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Abstract: A system for monitoring and analyzing GNSS performance is being developed
at DLR’s Galileo Competence Centre. Various parameters are monitored in order to
characterize the performance of the four global satellite navigation systems. The focus of
this contribution is on the extension of our system with monitoring and analysis capabilities
for the Galileo HAS and specifically for the Internet Data Distribution component of
the service. An initial analysis of the content of the HAS messages and the positioning
performance of the service at example IGS station locations is discussed. Our analysis
shows the continuous availability of the internet distribution component of the service
and a horizontal positioning performance of the order of 20 cm or better for 95% of the
epochs of the selected time periods and for the selected station locations. In addition to
HAS, we also examined an additional set of performance parameters, which show similar
performance levels between the Galileo, GPS and BeiDou systems.

Keywords: GNSS; Galileo; performance monitoring; High-Accuracy Service (HAS)

1. Introduction
Satellite-based positioning, navigation and timing applications have become an in-

tegral part of our daily lives, which has led to a growing demand for satellite-based
positioning and timing services. In recent decades, the quest for higher accuracy has led
to advances in modeling the various sources of error that affect GNSS observables. As a
result, position accuracies at the dm or cm level are now possible for real-time applications.
In post-processing, solution accuracy can even reach the millimeter range.

High-precision GNSS solutions have been around since the late 1990s (e.g., [1]). They
have primarily served the surveying, construction and agricultural industries with real-time
positioning and navigation solutions based on GNSS signal measurements and correction
data. Recently, the Galileo High-Accuracy Service (HAS) was declared operational and
is expected to benefit various old and new markets and applications such as maritime
transport, precision agriculture, drones and autonomous driving, to name a few.

In recent years, the reliability of the navigation solution has become increasingly
important too. The applications mentioned have different performance requirements. For
example, the requirements of a highly regulated sector such as the automotive industry,
where safety-critical applications are operated, differ significantly from the requirements f
non-critical applications such as an app for finding nearby e-scooters. Specially, in critical
applications, GNSS performance must be closely monitored.

The performance of each GNSS is described in the form of reports based on key
performance indicators (KPIs), which are made available online by the respective operators
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(e.g., [2–5]). For example, the operators of the Galileo system currently publish quarterly
performance reports for the Open Service (OP), the High-Accuracy Service (HAS) and
the Search and Rescue Service (SAR), which are made available online at [2]. The GNSS
literature also includes system performance comparisons and/or anomaly detection studies
conducted independently by the system providers (e.g., [6,7]).

The need for an independent GNSS performance assessment is a major motivation
for this contribution too. At DLR’s Galileo Competence Center, we are developing and
continuously improving a system for characterizing the performance of all four global
GNSSs and their services, which also offers monitoring and reporting functions. The
Galileo HAS is currently integrated into this system.

This article is structured as follows. The next section provides an overview of the
monitoring system. Selected performance characteristics of the four global navigation
systems are then discussed. The HAS Internet Data Distribution (IDD) component is then
evaluated. The paper is summarized and concluded in the final section.

2. System Overview
At DLR’s Galileo Competence Center, a system for analyzing and monitoring GNSS

performance was developed. The aim is to continuously monitor the quality of the navi-
gation signal, the transmitted messages and data as well as the quality of the positioning
solution in order to recognize anomalies early and to pass this information on to the in-
terested users [8]. Our aim is to simplify long-term analysis and real-time performance
monitoring using a dedicated database. In addition, this is achieved through user-friendly
visualizations that are made, in part, publicly available on a dedicated website (see [9])
or through dedicated dashboarding tools for internal use. The functional overview of the
system is shown in Figure 1.
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Data are continuously collected and processed either in real-time or in post-processing to
evaluate the performance of the various GNSS services. Data presented in this contribution
come from the post-processing framework. The RTKLib open source tool [10] is currently
utilized as an SPP positioning engine. The BNC open source tool [11] is utilized for estimating
HAS-based positioning solutions as well as for storing the real-time streams in our database.
Data downloaders, data parsers, database importers and other software components for data
cleansing, statistical analysis and data visualization purposes are in-house developments.
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3. Performance Assessment
The system calculates various GNSS parameters and evaluate the performance of the

four GNSSs. Some of the performance data are made publicly available in [9]. A description
of the content of the current website version can be found in [8]. This section reviews the
satellites’ health status and the code-based positioning accuracy of each navigation system
at selected locations.

3.1. Satellite Health Status

The computation of the satellite health status for the corresponding Galileo services
and signals is described in [12]. Other system providers uses different definitions. The
European GNSS service center (GSC) provides Galileo users with relevant information on
the system’s status [13]. In addition, Service Notices and Notice Advisory to Galileo Users
(NAGUs) are provided to registered users about events affecting the Galileo services.

In order to have a common metric for the four systems, a daily metric for each PRN is
computed. Figure 2 shows the daily satellite health status for each PRN and each system
for a selected time interval. This daily metric can take the following values:

• Healthy: All signals for a specific PRN are flagged as healthy for all epoch entries in
the navigation data for the corresponding day.

• Unhealthy: At least one signal for a specific PRN is flagged as unhealthy for all epoch
entries in the navigation data of the corresponding day.

• Status Change: The health status of the signals for a specific PRN has changed during
the corresponding day.

• Not Available: No navigation data entries for a specific PRN were available in the
broadcast data during the corresponding day.

Figure 2 shows in a bar chart the percentage of days on which the above-mentioned
flags were assigned to a specific PRN during a selected period. The data for each system are
presented in separate charts. The bar charts for the Galileo system shows 23 PRNs. Most
Galileo PRNs were flagged as healthy for more than 99% of the time. E03, E05, E25 and E33
had slightly lower percentages. In Table 1, our satellite health metric is summarized for
all Galileo PRNs. E14 and E18 are not included in the figure and table below as they are
not considered operational satellites. However, it should be noted that they are available
most of the time in the RINEX data used for this analysis. These two PRNs were flagged as
unhealthy 86% of the time and as unavailable the remaining 14% of the time during this
12-month period. Figure 2c,d also show that this performance indicator is slightly worse
for the BeiDou and GLONASS systems.

Table 1. Galileo satellite health flags metric—percentage of days between 1 May 2023 and 30 April 2024.

Flag E02 E03 E04 E05 E07 E08 E09 E10 E11 E12 E13 E15

Healthy 98.7 97.4 99.1 97.2 99.3 99.1 99.8 100.0 100.0 100.0, 99.6 99.6

Unhealthy 0 0 0 0 0 0 0 0 0 0 0 0

Status Change 1.3 1.1 0.9 0.9 0.7 0.9 0.2 0 0 0 0.4 0.4

Not Available 0 1.5 0 1.9 0 0 0 0 0 0 0 0

E19 E21 E24 E25 E26 E27 E30 E31 E33 E34 E36

Healthy 100.0 99.3 100.0 97.6 100.0 99.6 98.3 98.7 94.5 100.0 99.6

Unhealthy 0 0 0 0 0 0 0 0 0 0 0

Status Change 0 0.7 0 1.1 0 0.4 1.5 0.9 0.7 0 0.4

Not Available 0 0 0 1.3 0 0 0.2 0.4 4.8 0 0
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Figure 2. Health status daily flags: Galileo (a), GPS (b), BeiDou 3 MEO (c) and GLONASS (d).

3.2. Single-Point Positioning

This section evaluates the performance of code-based single-frequency (SF) positioning
for each system at an exemplary reference station location (i.e., BRUX station) and for a
selected period of 12 months. Daily RINEX observation and navigation files are used as
input data. Such data are publicly available in [14] or in other archives. The positioning
solutions are calculated every 30 s.

In Figure 3, the positioning performance for each system is evaluated by plotting the
horizontal positioning accuracy per epoch and by calculating the 95th percentile over the
entire time range. During data processing, the influence of the ionosphere is mitigated by
the use of broadcast correction parameters. Since GLONASS does not transmit ionospheric
correction data, the ionospheric range delay for GLONASS signals is not compensated for
in the results. The elevation cut-off angle is set to 10◦ and the Saastamoinen model is chosen
for the mitigation of tropospheric biases [9]. The analysis here is based on positioning
solutions obtained with the RTKLib tool.

The per-system overall 95th percentiles of the horizontal accuracy indicate small
deviations between the GPS, Galileo and BeiDou systems for the BRUX location in the
mentioned time frame. As can be seen in the corresponding sub-graph, the Galileo data
contain more epochs with large error magnitudes, which influence also the calculated
statistics. These effects will be analyzed in more details in the future. The low number of
satellites currently in orbit seems to also play a role in this case. It should be noted that the
deviations in the positioning accuracy between the systems have different characteristics
at other station locations. One reason for this, in addition to the different instrumentation
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installed, is the local station’s nearby environment-related multipath effect (e.g., [15]). On
our webpage [9], there is a separate section for local performance analyses in which similar
performance results are presented for a list of 33 stations distributed around the globe.
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4. HAS IDD Service Assessment
The Galileo HAS corrections consist of PPP corrections applicable to the reference

Galileo and GPS navigation messages and ranging measurements. They currently include
orbit, clock and code bias parameters. Phase biases are not currently available but will be
added in the near future. The correction terms are provided through two redundant and
complementary channels. The HAS Signal-in-Space (SiS) channel [16] via the E6 signal
(C/NAV pages) and the HAS Internet Data Distribution (IDD) channel [17] are utilized for
the provision of the state space representation (SSR) data over the internet. In the following
sections, we will focus on the HAS IDD channel.

4.1. HAS IDD Raw Data

In the actual Galileo HAS level 1 (SL1) orbit, clock and signal bias corrections are
broadcasted. The Galileo HAS corrections are currently based on an orbit determination
and time synchronization (ODTS) algorithm running every 30 min using 3-day data arcs
and sequential clock estimation [18,19].

The HAS data from the real-time stream are continuously recorded with the BNC
tool. These data are archived as daily files which are then parsed and pre-processed before
being imported into the database. The main data cleansing checks performed on the
SSR data are as follows: checking for missing data or data gaps, detecting outliers and
identifying duplicates.

Figure 4 shows orbit and clock correction data for an exemplary time interval of one
month. Figure 4a illustrates the data for all Galileo PRNs available in the stream and
Figure 4b shows the corresponding data for the GPS system. Small data outages that do not
affect the end-user performance are noticed in the streamed data. In Figure 4b, for example,
you can see that the corrections for a particular GPS PRN, shown in light blue, are missing
for the first few days. Interested users can be informed about data interruptions via the
corresponding NAGU messages distributed by the service provider.
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for Galileo (a) and for GPS (b).

The data shown in Figure 4 are statistically summarized in Table 2. Figure 4 and Table 2
indicate that the magnitude of the GPS SSR corrections is larger than the magnitude of the
corresponding Galileo data, which is an indication of the more precise Galileo broadcast
orbits and clocks. The availability of the HAS IDD service component is 100% during the
one-month example time interval under analysis in this paper.

Table 2. Statistics of the HAS orbit and clock corrections between 1 April 2024 and 30 April 2024.

Galileo GPS

Radial [m] Along [m] Out [m] C0 [m] Radial [m] Along [m] Out [m] C0 [m]

min −0.617 −1.797 −1.170 −1.000 −12.020 −15.560 −7.511 −5.138
max 0.482 1.504 1.359 1.649 12.047 11.058 5.403 8.056

mean −0.066 −0.080 −0.034 0.006 −0.090 −0.180 −0.003 −0.321
68% ±0.144 ±0.262 ±0.2100 ±0.241 ±0.248 ±0.872 ±0.498 ±0.581
95% ±0.293 ±0.548 ±0.429 ±0.470 ±0.785 ±1.920 ±1.055 ±2.063
rms 0.202 0.427 0.337 0.252 0.223 1.306 0.828 0.384

Finally, the available code biases for GPS 1C, 2L and 2P and for Galileo 1C, 5Q, 7Q
and 6C signals are updated (i.e., their value changes) a few times a day, usually less than
four. In Figure 5, the corresponding data are illustrated for the one-month period and for
two example PRNs. These correction parameters were also continuously available in the
HAS data stream during the study interval.
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4.2. HAS-Based Positioning

In addition to storing the raw HAS correction data in our database and performing
statistical analyses, the HAS data are also used for positioning purposes. In our post-
processing framework, the archived daily HAS datasets are processed together with RINEX
observation and navigation data to estimate station coordinates at various IGS station
locations around the globe. The flowchart shown in Figure 6 illustrates the various functions
performed by our software tools. The BNC tool is used as a sub-process to generate station
solutions and other associated data. The positioning engine can be changed at any time to
test other tools and/or our own implementations.
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Figure 6. Flowchart of the post-processing framework for HAS-based positioning.

The positioning tool is configured to perform PPP in post-processing mode with HAS
and RINEX daily files. Ionosphere-free linear combinations of code and phase observations
are processed to remove the first-order ionospheric effects. An elevation mask of 10◦ is
selected together with an elevation-dependent weighting for both the phase and code ob-
servations. Phase center corrections of the satellite and the receiver antennas are considered
during data processing together with correction models for the phase wind-up effect [20]
and the earth tides. The SSR data are utilized for correcting the satellite orbit and clocks
as well as the code observations. The tool employs an extended Kalman filter estimation
process, where the state vector contains the station coordinates, the receiver clock error, the
tropospheric delay and the floating ambiguities for each PRN. The solution is estimated
every 30 s.

In Figure 7, as with the SPP data, the positioning performance for the HAS is evaluated
by plotting the horizontal positioning accuracy per epoch and by calculating the 95th
percentile over the entire time range. The time span in this case is one month. HAS-based
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solutions are estimated at a 30 s rate. The horizontal accuracy is below the 20 cm threshold
for 95% of the epochs for three stations, as indicated by the red dashed line in each subfigure.
Most of the spikes visible in Figure 7 are associated with time intervals at the beginning
of each day when the solution had not yet converged to the dm level. An analysis of the
solution’s convergence time is beyond the scope of this paper. We plan to carry out such an
analysis in the near future using 1 Hz data. Figure 8 illustrates the HAS-based positioning
solutions at three IGS stations for one day versus the number of satellites available. The
first plot on the left shows the solution for a station located in Brussels, Belgium. The
95 percentiles of the horizontal accuracy are of the order of 11 cm and the corresponding
one for the vertical accuracy is of the order of 28 cm. The plot in the middle panel illustrates
the solutions for a station located in Qaqortoq, Greenland. In this case, the 95th percentiles
of the horizontal and vertical accuracies are of the order of 14 cm and 35 cm, respectively.
Finally, the right panel of Figure 8 shows the solution computed at a station located in
Kiruna, Sweden; in this case, the corresponding horizontal and vertical accuracies are of
the order of 15 cm and 40 cm, respectively.
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describe how we have developed our system for monitoring the performance of the HAS
IDD service component. The results of this first analysis of the new service with our system
show the continuous availability of the internet distribution component of the service and
a horizontal positioning performance in the order of a few centimeters for the selected time
period and for the selected station locations.
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