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Abstract 4 

Different approaches have been developed to monitor the integrity of the Global Positioning 5 

System (GPS). The individual approaches rely on conservative error bounds and faces great 6 

challenges in meeting stringent integrity requirements set by the International Civil Aviation 7 

Organization (ICAO). These approaches, in fact, do not compete with one another but complement 8 

one another. We propose the vertical integration of the Satellite-Based Augmentation System 9 

(SBAS) and a local monitor station in this study. When the SBAS data deviate from the local 10 

monitor, users are informed to revert to the error bounds that are directly determined from SBAS 11 

data. Otherwise, the validation criterion that the error of the SBAS corrected solution is within a 12 

threshold is exploited to tighten the SBAS error bounds. The algorithm to integrate the SBAS with 13 

the independent monitor station is described, and its performance is evaluated based on simulations 14 

and real observations. The test results show that the vertical protection level (VPL) is reduced on 15 

average from 17.60 m to 11.27 m, i.e., a 30.3 % reduction in VPL while the integrity is guaranteed. 16 

17 

Keywords Integrity, Integration, Local monitor, SBAS 18 

19 

Introduction 20 

Global Positioning System (GPS) enables a receiver to determine positions using satellite-to-user 21 

distances, which can be affected by several known errors. These errors can be reduced significantly 22 

with Differential GPS (DGPS) technologies or various models, meeting different accuracy 23 

requirements from several meters to 1-2 centimeters (Weng et al. 2015). GPS has thus been found 24 

in diverse applications such as transportation, agriculture and surveying. However, the integrity 25 

provided by GPS itself is not sufficient for safety critical applications. Although the control 26 

segment of GPS can detect and exclude some anomalies after 30 minutes after they happen, the 27 
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detection capacity, i.e., the latency, is insufficient for safety-critical users. For example, the control 28 

segment of GPS cannot satisfy the requirements for Approaches with Vertical Guidance I (APV-I) 29 

operation, which requires alerts should be delivered to users in 6 seconds (RTCA 2006).  30 

Different integrity monitoring methods have been studied. The system-level integrity 31 

monitoring is provided by GPS stations throughout the world. Many GPS anomalies are difficult 32 

to be detected due to the limitation of sparsely distributed stations. Much denser stations are 33 

deployed in new satellite systems, and better integrity performance is anticipated for these new 34 

satellite systems (Oehler et al. 2004; Chen et al. 2017). For GPS, the integrity can be enhanced 35 

when GPS is augmented by the additional ground stations. In the past two decades, two distinct 36 

systems have been developed: Ground-Based Augmentation System (GBAS) for a local area and 37 

Satellite-Based Augmentation System (SBAS) for a wide area. These systems can mitigate most 38 

system errors, including satellite orbit, satellite clock and ionospheric errors, and the detection 39 

capacities can be improved. However, the user receiver errors, such as multipath cannot be 40 

mitigated using GBAS or SBAS. Even without the external information, the integrity can still be 41 

monitored in receivers by using a method that is often referred to as Receiver Autonomous 42 

Integrity Monitoring (RAIM). The concept of RAIM is to check the consistency among redundant 43 

measurements in the user receivers, and thus to detect and exclude faulty measurements (Ochieng 44 

et al. 2003). RAIM is indispensable since it monitors all error sources that affect the position 45 

solution. In particular, it monitors the user-receiver related errors such as multipath, interference 46 

and receiver failures, which are beyond the scope of other systems (Brown 1997; Wang and Ober 47 

2009).  48 

Integrity monitoring systems provide integrity information using various algorithms based 49 

on different data sources. These systems do not compete but complement one another. Various 50 

integrity monitoring systems can and should work together. In a previous study, RAIM was used 51 

in SBAS receivers to enhance the integrity of the SBAS position solution (Oliveira et al. 2009). In 52 

another study, the GBAS-like parameters are generated from a local monitor, enabling users to 53 

calculate the Protection Level (PL) for the SBAS positioning errors (Rife et al. 2005; Walter et al. 54 

2005; Shively et al. 2006).  55 
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The potential benefits of integrating different integrity monitoring methods are: 1) One 56 

integrity system can detect anomalies in other integrity monitoring systems. For example, the 57 

GBAS can monitor localized ionospheric anomalies in a local area, which are possibly 58 

unobservable to the SBAS. 2) The error bounds can be reduced by using integrity data from 59 

different methods. In other words, the trust in GPS data can be improved when they are consistent 60 

with additional monitors. 3) The integrity requirements can be allocated to different integrity 61 

systems, and integrity requirements for each method can be relaxed. We present the vertical 62 

integration of SBAS and a local monitor station in this study. The first two benefits of integrating 63 

integrity monitoring methods are demonstrated later. 64 

 65 

Compensating SBAS with a Local Monitor Station 66 

The overview of SBAS is introduced first. The architecture of the integration and the model are 67 

then described in detail. The detection of anomalies and the tightening of error bounds are 68 

described later. The implementation issues are discussed in the last subsection. 69 

Overview of SBAS 70 

SBAS improves the navigation performance through the integration of external information. 71 

Figure 1 illustrates the concept of SBAS. The GPS measurements taken by reference stations are 72 

sent to the master station. Since the location of reference stations are known, the master station 73 

can generate corrections for the satellite clock error, the orbit error and the ionospheric delay, 74 

respectively. Essentially, the master station can generate the integrity information, e.g., error 75 

bounds for various errors. Both the corrections and the integrity data are relayed to users via the 76 

geostationary satellites. The data enable users to determine accurate positions and to evaluate the 77 

integrity.  78 
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 79 

Fig. 1 Illustration of the SBAS components 80 

Currently, SBAS has been developed in a number of countries. The operational SBAS 81 

includes the Wide Area Augmentation System (WAAS) in the United States, European 82 

Geostationary Navigation Overlay Service (EGNOS) in Europe, and Multi-functional Satellite 83 

Augmentation System (MSAS) in Japan (Manabe et al. 2008; Seynat et al. 2009). In the coming 84 

years, there will be a surge of new SBAS: Differential Corrections and Monitoring (SDCM) in 85 

Russia and GPS-Aided Geo-Augmented Navigation (GAGAN) in India. The SBAS is also being 86 

considered in China, South Korea, and Australia (Cao et al. 2012; Bang et al. 2016; Choy et al. 87 

2017).  88 

The user equipment applies the SBAS corrections to the GPS measurements. The residuals 89 

after applying SBAS data are 90 

𝜀𝑖 = 𝜀𝑓𝑙𝑡,𝑖 + 𝜀𝑈𝐼𝑅𝐸,𝑖 + 𝜀𝑡𝑟𝑜𝑝𝑜,𝑖 + 𝜀𝑎𝑖𝑟,𝑖     (1) 91 



5 
 

where 𝑖 is the index for the satellite, 𝑖 = 1,2 ⋯ 𝑛; 𝜀𝑓𝑙𝑡, 𝜀𝑈𝐼𝑅𝐸 and 𝜀𝑡𝑟𝑜𝑝𝑜 account for the fast and 92 

long-term correction error, user ionospheric range error, and tropospheric error, respectively, and 93 

𝜀𝑎𝑖𝑟 is the airborne receiver error. SBAS also broadcasts integrity information to users, and this 94 

enables receivers to calculate the error bounds 𝜎𝑓𝑙𝑡 , 𝜎𝑈𝐼𝑅𝐸  and 𝜎𝑡𝑟𝑜𝑝𝑜  accounting for 𝜀𝑓𝑙𝑡 , 𝜀𝑈𝐼𝑅𝐸 95 

and 𝜀𝑡𝑟𝑜𝑝𝑜 respectively. The sum of the ranging error variances is 96 

𝜎𝑖
2 = 𝜎𝑓𝑙𝑡,𝑖

2 + 𝜎𝑈𝐼𝑅𝐸,𝑖
2 + 𝜎𝑡𝑟𝑜𝑝𝑜,𝑖

2 + 𝜎𝑎𝑖𝑟,𝑖
2      (2) 97 

where 𝜎𝑖
2 is the variance of the ranging error for satellite 𝑖, and 𝜎𝑎𝑖𝑟

2  is the variance of the airborne 98 

receiver errors. 99 

The SBAS receiver combines the ranging variances and the satellite geometry to calculate 100 

the position-domain error bound 101 

𝑉𝑃𝐿 = 𝐾𝑓𝑓𝑚𝑑√∑ 𝑆𝑣𝑒𝑟𝑡,𝑖
2 𝜎𝑖

2𝑛
𝑖=1      (3) 102 

where 𝑆𝑣𝑒𝑟𝑡,𝑖  is the vertical component of the projection matrix for satellite 𝑖  and 𝐾𝑓𝑓𝑚𝑑  is a 103 

multiplier specified by the given integrity risk: 104 

𝐾𝑓𝑓𝑚𝑑 = 𝑄−1(1 − 𝐼𝑟𝑒𝑞/2)      (4) 105 

where 𝑄 is the cumulative distribution function of the standard Gaussian distribution. Equations 106 

(3) and (4) show that the protection level is determined by different error bounds in the range 107 

domain, the satellite geometry, and a multiplier associated with the integrity risk. In particular, the 108 

availability degradation is mainly attributed to the inflated error bounds from SBAS: 𝜎𝑓𝑙𝑡, 𝜎𝑈𝐼𝑅𝐸 109 

and 𝜎𝑡𝑟𝑜𝑝𝑜. 110 

The existing SBAS tends to inflate error bounds to sufficiently address all known threats 111 

such as the receiver anomalies in reference stations, ionospheric irregularities and satellite signal 112 

deformations (Pullen et al. 2007; Blanch et al. 2014). SBAS can thus now meet requirements of 113 

APV-I approaches when the inflated sigma is applied (Comp et al. 1998; Walter et al. 2003). 114 

However, the availability degradation is still a difficult challenge when SBAS is used for more 115 

demanding operations, (Shively et al. 2006; Bang et al. 2016). 116 
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 117 

Vertical integration of SBAS with the local monitor station 118 

The vertical integration of SBAS with a local monitor station is proposed in this study. The purpose 119 

of the vertical integration is to further enhance the integrity performance of SBAS in a local area, 120 

e.g., a local area of 37 km surrounding an airport. Figure 2 illustrates the concept of the integration. 121 

The SBAS data are first validated using measurements from the local single-frequency reference 122 

receivers. These receivers are installed within several kilometers of the airport. Then, the validation 123 

results are broadcast to nearby aircraft via a data link. If no anomalies are detected, the users will 124 

use the validation criterion to derive the new SBAS error distribution, which results in a tighter 125 

PL. If an anomaly is detected by the monitor station, proper actions will be taken, e.g., an alarm is 126 

transmitted to the aircraft. In this case, the aircraft will revert to the larger PL, which is directly 127 

determined from the SBAS. 128 

 129 

Fig. 2 Validation of SBAS data with the independent monitor station 130 
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Multiple reference receivers are installed within several kilometers of the airport. The 131 

reference receivers should be properly installed in the open area. These receivers need to be close 132 

enough to enable the calculation of the averaged pseudorange corrections for each satellite. 133 

However, the distances between the reference receivers should not be too close either, because the 134 

multipath effects are not independent otherwise. 135 

Since the coordinates of reference receivers are precisely known, the pseudorange 136 

corrections can be generated by subtracting the computed range from the observed pseudorange. 137 

For each satellite, the pseudorange corrections are averaged across reference receivers.  Receiver 138 

anomalies can be detected by comparing the averaged pseudorange correction with the 139 

pseudorange correction from each receiver (Dautermann et al. 2012; Wang et al. 2014). 140 

For a fault-free receiver, the new pseudorange is calculated as the sum of the computed 141 

range and the averaged pseudorange correction. We assume that the local noise and multipath for 142 

different reference receivers are statistically independent. The effects of noise and multipath can 143 

thus be reduced when the new pseudorange is used. When the SBAS corrections are applied to the 144 

new pseudorange, an equation similar to (1) is obtained 145 

𝜀𝑖 = 𝜀𝑓𝑙𝑡,𝑖 + 𝜀𝑈𝐼𝑅𝐸,𝑖 + 𝜀𝑡𝑟𝑜𝑝𝑜,𝑖 + 𝜀𝑟,𝑖     (5) 146 

where 𝜀𝑟  is the averaged noise and multipath effects of reference receivers. If the reference 147 

receivers are connected to high-end antennas in the open area, the term 𝜀𝑟 mainly describes the 148 

measurement noise, and the noise level can be kept very small. If we define the SBAS system error 149 

as 𝜀𝑠,𝑖 = 𝜀𝑓𝑙𝑡,𝑖 + 𝜀𝑈𝐼𝑅𝐸,𝑖 + 𝜀𝑡𝑟𝑜𝑝𝑜,𝑖, equation (5) can be represented by: 150 

𝜀𝑖 = 𝜀𝑠,𝑖 + 𝜀𝑟,𝑖       (6) 151 

where 𝜀𝑠,𝑖 is system error after applying SBAS corrections. 152 

 In (6), error 𝜀𝑠,𝑖 is the system error after applying SBAS corrections for satellite 𝑖, i.e., the 153 

residual in orbit error, clock error and ionospheric error, while 𝜀𝑟,𝑖 is for the local multipath and 154 

measurement noise experienced by local reference receivers. In other words,  𝜀𝑠,𝑖  (the SBAS 155 

system error) and 𝜀𝑟,𝑖 (local multipath and noise) represent different errors, and do not contain 156 
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common errors. We assume that 𝜀𝑠,𝑖 is statistically independent from 𝜀𝑟,𝑖. If there is no alarm raised, 157 

we will use this property to derive the new PDF of 𝜀𝑠,𝑖.  158 

The monitor station solves for positions in a similar way as the airborne receiver does. The 159 

positioning error is a projection of measurement error 𝜺 into the position domain: 160 

𝑷𝑬 = (𝑮𝑇𝑾𝑮)−1𝑮𝑇𝑾 ∙ 𝜺 = (𝑮𝑇𝑾𝑮)−1𝑮𝑇𝑾(𝜺𝑠 + 𝜺𝑟) 161 

=𝑷𝑬𝑠 + 𝑷𝑬𝑟      (7) 162 

where 𝑮 is a coefficient matrix, containing partial derivatives representing directions of satellites, 163 

𝑾 is the diagonal weight matrix, and the main diagonal are defined as 𝑤𝑖𝑖 = 1/𝜎𝑖
2, 𝑷𝑬𝑠 is the 164 

positioning error caused by the SBAS system error, and 𝑷𝑬𝑟 is the positioning error caused by the 165 

local noise and multipath of reference receivers. Since the integrity requirement in the vertical 166 

direction is more stringent than that in the horizontal component for aviation navigation, we will 167 

focus on the vertical component in this study: 168 

𝑉𝑃𝐸 = 𝑉𝑃𝐸𝑠 + 𝑉𝑃𝐸𝑟      (8) 169 

𝑉𝑃𝐸𝑠  and 𝑉𝑃𝐸𝑟  are the projections of two independent measurement errors 𝜀s  and 𝜀𝑟  into the 170 

position domain, respectively.  171 

The SBAS system error 𝑉𝑃𝐸𝑠 in (8) follows a normal distribution given by 172 

𝑝𝑠(𝑉𝑃𝐸𝑠) =
1

√2𝜋𝜎𝑠,𝑣
𝑒

−
1

2
(

𝑉𝑃𝐸𝑠
𝜎𝑠,𝑣

)
2

    (9) 173 

where 𝑝𝑠(𝑉𝑃𝐸𝑠) is the Probability Density Function (PDF) of 𝑉𝑃𝐸𝑠, and 𝜎𝑠,𝑣 is the inflated sigma 174 

for the SBAS system error. 𝑉𝑃𝐸𝑟  is vertical positioning error caused by the local noise and 175 

multipath of reference receivers, which it is bounded by the distribution 176 

𝑝𝑟(𝑉𝑃𝐸𝑟) =
1

√2𝜋𝜎𝑟,𝑣
𝑒

−
1

2
(

𝑉𝑃𝐸𝑟
𝜎𝑟,𝑣

)2

    (10) 177 

where 𝑝𝑟(𝑉𝑃𝐸𝑟) is the PDF of 𝑉𝑃𝐸𝑟, and 𝜎𝑟,𝑣 is the error bound for vertical position errors caused 178 

by local noise and multipath of reference receivers. 179 



9 
 

As discussed, 𝑉𝑃𝐸𝑠 and 𝑉𝑃𝐸𝑟 are two independent variables. Since two random variables 180 

are independent if and only if the joint PDF is equal to the product of the PDFs of each variable, 181 

the joint PDF of 𝑉𝑃𝐸𝑠 and 𝑉𝑃𝐸𝑟 can be written as 182 

𝑝(𝑉𝑃𝐸𝑠, 𝑉𝑃𝐸𝑟) = 𝑝𝑠(𝑉𝑃𝐸𝑠)𝑝𝑟(𝑉𝑃𝐸𝑟) =
1

2𝜋𝜎𝑠,𝑣𝜎𝑟,𝑣
𝑒

−
1

2
(

𝑉𝑃𝐸𝑠
2

𝜎𝑠,𝑣
2 +

𝑉𝑃𝐸𝑟
2

𝜎𝑟,𝑣
2 )

 (11) 183 

where 𝑝(𝑉𝑃𝐸𝑠, 𝑉𝑃𝐸𝑟) is the joint PDF of 𝑉𝑃𝐸𝑠 and 𝑉𝑃𝐸𝑟.  184 

 185 

 186 

Fig. 3 Illustration of the joint PDF of two independent variables 187 

 188 

Figure 3 illustrates the joint PDF, which is defined in the entire 𝑉𝑃𝐸𝑠 − 𝑉𝑃𝐸𝑟 plane. The 189 

total volume under the surface 𝑝(𝑉𝑃𝐸𝑠, 𝑉𝑃𝐸𝑟) and above the plane is 1. The probability that the 190 

point (𝑉𝑃𝐸𝑠, 𝑉𝑃𝐸𝑟)  lies in a specified region of the plane can be calculated as the double 191 

integration of the joint PDF over the corresponding region. We will later describe how the faults 192 
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are detected in the 𝑉𝑃𝐸𝑠 − 𝑉𝑃𝐸𝑟 plane and how to tighten the SBAS error bound using the local 193 

monitor.  194 

 195 

Detecting SBAS anomalies and tightening the error bound 196 

To determine if there are anomalies in the SBAS data, the test statistic 𝑉𝑃𝐸 is compared with a 197 

threshold 𝑇𝑣 198 

𝑇𝑣 = 𝐾𝑓𝑎𝜎𝑡𝑜𝑡𝑎𝑙,𝑣 = 𝐾𝑓𝑎√𝜎𝑟,𝑣
2 + 𝜎𝑠,𝑣

2     (12) 199 

 where 𝐾𝑓𝑎 is the multiplier determined by the probability of false alarm 𝑃𝑓𝑎; 𝜎𝑡𝑜𝑡𝑎𝑙,𝑣 is the sigma 200 

of the total measurement error, which is calculated by 𝜎𝑡𝑜𝑡𝑎𝑙,𝑣 = √𝜎𝑟,𝑣
2 + 𝜎𝑠,𝑣

2 .  201 

Figure 4 illustrates how to detect SBAS anomalies. When the test statistic 𝑉𝑃𝐸 exceeds 202 

the threshold 𝑇𝑣, the point (𝑉𝑃𝐸𝑠, 𝑉𝑃𝐸𝑟) lies in the brown region in the figure. For this point, the 203 

monitor station issues a warning message to inform the users; in response, the users will revert to 204 

using the PL that is directly determined from the SBAS data.  205 

 206 
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 207 

Fig. 4 Detection of anomalies in SBAS corrections 208 

 209 

When the SBAS is validated by the local monitor, 𝑉𝑃𝐸𝑠 is constrained by the inequality of 210 

|𝑉𝑃𝐸𝑠 + 𝑉𝑃𝐸𝑟| < 𝑇𝑣. For this case, the point (𝑉𝑃𝐸𝑠, 𝑉𝑃𝐸𝑟) lies in the green region in Figure 4. 211 

Under this condition, the conditional PDF of 𝑉𝑃𝐸𝑠 is given by 212 

 𝑝𝑠,𝑛(𝑉𝑃𝐸𝑠) =
∫ 𝑝(𝑉𝑃𝐸𝑠,𝑉𝑃𝐸𝑟)𝑑𝑉𝑃𝐸𝑟

−𝑉𝑃𝐸𝑠+𝑇𝑣
−𝑉𝑃𝐸𝑠−𝑇𝑣

1−𝑃𝑓𝑎
  (13) 213 

where 𝑝𝑠,𝑛(𝑉𝑃𝐸𝑠) is the new PDF for the SBAS error 𝑉𝑃𝐸𝑠. As shown, the new PDF for the error 214 

𝑉𝑃𝐸𝑠 is calculated by normalizing the marginal PDF of 𝑉𝑃𝐸𝑠. The denominator in (13) is the 215 

probability that the point lies in the green region (1 − 𝑃𝑓𝑎), whereas the numerator is the marginal 216 

PDF of 𝑉𝑃𝐸𝑠. 217 
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As discussed in (11), the 𝑉𝑃𝐸𝑠 is independent from 𝑉𝑃𝐸𝑟, and the joint probability density 218 

function is their product 𝑝(𝑉𝑃𝐸𝑠, 𝑉𝑃𝐸𝑟) = 𝑝𝑠(𝑉𝑃𝐸𝑠)𝑝𝑟(𝑉𝑃𝐸𝑟). Therefore, we have: 219 

𝑝𝑠,𝑛(𝑉𝑃𝐸𝑠) =
∫ 𝑝𝑟

−𝑉𝑃𝐸𝑠+𝑇𝑣

−𝑉𝑃𝐸𝑠−𝑇𝑣
(𝑉𝑃𝐸𝑟)𝑝𝑠(𝑉𝑃𝐸𝑠)𝑑𝑉𝑃𝐸𝑟

1 − 𝑃𝑓𝑎
 220 

= 𝑝𝑠(𝑉𝑃𝐸𝑠)
∫ 𝑝𝑟

−𝑉𝑃𝐸𝑠+𝑇𝑣

−𝑉𝑃𝐸𝑠−𝑇𝑣
(𝑉𝑃𝐸𝑟)𝑑𝑉𝑃𝐸𝑟

1 − 𝑃𝑓𝑎
 221 

= 𝑝𝑠(𝑉𝑃𝐸𝑠) ∙ 𝑆𝐹(𝑉𝑃𝐸𝑠)       (14) 222 

where 𝑆𝐹(𝑉𝑃𝐸𝑠)  is defined as a scale factor function of 𝑉𝑃𝐸𝑠 , namely  𝑆𝐹(𝑉𝑃𝐸𝑠) =223 

∫ 𝑝𝑟
−𝑉𝑃𝐸𝑠+𝑇𝑣

−𝑉𝑃𝐸𝑠−𝑇𝑣
(𝑉𝑃𝐸𝑟)𝑑𝑉𝑃𝐸𝑟

1−𝑃𝑓𝑎
. The new PDF of 𝑉𝑃𝐸𝑠 is the product of the original PDF 𝑝𝑠(𝑉𝑃𝐸𝑠) and a 224 

scale factor function.  225 

 226 

Fig. 5 Scale factor as a function of 𝑉𝑃𝐸𝑠 (𝜎𝑟,𝑣 = 0.5 ∙ 𝜎𝑠,𝑣, 𝑃𝑓𝑎 = 10−4) 227 

Figure 5 illustrates the scale factor function based on the following assumptions: 𝜎𝑟,𝑣 =228 

0.5 ∙ 𝜎𝑠,𝑣; 𝑃𝑓𝑎 = 10−3. When 𝑉𝑃𝐸𝑠 is near the zero point, the factor is close to 1.0, and the new 229 

PDF is similar to the original one. When 𝑉𝑃𝐸𝑠 is bounded away from the zero point, as shown in 230 

the figure, the factor rapidly decreases, particularly when 𝑉𝑃𝐸𝑠 approaches threshold 𝑇𝑣.  231 
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With the new PDF determined from (14), the new VPL (𝑉𝑃𝐿𝑛) can be determined with the 232 

given integrity risk 233 

∫ 𝑝𝑠,𝑛(𝑉𝑃𝐸𝑠)
𝑉𝑃𝐿𝑛

−𝑉𝑃𝐿𝑛
= 1 − 𝐼𝑅      (15) 234 

where 𝐼𝑅 is the integrity risk requirement. Because the new PDF has tighter tails, the new VPL 235 

will be reduced. 236 

 237 

Implementation issues 238 

As discussed, the monitor station detects anomalies and improves the SBAS error bounds. Both 239 

are performed in the position domain. The prerequisite is that the satellites used in the user’s 240 

position solution are identical to those used in the monitor station. A feasible solution is to 241 

enumerate all possible subsets of satellites at the monitor station. If the user does not use up to two 242 

of satellites viewed by the reference receivers, the monitor station should consider  243 

𝑚 = ∑ (
𝑛
𝑘

)𝑛
𝑘=𝑛−2       (16) 244 

subsets of satellites (Lee et al. 2011).  245 

In the integration concept, the radio frequency (RF) data link from the monitor station to 246 

the aircraft is required. The type of data link should be carefully developed since it is a critical 247 

factor that affects the integrity requirement in terms of the time to alert. One possible solution is 248 

to develop a specific data link for this purpose. These data link should be certified for use in aircraft 249 

navigation, as performed in the GBAS. One possible alternative is to transmit the data via the VHF 250 

data broadcast of the GBAS, but the data to be transmitted must be modified to fit the GBAS 251 

format (Rife et al. 2005; Shively et al. 2006).   252 

We should also consider the types of messages delivered from the monitor station to the 253 

aircraft. Equation (14) shows that the new PDF is not a Gaussian distribution represented by a 254 

simple standard deviation. To reduce the amount of data, we broadcast the parameters in (14) 255 

instead of the resulting distribution of correction errors. In other words, for each subset, a flag is 256 
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broadcast to the users to inform them whether an anomaly is detected. The monitor station also 257 

broadcasts two parameters 𝜎𝑟,𝑣 and 𝑃𝑓𝑎 to users. In response, the SBAS users calculate 𝜎𝑠,𝑣 for the 258 

SBAS correction errors and calculate the detection threshold (𝑇𝑣). With these parameters, the 259 

SBAS user reconstructs the new distribution of SBAS correction errors.  260 

 261 

Simulation 262 

The integration of SBAS with the local monitor station reduces the PL, and the improvement is 263 

sensitive to the quality of local measurements. Thus, a simulation is performed to evaluate the 264 

effects of different receiver qualities on the PL. In the simulation, the probability of false alarm 265 

𝑃𝑓𝑎 is assumed to be 10-3, which results in 𝑇𝑉 = 3.29𝜎𝑡𝑜𝑡𝑎𝑙,𝑣. The aircraft receivers can continue 266 

using the PL that is directly determined from the SBAS when the alarm was received. 267 

The term 𝜎𝑟,𝑣  accounts for local receiver errors, whereas the SBAS error bound 𝜎𝑠,𝑣 268 

accounts for many potential threats such as an ionospheric error and satellite orbit error. Five 269 

situations are considered in the simulation, i.e., 𝜎𝑟,𝑣 = 0.2 ∙ 𝐾 ∙ 𝜎𝑠,𝑣, (𝐾 = 1,2 … 5) . This 270 

simulation enables us to analyze how the tails are reduced by using measurements with different 271 

qualities. For each situation, the new PDFs are calculated from (14), and the PL is obtained from 272 

(15). 273 

 274 

Fig. 6 New PDFs vs. original PDF  275 
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 276 

The possible large errors of 𝑉𝑃𝐸𝑠 have been screened out by the monitor station. When 277 

there is no alarm raised from the monitor station, the new PDF can be obtained from (14). Figure 278 

6 shows the original PDF (red curve) with a Gaussian tail and five new PDFs from different 279 

monitor stations. As shown in the figure, the tails in new PDFs are reduced significantly when we 280 

used the monitor stations. In other words, the probability of large errors of 𝑉𝑃𝐸𝑠 has been reduced. 281 

We can also see that more improvement is achieved when better local measurements are used, 282 

which suggests that high-quality measurements are required to guarantee the integration 283 

performance. When the pseudoranges from multiple receivers are combined, as suggested in the 284 

previous section, the noise level of local measurements can be improved, and better performance 285 

can be achieved.   286 

 287 

Fig. 7 Integrity risk vs. protection level for different monitors 288 

With a given integrity risk, the new PL can be derived when the new PDFs in Figure 6 are 289 

applied in (15). Figure 7 shows the relationship between the PL and the integrity risk for different 290 

monitor stations. The PL decreases when the SBAS is integrated with the monitor station, and the 291 

improvement in PL is more significant when better-quality measurements are used to validate the 292 

SBAS data. As shown, for the APV-I operation with the integrity risk of 10−7, the original VPL 293 

is 5.33 ∙ 𝜎𝑠,𝑣. The VPL is reduced to 3.87 ∙ 𝜎𝑠,𝑣, 4.37 ∙ 𝜎𝑠,𝑣, 4.72 ∙ 𝜎𝑠,𝑣, 4.94 ∙ 𝜎𝑠,𝑣 and 5.09 ∙ 𝜎𝑠,𝑣 294 

when five different monitor stations are used. 295 
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 296 

Experimental Results 297 

The integration algorithm was assessed for 24 hours using observations from two Continuously 298 

Operating Reference Stations (CORS) on February 9, 2018 in America. The station CORB was 299 

selected as the monitor station, and the station LOY8 was selected as the user. The sampling 300 

interval of two stations is 1 second. Both stations are within the WAAS coverage. The baseline 301 

length between the two stations is 10.88 km. We only considered all satellites viewed by both 302 

stations, and the effects of different satellite subsets on the performance are beyond the scope of 303 

the assessment. 304 

The WAAS data were verified using observations from the station CORB. The first step is 305 

to smooth the pseudorange measurements of CORB using a single-frequency filter with the 306 

smoothing time of 100 seconds (RTCA, 2017). Then, the WAAS message data were downloaded 307 

from the website and applied to reduce different pseudorange errors. The variance of residual 308 

errors in WAAS corrections is designated following the specification defined in RTCA (2006). 309 

The CORB station has a modern receiver with a simpler choke-ring antenna, and this reference 310 

receiver performance is classified as the Ground Accuracy Designator (GAD) B (RTCA, 2017). 311 

In this evaluation, the single reference receiver was used as the monitor station. If multiple 312 

reference receivers are used, the receiver noise could be significantly reduced, and better 313 

performance could be achieved. 314 

Figure 8 shows the test statistic 𝑉𝑃𝐸 of the station CORB and the corresponding threshold 315 

𝑇𝑣 determined with the false alarm probability of 10-3. As shown, the test statistic was always 316 

within the threshold, and no alarm was declared during the period. In other words, the integration 317 

algorithm can be performed in nearby aircraft in the 24-hour period. 318 

 319 

https://www.ngs.noaa.gov/CORS/
https://www.ngs.noaa.gov/CORS/
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 320 

Fig. 8 Test statistic vs. threshold 321 

 322 

Figure 9 shows the error bounds 𝜎𝑟,𝑣 and 𝜎𝑠,𝑣, which are evaluated at the monitor station 323 

CORB. The contribution of σr,v is much smaller than that of 𝜎𝑠,𝑣. On average, 𝜎𝑠,𝑣 was 3.30 m, 324 

and 𝜎𝑟,𝑣 was 0.54 m. These parameters are provided to the LOY8 station (simulated user), which 325 

enables it to calculate the new protection level. 326 

 327 

 328 

Fig. 9 Comparison of the error bounds  329 

 330 
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 331 

 332 

Fig. 10 Comparison of the original VPL with the new VPL 333 

 334 

Two programs were developed to evaluate the performance of the proposed method. The 335 

first program does not use the monitor station (SBAS only), whereas the second program combines 336 

the SBAS with the monitor station (SBAS + monitor). Two types of VPL were calculated based 337 

on the assumption that the user (LOY8) was conducting the APV-I operation with the integrity 338 

requirement of 10-7. The original VPL was determined from (3), and the new VPL was determined 339 

from (15). Figure 10 compares the new VPL with the original VPL. The green curve represents 340 

the original VPLs using only SBAS, and the red curve represents the new VPLs using the local 341 

monitor station. For all of these observations, the positioning errors for the user LOY8 are bounded 342 

by the new PL. The average VPL is 17.60 m without using the monitor station. In contrast, the 343 

average VPL decreases to 12.27 m, i.e., 30.3 % reduction in VPL when the monitor station is used. 344 

 345 

Conclusions 346 

The integration of integrity monitoring systems is proposed in this study. The SBAS data is 347 

verified using the local monitor station to improve the integrity performance. The simulations 348 

demonstrate that the local monitor station decreases the PL. The performance of the local monitor 349 
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was also evaluated with real observations in North America, where the WAAS service was 350 

available. When the user positioning errors are bounded, the test results show that VPL is reduced 351 

from 17.60 m to 12.27 m. The described method can be extended to integrate other integrity 352 

monitoring systems. In fact, several integrity monitoring methods are available for users, and their 353 

integration will benefit civil aviation, particularly in terms of improved integrity performance. 354 

 In this study, the local monitor is utilized to reduce the PL of SBAS for the nominal case. 355 

Since multiple reference receivers are installed in the local monitor, the anomalies undetected by 356 

SBAS itself can be possibly addressed by the local monitor. The anomalies of SBAS are 357 

characterized by non-zero-mean biases or inflated sigma values, and therefore the model will be 358 

expanded in future work. The probability of abnormal events not detected or bounded by SBAS is 359 

extremely low, and sufficient SBAS data need to be processed. 360 

The proposed method does require a data link from the local monitor station and the aircraft, 361 

which should satisfy the 6-second time requirement for APV and LPV operations. In future work, 362 

the data link should be carefully developed for use in aircraft navigation. Another challenge that 363 

requires special attention is how to integrate other integrity monitoring systems together. For 364 

example, the integration of RAIM with the distinct SBAS/GBAS should be investigated in the next 365 

step. Future work will also include dynamic aircraft tests, which are critical in validating the 366 

proposed algorithm. 367 
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