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Abstract
Accurate satellite phase center offsets (PCOs) are essential for GNSS data processing, and their calibration before launch
and estimation in orbit have been crucial tasks since decades. However, for the third-generation BeiDou navigation satellite
system (BDS-3), the results in most recent studies are derived from precise orbit determination (POD) by wholly or partly
employing GPS L1/L2 antenna calibrations for receivers and the adjustable box-wingmodel for solar radiation pressure (SRP)
modeling. Since the strategy usages are different, the estimated BDS-3 PCOs are also varied from studies. With the help of
BDS-3 satellite metadata and the receiver antenna calibration of BDS signals, this study estimated BDS-3 satellite PCOs
in orbit with long-term data. The results show that the X-offset estimated using the empirical SRP model with the BDS-3
metadata is the most stable. Further analyses of PCO estimation using GPS and BDS receiver antenna calibrations for BDS
signals show that the Z-offset is strongly affected by the receiver antenna calibration model types. The correlation can be
approximately determined by giving a change to receiver antenna calibration and expressed as: A network averaged bias in the
Up-direction of receiver antenna results in a − 22.7 times change of MEO Z-offset for single BDS-3 POD as well as − 28.6
for the joint processing with GPS. This is consistent with the result derived from other studies although different method was
applied. Therefore, receiver antenna calibrations need to be carried out precisely. Validation experiments are carried out for
comparison between the manufacture and the newly SHAPCO models. Compared with the manufacture model, the average
improvement of the root mean square of the overlapping orbit differences is close to 3%. Additionally, the experimental
station coordinates by static PPP achieve improvements at the rate of 5% and 14% for B1I/B3I and B1C/B2a, respectively.

Keywords BDS-3 · Metadata · Phase center offset · Solar radiation pressure · Receiver antenna calibrations ·
Precise orbit determination

1 Introduction

The third-generation BeiDou navigation satellite system
(BDS-3) is one of current constellations of the Global Nav-
igation Satellite System (GNSS). The first satellite was
launched in 2017, and the whole system was declared

B Shuli Song
slsong@shao.ac.cn

1 Shanghai Astronomical Observatory, Chinese Academy of
Sciences, Shanghai, China

2 University of Chinese Academy of Sciences, Beijing, China

3 School of Earth Sciences and Engineering, Hohai University,
Nanjing, China

4 Beijing Institute of Tracking and Telecommunication
Technology, Beijing, China

operational in July 2020 (Zhao et al. 2022). The BDS-3 con-
stellation consists of 24mediumEarth orbit (MEO) satellites,
three inclined geosynchronous orbit (IGSO) satellites, and
three geostationary Earth orbit (GEO) satellites (Yang et al.
2018). Except for one GEO satellite launched on June 6,
2020, which is undergoing in-orbit testing, the remaining 29
satellites have been providing operational services as of the
beginning of 2022. In the BDS-3 constellation, there are ten
BDS-3 MEOs manufactured by the Shanghai Engineering
Center for Microsatellites (SECM), and the other 20 satel-
lites are made by the China Academy of Space Technology
(CAST) (Zhao et al. 2022). Besides global service, provid-
ing multi-frequency signals is also an advantage of BDS-3.
Satellites broadcast open service signals simultaneously at
least at five frequencies, including 1561.098 MHz (B1I),
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1268.52 MHz (B3I), 1575.42 MHz (B1C), 1176.45 MHz
(B2a), and 1207.14 MHz (B2b) (Yang et al. 2019).

Satellite motion can be described with force models
referring to the satellite center ofmass (COM),while ground-
based GNSS tracking measurements are aligned to the very
point sending signals by the satellite antenna. To tie theGNSS
phase measurements consistently to the COM of the satel-
lite, the difference between the electrical phase center and
the COM, i.e., the satellite antenna corrections, should be
known and applied precisely (Xia et al. 2020). In order to
describe the satellite antenna phase center correction, the
satellite antenna phase center offset (PCO) is defined as a
vector from COM to the mean phase center, which is usually
considered as constant. In addition to the PCO, the antenna
phase center changes with the signal direction. The variation
with respect to PCO is named as the phase center variation
(PCV), which depends on the nadir and azimuth angle of the
tracking station seen from the satellite (Schmid et al. 2007).
PCO and PCV together constitute the satellite antenna phase
center correction.

There are abundant researches about the calibration and
estimation of antenna phase center correction of GNSS. The
scale change of GPS solutions affected by Z-offsets of GPS
BLOCK II/IIA and IIR satellites is analyzed by Zhu et al.
(2003) and Ge (2005). Villiger et al. (2020) and Dach et al.
(2021) assess the potential of the GNSS data to contribute to
the scale determination using calibrated receiver and Galileo
satellite antenna patterns based on solutions of the Center
for Orbit Determination in Europe (CODE). The interna-
tional GNSS service (IGS) has made a great effort on the
estimation of satellite phase center corrections, for example,
Schmid et al. (2005) published the block-specificGPS PCOs.
High accuracy PCOs for Galileo in-orbit validation (IOV)
and full operational capability (FOC) satellites were esti-
mated by Steigenberger et al. (2016). For BDS, Huang et al.
(2018) and He et al. (2020) estimated the PCOs of BDS-2
IGSOs and MEOs. PCOs of part of BDS-3 MEOs were esti-
mated byXia et al. (2020) andYan et al. (2019a). Zajdel et al.
(2022) and Guo et al. (2022) determined the antenna offsets
of all BDS-3 MEOs using two combinations of frequen-
cies: B1l/B3l and B1C/B2a. The accuracy of the estimation
could be influenced by several aspects of the data process-
ing strategies, for example, the antenna information of the
receiver antenna, the satellite force models. Concerning the
strong correlation between the PCO and solar radiation pres-
sure (SRP) parameters, most studies on the BDS-3 PCOs are
based on the adjustable box-wing SRP model, whereas the
GPS receiver antenna calibrations are applied for BDS-3 sig-
nal due to the lack of corresponding calibration results. It is
also necessary to complete the PCO corrections for all the
B1I/B3I satellites (Huang et al. 2018).

For a comprehensive study, both the basic information of
BDS-3 satellites and that of receiver antennas are crucial. For-
tunately, the metadata of BDS-3 satellites were published by
the China Satellite Navigation Office (CSNO) on December
2019, including the satellite mass, PCOs, body dimensions,
optical properties, and retroreflector offsets. With the help
of these official values, the satellite PCOs are expected to
be estimated more precisely. In the aspect of receivers, the
observations are increasingly enriched in recent years, since
the receiver hardware and tracking station firmware versions
have been updated, a large number of observations are pro-
vided. As of December 2021, the Multi-GNSS Experiment
(MGEX) network includes 200 and 150 stations tracking
B1I/B3I andB1C/B2a signal pairs, respectively.More impor-
tantly, the calibrations for BDS for ground antennas are also
available in the antenna file of igsR3_2077.atx, which was
employed in the third IGS reprocessing campaign. All of
these provide the premise for the non-negligible discussion
between the satellite PCOs and the receiver antenna.

Based on an optimally selected global network, this study
focuses on the PCO estimation of BDS-3 IGSOs and MEOs
with the help of official satellite metadata and receiver
antenna information from igsR3_2077.atx. The new contri-
butions of this work are as follows. First, a priori box-wing
SRP model along with a 5-parameter extended CODE orbit
model (ECOM1 + BW) is experimentally confirmed to be
a more suitable SRP model in the precise orbit determina-
tion (POD) processing for estimating PCOs, especially for
the stretching structure of BDS-3 satellites. Second, the rela-
tionship between the Z-offset of BDS-3 MEO satellites and
the receiver antenna is deduced quantitatively as: A network
averaged bias in the Up-direction of the receiver antenna
results in a Z-offset of − 22.7 and − 28.6 times for sin-
gle BDS-3 PCO estimation and the joint processing with
GPS, respectively. Third, the new model is designed to com-
posite the improved satellite PCOs, and the improvements
are obtained for 2.0% and 2.9% of B1I/B3I and B1C/B2a,
respectively, compared with the manufacture PCO model.

The rest of the manuscript is organized as follows. In
Sect. 2, the basic theory is deduced to estimate PCOs
in the POD processing. In Sect. 3, the observations from
the ground-based tracking network are optimally selected
for B1I/B3I and B1C/B2a. Meanwhile, the parameters and
strategies of POD processing for estimating PCOs are
described in detail. Then, in Sect. 4, the estimated PCOs
based on different SRP models and receiver antenna calibra-
tions are evaluated. The change of the Z-offset of BDS-3
satellites caused by an error in the U directions of all
receiver antennas is obtained. Based on the selected strat-
egy, the ionospheric-free PCOs of B1I/B3I and B1C/B2a are
obtained. The estimated PCOs are validated by the overlap-
ping orbit RMS in comparison with that provided by the
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manufacturers in Sect. 5. Finally, the conclusions are drawn
in Sect. 6 with a discussion.

2 Methods

PCOconsists ofX-offset, Y-offset, andZ-offset as three com-
ponents along with three axes in the body-fixed system (He
et al. 2020; Montenbruck et al. 2015), which is permanently
related to the mechanical structure of a satellite and the ori-
gin coincides with the satellite COM. The Z-axis aligns with
the boresight of the transmitting antenna toward the geocen-
ter ideally. The Y -axis points along the rotation axis of the
solar panels. And the X-axis points to the Sun positively to
complete the right-hand system.

As a part of the observation equations, the satellite PCOs
can be estimated together with other geodetic parameters in
the inertial system, e.g., satellite orbit, station coordinates,
SRP parameters, and earth rotation parameters (Steigen-
berger et al. 2016). Then, the theoretical distance between
the satellite and the receiver can be expressed by Eq. (1) and
estimated by the least squares algorithm. Then, the PCO in
the inertia system can be described as follows based on the
satellite COM in Eq. (2).

ρs
k = rs, ant − r antk (1)

rs, ant = rs, com + R · P (2)

where rs, ant is the vector from the receiver antenna phase
center to the satellite antenna phase center, and rs, com is the
vector from the receiver antenna phase center to the COM
of the satellite. P is the PCO vector, and R is the rotation
matrix from the body-fixed coordinate to the inertial system.

As unknown parameters, PCOs and SRP are estimated
simultaneously in the dynamic POD model. Contributions
have already reported that there is a strong correlation
between PCO and SRP parameters according to their covari-
ance matrix (Montenbruck et al. 2015). Hence, the SRP
models play an essential role and are therefore described
briefly here. The SRP acceleration of GNSS satellites can be
modeled as the empirical CODE orbit model (Beutler et al.
1994), which decomposes the acceleration into three direc-
tions, i.e., D, Y , and B component in a right-handed DYB
frame with D pointing to the Sun. The spacecraft Y -axis
aroundwhich the solar panels rotate (Y ), and a third axis (B) is
chosen to complete a right-hand set of axes (Sibthorpe et al.
2011). Since the construction and the material of the solar
panels vary from satellite to satellite, the system-specific
SRP model is better adopted in the POD processing. As for
GPS satellite, the 5-parameter ECOM1 model is used with

its model given as follows.

⎧
⎪⎨

⎪⎩

aD = D0

aY = Y0
aB = B0 + Bc cos u + Bs sin u

(3)

where D0, Y0 and B0 are three constant parameters in the D,
Y , and B directions, respectively (Springer et al. 1999), and
Bc andBs are the cosine and sine terms in theB direction. The
satellite’s argument of latitude u is used as angular argument.
Thus, the acceleration on theD, Y and B component aD , aY ,
aB can be obtained.

To reduce the spurious signals in the geocenter coordinate
Z , an extendedECOMmodelwith nine parameters (ECOM2)
was developed, expressed in Eq. (4) (Arnold et al. 2015).
Since the high-order terms in the D direction are refined,
comparedwithECOM1, it is pointedout thatECOM2 ismore
suitable for satellites with elongated body construction, e.g.,
Galileo and QZSS satellites (Duan and Hugentobler 2021).

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

aD = D0 + D2c cos(2�u) + D2s sin(2�u)

+D4c cos(4�u) + D4s sin(4�u)

aY = Y0
aB = B0 + Bc cos(�u) + Bs sin(�u)

(4)

The ECOM2 uses the angle �u = u−us as an argument,
where us is the Sun’s argument of latitude in the orbital plane
of the satellite (Arnold et al. 2015).

3 Datasets and processing strategy

Daily observations from day of year (DOY) 001–365 in
2021 of the MGEX and the international GNSS Monitoring
and Assessment System (iGMAS) network were collected
to estimate BDS-3 satellite PCOs (Johnston et al. 2017;
Montenbruck et al. 2017). The tracking stations are selected
evenly worldwide, and their distribution is shown in Fig. 1.
Totally 105 stations in red cycles have the capability to track
B1I and B3I signals, whose observations are used to estimate
B1I/B3I PCOs. There are 86 stations in blue cycles that can
track B1C and B2a signals, which are employed to estimate
B1C/B2a PCOs.

More importantly, the receiver antenna should be consid-
ered when optimally choosing the experimental stations. The
receiver antenna calibrations ofBDS frequencies are required
of the selected stations. Fortunately, these values can be cal-
ibrated by methods such as a robot in the field or anechoic
chamber measurements. With the aid of the above methods,
the igsR3_2077.atx has been published the antenna calibra-
tion values of the BDS receiver with more comprehensive
frequencies. Most of the values come from the field calibra-
tion with a robot.
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Fig. 1 Distribution of the
selected stations. Blue cycles are
for B1I/B3I PCO estimation, and
red cycles are for B1C/B2a PCO
estimation

Table 1 Satellite information of
BDS-3 Orbital plane PRN Type Manuf Mass/kg

Slot-A C27 C28 C29 C30 MEO SECM 1008–1018

C34 C35 SECM 1041–1056

C43 C44 SECM 1075–1078

Slot-B C19 C20 C21 C22 MEO CAST 941–946

C32 C33 CAST 1007

C41 C42 CAST 1058–1061

Slot-C C23 C24 MEO CAST 941–946

C25 C26 SECM 1041–1056

C36 C37 C45 C46 CAST 1058–1061

– C38 C39 C40 IGSO CAST 2870–2952

C59 C60 C61 GEO CAST 2959–2968

As the backbone types of BDS-3, the PCOs of 24 MEOs
and three IGSOs are investigated in this study. Since the satel-
lite characteristics are crucial for parameter configuration in
POD, the BDS-3 satellite information including manufac-
turer, orbital plane, and mass is compared in Table 1. BDS-3
MEOs are located in three orbital planes with an inclination
angle of 55°. Satellites in Slot-A are all from SECM, and
satellites in Slot-B are all from CAST. In Slot-C, two satel-
lites, i.e., C25 and C26, are from SECM, and the others are
manufactured by CAST. The difference between the right
ascension of ascending nodes of each orbital plane is 120°.
The β angle variation of the satellites in Slot-A, Slot-B, and
Slot-C is in the range of (− 32°, 32°), (− 70°, 70°), and (−
65°, 67°), respectively. Three BDS-3 IGSOs are also located
in three orbital planes with 55° orbit inclinations. The PCOs
of BDS-3 GEOs are not considered in this paper because the
locations of GEOs are relatively static seen from the track-
ing stations with little elevation angle changing, and GEOs
employ the orbit-normal attitude mode all the time (Ye et al.
2017; He et al. 2020).

The joint processing with GPS will improve the perfor-
mance of BDS-3 POD since more satellites will result in a

superior estimation of common parameters (Li et al. 2020;
Chen et al. 2021). The inter-system bias (ISB) was esti-
mated as a constant parameter for each station per orbital arc.
The ionosphere-free linear combination observations of GPS
L1/L2 and BDS-3 B1I/B3I are taken as input data to elimi-
nate the first-order ionosphere refraction effects. Therefore,
the estimations of PCOs refer to the combined frequency of
B1I/B3I.

Weekly IGS solutions were used as a priori values to
tightly constrain the station coordinates, while the iGMAS
station coordinates were strongly constrained to the weekly
mean solutions ofGPS static Precise Point Positioning (PPP).
The BDS-3 satellite-specific offsets were estimated with the
CSNO ones as priori values. The BDS-3 satellite antenna
PCVs were fixed to zero. The IGSR3 frames antenna cali-
brations from igsR3_2077.atx are applied for the receivers
because of the lack of calibrations in the IGS14 frame. The
PCOs and PCVs of the GPS satellites were fixed to igs14.atx
values in order to be consistent with the fixed station coordi-
nates from the IGS weekly solutions. Thereby, the PCOs
are estimated in the IGS14 frame. The orbit consistency
of two adjacent three-day solutions over the overlap time

123



Estimation of antenna phase center offsets for BDS-3 satellites with the metadata… Page 5 of 19 57

Table 2 The strategy of GPS/BDS-3 POD

Items Configuration

Software SPADA

Observation GPS: L1/L2
BDS-3: B1I/B3I and B1C/B2a

Observation weight
{

w = 2 sin ele ele < 30◦

w = 1 ele ≥ 30◦

Cutoff elevation 7°

Interval 300 s

Satellite antenna BDS-3: Estimated as constant
GPS: igs14.atx (Rebischung and
Schmid 2016)

Receiver antenna igsR3_2077.atx (Villiger 2021)

Ionosphere Eliminated by ionosphere-free
combination

Troposphere Saastamoinen model with GMF
mapping function (Boehm et al.
2006, Saastamoinen 1972)

Estimator Standard least squares

Solar radiation GPS: ECOM2 + BW
BDS-3: ECOM1 + BW or ECOM2
(Arnold et al. 2015)

Earth radiation pressure Applied (Rodriguez-Solano et al.
2012)

Gravitational forces Earth (EIGEN6C 12 × 12) (Foerste
et al. 2011), Sun/Moon/planets
(DE405) (Standish 1998)

Tide displacement IERS conventions 2010 (Petit and
Luzum 2010)

Ambiguity Estimated with integer ambiguity
resolution (Shi et al. 2006)

ISB Estimated as constant

Relativity effect IERS conventions 2010 (Petit and
Luzum 2010)

Receiver coordinate Fixed (or tightly constrained)

serves as an indicator to assess the quality of BDS-3 satel-
lite orbits. According to orbit overlapping analysis, the orbit
of the last day in the first 3-day solution is compared with
that of the middle day in the next. The main parameters and
strategies of POD processing in the SPAce-geodetic Data
Analysis (SPADA) software package are carefully config-
ured and listed in Table 2. The SPADA software package is
developed based on PANDA provided by the GFZ real-time
GNSS group (Steigenberger et al. 2023).

Note that the ECOM1 model fails to properly represent
the SRP acceleration acting on BDS-3 MEOs with elon-
gated body shapes because the SRP perturbation is not fully
absorbed (Yan et al. 2019b; Montenbruck et al. 2014). By
applying the a priori box-wing (BW) SRP model along with
ECOM1, the BDS-3 POD performance can be improved

because the analytical BWmodel can account for most of the
SRP perturbation (Li et al. 2020; Yan et al. 2019b). The box-
wing model simplifies the structure of a GNSS satellite to a
cuboid body with six faces (box) plus solar panels (wings)
(Marshall and Luthcke 1994; Xia et al. 2022). Total SRP
acceleration can be theoretically obtained by summing the
SRP acceleration for each illuminated satellite surface and
solar panel. The area and the absorption coefficients of each
satellite surface are published by CSNO. The diffuse reflec-
tion coefficient of the surface is assumed to be zero to form the
BW model (Li et al. 2020). Additionally, the attitude model
was considered when determining PCOs (Dilssner 2017).

4 Estimation of BDS-3 satellite antenna PCOs

The PCOs can be estimated in orbit in the POD processing
based on the ground tracking observations. Since differ-
ent parameters and models affect the POD estimations, the
PCOs derived from different schemes are investigated. In
this section, PCOs time series are displayed and discussed
from different SRP models. Then, the impacts of receiver
antenna calibrations on PCO estimation are studied. In addi-
tion, observations based on multi-frequency combinations
are also applied for estimating the BDS-3 PCOs.

4.1 PCO estimation based on different SRPmodels

Since satellite PCOs are strongly correlatedwith SRP param-
eters, the horizontal PCOs depend much on the elevation
angle of the Sun above the orbital plane (β angle) (Xia et al.
2020; Steigenberger et al. 2016). In this section, the charac-
teristics of BDS-3 satellite PCO estimates with respect to the
CSNO values using different SRP models are investigated.
As shown in Table 1, BDS-3 MEOs are located in three orbit
planes, and the characteristics of MEOs from the same orbit
plane are similar, satellites C19, C23, and C27 from each of
the three orbit planes were selected to display the character-
istics of BDS-3 MEOs, while satellite C38 was chosen as an
example for the IGSOs.

Two SRP models, ECOM2 and ECOM1 + BW, are
selected for studying the SRP impact on PCO estimation, and
the corresponding daily PCO corrections of satellites C19,
C23, C27, and C38 are depicted in Fig. 2, respectively. No
significant differences are found in the Y-offset and Z-offset
corrections for the two SRP models. For MEOs, the Y-offset
corrections show remarkable β angle-dependent systematic
variations. The absolute Y-offset corrections are less than
0.01 m when |β| < 20◦, and the variation of Y-offset cor-
rections significantly increased especially when |β| > 40◦.
However, the X-offset corrections based on the ECOM2
model have a larger scatter than that of the ECOM1 + BW
model, especially for the periods with large β angles. The
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Fig. 2 The daily PCO corrections of C19, C23, C27, and C38 based on ECOM2 (blue point) and ECOM1 + BW (green point) models, the red line
represents the β angle

absolute X-offset corrections are less than 0.015 m when
|β| < 20◦ based on the ECOM2 model, with the largest
value up to 0.600 m. Compared with the ECOM2 model,
the absolute X-offset corrections based on the ECOM1 +
BW model have a lower scatter, and the largest value is
about 0.350 m. For these satellites that cover a small range
of angles, e.g., C27, the variation of the X-offset and Y-
offset corrections is also small. Compared with MEOs, the
PCO corrections of IGSO have a larger scatter, especially
in Z-offset. That is mainly due to the higher correlation
between the Z-offset and clock offsets of IGSO, which have
a smaller range of the nadir angles (Huang et al. 2018). From
the time series of PCOs analysis of all satellites, the char-
acteristics of satellites in the same orbital plane perform
similarly. And there is no obvious difference between satel-
lites from different manufacturers and in the same orbital
plane.

Due to the apparent correlation of the X-offsets with SRP
models, the direct SRP parameter D0 is further analyzed.
Figure 3 shows the D0 parameter for different SRP mod-
els when PCOs are estimated. Compared with the ECOM2
model, the D0 scatter of the ECOM1 + BW model is much
smaller, and its standard deviation (STD) decreased from
2.36 to 0.89 nm/s2. Outliers can be significantly reduced
during periods with large absolute values of the β angle.
Compared with the results of previous studies, the X-offsets
based on the ECOM1 + BW model with optical properties
published by CSNO have a lower scatter, and the series is

much more stable (Xia et al. 2020; Yan et al. 2019a). The
results indicate that the ECOM1 + BW model is more suit-
able for the PCO in-orbit estimation of BDS-3 satellites.
However, the scatter also increases during the period with
largeβ angles, especially for those satellites covering awider
range of β angles. This may be mainly attributed to inaccu-
rate optical properties.

4.2 Impact of receiver antenna calibrations on PCO
estimation

In previous studies on GNSS data processing, receiver
antenna PCO/PCV corrections for GPS L1/L2 are imple-
mented for BDS-3 B1I/B3I observations due to the fact that
most of the receiver antenna do not have the calibrations
for BDS frequencies (Zeng et al. 2020, Zhang et al. 2019, Li
et al. 2020). This substitutionwill inevitably introduce certain
errors in the estimated parameters and creating a potential
source of inconsistency (Dach et al. 2021). Thanks to the
effort of the IGS community,more andmore receiver antenna
calibrations of BDS frequencies have been made available
(Villiger 2021). With the update of receiver hardware and
firmware, more stations in the MGEX tracking network can
track BDS-3 signals and are suitable for BDS-3 orbit and
clock estimation. Overall, a total of 14 types of receiver
antennas and radome pairs are used at the stations selected
in Sect. 3, and their PCOs of BDS frequencies B1I, B3I, and
GPS frequencies L1, L2 are listed in Fig. 4. Be aware that
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Fig. 3 Estimates of the direct
solar radiation pressure
parameter D0 for C19 using
ECOM2 and ECOM1 + BW
solar radiation pressure models

Fig. 4 The receiver antenna PCOs of BDS frequencies B1I, B3I, and GPS frequencies L1, L2 for all the 16 types of antennas involved in the
experimental network. The number of stations with the antenna is listed at the end of the antenna name

the number of the stations with the antenna is attached at the
end of the antenna name in the parenthesis. As PCC obtained
from different calibration methods has an impact on GNSS

estimates (Kersten et al. 2022), all corrections of the selected
antennas were from robot calibrations in the field performed
by Geo++ .
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The PCOs of B1I are close to GPS L1, and the PCOs
of B3I are close to GPS L2. The phase model characteris-
tics with similar frequencies are relatively close (Hu et al.
2022). The PCOs in the horizontal component are less than
1 mm for most antennas. The most significant difference
in the N direction is 0.91 mm between L1 and B1I and
0.48 mm between L2 and B3I. In the E direction, the value
is 0.89 mm between L1 and B1I and 0.33 mm between
L2 and B3I. In the vertical component, the PCOs are close
for the same type of antennas with or without a radome.
The biggest difference is 5.30 mm between L1 and B1I
and 6.18 mm between L2 and B3I. For the vertical com-
ponent of different types of antennas, the values of all four
frequencies are close and larger than 100 mm for three
Leica antennas (LEIAR20, LEIAR25.R4, LEIAR25.R3)
and SEP CHOKE_B3E6. While for TRM57971.00 and
TRM115000.00, the values are much smaller than other
antennas. For the other four types of antennas, the values
are similar and in the range of 50–100 mm for L1/L2 and
larger than 100 mm for B1I/B3I.

The impact of the receiver antenna PCOs is investigated
by keeping the datasets and strategy of the two cases the same
in the PCO estimation, except that the receiver antenna phase
center corrections of the BDS signals are corrected with the
corresponding GPS values (case one) or BDS calibrated val-
ues (case two). All the selected stations can track the BDS-3
B1I/B3I signals, and their BDS frequency antenna calibra-
tions are available in igsR3_2077.atx.

The estimated X-offset and Y-offset correction series
based on different receiver antenna calibrations are genuinely
similar for all satellites. However, the Z-offset correction
series derived from different receiver antenna calibrations
show remarkably different patterns. Taking C19 as an exam-
ple, Fig. 5 depicts the Z-offset PCO correction series using
different receiver antenna calibrations in 2021. There is a
systematic bias between the two cases, and the average bias
is larger than 200 mm. The STD of the Z-offset correc-
tions based on GPS and BDS receiver antenna calibrations
is 110 mm and 90 mm, respectively. The variation of the Z-
offset corrections based onBDS antenna calibrations ismuch
smaller.

To further investigate the influence of receiver antenna
calibrations on PCO estimation, Z-offset corrections of all
BDS-3 MEOs and IGSOs are analyzed. The mean Z-offset
PCO corrections of the two cases and their differences are
illustrated in Fig. 6. In order to show the characteristics
clearly, the plots are separated by satellite types MEOs and
IGSOs, and MEOs are further classified according to the
manufacture, i.e., CAST or SECM. Figure 6 shows a sys-
tematic bias of about 250 mm for MEOs. The maximum
inner-type difference ofMEOZ-offsets is 25mm, and almost
no differences between the CAST and SECM satellites. The
mean bias of all MEOs is about − 267.80 mm. According to

the approximation scale factor of 8.3 ppb/m forBDS-3MEOs
provided by Zajdel et al. (2022), a scale change is introduced
of around − 2.22 ppb concerning the mean Z-offset shift of
− 267.80 mm. As for IGSOs, the Z-offset PCO corrections
range from − 600 to − 400 mm. The difference in Z-offset
is the decimeter level between GPS and BDS calibrations for
MEOs and IGSOs. Consequently, receiver antenna calibra-
tions indeed have a significant influence on the Z-offset PCO
estimation.

The scale bias �s caused by the mean offset bias of all
GPS satellites can be approximately quantified by (Zhu et al.
2003),

⎧
⎨

⎩

�s = −7.8�b

�b =
n∑

i=1

�bi
n

(5)

where �b is the offset bias for each observed satellite, n is
the number of satellites in the constellation;�s and�b are in
ppb and meter, respectively. It must be pointed out that this
is an empirical equation derived for GPS with a constella-
tion of 24 satellites. Therefore, it could be different for BDS
constellation with the different number of satellites and orbit
altitude. From the definition of the network scale, the scale
bias �s caused by an averaged bias of station coordinates in
the U direction can be approximately quantified by,

�s = �u

r
× 109 (6)

where �u is the bias for each station in the U direction of
station coordinate, and r is the mean radius of the Earth.
According to Eqs. (5) and (6), the effect of the bias of station
coordinates in the U direction �u on the satellite offset is,

�b = −20.1�u (7)

One millimeter change in the U direction of the station
coordinate could induce a − 20.1 mm variation in the Z-
offset of the satellites. Based on the above analysis, the large
discrepancies in the Z-offset between different studies are
probably explained by different usage of receiver antenna
calibrations.

Furthermore, to evaluate the difference of the receiver
antenna PCOs based on the two cases, the receiver PCO/PCV
in the igsR3_2077.atx are statistically analyzed. The com-
parison of the ionosphere-free PCOs between BDS B1I/B3I
and GPS L1/L2 is shown in Fig. 7 for the used antennas.
It is noted that the ionosphere-free PCOs of all frequency
pairs are calculated from the information in igsR3_2077.atx.
The number of stations is given in parentheses. The biggest
differences between the antennas are 2.3 mm, 3.1 mm, and
22.5 mm in the N , E, and U directions, respectively. To get
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Fig. 5 Daily estimated Z-offset
PCO correction series of C19
with GPS receiver antenna
calibrations and BDS receiver
antenna calibrations for BDS
observations

the effect of all stations, the differences in the U direction of
all stations are employed to generate the mean values. If an
identical weight is assigned for all stations, the mean value
is 14.30 mm.

For precise applications, it is recommended that elevation-
dependent or elevation and azimuth-dependent PCVs of the
antenna have to be used (IGSandRTCM-SC1042021).Com-
pared with PCOs, the values of PCVs are much smaller. In
principle, PCV can be expressed by a PCO and the flattest
PCV. Therefore, the effect of PCVs of all elevations was
approximately quantified by (Ge and Gendt 2005),

PCVLC−Zenith =
∑

PCVLC(i) sin(i)
∑

sin(i) sin(i)
(8)

where i is the elevation, PCVLC(i) is the difference of
ionosphere-free PCVs between B1I/B3I and L1/L2. Simi-
lar to PCOs, the PCV effect of all stations can be obtained
through arithmetic mean, and the value is 1.22 mm. The dif-
ference of the ionosphere-free PCVs between B1I/B3I and
L1/L2 is statistically analyzed and compared for the used
antennas shown in Fig. 8.

Considering the factors of both receiver antenna PCOs
and PCVs, the combined impact from the receiver antenna
is about 15.52 mm of all stations. According to Eq. (7), the
empirical Z-offset variations of all GPS satellites should be
− 311.95 mm if all ground calibrations were increased by
15.52mmwhich is the PCO average difference betweenGPS
and BDS signals of a global network. According to the study
of the ratio of station height and PCO changes for BDS-3

(Montenbruck et al. 2022), the mean bias of BDS-3 MEOs
should be − 337.39 mm with a cutoff angle of 10° and −
360.93 mm with a cutoff angle of 5° if all ground calibra-
tions were increased by 15.52 mm. The above two biases
are different from our estimated values of − 267 mm esti-
mated with global GPS and BDS signal calibration PCOs.
The result of case one and case two can be influenced by the
following factors. (1) The effect of receiver antenna PCVs
is hard to estimate since PCVs are elevation- and azimuth-
dependent. (2) The POD strategy using combined GPS/BDS
observations may result in a bias in satellite PCO estima-
tion compared with only using BDS observations. (3) In the
two cases, the stations with the same type of antenna are not
evenly distributed. Therefore, the arithmetic mean values are
not accurate enough to describe their effect.

In order to refine the relationship between the receiver
antenna calibrations and PCO estimate of the BDS-3 con-
stellation, the other four cases (case three to case six) were
conducted. The data of the first seven days within every
month in 2021 have been processed for each case. All these
cases are summarized in Table 3. The difference of each
satellite is presented in Fig. 9. Case three and case four are
compared with case two, while case six is compared with
case five.

Compared with case two, an artificial increase of 10 mm
was introduced in the U directions of BDS PCOs for all
receiver antennas in case three. It is noted that it is also rea-
sonable to choose another increasement. It is equivalent to
that thewhole network increases by one scale and is no longer

123



57 Page 10 of 19 C. Huang et al.

Fig. 6 Mean Z-offset PCO
corrections of BDS-3 MEOs and
IGSOs with GPS and BDS
receiver antenna calibrations and
their differences

Fig. 7 The difference of the
ionosphere-free PCOs between
the B1I/B3I and L1/L2 for the
used receiver antennas

affected by the uneven distribution of stations. According to
the result of case one, the mean decrease in case three should
be about 171mmforMEOs.However, the estimated decrease
is− 286.2mm, and it is not in good agreement with case two.

A difference between case one and case three is using
GPS or BDS PCVs of receiver antennas. To analyze whether
the disagreement is caused by the receiver antenna PCVs, the
following case four is conducted. In case four, only the PCOs

of the BDS signals are corrected with the corresponding GPS
values, and the mean decrease in estimation is − 381.3 mm
for MEOs. Therefore, the correlation is �b = −26.6�u.
This correlation is similar to case three but different from
case one. It can be concluded that the difference is caused
by the inaccurate PCVs in case one. Because case three is
less effected by other factors, the correlation developed by
case three is more accurate than case four. The correlation
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Fig. 8 The comparison of the
ionosphere-free PCVs between
B1I/B3I and L1/L2 for the used
receiver antennas

Table 3 Impact of receiver antenna calibrations on MEO PCOs estimation

Case System GPS BDS BDS �uo/mm �uv/mm �b/mm Correlation

PCO/PCV PCO PCV

1 GC GPS GPS GPS 14.3 1.2 − 265 �b = −17.1�u

2 GC GPS BDS BDS 0.0 0.0 0.0 Reference

3 GC GPS BDS + 10 mm BDS 10 0.0 − 286 �b = −28.6�u

4 GC GPS GPS BDS 14.3 0.0 − 381 �b = −26.6�u

5 C – BDS BDS 0.0 0.0 0.0 Reference

6 C – BDS + 10 mm BDS 10 0.0 − 227 �b = −22.7�u

is �b = −28.6�u for MEOs. For IGSO, the correlation is
quite different for the three satellites becauseof the inaccurate
estimations caused by relatively smaller nadir angles (Xia
et al. 2020).

To obtain the change of the Z-offset in BDS-only esti-
mates, in case five and case six, PCO estimation using the
BDS-only constellation was conducted. For case five, the
BDS frequency receiver antenna PCOs and PCVs correc-
tions were used, and an artificial increase of 10 mm was
introduced in the U directions of BDS PCOs for all receiver
antennas in case six. The Z-offset corrections of all MEOs
decrease by about 220 mm when the receiver antenna PCO
increases 10 mm in the U direction, and the mean decrease
is − 226.80 mm.

According to the analysis of case five and case six, the
correlation of a bias in the U direction for all receiver anten-
nas and the resulting change in the estimated PCOZ-offset of
BDS-3MEOs should be�b = −22.7�uwhen a cutoff angle

of 7° was applied. According to the relation of station height
and PCO changes for BDS-3 analyzed byMontenbruck et al.
(2022), the ratio should be between − 21.7 (cutoff angle of
10°) and − 23.3 (cutoff angle of 5°) if the impact of weight-
ing functions was ignored. Therefore, our result is consistent
with Montenbruck et al. (2022) although a different method
was used. As for IGSOs, the altitudes are much higher than
those of MEOs, so the impact on IGSOs is also much larger,
as shown in Figs. 6 and 9. The estimated mean decrease of
all IGSOs is− 514.38 mm. Therefore, the correlation should
be �b = −51.4�u based on the experimental test.

Compared with other cases, cases three and case six are
no longer affected by the uneven distribution of stations.
Based on the result of the two cases, the correlation can
be approximately expressed as: A network averaged bias in
the Up-direction of the receiver antenna results in a − 22.7
times change ofMEOZ-offset for single BDS-3 POD aswell
as − 28.6 for the joint processing with GPS. The receiver
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Fig. 9 Mean Z-offset difference
of BDS-3 MEOs and IGSOs with
different receiver antenna
calibrations

antenna calibrations are suggested to be corrected exactly
for their crucial impact, which is non-negligible. In addi-
tion, at present, only the type mean PCCs of ground stations
are provided, and the values of individual ground stations
are not available for the MGEX and iGMAS networks. The
differences between type-mean and individual receiver PCC
models are range from 0 to 2 mm for most ground stations
(Kersten et al. 2022). Its impact on satellite PCO estimation
will need further analysis after more individual absolute PCC
of ground stations are available.

4.3 BDS-3 PCOmodel for B1I/B3I and B1C/B2a

The final result of PCO estimation should be a set of PCO
values per satellite or satellite group (Steigenberger et al.
2016). Based on the analysis above, a new ionospheric-free
PCO model named SHAPCO for B1IB3I and B1CB2a can
be obtained by taking the weighted average of all the daily
solutions. The satellite-specific ionospheric-free PCO mod-
els of BDS-3 IGSOs and MEOs are listed in Table 4. The
mean STD of the same type of satellite from the same man-
ufacturer is also listed. The strategies to estimate B1C/B2a
ionospheric-free PCOs are similar to B1I/B3I, except for the
observation types and the network, which is presented in
Table 4 and Fig. 11 in Sect. 3.

Figure 10 depicts the PCOs of B1I/B3I and B1C/B2a
for BDS-3 MEOs and IGSOs of the SHAPCO model. The
correspondingmanufacturer PCOs are also calculated by fre-
quency combinations and given for comparison. For MEOs,
the PCOs of CAST and SECM satellites are significantly

different, and the absolute values of CAST satellites are
obviously larger than those of SECM satellites. Whereas
individual satellites from the same manufacturer have simi-
lar performance. For B1I/B3I PCOs, the differences between
the X-offsets of the manufacturer model and the SHAPCO
model are 35.7 mm and 46.6 mm for C45 and C46, respec-
tively. However, the mean absolute difference of the other
CAST MEOs is only 6.8 mm. For Z-offsets, the differences
between the two models are 383.9 mm and 363.8 mm for
C41 and C42. The mean absolute difference of the other
CASTMEOs is 55.7 mm. Similar results were also obtained
for B1C/B2a PCOs. The large antenna offsets of these four
satellites were also found in other studies (Zajdel et al. 2022;
Guo et al. 2022).

The difference of ionospheric-free PCOs ofBDS-3 IGSOs
and MEOs between the SHAPCO model and the manufac-
turer model of B1I/B3I and B1C/B2a is shown in Fig. 11.
From the plot, the differences for B1IB3I and B1C/B2a are
similar. The mean differences in X-offset and Y-offset are
5.5mmand 3.1mm, respectively, and the difference is within
100 mm for most satellites in Z-offset. However, the differ-
ence is much larger for IGSOs in Z-offset. Based on the
above analysis, it is concluded that the corrections of differ-
ent frequency combinations are very similar. Compared with
the manufacturer model, the MEO PCO corrections of the
estimatedmodel arewithin 50mm, 20mm, and 100mm inX-
offset, Y-offset, and Z-offset, respectively, for most satellites.
The Z-offsets of C41 and C42 are the two largest corrections;
this may be caused by the inexact manufacture value of the
two satellites for the manufacture Z-offsets of C41 and C42
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Table 4 B1I/B3I and B1C/B2a
ionospheric-free PCO estimates
of BDS-3 IGSOs and MEOs
(mm)

Type Satellite X-offset Y-offset Z-offset

B1I/B3I B1C/B2a B1I/B3I B1C/B2a B1I/B3I B1C/B2a

CAST-MEO C19 − 234.0 − 233.1 − 21.3 − 14.1 1933.8 1978.0

C20 − 223.1 − 218.5 − 21.5 − 15.9 2007.4 2011.6

C21 − 204.1 − 207.4 − 14.8 − 10.2 1956.1 1982.8

C22 − 216.1 − 217.9 − 22.4 − 13.4 1989.4 1983.6

C23 − 215.4 − 217.6 − 6.7 − 2.2 2058.9 2075.3

C24 − 207.2 − 212.9 − 6.2 − 2.9 2094.8 2087.2

C32 − 182.1 − 180.9 − 11.3 − 8.7 2035.9 2038.8

C33 − 187.0 − 183.4 − 20.6 − 11.7 2015.9 2049.5

C36 − 191.9 − 198.0 − 12.5 − 9.0 1835.8 1867.7

C37 − 196.7 − 203.7 − 13.4 − 9.0 1836.3 1866.8

C41 − 184.6 − 196.0 − 13.0 − 13.0 1968.7 1931.7

C42 − 202.7 − 213.1 − 18.0 − 14.5 1956.1 1938.4

C45 − 254.1 − 267.0 − 10.7 − 11.5 2077.8 1997.1

C46 − 244.4 − 251.2 − 10.7 − 9.2 1981.0 1961.4

STD 23.7 24.5 11.8 8.6 110.0 89.6

SECM-MEO C25 62.2 64.0 − 6.2 − 1.7 1147.4 1090.4

C26 61.0 57.6 − 8.9 − 2.3 1189.5 1096.5

C27 41.1 39.4 0.4 1.4 1378.7 1303.0

C28 45.8 39.7 6.9 7.1 1356.7 1269.8

C29 43.1 40.4 − 10.1 − 10.1 1466.7 1365.3

C30 39.2 40.1 − 1.3 − 1.2 1421.5 1306.8

C34 68.1 68.3 − 6.5 1.5 1259.1 1167.3

C35 66.5 67.3 − 9.5 − 5.1 1132.8 1068.7

C43 69.2 66.1 − 6.7 1.0 1420.0 1188.5

C44 57.4 61.7 − 8.8 − 5.9 1300.4 1056.1

STD 18.0 15.3 10.7 8.1 112.0 77.1

IGSO C38 − 22.3 − 9.7 − 287.0 − 270.4 2958.1 3126.2

C39 − 28.7 − 24.0 − 293.2 − 283.8 2903.0 3071.7

C40 − 22.8 1.9 − 280.6 − 281.0 2825.0 3138.8

STD 51.9 48.2 53.6 35.7 426.1 224.1

which are about 400 mm smaller than other CAST MEOs as
mention above.

The difference of ionospheric-free PCOs ofBDS-3 IGSOs
and MEOs between the SHAPCO model and the manufac-
turer model of B1I/B3I and B1C/B2a is shown in Fig. 11.
From the plot, the differences for B1IB3I and B1C/B2a are
similar. The mean differences in X-offset and Y-offset are
5.5mm and 3.1mm, respectively, and the difference is within
100 mm for most satellites in Z-offset. However, the differ-
ence is much larger for IGSOs in Z-offset. Based on the
above analysis, it is concluded that the corrections of differ-
ent frequency combinations are very similar. Compared with
the manufacturer model, the MEO PCO corrections of the
estimatedmodel arewithin 50mm, 20mm, and 100mm inX-
offset, Y-offset, and Z-offset, respectively, for most satellites.

The Z-offset of C41 and C42 are the two largest corrections;
this may be caused by the inexact manufacture value of the
two satellites for the manufacture Z-offsets of C41 and C42
which are about 400 mm smaller than other CAST MEOs as
mention above.

5 Validation

For validation of the SHAPCO model, BDS-3 orbits over
two 20-day periods in January and February 2021 (DOY
030–049) and in April and May 2021 (DOY 120–139) were
reprocessed with the manufacturer model and the newly
established SHAPCO model (Table 4), respectively. The
same processing aspects as described in Sect. 3 were used
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Fig. 10 B1I/B3I and B1C/B2a ionospheric-free PCOs of BDS-3 IGSOs and MEOs for the SHAPCO model and manufacturer model

Fig. 11 Difference of
ionospheric-free PCOs of BDS-3
IGSOs and MEOs between the
new model and manufacturer
model of B1I/B3I and B1C/B2a
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Fig. 12 RMS of the overlapping
orbit differences of BDS-3
IGSOs and MEOs using the
SHAPCO model and the
manufacture model for the
ionosphere-free combination of
B1I/B3I

except for the estimation of PCO parameters. The orbit con-
sistency of two adjacent three-day solutions over the overlap
time serves as an indicator to validate the POD results.

Figures 12 and 13 depict the RMS of the overlapping orbit
differences of BDS-3 IGSOs and MEOs using the SHAPCO
model and the manufacturer model for employing B1I/B3I
and B1C/B2a ionosphere-free combinations, respectively.
Compared with the manufacturer model, the orbit precision
of the SHAPCO model is improved for both B1I/B3I and
B1C/B2a.Theorbit 3D rootmean square (RMS)decreases by
an average of 0.11 cm (2.0%) and 0.15 cm (2.9%) forB1I/B3I
and B1C/B2a, respectively. The improvement in three direc-
tions is genuinely similar, and about 2% for B1IB3I and 3%
for B1CB2a, because most of errors in the Z-direction are
absorbed by the clock estimates (Zhu et al. 2003). Although
the improvement is modest, it is worth noting that the orbit
precision of most satellites is improved. For B1CB2a, the
3D RMS is decreased for 26 out of the 27 satellites. The
improvement on B1C/B2a is larger than B1I/B3I for most
satellites.

To investigate the influence of the PCO models on differ-
ent satellites, Table 5 depicts the average orbit overlap RMS
of all BDS-3 CAST MEOs, SECM MEOs, and IGSOs in

along-track, cross-track, and radial components. For CAST
MEOs, the 3D RMS of the SHAPCO model is decreased to
5.59 cm and 4.99 cm for B1I/B3I and B1C/B2a, respectively,
with a decrease of 0.09 cm (1.6%) and 0.12 cm (2.4%). For
SECM MEOs, the precision improvement of the SHAPCO
model is 0.03 cm (0.7%) and 0.16 cm (3.8%) for B1IB3I and
B1CB2a, respectively. For IGSOs, the improvement is much
larger than that of MEOs, which is about 0.47 cm (6.1%),
0.16 cm (2.8%), 0.21 cm (6.5%) in along-track, cross-track,
and radial directions, respectively, B1IB3I and the improve-
ment is about 0.21 cm (3.1%), 0.09 cm (1.8%), and 0.15 cm
(5.1%) for B1CB2a. Although the effects of PCO on the
orbits are not such sensitive (Zhu et al. 2003), the orbit preci-
sion of the new PCO model is improved slightly. The results
based on another data package were also similar. Besides,
the PCOs from Guo et al. (2022) that we regarded as the
WHUPCO model were also validated. It can be noticed that
the X-offset of C39 in the WHUPCO model is much smaller
than the other models. Orbit overlap RMSs by using the
WHUPCO model are about 1–3 mm larger than the other
two methods that may be caused by different datasets and
processing strategies.
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Fig. 13 RMS of the overlapping
orbit differences of BDS-3
IGSOs and MEOs using the
SHAPCO model and the
manufacture model for the
ionosphere-free combination of
B1C/B2a

Table 5 Orbit overlap precisions of CAST MEOs, SECM MEOs, and IGSOs using the new model and manufacturer model (cm)

Observation PCO model MEO CAST MEO SECM IGSO

3D A C R 3D A C R 3D A C R

B1I/B3I Manufacture 5.7 4.2 3.2 1.3 4.6 3.3 2.8 1.1 10.6 7.7 5.8 3.3

SHAPCO 5.6 4.1 3.2 1.3 4.6 3.3 2.8 1.1 10.1 7.3 5.6 3.0

B1C/B2a Manufacturer 5.1 3.7 3.0 1.3 4.2 2.9 2.6 1.1 9.2 6.8 4.9 2.9

SHAPCO 5.0 3.6 2.9 1.2 4.0 2.8 2.5 1.1 9.0 6.6 4.9 2.7

Satellite laser ranging (SLR) is an independent tech-
nique providing external validation for satellite orbits. The
laser retroreflector arrays (LRA) are equipped on the BDS-3
satellites to enable SLR tracking by the International Laser
Ranging Service (ILRS) (Pearlman et al. 2019). The SLR
residuals of orbits derived from SHAPCO model and the
manufacture model are summarized in Table 6. The vali-
dation results of the two models are very similar, and the
difference is within 1 mm for most satellites. That result
further confirmed that PCO’s effect on the orbits is not so
sensitive.

To further assess the qualities of PCO solutions, static
PPP has been performed to obtain the global distributed sta-
tions coordinates. The validation data of the 19 stations are

obtained fromDOY120–139 in 2022.And the PCOsolutions
are derived by the manufacture method, SHAPCO method
and WHUPCO method. Then, the RMSs of the station coor-
dinates are obtained statistically, as shown in Table 7. When
the SHAPCO model and WHUPCO method are employed,
the positioning accuracies of most experimental stations are
enhanced for both B1I/B3I and B1C/B2a, especially for the
up component. The mean improvements achieved by the
SHAPCO model in the up component are at the rate of 5%
(1.1 mm) and 14% (3.1 mm) for B1I/B3I and B1C/B2a,
respectively. The positioning accuracies in the up component
show improvement with an average of 3% (0.7 mm) and 3%
(0.6 mm) for B1I/B3I and B1C/B2a when the WHUPCO
model is adopted.
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Table 6 SLR validation of BDS-3 satellites with PCO models (unit: cm)

Observation PCO C20 C21 C29 C30

MEAN RMS MEAN RMS MEAN RMS MEAN RMS

B1I/B3I Manufacture 2.3 4.4 2.2 4.4 − 4.8 5.3 − 5.7 6.0

SHAPCO 2.3 4.4 2.2 4.3 − 5.0 5.4 − 5.7 6.2

B1C/B2a Manufacture 2.4 4.4 2.6 4.4 − 4.5 4.9 − 5.5 5.6

SHAPCO 2.5 4.4 2.6 4.3 − 4.7 5.0 − 5.6 5.8

Table 7 PPP validation of BDS-3
with PCO models (unit: cm) Observation PCO N E U

B1I/B3I Manufacture 1.77 2.47 2.26

SHAPCO 1.79 2.45 2.15

WHUPCO 1.78 2.47 2.18

B1C/B2a Manufacture 1.78 2.39 2.20

SHAPCO 1.64 2.22 1.88

WHUPCO 1.76 2.39 2.13

Because the satellite is in orbit for a short time, the PCO
of the satellite in orbit is close to the ground calibration
value with the manufacturer model featuring a relatively
high accuracy. With the satellite operating time increasing,
the differences between the in-orbit estimated PCOs and the
ground-calibrated values will vary from time to time. Due
to the fact that the space environment is complex and the
satellite COM is continuously changing because of fuel con-
sumption, the satellite PCOs are suggested to update with
regularity.

6 Conclusions

The satellite PCOs play a vital role in the precise positioning
and orbit determination. However, the ground-calibrated val-
ues could be biased and changed due to the complex space
environments. In order to refine the satellite PCO model,
this study focuses on the in-orbit estimation of PCOs for
BDS-3 MEOs and IGSOs. The impact on the satellite PCO
estimates of the SRP models and the receiver antenna phase
center correctionswas investigated and analyzed comprehen-
sively. Based on the impact study, a new PCOmodel, i.e., the
SHAPCO model, is established for all BDS-3 MEOs and
IGSOs and for both B1I/B3I and B1C/B2a ionospheric-free
combinations based on one-year global data.

Two SRP models, i.e., ECOM2 and ECOM1 + BW with
optical properties published by CSNO, are compared in the
PCO estimation. No significant differences are found in the
Y-offset and Z-offset corrections based on two different SRP
models. Nevertheless, the X-offset corrections based on the

ECOM2model have a larger scatter than the ECOM1 + BW
model. And the D0 scatter is also decreased when using the
ECOM1 + BW model. Consequently, the PCO estimates
based on the ECOM1 + BW model are considered more
stable and are selected for establishing the SHAPCO model.

Meanwhile, the estimated PCOs based on different
receiver antenna calibrations are compared. It is concluded
that receiver antenna calibrations have a significant influence
on the Z-offset, and the level is up to several decimeters.
The X-offset and Y-offset corrections based on the calibra-
tions of GPS frequencies are very similar to the result when
using values of BDS frequencies. However, there is a sys-
tematic bias of about 267.8 mm for MEOs in Z-offset, which
results in the scale change of around− 2.22 ppb. For IGSOs,
the bias is even larger. According to the correlation between
the GPS-derived scale and the Z-offset of the satellites, the
change of Z-offset caused by an error in the U directions
of all receiver antennas is empirically derived. The induced
change of Z-offset is approximately− 20.1 times the error in
theU directions of all the receiver antennas. Considering the
difference of the GPS and BDS-3 constellations, in order to
obtain the correlation between the Z-offset of BDS-3 satel-
lites and receiver antenna, the Z-offset variations numerically
calculated by introducing an artificial increase of 10 mm in
theU direction of receiver antenna and experimentally inves-
tigated. The results show the impact factor of BDS-3 MEOs
is larger than GPS, from − 20.1 to − 22.7 for single BDS-3
PCO estimation and about − 28.6 for the joint processing
with GPS. This is consistent with the result derived from
other studies by giving a change to satellite PCO.
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Based on the daily PCO series, the SHAPCO model is
established for BDS-3 MEOs and IGSOs for both B1I//B3I
and B1CB2a ionosphere-free phase centers by taking the
weighted average of all the daily solutions for the period of
one year. The results indicate that corrections on B1I/B3I and
B1C/B2a are very similar, whereas the differences between
the manufacturer model and the SHAPCO model for MEO
satellites are within 50 mm, 20 mm, and 100 mm in the X-
offset, Y-offset, and Z-offset, respectively. From the above
analysis, the PCO model provided by the manufacturers is
reliable for most satellites. However, Z-offsets of C41 and
C42 as well as X-offsets of C45 and C46 were found to
have large difference between the manufacturer model and
the SHAPCO model. The large antenna offsets of these four
satellites were also found in other studies.

Furthermore, the performances of the SHAPCO models
were validated in POD and compared with the manufac-
turer model, the orbit accuracy can be slightly improved
by 0.15 cm (3.0%) measured by the RMS of the overlap-
ping orbit difference. For the static PPP, the WHUPCO
model achieves improvements of 3% and 3% for B1I/B3I
and B1C/B2a, respectively, compared with the manufacture
methods. The corresponding improvements are 5% and 14%
when the WHUPCO model is adopted.
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