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Abstract
The performance of GNSS based positioning services is improving to the benefit of the users, and

the uncertainties from densified RTK networks for construction work is approaching the sub-centimeter
level also in the vertical. The error sources related to the continuously operating reference stations
(CORS) may therefore soon be limiting factors for further improvement of performance. Station depend-
ent effects are thus important in high accuracy GNSS positioning. Electrical coupling between the anten-
na and its near-field environment changes the characteristics of the antenna from what has been deter-
mined in e.g. absolute robot or chamber calibrations.

Since the first initial tests back in 2008, Lantmäteriet together with Chalmers University of Tech-
nology and Research Institute of Sweden (RISE), has carried out in-situ station calibration of its network
of permanent reference stations, SWEPOS. The station calibration intends to determine the electrical cen-
ter of the GNSS antenna, as well as the PCV (phase center variations) when the antenna is installed at a
SWEPOS station. One purpose of the calibration is to examine the site-dependent effects on the height
determination in SWEREF 99 (the national reference frame). Another purpose is to establish PCV as a
complement to absolute calibrations of the antenna-radome pair.

In this paper we present both the methodology for observation procedure in the field and the
method for the analysis, together with results of the station-dependent effects on heights as well as PCV
from the analysis. Some strength and weakness of our method for GNSS station calibration are discussed
at the end.
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1 Introduction

Site-dependent effects are important in high-accuracy GNSS positioning. Electri-
cal coupling between the antenna and its near-field environment could change the char-
acteristics of the antenna from what has been determined for the isolated antenna (Wüb-
bena et al., 2010, Wübbena and Schmitz, 2011). The average position of apparent signal
reception, the phase center offset (PCO) and the directional dependent phase center var-
iations (PCV) (Rothacher and Mader, 2003) derived for the antenna in e.g. absolute cal-
ibration may not be valid when it is mounted for a permanent use. The actual differ-
ences in range caused by the near field effects may only be some millimeters, but the
coordinate bias may reach centimeters. An increase by a factor of three is generally due
to the use of the ionospheric free linear combination (L3). Limitations in the PCV mod-
el may cause additional biases that are amplified when estimating e.g. tropospheric zen-
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ith delays (Wübbena and Schmitz, 2011). In-situ calibration of GNSS stations is there-
fore required for the most demanding applications (Wübbena et al., 2010).

The early study by Elósegui et al. (1995) discussed multipath and near field scat-
tering and investigated the effect by analyzing the baseline between an antenna installed
on a concrete pillar and a nearby antenna on a wooden survey tripod. The computed
baseline (~2.2 m) was sensitive to the elevation cut off angle, where the vertical coordi-
nate changed by 9.7 ± 0.8 mm when the elevation cut off angle was increased from 10°
to 25°.

In-situ station calibration was discussed and applied in Granström and Johansson
(2007), but most of the results were based on the statistical method. The Gipsy software
was used in the PPP mode to analyze 6 years data from 20 stations in the SWEPOS
network and some additional European IGS (International GNSS Service) stations for
comparison. It was found that practically all the SWEPOS-stations had a very similar
elevation dependent phase residual pattern, which was believed to be due to the similar
construction design of the monuments. Irregularities in the azimuth and elevation de-
pendent plots of phase residuals could also be identified as disturbances from nearby
objects.

A reasonable conclusion from the studies above could be that the electrical char-
acteristics of a GNSS antenna may change from its calibrated values when installed on a
monument. And the effect on positions will probably be relatively small (millimeters) if
only one frequency is used, e.g. GPS L1, in high precision applications in limited areas.
However, for applications where the ionosphere free linear combination (L3) is used
together with the estimation of the tropospheric zenith delay (L3t) the effect may reach
centimeter(s). If so, this is an important effect that needs further attention. As an exam-
ple, the determination of the local tie between various space geodetic techniques at fun-
damental geodetic stations could be considered. The GPS L1 observable is commonly
used together with terrestrial techniques for the determination of the vectors between the
reference points of the various instruments (e.g. radio telescope for VLBI) and the
GNSS antenna reference point. However, in the IGS, it is not the L1 but the L3t that are
used for the analysis. Thus, a bias at the centimeter level may easily be introduced.

Therefore, Lantmäteriet have performed experiments with in-situ station calibra-
tion of its permanent reference stations, SWEPOSTM (Lilje et al., 2014). The first field
campaigns were done in 2009 and 2010, with focus on the original 21 fundamental con-
crete pillar stations in SWEPOS that serve as the backbone for SWEREF 99 (the nation-
al reference frame). One purpose of the calibration is to examine the site-dependent ef-
fects on the height determination in SWEREF 99 when the presently available antenna
PCO/PCV models are used. Another purpose is to establish corrected PCO/PCV de-
scriptions for antennas mounted at SWEPOS stations as alternatives or complement to
those resulting from absolute calibrations of the isolated antenna. The analysis and re-
sults from these first campaigns has been reported in Jarlemark et al. (2013). A short
review of the methodology and key findings are given in chapter 2, 3 and 4.

To keep the time series of the 21 fundamental stations consistent, the antennas of
these pillar stations will not be changed as long as they work properly. But these old an-
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tennas have a pre-amplifier opening only for the GPS L1 and L2 frequencies and cannot
track all new signals such as Galileo and GPS L5 properly. In 2012 a second monument
was installed at 19 of the 21 stations with a newer antenna (LEIAR25.R3). To reduce
the multipath effects that have been seen from the relatively wide pillar and the large
metal plate (Ning et al., 2010), a steel grid mast was used for these new monuments (see
Fig. 1). Calibration of the new monument relative to the concrete pillars is presented in
chapter 5.

In the second part of 2015, six sites were revisited, and in-situ field calibration
was performed. The validity of the calibration values from previous experiment could
now be tested. Analysis and results are given in chapter 6.

Fig. 1. The SWEPOS site Vänersborg during a station calibration setup in November 2014. An Ec-
cosorb® plate is mounted directly below the visiting choke-ring antennas. Note the typical SWEPOS
concrete pillar and the recent steel-grid mast with the LEIAR25.R3 antenna and LEIT radome installed.

2 Surveying campaigns

The first station calibration campaigns started in 2009 and continued in 2010. 12
stations were calibrated during these two years where each station calibration lasted for
five days. This first campaign including results has been reported in Jarlemark et al.
(2013). An overview is given here but for details we refer to the article.

We used three well calibrated antennas on tripods as references in the campaigns.
Microwave absorbing material (Eccosorb®) was installed in order to reduce multipath
effects from the ground (Fig. 1). The reference antennas (JAVRINGANT and
JNSCR_C146-22-1 were used) were placed on markers in a local geodetic network sur-
rounding the concrete pillar where the SWEPOS antenna is installed. The distances be-
tween reference antennas and the pillar are of the order of 10 m. The height differences
were determined to sub-mm using terrestrial methods. The bench-marks in the local
networks are determined using levelling, and the pillar top is determined using total sta-
tion observations.

Data from the campaigns were analyzed using an in-house software in order to
evaluate, and possibly update the existing PCO and PCV models. The benefits of the in-
house Matlab software is (among others) that we have full control of the phase residuals
and what should be attributed to the antenna on the pillar antenna installation and the
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visiting antenna respectively. We also have the possibility to mask off or down weight
observations in directions of disturbances.

Data from this first campaign were also analyzed with the Bernese GNSS soft-
ware with L3t solutions (the L3 ionosphere-free linear combination and estimation of
tropospheric delay parameters). The resulting height differences between the reference
antennas and the pillar antenna typically deviated by ~10 mm from what was expected
according to the terrestrial surveys (Jarlemark et al., 2013).

3 PCO and PCV analysis

The height differences in the L3t solutions discussed above suggest that the
PCO/PCV models for the antennas on the SWEPOS pillar monuments are not adequate.
We therefore aim to quantify the influence of these monuments on the phase observa-
bles. In order to accomplish this, we estimated the baseline vectors between the refer-
ence and SWEPOS antennas from single differences of the phase observables (e.g.
Hoffman-Wellenhof et al., 1994). The estimation was performed using an in-house
MatLab software.

For each baseline between a SWEPOS monument and a visiting reference anten-
na, the recorded phase data from the two antennas are subtracted and adjusted for the
ambiguous number of cycles recorded (cycle fixing). A small correction for the ex-
pected atmospheric delay difference due to height differences between the two antennas
in the baseline is also applied. For these short baselines we expect that the remaining
atmospheric delay differences, after the correction, typically are smaller than 0.1 mm.
The data are also corrected for the antenna PCO and PCV values according to the origi-
nal description files, determined from absolute calibrations. We assume that the PCO
and PCV descriptions of the reference antennas, which were obtained from individual
calibrations, give a “correct”, bias free, representation of the observed phase (which
should be considered as a fairly reasonable approach). Then we can associate deviations
in the estimated baselines, as well as systematic signatures in the post-fit residuals, as
originating from imperfections in the PCO and PCV of the SWEPOS antenna and its
installation. The original baseline vector estimation scheme only contains parameters
for one set of coordinates (East, North, Up) per day and one clock difference per epoch.
In the results presented here, a 15 s epochs sampling rate was used. The estimation was
performed for GPS observations on L1 and L2 separately.

The post-fit residuals did not show significant variation with azimuth angle in the
data sets of this paper. They had, on the other hand, significant elevation angle depend-
ence, with different structure on L1 and L2. We sorted the residuals into 2.5° elevation
angle bins. The mean values for the data in each bin were taken to represent the PCV
error introduced by the SWEPOS antenna. Also, the vertical components of the baseline
vectors were slightly different from what was expected from the terrestrial survey; a few
mm discrepancies were typically found. These differences were regarded as measures of
the errors in the vertical PCO for the SWEPOS antennas. Unfortunately, the horizontal
components of the baseline vectors are not as accurately determined by terrestrial meth-
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ods in our measurements (due to imperfections in the orientation (rotations) of the local
geodetic networks). But from the circular symmetry of the antenna setup, we do not ex-
pect any significant horizontal biases.

In addition, a fraction of the phase deviations that originate from PCO or PCV er-
rors can be absorbed into the clock estimate parameters. In order to minimize this effect,
we iterated the baseline vector estimation. After the first iteration we made a prelimi-
nary updated version of the PCV descriptions for the SWEPOS antennas. We subtracted
the PCV errors found from the mean values in the elevation bins from the corresponding
components in the original PCO/PCV description of the SWEPOS antennas and made a
re-run of the estimation scheme. The resulting new residuals were again sorted into 2.5°
bins. The total PCV errors were then taken as the sum of the mean values from the two
iterations.

In a later version of the in-house software we have introduced PCV errors as vari-
ables directly estimated in the software. They are modeled as a piecewise linear chain of
parameters separated by 2.5° in elevation angle. Each parameter is estimated as one val-
ue per day. In this software version there is no need for iterations. Tests have shown that
the two software versions yield in practice identical results.

4 Results from the in-situ calibration of the pillar antennas

Results from the 2009 and 2010 campaign data are given in detail in Jarlemark et
al. (2013), where results from 9 sites are presented. The most important findings are re-
peated below, however with some additional information on uncertainty of the results.

In order to test the methodology and the quality of the observations at the visiting
antennas, an initial analysis including just the visiting antennas has been performed. Re-
siduals from Sundsvall and Hässleholm is given in figure 2.

Fig. 2. Phase residuals while computing between only the three reference antennas at two sites. The low
noise (>15°) indicate good observations.
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The repeatability of the PCV calibration values of the 5 days from the three visit-
ing antennas at SWEPOS station Vänersborg are given in Figure 3 Left. The standard
deviation is given in Figure 3 Middle. The number of observations at different eleva-
tions are given in Figure 3 Right.

Fig. 3. Results from 5 day in-situ calibration of the SWEPOS station Vänersborg. Left: Elevation depend-
ent phase residuals from 5 days and the three reference antennas (15 curves). Middle: The standard devia-
tion of the 15 curves of L1 and L2 respectively in Left plot (standard uncertainty of the mean is almost 4
times smaller). Right: Number of observations plotted to elevation, indicating fewer observations at high
elevation.

The elevation dependent mean values of the PCV errors for the nine SWEPOS pil-
lar antennas analyzed are given in Figure 4 Left. The elevation structure of the curves
(~1 oscillation over the elevation range 0-90°) is typical for electromagnetic interaction
with a surface located ~ ½ wavelength below the antenna (Elósegui, 1995). It could
therefore be associated with the metal plate (in combination with the top of the concrete
pillar) that is located ~0.1 m below the SWEPOS antennas.

The similarities between different stations vertical PCO and PCV errors suggest
that a common “monument specific” PCO/PCV description file could be made for the
pillar monuments. We therefore formed mean PCV errors for both L1 and L2 in Figure
4, Right. The vertical components of the L1 and L2 PCO were also corrected using the
mean values, 0.4 mm and 1.5 mm, found in Table 1. An L3 curve (ionosphere free line-
ar combination of the L1 and L2 observations) is also included (in blue).

Fig. 4. Left: Phase deviations of the nine SWEPOS pillar stations investigated. The deviations are formed
by sorting the residuals into 2.5° bins and calculate the mean value for each bin. Right: Mean of the phase
deviations for the nine SWEPOS stations for L1 and L2 based on the data of the graph to the left. An L3
curve (forming the ionosphere free linear combination of L1 and L2 observations) is also included. Notice
the significantly larger amplitude of the L3 curve.



Station Calibration of the SWEPOS GNSS Network 99

In a L3t estimation where the atmospheric delay is estimated using the L3 data
(ionosphere-free) together with coordinates and clock parameters, all these three param-
eters can potentially absorb an elevation dependent source of error. We again used the
in-house software to estimate baseline vectors. This time we added a parameter repre-
senting atmospheric delay difference to the scheme. The elevation dependence of the
atmospheric delay was modeled with the Niell mapping function, NMF (Niell 1996),
and no elevation dependent weighting was applied. For each baseline we made L3 phase
differences that were used as observations to the software. An elevation cut off angle of
12° was used, in order to avoid too much disturbances from the surroundings of the ref-
erence antennas. The resulting height differences between these L3 estimates and the
terrestrial survey as well as the estimated atmospheric delay differences are presented in
Table 1 (3rd columns). We repeated the L3t baseline vector estimation scheme but using
the updated PCO/PCV description file for the SWEPOS pillar antennas. The results are
presented in the last two columns of Table 1. There is still a noticeable variation from
station to station (the std value), but the mean values for the height error and atmospher-
ic delay difference is now significantly reduced. (See Jarlemark et al. (2013) for de-
tails.)

Table 1. Estimated vertical PCO offsets using original and updated PCO/PCV description files for the
SWEPOS pillar antennas using L1 and L2 observations (left columns), and the L3t observations (right
columns).

Original antenna
model

Updated antenna
model

Original antenna
model, L3t

Updated antenna
model, L3t

L1 verti-
cal offset

(mm)

L2 verti-
cal offset

(mm)

L1 verti-
cal offset

(mm)

L2 verti-
cal offset

(mm)

Vertical
offset
(mm)

Atm
delay
offset
(mm)

Vertical
offset
(mm)

Atm
delay
offset
(mm)

Mean 0.4 1.5 -0.1 0.2 -12.1 3.2 -0.8 0.1

Std 1.1 1.1 1.1 1.0 2.6 0.5 2.6 0.4

5 Calibration of the new steel grid mast installations

Based on the calibration values we have derived above for the SWEPOS pillar sta-
tion installations, we “calibrate” the newly installed steel grid mast stations equipped
with the LEIAR25.R3 antennas and LEIT radomes, relative to the pillars.

We assume that the derived model is valid for the 19 pillar stations where we have
co-located “new” steel grid mast stations. We can then use the pillars to calibrate the
antenna installations on the new mast stations. Data from two weeks in 2013 were used
to calibrate each mast and antenna pair, and comparison was done to height difference
determined using terrestrial surveying techniques (as described in chapter 2). For the
LEIAR25.R3 antennas and LEIT radomes on the mast stations, the type calibration val-
ues from Geo++ were used in the analysis. The analysis gave distinct deviations from
the type-PCV in L1 and L2 according to Figure 5 (left). The average deviations for the
PCV deviations in L1 and L2 are given as the red and green curves in Figure 5 (second
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left). The deviation is amplified when forming L3 (blue curve). The results from an in-
dividual station (Vilhelmina) is given in Figure 5 (right columns).

Fig. 5 Left: The estimated L1 and L2 phase deviations from the original model PCV for the 19 mast sta-
tions studied. Second left: The mean of the estimated L1 and L2 phase deviations from the original model
PCV, as well as the result when combining them to L3. In the two last plots to the right the repeatability
for a single site is given (SWEPOS station Vilhelmina). First the phase residuals for the 14 days of cali-
bration is given. In the rightmost plot the standard deviation is given for the L1 and L2 curves for Vilhel-
mina (standard uncertainties for the mean values are thus almost 4 times smaller).

The deviation of PCO/PCV for L3 cause a considerable vertical bias (mean value
of -11.5 mm) in L3t solutions for the new mast stations, see Table 2.

Table 2. Estimated vertical offsets when using L3t solutions and the original PCO/PCV description file
for the steel grid mast antennas.

Station Offset (mm) Station Offset (mm)
Arjeplog -19.0 Skellefteå -12.6
Hässleholm -5.2 Sundsvall -15.5
Jönköping -11.0 Sveg -12.6
Karlstad -19.2 Umeå -17.6
Kiruna -9.0 Vänersborg -4.4
Leksand -10.3 Vilhelmina -8.1
Lovö -17.4 Visby -11.5
Mårtsbo -16.3 Östersund -3.5
Norrköping -7.4 Överkalix -13.9
Oskarshamn -7.1
Mean -11.5
Std 5.0

There is a considerable scatter in the results, standard deviation of 5 mm accord-
ing to Table 2, despite a ”cleaner” setup when the mast installations are calibrated rela-
tive to the pillar stations - the influence from vegetation are limited compared to when
temporary calibration antennas on tripods are used. There is some influence due to limi-
tations in the general correction model for the pillar stations, but likely less than the
2.6 mm standard deviation found from the calibration of the pillar stations (Table 1).
Using the law of error propagation and subtracting the variance of the estimated offset
at the pillars (2.6^2) from the variance of the steel grid masts (5.0^2) gives the standard
uncertainty for the mast station installations themselves of 4.2 mm.
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6 Re-calibration visits at 6 sites in 2015

In the second part of 2015, six sites were revisited, and site calibration was per-
formed during about 6 days using 3 reference antennas which were individually cali-
brated at Geo++. The sites have been visited in earlier campaign, giving the possibility
to check the performance of the developed PCV/PCO models.

The analysis was done both for the old pillar monuments as well as for the new
steel grid mast stations.

6.1 Pillar Stations

The general antenna pillar model derived in chapter 4 was applied.
While analysing the phase residuals we see no major deviations in PCV from the

applied model. The noise level is increased at low elevations, probably caused by prob-
lems with vegetation around the visiting antennas. There is also an increase in noise at
high elevations due to the few observations (due to our location at high latitude – see
Fig. 3 right).

The antenna heights estimated using L1 and L2 agree to the model at the 1 mm
level, and L3 at the 2 mm level, see Table 4. While determining the heights using L3t, a
standard deviation of 3.5 mm is achieved. This is somewhat larger than the 2.6 mm in
the original calibration. This is probably because of more vegetation in the vicinity of
the visiting antenna during this campaign.

Table 4. Estimated vertical offsets from the revisit campaign, when using a general updated model for the
pillar antennas.

L1 L2 L3 L3t

Hässleholm -2.3 -1.6 -3.3 3.2
Jönköping -1.3 -1.2 -1.5 2.2
Karlstad 0.7 -0.1 1.7 6.8
Norrköping -1.5 -0.2 -3.6 4.1
Oskarshamn -2.0 -1.1 -3.3 -3.6
Vänersborg -1.0 -0.9 -1.1 1.4
Mean -1.2 -0.9 -1.9 2.3
Std 1.0 0.6 2.0 3.5

6.2 Steel grid mast stations

First the developed general antenna mast model from chapter 5 was applied. The
mean residuals in figure 6 (left) are reasonable small, with some signature in L1 at 45 to
75 degrees elevation.

The estimated antenna heights from computing using L1 and L2 agrees to the
model at the 1 mm level, but increase to 3 mm level for L3, see table 5 (left part). While
using L3t, the variations increase to a standard deviation of about 7 mm.
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Fig. 6. Left: The L1 and L2 mean residuals of the six stations from the revisit campaign, when processing
the steel-grid mast data using the model with updated general PCV. Middle: Phase residual repeatability
of the 7 days with three visiting reference antennas (19 curves for L1 and L2) for SWEPOS site Os-
karshamn. Right: standard deviation of the curves in Middle (standard uncertainties of the mean values
are thus about 4 times smaller).

Table 5. Steel grid mast vertical offsets from the revisit campaign. Left part; updated general model used.
Right part; updated model with individual PCO and PCV used.

General model Model with individual PCO and PCV

L1 L2 L3 L3t L1 L2 L3 L3t

Hässleholm 1.6 1.0 2.5 9.8 -0.7 -0.8 -0.7 4.8
Jönköping -1.1 0.3 -3.3 -4.6 -1.2 -0.2 -2.6 -3.3
Karlstad -1.5 0.5 -4.6 -4.0 0.9 0.7 1.1 4.2
Norrköping -0.7 0.5 -2.5 -1.4 -1.3 0.0 -3.2 -5.4
Oskarshamn 0.1 0.6 -0.6 -1.7 -0.9 0.0 -2.4 -5.4
Vänersborg 0.0 -1.9 3.0 10.6 0.3 -0.2 1.2 1.8
Mean -0.3 0.1 -0.9 1.5 -0.5 -0.1 -1.1 -0.6
Std 1.1 1.0 3.1 6.9 0.9 0.5 2.0 4.7

Applying, for each station individually, the suggested PCO and PCV corrections
from the work in chapter 5, the scatter in height are reduced for computation using L3
and L3t to about 2 mm and 5 mm respectively (Table 5, right part). These relatively
large values may partly be due to problems with vegetation in the vicinity of the cali-
brating reference antennas.

7 Complications when using the applied calibration method

In order to be valid when used in the field, the models of the antenna PCO and
PCV pattern derived from absolute calibrations must be preserved when mounted in the
field on a tripod.

We have therefore used microwave absorbing material at the calibrating antennas
in order to limit influence of multipath. It has, however, been reported that also the use
of such material may cause some changes of the antenna phase center variation (Aerts et
al., 2016). The L3t results presented above have the highest influence of the expected
pattern errors. Preliminary analysis indicate that L3t heights could have been influenced
on the level of a couple mm.
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While performing in-situ calibration in the field, we would like to receive un-
disturbed observations at the calibration antennas down to 10° elevation (and beyond) in
order to be able to calibrate the PCV of the visited station. However, the visiting anten-
nas usually do get a relatively low setup, and at several stations we do have a “growing”
problem with vegetation in the low elevation signal path.

8 Summary and discussion

When using the presently available antenna models (type mean), GNSS determi-
nation of the height difference between the SWEPOS pillar antennas and the surround-
ing reference antennas gave ~ 10 mm too low heights for the SWEPOS antennas. This
error was derived from a comparison with conventional terrestrial surveys. The result
varied significantly between days, and also between different processing strategies.
PCO/PCV errors derived from GNSS phase differences showed elevation angle signa-
tures that may cause the lower and larger values for the estimated height component and
atmospheric delay, respectively. Electromagnetic coupling between the antenna and a
metal plate below the antennas is probably contributing to the systematic PCO/PCV er-
rors found.

Simulations using the derived PCO/PCV errors suggest 7–16 mm lower heights
due to these errors, i.e. approximately of the same sizes as was found in the “real”
GNSS height determination. In the simulations the PCO/PCV descriptions of the refer-
ence antennas were considered to be known after being calibrated. During calibration
they were mounted on a “robot arm” that might have introduced systematic errors. The
possible size of this effect is, at present, unknown to us. It has been suggested that in-
situ calibration could be done with antennas mounted on something that mimic the top
of the robot arm during local calibrations in order to reduce the possible effect (Wüb-
bena et al., 2010).

Our results presented here have implications on a number of practical applica-
tions. To be mentioned is determination of the “local tie” between the GNSS reference
point and the one from other instrumentation at fundamental geodetic stations. Usually,
the L1 observable is used while observing the local GNSS networks in order to get as
precise results as possible. But when used in the IGS, the L3 (ionosphere-free) observa-
ble is used and also solving for troposphere delays. Thus, an error at the 1 cm level is
easily introduced due to PCO/PCV errors.

Although many details of the practical field calibration remain to be improved, we
have shown that in-situ station calibration is feasible and gives a better understanding of
antenna related issues in precise GNSS applications.
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