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ABSTRACT  

 

The new generation of the satellite-based augmentation system (SBAS) has been initiated in Australia and New Zealand since 2017 

and is anticipated to be a fully operational system by 2023. In addition to the traditional L1 service, the new SBAS also supports the 

dual-frequency multi-constellation (DFMC) service and the precise point positioning (PPP) service for GPS and Galileo dual-

frequency users. Making use of the DFMC SBAS service, horizontal positioning accuracy at sub-meter to meter level can be realized 

in real-time depending on the measurement environment, which should benefit users of the intelligent transport system (ITS) in road 

transport. The integrity monitoring is essential for the ITS users to guarantee the reliability of the positioning service. During possible 

outage of the SBAS messages, the integrity monitoring of the DFMC SBAS positioning becomes difficult due to the missing 

corrections integrity information that should be updated regularly. Even when relieving these strict time-out windows for land-based 

applications, the increase of the horizontal protection levels (HPLs) with time is shown to be dramatic. In this contribution, a modified 

version of the advanced receiver autonomous integrity monitoring (ARAIM) algorithm is used during such SBAS outages. The HPLs 

are computed based on the ARAIM algorithm with different integrity parameters assumed to investigate their impact on the HPL. 

Under the expectation that higher precision of the satellite clocks and orbit corrections can be achieved for the new generations of 

the GPS and Galileo satellites in the future, the HPLs computed with the proposed modified ARAIM algorithm are shown to be close 

to the level of those based on the DFMC SBAS. In such a case, the ARAIM is expected to be a useful alternative approach for 

bridging the integrity monitoring of the non-safety-of-life ITS applications during the SBAS outages. 
 

INTRODUCTION  

In road transport applications, such as Intelligent Transport Systems (ITS), integrity monitoring (IM) is an essential task to 

guarantee the reliability of the vehicle positioning results. Under a pre-defined probability of hazardous misleading information 

(PHMI), set according to the application, a protection level is computed at each time epoch to bound the actual positioning errors. In 

the case that the required alert limit is exceeded by the protection level, a warning message is sent to the user within a pre-defined 

time-to-alert.  
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Nowadays, high-accuracy positioning results can be obtained with different advanced positioning technics. Compared to the real-

time kinematic (RTK) positioning method, which requires a reference station typically within 10 km from the user, standalone 

techniques like precise point positioning (PPP) can also provide users with the required high positioning accuracy. However, despite 

the long convergence time of tens of minutes that is needed for the PPP filter [1-3], the precise satellite clocks and orbits need to be 

obtained in real-time via, e.g., an internet link. On the other hand, satellite-based augmentation systems (SBAS) can provide users 

with free-of-charge precise satellite-related products. The satellite-related corrections, integrity, and range information are directly 

broadcast from the geostationary (GEO) satellites to the users in real-time, which enables stand-alone real-time positioning.  

 

The traditional SBAS service augments only the L1 observations. SBAS is moving towards a newer generation, providing to 

dual-frequency multi-constellation (DFMC) users observation corrections and integrity information. A test-bed of the new generation 

of SBAS was initiated in Australia and New Zealand in 2017 in preparation for building an operational system [4]. The users 

eliminated the first-order ionospheric delays by forming the ionosphere-free (IF) linear combination and an improved measurement 

geometry are also available through the use of both GPS and Galileo signals. In a previous study [5], test results showed that using 

DFMC SBAS service, the horizontal positioning accuracy for road transport users can reach sub-meter to meter-level depending on 

the measurement environment, which realizes standalone high-accuracy positioning in real-time without any internet link. For 

applications with higher accuracy requirements, the new SBAS also supports the PPP service with the precise orbit and clock 

corrections and integrity information sent via L1 for GPS satellites and via L5 for GPS/Galileo satellites [6]. A sub-dm to dm 

horizontal positioning accuracy can be achieved after a certain convergence time.   

 

Due to possible service failures or signal blockage in complicated measurement environments such as urban areas, the SBAS 

users may experience an outage of the precise corrections and integrity information. The satellite orbits and clocks can be predicted 

using different mathematical models for short time periods, e.g. less than 15 min, with acceptable errors [5].  However, the protection 

levels, computed based on the ED-259 standards [7], would degrade significantly with time due to the lack of updated integrity 

information [5].  

 

In this contribution, the authors exploit and assess the possibility of using the advanced receiver autonomous integrity monitoring 

(ARAIM) algorithm [8, 9] for bridging the ITS integrity monitoring during the SBAS outages. We restrict focus on the DFMC SBAS 

utilizing the carrier-smoothed code observations. The fault detection and exclusion (FDE) procedure and the approach to compute 

the HPL are explained. To assess the proposed ARAIM bridging approach, a station in Perth, Australia is used as an example. 

Compatible assumptions with SBAS on the integrity risk and methodology were implemented. The HPLs are computed based on 

different assumptions of the integrity parameters like the 𝜎𝑈𝑅𝐴,𝑖 and 𝜎𝑈𝑅𝐸,𝑖, which denote the standard deviations of the orbit and 

clock errors of satellite 𝑖 for integrity purpose and for accuracy and continuity purpose, respectively. In addition, the maximum 

nominal bias for integrity purpose, denoted by 𝑏𝑛𝑜𝑚,𝑖, which plays an important role in the resulting HPLs, is tested for different 

possible values. During assumed breaks in SBAS, the computed HPLs based on the ARAIM algorithm are compared with those 

based on the actual DFMC SBAS without breaks. As the Signal-in-Space Range Error (SISRE) reduces in the new generations of 

GPS satellites due to the continuous improvement of the on-board satellite clock performance [10], it is expected that the 𝜎𝑈𝑅𝐴,𝑖 can 

be further reduced in the future. As such, the ARAIM-based HPLs assuming small values for 𝜎𝑈𝑅𝐴,𝑖  are also compared with those 

based on the SBAS DFMC.  

 

DEGRADATION IN THE HPL DURING SBAS OUTAGES 

 
FOR DFMC SBAS, after forming the IF linear combination of the carrier-smoothed code observations for both the GPS and 

Galileo satellite observations, the estimated unknown vector includes the 3-dimensional positional increments to the approximate 

position and the GPS and Galileo receiver clock errors. Assuming that the total number of the processed GPS and Galileo satellites 

amounts to 𝑛 at a single epoch, where each satellite gives one IF combination of carrier-smoothed GPS or Galileo observations, the 

linearized observation model can be expressed as  

 E(𝑦) = 𝐺𝑥   (1) 

where y denotes the observed-minus-computed (O-C) measurement vector, 𝑥 is a 5×1 vector comprising the receiver position 

increments and the receiver clock errors for GPS and Galileo. E(∙) is the expectation operator. The design matrix G is a 𝑛 × 5 matrix, 

where the i-th row of the matrix G can be expressed as 
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 𝐺𝑖 = [𝜇𝑖,𝐸 , 𝜇𝑖,𝑁 , 𝜇𝑖,𝑈, 𝑒𝑖,𝐺 , 𝑒𝑖,𝐸]   (2) 

where 𝜇𝑖,𝐸, 𝜇𝑖,𝑁 and 𝜇𝑖,𝑈 refer to the east, north and up components of the unit vector from the i-th satellite to the receiver, respectively. 

The element 𝑒𝑖,𝐺 is set to one for the receiver clock offset of GPS measurements, and zero for Galileo observations. Similarly, 𝑒𝑖,𝐸, 

is set to one for the corresponding Galileo receiver clock offset for Galileo observations and a zero for GPS observations.  

 

The tested DFMC SBAS service supports users receiving GPS L1/L5 and Galileo E1/E5a signals. Due to the limited number of 

the GPS satellites transmitting the L5 signals, the SBAS test-bed utilized GPS L2 signal instead of those on L5 before 2019 to 

guarantee a good measurement geometry. The same signal constellation is also used in this study. In the future with more GPS 

satellites sending signals on L5, and with more Galileo satellites launched as planned, a better measurement geometry is expected.    

 

In road transport, the horizontal positioning service is mostly of higher interest for the ITS users. Under a pre-defined PHMI for 

the horizontal positioning service, the HPLs can be computed for DFMC SBAS based on [7]. As defined in the ED-259 standards for 

the DFMC SBAS service [7], the HPL can be computed as follows 

𝐻𝑃𝐿 = 𝐾𝐻 ∙ 𝜎𝐻       (3) 

where 𝜎𝐻 is the standard deviation (std) of the horizontal positioning error along the semi-major axis of the horizontal error ellipse, 

and 𝐾𝐻 is a scale factor computed based on the horizontal PHMI, denoted as PHMIH, with 

𝐾𝐻 = 𝜓−1 (1 −
PHMIH

2
)       (4) 

where 𝜓−1 is the quantile function (inverse cumulative distribution function - CDF) of a standard normal distribution. 

 

The standard deviation of the horizontal positioning error 𝜎𝐻 is mapped from that of the east (𝜎𝐸) and north (𝜎𝑁) std positioning 

errors, and the 𝜎𝐸 and 𝜎𝑁 are the square roots of the first two elements of the 𝑄𝑥, the variance-covariance matrix of the estimated 

parameter vector. The matrix 𝑄𝑥 can be computed based on the least-squares adjustment in the form 

𝑄𝑥 = (𝐺𝑇𝑄𝑦
−1𝐺)

−1
       (5) 

The variance-covariance matrix 𝑄𝑦  in Eq. (5) is assumed a diagonal matrix. Its diagonal elements, for each satellite, are determined 

by applying the variance rule, i.e. the sum of the squared standard deviation of the residual errors for the satellite clock and orbit 

corrections (𝜎𝐷𝐹𝐶), the standard deviation of the ionosphere delay residuals after forming the IF combination (𝜎𝐼), which typically 

amounts to high-order ionosphere delay part, the standard deviation of the troposphere residuals after applying the empirical model 

(𝜎𝑇), the standard deviation for the noise (𝜎𝑁), and standard deviation for the combined multipath and antenna group delay errors 

(𝜎𝑀). The detailed procedure for the FDE process and for computing the HPLs are described in [5, 7]. 

 

While the other standard deviations mentioned above are elevation-dependent functions, the 𝜎𝐷𝐹𝐶 , which plays an important role 

in computing the final HPLs [5], is closely related to the regularly updated integrity parameters broadcast by the SBAS-GEO satellite. 

During an outage of the SBAS messages of, e.g., 15 min, when relying on the aviation standards as defined in [7], the corrections 

and integrity parameters would not be usable anymore after the corresponding time-out windows. As an example, the dual-frequency 

range error indicator (DFREI), an important integrity parameter to compute the 𝜎𝐷𝐹𝐶 , has a time-out window of less than 20 s for 

different approaches in aviation.  

 

In road transport, even when relieving the strict time-out windows defined for aeronautical applications, the degradation 

parameters given in the Message Type 37 of the DFMC SBAS could also lead to a quick increase in 𝜎𝐷𝐹𝐶  and the resulting HPLs. 

As shown in our previous study [5], during an outage of the SBAS messages of 15 min, the degradation of the HPLs could be 

significant even under a good measurement geometry. As an example using the station CUT0 in Perth, Australia, as shown in Figure 

1, with the time-out windows of diverse parameters ignored and assuming a horizontal PHMI of 10−5, the HPLs that are considered 

for road transport applications could increase to over 15 m after a service outage of 15 min applying the last available degradation 

parameters. If the time-out windows of diverse parameters are correctly considered, the HPLs can theoretically not be produced after 

these time-out windows.  
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Fig 1. HPLs of the station CUT0 with DFMC SBAS messages (blue) and during the assumed SBAS outage (red). The data 

between 5:00 and 5:30 in GPST, 14/09/2018 was used for the plot. 

 

ARAIM ALGORITHM DURING DFMC SBAS OUTAGE  

 

Instead of using the last-updated integrity parameters during an SBAS outage, the ARAIM algorithm can be used instead. With 

the same observation equation given in Eq. (1), a weighted least-squares adjustment can be performed with all satellites in view as:  

 �̂�0 = 𝑆0𝑦   (6) 

where 𝑆0 = (𝐺𝑇𝑊𝐺)−1𝐺𝑇𝑊. W is a diagonal weighting matrix, and the i-th diagonal element of W reads 

 𝑊𝑖 =
1

𝜎𝑈𝑅𝐴,𝑖
2 +𝜎𝑖,𝑢𝑠𝑒𝑟

2 +𝜎𝑖,𝑡𝑟𝑜𝑝𝑜
2    (7) 

for which the term 𝜎𝑈𝑅𝐴,𝑖  denotes the standard deviation of the clock and ephemeris error used for integrity, 𝜎𝑖,𝑢𝑠𝑒𝑟 is the elevation-

dependent standard deviation of the user noise and multipath, and 𝜎𝑖,𝑡𝑟𝑜𝑝𝑜 stands for the standard deviation of the residual 

tropospheric delay. Detailed models for these terms can be found in [8], and the multipliers for the IF combination are considered in 

𝜎𝑖,𝑢𝑠𝑒𝑟
2 . It should be noticed that for users in the road transport may experience more complicated multipath environments. The 

ground-based models for the user noise and multipath will be studied in a future work, but are not further attempted in this 

contribution. 

 

During integrity monitoring, the ARAIM baseline algorithm performs the FDE procedure with the solution separation test (SST) 

before computing the protection levels. It compares the positional differences between the all-in-view (Eq. 6) and the subset solutions 

of fault mode 𝑘 with a test threshold. In this contribution, the PHMIH for road transport is assumed to be 10−5, and we consider only 

the single-satellite fault with the prior satellite fault probability 𝑃𝑠𝑎𝑡 set to 10−5 per approach based on [11] and defined in the 

simulation settings in [9]. The probability of two or more faulty satellites amounts to about 10−8 for 15 satellites [8], and thus it is 

far below the assumed PHMIH. As such, it is ignored in computing the HPLs. Note that a constellation-wide fault is not protected in 

this study. In Table 1, the parameters used for the ARAIM algorithm are given for demonstration purpose. Some of them will be 

explained later in this section. In road transport applications, multipath and poor satellite geometry may lead to a reduced continuity 

compared to aviation. The continuity requirement is dependent on the application at hand, and since this has not been defined yet for 

road transport, a higher continuity budget (than in aviation) of 4.2 × 10−6 is assumed for the demonstration purpose in this article. 

The allocation to disruptions due to false alert is assumed to be 2 × 10−6 in both the horizontal and vertical directions. Its allocation 

to the 𝜒2-test, applied in the observation domain for detection of observations outliers, is assumed to be 2 × 10−7. 
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Table 1.  The parameters assumed for the ARAIM algorithm. Note that 𝑃𝑠𝑎𝑡 ,  𝜎𝑈𝑅𝐴,𝑖, 𝜎𝑈𝑅𝐸,𝑖 and 𝑏𝑛𝑜𝑚,𝑖 should be taken from the 

Integrity Support Message (ISM) when available. The values given in this table are used for demonstration purpose. 

Name   Description   Tested Values 

PHMIH Horizontal hazardous misleading information 10−5 

𝑃𝑠𝑎𝑡  Prior satellite fault probability 10−5 

𝑃𝐹𝐴𝐻 Probability of false alert allocated in the horizontal direction 2 × 10−6 

𝑃𝐹𝐴𝑉 Probability of false alert allocated in the vertical direction 2 × 10−6 

𝑃𝐹𝐴𝜒2 Probability of false alert allocated to the 𝜒2-test 2 × 10−7 

𝜎𝑈𝑅𝐴,𝑖 Standard deviation of the orbit and clock errors of satellite 𝑖 for integrity  1 m, 1.5 m, 2 m, 2.5 m, 3 m 

𝜎𝑈𝑅𝐸,𝑖 Standard deviation of the orbit and clock errors of satellite 𝑖 for accuracy 

and continuity 

2/3 × 𝜎𝑈𝑅𝐴,𝑖 

𝑏𝑛𝑜𝑚,𝑖 Maximum nominal bias of satellite 𝑖 for integrity 0.5 m, 0.75 m, 1 m, 1.5 m 

Assuming that the total number of fault modes is N, for the k-th fault mode, the corresponding 𝑆𝑘  is computed as 

 𝑆𝑘 = ((𝐵𝑘𝐺)𝑇𝑊(𝐵𝑘𝐺))
−1

(𝐵𝑘𝐺)𝑇𝑊   (8) 

where 𝐵𝑘 is an identity matrix with the diagonal element corresponding to the suspected faulty satellite replaced by zero, i.e. 

excluding it from processing. The 𝑞-th element (𝑞=1, 2, 3) of the positioning solution for the k-th fault mode is 

 �̂�𝑘,𝑞 = 𝑆𝑘,𝑞𝑦   (9) 

where 𝑆𝑘,𝑞 denotes the 𝑞-th row of 𝑆𝑘. For consistency of ARAIM with DFMC SBAS procedure, where testing is performed along 

the semi-major axis of the horizontal error ellipsoid as the maximum error, we modified the ARAIM baseline algorithm such that 

the threshold for the positioning difference between the all-in-view and the subset solution (k) is expressed as [7, 12]: 

 𝑇𝑘,𝐻 = 𝐾𝑓𝑎,𝐻 × √𝐸𝑘
𝑇(𝑆𝑘,(1,2) − 𝑆0,(1,2))𝑊𝑈𝑅𝐸

−1 (𝑆𝑘,(1,2) − 𝑆0,(1,2))
𝑇

𝐸𝑘   (10) 

 𝑇𝑘,𝑉 = 𝐾𝑓𝑎,𝑉 × √(𝑆𝑘,3 − 𝑆0,3)𝑊𝑈𝑅𝐸
−1 (𝑆𝑘,3 − 𝑆0,3)

𝑇
   (11) 

where 𝑊𝑈𝑅𝐸  is a diagonal matrix derived from Eq. (7) by replacing 𝜎𝑈𝑅𝐴,𝑖 with 𝜎𝑈𝑅𝐸,𝑖, the standard deviation of the clock and 

ephemeris error for accuracy and continuity. 𝑇𝑘,𝐻 denotes the threshold for the horizontal component along the semi-major axis for 

the horizontal error ellipse of 𝑄𝑘 = 𝑆𝑘,(1,2)𝑊−1𝑆𝑘,(1,2)
𝑇 . 𝑇𝑘,𝑉 is the threshold for the vertical component. 𝐸𝑘 stands for the first 

eigenvector of 𝑄𝑘, projecting the positioning errors from the east and north directions to the direction of the semi-major axis of the 

error ellipse for 𝑄𝑘. The sub-index (1, 2) denotes the first two rows in the corresponding matrix. Note that the first eigenvector for 

the variance-covariance matrix of the horizontal positioning differences is different from that for the horizontal positioning estimates, 

i.e., the 𝐸𝑘 defined above. The 𝐸𝑘 is used here to unify the direction of 𝑇𝑘,𝐻 with the one that will be used for computation of the 

HPL. 𝐾𝑓𝑎,𝐻 and 𝐾𝑓𝑎,𝑉 are computed with the probability of false alert allocated in the horizontal (𝑃𝐹𝐴𝐻) and the vertical directions 

(𝑃𝐹𝐴𝑉), respectively: 

                                                                          𝐾𝑓𝑎,𝐻 = 𝜓−1 (1 −
𝑃𝐹𝐴𝐻

2𝑁
)   (12) 

 𝐾𝑓𝑎,𝑉 = 𝜓−1 (1 −
𝑃𝐹𝐴𝑉

2𝑁
)   (13) 

For each fault mode, the following SST is performed with the passing criterion: 
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 |�̂�𝑘,𝐻 − �̂�0,𝐻| ≤ 𝑇𝑘,𝐻   (14) 

 |�̂�𝑘,3 − �̂�0,3| ≤ 𝑇𝑘,𝑉   (15) 

where �̂�𝑘,𝐻 (including 𝑘 = 0 for the case of all-in-view satellites, corresponding to the no-fault mode, or the null hypothesis) is 

calculated with 𝐸𝑘
𝑇 �̂�𝑘,(1,2). If the test fails for any satellite observations, those faulty satellites are excluded, and the SST is re-applied 

until it passes for all remaining satellites.  

 

After passing the SST, which is performed in the position-parameter domain, a 𝜒2-test is performed in the observation domain. 

The two tests are performed in orthogonal directions, and therefore, there is a very small chance that some tests detected by one test 

is missed by the other. For more details see [13]. In the 𝜒2-test, the statistic 𝑇𝜒2 is compared with the threshold 

𝑄𝜒2,𝑓
−1 (1 − 𝑃𝐹𝐴𝜒2), which denotes the inverse CDF of the 𝜒2-distribution with (𝑓) degrees of freedom. The test statistic is  

 𝑇𝜒2 = 𝑦𝑇(𝑊𝑈𝑅𝐸 − 𝑊𝑈𝑅𝐸𝐺(𝐺𝑇𝑊𝑈𝑅𝐸𝐺)−1𝐺𝑇𝑊𝑈𝑅𝐸)𝑦   (16) 

The test passing criterion is 𝑇𝜒2 < 𝑄𝜒2,𝑓
−1 (1 − 𝑃𝐹𝐴𝜒2). The observations in the accepted HPL, computed later, should pass both the 

SST and the 𝜒2 test. 

 

The HPL for the fault mode 𝑘, which is aligned in the direction of the semi-major axis of the horizontal error ellipse of 𝑄𝑘, can 

be expressed as  

 𝐻𝑃𝐿𝑘 = 𝑇𝑘,𝐻 + 𝐾𝑘 × 𝜎𝑘 + |𝐸𝑘
𝑇 ∙ 𝑆𝑘,(1,2)| × 𝑏𝑛𝑜𝑚   (17) 

and the HPL for all satellites in view is computed with: 

 𝐻𝑃𝐿0 = 𝐾0 × 𝜎0 + |𝐸0
𝑇 ∙ 𝑆0,(1,2)| × 𝑏𝑛𝑜𝑚   (18) 

where 𝜎𝑘 = √𝐸𝑘
𝑇 𝑄𝑘  𝐸𝑘  (including 𝑘 = 0). Recall that the sub-index (1,2) refers to the first two rows of the corresponding matrix. 

𝑏𝑛𝑜𝑚 is the maximum nominal bias vector for the integrity purpose, containing the maximum nominal biases of satellite 𝑖 (𝑏𝑛𝑜𝑚,𝑖) 

as elements. It is here projected into the direction along the semi-major axis of the horizontal error ellipse. 𝐾𝑘 and 𝐾0 are scalar 

factors expressed as: 

 𝐾𝑘 = 𝜓−1 (1 −
PHMIH

(𝑁+1) 𝑃𝑠𝑎𝑡  
)   (19) 

 𝐾0 = 𝜓−1 (1 −
PHMIH

2(𝑁+1)
)   (20) 

Herein, it is assumed that PHMIH is equally allocated for all modes (𝑁 fault modes + the all-in-view mode), and the probability of 

the not monitored faults is ignored as it is far below the PHMIH assumed in this study. An upper bound of the HPL can then be 

computed as the maximum of the corresponding HPLs for all the subset modes (𝐻𝑃𝐿𝑘) and the all-in-view mode (𝐻𝑃𝐿0) [14, 14].  
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TEST RESULTS 

In this section, the continuous operating reference station (CORS) CUT0 located in the Curtin University, Perth, Australia was 

used for demonstration of the changes in HPLs when SBAS is used and when the modified ARAIM is utilized to bridge possible 

breaks in SBAS. Two different time periods on September 14, 2018, were used for the processing, i.e., from 1:00 to 1:30 and from 

5:00 to 5:30 in GPST. In this study, the HPLs is computed with differently assumed integrity parameters, including also those 

expected in the future, to study their impact on future HPLs. The HPLs are only computed using the measurement geometry without 

using real observations. 

 

In the first test scenario, the SBAS messages are assumed to be available during the entire test periods, and the corresponding 

HPLs are illustrated with blue dots in Figures 2 and 3. In the second test scenario, the SBAS messages are assumed to experience 

outages from the middle of the two test periods, i.e., from 1:15 to 1:30 and from 5:15 to 5:30 in GPST. The HPLs based on the 

proposed ARAIM algorithm are illustrated with the red, green, magenta and cyan lines in the Figures 2 and 3, depending on the 

values of 𝜎𝑈𝑅𝐴,𝑖, 𝜎𝑈𝑅𝐸,𝑖 and 𝑏𝑛𝑜𝑚,𝑖 used for the processing. As stated in [9], the parameters 𝜎𝑈𝑅𝐴,𝑖, 𝜎𝑈𝑅𝐸,𝑖 and 𝑏𝑛𝑜𝑚,𝑖 can be derived, 

for instance, from the integrity support message (ISM). In studies over the past decade, different values were used for these 

parameters for simulation and demonstration purposes. Based on [9, 14, 16, 17], here we test a range of different values for 𝜎𝑈𝑅𝐴,𝑖 

and 𝑏𝑛𝑜𝑚,𝑖 as given in Table 1. The parameter 𝜎𝑈𝑅𝐸,𝑖 is assumed to be 2/3 of the 𝜎𝑈𝑅𝐴,𝑖 as given in the simulation settings in [9]. To 

show the variation of the HPLs with the 𝜎𝑈𝑅𝐴,𝑖  and 𝑏𝑛𝑜𝑚,𝑖, the test details of Figures 2 and 3 are given in Table 2.  

Table 2. Test values for 𝜎𝑈𝑅𝐴,𝑖 and 𝑏𝑛𝑜𝑚,𝑖 used in the Figures 2, 3 and 4. 

Figure No. GPST (DFMC SBAS) GPST (ARAIM) 𝜎𝑈𝑅𝐴,𝑖 [m] 𝑏𝑛𝑜𝑚,𝑖 [m] 

2 1:00-1:30, 5:00-5:30 1:15-1:30, 5:15-5:30 2.5 0.5, 0.75, 1, 1.5 

3 1:00-1:30, 5:00-5:30 1:15-1:30, 5:15-5:30 1.5, 2, 2.5, 3 0.75 

4 1:00-4:00 1:15-4:00 1 0.5 

  

Figures 2 and 3 show the HPLs computed for the DFMC SBAS and ARAIM. It can be observed that the HPLs for DFMC SBAS 

are generally around 5 m for the test periods. When the SBAS has an assumed outage, with an onset shown in the figures as black 

dotted line, the HPLs based on the ARAIM are used. A jump in the HPL values using ARAIM can be seen (shown in different colors 

for different  𝑏𝑛𝑜𝑚,𝑖 values) compared with the HPL if SBAS continues without a break (the blue dots). It is also shown that the HPLs 

computed using ARAIM are strongly dependent on the parameters 𝜎𝑈𝑅𝐴,𝑖 and 𝑏𝑛𝑜𝑚,𝑖, especially the 𝜎𝑈𝑅𝐴,𝑖, i.e. the standard deviation 

of the satellite clocks and orbital errors for integrity purpose. Having a 𝑏𝑛𝑜𝑚 of 0.75 m as an example, using a 𝜎𝑈𝑅𝐴,𝑖 of 2.5 m as 

defined for horizontal ARAIM in [9] generally leads to HPLs between 10 m and 15 m for the test periods (the green dashed lines in 

Figure 2). When reducing 𝜎𝑈𝑅𝐴,𝑖  to 1.5 m, as illustrated in the red lines of Figure 3, the HPLs are reduced to 5m - 10 m.  

  
                                             (a)                                                                                  (b) 

Fig 2. The HPLs computed based on the DFMC SBAS messages (blue) and the ARAIM algorithm from (a) 1:00 to 1:30 and (b) 

5:00 to 5:30 in GPST on September 14, 2018. The 𝜎𝑈𝑅𝐴,𝑖 was set to 2.5 m.  
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                                             (a)                                                                                  (b) 

Fig 3. The HPLs computed based on the DFMC SBAS messages (blue) and the ARAIM algorithm from (a) 1:00 to 1:30 and (b) 

5:00 to 5:30 in GPST on September 14, 2018. The 𝑏𝑛𝑜𝑚,𝑖 was set to 0.75 m. 

As discussed in [10], compared with the old generation of GPS satellites, i.e., the GPS block IIA and IIR satellites, the standard 

deviations of the Signal-in-Space Range Error (SISRE) in the newer generation of GPS IIF satellites are decreased. This is mainly 

because of the improved satellite clock performance. In [17], as an example, the third constellation of GPS was assumed to have a 

𝜎𝑈𝑅𝐴,𝑖 of 0.75 m. In December 2018 and August 2019, two GPS IIIA satellites were launched and become operational in 2020. With 

the expectation that better accuracy can be provided in the future for the broadcasted orbits and clocks of the new GPS and Galileo 

satellites, an average value of 1 m is assumed for 𝜎𝑈𝑅𝐴,𝑖  of all satellites in the simulation to illustrate the possible reduction of the 

HPLs. In Figure 4, the HPLs for the ARAIM (red dots) are simulated with 𝜎𝑈𝑅𝐴,𝑖 of 1 m and 𝑏𝑛𝑜𝑚,𝑖 of 0.5 m for the known CORS 

CUT0 from 1:00 to 4:00 in GPST. It can be observed that the HPLs for ARAIM (red dots) are generally at a close level to those for 

the DFMC SBAS (blue dots). Thus, with improved accuracy of the broadcast satellite clocks and orbits in the future, ARAIM is 

expected to be a useful and alternative IM approach during the SBAS outages. Yet, it should be noted that the similar HPLs of the 

ARAIM and DFMC SBAS are achieved under optimistic assumptions of the 𝜎𝑈𝑅𝐴,𝑖 and 𝑏𝑛𝑜𝑚,𝑖, and about 89% of the ARAIM HPLs 

are still above those of the DFMC SBAS. This shows that the DFMC SBAS is still advantageous in achieving lower HPLs, and thus 

more availability of horizontal positioning results.   

 

Fig 4. The HPLs computed based on the DFMC SBAS messages (blue) and the ARAIM algorithm (red) from 1:00 to 4:00 in 

GPST on September 14, 2018. The 𝜎𝑈𝑅𝐴,𝑖  and 𝑏𝑛𝑜𝑚,𝑖 were set to 1 m and 0.5 m, respectively. 

For the road transport, different horizontal alert limits (HALs) could be implemented for different applications. With a HAL of, 

e.g., 5 m, the availability of the DFMC SBAS position is about 41% for the test period in Figure 4 (see blue dots), while the ARAIM 
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HPLs (see the red dashed line) are still mostly above the HAL even with the 𝜎𝑈𝑅𝐴,𝑖 and 𝑏𝑛𝑜𝑚,𝑖 set to 1 m and 0.5 m, respectively. 

The margin of the ARAIM HPLs to the HAL of 5 m is, however, in such case generally within 3 m.  

CONCLUSION 

 
The new generation of SBAS is expected to become operational soon and benefit road transport users within a few years. In 

addition to the traditional L1 service, the new SBAS supports the DFMC users through broadcasting precise satellite clocks, orbits, 

and integrity information of the GPS and Galileo satellites broadcast through the SBAS-GEO satellite via L5. Precise single-receiver 

positioning service can thus be realized in real time without an internet link.  

 

In road transport, the signals from the SBAS-GEO satellite could be blocked by obstacles in the measurement environment, and 

possible service gap could also cause an outage of the SBAS messages. As shown in a previous study [5], the SBAS message needs 

to be updated regularly to avoid significant degradations in the computed protection levels. Besides, the time-out windows of diverse 

parameters also limit the usage of the non-updated corrections and integrity information after very short time intervals.  

   

For bridging IM during SBAS outages, this paper utilizes a modified ARAIM algorithm to compute the HPLs, facilitating IM 

during this gap. The computed HPLs were compared with those based on the DFMC SBAS assuming no signal outage. The ARAIM 

is modelled to be consistent with SBAS methodology. Using a station located in Perth, Australia, it was shown that the ARAIM 

HPLs are strongly dependent on the integrity parameters 𝜎𝑈𝑅𝐴,𝑖 and 𝑏𝑛𝑜𝑚,𝑖. With the expectation that small values of 𝜎𝑈𝑅𝐴,𝑖 and 

𝑏𝑛𝑜𝑚,𝑖 would be available in the future, having operational GPS IIIA and new Galileo satellites, the ARAIM HPLs could then reach 

a close level to those for the DFMC SBAS, and could thus be a useful alternative approach for the positioning integrity monitoring 

during SBAS outages. 
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