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Abstract 

The EUREF Permanent Network (EPN) is a network of continuously operating GNSS stations 

installed throughout the European continent. The EPN Central Bureau (CB) performs the day-

to-day EPN coordination, acts as liaison between station operators, data centers, and analysis 

centers, and maintains the EPN Information System. Over the last years, the EPN CB has 

accommodated the enhancements required by the new EU General Data Protection Regulation, 

new multi-GNSS signals, new RINEX formats, increased usage of real-time GNSS data, and 

the new GeodesyML metadata exchange format. We will discuss how the EPN CB validates 

and provides access to EPN station metadata and monitors EPN data sets in terms of 

availability, latency, and quality to ensure they meet the user requirements. The analysis of 23 

years of EPN GNSS data quality checks demonstrates some of the most frequently encountered 

tracking problems affecting EPN stations, and specific GNSS receiver types, throughout the 

years. 
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Introduction 

The EUREF Permanent Network (EPN) is a network of permanently operating GNSS stations 

that have been created in 1995 with the primary goal to support and improve the maintenance 

of the European Terrestrial Reference System (ETRS89) and its successive realizations (Adam 

et al. 2002). The EPN is operated under the umbrella of EUREF, the IAG (International 

Association of Geodesy) sub-commission for Europe, integrated in IAG sub-commission 1.3, 

Regional Reference Frames. Counterparts of EUREF in other parts of the world are, e.g., 

SIRGAS, the sub-commission for South and Central America or NAREF, the sub-commission 

for North America (Drewes et al. 2016). Similar to the International GNSS Service (IGS; 

Johnston et al. 2017), the EPN is based on voluntary contributions. More than 130 agencies all 

over Europe contribute to the EPN. EPN stations upload Receiver Independent Exchange 

Format (RINEX) data to EPN data centers (DC), which permanently archive the data and make 

them freely available to all users. Real-time EPN data are distributed through three regional 

EPN broadcasters. As described in Bruyninx et al. (2012), EPN analysis centers acquire the 

EPN data for the generation of precise station positions and velocities in the ETRS89 and 

tropospheric zenith path delays. Even if primarily designed to serve reference frame 

maintenance, the EPN has become valuable for multi-disciplinary applications, e.g. numerical 

weather prediction and climate research (Guerova et al. 2016; Pacione et al. 2017), ionospheric 

monitoring (Bergeot et al. 2014), or monitoring of ground deformations (Nocquet et al. 2005; 

Nguyen et al. 2016). 

The EPN Central Bureau (CB), managed by the Royal Observatory of Belgium (ROB), 

performs the day-to-day EPN network coordination and acts as the liaison between station 

operators, data centers, analysis centers, and users. As described in Bruyninx et al. (2009), it 

maintains the EPN Information System (Web site http://www.epncb.oma.be/ and ftp site 

ftp://epncb.oma.be/), and provides access to EPN station metadata, data, and products. 

Although guidelines, based on IGS guidelines, exist within the EPN for data quality and data 

flow, and maintenance of metadata, the various institutes use different practices and there is no 

formal guarantee that EPN stations are operated following the EPN guidelines. Therefore, the 

EPN CB also monitors the data sets in terms of metadata, availability, latency, and quality to 

ensure they meet the requirements of the users.  

A part of the daily activities of the Central Bureau consists of analyzing the results of its 

automated processes to scan data centers, retrieve data, and perform checks on the station 

metadata and GNSS data. The robustness of the services in operation is a continuous challenge 

that requires constant development and improvement of background monitoring modules. 

During the last years, the availability of new multi-GNSS signals imposed revisiting the full 

monitoring chain and led to a complete redesign of the data quality checks. In addition, new 

applications are developed, such as the “Metadata Management and distribution system for 

Multiple GNSS networks” (M3G). Finally, the CB sends and answers many emails every day 

to notify station managers about abnormal station conditions, help users find what they are 

looking for, provide information about data, or help users use the EUREF data and products.  

First, we discuss the EPN CB metadata management and data quality monitoring. 

Following, we present the analysis of 23 years of EPN GNSS data quality checks. 
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Tracking Network 

The EPN tracking network grew from 35 continuously operating stations delivering daily 

RINEX data in 1996 to more than 330 multi-GNSS reference stations today (Fig. 1), which 

minimally observe dual frequency GPS data according to the EPN station guidelines available 

from Bruyninx (2017). All stations submit daily data, but 97% of the stations submit in addition 

hourly data, and 55% also submits real-time data. Thirty percent of the EPN stations also 

belong to the IGS network, hence the homogenization of IGS and EPN operation standards.  

Eighty-three European agencies are presently operating the EPN tracking network. They are 

universities (33%), research/space agencies (28%), mapping agencies (36%), and a few private 

companies. The mapping agencies are operating two-thirds of the EPN stations. 

EUREF aims at playing a pioneering role in the modernization of permanent GNSS 

networks and stimulates, therefore, the installation of receivers capable of observing 

GLONASS, Galileo, and BeiDou satellites. The first GLONASS and Galileo observations 

showed up in the EPN resp. in end 1999 and 2013. Today, 95% of the EPN stations observe 

GLONASS, 65% Galileo, and 53% BeiDou in addition to GPS.  

 

 

Fig. 1 EPN tracking stations (status June 2019). ●: tracking only GPS, ●: tracking 

GPS+GLONASS, ∆: tracking GPS+GLONASS+Galileo, and ▲: tracking 

GPS+GLONASS+Galileo+BeiDou. 

 

Station Metadata 

The installations at EPN sites must be documented by a ‘site log file’, which is a text-based file 

in a standardized format maintained and published by the IGS. It contains station metadata 

such as information on the equipment installed at the station, its monumentation and 

environment, and eventually co-located instruments. The site log content requires updates as 

soon as a change occurs at the station, for example, an equipment change. In 2001, the EPN 
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CB enabled automated site log updates by allowing station managers to send site log updates 

by email to the EPN CB. Consequently, updated site logs were distributed without any delays. 

In 2008, the email system was replaced by a Web-based site log validation and submission 

tool, which provided additional functionalities such as enhanced error messages and password 

protected uploads. Each of the agencies operating EPN stations received a login/password and 

was only allowed to update site logs of its own stations.  In 2015, the Web-based system was 

extended also to collect and validate the site logs of the EPN densification stations (Bruyninx 

et al. 2018). The extension consisted of setting up a separate, less strict, set of rules for 

validating the site logs of the densification stations.   

With about 2000 logins/year, the system proved to be very useful for EPN station managers, 

but also for external station managers who, through a guest account, could also validate their 

site logs. About 30% of the validations were done by guests. Still, also this system became 

outdated because of   

1. GeodesyML The present version of the site log format is in use since June 2001 and does 

not respond anymore to the requirements of modern metadata, which should be in line with 

the international standards of the International Organization for Standardization and Open 

Geospatial Consortium, e.g., Geography Markup Language (GML) and Web service 

standards. While GML already provides primitive objects such as geometry, coordinate 

reference system, and time, it had no specific application schema that met the needs of the 

geodetic community. Brown et al. (2016) and Boler et al. (2017) describe that Australian 

and New Zealand government geodetic agencies proposed in 2016, with the support of the 

IGS, a new GML application schema, called the Geodesy Markup Language (GeodesyML). 

This XML-based standard includes objects like antenna, receiver, cable, adjustments etc. 

Those object types in turn reference the primitive object types defined in the GML standard. 

Typical for GeodesyML is the fact that no information is ever deleted. It stays in 

GeodesyML but is marked as deleted. This is an essential difference with the classic IGS 

site logs. 

2. European Union’s General Data Protection Regulation (EU GDPR) The EU GDPR is the 

most important change in data privacy regulation in 20 years and applies to all companies 

processing personal data (name, email, telephone numbers) of data subjects residing in the 

Union, regardless of the company’s location. The EU Parliament approved GDPR on April 

14, 2016, and it was enforced on May 25, 2018 (EU 2016). GNSS metadata contain personal 

data such as the names of (European) station operators, and therefore GDPR is applicable 

to these metadata. In short: all individuals whose personal data are stored in a structured 

way must be informed about what is done with their personal data. They must also be 

provided with tools to delete and edit their data. Finally, they must now also formally agree 

that their personal data are made publicly available in the site logs. 

3. European Plate Observing System (EPOS, Jeffery and Bailo 2014) EPOS combines the data 

and services of European solid earth science infrastructures into one integrated system. It is 

presently under construction, but first operational services are expected by 2020. The GNSS 

component of EPOS aims at providing access to metadata, data, and products from more 

than 3000 GNSS sites in Europe. EPOS also uses the IGS site logs and GeodesyML to 

exchange GNSS station metadata but has its own GNSS station metadata validation rules. 

As several of the EPN and EPN densification stations contribute to the EPOS, it is 

imperative that throughout the EPN and EPOS identical station metadata are used. In 

addition to the classic GNSS station metadata, EPOS also requires that information of data 

licenses, DOI (Digital Object Identifiers), and others, are collected. 
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Therefore, in 2017, the EPN CB started the development of a new “Management and 

distribution system of Metadata for Multiple GNSS networks (M3G)”. The M3G database is 

GeodesyML-compliant and has the possibility to export GNSS station metadata in both the 

GeodesyML and classic site log format. M3G is primarily designed to allow station managers 

to pass the information on, e.g. the update of a receiver firmware version in a specific station 

to M3G using command-line instructions. For that purpose, each agency operating GNSS 

stations will receive a specific token permitting them to make changes to their metadata in 

M3G. 

M3G uses three-level validation rules, which are applied in a stepwise manner:  

- General rules They are identical for all networks (EPN, EPN densification, EPOS), 

such as using IGS-standard names for GNSS receiver and antenna types; 

- Network-dependent rules, such as e.g. the usage of an IERS (International Earth 

Rotation and Reference Systems Service) DOMES number which is mandatory within 

the EPN and optional within EPOS; 

- Station-dependent rules, which are set up to allow non-standard metadata for historical 

GNSS data, such as a GNSS receiving antenna, which has no calibrations. 

In order to comply with GDPR, M3G maintains a centralized database with all personal 

contact information. Once a person is added to this database, e.g., through the migration of an 

EPN site log, he will receive a GDPR-compliant email asking if he accepts (or declines) the 

publication of his/her personal data by ROB. If the person refuses, then his/her contact 

information is removed from all exported GNSS station metadata and replaced by the general 

contact info provided by the agency of the station manager.  

Early 2018, all 1904 EPN and EPN densification site log files and associated Operational 

Center forms were migrated to M3G and imported into the new database to extensively test the 

new system. The Operational Center forms contain the basic information of each agency as 

well as the list of stations for which the agency maintains the site logs. Once imported, the 

station metadata were exported in both the site log and GeodesyML format. This was done 

without changing the content of the site logs. As a rule, a site log is only changed if the station 

manager has explicitly agreed with the changes.  

In the summer of 2018, M3G, available from https://gnss-metadata.eu, reached the level of 

maturity required for operational use in EUREF and EPOS. As a result, today M3G manages 

operationally GNSS station metadata in a consistent way within both EPOS and EUREF 

networks. 113 European agencies have an account on M3G, which stores validated GNSS site 

metadata of 2016 GNSS stations (status: April 2019). 95% of these GNSS stations contribute 

to the EPN or EPN densification network. Only 37% of the people with personal data in M3G 

have actively informed us how they wish their personal data to be handled. The very large 

majority agrees that ROB makes their personal data publicly available without restrictions. 

Without any reply to the GDPR email, the exported GNSS metadata remain unchanged.  

For the sake of completeness, we also mention that the EPN CB station documentation is 

complemented with pictures of the GNSS equipment, monument and its surroundings. These 

pictures are available for 99.99% of the EPN stations. 

 

Antenna Calibrations 

In 2005, the IGS decided to replace the relative calibrations for the modeling of the phase center 

offset and variations of the GNSS receiver and satellite antennas by absolute calibrations 
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(Gendt 2005). To maintain consistency with the IGS orbits, which are used in the EPN analysis 

centers, it was imperative that the EPN followed this new standard. However, at that time, the 

GEO++ company (Wübbena et al. 2006) producing the absolute type mean receiver antenna 

robot calibrations used by the IGS agreed to only make publicly available these calibrations for 

antenna/radome pairs in use within the IGS. Consequently, the EPN ended up with several 

antenna/radome pairs for which absolute calibrations were available but could not be publicly 

made available to the users because they were not installed in IGS stations. To accommodate 

for that problem, the EUREF Governing Board decided early November 2005 to start also 

using individual antenna calibrations from mid-November 2006 (GPS week 1400) on. For 

antenna without individual calibrations, EUREF used the absolute IGS type mean calibrations, 

and if necessary, complemented them with relative antenna calibrations converted to absolute. 

At the start, individual antenna calibrations were collected for 13 antennas/radomes installed 

in the EPN and made available by ftp at the EPN CB. To allow the correct application of these 

individual antenna calibrations during the data analysis, the EPN CB crosschecks the antenna 

serial number indicated in the station site log with the antenna serial number provided in the 

individual calibration and the RINEX file. The EPN individual antenna calibration is available 

from ftp://epncb.oma.be/pub/station/general/epnc_xx.atx file, with xx=05, 08, and 14 referring 

to the successive releases of the IGS antenna calibration file. At each new release of the IGS 

antenna calibration file, also a new epnc_xx.atx individual antenna calibration file is released. 

In addition, in between releases, the epnc_xx.atx is updated when new antennas are included 

in the EPN. 

In May 2019, the epnc_14.atx file contained 213 individual antenna calibrations (Fig. 2) 

from the 251 collected individual antenna calibrations. This difference is caused by the fact 

that individual antenna calibrations submitted to the EPN CB for antennas/radomes that are 

already in use in the EPN are not added straight away to the epnc_14.atx file in order to avoid 

jumps in the coordinate time series. These calibrations are stored in a separate directory 

(ftp://epncb.oma.be/pub/station/general/indiv_calibrations) at the EPN CB and are considered 

for inclusion in the merged individual antenna calibration file upon a future release of the IGS 

antenna calibration file. In addition, if both chamber and robot calibrations are made available, 

then priority is given to the chamber calibrations, which includes more frequencies. For 30 

antennas/radomes combinations, both robot and chamber calibrations are available.   

The major advantage of using individual antenna calibration is the fact that some of the 

calibrations done in an anechoic chamber include more frequencies than the type mean 

calibrations provided by the IGS, which presently only include calibrations for GPS and 

GLONASS frequencies. Yet, the number of calibrations for e.g., Galileo signals remains 

limited as can be seen in Table 1. For example, only 48 of the 218 EPN stations providing 

Galileo data have individual antenna calibrations for Galileo signals.  

Table 1 For each constellation and frequency, number of antennas/radomes for which 

individual antenna calibrations have been submitted to the EPN CB. Status May 2019. 

GPS GLONASS Galileo 

G01 G02 G05 R01 R02 R03 E01 E05 E06 E07 E08 

251 251 48 210 210 16 48 48 48 48 47 

         

BeiDou QZSS IRNSS    

C02 C06 C07 J01 J02 J05 J06 I05    

16 16 16 16 16 16 16 14    
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Fig. 2 EPN stations classified according to antenna/radome calibrations in use. Black dots 

indicate EPN stations with an antenna/radome pairs with absolute individual calibrations 

(43.1%), green dots have antenna/radome pairs with absolute type calibrations (54.3%), 

orange dots have antenna/radome pairs with absolute calibrations converted from relative 

values (0.3%), and red dots have antenna/radome pairs without absolute calibrations (2.3%). 

In this case, the radome is neglected and the calibration values of the antenna with radome 

'NONE' are used. 
 

Data Flow and Data Access 

In this section, we describe the EPN data flow, followed by an overview of how the EPN CB 

monitors EPN data availability and latency, and some results. 

 

Daily and hourly data 

The RINEX data from the EPN stations are freely available through FTP from two regional 

data centers located at Bundesamt für Kartographie und Geodäsie (BKG, Germany) and 

Bundesamt für Eich- und Vermessungswesen (BEV, Austria), and one historical data center, 

managed by the EPN Central Bureau at ROB. As indicated in Bruyninx (2017), the submission 

of RINEX 2 (version 2.11, Gurtner and Estey 2012) observation data is, in May 2019, still 

mandatory. However, stations equipped with a receiver submitting more signals than dual-

frequency GPS and GLONASS data must additionally submit RINEX 3 data (versions 3.02, 

3.03 or 3.04, IGS RINEX WG and RTCM-SC104 2013, 2015, 2018). 

Both regional data centers store hourly and daily data in the RINEX 2 and RINEX 3 formats. 

The historical data center only stores daily RINEX files and homogenizes the header of these 

files to be in agreement with the station metadata as provided in the station site logs. The EPN 

CB continuously scans the two regional EPN data centers, and the results of the scans are made 

available on the EPN CB web site through interactive plots. An example is shown in Fig. 3, 

which displays the availability and latency of the hourly and daily data of the EPN station 

ftp://gnss.bev.gv.at/pub/obs
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ARJ600SWE at BKG and BEV. They allow station operators to easily check the data upload 

of their stations. Additionally, the CB notifies station operators when successive daily or hourly 

data are missing, or have significant delays. 

Figure 4 indicates that, since the start of the EPN in 1996, the availability of the daily RINEX 

2 data has been excellent, with a mean availability of 95% ± 2% over the whole period and 

97% in 2018. However, the amount of complete RINEX 2 files was dramatically low in the 

early years with just 37% in 1996. Today, it is 85%, but this also means that still about 15% of 

the EPN daily RINEX 2 data have missing epochs. For files with more than 1 h of missing 

data, this number is reduced to 2%.  

The first RINEX 3 data appeared in the EPN in 2011 and the number of stations submitting 

RINEX 3 data significantly increased every year thanks to the increasing number of multi-

GNSS receivers in the EPN. In 2018, 57% of the expected daily data were provided in the 

RINEX 3. The number of files with missing epochs is just 4% (compared to 12% for RINEX 

2), and only 1% has more than 1 h of missing data. 

Concerning the hourly data, the data flow monitoring demonstrated that in 2018: 

 At the BKG data center, resp. 93% ± 1% and 88% ± 3% of the hourly RINEX 2 and 3 

data arrived within 10 min (threshold to be useful for e.g., numerical weather 

predictions). 

 At the BEV data center, resp. 89% ± 4% and 88% ± 2% of the hourly RINEX 2 and 3 

data arrived within 10 min. 

It also demonstrates that especially concerning the RINEX 2 data, the BKG data center is 

performing better than the BEV data center. This can be explained by the fact that BEV data 

center was set up in 2017 and could still be struggling start-up problems. 
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Fig. 3 Example (station ARJ600SWE) of the daily (top) and hourly (bottom) 

availability plots provided by the EPN Central Bureau for each of the EPN stations. 
 

 

Fig. 4 Availability and completeness of daily EPN data. 

 

Real-time data 

Real-time EPN data are distributed through three regional NTRIP (Networked Transport of 

RTCM via Internet Protocol; Weber et al. 2005) broadcasters located at ASI (Italian Space 

Agency, Matera), BKG, and ROB. The data are exchanged in the vendor-independent RTCM 

format maintained by the Radio Technical Commission for Maritime Services (RTCM 2013). 

55% of the EPN stations provide real-time data and all sites stream data at a 1 Hz rate.  

All EPN broadcasters should, in theory, provide the same streams to the users to guarantee 

the redundancy of the EPN real-time data flow. However, a snapshot of the comparison of the 

number of streams set up at each broadcaster with the number of EPN streams actually running 

( 

Table 2), directly demonstrates that the broadcasters do not exactly stream the same 

information. The reason is that new or stopped streams are not added/removed simultaneously 

by all broadcaster administrators, since this has to be done manually. In addition, EPN station 

managers change real-time streams without notifying EPN broadcaster operators, or by just 

notifying one of them. 

https://www.google.be/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=0ahUKEwiKrcbS9rvXAhVLyKQKHeNIAJYQFggwMAE&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FNetworked_Transport_of_RTCM_via_Internet_Protocol&usg=AOvVaw1L41u56bKZGQr4XW_WEDBy
https://www.google.be/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=0ahUKEwiKrcbS9rvXAhVLyKQKHeNIAJYQFggwMAE&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FNetworked_Transport_of_RTCM_via_Internet_Protocol&usg=AOvVaw1L41u56bKZGQr4XW_WEDBy
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Table 2 Number of EPN real-time streams available from three regional EPN broadcasters, 

operated by ASI, BKG and ROB (status: January 21,2019). 

Broadcaster Streams set 

up 

Streams actually 

broadcasting 

ASI (euref-ip.asi.it:2101) 153 120 

BKG (euref-ip.net:2101) 180 171 

ROB (euref-ip.be:2101) 182 177 

 

The EPN CB listens to the real-time EPN data streams transmitted by each of the EPN 

broadcasters and provides information about the availability of each stream. In addition, the 

streams are decoded to check stream latency, stream content (message types), station metadata 

(receiver type, antenna type, and antenna height), and a reference position. Beginning of 2019, 

54% of the streams provided the “legacy” messages 1004 (GPS) and 1012 (GLONASS). One-

third of the data streams providing RTCM 3.3 Multi Signal Messages (MSM) messages 

delivering MSM4 (message type 1074 etc…) or MSM5 (message type 1075 etc.). The other 

two-thirds provide MSM7 (message type 1077, etc.).  

Only 52% of the real-time EPN streams contained Galileo observables, which is surprisingly 

low because 76% of the stations that provide real-time data are actually providing RINEX 3 

data, including Galileo observations. The main reason for not (yet) including Galileo in the 

data streams is motivated by the fact that almost ¾ of the real-time streams are operated by 

mapping agencies who are also providing national positioning services. We suspect that the 

users of some of these national positioning services might not be ready to get Galileo-capable 

real-time positioning services.  

In a network like the EPN, which is primarily set up to provide access to the ETRS89, one 

expects that the streams provide the correct metadata to ensure that a user can use the station 

as an ETRS89 reference station during, for example, Real-time Kinematic (RTK) 

measurement. This implies that the reference position inserted in the real-time data stream 

(messages types 1005 or 1006) corresponds to the ETRS89 position of the station as released 

by EUREF or the national Authority/Mapping Agency. The EPN CB monitoring shows that 

about 56% of the streams have a reference position that is within 5 cm from the expected 

ETRS89 reference position. Surprisingly, almost half of the streams operated by mapping 

agencies had a station position that differed by more than 5 cm from the official ETRS89 

position released by EUREF.  

The antenna type and antenna height extracted from real-time message types 1008/1033 and 

1005/1006 should also correspond to the information provided by the station manager in the 

site log. Around 20 streams are providing incorrect or incomplete information. 

To inform the users of streams with problematic metadata, the EPN CB displays a warning 

message on the EPN CB Web site when a stream has errors like the ones mentioned above. In 

addition, when a NULLANTENNA is found as an antenna type, the station manager is 

contacted immediately to change the configuration of the stream. The reason is that the 

NULLANTENNA antenna type means that observations are corrected to refer to the antenna 

reference point and not to the antenna phase center. This is not allowed within the EPN because 

real-time EPN data are also converted to high-rate RINEX data, which are supposed to have 

observables referring to the antenna reference point. 
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The median stream latencies vary between 0.3 and 3.5 seconds, depending on the stream 

and the broadcaster from which they are retrieved. When a stream is consistently exceeding a 

5-second latency, then the Central Bureau informs the station manager. The 5 seconds 

correspond to the waiting time used within real-time processing software such as the BKG 

Ntrip Client (BNC; Weber et al. 2016) run at BKG.  

 

Data Quality 

This section first provides an overall picture of all the different GNSS data quality checks 

performed by the EPN CB on the daily RINEX data. In the second part, we analyze 23 years 

of EPN data quality checks. 

 

Quality Checks Available from the EPN CB 

The EPN CB started in 2001 to assess the quality of the GPS observations in the daily EPN 

observation files (Bruyninx et al. 2002; Kenyeres and Bruyninx 2004) using the TEQC toolkit 

(Estey and Meertens 1999). In 2011-2012, GLONASS observations were added to the 

monitoring. In 2015, to handle multi-GNSS observation files and RINEX 3 data, a complete 

redesign of the quality check monitoring at EPN CB was performed. Today, the data quality 

checks run on the daily RINEX 2 and RINEX 3 data of the EPN and verify GPS, GLONASS, 

Galileo and BeiDou observations. They are based on the G-Nut/Anubis software developed by 

Václavovic and Dousa (2016) and complemented with in-house developed software. They run 

daily on all new RINEX 2 and RINEX 3 data files and, in addition, all EPN data (more than 

2100 k daily RINEX data files) since 1996 have been reanalyzed. In order to compute the 

expected observations for each constellation at each station location, the quality checks require 

a priori information on the satellite positions. For that purpose, the combined multi-GNSS 

broadcast ephemeris files available from the MGEX BRDM archives of the Crustal Dynamics 

Data Information System (CDDIS 2019) are used. Before the availability of MGEX orbits prior 

to 2013, the combined multi-GNSS broadcast ephemeris files available from the Geodetic 

observatory Pecný (Dousa 2019) were used. Only healthy satellites have been considered. 

 

The EPN quality check results are updated daily, and corresponding data quality graphics 

are available from the EPN Central Bureau Web site (Fig. 6). For each system, they provide 

information on: 

a) The data completeness, represented by the percentage of actual phase observations with 

respect to the number of expected observations at the station location (at each epoch, at 

least one phase observable is expected from a visible satellite). “2+ freq” and “1 freq” 

indicate respectively the percentage with simultaneous phase frequencies on at least two 

frequencies and on at least one frequency. 

b) The number of tracked healthy satellites 

c) The number of missing epochs 

d) The ratio of the number of cycle slips x 1000 with the number of observations 

e) The average RMS (root mean square) of code multipath for each frequency 

To allow comparing the performance of EPN stations mutually, we average the 

constellation-specific results of the daily G-nut/Anubis runs over the last 28 days for each 

station. These daily averages are displayed on the EPN CB Web site per constellation and, as 

shown in Fig. 6, they are very useful to detect clusters of stations whose tracking is worse than 
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at other EPN stations. Figure 6 clearly shows a cluster of EPN stations with degraded dual- 

frequency Galileo tracking. We will provide more details about this issue later in this paper. 

Finally, once a month, a daily RINEX 2 (and RINEX 3, if available) data file of each station 

is used to generate plots of the number of tracked satellites versus time, the azimuths and 

elevations of the tracked satellites, and the elevations of tracked satellites versus time (Fig. 7). 

 

 

 

 

 
Fig. 5 Examples of the GNSS data quality plots extracted from the daily RINEX 3 data files 

and available from the EPN CB Web site. Top: Evolution of the data completeness of the 

station BBYS00SVK; Second from top: Evolution of the number of missing epochs for the 

station BOR100POL; Second from bottom: Evolution of the number of tracked healthy 

satellites for the station AJAC00FRA; Bottom: Evolution of the number of cycle slips x 1000 

divided by the number of observations for the station REDU00BEL. Each satellite 

constellation is indicated by a different color (see legends). 
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Fig. 6 Galileo dual-frequency tracking performance of all EPN stations as provided at the 

EPN CB Web site. For each station, the values are the 28-day averaged percentages and their 

stand deviation of dual-frequency phase observations with respect to the number of expected 

observations at the station location. IBIZ00ESP is indicated in green while the other EPN 

stations are indicated in red. 
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Fig. 7 Top: For DOY 002, 2019, and station VIL00ESP, the expected number of tracked 

satellites (gray background), the actual number of tracked satellites (red), and the number of 

satellites with observed dual-frequency phase observables (black) as a function of time. 

Second from top: The elevation of the satellites tracked by the station as a function of time 

extracted from the RINEX 3 data for DOY 002, 2019, of the station VIL00ESP. Second from 

bottom: azimuth and elevations of the observations extracted from the RINEX 2 data for 

DOY 001, 2019, of the station VFCH00FRA.  Bottom: The azimuth and elevations of the 

observations extracted from the RINEX 3 data for DOY 001, 2019, of station 

MAR700SWE.Each satellite constellation is indicated with a different color (see legends). 

For all constellations, observations only available on one frequency are indicated in red. The 

remaining observations are all available on at least two frequencies. 

 

 

Analysis of the Results 

To obtain a consistent set of data quality check results, all EPN data (more than 2100 k daily 

RINEX data files) since 1996 have been reanalyzed. For each day, each station, and each 

constellation ‘2+ freq above 0°’ (considering all observations), ‘1 freq above 0°’, and ‘1 freq 

above 15°’ (considering only observations above an elevation of 15°) were computed. Then, 

for each parameter, its daily median value over all EPN stations was retained and smoothed 

over 3 months to obtain the general evolution in time of the performance of the tracking of 

each constellation at the EPN stations (Figs. 8, 9). 

 

GPS and GLONASS 

The evolution of the RINEX 2 data completeness in Fig. 8 illustrates that for GPS, ‘2+ freq 

above 0°’ steadily increases from 72% in 1996 to 90% in 2018. It is strongly correlated with 
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‘1 freq above 0°’, which is just about 2% lower. The increase of ‘1 freq above 15°’ is less 

pronounced as it has already been above 95% in 1996. In addition, the small standard deviations 

of the indicators pinpoint that the three indicators are representative for the general 

improvement of the GPS data quality over the whole network. This demonstrates the degraded 

tracking at low elevations in the early years and shows how the introduction of all-in-view 

receivers and more sophisticated receiver tracking algorithms improved low elevation tracking 

over time.  

Also, for GLONASS, the data completeness improves over the years. Before 2009, the 

evolution of the three indicators and their standard deviation is far from being linear. This is 

caused by the fact that few stations where submitting GLONASS data at that time. Between 

2012 and 2016, the behavior stabilizes; more than 200 stations are tracking GLONASS in this 

period. From 2016, the degradation of GLONASS ‘2+freq above 0°’ is caused by several 

GLONASS satellites with impaired L2 observations (GLONASS constellation status, 2019) 

and it is not due to a general tracking problem in the EPN stations. It clearly demonstrates that 

the main challenge for triggering reliable data alarms lies in the separation of station-specific 

from satellite-specific degradations. 

 

   
Fig. 8 Evolution of the RINEX 2 data completeness. Top plot: 3-month moving averages of 

the daily median over all stations of 2+ freq above 0°, 1 freq above 0°, 1 freq above 15° for 

GPS (blue) and GLONASS (red). Middle plot: daily standard deviation of each indicator 

taken over all stations. Bottom plot: number of EPN stations contributing to the values in the 

top and middle plots. 

Galileo 

The completeness of the Galileo and BeiDou observations in the RINEX 3 data is shown in 

Fig. 9. For Galileo, single and dual frequency results are almost equivalent, which at first sight 

might be attributed to a superior quality of the Galileo signals. A detailed analysis discovered 

nevertheless that many stations experience sudden drops in the completeness of the Galileo 

observations, in both single and dual frequency. Several of these drops happen simultaneously 

at several stations (Fig. 10) at, e.g., DOYs 155, 215, and 335 of 2018, and 043 of 2019, and 

they are correlated with an increase in the number of tracked healthy Galileo satellites at the 

station. 
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Figure 11 demonstrates what is happening at one of the affected stations equipped with a 

LEICA GRX1200+GNSS receiver: the receiver is not tracking any Galileo observations at low 

elevations (observations up to 30° of elevation can be affected). This Galileo tracking problem 

is typically seen at stations equipped with receivers having a limited number of channels and/or 

measurement engines not designed to track, e.g., more than 4-6 Galileo satellites 

simultaneously.  In the EPN, the effect was seen for LEICA GRX1200+GNSS, LEICA GR10, 

and LEICA GR25 receivers, which have 120 channels.  

A second kind of drop in the completeness of the Galileo data occurs seemingly randomly 

but is correlated with the activation of BeiDou tracking in, again, receivers with a limited 

number of channels. Fig. 12 illustrates how the activation of BeiDou tracking at a GNSS station 

equipped with a 120-channel receiver caused a drop in Galileo tracking of about 20%. When a 

555-channel receiver was installed, the Galileo tracking restored back to normal. The lack of 

low elevation Galileo data in many of the EPN stations explains why the dual-frequency 

Galileo tracking performance is comparable to the single-frequency performance and does not 

reflect the superior performance of Galileo tracking compared to the other satellite systems. In 

May 2019, LEICA announced the release of a new firmware version for their affected receivers. 

Although the receiver hardware limitation cannot be changed, first results with this firmware 

indicate that the Galileo tracking considerably improved without degrading the tracking of 

other constellations. 

 

 
Fig. 9 Evolution of the RINEX 3 data completeness for Galileo (green) and BeiDou (orange). 

Top plot: 3-month moving averages of the daily median over all stations of 2+ freq above 0° 

and 1 freq above 0° for Galileo and BeiDou. Middle plot: daily standard deviation of each 

indicator taken over all stations. Bottom plot: number of EPN stations contributing to the 

values in the top and middle plots. 
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Fig. 10 Daily 2+freq (0°) and daily number of healthy satellites tracked for Galileo at stations 

GELL0DEU (top) and DNMU00UKR (bottom). 

 

 

 
Fig. 11 Elevation versus time of the satellites tracked by the GNSS station TUBO00CZE. 

The Galileo dual-frequency signals are indicated in green. 

 

 
Fig. 12 Daily completeness of dual frequency Galileo (green) and BeiDou (orange) 

observations. 
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BeiDou 

Figure 9 shows a significant degradation of the dual frequency tracking for BeiDou at the end 

of 2018. This degradation was triggered by the commissioning of 18 new BDS-3 satellites on 

December 26, 2018. Normally, the RINEX 3 data of EPN stations observing BeiDou include 

the L2x, L7x, and L6x (with x: I, Q, or X, see RINEX 3.04 format description, IGS RINEX 

WG and RTCM-SC 104 2018) carrier phase observation codes. As can be seen from Table 3, 

few EPN stations provide L6x as the tracking of its frequency is optional in many receivers. 

The signals of the BDS-3 satellites are, however, slightly different. While L2x and L6x are 

unchanged, a modernized signal in the B2 frequency band is emitted by the BDS-3 satellites. 

The L7x signal, which is available for the other BeiDou satellites, is replaced on the BDS-3 by 

new L7x, L5x, and L2x signals that, again, only very few EPN stations are able to track. As a 

consequence, to have dual frequency BeiDou data on the new BDS-3 satellites, the receivers 

should have activated the L6x tracking option or track the new signals in the B2 frequency 

band. As can be seen in Table 3, in April 2019, only few EPN stations had this capability, 

leading to the strong drop of the completeness of dual frequency BeiDou data as shown in Fig. 

9. 

 

Table 3 Number of GNSS receivers in use in the EPN (status: April 2019) tracking a specific 

BeiDou frequency.  

 

GPS in RINEX 2 vs. RINEX 3 

In theory, the completeness of the dual-frequency GPS data extracted from the RINEX 2 or 

RINEX 3 data should be the same, apart from occasional differences caused by incomplete 

uploads of one of the daily files to the EPN. Figure 13 illustrates that this completeness is not 

always identical and that the difference depends on the receiver firmware, which is indicated 

with different colors. This is not a standalone case as shown in Fig. 14, which demonstrates 

Receiver Type B1 

L2x 

B2b  

L7x 

B3 

L6x 

NEW 

BDS-3 

 Receiver 

Type 

B1 

L2x 

B2b  

L7x 

B3 

L6x 

NEW 

BDS-3 

LEICA 

GRX1200+GNSS 
1 1 - -  

TRIMBLE 

ALLOY 
2 2 1 2 

LEICA GR10  6 6 - -  
TRIMBLE 

NETR9 
54 54 38 - 

LEICA GR25 21 21 - -  
TRIMBLE 

SPS855 
2 2 - - 

LEICA GR30 18 18 5 -  TPS NET-G5 2 2 - - 

LEICA GR50 16 16 - -  
JAVAD 

TRE_3  
1 1 1 1 

SEPT POLARX4 7 7 - -  

JAVAD 

TRE_3 

DELTA 

25 25 25 - 

SEPT 

POLARX4TR 
1 1 - -  

JAVAD 

TRE_G3TH 

DELTA 

2 2 - - 

SEPT POLARX5 7 7 7 -       

SEPT 

POLARX5TR  
1 1 1 -       
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that the completeness of the dual frequency GNSS data in the RINEX 2 is about 5% less 

compared to RINEX 3 for all EPN stations equipped with the JAVAD TRE-3 DELTA and 

using the 3.7.3 FEB022018 firmware, except one station BORJ00DEU. The station that was 

unaffected used the EuroNet software from Alberding GmbH to convert the raw station data to 

RINEX, while the affected stations used JPS2RIN v.2.0.144. In all cases, the problematic 

RINEX 2 files had a GPS L1 observable that corresponded to L1W in RINEX 3, while the 

unaffected stations used L1C to map the RINEX 2 L1 observable. This situation was only seen 

in EPN stations equipped with JAVAD TRE_3, JAVAD TRE_3 DELTA, JAVAD TRE-G3T 

DELTA, JAVAD TRE-G3TH DELTA, or TRIMBLE NETR9 receivers. Not all the stations 

were affected because the problem depended on firmware version and conversion software. 

 

 

 
Fig. 13 Difference between the daily 2+ freq GPS (0°) extracted from RINEX 2 and 2+ freq 

GPS (0°) extracted from RINEX 3 of one of the EPN stations equipped with a JAVAD 

TRE_G3TH DELTA receiver. The colors indicate the successive receiver firmware in use. 

 

 

 
Fig. 14 Difference between the daily 2+ freq GPS (0°) extracted from RINEX 2 and 2+ freq 

GPS (0°) extracted from RINEX 3 for all EPN stations equipped with the JAVAD TRE-3 

DELTA receiver and using the 3.7.3 FEB022018 firmware. 
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Summary and Conclusions 

We outlined the activities of the EPN Central Bureau starting with the new GNSS metadata 

management system M3G, available from https://gnss-metadata.eu/, which integrates EU 

GDPR, the GeodesyML format, and has adaptive metadata validation rules. The ROB runs it 

operationally to serve both EUREF and EPOS communities and provides already access to 

metadata from more than 2000 European GNSS stations. 

 The EPN Central Bureau monitors daily, hourly, and real-time GNSS data distributed 

within EUREF, as shown in Table 4. The results are displayed on the EPN CB Web site 

available from http://www.epncb.oma.be/. 

 

Table 4 Overview of the EPN CB monitoring of the EPN stations 

 Daily data Hourly data Real-time data 

Metadata X - X 

Availability & Latency X X X 

Data quality X - - 

  

To analyze 23 years of EPN data quality checks of daily RINEX data, we focused on the 

percentage of observed versus expected observations. The impressive improvement of the GPS 

tracking at low elevations throughout the years is thanks to the modernization of the GNSS 

receivers. In recent years, some specific receiver/software configurations caused up to 10% 

less dual frequency data in the RINEX 2 data compared to RINEX 3 data (same day, same 

station). 

 For GLONASS, general degradation of dual frequency tracking is seen since 2016. The 

degradation originated nevertheless in the GLONASS satellites and did not reflect tracking 

problems at the EPN stations. Today, stations equipped with receivers at the lower end of the 

number of channels are susceptible to suffer from a lack of low elevation (up to 30°) Galileo 

and/or BeiDou data. BeiDou is in addition confronted with a set of new BDS-3 satellites whose 

B2 band signal is only tracked by very few EPN stations. 

 As a conclusion, our experience has shown that multi-GNSS RINEX quality checks remain 

challenging, especially with respect to the separation of satellite-specific degradations from 

station/receiver/firmware-specific degradations. 
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