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Abstract
The EUREF Permanent Network (EPN) currently consists of more than 300 evenly distributed continuously operating Global 
Navigation Satellite System (GNSS) reference stations. As a result of the continuous modernization of GNSS systems, the 
equipment of reference stations is subject to changes and upgrades. Changes relating to GNSS receiver antenna replacement 
are considered the main reason for discontinuities noticed in station position time series. It is assumed that resulting offsets 
are primarily caused by changes in carrier phase multipath effects after antenna replacement. However, the observed posi-
tion shifts may also indicate the deficiency in the antenna phase center corrections (PCC) models. In this paper, we identi-
fied and interpreted the coordinate shifts caused by antenna/radome changes at selected EPN stations. The main objective 
was to investigate the correlation between the offset occurrence and PCC model type (type mean, individual robot-derived, 
individual chamber-derived) as well as multipath changes after antenna replacement. For the study, GNSS data from 12 
EPN stations covering the years 2017–2019 were analyzed. The results proved that the antenna replacement is critical in the 
context of station coordinates stability and, in most cases, results in visible shifts in the position component time series. For 
GPS-only solutions, the most stable results were achieved using robot-derived individual PCC models. On the other hand, in 
the case of GPS + Galileo processing, the most stable results were obtained using chamber-derived individual PCC models. 
Furthermore, discontinuities due to the antenna change were noticed in the position time series in 75% of GPS + Galileo 
solutions. On the other hand, multipath changes arising as the result of antenna replacement were responsible, depending 
on solution type, for 21–42% of variations in the coordinates.
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Introduction

The role of permanent Global Navigation Satellite System 
(GNSS) networks is constantly evolving. However, their 
main application is still the same: providing the highest-
quality geodetic reference for scientific, governmental 
and commercial users. Long time series of GNSS-derived 
parameters have many new practical and scientific applica-
tions, like the definition of global reference frames, geo-
dynamics and atmosphere analysis, climate and sea level 
research, etc. The millimeter accuracy of the reference sta-
tion positions is required to satisfy the needs of the tasks 

mentioned above. Additionally, these applications require 
a stable and consistent series of GNSS estimates. Eckl 
et al. (2001) proved that sub-centimeter accuracy could be 
achieved based on GPS-only measurements. A similar analy-
sis performed by Firuzabadi and King (2012) showed that 
with sessions six hours or longer and four or more reference 
stations, the precision of 1–2 mm in horizontal and about 
3–5 mm in vertical is achievable. On the other hand, any 
changes in hardware configuration and antenna vicinity can 
introduce shifts or outliers to the station coordinate time 
series. Such hardware changes and the resulting disconti-
nuities in station coordinates prove to be a major challenge 
for utilizing the continuously operating reference stations 
for various precise applications. Neglecting such effects can 
introduce notable errors into the analysis results (Kenyeres 
and Bruyninx 2004).

An example of a network where the mentioned issues 
are fundamental can be the EUREF Permanent Network 
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(EPN). One of the most important tasks done under 
the EPN is the European Terrestrial Reference System 
(ETRS89) development, based on the continuous GNSS 
observations conducted on evenly distributed European 
stations. Torres et al. (2009) presented an overview of 
the status and development of EUREF core projects. In 
Bruyninx et al. (2012) the efforts made to monitor and 
improve the quality of the EPN products and services were 
described. The ETRS89 features designated high-preci-
sion reference station coordinates as well as velocities that 
describe a movement of a station, and therefore, a change 
in its coordinates over time (Altamimi et al. 2012). Inves-
tigations of apparent position shifts caused by equipment 
replacement at EPN stations can be found in the study 
made by Kenyeres and Bruyninx (2004). For example, in 
the case of the KARL station (Karlsruhe, Germany), the 
replacement of TRM22020.00 + GP antenna with radome 
to TRM29659.00 without radome caused a significant 
height offset of 4 cm. More examples concerning reference 
stations like EUSK, HOFN, KELY, MOPI can be found at 
the EPN CB website (https:// www. epncb. oma. be/). Wan-
niger (2009) suggests that the shift of coordinates due to 
a change of antenna may be due to a difference in the 
multipath signal sensitivity or the effect of using antennas 
and radomes without calibration information. The carrier 
phase multipath effect is caused by signal reflectors in the 
vicinity of the antenna. Elósegui et al. (1995) analyzed 
near-field multipath. They found that the concrete and the 
metal plate embedded in the pillar were significant scat-
tering sources. The observed scattering could be reduced 
greatly by using microwave absorbing materials. Dilss-
ner et al. (2008) concluded that an antenna calibration 
accounting for the near-field multipath was imperative for 
precise height determination. In most cases, the change of 
the antenna does not apply to changes in its environment; 
thus, the change in the reflection characteristics applies 
to differences in physical dimensions of the antennas or 
different heights of mounting the new antenna. Even mar-
ginal geometrical changes may be a source of modula-
tion of the multipath signals. Additionally, antennas and 
receivers have different sensitivity to multipath signals, 
which can be a reason for apparent position shifts after 
their replacement. A solution to the problem can be in situ 
calibrations (Böder et al. 2001). For example, Park et al. 
(2004a, b) designed and constructed a prototype Antenna 
and Multipath Calibration System (AMCS) to obtain 
in situ corrections for antenna phase center variations and 
multipath. However, despite their constant development, 
such systems still seem to be of little practical use. The 
GNSS antenna calibration technology development is also 
manifested through new calibration centers (Willi et al. 
2020; Wübbena et al. 2019; Dawidowicz et al. 2021) or the 

inclusion of new GNSS signals in the calibration process 
(Kröger et al. 2021; Wanninger et al. 2022).

Antennas play an important role in GNSS measurement 
and strongly contribute to the overall achievable perfor-
mance (Caizzone et al. 2021). Hence position components 
discontinuities can also be caused by the errors in antenna 
phase center corrections (PCC) used in the data process-
ing. Description of antenna calibration methodology and its 
challenges can be found in Menge et al. (1998) or Mader 
(1999). Since PCC of the same antenna obtained from vari-
ous calibrations may differ up to several millimeters (Kallio 
et al. 2019; Krzan et al. 2020), this may indicate a possi-
ble imperfection in the GNSS antenna calibration models. 
Therefore, this paper addresses the offset within the EPN 
station coordinate time series caused by antenna/radome 
changes. These changes were also analyzed in the context of 
variations in multipath effects as well as differences depend-
ent on PCC model type.

Methodology

Several currently active EPN stations were selected for our 
analyses. The main criterion of selection was accessibility 
to three types of PCC models (type mean, individual robot-
derived, individual chamber-derived) for the station, during 
the analyzed period. Twelve stations, all located in Germany, 
were found to meet this condition. All chamber-derived indi-
vidual PCC models used in this study were developed by the 
Institute of Geodesy and Geoinformation at the University 
of Bonn (Görres et al. 2006). Geo +  + company (Garbsen, 
Germany) is the developer of PCC using the absolute field 
method (individual and type mean) (Schmitz et al. 2006; 
Wübbena et al. 2019). Antenna calibration based on similar 
technology is also conducted by the National Geodetic Sur-
vey (NGS) (Bilich and Mader 2010; Bilich et al. 2018). The 
individual PCC models are accessible at the EPN website. 
We also used type mean PCC models, resulting from aver-
aging the corrections for a given antenna type from several 
calibrations of the same model, included in igs14.atx file 
(2132 version). The details of hardware changes at the test 
stations can be found in stations logs files (Table 1).

The Precise Point Positioning (PPP) technique, applying 
the Ionosphere-Free (IF) combination of GNSS signals, was 
chosen in the study to derive station position components. 
PPP provides autonomous, absolute positioning not affected 
by any observation errors in surrounding GNSS reference 
stations. The NAvigation Package for Earth Observation Sat-
ellites (NAPEOS) software (Springer 2009) was used for 
data processing. Main NAPEOS processing parameters are 
presented in Table 2.

Six solutions were processed using two different constel-
lation setups and three different PCC models. GPS-only 

https://www.epncb.oma.be/
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and GPS + Galileo observations were processed using three 
types of the PCC models: type mean, individual field and 
individual chamber-derived. As a result, we obtained sta-
tion coordinates in the IGS14 reference frame, which were 
subsequently transformed into ETRF2014 (Altamimi 2018). 
The transformation to ETRF was to ensure that the coor-
dinates would remain constant over time. As the elabora-
tion period is 3 years, the station coordinates in the ITRF 
would have changed by up to a few centimeters over this 
period. At the same time, the annual velocities of the sta-
tions used in the study, in the ETRF system, are usually 
well below 1 mm/yr. Finally, obtained results were com-
pared to the reference coordinates from EPN C2085 (March 
8, 2019) cumulative solution (Detailed information can be 
found in the Supplement). In the case of the chamber cali-
brations, PCCs for Galileo are determined and available. 
However, for the individual robot-derived and type mean 
PCCs, corrections for Galileo are not available. Therefore, 
GPS corrections were adopted as it is done in the Multi-
GNSS Experiment (MGEX) (Montenbruck et al. 2017). 
This fact is important due to the difference in frequen-
cies between the Galileo E5 (1191.795 MHz) and GPS L2 

(1227.600 MHz) signals, which may introduce some inac-
curacies in the solutions. This does not directly apply to 
Galileo E1 and GPS L1 bands, where both frequencies are 
identical (1575.420 MHz). Proposed two solutions allow us 
to analyze a case where all calibrations are directly available 
(GPS-only) and where for some signals, PCCs are adopted 
from another system (GPS + Galileo). All other processing 
options were kept the same for each solution.

Antenna characteristic

During the test period, only two types of antennas were 
mounted at the analyzed stations: LEIAR25.R3 LEIT and 
LEIAR25.R4 LEIT (Fig. 1). It should be noted that only 
in four cases there was a change between LEIAR25.R3 
LEIT and LEIAR25.R4 LEIT (stations: BORJ, HEL2, 
LEIJ, WARN); otherwise, LEIAR25.R4 LEIT antenna was 
replaced by the same model of antenna.

Figure 1 presents the scheme of Leica AR25 (LEIAR25) 
antenna. Both types (R3 LEIT and R4 LEIT) have the same 
construction and technical specification (Table 3). These 
antenna switching, with identical physical dimensions and 

Table 1  Selected EPN stations 
logs files (status on April 1, 
2022)

Station www address of station log file

AUBG http:// www. epncb. oma. be/_ netwo rkdata/ logfi le. php? name= aubg0 0deu_ 20220 303. log_ log
BORJ http:// www. epncb. oma. be/_ netwo rkdata/ logfi le. php? name= borj0 0deu_ 20220 303. log_ log
DILL https:// www. epncb. oma. be/_ netwo rkdata/ logfi le. php? name= dill0 0deu_ 20220 303. log_ log
HEL2 https:// www. epncb. oma. be/_ netwo rkdata/ logfi le. php? name= hel20 0deu_ 20220 303. log_ log
HELG http:// www. epncb. oma. be/_ netwo rkdata/ logfi le. php? name= helg0 0deu_ 20220 303. log_ log
HOFJ https:// www. epncb. oma. be/_ netwo rkdata/ logfi le. php? name= hofj0 0deu_ 20220 303. log_ log
KARL http:// www. epncb. eu/_ netwo rkdata/ logfi le. php? name= karl0 0deu_ 20220 303. log_ log
LDB2 https:// www. epncb. oma. be/_ netwo rkdata/ logfi le. php? name= ldb20 0deu_ 20220 303. log_ log
LEIJ https:// www. epncb. oma. be/_ netwo rkdata/ logfi le. php? name= leij0 0deu_ 20220 303. log_ log
RANT https:// www. epncb. oma. be/_ netwo rkdata/ logfi le. php? name= rant0 0deu_ 20220 303. log_ log
SAS2 https:// www. epncb. oma. be/_ netwo rkdata/ logfi le. php? name= sas20 0deu_ 20220 303. log_ log
WARN https:// www. epncb. oma. be/_ netwo rkdata/ logfi le. php? name= warn0 0deu_ 20220 303. log_ log

Table 2  NAPEOS processing parameters

Basic observables Undifferenced carrier phase & pseudo-range

Orbit & clock products ESA precise final orbits and clocks;
Ionospheric delay 1st order effect: for dual-frequency ionosphere-free linear combination; 2nd order effect: not corrected;
Tropospheric delay Zenith dry delay computed using the Saastamoinen model and mapped using the dry GMF mapping function 

(Boehm et al. 2007); Wet delay estimated using the wet GMF mapping function;
Ocean loadings FES2004 model using ONSALA ocean loading service (Lyard et al. 2006);
Tidal displacement IERS2010 (Petit and Luzum 2010);
Satellite clock correction 2nd order relativistic correction for non-zero orbit ellipticity (-2*R*V/c);
Observation weighting Carrier phase: 1 cm sigma (in zenith); Pseudo-range: 1 m sigma (in zenith); Sigmas’ increase function (1/cos(z));
Other Observation sampling rate: 5 min; Elevation angle cut-off 5°; Daily observations from the period 01.01.2017–

31.12.2019; Ambiguity float solution (IF)

http://www.epncb.oma.be/_networkdata/logfile.php?name=aubg00deu_20220303.log_log
http://www.epncb.oma.be/_networkdata/logfile.php?name=borj00deu_20220303.log_log
https://www.epncb.oma.be/_networkdata/logfile.php?name=dill00deu_20220303.log_log
https://www.epncb.oma.be/_networkdata/logfile.php?name=hel200deu_20220303.log_log
http://www.epncb.oma.be/_networkdata/logfile.php?name=helg00deu_20220303.log_log
https://www.epncb.oma.be/_networkdata/logfile.php?name=hofj00deu_20220303.log_log
http://www.epncb.eu/_networkdata/logfile.php?name=karl00deu_20220303.log_log
https://www.epncb.oma.be/_networkdata/logfile.php?name=ldb200deu_20220303.log_log
https://www.epncb.oma.be/_networkdata/logfile.php?name=leij00deu_20220303.log_log
https://www.epncb.oma.be/_networkdata/logfile.php?name=rant00deu_20220303.log_log
https://www.epncb.oma.be/_networkdata/logfile.php?name=sas200deu_20220303.log_log
https://www.epncb.oma.be/_networkdata/logfile.php?name=warn00deu_20220303.log_log
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mounting types, was the only factor that changed in local 
conditions. So potential multipath change noticed in results, 
according to Dilßner et al. (2008), can be related to the 
impact of reflecting objects located in the near-field region 
on the overall electromagnetic properties of the antenna 
(which can be different for different antenna units).

To have an insight on the potential impact of PCC models 
on the analyzed shifts in position parameters, PCC differ-
ences for antenna before and after replacement were cal-
culated. Due to the lack of PCC for Galileo signals from 
robot calibrations, we decided to analyze PCC differences 
for GPS signals only. These comparisons were made mainly 
for individual PCCs (robot- and camber-derived), because in 
most cases LEIAR25.R3 LEIT antenna was replaced by the 
same model, which results in the same type mean PCC char-
acteristic and zero differences during comparison. For sta-
tion HEL2, where LEIAR25.R3 LEIT antenna was replaced 
by LEIAR25.R4 LEIT, PCC differences derived from type 
mean PCC models were also presented.

The PCC comparison was based on the approach pro-
posed by Schön and Kersten (2014). Phase Center Vari-
ations (PCV), as well as PCC, are expressed in antenna 
body frame with �andz as the horizontal and zenithal 
angle. To achieve a common datum, at the first step, PCV 
should be shifted to reach 0 for zero zenith angle direction: 

PCV(α, 0) = 0. This step is required for individual cham-
ber-derived models’ comparison, and it can be done by 
adding a constant shift � equal to:

The first step is unnecessary if both compared PCC 
models have a common datum (PCV(α, 0) = 0). This 
situation occurs in the case of all robot-derived (type 
mean or individual) model comparisons. At the second 
step, we used formula (2) for reducing PCC obtained for 
newly established antenna to the PCO obtained for former 
(replaced) antenna (Schön and Kersten 2014):

where s denotes the line-of-sight unit vector,  PCCN is the 
new antenna PCC reduced to former antenna PCO, PCOO 
denotes former antenna PCO, PCVN denotes new antenna 
PCV, PCON is the new antenna PCO.

The final step was the computation of former and new 
antenna PCC differences (dPCC) for L1, L2 and IF fre-
quencies. Figures 2 , 3, 4 present full PCC comparison for 
the three selected stations. Table 4 presents the maximum 
values of PCC differences obtained during the full PCC 
comparison for the analyzed stations.

Generally, the most significant differences were 
obtained comparing the chamber-derived models, reach-
ing up to 8 mm in the case of IF combination (HEL2 sta-
tion). The only exception is the second replacement of 
antenna at DILL station (DILL 2) where larger differences 
were obtained in the case of comparison of robot-derived 
PCC models. The change of antenna type that occurred at 
the HEL2 station caused type mean PCC differences not 
exceeding 3 mm, regardless of the analyzed frequency.

Figure 5 shows dPCC in the zenith angle-only function 
based on NO AZI corrections from ANTEX files. Stations 
where the antenna was changed more than once during the 
analyzed period were indicated by adding the appropriate 
index to the name, e.g., DILL 1, DILL 2.

Generally, for L1 frequency, differences do not exceed 
2 mm. Exceptions are stations HEL2 and BORJ, where the 
differences reach up to 3 mm for chamber-derived models, 
and station LEIJ where for both types of individual PCC 
models, the differences reach up to 6 mm. For L2, the 
differences are visibly larger and, in some cases, reach up 
to 5 mm (especially for chamber-derived PCC models). 
There are a few cases (e.g., DILL 2, HELG, RANT 2, 
SAS2) where the dPCC do not exceed 2 mm, regardless of 
frequency and calibration method. As at most stations, the 
same antenna model (LEIAR25.R4 LEIT) was used after 
replacement; the type mean PCC comparison generated 
zero differences.

(1)� = −PCV(a, 0)

(2)
PCCN(�, z) = sTPCOO +

(

PCVN(�, z) + sT
(

PCON − PCOO

))

Fig. 1  Scheme of Leica AR25 (LEIAR25) antenna

Table 3  Main technical properties of Leica AR25 antenna (https:// 
leica- geosy stems. com/)

Design Dorne-Margolin antenna with 3D choke rings

Signals tracked GPS: L1, L2, L2c, L5
GLONASS: L1, L2, L3, L5
Galileo: E2-L1-E1, E5a, E5b, E6, AltBOC
Compass: B1, B2, B3
L-Band (incl. SBAS, OmniSTAR and CDGPS)

Dimensions 380 mm × 200 mm
Weight 7.6 kg
Connector N-Type with TNC adapter supplied

https://leica-geosystems.com/
https://leica-geosystems.com/
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Position component time series analysis

Position component time series of daily solutions were stud-
ied, covering the period from 01.01.2017 to 31.12.2019. At 
this stage, we analyze the stability of coordinates as well 
as the effects of hardware changes. Since the analysis of 
time series generally applies to North, East and Up (NEU) 
position components, the time series of the Cartesian XYZ 
coordinates were converted to the topocentric system. Time 
series of the NEU differences relative to the EPN cumula-
tive solution, for one example, station DILL, are presented 
in Fig. 6. Analogous figures for stations AUBG and HEL2 
can be found in the Supplement.

Differences for NE position components, presented in 
Fig. 6, rarely exceed the threshold of ± 5 mm; this is true 
for GPS-only as well as for GPS + Galileo solutions. For 
the Up component, the inconsistencies throughout 3 years 
are much higher and reach up to ± 20 mm for both analyzed 
solutions. Position time series clearly reveals shifts in topo-
centric coordinates resulting from the antenna change. For 
more detailed insight, box whisker plots (BWP), based on 
30-day period data before (1) and after (2) antenna replace-
ment, for all tested stations were calculated.

The results obtained using GPS-only signals presented in 
Figs. 7, 8 , 9 reveal that the antenna change effect is visible 
in all position components as a difference of mean value. For 
some stations (e.g., BORJ), jumps in position components 
appeared for both solutions and all used PCC models. On 
the other hand, there are stations (e.g., HEL2) where posi-
tion offset is not so evident, and it is visible only in certain 
cases. Analogous analyses for the GPS + Galileo processing 
variant can be found in the Supplement. In the next step, we 

assume that position component jumps are relevant if the 
mean value of the second period is out of the interquartile 
range value of the first period (statistical meaning). Their 
respective statistics are presented in Table 5.

Table  6 summarizes jumps of position components 
caused by antenna replacements. Jumps were calculated as 
a difference between component mean positions based on 
30-day period of data before and after the antenna replace-
ment. The names of stations at which the LEIAR25.R3 LEIT 
antenna was replaced by LEIAR25.R4 LEIT are marked in 
bold.

Next, we investigate selected cases with the most notice-
able position component jumps. For this purpose, we marked 
in bold (Table 6) the most significant offsets which, equal 
or exceed ± 2 mm for horizontal coordinates and ± 4 mm 
for vertical ones. First of all, it can be observed that sig-
nificant position component shifts occurred both at stations 
where antenna type was and was not changed during replace-
ment. Keeping the same antenna model does not guaran-
tee the continuity of position time series. Furthermore, 
higher differences were generally obtained for the solution 
where GPS + Galileo observations were used. This can be 
explained by adopting GPS corrections for Galileo signals 
in the case of individual robot-derived and type mean PCCs. 
In the case of individual chamber-derived PCCs, this may 
also indicate that multi-frequency calibration can be more 
challenging.

We also focused on differences in observed coordinate 
jumps depending on the PCC model. Significant jumps 
occurred in all cases. The biggest difference obtained 
for the type mean model is equal to 8.1 mm (WARN sta-
tion, GPS + Galileo solution). In the case of the individual 

Fig. 2  Full PCC compari-
son (dPCC, station AUBG, 
LEIAR25.R4 LEIT to 
LEIAR25.R4 LEIT antenna 
changing). The top row com-
pares individual robot-derived 
PCC and the bottom row to 
individual chamber-derived 
PCC
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robot-derived PCC model, it is equal to − 9.8 mm (BORJ 
station, GPS-only solution). Finally, for the individual cham-
ber-derived PCC model it is equal to − 7.3 mm (BORJ sta-
tion, GPS + Galileo solution). All these cases are associated 
with the change of antenna type at the station. In most cases, 
it is also observed that higher differences were obtained for 
solutions using type mean models. The most notable exam-
ples include AUBG North and East, SAS2 North, KARL 
North, RANT 1 and HELG UP. This proves the advantage 

of individual models over type mean. On the other hand, the 
high differences obtained for individual models may reflect 
cases with a deficiency in such types of PCCs.

Site multipath analysis

To have an insight on the potential impact of multipath on 
the observed position shifts, multipath for GPS L1 and L2 

Fig. 3  Full PCC comparison 
(dPCC, station DILL: a first, 
b second LEIAR25.R4 LEIT 
to LEIAR25.R4 LEIT antenna 
changing). Top rows refer to a 
comparison of individual robot-
derived PCC and bottom rows 
to individual chamber-derived 
PCC
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signals was calculated and analyzed. Multipath was derived 
using the following equations (Vázquez et al. 2012):

where pi is the pseudorange observation,Φi is the carrier 
phase observation,� =

(

f1

f2

)2

 ,   f1 is the frequency of L1, and 
f2—frequency of L2.

(3)MP1 = p1 −

(

1 +
2

� − 1

)

Φ1 +

(

2

� − 1

)

Φ2

(4)MP2 = p2 −

(

2�

� − 1

)

Φ1 +

(

2�

� − 1
− 1

)

Φ2

As results obtained for MP1 and MP2 were similar, in 
the context of the offsets resulting from antenna/radome 
changes, MP1 results are presented in the following sec-
tion. This is because this frequency proved to be the most 
frequently used as it is the same or close to the first signal 
from all systems (Galileo E1, Beidou B1C, GLONASS 
L1 etc.), and moreover, it is always used in any single or 
dual-frequency solutions.

RMS of daily MP1 throughout 2017–2019 presented in 
Fig. 10 varies in the range from 0.2 to 0.5 m: for AUBG 
station within the range from 0.2 to 0.4 m, for other stations 
from 0.3 to 0.5 m. The jumps in MP1RMS are also visible. 

Fig. 4  Full PCC compari-
son (dPCC, station HEL2, 
LEIAR25.R3 LEIT to 
LEIAR25.R4 LEIT antenna 
changing). The top row refers 
to a comparison of individual 
robot-derived PCC, the middle 
row to individual chamber-
derived PCC, and the bottom 
row to type mean robot-derived 
PCC

Table 4  Maximum PCC 
differences for AUBG, DILL 
and HEL2 stations

Freq Max. PCC differences [mm]

AUBG DILL 1 DILL 2 HEL2

Robot Chamber Robot Chamber Robot Chamber Robot Chamber Type 
mean

L1 1 2 1 2 1 0.5 1 3 2
L2 2 3 2 4 1.5 0.5 2 5 3
IF 5 6 3 5 3 1.5 4 8 2
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In some cases, these jumps appear to be related to the timing 
of the antenna change, for example, the first replacement on 
stations DILL and HEL2. However, such a correlation is dif-
ficult to be found in the case of station AUBG or the second 
replacement at station DILL. Additionally, noticeable offsets 
in the analyzed time series occur at moments unrelated to 
a change of equipment, like from days 950 to 1000 in the 
case of DILL station or from days 450 to 550 in the case of 
HEL2 station.

For more detailed analyses, box whisker plots based on 
30 days period data before (Period 1) and after (Period 2) 
antenna replacement for all tested stations were calculated 
and presented in Fig. 11. The BWP for daily MP1 RMS also 
revealed the effect of changing the antenna. For some cases, 
like station HELG, second replacement on stations RANT 
and WARN, the displacement is clearly visible. Only in one 
case of the aforementioned (station WARN) is this related to 

changing the antenna type. On the other hand, there are cases 
(e.g., AUBG, HOFJ, LDB2 stations) where the analyzed offset 
is unnoticeable. In contrast, the LEIAR25.R4 LEIT antenna 
was replaced by the same antenna model at these stations. If 
we assume that jumps of RMS of daily GPS MP1 are relevant 
if the mean value of the second period is out of the interquar-
tile range value of the first period (statistical meaning), 50% 
of solutions are characterized by relevant jumps. Table 7 sum-
marizes the offset of MP1 RMS caused by the antenna replace-
ment. Similarly, to the position components, jumps were cal-
culated as a difference between the mean RMS values, which 
were obtained based on the data from 30 days before and after 
the antenna replacement.

The absolute values of the detected MP1 offsets at the 
analyzed stations vary from 0.01 cm (LEIJ station) to even 
15.28 cm (WARN station). If we focus on stations with the 
most significant jumps, reaching up to 10 cm, we can observe 
that they occurred at WARN station, where LEIAR25.R3 
LEIT antenna was replaced by LEIAR25.R4 LEIT and HELG 

Fig. 5  Zenith-only angle-
dependent PCC comparison
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and RANT stations (second replacement of antenna), where 
the antenna type during replacement was not changed.

Discussion and summary

Tables 8 and 9 summarize the obtained results. We marked 
by “x” those stations for which the zenith-only PCC differ-
ences reach or exceed 2 mm for L1 frequency and 3 mm for 
L2 for at least two PCC models. In the “NEU” columns, 

cases where the position component jumps were relevant 
from the statistical point of view have been marked by “x”. 
Finally, in the “MP1” column, all cases where the mean 
RMS of GPS MP1 was relevant from the statistical point 
of view were marked by “x”.

Analyzing the column with Zenith-only PCC difference 
in Table 8, it can be seen, as expected, that a change to a 
different model of antenna generated more considerable dif-
ferences than a change of antenna within the same model. In 
the case of stations where the LEIAR25.R4 LEIT antenna 
replaced the LEIAR25.R3 LEIT one, significant differences 
occurred in the case of all PCC model types. Additionally, 
for two stations AUBG and HOFJ, where the LEIAR25.
R3 LEIT antenna was replaced by the same antenna type, 
the differences exceed the adopted criteria in the case of 
chamber-derived PCC models. Larger differences in PCC 
models coincide quite well with the position components 
jumps, which are relevant from the statistical point of view 
(marked by “x” in “NEU” columns). Furthermore, in the 
case of GPS-only processing, changing antenna type from 
LEIAR25.R3 LEIT to LEIAR25.R4 LEIT does not mean 
that significant position component jumps will occur. Only 
for station BORJ, significant jumps occur for all position 
components in the case of using all three PCC models. For 

the other three stations where such a replacement took place, 
discontinuities occurred only for some position components 
and some PCC models. Analyzing the frequency of the 
occurrence of relevant jumps depending on the PCC model 
type, it can be seen that the most stable results were achieved 
using the robot-derived individual PCC model (48% of rel-
evant jump). In the case of type mean and chamber-derived 
individual PCC 57% of jumps were relevant from the statisti-
cal point of view.

Fig. 6  Time series of the NEU differences to EPN cumulative solu-
tion for DILL station. The cyan vertical line indicates the moment 
of the receiver, and the dashed red vertical line the moment of the 
antenna change

Fig. 7  Box whisker plot for 
North component, depending on 
used PCC model type, based on 
GPS-only solution
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Regarding RMS of daily GPS MP1, seven stations 
(50%) are characterized by offset relevant from the statis-
tical point of view. For the solution using robot-derived 
PCC, the relevant jumps discovered in the coordinate time 
series for stations DILL 1, HOFJ and RANT 1, agree quite 

well with the relevant jumps discovered in RMS of the 
MP1 time series. For solutions using chamber-derived 
PCC such agreement can be observed for stations DILL 
1, HEL2, HOFJ, LEIJ, and RANT 1. In these cases, it can 

Fig. 8  Box whisker plot for 
East component, depending on 
used PCC model type, based on 
GPS-only solution

Fig. 9  Box whisker plot for 
Up component, depending on 
used PCC model type, based on 
GPS-only solution

Table 5  Summary of solutions 
with relevant position 
component jumps

Position com-
ponent

Solutions with relevant jumps [%]

GPS-only GPS + Galileo

Robot Chamber Type mean Robot Chamber Type 
mean

North 50 43 43 79 57 64
East 57 71 64 50 57 57
Up 36 57 64 57 50 71
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be assumed that the MP1 change may also have been the 
reason for detected position components’ shifts.

In the case of GPS + Galileo processing (Table 9), chang-
ing antenna type resulted in significant position component 
jumps in almost all cases. Only for LEIJ station significant 
jumps were not present in the case of using all types of PCC 
models. For the other three stations, where the LEIAR25.
R3 LEIT antenna was replaced by the LEIAR25.R4 LEIT 
one, such offsets occurred for all position components in 
the case of all PCC models. This proves that in the case 
of changing the antenna model for multi-GNSS processing 
purposes, it is more likely to obtain discontinuities in the 
position component time series, as the risk of inaccuracies 
in the PCC model is greater. This is due to more frequencies 
to model, incomplete Galileo constellation during the robot 
calibration process, and the adaptation of GPS corrections 
for Galileo signals.

Analyzing the frequency of occurrence of relevant jumps 
depending on the PCC model type, we can see that, in the 
case of GPS + Galileo processing, most stable results were 
achieved using the chamber-derived PCC model (relevant 
jump for 55% of solutions). In case of type mean and indi-
vidual robot-derived PCC, relevant jumps occurred in 64% 
and 62% of solutions, respectively. This means that using a 
Galileo-dedicated PCC model can guarantee higher stability 
of position component time series. Furthermore, GPS + Gal-
ileo processing mode generated more relevant position com-
ponent discontinuities from a statistical point of view than 
the GPS-only solution. The reason may be the use of more 
GNSS signals compared to the GPS-only case and the more 
challenging estimation of accurate PCC models. In the case 
of robot-derived PCCs, the reason could also be the adapta-
tion of GPS corrections for Galileo signals.

Table 6  Summary of position 
component jumps

Station North East Up

t-m Robot Chamber t-m Robot Chamber t-m Robot Cham-
ber

GPS solution [mm]
AUBG − 4.5 − 2.1 − 1.4 − 3.0 − 0.7 − 0.4 − 1.4 2.0 5.4
BORJ 3.8 1.5 1.9 6.3 5.1 5.6 − 6.4 − 9.8 − 5.4
DILL 1 − 1.0 − 0.8 0.9 − 0.2 − 3.1 − 2.6 − 5.4 − 3.8 − 1.4
DILL 2 0.6 0.0 0.1 − 2.4 0.6 0.0 0.1 1.0 – 1.2
HEL2 0.4 1.0 − 0.7 − 2.9 0.6 − 1.3 1.9 0.7 − 2.9
HELG − 1.5 − 2.5 – 3.3 1.4 1.0 1.1 − 4.7 − 1.7 − 4.6
HOFJ − 1.3 0.8 0.7 0.9 1.6 1.8 − 2.4 − 3.4 4.0
KARL − 3.3 − 1.7 − 0.5 − 0.3 0.1 0.0 3.8 3.3 4.6
LDB2 − 0.8 − 2.7 − 1.2 − 0.9 − 0.2 − 1.8 2.3 0.7 5.9
LEIJ 0.5 − 2.2 − 1.9 2.8 − 1.0 − 1.2 − 1.9 1.1 − 1.3
RANT 1 0.7 − 1.7 − 2.0 0.0 − 0.9 − 0.6 6.0 3.5 0.9
RANT 2 − 1.9 − 1.5 − 0.7 0.0 0.0 – 0.1 3.0 3.2 4.6
SAS2 5.0 0.2 0.8 1.8 1.2 1.3 2.1 3.0 − 1.1
WARN 0.5 0.9 0.0 − 1.2 1.1 1.2 4.3 1.3 2.8
GPS+Galileo solution [mm]
AUBG − 4.8 − 2.4 − 2.0 − 2.4 − 0.5 − 0.3 − 1.9 2.0 3.2
BORJ 4.9 2.1 2.8 5.9 4.8 5.4 – 6.3 – 9.5 – 7.3
DILL 1 − 1.6 − 1.4 0.3 0.2 − 2.9 − 2.5 − 7.6 − 5.3 − 4.7
DILL 2 0.2 − 0.7 − 0.1 − 2.6 0.6 0.2 − 0.4 0.1 − 2.1
HEL2 0.2 0.7 − 0.8 − 2.6 1.1 − 1.2 2.8 1.5 − 4.1
HELG − 1.4 − 2.4 − 2.9 1.8 1.4 1.6 − 4.8 − 1.6 − 6.1
HOFJ − 2.1 − 0.3 0.1 0.6 1.4 1.3 − 2.3 − 3.3 1.8
KARL − 3.5 − 2.0 − 0.7 − 0.2 0.4 0.4 1.8 2.2 1.8
LDB2 0.6 − 2.4 − 1.0 − 0.7 − 0.4 − 1.0 1.3 2.1 1.7
LEIJ 0.2 − 2.2 − 1.7 2.9 − 0.6 − 0.6 − 1.2 2.1 − 3.1
RANT 1 0.9 − 1.5 − 1.4 0.6 − 0.4 − 0.4 5.8 3.2 − 0.1
RANT 2 − 2.5 − 2.2 − 1.4 − 0.2 − 0.3 − 0.4 2.3 2.5 3.4
SAS2 5.9 1.3 2.0 2.0 1.5 1.3 5.6 5.9 0.9
WARN 1.2 1.7 1.0 − 0.7 1.4 1.3 8.1 5.0 4.4
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Analyzing the correlation between the relevant jumps 
discovered in coordinates and appropriate jumps discov-
ered in MP1 time series for robot-derived PCC models, 
we found in GPS + Galileo solution an agreement for two 
times more cases than in GPS-only solution. Such cor-
relation was found for DILL 1, HOFJ, RANT 1, as well 
as for HEL2, RANT 2 and WARN. These three new cases 
result from the higher number of significant jumps noted 
in GPS + Galileo solution for this type of PCC model. 
On the other hand, correlation was found in four cases 

(AUBG, DILL 1, HEL2, WARN) for the solution using 
chamber-derived PCC. This is one less case than in GPS-
only results and is connected to a lesser number of sig-
nificant position jumps noted in GPS + Galileo solution 

for the chamber-derived PCC model.

Conclusions

The study addresses the offset within the EPN station coor-
dinate time series caused by antenna/radome changes. We 
analyze the shift magnitude as well as its PCC model and 
multipath dependency. Analyzing the obtained results, it 

Fig. 10  Time series of the RMS of daily GPS MP1. The cyan verti-
cal line indicates the replacement of the receiver and the dashed red 
vertical line the replacement of the antenna change. The winter days 
(from December 1 to February 28) are shaded

Fig. 11  Box whisker plot for 
RMS of daily GPS MP1

Table 7  Discontinuity of mean RMS of GPS MP1 

Station Jump of RMS of daily 
GPS L1 multipath 
[cm]

AUBG − 0.02
BORJ 0.18
DILL 1 − 2.45
DILL 2 − 0.15
HEL2 − 4.44
HELG 14.80
HOFJ − 0.22
KARL − 0.41
LDB2 0.01
LEIJ − 1.13
RANT 1 − 2.96
RANT 2 9.97
SAS2 − 0.54
WARN 15.28
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can be seen that the antenna change effect is visible in all 
position components. In the case of the horizontal position 
components, the position differences reach up to 5 mm. For 
the Up component, the differences are visibly larger and, in 
certain cases, exceed 5 mm.

Our analyses prove that changing antenna type does not 
mean significant position component jumps will occur in 
the case of GPS-only processing. Only for one station, out 
of four where the LEIAR25.R3 LEIT antenna was replaced 
by the LEIAR25.R4 LEIT one, significant jumps occur for 

all position components in the case of using all three types 
of PCC models. For the other three stations, discontinuity 
occurred only for some position components and some PCC 
models. A more significant role plays the accuracy of the 
PCC models and possible MP changes after antenna replace-
ment. In the case of GPS + Galileo processing, changing 
antenna type almost always means that significant position 
component jumps will occur. Only for one station significant 
jump did not occur (in the case of using any PCC mod-
els). For the other three stations, the offsets occurred for all 

Table 8  Summary of the results 
for GPS-only solution

Station Zenith-only PCC 
difference

NEU using t-m PCC NEU using robot 
PCC

NEU using chamber 
PCC

MP1

igs rob cha N E U N E U N E U L1

AUBG x x x x x x x
BORJ x x x x x x x x x x x x
DILL 1 x x x x x x
DILL 2 x
HEL2 x x x x x x x x
HELG x x x x x x x
HOFJ x x x x x x x x
KARL x x x x
LDB2 x x x x
LEIJ x x x x x x x x
RANT 1 x x x x x x x
RANT 2 x x x x x
SAS2 x x x x
WARN x x x x x x x x
% 31 57 48 57 50

Table 9  Summary of the results 
for GPS + Galileo solution

Station Zenith-only PCC 
difference

NEU using t-m PCC NEU using robot 
PCC

NEU using chamber 
PCC

MP1

igs rob cha N E U N E U N E U L1

AUBG x x x x x x x
BORJ x x x x x x x x x x x x
DILL 1 x x x x x x x x
DILL 2 x x
HEL2 x x x x x x x x x x
HELG x x x x x x x x
HOFJ x x x x x x x
KARL x x
LDB2 x x x
LEIJ x x x x x x x
RANT 1 x x x x x
RANT 2 x x x x x x
SAS2 x x x x x x x
WARN x x x x x x x x x x x x x
% 31 64 62 55 50
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position components in the case of all PCC models. This 
means that in case of changing the antenna model for multi-
GNSS processing purposes, it is more likely to obtain sig-
nificant jumps in the position component time series, as the 
risk of inaccuracies in the PCC model is greater. Note that 
currently, multi-GNSS processing is a standard approach.

Considering the frequency of occurrence of relevant 
jumps depending on the PCC model type for GPS-only 
solutions, the most stable results were achieved using 
robot-derived individual PCC models. In such type of 
solution (GPS-only) robot-derived individual PCC models 
usually guarantee higher stability of position component 
time series. On the other hand, in the case of GPS + Gali-
leo processing, the most stable results were obtained using 
chamber-derived individual PCC models. This proves that 
using PCC models where Galileo signals were directly 
calibrated guarantees higher stability of position compo-
nent time series in comparison to solutions where Galileo 
PCC corrections were adopted from GPS.

The correlation between position component and RMS 
of GPS MP1 discontinuities for GPS-only solutions occurs 
on average in about 29% of cases. In 36% of cases, rele-
vant jumps were noticed in position components, but there 
were no such offsets in the RMS of MP1. In the case of 
GPS + Galileo processing mode, the correlation between 
position component and RMS of GPS MP1 discontinuities 
occurred on average at about 41% of cases. As in GPS-only 
solutions, there are also cases (29%) where relevant jumps 
were noticed in position components, but there were no such 
offsets in RMS of MP1.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10291- 022- 01339-8.
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