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Abstract 

 

The European Galileo and the modernization of the current Global Positioning System 

(GPS) will substantially increase the available signals to Global Navigation Satellite 

Systems (GNSS) users. Past simulation studies have shown that Galileo performs better 

than the current GPS under high ionosphere conditions and for medium length reference-

rover separations when using the Single Reference Station (SRS) approach. When the 

baseline increases beyond 30 km, ambiguity resolution performance deteriorates, and 

carrier phase fixed integer ambiguity kinematic positioning becomes difficult to achieve 

for either system. The Multiple Reference Station (MRS) approach reduces the effect of 

correlated errors more effectively than the traditional SRS approach and hence provides 

better positioning accuracies over increased baseline distances. The Multiple Reference 

Station Tightly Coupled (MRS-TC) approach is an efficient MRS technique developed at 

the University of Calgary. This study extends past research through an evaluation of 

Galileo compared to GPS for the MRS approach. The focus is on an independent 

assessments of the MRS-TC approach dual frequency Galileo and a GPS using 24/27 

GPS/Galileo and 29/30 GPS/Galileo constellations, in terms of positioning accuracy and 

ambiguity resolution reliability. Several networks of varying sizes are analysed under 

different ionospheric conditions using a measurement simulation software system.  

 

The analysis shows that for all the simulated baselines and error levels, the MRS-TC 

approach applied to Galileo always offers the best results compared to SRS GPS and 

Galileo and the MRS-TC GPS cases. The study concludes that, for low ionospheric error 
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conditions, the MRS-TC for Galileo delivers reliable cm-level positioning errors for 

extended baselines up to 120 km, whereas for medium and high ionospheric conditions, it 

provides reliable cm-level positioning errors for baselines up to 90 and 30 km, 

respectively. For high ionospheric conditions and extended baselines beyond 30 km, none 

of the systems provide reliable results under the simulation conditions and algorithms 

used. These results obtained here are based on 24/27 GPS/Galileo and 29/30 GPS/Galileo 

constellations however they will vary depending upon the constellation, i.e. the number 

of satellites deployed for each system in the future since the ambiguity resolution 

performance is in part a function of the number available satellites. 
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Chapter 1 Introduction 

1.1 Background 

The U.S. Department of Defence (DoD) developed the Global Positioning System (GPS) 

to provide precise estimates of position, velocity, and time to users worldwide. The DoD 

approved the basic architecture of the GPS in 1973. The first satellite was launched in 

1978, and the GPS was declared operational in 1995. GPS has been widely used in 

civilian applications during the past few decades. However, the GPS integrity, 

availability, and accuracy still need further improvement for Real Time Kinematic (RTK) 

applications like surveying, geodesy, structural monitoring (of dams, buildings, etc.), and 

automated machine control, which always demand more and more accuracy (Enge 2003). 

A GPS modernization program was started in the late 1990’s to upgrade GPS 

performance for both civilian and military applications. The decrease of Selective 

Availability (SA) to 0 was the first step taken on May 1, 2000 and this enabled the 

improvement of the Standard Positioning Service (SPS) from a horizontal accuracy of 

75.0 to 22.5 m 95% of the time (Sandhoo et al. 2000). Further GPS modernization steps 

for civil users consist of the broadcast of a second civil signal on L2 (L2C), and a third 

civil signal on an additional civil frequency, namely L5. The first GPS satellite with L2C 

was launched on September 25, 2005 and the L5 signal will be introduced on a new 

generation of satellites called Block IIF, of which the first one is scheduled for launch in 

late 2007 or early 2008. The capabilities of RTK systems will be significantly boosted 
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with the availability of three carriers and will thus provide exciting new benefits for civil 

users.  

 

While GPS is undergoing modernization, the European community has been developing 

an independent and civilian satellite navigation system: Galileo, which is a joint 

undertaking of the European Commission (EC) and the European Space Agency (ESA). 

Modernized GPS and Galileo will be the parts of the 2
nd
 generation Global Navigation 

Satellite System (GNSS). The Galileo constellation is expected to consist of 30 satellites 

(27 active plus three active spare) evenly placed in three orbital planes with one-degree 

higher orbital inclination angle than GPS and it is expected to become operational by 

2010. Galileo users will be able to access three free-of-charge signals modulated on three 

frequencies, namely E1, E5b and E5a, through an Open Service (OS), which is expected 

to enable equivalent or even better positioning accuracy compared to modernized GPS 

(European Commission 2006a). 

 

A stand-alone GPS user can typically estimate location with accuracy better than 10 

metres. To improve positioning accuracy, the correlation property of GPS errors is 

utilised by means of carrier phase Differential GPS (DGPS), which uses a Single 

Reference Station (SRS) receiver at a known location to calculate and transmit the 

corrections to a roving user. For GPS, this SRS approach performs well under normal 

atmospheric conditions for baselines less than 30 km (Gao and Wojciechowski 2004). 

However, the approach does not provide reliable and precise solutions under high 

ionosphere conditions and for extended baselines since the carrier phase integer 
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ambiguities are difficult to resolve. This is mainly due to the reduction in the correlation 

of ionospheric errors (Misra and Enge 2006; Dao et al. 2004).  

 

To overcome the limitation of the SRS approach when using longer baselines, network-

based positioning methods were developed which use a network of reference stations to 

measure the correlated GPS errors (e.g. ionosphere and troposphere) over a region and to 

predict their effects spatially and temporally within the network. In case of a stand-alone 

GPS, this Multiple Reference Station (MRS) approach, also known as Network RTK has 

proven to reduce the effects of the correlated errors much better than the traditional SRS 

approach. It also allows the reference stations to be located further apart, thereby 

covering a larger service area than the traditional approach while still providing the same 

(or higher) level of performance (Raquet 1998; Wübbena 1996; Vollath et al. 2000).  

 

The MRS Tightly Coupled (MRS-TC) approach is a recently developed MRS algorithm, 

which combines all the L1 and L2 observations from the reference stations and the rover 

into one unique filter to estimate the rover positions. This MRS-TC algorithm has shown 

to provide more accurate position results than the traditional SRS and Least-Squares 

Collocation (LSQC) MRS approaches under both quiet and active ionospheric conditions 

(Alves 2004; Dao 2005).  

1.2 Motivation 

Two main findings from past studies motivate the need for this research. In the first series 

of research efforts, Alves (2001), Julien et al. (2003), Julien et al. (2004) and Zhang et al. 
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(2003) simulated GPS constellation consisting of 24 modernized GPS satellites and a 

Galileo constellation consisting of 27 active satellites as designed originally. Using these 

simulations they showed that in the case of the SRS approach, Galileo outperforms 

modernized GPS for single, dual and triple frequency cases, and for baselines up to 70 

km, mainly because of its greater number of satellites resulting in more measurements 

and better geometry. Until now, past studies have evaluated stand-alone Galileo and 

compared these results to stand-alone GPS, only for the SRS approach. Secondly the 

various MRS algorithms are very well evaluated for the dual frequency case in past 

studies only for stand-alone GPS. For example, the evaluation by Ahn (2005) showed 

that for stand-alone GPS, the network approach succeeds in making consistent 

improvements in the range of 9% to 22% over SRS in terms of reducing the effect of 

measurement errors on all observables. However the performance of MRS algorithms 

deteriorate in terms of positioning accuracy and ambiguity resolution with an increase in 

baselines beyond 100 km and in the case of high ionospheric conditions (Dao 2005).  

 

Since past studies have shown that stand-alone Galileo performs better than GPS for the 

dual frequency SRS approach, the intent herein is to determine what advantages Galileo 

can provide for the MRS dual frequency approach. Specifically, it needs to be determined 

if it will provide reliable results for extended baseline lengths and for high atmospheric 

conditions.  

 

Until now, studies have simulated the GPS constellation consisting of 24 modernized 

GPS satellites and a Galileo constellation consisting of 27 active satellites as designed 
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originally. However since there are 29 operational GPS satellites present in space (US 

Coast Guard 2006), and if all 30 Galileo satellites are set active then the new 

constellation will consist of 29/30 GPS/Galileo satellites. Hence, it needs to be 

determined if this new 29/30 GPS/Galileo constellation with a higher number of satellites 

will further improve results for extended baseline lengths and for high atmospheric 

conditions.  

1.3 Thesis Objectives and Scope of the Research 

The main purpose of this research is to evaluate stand-alone Galileo compared to GPS for 

the SRS and MRS approaches using dual frequency measurements, and to determine if 

stand-alone Galileo MRS can extend the maximum achievable baseline beyond 100 km 

to provide reliable kinematic positioning under different ionospheric conditions. This 

overall objective is subdivided into several sub-objectives, namely: 

1. To understand the modernized GPS and Galileo signals, their error sources, and 

possible phase combinations, 

2. To study various SRS and MRS algorithms used in kinematic positioning and the 

benefits offered by modernized GPS and Galileo for SRS ambiguity resolution, 

3. To evaluate and compare the performance of the SRS and MRS-TC techniques 

for stand-alone GPS and Galileo case using the SimGNSSII™ software simulator 

developed at the University of Calgary for baselines ranging from 30 km to 120 

km for different simulated ionospheric conditions using 24/27 GPS/Galileo 

constellations and to investigate if stand-alone Galileo with MRS-TC case can 

improve performance in terms of accuracy and reliability, 
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4. The same evaluation experiment described for 24/27 GPS/Galileo constellations 

discussed earlier is repeated using the 29/30 GPS/Galileo constellations to 

investigate if the results obtained with the first evaluation can be improved further 

because of an increased availability of satellites. 

 

In order to achieve these objectives, GPS and Galileo constellations were simulated, for 

four different MRS networks with baseline lengths from 30 km to 120 km. GPS and 

Galileo observations were generated for low, medium and high ionosphere levels for the 

simulated MRS networks. The processing of the simulated data was done in four different 

modes: SRS stand-alone GPS, SRS stand-alone Galileo, MRS-TC stand-alone GPS and 

MRS-TC stand-alone Galileo. The results obtained from simulation processing in four 

different modes were analysed and compared in terms of positioning accuracy and 

ambiguity resolution performance. This analysis leads to determine what improvements 

the MRS-TC stand-alone Galileo approach can provide over the other three approaches. 

 

Since stand-alone GPS MRS approaches have already been well evaluated through 

previous studies using dual frequency data, this study extends this work to the stand-

alone Galileo MRS dual frequency case. The next interesting step which is outside the 

objectives of this thesis would be to determine the advantages of stand-alone Galileo 

MRS for the triple frequency case. 

 

This study is simulation-based work and all the data processing is done in post mission 

mode, however the results will be informative for the real-time case. 
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1.4 Thesis Outline 

Chapter 2 gives an overview of the modernized GPS and Galileo in terms of 

performance, signals in space, and interoperability. It reviews GNSS differential error 

sources such as: satellite orbital errors, tropospheric errors and ionospheric errors. 

Various phase combinations and stochastic ionospheric modelling techniques currently 

used in GPS carrier phase positioning are also discussed. 

 

Chapter 3 presents a review of the SRS approach for kinematic positioning. It describes 

the Kalman Filtering (KF) estimation technique utilised in SRS positioning. It explains 

both dual frequency and triple frequency techniques for ambiguity resolution which can 

be used for modernized GPS and Galileo. It also discusses the benefits of modernized 

GPS and Galileo in terms of ambiguity resolution for the SRS approach. 

 

Chapter 4 describes the MRS algorithm for kinematic positioning and reviews existing 

approaches including the tightly coupled approach. It then discusses present MRS 

kinematic positioning performance with GPS using dual and triple frequency techniques. 

Chapter 5 presents the simulation approach employed in this study. It describes the 

GPS/Galileo SimGNSSII™ software simulator, the simulated GPS and Galileo 

constellations, four different simulated networks and the simulated error levels. It then 

details the test scenarios and data processing used in this study. 
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Chapter 6 first describes the Figures Of Merit (FOM) utilised in the analysis. It then 

presents and analyzes the results based on different test scenarios as explained in Chapter 

5 and the FOMs. Various comparison plots are generated and results are summarized at 

the end of the chapter. 

 

Finally, Chapter 7 draws conclusions from this research and makes recommendations for 

future work. 
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Chapter 2 GPS and Galileo Fundamentals 

2.1 GPS I and Modernization 

GPS has performed extremely well and has generally exceeded expectations in the past 

three decades, however some significant improvements are needed to satisfy both 

military and civil users (McDonald 2002). The goals of the GPS Modernization program 

are to protect the services for military users, to prevent adversaries from exploiting the 

system, and preserve civil use with enhancements (Swider 2001). The first GPS 

modernization step was the cancellation of Selective Availability (SA) in 2000 (Sandhoo 

et al. 2000). It was then followed by the launch of a satellite with the addition of a new 

military signal (M-code) and a second civil code on L2 (L2C) in September 2005. The 

first satellite with the third civil frequency (L5) is expected to be launched by 2008. 

Further modernization i.e. GPS III, will consist of new civil signal L1C proposed as 

common baseline L1 open service signal for GPS and Galileo. This signal is backward 

compatible to the present GPS L1 signal. GPS III will also support increased signal 

power levels, which will help to prevent jamming. The launch of GPS-III satellites with 

L1C is expected by 2013 (Alexander 2006). The assessment and design of a new 

generation of satellites to meet military and civil requirements will continue through 

2030. In addition, the Operational Control Segment (OCS) will continue to expand to 

improve the monitoring of signals and to predict satellite orbital positions and clock data 

in the satellite broadcast messages more accurately. 
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Figure 2.1 represents the GPS signals before September 2005, the present GPS signals 

and the proposed modernized signals. Table 2.1 lists the Modernized GPS signal 

frequencies, wavelengths and chipping rate. Table 2.2 includes a summary of the launch 

schedule of the modernized GPS satellites (Hothem 2006).  

 

 

GPS signals before  

September 2005: 

 

 

Present Signals:  

 

Signals after 

 Modernization: 

 

 

 

Figure 2.1 Comparison of the Present GPS Signals and the Post-Modernization GPS 

Signals (From ICDGPS-200C 2004)  

Table 2.1 Modernized GPS Signals 

Modernized GPS 

signals 

Frequency 

(MHz) 

Wavelength 

(m) 

Chipping rate 

(Mc/s) 

L1 1575.42 0.190 10.23 

L2C 1227.60 0.244 1.023 

L5 1176.45 0.254 10.23 

 

L1C 

L1C 

L1C L1C L1C L1C 
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Modernized GPS expects to enhance the performance in accuracy, integrity, continuity, 

and availability of current GPS due to following improvements: 

• Frequency Diversity: As shown in Table 2.1 modernized GPS users will have 

access to three civil signals rather than one. Thus, GPS modernization provides 

redundancies and robustness in the civil signal services to meet today’s increasing 

dependency on GPS and safety-of-life applications (Jan 2003). 

• Improved Ionospheric Delay Measurement: Presently ionosphere delays can be 

estimated with the semi-codeless cross correlation on L2. However, it can 

introduce a bias (Litton et al. 1996). A multi-frequency GPS user can directly 

estimate the frequency dependent ionosphere error using the available multi-

frequency measurements. This leads to robust ionosphere estimation, and reduces 

the User Equivalent Range Error (UERE) to about 2 m, which will enable the 

Standard Positioning Service (SPS) stand-alone horizontal accuracy to be 

improved to 3 to 8 m, 95% of the time (McDonald 2002). 

• Improved Satellite Clock and Ephemeris: The New and Improved Clock and 

Ephemeris (NICE) will further reduce the GPS satellite clock and ephemeris errors 

to approximately 1.2 m, so that the SPS horizontal accuracy will be further 

improved to 2 to 5 m 95% of the time (Perz 2004; Rodriguez et al. 2004).  

 

With the increased signal power in GPS-III and technology advancement in the reduction 

of code noise and code multipath, further improvement in the GPS SPS performance is 

expected (Zhang 2005). 
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Table 2.2 GPS Modernization Program (Alexander 2006) 

Activity 
Implementation Date 

 

SA set to zero May 2000 

GPS IIR-M Enhancements 

- New L2 civil (L2C) signal 

- M-code on L1 & L2 

 

1st satellite operational on 

December 16, 2005 

 

2nd Launch 14 Sept. 2006 

GPS IIF Enhancements 

- L2 civil (L2C) signal 

- M-code on L1 & L2 

- New L5 civil signal 

1st launch currently scheduled 

for May 2008 

GPS III Enhancements 

- L2 civil (L2C) signal 

- M-code with greater power 

- L5 

- New L1C civil signal 

1st launch ~ 2013 

OCS Enhancements On going 

 

2.2 Galileo 

The Galileo constellation will comprise of satellites in a Medium Earth Orbit (MEO) and 

its associated ground segment, and it will be the European contribution to the Global 

Navigation Satellite System (GNSS). Galileo is being designed as an independent system 

but at the same time, this design is optimized for use with other systems, notably GPS 

(European Commission 2006b). It will be a civil system, operating under public control 

and jointly managed and financed by the European Commission (EC) and the European 

Space Agency (ESA). 

2.2.1 Status of the Galileo Project 

Since the 1990s, the EC and ESA began preparatory activities in order for Europe to have 

its own global satellite navigation system for better and guaranteed coverage over 



  

 

13 

northern Europe. This navigation system named Galileo and it is to be realised in three 

phases: project definition, development and implementation. The Galileo Definition 

Phase was carried out in the year 2000. A tentative Galileo frequency and signal plan 

(Hein et al. 2001) was then published and has been the baseline for the development of 

Europe’s satellite navigation system. The development phases of Galileo were decided in 

2002. The Galileo frequencies and signals were redefined in the same year to incorporate 

compatibility and interoperability with GPS, and another frequency and signal plan was 

published (Hein et al. 2002). In mid 2004, a few more important changes were carried out 

in the waveforms on the L1 and E6 signals as a consequence of the agreement made 

between the US and EU in the same year (Rodriguez et al. 2004). In addition, the orbit 

selection for the Galileo constellation was finalized and published in Zandbergen et al. 

(2004). The first experimental In-Orbit Validation (IOV) GIOVE-A Galileo satellite was 

launched in December 2005 (GPS World 2006a). The development of the IOV satellites 

and ground segment is on-going and the IOV satellites and the IOV ground segment will 

be deployed before the end of 2008.  

 

The performance objectives of Galileo in terms of position accuracy and availability are 

geared to be competitive with respect to existing GNSS’s and further planned evolutions 

(European Commission 2006a). Based on a 10-degree mask angle and global availability 

99.8% of the time, the Galileo OS horizontal and vertical accuracies are expected to be 4 

m and 8 m (95%) respectively (European Commission 2006b).  
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The development of Galileo consists of three phases: 

• Development and Validation: During this first phase (2002 to 2005), the mission 

requirements were consolidated, the satellites and ground-based components were 

under development, and the overall IOV of Galileo was IVO includes the delivery 

of the first four satellites in the Galileo constellation of 30, along with a number 

of ground control and monitoring stations. The first Galileo prototype satellite 

was launched in December 2005. 

• Deployment phase: Presently Galileo is in the deployment phase (2006-2007) 

which covers the entire network of ground infrastructure and the launch of the 

remaining Galileo satellites. 

• Commercial operation: The third phase will start in 2008, whereby the whole 

system will become commercially operational. The information contained in the 

Galileo Open Service Signal In Space Interface Control Document (SIS ICD) is 

now made available to the public by the Galileo Joint Undertaking (GJU), an 

undertaking jointly created by the European Commission and the European Space 

Agency (ESA and GJU 2006). 
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Figure 2.2 Galileo Frequency Plan (ESA and GJU 2006) 

2.2.2 Galileo Signals in Space 

Galileo will provide 10 signals in the frequency ranges 1164-1215 MHz (E5A and E5B), 

1260-1300 MHz (E6) and 1559-1591 MHz (E1), in the Radio-Navigation Satellite 

Service (RNSS) and Aeronautical Radio Navigation Services (ARNS), allocated 

frequency bands (ESA and GJU 2006). Figure 2.2 describes the selection of these signals. 

Out of these ten signals, four signals will be transmitted in the frequency range 1164-

1215 MHz (E5a-E5b), three signals will be transmitted in the frequency range 1260-1300 

MHz (E6), and the last three signals will be transmitted in the frequency range 1559-1591 

MHz (L1). Among those signals, six will be accessible to all Galileo civil users on E5a, 

E5b and L1 as an Open Service (OS). Two signals on E6 with encrypted ranging codes 

will only be accessible to some commercial users, and the remaining two (one in the E6 

band and one in the E2-L1-E1 band) with encrypted ranging codes and data will be 
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accessible to authorized users of the government approved Public Regulated Service 

(PRS). The details of the each Galileo signal characteristic are as shown in the Table 2.3. 

 

Table 2.3 Galileo Signal Characteristics (European Commission 2006b) 

Signals 

Id. 
Signals 

Central 

Frequency 

Frequency 

Modulation 

Chipping 

Rate 

Code 

Encryption 
Data Rate 

Data 

Encryp

tion 

1 

Data Signal In 

E5A 

 

1176 MHz 

 

BPSK(10) 

 

10 Mcps 

 
No 

50 Sps/25 Bps 

 
No 

2 

Pilot Signal In 

E5A 

 

1176 MHz 

 

BPSK(10) 

 

10 Mcps 

 
No 

No Data 

 

No 

Data 

3 

Data Signal In 

E5B 

 

1207 MHz 

 

BPSK(10) 

 

10 Mcps 

 
No 

250 Sps/125 Bps 

 
No 

4 

Pilot Signal In 

E5B 

 

1207 MHz 

 

BPSK(10) 

 

10 Mcps 

 
No 

No Data 

 

No 

Data 

5 

Spilt-Spectrum 

Signal In E6 

 

1278 MHz 

 

BOC(10,5) 

 

5 Mcps 

 

Yes – 

Governmental 

Approved 

250 Sps/125 Bps 

 
Yes 

6 

Commercial Data 

Signal In E6 

 

1278 MHz 

 

BPSK(5) 

 

5 Mcps 

 

Yes - 

Commercial 

 

1000 Sps/500 

Bps 

 

Yes 

7 
Commercial Pilot 

Signal In E6 

1278 MHz 

 
BPSK(5) 

5 Mcps 

 

Yes - 

Commercial 

No Data 

 

No 

Data 

8 
Spilt-Spectrum 

Signal In L1 

1575 MHz 

 

BOC(N,M) 

 

M Mcps 

 

Yes – 

Governmental 

Approved 

250 Sps/125 Bps 

 
Yes 

9 Data Signal In L1 
1575 MHz 

 

BOC(2,2) 

 

2 Mcps 

 
No 

250 Sps/125 Bps 

 
No 

10 
Pilot Signal In L1 

 

1575 MHz 

 

BOC(2,2) 

 

2 Mcps 

 
No 

No Data 

 

No 

Data 

 

2.3 System Compatibility and Interoperability 

Galileo is being designed as an independent GNSS, providing Position, Velocity and 

Time information (PVT) in combination with an assessment of the quality of the 

provided information to users as well as support to the COSPAS-SARSAT Search and 
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Rescue system through broadcasts of alert messages (Leonard et al. 2002). This 

information is provided through different signals allocated for different services like the 

OS, the Commercial Service (CS), the Safety-of-Life service (SOL), the Publicly 

Regulated Service (PRS) and the Search and Rescue Service (SAR). With demanding 

user requirements, the combined use of Galileo with other existing Satellite Navigation 

Systems, notably GPS, is a key driver to gain access to the future GNSS market (Leonard 

et al. 2002). Hence, Galileo is being designed as an independent system but at the same 

time, this design is optimized for use with other systems. To facilitate interoperability of 

Galileo with GPS at the receiver level, different studies have identified the following 

main interoperability issues (European Commission 2006a):  

a) Signals in Space 

b) Constellation 

c) Time reference frame 

d) Geodetic datum 

These four issues regarding the compatibility and interoperability of Galileo and GPS 

from a system architectural design level were discussed in Dellago et al. (2003a, 2003b). 

Fyfe et al. (2002), Miller et al. (2004), Ganguly et al. (2004) and Spiller et al. (2001) 

discuss the range of applications such as telecommunications systems, civil aviation, and 

vehicle navigation, etc. and possible user benefits that can be gained from a hybrid of 

complementary and compatible GPS/Galileo services. An agreement signed in June 2004 

between the US and EC ensures non-interference and compatibility between the GPS and 

Galileo. Key elements of the agreement include (GPS World 2004): 
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• A Common signal structure for future open services, and a suitable signal 

structure for the encrypted Galileo Public Regulated Service (PRS), and 

• Confirmation of interoperable time and geodetic standards to facilitate the joint 

use of GPS and Galileo.  

 

2.4 GNSS Observables and Error Sources  

Two observables, namely the pseudorange and carrier phase, are mainly utilised while 

estimating the position with any GNSS. The pseudorange observable is determined by 

measuring the difference between the transmission time and reception time of the satellite 

signal. The observation equation relating the pseudorange observable P in unit of length 

(usually metres) in terms of time difference is expressed as (Spilker and Parkinson 1994): 

 

 

 )( TtcP −== ρ  (2.1) 

Using the user and satellite coordinates, the geometric range measurement can be 

expressed as:  

 

222 )()()( zzyyxx sss −+−+−=ρ
 

(2.2) 

 

where ),,( sss zyx  are the three components of the satellite coordinate, and ),,( zyx is the 

unknown user position defined as the receiver antenna phase centre coordinate, which 

needs to be estimated. Both satellite and receiver coordinates are referred to the Earth-

Centred-Earth-Fixed reference frame (WGS84). t  is the time of signal reception in 

seconds, and T is the time of transmission in seconds, whereas c is the speed of light in 
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metres per second. Equation (2.1) is a theoretical expression and in practice, the GNSS 

signal is corrupted by many error sources. These include the satellite clock error, satellite 

coordinate error, and atmospheric effects (including tropospheric and ionospheric 

components); therefore, the complete equation relating the pseudorange in metres and the 

unknown error parameters is given by: 

 

pdddTdtcdP tropion ερρ +++−++= )(

 

(2.3) 

where, ρd  is the satellite orbital errors in metres, tropd  is the tropospheric delay in 

metres, iond is the ionospheric delay in metres, dt is satellite clock offset in seconds, dT is 

receiver clock offset in seconds and pε  is the effect of pseudorange noise plus multipath 

in metres (Wells et al. 1986).  

 

Similarly the carrier phase observation,Φ  in metres can be given as: 

 
φελρρ ++−+−++=Φ tropion ddNdTdtcd )(

 

(2.4) 

where λ  is the wavelength of the carrier chosen in metres (per cycle), N is the integer 

phase ambiguity, and φε  is the effect of carrier phase noise plus multipath in metres 

(Lachapelle 2004). The ionospheric error for the carrier phase observable is the same as 

the pseudorange observable, however since the ionosphere causes an advance to the 

carrier and a delay in the pseudorange, they differ in sign (Klobuchar 1996). 

2.4.1 GNSS Measurement Differencing 

For positioning using carrier phase observations, Double Difference (DD) phase 

observations are usually used. Double differencing reduces the effect of orbital and 
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atmospheric errors, and eliminates satellite and receiver clock errors, and therefore helps 

to resolve integer ambiguities more efficiently and effectively (Lachapelle 2004).  

 

 

Figure 2.3 Double Differencing 

 

The double difference pseudorange and carrier phase observations can be expressed as: 

(Lachapelle 2004) 

 

pdddP tropion ερρ ∆∇+∆∇+∆∇+∆∇+∆∇=∆∇
 

(2.5) 

 

εφλρρ ∆∇+∆∇+∆∇−∆∇+∆∇+∆∇=∆Φ∇ tropion ddNd

 

(2.6) 

where ∆∇ is the double difference operator. 

PRN A PRN B 

Reference User 

Baseline Length 
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2.4.2 GNSS Error Sources 

After eliminating the satellite and receiver clock errors by DD processing, the remaining 

five different errors are as mentioned in Equations (2.5) and (2.6). These errors can be 

classified as spatially correlated or uncorrelated. Spatially correlated errors tend to cancel 

between a reference receiver and a rover receiver for shorter baselines, but increase in 

proportion with the baseline length. Errors such as satellite orbital error, tropospheric 

error and ionospheric error are examples of spatially correlated errors. Spatially un-

correlated errors depend upon the user receiver or its environment. These errors do not 

relate to the baseline length and do not cancel through DD processing. Multipath and 

measurement noise are the examples of spatially uncorrelated errors. All DD error 

sources are discussed in detail in the following subsections. 

2.4.3 Satellite Orbital Error 

The orbital error is due to inaccuracies in the predicted satellite position computed from 

the broadcast ephemeris. The effect of a satellite position error on a position is the 

projection of this error onto the line-of-sight of the observation vector (Parkinson 1996). 

According to IGS (2005), the satellite orbit computed from the broadcast ephemeris has 

an RMS accuracy of 1.6 m. 

 

A satellite orbital error is spatially correlated and is reduced with DD processing. Wells 

et al. (1986), state that the relationship between a satellite orbital error and the resulting 

baseline error after differencing is: 
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ρ
ρ∆

=
∆

d

d

 

(2.7) 

where d∆  is the total error in length for the baseline d (m), ρ∆  is the total error in the 

coordinates of a satellite position (m), and ρ  is the mean distance from the receiver 

stations to the satellite (m). From Equation (2.7), the baseline error due to a 2 m satellite 

position error will be less than 1 cm for baseline lengths of up to 100 km, for an average 

satellite receiver distance of 20,200 km. Hence, for most baselines the effect becomes 

negligible and typically remains below the centimetre level in magnitude (e.g. for a 100 

km baseline, a typical differential orbital error would be less than 1 cm).  

2.4.4 Tropospheric Error 

Satellite signals are refracted by the lower neutral part of the earth’s surface extending 

from zero to 16 km which is known as troposphere, and which is composed of dry gases 

and water vapour. The troposphere is a non-dispersive medium and therefore the 

refraction here does not depend on the GNSS signal frequencies (Misra and Enge 2006). 

The magnitude of the tropospheric error depends on the satellite elevation angle, and it is 

about 2.5 m in the zenith direction and over 25 m for an elevation of 5 degrees (Misra 

and Enge 2006). The troposphere error can be compensated using the different models 

like the Hopfield or Saastamoinen model (Parkinson 1996; Misra and Enge 2006). After 

applying a model, the differential troposphere error varies typically from 0.2 to 0.4 parts 

per million (ppm), (Lachapelle 2004). 
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2.4.5 Ionospheric Error 

The ionosphere is the region of ionized gases, which is about 50 to 1000 km above the 

earth. It is formed by the ionization of the neutral atmosphere by solar Ultra-Violet (UV) 

radiation and X-ray radiation coming from the corona of the Sun at low and middle 

altitudes and by energetic particles at high altitude (Skone 1998). The variability of the 

earth’s ionosphere is much larger than that of the troposphere, and it is more difficult to 

model (Klobuchar 1996). The carrier phase velocity exceeds that of light in a vacuum due 

to ionosphere significant enough to affect precise positioning. The first-order carrier 

phase advancement I (in metres) caused by the ionosphere is given as (Misra and Enge 

2006): 

 

TEC
f

I
2

3.40−
=

 

(2.8) 

where 40.3 is an empirically derived constant with units of m
3
/s
2
/electrons, TEC 

represents the Total Electron Content along the signal path in units of electrons/m
2
, and f 

is the frequency of the carrier phase. The ionospheric error can reach 15 m in the zenith 

direction and more than 150 m at elevations near the horizon under extreme conditions 

(Wells et al. 1986). From Equation (2.8) it can be seen that the ionospheric delay is a 

function of the signal frequency. Thus, a multiple frequency navigation system can use 

this dispersive property to estimate the ionospheric effect on measurements (Alves 2004). 

 

The magnitude of the ionospheric error varies according to the process of ionization, 

which depends mainly on the nature of solar activities. It is, therefore, different for day 

time and night time and from one season to another. Diurnally, the ionospheric error 
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usually reaches the first peak at 14:00 local time, the second peak at 22:00 local time and 

drops to the minimum before sunrise (Skone 2003). The ionosphere is the largest error 

source for differential processing and varies from one parts per million (ppm) of the inter-

antenna distance during low ionospheric periods at mid latitudes to greater than 10 ppm 

at low geomagnetic latitudes during midday (Alves 2004). In GNSS, double differencing 

the residual error grows with the baseline distance. Various ionospheric estimation 

techniques are discussed for different GNSS measurement processing algorithms through 

out this thesis. 

2.4.6 Multipath and Noise 

Multipath effects occur when reflected satellite signals from surfaces or under the 

antenna, interfere with the direct satellite signal. It distorts the signal modulation and thus 

degrades the measurement accuracy (Garin et al. 1996). The level of multipath is a 

function of the tracking technology, the antenna type, and the antenna environment, 

namely the distance from the reflecting object and reflectiveness of the environment 

(Alves 2004). Multipath error is spatially uncorrelated and is highly dependent on the 

local receiver environment. The code pseudorange multipath can be as long as half of a 

code chip, which is equivalent to 150 m. The carrier phase multipath is much smaller 

than that of the pseudorange, with a maximum magnitude of one quarter of a carrier 

wavelength, i.e. about 5 cm for GPS L1 and 6 cm for L2 (Lachapelle 2004). However, in 

practical applications, the reflected signal is attenuated to some extent and the typical 

phase multipath values are generally about 1 cm or less (Lachapelle 2004). To reduce the 

impact of multipath, careful selection of the antenna site is essential to avoid any 
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potential reflectors (Liu 2003). The research described herein concentrates on the 

ionospheric effects since it is generally the dominant source of error for long baselines, so 

the effects of multipath are not considered herein. 

 

Receiver noise is mainly due to thermal noise and dynamic stress of the receiver 

(Lachapelle 2004). Noise is the sum of all other un-modeled and second order effects 

(Alves 2004). It has a very small effect, i.e. about millimetres in magnitude, while using 

precise carrier phase positioning. Differential processing as mentioned in Equations (2.5) 

and (2.6) approximately doubles the receiver noise, as compared to single point 

positioning.  

2.5 Phase Combinations 

Equation (2.6) represents the DD carrier phase observation in units of metres, after 

eliminating the receiver and satellite clock offsets in the differencing operation. 

Presently, GPS dual frequency L1 and L2 observations are normally utilised for precise 

positioning using carrier phase observations. Under the current Anti-Spoofing (AS) 

environment, direct matching of the Y-code and reconstruction of L2 carrier phase is not 

possible by unauthorized users. L2 signal can be reconstructed by either squaring the 

signal or cross-correlating between dual-band signals. The most effective semi-codeless 

tracking technique of the L2 carrier phase has at least 14 dB loss in signal to noise ratio 

with respect to the direct P code correlation (Ashjaee and Lorenz 1993). With the 

Modernized L2C signal it will provide less noisy measurement due to possibility of direct 

reconstruction. 
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The advantage of having two frequencies is that various errors react to the different 

frequency signals in a different way. For example, the troposphere affects both 

frequencies to the same degree while the ionosphere affects them differently. These error 

properties between the various measurements are manipulated using frequency 

combinations to reduce the overall measurement errors. Frequency combinations are 

formed by linearly combining measurements from the two frequencies. This approach 

can be used to improve ambiguity resolution performance by reducing measurement 

errors in units of cycles, relative to the wavelength of the carrier. Thus, the effect of these 

errors on ambiguity resolution is reduced (Alves 2004). Various linear phase 

combinations for dual frequency observations can be formed as (Liu 2003): 

 
21, φφφ ∆∇+∆∇=∆∇ jiji

 

(2.9) 

where i and j are combination coefficients and 1φ and 2φ  are the GPS L1 and L2 carrier 

phase observations (in cycles) respectively. The wavelength ji,λ in metres for this phase 

combination can be written as: 
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(2.10) 

Also the ambiguity (in cycles) of this combination is given as: 

 
21, NjNiN ji ∆∇+∆∇=∆∇
 

(2.11) 

where 1λ and 2λ  are the wavelengths in metres and 1N and 2N are the ambiguities in 

cycles of GPS L1 and L2 carrier phase observations, respectively. In practice, many 

different carrier phase combinations such as the Narrow-Lane (NL), Wide-Lane (WL) 
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and Ionosphere-Free (IF) can be formed using dual frequency measurements as explained 

in Table 2.4 (Liu 2003, Dao 2005). 1I  is the ionospheric error on L1 in units of metres, 

and 1σ  is the standard deviation of the observation noise on L1 carrier in cycles. Out of 

these combinations, the Narrow-Lane has a very short wavelength of 10.7 cm and 

therefore makes the resolution of NL ambiguities difficult. This NL combination is hence 

not used in practical positioning applications unless very short baselines and quiet 

atmospheric conditions are involved (Liu 2003).  

 

Table 2.4 Linear Phase Combination Properties (From Liu 2003) 

Ionosphere Error Noise(1-sigma) 

Combinations  i   j ji,λ  (cm) jiN ,  

M cycle m cycle 

L1 1 0 19.03 1N  1I  

1

1

λ
I

 119σ  1σ  

L2 0 1 24.42 2N  

1

2

60

77
I








 

1

1

60

77

λ
I

 124σ  1σ  

WL 1 -1 86.19 21 NN −  
1

60

77
I−  

1

1

60

17

λ
I

 1121σ  141.1 σ  

NL 1 1 10.70 21 NN +  
1

60

77
I  

1

1

60

137

λ
I

 115σ  141.1 σ  

IF 1 

2

1

λ
λ

−  
48.44 

2

2

1
1 NN

λ
λ

−  
0 0 160σ  126.1 σ  

 

Thus, in practice, the applications for GPS carrier phase positioning employs single 

frequency observations using L1, dual frequency WL and dual frequency IF and dual 
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frequency observations with stochastic ionosphere modelling and are discussed in the 

following sections. 

2.5.1 Single Frequency  

Many users who have access to only single frequency L1 observation use L1 carrier 

phase and code measurements to estimate the state vector. The L1 DD carrier phase and 

code observations are expressed as: 

 

 
1111 φελρφ ∆∇+∆∇+∆∇=∆∇ NL  (2.12) 

 PP ερ ∆∇+∆∇=∆∇  (2.13) 

where ρ∆∇  is the true differential geometric range, 1N∆∇  is the L1 DD ambiguity, and 

ε∆∇  is the sum of the residual DD errors: ionospheric residuals, the tropospheric 

residuals, multipath and noise. The definition of epsilon here is not consistent with 

equation 2.6. From Table 2.4 it can be seen that the L1 single frequency observation 

produces the advantages of less ionospheric and noise effects, as compared to L2 

observations. The ionospheric error cannot be effectively estimated here or else can be 

partially modelled using the broadcast ionospheric model or an ionospheric map from an 

external source. Therefore, single frequency observations do not work effectively for 

long baseline lengths when the ionospheric error cannot be effectively compensated (Liu 

2003). 

2.5.2 Dual Frequency WL 

The DD Wide-Lane (WL) observations are given by: 
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WLWLWLWL N φελρφ ∆∇+∆∇+∆∇=∆∇  (2.14) 

 PP ερ ∆∇+∆∇=∆∇  (2.15) 

where WLN∆∇  is the WL DD ambiguity given by 21 NN ∆∇−∆∇ , ε∆∇  is the sum of the 

residual DD errors: comprised of ionospheric residuals, tropospheric residuals, multipath 

and noise. The wavelength of the WL phase observation is 86 cm, which is the widest of 

all linear phase combinations when using dual frequency GPS data. If an ionospheric 

error is equivalent to one L1 cycle for the L1 observable, then the corresponding error for 

the WL observable would only be 17/60 of a cycle. Therefore, this linear combination is 

more resistant to the ionospheric error (in cycles) than L1 and thus, it is more reliable to 

resolving WL ambiguities under high ionospheric conditions. 

 

However, as seen in Table 2.4, the ionospheric error is effectively amplified when 

measured in metres, which is 
60

77
 times the ionosphere error of L1. In addition, the noise 

is amplified in the WL combination compared to the single frequency L1 and L2 

observables (in metres). Hence, it is common that the position estimate derived using the 

WL linear combination has a higher position error than the position errors determined 

with the L1 observable (Liu 2003). 
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2.5.3 Dual Frequency IF 

The Ionosphere Free (IF) combination removes the first order effects of the ionosphere. 

There are two strategies while dealing with the Ionosphere Free (IF) combination: IF 

Float and IF Fixed. 

 

2.5.3.1 IF Float: 

The IF float observables are given by: 

 

 
IFIFIFIF N φελρφ ∆∇+∆∇+∆∇=∆∇  (2.16) 

 PP ερ ∆∇+∆∇=∆∇  (2.17) 

where IFN∆∇  is the IF DD ambiguities given by 2

2

1
1 NN ∆∇−∆∇

λ
λ

, ε∆∇  is the sum of 

the residual DD errors from the ionosphere, troposphere, multipath and noise. The 

disadvantage of this linear combination is that the IF ambiguities are no longer integer. 

Also the IF combination is noisier than L1 and L2 being combination of L1 and L2 (Liu 

2003). In many cases, this is compensated by the removal of the first order (over 99%) 

ionospheric error. 

 

2.5.3.2 IF Fixed 

IF fixed is the cascading scheme which first uses the WL combination to fix the WL 

ambiguities. After fixing the WL ambiguities a modified IF observation given by 
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1Lφ∆∇ - 
2

1

λ
λ

1Lφ∆∇ -
2

1

λ
λ

WLN∆∇  is formed. By rearranging the terms this newly 

constructed observable can be expressed as: 

 1Lφ∆∇ - 
2

1

λ
λ

1Lφ∆∇ -
2

1

λ
λ

WLN∆∇ = 1

2

21 N
IF λ

λλ
λ
ρ −

+   (2.18) 

This equation is utilised to estimate the 1N  ambiguities. The wavelength in this case is 

2

21

λ
λλ

λ
−

IF  (10.7 cm) which is much shorter than the 1λ  (19 cm). The first disadvantage 

of this combination is that it is three times noisier than L1 (Liu 2003). The second 

disadvantage of this combination is that the effective wavelength is very small, i.e. only 

10.7 cm which means a longer convergence time to resolve the ambiguities (Liu 2003). 

After these 1N  ambiguities are estimated and resolved as integers, the ionosphere-free 

fixed (IF Fixed) position estimates can be computed (Liu 2003) 

2.5.4 Dual Frequency Stochastic Ionosphere Modelling 

Teunissen (1997), Odijk (1999, 2000) and Liu and Lachapelle (2002) discuss three 

methods for modelling ionosphere biases: the ionosphere float, ionosphere fixed, and 

ionosphere weighted models. The ionosphere float model estimates the double difference 

slant ionospheric bias from the code and carrier phase measurements. In this model there 

is no previous knowledge about the ionosphere or direct ionosphere observations. One 

problem with the dual frequency ionosphere float model is the instability of stochastic 

ionosphere modelling during initial convergence of the filter. This is due to the addition 

of the ionosphere parameters to the ambiguity states that decreases the degrees of 

freedom of the filter. The ionosphere fixed model does not estimate the ionosphere but 
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the code and carrier phase observations are reduced with an external ionosphere value. 

The ionosphere weighted model uses the properties of the L1 code and L1 and L2 carrier 

phase observations as listed in Table 2.4 to stochastically model and estimate the 

ionospheric error. The state vector in this case includes the rover’s position, velocity, 

ambiguities and the ionospheric error (Julien 2004). The observation equations used in 

this strategy are given as: 
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 (2.19) 

where ∆Φ∇  is the double difference carrier phase measurement in metres, f  is the 

frequency of the signal, 1I  is the ionosphere delay of the L1 frequency in metres, and ε  

is the sum of measurement errors to be estimated as residuals. Thus, the ionosphere-

weighted model mitigates the problem of instability in the float model due to the addition 

of the external ionosphere values as observations that increases the redundancy of the 

system (Liu 2003). 

 

Liu (2003) showed that stochastic ionospheric modelling using the ionosphere weighted 

model provides the best positioning and ambiguity resolution performance over medium 

baseline lengths. Also another study performed in Dao (2005) showed that the stochastic 

modelling of ionospheric error assures a comparable or even better performance, as 
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compared to an IF combination seen before. Therefore, the weighted ionosphere model is 

used for stochastic ionosphere modelling in this research. 
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Chapter 3 Single Reference Station Kinematic 

Positioning 

Stand-alone GPS positioning provides only a few metres of accuracy. In order to achieve 

a higher accuracy, a DD setup as described in Section 2.4.1 is utilised where a reference 

station with precisely known coordinates is used to compute rover positions differentially 

with respect to a reference stations.  

 

Consider the simplified form of the GPS DD carrier phase observable derived from 

Equation (2.6): 

 ελρ ∆∇+∆∇+∆∇=∆Φ∇ N  (3.1)  

In order to solve for the true range and to extract the rover coordinates, the ambiguities 

need to be resolved first. Successful ambiguity resolution is the key to high precision 

positioning using the carrier phase observables, and to reach centimetre level accuracy 

the ambiguities must be resolved correctly (Liu 2003).The following steps need to be 

performed in order to proceed from a float solution to a precise and accurate fixed 

solution (Lachapelle 2004): 

1. Float filter solution 

2. Integer ambiguity resolution and validation 

3. Fixed (integer ambiguity) solution 

Figure 3.1 shows the flowchart of three step DD GNSS carrier phase observable 

processing, and the details of this implementation are discussed in the following sections:  
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Figure 3.1 DD Carrier Phase Positioning Flowchart (Lachapelle 2004)  

3.1 Kalman Filtering 

The first float filter step in Figure 3.1 is usually implemented using a Kalman filter as 

shown in Figure 3.2 below. The Kalman filter is executed in four steps: prediction, 

computation of the innovation sequence, computation of the Kalman gain, and the 

update. In Figure 3.2 the kx  is the state vector estimated at epoch k, kC  is the variance-

covariance matrix of the state vector kx  at epoch k, kz  is the observation vector at epoch 

k, φ  is the transition matrix, kQ  is the system process noise matrix at epoch k , kR  is the 

variance-covariance matrix of the observation vector kz , I is an identity matrix, and H is 

the design matrix which is the matrix computed by taking the derivatives of the 

observables with respect to the estimated states. The - sign is used with any matrix or 
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state vector before the Update step, while the + sign is used with any matrix or state 

vector after the Update step. More details on Kalman filtering are offered in Brown and 

Hwang (1992). 

 

 

Figure 3.2 Linearized Kalman Filter Loop (Brown and Hwang 1992) 

 

The state vector usually contains the three position states, three velocity states and the 

DD ambiguity state for each DD observable. Assuming there are ‘n’ DD’s available, the 

complete state vector is given by: 

 






 ∆∇∆∇∆∇= nNNNhhx ,...,,,,,,, 21

...

λφλφ  (3.2) 

where ( )h,,λφ  represents the rover’s latitude and longitude in radians and the rover’s 

height in metres, respectively. 
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second, its longitude rate in radians per second and the rover’s rate of change in height in 

metres per seconds. The term iN∆∇  stands for the double-difference ambiguities for 

satellite-receiver pair i. The Kalman filter uses two sets of models: the dynamic and the 

measurement models to estimate the state vector. The dynamic model is based on 

knowledge of the system dynamics. It describes how the state vector evolves from the 

current epoch to the next via a transition matrix and how the covariance of the state 

vector is used in this transition (Liu 2002). In most of the navigation solutions, the 

random walk or Gauss-Markov model is used to model the dynamics of the system 

(Brown and Hwang 1992). Assuming a random walk model for the velocity state 







 ...

,, hλφ with corresponding driving noise vector ( )hwww ,, λφ  the transition matrix for 

the position and velocity state vector is derived as: 
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If a spectral density for the driving noise vector is ( )hspspsp ,, λφ  in units of m2/s3, the 

subsystem noise matrix for the position and velocity state vector is derived as (Liu 2002): 
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The ambiguity states do not change unless there is a loss of phase lock; hence, these are 

modelled as random constants. The transition matrix for the ambiguity state vector is an 

identity matrix given by: 
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Hence the complete state transition matrix is given by: 
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and the complete system noise matrix is given by: 
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where 2Q  is the zero matrix. The measurement model relates the state vector to the GPS 

observations through the design matrix H. This design matrix is derived by taking the 

derivatives of the measurements with respect to the state vector (Cannon 1991). 

3.2 Ambiguity Resolution 

The ambiguities coming from the float filter need to be resolved to their correct integer 

values in order to achieve the desired high accuracy. Least-squares ambiguity 

decorrelation adjustment method (LAMBDA) by Teunissen (1993) is chosen for 

ambiguity resolution in Step 2 of the Kalman filtering approach described in Figure 3.1. 

This technique resolves ambiguities so that the following error function e is minimized 

(Teunissen 1993). 

 T

N NNCNNe )()( 1 −−=
∧

−
∧

  (3.8) 

where N stands for fixed integer ambiguities, 
∧

N  represents the estimated DD float 

ambiguities, and 1−
NC  is the covariance matrix of the float ambiguities. The ratio test 

described in Han and Rizos (1996) is used to validate the best-estimated ambiguities 

using Equation (3.8) above. 
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where 2N  is the ambiguity set that has the smallest sum of squared ambiguity residuals, 

and 1N  is the second-best ambiguity set by virtue of having the second smallest sum of 

squared ambiguity residuals.  
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3.3 Benefits of GPS Modernization and Galileo in Ambiguity 

Resolution 

Dual frequency techniques applied to the stand-alone GPS case have been discussed so 

far. This section presents improved estimation techniques when applied to modernized 

GPS and Galileo. In Chapter 2, various phase linear combinations and ionospheric 

modelling methods were discussed for carrier phase positioning using dual frequency 

observations. These various approaches can reduce the effect of the ionospheric error and 

help to resolve the integer ambiguities and hence are very important in the field of 

ambiguity resolution. Both Galileo and modernized GPS will provide three frequencies to 

civil users in future and more linear combinations are possible using these triple 

frequencies. 

3.3.1 Triple Frequency Cascading Ambiguity Resolution 

Similar to Equation (2.9), the following equation provides a general form for the triple 

frequency Linear Combination (LC): 

 321,, φφφφ ∆∇+∆∇+∆∇=∆∇ kjikji  (3.10) 

where 1φ , 2φ , and 3φ represent the phase observations on L1, L2 and L5 for the stand-

alone GPS or on E1, E5b and E5a for stand-alone Galileo in cycles. Integers i, j and k are 

the coefficients and kji ,,φ  is the linearly combined phase. The wavelength kji ,,λ  of this 

linearly combined phase kji ,,φ  is given by: 
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Also the ambiguity of this three frequency combination in cycles is given as: 

 
321,, NkNjNiN kji ∆∇+∆∇+∆∇=∆∇
 

(3.12) 

where 1λ , 2λ and 3λ  are the wavelengths in metres and 1N , 2N and 3N  are the 

ambiguities in cycles of the phase observations on L1, L2 and L5 for the GPS, or on E1, 

E5b and E5a for Galileo. Zhang (2005) discusses these triple frequency combinations in 

detail. 

 

For GPS and Galileo, a common characteristic exists between the two systems’ signal 

frequencies: two of the frequencies are very close to each other while the third is much 

further away (Zhang et al. 2003). This characteristic allows for different linear frequency 

combinations such as the Extra-Wide-Lane (EWL), Wide-Lane (WL) and Medium-Lane 

(ML) as described in (Zhang 2005). 

 

The longer the wavelength, the easier it is to fix the ambiguities, hence WL ambiguities 

are easier to resolve compared to each single frequency. The Cascading Ambiguity 

Resolution (CAR) method uses WL phase linear combinations with cascading 

wavelengths to fix the ambiguities in several steps in order of the length of the lanes from 

the longest to the shortest, so that all the ambiguities are fixed (Zhang 2005). As 

described in Table 3.1, the available frequency combinations, EWL, WL, ML, have 

stepwise decreasing wavelengths for both GPS and Galileo. 
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Table 3.1 Practical Triple-frequency Integer Linear Combinations (Zhang 2005) 

System LC Coefficients kji ,,λ  Noise (1- sigma) Ionosphere Error 

  i j k (m) (m) (cycles) (m) (cycles) 

EWL 0 1 -1 5.861 0.464 1σ  0.079 1σ  -1.719 1I  0.056
1

1

λ
I

 

WL 1 -1 0 
0.862 0.079 1σ  0.079 1σ  

-1.283 1I  

 
-0.283

1

1

λ
I

 

ML 1 0 -1 0.751 0.059 1σ  0.079 1σ  -1.339 1I  -0.339
1

1

λ
I

 

GPS 

L1 1 0 0 0.190 0.010 1σ  0.056 1σ  1I  
1

1

λ
I

 

EWL 0 1 -1 9.768 
0.773 1σ  0.079 1σ  -1.748 1I  -0.034

1

1

λ
I

 

WL 1 -1 0 
0.814 0.064 1σ  0.079 1σ  -1.305 1I  -0.305

1

1

λ
I

 

ML 1 0 -1 
0.751 0.059 1σ  0.079 1σ  -1.339 1I  -0.339

1

1

λ
I

 

Galileo 

E1 1 0 0 
0.190 0.010 1σ  0.056 1σ  1I  

1

1

λ
I

 

 

This stepwise decrease in wavelengths implies the use of CAR to increase the ambiguity 

resolution performance. CAR, introduced by Zhang et al. (2003), is performed in three 

steps for this three-frequency system: 

1. Resolve the ambiguities with the longest wavelength i.e.: EWL 

2. Use the fixed ambiguities to resolve the ambiguities with the WL frequency 

3. Use the WL fixed ambiguities to resolve the ambiguities on E1 or L1. 



  

 

43 

It was shown using the CAR method that the percentage of correctly fixed ambiguities of 

combined GPS/Galileo remains over 90% even on a 70 km baseline at the 6 ppm 

ionospheric level (Zhang 2005).  

3.3.2  Triple Frequency Ambiguity Resolution using Stochastic 

Ionospheric Modelling 

To improve the positioning performance using triple frequency techniques, Julien et al. 

(2004) suggested using the triple frequency ambiguity resolution technique employing 

the weighted ionosphere model. In case of long baselines, the spatially correlated errors, 

especially ionospheric biases, restrain any attempt of resolving the carrier phase 

ambiguities. Similar to the weighted ionospheric model for dual frequency systems 

described in Section 2.5.4, this technique models the ionosphere bias as: 
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  (3.13) 

  

Simulation tests performed in this study show that the ionosphere-weighted model with 

integrated triple frequency GPS and Galileo performs well in terms of ambiguity 

resolution performance and positioning accuracy for long baseline lengths up to 70 km. 
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The float 3D position improves by 5, 7.5 and 10 cm on average for the 30, 50 and 70 km 

baselines, respectively (Julien et al. 2004). High levels of improvement in the float 

ambiguity domain were reflected by good ambiguity resolution performance. 

3.3.3 Tightly coupled Combination 

This approach leverages the existence of common frequencies between GPS and Galileo 

to couple the two systems tightly using the hybrid measurements. As discussed in 

Chapter 2, E1 and L1, as well as E5a and L5 will have common carrier frequencies. 

Therefore, it will be possible to difference GPS and Galileo carrier-phase measurements 

without affecting the integer property of the ambiguities (Julien et al. 2003). This leads to 

hybrid measurements called Extra Measurements (EM) that complement a classical 

coupling of the GPS and Galileo measurements. This gain in information provided by 

these hybrid EMs link the two constellations tightly and translates into an improvement 

in carrier-phase ambiguity resolution. Julien et al. (2003) simulated baselines from one to 

20 km and evaluated this tightly coupled approach for a triple frequency GPS/Galileo 

system. His study showed that the tightly coupled combination demonstrated a 10% 

improvement over the classical combination of GPS and Galileo in terms of mean time to 

correctly fix ambiguities and percentage of correctly fixed ambiguities for a 20 km 

baseline and an ionospheric error level of 6 ppm (90% of the time) using three 

frequencies. Julien et al. (2004) extended this tightly coupled approach along with 

stochastic ionosphere modelling as described earlier and showed that ionosphere 

modelling with and without tight coupling, produced comparable results in the float 
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ambiguity domain. However, with the tight coupling approach, it decreases the mean 

time to fix by nearly half while maintaining a high level of reliability. 

3.4 FLYKIN+TM for Galileo  

FLYKIN+
TM

 is a powerful DGPS processing software package developed by the PLAN 

Group of the University of Calgary. It implements Kalman filtering and the LAMBDA 

method as explained earlier (Liu 2003). It can implement the phase linear combinations 

and stochastic ionosphere modelling for GPS observations as explained in Section 2.5. In 

order to process the Galileo observations in differential mode, this software has been 

modified for this research and a version FLYKIN+
TM

 for stand-alone Galileo was 

developed. Similar to stand-alone GPS FLYKIN+
TM

, this software implements the dual 

frequency linear phase combinations excluding the ML and EWL combinations for 

Galileo as described in Table 3.1. Galileo FLYKIN+
TM

 software also implements the 

stochastic ionosphere modelling using the E1 and E5b Galileo frequencies. This newly 

implemented Galileo FLYKIN+
TM

 software has been utilised to evaluate the SRS stand-

alone Galileo cases in the subsequent chapters.  
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Chapter 4 Multiple Reference Station Algorithm 

4.1 Introduction to Multiple Reference Station Algorithm  

Single reference station (SRS) differential GPS performs well under normal atmospheric 

conditions when the inter-antenna distances are less than 30 km and provides centimetre 

level accuracy under normal conditions. To overcome the limitation of the SRS approach 

when using longer baselines, network-based real-time positioning methods were 

developed which use a network of reference stations to measure the correlated GPS errors 

(e.g. ionosphere) over a region and to predict their effects spatially and temporally within 

the network.  

4.2 Multiple Reference Station Algorithms for GPS RTK 

The MRS approach for carrier phase-based DGPS offers several advantages over the 

traditional SRS approach. The MRS approach generates the corrections based on the 

observations from the network of reference stations with known precise coordinates 

placed around the rover. This yields a larger reduction in the spatially correlated 

differential errors compared to the equivalent SRS case (Dao 2005). As a result, the 

overall position solution accuracy is improved. Another important advantage of MRS is 

the increase in reliability and availability of the service (Fotopoulos 2000). For example, 

if one or two reference stations fail in the network, the remaining stations with MRS may 

yet provide a better solution than SRS where the failure of the reference station results in 

single point accuracy. The use of a network approach also allows for the quality control 
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of corrections generated from each reference station by checking it with the remaining 

corrections. Thus, if a particular station is generating erroneous corrections the network 

allows for the possible detection and elimination of this blunder from the final solution 

(Fotopoulos 2000). Under quiet and normal atmospheric conditions, the MRS approach 

allows a differential GPS RTK service with a specific number of reference stations to 

cover a relatively large geographical region compared to the standard SRS approach 

while maintaining standard accuracy requirements. Hence, a lower number of reference 

stations are required to provide a differential GPS service for a particular region when 

compared to the number of reference stations required while using the SRS approach. For 

instance, as shown in Figure 4.1, in order to cover an area of 200 km x 200 km, twenty-

five reference stations are typically required while using the SRS approach, assuming the 

maximum inter-antenna distance necessary to maintain the service accuracy is 20 km. In 

contrast, while using the MRS approach, only five reference stations may be needed in an 

optimistic scheme, as shown in Figure 4.2. 

 

The traditional correction-based MRS approach is mainly divided into four main steps 

(Odijk 2002):  

1. Estimation and resolution of the network ambiguities 

2. Determination of errors between network baselines 

3. Interpolation of the network errors to the location of the rover 

4. Transmission and application of the corrections by the rover  
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Figure 4.1 Number Of Reference Stations 

Required using SRS Concept (From Raquet 

1998) 

 

Figure 4.2 Number Of Reference 

Stations Required using MRS Concept 

(From Raquet 1998) 

 

 

Various correction-based algorithms such as the linear combination algorithm (Han and 

Rizos 1996), the linear interpolation algorithm (Gao et al. 1997; Wanninger 1995), the 

partial derivative algorithm (Wübbena 1996) and the Least-Squares Collocation (LSQC) 

algorithm (Raquet 1998) have been developed using different approaches to interpolate 

the network errors to the rover. Dai et al. (2004) compared these correction based 

algorithms and demonstrated that their performances are almost equal. 

 

The following practical issues need to be considered while using the MRS approaches 

especially for RTK applications (Dao 2005): 
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• Cost: A network of GPS reference stations is very expensive to establish and 

maintain. 

• Geometry: Having an appropriate geometrical distribution of the reference 

stations is essential to attaining the highest efficiency of the MRS approach 

(Alves et al.2003).  

• Minimal Multipath: The antennas must be positioned under open-sky tracking 

conditions, and in low multipath surroundings.  

• Good Quality Receivers and Antennas: Receivers with narrow correlators and 

high quality antennas should be used to obtain high quality data. 

• Accurate Coordinates: The accuracy of the network coordinates is an important 

consideration because it directly affects the network correction quality and, 

therefore, the performance of MRS approaches.  

• Data Storage: Collection and storage of network data is very costly due to the 

requirement of a large hard drive capacity and needs good data management. 

• Data Transmission: For real-time applications, a significant amount of data 

transmission from all reference stations to the network-processing centre where 

the corrections are generated and then transmission of these corrections to the 

rover is required. It is critical to have an effective communication link to address 

the issue of time latency (Alves et al.2003). 
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4.2.1 Tightly Coupled Approach 

Until now, all the network RTK applications use a one-way communication model, i.e. 

from the reference stations to the rover or the network-processing centre. If a two-way 

communications model between a rover and the reference stations is used with the idea 

that a static or kinematic rover can also be treated as a reference station, the MRS 

algorithm can provide a better indication of the local environmental error conditions 

(Alves 2004). The rover can thus assist in the baseline configurations for the network. 

Since the rovers move in between two or more reference stations within the network, 

connecting baselines to the rovers as well as the reference stations will shorten the overall 

network inter-receiver separations within the network (Alves 2004). The ambiguity 

resolution performance is a function of the inter-receiver distance separation as the 

correlated errors increase in magnitude as the separation increases. Therefore the shorter 

baselines formed with the rover provides a higher likelihood of resolving the carrier 

phase ambiguities (Alves 2004).  

 

In the traditional correction-based MRS approaches known as loosely coupled 

approaches, network ambiguities and the ionosphere are estimated using Bayes filtering. 

The estimated ambiguities are then searched, validated, and resolved. The resulting 

resolved ambiguities are then used to predict the errors to the locations of the rovers 

(Fortes 2002). The MRS Tightly Coupled (MRS-TC) approach is a recently developed 

MRS algorithm, which combines observations from all the reference stations and the 

rover into a one unique filter to estimate the rover positions (Alves 2004). The addition of 

the rover’s information into the network filter maintains all the information used in the 
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least-squares collocation approach and adds the rover information. The covariance 

function determines the level of correlation between measurements. If the rover is 

involved in every baseline in the network, the reference station observations that are 

highly correlated with the rover are assigned a low variance and as a result, will be given 

more weight in the adjustment than an observation whose errors are different from those 

of the rover. Thus, all the four stages of a typical correction-based MRS approach, i.e. 

estimation and resolution of the network ambiguities, determination of errors, 

interpolation of the network errors, and application of the corrections by the rover are 

carried out in a single step using one network filter. 

 

4.2.1.1 Implementation of MRS-TC 

The state vector for this MRS-TC approach consists of the rover’s position, ambiguities 

and ionospheric parameters, as well as the network’s ambiguities and ionosphere 

parameters. The design matrix is give by Equation (4.1) below. The first ‘n’ rows of this 

matrix represent the double difference observations between the rover and one of the 

reference stations. The next ‘m’ rows correspond to double difference observations 

between the fixed reference stations with known coordinates. ‘n’ is the number of double 

difference observations between the rover and the reference station(s) and ‘m’ is the 

number of double difference observations between reference stations. 
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The first three columns represent the rover’s position estimates and the following ‘n+m’ 

columns correspond to the ambiguities of all of the double difference observations. For 

the last ‘m’ rows, no partial derivatives with respect to the coordinates exist between 

reference stations because their accurate fixed coordinates are known. This design matrix 

can be extended to accept any number of reference stations and rovers (Alves 2004). The 

selection of the double difference observables is based on the shortest inter-receiver 

separations, with the conditions of linear independence and connectivity being preserved 

(Alves 2004). Thus, a rover may be connected to one or several reference stations, 

depending on the reference station and rover receiver configuration.  

 

4.2.1.2 Ionospheric Modelling 

The MRS-TC model was extended by Alves (2004) to estimate the dual frequency slant 

ionosphere delay using the ionosphere free model as given in Odijk (1999). An 
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ionospheric parameter for each dual frequency satellite pair is estimated along with the 

rover’s position, velocity and ambiguity states, and the network ambiguity states. The 

design matrix from Equation (4.1) can be written as: 

 







=

)2,2()1,2(
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AA

AA
A  (4.2) 

where the first row represents the set of measurements of the baselines including the 

rover as one of the stations, and the second row represents the set of measurements of 

baselines for only the network stations. Since there are no common parameters to be 

estimated between the network baselines and the rover to network baselines, 

 0)1,2()2,1( == AA  (4.3) 

The sub-matrix )1,1(A , representing the rover measurements is given by, 
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This matrix represents the ‘n’ double difference observations between rover and one of 

the reference stations, where each row of the matrix correspond to different measurement 

types: L1 phase, L2 phase, L1 code and L2 code respectively. posA  is a column sub-

matrix which includes the partial derivatives of the double difference measurements with 

respect to the three position components of the rover as explained in Equation (4.1). λ  is 

the measurement wavelength in metres, I  is the identity matrix and f is the measurement 

frequency in Hertz. Since there are no position states for the network observations, the 



  

 

54 

sub-matrix )2,2(A  representing ‘m’ double difference observations between the network 

stations is given by: 
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Note that the L1 and L2 observations are used independently here without employing any 

frequency combination (Alves, 2004). 

4.2.2 Other Approaches 

Before the introduction of the tightly coupled approach, many correction-based 

approaches have been developed and evaluated for the MRS technique over the past few 

years and they can be categorised as: 

1. Partial Derivative Algorithm (Wübbena et al. 1996; Varner et al. 1997) 

2. Linear Interpolation Algorithm (Wanninger 1995; Gao et al. 1997; Han and Rizos 

1996; Odijk et al. 2000) 

3. Least Squares Collocation (Raquet 1998) 

 

The Partial Derivative Algorithm (PDA) models the spatially correlated errors based on a 

first order partial derivative function, which can be interpolated to obtain the 

corresponding corrections for any user receiver within the network coverage area 

(Wübbena et al. 1996). The partial derivative algorithm essentially estimates network 
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field parameters for each satellite pair at a one controlling station known as master 

station, which are then transmitted to the rover receiver (Dao 2005). The choice of the 

appropriate PDA algorithm based on the spatial extent, the geometry of the network, and 

the number of reference stations, which define the level of complexity and accuracy of 

the PDA are discussed in Varner (2000) in detail.  

 

In the case of the Linear Interpolation Algorithm (LIA), which is similar to the PDA, data 

is collected from all of the network reference stations and relayed to the master station, 

where ionospheric delay parameters are computed and broadcast to the rover for 

interpolation (Fotopoulos 2000). A distance-based LIA is used for modelling the 

ionospheric delays at a rover based on a network of reference stations, has been proposed 

by Gao et al. (1997). Han and Rizos (1996) came up with a similar LIA for modelling the 

spatially correlated errors and mitigating errors like multipath.  

 

The Least Squares Collocation (LSQC) approach developed by Raquet (1998) computes 

corrections to the carrier phase measurements based on the estimated behaviour of the 

distance-dependent errors. This method uses the state vector and variance-covariance 

matrix from the ambiguity estimation and resolution stage to predict the errors of the 

reference stations to the measurements of a rover receiver within or around the network. 

The estimated corrections are effective in reducing the measurement errors at the rover 

and improving position accuracy (Alves 2004). These estimated corrections are applied to 

the raw measurements from the reference and rover receivers and then the double 

difference measurements are computed.  
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4.3 Current MRS RTK Performance Results with GPS 

Various past studies have evaluated the effectiveness of MRS approaches compared to 

the traditional SRS approach. The following section presents an overview of these past 

studies carried out using single and dual frequency measurements. 

 

The first study was carried by Raquet (1998) who introduced the LSQC approach. This 

approach was also evaluated in this study using a network of eleven GPS reference 

stations located in Norway. This network covered an area of 400 km x 600 km with inter-

reference-station baseline lengths ranging from 100 to 300 km. Different network 

configurations were tested and compared to the equivalent SRS cases. The results showed 

a significant improvement produced by the MRS approach in observation, position and 

ambiguity resolution domains using L1 and WL observables under a very low (1-2 ppm) 

ionosphere level. 

• For baselines less than 100 km, the MRS offered an improvement of 17% for the 

L1 position solution and of 11% for the WL position solution, compared to SRS 

case. 

• For baselines beyond 100 km, the MRS approach offered an improvement of 44% 

for the L1 position solution and of 43% for the WL position solution, compared to 

SRS case. 

 

Fortes (2002) improved the LSQC through refinement of the covariance functions, and 

separate modelling of the correlated errors. This modified MRS approach was tested for 

the St. Lawrence network with baselines ranging from 30 to 46 km and a Brazilian 
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network with baselines from 100 to 1000 km. When the ionosphere was active with 

intensity between 4 and 6 ppm because of the solar eclipse, a 50% to 60% improvement 

was observed using the MRS approach in L1 and WL modes. A very minor improvement 

of a few millimetres was observed when using the IF mode. However, it showed that the 

performance of MRS approaches is not very sensitive to the covariance function.  

 

Pugliano (2002) evaluated the MRS LSQC approach using a reference station network in 

Campania, Italy with the baselines ranging from 50 to 100 km with an ionospheric level 

of 4 ppm, and compared it with the equivalent SRS baseline lengths ranging from 30 to 

40 km. The analysis in the measurement, position and ambiguity resolution domains 

showed a significant improvement of 30% to 60% using the MRS approach over SRS for 

the L1 and WL modes.  

 

Studies by Pany et al.(2001), Tsujii et al.(2001), Behrend et al.(2001), Jensen (2002), and 

Alves et al. (2004), introduced a Numerical Weather Prediction (NWP) model such as the 

NOAA real-time tropospheric correction model by the National Oceanic and 

Atmospheric Administration (NOAA). Alves et al. (2004) evaluated the effectiveness of 

the multiple reference station approach, for users of the United States Coast Guard 

(USCG) network, in relation to the single baseline RTK performance. Along with the 

network approach, i.e. using Multiple Reference Stations (MRS), real-time zenith 

tropospheric corrections supplied by the NOAA were utilised in this research. It was 

shown that these corrections assist with reducing the level of un-modeled, baseline length 

dependent errors, ultimately improving network and rover performance. Ahn (2005) 
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evaluated the network approach, MultiRef™, developed by the University of Calgary, 

together with NOAA-derived and independently modeled tropospheric corrections, as 

applied to three geographic regions: Florida, North Carolina, and the North Eastern 

regions, within the National Geodetic Survey (NGS) Continuous Reference Stations 

(CORS) network in the USA. It was concluded that the overall level of performance for 

the three chosen geographical regions demonstrated that the network approach succeeded 

in making consistent improvements in reducing the effect of measurement errors on all 

observables, for both the Modified Hopfield and NOAA tropospheric delay models. The 

mean value of the level of improvement was consistently in the range of 9% to 22%. 

 

Alves (2004) first introduced the MRS-TC algorithm. It also evaluated and compared the 

MRS-TC method to the LSQC algorithm using two GPS networks located in Turkey with 

baselines of 25 to 74 km and in Southern Alberta with baselines of 30 to 60 km for 

normal atmospheric conditions (Alves 2004; Alves and Lachapelle 2004). It was found 

that the MRS-TC coupled approach performs quite similarly in some cases (Alves and 

Lachapelle 2004) and offered an improvement of 10% to 20% in other cases (Alves 

2004).  

 

Dao (2005) evaluated both the LSQC and TC MRS approaches for the Southern Alberta 

Network (SAN) with inter-station distances of 30 to 70 km and confirmed that the MRS 

approaches offer an improvement relative to the SRS approach. The degree of efficiency 

of the MRS LSQC approach depends mainly on the ability to estimate the ionospheric 

error and to resolve the ambiguities. The largest improvement of 70% was obtained under 
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medium ionospheric conditions with the use of L1 observations. Under high ionosphere 

conditions, the MRS LSQC approach yields improvements between 0% and 20% using 

L1 observations. The evaluation of the MRS-TC approach established that it offers the 

most accurate position solutions under either quiet or active ionospheric conditions 

compared to SRS and MRS LSQC approaches. Therefore, the MRS-TC approach was 

chosen for this simulation-based research to evaluate the MRS stand-alone Galileo 

compared to SRS and stand-alone GPS. 

4.4 MRS-TCTM for Galileo 

The MRS-TC
TM

 is the GPS MRS processing software developed by University of 

Calgary that implements the Tightly Coupled (TC) approach. As explained in Section 

4.2.1, it employs the TC approach with ionosphere modelling. In order to evaluate the 

MRS-TC approach for Galileo, the new MRS-TC
TM

 Galileo software was developed 

which can process the simulated Galileo MRS Data. The MRS-TC
TM

 Galileo evolves 

from the MRS-TC
TM

 GPS processing software to process and handle Galileo E1-E5b 

dual frequency data. Similar to design matrix given by Equation (4.1), this Galileo 

processing software implements the ionosphere modelling as: 
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where 1Eλ  and 
bE5λ are E1 and E5b wavelengths and 1Ef and 

bEf 5 are E1 and E5b 

frequencies respectively. This newly implemented MRS-TC
TM

 Galileo software is thus 

utilised to evaluate MRS-TC approach for all stand-alone Galileo cases throughout the 

thesis. 
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Chapter 5 Simulation Design 

5.1 GPS/Galileo Simulator 

A software-based GPS/Galileo simulator, namely SimGNSSII™, developed at the 

University of Calgary (Luo 2001) was used for this research. This software simulates 

GPS and Galileo constellations and GNSS error sources, as well as the trajectory and 

dynamics of a rover platform. SimGNSSII™ takes the designed constellations of GPS or 

Galileo as an input to generate true geometric ranges. Pseudorange, carrier phase and 

Doppler observations are generated for all considered frequencies and all visible satellites 

at any specified location. All errors inherent to double difference observations: 

ionospheric and tropospheric delays, multipath-induced error, tracking noise and orbital 

error, are generated using complex models and are then added to these true ranges to 

produce the simulated observations. The following sections overview the different 

models used to simulate the ionospheric, tropospheric, orbital and multipath errors. 

5.1.1 Ionospheric Error Simulation Model 

The ionosphere model used in the software simulator is a combination of the Spherical 

Harmonics (SPHA) model and the grid model. It is globally optimised to simulate the 

global profile of the TEC distribution. This model uses the Global Ionosphere Map 

(GIM) files which contain the coefficients of spherical harmonics and other ionospheric 

parameters (Colombo et al. 2000). These GIMs can be obtained from the Centre for Orbit 

Determination in Europe (CODE), one of the Analysis Centres of the International GPS 

Service (IGS). The GIM coefficients give an approximation of the distribution of the 
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vertical TEC on a global scale by analyzing the geometry-free linear combination of GPS 

carrier phase data (Dong 2004). In order to improve the spatial variation, appropriate 

degree and order of SPHA components are chosen which yields the high frequency and 

reasonable magnitude variation of the ionospheric error. The degrees, orders, and SPHA 

coefficients in Table 5.1 are to add on the basic SPHA model to generate ionosphere error 

in SIMGNSSII
TM 

(Dong 2004).  

Table 5.1 High degrees, orders and coefficients of SPHA model (Dong 2004) 

Degree Order Coefficient 

200 100 1 

200 -100 1 

100 50 1 

100 - 50 1 

50 25 1 

 

In the next step a TEC grid-network is generated to the profile of the global TEC 

distribution. After building the grid network of the ionosphere, the TEC value at any 

point within the network is computed using interpolation. 

Figure 5.1 shows an example of the double differenced ionospheric errors generated by 

this simulated ionosphere model. When the ionosphere is quiet, the RMS of the 

differential errors is about 1 ppm. For strong ionospheric activity, large differential errors 

with RMS of 10 ppm are simulated (Luo 2001). 
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Figure 5.1 Example of Double Differenced (SV 2 and SV 12) Ionospheric Errors for 

a 10 Km Baseline (From Luo 2001) 

5.1.2 Orbital Error Simulation Model 

The orbital model used in the simulator is developed by analysing the statistical 

properties of the orbital error and then parameterizing these statistical properties as 

described in (Luo 2001). Here the orbital error is computed by subtracting the satellite’s 

position, computed using the broadcast ephemeris, from an accurate reference orbit. The 

precise orbit is derived from JPL, which is one of the data analysis centres of the IGS, 

and is selected as the reference orbit (Luo 2001). After extracting the orbital error, several 

statistical tests were conducted to obtain the properties of the error. The probability 

distribution of the orbital error is modelled as a Gaussian distribution, and three different 



  

 

64 

correlation functions are derived for the orbital error in the along-track, cross-track and 

radial channels, respectively. Once the statistical properties of a random process are fully 

estimated, a simulated process with the same properties is generated by passing a white 

noise sequence through a shaping filter. Figure 5.2 presents the example of simulated 

orbital error using the model described above (Luo 2001).  

 

Figure 5.2 Sample of Simulated Orbital Errors (From Luo 2001) 

5.1.3 Tropospheric Error Simulation Model 

The tropospheric error model consists of two parts. One is the model of the vertical 

tropospheric delay, such as the Saastamoinen model (Saastamoinen 1972, 1973) and 

Hopfield model (Hopfield 1969). The other part is the mapping function, such as the 

B&E (Black and Eisner 1984), Chao (Chao 1974), Marini (Marini 1972) and Niell (Niell 

1993) mapping functions. The simulator uses a new model based on the modified 

Hopfield model, which extends the Hopfield model to add the elevation angle mapping 

function (Black and Eisner, 1984). The temporal variation is realized by adjusting the 



  

 

65 

meteorological data with time (Luo 2001). The spatial variation is modelled using the 

grid algorithm over the simulated area. The size of the grid can be adjusted according to 

the spatial decorrelation rate required. The meteorological data is computed for each grid 

point. This meteorological data is interpolated at the desired user location using four-

point bilinear interpolation. Although the meteorological data at each grid point is 

independent, the interpolation will generate the spatial correlation within the network. 

Thus, the resulting tropospheric delay is also spatially correlated (Luo 2001). 

 

Figure 5.3 shows the diurnal variation of the meteorological data and related tropospheric 

parameters at the centre of a four-point grid network (100 km×100 km). It confirms that 

the relative humidity has the greatest effect on the tropospheric delay because the total 

vertical tropospheric delay changes in the same way as the relative humidity. Simulation 

results show the typical values of the vertical tropospheric delay (2.4 m) and its gradient 

(0.5 ppm) (Luo 2001).  
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(a) 

 
(b) 

 
 (c) (e) 

 

Figure 5.3 Temporal Variations of the Meteorological Data and Tropospheric Delay 

in a 100 km × 100 km Network (From Luo 2001) 

5.1.4 Multipath Model 

A sophisticated model for multipath has been developed by the Department of Geomatics 

Engineering at the University of Calgary (Ray 2000, Ryan 2000). This model is based on 

the mechanism for multipath generation. It contains three major parts: simulation of the 

reflecting environment, simulation of the antenna gain pattern, and simulation of the 

tracking loop (both code and carrier). This model is simplified further to simulate the 
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simplest reflecting environment, i.e. an infinite ground plane which has different 

reflecting coefficients (strength) at different reflecting points (Luo 2001). This model is 

called the simplified UofC model.  

 

Figure 5.4 gives an example of multipath (both code and carrier) generated by the 

simplified model for a static platform (Luo 2001).  

 

 

Figure 5.4 Simulated Multipath by the Simplified UofC Model (From Luo 2001) 

 

 

 

The magnitude of each error to be simulated can be chosen according to the study 

requirement (Julien et al. 2004). This simulator has been used in many other GPS and 
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Galileo evaluations (e.g. Alves 2001, Lachapelle et al. 2002, Julien et al. 2003, Zhang et 

al. 2003).  

5.2 Simulated Constellations 

As per the original design of GPS and Galileo, the GPS constellation consists of 24 

satellites unevenly distributed in six orbital planes inclined at 55º with a radius of 26,600 

km, whereas the Galileo constellation consists of 30 satellites evenly distributed in three 

orbital planes, of which 27 active and 3 are spare satellites (European Commission 

2006b). These three orbital planes are inclined at 56° with a radius of 29,994 km. Hence 

the 24/27 GPS/Galileo constellation is as shown in Table 5.2 (Salgado et al. 2001).  

Table 5.2 GPS/Galileo 24/27 Constellations 

GNSS GPS Galileo 

Satellites 24 27 

Planes 6 3 

Inclination 55° 56° 

Radius 26,600 km 29,994 km 

 

However presently there are 29 operational GPS satellites in space (US Coast Guard 

2006). If all 30 Galileo satellites designed to be in space are operational in the future, a 

new 29/30 GPS/Galileo constellation design can be created as shown in the Table 5.3. 
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Table 5.3 GPS/Galileo 29/30 Constellations 

GNSS GPS Galileo 

Satellites 29 30 

Planes 6 3 

Inclination 55° 56° 

Radius 26,600 km 29,994 km 

 

Thus this study simulates two different GPS/Galileo constellations: 24/27 and 29/30. The 

first one follows the original theoretical design and the second one is based on present 

GPS constellation status and the future Galileo constellation. Hence by utilising both 

theoretical and practical constellations in the simulations a full evaluation of the expected 

systems can be done.  

5.3 Simulated Frequencies and Error Levels  

As mentioned earlier in Chapter 1, the present study is based on dual frequency GPS and 

Galileo observations. The simulator software simulates two carrier frequencies: 1575.42 

MHz (E1) and 1207.14 MHz (E5b) for Galileo and 1575.42 MHz (L1) and 1227.6 MHz 

(L2) for the GPS as listed in the Table 5.4.  

Table 5.4 Simulated Signals for GPS and Galileo 

System Signal Frequency (MHz) λλλλ (m) Chipping Rate (Mc/s) 

E1 1575.42 0.190 2.046 
Galileo 

E5b 1207.14 0.248 10.23 

L1 1575.42 0.190 1.023 
GPS 

L2 1227.60 0.244 10.023 
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For all simulated observations, the ionospheric, tropospheric, and orbital errors, as well as 

receiver noise are included using different values of scale factors for the simulator 

software. For these simulated signals the magnitude of 1- σ single observation receiver 

noise errors generated are given in Table 5.5.  

Table 5.5 Magnitude of Simulated Receiver Noise 

 Signal Receiver Noise 

E1 0.10 m 
Galileo Code 

E5b 0.10 m 

L1 0.20 m 
GPS Code 

L2 0.10 m 

GPS/Galileo Phase All 0.50 mm 
 

The magnitude of the generated Double Difference (DD) troposphere and orbital errors 

are selected as listed in Table 5.6. The tropospheric error level shown in the table is the 

residual error, i.e. after applying a troposphere correction and double differencing. 

Table 5.6 Magnitudes of Simulated Error Sources 

Error source Magnitude of DD error 

Troposphere 0.2 ppm 

Orbit 0.1 ppm 

 

Typical pseudorange multipath varies from 0.5 m in a benign environment to more than 5 

m in highly reflective environment; corresponding errors in the carrier phase are 1-5 cm 

(Misra and Enge 2006). The corresponding errors in the carrier phase measurements are 

less than a quarter cycle if the reflected signal has a lower signal strength than the direct 

signal (Ray 2000). These multipath errors are site dependant and are proportional to the 

number of reflectors present around the antenna (Misra and Enge 2006). However 
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multipath errors cannot be estimated in the differential positioning filter, and in the case 

of carrier phase based positioning algorithms it can typically result in unresolved, or 

incorrectly fixed, ambiguities. This thesis aims to evaluate and compare stand-alone GPS 

accuracy and ambiguity resolution performance to stand-alone Galileo for SRS and 

MRS-TC techniques, for different baselines and atmospheric conditions. Since the 

software simulator provides the ability to simulate a ‘no multipath’ multipath 

environment with only atmospheric conditions considered, one can focus on the 

performance effect due to atmospheric effects. Also since the same simulated positions of 

the reference stations and rovers are used for both GPS and Galileo to generate 

pseudoranges and carrier phase observations, the uncorrelated site-dependent multipath 

errors are not considered in this thesis for the evaluation and comparison of the two 

systems. Thus multipath errors are not simulated here and modelling the multipath and 

observing the effects of it is beyond the scope of this study. 

 

Three different ionospheric conditions are simulated here using the magnitude of 

simulated error as shown in Table 5.7, where an ionospheric level of 3 ppm means that 

during a 24 hour test, the level of ionosphere error was within 3 ppm 90% of the time. 

Table 5.7 Ionospheric Error Levels 

Description DD Error level  

Low 1 ppm 

Medium 3 ppm 

High 6 ppm 
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For each carrier-phase measurement, an ambiguity of zero cycles is simulated. Therefore, 

the true value of each ambiguity is zero, which helps to check of the correctness of each 

ambiguity resolution trial. 

5.4 Simulated Networks 

In order to establish the reference networks located in Calgary with four sets of baselines 

ranging from 30 to 120 km are simulated. For each baseline, reference network stations 

are situated at four corners of a rectangle, with the rover at the centre of the rectangle to 

form a star topology as shown in Figure 5.5.  

 

The diagonal distance from the rover to the reference station is the same as for the 

simulated baseline distance. For all four simulated networks of different baselines, the 

rover is located at the same fixed position. 
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Figure 5.5 Simulated Baselines: 30 km, 60km, 90 km and 120 km Located in 

Calgary 

5.5 PDOP and Number of Visible Satellites 

For all the simulated networks, the rover is located at the same fixed position as shown in 

Figure 5.5. Figure 5.6 and Figure 5.7 represent the time series of the Position Dilution of 

Precision (PDOP) as well as the number of visible satellites at the rover position for 

24/27 and 29/30 GPS/Galileo constellations, respectively.  

Network 1: - 30 km Baseline  ● Reference Station 
Network 2: - 60 km Baseline   ● Reference Station 
Network 3: - 90 km Baseline   ● Reference Station 

Network 4: - 120 km Baseline ● Reference Station 

Network 4 

 

Rover 

Network 1 

Network 2 

Network 3 

Network 4 

120 km 

90 km 

60 km 

30 km 
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Figure 5.6 PDOP and Number of Satellites for 24/27GPS/Galileo constellation 

 

Figure 5.7 PDOP and Number of Satellites for 29/30 GPS/Galileo constellation 
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Table 5.8 represents the comparison statistics for the PDOP and number of visible 

satellites for all the simulated constellations. Both simulated cases, i.e. GPS/Galileo 

24/27 and 29/30 stand-alone Galileo, show better PDOP and number of satellites than the 

stand-alone GPS case. Hence, it can be confirmed that the stand-alone Galileo 

constellation for the chosen location always provides better availability and geometry 

than the stand-alone GPS constellation. 

 

Table 5.8 Comparison Chart for PDOP and Number of Satellites for Different 

Constellations 

 

  GPS-24 GPS-29 Galileo-27 Galileo-30 

Min 1.6 1.5 1.5 1.5 PDOP 

Max 5.8 5.4 3.3 3.0 

Min 4.0 5.0 6.0 6.0 Number of Visible satellites 

Max 8.0 10.0 10.0 11.0 

 

5.6 Test Scenarios and Data Processing 

For each network ranging from 30 to 120 km, observations corresponding to three 

different error levels, i.e. low, medium and high ionospheric error, were generated in 

stand-alone GPS and stand-alone Galileo modes using the SimGNSSII
TM 

software. Thus 

four baselines and three ionosphere levels were simulated giving 12 different cases to 

analyse. For each of these simulated cases, the data was processed in four different 

modes: 

1. SRS stand-alone GPS 

2. SRS stand-alone Galileo 
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3. MRS-TC stand-alone GPS 

4. MRS-TC stand-alone Galileo 

Thus 12 different cases, each processed in four different modes gives 48 different 

scenarios. For the original constellation design of GPS and Galileo, i.e. the 24/27 

GPS/Galileo constellation, all these 48 scenarios were generated, processed and analyzed. 

However, for the 29/30 GPS/Galileo constellation only the scenarios beyond a baseline of 

30 km and for the medium and high ionospheric error cases were generated and analyzed. 

This was done to study the improvement in the case of active ionospheric conditions due 

to improved availably and geometry. 

 

Even though the repeatability of the Galileo is about 72 hours, each simulation was done 

over a span of 24 hours since one day of simulation can provide statistically consistent 

results compared to longer simulation runs (Julien et al. 2003). For the entire data 

processing mission, dual frequency mode, i.e. L1/L2 for GPS and E1/E5b for Galileo, 

and a satellite elevation mask of 13 degrees were used. 

 

In order to process the simulated data in SRS stand-alone GPS or and Galileo, the 

FLYKIN+
TM

 software is used. FLYKIN+
TM

 is a GPS differential positioning software 

which can process double differenced carrier phase data both in static and kinematic 

modes (Liu 2003). It uses a Kalman filter to estimate the three position and velocity 

components and ‘N’ float ambiguities, where ‘N’ is the total number of double difference 

observations formed between the rover and reference station as explained in the 

Chapter 3 earlier. The Least Squares Ambiguity Decorrelation Adjustment (LAMBDA) 
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(Teunissen 1994) is used to shrink the ambiguity search space. For this study newly 

implemented FLYKIN+
TM

 for Galileo software was utilised to process the SRS Galileo 

observations. FLYKIN+
TM

 for Galileo and FLYKIN+
TM

 for GPS are thus used herein to 

process the rover and one of the reference stations in differential mode and using 

stochastic ionosphere modelling to produce the SRS results for each simulated Galileo 

and GPS scenario respectively. In order to evaluate the MRS-TC approach for GPS and 

Galileo, MRS-TC
TM

 for GPS and newly implemented MRS-TC
TM

 for Galileo softwares 

are used to process the rover and all the given reference station’s observations using the 

MRS-TC approach as explained in Chapter 4 previously. Since the ionosphere error is the 

major source of simulated errors, this simulated error level is compared with the 

estimated ionosphere error using the MRS-TC and SRS approaches. 
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Chapter 6 Results and Analysis 

GPS and Galileo observations were simulated for different baselines and error conditions 

and these were then processed according to the simulation parameters and the test 

scenarios as described in Chapter 5. The results thus obtained are analysed here using 

three Figures of Merit (FOM) and ionosphere estimation error. 

6.1 Figures of Merits 

Similar to the study performed by Julien et al. (2003), three FOMs namely: Three 

Dimensional (3-D) Root Mean Square (RMS) of the position errors, Percentage of 

Correctly Fixed Ambiguities (PCFA) and Percentage of Fixed Ambiguities (PFA) have 

been utilised in order to assess the positioning and ambiguity resolution performance of 

different simulation scenarios throughout this research. These FOMs are defined below:  

 

 3-D RMS Accuracy 

The rover position accuracy is calculated as 3-D RMS values given by the differences 

between the estimated and simulated rover coordinates, for the entire simulation duration. 

This 3-D RMS accuracy is calculated for all the simulated epochs, i.e. in all cases of 

ambiguity fixed status: correctly fixed, partially fixed or the float case. 

 

 Percentage of Correctly Fixed Ambiguities 

The PCFA is the FOM that measures the percentage of carrier phase ambiguities that are 

estimated to the correct integer value (Julien et al. 2003). The PCFA is calculated as the 
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total number of ambiguities that are fixed to the correct integer values divided by the total 

number of ambiguities fixed to integer value for the simulation duration.  

 

 Percentage of Fixed Ambiguities 

The PFA is the total number of fixed ambiguities divided by the total number of 

ambiguities for the entire test scenario (Julien et al. 2003). In a comparison of the two 

systems in terms of ambiguity resolution performance, the PCFA is meaningful only 

when there are equivalent PFA for both systems. Even though the PCA and PCFA are 

closely related, they are important parameters to monitor separately in order to assess the 

system reliability. 

 

In order to assess these FOMs, time series of the 3-D RMS error and times series of the 

ambiguities are plotted for four data processing modes for each simulated case as 

explained in Section 5.6. For the SRS approach, the time series of the ambiguities 

consists of the number of double difference L1 and L2 ambiguities for GPS, and E1 and 

E5b ambiguities for Galileo. Considering the ‘n’ double difference single frequency 

observations formed between the rover and the reference station for an epoch, there will 

be ‘2n’ total ambiguities to be calculated for dual frequency data for that epoch. 

Similarly, for the MRS-TC approach, this time series consists of the number of double 

difference L1 and L2 ambiguities for GPS, and E1 and E5b ambiguities for Galileo, for 

all the network stations. Since four reference stations are utilised for each simulated 

network, four network baselines are formed corresponding to each reference station and 

the rover. Hence, assuming that all the reference stations observe the same number of 
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satellites, and ‘n’ single frequency double difference observations are formed per network 

baseline for an epoch, there will be ‘4n’ number of ambiguities formed per frequency for 

a total of ‘8n’ ambiguities to be calculated for dual frequency data for that epoch. For a 

detailed analysis, a time series of the 3-D RMS error and the number of float and fixed 

ambiguities are plotted for each simulated scenario. These time series are utilised to 

generate the 3-D RMS error, PFA and PCFA. The four sets of results obtained for each 

data processing mode are compared in terms of PFA, PCFA and the rover position 

accuracy. 

 

6.2 Test Results with 24/27 Constellation 

For the 24/27 GPS/Galileo constellations as per the original designs, all four baselines 

and three different atmospheric conditions were simulated, as explained in Chapter 5. 

Table 6.1 and Table 6.2 list the overall 3-D RMS position errors, Table 6.3 and Table 6.4 

represent the PFA values and Table 6.5 and Table 6.6 represent the PCFAs for the SRS 

and MRS-TC for all the simulated scenarios of the test with the 24/27 GPS/Galileo 

constellations.  

Table 6.1 3-D RMS Error in cm for SRS 

Baseline 

(km) 

Low 

Ionosphere 

Medium 

Ionosphere 

High 

Ionosphere 

 GPS GAL GPS GAL GPS GAL 

30 2.0 1.5 5.1 3.3 26.8 20.7 

60 4.6 3.1 14.0 10.0 38.8 26.1 

90 7.4 4.4 24.5 19.2 51.9 38.6 

120 7.6 7.1 28.6 20.8 61.5 46.0 
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Table 6.2 3-D RMS Error in cm for MRS-TC 

Baseline 

(km) 

Low 

Ionosphere 

Medium 

Ionosphere 

High 

Ionosphere 

 GPS GAL GPS GAL GPS GAL 

30 0.4 0.3 0.5 0.4 0.7 0.6 

60 0.5 0.4 0.6 0.6 1.8 1.0 

90 0.6 0.5 1.1 0.6 8.8 6.7 

120 0.7 0.6 2.5 0.9 26.4 18.0 

 

Table 6.3 Percentage of Fixed Ambiguities for SRS 

Baseline 

(km) 

Low 

Ionosphere 

Medium 

Ionosphere 

High 

Ionosphere 

 GPS GAL GPS GAL GPS GAL 

30 99.94 99.95 96.87 99.31 24.15 13.31 

60 95.81 99.78 61.61 71.48 16.28 3.13 

90 89.59 98.69 27.12 19.83 16.00 2.58 

120 86.84 92.70 18.18 12.18 9.19 2.04 

 

Table 6.4 Percentage of Fixed Ambiguities for MRS-TC 

Baseline 

(km) 

Low 

Ionosphere 

Medium 

Ionosphere 

High 

Ionosphere 

 GPS GAL GPS GAL GPS GAL 

30 99.87 99.92 99.60 99.85 79.84 95.62 

60 99.06 99.76 95.09 99.03 39.21 45.78 

90 95.64 98.74 76.07 95.73 16.27 22.07 

120 90.00 90.96 59.69 77.69 6.83 8.36 

 

Table 6.5 Percentage of Correctly Fixed Ambiguities for SRS 

Baseli

ne 

(km) 

Low Ionosphere 
Medium 

Ionosphere 

High 

Ionosphere 

 GPS GAL GPS GAL GPS GAL 

30 100.00 100.00 100.00 100.00 41.08 45.46 

60 100.00 100.00 96.25 97.53 6.55 10.32 

90 100.00 100.00 51.04 81.92 6.33 10.15 

120 100.00 100.00 50.41 80.94 2.29 3.36 
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Table 6.6 Percentage of Correctly Fixed Ambiguities for MRS-TC 

Base

line 

(km) 

Low 

Ionosphere 

Medium 

Ionosphere 

High 

Ionosphere 

 GPS GAL GPS GAL GPS GAL 

30 100.00 100.00 100.00 100.00 75.05 92.36 

60 99.47 100.00 94.15 99.07 24.78 55.46 

90 92.00 98.24 79.04 90.57 15.02 41.94 

120 86.49 89.79 68.01 73.37 11.34 26.66 

 

A detailed discussion of the test results for each simulated scenario is given below. 

6.2.1 Results for the 30 km Baseline 

Figure 6.1, Figure 6.2, and Figure 6.3 presents time series plots for the number of 

ambiguities and 3-D RMS error for the 30 km baseline. As shown in Figure 6.1a, a very 

small 3-D RMS error is obtained for all four processing modes for the low ionospheric 

error case. The PFA figure is more than 99% for all cases. Both stand-alone GPS and 

Galileo MRS-TC results show very good performance demonstrating a low 3-D RMS 

error of about 0.4 cm with an approximately 99.9% PFA and 100% PCFA. For a medium 

ionospheric error level (Figure 6.2), there is a small increase in the 3-D RMS errors for 

both the stand-alone GPS and Galileo SRS cases. Even though these errors are still at the 

decimetre level (5.1 cm and 3.3 cm, respectively), the reliability of the solution falls to 

96.8% and 99.3% for the PFA, whereas the PCFA figure is fixed at 100%. However, the 

MRS-TC results are still comparable to the low ionosphere results with around a 0.4-0.5 

cm 3D RMS error and PFA and PCFA values of more than 99% and 100%, respectively 

for both systems. For the high ionospheric error case (Figure 6.3), the SRS results 
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deteriorate further to a 3-D RMS error of more than 20 cm for both cases. The PFA 

figures declined to 13.3% and 24.2% for each system, and the PCFA to 45.5% and 

41.1%. The number of fixed ambiguities frequently drops to zero, causing discontinuities 

in the 3-D position estimates. The MRS-TC in this case provides much improved results 

with smooth position error plots for both the stand-alone Galileo case with a 0.6 cm 3-D 

RMS error, a 95.6% PFA and a 92.4% PCFA. For GPS the RMS error is 0.7 cm, the PFA 

is 79.8% and the PCFA is 75.0%. The Galileo MRS-TC case provides the highest 

reliability with a 95.6% PFA and a PCFA of 92.4% for the high ionospheric case, among 

the four sets of results. 
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Figure 6.1 3-D RMS Error and Ambiguities Plot for the 30 km Baseline: Low 

Ionosphere  
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Figure 6.2 3-D RMS Error and Ambiguities Plot for the 30 km Baseline: Medium 

Ionosphere 
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Figure 6.3 3-D RMS Error and Ambiguities Plot for the 30 km Baseline: High 

Ionosphere 

 

Thus the results for small baselines using the SRS technique are reliable for low and 

medium atmospheric conditions, and deteriorate for high ionospheric conditions and 

become unreliable for both stand-alone GPS and stand-alone Galileo mode. Similar 

performance is shown for MRS-TC results except that the stand-alone Galileo high 

ionosphere case here shows better improvement providing around 95% reliable results. 
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6.2.2 Results for 60 km Baseline 

Figure 6.4, Figure 6.5, and Figure 6.6 represent the 3-D RMS and ambiguities plots for 

the 60 km baseline. For the low ionospheric error case (Figure 6.6a), even though the 

SRS 3-D RMS errors are smooth and low, the Stand-alone GPS mode demonstrates less 

reliability with a PFA of 95.8%, compared to Stand-alone Galileo with a 99.8% PFA. The 

PCFA is 100% for both systems. As the ionospheric error level increases, the SRS 

number of fixed ambiguities has frequent jumps to zero in the ambiguity plot and 

discontinuities in the 3-D RMS error plots for both GPS and Galileo. Accordingly, the 

PFA figure for the SRS mode deteriorates to 61.6% and 71.5% for the medium 

ionospheric error case (Figure 6.5) for GPS and Galileo, respectively. It degrades further 

to 16.3% and 3.1% for the high ionospheric error case (Figure 6.6). The PCFA figure no 

longer stays at 100% and reduces to 96.2% and 97.5% for the medium ionospheric error 

and down to 6.6% and 10.3% for the high ionospheric error for GPS and Galileo 

respectively. 

 

The 3-D RMS error does not remain smooth and within the decimetre level - it exceeds 

25 cm for the high ionospheric error case. For low ionospheric error conditions, MRS-TC 

does not provide much improvement over SRS. However, MRS-TC nicely controls these 

error levels to the cm level, as compared to SRS for medium ionospheric error with a 

good PFA of 99% and 95% for Galileo and GPS, respectively. In the case of a high 

ionospheric error, the results show an improvement as compared to the SRS mode. The 

MRS-TC 3-D RMS error increases up to the decimetre level providing an unreliable 

solution which is indicated by a PFA of 39.2% and 45.8% and a PCFA of 24.8% and 
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55.5% for GPS and Galileo, respectively. The results are poor for high ionospheric 

conditions because the MRS-TC approach can compensate for only a small part of the 

ionospheric error due to an increase in the spatial decorrelation of the ionospheric error. 

 

 

Figure 6.4 3-D RMS Error and Ambiguities Plot for the 60 km Baseline: Low 

Ionosphere  
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Figure 6.5 3-D RMS Error and Ambiguities Plot for the 60 km Baseline: Medium 

Ionosphere  
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Figure 6.6 3-D RMS Error and Ambiguities Plot for the 60 km Baseline: High 

ionosphere 

 

6.2.3 Results for 90 km Baseline 

Figure 6.7,  Figure 6.8, and Figure 6.9 presents the time series for the 3-D RMS errors 

and ambiguities for the 90 km baseline. For the low ionospheric error case (Figure 6.7), 

the SRS results produce decimetre-level 3-D RMS position errors, with a PFA of 89.6% 

and 98.7%, and a PCFA of 100% for GPS and Galileo. However, for both the medium 

and high ionosphere conditions, the SRS 3-D RMS errors shoot up to more than 19 cm 
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and 38 cm for the two systems. The solution is no longer reliable, showing PFAs of less 

than 28% and 20%, with PCFAs of 51.0% and 81.9% for medium ionospheric error GPS 

and Galileo solutions. For high ionospheric error conditions, the results decline further 

demonstrating very low PFA figures of 16.0% and 2.6% with PCFA values of 6.3% and 

10.2% for GPS and Galileo. For low ionospheric error conditions as shown in Figure 6.7, 

the MRS-TC results do not show much improvement over the SRS results. However, 

MRS-TC stand-alone Galileo shows very good improvement under medium ionospheric 

errors, providing cm-level errors with a PFA of 95.7% and a PCFA of 90.6%. Under high 

ionospheric errors, the MRS-TC 3-D RMS error improves to the decimetre level 

compared to the SRS high ionospheric error level cases. However, the PFA only 

improves to 22.1% for Galileo, showing a higher number of float ambiguities in the 

ambiguity plot.  
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Figure 6.7 3-D RMS Error and Ambiguities Plot for the 90 km Baseline: Low 

Ionosphere 
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 Figure 6.8 3-D RMS Error and Ambiguities Plot for the 90 km Baseline: Medium 

Ionosphere 



  

 

94 

 

Figure 6.9 3-D RMS Error and Ambiguities Plot for the 90 km Baseline: High 

Ionosphere  
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Figure 6.10 MRS-TC 3-D RMS Error, Number of Correctly and Incorrectly Fixed 

Ambiguities for 90 km Baseline: High Ionosphere Case 

 

 

For the high ionospheric case, as shown in Figure 6.9, the 3-D RMS error in this case 

shows many discontinuities. In order to analyze their cause, a time series of MRS-TC 3-D 

RMS errors is plotted along with a time series of the number of correctly and incorrectly 

fixed ambiguities as given in Figure 6.10. It is evident from the figure that the 

discontinuity in the 3-D RMS error is due to incorrect fixing of ambiguities. Hence at 
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these affected epochs the number of incorrectly fixed ambiguities rises and the number of 

correctly fixed ambiguities drops. 

 

6.2.4 Results for 120 km Baseline 

Figure 6.11, Figure 6.12, and Figure 6.13 represents the 3-D RMS and ambiguity plots 

for the 120 km baseline. For the low ionospheric error case (Figure 6.11), the SRS results 

provide 3-D RMS errors of 7.6 and 7.1 cm with a PFA of 86.8% and 92.7% for the GPS 

and Galileo, respectively. The PCFA is 100% for both systems. These PFA figures 

reduce significantly to 18.1% and 21.1% with more than a 20 cm 3-D error for a medium 

ionospheric error. For a high ionospheric error, it further reduces to 9.2% and 2.0% with 

more than a 45 cm 3-D RMS error. The medium and high ionospheric error ambiguity 

plots (Figure 6.12 and Figure 6.13) show a higher number of float ambiguities with 

frequent jumps to zero representing a higher number of incorrectly fixed ambiguities. 

Hence the PCFA ambiguities are low in these cases. In case of MRS-TC, the low 

ionospheric error results are reliable at the cm level; however there is not much 

improvement over the SRS results. Under medium ionospheric errors, however, the 

MRS-TC shows very good improvement giving a cm-level error and a PFA of 77.7% and 

a PCFA of 73.4% for Galileo. In the case of a high ionospheric error, however, even if 

the 3-D RMS errors look statistically improved, they are not reliable as indicated by the 

PFA values of 6.8% and 8.4% and low PCFA figures for both GPS and Galileo.  
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Figure 6.11 3-D RMS Error and Ambiguities Plot for the 120 km Baseline: Low 

Ionosphere  
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Figure 6.12 3-D RMS Error and Ambiguities Plot for the 120 km Baseline: Medium 

Ionosphere  
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Figure 6.13 3-D RMS Error and Ambiguities Plot for the 120 km Baseline: High 

Ionosphere 

 

Similar to the high ionospheric error MRS-TC 90 km case, high ionospheric errors in the 

120 km baseline also causes large discontinuities in the 3-D RMS results (Figure 6.13). 

As explained in Figure 6.14, these occur at the instants when the numbers of correctly 

fixed ambiguities drop, or when there are no fixed ambiguities. 
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Figure 6.14 MRS-TC 3-D RMS Error, Number of Correctly and Incorrectly Fixed 

Ambiguities Plot for the 120 km Baseline: High Ionosphere Case 

 

6.3 Ionosphere Estimation Error 

The simulated ionosphere is the major source of error in all the scenarios hence the 

simulated DD ionosphere error is compared with the estimated DD ionosphere error 

using MRS-TC and SRS for all GPS and Galileo cases. Figure 6.15 and Figure 6.16 

represent the time series of RMS values of simulated and estimated ionosphere using the 

MRS-TC approach and estimated ionosphere using the SRS approach for 120 km high 

ionosphere and medium ionosphere cases, respectively. From Figure 6.16 it is observed 
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that the ionospheric error is well estimated by the MRS-TC approach in the case of a 

moderate ionosphere. In case of increased ionosphere level demonstrates the elevated 

simulated ionosphere values specified by large green area in Figure 6.15. The SRS and 

MRS-TC ionosphere estimates do not approach the actual simulated values showing a 

large gap between the green area and the red and blue areas. This is due to correlation 

property of the ionospheric error which is utilised in the estimation models used in the 

SRS and MRS-TC approaches. 

 

Figure 6.15 DD Ionosphere RMS Values for 120 km High Ionosphere Case 
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Figure 6.16 DD Ionosphere RMS Values for 120 km Medium Ionosphere Case 

Table 6.7 and Table 6.8 represent the RMS error difference calculated by differencing the 

RMS times series of the simulated ionosphere and SRS estimates and the MRS-TC 

estimates respectively and taking the RMS of this differenced time series. 

Table 6.7 Ionosphere Estimation Error in cm for the SRS 

Baseline 

(km) 

Medium 

Ionosphere 

High 

Ionosphere 

 GPS GAL GPS GAL 

60 12.3 8.7 35.5 22.1 

90 23.2 18.9 49.7 36.8 

120 27.3 18.9 59.3 44.1 
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Table 6.8 Ionosphere Estimation Error in cm for the MRS-TC 

Baseline 

(km) 

Medium 

Ionosphere 

High 

Ionosphere 

 GPS GAL GPS GAL 

60 0.3 0.3 1.6 0.9 

90 1.0 0.5 7.1 5.2 

120 1.9 0.7 22.3 16.2 

 

These tables confirm that the MRS-TC approach performs better modelling of the 

ionospheric error compared to the SRS approach as discussed in Chapter 4. Also, it is 

observed that all Galileo only cases perform better than the corresponding GPS only 

cases since the better geometry of the simulated Galileo constellation results in better 

modelling of the ionosphere error. 

6.4 Test Results with the 29/30 Constellation 

The 29/30 GPS/Galileo constellation represents the presently operational 29 GPS 

satellites in space and 30 Galileo satellites uniformly distributed in three orbital planes as 

explained in Chapter 5. Since the new constellations have a higher number of satellites 

and better geometry compared to the originally designed 24/27 GPS/Galileo 

constellations as given by Table 5.8, this experiment aims to analyze how much 

improvement the new 29/30 constellation can provide compared to the 24/27 

constellations in case of extended baselines and high ionosphere conditions, which are 

the most difficult. Hence simulated GPS and Galileo data with the new constellations was 

processed in SRS and MRS-TC modes for the medium and high ionospheric conditions 

for the 90 km and 120 km baselines. The results were analysed using the FOMs similar to 

all the cases analyzed for the 24/27 constellations. The results from two constellations are 



  

 

104 

compared in order to evaluate the performance improvement of the 29/30 constellations 

over the 24/27 constellations. 

 

Table 6.9 and Table 6.10 list the comparisons for the overall 3-D RMS position error and 

Table 6.11 and Table 6.12 represent the comparisons for the PFA. Table 6.13 and Table 

6.14, represent the comparisons for the PCFA of the two 24/27 and 29/30 GPS/Galileo 

constellations. The results for the 24/27 constellations are taken from the previous 

experiment, whereas the results for 29/30 constellations are discussed here in detail. 

 

Table 6.9 Comparisons of 3-D RMS Errors for the 24/27 and 29/30 Constellations 

for SRS Processing (cm) 

 

Medium Ionosphere High Ionosphere 

24 GPS/27 GAL 29 GPS/30 GAL 24 GPS/27 GAL 29 GPS/30 GAL Baseline (km) 

GPS GAL GPS GAL GPS GAL GPS GAL 

90 24.5 19.2 22.5 18.2 51.9 38.6 55.5 34.0 

120 28.6 20.8 26.2 20.0 61.5 46.0 69.6 45.5 

 

 

Table 6.10 Comparisons of 3-D RMS Errors for the 24/27 and 29/30 Constellations 

for MRS-TC Processing (cm) 

 

Medium Ionosphere High Ionosphere 

24 GPS/27 GAL 29 GPS/30 GAL 24 GPS/27 GAL 29 GPS/30 GAL Baseline (km) 

GPS GAL GPS GAL GPS GAL GPS GAL 

90 1.1 0.6 0.8 0.5 8.8 6.7 4.0 3.9 

120 2.5 0.9 1.1 0.9 26.4 18.0 30.5 15.1 
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Table 6.11 Comparisons of Percentage of Fixed Ambiguities for the 24/27 and 29/30 

Constellations for SRS Processing (cm) 

 

Medium Ionosphere High Ionosphere 

24 GPS/27 GAL 29 GPS/30 GAL 24 GPS/27 GAL 29 GPS/30 GAL Baseline (km) 

GPS GAL GPS GAL GPS GAL GPS GAL 

90 27.12 19.83 34.50 18.12 16.00 2.58 8.17 2.67 

120 18.18 12.18 22.89 10.62 9.19 2.04 4.54 1.30 

 

 

Table 6.12 Comparisons of Percentage of Fixed Ambiguities for the 24/27 and 29/30 

Constellations for MRS-TC Processing (cm) 

 

Medium Ionosphere High Ionosphere 

24 GPS/27 GAL 29 GPS/30 GAL 24 GPS/27 GAL 29 GPS/30 GAL Baseline (km) 

GPS GAL GPS GAL GPS GAL GPS GAL 

90 76.07 95.73 87.64 95.94 16.27 22.07 29.26 29.51 

120 59.69 77.69 71.50 86.59 6.83 8.36 10.46 13.65 

 

Table 6.13 Comparisons of Percentage of Correctly Fixed Ambiguities for the 24/27 

and 29/30 Constellations for SRS Processing (cm) 

 

Medium Ionosphere High Ionosphere 

24 GPS/27 GAL 29 GPS/30 GAL 24 GPS/27 GAL 29 GPS/30 GAL Baseline (km) 

GPS GAL GPS GAL GPS GAL GPS GAL 

90 51.04 81.92 72.48 80.25 6.33 10.15 6.49 18.31 

120 50.41 80.94 22.46 55.20 2.29 3.36 3.39 12.03 

 

Table 6.14 Comparisons of Percentage of Correctly Fixed Ambiguities for the 24/27 

and 29/30 Constellations for MRS-TC Processing (cm) 

 

Medium Ionosphere High Ionosphere 

24 GPS/27 GAL 29 GPS/30 GAL 24 GPS/27 GAL 29 GPS/30 GAL Baseline (km) 

GPS GAL GPS GAL GPS GAL GPS GAL 

90 79.04 90.57 91.67 96.92 15.02 41.94 45.38 55.19 

120 68.01 73.37 82.83 84.31 11.34 26.66 18.59 39.12 
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6.4.1 Results for 90 km Baseline 

Figure 6.18 presents the time series for 3-D RMS error and ambiguity plots for the 90 km 

baseline using the 29/30 GPS/Galileo constellations. The results show a similar behaviour 

as the results obtained with the 24/27 constellations discussed previously. For both 

medium and high ionosphere conditions (Figure 6.17 and Figure 6.18) the SRS 3-D RMS 

errors are more than 18 cm and 34 cm for the two systems. The solution is not reliable, 

showing a PFA of less than 34% and 19%, with a PCFA of 72.5% and 80.2% for medium 

ionospheric error GPS and Galileo solutions. For high ionospheric error conditions, the 

results deteriorate further demonstrating very low PFA figures of 8.1% and 2.7% with 

PCFA values of 6.5% and 18.3% for GPS and Galileo.  

 

MRS-TC Galileo results only show very good improvement under medium ionospheric 

errors, providing cm level errors with a PFA of 95.9% and a PCFA of 96.9%. Under high 

ionospheric errors, the MRS-TC 3-D RMS error improves to the decimetre level 

compared to the SRS high ionospheric error levels. However, the PFA only improves to 

29.5% for Galileo, showing a higher number of float ambiguities in the ambiguity plot. 

The time series of the 3-D RMS error for MRS-TC mode (Figure 6.18) shows 

discontinuities caused by incorrectly fixed ambiguities, similar to the results obtained 

with 24/27 constellations as seen previously. 
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Figure 6.17 3-D RMS Error and Ambiguities Plots for the 90 km Baseline: Medium 

Ionosphere using 29/30 GPS/Galileo Constellations 



  

 

108 

 

Figure 6.18 3-D RMS Error and Ambiguities Plots for the 90 km Baseline: High 

ionosphere using 29/30 GPS/Galileo Constellations 

 

6.4.2 Results for 120 km Baseline 

Figure 6.19 and Figure 6.20 represent the time series for 3-D RMS error and ambiguity 

plots for the 120 km baseline using the 29/30 GPS/Galileo constellations. The SRS 

results show a 3-D RMS error of more than 20 cm for medium ionospheric conditions 

with low PFAs figures of 22.9% and 10.6% for the GPS and Galileo. For high 

ionospheric errors, it further reduces to 4.5% and 1.3% with more than a 45 cm 3-D RMS 

error. Similar to the results obtained with the 24/27 constellations, the medium and high 
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ionospheric error ambiguity plots (Figure 6.19and Figure 6.20) show a higher number of 

float ambiguities with frequent jumps to zero representing a higher number of incorrectly 

fixed ambiguities, implying low PCFA figures. In the case of the MRS-TC approach, the 

medium ionospheric results show very good improvement giving a cm level error and an 

86.6% PFA and an 84.3% PCFA compared to the SRS results for the stand-alone Galileo 

case. For high ionospheric conditions, the results are not reliable as indicated by low PFA 

values of 13.7% and 10.5%, and PCFA figures of 39.1% 18.6% for Galileo and GPS, 

respectively. As shown in Figure 6.20, the time series of the 3-D RMS error for MRS-TC 

shows discontinuities caused because of incorrectly fixed ambiguities similar to as seen 

previously in the 90 km and 120 km high ionosphere cases for the 24/27 constellations. 
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Figure 6.19 3-D RMS Error and Ambiguities Plots for the 120 km Baseline: Medium 

Ionosphere using 29/30 GPS/Galileo Constellations 
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Figure 6.20 3-D RMS Error and Ambiguities Plots for the 120 km Baseline: High 

Ionosphere using 29/30 GPS/Galileo Constellations 

 

6.5 FOM Results Summary 

6.5.1 Summary of Results for 24/27 GPS/Galileo Constellations 

Figure 6.21s, Figure 6.22 and Figure 6.23 present a summary of the overall simulation 

results for the 24/27 GPS/Galileo constellation, and hence can be used to compare the 3-

D RMS error, as well as PFA and PCFA values for all 48 simulation scenarios. From 

Figure 6.21, it can be seen that Galileo always provides better position estimates 

compared to GPS for both the SRS and MRS-TC approaches. The MRS-TC solution 
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always shows an improvement compared to the SRS results and the MRS-TC Galileo 

scenarios provide the best solutions for all simulated scenarios.  

 

 

Figure 6.21 3-D RMS Errors for All Simulated Cases of the 24/27 Constellations 

 

Figure 6.22 and Figure 6.23 show the reliability of the position estimates represented by 

Figure 6.21. For low ionospheric errors, the PFA and PCFA figures are comparable at 

about 90% for all four baselines and all four processing modes. For the medium 

ionosphere case, however, they are comparable only in the case of the 30 km baseline, 

beyond which the SRS PFA figures drop drastically and the MRS-TC PFA figures show 

very good improvement over the SRS results. 
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Figure 6.22 Percentages of Fixed Ambiguities for All Simulated Cases of the 24/27 

Constellations 

 

Figure 6.23 Percentages of Correctly Fixed Ambiguities for All Simulated Cases of 

the 24/27 Constellations 
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For high ionospheric errors, MRS-TC shows improved PFA values over the SRS 

approach only for the 30 km baseline, beyond which due to increase in the spatial 

decorrelation of the ionospheric ionosphere error, both the SRS and MRS-TC approaches 

deteriorate and are no longer reliable. For medium and high ionospheric error conditions, 

MRS-TC Galileo provides the best PFA for all baselines. In the SRS case for medium 

and high ionospheric errors, GPS provides a slightly higher PFA as compared to Galileo. 

This is because, for the SRS approach, ionospheric modelling estimates additional 

ionosphere states. For Galileo, since a higher number of satellites is available compared 

to GPS, it takes much longer to converge, and hence provides a lower number of fixed 

ambiguities. However, in terms of PCFA, the stand-alone Galileo solution is always 

better than stand-alone GPS for both the SRS and MRS-TC approaches. 

 

6.5.2 Comparison of Results for 24/27 and 29/30 GPS/Galileo 

Constellations 

Figure 6.24, Figure 6.25, and Figure 6.26 represent the plots derived using comparison 

results for three FOMs using the 24/27 and 29/30 constellations listed in Table 6.9, Table 

6.10, Table 6.11, Table 6.12, Table 6.13 and Table 6.14. 
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Figure 6.24 Comparisons of 3-D RMS Error for the 24/27 and 29/30 GPS/Galileo 

Constellations 

 

From Figure 6.24, a comparison of the 3-D RMS errors show that the results obtained 

using both the 24/27 and 29/30 GPS/Galileo constellations are comparable. If we 

compare the SRS and MRS-TC results for each of the four simulated error cases, the 

stand-alone Galileo results are always better than the stand-alone GPS case. Also, the 

MRS-TC stand-alone Galileo 30 satellite constellation provides the best results providing 

the lowest 3-D RMS error among all processing modes, as expected. 
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Figure 6.25 Comparisons of PFA for 24/27 and 29/30 GPS/Galileo Constellations 

 

From Figure 6.25, a comparison of the PFA for the 24/27 and 29/30 GPS/Galileo 

constellations shows that, for medium ionospheric conditions, the PFA figures are 

comparable for both constellations. For high ionospheric conditions, the MRS-TC 29/30 

constellation results show a significant improvement over the 24/27 constellations. 

However, these improved figures are still well below the reliability requirements for the 

PFA FOM. The MRS-TC stand-alone Galileo 30 satellite constellation again provides the 

best results by showing the highest PFA for all simulated error cases. 
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Figure 6.26 Comparisons of PCFA Values for the 24/27 and 29/30 GPS/Galileo 

Constellations 

 

From Figure 6.26, a comparison of the PCFA for the 24/27 and 29/30 GPS/Galileo 

constellations shows a similar behaviour as in the results for the PFA given in Figure 

6.25. Again for this FOM, the MRS-TC stand-alone Galileo approach with the 30 satellite 

constellation provides the best results by showing the highest PCFA for all simulated 

error cases. 
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Chapter 7 Conclusions and Recommendations 

This research focused on a comparison of the SRS and MRS approaches for GPS and 

Galileo, for different baseline lengths and ionospheric conditions. The MRS-TC approach 

was chosen for evaluation referring to Alves (2004) and Dao et al. (2004) which showed 

that it provides improved accuracy and ambiguity resolution performance compared to a 

traditional collocation-based MRS approach. The study simulated two sets of stand-alone 

GPS and Galileo observations based on two constellations: the first constellation of 24 

GPS and 27 operational Galileo satellites according to their original constellation designs, 

and another one based on the current GPS constellation with 29 GPS satellites and the 

future Galileo constellation with all 30 satellites. The simulated stand-alone GPS and 

Galileo observations for the baselines ranging from 30 to 120 km in low to high (i.e. 1 

ppm to 6 ppm) ionospheric conditions were tested using the MRS-TC and SRS 

approaches and the results were evaluated in terms of positioning accuracy and ambiguity 

resolution performance. Given the test setup and the specific errors that were simulated, 

the following conclusions can be drawn: 

 

• Galileo always provided better results in terms of the 3-D RMS error for both the 

MRS-TC and SRS approaches compared to GPS in the case of low and medium 

ionospheric conditions due to the improved availability and hence geometry of 

satellites. The simulation studies show that Galileo provides higher satellite 

availability, i.e. 6 to 10 satellites, compared to 4 to 8 GPS satellites. Also the 

Galileo geometry shows PDOP values of 1.5 to 3.3 compared to PDOP values of 
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1.6 to 5.8 for stand-alone GPS for the 24/27 GPS/Galileo constellation. Therefore, 

as anticipated, Galileo always provided better results in terms of the 3-D RMS 

error for both the MRS-TC and SRS approaches compared to GPS in the case of 

low and medium ionospheric conditions due to the improved availability and 

geometry of satellites. 

• For all simulated scenarios, the improved geometry and availability from the 

Galileo constellation results in better ionospheric error estimation compared to the 

GPS only case. Also, it is confirmed that the MRS approach improves ionospheric 

estimation compared to the SRS approach. 

• For all the simulated baselines and error levels, the MRS-TC approach applied to 

Galileo always offers the best results compared to SRS GPS and Galileo and the 

MRS-TC GPS cases. This due to combined benefits of Galileo and MRS-TC, i.e.: 

improved availability geometry of Galileo and addition of more information 

(rover observations) to the MRS-TC network filter. 

• For low ionospheric error conditions, the MRS-TC approach for Galileo delivers 

cm-level positioning errors with 0.6 cm 3-D RMS error with 91% PFA and 90% 

PCFA for extended baselines up to 120 km. However these PFA and PCFA 

figures still need to be improved further in order to attain a 99% reliable results 

reliability level for practical applications.  

• For low ionospheric error cases for all baselines, the MRS-TC provides approach 

provided an improved accuracy (~0.6 cm) compared to the SRS approach (~7.0 

cm) in terms of 3-D RMS results, however both algorithms provided comparable 

results in terms of reliability, i.e. PFA and PCFA figures for both GPS as well as 
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Galileo. This is due to the larger reduction of correlated ionospheric errors when 

using MRS-TC compared to SRS. 

• For medium and high ionospheric conditions, MRS-TC stand-alone Galileo 

provides reliable cm-level positioning errors results for baselines up to 30 and 90 

and 30 km, with a 96% PFA in both cases and PCFA values of 90% and 92% 

PCFA %, respectively.  

• For high ionospheric conditions and extended baselines beyond 30 km, none of 

the systems provide reliable results using the simulated data, since in both cases 

the uncorrelated residuals errors play a major role in making the systems 

unreliable.  

• For all the simulated baselines and error levels, the MRS-TC approach applied to 

Galileo always offered the best results compared to the SRS GPS and Galileo and 

MRS-TC GPS cases. This was due to the combined benefits of Galileo and MRS-

TC, i.e.: improved availability geometry of Galileo when compared to GPS and 

addition of more information (reference and rover observations) when SRS is 

compared to the MRS-TC due to better modelling of GNSS errors at the network 

filter.  

 

This research deals with dual frequency results and treats GPS and Galileo 

independently, providing some interesting results for positioning improvements when 

using MRS-TC Galileo. However this thesis recommends further evaluation of the MRS-

TC approach considering: 
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─ Triple Frequency Techniques: GPS and Galileo will provide three frequencies to 

civil users out of which two are common to both systems. Based on these 

available triple frequencies new techniques for ambiguity resolution applied to the 

SRS approach were discussed in Chapter 3. Inspiring from these new findings in 

SRS triple frequency GPS/Galileo positioning, this thesis therefore recommends 

further evaluation of an MRS-TC approach for a GPS/Galileo combined system 

employing the same techniques i.e.: using triple frequency tight coupling and 

ionospheric weighted model or cascading ambiguity resolution with integrated 

triple frequency techniques as a future work. These triple frequency techniques 

applied to MRS-TC approach expects to improve the performance further for high 

ionospheric conditions over extended baselines.  

─ Real Galileo Data: In order to confirm these simulations based results further 

evaluation of Galileo MRS-TC approach using real MRS data is recommended 

when Galileo attains the full operational capability at the end of deployment phase 

and Galileo observations are available. Using the real data, MRS-TC can be 

evaluated for the GPS and Galileo systems independently as implemented in this 

thesis and for the combined GPS/Galileo system as recommended in the future 

work. However, while dealing with the combined GPS/Galileo system, 

interoperability issues such as different time reference frames and geodetic 

datums, as discussed in Chapter 2, need to be considered. 
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