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PREFACE 

With the development of Galileo, a European Global Navigation Satellite System (GNSS), 

the European GNSS Supervisory Authority (GSA) aims to move Europe forward in the 

location based technology and stimulate innovation and new business. In order to examine 

potential uses and to prepare likely users for applications using the Galileo infrastructure 

and services, the GSA has initiated projects addressing various user communities. 

This report has been prepared in the frame of the FieldFact project. The aim of FieldFact is 

the introduction and promotion of GNSS within the agricultural user community. The 

project is managed by the GSA and funded under the 6th Framework Programme.  There 

are six consortium partners participating in the project - Alterra, Vexcel and PPO from the 

Netherlands, University of Warmia and Mazury (UWM) from Poland, Ekotoxa from the 

Czech Republic and the European Commission’s Joint Research Centre. 

The present report is the result  



 
 

Ref: FIELDFACT-WP5-UWM-DEL-5.1 

Issue: 2.0 Date: 24-OCT-2007 
METHODS AND PROCEDURES FOR TESTING 

OF GNSS EQUIPMENT / RECEIVERS  
Class: RESTRICTED Page 9 / 74 

 

 FIELDFACT  Contract Number: GJU/06/2412/CTR/FIELDFACT 
 

EXECUTIVE SUMMARY  

This report is prepared in the frame of the FieldFact project and it is the review of methods 

and procedures for testing of GNSS equipment and receivers. In paragraph 2 of the report, 

an overview of methods of position determination with the use of GNSS systems is given. 

The performance parameters of navigational system as well as the extensive 

mathematical model for examination of performance of any navigational service are 

presented in paragraph 3. The procedures which are used for testing of navigational 

receivers and equipment are given in paragraph 4. This chapter also underlines the 

importance of GNSS receivers/equipment testing and validating. The report is summarized 

with conclusions.  

The report gives an overview of methods of position determination with GNSS systems. 

The performance parameters of any navigational system are discussed in detail. The 

procedures used for testing of navigational systems, receivers and equipment are 

presented.  

In spite of testing and validation of the GNSS equipment it must be stressed that proper 

qualification of the operator of the instrument is essential. Operators must understand „art 

& science” of the satellite measurement systems and they should  have proper education 

and experience concerning GNSS systems. 
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1. Introduction 

1.1 Purpose and scope 

This report  “METHODS AND PROCEDURES FOR TESTING OF GNSS EQUIPMENT / 

RECEIVERS”  refers to the State-of-Work of call 2412 and in particular to ACT-1, and 

OBJ-10. According to the SoW the “METHODS AND PROCEDURES FOR TESTING OF 

GNSS EQUIPMENT / RECEIVERS” will provide user with the review of methods and 

procedures which will be used for testing of GNSS receivers under FiledFact project.  

1.2 Intended audience / Classification  

This document is intended for all project partners and WP participants. The document is 

not intended for use outside the project, it is therefore classified as a restricted document.  

1.3 Associated documentation 

The following inputs were used as a source of information for preparation of the application 

test bed:  

- FieldFact Proposal. Technical Tender. Version 1.0.1. 20/07/2006. FieldFact 

consortium; 

- FieldFact Proposal. Financial, Management and Administrative Tender. Version 1.0.1. 

20/07/2006. FieldFact consortium; 

1.4 Reference Documentation 

Besides the associated documentation mentioned in the previous paragraph the following 

documentation was used as a main source of information  for preparation of the Methods 

And Procedures for Testing of GNSS Equipment / Receivers:  
 

1. Department of Defense, (2001), Global Positioning System Standard Positioning 
Service Performance Standard, Assistant Secretary of Defense, Pentagon, 
Washington, DC, USA, October 2001 
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2. Department of Defense, (1993), Global Positioning System (GPS), Standard 
Positioning Service, Signal Specification, Positioning/Navigation Executive Committee 

3. Department of Defense, (2007), Global Positioning System Precise Positioning Service 
Performance Standard, Assistant Secretary of Defense, Pentagon, Washington, DC, 
USA, February 2007 

4. Misra P., Enge P., (2001), Global Positioning System – Signals, Measurements, and 

Performance, Ganga - Jamuna Press, Lincoln, Massachusetts, USA  

5. Specht C., (2003), Availability, Reliability and Continuity Model of Differential GPS 

Transmission, Annual of Navigation, No. 5/2003 

 

Other references are listed in the section “References” at the end of the report. 

1.5 Abbreviations and Acronyms 

AOR-W Atlantic Ocean Region-West 
ASQF Application Specific Qualification Facility 
CAP Common Agricultural Policy 
C/A Clear/Coarse Acquisition 
CF Card Compact Flesh Card 
DGPS  Differential Global Positioning System  
EC European Community 
EDGE Enhanced Data Rates for Global Evolution 
EGNOS European Geostationary Navigation Overlay Service 
EU European Union 
FOC Full Operational Capability 
GAGAN GPS and GEO Augmented Navigation 
GBAS Ground Based Augmentation System 
GDOP Geometric Dilution of Precision 
GJU Galileo Joint Undertaking 
GLONASS GLObal Navigation Satellite System 
GNSS Global Navigation Satellite Systems 
GOC Galileo Operating Company 
GPRS General Packet Radio Service 
GPS Global Positioning System 
GRAS Ground-based Regional Augmentation System 
GSA GNSS Supervisory Authority 
GSM Global System for Mobile Communication 
GSTB Galileo System Test Bed 
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IACS Integrated Administration and Control System 
ICAO International Civil Aviation Organization 
LPIS Land Parcel Identification System 
MCC Master Control Centres 
MSAS Multi-Functional Satellite Augmentation System 
NAVSTAR NAVigation Signal Timing And Ranging 
NGA National Geospatial-Intelligence Agency 
NLES Navigation Land Earth Station 
NMEA National Marine Electronics Association 
PDOP Position Dilution of Precision 
PRN Pseudo Random Noise 
PRS Public Regulated Service 
RDS Radio Data System 
RIMS Ranging and Integrity Monitoring Stations 
RINEX Receiver Independent Exchange Format 
RMS Root Mean Square 
RTCM Radio Technical Commission for Maritime Services 
RTK Real Time Kinematics 
SA Selective Availability 
SBAS Satellite Based Augmentation System 
SP Standard Precision 
SIS Signal-in-Space 
SoL Safety of Life Service 
SPS Standard Positioning Service 
SV Satellite Vehicle 
USNO United States Naval Observatory 
URE User Range Error 
UTC Coordinated Universal Time 
UTM Universal Transverse Mercator 
WAAS Wide Area Augmentation System 
WGS World Geodetic System 
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2. Methods of position determination with GNSS  

 

Global Navigation Satellite Systems (GNSS) cover the positioning, navigation and time 

determination systems, such as: 

- American GPS NAVSTAR (Global Positioning System – NAVigation Signal Timing 

And Ranging developed by United States Department of Defence, 

- Russian GLONASS (Global Navigation Satellite System) under control of Russian 

Federation still being under development, 

- European Galileo, system proposed by a consortium in Europe. The Galileo system 

would be owned and operated by European Union after 2012. 

 

The position of observer in the global system of coordinates may be determined by either 

method: 

�  absolute (autonomous), 

�  relative (or differential).  

 

 

2.1 Absolute method   

 

With a single GPS satellite receiver available the coordinates of the antenna location may 

be determined in the internationally adopted system WGS’84 (World Geodetic System 

1984). Absolute positioning involves the use of only a single passive receiver at the user's 

location to collect data from multiple satellites in order to determine the user's 

georeferenced position. GPS determination of a point position on the earth actually uses a 

technique common to terrestrial surveying called trilateration. The user's GPS receiver 

simply measures the distance (ranges) between the receiver and the NAVSTAR GPS 

satellites – Figure 2.1. The user's position is determined by the resected intersection of the 

observed ranges to the satellites. At least 3 satellite ranges are required to compute a 3-D 
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position. In actual practice, at least 4 satellite observations are required in order to resolve 

timing variations. Adding more satellite ranges will provide redundancy (and more 

accuracy) in the position solution. 

 

 

Figure 2.1  Point positioning range measurements from a handheld GPS receiver.  
[source: NAVSTAR Global Positioning System Surveying, (2003)] 

 

 

This method is quite inaccurate and relatively seldom used in professional geodesy or 

precise navigation systems. The accuracy of such determination of horizontal position of 

the observer, depending on geometrical configuration and number of observed satellites, 

is of order of 10-15 m, while vertical positioning accuracy is within 15-30 m.  

 

2.2 Relative method 

 

 In geodesy and precise navigation the relative or differential methods of position 

(coordinates) determination are used. At least two GPS receivers must be available – 

Figure 2.2.  
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Figure 2.2 Relative or differential GPS positioning.  
[source: NAVSTAR Global Positioning System Surveying, (2003)] 

 

Many limitations of autonomous GPS method may be removed by measuring with 

differential or relative methods. These may be implemented involving: 

�  entering DGPS (Differential GPS) corrections to receiver measurements in real 

time, transmitted by radio-modem or GSM/GPRS modem, provided by a 

concurrently (simultaneously) operated GPS receiver at base station with known 

geodetic coordinates of the receiver antenna, which enable to achieve 0.5 – 3 m 

level of accuracy.  

�  “post-processing” of observations with a computer program a posteriori editing 

results of synchronous measurements made with a pair of receivers: mobile and 

base with known antenna coordinates, which enable to obtain centimetre or even 

mm level of accuracy.  

�  entering corrections to receiver measurements in real time, transmitted by 

geostationary satellite - SBAS systems (Satellite Based Augmentation System). 

 



 
 

Ref: FIELDFACT-WP5-UWM-DEL-5.1 

Issue: 2.0 Date: 24-OCT-2007 
METHODS AND PROCEDURES FOR TESTING 

OF GNSS EQUIPMENT / RECEIVERS  
Class: RESTRICTED Page 16 / 74 

 

 FIELDFACT  Contract Number: GJU/06/2412/CTR/FIELDFACT 
 

Using the differential or post-processing method may greatly reduce measurement errors 

that are common for a pair, or a group, of receivers. These include the following, among 

others: 

�  errors resulting from ionospheric and tropospheric delays of GNSS signal,  

�  inaccuracy of satellite ephemeredes given in navigation message received from 

satellites, 

�  satellite clock errors. 

 

 

2.3 Augmentation systems  

Since real time positioning accuracy of stand alone GNSS systems is often not sufficient 

for professional navigational operations, the augmentation of these systems, also exist. 

They enable improvement of accuracy, integrity and reliability of satellite positioning, 

mainly by providing the differential corrections and integrity messages. A number of 

differential GPS augmentation systems are available from both government and 

commercial sources. Most real-time augmentation systems are code tracking. However, 

more emphasis is being placed on developing accurate carrier tracking augmentation 

networks. 

 

2.3.1 Local Area Augmentation System (LAAS).  

LAAS augments GNSS by providing differential corrections to users via on-ground LW, 

MW, UHF/VHF or GSM/GPRS data broadcast. Suitably equipped user will be able to 

conduct precise navigation and surveying in real time. The stable communication link is 

required. Relative positioning can be also used not only for local but also for wider area, 

for instance in Germany there is a network of more than 250 GPS reference stations called 

SAPOS. SAPOS is based on the Global Positioning System (GPS) and provides data for 

positioning and navigation purposes, with its assistance one can increase the positioning 

accuracy into the metre, centimetre or even millimetre level.  Depending on the accuracy 

required one can select different SAPOS services. SAPOS also supports non-navigation, 
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post-processing applications of GPS. The SAPOS system provides code range and carrier 

phase data from a nationwide network of GPS stations for access by the Internet’ 

In some countries, new members of European Union, the network of reference permanent 

stations is just under development. The performance and main parameters of such a 

GNSS ground based augmentation system will be tested to determine fundamental 

navigational parameters such as: accuracy, availability, continuity and integrity. 

 
2.3.2 Satellite Based Augmentation System (SBAS). 
 
A Satellite Based Augmentation System (SBAS) is a system that supports wide-area or 

regional augmentation through the use of additional satellite-broadcast messages. Such 

systems are commonly composed of multiple ground stations, located at accurately-

surveyed points. The ground stations take measurements of one or more of the GNSS 

satellites, the satellite signals, or other environmental factors which may impact the signal 

received by the users. Using these measurements, information messages are created and 

sent to one or more satellites for broadcast to the end users. The following SBAS systems 

already exist:  

- WAAS (Wide Area Augmentation System) - designed mainly for civil aviation in US,  

developed and operated by the Federal Aviation Administration (FAA), a division of 

the United States Department of Transportation (DOT),  

- EGNOS (European Geostationary Navigation Overlay System) – European system 

still under development by the European Space Agency, the European Commission 

and EUROCONTROL. It is intended to supplement the GPS, GLONASS and 

Galileo,  

- MSAS (Multi-functional Satellite Augmentation System) is a Japanese SBAS, 

operated by Japan's Ministry of Land, Infrastructure and Transport(JCAB),  

- GAGAN (GPS and GEO Augmented Navigation) - is an Indian SBAS, developed 

and operated by Airports Authority of India (AAI) and Indian Space Research 

Organization (ISRO) to provide the seamless navigation service for all the phases 

of flight over Indian airspace,  
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- The commercial StarFire navigation system, developed and operated by John 

Deere's NavCom and Precision Farming groups. StarFire broadcasts additional 

"correction information" over satellite L-band frequencies around the world, allowing 

a StarFire-equipped receiver to produce position measurements accurate to well 

under one meter.  

- The commercial Starfix DGPS System, operated by Fugro have been developed 

specifically to meet the offshore community's demand for highly accurate world-

wide positioning.  

 

2.3.3 Integration of  Augmentation Systems 
 

The EGNOS system’s integration is expected with Local Area Augmentation Systems 

(LAAS). Development of navigation infrastructure in Europe within the EGNOS system and 

other integrated local systems (LAAS) shall bring about increased safety and effectiveness 

of the Pan-European and international transportation management system. In addition a 

satellite navigation and positioning system may be used for many other applications, for 

example agriculture, where the integrated systems may be used for: 

·  land  measurement, in particular for direct acquisition of data for GIS systems, the IACS 

system, etc., 

·  agriculture, in terms of precise fertilising and chemical plant protection, nurturing, and 

harvesting, 

·   sampling location and tracking of animal transportation, animal's and plant's diseases, 

recording of farm machinery movement, etc. 
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3. Performance Parameters and Testing of a Navigati onal System 

The performance of any navigation system is characterized by its accuracy, 

availability, continuity, and integrity. From a safety point of view, integrity is the most 

important factor. Without some assurance of a system's integrity, there is no way of 

knowing whether the information received is correct. High integrity of Galileo is one 

of the key elements of this European system. In order to test any GNSS system 

above parameters must be examined and user should be informed of the expected 

performance of system. 

 
 
3.1 Accuracy  

 

Accuracy is the most obvious navigation system requirement, accuracy describes how well 

a measured value agrees with a reference value. Ideally, the reference value should be 

the true value, if known, or some agreed-upon standard value. The accuracy of a clock, for 

example, is determined by how well it keeps time compared with a standard clock, such as 

an atomic clock maintained by a national timing laboratory. In terms of GPS positioning, a 

reference value might be the published coordinates of a geodetic reference mark. 

A measurement's error is the difference between the obtained value and the reference 

value. If a series of repeated measurements is made and the mean value is calculated, the 

difference between the mean and the reference value is called the bias or systematic 

error. Accuracy is not the same thing as precision. Precision denotes a measurement 

quality that describes how well repeated measurements agree with themselves rather than 

with a reference value (Figure 3.1). Accuracy cannot be calculated solely from 

measurement values. If we can calibrate a system's bias, or if the bias is negligible, then 

we can, with caution, interpret precision estimates as accuracy estimates.  

Precision is usually characterized in terms of the standard deviation of the measurements, 

sometimes called the measurement process's standard error.  
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Figure 3.1 Accuracy vs. precision 

[http://honolulu.hawaii.edu/distance/sci122/SciLab/L5/accprec.html] 

 

 

Figure 3.2  Accuracy and precision [Wikipedia] 
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The interval defined by the standard deviation is the 68.3% ("one sigma") confidence 

interval of the measurements (Figure 3.3). If enough measurements have been made to 

accurately estimate the standard deviation of the process, and if the measurement process 

produces normally distributed errors, then it is likely that 68.3% of the time, the true value 

of the measured property will lie within one standard deviation, 95.4% of the time it will lie 

within two standard deviations, and 99.7% of the time it will lie within three standard 

deviations of the measured value.  

 

Figure 3.3  Normal distribution of confidence interval of the measurements 

 

 

The latest “Global Positioning System Standard Positioning Service (SPS) Performance 

Standard” published in October, 2001 by US Department of Defense defines levels of 

performance the U.S. Government commits to provide to civil GPS users. This document 

is written to satisfy the following objectives (Department of Defense, 2001): 

1) Identify performance standards the U.S. Government uses to manage SPS 

performance. 

2) Standardize SPS performance parameter definitions and assessment methodologies. 

3) Describe historical SPS performance characteristics and ranges of behaviour. 

 

According to this standard current positioning and timing accuracy of GPS SPS is given in 

Table 3.1. 
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Table 3.1 SPS Positioning and Timing Accuracy Standard  

(Department of Defense, 2001) 

 

 

 

This PPS Performance Standard (PPS PS) defines the levels of Signal In Space (SIS) 

performance to be provided by the DoD to the authorized PPS user community. It is 

established to provide a basis for certification of PPS receivers for use in aviation 

Instrument Flight Rules (IFR) and to establish a minimum performance level which the 

GPS constellation must sustain. (Department of Defense, 2007) 

This PPS PS employs standard definitions and relationships between the performance 

parameters such as availability, continuity, integrity, and accuracy. The standard 

definitions in this PPS PS represent the performance attributes of a space-based 

positioning and time transfer system.  

Current PPS accuracy standard is given in Table 3.2. An example of one day current 

accuracy of PPS performance map is presented in Figure 3.4.  
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Table 3.2 PPS Accuracy Standards Positioning and Timing Accuracy Standard 
(Department of Defense, 2007) 
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Figure 3.4   Global Regional All-in-View PPS Performance Map – 22 October 2007  

(source: http://gps.afspc.af.mil/gpsoc/) 
 

3.2 Availability 

 

A navigation system's availability refers to its ability to provide the required function and 

performance within the specified coverage area at the start of an intended operation. In 

many cases, system availability implies signal availability, which is expressed as the 

percentage of time that the system's transmitted signals are accessible for use.  

In addition to transmitter capability, environmental factors such as anomalous atmospheric 

conditions or interfering signals might affect availability. According to the 2001 Federal 

Radionavigation Plan, the GPS Standard Positioning Service will be available at least 99 

percent of the time, based on a global average – Table 3.3. 
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The Availability can be expressed by the following formula:  

 

%100[%] ×
-

=
Total

FailureTotal

T
TT

tyAvailabili    (3.1) 

 

Table 3.3  SPS Service Availability Standard 

 

 

 

3.3 Continuity 

 

Ideally, any navigation system should be continuously available to users. But, because of 

scheduled maintenance or unpredictable outages, a particular system may be unavailable 

at a certain time. Continuity is the ability of a total navigation system to function without 

interruption during an intended period of operation.  

Continuity indicates the probability that the system will maintain its specified performance 

level for the duration of an operation, presuming system availability at the beginning of that 

process. 
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3.4 Integrity. 

Integrity relates to the level of trust that can be placed in the information provided by the 

navigation system. It includes the ability of the navigation system to provide timely and 

valid warnings to users when the system must not be used for the intended operation or 

phase of flight. Specifically, a navigation system is required to deliver a warning (an alert) 

of any malfunction (as a result of a set alert limit being exceeded) to users within a given 

period of time (time-to-alert). If some system anomaly results in unacceptable navigation 

accuracy, the system should detect anomaly and warn the user. Integrity characterizes a 

navigation system's ability to provide this timely warning when it fails to meet its stated 

accuracy: 

�   treshold value, alert limit – DMAX– max acceptable error of position before the 

alarm, 

�   time-to-alert – tMAX – max acceptable time after observation of the error to the start 

of alarm.  

Integrity risk, also referred to as the probability of misleading information, is defined as the 

probability that the navigation positioning error exceeds the alert limit and that the event is 

not detected. Loss of integrity can happen in one of two ways. Either an unsafe condition 

is not detected or it is detected, but the alert is not received by the user within the time-to-

alert 

3.4.1 GPS Integrity 

GPS achieves integrity and protects users against system anomalies and failures 

by relying on satellite self-checks and monitoring by the U.S. Department of 

Defense's Operation Control Segment Master Control Station (MCS), as well as 

signal assessment by users. Thus, GPS has both integral and independent 

mechanisms to assure integrity. Satellite Self-Checks - GPS satellites internally 
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monitor themselves for some, but not all, anomalies. These include navigation data 

errors, selective availability (SA) and antispoof (AS) failures, and certain types of 

satellite clock failures. If such internal failures are detected, satellites notify users 

within six seconds. The Block IIR satellites use a Watch Dog Monitor (WDM) that 

regulates the functioning of the processor and decides when a processor reset 

must occur. If the WDM performs a processor reset, the satellite transmits 

nonstandard codes until it either automatically reverts to standard codes or MCS 

commands it to do so after resolving the cause of the reset (Langley, 1999)  

The GPS constellation is monitored by the Master Control Station (MCS) at 

Schriever Air Force Base (formerly known as Falcon Air Force Base). Using data 

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

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

measured pseudoranges using a Kalman-filter, error-management process. During 

August 2005 – March 2006 the NGA (National Geospatial-Intelligence Agency) 

monitor stations were added to the control segment grid – Figure 3.5. The NGA 

stations depicted include the eleven operational stations and the Monitor Station 

Network Control Center in St. Louis, Missouri (Creel T. et al., 2006) Now, every 

satellite can be seen from at least three monitor stations. This allows to calculate 

more precise orbits and ephemeresis data. For the end user, a better position 

accuracy can be expected.   

RAIM is the abbreviation for Receiver Autonomous Integrity Monitoring, a technology 

developed to assess the integrity of Global Positioning System (GPS) signals in a GPS 

receiver system. It is of special importance in safety-critical GPS applications, such as in 

aviation or marine navigation. RAIM is essentially a fault detection scheme that is applied 

to the GPS measurements (pseudorange). Traditional RAIM uses fault detection only 

however newer GPS receivers incorporate Fault Detection and Exclusion which enables 

them to continue to operate in the presence of a GPS failure. 
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Figure 3.5 Operational Control System and NGA Monitor Station Networks  
(Creel T. et al., 2006) 

 

 
RAIM attempts to answer two questions: Is there a GPS satellite failure? If so, which is the 

errant satellite? If GPS is used solely for supplemental navigation, then answering the first 

question is sufficient because an alternative navigation system is available. However, if 

GPS is used for primary-means navigation, both questions must be answered to identify 

and remove the failed satellite from the solution, allowing user to safely proceed. The 

RAIM technique is sensitive not only to errors occurring in the GNSS system, but also to 

those caused by the user receiver and operational environment. The basic input to a RAIM 

algorithm is the same raw measurements used to compute the user’s position. 
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3.5 Testing Procedures of a Navigational Service. G eneral Mathematical Model of 

the Availability, Reliability and Continuity (Spech t C., 2003) 

 

The problem of fixing position coordinates for navigational needs considered only in terms 

of measurement error seems to have already been solved in a global scale. Its realization 

with higher or lower precision is only a function of the technical solution adopted. 

Therefore other, equally important although often omitted, exploitation parameters of 

navigation systems become crucial. These are: reliability, availability and continuity. We 

may even state that reliability (Farrell J.; Graas F., 1992) as well as characteristics of 

reliability origin, such as: availability (Ghashghai E., 2000) and continuity (Nayak R. et al, 

2000) considered with regard to different levels of radio navigational positioning systems 

structures, seem to be one of the major directions to be investigated in the field of 

navigation and positioning. In general, the quality status of a modern satellite navigation 

system is described by a set of characteristics derived from uniformly evaluated 

parameters, which should enable the unambiguous system benchmark. 

System providers anticipate the needs of users and publish the results of investigations 

concerning the individual functional characteristics of satellite navigation systems 

(Department of Defense, 2001). Their forecasts are mainly based on statistical analysis 

and long term observations. Statistics (IALA, 1989) and parametric evaluation of empirical 

distributions are fundamental methods used for investigation in this field. Numerous rules 

and principles have been formulated this way. It is worthwhile underlining the fact that the 

structures validated this way are rather complicated (system, signal, space segment, etc.) 

ones, for which total credible probabilistic models, which would take into account all 

additive components, have not yet been worked out.  

As a result of users’ demand for information, the empirical approach to multi-criteria 

evaluation of satellite navigation system performance have become common in defining 

the criteria mentioned above with regard to different reliability structures (system, radio-

link, space segment). This approach does not support the search for mutual inter-element 

relations, either logical or numerical, often leading to doubts related to interpretation of 
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fundamental notions. The most essential example to notice is a terminological evolution in 

“SPS Signal Specification”, versions dated 1993 (Department of Defense, 1993) and 2001 

(Department of Defense, 2001), which is the main standard description of GPS system for 

civilian users.  

The complexity of processes and lack of faithful mathematical models justify the 

experimental methods used in navigational systems investigations, which obviously 

influences their characteristics. Already existing general and detailed mathematical theory 

must not be omitted here, as it combines such parameters as: availability, reliability and 

continuity of navigational system into common relations based on reliability. As a result, we 

get a limited range of interpretation with regard to the values presented and absence of 

possibility of integration all individual statistical models into more complex structures. It is 

often necessary to link the results over freely chosen time periods (reliability, continuity) to 

obtain estimations related to various types and kinds of navigation systems. We may 

conclude that statistical methods, not the probabilistic ones, constitute the essential tools 

for parametrical evaluation of modern satellite systems in navigation. 

Undoubtedly, the probabilistic model to describe performance and malfunction states has 

not been applied in this field up till now, due to the unsatisfactory truthfulness of the 

existing models and their complexity. The problems of reliability, availability and continuity 

of system performance, including DGNSS, are nowadays the key parameters for service 

quality. They constitute reliable information related to usefulness of the system (structure) 

in certain local conditions, which include the characteristics of equipment used at DGNSS 

reference station and the solution of telemetric radio link. 

In the case of differential GNSS systems constituting a serial reliability structure on general 

level (GPS and augmentation system), their reliability, availability and continuity are 

dependent on both components. Typical reliability characteristics of GPS have been 

broadly described in world-wide literature (Department of Defense, 1993 and 2001) by 

means of long-term statistics. However, up to this day no analytic relations have been 

presented with regard to the telemetric differential system and direct connections with 

signals of space segment (RNAV6, 1996). Then we may pose a question, being a genesis 
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of the problem to investigate (hypothesis): Is it possible, and to what extent, to predict 

(calculate, foresee) the reliability, availability and continuity of GNSS differential 

transmission at the stage of planning the system or before a specific measurement 

campaign? 

This is a key problem for any group using differential techniques dependent on both 

signals but it may also be useful as an analytical tool before establishing reference stations 

for land areas. The circumstances above persuaded to formulate the main scientific aim of 

this report as follows: to develop a mathematical model of reliability, continuity and 

availability of transmission for differential real time GNSS system to be used in navigation. 

The essence of the work will be to develop a mathematical model of the process of 

receiving differential corrections broadcast according to RTCM-104 standard, taking into 

account a probabilistic nature of error in differential telemetric transmission used in 

selected DGNSS radio-links. 

 

Although the problem formulated above defines very precisely the scope of scientific work, 

it would be impossible to solve without elaboration of a general and particular 

mathematical theory of reliability, continuity and availability of navigation systems. It will 

provide for unambiguous definitions of concepts as well as mathematical relations 

between individual criteria. The general theory constitutes an introductory problem of the 

report, and its solution will enable clear definition of the main scientific problem. 

To solve the problem stated above, it is necessary to solve a series of fundamental 

research problems. The most significant ones of the scientific-research nature are as 

follows: 

1. Comparative analysis of terminology related to the criteria considered - based on 

study of literature. Preliminary discussion of the terminology concerned (Specht C., 

2002) has shown significant differences in interpretation of terms discussed, as well 

as some shortcomings in contemporary methods of their evaluation. 

2. Elaboration of general and particular (for exponential distributions of lifetimes and 

times of failures) mathematical models of navigation system their reliability, 
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continuity and availability of service. This issue is the initial research aim. 

Mathematical modeling of reliability processes with restoration will be the essential 

investigation method. 

3. Description of the reliability structure for DGNSS, components of the system, 

determination of functional substructures, including the process of differential 

transmission, the description of existing limitations for conducted theoretical 

considerations. These are problems of structural analysis and system modeling. 

4. Elaboration of mathematical models of reliability, continuity and availability of 

differential GPS transmission together with chosen indexes of reliability. Its 

realization is based on the model of differential GPS data transmission coded with 

the use of RTCM 104 standard.  

5. Validation of simultaneous use of two or more DGNSS reference stations 

(redundancy) as well as its effect on the characteristics considered. The issue in 

question will be considered with the application of reliability theory of systems built 

with redundancy structures. 

Utility of the considerations above with regard to the subject, indicate the existence 

of tasks displaying features of typical implemental nature. These are: 

1. Software tools designed for navigators, to provide for numerical validation of certain 

reliability features. 

2. Evaluation of coverage areas for DGNSS signals from reference stations in the 

testing area with regard to availability, reliability and continuity. Calculated ranges 

should be based on measured signal strengths and developed models. 

In order to solve the problems formulated above, the report covers as follows: 

I. „Terminological synthesis of concepts: availability, reliability and continuity in literature 

on navigation”. With regard to the three concepts discussed. They are characterized with 

respect to both their nature, and methods of determination navigational purposes. The 

constraints of the models are recommended.  
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II. „General model of the availability, reliability and continuity” - here the definition of 

navigational structure is constructed. This definition is indispensable for the process of 

system modeling. The mathematical model of alternative process with restoration is 

worked out, based on the mathematical description of navigational systems’ states. As a 

result, mathematical relations of availability, reliability and continuity are formulated, 

describing them on a general level. The same model will enable the transposition to time-

related formulas, typical of a number of navigation processes, i.e. processes - where 

distributions of lifetimes and times of failures are expressed by exponential equations. 

III. „Classical differential GPS systems”- the main thesis will be considered here and 

include structural models of differential DGNSS transmission, providing, in this way, for 

making a separate individual navigational structure - differential GPS transmission.  

IV. „Differential GPS system network” – presents the validation method of DGPS systems 

in the areas where multiple coverage of several reference stations exists. An analogous 

method of modelling as in the classic systems is proposed. A general validation of 

transmission methods for differential GNSS will also be proposed in this chapter.  

The issues considered in this report, will exemplify a group of single element models - 

GNSS telemetric transmission - within the complex structure of differential GNSS. We can 

assume that a new scientific area will be opened for future deliberations in the fields 

related to: 

1. Optimisation of decision making process when deploying ground reference stations 

(DGPS) or ground based (permanent GPS/RTK), taking into account: user reliability 

features, minimum requirements for the area, maximization of task effectiveness 

and many others.  

2. Advantages of multi-station system nets in the aspect of position accuracy and 

operation reliability, also other typical features influencing exploitation. 

The mathematical model described in this report, fills the gap concerning methodology 

used to determine the magnitude of reliability, continuity and transmission availability in 

differential GNSS systems on surveying level. Thus, more effective way of use in 
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navigation has been provided. General and particular theory introduced to describe 

satellite navigation systems by means of reliability characteristics enables theoretical 

considerations over individual elements and easy integration into more complex structures. 

 

3.5.1 General model of the availability, reliabilit y and continuity 

 

The analysis of the subject literature shows that the characteristics considered – 

originating the general theory of the navigation systems and devices reliability – are often 

referred to various functional structures (like a system, signal, radio link etc.) Their 

numerical representation is mainly obtained in an empirical way and is based on the 

measurement procedures with a diversified representative sample. The structures 

difference and the accuracy of the requisite sample length connected with the variable 

credibility of the determinations result in the lack of any possibility of the direct components 

adaptation of the reliability theory. Due to this fact, some mathematical correlations 

connecting various reliability indexes do not have the direct application in assessment of 

the work process of the navigational system or its components. 

To consider the navigational systems on the general level on the basis of this theory it is 

necessary to precisely consider its reliability structure, which means the process of the 

series-parallel modelling the relations between components. The estimation of the 

characteristics of each component states the basis of the further inference related to more 

complex forms. Taking the remarks mentioned above into consideration, we need to define 

the notion of the structure components of the navigational system as it enables applying 

identical measures and reliability indexes. 

Let an ordered set: 

( )y,,,...,, 21 SSSS n      (3.1) 

 be a mathematical model of a complex navigational system (object), where y  denotes the 

function representing the navigational structure of the system defined as follows 
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SSSS n ®´´´ ...: 21y ,      (3.2) 

where 

( ){ }niSxxxxSSS iinn �� ,2,1,:,,,... 2121 =Î=´´´ .  (3.3) 

The structure y assigns the system state to the components states. nSSS ,...,, 21  mean the 

components states while S means the system state. The state of component i  in the time 

t  is random variable )(tix  taking its values from the set iS . 

In navigational considerations we assign two states to the components and the systems, 

which are connected with their functioning: ‘0’ if the component or the system is failed and 

‘1’ if the component or system is functioning properly: 

 

{ }1,0...1 ===== BSSS n .    (3.4) 

Then it is stated that the components and the systems are binary. Due to such formalized 

notations each of the systems, groups or the single components can be independently 

modeled or estimated in the availability sense. We emphasize that the physical objects 

(devices) can be the system components. Different structures can include additional 

components, whose states are influenced by factors not directly related to technical 

equipment. It means the possibility of joining, within the framework of the structure, 

additional components dependent on local weather conditions (optical or radar systems 

etc.), propagation characteristics of the medium (radio navigation and acoustic systems) or 

hydrological properties. 

It is also worthwhile pointing out that within the framework of modeling structures or 

systems it is acceptable to define any subsystems incorporating the components subsets 

of the more complex structures. It carries out to consider the reliability criteria (reliability, 

availability, continuity) in any subset of S. Figure 3.6 presents three examples of the 

navigational structures refer to the DGPS system or to its substructures. First one (a) is a 

general, binary, series structure of the logical form 
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( ) ( )212121 ,min, xxxxxx =Ùºy  ,   (3.5) 

where 21,xx  are binary indicator variables describing the states of components 21,ee . 

 

DGPS system has a complex structure, so its characteristics like availability can be 

obtained only by means of statistical analysis, comprising the representative measurement 

sample. Due to the complexity of the processes influencing the functioning states (or 

failure states) existing in both of the components the probabilistic description of the 

working process is up till now unsolved. 
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Figure 3.6  The chosen navigational structures of the DGPS system: a/ the general  

structure of the  system, b/ the structure of pseudorange corrections transmission, c/ the 

structure of the reference station 

 

The second of the above structures - (b) describes the process of the pseudorange 

corrections transmission between the reference station and the user receiver. It is a 

substructure of (a) as it is included in element 2e . It is worthwhile pointing out that 



 
 

Ref: FIELDFACT-WP5-UWM-DEL-5.1 

Issue: 2.0 Date: 24-OCT-2007 
METHODS AND PROCEDURES FOR TESTING 

OF GNSS EQUIPMENT / RECEIVERS  
Class: RESTRICTED Page 37 / 74 

 

 FIELDFACT  Contract Number: GJU/06/2412/CTR/FIELDFACT 
 

components 53,ee of the structure (b) have a character of the technical devices whose 

reliability characteristics enable determination of various reliability indexes. That structure 

contains also component 4e  – the model of the pseudorange corrections transmission, 

which is not a technical equipment. If the pseudorange corrections transmission could be 

described in an analytical (probabilistic) way it would be possible to obtain analogous 

characteristics with regard to it as with the rest of the components. As a consequence it 

enables a mathematical description of the whole structure (b). 

The third of the structures - (c) is a typical DGPS reference station model with series – 

parallel form of the elements: 

 

( ) ( ) ( )[ ] 131211109876131211109876 ,,,,,,, xxxxxxxxxxxxxxxx ÙÙÙÚÙÙÙºy  ,  (3.6) 

where: 

1376 ,...,, xxx  - states of the components: 1376 ,...,, eee . 

 

It constitutes a system of the technical devices with the determined functioning 

characteristics, where modeling of the stages can be based on typical technical qualities 

(IALA, 1989). 

 

The above analysis leads to tree fundamental conclusions: 

1. The structures can contain technical devices and other factors influencing the 

functioning state. 

2. It is admissible to model the availability, reliability or continuity of any structures and 

any of their components. For the navigational systems it is, for example, possible to 

consider the availability of the DGPS reference station, telemetric transmission, 

user’s receiver or all of these factors together. 

3. For the navigation systems it is possible determine the characteristics such as 

reliability, availability or continuity on the basis of the probabilistic model of the 

functioning or failure times for each of the components neee ,...,, 21 . 
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3.5.2  The failure process of the navigational syst em 

 

 

Now we consider the navigational system operating in time. Let ,..., 21 XX  denote 

independent, non-negative, with the same distributions random variables representing the 

lifetimes of the renewal system while random variables ,..., 21 YY  correspond to their failure 

times. Hence, random variables nnn XYYXYXZ ++++++= - 12211
' ... , ,...2,1=n  mean the 

moments of failures while nnn YZZ += ''' , ,...2,1=n  mean the moments of renewal.  

 

 

We denote the distribution of the system lifetime by 

 

( ) ( )xFxXP i =£ ,   ,...2,1=i     (3.7) 

and the distribution of the system failure time by  

 

( ) ( )yGyYP i =£ ,   ,...2,1=i  .    (3.8) 

Moreover, we assume that the random variables iX  and iY  have the finite expected values  

 

( ) ( )XEXE i = ,     (3.9) 

  ( ) ( )YEYE i =  , ,...2,1=i   (3.10) 

and variances 

( ) 2
1s=iXV  , ( ) 2

2s=iYV .   (3.11), (3.12) 

 

To exclude the degenerated (deterministic) cases we need to assume the condition: 

 

02
2

2
1 >+ss .     (3.13) 
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3.5.3  Availability of the navigational system 

 

Supporting the assumptions mentioned above we define the process of a navigational 

system operation as 

 

( )
�
�
�

<£

<£
=

++

+

,for,0

,for,1
''

1

'

1

'

1

''

nn

nn

ZtZ

ZtZ
ta  

  ,...1,0=n  , (3.14) 

 

where 1)( =ta  means that a discussed system is functioning and 0)( =ta  represents failure 

state at time t  (Figure 3.7). 
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Figure 3.7  The functioning and failure states of the navigational system 

 

The availability )(tA of a system at the t time can be defined by 

 

[ ]1)()( == tPtA a .    (3.15) 

To find its estimation we consider the following sequence of events: nVVV ,..., 10 , such that 

 

{ }'
1

''
+<£= nnn ZtZV ,   ...2,1,0=n .   (3.16) 

The event nV  means that at the time t  the system is available (functioning) and up to the 

time t  exactly n- renewals (the changes of the operating state) have occurred. As the 

events nVVV ,...,, 10  are exclusive in pairs then  
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[ ] �
¥

=

¥

=

=�
�
�

	


�==

00

)(1)(
n

n
n

n VPVPtP �a .   (3.17) 

The graphic interpretation of the availability notion is shown in Figure 3.8. 
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Figure 3.8  The graphic interpretation of the availability 

 

To find the values )( nVP  we need the following notations 

 

nn XXXS +++= ...21
'  ,  ( ) ( )xFxSP nn =£'   (3.18) 

and 

 

nn YYYS +++= ...21
''  ,  ( ) ( )yGySP nn =£'' ,  for   ...2,1=n . (3.19) 

 

The variables '
nS  and ''

nS  represent system cumulative times of functioning and failure 

respectively. The interpretation of random variables '
nS  and ''

nS  is shown in Figure  3.9. 
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Figure 3.9  The cumulative lifetime and failure time of the system 

 

The distributions of the lifetime ( )xFn  and failure time ( )yGn  can be found by n-times 

convolution operation. 

 

For  2=n  we get 

( ) ( ) ( )� -=
t

xdFxtFtF
0

2 ,    (3.20) 

( ) ( ) ( )� -=
t

ydGytGtG
0

2 .   (3.21) 

For 3=n  we have 

( ) ( )tXXXPtF £++= 3213 ,   (3.22) 

( ) ( )tYYYPtG £++= 3213 .   (3.23) 

Since from formulae (3.18) and (3.19) it follows that 

 

                            21
'
2 XXS += ,  21

''
2 YYS += ,   (3.24) 

then 

( ) ( ) ( ) ( )� -=£+=
t

xdFxtFtXSPtF
0

23
'
23 ,  (3.25) 

( ) ( ) ( ) ( )� -=£+=
t

ydGytGtYSPtG
0

23

''

23 .  (3.26) 
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Proceeding in a similar way, for any n, we get the final form as 

 

( ) ( ) ( )� -= -

t

nn xdFxtFtF
0

1 ,    (3.27) 

( ) ( ) ( )� -= -

t

nn ydGytGtG
0

1 ,       ...3,2=n   ,  (3.28) 

 

where ( ) ( )xFxF =1  and ( ) ( )yGyG =1 . Moreover, since '''''
nnn SSZ += , then 

 

( ) ( ) ( ) ( )� -=£=F
t

nnnn udGutFtZPt
0

'' ,  ...2,1=n ,  (3.29) 

where ( )tnF  denotes the distribution of the random variable ''
nZ . 

 

To determine )(tA  we separately compute the probabilities of ( )0VP  and ( )�
¥

=1n
nVP .  

 

As for 0³t  it is 

 

{ } { }1

'

1

''

00 0 XtZtZV <£=<£= ,   (3.30) 

so 

 

( ) ( ) ( ) ( )tFtXPtXPVP -=£-=>= 11 110 .        (3.31) 

 While we find ( )nVP , for ...2,1=n  , using the formula of total probability 

 

( ) ( )
( )

[ )[ ] ( ) ,,
0

1

''

1

''''

'

1

''

� ->×+Î=

=+<£=

=<£=

+

+

+

t

nn

nnn

nnn

xtXPdxxxZP

XZtZP

ZtZPVP

      (3.32) 

then 

( ) ( )[ ] ( )� F--=
t

nn xdxtFVP
0

1 .                (3.33) 
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The availability is computed as the sum of probabilities of exclusive events 

 

( ) ( )[ ]
( ) ( ) ( ) .

1

1
0

0
��

¥

=

¥

=

+==

===

n
n

n
n VPVPVP

tPtA a
       (3.34) 

Replacing (3.31) and (3.33) to (3.34) we obtain 

 

    ( ) ( ) ( )[ ] ( )xdxtFtFtA n
n

t

F--+-= � �
¥

=1 0

11 ,   (3.35) 

then 

( ) ( ) ( )[ ] ( )
�
�

��
� F--+-= ��

¥

=10

11
n

n

t

xdxtFtFtA .              (3.36) 

Finally the availability of the system takes the following form 

 

      ( ) ( ) ( )[ ] ( )� F--+-=
t

xdHxtFtFtA
0

11 ,    (3.37) 

where 

( ) ( )�
¥

=
F F=

1n
n xxH     (3.38) 

is a function of a renewal stream made of  the renewal moments of the navigational 

system. 

The colloquially understood availability of the navigational system can be referred to any 

time interval in which it is estimated (mostly in an empirical way). However, the most 

competent representation of the availability is its limiting value, which is defined as an 

availability coefficient - A. Therefore A  can be written as follows 

 

[ ] ( ) ( ) ( )[ ] ( )
�
�
�

�
�
�

--+-==== � F¥®¥®¥®

t

ttt
xdHxtFtFtAtPA

0

11limlim1)(lim  a .  (3.39) 

Since ( )[ ] 01lim =-
¥®

tF
t

 then we get 
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( )[ ] ( ) .1lim
0 �

�
�

�
�
�

--= � F¥®

t

t
xdHxtFA     (3.40) 

To estimate the value of A  we use the fundamental theorem of the renewal theory 

(Kopocinski B., 1973): 

  

Theorem 1. (Smith) 

If the time between failures has an aperiodic distribution then the renewal function in a 

simple renewal stream satisfies the condition: 

 

( ) ( ) ( )��
¥

¥®
=-

00

1
lim duugudHutg

t

  
t q

,   (3.41) 

where q  is the finite expected value of  distribution ( )xF  and RRg ®:  is an integrable 

function in the interval [ )¥,0 . 

 

Using Theorem 1 we find the availability coefficient of the navigational system replacing 

( )tg  with )(1 tF-  and q  with ( ) ( )YEXE +  obtaining 

( )
( ) ( )

( )[ ]

( ) ( )
( ) , 

1

1 
1

lim

0

0

�

�
¥

¥

¥®

+
=

=-
+

==

duuR
YEXE

duuF
YEXE

tAA
t

   (3.42) 

where ( )uR  is a reliability function. 

From  

( ) ( )XEduuR =�
¥

0

,     (3.43) 

it follows that 

( )
( ) ( )YEXE

XE
A

+
= .    (3.44) 

Analogous relation can be found in (IALA, 1989), namely a statistical estimator of A. It is 

given there by the formula 
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MTTRMTBF
MTBF

tyavailabiliA
+

==ˆ ,    (3.45) 

 

where MTBF  denotes Mean Time Between Failures and MTTR denotes Mean Time To 

Repair. 

 

Evolving in (3.45) 

n
XXXX

MTBF n++++
=

...321 ,   (3.46) 

n
YYYY

MTTR n++++
=

...321 ,    (3.47) 

we get 

n
YYYY

n
XXXX

n
XXXX

A
nn

n

n ++++
+

++++

++++

=
......

...

ˆ
321321

321

 .  (3.48) 

Due to the strong law of large numbers, with ¥®n  

 

( )XE
n

XXXX n ®
++++ ...321  with the probability equal to 1 (3.49) 

and 

( )YE
n

YYYY n ®
++++ ...321   with the probability equal to 1.  (3.50) 

Hence, for ¥®n  

( )
( ) ( )YEXE

XE
AAn +

=®ˆ  with the probability equal to 1.   (3.51) 

As we see AAn »ˆ  for the large n.  

The well known, from literature, dependence (3.51) is very useful for computing the 

component availability of the navigational system based on statistical analysis of run of the 

process, the registered data or the measure campaign. For the navigation process 
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understood generally this statistical estimation (IALA, 1989; Department of Defense, 1993 

and 2001) corresponds to an observation in the interval [ ]T,0 , which can be rewritten as 

( )�=
T

av dttA
T

A
0

 
1 ,     (3.52) 

where avA  means the average availability of the navigational system in the interval [ ]T,0 . 

For navigational systems a single-day statistics (Department of Defense, 2001) or thirty-

day statistics (Department of Defense, 1993) are typical periods of time. 

 
The division, offered above, of both of the availability measures (3.37) and the availability 

coefficient (3.44) of the navigational system is a general model referred to the probabilistic 

characteristics described by means of the distributions (3.7), (3.8) and the expecting 

values (3.9), (3.10). This model can be applied in mathematical modeling of the 

navigational structure components, their groups, subsystems or navigational systems. 

 

3.5.4 Reliability of the navigational system 

 

Analogous to the availability we determine the reliability of the navigational system in the 

interval of time [ )t+tt,  defined as the survival probability of a system. The graphic 

interpretation of the reliability notion is Figure 3.10. 
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Figure 3.10  The graphic interpretation of the reliability 
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To find the reliability value we consider the sequence of events nA  consisting in 

occurrence exactly n renewals of the availability in [ )t+tt, . Moreover, in that time interval 

a loss of the availability did not occur. Notice that the events nAAA ,...,, 10  are pairwise 

mutually exclusive. Let us define an event B  consisting in fact that in the interval [ )t+tt,  

the component is available. Then 

 

n
n

AB
¥

=
=

0
�      (3.53) 

and  

( ) ( )

( ) ( ) ( ) .

,

1
0

0

0

��
¥

=

¥

=

¥

=

+==

=�
�
�

	


�==

n
n

n
n

n
n

APAPAP

APBPtR �t
           (3.54) 

 

From (3.16), for ...2,1=n  , we can write 

 

             { }1
''''

++<+<£= nnnn XZttZA t     (3.55) 

and hence 

( ) ( )1
''''

++<+<£= nnnn XZttZPAP t .   (3.56) 

From independence of events ''
nZ  and 1+nX  it follows that 

 

( ) [ )( ) ( )

[ )( ) ( )[ ] ,1,

,

1

''

0

1

''

0

xtXPdxxxZP

xtXPdxxxZPAP

nn

t

nn

t

n

-+£-×+Î=

=-+>×+Î=

+

+

�

�

t

t
  (3.57) 

then 

( ) ( )[ ] ( )xdxtFAP n

t

n F-+-= �  
0

1 t .   (3.58) 

Hence 
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( ) ( ) ( )

( ) ( )[ ] ( )

( ) ( )[ ] ( ) . 11

 1

,

10
1

1 0
1

1
0


�
�

��
� F-+-++£-=

=F-+-++>=

=+=

��

� �

�

¥

=

¥

=

¥

=

n
n

t

n
n

t

n
n

xdxtFtXP

xdxtFtXP

APAPtR

tt

tt

t

  (3.59) 

 

Taking into consideration (3.38) we obtain 

 

( ) ( ) ( )[ ] ( )� F-+-++-=
t

xdHxtFtFtR
0

11,  ttt .   (3.60) 

Similarly to the availability we estimate the limit 

 

     ( ) ( ) ( )[ ] ( )

�

�
�
�

�
-+-++-= � F¥®¥®

t

tt
xdHxtFtFtR

0

11lim,lim  ttt .  (3.61) 

It is obvious that 

( )[ ] 1lim =+
¥®

ttF
t

,    (3.62) 

so 

( )[ ] 01lim =+-
¥®

ttF
t

.    (3.63) 

Hence and from Theorem 1 it follows that 

 

( )
( ) ( )

( )[ ] .  1 
1

,lim
0
�
¥

¥®
+-

+
= dxxF

YEXE
tR

t
tt         (3.64) 

Substituting ux =+t ; ¥<£ x0   and  ¥<£ ut  it is 

 

( ) ( )t=�= ux 0 ,    (3.65) 

                                       ( ) ( )¥®�¥® ux .      (3.66) 
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The final form of the limiting reliability is as follows: 

 

( )
( ) ( )

( )[ ]�
¥

¥®
-

+
=

t

t duuF
YEXE

tR
t

  1
1

,lim .      (3.67) 

 

3.5.5  The continuity of the navigational system 

 

Let us define the continuity of the navigational system as a probability that the 

system functions properly throughout the interval [ )t+tt,  under the condition that the 

system is available at the moment .t  

 

The graphic way of presenting the functioning continuity of a system is shown in 

Figure 3.11. 
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Figure 3.11  The graphic interpretation of the continuity 

 

To determine the continuity let us consider two events: 

1. An event { }1)( == tD a  consisting in fact that a system is available at the moment .t  
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2. An event { ,1)( == tE a  ( ) 1=xa  for [ )}t+Î ttx ,  consisting in fact that a navigational 

system was available in the interval [ )t+tt,  and in that period of time a change in 

state (loss of the availability) did not occur.  

 

Define the functioning continuity as a conditional probability 

 

( ) ( )DEPtC /, =t .    (3.68) 

Notice that DE Ì . Hence and from the conditional probability formula we get 

 

( ) ( ) ( )
( )

( )
( )DP
EP

DP
EDP

DEPtC =
Ç

== /,t .   (3.69) 

From (3.40) and (3.60) 

 

( ) ( )t,tREP =    and   ( ) ( )tADP = ,   (3.70) 

then the formula of the functioning continuity of the navigational system takes the following 

form: 

 

( )
( ) ( )[ ] ( )

( ) ( )[ ] ( )�
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F

F

--+-

-+-++-
= t

t

xdHxtFtF

xdHxtFtF
tC

0

0

11

11
,

 

 tt
t .  (3.71) 

 

Similarly to reliability and availability we estimate the limiting continuity for ¥®t : 

 

( )
( ) ( )[ ] ( )

( ) ( )[ ] ( )
.  

11lim
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,lim
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xdHxtFtF
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tt
t   (3.72) 

Using (3.40) and (3.67) we have 
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( ) ( ) ( )

( )[ ] ( )
�
�
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�
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-
+=

�

�

F¥®

¥

¥® t

t

t

xdHxtF

duuF
YEXEtC

0

1lim

])(1[
1

,lim tt .   (3.73) 

As (2.44) takes place then  

 

( ) ( ) ( )
( )[ ]

( )
( ) ( )YEXE

XE

duuF
YEXEtC

t

+

-
+=

�
¥

¥®

tt
 1

1

,lim    (3.74) 

and finally 

 

( )
( )

( )[ ]�
¥

¥®
-=

t

t duuF
XE

tC
t

 1
1

,lim .   (3.75) 

 

The relationship between reliability, availability and continuity of the navigational system 

follows from (3.71) and (3.74): 

 

( ) ( ) ( )tt ,, tCtAtR ×= ,    (3.76) 

( ) ( ) ( )tt ,limlim,lim tCtAtR
ttt ¥®¥®¥®

×= .   (3.77) 

 

The dependence presented is meaningful because it enables recalculations between the 

criteria discussed, which leads to combining them to a uniform model. 
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3.5.6.  Availability, reliability and continuity of  the navigational system with the 

exponential distributions of life and failure times  

 

Typical realizations of the operating time of the navigational systems are characterized by 

the exponential distributions of the lifetime and the time of failures due to the property 

called the ”memoryless” property (Grabski F., 1981): 

Theorem 2. 

If  T is the life length of a component having exponential life distribution with the  function 

density: 

,  for 0>t , 
( )

�
�
�

=
-

0

te
tf

ll
 

,  for 0£t  

  (3.78) 

and 

,  for 0>t , 
( )

�
�
� -

=
-

0

1 te
tF

l

 
,  for 0£t , 

     

(3.79) 

 

where l  is a strictly fixed positive parameter called failure rate, then 

  xetTPtTxtTP l-=>=>+> ][]|[ ,   (3.80) 

for all x ³ 0 , independent of  t. 

 

This property tells us that a used exponential component is essentially “as good as a new 

one”. This property has important practical and theoretical consequences. Assuming the 

exponential life distribution it follows that (Barlow R. E.; Proshan F., 1975): 

1. since a used component is as good as a new one (stochastically), there is no 

advantage in following the policy of planned replacement of used components 

known to be still functioning, 
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2. in statistical estimation of mean life, percentiles, reliability, and so on, data may be 

collected consisting only of the number of periods of time of observed life and of the 

numbers of observed failures; the ages of components under observation are 

irrelevant. 

Denote 

,  for 0>t , 
( )

�
�
� -

=
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0

1 te
tG

m

 
,  for 0£t , 

    

(3.81) 

 

where m denotes renewal rate. 

Below we determine each of the criteria considered putting the dependences (3.79) and 

(3.81) in the places of distributions of the life and failure times. 

 

3.5.6.1. Availability 

 

From (3.37) and (3.79) we get 
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  (3.82) 

 

where ( )tAexp  denotes  the availability of the navigational system in the case of the 

exponential life and failure times distributions. 

 

To estimate the value of ( )xHF  it is necessary to use Laplace transform. Notice that the 

transforms of the life and failures density for the exponential distributions are as follows 

(Bobrowski D., 1985): 
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=
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( )
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=
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sg~ ,     (3.84) 

where ( )sf
~

 is a density transform of lifetime, and ( )sg~  is a density transform of failure time. 

Determine the renewal density on the basis of its Laplace transform (Bobrowski D., 1985): 
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then 
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Replacing (3.86) to (3.82) we have 
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And finally we obtain 
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then 
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Hence 
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3.5.6.2. The availability coefficient 

 

From the properties of the exponential distribution 
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l
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exp =iXE ,     (3.91) 

( )
m
1

exp =iYE  for ,...2,1=i ,   (3.92) 

where ( )iXEexp  is an expected value of the exponential life distribution and ( )iYEexp  is  an 

expected value of the exponential failure distribution. 

 

Hence and from (3.44) it follows that 
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where expA  denotes the availability factor of the navigational system with the exponential 

life and failure times distributions. 
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3.5.6.3. Reliability 

As 
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exp  11, ttt ,  (3.94) 

where ( )t,exp tR  denotes the reliability of the navigational system with the exponential life 

and failure distributions. Taking into account (3.79) we get 
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Hence we have  
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As  
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finally we obtain 
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3.5.6.4. The limiting reliability value 

 

Compute the limit: 
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3.5.6.5. Continuity 

 

Because (3.71) takes place then 
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where ( )t,exp tC  denotes the continuity of the navigational system with the exponential life 

and failure distributions and  hence 
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and finally 
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3.5.6.6. The limiting continuity value 

 

Compute the limit: 
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Since 0
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 then the final form of the limit is equal to 
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It is obvious that the dependences (3.76) and (3.77) between availability, reliability and 

continuity for a particular model (with the exponential life and failure times distributions) 

are also satisfied: 
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4. Performance Parameters and testing of Navigation al Equipment and 

Receivers 

 

GNSS receiver determines four basic variables: longitude, latitude, height and time. 

Additional information like speed, direction of moving object, number of satellites, PDOP, 

area of field, perimeter and many more parameters can be computed on the basis of these 

four components. 

 
4.1 Performance Parameters of GNSS receiver. 
 
 

Accuracy . 

 The position (and velocity, course etc...) calculated by a GPS receiver requires the 

measured delay of the received signal, the current time and the position of the satellite. 

The position accuracy is primarily dependent on the satellite position (satellite geometry) 

and signal delay. Single frequency, standalone receiver accuracy (5-10 meters) seems to 

be sufficient for low-end demonstrator. For high-end demonstrator until Galileo is not 

operational, ground station corrections are essential in obtaining accuracy required -  

better than one meter for spraying and centimeters for most demanding applications. 

 

Number of parallel channels . 

 In most cases signal from seven or eight satellites are available at any given time. For this 

reason today’s receivers typically have at least twelve parallel channels. Some channels 

being used for tracking and remainder for acquisition of new satellites. We can observe 

trend in receiver design to use channels to receive signal from all available satellites. The 

accuracy of a receiver is directly proportional to the number of channels it uses to collate 

data. 
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Signals.  

 
Most civilian receivers are single frequency receivers (access only the L1 frequency). Dual 

receivers access both L1 and L2.  Code selections. All GPS receivers are designed to use 

the C/A (Clear or Coarse acquisition) code. Only this code is accessible for civilian users. 

Each C/A-code is unique sequence of 1023 bits, which is repeated each millisecond. 

Under the GPS modernization program, additional navigation signals will be broadcast. 

  

DGPS/EGNOS (WAAS) capability . 

Many of the errors affecting the measurement of satellite range can be completely 

eliminated or at least significantly reduced using differential measurement techniques. 

Therefore Differential GNSS is useful technique for improving accuracy of satellite 

positioning. Many important applications require greater than 10 meters accuracy, for this 

reason DGNSS are used. WAAS/EGNOS: Wide Area Augmentation System/European 

Geostationary Navigation Overlay Service is a network of geostationary satellites and 

ground stations that improve the accuracy of location detection. WAAS enabled receivers 

have an accuracy of around 3 meters. 

 

Other significant parameters :  

- hot, warm and cold start, 

- maximum acceleration, 

- sensitivity, 

- resistance to disturbing signal, 

- battery life 

- operating temperature 

- waterproof/sand and dust 

- shock vibration 

As soon as EGNOS is fully operational it should be used by mobile receivers used in 

agriculture, giving accuracy of better than 3 meters. 
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The following recommended and desirable technical specifications of a measurement 

equipment/receiver to be used for agriculture broad  use:    

a) 12 parallel channels, 

b) option to connect an external antenna, 

c) differential correction receipt from EGNOS system, 

d) DGPS correction receipt in RTCM format, 

e) positioning interval - 1 second, 

f) serial port RS232,  USB or Bluetooth for communication with PC computer, 

g) NMEA protocol support, 

h) measurement result recording and visualisation, 

i) good quality graphic display, 

j) memory card enabling measurement result saving from at least 1 last week, 

k) power supply sufficient for at least 8 hour continuous operation, 

l) operating temperature: from -10 up to +40ºC, 

m) casing – resistant to vibration and shock, dust tight and watertight (weather 

condition proof), 

n) adequate system of sound/visual notification and warning (e.g. upon position 

loss).  

 

4.2 Importance of GNSS receivers/equipment testing 

The availability of different equipment and techniques for rapid area measurements has 

become diverse in recent years. Tools can range from relatively cheap (€ 100) up to 

considerable investment (~€10 000 for differential GPS).  However, all stakeholders – the 

Commission, Member States and farmers – need assurance that the tools on offer are 

able to perform to acceptable standards. (Kay S., Sima A., 2007).  

A further motivation for testing, certification and validation of GNSS equipment, in Member 

States where such legislation might be considered pertinent, is compliance with EU 

Directive 2004/22/EC on measuring instruments. As is noted in the pre-amble of this text: 
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Correct and traceable measuring instruments can be used for a variety of measurement 

tasks. Those responding to reasons of public interest, public health, safety and order, 

protection of the environment and the consumer, of levying taxes and duties and of fair 

trading, which directly and indirectly affect the daily life of citizens in many ways, may 

require the use of legally controlled measuring instruments. 

 

Therefore, depending upon the transposition of this Directive into national law, there may 

be a specific legislative need to fulfill such obligations when using measurement tools in 

the context of subsidy management and control.  

 

4.2.1 Examples of receiver’s performance 

 

In this paragraph few examples of incorrect performance of some GNSS receivers of well 

known producers will be presented. 

 

In first example as shown in Figure 4.1 very strange positioning of GPS receiver was 

observed. The jumps in positioning are 110 km along parallel and 60 km along meridian.  

 

  

Figure 4.1 Example of strange jumps in GPS positioning - 6. 02. 2007 
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However very strange and not acceptable by any user of GNSS system this error is rather 

harmless, since the error is obvious and visible for a user at once. Much more complex are 

bugs and errors which are not visible and obvious. To detect such a failure many different 

performance tests should be undertaken.  

In the following example there is an answer from one of the leading producers of GNSS 

equipment concerning a bug in receivers algorithm: 

  
..… As I said earlier, .….. and …… calculate the area of an area feature by dropping the 

coordinates, regardless of elevation, onto a sphere whose radius is the average radius of 

the Earth (assuming it is a sphere). Over the weekend, they discovered that they  

were using the wrong value for the earth .  This error allowed the area calculation 

algorithm to compute areas that are approximately 0.5% smaller than they should be!  

What a surprise!  They will fix this in the latest version of …... and …... firmware.  As 

always, I do not know when they will release the new version.  A beta version could be 

available tomorrow …... or next month.  But I will let you know when I hear about the new 

versions of …..  

  
In above example the detection of faulty algorithm is very difficult, since the results are 

almost correct.  

 

 

Next example shows final results of the test performed according to proposed Validation 

Scheme and according to standards of ISO – 5725-2. However the performance of the 

receiver in general is very good and stable, and standard deviation of area measurements 

is very low, a systematic 1.5% overestimation can be observed in Figure 4.2. Possible 

error is probably in the algorithm of area calculation or algorithm which transforms WGS’84 

coordinates into Cartesian coordinates  (for example UTM).  
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Figure 4.2 Error in percentage of area measurement for six parcels used in the test 

 

The receiver was not tested for bigger parcels, but if the overestimation is systematic it will 

introduce 1.5 hectare of error for 100 hectares parcel. A maximum acceptable buffer of 

area measurement in EU regulations is at the moment 1 hectare. Additional tests should 

be performed in order to confirm or contradict above statement.  

 

As soon as EGNOS will announce Full Operational Capability (FOC) status, extra tests 

should be done in order to verify EGNOS performance. In example shown in Figures 4.3 – 

4.4 - two EGNOS accuracy graphs, during flight of Cessna aircraft on 11 April 2007, are 

presented.  
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Figure 4.3 Difference between OTF and EGNOS coordinates – U-Blox  
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Figure 4.4 Difference between OTF and EGNOS coordinates – Thales Mobile Mapper 
 
 

For U-Blox receiver EGNOS corrections were only available in the central  part of the 

flight. For Thales although EGNOS corrections were indicated during the whole flight, it is 

clearly visible that accuracy of central part of flight is significantly better. It seems like there 

is an error in EGNOS indication option in Thales receiver. 

 

Special procedures (4.2.3 and Deliverable 5.2) and experience of testing team is essential 

for detection of errors presented above. Special care must be taken when there is a 

suspicion of an error, sometimes modification of standard test or some extra tests would 

be required to certify and verify the receiver.   

 

 

4.3 Procedure of testing of GPS receiver 

 

4.3.1 Static test 

 

In the first phase of testing a long term static tests (e.g. 24 hours) on geodetic point with 

precise coordinates should be performed. These tests can give us an overview of receiver 

accuracy, continuity and reliability. It will show the receivers’ sensitivity on satellite 

constellation changes.  
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Static tests can and should be made for different positioning methods used in GNSS: 

- autonomous  

- DGPS (RTCM corrections) 

- EGNOS (corrections via geostationary satellite) 

- RTK (phase positioning for precision farming)  

The static tests are especially important for receiver validation to be used for precise 

farming where the absolute position of the tractor, harvester, etc. is essential. 

 
An example of static experiment performed in order to confirm the continuity, reliability and 

integrity of GPS/RTK system with GSM/GPRS data link is presented in Figure 4.5  

(Ciecko A., et al 2006).  The test was performed on the University’s reference station 

owned by the Chair of Satellite Geodesy and Navigation. The receiver set up at the station 

at well know coordinates made continuous observation first in DGPS mode and later in 

RTK mode.  

 

 

Figure 4.5 The results of the RTK test lasting for nine hours with very optimistic continuity 

of data transmission and very good positioning accuracy. 



 
 

Ref: FIELDFACT-WP5-UWM-DEL-5.1 

Issue: 2.0 Date: 24-OCT-2007 
METHODS AND PROCEDURES FOR TESTING 

OF GNSS EQUIPMENT / RECEIVERS  
Class: RESTRICTED Page 67 / 74 

 

 FIELDFACT  Contract Number: GJU/06/2412/CTR/FIELDFACT 
 

The corrections were sent from the second of Olsztyn’s station located just 2.7 km from 

the rover. The observation intervals varied from several up to 24 hours. The recording 

interval was set to 1 second in every case, so just for one hour there were 3600 epochs to 

analyze. In this case the static tests gave very good and optimistic results, however the 

lack of receiving of corrections was observed for several times, in general the wireless 

GPRS connection showed good stability. The lack of just few corrections very quickly 

affects the accuracy of RTK positioning. In the Figure 4.1 there is a graph of accuracy 

gained after nearly 9 hours of observation. The maximum deviation from the true position 

is around 6 cm in the whole time span of 9 hours observation. Just a 5-6 very short gaps in 

delivery of corrections can be very clearly seen on the graph and the rest of the positions 

had access to corrections and gave the accuracy of around 2 cm 

 

4.3.2 Kinematic test  

In order of examining the usefulness and accuracy of GNSS techniques in agriculture 

dynamic positioning a series of tests should be performed. The analyses can cover such 

GPS methods as: EGONS positioning, stand alone mode, OTF post-processing mode, 

RTK, DGPS in real time/post processing. Since no significant connection with the speed of 

the vehicle and accuracy of positioning was observed (Ciecko A., 2002) it is suggested to 

perform tests with the use of a car. During performance of test experiments some 

important factors of satellite positioning like: distance from the base station, number of 

satellites, PDOP, natural obstructions of the horizon should be taken into consideration.  

In order to determine accuracy of different GPS techniques, the precise and reliable 

reference position – “true position” – of the vehicle for every second of the movement  is 

needed. The “true” positions of the vehicle can be computed as an average of at lest three 

autonomous OTF post processed positions, determined from three reference stations. The 

computation should be made with the use professional surveying software, for example 

AOSS (Ashtech Office Suite for Survey) software. Three autonomous OTF post processed 

positions enable the computation of standard deviation (S.D.) for each epoch for every 

coordinate - B, L and h (ellipsoidal) using following formulas: 
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Having accurate and reliable trajectory of the vehicle (OTF technique gives centimetre 

level of 3D positioning accuracy) it is possible to determine the accuracy of EGNOS, 

autonomous, DGPS real time, DGPS post processing mode. 

An example of accuracy estimation of aircraft, car and pedestrian  trajectory with different 

GPS methods is presented in Figures 4.6 – 4.9 (Ciecko A., Oszczak S., 2003). The results 

cover such GPS methods as: RTK, DGPS in real time/post processing and stand alone 

mode. The experiments were performed in 2000-2002 (SA off) in different parts of Poland. 

The GPS observations were carried out with geodetic  Ashtech GPS receivers (Ashtech Z-

Surveyor, Ashtech Z-FX, Ashtech Z-XII). Multiple GPS reference stations were used 

during the experiments, located along the trajectory of moving objects.  
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Figure 4.6 Collation of average and maximum differences (errors) between “true 

coordinates” (OTF post processed) and phase real time positioning (RTK)   
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Figure 4.7 Collation of average and maximum differences (errors) between “true 

coordinates” (OTF post processed) and code real time positioning (DGPS)   
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Figure 4.8  Collation of average and maximum differences (errors) between “true 

coordinates” (OTF post processed) and code post processed positioning (DGPS)   
 
 

    

0

10

20

30

40

AN-2 Car Iskra -
Flight 1 

Iskra -
Flight 2

Iskra -
Flight 3

Iskra -
Flight 4

Walker

B [m]

L [m]

h [m]

     

0

10

20

30

40

50

AN-2 Car Iskra -
Flight 1 

Iskra -
Flight 2

Iskra -
Flight 3

Iskra -
Flight 4

Walker

B [m]

L [m]

h [m]

 
Figure 4.9  Collation of average and maximum differences (errors) between “true 

coordinates” (OTF post processed) and autonomous positioning  
 
 

4.3.3 Validation for on-the-spot checks  

 

For the equipment to be used for IASC system measurements, a special area 

measurements tests should be performed. Especially important is the equipment used by 

inspectors during on-the-spot checks. According to the European Commission’s 

recommendations - GPS validation scheme  (Kay S., 2002) test measurements should 

involve performance of 8 up to 10 independent (date-wise) sets of measurements, and for 

each such measurement set 2 up to 6 repetitions should be made. All measurement 

results, including those qualified by the operator as in major error, should be recorded.  
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There is also an extensive discussion on design of the validation of experiment in the 

report “Validation of methods for measurement parcel areas” (Hejmanowska B., Palm R., 

Oszczak S., Ciecko A., 2005).  

Because of the complicity of the problem there are still no final solution for validation, but 

there are a number of proposals and suggestions to be fulfilled.  

�  Parcels of different size should be measured, 

�  Parcels sets should composed by parcels with: good and bad borders (in GPS 

measurements obstructions of trees for example causing bad border), 

�  At least two kind of parcel size must be measured (small, large), 

�  Reference parcels areas should be measured using geodetic instruments, for 

example Total Station or geodetic RTK, cadastre parcel can be used with 

especially caution, 

�  Storing all data in GIS data base is suggested, 

�  It is not necessary to test skilled and unskilled operators, however operators 

should get extensive theoretical and practical training. 

�  All measurements shall be performed using kinematic method with measurement 

interval set at minimum 1 sec. – by going round parcel borders. 

 

Suggested work flow of field measurements 

�  Selection of reference parcels and measurements of: 

�  Area and perimeter of the parcels. 

�  Coordinates of all parcels’ vertexes. 

�  Statistical planning of experiments to avoid correlations between measurements. 

The sequences of measurements of each parcel should be planned according to 

statistical assumptions. 

�  Training of the operators. 



 
 

Ref: FIELDFACT-WP5-UWM-DEL-5.1 

Issue: 2.0 Date: 24-OCT-2007 
METHODS AND PROCEDURES FOR TESTING 

OF GNSS EQUIPMENT / RECEIVERS  
Class: RESTRICTED Page 71 / 74 

 

 FIELDFACT  Contract Number: GJU/06/2412/CTR/FIELDFACT 
 

�  Area and perimeter measurement by operators in a few series according to 

instructions given (if possible, storage of coordinates of parcel vertexes for all 

measurements) 

�  Controlling results of all measurements to avoid gross errors. 

 

After field data collection the data must be proper ly prepared for statistical analyses 

according to ISO – 5725-2 standard:  

 
�  Statistical outlier identification  

�  Mandel’s h and k statistics. 

�  Corchan’s test 

�  Grubb’s test 

�  Identifying of outliers 

�  Parcel area error calculation 

�  Relative area error analyze before and after suppression of observations 

�  Bias of the method assessment 

�  Variance components and reproducibility 

�  Calculation of standard deviation for all parcels 

�  Calculation of buffer and point position error (SDev/BH or SDev/BDK) 

�  Analysis of relationship between buffer and/or point position error and area of 

the parcels 

�  Modelling of buffer or/and point position error of the method 

�  Parcel area error prediction 

 

The area measurement test can be also performed for different positioning methods (to 

test the full range of GNSS techniques):  
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- autonomous  

- DGPS (RTCM corrections) 

- EGNOS (corrections via geostationary satellite) 

 

The detailed procedure of validation of GNSS receiver will be presented and described in 

next deliverable of Work Package 5 - Deliverable 5.2. 

 

 

5. Conclusions  

The report gives an overview of methods of position determination with GNSS 

systems. The performance parameters of any navigational system are discussed in detail. 

The procedures which are used for testing of navigational systems, receivers and 

equipment are presented. The extensive mathematical model presented in the report is an 

universal background for examination of performance of any satellite navigational service.  

Importance of GNSS receivers/equipment testing is presented with examples of inaccurate 

positioning and errors in receiver’s algorithms. 

Proposed methods and procedures for testing of GNSS equipment / receivers are 

discussed in detail with examples of static and kinematic experiments. Validation 

procedures for the receivers used for on-the-spot checks are briefly presented since 

detailed information on validation and certification will be given in deliverable 5.2. 

In spite of testing and validation of the GNSS equipment it must be stressed that proper 

qualification of the operator of the instrument is essential. Operators must understand „art 

& science” of the satellite measurement systems and they should  have proper education 

and experience concerning GNSS systems. The detailed programmed of training of 

operators will be given deliverable 5.5.   
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