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ABSTRACT
The future architecture for Dual-Frequency Multi-Constellation Ground-Based Augmentation Systems (DFMC GBAS), known
as GBAS Approach Service Type (GAST) E, is designed to rely on measurements from two frequency bands, L1/E1 and L5/E5a.
However, unintentional Radio Frequency Interference (RFI) could affect one of the frequencies, typically L1/E1, potentially
leaving GBAS with only a single operating frequency. In such cases, GAST E cannot function as intended, making it necessary
to define single-frequency fallback modes, GAST D1 and GAST D2, to maintain CAT II/III service.



A key challenge for these new modes is the need to transmit additional measurements through the limited GBAS data link
bandwidth, which makes data compression methods at the ground station and data reconstruction methods at the airborne side
essential. This paper evaluates the impact of the Message Type (MT) 23 compression and reconstruction method being proposed
at the International Civil Aviation Organization (ICAO) level, together with the lower ground data update rate (0.33 Hz instead
of 2 Hz), on one of the key integrity monitors for these fallback modes: the Dual Solution Ionospheric Gradient Monitoring
Algorithm (DSIGMA). We first derive DSIGMA thresholds for L1/E1 and L5/E5a using nominal flight test data and evaluate
their consistency with existing GAST D standards. We then assess monitor performance with simulated ionospheric gradients
to evaluate the impact of these new constraints under controlled anomalous ionospheric conditions, followed by an evaluation
with real flight data collected under strong scintillation.

The results with both simulated and real data demonstrate that the MT23 compression and reconstruction method, as well as the
ground data lower update rate, can be used without visible effects on DSIGMA monitoring.

I. INTRODUCTION
The Ground-Based Augmentation System (GBAS) is a local area, airport-based augmentation of Global Navigation Satellite
Systems (GNSS) that provides precision approach guidance for aircraft. GBAS enhances GNSS performance in terms of
integrity, continuity, accuracy, and availability by providing differential corrections and integrity information to aircraft users.
Differential corrections allow aircraft to mitigate most of the spatially correlated errors between the ground station and the aircraft,
while integrity parameters enable the airborne system to estimate bounds on residual position errors, ensuring operational safety.

The GBAS Approach Service provides guidance during the final approach segment by transmitting deviation information relative
to a defined reference path. GBAS Approach Service Type C (GAST C) stations, which support operations under CAT I weather
conditions, have been certified and are fully operational. Standards for GBAS Approach Service Type D (GAST D) stations,
designed to support precision approaches and automatic landings down to CAT III weather conditions, were established by the
International Civil Aviation Organization (ICAO) in late 2016 (Radio Technical Commission for Aeronautics, 2017) and have
been in effect since November 2018. However, the required ground stations and avionics equipment are still under development.
Both GAST C and GAST D rely solely on the GPS constellation and operate in the L1-frequency band.

Recent developments in GBAS have focused on defining a new dual-frequency, multi-constellation (DFMC) architecture, known
as GAST E. In this architecture, all relevant unsmoothed measurements (pseudoranges and carrier phases) are transmitted to
the aircraft. The airborne receiver then applies a divergence-free (Dfree) combination of L1/E1 and L5/E5a measurements with
an extended code–carrier smoothing time constant for positioning (Murphy et al., 2021). This processing approach enables
the aircraft to mitigate ionospheric divergence effects that accumulate in smoothing filters, while maintaining lower noise and
multipath levels compared to ionosphere-free (Ifree) solutions. Nevertheless, ionospheric integrity monitoring remains essential
to detect and exclude satellites affected by large anomalous ionospheric gradients (Gerbeth et al., 2022; Murphy et al., 2022b).
Consequently, the Ifree mode is used only as a fallback whenever a significant number of satellites are impacted by anomalous
ionospheric conditions. Furthermore, the introduction of multi-constellation capability increases robustness against signal loss
caused by scintillation effects (Caamano et al., 2023; Murphy et al., 2022a).

The DFMC GBAS architecture also defines fallback modes (GAST D1 and GAST D2) to support CAT II/III precision approaches
and automatic landings in the event of radio frequency interference (RFI) affecting one of the frequency bands. GAST D1
operates solely on L1/E1, while GAST D2 relies exclusively on L5/E5a. These fallback modes are still under development
but are expected to retain some or all of the original GAST D monitoring functions, while employing different message types
(MT23 instead of MT1 and MT11). In addition, GAST C1 and GAST C2 are being defined as fallback options to GAST D1 and
GAST D2, respectively, for cases where the latter cannot provide sufficient performance. These modes aim to ensure continued
CAT I operations at airports when higher service levels are not available.

During the development of these modes, it has become evident that ensuring backward compatibility with GAST C and GAST
D imposes significant constraints on data transmission. This is because GAST E with its fallback modes is supposed to continue
using the same Very High Frequency (VHF) data link, known as VHF Data Broadcast (VDB) link, as previous systems.
To accommodate these limitations, various optimizations are being explored, including reducing the amount of transmitted
information (compression) while ensuring successful reconstruction on the airborne side. This requires determining the optimal
selection of satellites, constellations, and transmission rates to maintain integrity, accuracy, availability, and continuity. Efforts
are also underway to revise integrity parameters, minimizing the amount of data that the ground station needs to transmit while
maximizing the number of transmitted satellites or increasing transmission rates. Additionally, methods to transmit only the
necessary parts of pseudorange and carrier-phase measurements have been proposed, as discussed in Saito et al. (2025).

As discussed earlier, integrity monitoring will remain essential both at the ground station and on the airborne side to mitigate
threats such as anomalous ionospheric gradients. This requirement applies not only to the primary Dfree mode but also
to the single-frequency fallback modes, since situations may arise where RFI and anomalous ionospheric conditions occur



simultaneously. Although the probability of such concurrent events is currently under investigation and is expected to be lower
than that of either threat occurring alone, their combined impact on integrity, continuity, availability, and accuracy must be
carefully considered. For this reason, it is necessary to assess whether the new features being introduced—such as compression
and reconstruction of ground data, changes in the ground data update rates, or a reduction in the number of transmitted
satellites—affect the performance of existing or foreseen monitors for both the primary and fallback modes.

In this paper, we evaluate the performance of one of the existing ionospheric integrity monitors under newly considered
constraints, including a ground data transmission rate of 3 seconds, the compression and reconstruction methodology described
in Saito et al. (2025), and additional limitations such as restricting the number of transmitted satellites. The goal of this study
is to determine whether current monitoring algorithms remain effective under these evolving system constraints or whether
modifications and/or new monitoring solutions will be required.

Our evaluation follows a three-step approach. First, we analyze the monitors’ performance under nominal conditions using
flight data. Second, we simulate anomalous ionospheric gradients over the recorded nominal measurements to assess monitor
performance under worst-case scenarios while accounting for the imposed constraints. Finally, we evaluate the monitors’
performance using flight data collected under active ionospheric conditions.

The remainder of this paper is structured as follows: Section II provides the necessary background to understand the results
presented in this work. Section III describes the experimental setup at New Ishigaki Airport, along with the test aircraft used to
collect the measurements. Section IV introduces the simulation setup used to generate synthetic ionospheric gradients. Finally,
Section V presents the evaluations performed under nominal, simulated, and real anomalous ionospheric conditions.

This work has been conducted within the framework of the project EGNSS DFMC for GBAS Based Operations (EDGAR),
co-funded by the European Union under the Horizon Europe program.

II. BACKGROUND
This section provides the necessary background to support the results presented in the paper. First, we describe the carrier-
smoothed code processing used in DFMC GBAS. Second, we summarize the compression and reconstruction method currently
under assessment by the International Civil Aviation Organization (ICAO) Navigation Systems Panel (NSP) for potential
incorporation into the Standards and Recommended Practices (SARPs). A detailed description of the methodology and the
derivation of the equations can be found in Saito et al. (2025); here, we only provide a concise summary to facilitate understanding
of the results. Finally, we describe the integrity monitor evaluated in this study.

1. Carrier-Smoothed Code Processing Overview
This section provides an overview of carrier-smoothed code processing, focusing on its application in the primary and fallback
modes of DFMC GBAS.

GBAS relies on two types of measurements: pseudorange (code) measurements (ρ) and carrier-phase measurements (ϕ). In
DFMC GBAS, several smoothing modes are employed. The primary mode uses a divergence-free (Dfree) combination of
dual-frequency measurements, while the ionosphere-free (Ifree) and single-frequency modes serve as fallback options (Murphy
et al., 2023). In the Dfree and Ifree cases, the pseudorange and carrier-phase measurements are formed as linear combinations
of the L1/E1 and L5/E5a signals.

Once the linear combinations are formed, they undergo a smoothing process. To construct the carrier-smoothed code measure-
ments, the difference between the carrier-phase measurements at the current and previous epochs is added to the previously
smoothed pseudorange. This projected value of the current smoothed pseudorange is then weighted and combined with the
weighted current raw pseudorange measurement. The specific filter used for smoothing is known as the Hatch filter. The
smoothed pseudorange at epoch n is given by the following expression:

ρ̄n = Kn · ρn + (1−Kn) · [ρ̄n−1 + ϕn − ϕn−1] , (1)

where ρ̄n−1 is the carrier-smoothed pseudorange at the previous epoch, ρn is the raw pseudorange at the current epoch, and ϕn

and ϕn−1 are the carrier-phase measurements at the current and previous epochs, respectively (all expressed in meters).

For time-variant smoothing filters, the weighting factor Kn is defined as:
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with n denoting the epoch index, τ the smoothing time constant, and ∆T the time interval between consecutive epochs. In
practice, the filter can be assumed to reach steady state after approximately two times the smoothing time constant.

2. Compression and Reconstruction of Pseudorange and Carrier-phase Measurements
As mentioned above, the methodology presented in Saito et al. (2025) is briefly summarized here to provide the necessary
background for understanding the results.

The method proposed by Saito et al. (2025) reduces the range of pseudorange values to be transmitted by computing pseudorange
residuals using the geometric range (rgi ), the satellite clock offset (∆tsi ), the speed of light (c), and a reference receiver clock
correction. A common clock term, c̄t, is derived and transmitted together with the residuals to minimize their dynamic range.
For example, the pseudorange residual on frequency f1 for satellite i and ground reference receiver g is expressed as:

̂PRRg
i,f1

= rgi − ρgi,f1 − c ·∆tsi − c̄t. (3)

For the second frequency, only the inter-frequency difference ∆PRRg
2,1 is transmitted. A similar approach is applied to carrier-

phase measurements, where residuals are transmitted for the first frequency and the inter-frequency difference is transmitted for
the second frequency instead of absolute values.

In the fallback GAST D2 single-frequency mode, a flag in MT23 indicates when L1/E1 is unavailable. In such cases, only the
L5/E5a pseudorange and carrier-phase residuals are transmitted. This is only the case if RFI occurs at the ground station; if it
occurs at the airborne receiver, the scheme works as previously explained.

All information is packed into MT23 messages and broadcast at a rate of 0.33 Hz. At the airborne receiver, ground pseudoranges
and carrier phases are reconstructed from the transmitted residuals and inter-frequency differences, e.g.,

ρgreconst,i,f1 = rgi − c ·∆tsi − ̂PRRg
i,f1

− c̄t. (4)

For further details on the methodology, the reader is referred to Saito et al. (2025).

After reconstructing the required data, the airborne receiver smooths the ground measurements in order to compute pseudorange
corrections, using the transmitted residuals from the ground reference receivers at a sampling rate of 0.33 Hz. In parallel, the
airborne receiver also smooths its own measurements at the sampling rate of the airborne equipment. It is then the task of the
airborne processing to synchronize both the ground and airborne measurements, thereby enabling the computation of corrected
pseudoranges that can be used for position determination and some of the integrity monitors.

Note that in the new MT23 format, there is insufficient space to transmit data for all visible satellites by the ground station. The
number of satellites to be transmitted is currently under discussion, but the current consensus is 15 satellites for three ground
reference receivers. Therefore, in this work, we use the 15 satellites with the highest elevations to improve the performance of
the system as in Murphy et al. (2022a). Additionally, to maintain comparability between GAST D1 and GAST D2 results, we
considered only dual-frequency (DF) satellites.

3. Dual-Solution Ionospheric Gradient Monitoring Algorithm
Among the monitors that may be impacted by the new transmission features of GAST E, the primary ones are those implemented
on the airborne side that rely on ground measurements. These include the dual-frequency airborne ionospheric monitor
in its various implementations (using Dfree smoothed code measurements as in Murphy et al. (2022b), using carrier-phase
measurements as in Murphy et al. (2022a); Saito et al. (2022), or using pseudorange corrections as in Gerbeth et al. (2022)), as
well as the ionospheric monitors required for single-frequency fallback modes, such as the Dual-Solution Ionospheric Gradient
Monitoring Algorithm (DSIGMA) proposed in Pullen et al. (2017).

The dual-frequency airborne ionospheric monitor operating in the Dfree primary mode requires, in all its implementations, a
clear decision on how to adapt the ground and airborne noise and multipath models during the transient phase of the smoothing
filters. This is critical, as the monitor is intended to operate before the filters converge. Although work is ongoing in this



direction (McGraw and Caamano, 2025), final decisions are still pending in order to properly compute the monitor’s test
statistic. Therefore, this monitor has been deferred to future work.

In contrast, sufficient knowledge is already available to begin assessing DSIGMA. Originally defined as part of the current
GAST D standards for GPS L1, in this paper we adapt DSIGMA to GAST D1 and GAST D2 and evaluate its performance under
the constraints imposed by the data link. This work represents an update of the results we presented in Caamano and Gerbeth
(2023).

DSIGMA computes the difference between the corrected 30 seconds and 100 seconds smoothed pseudoranges and compares it
with a certain threshold.

The test statistic of this monitor for each satellite, epoch and frequency is:

ρDIFF,i,f1 = ρai,f1,100 − ρai,f1,30, (5)

where ρai,f1,100 is the corrected airborne smoothed pseudorange for 100 seconds smoothing and ρai,f1,30 is the corrected airborne
smoothed pseudorange for 30 seconds smoothing. The threshold for this monitor can be computed as:

TDSIGMA = KFD · σDSIGMA, (6)

where KFD represents the false detection multiplier (with a value of 5.61 as documented in Pullen et al. (2017)), and σDSIGMA

denotes the standard deviation of the distribution that overbounds the tails of the distribution formed by the test statistics of this
monitor. The final threshold value for current GAST D standards (based on GPS L1) was established at 0.976 meters in Pullen
et al. (2017).

Note that in GAST E, D1, D2, C1, and C2, the pseudorange corrections are computed on the airborne side and are therefore
influenced by both the transmission rate of MT23 and the applied compression/reconstruction methodology. It is therefore
essential to investigate whether these modifications, compared to legacy GAST D, affect the threshold value defined in the
SARPs, as well as to derive a new threshold for L5/E5a. The latter is expected to be higher due to the increased nominal
ionospheric contribution in this frequency band.

III. EXPERIMENTAL SETUP
The data used in this work comes from both the DFMC GBAS testbed at New Ishigaki Airport, Japan, and from flight campaigns
conducted by the Electronic Navigation Research Institute (ENRI) in October 2023 and March 2024.

The New Ishigaki Airport testbed is located in the magnetic low-latitude region (24.4ºN latitude, 124.2ºE longitude, correspond-
ing to 19.7ºN in magnetic latitude). It consists of five ground receivers. Four receivers (R1–R4) are positioned on one side of
the runway, with inter-antenna separations ranging from 122 m to 399 m, as shown in Figure 1. A fifth receiver (R5) is located
on the opposite side of the runway, approximately 2 km away from the cluster of the other four receivers.

For this study, only three ground receivers (R1–R3) were used as DFMC GBAS ground reference receivers, while R4 and R5
were not used. All receivers are Trimble NetR9 units capable of tracking L1/E1 and L5/E5a signals from all major GNSS
constellations. The associated antennas are JAVAD G3T models, which provide good multipath rejection, although their
performance does not match that of multipath-limiting antennas (MLAs). Further details on the ground installation are provided
in Saito et al. (2023).

The airborne setup consists of a JAVAD Delta receiver paired with an AeroAntenna ATI1675-381, installed on a King Air 350
aircraft (Figure 2). Two flight campaigns were conducted by ENRI: from 5–9 October 2023 and from 4–8 March 2024. Flight
paths and approach directions depended on the active runway and local traffic conditions at the time of each approach. Daytime
flights were carried out under quiet ionospheric conditions, while some nighttime flights experienced ionospheric activity. In
particular, a night flight on 8 March 2024 exhibited strong scintillation and was selected as the anomalous ionospheric test case.

For the derivation of the DSIGMA threshold, nominal ground and airborne data from the ENRI flight campaigns conducted on
6–9 October 2023 and 4–8 March 2024 were used.



Figure 1: DFMC GBAS testbed at New Ishigaki Airport.

Figure 2: Airborne equipment.

IV. SIMULATION SETUP
This section presents the simulation setup used to evaluate the detection capabilities of DSIGMA under the new data link
constraints.

To this end, we simulated a synthetic equatorial plasma bubble (EPB) representing the GBAS threat model for equatorial regions
(Saito et al., 2017; Yoon et al., 2017). The synthetic EPB was added on top of the nominal measurements from a flight used to
derive the DSIGMA threshold. The nominal flight selected was conducted on the 6 October 2023, and its trajectory is shown
in Figure 3. Using nominal measurements as the basis of the simulation ensures that the characteristics of noise, multipath,
nominal ionosphere, and the influence of actual satellite geometries are preserved.

For the simulation, the first step was to define the trajectory of the synthetic anomalous gradients. EPBs, which generate most
ionospheric gradients in the Asia-Pacific region, are known to travel along Modified Dip (MODIP) isolines (Blanch et al., 2018).
Therefore, simulating an EPB along a MODIP isoline (e.g., MODIP = 33°) captures realistic motion.

However, directly following the isoline results in a non-uniform EPB speed, as distances between consecutive points vary for
the same time step. To simplify, we computed a linear curve fit of the MODIP isoline, and defined the trajectory of the center
of the ionospheric perturbation as a straight line forming an angle of 85° with respect to the North Pole, corresponding to
southwest-to-northeast motion (Figure 4).



Figure 3: Trajectory of the flight under nominal conditions.

Figure 4: Trajectory of the simulated gradient. The red dots represent the MODIP 33° isoline, the grey line its linear approximation and
actual simulated trajectory, and the blue dot indicates the location of New Ishigaki Airport.

Then, the simulated EPB was modeled as two gradients (one downwards and one upwards) moving with constant speed and
direction over a thin-shell layer at 350 km altitude. Figure 5 illustrates the perturbation along its propagation direction and the
simulation parameters. The dimension perpendicular to the direction of motion is assumed infinite.

This simulation represents an extreme case, with a maximum vertical depletion of 30 meters. The gradient slope was applied in
the vertical domain only, for simplicity, with a value of 600 mm/km, corresponding to the maximum in the Asia-Pacific threat
model. Slant gradients were not simulated, as vertical-to-slant mapping functions are often unreliable under highly disturbed
ionospheric conditions.

For further simplification, both slopes and widths were considered equal, with a width of 50 km, speed of 100 m/s, propagation
direction of 85°, and a zonal length of 150 km. Although the perturbation is modeled as a planar wave, this approximation
is valid because the distances between GBAS reference receivers and the aircraft are small relative to the typical EPB size
perpendicular to propagation, while in the propagation plane, the perturbation follows the threat model.



Figure 5: Simulated EPB with vertical ionospheric slopes of 600 mm/km, widths of 50 km, speed of 100 m/s, direction of 85° relative to
the North Pole, and zonal length of 150 km. The grey dot represents the location of the aircraft during the flight test and the yellow dots the
Ionospheric Pierce Points (IPPs) of the aircraft in a specific epoch.

V. RESULTS
This section presents the results of the paper in three parts. First, we compare the DSIGMA test statistics obtained with ground
data sampled at 2 Hz (full resolution, without compression or reconstruction) and at 0.33 Hz, as constrained by the VDB link
and MT23 message format. Then, the associated thresholds are derived and compared. Second, we evaluate the impact of the
reduced update rate (0.33 Hz) and the compression/reconstruction method on the detectability of DSIGMA in the presence of a
synthetic equatorial plasma bubble scenario with large ionospheric gradients (one downwards and one upwards), as introduced
in Section IV. Finally, we validate the previous results using real flight test measurements collected under highly disturbed
ionospheric conditions with significant scintillation.

1. Evaluation of DSIGMA in Nominal Conditions and Proposed Adaptations
a) Test statistics on L1/E1 and L5/E5a in nominal conditions with 2 Hz ground data
First, we computed the test statistics according to Equation 5, combining GPS and Galileo samples for each frequency band to
increase the number of available samples, given the limited amount of flight data. The nominal flight test datasets from 6–9
October 2023 and 4–8 March 2024, described in Section III, were used for this analysis.

Figure 6a shows the results for L1/E1, while Figure 6b shows the results for L5/E5a. Even under nominal conditions (i.e.,
in the absence of anomalous ionospheric gradients or scintillation) and after excluding segments corresponding to taxiing or
parked aircraft, oscillations were observed for some satellites in both frequency bands. The oscillations were more pronounced
at L5/E5a. Since all eight flights were conducted at approximately the same local time, the results overlap.

Two factors likely contributed to these oscillations: (1) aircraft maneuvering and (2) nominal ionospheric variability. The latter
is supported by the observation that the L5/E5a oscillations are approximately 1.8 times larger than those in L1/E1 for the same
satellites. A detailed analysis of these effects also confirmed that the affected Ionospheric Pierce Points (IPPs) crossed the
Appleton anomaly, a nominal ionospheric enhancement located south of Ishigaki.

We therefore conclude that the observed oscillations result from a combination of aircraft dynamics and nominal ionospheric
effects, with L5/E5a being more sensitive to these effects than L1/E1. Since both factors are representative of normal aircraft
operational conditions, all data points shown in Figure 6 were used for deriving the monitor statistics.

b) Comparison of test statistics: 2 Hz full resolution versus 0.33 Hz using the compression/reconstruction method
Figure 7a presents the difference in DSIGMA test statistics computed using 2 Hz full-resolution ground data and 0.33 Hz
data with the compression/reconstruction method applied for L1/E1 GPS and Galileo. A maximum error of approximately
10 cm was observed, with a standard deviation of about 1–2 cm. This error resulted from the increased noise in the ground



(a) L1/E1 GPS and Galileo. (b) L5/E5a GPS and Galileo.

Figure 6: DSIGMA test statistics computed with 2 Hz full-resolution ground data.

(a) L1/E1 GPS and Galileo. (b) L5/E5a GPS and Galileo.

Figure 7: Difference in DSIGMA test statistics between using 2 Hz full-resolution ground data and 0.33 Hz ground data with compres-
sion/reconstruction applied.

carrier-smoothed pseudoranges (smoothed at the airborne side using raw ground measurements available only every 3 s or at
0.33 Hz instead of at 2 Hz). A similar behavior was observed for L5/E5a (Figure 7b), although the magnitude of the error was
slightly smaller.

From Equation 1, it can be observed that with a 30 s smoothing time constant and assuming convergence at 2τ , the 2 Hz
case incorporates 120 samples into the filter, while the 0.33 Hz case incorporates only 20. The reduced number of samples
changes the effective filter gain (see Equation 2), assigning greater weight to the raw data in the 0.33 Hz case. Consequently,
the smoothed ground ranges at the airborne side are slightly noisier. Ongoing analyses have shown that this effect is particularly
relevant for short smoothing time constants (e.g., 30 s and 100 s). For longer smoothing time constants (e.g., 300 s or 600 s),
the difference becomes negligible, as noise is largely averaged out and remaining effects are dominated by antenna biases and
other slowly varying errors.

The implication of this result is that the DSIGMA thresholds must be carefully evaluated. Since the noisier test statistics observed
with shorter smoothing constants can impact monitor performance, the thresholds may need to be adjusted accordingly.

c) Threshold derivation for different ground data update rates
The first objective of this section was to verify that the DSIGMA standard deviation derived from the dataset for GPS L1 and
Galileo E1 is consistent with the value specified in the current GAST D standards for GPS L1, and to assess whether updated



thresholds are required for other signals.

We first computed the test statistic at each epoch as defined in Equation 5. To reduce correlation, we attempted to select only
independent samples, which is typically achieved by selecting samples every two smoothing time constants. However, due to the
limited amount of data, this approach could not be applied because it resulted in too few samples. As a compromise, we selected
samples every 20 seconds. While this interval does not yield fully independent samples—as residual correlation remained—it
still provided a more representative subset than using all available epochs.

The resulting test statistic distributions were normalized by subtracting the mean and dividing by the standard deviation of the
test statistic samples. This normalization was applied consistently to both the 2 Hz and 0.33 Hz cases.

Figures 8a and 8b show the cumulative distribution functions (CDFs) and complementary CDFs of the normalized test statistic
distributions (blue dots) for GPS and Galileo L1/E1. Results are presented for 2 Hz full-resolution ground data and for 0.33 Hz
reconstructed data, along with the corresponding non-inflated (black dot-dashed line) and inflated (green dashed line) Gaussian
distributions. The inflated distribution is used to overbound the tails and thus ensure integrity. In both cases, inflation was
necessary, leading to inflated standard deviation values of 0.184 m (2 Hz) and 0.185 m (0.33 Hz).

(a) L1/E1 GPS and Galileo with 2 Hz full-resolution data. (b) L1/E1 GPS and Galileo with 0.33 Hz reconstructed data.

Figure 8: Normalized DSIGMA test statistic distributions and Gaussian tail overbounds for L1/E1 using (a) 2 Hz full-resolution data and (b)
0.33 Hz reconstructed data.

Although the maximum observed difference in test statistics between 2 Hz and 0.33 Hz cases was around 10 cm (see Figure
7), the difference in inflated standard deviations was less than 1 cm. This is because the additional error introduced by lower
update rates manifests primarily as uncorrelated noise in the smoothing filter. When combined with the dominant error source
for DSIGMA—the nominal ionosphere—the overall impact of this added noise becomes almost negligible.

The next step was to define the continuity and integrity requirements for DSIGMA in the GAST D1 and GAST D2 fallback
modes. These requirements depend on the level of protection needed against anomalous ionospheric conditions in the fallback
modes, which are primarily intended to mitigate the effects of radio frequency interference (RFI). Since the requirements for
these modes may be less stringent than those for the primary mode, further work and discussions within standardization fora are
needed. For this work, we adopted the same values as those specified for GAST D.

Using a false-detection probability of 1 · 10−7, as specified in Pullen et al. (2017), the resulting DSIGMA thresholds for L1/E1
were 1.03 m with 2 Hz ground data and 1.04 m with 0.33 Hz ground data. Both values exceeded the threshold of 0.976 m defined
in the GAST D standards for GPS L1. This discrepancy can be attributed to the ground GBAS installation at New Ishigaki
airport, which lacks multipath-limiting antennas (MLAs), resulting in slightly degraded performance compared to installations
equipped with MLAs.

Figures 9a and 9b present the same analysis for L5/E5a GPS and Galileo. As with L1/E1, inflation was required to adequately
bound the distribution tails, resulting in inflated standard deviations of 0.323 m (2 Hz) and 0.324 m (0.33 Hz). The corresponding
DSIGMA thresholds were 1.81 m (2 Hz) and 1.82 m (0.33 Hz), with a difference of less than 1 cm between the two, for the
same reasons as the ones observed in the L1/E1 case. These thresholds are nearly 1.8 times higher than those for L1/E1,
consistent with the frequency-dependent scaling of ionospheric effects. This further confirms that the dominant contributor to
the DSIGMA test statistic is the nominal ionosphere. Consequently, these thresholds were adopted for subsequent evaluations
under disturbed ionospheric conditions.



(a) L5/E5a GPS and Galileo with 2 Hz full-resolution data. (b) L5/E5a GPS and Galileo with 0.33 Hz reconstructed data.

Figure 9: Normalized DSIGMA test statistic distributions and Gaussian tail overbounds for L5/E5a using (a) 2 Hz full-resolution data and
(b) 0.33 Hz reconstructed data.

2. Simulation Results
After deriving the DSIGMA thresholds, we evaluated the monitor performance under anomalous ionospheric conditions using
the simulated EPB described in Section IV. This controlled environment allowed us to study the effects of ground data update
rate and the compression/reconstruction method. Furthermore, we deactivated all typical GBAS monitors—such as the Code
Carrier Divergence (CCD)—on both ground and airborne processing, except for cycle-slip detectors, to better observe the
impact on DSIGMA. Under normal GBAS operations, these other monitors would detect most large gradients, so the extreme
DSIGMA values shown in this section are intentionally exaggerated for analysis.

Figures 10a and 10b present the DSIGMA test statistics for L1/E1, illustrating one unaffected and one affected satellite. The
results compare the use of 2 Hz full-resolution ground data (blue) with 0.33 Hz reconstructed data (red). Only minor differences
are observed between the two cases, mainly due to slightly increased noise in the airborne-smoothed ground pseudoranges at
0.33 Hz (see Section V.1 b)). For the satellite affected by the simulated ionospheric gradient, the DSIGMA test statistic increases
sharply as satellite IPP crosses the gradient, with the 0.33 Hz reconstructed data closely matching the 2 Hz results.

(a) Unaffected satellite. (b) Satellite affected by simulated anomalous ionosphere.

Figure 10: L1/E1 DSIGMA test statistics computed using 2 Hz full-resolution ground data (blue) and 0.33 Hz reconstructed ground data
(red).

Figures 11a and 11b show the DSIGMA test statistics computed with the ground reconstructed data at 0.33 Hz update rate
for all L1/E1 and L5/E5a used satellites, respectively, compared to the thresholds derived with the test statistics at 0.33 Hz.
The thresholds successfully separate nominal satellites from those affected by anomalous ionospheric conditions, detecting
anomalies almost immediately as the test statistics rise.



(a) L1/E1 GPS and Galileo. (b) L5/E5a GPS and Galileo.

Figure 11: DSIGMA test statistics for all GPS and Galileo used satellites using reconstructed ground data at 0.33 Hz. Colored lines represent
the test statistics, while the black dashed line indicates the derived threshold.

Figures 12a and 12b show unaffected and affected L5/E5a satellites respectively, with results consistent with L1/E1. Minor
differences (on the order of centimeters) occur when test statistics or gradients are large. These differences arise from the
aircraft applying slightly older corrections when the ground update rate is 0.33 Hz than when it is 2 Hz, which may momentarily
increase the test statistic. In some cases, the test statistics using the reconstructed data at 0.33 Hz reacted faster than using the
2 Hz full-resolution ground data. This behavior is desirable, as it reflects the actual error experienced by the aircraft due to
delayed corrections, which DSIGMA is designed to detect.

(a) Unaffected satellite. (b) Satellite affected by simulated anomalous ionosphere.

Figure 12: L5/E5a DSIGMA test statistics computed using 2 Hz full-resolution data (blue) and 0.33 Hz reconstructed ground data (red).

3. Results with Real Measurements under Disturbed Conditions
Finally, we analyzed flight data from 8 March 2024, which experienced strong scintillation, to evaluate DSIGMA under real
disturbed conditions. Figure 13 shows the test statistics computed at 0.33 Hz with reconstructed data for all satellites used.

Due to scintillation, signals traversing real EPBs were lost, resulting in data gaps and preventing the observation of the actual
large anomalous gradients. At this stage, we did not incorporate the jump-start information proposed for GAST E and fallback
modes, so the actual satellite availability for GAST D1/D2 may be higher than reported in this work.

As can be observed for both L1/E1 and L5/E5a frequency bands, DSIGMA successfully detects the remaining harmful
ionospheric anomalies, allowing us to exclude corrupted data from the navigation solution. The derived thresholds remain



(a) L1/E1 GPS and Galileo. (b) L5/E5a GPS and Galileo.

Figure 13: DSIGMA test statistics for GPS and Galileo, using 0.33 Hz reconstructed ground data and real measurements. Colored lines
represent the test statistics, while the black dashed line indicates the derived threshold.

suitable to prevent false alerts.

To further evaluate the reconstruction method, Figure 14 shows the test statistics for the satellite experiencing the largest errors,
comparing the results with 2 Hz full-resolution ground data (blue) and 0.33 Hz reconstructed ground data (red).

As in the simulation results, the reconstruction method performs well, and the minor differences between the red and blue curves
come from the lower sampling rate of the ground data. Overall, the methodology from Saito et al. (2025) is effective and can
be applied without impacting the DSIGMA monitor.

(a) L1/E1 GPS and Galileo. (b) L5/E5a GPS and Galileo.

Figure 14: DSIGMA test statistics computed using 2 Hz full-resolution ground data (blue) and 0.33 Hz reconstructed data (red) for the
satellite experiencing the largest errors.

It is important to note that the GAST D2 mode based on L5/E5a will experience higher nominal ionospheric variations, which
are intentionally tolerated to avoid triggering excessive false alarms. Evaluating the final performance of this mode in the
position domain, and determining whether it can achieve CAT II/III operations as intended, remains a task for future work.



VI. CONCLUSION
In this work, we assessed the impact of the MT23 compression and reconstruction method on the DSIGMA monitor for GAST
D1 and GAST D2 fallback modes. We first derived thresholds for L1/E1 and L5/E5a based on nominal flight test data and
verified their consistency with current GAST D standards. The thresholds obtained (around 1.04 m for L1/E1 and 1.82 m for
L5/E5a) reflect both the absence of multipath-limiting antennas (MLAs) at the Ishigaki airport ground station and the higher
nominal ionospheric contribution on L5/E5a.

We identified a small difference in DSIGMA test statistics between using 2 Hz full-resolution ground data and 0.33 Hz recon-
structed ground data, caused by the characteristics of the smoothing filter. While the airborne-smoothed ground pseudoranges
using the ground data at 0.33 Hz were slightly noisier, the effect on the thresholds was almost negligible (less than 1 cm). Thus,
the compression and reduced update rate does not seem to impact the monitor nominal performance.

Through both simulation of anomalous ionospheric gradients and analysis of real flight data under strong scintillation, we also
concluded that the MT23 compression method and reduced update rate do not affect the detectability of the DSIGMA monitor.
In some cases, the test statistics computed with reconstructed data at 0.33 Hz even provided faster responses to large gradients,
which is beneficial since it better reflects the error experienced by the aircraft.

Overall, we conclude that the compression and reconstruction method proposed in Saito et al. (2025) can be applied without
negative effects on DSIGMA monitoring. The thresholds derived here are suitable for use under both nominal and disturbed
ionospheric conditions, and they provide a sound basis for GAST D1 and D2 fallback modes.

Furthermore, it is important to note that the limit on the number of transmitted satellites (maximum of 15) did not affect the
results of this work, as only dual-frequency satellites were used for both GAST D1 and GAST D2, and their number was always
below this threshold.

Future work will also investigate how the MT23 compression method and lower ground update rates affect other integrity monitors
and will assess the final position-domain performance to determine whether GAST D2 can achieve CAT II/III operations as
intended.
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