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Abstract: The BeiDou global navigation satellite system (BDS-3) has been widely applied
in various geodetic applications since its full operation. However, the estimated station
coordinates using BDS-3 are less precise compared to GPS results. It contains systematic
errors caused by scale bias with respect to International GNSS Service (IGS) 2020 frame
and Inter-System Translation Parameters (ISTPs). In order to improve the consistency of
BDS-3-derived station coordinates with respect to IG520 products, we firstly estimated
the satellite antenna Phase Center Offsets (PCOs) for BDS-3 Medium Earth Orbit (MEQO)
constellation, and then estimated station-specific ISTPs from GPS to BDS-3 systems. The
results indicate that the PCO-Z estimates show large differences among satellites from
different manufacturers and orbit planes. The estimated BDS-3 satellite PCOs exhibit a
systematic bias of 9.3 cm in the Z-direction compared to ground calibrations. The maxi-
mum mean station-specific ISTPs can reach up to 3 mm, highlighting significant variabil-
ity and the need for refinement in positioning. When using the estimated PCOs instead of
igs20.atx values, the estimated scale bias with respect to the IGS20 frame is reduced from
0.38 ppb to -0.12 ppb, indicating that the refined BDS-3 satellite PCOs are well compatible
with IGS20. Regarding the Up component that is correlated with the scale factor, the sta-
tion coordinate differences with respect to the IGS20 frame is reduced from 7.0 mm to 6.2
mm in terms of the root mean square (RMS), which is improved by 11.4%. Considering
the additional ISTP corrections, a further improvement of 17% was obtained in station
coordinates. The RMS of station coordinate differences with respect to the IGS20 frame is
2.3 mm, 2.7 mm, and 5.2 mm for the North, East, and Up components, respectively.

Keywords: BDS-3; PCO; inter-system translation parameters; terrestrial scale; IGS20

1. Introduction

The BDS-3 [1], since it became fully operational, has been widely applied in various
earth science research areas, including the achievement of terrestrial reference frame scale
[2] and the determination of geocenter motion and Earth Rotation Parameters (ERPs) [3,4].
An essential requirement for these geodetic applications is the precise estimation of sta-
tion coordinates [5,6], which serves as a critical foundation for the scientific analysis of
geophysical signals and processes. Nowadays, the static positioning accuracy of BDS-3
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with the Precise Point Positioning (PPP) method [7] stays at the level of 3 mm and 7 mm
for the horizontal and vertical components, respectively, which is worse than the estab-
lished GPS results of 2-3 mm and 4 mm [8]. This comparison suggests that the estimated
station coordinates by using BDS-3 suffer from some potential modeling issues.

Currently, the International GNSS Service (IGS) [9] operational products have incor-
porated the IG520/igs20.atx framework [10], where the Z component of Phase Center Off-
set (PCO-Z) of all GPS, GLONASS, and Galileo satellite antennas are aligned to the
ITRF2020 [10], while the PCO-Z of BDS-3 constellation is based on the ground calibrations
published by the China Satellite Navigation Office (CSNO) [11]. This strategy entails two
primary risks. First, the PCO values provided by the CSNO may deviate from actual val-
ues due to environmental factors and manufacturing variations [12]. Second, these a priori
values may not be fully compatible with the ITRF scale [13]. Zhu et al. [14] demonstrated
the strong correlation between satellite PCO-Z, terrestrial scale, and station height. More-
over, ref. [13] showed that the inconsistency of scales between BDS and Galileo was at the
level of about +1.854 + 0.191 ppb. Therefore, it is crucial to determine PCOs for BDS-3
satellites that are consistent with the IGS20 scale, as discrepancies in scale directly affect
the accuracy of station coordinates. Bridging this gap ensures a unified scale across differ-
ent solutions, enhancing the precision and consistency of positioning. Although several
studies have made efforts to estimate BDS-3 satellite PCOs [2,12,13,15,16], their results are
based on the outdated igsl4.atx or igsR3.atx, which were not consistent with the 1GS20
scale. Huang [16] estimated the BDS-3 satellite PCOs within the IGS14 reference frame
using long-term data and receiver antenna calibrations, highlighting the sensitivity of
PCO estimates to calibration models and their impact on positioning accuracy. Recently,
only Yuan [17] presented the PCO estimates for BDS-3 satellites aligned to the 1GS20
frame. In their study, the station coordinates used for scale definition were simply fixed
to the IG520 coordinates. This type of strong constraint, although highly effective in ad-
dressing the rank deficiency problem of the normal equations, may cause deformation in
the geodetic control network due to its rigid enforcement. An alternative method to define
the terrestrial scale information is by using the minimal constraints, namely, the No-Net-
Scale (NNS) constraints, which only introduce an external reference for terrestrial scale
and do not affect the internal structure of the network. Nevertheless, comprehensive re-
search verifying the influence of the aligned BDS-3 satellite PCOs on the accuracy of sta-
tion coordinates remains insufficient and requires further investigation. Additionally, it
would be beneficial to have an independent PCO results for comparison and validation
of BDS-3 based terrestrial scale.

In addition to satellite PCOs, the so-called Inter-System Translation Parameters
(ISTPs) [18] also affect the consistency of station coordinates determined by different
GNSS constellations. The ISTPs are defined as the discrepancy between two GNSS coor-
dinates, which may result from discrepancies in receiver antenna calibrations and also
may be influenced by other factors such as the troposphere [19]. Notably, some studies
[19,20] established similar bias parameters that generally include two parts, receiver an-
tenna vector and troposphere bias. Following Villiger [18], the station-specific ISTPs in
this study only refer to the translation vector of receiver antenna calibrations, which are
expressed in the local horizon system at each station. Within the life of IGS14/igs14.atx
framework [21], the GPS-specific receiver antenna calibrations have been applied to BDS-
3/Galileo due to lack of available BDS/Galileo-specific receiver antenna calibrations, cre-
ating a potential source of inconsistency for station coordinates. Moreover, when using
the Galileo satellite antenna calibrations published by GSA together with the GNSS-spe-
cific receiver antenna calibrations from igsR3.atx, Dach [22] observed significant inter-
GNSS translation biases of 7.5 mm for Galileo relative to GPS, and Villiger [23] found a
similar bias in the scale with respect to the IGS14 frame. There happens to be a similar
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case for BDS-3 in the new 1GS520/igs20.atx framework. Though BDS-specific receiver an-
tenna calibrations are available, BDS-3 satellite antenna corrections are still from CSNO,
which is not compatible with other GNSS values adjusted to the terrestrial scale of
ITR2020. Therefore, taking the ISTP into consideration is of great significance in order to
evaluate the BDS-specific receiver antenna calibrations and improve the consistency of
BDS-based terrestrial scale with respect to the IGS20 frame.

Typically, it is widely accepted that the station coordinates derived by GPS are more
reliable than those by BDS-3 or any other navigation systems. Taking GPS results as a
reference, this study aims to improve the BDS-3-derived station coordinates and the re-
sulting scale consistency with respect to the IGS20 frame in terms of the following two
aspects. Firstly, satellite antenna PCOs for BDS-3 MEO constellation are estimated in the
1GS20/igs20.atx framework by constraining the terrestrial scale through a NNS condition
with respect to the daily station coordinates in the IGS20 frame. Secondly, the station-
specific ISTPs from GPS to BDS-3 systems are estimated and then modeled for each station
with the adjusted BDS-3 MEO satellite antenna PCOs. The paper is organized as follows.
Section 2 outlines the methodology for estimating PCOs and ISTPs, and details the pro-
cessing strategy. Section 3 presents the analysis of the estimated PCO and ISTP results,
providing a review of the findings and their implications. Additionally, PPP solutions
were conducted to evaluate the impact of the estimated PCO and ISTP results. The sum-
mary and conclusion are given in the last section.

2. Methods

This section introduces the methodology for estimating the satellite antenna PCOs
and the station-specific ISTPs. Additionally, the detailed data processing strategies are
summarized.

2.1. Estimation of Satellite Antenna PCO

The satellite PCO, defined in the spacecraft body fixed system (SBF), comprises three
components: PCO-X, PCO-Y, and PCO-Z [24]. These offsets are linked to the mechanical
structure of the satellite, with the origin coinciding with the satellite’s center of mass
(COM). The PCO-Z axis points toward the geocenter, while the PCO-Y axis, aligned with
the solar panels’ rotation axis, is defined as the cross product of the PCO-Z axis and the
vector from the satellite to the Sun. The PCO-X axis completes the right-handed coordi-
nate system [25].

The PCO vector in the inertial coordinate system (ICS) P, can be expressed as fol-

lows:
e, 0 0)Ax
P.=R, Py = 0 ¢ 0] 4y 1)
0 0 e )\Az
where P, = (Ax, Ay,AZ)T is the PCO wvector in the SBF, and
R, ., =diag (e v €y eZ) is the rotation matrix that transforms coordinates from

the SBF to the inertial coordinate system. diag (e vy € € ) are the components of the

rotation matrix vector of the coordinate axes under the SBF.
Taking the influence of the satellite PCOs into account, the geometric distance from
the satellite to the station can be written as follows:
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where R} is the range of station k to the antenna phase center of satellite §. |||| repre-

s,ant

sents the norm of the vector. I’ is the position of the satellite antenna phase center.

s,com
and r™

r k

are the positions of the satellite center of mass and the receiver antenna

phase center.
The partial derivative equation for the satellite PCO parameters can be expressed as

follows:
s s,com ant
aRl; _ r + Rsbf—)ics : Psbf - rk R
aP s,com R P ant \T $,com R P ant sbf —ics (3)
stf T TR e Fay — 1 \r TR e Fayr — 1

2.2. Estimation of Station-Specific ISTPs

The ISTPs with respect to receiver antenna calibrations are expressed in the local
horizon system at each station. The North direction is aligned with the semi-minor axis of
the Earth’s ellipsoid. The East direction is aligned with the semi-major axis of the Earth’s
ellipsoid. The Up direction is aligned with the Earth’s ellipsoidal normal. In practice, the
distance correction from satellite to station caused by the station-specific ISTPs can be for-
mulated as follows:

An,

IST})ecejf = Rneuﬁecef ’ Aek (4)
Au,

ISTP[CS = Recef%ics . ]STPece/ (5)

T
where ISTP = (Ank Ae, Au k) is the station ISPT vector in the local horizon sys-
tem, ISTP, is the station ISTP in the inertial coordinate system, R ’ is the rota-

tion matrix from the local horizon system to the Earth-Centered Earth-Fixed (ECEF) sys-
tem, and the R represents the rotation matrix from the ECEF to the inertial coor-

ecef —ics
=| (©)

The partial derivative of the observation with respect to ISTP parameters can be ex-

dinate system.
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pressed as follows:
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2.3. Data Collection and Processing Strategy

The general data processing tasks in this study include two key parts, namely, the
estimation of satellite antenna PCOs and station-specific ISTPs. Figure 1 presents the steps
of the data processing workflow. All data processing was performed within the
1GS20/igs20.atx framework by using the Geodetic Spatial Temporal data Analysis and Re-
search (GSTAR) version 1.0 software [26] developed at Beihang University. Considering
that the IGS20 reference frame is a global framework, ensuring better consistency is a pri-
ority. The primary roles of BDS-3 Geostationary (GEO) and Geosynchronous Orbit (IGSO)
satellites are to increase the number of visible observations in the Asia-Pacific region and
broadcast corrections, thereby improving regional service performance. Due to the rela-
tively poor orbit accuracy and regional coverage constraints of the BDS-3 IGSO and GEO
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satellites [27], our analysis focuses exclusively on BDS-3 MEO satellites to ensure the high-
est quality of results.

Estimation of
station ISTPs _

Estimation of satellite
_antenna PCOs

| [ Initial site positions ]

from IGS20

No-net-scale | | |BDS-3 MGEX Stations |
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Figure 1. The data processing workflow for the determination of satellite antenna PCOs and station-
specific ISTPs.

The satellite antenna PCOs of BDS-3 MEO constellation were firstly estimated from
precise orbit determination (POD) solutions in daily batches. A total of 99 global stations
tracking all BDS-3 MEO and GPS satellites were selected from IGS Multi-GNSS Experi-
ment (MGEX) network [28]. Figure 2 shows the distribution of the selected stations for
PCOs’ estimation, which are marked in red. The undifferenced ionosphere-free (IF) code
and carrier phase observations of B1I and B3I signals were processed with the 300 s sam-
pling throughout the year of 2023. The IG520 scale was introduced by applying an NNS
condition to the core station coordinates from IGS daily combined solutions [29]. The daily
estimated PCOs were then averaged to obtain a constant value for each satellite, with any
values exceeding the three-sigma threshold excluded from the averaging process. With
the resulting BDS-3 satellite antenna PCOs and GPS satellite antenna models from
IGS20.atx, a joint POD solution combining BDS-3 and GPS satellites was reprocessed
throughout 2023 by using the aforementioned 99 global stations to derive precise satellite
orbits and clocks. Concerning the POD in this study, the seven-parameter extended Em-
pirical CODE Orbit Model (ECOM?2) [30] was used for BDS-3 and GPS satellite orbit dy-
namic modeling. The detailed data processing strategies are listed in Table 1.
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Figure 2. The global distribution of BDS-3 tracking stations. The red point is for the estimation of

satellite antenna PCOs, and the blue point is for the estimation of station-specific ISTPs.

Table 1. Strategies for PCOs” and ISTPs” estimation.

Items Strategy
Constellation BDS-3 MEO satellites
GPS
Undifferenced ionosphere-free linear combination of code
Observation and phase measurements on BDS-3 B1I/B3I and GPS L1
C/A/L2 P(Y)
Time span 1 January 2023~31 December 2023
Sample rate 300s
Session length 24 h
Cutoff elevation 7°

Earth Gravitational Model 2008 (EGM2008) (12 x 12)
(Pavlis et al., 2008 [31])

Sun, moon, and planets with coordinates from Jet Propul-
N-body gravity sion Laboratory (JPL) Development Ephemerides (DE405)
ephemeris (Standish, 1998 [32])

Finite Element Solution 2004 (FEL2004) tide model (Lyard
et al., 2006 [33])

Tide forces and relativistic ef- Models refer to IERS conventions 2010 (Petit & Luzum,

Earth gravity

Ocean tide

fects 2010 [34])
Earth radiation pressure Models refer to Rodriguez-Solano et al. (2012b) [35]
Antenna thrust Models refer to [36]
Solar radl(gtll;;r; pressure Seven-parameter ECOM2 for BDS and GPS satellites
BDS-3: initial values are from igs20_2247.atx while correc-
Satellite antenna calibrations tions are estimated as constants.
GPS: igs20_2247 .atx
Receiver antenna calibrations igs20_2247.atx
Station coordinate Tightly constrained to IGS daily solutions

Priori value using GPT2 and Saastamoinen model
(Saastamoinen, 1972 [37]) with VMF1 mapping function
Troposphere delay (Boehm et al., 2006 [38]; Lagler et al., 2013 [39]); residual
wet ZPD is estimated as 1 h constant and horizontal gradi-
ents are estimated as 24 h constants.
Ambiguity Double-differenced ambiguity resolution [40]
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With these reprocessed satellite antenna PCOs for BDS-3 MEO constellation and pre-
cise products for BDS-3 and GPS satellites, the station-specific ISTPs from the GPS to the
BDS-3 phase center of the same station were estimated from daily PPP solutions. The un-
differenced IF observations collected from 118 stations tracking both BDS-3 MEO and GPS
satellites were processed in this procedure during the same period as that employed for
satellite antenna PCOs’ estimation. The distribution of these stations is shown in Figure 2
and is marked in blue. The selected 118 stations cover a total of 16 different types of re-
ceiver antennas, which are well calibrated for research analysis, as listed in Table 2. Station
coordinates were constrained by the no-net-translation (NNT) condition to the IGS20
daily coordinates. The final ISTPs for each station were derived by averaging daily station-
specific ISTP estimates, where any estimate with a value larger the three-sigma threshold
was considered to be an outlier and was excluded. Apart from the processing strategies
dedicated for POD solutions, the same background models were employed in PPP solu-
tions, which are presented in Table 1.

Table 2. Ground station receiver antenna types used in ISTP estimation.

Antenna Radome Antenna Radome
ASH700936D_M SCIS SEPCHOKE_B3E6 SPKE
ASH701945B_M SCIS TPSCR.G3 SCIS
ASH701945C_M NONE TPSCR.G5 TPSH
ASH701945E_M SCIS TRM115000.00 NONE

JAVRINGANT_DM NONE TRM55971.00 NONE
LEIAR20 LEIM TRM57971.00 NONE
LEIAR20 NONE TRM59800.00 NONE

LEIAR25.R3 LEIT TRM59800.00 SCIS
LEIAR25.R4 LEIT TRM59800.00 SCIT
LEIAR25.R4 NONE TRM59800.80 SCIT

3. Results and Discussion

This section focuses on the analysis of the estimated satellite antenna PCOs of BDS-3
MEO constellation and on the modeling of station-specific ISTPs from GPS to BDS-3 sys-
tems. For evaluation purpose, stations coordinates were derived from PPP solutions by
using the estimated PCOs and ISTPs, and then were evaluated by comparing them to IGS
daily results. Moreover, the terrestrial scales derived from different processing schemes
were analyzed to assess the consistency of the estimated BDS-3 satellite PCOs with the
IGS20 frame.

3.1. Estimation of BDS-3 MEQ Satellite PCOs

In principle, the formal errors of PCO parameters in the covariance matrix obtained
through Least Squares (LSQ) estimation represent the estimated uncertainty, mainly re-
flecting the determinability of PCO parameters due to the Sun—Earth—satellite geometry
[2]. This process is based on the theoretical framework outlined in Section 2.1, where the
observation models and parameter estimation are defined. Figure 3 illustrates the formal
errors of BDS-3 satellite PCO estimates as a function of the Sun elevation angles above
orbital planes (f3). These formal errors reflect the precision of the estimated PCOs. Two
typical satellites, one is C19 from the China Academy of Space Technology (CAST) man-
ufacturer (left panel) and the other is C29 from the Shanghai Engineering Center for Mi-
crosatellites (SECM) manufacturer (right panel), are selected. For the C19 satellite, the for-
mal errors of PCO-X and PCO-Y components exhibit a positive correlation with the {3,
increasing as the |31 rises. For the epochs with the local maxima of |31, the formal error
reaches 7.6 cm and 4.3 cm for the PCO-X and PCO-Y directions, reflecting a relatively bad
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observational geometry. This phenomenon, which reflects the strong dependency of PCO
estimates on the |31, was also highlighted in [2], where similar patterns were observed
and analyzed. For the C29 satellite, this 3-dependent pattern is significantly weakened.
Notably, this pattern is not necessary to be related to manufacturers. The maxima of 3|
is 63° and 35° for the C19 and C29 satellites, respectively, over the selected period. It is
suggested that the higher |31 causes a worse observability of PCO-X and PCO-Y compo-
nents. In this light, a lower |3 is assumed to be favorable for PCO estimation.

c19 c29

B deg

X(cm)
O W oW N

iy

B deg

Y(cm)
oW oN

60
40
"™ 20

B deg

Z(cm)
CO N & O
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2023 2023
Figure 3. The formal errors of BDS-3 satellite PCO estimates as a function of the Sun elevation angles

above orbital planes ([3).

Figure 4 illustrates the daily BDS-3 satellite PCO estimates relative to the CSNO ref-
erence. Similar to the formal errors, the estimated PCO time series for the two selected
satellites also show significant 3-dependent variations for the PCO-X and PCO-Y compo-
nents. For the C19 satellite, the absolute estimates for the PCO-X and PCO-Y components
are generally less than 6 cm when |31 is smaller than 25°, while are much more scattered
when |1 is larger than 32°. Though the C29 satellite shows a slightly smaller PCO-X and
PCO-Y corrections, the 3-dependent pattern still holds true. Together with Figure 4, it is
concluded that bad observational geometry can significantly increase the uncertainty of
PCO estimates for the PCO-X and PCO-Y components. Unlike the PCO-X and PCO-Y
components, the PCO-Z component does not exhibit such a 3-dependent pattern. These
characteristics are consistent with the founding in [16].
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Figure 4. BDS-3 satellite PCO estimates relative to the CSNO reference as a function of the Sun ele-

vation angles above orbital planes ().
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Figure 5 presents the PCO estimates in box-whisker plots, where the box indicates
the interquartile range, the whiskers extend to 1.5 times the interquartile range, and out-
liers are shown as individual points. All satellites are grouped by manufacturers and orbit
planes. The absolute values of PCO estimates for CAST satellites are roughly smaller than
10 cm and 5 cm for the PCO-X and PCO-Y directions, respectively. It is observed that the
SECM satellites obtain more reliable PCO estimates within 10 cm for the two directions,
which show minimal variation across different groups. However, the PCO-Z estimates
exhibit large differences among satellites from different manufacturers and orbit planes.
Most of the CAST satellites in the PL-B and PL-C planes display a negative bias of about
—15~-20 cm, while the pair of C41/C42 satellites inversely have a position bias of about 20
cm. Concerning the SECM-A satellites, the PCO-Z estimates in the PL-A plane range from
—25 cm to 25 cm, which is quite different from the negative values in the PL-C plane. These
results underscore the necessity of considering satellite types and orbit planes when re-
fining satellite antenna calibrations. In general, BDS-3 satellite PCO-Z estimates exhibits a
systematic bias of 9.3 cm with respect to the CSNO reference, indicating a significant
discrepancy between the estimated values in orbit and the ground calibrations before

launch.
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CASTPL-B CASTPL-C SECM-A PL-A SECM-APL-C

SECM-B PL-A

Figure 5. PCO corrections with respect to the CSNO values. CAST and SECM represent different
satellite manufacturers, and PL-A, PL-B, and PL-C denote the orbital planes of the satellites. The
blue lines distinguish satellites from the CAST and SECM manufacturers.

Table 3 provides the final PCO corrections for all BDS-3 MEO satellites. For the CAST
satellites, the PCO-X values are mainly within -20~-26 cm, while two satellites C45 and
C46 exhibit slightly larger values of —32.6 cm and -31.8 cm, respectively. With respect to
the PCO-X component, the PCO-Y component presents much smaller offsets approxi-
mately ranging from -3.0 to —0.7 cm. The PCO-Z values range from approximately 165 cm
to 190 cm. Compared to the CAST satellites, the SECM satellites present much smaller
PCO corrections, whose PCO-X values are about 2.6~6.0 cm and PCO-Y values are only
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-1.0~0.5 cm. Notably, the PCO-Z values show substantial variability between SECM-A
and SECM-B groups, ranging from 89.8 cm to 130.9 cm. This result reflects potential de-
sign differences between SECM-A and SECM-B satellite structures.

Table 3. The estimated PCO values in cm for the linear combination of B11/B3I signals.

Manu. PRN SVN X Y Z
CAST C19 C201 -25.7 -2.4 176.0
CAST C20 C202 -25.6 -2.0 184.6
CAST C21 C206 -24.1 -1.9 174.8
CAST C22 C205 -24.9 -3.0 179.8
CAST C23 C209 —22.2 -0.7 183.7
CAST C24 C210 -20.9 0.1 185.8
CAST C32 C213 -21.5 -1.5 189.7
CAST C33 C214 -22.7 -1.9 189.7
CAST C36 C218 -22.6 -2.0 165.5
CAST C37 C219 -23.7 -1.9 167.2
CAST C41 C227 -22.1 -1.3 176.9
CAST C42 C228 -23.8 -2.1 170.3
CAST C45 C223 -32.6 -2.8 179.4
CAST C46 C222 -31.8 -2.4 178.8
SECM-A C25 C212 4.1 -0.3 98.2
SECM-A C26 C211 54 0.5 103.4
SECM-A C27 C203 3.3 -0.1 118.4
SECM-A C28 C204 3.3 0.4 130.9
SECM-A C29 C207 3.5 -1.0 128.9
SECM-A C30 C208 2.6 0.0 126.0
SECM-A C34 C216 6.0 -0.2 99.3
SECM-A C35 C215 5.9 -0.3 107.9
SECM-B C43 C226 5.4 0.1 103.5
SECM-B C44 C225 4.3 -0.2 89.8

Figure 6 compares the final PCO values in this study and the results from other stud-
ies, which are labeled as BUAA (this study), Yuan [17], Huang [16], and Zajdel [2]. All
PCO results are computed using IF combination observations. One should keep in mind
that [17] used the IGS20 frame, while Huang and Zajdel used the IGSR3 and IGS514 frames,
respectively. Regarding the PCO-X component, the absolute values of BUAA PCO results
are larger than those of other studies for the CAST satellites, while they are slightly smaller
than those of other studies for the SECM satellites. The RMS of PCO-X differences stays
at the level of 4.0 cm, 3.1 cm and 4.1 cm in terms of the RMS for Yuan, Huang, and Zajdel,
respectively. The PCO-Y component presents a better consistency with the RMS of 0.7 cm,
0.6 cm, and 0.8 cm for Yuan, Huang, and Zajdel, respectively. Concerning the PCO-Z com-
ponent, the results of this paper are generally smaller than the PCO values from the other
studies. The RMS of PCO-Z differences is 10.9 cm, 21.3 cm, and 17.2 cm for Yuan, Huang,
and Zajdel, respectively. It is obvious that our results are close to those of Yuan, while
partial discrepancies exist with the results of Zajdel and Huang. This can be attributed to
the fact that the PCOs from BUAA and Yuan were aligned with the same IGS20 frame,
while Zajdel and Huang used the IGSR3 and IGS14 scale. Notably, certain satellites exhibit
similar biases in their PCO-Z estimates like C27/C28 and C43/C44, which may be related
to the extent of the uncertain quality of the SECM PCO calibrations [20].
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Figure 6. BDS-3 MEO satellite PCO estimates from different studies. BUAA is for this study. Yuan
represents the value from [17]. Huang represents the value from [16]. Zajdel represents the value
from [2]. The blue lines distinguish satellites from the CAST and SECM manufacturers.

3.2. Estimation of Station-Specific ISTPs

Figure 7 illustrates the station-specific ISTP estimates from GPS to BDS-3 systems in
mean-error plots, where the “error” represents the STD of the ISTP time series. A total of
118 stations are categorized into 16 groups by the type of receiver antennas. Stations are
sorted according to antenna types, with the variation in ISTP estimates serving as an in-
dicator of the consistency within one antenna type. At first glance, most of the ISTP values
approximately range from -5 to 5 mm for the North and East components and from —10
to 10 mm for the Up component. It is observed that the ISTP values depend on the differ-
ent antenna types. Especially, the ISTP values derived from stations with the LEIAR25.R4
antenna show the best stability with the STD of 1.2, 1.5, and 2.9 mm for the North, East,
and Up components, respectively. However, some distinct jumps are observed for indi-
vidual stations among the stations using the same antenna type. This result suggests that
the ISTP values are influenced by station-specific environmental factors, which may
greatly relate to the GNSS-specific Troposphere Bias Parameter [18].
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Figure 7. The station-specific ISTP estimates. Stations are categorized into 16 groups by the type of
receiver antenna. Due to space constraints in the figure, certain antenna types between
ASH700936D_M and JAVRINGANT_DM, including ASH701945B_M, ASH701945C_M, and
ASH701945E_M, are not individually labeled.

Table 4 provides the mean and the STD of the ISTP estimates per antenna type in the
North, East, and Up components. Though station-specific ISTP estimates vary among sta-
tions and antennas, the maximum of average ISTP values per antenna type is less than 3
mm for the horizontal component and less than 4 mm for the Up component. Considering
all antenna types, the mean ISTP values are merely 0.6 mm, —0.6 mm, and 0.7 mm for the
North, East, and Up components, respectively. This near-zero average indicates that,
though individual antenna models may introduce distinct biases, the overall system re-
mains relatively balanced when all antennas are considered collectively. Considering the
visible variability of ISTP estimates among the stations with the same antenna type, a sta-
tion-specific strategy for determining ISTP values is necessary to enhance the overall po-
sitioning accuracy.

Table 4. Average and STD of ISTP estimates for each antenna type (unit: mm).

Antenna Type Station Number N E U
ASH700936D_M 1 —2.7+26 -2.2+3.0 0.7+5.6
ASH701945B_M 1 05+23 -0.2+3.0 -1.9+45
ASH701945C_M 1 07+21 -1.1+25 -1.5+38
ASH701945E_M 1 23+21 -02+27 -3.7+48

JAVRINGANT DM 1 11+24 0.6+29 -1.9+5.5
LEIAR20 14 07+14 -07+1.7 02+3.3
LEIAR25.R3 8 -02+23 -1.6+29 04+58
LEIAR25.R4 13 06+1.2 -03+1.5 1.7+29
SEPCHOKE_B3E6 10 24+24 -1.9+2.7 14+55
TPSCR.G3 4 25+23 01+26 -34+46
TPSCR.G5 2 09+17 -0.4+2.0 -02+4.1
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TRM115000.00 3 -0.5+3.0 -0.1+3.4 -1.1+8.0
TRM55971.00 4 12+21 -0.1+24 -0.8+5.2
TRM57971.00 2 08+24 -04+27 -0.1+6.2
TRM59800.00 6 -0.5+23 -0.8£2.7 -0.7+5.6
TRM59800.80 25 01+26 -0.4+3.0 -0.8+6.4
Mean -- 0.6+2.2 -0.6+2.6 -0.7+5.1
The STD of the ISTP estimates per antenna type reveals the variability of ISTP within
the stations of the same antenna type. As shown in Table 5, certain antenna types, such as
LEIAR25.R3 and TRM115000.00, display higher STD results with the maximum reaching
up to 8 mm in the Up direction. Other antenna types, like LETAR20 and LEIAR25.R4, show
more stable ISTP estimates with the STD of about 3 mm, suggesting these antennas might
introduce fewer systematic biases or might be less affected by local conditions. As a whole,
the average STD of all antenna types is 2.2 mm, 2.6 mm, and 5.1 mm for the North, East,
and Up components, respectively. It is observed that the Up component shows much
more variations, indicating that the Up component is more sensitive to antenna model
differences and environmental influences.
Table 5. Strategies adopted in PPP solutions.
Solutions Satellite Products Satellite PCOs Station ISTPs
CODE-IGS Precise products from CODE igs20.atx -
WHU-IGS Precise products from WHU igs20.atx -
BUAA-IGS Reprocessed using igs20.atx igs20.atx -
BUAA-EST Reprocessed using the estimated PCOs  Values of this study -
BUAA-EST-ISTP Reprocessed using the estimated PCOs ~ Values of this study  Values of this study
Solutions Satellite products Satellite PCOs Station ISTPs
CODE-IGS Precise products from CODE igs20.atx -

In summary, the above analysis demonstrates the noticeable magnitude of ISTPs and
their variations among different antenna types. Considering the potential discrepancy
within the same antenna type, a station-specific strategy is used for ISTP estimation and
correction.

3.3. Evaluation

In this section, we evaluate the impact of the resulting BDS-3 satellite PCOs and sta-
tion-specific ISTPs by comparing the estimated terrestrial scale and station positions to
those from the 1G520/igs20.atx framework. PPP solutions for a total of 118 stations (shown
in Figure 2) are generated from 1 January 2023 to 31 December 2023. For comparison pur-
pose, different PPP solutions were prepared, differing in the strategies of satellite precise
products, satellite PCOs, and station-specific ISTPs. Table 5 summarizes the characteris-
tics of the involved PPP solutions. The first three solutions, employing satellite products
produced by the Center for Orbit Determination in Europe (CODE) [41], Wuhan Univer-
sity (WHU) [42], and this study, are denoted as COD-IGS, WHU-IGS, and BUAA-IGS.
These solutions are based on igs20.atx, using ground-calibrated BDS-3 PCOs released by
CSNO. The next solution used the reprocessed satellite products with the estimated satel-
lite PCOs from this study being labeled as BUAA-EST. Following the BUAA-EST solution,
the final BUAA-EST-ISTP solution, by further considering the ISTP corrections, was cal-
culated. The resulting PPP station coordinates are compared to the IGS20 daily coordi-
nates directly and by the Helmert transformation estimating three translations, three ro-
tations, and a scale.
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3.3.1. Terrestrial Scale

Figure 8 displays the scale parameter time series with respect to the IGS520 frame de-
rived using BDS-3 observations with five different processing strategies. Table 6 summa-
rizes the average scale and STD for each solution. It is found that all the three solutions
using the BDS-3 antenna calibrations from igs20.atx obtain a positive scale, regardless of
the satellite products. The mean scales are 0.51 + 0.18 ppb, 0.46 + 0.18 ppb, and 0.38 + 0.20
ppb for CODE-IGS, WHU-IGS, and BUAA-IGS solutions, respectively. This scale bias
with respect to the IGS20 frame is slightly better than [2], which showed the scale bias of
about 0.55 ppb with respect to the IGS14 based on the BDS-3 B1I/B3I observations. The
BDS-3 satellite products from CODE and WHU are produced together with other naviga-
tion constellations within the IGS20/igs20.axt framework, which contributes to improve
the consistency of BDS-3 scale factor relative to the IGS20 frame. Compared to these two
solutions, a smaller scale bias is obtained in the BUAA-IGS solution. The possible reason
is that the BUAA satellite products and PPP station coordinates, which are calculated with
the same software and background models, can reduce some potential discrepancy.
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2 T \ T
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Figure 8. Time series of the scale bias between the CODE, WHU, and estimated PCO and ISTP so-
lutions and the IGS20 reference frame scale. Table 5 shows the details on each solution. The format

of time is month/year.

From Figure 8 and Table 6, an obvious offset is observed between the solutions using
the IGS20 antenna calibrations and the estimated BDS-3 PCOs. The two solutions using
the estimated BDS-3 PCOs have a negative scale with respect to the IG520 frame, meaning
that the estimated coordinates are below the IG520 frame. The BUAA-EST and BUAA-
EST-ISTP solutions presents a scale bias of —0.12 + 0.17 and -0.18 + 0.17 ppb, respectively.
This bias delivers a decent agreement with [17], which reported the —0.15 + 0.23 ppb bias
with respect to the IGS20 frame based on BDS-3-only observations. This result indicates
that the estimated BDS-3 satellite PCOs are well calibrated to the IGS20 frame. When using
the estimated BDS-3 PCOs, the additional ISTP corrections for station coordinates induce
a disagreement of 0.06 ppb in terrestrial scale. This imperceptible change is compatible
with the mean ISTP value of —0.7 mm for the Up component.
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Table 6. Terrestrial scale with respect to IGS20 frame.

Solution Scale (ppb)
CODE-IGS 0.51+0.18
WHU-IGS 0.46 £ 0.18
BUAA-IGS 0.38 +0.20
BUAA-EST -0.12+0.17

BUAA-EST-ISTP -0.18 +0.17

3.3.2. Station Coordinates

The daily RMS of PPP station coordinates with respect to IGS20 daily solutions with-
out and with the Helmert transformation are illustrated in Figure 9 and Figure 10, respec-
tively. For a quantitative statistic, Table 7 summarizes the mean RMS for all schemes. It
can be seen that the solutions using the BDS-3 satellite PCOs from igs20.atx show differ-
ences with respect to IGS20 daily solutions. Before the Helmert transformation, the RMS
of CODE-IGS and WHU-IGS solutions is about 3.4~4.5 mm for the horizontal component
and 8.5 mm for the Up component. These values are slightly larger than the result of the
BUAA-IGS solution, which is 3.0~3.1 mm for the horizontal component and 7.0 mm for
the Up component. The improved station coordinates from the BUAA-IGS solution can
be attributed to the high consistency of background models used when determining sat-
ellite orbits and station coordinates. With the Helmert transformation, the above solutions
achieve a better agreement with respect to IGS20 coordinates. For the most concerned Up
component, the station differences are significantly reduced by about 14.1%, 18.8%, and
14.3% for the CODE-IGS, WHU-IGS, and BUAA-IGS solutions with the RMS of 7.3 mm,
6.9 mm, and 6.0 mm, respectively.

Table 7. RMS of PPP station coordinates with respect to IGS520 daily solutions.

Without Helmert Transformation With Helmert Transformation

Solution (mm) (mm)
N E U N E U
CODE-IGS 34 3.9 8.5 3.1 3.4 7.3
WHU-IGS 4.5 3.6 8.5 3.3 3.1 6.9
BUAA-IGS 3.0 3.1 7.0 2.8 2.9 6.0
BUAA-EST 3.2 3.1 6.2 2.8 2.8 57
BUAA-EST-ISTP 2.3 2.7 52 2.3 24 5.0

Comparing the BUAA-IGS and BUAA-EST solution before the Helmert transfor-
mation, it is observed that the estimated BDS-3 satellite PCOs mainly contribute to the Up
component with the RMS reduced to 6.2 mm, obtaining an improvement of 11.4%. For the
BUAA-EST solution, the impact of the Helmert transformation is merely 0.5 mm for the
Up component. This result indicates that the station coordinates based on the estimated
BDS-3 satellite PCOs are compatible with the IG520 coordinates. In addition, the scale bias
of BUAA-EST solution with respect to the IGS20 frame stays at the level of -0.12 ppb,
proving that our estimated BDS-3 satellite PCOs are in a good agreement with the IGS20
scale.

Among the analyzed solutions, the BUAA-EST-ISTP solution with station-specific
ISTPs achieves the smallest RMS of station coordinates, which is 2.3, 2.7, and 5.2 mm with-
out the Helmert transformation for the North, East, and Up components, respectively. The
additional correction of station-specific ISTPs reduced the RMS by 28.1%, 12.9%, and
16.1% for the North, East, and Up components, respectively. Since the estimated BDS-3
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satellite PCOs and station-specific ISTPs corrections already improved the consistency be-
tween BDS-3-derived station coordinates and IGS20 frame, only a slight decrease in RMS
is observed after the Helmert transformation. Finally, given the obvious impact of station-
specific ISTPs on station coordinates, it is suggested that the operational multi-GNSS
products should take this offset into consideration.

[ ® CODE-IGS WHU-IGS ® BUAA-IGS ©®  BUAA-EST ® BUAA-EST-ISTP ‘

North component

01/23 04/23 07/23 10/23 01/24

Figure 9. RMS statistics of daily positioning results relative to IGS daily solutions without Helmert

transformation.
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Figure 10. RMS statistics of daily positioning results relative to IGS daily solutions with Helmert

transformation.



Remote Sens. 2025, 17, 510

17 of 20

The improvement in positioning precision observed in this study is primarily at-
tributed to the refined estimation of BDS satellite PCOs. By calibrating the PCOs to align
with the IGS20 reference frame, the systematic geometric errors between the satellite an-
tenna phase center and the receiver are reduced. This correction enhances the accuracy of
satellite-receiver distance calculations and the solution consistent with the 1GS20 frame-
work. The alignment of BDS PCOs with IGS520 provides a stable foundation for multi-
GNSS integration, ultimately improving the precision and reliability of station coordinate
estimates.

Similarly, the incorporation of ISTP estimation is effective in mitigating unmodeled
station biases. These biases propagate through multi-GNSS solutions, influencing the ac-
curacy of BDS-derived coordinates. By modeling and estimating ISTPs, this study effec-
tively compensates for these discrepancies, ensuring BDS and other constellations are
compatible. This approach improves the precision of the positioning results, as evidenced
by enhanced positioning performance with the IGS20 reference frame. Together, these re-
finements indicate the importance of addressing both satellite- and receiver-related fac-
tors to achieve the high-precision positioning performance of BDS.

4. Conclusions

Precise station coordinates are essential for using GNSS to study subtle geophysical
signals and processes. However, the positioning accuracy of BDS-3 is still inferior to that
of other GNSS constellations. On the one hand, the BDS-3 satellite antenna PCOs released
by the CSNO are not fully compatible with the IG520/igs20.atx framework, resulting in
the discrepancy of terrestrial scale between the BDS-3-derived station coordinates and
IGS20 products. On the other hand, the so-called ISTPs increase the inconsistency of sta-
tion coordinates derived from BDS-3 and GPS observations. This study aims to enhance
BDS-3-derived station coordinates by utilizing calibrated satellite antenna PCOs and sta-
tion-specific ISTPs.

The BDS-3 satellite PCOs were estimated using the NNS constraint to IG520 daily
solutions. Analysis reveals a clear dependence of the PCO-X and PCO-Y components on
the Sun elevation angle (), with higher |31 values leading to increased formal errors and
worse observability. In contrast, the PCO-Z component shows no 3-dependence but ex-
hibits variations among satellites from different manufacturers and orbit planes. Overall,
the PCO estimates are consistent with Yuan et al. (2024) under the 1G520/igs20.atx frame-
work. The application of these antenna models reduced the scale difference in BDS-3 sta-
tion coordinates with respect to IGS20 from 0.38 ppb to —0.12 ppb, improving consistency
by 68.4%. Similarly, the RMS of station coordinate differences in the Up component de-
creased from 7.0 mm to 6.2 mm, obtaining an improvement of 11.4%. These results demon-
strate that the estimated BDS-3 PCOs are compatible with the IG520 frame and contribute
to improved station coordinate accuracy.

The station-specific ISTP estimates exhibit significant variability across receiver an-
tenna types, with most values ranging from -5 to 5 mm for horizontal components and
-10 to 10 mm for the Up component, suggesting that antenna types notably influence the
stability of ISTP estimates. Station-specific environmental factors can cause inconsisten-
cies among stations using the same antenna and occasionally cause abrupt jumps in the
ISTP values of certain individual stations. Based on the estimated BDS-3 satellite PCOs,
the inclusion of ISTP corrections in the solution improves positioning accuracy. Finally,
the RMS of station coordinate differences with respect to IGS20 products is 2.3 mm, 2.7
mm, and 5.2 mm for the North, East, and Up components, respectively. Compared to the
solution using only the estimated BDS-3 satellite PCOs, the consistency is improved by
0.9 mm, 0.4 mm, and 1.0 mm for the respective components.
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