 

Table G-17: Estimated maximum URA required to achieve RNP 0.1 and 0.3 for SFMC (Galileo only) H-

ARAIM (L1 mode) service with Pconst = 10-8. ISM Parameters: Psat = 10-5, bnom = 0.75 m 
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Table G-18: Estimated maximum URA required to achieve RNP 0.1 and 0.3 for SFMC (Galileo only) H-

ARAIM (L5 mode) service with Pconst = 10-8. ISM Parameters: Psat = 10-5, bnom = 0.75 m 

G.3 Boundary Conditions for User Range Accuracies (Part II) 

 
Table G-19: Coverage values of RNP 0.1/RNP 0.3 service level from Multiple Constellations H-ARAIM 

with Pconst(GPS) = 0 and Pconst(Galileo)=10-4 

 
Table G-20: Coverage values of RNP 0.1/RNP 0.3 service level from Single-Constellation (GPS) H-

ARAIM 

 
Table G-21: Coverage values of RNP 0.1/RNP 0.3 service level from Single-Constellation (Galileo)  

H-ARAIM 
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ANNEX H Satellite Selection 

On the basis of the properly conducted analysis in this study, it is shown that the GNSS 

measurement accuracies are the design drivers for the most challenging service level expected 

from the ARAIM system, namely: global LPV-200. It is shown in Figure H-1 and Figure H-2 

that if URA/SISA values are at maximum for V-ARAIM service level, it is inconceivable to 

use satellite selection. Indeed, satellite selection reduces the number of satellites in the All-in-

View set, and therefore degrades navigation accuracy. 

 

Figure H-1: avg.VPL that is achieved from ARAIM (Offline) with a given constellation strength 

 

Figure H-2: avg.VPL that is achieved from ARAIM (Online) with a given constellation strength 
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Even when ARAIM (Online) in Figure H-2 provides on average much lower VPLs than 

ARAIM (Offline) in Figure H-1, it is by far not enough to provide LPV-200 minima, where 

VPL is required to be below 35 meters. Indeed, only with 'Optimistic' constellation strength is 

ARAIM (Offline) going to provide 93.9% global coverage of 99.5% LPV-250 service 

availability when URA/SISA values are limited to 2 meters (Table F-1). As shown in Figure 

H-1, there is a quite high probability that not only with 'Optimistic' but also with 'Baseline' 

constellation strength, the estimated VPL is going to be below the alert limit which is set to 50 

meters for LPV-250 service level (see availability criteria in Figure 4-1). The results in Table 

F-1 show the 89.5% global coverage of 99.5% LPV-250 service availability with 'Baseline' 

constellation strength where URA/SISA are set at 2 meters. That result is minimally below the 

chosen metric used to judge the global ARAIM service performance (e.g., criterion of 90% 

coverage of 99.5% availability). As the generated bar plots in Figure H-1 and Figure H-2 

suggest, there is always a visible exponential decrease in PLs with an increase of the number 

of satellites. As expected, the bar graphs show a clear dependence on the number of samples 

which were used to calculate averaged VPL values. Table H-1 shows how many samples were 

collected using all estimates at globally disseminated user locations and sorting them as a 

function of a number of visible satellites (NumSVs). 

  

Table H-1: VPL statistics that is achieved from ARAIM (Offline) with a given constellation strength. URA 

= SISA = 2.0 m 

In total 372470400 samples were clustered with respect to the NumSVs used in the All-in-

View set by the ARAIM user algorithm to estimate VPL. The number of satellites in an All-

in-View set varies with the constellation strength: 'Depleted,' 'Baseline,' or 'Optimistic' (Table 

4-3). Thus, for the 'Baseline' constellation strength at a couple user locations, the minimum 

number of satellites in the All-in-View set is found to be eleven. It is clear that for a low and 

high number of satellites the VPLs are not represented with high probability since there are a 

small number of samples. Nevertheless, most important to note here is that with 'Depleted' 

constellation strength the most samples represent 17 satellites; with 'Baseline' 18 and 

'Optimistic' 19. The estimated VPL values do not meet the criteria to support LPV-200 service 

level, but as discussed above, the results with strong constellation strength show robust global 
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LPV-250 service levels with 18 SVs in the All-in-View set. Table H-2 shows averaged VPLs 

for ARAIM (Offline) but assuming URA/SISA values of 0.75 meters (Table F-1). The 

avgerage VPL using 'Baseline' constellation strength now is expected to be 24.2 meters 

compared to the 36.7 meters estimated using URA/SISA values of 2 meters in Table H-1. 

 

Table H-2: VPL statistics that is achieved from ARAIM (Offline) with a given constellation strength. URA 

= SISA = 0.75 m 

Thus, the priorities are to analyze V-ARAIM global performance using the reduced All-in-

View satellite set, by assuming to have an averaged URA/SISA value of 1 meter or better. For 

that reason, Dual Frequency Multi-Constellation (DFMC) ARAIM with 24 GPS (24-slot 

nominal GPS constellation) and 24 Galileo (baseline) satellites configuration strength (Figure 

4-3) is used. The ISM parameters are assumed to be static and set to Pconst,GAL = 10-4, Pconst,GPS 

= 10-4, Psat = 10-5, bnom = 0.75 m and URA/SISA = 1 m. It is important to note that the VPLs 

averaged in Table H-1 and Table H-2 above, were sorted across the globe with respect to the 

number of satellites used for the position solution. Figure H-3 shows Galileo, GPS, and 

GLONASS satellite tracks over one sidereal Day at three exemplarily chosen user locations. 

 

Figure H-3: Number of Satellites in All-in-View set at LatS90LonE0 (1 sidereal Day) 
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Sky plots (Annex C.3) in Figure H-3 make obvious that the expected navigation performance 

differs from location to location. Assuming normal distribution, the expected GNSS 

navigation performance is described by solution accuracy as a combination of both the 

measurement accuracy quality and the user-to-satellite geometry (Section 2.2.2). So the 

averaged VPL value at the North Pole is going to be higher than at the Equator, where the 

averaged HPL value at the Equator is about 4 meters lower than at North Pole (Figure H-4 

and Figure H-5). The ARAIM (Offline) service users at mid-latitudes would expect VPLs of 

about 24 meters and HPLs of about 20 meters using 'Baseline' constellation strength and 

URA/SISA values set at 1 meter (Figure H-6). Of course, these estimates are directly linked to 

the number of acquired satellites with both L1 and L5 signaling frequencies. 

Thus, the possibility to provide LPV-minima globally with a reduced All-in-View set used by 

the ARAIM user algorithm plays a justifiably large role in the research on the optimal number 

of satellites required for the ARAIM system. 

 

Location:  
LatS90LonE0 

 

Duration:  
1 sidereal day 

 

Statistics: All-in-View #SVs 
VPL = 26.8m 

HPL = 11.5m 

EMT = 12.2m 

σACCh = 1.32m 

σACCv = 0.53m 

 

Figure H-4: Number of Satellites in All-in-View set at LatS90LonE0 (1 Sidereal Day) 

 

Location:  
LatN0LonE0 

 

Duration:  
1 sidereal day 

 

Statistics: All-in-View #SVs 
VPL = 20.7m 

HPL = 15.4m 

EMT = 8.5m 

σACCh = 1.08m 

σACCv = 0.59m 

 

Figure H-5: Number of Satellites in All-in-View set at LatN0LonE0 (1 Sidereal Day) 
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Location:  
LatN45LonW179 

 

Duration:  
1 sidereal day 

 

Statistics: All-in-View #SVs 
VPL = 23.9m 

HPL = 20.3m 

EMT = 10.6m 

σACCh = 1.14m 

σACCv = 0.74m 

 

Figure H-6: Number of Satellites in All-in-View set at LatN45LonW179 (1 Sidereal Day) 

H.1 Satellite(s) out sequentially (v1) 

This analysis shows the gray bar charts in Figure H-7 through Figure H-9 which indicate the 

ARAIM user algorithm output values (Table 3-1) estimated using the All-in-View set. 

Moreover, on the one hand, it shows the possibility of finding a so-called 'reduced All-in-

View subset' that excludes satellites one by one (up to seven) from the All-in-View set. On 

the other hand, it is observed that most of the time this reduced subset increases all algorithm 

outputs, e.g., HPLs, σACCh, σACCv, other than VPL and EMT. Table H-3 presents the average 

results of VPL/HPL/EMT/σACC over 1 sidereal day, which sequentially excludes one satellite 

after another in order to find a subset that provides a lower VPL than the previous one. There 

is a constant statistical reduction in VPLs and EMT but increase in HPLs, σACCh, σACCv 

present for all user locations. As mentioned above, some user locations strongly depend on 

the user-to-satellite geometry which provides evident benefit either in vertical or in the 

horizontal dimension (see VPL avg. and HPL avg. at user locations LatS90LonE0 and 

LatN0LonE0). 

 

 

 

Constellation Strength: 
<Baseline> 

 

Duration: 
1 sidereal Day 

 

ISM settings: 
Psat = 10-5 

Pconst = 10-4 

URA = SISA = 1m 

URE = SISE = 2/3URA 

bnom = 0.75m 

 

Table H-3: ARAIM Output Statistics using a reduced All-in-View subset 
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Figure H-7: ARAIM Output Statistics using a reduced All-in-View subset at user location (LatS90LonE0)  

It is always possible to find slightly lower VPL or EMT estimated using a reduced All-in-

View subset. There are 16 satellites in the All-in-View set at time step 287 in Figure H-7. 

Those are reduced one by one to the selected number of minimum ten satellites (6 out). All 

VPL and EMT estimated using a reduced All-in-View subset are below those estimates using 

the All-in-View set. Similar ARAIM user algorithm performance in Figure H-8 and Figure 

H-9 is observed for two other selected user locations. As a result, reducing the All-in-View set 

to ten satellites in view, the PL values vary strongly with dependence on DoP (Section 2.2.2), 
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which challenges the ARAIM user algorithm’s availability and depends strongly on the user 

location. The corresponding GPS and Galileo satellite tracks for the time window starting at 

time step 280 to 300 with a time step of 5 minutes are depicted for the used user locations in 

Figure H-14,Figure H-17 , and Figure H-20 of this annex. 

 

Figure H-8: ARAIM Output Statistics using a reduced All-in-View subset at user location (LatN0LonE0)  

 



Annex H Satellite Selection 231 

 

 

 

 

 

 

Figure H-9: ARAIM Output Statistics using a reduced All-in-View subset at user location 

(LatN45LonW179) 
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H.2 Numerical Example (LatN30LonW75) 

 

Figure H-10: Mathematical Model and Fault Mode Parameters generated at LatN30LonW75 

Note, that the '(v3) selection algorithm' is the final algorithm that is used by the 'best_VPL 

Type (II)' selection routine in Section 6.3. The HPL1 = 51.98 m and HPL2 = 51.43 m using the 

'(v3) selection algorithm.' In contrast, the HPL1 = 11.63 m and HPL2 = 9.85 m using the 'best 

PL (3D)' selection algorithm. The best HPLs provide an ARAIM user algorithm that utilizes 

the All-in-View set: the HPL1 and HPL2 are 7.82 and 8.19 meters, respectively. 

 

Figure H-11: Sky Plot and ARAIM Output Values utilizing 14 selected satellites vs. All-in-View set 
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H.3 Reduced All-in-View set with max#SVs (v2 and v3 selection) 

The next step in the satellite selection is to see how optimal the reduction in Annex H.1 is. For 

that reason, let’s assume that the receiver is going to use only 10, 12 or (at maximum) 14 

channels optimally selected from all visible satellites for the All-in-View set (Section 2.2.3).  

A low number of channels challenges the ARAIM user algorithm’s performance. At some 

user locations, it could provide high availability with a reduced All-in-View subset, at others, 

it will be greatly degraded. Figure H-12 through Figure H-20 show a deeper look at the 

performance of the ARAIM (Offline) system for three exemplarily selected user locations 

(Figure H-3) for a defined time window. Two Matlab versions, 'v2' and 'v3,' were 

implemented in the ISTAR tool to reduce the All-in-View set. This is done to ensure routines 

are working error free.  

▪ Version two (v2): Reduces All-in-View set by taking a pre-defined number of 

satellites until the max#SVs (e.g., 10, 12 or 14) is reached. Figure H-12, Figure H-15, 

and Figure H-19 show estimated VPLREDUCED by reducing All-in-View and 

simultaneously taking out two, three, and etc. (number of) satellites from the All-in-

View set, and so reaching max#SVs. The colored lines are broken, since not every 

time step has a possibility to reach max#SVs by taking X-number of satellites out 

sequentially. Moreover, those reduced subsets that provide higher VPLs than VPLALL-

in-VIEW estimated with the All-in-View set are not plotted at all. Indeed, particular 

attention is dedicated to the estimated VPLREDUCED values which are lower than 

VPLALL-in-VIEW. As the graphs already show, there is (almost) always a possibility to 

find lower VPL using a reduced All-in-View set with max#SVs = 14. There is an 

exception at time step 298 at the Equator: all reduced All-in-View subsets have 

provided higher VPL than VPLALL-in-VIEW which was generated using the All-in-View 

set with 19 satellites. Therefore, the 'v2' algorithm plots only the one final 

VPLREDUCED which was generated using a subset which excluded 5 satellites 

simultaneously from the All-in-View set.  

▪ Version three (v3): Reduces All-in-View set by taking exactly X-number of satellites 

out to get a reduced subset with exactly max#SVs (e.g., 10, 12 or 14) satellites. This is 

done to prove that it is always possible to find a reduced subset with a pre-defined 

number of max#SVs satellites. However, selected max#SVs will not always lead to 

lower VPL values (see the example provided in v2 above) and Figure H-16. Figure 

H-13, Figure H-16, and Figure H-19 also show a continuity of VPL estimation using 

not more than max#SVs.  

Version three (v3) provides VPLs for any given constant max#SVs. The results provided by 

version two (v2) clearly show that the v3 selection routine is correctly implemented with only 

one disadvantage: it is too slow and not particularly suitable for the long run simulations over 

the global user grid. This disadvantage of the v3 selection routine is obviated by combining 

the v1 selection routine with v3. At the first step, the algorithm searches for the lowest VPL 

by removing satellites sequentially one by one until the max#SVs for a given user location is 

reached (Annex H.1). In that case, where VPLREDUCED >VPLALL-in-VIEW the algorithm applies 

the v3 selection technique. At this time, the algorithm excludes (Nsat-max#SVs) and an 

estimated VPLREDUCED is calculated anew. It has to be noted that this is done to see if it is 

possible to improve global coverage results estimated using the ARAIM user algorithm which 

uses a reduced All-in-View subset instead of all visible satellites.  
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Figure H-12: Reduced All-in-View set at LatS90LonE0 with max#SVs: 10, 12, and 14 ('v2' selection) 
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Figure H-13: Reduced All-in-View set at LatS90LonE0 with max#SVs: 10 and 14 ('v3' selection 

 

Figure H-14: Satellite Tracks at LatS90LonE0 for the time window [280:300] and time step 600 sec 
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Figure H-15: Reduced All-in-View set at LatN0LonE0 with max#SVs: 10, 12, and 14 ('v2' selection) 
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Figure H-16: Reduced All-in-View set at LatN0LonE0 with max#SVs: 10 and 14 ('v3' selection 

 

Figure H-17: Satellite Tracks at LatN0LonE0 for the time window [280:300] and time step 600 sec 
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Figure H-18: Reduced All-in-View set at LatN45LonW179 with max#SVs: 10, 12, and 14 ('v2' selection) 
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Figure H-19: Reduced All-in-View set at LatN45LonW179 with max#SVs: 10 and 14 ('v3' selection) 

 

Figure H-20: Satellite Tracks at LatN45LonW179 for the time window [280:300] and time step 600 sec 
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H.4 Considerations in the selection 

This section deals with the answer to the question: “What to consider when selecting 

satellites”? First of all, it is (almost) always possible to find a subset with a pre-defined 

constant number of satellites (max#SVs) which provides lower VPL values compared to the 

ones estimated using the All-in-View set. Sometimes, the VPLREDUCED estimated using 

max#SVs in the reduced All-in-View subset are slightly larger than the VPLALL-in-VIEW. The 

search algorithms in Annex H.2 provide proof for that. At the same time, it is noted that all 

ARAIM output values other than VPL and EMT are degraded (Annex H.1). Since the goal of 

the ARAIM system is to support the user with LPV-200 service level globally, all four 

requirements shall be met at each user location with high continuity of the algorithm’s 

availability. The simulations using globally distributed user locations (see user grid in Section 

4.5.4) are conducted to see how the reduced All-in-View set impacts the ARAIM 

performance. The goals of this analysis are:  

▪ First, to see whether improving ARAIM performance with a reduced number of 

satellites compared to the All-in-View set will be feasible at all. To answer this 

question, the 'v1 Type1' selection algorithm deals with the search for the subset of 

opt#SVs (i.e., number satellites that provide lowest VPLREDUCED).  

▪ On the other hand, it is interesting to see the ARAIM user algorithm’s global 

performance with only max#SVs. As was already discussed in Annex H.2, it is very 

time-consuming to run simulations using algorithm ‘v3.’ Therefore, the hybrid search 

algorithm ‘v1 Type2’ takes up the goal to show the estimated VPLREDUCED using 

max#SVs.  

The ARAIM user algorithm results shown exemplarily for three user locations in Figure H-21 

through Figure H-23 scrutinize the selection algorithms. Let’s take a look at VPL values at 

time step 284 in Figure H-21. There are 18 satellites in the All-in-View set. The 'v1 Type1' 

selection algorithm reduces the All-in-View set to 16 satellites since it provides the lowest 

VPL among searched combinations estimated up to a minimum of 14 satellites in the reduced 

All-in-View subset. It is not the lowest VPL since the 'v3' selection algorithm provides 

minimally better VPLREDUCED using exactly 14 optimally selected satellites. In the meantime, 

the 'v1 Type2' selection algorithm provides slightly higher VPLREDUCED, but still below the 

VPLALL-IN-VIEW, also using exactly 14 selected satellites. Now, turning to the HPL results for 

the same user location (LatS90LonE0, time step 284), the All-in-View set provides the lowest 

HPL compared to any HPLREDUCED. At the same time the subset that provides the lowest 

VPLREDUCED using the 'v3' selection algorithm shows higher HPL among the HPLREDUCED. 

Moreover, for the time steps 292 and 297, the HPLREDUCED climbs to much higher values. As 

a conclusion, the ‘v1 Type2’ selection algorithm provides not the lowest VPL, but still most 

of the estimated VPL are below the VPLALL-IN-VIEW, and other ARAIM output values are 

degraded in a similar manner as can be expected using the reduced subset selected by the 'v3' 

algorithm routine. These observations are made for other user locations in Figure H-22 and 

Figure H-23 as well. Moreover, this relationship holds for any user location on Earth. 
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Figure H-21: ARAIM Output Values using various selection algorithms at user location (LatS90LonE0) 



242 Satellite Selection Annex H 

 

 

 

 

Figure H-22: ARAIM Output Values using various selection algorithms at user location (LatN0LonE0) 
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Figure H-23: ARAIM Output Values using various selection algorithms at user location 

(LatN45LonW179) 
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H.5 Changes in PLs using 12, 14 and 16 selected satellites 

Figure H-24 through Figure H-26 show scatter plots which depict the calculated differences in 

PLs at exemplarily chosen user locations (Figure H-3). The XPL0 indicates the value 

estimated by the ARAIM user algorithm using all visible satellites by having baseline 

multiple GNSS constellations strength. The XPLk are the values calculated using the 3-D 

selection algorithm with 12, 14 and 16 optimally selected channels. The negative percentage 

change points towards the increase in VPLk concerning XPL0. The size of scatters highlights 

the magnitude of the estimated residual. There is a slight decrease in VPLs and a larger 

increase in HPL for all selected user locations. Figure 6-21 and Figure 6-22 of Chapter 6 show 

estimated residuals using the global user grid and the ARAIM user algorithm’s performance 

changes with 14 and 16 channels selected. 
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Figure H-24: Differences between ARAIM algorithm performance using various numbers of satellites in 

the All-in-View set at selected user location: LatS90LonE0 



246 Satellite Selection Annex H 

 

 

 

Figure H-25: Differences between ARAIM algorithm performance using various numbers of satellites in 

the All-in-View set at selected user location: LatN0LonE0 
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Figure H-26: Differences between ARAIM algorithm performance using various numbers of satellites in 

the All-in-View set at selected user location: LatN45LonW179 
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H.6 Reduced All-in-View set (Elevation Cut-Off) 

 
Figure H-27: Reduced All-in-View with Elevation Cut Off (LatS90LonE0) 
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Figure H-28: Reduced All-in-View with Elevation Cut Off (LatN0LonE0) 



250  Annex A 

 

 

 
Figure H-29: Reduced All-in-View with Elevation Cut Off (LatN45LonW179) 
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ANNEX I Statistical Dependence on the Nsat 

As can be seen in previous work [78], there is an exponential accuracy improvement when 

more satellites in the navigation solution in Section 2.2 of Chapter 2 are used. This leads to a 

continuous reduction in PL values. The exponential decrease is steeper, especially moving 

from single to dual-constellation navigation accuracy. As Figure I-1 and Figure I-2 show, 

further integration of GNSS constellations provides a slow decrease in VPL and HPL values. 

The figures were generated within the frame of the project 'MultiRAIM' [88]. The ARAIM 

user algorithm used to generate results in Figure I-1 and Figure I-2 was adopted from the GPS 

Evolutionary Architecture Study (GEAS) report [37]. The following integrity monitoring 

assumptions were used: PHMI = 2x10-7, PFA = 2.1x10-5 and PMD = 1x10-3. The receiver mask 

angle for Galileo satellites was set at 10 degrees and for all other satellites at 5 degrees. The 

simulation case with 4 GNSS includes 23 Galileo SVs; 27 GPS SVs; 24 GLONASS SVs; 5 

COMPASS GEO, 27 MEO, and 3 IGSO SVs.  

 
  Figure I-1: Expected HPL values vs. Number Visible Satellites using 2, 3 and 4 GNSS using GEAS 

ARAIM user algorithm [37] 

 

Figure I-2: Expected VPL values vs. Number Visible Satellites using 2, 3 and 4 GNSS using GEAS 

ARAIM user algorithm [37] 
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ANNEX J Q*-MHSS AUXILIARY FUNCTIONS 

J.1 Derivation of the Probability of Occurrence of Misleading Information 

The derivative measures are the rate of range a  and b  in accordance to bias  . Therefore, the 

first derivative condition is used to determine relative extrema of ),,( baPQ i

fp . 

The )(i

qa  and )(i

qb  parameters are found for the corresponding worst range error bias   

(that is the bias that corresponds to the maximum qallocP , ) and are given by differentiating 

products: 
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Note, that the scaling factor sK shows the proportion of separation between the subset set and 

a fault mode solution in the q-th direction. It is the normalized test statistic noise according to 

the i-th fault mode. 
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(J-2) 

Since i

qss, is much smaller than qi, , qsK , ∈[0,1].  

It is possible to take an inverse of (J-2), thus   1

,



qsK is always greater than one. It results 

that the derivative in Equation (J-1) is rewritten as follows: 

0)()()(),,(
22

  bai

qssdp eaerfcberfceKbaKQ  
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J.2  Q*-Transformation Table (Example) 

One example to be shown here is the estimation of [KL-KT] values in Equation (3-74) based 

on the Q*-transformation. The corresponding biases are pre-calculated from Q*-function for 

the set of given input values: 

▪ Normalized test statistic noise qsK ,  in Equation (3-72) is set to vary from 0 to 1 meter.  

▪ The probability of occurrence of admissible misleading information qallocP ,  in Equation 

(3-70) allocated to the i-th fault mode is given, and its log( qallocP , ) varies from 0.00 to -

9.75. 

The following Table J-1 shows the distribution of [KL-KT] values according to the example 

input values of log( qallocP , ) and qsK , . 

 

Table J-1: Example values of [KL-KT] parameters according to a Q*-transformation based on the 

auxiliary parameters Ks and log(Palloc) used as a look-up table 
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ANNEX K Configure ISTAR-Matlab Tool 

Some examples used below show how to configure the Integrity Simulation Tool for 

Advanced RAIM (ISTAR) which comprises modules written in Matlab language and allows 

for predicting the expected performance levels of augmented GNSS navigation performance 

using snapshot RAIM algorithms. The focus here is placed on MHSS ARAIM user 

algorithms. 

In the 'start_VARAIM' Matlab file, the user chooses between the simulation runs for the 

entire Earth Grid (iUseGrid=1) or the time series evaluations with the predefined user 

locations (iUseGrid=0). The complete scenario definition extracted from the 'VARAIM' 

Matlab file can be found in Figure K-1. The Earth Grid and user locations are predefined on 

line 106 in the same Matlab file (Figure K-2). 

 

Figure K-1: Scenario 1 Definition in ISTAR-Matlab Tool 

 

Figure K-2: Pre-defined GRID and Station Coordinates in ISTAR-Matlab Tool 
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It is possible to use a different configuration file which specifies constants and requirements 

used for the ARAIM/RAIM user algorithms (Annex B.1 and B.2). The simulation runs 

performed in this work use constants predefined for milestone report [40] in 2014 and referred 

as to 'WGC_Mai2014.' Additional requirements are tunable (Annex B.3), with some of them 

added to the configuration file 'WGC_Mai2014,' and others found directly in the 

'start_VARAIM' Matlab file. The measurement frequencies can be selected between dual and 

single frequency measurements (e.g., 'L1L5', 'L1L2', 'L1L2', 'L1', 'L2', and 'L5'). For V-

ARAIM, only dual frequency 'L1L5'-mode is relevant.  

The time series evaluations with the predefined user locations in Figure K-2 are used to give 

an example of how to generate results using various ARAIM user algorithms. The output 

values for stations are stored in structures. It is very comforting to be able to look into each 

detail at any time and simulation step. Figure K-3 provides an example of an output file used 

for the simulation runs in this dissertation. The 'Data' stores all stations defined in Figure K-2. 

The 'ConfigFile' stores all settings of configuration file 'WGC_Mai2014' and all new settings 

required by updated versions of the ARAIM algorithm. Moreover, the 'UserModel' stores the 

choice for all settings (Figure K-1).  

 

Figure K-3: Output structure: STATION_SCENARIO (ISTAR-Matlab Tool) 

The user location chosen for this example is the one with Latitute = -70 and Longitude = -90 

degrees (e.g., station LatS70W90). The user will find station names by clicking on the 'Data'-

structure. Chosing the LatS70W90 user location, the user retrieves the information on all 

needed information to process the ARAIM user algorithms. The next structure 'AuxParam' 

contains data that describes satellite data (structSat), observation matrix (mG), URA used for 

integrity monitoring (UEREINT), URE used for accuracy monitoring (UEREACC), iono-

delay on L1 in meters (sigmaIonoL1), satellites selected out of mG-matrix 

(PRNselected_out), station longitude (USER_Longitude), and station latitude 

(USER_Latitude). 

'StructSat' contains all needed information on GNSS and its satellites (Figure K-5). The 

vectors and observation matrix G are extracted from the ISTAR-Matlab tool in Figure K-6 

and Table K-1. 
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Figure K-4: Output structure: STATION_SCENARIO.Data (ISTAR-Matlab Tool) 

 

Figure K-5: Output vectors: AuxParam.structSat (ISTAR-Matlab Tool) 

 

 

Table K-1: AuxParam Output vectors (ISTAR-Matlab Tool) 
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Figure K-6: Observation matrix G: <Baseline> multiple-constellation strength at LatS70W90 (Epoch = 0) 

The output values from various MHSS ARAIM user algorithms at user location 

LatS70LonW90 (Epoch = 0) are provided in Table K-2. Those output values are extracted 

from the ISTAR-Matlab tool and exemplarily shown for some epochs within this annex.  

 

Table K-2: MHSS ARAIM User Algorithms Output (ISTAR-Matlab Tool) 

The fault mode parameters required by MHSS ARAIM user algorithms are defined according 

to Section 3.2. Those vary with the number of satellites. For the all-in-view set, there are 

available 17 SVs at the LatS90LonW70 user location. Fourteen and sixteen satellites are 

optimally selected using 'selection_best3' (selection function) utilizing either WGC-2015 or 

WGC-2016 versions of the MHSS ARAIM user algorithm implemented in ISTAR. Moreover, 

exemplarily the receiver mask angle is set to receive those satellites whose elevation is above 

10° and below 80°. In this case, the number of satellites at a selected user location used for the 

integrity monitoring drops from 17 to 13. Therefore, 'ElMask' shows worst PL and EMT 

values (Table K-2). It should be noted that the '1-D optimization' technique reduces VPL and 

EMT from 42.40 to 36.17 meters and from 19.43 to 13.20 meters, respectively. Indeed, the '1-

D optimization' technique improves output values by degrading navigation accuracy: Sigmav 
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drops from 1.37 to 1.87 meters. The 'WGC-2016' version of the MHSS ARAIM user 

algorithm (in addition to VPL and EMT) optimizes HPL values. Thus, the '1-D optimization' 

applied in q = 1, 2 dimension reduces HPL from 20.59 to 17.78 meters. 

 

Figure K-7: Differences in output values between MHSS ARAIM user algorithms 

K.1 H-ARAIM (2015) vs. Slope H-ARAIM 

 

Figure K-8: MHSS H-ARAIM vs. Slope H-ARAIM utilizing DFMC-mode 
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K.2 V-ARAIM (2016) Output Values (LatS90LonW70, Epoch = 0) 

 

Figure K-9: V-ARAIM (2016) Output Values (LatS70LonW90, Epoch = 0) 

 
Figure K-10: Output V-ARAIM (2016) legend 

K.3 V-ARAIM (2015) Output Values (LatS90LonW70, Epoch = 0) 

 

Figure K-11: V-ARAIM (2015) Output Values (LatS70W90, Epoch = 0) 

 

Figure K-12: Output V-ARAIM (2015) legend 
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K.4 Reduced All-in-View (LatS90LonW70, Epoch=0) 

 

Figure K-13: Scenario 2 Definition in ISTAR-Matlab Tool 

 

Figure K-14: Output best3D Values (LatS70W90, Epoch = 0) 

 

Figure K-15: Output best3D legend 
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Figure K-16: Excluded PRN (76) out of All-in-View at LatS90LonW70 (Epoch = 0) 

The ISTAR-Matlab tool enables different types of settings used to analyze geometry 

selection: 'convexhull,' 'elmask,' 'manual.' Moreover, there is a possibility to select selection 

driver in <Integrity_Algorithms> by choosing between: σACCv, VPL, σACCh, HPL, σss. 

 

Figure K-17: Scenario 3 Definition in ISTAR-Matlab Tool 

 

Figure K-18: V-ARAIM (2015) Output Values (LatS70W90, Epoch = 0) with reduced All-in-View 

The PRN numbers for multi-GNSS with receiver mask angle ELMASK are set at [10°, 80°] for 

this user scenario. There remain 13 satellites in view: Galileo SVs PRN: 75, 81, 82, 89, 90, 

91, 97, 98; and GPS SVs PRN: 1, 7, 12, 14, 21. The All-in-View sky plot at LatS70W90 at 

time step 0 (e.g., Epoch = 0) is depicted in Figure K-21. 
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Figure K-19: Observation matrix G: <Baseline> multiple-constellation strength with reduced All-in-View  

 

Figure K-20: Output structure: STATION_SCENARIO.Data with reduced All-in-View 

 

Figure K-21: Sky Plot at LatS90LonW70 (Epoch = 0) 
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K.5 MAAST (Stanford University) vs. ISTAR Simulation Tool 

This section highlights the main differences between ISTAR and the MAAST-Matlab 

simulation tool developed by Stanford University and available at [129]. Both tools were 

developed in parallel and independently; the direct comparison is not possible. The user 

algorithms can be cross-checked using the grid (e.g., iUseGrid=1) results for the predefined 

scenario or cross-checking intermediate steps by debugging the ‘-Matlab’ file in MAAST. As 

a result, the output values on the grid of MHSS-ARAIM algorithms were compared to the 

output grid of the MAAST-Matlab tool. The observed deviations in values, using the same 

version of the algorithm, are within the range of 2-3 cm.  

Note the design of the observation matrix G (e.g., matrix H in NEU coordinate system) in 

Annex C. The MAAST-Matlab tool generates matrix G using East-North-Up (ENU) 

coordinate system by putting GPS satellites first and Galileo observations subsequently 

(Figure K-6). In contrast, the ISTAR-Matlab tool uses NEU coordinate system by starting 

with the Galileo satellites and afterward the GPS observations (Figure K-22). As an example, 

the output values in Figure K-23 are picked by debugging the MAAST-Matlab functions 

(Figure K-22) and stopping at user location 307 with coordinates Latitude = 90 and Longitude 

-70 (e.g., LatS90LonW70 in Figure K-21. The resulting residuals between the ISTAR and 

MAAST-Matlab tool are provided below. 

Moreover, note that the PL1 and PL2 are interchanged concerning the reference frames 

mentioned above (NEU<->ENU). 

 

Figure K-22: Observation matrix G at LatS90LonW70 (MAAST-Matlab Tool) 
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Figure K-23: Output values at LatS90LonW70 (MAAST-Matlab Tool) 

ANNEX L Numerical Example 

A couple of examples of ARAIM user algorithms as described in Section 2.3 and Chapter 3 

are shown here by cross-checking with the numerical example adopted from [1]. It must be 

noted that this is provided purely for the purposes of illustration of the methods. The data used 

for ISM in [1] have been selected equally for all GNSS in order to simplify the example. Input 

parameters are defined and written in Matlab® syntax.  

The geometry matrix is defined by G: 





























































102780.06958.06622.0

107709.03088.05571.0

107075.07004.00938.0

105957.04356.06748.0

109455.00354.03236.0

012877.07539.05907.0

012269.02553.09398.0

017477.06601.00723.0

012612.06900.06750.0

010966.09951.00225.0

G

 

For all satellites, the following ISM parameters are used  

σURA,n = 0.75 m σURE,n = 0.75 m 

bint,n = 0.5 m bacc,n = 0.0 m 

Psat,n =10-4 Pconst,n =10-4 

The nominal error models used for integrity and accuracy computations (with included 

knowledge of σURA and σURE) are given by: 

Cint = diag([3.8865 1.4377 0.8604 1.6383 1.3229 0.8434 0.8963 0.8669 0.8573 1.3616]); 

Cacc = diag([3.5740 1.1252 0.5479 1.3258 1.0104 0.5309 0.5838 0.5544 0.5448 1.0491]); 
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All methods provide integrity for LPV-200 precision approach service, assuming that there 

could be a single fault, multiple independent faults, or consistent constellation (wide) faults: 

▪ Maximum number of satellites that could simultaneously fail: Nmax, r = 2, 

▪ Maximum number of constellations faults to be monitored: Nmax,k =1. 

Total number of subsets to be monitored: Nsub = 57 

The scale factors are allocated equally between the fault modes (D.4) corresponding to the 

horizontal and vertical dimensions: 

1470.6
)2(2

_1

2,1, 











 

sub

HORFA

FAFA
N

P
QKK . 

3953.5
2

_1

3, 









 

sub

VERTFA

FA
N

P
QK . 

Integrity requirements are stored in Annex B.3: PHMI_HOR = 2·10-9, PHMI_VERT = 9.8·10-8, 

PFA_VERT = 3.9·10-6, and PFA_HOR = 9*·10-8. 

 

The projection matrix that transforms measurements from range to position space in Equation 

(2-14) in Chapter 2 is weighted by using models that describe nominal error behavior (e.g., 

Cint) in accordance to the satellite elevation and is given by (2-44): 



































53.020.067.033.033.040.009.075.028.002.0

30.008.001.007.031.031.026.004.033.015.0

58.056.058.018.079.053.014.006.139.000.0

09.026.055.010.009.026.013.011.015.017.0

19.030.003.032.014.018.020.014.021.003.0

0S
 

The error uncertainty in the q-th position dimension for the Fault Free (FF) 

mode: 6552.01,0  , 7861.02,0  , 7792.13,0   (with q = 1,2,3).  

 

The biased terms in the 1D position domain for integrity purposes for the FF-mode are as 

follows: 8730.00

1 b , 9573.00

2 b , 4079.20

3 b  (with q = 1,2,3). 

L.1 MHSS ARAIM with Equal Risk Allocation 

The scale factor to satisfy the missed detection probability for the equally allocated integrity 

buffer between the position dimensions for the fault-free condition can be allocated as in 

Equations (E-6) and (E-7) of D.4, shown here in Matlab® syntax: 

Kmd0_h_12 = -norminv(ParamFaultModes.P_HMI_HOR_ADJ/(4*(NFaultModes+1))); 

Kmd0_v = -norminv(ParamFaultModes.P_HMI_VERT_ADJ/(2*(NFaultModes+1))); 

 

The results for the given example are: 

7432.60

2,

0

1,  MDMD KK . 

0424.60

3, MDK . 

The ARAIM PLs according to Equations (3-35) and (3-84) are: 
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PL1 = max(5.29, PLi,1) = 10.63 (m) 

PL2 = max(6.26, PLi,2) = 13.86 (m) 

PL3 = max(13.16, PLi,3) = 23.27 (m) 

EMT = 8.26 (m) 

L.2 Baseline MHSS with 1D-Optimization  

The ARAIM PLs according to Equation (3-46) where  i>1 are:  

PL1 = 9.6278 (m) 

PL2 = 11.4044 (m) 

PL3 = 19.6475 (m) 

EMT = 8.26 (m) 

L.3 Slope ARAIM User Algorithm 

Linear transformation of the range residual vector y in Chapter 2 requires projection matrix S 

(see Equation (2-14)). 



































65.021.053.031.027.045.012.071.028.013.0

26.012.008.001.023.031.022.010.033.024.0

71.056.042.014.071.060.017.004.139.012.0

01.018.033.004.010.030.007.009.022.036.0

18.021.003.026.009.020.028.014.026.009.0

S
 









































73.0000000000

017.100000000

0016.10000000

00012.1000000

000019.100000

0000076.00000

00000061.0000

000000016.100

0000000070.00

00000000026.0

/.1_ intCINTW

 

A QR-decomposition integrated into the Matlab tool provides an orthogonal matrix Q and an 

upper triangular matrix R. 
 

[Q,R] = qr(sqrt(W_INT)*S'); 





























































60.022.006.017.001.045.013.052.002.027.0

20.068.008.004.012.048.0010.028.041.0

22.022.045.014.021.044.014.019.062.006.0

10.009.030.054.034.045.006.008.016.050.0

03.019.019.022.065.041.009.045.022.019.0

34.052.012.021.032.001.043.005.042.031.0

20.004.002.068.024.001.051.011.016.039.0

34.023.006.012.035.005.044.064.013.026.0

43.013.054.008.016.004.041.005.039.038.0

30.025.059.030.032.004.039.024.031.008.0

.Q
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The magnitude of the parity vectors is found from the columns of parity matrix p: 
p = Q(:,UNKN+1:length(Q)); 

The parity matrix has the following properties: 
S0_proj = sqrt(W_INT)*p*p'*sqrt(W_INT'); (see Equation ) 

% S_proj == S, where S = W_URA*(I - mG*S0w); 
% S0w = pinv(mG'*W_URA*mG)*mG'*W_URA; 

 

Parity vector is transformed to the NunkxNsat dimensions: 
p = p'; 



































60.020.022.010.003.034.020.034.043.030.0

22.067.022.009.019.052.004.023.013.025.0

06.008.045.030.019.012.002.006.054.059.0

17.004.014.054.022.021.068.012.008.030.0

01.012.021.034.065.032.024.035.016.032.0

p
 

The direct variation between PE and Ts for each monitored subset of satellites is given by 

Slope-values in Equation (2-53). The maximum error variation in the q-th dimension is 

obtained by maximizing over all i-th fault modes: 

  8106.0max ,max,  iEASTEAST SlopeSlope  

  3545.1max ,max,  iNORTHNORTH SlopeSlope  

  2211.3max ,max,  iVERTVERT SlopeSlope  

The scale factor to satisfy the missed detection probability for the equally allocated integrity 

buffer between the position dimensions for the fault-free condition is allocated in similar 

manner as in Annex J1 and here written in terms of the chi2-Matlab function: 

Kmd0_v_chi2 = sqrt(chi2inv(1-

ParamFaultModes.P_HMI_VERT_ADJ/(NFaultModes+1),1)); 

Kmd0_h_12_chi2 = sqrt(chi2inv(1-

ParamFaultModes.P_HMI_HOR_ADJ/(2*NFaultModes+2),1)); 

 

The results for the given example are: 
 

7432.62_12__00

2,

0

1,  chihKmdKK MDMD . 

0424.62__00

3,  chivKmdKMD . 

 

lambda_v = sqrt(fsolve(@(L)(ncx2inv(ParamFaultModes.P_HMI_VERT_ADJ,DoF,L) - 

K_ffd_v_chi2^2), x0_v));   
lambda_h12 = sqrt(fsolve(@(L)(ncx2inv(ParamFaultModes.P_HMI_HOR_ADJ,DoF,L) 

- K_ffd_h12_chi2^2), x0_h12)); 

 

%with Scale factors to satisfy accuracy/continuity risk (Central Chi-Square  

%Distribution)  

x0_v = chi2inv(1-ParamFaultModes.REQ_PFA_VERT/NFaultModes,1); 
x0_h12 = chi2inv(1-ParamFaultModes.REQ_PFA_HOR/(2*NFaultModes),1); 
K_ffd_v_chi2 = sqrt(x0_v);      
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K_ffd_h12_chi2 = sqrt(x0_h12);  

 

This results in: lambda_v = 10.35 meters in the vertical. For the horizontal dimension 

lambda_h12 equals 11.82 meters. 

The Detection Thereshold is then: 
Dn,1 = max(lambda_h12·SLOPE_EAST) = 9.58 (m) 

Dn,2 = max(lambda_h12·SLOPE_NORTH) = 16.01 (m) 

Dn,3 = max(lambda_v·SLOPE_VERT) = 33.35 (m) 

Resulting PLs according to Equation (2-57): 

PLq = Dn,q + Kmd_q·σ0,q 

PL1 = 16.01 + 6.74·0.79 = 21.31 (m) 

PL2 = 9.57 + 6.74·0.66 = 13.99 (m) 

PL3 = 33.35 + 6.04·1.78 = 44.10 (m) 

Concerning [91], to calculate PL, the following allocation is used: 

Kmd0_v_chi2 = sqrt(chi2inv(1-

ParamFaultModes.P_HMI_VERT_ADJ/NFaultModes,DoF)); 

Kmd0_h_12_chi2 = sqrt(chi2inv(1-

ParamFaultModes.P_HMI_HOR_ADJ/(2*NFaultModes),DoF)); 

 

The results for a given example using the integrity allocation above are: 
 

05.72_12__00

2,

0

1,  chihKmdKK MDMD . 

71.72__00

3,  chivKmdKMD . 

The detection threshold is calculated according to, 

TH3,chi2 = max(Slope_VERT)·K_ffd_v_chi2 

TH1,chi2 = max(Slope_EAST)·K_ffd_h12_chi2 

TH2,chi2 = max(Slope_NORTH)·K_ffd_h12_chi2 

 

Resulting PLs according to the following equation are: 

PLq_chi2_RAIM = THq,chi2 + Kmd_q·σ0,q 

PL1 = 9.69 + 7.71·0.79 = 15.75 (m) 

PL2 = 5.80 + 7.71·0.66 = 10.85 (m) 

PL3 = 20.79 + 7.05·1.78 = 33.34 (m) 

 

To be consistent with the particular example provided in this Annex,the bias terms are added: 

PLq_Slope_ARAIM = THq,chi2 + Kmdn_q·σ0,q + bn_q 

PL1 = 11.27 (m) 

PL2 = 14.99 (m) 

PL3 = 26.49 (m) 

 

The resulting protection levels can be optimized using an optimal integrity risk allocation.  
 

fchi2_ARAIM_PL_q = @(PL)  1/2*sum(PR_Faultr.*(1 - chi2cdf((PL - Dn_q - 

bn_q).^2/diag(an_q.^2),1)))... 

+ (1 - chi2cdf((PL - b0_q).^2/a0_q^2,1)) - P_HMI_q;  
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For this example, according to fchi2_ARAIM_PL_q the PLs are reduced to: 

PL1  = 8.61 (m) 

PL2 = 10.83 (m) 

PL3 = 17.94 (m) 

 

L.4 Q*-MHSS user algorithm 

To get an overview of the Q*-MHSS user algorithm, the reader is referred to [95]. The Q*-

MHSS PLs according to the Equation (3-82): 

PL1 = 10.06 (m) 

PL2 = 11.62 (m) 

PL3 = 19.85 (m) 
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ANNEX N GNSS SIS Performance Requirements 

 

Table N-1: GNSS Signal-in-Space performance requirements [5] 


