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ABSTRACT 

The availability of GPS signals is a major concern for many existing and potential applications. 
Fortunately, with the development of Galileo by the European Commission (EC) and European 
Space Agency (ESA) and new funding for the restoration of the Russian GLONASS announced by 
the Russian Federation (Revnivykh et al., 2005) the future for satellite based positioning and 
navigation applications is extremely promising. With the complete co-operation of all these Global 
Navigation Satellite Systems (GNSS) greater levels of satellite visibility and therefore integrity 
can be expected.  

In this paper, a Receiver Autonomous Integrity Monitoring (RAIM) scheme along with Reliability 
and Separability measures are used to assess integrity performance levels of standalone GPS and 
integrated GPS/GLONASS, GPS/Galileo and GPS/GLONASS/Galileo systems where the clock 
offsets for each of the additional systems are estimated. It is shown herein, that a minimum of 3 
satellites must be visible in an additional system in order to provide a full integrity contribution 
when the systemÕs clock offset is to be estimated within the adjustment. A comparison of the 
integrity results obtained via system clock offsets estimated in the adjustment versus the case 
where the offsets are known and the measurements are corrected prior to the adjustment is also 
made for a high elevation mask scenario. 

Global simulation results for combined GPS/GLONASS/Galileo show that, theoretically, for the 
time of simulation and for any point on the globe, an outlier of 20m can be detected with 80% 
probability at the 0.5% significance level and then separated from any other measurement with 
90% probability. Corresponding values for the GPS only and combined GPS/GLONASS and 
GPS/Galileo systems respectively are approximately 435m, 110m and 28m respectively for the 
maximum MSBs and 312m, 50m and 26m respectively for the maximum MDBs. Temporal 24 
hour simulations for the GPS/GLONASS/Galileo scenario delivered agreeable results with the 
global snapshots for a 15¼ elevation mask. For the case where system clock offsets are estimated 
within the adjustment, it was shown that only the reliability measure was available for 100% of the 
time, with horizontal external reliability values of no more than about 12m when a 30¼ masking 
angle was used. By assuming the clock offsets were determined and corrected for prior to the 
adjustment, the separability measure was markedly improved and was also available 100% of the 
time. 
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1. INTRODUCTION 

Surveying and navigation industries have been revolutionised over the past two 
decades by the Global Positioning System (GPS). Phenomenal advances in the 
achievable accuracies of GPS positioning have been demanded and realised by 
members of these communities. Despite this remarkable technology, industry 
demands are far from satisfied.  The availability of GPS signals is a major 
limitation for many existing and potential applications. Fortunately, with the 
development of Galileo by the European Commission (EC) and European Space 
Agency (ESA) and new funding for the restoration of the Russian GLONASS 
announced by the Russian Federation (Revnivykh et al., 2005) the future for 
satellite based positioning and navigation applications is extremely promising. 
With the complete co-operation of all these Global Navigation Satellite Systems 
(GNSS) greater levels of satellite visibility and therefore integrity can be 
expected. While various studies on the benefits to Receiver Autonomous Integrity 
Monitoring (RAIM) of GNSS Interoperation have been conducted within the past 
decade, limited work is available on GPS/GLONASS/Galileo integration. This 
was primarily due to the uncertain future of GLONASS since the deployment of 
the first GLONASS satellite in 1982. However, with the Russian FederationÕs 
new commitment to the revitalisation of GLONASS and the announcement for the 
provision of fiscal support from the Indian Government at the end of 2004, it is 
worth considering such a scenario now.  
 
GNSS interoperation studies pertinent to RAIM include Hein et al. (1997) on 
GPS/GLONASS RAIM availability over Europe; Ryan & Lachapelle (2000) on 
availability and reliability analyses of GPS/Galileo integration; Merino et al. 
(2001) on investigations of accuracy, integrity, availablity and continuity for 
combined GPS and Galileo systems; OÕKeefe (2001) on the availability and 
reliability advantages of standalone GPS and Galileo systems as well as 
GPS/Galileo integration; Verhagen (2002) on reliability performance analyses for 
GPS, Galileo and combined GPS/Galileo systems; Ochieng et al. (2005) on 
RAIM availability and reliability performance assessment for Gailelo and 
combined GPS/Galieo; Blomenhofer & Ehret (2004) on Galileo and GPS/Galielo 
integrity analysis; and Lee (2004) on investigation of extending RAIM to 
combined modernised GPS and Galileo. 
 
In this paper, a RAIM scheme, along with reliability and separability measures,  is 
used to assess integrity performance levels of standalone GPS and integrated 
GPS/GLONASS, GPS/Galileo and GPS/GLONASS/Galileo systems. A 
comparison of the reliability and separability results obtained via two methods of 
time synchronisation, prior to and during the adjustment, is also included. 
 

2. INTEGRITY 

Receiver Autonomous Integrity Monitoring (RAIM) is a technique used to 
provide a measure of the trust which can be placed in the correctness of the 
information supplied by the total system (Ober, 2003). It is also a condition for 
RAIM to deliver the user with timely and valid warnings when the systemÕs 
performance exceeds specified tolerance levels. The RAIM technique monitors 
the integrity of the navigation signals independently of any external monitors via 
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measurement consistency check operations. The performance is measured in 
terms of the Ômaximum allowable alarm rateÕ and the Ôminimum detection 
probabilityÕ and is dependent on the failure rate of measurement sources, range 
accuracies and measurement geometry. Optimal RAIM algorithms should exhibit 
high detection rates and low false alarm rates. For a review of significant 
developments and analyses of RAIM methods and algorithms over the past 
decade see Hewitson et al. (2004). 
 
Statistical testing procedures focussed on the reliability of detecting fault 
measurements or outliers have generally been the basis for current RAIM 
techniques. For a single standalone GNSS system, a minimum of five satellites is 
required to provide the redundancy required to permit measurement consistency 
checks and evaluate the reliability measure. However, with only five satellites 
available it is only possible to detect the presence of an outlying measurement as 
the outlier detection statistics are fully correlated. With more than five satellites 
visible the contaminating measurement may be identified, depending on the 
correlation  between  detection statistics. If the statistics are highly correlated the 
likelihood of flagging the wrong measurement as the outlier is severe. It should be 
noted that greater redundancy and geometric strength of the measurement system 
significantly reduces the correlation of the test statistics and therefore, improves 
the capability of RAIM procedures for both detecting and identifying the outliers. 
As a result of the RAIM procedureÕs dependence on redundancy and 
measurement geometry it is essential to assess, not only the systemÕs ability to 
detect outliers, but also the systemÕs ability to separate any outlying 
measurements. Thus, a measure of separability as well as the reliability measure 
should be included when evaluating GNSS RAIM performance. The reliability 
measure is used to evaluate the capability of GNSS receivers to detect outliers and 
assess the impact of undetectable outliers on the navigation solution, while the 
separability measure is used to assess the capability of GNSS receivers to 
correctly identify the outlier from the measurements processed. 
 

2.1 Outlier detection, identification and adaptation (DIA) 

The GNSS data acquisition process is highly autonomous once the user has 
initialised the receiver in the desired manner. Furthermore, any gross errors in the 
measurements cannot be described or accounted for by the stochastic model and 
will therefore undesirably affect parameter estimations and related variances. Due 
to these characteristics there is an extremely high risk that an outlier will go 
undetected and bias the solution unless statistical testing methods are employed. 
One widely accepted and well documented method for outlier management is the 
Detection, Identification and Adaptation (DIA) procedure. For a detailed 
background to the DIA procedure and algorithms used in this paper refer, for 
example, to Hewitson (2003) and Hewitson et al. (2004).  
 
Essentially, the detection phase of the DIA procedure tests the overall adjusted 
solution for outliers using the so called Variance Factor (VF) test. The VF is a 
ratio of the 'a priori' and 'a posteriori' spread of errors and is expected to be equal 
to one. The two-tailed test limits are derived from the Chi-squared distribution for 
a given significance level. 
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Upon detection, an outlier can then be identified within the adjustment using the 
w-test (Baarda, 1968; Cross et al., 1994; Teunissen, 1998). The test statistic has a 
standard normal distribution when no outlier is present in the adjustment and a 
non-central normal distribution in the presence of an outlier. For situations where 
the test statistic exceeds the critical value for the desired significance level, the 
corresponding measurement is flagged as a possible outlier. The test is carried out 
with respect to each measurement and the largest value (as a single outlier may 
cause multiple test failures) that exceeds the critical value is deemed an outlier 
and is removed from the model. The w-test is performed again to see if any more 
outliers exist. If another outlier is found it is removed from the model and the 
measurement that was first regarded as an outlier is reinstated and the model 
retested. This iterative procedure is repeated until no more outliers are identified.  
 
The adaptation phase refers to the effective handling of the outlier, which permits 
a satisfactory adjustment. The measurement regarded as an outlier may be 
eliminated from the adjustment computation or the resulting bias may be included 
as a parameter within the model to be estimated and accounted for. 
 

2.2 Reliability  

The reliability of GNSS systems is essentially dependant on the redundancy and 
geometry of the measurement system. Reliability refers to the consistency of the 
results provided by a system, dictating the extent to which they can be trusted, or 
relied upon. More specifically, in terms of GNSS RAIM, reliability comprises the 
ability of the system to detect outliers, referred to as internal reliability, and a 
measure of the influence of undetectable outliers on the parameter estimations, 
referred to as external reliability (Baarda, 1968).  
 

2.2.1 Internal reliability 

The measure of internal reliability is quantified as the Minimal Detectable Bias 
(MDB) and is indicated by the lower bound for detectable outliers. The MDB is 
the magnitude of the smallest bias that can be detected for a specific level of 
confidence and is determined, for correlated measurements (Baarda, 1968; Cross 
et al., 1994) by: 
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where ! 0 is the noncentrality parameter which depends on the given false alarm 
rate ! 0 and the detectability ! 0, P  is the weight matrix of the measurements, vQö 
is the Ôa posterioriÕ variance covariance (VCV) matrix of the estimated residuals 
and ei  is a unit vector in which the i th component has a value equal to one and 
dictates the measurement to be tested. 
 
Cross et al. (1994) recommends that the power of the test (1-! ), which is the 
probability of detecting an outlier, is standardised at a value of 80% and only the 
significance (false alarm rate), " , is varied. This recommendation has been 
followed herein. 
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2.2.2 External reliability 

External reliability of the system is characterised by the extent to which an MDB 
affects the estimated parameters. External reliability measures are evaluated as 
(Baarda, 1968; Cross et al., 1994): 
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where xQö is the Ôa posterioriÕ variance covariance (VCV) matrix of the estimated 
parameters and A is the design matrix of the adjustment. 

 

2.3 Separability  

Separability refers to the ability to distinguish or separate a measurement from the 
other measurements. This ability is of the upmost importance as poorly separated 
measurements adversely affect the reliability of a navigation solution by 
manifesting a high risk of incorrectly flagging a ÔgoodÕ measurement as an outlier. 
 
For the case where a blunder is large enough to cause many w-test failures, 
resulting in many alternative hypotheses, it is essential to insure that any two 
alternatives can be separated. A measure of the separability of Hai and Haj is given 
by (1-r!), where r! is the probability of incorrectly flagging a good measurement as 
the detected outlier which, is dependant upon the correlation of the test statistics 
wi and wj of the ith and jth measurements, respectively. The separability is 
calculated for a given significance level " 0 and non-centrality parameter 0! . The 
degree of correlation of the two test statistics is determined through derivation of 
the correlation coefficient (Fšrstner, 1983; Tiberius, 1998):   
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where | ij! | "  1. A correlation coefficient value of one and zero, respectively, 

indicates that the two test statistics are fully correlated or uncorrelated. The 
greater the correlation between two test statistics, the more difficult it is to 
separate the corresponding measurements. In such a situation where an outlier has 
been detected and the corresponding w-test statistic is highly correlated with other 
measurements, there is a strong probability that the wrong measurement will be 
identified as the outlier. The degree of correlation of the w-test statistics is 
dependant on the strength of the geometry. A strong geometry will deliver weakly 
correlated w statistics. For circumstances where only five satellites are available, 
all measurements are fully correlated to one another.  
 
Separability can be quantified as the minimal separable bias (MSB), which is the 
lower bound for an outlier that can be separated from the other measurements. 
Essentially, the MSB is a product of the internal reliability and the measurement 
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correlation. To evaluate the MSB, it is sufficient to consider only the maximum 
correlation coefficient )(max ijij !"# . The MSB is therefore expressed as (Li, 

1986; Wang and Chen, 1994; Moore et al., 2002) 
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and 

max,0 ij!
" is the critical value of the non-centrality parameter 

0
!  satisfying the 

conditions of the power of the combined test '
0!  and the separability )1( 0r!  for 

the rejection of the null hypothesis.  
 

3. GNSS TIME SYNCHRONISATION 
 
When combining satellite navigation systems measurements to improve visibility 
and hence geometry, the measurements need to be corrected for the clock offsets 
between the systems. Such corrections may be performed prior to the adjustment 
or as part of the adjustment. Correcting for the time offsets prior to the 
adjustments would require an implementation where the systemsÕ ground 
segments determine the time offset and a predicted offset is broadcast in the 
navigation message.  
 
In the studies considered herein, we examine the scenario where additional clock 
offsets are estimated as part of the adjustment. For each additional system that has 
its own time system and therefore, independent receiver clock bias, 1 satellite (per 
additional system) will be required to estimate this additional parameter. 
However, for a full integrity contribution of outlier detection and identification a 
minimum of 3 satellites in each additional system will be required. If only 2 
satellites are visible in the additional systems, any outlier in the corresponding 
measurements will be inseparable.  
 
As a clock bias/offset needs to be determined for each system with independent 
timing when the adjustment estimation approach is used, the vector of parameters 
for a combined GPS/GLONASS/Galileo positioning solution is: 
 

[ ]GalileoGLONASSGPS RCRCRCdZdYdXx ,,,,,=    (7) 
 
Survey-grade receivers capable of tracking both GPS and GLONASS have been 
available for some time. These combined receivers have demonstrated a marked 
improvement in reliability and availability in areas where satellite signals can be 
obstructed, such as in urban areas, under tree canopies or in open-cut mines. 
These receivers use an additional parameter in the positioning adjustment to 
account for the time offset between the two systems. It is unlikely that GPS-
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GLONASS time offsets will be broadcast via navigation messages, or if they 
were, that the accuracy would suffice for precision applications. 
 
The US-EU Agreement on GPS-Galileo Cooperation however, outlines plans to 
determine the GPS-Galileo Time Offset (GGTO) at the system level with less than 
5 ns uncertainty (Moudrak et al., 2005). It is proposed that both GPS and Galileo 
Systems will broadcast the GGTO. Whether or not users will use the broadcast 
GGTO is up to them and/or the receiver manufacturers. Moudrak et al. (2005) 
show that if users estimate the GPS-Galileo time offset (GGTO) in the adjustment 
as an additional parameter they will get a more accurate solution, provided the 
measurement redundancy is sufficient, than if they were to use a broadcast GGTO 
with 5 ns uncertainty. 
 
 

4. GNSS RAIM PERFORMANCE STUDIES 

A series of simulations were carried out in order to analyse the performance of the 
GNSS RAIM algorithms with particular attention to the correlation, and thus 
separability, of the measurements. Studies were conducted for GPS only, 
combined GPS/GLONASS, GPS/Galileo and GPS/GLONASS/Galileo scenarios. 
UNSW GNSS (GPS and Pseudolite) measurement simulation and analysis 
software (Lee et al, 2002), originally designed for GPS and Pseudolite simulation, 
was modified by the author to perform the following simulations involving the 
GLONASS and Galileo systems. The analyses are based on the GPS, GLONASS 
and Galileo satellite coordinates and given receiver coordinates. The GPS satellite 
coordinates were determined by actual ephemeris (converted from the almanac 
files). There were 29 healthy satellites in the GPS almanac used for the following 
simulations. The nominal constellation for the complete GLONASS as described 
in the GLONASS Interface Control Document (2002) was used. The Galileo 
constellation was compiled from information in Dinwiddy et al. (2004) and the 
Galileo Mission High Level Mission Definition Version 3.0 (2002).  
 
The implemented GLONASS constellation was essentially 24 satellites in three 
orbital planes whose ascending nodes are 120¡ apart. 8 satellites are equally 
spaced in each plane with argument of latitude displacement 45¡. The orbital 
planes have 15¡ argument of latitude displacement relative to each other. The 
satellites operate in circular 19100 km orbits at an inclination 64.8. The Galileo 
constellation comprises 30 operational satellites in a Walker constellation with 
three orbital planes, with a 56¡ nominal inclination and an altitude of 23222km. 
Each orbital plane contains nine satellites nominally 40¡ apart and one spare.  
 
Simulations have been performed as though the complete GLONASS and Galileo 
systems were in operation at the time of the GPS almanac validity. Simulated 
code measurements, with standard deviations set to # = 3 m , are based on single 
frequency point positioning and a masking angle of 15¡ was used unless otherwise 
stated, as specified in ICSM (2002). The internal reliabilities were computed with 
$ = 80% probability at a significance level of "  = 0.5%. The minimal separable 
bias values were computed with (1-r0) = 90%.  
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4.1 Global Snapshot RAIM Performance Analysis 

The global snapshot simulation was carried out by computing single epoch 
snapshot solutions for 000h on the 27th May 2005 at 1 degree intervals of latitude 
and longitude and an altitude of 50m. The global results presented in this section 
are satellite visibility, correlation coefficients and minimal separable biases 
(MSBs). Orthographic global colour maps are used to present the results as they 
are ideal for displaying spatial variations. 
 
Satellite Visibility is depicted in Figure 1 for the standalone GPS, combined 
GPS/GLONASS, GPS/Galileo and GPS/GLONASS/Galileo constellations. 
Results for the maximum MDBs at each snapshot are given in Figure 2. The 
GPS/GLONASS and GPS/Galileo scenarios exhibit similar results however, the 
GPS/Galileo system is slightly better due to the Galileo constellation having 6 
more satellites than GLONASS. Significant differences are obvious for the GPS 
only system compared with the GPS/GLONASS and GPS/Galileo results. The 
dark red areas in the GPS only map correspond to areas where RAIM has failed 
due to satellite visibility being less than 5. Also significant, but not as drastic, 
improvements can be seen for the GPS/GLONASS/Galileo system when 
compared to the results for GPS/GLONASS and GPS/Galileo systems. Absolute 
maximum, average maximum and minimum maximum MDBs for each scenario 
can be seen in Table 1 and Figure 3 reveals the distribution of the maximum 
MDBs. Note that the absolute maximum and the mean of the maximum MDBs for 
the GPS case were only calculated for the areas RAIM was available. From the 
results in Figures 2 and 3, and Table 1, it can be seen that 
GPS/GLONASS/Galileo scenario is far more reliable and stable than the other 
three. The GPS/GLONASS and GPS/Galileo scenarios are marked improvements 
on the GPS only case.  

 
Figure 1. Visibility for GPS, 
GPS/GLONASS, GPS/Galileo and 
GPS/GLONASS/Galileo. 
 

 
Figure 2. Maximum internal reliability 
values for GPS, GPS/GLONASS, 
GPS/Galileo and GPS/GLONASS/Galileo 
($= 80%, "  =0.5%). 
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Figure 3. Histograms of maximum internal reliability values for GPS, GPS/GLONASS, 
GPS/Galileo and GPS/GLONASS/Galileo ($= 80%, "  =0.5%). 

 
 

Maximum Internal Reliability Values (m) 
Scenar ios 

Minimum Mean Maximum 
GPS 14.956 29.591 311.621 

GPS/GLONASS 13.054 16.220 49.840 
GPS/Galileo 12.188 14.827 25.971 

GPS/GLONASS/ Galileo 11.994 13.644 19.207 
Table 1. Maximum minimal detectable biases (MDB) for GPS, GPS/GLONASS, GPS/Galileo and 
GPS/GLONASS/Galileo ($ = 80%, "  = 0.5%).  
Note: The values for the GPS case were only calculated for the areas RAIM was available 
 
Figures 4 and 5 display the minimum and maximum correlation coefficients for 
all four scenarios. Again, the results for GPS/Galileo case are slightly better than 
the GPS/GLONASS system due to the extra 6 satellites. In the GPS only case of 
Figure 4 the dark red areas show the regions where all the test statistics are fully 
correlated due to insufficient satellite visibility (5 or less). Obvious improvements 
in the overall correlations of the statististics with satellite visibility can be seen in 
Figures 5 and 6 in conjunction with Table 2; showing the absolute, average and 
minimum maximums for the correlation coefficients. A consistent decrease can be 
seen in the maximum correlations from the GPS only to the GPS/GLONASS and 
GPS/Galileo scenarios and to the GPS/GLONASS/Galileo scenario with respect 
to the maximum, average and minimum values and the histograms in Figure 6. 
Figure 5 and the spread of values for the GPS/GLONASS/Galileo scenario in 
Figure 6 suggest that the correlations between the outlier detection test statistics 
have not stabilised to the same extent as the internal reliabilities.  
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Figure 4. Minimum correlation coefficients 
for GPS, GPS/GLONASS, GPS/Galileo and 
GPS/GLONASS/Galileo. 
 
 

 
Figure 5. Maximum correlation coefficients 
for GPS, GPS/GLONASS, GPS/Galileo and 
GPS/GLONASS/Galileo. 

 
Figure 6. Histograms of maximum correlation coefficients for GPS, GPS/GLONASS, GPS/Galileo 
and GPS/GLONASS/Galileo. 
 
 

Maximum Correlation Coefficients 
Scenar ios 

Minimum  Mean Maximum 
GPS 0.580 0.900 1.000 
GPS/GLONASS 0.385 0.605 0.986 
GPS/Galileo 0.301 0.522 0.874 
GPS/GLONASS/ Galileo 0.271 0.407 0.756 

 
Table 2. Maximum correlation coeff icients for GPS, GPS/GLONASS, GPS/Galileo and 
GPS/GLONASS/Galileo.  
 
Figure 7 depicts the maximum values of the MSBs. The areas where the RAIM 
has failed due to insufficient visibility are again apparent and considerable in the 
GPS scenario. This was to be expected as the MSB is the product of the internal 
reliability and the separability multiplying factor, which is directly dependant on 
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the correlations between the test statistics. The maximum (worst case) MSB 
values in Figure 8 and Table 3 are fairly consistent with the results for internal 
reliability (see Figure 3 and Table 1) with the exception of the maximum values. 
The GPS scenario in Figure 7 shows the maximum MSBs are much worse than 
the maximum MDBs (see Figure 2) due to the influence of correlation. We can 
see the improvements in the maximum MSB and the stability of the results from 
the GPS to the GPS/GLONASS and GPS/Galileo systems and to the 
GPS/GLONASS/ Galileo scenario. The results for the GPS/GLONASS/Galileo 
show that theoretically, at this instant for any point on the globe, an outlier of 20 
m can be detected with 80% probability at the 0.5% significance level and then 
separated from any other measurement with 90% probability; 20 m is 
approximately the same threshold for the maximum MDB in this scenario.  
 

 
Figure 7. Maximum minimal separable bias (MSB) values for GPS, GPS/GLONASS, GPS/Galileo 

and GPS/GLONASS/Galileo (1-r0 = 90%). 
 
 

 
Figure 8. Histograms of Maximum minimal separable bias (MSB) values for GPS, 

GPS/GLONASS, GPS/Galileo and GPS/GLONASS/Galileo (1-r0 = 90%). 
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Maximum Minimal Separable Bias Values (m) 
Scenar ios 

Minimum  Mean Maximum 
GPS 15.420 42.931 433.333 
GPS/GLONASS 13.250 16.819 109.915 
GPS/Galileo 12.273 15.054 27.035 
GPS/GLONASS/ Galileo 12.054 13.776 19.469 

Table 3. Maximum minimal separable biases (MSB) for GPS, GPS/GLONASS, GPS/Galileo and 
GPS/GLONASS/Galileo (1-r0 = 90%). 
Note: The values for the GPS case were only calculated for the areas RAIM was available. 
 

4.2 24-Hour Temporal RAIM Performance Analysis 

 
In order to provide a comprehensive analysis of the performance levels of the 
GNSS RAIM algorithms described herein, temporal simulations have also been 
carried out for a 24 hour period for a site in Sydney. The geodetic coordinates of 
the location are 33¼55Õ04ÓS, 151¼13Õ55ÓE (WGS84) with an elevation of 87m 
above sea level. For all simulations a sampling rate of 0.01Hz was used. Clock 
offset estimations were included within the adjustment in all simulations unless 
otherwise stated. 
 

4.2.1 Temporal studies using a 15¼ masking angle 
 
The following 24 hour simulation results show the temporal variations of 
reliability and seperable measures that can be expected for sydney under the 
interoperation of complete GPS, GLONASS and Galileo, when a 15¼ masking 
angle is used. Figure 9 presents the satellite visibility for GPS, GLONASS, 
Galileo and combined GPS/GLONASS/Galileo systems over a 24 hour period. 
Time of commencement of the simulations was for 000h 27 May 2005. 
 

 
Figure 9. Satellite visibility for Sydney over 24 hours with 15¡ masking angle and individual clock 

estimations. 
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Figure 10. GPS/GLONASS/Galileo internal 
and external reliabilities for Sydney over 24 
hours with 15¡ masking angle and individual 
clock estimations ($ = 80%, "  = 0.5%). 
 
 

 
Figure 11. GPS/GLONASS/Galileo 
correlation coefficients and Minimal 
Separable Biases (MSB)  for Sydney over 24 
hours with 15¡ masking angle and individual 
clock estimations (1-r0 = 90%). 

The internal and external reliabilities are shown in Figure 10. From the level of 
horizontal external reliability we can expect the combined GPS/GLONASS/ 
Galileo system to deliver a solution which is relaible in the horizontal component 
to better than 5 m ($ = 80%, "  = 0.5%). The vertical component is significantly 
worse at 2-3 times less reliable and far less consistent. The w-test correlation 
levels are good with a maximum value of less than 0.7 for the duration of the 
simulation (see Figure 11). The average maximum correlation is approximately 
0.5. Such a level of correlation means that the minimal separable bias levels are 
quite low with a maximum MSB of approximately 18 m ($ = 80%, "  = 0.5%, 1-r0 
= 90%) occuring at about 20 minutes before the 22 hour mark. The average 
maximum MSB is between 14 and 15 m. Furthermore, no RAIM holes occur in 
this 24 hour period. 
 

4.2.2 Temporal studies using a 30¼ masking angle 
 
When the elevation angle is raised to 30¼, which is a commonly used method to 
simulate the effect of urban canyons, we can see the reliability levels significantly 
degrade (see Figure 13). In the case of the MSBs in Figure 14, the maximum 
values actually fail as they reach infinity when some of the w-test statistics are 
fully correlated. These instances occur at around the 1, 9, 17, 21 and 24 hour 
marks where at least one of the systems has only 2 satellites visible. As mentioned 
earlier in Section 3, at least 3 satellites must be available in each system in order 
to provide a full integrity contribution. The horizontal external reliabilities are 
reasonable (considering the level of masking), with a maximum value of just over 
10 m ($ = 80%, "  = 0.5%) reached at about 9 hours and 30 minutes. 
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Figure 12. Satellite visibility for Sydney over 24 hours with 30¡ masking angle and individual 

clock estimations. 
 

 
Figure 13. GPS/GLONASS/Galileo Internal 
and External Reliabilities for Sydney over 
24 hours with 30¡ masking angle and 
individual clock estimations ($ = 80%, "  = 
0.5%). 

 
Figure 14. GPS/GLONASS/Galileo 
correlation coefficients and Minimal 
Separable Biases (MSB)  for Sydney over 24 
hours with 30¡ masking angle and individual 
clock estimations (1-r0 = 90%). 

 
 
 
Figures 15 and 16 show the 24 hour simulation results when the clock offsets 
were assumed to be known, or estimated, and applied prior to the adjustment. 
Again, a 30¼ masking angle was used. Here we can see a marked improvement in 
both reliability and separability. No RAIM holes occur in this scenario, as any 
extra satellite, regardless of whether it is the only one available in a system, 
contributes to the overall integrity.  We can see that there is a noticeable 
improvement in reliability upon comparisons of Figures 15 and 13. The most 
significant improvement however, can be seen in the correlations when Figure 16 
is examined in comparison with Figure 14. Figure 16 shows that all maximum test 
statistic correlations are greatly reduced and there are no occurrences of full 
correlations. This leads to the improvement in the availability and the MSB 
measure.
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Figure 15. GPS/GLONASS/Galileo Internal 
and External Reliabilities for Sydney over 
24 hours with 30¡ masking angle and no 
clock offsets ($ = 80%, "  = 0.5%). 
 
 

 
Figure 16. GPS/GLONASS/Galileo 
correlation coefficients and Minimal 
Separable Biases (MSB)  for  Sydney over 
24 hours with 30¡ masking angle and no 
clock offsets (1-r0 = 90%). 

 

5. CONCLUSIONS 

RAIM procedures for the detection, isolation and adaptation of outlying 
measurements have been described along with the performance measures of 
reliability and separability. In addition, the effect of estimating the clock offsets of 
augmented systems upon reliability and separability has been examined. 
Simulation results show that the GPS/GLONASS/Galileo scenario is far more 
reliable and stable than the GPS only and combined GPS/GLONASS and 
GPS/Galileo scenarios. The GPS/GLONASS and GPS/Galileo scenarios however, 
are marked improvements on the GPS only case. The GPS/Galileo scenario 
showed slightly better results than the GPS/GLONASS system due to the larger 
Galileo constellation.  
 
The global snapshot simulations reveal a consistent decrease in the maximum 
correlation between the statistics for outlier detection from the GPS only to the 
GPS/GLONASS and GPS/Galileo systems and to the GPS/GLONASS/Galileo 
scenario with respect to the maximum, average and minimum values of the 
maximum MSBs. The histograms also show this improvement and trend towards 
stability. The results also indicate that the correlations between  the statistics have 
not stabilised to the same extent as the internal reliabilities for the combined 
GPS/GLONASS/Galileo system. The results for combined 
GPS/GLONASS/Galileo show that, theoretically, for the time of simulation and 
for any point on the globe, an outlier of 20m can be detected with 80% probability 
at the 0.5% significance level and then separated from any other measurement 
with 90% probability. Corresponding values for the GPS only and combined 
GPS/GLONASS and GPS/Galileo systems respectively are approximately 435m, 
110m and 28m respectively for the maximum MSBs and 312m, 50m and 26m 
respectively for the maximum MDBs. It should also be noted that, out of all the 
simulations, RAIM failed only under the GPS-only scenario. 
 
The temporal 24 hour simulations for the GPS/GLONASS/Galileo scenario 
delivered agreeable results with the global snapshots for a 15¼ elevation mask. For 



16 

the case where system clock offsets where estimated within the adjustment, it was 
shown that the reliability measure was available for 100% of the time with 
horizontal external reliability values of no more than about 12m when a 30¼ 
masking angle was used. The maximum correlation values of the test statistics 
however, were significantly high and often reached full correlation resulting in 
separability failure. The integrity levels have been shown to improve by applying 
the system clock prior to the adjustment. By doing so, every satellite in an 
augmented system can provide additional redundancy. This additional redundancy 
greatly improved the level of correlations and the maximum value was 
approximately 0.9; however, only slight improvements can be seen for the 
reliability results.  
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