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Abstract

Multi-frequency and multi-constellation GNSS have the potential to boost the overall performance of GNSS-based positioning, nav-
igation and timing. This has an impact on the realisation of global reference frames, geophysical monitoring applications as well as
enabling new applications. To this end, all error sources should be adequately corrected for. However, currently multi-frequency
multi-GNSS receiver antenna calibration values are still missing. In this paper, the newly developed multi-frequency multi-GNSS cali-
bration process at Institut fiir Erdmessung (IfE), Leibniz University Hannover, is presented. The basic concept and the assumptions for
the antenna calibration are described. Resulting phase centre corrections (PCC) for GPS and Galileo for typical antennas are presented.
We show that the repeatability of the estimated patterns are almost better than 2 mm in terms of maximum deviation and that the used
tracking strategies by the receivers have marginal impact on the patterns, at maximum 1.2 mm for the studied receiver-antenna combi-
nations. Furthermore, applying phase centre corrections for multi-frequency multi-GNSS carrier phase observations reduces significantly
(up to 37%) the antenna related biases as validated on short baselines. Moreover, a validation in the coordinate domain shows that with
IfE PCC a short baseline can be computed with high accuracy: the topocentric coordinate differences to the known baseline are in most
cases smaller than 1 mm for the horizontal components and smaller than 2.2 mm in vertical.
© 2021 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction overlay systems like the Indian regional Navigation satel-
lite system (IRNSS) or the Japanese Quasi Zenith satellite
system (QZSS) as well as the Wide Area Augmentation
System (WAAS) or European geostationary navigation

overlay service (EGNOS) augment the GNSS.

Global Navigation Satellite Systems (GNSS) enable not
only positioning, navigation and timing (PNT) but also
contribute to the realisation and densification of geodetic

reference frames (Altamimi et al., 2016) and allow highly
accurate monitoring from landslides (Schon, 2007) to plate
tectonics (Kreemer et al., 2014; DeMets et al., 2010). Four
GNSS are recently available: the US-American Global
Positioning System (GPS), the European Galileo, the Rus-
sian GLONASS and the Chinese Beidou System. Regional
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One of the most challenging issues for using all GNSS
for positioning and timing is the lack of consistent multi-
frequency multi-GNSS phase centre corrections (PCC)
for the user segment. The official International GNSS Ser-
vice (IGS, (Johnston et al., 2017)) Antenna Exchange
(ANTEX, (Rothacher and Schmid, 2010)) file (igsl4.atx,
in its current version igsl4 2086.atx) contains dual-
frequency PCC for GPS and GLONASS for receiver
antennas only. The majority of entries in the IGS ANTEX
file are type mean values and they are determined by the

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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method ROBOT, based on the concept of absolute field
calibration described in Menge et al. (1998),Wiibbena
et al. (2000), Boder et al. (2001). This approach was devel-
oped in Hannover in close cooperation between the Institut
fir Erdmessung (IfE) and Geo++.

For ground station antennas, multi-GNSS PCC can be
determined by chamber calibration (Gorres et al., 2006;
Becker et al., 2010; Zeimetz, 2010). Some of these individ-
ual calibrations are available for 34 antennas in the Euro-
pean Permanent Network (EPN) (Bruyninx and Legrand,
2017). The potential of using such fully calibrated multi-
GNSS antennas for reference frame applications has been
demonstrated by Villiger et al. (2018),Villiger et al. (2019)
at different conferences. Schmolke et al. (2015) reported
first field based multi-frequency multi-GNSS PCC
obtained by the relative antenna calibration approach.

At present, several groups are working on developing
and updating their approaches and facilities for absolute
PCC determination, underlining the importance of the
topic antenna calibration for geodesy. Geo++ recently pre-
sented first multi-frequency multi-GNSS calibration results
(Wiibbena et al., 2019). The U.S. National Geodetic Sur-
vey (NGS) is developing their 2-axis robot (Mader et al.,
2012) to a 6-axis robot system (Bilich et al., 2018). The
ETH Zurich recently presented their system based on a 6-
axis robot (Willi et al., 2019). In addition, further research
is ongoing at Wuhan University China (Hu et al., 2015)
and at University at Warmia, Poland. These activities
underline the essential need to provide multi-GNSS PCC
for receiver ground stations and network operators.

In order to close the gap of available multi-GNSS PCC
determined by the ROBOT method, our group at IfE inves-
tigated an independent approach for processing and esti-
mating PCC for new signals based on time differenced
single differences (Kersten and Schon, 2010; Kersten,
2014; Kroger et al., 2019). This concept is different to the
undifferenced approach presented by Wiibbena et al.
(2019). Nevertheless, the same 5-axis robotic system is used
in both methods to accurately rotate and tilt the antenna
under test (AUT) w.r.t. the current satellite constellation.

This paper is structured as follows: In Section 2, the the-
oretical background of PCC is explained. Next, in Section 3
the calibration method used at IfE is presented. This con-
tains mainly three parts: the data acquisition, the pre-
processing of GNSS data and finally the estimation of
the PCC. Results of obtained PCC for different types of
antennas that are widely used in the IGS network are
shown in Section 4 including the analysis of repeatability
of different calibrations (Section 5.1) as well as the repeata-
bility with different receivers (Section 5.2). Consequently,
in Section 6 the validation of the PCC in the observation
and coordinate domain is presented. Section 7 closes the
paper with conclusion.
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2. Theoretical background

The quality and reception properties of the GNSS
receiving antenna depend on various parameters
(Stutzman, 2013) including on the one hand, the individual
design parameters (gain, multipath reduction, stable PCC,
low-loss data transmission with an optimum voltage stand-
ing wave ratio (VSWR), optimum impedance, ground
plane, etc.). On the other hand, its response to reflecting
and conducting materials in the vicinity has to be consid-
ered. Therefore, various compromises have to be made
during the design and production process of GNSS receiver
antennas (Rao et al., 2013). As a consequence, the electric
phase centre, which represents the location where the
actual measurement takes place, is changing with the direc-
tion of the satellite signal and differs from an ideal omni-
directional pattern.

In order to obtain ultimate quality for GNSS position-
ing, adequate corrections (known as PCC) must be applied.
Traditionally, the PCC is arbitrarily subdivided into the
phase centre offset (PCO) projected on the line-of-sight
é(o*, 2%, and the azimuth o and zenith angle z dependent
phase centre variations (PCV). Due to the relative charac-
ter of GNSS observations (i.e. pseudo-ranges), a constant
part r is also present, which is linked to the receiver clock
in case of field calibrations or to the ambiguities in the net-
work analyzer in case of chamber calibrations. This con-
stant parameter cannot be resolved without additional
information.

PCC(o*,2) = —PCO - (o, 2*) + PCV (", 2") + 1 (1)
In order to provide a unique solution, a datum has to be
defined to remove the rank deficiency of the analysis set-
up. This is typically done either by constraining the correc-
tions at zenith to zero (zero zenith constraint) or by a zero
mean constraint over the whole or a part of the antenna
hemisphere (Rothacher et al., 1995).

Following the conventions of the IGS, the PCC are
expressed in an antenna fixed left-handed coordinate sys-
tem, where the positive z-axis points into the antenna
bore-sight direction and the x-axis in the direction of the
antenna’s north mark, which is mostly the antenna cable
connector. The origin of the coordinate system is located
at the antenna reference point (ARP), which is situated at
a mechanically accessible point, usually the substructure
of the antenna. Fig. | shows the geometrical interpretation
of the PCC in a sketch, where ¢ indicates the line-of-sight
(LOS) unit vector towards a specific satellite k.

The GPS and GLONASS L1 and L2 PCC are provided
in the ANTEX format by the IGS and its antenna working
group. The PCV are tabulated as a grid with a typical res-
olution of 5° azimuth and 5° zenith steps from 0° to 360° in
azimuth and 0° to 90° in zenith direction. Along with it, the
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Fig. 1. Sketch of the geometrical interpretation of the PCC. The red
dashed line indicates the theoretical onmi-directional radiation pattern of
a GNSS receiver antenna while the solid line represents the real pattern.
Differences between ideal and real phase front are defined as PCC. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

PCO is published as a 3D offset vector of the mean phase
centre location with respect to the ARP (Rothacher and
Schmid, 2010).

When different sets of PCC of the same antenna (e.g.
PCC,, PCC,) are compared, it is important to take (i) dif-
ferences in PCO and (ii) different datum definitions cor-
rectly into account. The best is to compare only the total
PCC since they contain all information. If PCV are of
interest, for (i) a transformation has to be done

PCV5(a,z) = (PCO, — PCOy) - &(a,z) + PCV (o, z) + Ar
(2)

to relate the different PCC to a common PCO set (Menge
et al., 1998); here shown as an example for PCC,, assuming
that PCO, is the common PCO. After transformation on
PCO,, PCV , can be compared to PCV,

Since the datum definition of each calibration facility is
generally not reported, a datum transformation as known
in other geodetic context, like e.g. geodetic networks, can-
not be applied. Subsequently, Schén and Kersten (2013)
proposed different comparison strategies. Especially the
datum independent spread (s= PCCpux PCCin)
should be chosen to compare different sets of PCC by
As= (PCC,,,, - PCCy,) - (PCC,,,, - PCCy,).

3. Methodology of calibration
3.1. Data acquisition

In order to estimate absolute PCC in the field, IfE uses a
circa one meter high industrial robot with 5 degrees of free-
dom. It can precisely rotate and tilt the AUT in short time
intervals (A =~ 1s) around a fixed point in space with a
repositioning accuracy of about 0.25 mm (Kersten, 2014).
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Fig. 2. Calibration set-up at IfE. In the front the robot with the AUT (in
this case LEIAR25.R3) can be seen. At a distance of about 8 m the
reference station is located.

At a distance of approximately 8§ m, a geodetic reference
antenna is set up (LEIAR25.R3 LEIT) as shown in
Fig. 2. Both antennas are connected to the same type of
receiver. An external frequency standard (Standard Rubid-

ium FS725) with a stability of < 2-107"" is linked to the
receivers, so that the individual receiver clock drift is iden-
tical at both receivers (Kersten, 2014). Predefined
sequences of movements for the robot position are used
that are slightly adapted to the GPS satellite geometry,
i.e. the actually visible satellites.

During the calibration, which takes about 4 h depending
especially on the weight and height of the AUT, the GNSS
raw data of both receivers as well as the movements of the
robot with the corresponding timestamps are logged. With
these orientation parameters and the observations, the data
can be processed in a post-processing approach for the
PCC estimation.

3.2. Data preprocessing

First, the common timestamps are compared between
the GNSS raw data and the robot poses when the robot
is not moving. Subsequently, the actual position of the
AUT is calculated using the robot calibration values for
the arm lengths and the remaining offsets between the
robot modules determined by the laser tracker (Kersten,
2014, p. 56 ff). Afterwards, the azimuth and elevation angle
of the satellite is transformed into the antenna frame.
Finally, time-differenced receiver-to-receiver single differ-
ences (dSD) are computed, so that most of the GNSS error
budget, such as signal propagation errors by ionospheric or
tropospheric refraction, orbit errors and common parts of
the receiver clock errors are cancelled on the 8§ m baseline.

Thanks to these time differences, the ambiguity term is
removed as well as the impact of the PCC of the second
antenna at the reference station. Furthermore, due to the
short time intervals between subsequent epochs multipath
effects are strongly reduced since the station’s surroundings
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Fig. 3. Process chain of the data acquisition and analysis at IfE. The
resulting dSD are used afterwards for the PCC estimation.

do not change. The phase-wind up (PWU) effect (Wu et al.,
1993) is modelled using the robot pose so that subsequently
the corrected dSD only contain the PCC of the AUT plus
noise €

dsD" = PCC*,(t:11) — PCCY ., (t;) + €ty tiy1). (3)

Fig. 3 summarises the data acquisition and analysis.

3.3. PCC estimation

The PCC are typically parameterised by spherical har-
monic (SH) functions using degree m = 8 and order

n = 8. Eq. (4) shows the SH with P denoting the fully nor-
malised Legendre function, z and o« the zenith and azimuth
angle to satellite k£ in the antenna frame, and a,,, together
with b,,, the unknowns which are estimated in a least-
squares adjustment.

Mmax M

PCC(d*,2) =Y P(cos?)-

m=1 n=0

(4)
(@ncos(no) + by,sin(not))

Eq. (5) gives the functional model for the least-squares
adjustment. The design matrix 4 is filled with the partial
derivatives of Eq. (4) with respect to the unknowns and
dSD is the vector of dSD observations. In a first step, all
observations are equally weighted.

(5)

The design matrix A is set up epoch-wise for each satel-
lite k so that the normal equation matrix /V; for each satel-
lite reads

Ny = A, A,

= (474)"" - A"asD

(6)
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and is then added up over all satellites

ktax

N = ZNk.
k=1

The stacking is performed equivalently for the right side
of the normal equation system

n = ATdSD,

(7)

(8)

=~

Max
ny.
1

N

©)

=~
Il

As only observations are present on the upper hemi-
sphere of the antenna, the normal equation matrix N is
poorly conditioned. To improve the condition, coefficients
a,, and b,, with an odd index sum (e.g. gy, by, az) are
restricted to zero since they express the anti-symmetry
between the upper and lower half of the sphere:

~ N R
= (10)
R 0
with R being the restriction matrix and
~ n
n= 11
H (1)

for the right side. By inverting /V, the normal equation sys-
tem is solved for the unknowns a,, and b,,,

i=N"'.n. (12)

Next, the grid values are obtained. To this end, the esti-
mated unknowns are inserted into Eq. (4) with azimuth
angles from 0° to 360°, zenith angles from 0° to 90° and
a step size of 5°, respectively. Subsequently, the PCC grid
is transformed into PCO and PCV. In this step, the zero
zenith constraint is explicitly formulated. Finally, a con-
stant PCO part and the corresponding PCV are written
into the ANTEX format.

Currently, the individual frequencies are denoted as
GO1, G02 and RO1, R02, respectively, in the ANTEX file.
However, due to newer frequencies but especially due to
different tracking algorithms of the receivers a transition
of the frequencies specifications to the Receiver Indepen-
dent Exchange Format (RINEX; IGS (2015),IGS (2015))
convention would not only be reasonable but also more
consistent for the users, if significant differences are
confirmed.

In addition, equivalently to PCC, antenna specific code
phase corrections (CPC) — also known and used as group
delay variations (GDV) — can be estimated for GNSS
receiving antennas, see Wiibbena et al. (2019),Kersten
(2014) for robot calibration, Caizzone et al. (2019),
Garbin et al. (2018) for chamber calibration for aviation
and time transfer, respectively, and Wanninger et al.
(2017) for a determination from a global network. The
CPC reach orders of magnitudes of some dm that should
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Fig. 4. CPC for LEIAR25.R3 LEIT for GC1C and ECI1X.

no longer be neglected (Beer et al., 2019; Kersten and
Schoén, 2017).

For instance, Fig. 4 shows CPC, which were estimated
at IfE, for a LEIAR25.R3 LEIT antenna. It can be seen,
that the GC1C corrections are in a range of up to 45 cm
whereas the corrections for EC1X are smaller and reach
a magnitude of approximately 30 cm (Breva et al., 2019).

Thus, future work is needed to focus on the additional
integration of CPC into the ANTEX format. Table 1
demonstrates exemplarily for GPS and Galileo, how the
frequency specification would change. As it can be seen
from the table, for each frequency band and system cur-
rently one single specifier is defined in the ANTEX file,
e.g. GO1 for GPS frequency band L1. However, this spec-
ifier encompasses different tracking algorithm like GL1C
and GL1X. Therefore, with this type of specifier it would
not be possible to introduce CPC/GDV into the ANTEX
file in a consistent way.

4. Estimated PCC

During February and August 2019 several calibrations
of different antennas and antenna types have been carried
out at IfE. Fig. 5 shows the resulting PCC (including
PCO and PCV) for GPS and Galileo frequency band L1/
El and L5/E5 for a LEIAR20 LEIM antenna.The gridded
PCC are transformed into polar coordinates for a better
representation. Here, the centre of the individual figure rep-
resents the zenith direction while the local antenna horizon
is depicted at the border. For reasons of clarity of represen-

Table 1

tation, the PCC are transformed by
PCC' = PCC — cos(z) PCOy, so that the corrections are
zero at zenith (i.e. the centre of the plot) and the up-
component of the PCO is fully visible at the horizon. It
can be seen, that the PCC reaches up to 15 cm. Moreover,
the frequency dependency becomes clear since the PCC of
GL1C and EL1X as well as GL5X and EL5X, respectively,
have similar behaviour inside the bands, but show differ-
ences for the different frequency bands. Furthermore, only
marginal variations in azimuth can be observed whereas
larger elevation-dependent variations are present. Fig. 6
presents the estimated PCC for LEIAR25 LEIT. The
PCC data for this antenna is provided on our institutional
data repository (Kroger et al., 2019). The same behaviour
of the PCC as in Fig. 5 can be observed: only marginal
variations in azimuth are present. However, the PCC have
a slightly higher magnitude at low elevations.

In Fig. 7 the calibration results for antenna
NOV703GGG.R2 are shown. The PCC data is also avail-
able in ANTEX format for further investigations (Kroger
et al., 2019). This is a smaller rover antenna (see Fig. 14,
in the foreground) with a maximum PCC of circa 7 cm
at low elevations. However, small variations in azimuth
range can be observed especially for L5 at low elevations
and for instance an azimuth angle between 180° and 270°.

Fig. 8 depicts the differences of PCC (A PCC) between
similar frequencies of GPS and Galileo. Differences up to
3.91 mm at low elevations can be seen in Fig. 8(a) for
L1, whereas the differences As of the datum independent
spread is 1.67 mm. Similar behaviour is observed in

Frequency specification corresponding to RINEX observation codes and their transition into ANTEX format, exemplarily shown for carrier phases.

GNSS System ANTEX Band RINEX signal and channel specifier
GPS GO01 L1 GLI1C, GL1S, GLIL, GL1X, GL1P, GL1W, GLIM, GLIN
G02 L2 GL2C, GL2D, GL2S, GL2L, GL2X, GL2P, GL2W, GL2Y, GL2M, GLIN
GO05 LS GLSI, GL5Q, GL5X
Galileo EO1 El ELIA, ELIB, ELIC, EL1X, EL1Z

EO05 ES5a EL5Q, ELSI, ELSX
E07 ESb EL7Q, EL71, EL7X
EO08 ESab EL8Q, EL8I, EL8X
E06 E6 EL6Q, EL6I, EL6X
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Fig. 6. PCC for LEIAR25.R3 LEIT for GL1C, GL5X, EL1X and EL5X.
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Fig. 8. A PCC for LEIAR20 LEIM between similar frequencies of different GNSS.

Fig. 8(b) for L5. Here, the maximum difference is 3.28 mm
and the spread 0.17 mm.

Comparable results are also obtained if the respective
PCC are estimated with an approximately same number
of GPS and Galileo observations per 5° elevation bin.
The number per azimuth bin were not adapted since the
observations are in this case more equally distributed. This
suggests, that not only frequency specific but also system
specific PCC should be provided. Since the A PCC is not
restricted to zero, an offset in the up-component APCOy,
between the two GNSS is present at zenith. For L1/EI it
is 1.24 mm and for L5/E5 1.26 mm, respectively. However,
the differences of the north and east component of the PCO
are below 0.3 mm for L1 and smaller than 0.2 mm for L5.
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5. Repeatability of estimated PCC
5.1. Repeatability of individual calibration

In order to assess the repeatability of the estimated
PCC, multiple calibrations of the same antenna (LEIAR20
LEIM) were performed in August 2019. Fig. 9(a) shows the
elevation-dependent A PCC between DOY224 and
DOY?225. The same receivers and receiver settings were
used in these two different calibrations. As the robot oper-
ation was optimised for the current GPS satellite geometry,
the robot poses are not exactly identical but quite compa-
rable. Differences are less than 1 mm for GL1C, ELIX
and EL5X. For GL5X, however, the differences are larger
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Fig. 9. A PCC obtained by different calibrations of the same antenna
(LEIAR20 LEIM), (a) elevation-dependent A PCC, (b) cumulative
histogram of absolute A PCC for various frequencies/signals.

Table 2

Characteristic values of the cumulative histogram for repeated calibrations
of receiver antenna pattern for LEIAR20 LEIM for different signals and
frequencies (see Fig. 9(b)).

Frequency <68.3% <95.4% <99.7%
[mm)] [mm] [mm]

GLIC 0.4 1.3 2.3
GLs5X 1.0 1.7 2.3
EL1X 0.5 1.0 2.3
EL5X 0.5 1.5 2.3

than 1.5 mm, which can be explained by the fact that only
12 GPS satellites transmit this rather new frequency, so
that fewer observations are available with a standard cali-
bration (see Fig. 10). In addition, Fig. 9(a) reveals that the
highest differences are found at low elevation angles, which
is due to the zero zenith condition.

Fig. 9(b) shows the cumulative histogram of absolute
A PCC, where in this case not only the elevation but also
variations in azimuth are considered. In addition to
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Fig. 10. Total number of observations (dSD) during a standard calibra-
tion for the investigated frequencies.

Table 3
RMS and Spread for A PCC which have been estimated with Septentrio or
Javad receiver for LEIAR25.R3 LEIT.

Frequency GO1 GO05 EO1 E05
RMS [mm] 0.32 0.20 0.32 0.24
Spread [mm] 0.24 0.60 0.02 0.76
:<—Dis\‘am:e ~8m——>
robot with reference
AUT station
JAVAD Septentrio JAVAD Septentrio
Delta TRE_G3T PolaRx5TR Delta TRE_G3T PolaRx5TR

Fig. 11. Sketch of the zero baseline set-up at IfE to analyse the impact of
the used receiver on the resulting PCC.

Fig. 9(b), Table 2 lists some characteristic values. From
the table and diagram it is quite obvious that for GPS
L1C (Galileo EL1X and EL5X) 64% of the differences
are below 0.4 mm (0.5 mm). The high difference to GPS
L5X (1.0 mm, see Fig. 9(b)) is again mainly due to the sig-
nificantly reduced number of satellites transmitting this sig-
nal. This aspect must be taken into special consideration
when analysing the repeatability of the results.

5.2. Repeatability with different receivers

During the calibration of the antennas, geodetic recei-
vers are used to log raw GNSS data. As the combination
of antenna and receiver affects the PNT results, receivers
of different brands have been used in a zero baseline config-
uration for the calibration in order to analyse their impact
on the estimated PCC (see Fig. 11). Fig. 12 shows the dif-
ference patterns between the Javad Delta TRE_3GT and
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Fig. 12. Difference pattern between estimated PCC using Javad Delta TRE_G3T or Septentrio PolaRx5TR receivers for LEIAR25.R3 LEIT on DOY239.

Septentrio PolaRx5TR receiver for LEIAR20 LEIM. Note
that Septentrio uses 5Q and Javad 5X as tracking algo-
rithm. It can be seen, that differences up to £1.2 mm for
all four investigated frequencies occur. Table 3 summarises
the differences in terms of the RMS of the A PCC as well as
the datum independent spread. The RMS is less than
0.35 mm and As is maximum 0.76 mm.

Fig. 13 underlines the differences between calibrations
with different receivers. Elevation-dependent APCC for
GLIC, GL5X, EL1X and EL5X are summarized in
Fig. 13(a). Due to the zero zenith restriction, the largest
PCC differences occur at low elevations. Furthermore,
Fig. 13(b) shows that for the L5 frequencies smaller
A PCC are present, although different tracking algorithms
are applied to these frequencies (e.g. GL5Q for Septentrio,
GL5X for Javad receivers). Nevertheless, a frequency
dependency can be observed, since the -elevation-
dependent A PCC of GL1IC and EL1X show a similar
behaviour. The same is visible for GL5X and EL5X.

Fig. 13(b) shows the cumulative histogram of absolute
A PCC values estimated with different receivers. In this case
azimuthal and elevation-dependent PCC are considered.
There is evidence that almost all A PCC are less than
1 mm. The black dotted line indicates a level of 95%, so
it is obvious that for all frequencies 95% of the differences
are equal or less than 0.65 mm.

6. Validation of estimated PCC

The independent validation of PCC patterns is compli-
cated (Kallio et al., 2018), since by definition GNSS are
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only one-way ranging systems and therefore no absolute
range can be obtained but only pseudo-ranges or relative
measurements. In the following subsections, we validate
our calibration result using a short baseline common-
clock approach. We analyse how the variations of the SD
can be explained by the PCC patterns in the observation
domain. In addition, we validate different PCC patterns
in the coordinate domain in relative positioning mode
using well controlled reference coordinates. For both cases
we select antennas with different PCC patterns so that the
patterns are not eliminated already by single or double
differencing.

6.1. Controlled validation setup

A practical experiment was carried out at IfE in order to
validate PCC patterns of different institutions in the obser-
vation domain. Fig. 14(a) presents the surrounding of the
geodetic pillars equipped with the used broadband GNSS
antennas — in the foreground a NOV703GGG.R2 NONE
on MSDS5 and in the background a LEIAR25.R3 LEIT
on MSD6. Both pillars have a distance of 7.504 m. Precise
coordinates were determined 2018 with sub millimetre
accuracy in a local GPS/GLONASS L1 network solution.
Terrestrial measurements by total station and precision lev-
elling confirm theses coordinate differences between the
geodetic pillars at the level of 0.3-0.4 mm.

The receivers at both stations (Javad Delta TRE_G3T)
have been linked to a common external frequency stan-
dard. This constellation provides a common-clock short
baseline setup. The GNSS measurements were carried out
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Fig. 13. Impact of different receivers on the estimated LEIAR25.R3 LEIT PCC, (a) elevation-dependent A PCC, (b) cumulative histogram of absolute
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Fig. 14. Measurement setup at IfE. The labelled antennas are used for a short baseline, common clock experiment to validate estimated PCC in the
observation domain (a) and in the coordinate domain (b).

Table 4

Experimental setup for validations in the observation as well as in the coordinate domain. Both times, a NOV703GGG.R2 NONE and a LEIAR25.R3
LEIT antenna are used on the geodetic pillars.

Validation strategy Baseline length [m] Geodetic pillars Used receivers Data rate
Observation domain 7.504 MSD5 - MSD6 Javad Delta TRE_G3T ls
Coordinate domain 20.643 MSDS5 - MSDS Septentrio POLARXS5TR 15s
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from February 8th (DOY 039) to 11th (DOY 042) in 2019
with a data rate of 1 Hz.

The experiment to validate PCC patterns in the coordi-
nate domain was carried out from June 10th (DOY 162) to
21st (DOY 173) in 2020 based on 15 sec data sampling

Advances in Space Research 68 (2021) 4932-4947

using the same type of antennas. Here, the geodetic pillars
MSDS5 and MSDS8 are used, see Fig. 14(b). In order to
strongly separate the NOV703GG.R2 rover antenna from
the station surrounding, an adapter with a height of
approximately 16 cm is used. At both stations Septentrio
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Fig. 15. Comparison of GNSS single differences (SD) on a short baseline with common clock w.r.t. patterns of different approaches (IfE, University Bonn
and Geo++). Here, patterns of the used NOV703GGG.R2 and LEIAR25.R3 LEIT are evaluated.
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POLARXSTR receivers are linked to an external frequency
standard so that again a common-clock short baseline
setup with a baseline length of 20.643 m is provided.
Table 4 summarises the experimental setups for both vali-
dation strategies.

6.2. Validation in the observation domain

To validate the PCC in the observation domain,
receiver-to-receiver SD are calculated with respect to the
reference coordinates. They contain the difference of the
PCC but also the phase ambiguity and a constant initial
differential receiver clock error. To avoid big drifts of the
SD time series that complicates the comparison of different
PCC, an arbitrary height offset d was applied to the obser-
vations of all frequencies. It is chosen as the mean PCOy,
of GOl and GO2 of the respective antennas; here d =
58.27 mm for NOV703GGG.R2 and d = 160.63 mm for
LEIAR25.R3. An integer SD ambiguity Ny has been indi-
vidually subtracted from each satellite arc & with 4 denot-
ing the wavelength of the respective signal

Ny = round(median(SDy) /1) - A. (13)

Since the SD are not zero mean distributed due to a con-
stant differential receiver clock error between the two sta-
tions, a constant part (median) of all SD has been
removed. Fig. 15 presents the obtained SD in grey for
DOY040 for selected GPS and Galileo satellites. An eleva-
tion mask of 15° has been applied to the observations in
order to strongly reduce multipath effects due to the chal-
lenging surroundings.

The PCC estimated at IfE (red) are compared and vali-
dated with chamber calibration results from University
Bonn (yellow) available from the European Permanent
GNSS Network (EPN) and field calibrations from the
IGS, published in the official ANTEX file (blue). Since
there are no chamber calibrations available for

Table 5
Mean and maximal improvements of SD in terms of standard deviation o
if IfE PCC are taken into account.
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NOV703GGG.R2, the PCC of LEIAX1202GG are used
instead, which has a similar antenna design. Although the
ANTEX file to be used for repro3 can be downloaded on
the IGS website, these PCC are not taken into account in
this validation, since neither Galileo corrections for
NOV703GGG.R2 nor a comparable antenna are provided.
Since all methods can only determine the shape but not the
absolute value of the PCC (remember the unsolved con-
stant part r in Eq. (1)), all PCC patterns are shifted by a
common offset best fitting the ensemble of the SD time
series.

It can be seen, that the PCC of IfE and PCC of IGS
show a good agreement and fit well the SD. Moreover,
small differences between the PCC of IfE and PCC of
University Bonn can be observed, especially for GL5X
and EL1X. This can be explained on the one hand by the
different handling of the datum definition (IfE uses zero
zenith constraint, University Bonn probably a zero mean
constraint) and on the other hand by the use of a slightly
different antenna type (LEIAX1202GG instead of
NOV703GGG.R2) for PCC of University Bonn.

Table 5 summarizes the mean and maximal improve-
ments in terms of standard deviation ¢ if IfE PCC are
taken into account. The best improvement is present for
GLI1C. Comparable improvements can be seen for GL5X
and EL5X. Furthermore, a reduction of the mean value
of the standard deviation by up to 2.6 mm for GLIC
(77%) and EL1X (35%) can be reached. If IGS or Univer-
sity Bonn PCC are applied, the mean standard deviation
can be reduced to a similar order of magnitude.

6.3. Validation in the coordinate domain

The impact of the PCC patterns on the parameters was
evaluated for GPS and Galileo using the Bernese GNSS
Software (Dach et al., 2015) with consistent multi-GNSS
products (Dach et al., 2018). We computed the topocentric
coordinate differences of the short baseline when applying
different PCC patterns from chamber and robot, see
Table 6. Individual daily batches are combined at the nor-
mal equation level. For each frequency and linear combi-
nation the whole processing was repeated independently.

F . . .
requency Go M%7 An approximate number of 100 000 observations were used
0, 0,
gi;f( ++1(1)j ++3;0j’ for GLI, G L2, G L0, G L0+ T and GE L1/L5, 1136713
0 0
ELIX 8% P for ELI and E L}/LS apd 1227667 for GE L1.
EL5X +3% +15% The GPS solutions with troposphere estimates (L1+T,
L2+T, L0+T) are processed using a parameter spacing of
Table 6
Summary of tested PCC patterns obtained with different calibration methods.
ID Method Remarks
IFEI robot IfE, individual, operational robot calibration (Wiibbena et al., 2000)
IFE2 robot IfE, individual, new method (Kroger et al., 2019)
I1GS1 robot IGS (GPS week 2101), type mean (IGS, 2019b)
BONN chamber University Bonn, type mean, assuming LEIAX1202 pattern identical with that of NOV703GGG.R2 (EPN, 2019)
1GS2 robot IGS-R3 (GPS week 2077), type mean for IGS Repo3 (IGS, 2019a), only different values for the Leica AR25, values

NOV703GGG.R2 identical with IGS1

4943



J. Kroger et al.

1 h for site specific troposphere estimates of station MSD5
only. The Global Mapping function (GMF; Bohm et al.
(2006),Bohm et al. (2006)) is applied.
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[mm]

Fig. 16. Topocentric position deviations w.r.t. ground truth when applying several PCC patterns, (a) IFE1 as the operational solution from a typical robot
calibration, (b) IFE2, the new multi-GNSS method, (c) the current IGS type mean, (d) BONN as chamber obtained type means, and (e) IGS2 as the IGS-
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Fig. 16 presents the resulting topocentric coordinate dif-
ferences to the reference coordinates, when applying differ-
ent patterns. For all single frequency solution, e.g. GPS
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GL1, GL2, Galileo EL1, as well as a combined GELI anal-
ysis, similar deviations to the reference solution below the
3 mm level are obtained. When forming the ionosphere-
free linear combination (GLO) of GL1 and GL2, the devi-
ations are changed accordingly to the coefficients of the
ionosphere-free linear combination (roughly 2.54 and
—1.54 for GPS L1 and L2, respectively). For the IGS pat-
terns this leads to an amplification of the deviation.

The parameter estimation including Zenith Wet Delays
(ZWD) increases the height deviations up to 4-6 mm while
the horizontal coordinate components stay unchanged, see
solutions named L1+T, L2+T, LO+T. This is partially an
apparent height shift in the relation of 1:-3 between
ZWD and height due to the high correlation between sta-
tion height and troposphere estimates, although physically
no tropospheric delay is present in the double difference
observations of the short baseline (Schon et al., 2016;
Krawinkel et al., 2014). In addition, these increased devia-
tions can reflect unmodelled station specific effects, like
multipath, near field effects, or potential deficiencies of
the PCC patterns, (Dilssner et al., 2008; Kersten and
Schon, 2016). It is worth noting that the solution with
chamber calibrations from University Bonn should be
interpreted with care since no calibration values for the
NOV703GGG.R2 antenna are available and we used the
pattern from Leica AX1202 instead, which has also a
pin-wheel antenna design.

7. Conclusion

In this paper, we presented our current strategy for
absolute multi-frequency multi-GNSS PCC receiver
antenna calibration with a robot in the field. Using three
antennas that are widely used in the GNSS community as
examples, we have shown that the approach at IfE can
achieve absolute PCC for various signals, including the fre-
quencies of GPS L5 and Galileo.

In order to evaluate the approach, a first comparison at
the pattern-level is performed. We present a good repeata-
bility of the estimated PCC since the elevation-dependent
patterns agree better than 1 mm except for GL5X. Larger
differences for this frequency can be explained by less trans-
mitting satellites. The repeatability could be improved, if
the same robot movements and same calibration times
(taking sidereal satellite geometry repeatability into
account) were used. The calibration results also suggest
system specific deviations for the L1 to El1 and L5 to ES5
patterns, respectively, at the max. 4 mm level. These differ-
ences are larger than the impact of different receivers (max.
1.2 mm) but within the repeatability of the estimated PCC
(<2.5 mm). However, further confirmation is needed.

A second evaluation was performed at the observation
domain for single differences on a short baseline with differ-
ent antennas. The receivers were connected to the same
atomic frequency reference. The corrections show a good
agreement following the mean curve of the measured single
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differences. For GPS L1, with IfE and IGS PCC almost
similar results were obtained.

A third evaluation was carried out in the coordinate
domain, estimating topocentric coordinate differences with
various PCC sets and for several linear combinations. We
showed that for L1 and El as well as the combination of
these frequencies, all coordinate solutions are quite similar
and result in high accuracy. The differences of our new
solution to the reference are for most frequencies below
1 mm for horizontal and less than 2.2 mm for the height
component when using different antenna types at the two
endpoints of the short baseline. The deviation for
ionosphere-free linear combinations changes according to
the coefficients used for computing the respective linear
combinations. Finally, the estimation of tropospheric
zenith wet delays leads to apparent height shifts for all
applied PCC due to the high correlation between height
and tropospheric parameters. Consequently, all estimated
parameters (including tropospheric delays) have to be anal-
ysed when comparing the impact of different PCC on the
estimated parameters.

Data availability

The PCC estimated with the newly developed multi-
frequency multi-GNSS calibration process at IfE are freely
accessible in ANTEX format for further comparisons and
evaluations under the doi https://doi.org/10.25835/
0075279 (Kroger et al., 2019).
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