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Abstract
With the advancement of multi-GNSS systems, the field calibration of GNSS receiver antennas has been updated at Wuhan
University. Benefiting from the use of a six-axis robot that can change its position and attitude precisely, multisession
calibration experiments were implemented for several antennas of two types. The calibrations show a high stability of 1 mm
for both the phase center offset and phase variation estimation. Compared to the models disclosed in igs14.atx and igsR3.atx,
phase center correction differences at the 1 mm level can be obtained for most signals for elevation angles above 15°. For
lower elevations, the consistency with the reference model increases to 2–3 mm or more. The consistency of calibrations with
different receivers was investigated, and root mean square of differences between these models was better than 0.15 mm. In
a short-baseline positioning experiment, the coordinate discrepancies introduced by an antenna phase center (APC) model
between GPS and BDS-3 signals could be significantly reduced to the 1 mm level. Compared to the reference coordinates,
the positioning accuracies for GPS and BDS-3 were both less than 2 mm with the adoption of the calibrated APC model.
The multi-GNSS calibration system tested in this experiment is preliminarily proven reliable and could be applied to future
antenna calibration for multi-GNSS applications.

Keywords Receiver antenna · Phase center correction · PCO · PCV · Absolute field calibration · BDS-3 · Short-baseline
positioning

1 Introduction

With the advancement of global navigation satellite systems
(GNSSs), an increasing number of high-precision applica-
tions are being developed, which demandmore sophisticated
theories and methods to address carrier phase observations.
Therefore, various correction models in carrier phase pro-
cessing must be carefully handled. Antenna phase center
(APC) models are one such vital models class.

In the use of an antenna, the reception or transmission
position of the navigation signal is not fixed, but varies with
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the signal direction. This variation will lead to direction-
dependent delays in phase observations. Thus, phase center
correction is of interest in high-precision application which
has led to continuous antenna calibration research.

In early works, APC models were calibrated using an
anechoic chamber (Schupler 2001; Tranquilla and Colpitts
1989). In the 1990s, many researchers devoted much effort
to finding an appropriate model to represent the APC. Mader
(1999) proposed the relative calibration implemented at the
National Geodetic Survey (NGS). In this relative calibra-
tion, the antenna is calibrated in the field using a static short
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baseline. An AOAD/M_T antenna as a reference antenna
is assumed to have zero phase variation, and the antenna
model is estimated with respect to this reference antenna.
This type of relative model can be applied to small-scale
networks in which the orientations of the antennas do not
differ much and the mutual bias introduced by the APC
can be eliminated through differencing observations between
stations. For a long baseline, however, especially an inter-
continental baseline, the antenna orientations at the two ends
of the baseline are no longer the same, which will cause
systematic errors that can reach even the centimeter level
(Wübbena et al. 2000). In addition, a satellite, due to its orbit,
will have difficulty covering all directions of the antenna
hemisphere within an acceptable period, which will cause
observation gaps in the relative calibration. This relative
model nevertheless played a prominent role until igs05.atx
emerged (Schmid et al. 2016). This model usually provides
an elevation-dependent-only APCmodel above a certain cut-
off angle.

Considering these drawbacks, Wübbena et al. (1997) and
Menge et al. (1998) proposed a new method that is free of
any reference antenna and capable of estimating an abso-
lute phase center model. This new method uses a robot to
rotate and tilt the antenna to be calibrated under the control
of external commands, such that the controlled movement of
the antenna makes the satellite cover the antenna hemisphere
as densely anduniformly as possible. Thismakes it feasible to
provide an APC pattern with full coverage in both elevation
and azimuth angles. The speed of the absolute calibration
procedure also benefits from the robot’s swift movement
capabilities. The consistency between such an absolute cali-
bration and calibration in an anechoic chamber can reach the
1mmlevel (Görres et al. 2004, 2006),whichdemonstrates the
high reliability and accuracy of absolute calibration. In 2010,
the NGS converted its relative calibration procedure into an
absolute calibration (Bilich andMader 2010).Huet al. (2015)
built facilities to implement absolute antenna calibration in
2015. At present, absolute field calibration with a robot is the
mainstream approach to ground antenna calibration.

In the GNSS community, the International GNSS Ser-
vice (IGS) (Johnston et al. 2017) has played an important
role at the research frontier. The IGS provides various GNSS
products with the highest standard. Different working groups
(WGs) have been established by the IGS to lead the research.
The antenna working group (AWG) is one of those WGs.
Early on, the IGS adopted relative antenna models cali-
brated by the NGS for data processing but switched to
the igs05.atx absolute model in 2006. To date, igs08.atx,
igs14.atx and igs20.atx have been successively released fol-
lowing the ANTenna Exchange format (ANTEX; Rothacher
andSchmid 2010), and all are consistentwith the correspond-
ing International Terrestrial Reference Frame (Altamimi
et al. 2007, 2011, 2016).

In the IGS antennamodel igs14.atx,more than 300 ground
antennas have been calibrated, of which approximately 200
have been individually calibrated with robots by the NGS
(Bilich and Mader 2010; Mader 1999), GEO++ (Schmitz
et al. 2008; Wübbena et al. 2000), Institut für Erdmessung,
Leibniz University Hannover (IfE) (Menge et al. 1998), Geo-
science Australia (Riddell et al. 2015) and Senatsverwaltung
für Stadtentwicklung und Wohnen, Berlin (SenStadt); 81
have been calibrated in a relative way with respect to a com-
mon antenna at the NGS, and these relative calibrations have
been converted to absolute models by adding the reference
antenna absolute corrections. The statistics of the current
antenna calibration status in igs14.atx are listed in Table 1.

By the end of 2020, there were four major satellite nav-
igation systems, including GPS, GLONASS, BDS-3 and
Galileo, providing global services. In addition, the Quasi-
Zenith Satellite System (QZSS) and Indian Regional Navi-
gation Satellite System (IRNSS) provided regional services.
Meanwhile, the IGS initiated the Multi-GNSS Experiment
(MGEX) Pilot Project (Montenbruck et al. 2017) in 2011 and
aims to gradually expand its service from GPS/GLONASS
only to multiple GNSSs. The number of stations that are
capable of tracking new signals from multi-GNSS constel-
lations is continually increasing, and more analysis centers
are gradually beginning to provide multi-GNSS products.
Thesemulti-GNSS developments demand correctionmodels
for multiple signals. However, in terms of ground APCmod-
els, only GPS signals (L1, L2) and some GLONASS signals
(R1, R2) are available until igs14.atx, which is insufficient
to satisfy the needs of multi-GNSS users. In recent years,
researchers have focused on the estimation of APC models
for multiple signals, and the results for GPS L5 and Galileo
E1/E5a/E5b/E5/E6 have been revealed in Breva et al. (2019),
Willi et al. (2018), Willi et al. (2020), while the results for
BDS-2 signals were presented in Wang et al. (2020). In late
2019, the IGSstarted its third reanalysis of historical data, and
igsR3.atx was released with contributions from different cal-
ibration facilities (Villiger et al. 2020), thereafter, igs20.atx
was officially released in 2022. In igsR3.atx and igs20.atx,
some APC models for multiple systems have been updated,
which expand the coverage to (L5, E5a, B2a), (E6, J6), (E5b,
B2b), (E5, B2), B1I, B3I signals, and these updates will pro-
mote the consistency of multisystem products. Nevertheless,
available multi-GNSS products are still insufficient, espe-
cially because only a small part of the APC models covers
the full BDS-3 signals, whichmight hinder better system per-
formance in two respects. On the one hand, a lack of antenna
models will directly cause systematic errors in almost all
high-precision applications, such as PPP solutions or attitude
determination. On the other hand, a lack of antenna models
hinders the improvement of high-precision products, which
also indirectly hinders high-precision applications. Consid-
ering the contradiction between the high demand for and low
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Table 1 Statistics of the
calibration types for ground APC
models in igs14.atx

Calibration method Field (from relative) Robot

Institution NGS NGS GEO++ IfE Geoscience SenStadt

Number 81 1 185 7 5 2

actual availability of multi-GNSS APC models, the aim of
this work was to implement multi-GNSS calibration experi-
ments, with a focus on providing APC correction models for
BDS-3 signals.

In this work, we implemented APC estimation for two
known antennas for both GPS and BDS-3 signals. Then, the
characteristics of theAPC and its estimatewere analyzed and
comparedwith the official models in igs14.atx and igsR3.atx.
The effect of multi-GNSS APC models in short-baseline
positioning has been preliminarily investigated, and the accu-
racy using different APC strategies has been assessed.

The remainder of this manuscript consists of three sec-
tions. The first section aims to introduce the methodologies
used in this work, including the triple-differencing obser-
vation equation and the method used to estimate the APC
model. The second section describes all experimental pro-
cedures and data collection, including the experimental site
environment and the dataset used. The third section analyzes
and discusses the APCmodels derived from field calibration,
with a focus on the application of APC models for BDS-3
signals.

2 APCmodel and calibrationmethodology

2.1 Model for antenna phase center correction

Thiswork adopts awell-known antennamodel (Geiger 1988)
in which the phase center correction (PCC) is divided into
three parts, as shown in Fig. 1. The antenna reference point
(ARP) is a physical point on the antenna used as a refer-
ence to calculate the PCC, and the vector from the ARP to
the mean phase center is defined as the phase center offset
(PCO). Based on the mean phase center, the deviation due to
a different elevation or azimuth angle with respect to an ideal
hemisphere is defined as the phase variation (PV) or phase
center variation (PCV), and the radius of the hemisphere is
denoted by r. In this APC model, the PCO is commonly a
three-dimensional vector defined in a left-handed coordinate
system in which the x-axis points to the fixed north reference
point (NRP) on the antenna and the z-axis points to the bore-
sight of the antenna. The PV of a ground antenna is usually
represented as a grid of ranging corrections in elevation [0,
90] and azimuth [0, 360] at 5-degree intervals. The radius r
of the hemisphere is arbitrary and cannot be precisely mea-
sured, but it will not affect the positioning since it will be

absorbed into the receiver clock or other ambiguities. There-
fore, the PCC can be calculated from the sets of PCO/PV/r
along with the line-of-sight vector e, as shown in Eq. (1),
and users can correct their phase observations in accordance
with the relative attitude between the satellite and receiver
antennas. The model for a satellite is similar, with the eleva-
tion angle replaced by a limited nadir angle due to different
orbital altitudes and satellite coverage. This work focuses on
the calibration of ground APC models.

PCC � −PCO · e + PV + r (1)

2.2 Triple-differencing observation equation

In the basic equation for carrier phase observation, vari-
ous ranging errors are introduced during signal transmission,
propagation and reception. The basic equation for the undif-
ferenced (UD) carrier phase observation is given below.

(2)

Li
A, f � ρ + c ·

(
dtA − dti

)
+ λ f · N f − I f

+ T + PCCA, f + w + mul + ε

In Eq. (2), the superscript i represents different satellites,
while the subscript A represents different receivers and f
represents different frequencies. ρ is the geometric distance
between the antenna phase centers of the receiver and satel-
lite; dtA and dti represent the clock errors of the receiver
and satellite, respectively; N f is the ambiguity of the carrier
phase observation with the corresponding wavelength λ f ; I f
is the ionospheric effect, while T is the tropospheric effect;
w is the phase wind-up correction due to the relative rota-
tion between the satellite antenna and receiver antenna (Wu
et al. 1993) when the navigation signal is polarized; mul is
the multipath error due to the reflection of the signal from
the surroundings; ε is the measurement noise corresponding
to the receiver performance; and finally, PCC is the phase
center correction of the antenna connected to the receiver,
which we attempt to estimate in this work.

To eliminate mutual data processing error, we take the dif-
ference of the raw phase observation equation between the
receiver and satellite, which leads to the double-differencing
(DD) equation shown in Eq. (3). The mutual errors caused
by the orbit or clock cancel out; in addition, atmospheric
delays, including the ionospheric and tropospheric delays,
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Fig. 1 Modeling of antenna
phase center offset and variation.
The antenna reference point
(ARP) is a physical point on the
antenna used as a reference to
calculate the PCC, and the vector
from the ARP to the mean phase
center is defined as the phase
center offset (PCO). Based on the
mean phase center, the deviation
due to a different elevation or
azimuth angle is defined as the
phase variation (PV)

are mostly eliminated due to the high correlation associated
with the short length of the baseline (less than 5 m). The
phase wind-up is caused by the relative rotation between the
satellite and receiver antennas, and it can be strictly corrected
on the basis of the satellite attitude and station antenna orien-
tation. Finally, only the PCC andDD carrier phase ambiguity
remain. In Eq. (3), A and B represent two receivers where B
is connected to an antenna mounted at the robot end and i
and j represent two satellites.

Li j
AB, f

∼� λ f · Ni j
AB, f + (PCCi j

B, f − PCCi j
A, f ) + muli jAB + ε

i j
AB (3)

To eliminate the ambiguity, we take the difference of the
DD equation between adjacent epochs t and t + k, where
the attitudes of the robot at epochs t and t + k are differ-
ent after rotation and tilt. The calibration site is carefully
selected to ensure a low multipath effect with proper deploy-
ment, thereby allowing the multipath error to be alleviated
or reduced throughout the whole data processing period.
Therefore, the multipath error is no longer considered in the
triple-differencing (TD) equation. The measurement noise
is regarded as white noise, which can be alleviated through
averaging over a long-term data span. Cycle slip can be eas-
ily detected because the approximately 200 mm range biases
induced by only 1 cycle slip obviously exceed the range of the
TD equation residual, which is normally within 10 mm. Dur-
ing calibration, the antenna at the base station remains static,

and the antenna mounted on the robot end is swiftly rotat-
ing and tilting, as scheduled by commands from the robot
controller. As a result, the PCCs of the base station change
little during a time span of several seconds and can be elim-
inated through differencing between adjacent epochs, while
the PCCs to be estimated at the robot end remain. Hence,
the triple-differencing (TD) equation is obtained as shown in
Eq. (4).

Li j
AB, f (t , t + k) ∼� PCCi j

B, f (t , t + k) + ε
i j
AB(t , t + k) (4)

In this work, we use the TD observation equation to esti-
mate the APC model of the receiver antenna. The handling
of various errors in the observation equation is listed in Table
2.

It should be noted that the TD processes are performed
during the station differencing, time differencing and satellite
differencing sequences for the convenience of constructing
the covariance for TD observations. The stochastic model for
the TD observation is obtained from a full variance propa-
gation. In this work, the UD observation is independent and
elevation weighted as Eq. (5) shown. Dud is the UD obser-
vation variance, and ele is the elevation angle.

Dud � 0.0022 + 0.0032/sin2(ele) (5)

In the differencing process, UD observations are differ-
enced between stations and epochs for only once; thus,
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Table 2 Errors in observations and their corresponding mitigation
strategies

Error or parameter Strategy

Orbit Eliminated through DD between the
satellite and stationClock

Ionospheric delay Approximately eliminated through
differencing between very short
baselines with high correlation

Tropospheric delay

Phase wind-up Corrected using the wind-up model
(Wu et al. 1993)

Ambiguity Eliminated through TD

Multipath error Smoothed or reduced during a long
observation spanNoise

no correlation of observations is induced in the station-
differencing or time-differencing processes. The DD obser-
vation variance between the stations and epochs is the sum
of variances of four UD phase observations. For the satellite-
differencing process, observations of the reference satellite
are subtracted from the remaining satellites, which causes
correlations between TD observations afterward. The vari-
ance propagation from DD observations between the station
and epoch to TD observations follows Eq. (6)

Dtd � M × Ddd × MT (6)

Here,Ddd is the covariance matrix for station-differenced
and time-differenced observations and Ddd is a diagonal
matrix since no correlation is induced by the station-
differencing and time-differencing processes; Dtd is the
covariance matrix of TD observations; and M is the con-
version matrix from Ddd to Dtd , and the general form of
M is in Eq. (7). The first column of -1 represents the refer-
ence satellite. We finally obtain the covariance matrix of TD
observations through full variance propagation.

M �

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

−1 1 · · · 0 · · · 0
...

...
. . .

...
−1 0 1 0
...

...
. . .

...
−1 0 · · · 0 · · · 1

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

(7)

2.3 Estimation of the phase center parameters

Because the PCO and PV corrections in an APC model are
both related to the azimuth or elevation angle, which causes
high coupling of the PCO and PV, they cannot be separated at
the same time. Therefore, the process of estimating the PCO
and PV is divided into two steps.

First, the PV is omitted, and only the PCO is estimated
from the TD equation using a least-squares batch process.
By substituting Eq. (1) into Eq. (4), the PCO observation is
obtained as shown in Eq. (8).

L � Li j
AB, f (t , t + k)

� − ⇀
pco f ·

[
⇀
e
i j

B, robot(t + k) − ⇀
e
i j

B, robot(t)

]
+ ε

i j
AB(t , t + k)

(8)

The PCO contains three components: north, east and up.

The line-of-sight vector
⇀
e
i j

B, robot (t) in the robot coordinate
frame at time t can be calculated as shown in Eq. (9).

⇀
e (t)robot � M(t)neu2robot · Mxyz2neu · exyz (9)

The line-of-sight vector exyz in ECEF coordinates can be
derived directly from the positions of the satellite and cal-
ibration site. The rotation matrix Mxyz2neu from the ECEF
coordinates to the local NEU coordinates is fixed according
to the position of the calibration site. The rotation matrix
M(t)neu2robot from the local NEU coordinates to the robot
coordinates is obtained simultaneously from the robot’s atti-
tude. Benefiting from the swift motion of the robot,

⇀
e (t)robot

can change considerably in the few seconds between epochs
t and t + k, making it possible to separate the PCO from the
TD equation.

For the kth batch TD observation Lk , Hk denotes the
design matrix, while the covariance matrix Dkis obtained
using Eq. (6). The construction of the normal equation Nk

and error vector Vk follow the Eqs. (10) and (11).

Nk � HT
k × D−1

k × Hk (10)

Vk � HT
k × D−1

k × Lk (11)

The final normal equation N and the error vector V are
obtained by stacking all batches of Nk and Vk of TD obser-
vation as follows:

N �
∑

Nk , V �
∑

Vk (12)

Finally, the PCO estimates, denoted as Xpco, are obtained
through as shown in Eq. (13)

Xpco � N−1 × V (13)

After the determination of the PCO, its value is reintro-
duced into the TD equation, and the PV is estimated from
the residuals of the TD equation. Substituting Eq. (1) and
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Xpco estimated in Eq. (13) into the Eq. (4), we obtained the
differenced PV shown in Eq. (14)

Li j
AB, f (t , t + k) � PVi j

B, f (t , t + k) + ε
i j
AB(t , t + k) (14)

Here in the PV estimation, the PCO is viewed as fixed
or constant, therefore the covariance matrix of Eq. (14) is
computed in the same way shown in Eq. (6).

In the PV modelling, spherical harmonics are introduced.
Using a spherical harmonic function can improve the result
even if observations are lacking for some part of the area of
the antenna hemisphere, especially at low elevation angles.
The form of the PV expressed by the spherical harmonic
function is given in Eq. (15).

(15)

PV (z, α) �
nmax∑
n�0

n∑
m�0

(
Cn,m · cosmα + Sn,m · sinmα

)

· Pn,m (cos z)

whereCn,m and Sn,m are the corresponding normalized spher-
ical harmonics thatwill be estimated;Pn,m are the normalized
Legendre polynomials, where n and m are the order and
degree of the spherical harmonics, respectively; and z and α

are zenith angle and azimuth angle, respectively. In Eq. (14),
the PVs are differenced; therefore, the TD equation resid-
uals are also expressed by spherical harmonics differenced
between the epoch and satellite.

The estimation of spherical harmonic coefficients is also
performed through a least-squares batch process. Due to the
feature of spherical harmonics, C0,0 represents the constant
part of the PVs; therefore, its coefficient always equals 1
and will vanish after differentiation, which leads to a rank
deficit of the normal equation for estimating the spherical
harmonics. To address this rank deficit problem and follow
the convention of zero PV at zero zenith angle, a special tight
constraint is applied as shown in Eq. (16).

PV(0, α) �
nmax∑
n�0

Cn, 0 · Pn, 0(1) � 0 (16)

To implement this constraint, a virtual observation equa-
tion Eq. (16)with a small variance of 10–8 is introduced in the
normal equation in the PV estimation. Therefore, the result
of PV estimation in the zenith direction will always be set to
zero. After the determination of Cn,m and Sn,m, the full PV
pattern in grid form can be recalculated from the spherical
harmonics, and the elevation dependent PV is then averaged
from all PVs with the same azimuth angle.

In the experiments reported here, all spherical harmonics
up to order 8 and degree 8 were chosen to model the PV
parameters. Since most observations are in the upper hemi-
sphere above the antenna and the odd index coefficients of

Cn,m and Sn,m express anti-symmetry (Kröger et al. 2021),
which causes poor PV estimation at low elevation angles, we
chose to lower the elevation cut off angle to − 5° to improve
the PV estimation.

After the two steps described above, both the PCO and PV
have been estimated from the TD equation, and a full APC
model is finally obtained.

3 Experiments and datasets

3.1 Field calibration setup

The calibration field site is shown in Fig. 2. The facilities
in this calibration field include a high-precision industrial
Fanuc robot with a controller and two solid pillars on the
rooftop. One static antenna is installed on pillar 1 as a ref-
erence station for calibration, and another static antenna is
installed on pillar 2 to form a short baseline with the antenna
on pillar 1. This short baseline is used to validate the effects
of the calibration. Other equipment and devices for data sam-
pling, including several receivers, an atomic clock and a robot
data logging computer, are placed indoors and connected to
the robot and antenna on the rooftop through cables. The
robot can automatically rotate and tilt its endpoint with high
precision under the instruction from its controller and simul-
taneously log the position and attitude of the endpoint in the
robot coordinate system. A repeatability level of 0.03 mm
for this robot is stated by its manufacturer in factory inspec-
tion. After installation, the repeatability was tested using a
Leica total station TM50 with a nominal ranging precision
of 0.6 mm in the field. Limited by the precision of the total
station, we can only confirm that the repeatability of this
robot reaches the 0.6 mm level. Nevertheless, we think these
measures can help us reach the 1mm antenna calibration pre-
cision goal. The antenna to be calibrated is mounted at the
endpoint of the robot with the NRP aligned to a robot north
marker. Another antenna, serving as a reference station, is
installed on the nearby pillar 1 for calibration. The two anten-
nas form a baseline with a length of approximately 2–3 m.

3.2 Synchronization of coordinate and time systems

During data collection for field calibration, attitude data from
the robot controller are collected simultaneously with GNSS
data, and the dwell time of the robot at any fixed position is
only several seconds, while the transition from one position
to another is completed in less than 1 s; therefore, the syn-
chronization of the coordinate and time systems is critical
for the calibration process.

For time synchronization, on the one hand, a GNSS obser-
vation can be aligned with UTC time in accordance with the
system bias broadcast in the navigation messages; on the
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Fig. 2 Field antenna calibration
system at Wuhan University. The
system is built on a rooftop and
includes a six-axis robot, a
controller, an atomic clock,
receivers and other auxiliary
equipment

Fig. 3 Antennas calibrated in the
experiment. The antenna on the
left is a TRM57971.00 NONE,
with four individual antennas,
and the one on the right is a
TRM59800.00 NONE, with two
individual antennas

other hand, an atomic clock can be used to simultaneously
align the local time of the robot to UTC time. Thus, it is fea-
sible to match the position and attitude of the antenna with
corresponding GNSS observations. For coordinate synchro-
nization, it is not sufficient to merely know the position and
attitude in the robot coordinates, and the transformation from
the robot system to the local NEU system should be carefully
handled. Although care was taken in the installation of the
robot, a slight rotation or offset between the robot coordinate
systemand the localNEUsystemwas expected to exist, sowe
used an additional total station to measure the transformation
parameters of a Bursa-Wolf model (Bursa 1962; Wolf 1963)
between the two coordinate systems. Finally, the coordinates
and attitude of the robot’s endpoint in the local NEU system
could be calculated from the robot data and transformation
parameters. All these measures can ensure comprehensive

Table 3 Information of receivers used in the calibration experiments

Brand System Signals Receiver identifier

Kepler GPS L1, L2, L5 K1, K2, K3, K4, K5

BDS B1I, B3I, B1C, B2a

Geo GPS L1, L2, L5 G1, G2, G3

BDS B1I, B3I, B1C, B2a,

and reliable knowledge of the antenna mounted at the end-
point of the robot.

The trajectory of the robot can be designed using the com-
mand interface provided by its manufacturer. The robot’s
endpoint moves along a scheduled route in the robot coordi-
nate system, and two adjacent positions along the route must
differ by at least a certain angle in terms of rotation and tilt.
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Table 4 Data collection for each
calibration and baseline
positioning session

Antenna type Serial number
(Identifier)

Data session Receiver
(Pairs)

Counts

Antenna Field Calibration 1

TRM57971.00
NONE

2622117122
(0101)

2020.11.10 ~ 11.15 K1–K3, K2–K3
K1–K4, K2–K4
K1–K5, K2–K5

36 84

5000115392
(0102)

2020.12.02 ~ 12.05 24

5000117359
(0103)

2021.01.08 ~ 01.10 12

5000117347
(0104)

2021.01.12 ~ 01.14 12

TRM59800.00
NONE

4923353273
(0201)

2020.11.26 ~ 12.01 36 46

4852A62836
(0202)

2021.01.26 ~ 01.28 10

Antenna Field Calibration 2

TRM57971.00
NONE

5000115392
(0102)

2021.11.13 K1–K2(a), K1–G2(b)

G1–K2(c), G1–G2(d)

G1–G3(e)

5 5

Short-baseline positioning

Station 1 Station 2 Data session

0102 0201 2020.12.22 ~ 12.28 K1–K4, K2–K4
K3–K4

21

Six individual antennas of two types were calibrated in these experiments

With such a design for the robot’s movement, the projection
of the PCO into the line-of-sight directionwill change rapidly
within a short period, which makes it possible to separate the
PCO parameter.

3.3 Dataset

During a period from late 2020 to 2021, we built the field cal-
ibration site and implemented several batches of experiments
to validate the procedures andmethodologies of antenna field
calibration. In this work, two types of antennas were cho-
sen to be calibrated. One type is a TRM57971 NONE, with
four individual antennas, and the other type is a TRM59800
NONE, with two individual antennas. These two types of
antennas are shown in Fig. 3. The reasons for choosing
them are their widespread use at IGS stations and ability
to track multiple GNSS signals. For data logging, two types
of receivers are utilized, which are capable of logging multi-
frequency signals, including GPS L1, L2, L5 and BDS-3
B1I, B1C, B2a, B3I. The first type is Kepler, which is mainly
used in the calibrationwithin thiswork,while the second type
is Geo, which is used to investigate the impact of different
receivers on our calibration. Details of the receivers used in
this work are presented in Table 3. The data rate for calibra-
tion is set to 2 Hz, while the cut off angle is − 5°. which can
improve the PV estimation at low elevation angles. To ensure

the redundancy and efficiency of data logging, more than one
receiver was connected to the antenna at the reference sta-
tion and robot end through a power divider; thus, different
receiver pairs were available for the same calibration session.
The data sessions were divided into several tests by date; a
typical test lasted for 24 h, and all tests in the experiments
lasted at least 15 h. The whole experiment consists of three
parts: In Antenna Field Calibration 1, a multisession cali-
bration was performed for six individual antennas and the
results were analyzed and compared with the reference APC
model released in igs14.atx and igsR3.atx. In Antenna Field
Calibration 2, one antenna was calibrated using different
receiver types, and the differences among different receiver
pairs were investigated. Finally, short-baseline positioning
was performed with different PCC strategies to validate the
accuracy of our calibrations. The details of these calibration
and baseline positioning sessions are listed in Table 4.

4 Results and discussion

4.1 Satellite coverage enhancement with the robot

The main role of the robot is to swiftly change the attitude
of the antenna and improve the coverage of the satellites.
In this work, the robot performs motions of tilt and rotation
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Fig. 4 Sky plots of satellites
within an 8-h observation span.
The data were collected between
0:00 and 8:00 (GPST) on
2020.11.12. The left panel shows
the satellite trajectories when the
antenna is static, while the right
panel shows the satellite
distribution when the antenna is
in motion with the robot

simultaneously. The maximum tilt angle is 40° to the south
and20° to the north,while the rotation range is−180° to 180°
Fig. 4 shows the sky plot of an eight-hour GPS observation
for the antenna mounted on the robot end at our calibration
site. Figure 4a and b show the satellite trajectories over the
antenna hemisphere before and after attitude motion with the
robot, and the satellite coverage is dramatically improved in
all directions, which enables the calibration of the full APC
pattern.

4.2 PCO estimation

In the PCO estimation data processing, a least-squares esti-
mation is performed after every new batch observation is
obtained to derive the time series of the PCO estimates.
Figure 5 shows the time series of the PCO estimates for
one individual estimation in GPS L1 for the TRM57971.00
antenna. As seen, the PCO estimates might vary and devi-
ate from the final result at the beginning, but they rapidly
converge within 4 h. It is also noted that the north and east
components seem to converge faster than the up component,
which indicates that convergence in the up component is cru-
cial for PCO determination. This typical time series of PCO
estimates, to some degree, tests the stability and reliability
of the field calibration methodology and procedures adopted
in this experiment. Although in practice, data collection over
4–6 h might be sufficient for PCO estimation, we still use
data collected over longer periods considering the demand
for satellite coverage in the antenna hemisphere for PV esti-
mation after the PCO is determined. The whole procedure
could be accelerated if the motion of the antenna were to be
made more frequent, along with a higher sampling rate of the
receivers.

The data of Antenna Field Calibration 1 from all sessions
listed in Table 4 were processed, and every individual test

Fig. 5 A typical time series of PCO estimates for GPS L1 during one
test. The black, red, and blue lines represent the north, east and up
components, respectively

of PCO estimation for GPS and BDS-3 signals is shown in
Fig. 6. Themagnitudes of the PCO for the TRM57971.00 and
TRM59800.00 reached65mmand120mm, respectively, and
the up component accounted for a major part of the magni-
tude, while the north and east components had magnitudes
of less than 2 mm. The PCO estimates for different signals
vary according to their frequency. For antenna 0104, a large
PCO estimate variation can be seen over different calibra-
tion sessions, while the results of the other antennas show
a higher stability. For certain antennas, the PCOs might be
close for signals with close frequencies, but discrepancies
do exist even for signals at the same frequency especially in
the up component. For the TRM57971.00, the difference in
the upper component between L1 and B1C is only 1–2 mm,
while the difference for the TRM59800.00 can reach up to
5–6 mm. Considering that the PCO and PV are coupled in
the PCC observation, differences in these discrepancies will
be investigated later through PCC comparison. In addition,
large variations in the individual tests from antenna 0104
for L1/L2/B1I and from antenna 0103 for L5 are observed.
Though the repeatability of these calibration can be better
than the 1 mm level, it also indicates an unsteady calibration.

123



83 Page 10 of 20 R. Zhou et al.

Fig. 6 PCO estimates for each
antenna in the north, east and up
components. The top panel
presents the PCO estimation for
the TRM57971.00, while the
bottom panel presents the
TRM59800.00 estimates. The
sequence of PCO estimates is
ordered by calibration time and
then by the receiver pair listed in
Table 4. Different colors
represent different signals

Statistics of the PCO estimates, including averages and
empirical standard deviations (STDs) over different calibra-
tion sessions, are presented in Table 5. In addition, type-mean
models are obtained by averaging the calibrations of individ-
ual antennas, and their differences with respect to the APC
model in igs14.atx and igsR3.atx were also calculated.

For the PCO estimates of the L1 and L2 signals, the differ-
ences in the type-mean values between the calibration in the
igs14.atx file and the calibration performed in this work are
quite small. In general, the biases are near the 1 mm level;
specifically, the biases in the north and east components for
the TRM59800.00 antennas in L1 are 1.24mm and 1.39mm,
respectively, which are larger than those in L2 and those of
the TRM57971.00 antennas. Extending the comparison from
igs14.atx to igsR3.atx, the differences in the PCO for L1

and L2 change within the millimeter level, which indicates
a high consistency of patterns released in the two ANTEX
files. In addition, APC patterns for L5 and BDS-3 signals
are available in igsR3.atx and are used for comparison. PCO
differences between APC patterns from our calibration and
igsR3.atx exceed 6mm in the up component forB1I andB1C,
which are consistent with the differences between the direct
estimates of L1 and B1I/B1C, since no differences for the
same frequency and small differences for a close frequency
are presented in the multifrequency pattern of igsR3.atx.
Comparing thePCOestimates among the calibrations of indi-
vidual antennaswith the same antenna type, differences of up
to 2 mm might exist between two individual antennas of the
same type; the maximum difference is 1.95 mm, occurring in
the up component between antennas 0101 and 0103 for B3I.
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Fig. 7 Full pattern PV estimates
for different signals. The top
panel shows the estimates for the
TRM57971.00, while the bottom
panel shows the estimates for the
TRM59800.00
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Fig. 8 Variances in PVs as a function of zenith angle. The variance is
calculated by subtracting the minimum from the maximum at a certain
zenith angle. This value reflects the variation inmagnitude at each zenith
angle

Fig. 9 Accuracy of the calibration compared with igs14.atx. The dif-
ferences are calculated in a grid format. The top panel corresponds
to the TRM57971.00, while the bottom panel corresponds to the
TRM59800.00

For the four TRM57971.00 antennas, the differences in L1,
B1I and B1C are smaller than those in L2, B3I and B2a. In
general, the differences between individual antennas are less
than 2 mm, and the magnitude of the deviation might depend
on the manufacturing process or antenna aging due to long-
term use. It should be noted that a separate comparison of
PCO might not reflect the comprehensive PCC differences
due to the correlation of PCO and PV (Kersten et al. 2022).

The precisions of PCO estimation for each individual
antenna in the north, east, and up components at different
frequencies are all within 0.5 mm, and the precisions for cer-
tain antennas at some frequencies might be less than 0.1 mm.

For different signals, there is no significant and consistent dif-
ference in terms of the STD. Meanwhile, the precisions for
GPS and BDS-3 signals are at the same level according to
Table 5. In general, a STD of this magnitude shows a high
consistency and stability of the APC estimation procedure,
including the methodology and facilities adopted in the cur-
rent experiments.

4.3 PV estimation

After the determination of the PCO, PV estimation was sub-
sequently implemented by introducing the PCO into the TD
observation equation. Full PV patterns as functions of both
the zenith and azimuth angles were obtained, and the esti-
mates for the GPS and BDS-3 signals are shown in Fig. 7.
As seen in Fig. 7, the PV variation with the zenith angle is
much stronger than that with the azimuth angle, and the PV
value forms a nearly homogeneous circle along the zenith
direction, which indicates balanced signal reception from all
azimuth angles. However, variations also exist in the full PV
pattern for the same zenith angle, and they increase as the
zenith angle increases. For the TRM57971.00 antennas, two
areas with the minimum PV value lie in the range from 30 to
60 degrees, and these two regions are approximately symmet-
ric about an axis that passes through the center, although the
directions of the axes of symmetry for different signals dif-
fer in accordancewith their frequency. The axis-of-symmetry
directions are quite close for groupsL1/B1C/B1I, L2/B3I and
L5/B2a,which have close or identical frequencies,while they
differ greatly for different groups. This might be caused by
the hardware or design of the antenna for receiving differ-
ent signals; further elucidation will require further tests with
more antennas and receiver types.

To investigate the variation in PVs at the same zenith
angle, the ranges obtained by subtracting the minimum from
the maximum at each zenith angle were calculated for the
two antenna types, and these ranges as functions of the
zenith angle are depicted in Fig. 8. The magnitudes of the
differences vary from 0 to more than 2 mm as the zenith
angle changes. Between the two antennas, the TRM57971.00
shows a larger variation than the TRM59800.00. Specifically,
the variations for the TRM57971.00 can exceed 1 mm as the
zenith angle approaches 60 degrees, except for L2 and L5,
while for the TRM59800.00, the variations for all GPS and
BDS-3 signals are less than 1 mm. In addition, the varia-
tions for the TRM57971.00 at approximately 90 degrees in
zenith are larger than those for the TRM59800.00 except
for signal B2a. By investigating the variations for all sig-
nals, they exhibit similar trends with the zenith angle but
deviate from each other by up to 1.5 mm. It cannot be easily
identifiedwhich signal has the smallest variation, and the per-
formances for different signals are not necessarily consistent
between the two antenna types. Taking B3I as an extreme
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Fig. 10 Accuracy of the
calibration compared with
igsR3.atx. The differences are
calculated in a grid format. The
top panel corresponds to the
TRM57971.00, while the bottom
panel corresponds to the
TRM59800.00
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example, it has the smallest variation for the TRM59800.00
but a relatively large or even the largest variation for the
TRM57971.00.

In this experiment, the estimates of the full PV pattern
show good consistency at different azimuth angles, and vari-
ationwithin 1mmcan be expected if the zenith angle is below
approximately 60 degrees. However, this might not apply for
all types of antennas, and users might choose an elevation
dependent or full pattern according to their demands in spe-
cific applications.

To further investigate the accuracy of our PV estimation
in these experiments, comparisons between the PV values
obtained in these experiments and the values in igs14.atx and
igsR3.atx were made for all signals calibrated in this work.
Considering that the relation between PCO and PV, PCC
comparison was performed following the method in Kröger
et al. (2021), the PCO of our calibration (PCO1/PV1) was
aligned to PCO2/PV2 of the pattern from ANTEX file first,
and the transformation fromPV1 to PVT is shown in Eq. (17).
Finally, PVT can be compared to PV2 with a fixed PCO, and
the differences in PV are equal to differences in PCC under
this condition.

PVT (z, α) � PV1(z, α) + (PCO2 − PCO1) · e − du (17)

Here, PCO2 − PCO1 � (dn, de, du) is the difference in
PCO in the north, east and up components, and the part of
− du applied in Eq. (17) can make the PVT still follow the
rule of zero PV at zero zenith angle. The differences for the
TRM57971.00 and TRM59800.00 antennas with igs14.atx
and igsR3.atx are presented in Figs. 9 and 10. Compared
with igs14.atx, differences in the TRM57971.00 for L1 and
the TRM59800.00 for L2 can reach the 1mm level, while dif-
ferences in the TRM57971.00 for L2 and the TRM59800.00
for L1 reach or exceed 3 mm in low elevation areas. This
indicates an uneven accuracy distribution of different anten-
nas and signals.We further compared our PV estimationwith
the pattern from igsR3.atx. For TRM57971.00, differences
reach the 1 mm level in L1, B1I and B1C, while PCC differ-
ences in B3I increase to 3 mm or even more with elevation
angles below 15°. For other signals, larger variations with
azimuths of 2–3 mm in PCC differences can be found at low
elevation angles. These large variations might be caused by
large observation noise and worse satellite coverage at low
elevation angles, which indicate a lower calibration accuracy.
In addition, those differences contain the actual differences
between APC patterns of the individual antenna from our
calibration and the type-mean patterns from igsR3.atx.

With the help of Eq. (17), we can compare the PCC of dif-
ferent signals. Following the PV transformation, we aligned
the PCO of B1C to L1 and B2a to L5 with our calibration for
the TRM59800, and then the difference between L1/B1C and

Fig. 11 PV differences of L1/B1C and L5/B2a with their PCO are
aligned to the reference pattern in igsR3.atx for the TRM59800.00 after
PV transformation

L5/B2a was calculated as shown in Fig. 11. The PCC differ-
ences are dramatically decreased to the 1 mm level, which
indicates a good agreement of signals with the same fre-
quency. Considering that large differences exist in the direct
PCO estimation, as presented in Table 5, it can be assumed
that different APC models with large differences in PCO or
PV might be obtained from the calibration for signals with
identical frequencies, but a high consistency in terms of PCC
can be reached. Therefore, the APC model should be com-
pared with the PCC combining the PCO and PC rather than
comparing them with PCO and PV separately.

Here, the repeatability of thePVestimation calibratedwith
these methods was also analyzed. Thanks to the multisession
experiments, repeatability of the PV estimates frommultiple
sessions could be obtained for all signals. Similar to the grid
format used for the PVvalues, the standard deviations of each
cell in the grid are calculated between individual PV estima-
tions after every individual pattern is aligned with the same
PCO, and the precisions are presented in Fig. 12. The repeata-
bility of most PV estimations is better than 1 mm, and larger
deviations mainly occur at low elevation angles in the L2,
B3I, and B2a signals for the TRM57971.00. The precision
for the TRM59800.00 shows even more stable performance,
with deviations at the 0.5 mm level that can be expected in
most directions. The reason for the better stability and preci-
sion of the TRM59800.00 over the TRM57971.00 might be a
better design for multipath mitigation, which leads to higher
data quality and avoids interference from themultipath effect
in PV estimation.

In addition to the repeatability of each individual test,
we performed Antenna Field Calibration 2 with different
receiver pairs to investigate the consistency of our system
using different receivers. The details of the Kepler and Geo
receivers are listed in Table 3, and the information of the
receiver pairs denoted as a, b, c, d and e are presented inTable
4. The differences in receiver pairs a–b, a–c, a–d and d–e for
L1 andB1C are shown in Fig. 13. For this calibration session,
most differences in the PCC are approximately at the 0.1 mm
level. The RMSs of these differences for all signals and
receiver pairs are presented in Fig. 14. The RMS of L2 is near
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Fig. 12 Precision of multisession
PV estimation in grid format.
The top panel corresponds to the
TRM57971.00, while the bottom
panel corresponds to the
TRM59800.00
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Fig. 13 PCC difference with
different receiver pairs for L1
and B1C

Fig. 14 RMS of PCC differences with different receiver pairs

0.15 mm, while a smaller RMS of approximately 0.05 mm
can be expected for other signals. Comparing the differences
of the first three combinations, a-c shows a smaller difference
when an identical receiver is used at the robot end and differ-
ent receivers are used at the reference station, which indicates
that the differencesmainly come from the receiver connected
to the robot end rather than the receiver connected to the ref-
erence station. In addition, the differences of d-e, where their
patterns are calibrated by the same receiver type both on the
robot end and reference station, are smallest overall. In other
words, based on this experiment, the receiver type has little
impact on our calibration system, and calibration stability
can be expected with different receiver types.

4.4 Validation by short-baseline positioning

To validate the APC models calibrated in these experiments
and check the performance in positioning applications, a
short baselinewith a length of 4.7mwas chosen, as described
in the previous section. Using a Leica TM50 total station the
north, east and up coordinates of the baseline in the topocen-
tric coordinate system were determined as references with a
repeatability of 1 mm. A TRM57971.00 antenna (0102) was

Table 6 Schemes for short-baseline positioning

Scheme
no.

Strategy for APC
correction

Other strategies

1 igs14.atx;
for L5, use the L2 APC
model;
for B1I/B1C, use the L1
APC model;
for B3I/B2a, use the L2
APC model

Elevation Cutoff: 10°
Ambiguity
Resolution:
LAMBDA

2 igsR3.atx

3 Type-mean APC model
calibrated in the current
experiments

4 Individual APC model
calibrated in the current
experiments

Scheme 1 applies APCmodels from igs14.atx and replaces BDS-3APC
models with models for GPS signals with similar or identical frequen-
cies; scheme 2 applies the newest igsR3.atx calibration; scheme 3 and
scheme 4 correspond to the application of the type-mean and individual
APC models, respectively, from the current experiments

placed on pillar 1, and a TRM59800.00 antenna (0201) was
placed on pillar 2. Both antennas were oriented in the north
direction. Static GPS and BDS-3 data were collected from
day-of-year (DOY) 357 to 363 in 2020. Finally, relative posi-
tioning was implemented individually with all GPS (L1, L2,
L5) and BDS-3 (B1I, B1C, B2a, B3I) frequencies.

Considering the presented APC models, four position-
ing schemes using different strategies for APC correction
were designed to validate the accuracy of the calibration per-
formed in the experiments: (1) the calibration in igs14.atx is
applied, and each APCmodel for BDS-3 is replaced with the
GPS model with the closest frequency; (2) the calibration in
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igsR3.atx, in which both GPS and BDS-3 models are avail-
able, is applied; (3) a type-mean APC model calibrated for
all antennas used in these experiments is applied; and (4) the
APC model calibrated for the individual antenna is applied.
Other details of the four schemes are listed in Table 6. The
differences between the GNSS solutions for GPS and BDS-3
and the reference coordinates from the total station are pre-
sented in Table 7. In addition, the repeatability of the baseline
solution and the ambiguity fixing rate for scheme 4 are pre-
sented in Fig. 15, in which the repeatability is the standard
deviation of the baseline solution over 7 days. Repeatability
for L1 and L2 is better than 0.5 mm, while baseline solution
for L5 and B1I, B3I, B1C and B2a have larger repeatability
within 1.5 mm. More than 95 percent of the ambiguities are
fixed to integers for all baseline solutions. The situation is
similar for the other schemes.

For scheme 1, the positioning biases for different signals
are not consistent with each other. The substitution of the
B1I and B1CAPCmodels with the L1model results in small
biases of less than 1 mm in the north, east, and up directions,
but the substitution of the B3I and B2a models with the L2
model leads to comparatively large biases close to 6 mm in
the up component, which might imply that the convention of
replacing absent APC models with an existing model with a
close frequency might not be appropriate in every case.

The overall biases of schemes 2, 3, and 4 are at the 2 mm
level. However, for a specific signal, the situation might be
different, and some exceptions occur in the baseline solu-
tions. The biases of scheme 3 and scheme 4 in L1/B1I/B1C
are slightly larger than those of scheme 1, although the
APC patterns are calibrated in this work. Scheme 2 shows
small biases for the B1I/B1C signals but large biases for
the L1/L2/L5/B3I/B2a signals compared to scheme 3 and
scheme 4. In a comparison of schemes 3 and 4, the average
bias for scheme 3 is 0.07 mm smaller than that for scheme
4; this magnitude is negligible considering the precision of
GNSS positioning, indicating no significant difference in
overall positioning performance between the type-mean and
individual calibrations in these experiments. However, con-
sidering that the individual antennas used in the baseline
solution have already contributed to the type-mean values,
this does not imply that the type-mean values are suitable
for all cases. The impacts of the type-mean and individual
calibrations should be further investigated with type-mean
values obtained by combining results from more individual
antennas. Considering that the repeatability of the baseline
solution is at the 0.5–1.5 mm level while the differences in
the average 3D errors of schemes 2–4 are less than 0.27 mm,
a comparable positioning accuracy can be expected in gen-
eral with APC models from our calibration and igs14.atx for
L1/L2 signals or igsR3.atx for B1I/B3I/B1C/B2a/L5 signals.
In other words, a possible precision of 2 mm for our antenna
calibration can be expected in positioning.
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Fig. 15 Coordinate repeatability
and fixed ambiguity percentage
of baseline solution for scheme 4

5 Summary

In this work, the current status and progress of field
antenna calibration at Wuhan University are introduced,
and the preliminary results of multi-GNSS calibration are
presented. First, a new field calibration facility, including
a six-axis robot, multisystem receivers and other support-
ing equipment, was installed. After adjustment and testing
of the procedures, field calibration of TRM57971.00 and
TRM59800.00 antennas was implemented, and APCmodels
for GPS and BDS-3 signals were obtained during multises-
sion experiments. The APC models from these calibrations
were analyzed in terms of precision, consistency and differ-
ences among different signals. First, the precision of the PCO
estimates for the GPS and BDS-3 signals was found to reach
the 0.5mm level, which demonstrates the high stability of the
calibration procedures, including data sampling and process-
ing. Second, compared to the APC models in igs14.atx, the
consistencies of PCOestimation for theGPS signals are at the
1 mm level, except for L1 with a TRM59800.00 antenna, for
which the differences can exceed 1 mm in the north and east
components. Third, differences in the direct PCO estimates
can reach 6 mm between the L1 and B1C signals, which is
accompanied by similar differences in direct PV estimation
afterward. However, differences between them decrease to
the 1 mm level in terms of the PCC, and high consistency can
be expected between APC patterns with the same frequency.

Through the PCC comparison, we investigate the consis-
tency of our PV calibration with the APCmodels in igs14.atx
and igsR3.atx. Except for the calibration of L1/B1I/B1C
for TRM57971, differences of other PV calibrations with
low elevation angles below 15° can exceed 3 mm or even
more. The estimation precisions over multisession for the
two antenna types can reach the 1 mm level in most areas
of the antenna hemisphere, which indicates good repeatabil-
ity of our calibration system. In this work, the differences in
calibration with different receiver pairs are investigated. Dif-
ferences in calibration for all signals can reach the 0.15 mm

level, and calibrations with receivers of the same type are
more consistent.

To validate the APC models derived in this work, base-
line positioning was implemented with several processing
schemes. The replacement of absent models for some sig-
nals with existing models for signals with close or identical
frequencies could result in a bias of up to 5–6 mm, which
might not be acceptable for some applications. As a result,
it is necessary to avoid such substitution if multisignal APC
models are available. Finally, the performances of schemes
using APC patterns from igsR3.atx and the calibrations con-
ducted in this work were compared. It was found that the
overall accuracy of our calibration is within 2mm for all GPS
and BDS-3 signals, and a comparable baseline positioning
accuracy can be obtained with the APC models between our
calibration and igs14.atx for GPS signals or our calibration
and igsR3.atx for BDS-3 signals.

Acknowledgements This work was supported by the National Natural
Science Foundation of China (Grant No. 42030109, 42074032). The
numerical calculations in this work were performed on the supercom-
puting system in the Supercomputing Center of Wuhan University.

Author contributions ZH and QZ initiated and supervised the study,
ZH and RZ designed and performed the experiments, RZ processed the
data and wrote the manuscript, and GC and JT helped with the writing.
All authors discussed the results and commented on the manuscript.

Data availability The datasets generated or analyzed during the current
study are available from the corresponding author on reasonable request.

Open Access This article is licensed under aCreativeCommonsAttri-
bution 4.0 International License,which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

123

http://creativecomm\penalty -\@M ons.org/licenses/by/4.0/


83 Page 20 of 20 R. Zhou et al.

References

Altamimi Z, Collilieux X, Legrand J, Garayt B, Boucher C (2007)
ITRF2005: a new release of the International Terrestrial Refer-
ence Frame based on time series of station positions and Earth
Orientation Parameters. J Geophys Res 112(B9):175. https://doi.
org/10.1029/2007JB004949

Altamimi Z, Collilieux X, Métivier L (2011) ITRF2008: an improved
solution of the international terrestrial reference frame. J Geod
85(8):457–473. https://doi.org/10.1007/s00190-011-0444-4

Altamimi Z, Rebischung P, Métivier L, Collilieux X (2016) ITRF2014:
a new release of the International Terrestrial Reference Frame
modeling nonlinear station motions. J Geophys Res Solid Earth
121(8):6109–6131. https://doi.org/10.1002/2016JB013098

Bilich A, Mader GL (2010) GNSS absolute antenna calibration at the
national geodetic survey. In: Proceedings of the 2010 ION GNSS
Conference, pp 1369–1377

Breva Y, Kröger J, Kersten T, Schön S (2019) Validation of Phase
Center Corrections for new GNSS-Signals obtained with absolute
antenna calibration in the field. In: Geophysical research abstracts
21, EGU2019-14143

BursaM (1962) The theory for the determination of the non-parallelism
of the minor axis of the reference ellipsoid and the inertial polar
axis of theEarth, and the planes of the initial astronomic and geode-
ticmeridians from the observation of artificial Earth satellites. Stud
Geophys Geod 6:209–214

Geiger A (1988) Modeling of phase center variation and its influence
on GPS-positioning. In: Groten E, Strauß R (eds) GPS-techniques
applied to geodesy and surveying. Springer, Berlin Heidelberg, pp
210–222

GörresB,Campbell J, SiemesM,BeckerM (2004)Newanechoic cham-
ber results and comparisonwith field and robot techniques. In: IGS
workshop & symposium

Görres B, Campbell J, BeckerM, SiemesM (2006)Absolute calibration
of GPS antennas: laboratory results and comparison with field
and robot techniques. GPS Solut 10(2):136–145. https://doi.org/
10.1007/s10291-005-0015-3

Hu Z, Zhao Q, Chen G, Wang G, Dai Z, Li T (2015) First results of
field absolute calibration of the GPS receiver antenna at Wuhan
University. Sensors (basel) 15(11):28717–28731. https://doi.org/
10.3390/s151128717

Johnston G, Riddell A, Hausler G (2017) The international GNSS ser-
vice. In: Springer handbook of global navigation satellite systems.
Springer, pp 967–982

Kersten T, Kröger J, Schön S (2022) Comparison concept and quality
metrics for GNSS antenna calibrations. J Geod 96(7):747. https://
doi.org/10.1007/s00190-022-01635-8

Kröger J, Kersten T, Breva Y, Schön S (2021) Multi-frequency multi-
GNSS receiver antenna calibration at IfE: concept—calibration
results—validation. Adv Space Res 68(12):4932–4947. https://
doi.org/10.1016/j.asr.2021.01.029

Mader GL (1999) GPS antenna calibration at the national geodetic sur-
vey. GPS Solut 3(1):50–58. https://doi.org/10.1007/PL00012780

Menge F, Seeber G, Volksen C, Wübbena G, Schmitz M (1998) Results
of absolute field calibration of GPS antenna PCV. Proc ION GPS
11:31–38

Montenbruck O, Steigenberger P, Prange L, Deng Z, Zhao Q, Perosanz
F, Romero I, Noll C, Stürze A, Weber G, Schmid R, MacLeod
K, Schaer S (2017) The Multi-GNSS experiment (MGEX) of the
international GNSS service (IGS)—achievements, prospects and
challenges. Adv Space Res 59(7):1671–1697. https://doi.org/10.
1016/j.asr.2017.01.011

Riddell A, Moore M, Hu G (2015) Geoscience Australia’s GNSS
antenna calibration facility: Initial results. In: Proceedings of
IGNSS symposium 2015 (IGNSS2015)

Rothacher M, Schmid R (2010) ANTEX: the antenna exchange format,
Version 1.4, 15 Sep 2010. URL ftp://igs.org/pub/station/general/
antex14.txt

Schmid R, DachR, CollilieuxX, Jäggi A, SchmitzM,Dilssner F (2016)
Absolute IGS antenna phase center model igs08.atx: status and
potential improvements. J Geod 90(4):343–364. https://doi.org/
10.1007/s00190-015-0876-3

Schmitz M, Wübbena G, Propp M (2008) Absolute robot-based GNSS
antenna calibration-features and findings. In: PowerPoint pre-
sentation International Symposium on GNSS, Space-based and
Ground-based Augmentation Systems and Applications

Schupler BR (2001) The response of GPS antennas—how design, envi-
ronment and frequency affect what you see. Phys Chem Earth
Part A 26(6–8):605–611. https://doi.org/10.1016/S1464-1895(01
)00109-0

Tranquilla JM, Colpitts BG (1989) GPS antenna design characteristics
for high-precision applications. J Surv Eng 115(1):2–14. https://
doi.org/10.1061/(ASCE)0733-9453(1989)115:1(2)

Villiger A, Dach R, Schaer S, Prange L, Zimmermann F, Kuhlmann
H, Wübbena G, Schmitz M, Beutler G, Jäggi A (2020) GNSS
scale determination using calibrated receiver and Galileo satellite
antenna patterns. J Geod 94(9):6109. https://doi.org/10.1007/s0
0190-020-01417-0

Wang J, Liu G, Guo A, Xiao G, Wang B, Gao M, Wang S (2020)
BDS receiver antenna phase center calibration: BDS. Cehui Xue-
bao/acta Geod Cartogr Sin 49(3):312–321

Willi D, Koch D, Meindl M, Rothacher M (2018) Absolute GNSS
antenna phase center calibration with a robot. In: Proceedings of
the 31st international technical meeting of the satellite division of
the institute of navigation (ION GNSS+ 2018). Institute of Navi-
gation, pp 3909–3926

Willi D, Lutz S, Brockmann E, Rothacher M (2020) Absolute field
calibration for multi-GNSS receiver antennas at ETH Zurich. GPS
Solut 24(1):28. https://doi.org/10.1007/s10291-019-0941-0

Wolf H (1963) Geometric connection and re-orientation of
three-dimensional triangulation nets. Bull Géod (1946–1975)
68(1):165–169. https://doi.org/10.1007/BF02526150

Wu J-T, Wu SC, Hajj GA, Bertiger WI, Lichten SM (1993) Effects of
antenna orientation onGPS carrier phase.ManuscrGeod 18:91–98

Wübbena G, Schmitz M, Menge F, Seeber G, Völksen C (1997) A new
approach for field calibration of absoluteGPS antenna phase center
variations. Navigation 44(2):247–255

Wübbena G, Schmitz M, Menge F, Böder V, Seeber G (2000) Auto-
mated absolute field calibration of GPS antennas in real-time. In:
Proceedings of the international technical meeting, ION GPS-00,
Salt Lake City, Utah, pp 2512–2522

123

https://doi.org/10.1029/2007JB004949
https://doi.org/10.1007/s00190-011-0444-4
https://doi.org/10.1002/2016JB013098
https://doi.org/10.1007/s10291-005-0015-3
https://doi.org/10.3390/s151128717
https://doi.org/10.1007/s00190-022-01635-8
https://doi.org/10.1016/j.asr.2021.01.029
https://doi.org/10.1007/PL00012780
https://doi.org/10.1016/j.asr.2017.01.011
ftp://igs.org/pub/station/general/antex14.txt
https://doi.org/10.1007/s00190-015-0876-3
https://doi.org/10.1016/S1464-1895(01)00109-0
https://doi.org/10.1061/(ASCE)0733-9453(1989)115:1(2)
https://doi.org/10.1007/s00190-020-01417-0
https://doi.org/10.1007/s10291-019-0941-0
https://doi.org/10.1007/BF02526150

	Absolute field calibration of receiver antenna phase center models for GPS/BDS-3 signals
	Abstract
	1 Introduction
	2 APC model and calibration methodology
	2.1 Model for antenna phase center correction
	2.2 Triple-differencing observation equation
	2.3 Estimation of the phase center parameters

	3 Experiments and datasets
	3.1 Field calibration setup
	3.2 Synchronization of coordinate and time systems
	3.3 Dataset

	4 Results and discussion
	4.1 Satellite coverage enhancement with the robot
	4.2 PCO estimation
	4.3 PV estimation
	4.4 Validation by short-baseline positioning

	5 Summary
	Acknowledgements
	References




