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ABSTRACT  
 
Certified Ground Based Augmentation Systems (GBAS) as of today operate using only GPS signals in the L1 frequency band to 
enable precision approach guidance for landing aircraft. Ionospheric activity (i.e., scintillations and/or large abnormal ionospheric 
gradients) is a major limitation for the availability of current GBAS services, especially in equatorial and polar regions. To overcome 
these availability limitations, current developments aim at extending GBAS to the use of dual-frequency and multi-constellation 
(DFMC) techniques. Using signals on a second frequency, in this case L5/E5a, allows for a less conservative ionospheric monitoring, 
improving the availability of GBAS in regions with high ionospheric activity.  
In previous work, we proposed an airborne ionospheric gradient monitoring concept to detect significant ionospheric delay 
differences between a GBAS ground station and an airborne user. This concept was initially developed for the assumption of a single 
satellite affected by an ionospheric gradient. While extending it for case with multiple satellites simultaneously affected, the proposed 
monitoring thresholds were getting extremely sensitive with a consequent raise of the false alarm probability of the monitor. 
Furthermore, the concurrent impact of an ionospheric gradient on multiple satellites could deteriorate the monitoring performance, 
and thus the detectability. In this work, we revisit the previously proposed monitoring scheme to improve its robustness, especially 
in the situation when several satellites are affected simultaneously. This is achieved through a median removal step, which makes 
the quantities derived from the pseudorange corrections from the ground station and the ionospheric delay estimates derived from 
dual-frequency pseudorange measurements from the aircraft comparable without adding a bias to the unaffected satellites. In 
addition, we propose a method to monitor all satellites currently in use at once, avoiding the need to make conservative assumptions 
about the maximum number of affected satellites.  
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INTRODUCTION  
 
The Ground Based Augmentation System (GBAS) provides differential corrections and assures integrity of the navigation solution 
for aircraft flying precision approaches based on the use of Global Navigation Satellite Systems (GNSS). Operational GBAS ground 
stations today provide corrections for the L1 signals of GPS/GLONASS only. By design, GBAS generates corrections that are valid 
and accurate in the vicinity of the ground reference station. Nonetheless, a decorrelation of the ionospheric error typically occurs 
over distance and can lead to positioning errors of aircraft on approach [1] [2] [3]. This situation can become harmful in case of 
significant ionospheric activity, such as the presence of abnormally large ionospheric gradients acting between the GBAS station and 
the aircraft on approach. Thus, it is essential to conservatively bound the resulting errors which tends to lead to a decrease in 
availability, or to monitor for such potentially harmful ionospheric effects and prevent significant positioning errors while flying 
precision approaches. With the introduction of dual-frequency GNSS into GBAS planned for future GBAS approach service types 
(GAST) [4], new monitoring options arise and can be leveraged. 
 
In previous work Felux et al. developed in [5] and validated in [6] a method to mitigate the threat of ionospheric gradients for single-
frequency positioning by using the second available frequency for monitoring purposes. One of the main design drivers for new 
GBAS service types was to maintain backwards compatibility and use the existing VHF Data Broadcast (VDB) with its limited 
capacity [7]. Therefore, the ionospheric delays calculated at the ground station cannot be transmitted to the aircraft on approach, and, 
at the aircraft, only the pseudorange corrections are available. Thus, this dual-frequency ionospheric monitoring scheme combines 
pseudorange corrections from two different frequencies transmitted from the ground station to calculate a “pseudo” ionospheric delay 
from the ground station and compares these values with dual-frequency ionospheric delay estimations for each satellite computed at 
the aircraft. This allows individual satellites with significant errors to be excluded from further processing without additional 
(ionospheric) monitoring effort in the GBAS ground station. 
Initially the concept was developed for a single affected satellite [8], and later it was extended for multiple satellites affected 
simultaneously [5]. However, to tackle the multiple satellites affected case, the monitor has to assume a certain number of satellites 
that could potentially be affected at the same time, which, a priori, is not known. Although for the case of a single constellation 
(GPS), this number is typically assumed to be two, the case for more constellations is not clear. 
While for individual affected satellites, the previously described monitor can detect and exclude the affected satellite very reliably, 
the detectability deteriorates with an increasing number of satellites affected simultaneously, potentially leaving ionospheric 
gradients undetected. Furthermore, it could experience an excessive false alarm rate when assuming a high number of satellites 
simultaneously affected. 
 
In this work, we revisit this previously proposed dual-frequency airborne ionospheric monitoring scheme for GBAS described in [5] 
to improve the robustness of the monitor especially when several satellites are affected by an ionospheric gradient. Based on the 
original monitoring concept, a new, bias-free test statistic is derived, which successfully removes effects of common biases on the 
ionospheric estimates (e.g. from a different set of satellites used on ground and airborne side or different instrumental delays on the 
L1 and L5 signals), improving detection capabilities further. Additionally, the method to build a combined test statistic for multiple 
affected satellites at once is refined and a new detection threshold is proposed. 
 
In the following sections, we describe and validate three main updates to the previous concept: 

• A new derivation of a bias-free test statistic describing the ionospheric difference between corrections and estimations at 
the airborne side. 

• An updated version of the test, performed in position instead of range domain. Furthermore, this updated version uses a 
tighter bound of the threshold when applying the monitor to multiple potentially affected satellites at once. 

• A new monitoring scheme to monitor all used satellites at once avoiding prior knowledge or assumptions on the number of 
simultaneously affected satellites 

After introducing these updates, we compare the new and the previous approaches and show first results of the new monitoring 
performance in a simulated landing scenario with several satellites affected by an ionospheric gradient. 
 
 
METHODS 
 
This work is based on the ionospheric monitoring scheme presented previously ( [5] [6]) and adjusts several aspects. The justifications 
behind the design of the initial concept is summarized here only very briefly. For further details on the steps taken in the development 
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of that monitoring scheme the interested reader is referred to the open access journal article [3] in which all steps are explained in 
detail.  
The basic idea is to compare the ionospheric delay estimates at the ground station with the ionospheric delay estimates at the aircraft. 
In the airborne system the ionosphere for satellite 𝑖 can be directly estimated using smoothed pseudoranges (𝜌̂) on two frequencies: 
 

𝐼𝑎𝑖𝑟,𝑖 =  
𝑓𝐿5

2

𝑓𝐿1
2 − 𝑓𝐿5

2 (𝜌̂𝐿5,𝑖 − 𝜌̂𝐿1,𝑖) (1) 

 
with 𝑓𝐿1 and 𝑓𝐿5 being the center frequencies of the L1/E1 and L5/E5a GNSS signals. Other frequency combinations allow a similar 
estimation but we focus on using L5/E5a as second frequency available for aviation. 
The ionospheric delays experienced at the GBAS ground station cannot be directly recovered from the corrections received by the 
aircraft. Smooth clock corrections and averaging steps in the PRC generation process remove all common ionospheric delays. Only 
a pseudo-ionospheric delay can therefore be derived: 
 

𝐼𝑃𝑅𝐶,𝑖 =  
𝑓𝐿5

2

𝑓𝐿1
2 − 𝑓𝐿5

2 [(𝑃𝑅𝐶𝐿5,𝑖 + Δ𝑡 ∙ 𝑅𝑅𝐶𝐿5,𝑖) − (𝑃𝑅𝐶𝐿1,𝑖 + Δ𝑡 ∙ 𝑅𝑅𝐶𝐿1,𝑖)] (2) 

 
with 𝑃𝑅𝐶𝑖 and 𝑅𝑅𝐶𝑖 being the pseudorange and range-rate corrections on either L1/E1 or L5/E5a for satellite 𝑖 and Δ𝑡 the time 
difference between the current time of airborne measurement and the time of generation of the corrections. 
Note that while the absolute ionospheric delays seen by the GBAS ground station cannot be recovered from the corrections, the 
relative ionospheric differences between all satellites are still preserved within 𝐼𝑃𝑅𝐶,𝑖. Consequently, another step is required to make 
both values (equations (1) and (2)) comparable and allow testing for ionospheric gradients. In previous work, the mean values from 
all the airborne ionospheric estimates and the mean values from all the pseudo-iono delay estimates from the corrections were 
removed to achieve such comparable values. To avoid introducing biases that could deteriorate the performance of the monitoring, 
this process is refined in the current work as described in the following. 
 
New Test Statistic 
Our test statistic shall describe how much an ionospheric estimate differs from the ionospheric pattern common to air and ground for 
each individual satellite. Therefore, we search for the best alignment of −𝐼𝑎𝑖𝑟  and 𝐼𝑃𝑅𝐶  given the fact that both can have an arbitrary 
offset to each other (the minus sign results from the opposite sign of the corrections with respect to the actual ionospheric delays that 
the corrections should compensate). What is of interest are then the outliers to this alignment – those describe satellites with major 
differences in ionospheric delay. A simplified visualization of this process is depicted in Figure 1, showing −𝐼𝑎𝑖𝑟  and 𝐼𝑃𝑅𝐶  values 
for 7 satellites. 

 
Figure 1 Visualization of the alignment process. Residual ionospheric differences are depicted in red in the right figure, showing 

the case of two simultaneously affected satellites.   

What we consider best alignment is such that the total sum of all differences is smallest. Mathematically we are minimizing the L1 
distance between the pseudo ionospheric delay estimates from the PRCs and the estimated ionospheric delays from the airborne 
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pseudorange measurements in the common set of satellites 𝑠𝐶 . This minimum can be found when the median of the common set 𝑠𝐶  
is subtracted from the value of interest (𝐼𝑎𝑖𝑟 + 𝐼𝑃𝑅𝐶) for each satellite [9]. Therefore, the new test statistic for satellite 𝑖 and frequency 
𝑓 is therefore calculated as: 
 

𝐼𝑡𝑒𝑠𝑡,𝑓,𝑖 =  𝐼𝑎𝑖𝑟,𝑓,𝑖 + 𝐼𝑃𝑅𝐶,𝑓,𝑖 − 𝑚𝑒𝑑𝑖𝑎𝑛 {(𝐼𝑎𝑖𝑟,𝑓,𝑗 + 𝐼𝑃𝑅𝐶,𝑓,𝑖)𝑗∈𝑠𝑐
} (3) 

 
This new estimator is bias free and preserves the actual ionospheric differences as long as not more than half of all satellites in the 
used subset are affected by an ionospheric gradient. Important to note here is that only satellites affected at either ground or airborne 
side are harmful. Depending on the distance to the airport, this leaves only a certain, limited area where a satellite could cause an 
unbound error. Considering the typical distribution of a constellation, the probability of more than half of the satellites affected can 
be considered almost negligible. 
 
Now, within the pseudoranges and PRCs used in the derivation of the test statistic a number of biases (antenna biases, inter-frequency 
biases, …) can be present. Furthermore, the set of satellites used on ground potentially differs from the satellites used by an aircraft 
on approach. This would result in a common bias on all PRCs due to the smoothed clock adjustment process in the generation of the 
corrections [10]. Therefore, it is important that any of those biases do not directly affect the test statistic. Otherwise, such biases can 
potentially hide actual ionospheric differences in the test, while these could still influence single frequency positioning. 
Fortunately, any biases (on any of the pseudoranges or corrections) common to all satellites are removed in the median removal step 
as can be seen in the following calculation. 
 
With 

𝑓𝐿1𝐿5 =
𝑓𝐿5

2

𝑓𝐿1
2 − 𝑓𝐿5

2  𝑃𝐿𝑥 =  𝑃𝑅𝐶𝐿𝑥,𝑖 + Δ𝑡 ∙ 𝑅𝑅𝐶𝐿𝑥,𝑖 𝑚 = 𝑚𝑒𝑑𝑖𝑎𝑛{𝑓𝐿1𝐿5 ∙ (𝜌𝐿5,𝑗 − 𝜌𝐿1,𝑗) + 𝑓𝐿1𝐿5 ∙ (𝑃𝐿5,𝑗 − 𝑃𝐿1,𝑗)}
𝑗∈𝑠𝑐

 

we define: 
𝐼𝑡𝑒𝑠𝑡,𝑖 =  𝑓𝐿1𝐿5 ∙ (𝜌𝐿5,𝑖 − 𝜌𝐿1,𝑖) + 𝑓𝐿1𝐿5 ∙ (𝑃𝐿5,𝑖 − 𝑃𝐿1,𝑖) − 𝑚 (4) 

 
A biased version of the test statistic for satellite 𝑖 can be created by adding an individual bias (𝑏1to 𝑏4) to all of the pseudorange and 
correction terms: 

𝐼𝑡𝑒𝑠𝑡,𝑖
𝑏 =  𝑓𝐿1𝐿5 ∙ ((𝜌𝐿5,𝑖 + 𝑏1) − (𝜌𝐿1,𝑖 + 𝑏2) +(𝑃𝐿5,𝑖 + 𝑏3) − (𝑃𝐿1,𝑖 + 𝑏4)) − 𝑚 (5) 

 
Reordering yields: 
 

𝐼𝑡𝑒𝑠𝑡,𝑖
𝑏 =  𝑓𝐿1𝐿5 ∙ (𝜌𝐿5,𝑖 − 𝜌𝐿1,𝑖 + 𝑃𝐿5,𝑖 − 𝑃𝐿1,𝑖) +  𝑓𝐿1𝐿5 ∙ (𝑏1 −𝑏2 + 𝑏3 − 𝑏4) − 𝑚 (6) 

 
where the two right summands are constant and can be considered a new constant bias term within the satellite specific delay estimate: 
 

𝐼𝑡𝑒𝑠𝑡,𝑖
𝑏 =  𝑓𝐿1𝐿5 ∙ (𝜌𝐿5,𝑖 − 𝜌𝐿1,𝑖 + 𝑃𝐿5,𝑖 − 𝑃𝐿1,𝑖) + 𝑚′ (7) 

 
Performing a median removal over all satellites on equation (7) yields exactly the unbiased 𝐼𝑡𝑒𝑠𝑡  again, as 𝑚′ is just a new common 
term among all test statistic. 
While this property is helpful and removes all effects that are common to all satellites as well as differences between the used satellite 
sets on ground and in the airborne or at the two frequencies, it has to be mentioned that not all biases are mitigated from the test 
statistic like this. As recently also discussed in [11], some antenna and receiver dependent effects are specific to each satellite. 
Azimuth and elevation dependent antenna biases for example could hide existing gradients or vice versa lead to false alarms in 
geometry and antenna patters align unfavorable in weak geometries. Such effects are discussed again later and foreseen as core part 
of future work. 
 
Definition of New Monitoring Condition 
In the previous sections, we derived the updated test statistic and showed that it allows an unbiased estimation of the value of interest, 
the ionospheric delay difference between the ground reference station and an airborne GBAS user. From now on, we omit the 
frequency subscript 𝑓 from equation (3) and continue using only L1/E1.  
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In previous work, we defined the test to check for harmful ionospheric gradients as follows: 
 

|𝐼𝑡𝑒𝑠𝑡,𝑖| ≤
𝐸𝑣,𝑖𝑜𝑛𝑜

|𝑠𝑣𝑒𝑟𝑡,𝑖|
− 6.1 ∙ 𝜎𝑚𝑜𝑛𝑖𝑡𝑜𝑟,𝑖  (8) 

 
A missed detection probability of 10−9 is attributed to the monitor in this case (i.e. 6.1 sigma), assuming that the noise in the test 
statistic follows a Gaussian distribution. The monitoring noise itself for satellite 𝑖 consists of the noise and multipath contributions 
of both air (𝜎𝑎𝑖𝑟,𝐿1

2 , 𝜎𝑎𝑖𝑟,𝐿5
2 ) and ground (𝜎𝑔𝑛𝑑,𝐿1

2 , 𝜎𝑔𝑛𝑑,𝐿5
2 ) for the two used frequencies. These values are either transmitted by a GBAS 

station [12] in case of (𝜎𝑔𝑛𝑑
2 ) or defined in standards (𝜎𝑎𝑖𝑟

2 ) [13]. 
 

𝜎𝑚𝑜𝑛𝑖𝑡𝑜𝑟,𝑖 =   
𝑓𝐿5

2

𝑓𝐿1
2 − 𝑓𝐿5

2 √𝜎𝑔𝑛𝑑,𝐿1
2 + 𝜎𝑔𝑛𝑑,𝐿5

2 + 𝜎𝑎𝑖𝑟,𝐿1
2 + 𝜎𝑎𝑖𝑟,𝐿5

2 (9) 

 
The projection factor 𝑠𝑣𝑒𝑟𝑡,𝑖 describes the projection from range domain into the vertical axis of the position domain (in approach 
coordinates) and depends on the local satellite geometry and the glide path angle of the approach. 𝐸𝑣,𝑖𝑜𝑛𝑜 on the other hand, is a limit 
on the largest vertical position error due to an ionospheric anomaly. For brevity we skip the detailed derivations of both properties 
here, as their definition is no relevant for the further explanations. For details, please refer to [5]. 
 
Later in our previous paper, the test was conservatively extended for multiple (𝑁) satellites as follows: 

∑|𝐼𝑡𝑒𝑠𝑡,𝑖|

𝑁

𝑖=1

≤
𝐸𝑣,𝑖𝑜𝑛𝑜

∑ |𝑠𝑣𝑒𝑟𝑡,𝑖|
𝑁
𝑖=1

− 6.1 ∙ √∑ 𝜎𝑚𝑜𝑛𝑖𝑡𝑜𝑟,𝑖
2

𝑁

𝑖=1

 (10) 

 
As monitoring takes place in range domain, the error limit in vertical 𝐸𝑣,𝑖𝑜𝑛𝑜 is scaled back into range domain by dividing it by the 
sum of all projection factors. This implies that the more satellites are considered to be simultaneously affected and not properly 
corrected by GBAS or already excluded by other monitoring, the more sensitive the monitor became up to a point where the 
monitoring would always trigger a false alarm. 
 
However, instead of conservatively adding up all errors in range domain, we can make use of the knowledge of the geometry we 
have at the airborne user. Our previously defined test statistic in equation (3) describes the remaining ionospheric error (sign and 
magnitude) introduced into single frequency L1 positioning after applying the pseudorange corrections. In a similar manner as the 
GBAS protection levels are computed, we can now transfer our monitoring into position domain using the known projection factors 
(𝑠) based on the satellite geometry. 
Exemplary for the vertical domain, equation (10) becomes: 
 

|∑(𝐼𝑡𝑒𝑠𝑡,𝑖 ∙ 𝑠𝑣𝑒𝑟𝑡,𝑖)

𝑁

𝑖=1

| +  6.1 ∙ √∑ 𝜎𝑚𝑜𝑛𝑖𝑡𝑜𝑟,𝑖
2 ∙ 𝑠𝑣𝑒𝑟𝑡,𝑖

2

𝑁

𝑖=1

 ≤ 𝐸𝑣,𝑖𝑜𝑛𝑜 (11) 

 
The core difference is that ionospheric induced errors in multiple satellites can compensate each other depending on the sign of the 
s-values. This significantly reduces the conservatism in the monitoring and reflects much more the actual situation and thereby, 
avoids that the left part of the equation grows extensively with every additional satellite added to the monitoring equation. 
In fact, for 𝑁=1, i.e. a case of a single affected satellite, it is easy to see that both equations are equivalent. Furthermore, for 𝑁 >1 it 
always holds that: 
 

|∑(𝐼𝑡𝑒𝑠𝑡,𝑖 ∙ 𝑠𝑣𝑒𝑟𝑡,𝑖)

𝑁

𝑖=1

| +  6.1 ∙ √∑ 𝜎𝑚𝑜𝑛𝑖𝑡𝑜𝑟,𝑖
2 ∙ 𝑠𝑣𝑒𝑟𝑡,𝑖

2

𝑁

𝑖=1

 ≤  ∑(|𝐼𝑡𝑒𝑠𝑡,𝑖| ∙ |𝑠𝑣𝑒𝑟𝑡,𝑖|)

𝑁

𝑖=1

+  6.1 ∙ √∑ 𝜎𝑚𝑜𝑛𝑖𝑡𝑜𝑟,𝑖
2 ∙ 𝑠𝑣𝑒𝑟𝑡,𝑖

2

𝑁

𝑖=1

 ≤  𝐸𝑣,𝑖𝑜𝑛𝑜 (12) 
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The new monitoring condition is therefore always tighter or equal to the previous formulation. This allows avoiding strong 
assumptions on the number of simultaneously affected satellites, the major limitation of the previous monitoring concept. 
Furthermore, this opens up opportunities for new monitoring schemes, allowing for example monitoring the complete current set of 
common satellites (𝑠𝐶) in a single test, simplifying monitoring logic and reducing computational effort significantly. 
 
New Monitoring and Exclusion Strategy 
 
After describing the basics on how to build and combine the refined test, a first proposal for a redefined monitoring scheme is given 
in this section. In previous work [5], the monitor was executed by comparing any 𝑛-satellite subset, being 𝑛 the number of satellites 
assumed to be simultaneously affected, of the currently used satellites individually with the monitoring threshold. In this case 𝑛 was 
assumed to be one, two, and up to the maximum number of satellites that where considered to be affected at once. Apart from the 
necessity of defining a maximum number of affected satellites, this additionally implied an increasing computational complexity 
when checking all 2, 3 or more satellites subsets out of the common used set. This is especially true for multi-constellation techniques 
where the number of possible subsets grows rapidly with the number of satellites available.  
 
With the new monitoring equation and especially when looking at strong multi-constellation geometries, a different approach seems 
feasible, as we will verify later in the results. Instead of looking at cases of individual affected satellites, an airborne GBAS user can 
test whether equation (11) is fulfilled considering all currently used satellites. 
If the threshold is not exceeded for this full common set, no ionospheric threat is considered present and no action is taken. Note that, 
in this case, an ionospheric gradient could be affecting several satellites, but still not be a threat for the aircraft position. Therefore, 
the current satellite set is continued to be used in single frequency positioning. 
Otherwise, if the threshold is exceeded, a greedy exclusion algorithm is performed. Starting with the current set of 𝑁 satellites, we 
built 𝑁 individual subsets each with a different satellite excluded and recalculate the combined test statistic 𝐼 as: 

𝐼𝑡𝑒𝑠𝑡,𝑗 = ||∑(𝐼𝑡𝑒𝑠𝑡,𝑖 ∙ 𝑠𝑣𝑒𝑟𝑡,𝑖)

𝑁

𝑖=1
𝑖 ≠𝑗

|| +  6.1 ∙ √∑ 𝜎𝑚𝑜𝑛𝑖𝑡𝑜𝑟,𝑖
2 ∙ 𝑠𝑣𝑒𝑟𝑡,𝑖

2

𝑁

𝑖=1
𝑖 ≠𝑗

   ∀ 𝑗 ∈ {1 … 𝑁} (13) 

 
Among all subsets we choose the one with the smallest combined test statistic 𝐼𝑡𝑒𝑠𝑡,𝑗 to continue. If the threshold 𝐸𝑣,𝑖𝑜𝑛𝑜 is still 
exceeded, we use the current 𝑁-1 set and build all satellite subsets with a second satellite excluded, leaving 𝑁-2 satellites. The 
combined test statistic 𝐼𝑡𝑒𝑠𝑡,𝑗 is recalculated again as shown above but for the remaining 𝑁-2 sets of 𝑁-2 satellites. 
These steps are repeated until the current 𝐼𝑡𝑒𝑠𝑡,𝑗 falls below the monitoring threshold, leaving us with a satellite subset where no 
significant ionospheric error remains present in the position domain. In case no such set can be found while we reach less than the 
minimum number of satellites required (i.e. 3 + the number of used constellations) we declare the system unavailable. 
 
One important aspect to consider is that a passed test does not necessarily mean that no ionospheric differences are present or no 
gradient is effective. It might as well be that a satellite shows a significant difference, but has little or no influence on the position 
(i.e. an 𝑠-factor close to zero). Furthermore, it could even be possible that multiple satellites are affected by known ionospheric 
differences, but the current geometry causes the range domain errors to cancel out when projected into the position domain, leading 
to no significant positioning error. 
 
 
RESULTS AND DISCUSSION 
 
After introducing all refinements to the ionospheric monitoring concept, we will show results for the three major updates in the 
following sections. For simplification we show all results in this section only for the vertical domain. Typically, in vertical the 
uncertainly is larger while alert limits are tighter, making this the limiting factor. Nevertheless, the proposed monitoring would have 
to take place as well for the horizontal domain in an operational system. 
 
Comparison of Test Statistic and Ionospheric Delay Difference 
 
In this first evaluation we compare the refined test statistic using median removal with the previous approach when an increasing 
number of satellites experiences a known ionospheric delay difference. In a dual constellation scenario with 16 visible satellites, we 
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artificially introduce additional ionospheric delays at the airborne user. As previously introduced, the test statistics (equation (3)) to 
monitor for harmful impacts on the position solution should follow those delay differences as close as possible. 
Figure 2 shows a comparison of the new monitoring scheme (median removal) on the right, with the old monitoring scheme (mean 
removal) on the left. The x-axis shows the time, while the y-axis refers to the test statistic for both methods. At times 2300, 2440, 
2580 and 2720 seconds into the simulation an artificial jump in the ionospheric delay is introduced on four satellites to illustrate the 
effect on the test statistic. While in reality no such jumps would occur, this trivial example was chosen for simplicity and visual 
comparability of the results. Having no transient behavior, the estimation itself is not impacted by the sudden jumps in both cases. 
Looking at the right plot in Figure 2 we can find that the test statistics for the 4 impacted satellites (PRN 4, 6 and 16 from GPS and 
PRN 71/E01 from Galileo) follow the known introduced delay (dashed lines) quite well. Other satellites are not affected as long as 
fewer than half of the constellation experience the gradient. On the left side the situation is different. Even though for 1-2 affected 
satellites the impact is still clearly visible we can already see how the mean removal steps “spread” the gradient into other satellites 
and shifting all their test statistics, making it increasingly hard to identify the actually impacted satellites and affecting the 
performance of the monitor in general, as all satellites show increased test statistics, and not only the affected ones. Too many affected 
satellites could make it almost impossible to assess which satellite actually causes a problem in case of the mean removal. 
 

  

Figure 2 Comparison of test statistic per satellite with mean (left) and median removal (right). The dashed lines indicate the 
introduced additional ionospheric delay at the airborne user. 

 
Regardless of how the monitoring is performed in the end, either in range domain as previously suggested or in position domain as 
proposed in this work, this improvement on the bias characterization of the test statistics brings a benefit already. Especially in 
situations where multiple satellites are affected by a gradient, the new approach can be more robust in identifying and excluding the 
affected satellites. 
 
Potential for Full Constellation Monitoring 
 
As new monitoring and exclusion strategy, we proposed to perform a monitoring of all currently used satellites at once. To assess 
the feasibility of this approach, we first take a look at the monitoring noise (equation (14)) as main driver of the combined test 
statistic in a nominal scenario without ionospheric activity.  

6.1 ∙ √∑ 𝜎𝑚𝑜𝑛𝑖𝑡𝑜𝑟,𝑖
2 ∙ 𝑠𝑣𝑒𝑟𝑡,𝑖

2

𝑁

𝑖=1

  (14) 

In Figure 3 we show the noise contribution over a 5 days simulation for 6 different scenarios. For a user in an equatorial latitude 
(Singapore) we simulate GPS and Galileo geometries based on almanac data (31 satellites GPS, 27 satellites Galileo) and using a 5° 
elevation mask. To derive 𝜎𝑚𝑜𝑛𝑖𝑡𝑜𝑟,𝑖

2  for the simulation, we use recently established dual frequency airborne models (see Table 1) 
and ground models based on two levels of ground station performance (Ground Accuracy Designators GAD-B and GAD-C [12]). 
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Figure 3 Nominal monitoring noise over time assuming GAD-B and GAD-C [12] ground stations performance and full dual 

constellation (GPS+GAL) and single constellation scenarios. 

For reference we also depict typical values of 𝐸𝑣,𝑖𝑜𝑛𝑜 (6.44 m in case of a 2.5° Glide path angle and 8.4 m in case of 3°) as thresholds 
of interest in the figure. 
In the optional situation of a GAD-C compliant GBAS station using two full constellations, we typically see values around 2 meters, 
combined monitoring noise. Downgrading to GAD-B still results in values below 3 meters most of the time. Looking at the single 
constellation results, values start to be significantly more dependent on the current geometry as expectable. Especially in case of a 
GAD-B station, values reach up to 5 meters, leaving little room towards the monitoring thresholds. 
 
In a second step, we look closer at the case of dual constellation and GAD-C ground performance. Again, we perform simulations at 
an equatorial latitude using above mentioned setup and sigma models. Starting with all satellites in view, we arbitrarily pick 5 to 19 
satellites. For each of this “random k out of all on view” cases we simulate 250,000 geometries distributed over a 10 days period. 
Figure 4 shows the results in form of histograms (left) of the above-mentioned monitoring noise (equation (14)) and in terms of 
applicability of the all-in-view monitoring based on different monitoring thresholds (right). 
 
 
 

  
Figure 4 Lower Bound on test statistic in nominal conditions (left) and upper bound on applicability of all-in-view 

monitoring (right) 

 
Looking at the histograms in Figure 4 first we can find that especially below 9 satellites remaining we see a strong shift of the test 
statistic towards values above 10 meters and more. Above 10 satellites on the other hand, the 99th percentile of values decreased from 
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around 7.5 meters down to less than 3 meters. When comparing the resulting test statistics for all the different cases (number of 
selected satellites), we can additionally derive how likely an all-in-view monitoring is possible based on the nominal monitoring 
noise. This is depicted on the right side for 4 different thresholds (𝐸𝑣,𝑖𝑜𝑛𝑜). In the most conservative case of 6.44 m we need at least 
14 random satellites left to be able to monitor all satellites at once in 100% of all cases. For 8.4 this decreases to13 satellites and so 
forth for increasing thresholds. 
This leads to the conclusion that the proposed all-in-view monitoring appears feasible in a dual constellation scenario even under the 
assumption that arbitrary (including worst case) satellites are unavailable. In single constellation scenarios on the other hand, 
depending on the final monitoring threshold and the nominal monitoring noise, this might lead to too many false alarms and therefore 
system unavailability. 
 
Simulation of New Monitoring and Exclusion 
As a last evaluation we show the behavior of the new proposed monitoring scheme along a simulated approach trajectory. For 
evaluating the monitor in a realistic but controlled ionospheric gradient scenario, we added a synthetic ionospheric gradient on top 
of simulated nominal GNSS data for a GBAS station with 4 reference receivers and an airborne user. 
 
Simulated GNSS Data 
The simulated nominal data used in this section was provided by Telespazio and INDRA Satnav in the framework of project SESAR 
2020 PJ14-03-01. This nominal scenario comprises the GNSS signals simulated for four reference receivers situated at Barcelona 
airport. Simulated signals from 27 satellites are available for the GPS constellation and from 24 satellites (Walker configuration) for 
the Galileo constellation. Additionally, the simulated GNSS signals for an aircraft on a landing trajectory for Barcelona airport were 
included.  
 
Residual Error Models 
As previously mentioned, the residual errors included in the corrections (𝜎𝑔𝑛𝑑) and in the smoothed airborne pseudorange 
measurements (𝜎𝑎𝑖𝑟) per frequency and constellation have an impact on the monitor performance. The 𝜎𝑔𝑛𝑑 values depend on the 
installation of the GBAS ground station and are transmitted in the GBAS messages. For the evaluation of the airborne ionospheric 
monitor in this simulation, we used a conservative curve fitting of the 𝜎𝑔𝑛𝑑 values derived with data from Barcelona airport. The 
models used are summarized in Table 1. 
 

 
𝜎𝑔𝑛𝑑 

Model GPS L1 0.1148 ∙ 𝑒−0.0104∙𝜃 
Model Galileo E1 0.1172 ∙ 𝑒−0.01145∙𝜃 
Model GPS L5 0.1358 ∙ 𝑒−0.0242∙𝜃 
Model Galileo E5a 0.1242 ∙ 𝑒−0.1242∙𝜃 

 

 
𝜎𝑎𝑖𝑟  

Model L1/E1 
0.13 +  0.17 ∙ 𝑒−

𝜃
13 

Model L5/E5a 
0.11 +  0.18 ∙ 𝑒−

𝜃
15 

 

Table 1 Used models for ground and airborne [13] noise and multipath for 100 s smoothing 

 
Ionospheric Gradient Simulator 
In a next step, an additional ionospheric delay is simulated and added over the nominal ionospheric delays present in each of the 
measurements (pseudoranges and carrier-phases in both frequencies). The synthetic delays are simulated in meters for L1 in the 
vertical domain. They are afterwards translated into the slant domain by multiplying with an obliquity factor (see equation 5.28 
from [14]), which considers satellite elevations seen from the different receivers. The synthetic ionospheric delays are added 
consistently to both code and phase on both frequencies. For more details on how the ionospheric gradients are simulated and 
introduced into existing nominal data sets, refer to [15]. 
Figure 5 shows two snapshots of the simulated gradient travelling in the direction of flight of the aircraft. The trajectory of the aircraft 
is represented in grey and the yellow points represent the Ionospheric Pierce Points (IPPs) corresponding to the used set of 9 satellites. 
The parameters of the simulated gradient are the following: vertical slope of 100 mm/km, width of 100 km, speed of 750 m/s, and 
direction of 65° from the North pole (clockwise). 
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Figure 5 Visualization of the introduced gradient 10 minutes after the beginning of the simulated approach (left) and at the end 
of the approach (right). The yellow points show the IPPs as seen from the reference receiver 1 situated in Barcelona airport, the 

grey line shows the trajectory of the aircraft while on approach and the red point shows the airport. 

 
Exemplary Simulation Results 
In Figure 6 we depict the behavior of the test statistic along the simulation. On the left we see the impact of each satellite in the 
position domain (i.e. 𝐼𝑡𝑒𝑠𝑡,𝑖 ∙ 𝑠𝑣𝑒𝑟𝑡,𝑖). The projected vertical error of PRN88 reaches its maximum when it is already affected by the 
gradient at the aircraft and starts to be affected at the ground (the maximum point is reached when 𝐼𝑃𝑅𝐶  returns from the negative 
overshoot due to the smoothing filter characteristic). For PRN 88 𝑠𝑣𝑒𝑟𝑡  is between 1.1 (beginning) and around 0.75 (end). Afterwards 
PRN 72 and PRN 7 are experiencing the gradient. While PRN 72 has a higher value for 𝐼𝑡𝑒𝑠𝑡 , a low 𝑠𝑣𝑒𝑟𝑡  between -0.4 and -0.1 𝑠𝑣𝑒𝑟𝑡  
limits the impact on the position error. PRN 7 on the other hand with 𝑠𝑣𝑒𝑟𝑡  between 1.4 and 1 causes another visible spike. 
 

  

Figure 6 Projected vertical error of individual satellites (left) and combined test statistic with threshold (𝐸𝑣) (right) 

 
The right side of Figure 6 shows the combined test statistic together with the applied threshold of 8.4 meters. The satellite excluded 
is PRN 88. After the exclusion, the test statistic almost returns to the “nominal” value around 5 meters until PRN72 (first small peak 
after 474200 GSW) and PRN7 (second bigger peak after 474200 GSW) are affected. Note that, even though up to four satellites 

Exclusion (PRN 88) 
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remain affected at the end of the simulation, their vertical position error contribution is low and therefore they are not excluded by 
the monitor. This becomes evident when looking at the vertical position errors in Figure 7. 
 

  
Figure 7 Vertical position error and protection level for simulated approach with (right) and without (left) exclusion according to 

ionospheric monitoring 

Figure 7 compares the vertical protection level (VPL) and vertical position error for a simulation with and without the ionospheric 
monitoring in place. For this plot, the vertical error is derived from the known aircraft position during the simulation and the position 
calculated for single frequency L1/E1 processing using a 100 s smoothing time constant. On the left side, without exclusion, we can 
see the vertical errors grow up to almost 2.5 meters in comparison to the nominal scenario without the added gradient. 
On the right side, with exclusion, the vertical error grows until about 1.75 meters before the monitoring threshold is reached and 
PRN 88 is excluded from the positioning. The position error afterwards returns almost back to the nominal value until the onset of 
the gradient to more satellites. In both cases, the vertical errors stay within the protection levels, indicating no integrity fault and 
highlighting as well the impact of having a strong geometry to be robust against ionospheric gradient threats. 
 
 
CONCLUSIONS AND FUTURE WORK 
 
In this paper we described several refinements to a previously developed concept for ionospheric monitoring in DFMC GBAS. 
The presented updates on the monitoring imply: 

• A better monitoring performance from the first affected satellites on due to the removal of biases in the test statistics due to 
the common ionospheric error previously included. 

• A proof that all common biases on any of the contributors to the test statistic (like different set of satellites on the ground 
and in the airborne, different signal delays on L1/L5) are mitigated by the median removal and do not affect the monitoring 

• A tighter bound on the expected monitoring noise in case of the monitoring multiple affected satellites at once 
• A way to monitor the ionospheric threat for all used satellites at once with a single test and without any prior knowledge or 

assumptions on the number of affected satellites, depending on the actual noise levels and number of satellites in view. 
 
In the next steps, the monitoring scheme will be applied to larger data sets from previous and ongoing flight measurement campaigns 
to assess the performance and applicability in with real measurements containing so far unmodelled effects [11]. Some of those 
should be bound by existing noise and multipath overbounds (𝜎𝑎𝑖𝑟), others need further studies. Especially errors introduced in the 
corrections due to the averaging process among multiple ground reference receivers as well as elevation and azimuth dependent 
antenna ground delay variations are to be mentioned here, which can affect the ionospheric estimates both on the airborne and ground 
side. Studies shall furthermore assess whether those effects have a significant effect on the monitoring and require further adaptions 
of the threshold or additional modelling of antenna parameters. 
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