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Abstract

Since the release of the phase center calibrations for both the receivers and the satellites, the BeiDou Navigation Satel-
lite System (BDS) became a new potential contributor to the realization of the terrestrial reference frame (TRF) scale of
future International Terrestrial Reference Frame releases. This study focuses on the evaluation of the potential usage of the
BDS-3 Medium Earth Orbit (MEO) constellation to the definition of the TRF scale. To that aim, we used ground calibrated
BDS-3 satellite PCOs provided by the China Satellite Navigation Office and multi-GNSS robot calibrations for the ground
antennas conducted by Geo++. Two ionosphere-free linear combinations of signals, namely B1I/B3I and B1C/B2a, have
been investigated to find out whether using different frequencies may lead to different TRF scale definitions. Differences
between the z components of the satellite phase offsets as given by manufacturer calibrations and those estimated based on
IGS14 scale amount to 6.55 +12.56 cm and —0.32 +10.99 cm for B11/B3I and B1C/B2a frequency pairs, respectively. On
the one hand, the substantial deviation from the mean reflects the disparities in the quality of calibrations for the individual
spacecraft, especially those manufactured by the Shanghai Engineering Center for Microsatellites (SECM). On the other
hand, the difference between the two frequency pairs arises to a great extent from the doubtful quality of the SECM PCO
calibrations, which certainly do not reflect the frequency dependence of the PCOs. Eventually, the mean scale bias with
respect to IGS14 equals + 0.546 +0.085 ppb and +0.026 +0.085 ppb for B11/B3I and B1C/B2a solutions, respectively, when
using all 24 BDS-3 MEO satellites.
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Introduction

Thanks to the release of the Galileo phase center calibrations
for both, the ground (receivers) and space (satellite anten-
nas) segment, Global Navigation Satellite Systems (GNSSs)
became a new potential contributor to the realization of the
terrestrial reference frame (TRF) scale of future Interna-
tional Terrestrial Reference Frame releases (ITRF, Altamimi
et al. 2016; Villiger et al. 2020). The phase center offset
(PCO) is a vector between the antenna phase center and a
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well-defined physical reference point. The PCO is defined
by two horizontal components, i.e., PCO-x and PCO-y, and
one vertical component, i.e., PCO-z, following the spacecraft
axis definitions (Montenbruck et al. 2015b) used within the
International GNSS Service (IGS; Johnston et al. 2017). In
principle, thze information about the PCO in the z direc-
tion (PCO-) is essential, as this component, ideally pointing
toward the center of the earth, is in a straight-line relation-
ship with the TRF scale (Zhu et al. 2003; Ge et al. 2005).
Villiger et al. (2020) reported that the Galileo-based scale
difference with respect to ITRF2014 is 1.4 parts per bil-
lion (ppb) at the epoch of January 1, 2018. For comparison,
Altamimi et al. (2016) stated that the individual solutions
from Satellite Laser Ranging (SLR) and Very Long Baseline
Interferometry (VLBI) had a corresponding offset of 0.4 and
— 0.4 ppb, respectively. Meanwhile, thanks to the improved
procedure of the SLR range bias handling in International
Laser Ranging Service (ILRS) solutions, the ITRF2020
results show a substantial scale consistency improvement,

@ Springer


http://orcid.org/0000-0002-1634-388X
http://orcid.org/0000-0002-5816-410X
http://orcid.org/0000-0001-6181-1307
http://crossmark.crossref.org/dialog/?doi=10.1007/s10291-022-01298-0&domain=pdf

109 Page2o0f18

GPS Solutions (2022) 26:109

as the level of agreement between SLR and VLBI intrin-
sic scales is now at the level of 0.15+0.05 ppb (Altamimi
2022). Thus, despite the availability of the GNSS-based
scale solution, the scale of the ITRF2020 has been estab-
lished, excluding the GNSS contribution, as the Galileo-
based scale is now inconsistent with VLBI and SLR to the
level of approximately 0.5-0.6 ppb.

The robot calibrations for the ground antennas provided
by Geo++ in 2019 covered a wide range of multi-GNSS
signal frequencies, including all the GPS, GLONASS,
Galileo, BeiDou, and QZSS frequencies (Wiibbena et al.
2019). Henceforth, any GNSS can be incorporated into the
scale estimation provided that the responsible agency would
deliver ground calibrated satellite antenna patterns.

Since GPS week 2056, the BeiDou-3 (BDS-3) frequency
and block-specific PCOs informally provided by the Test and
Assessment Research Center of the China Satellite Naviga-
tion Office (CSNO-TARC; IGS Mail 7782) were available
for BDS-3 orbit determination within the IGS. Only half a
year later, CSNO officially published metadata information
on the BeiDou-2 (BDS-2) and BDS-3, including satellite-
and frequency-specific PCOs from ground calibrations. The
information about the PCOs for the BDS satellites opened up
a space for the second GNSS able to provide an independent
realization of the TRF scale.

Xia et al. (2020) provided the first validation of the PCO
values released by CSNO. For BDS-2, it has been recog-
nized that the CSNO-TARC manufacturer calibrations are
in poor agreement with the empirical estimates and the
type mean values presently used in the current IGS antenna
model (igs14.atx; Rebischung and Schmid 2016) do a much
better job. This finding has also been confirmed by Villiger
et al. (2021), who found discrepancies of 1-2 m between
manufacturer values and their own BDS-2 PCO estimates.
Along with the regional nature of the BDS-2 system, the
disappointingly low quality of the BDS-2 manufacturer cali-
brations makes it unreasonable to use them for the TRF scale
realization purposes.

For BDS-3 Medium Earth Orbit (MEO) satellites, the
results of Xia et al. (2020) and Villiger et al. (2021) con-
firmed a fairly decent agreement between the PCO estimates
from the GNSS network processing and the manufacturer
values. Unfortunately, the empirical PCO estimates are so
far only available for B11I/B3I but not BIC/B2a and are
limited to PRNs of up to C37. The preliminary estimation
of the BDS-based TRF scale provided by Qu et al. (2021)
demonstrates the inconsistency between BDS and Galileo at
the level of about+ 1.854 +0.191 ppb. Hence, more efforts
should be made to bridge the gap and obtain a consistent
scale determined by different GNSS constellations.

This study aims at evaluating the potential contribution of
the BDS-3 MEO constellation in the definition of the TRF
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scale based on the ground calibrated BDS-3 satellite PCOs
(CSNO 2019a) and the absolute multi-frequency GNSS
receiver antenna calibrations delivered by Geo++ (Wiibbena
et al. 2019). Given the fairly poor orbit quality and regional
nature of the BDS-3 Inclined Geosynchronous Orbit (IGSO)
and Geostationary (GEO) spacecraft (Zhao et al. 2022), we
limited our analysis to BDS-3 MEO satellites to provide the
best possible quality of the results.

First, we assessed the quality of the manufacturer-
released PCOs within the BDS-3 MEO constellation, which
includes 24 satellites. Second, we evaluated the differences
between the TRF scale derived from the BDS PCOs released
by CSNO and the scale of IGS14 (Rebischung and Schmid
2016). Two linear combinations of signals, B1I/B3I and
B1C/B2a, have been investigated to determine whether using
different frequencies may lead to different TRF scale defini-
tions. Since proper modeling of the direct solar radiation
pressure (SRP) is a prerequisite for the accurate determina-
tion of PCOs, special attention was given to selecting the
best processing strategy regarding the latest BDS-3 orbit
modeling advances (Duan et al. 2022).

Methodology

We prepared the GPS +BDS-3 global network processing
covering the whole year of 2021 based on the observations
collected by up to 145 globally distributed ground stations
from the IGS multi-GNSS network (Montenbruck et al.
2017). The capabilities of the selected network in tracking
the BDS-3 MEO constellation are discussed in the next sub-
section. The processing was performed using the NAPEOS
software (Springer 2009). Table 1 lists the key characteris-
tics of the processing scheme. Our analysis consists of solu-
tions that differ in some individual processing features. The
solutions will be introduced in the next subsections.

Estimation of satellite antenna PCO-z and TRF scale

Satellite antenna PCOs can be estimated from GNSS precise
orbit determination network solutions. When forming a lin-
ear combination of frequencies, the estimated PCO values
refer to the combination without a straightforward way to
separate the offsets between the individual frequencies. We
prepared two kinds of solutions aiming to verify whether
the scale realization is consistent for different pairs of fre-
quencies forming a linear combination. The first group of
solutions uses B11/B31 signals (denoted as B1B3), which are
heritage signals that are interoperable with BDS-2 satellites.
The second group incorporates B1C/B2a signals (denoted as
B1B2), which are interoperable with GPS L1/L5 and Galileo
E1/ES5a.
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Table 1 Processing characteristics

Constant processing feature

Strategy

Satellites

Observables

Time interval

Sampling rate

Elevation cutoff angle
Elevation-dependent weighting
Ambiguity resolution
Troposphere a priori model
Troposphere mapping function
Receiver antenna calibrations

Satellite antenna calibrations

Earth albedo
Transmit thrust

GPS and BDS-3 MEO

Zero-differenced approach using the ionosphere-free linear combination
2021

5 min

10°

o=sine

For GPS and BDS using the Melbourne-Wiibbena approach

Global Pressure and Temperature (GPT) model (Boehm et al. 2007)
Global Mapping Function (GMF; Boehm et al. 2006)

igsR3_2077.atx

GPS: igs14_2178.atx (Rebischung and Schmid 2016)
BDS-3: from CSNO metadata (CSNO 2019a)

Numerical model according to Rodriguez-Solano et al. (2012b)

Applied consistently with IGS MGEX metadata (https://files.igs.org/
pub/station/general/igs_satellite_metadata.snx)

Variable processing features

Strategy

Frequency pairs

Solar radiation pressure modeling

GPS: L1 C/A, L2 P(Y)
BDS: B11/B3I and B1C/B2a (see "Estimation of satellite antenna PCO-
z and TRF scale" section)

See “Solar radiation pressure modeling” section

When estimating PCO-z in global network solutions, one
should remember about strong correlations between TRF
scale, station heights, and the PCO-z; thus, none of these
can be estimated simultaneously without additional con-
straints (Ge et al. 2005). Based on the analysis of GPS net-
work solutions, Zhu et al. (2003) showed that a scale change
of 4+ 7.8 ppb, which corresponds to a+ 5 cm increase in sta-
tion heights, can be compensated by a GPS satellite PCO
change of — 1 m. Therefore, the PCO estimation requires a
priori information about the TRF scale.

The scale of the TRF can be introduced to the GNSS
solution twofold. First, the TRF scale can be constrained by
a no-net-scale condition with respect to the a priori coordi-
nates of the subset of core stations in the network (Schmid
et al. 2016). In the second option, the scale of the refer-
ence frame is introduced by fixing a given set of satellite
PCO values in the solution. For example, introducing the
PCOs of one GNSS defines the PCOs of all other GNSSs in
the solution via the scale change of the ground network. A
totally independent method to estimate GNSS PCOs can be
achieved by using GNSS observations on low earth orbiters
with well-calibrated phase center locations and the gravita-
tional constraints from the orbital dynamics (Haines et al.
2015; Huang et al. 2020).

In this study, the PCOs of BDS-3 MEO satellites are
estimated with the scale introduced from the GPS PCO
(igs14_2178.atx), which should strictly realize the IGS14/
ITRF2014 scale. The PCO values are estimated together

with satellite orbits, earth rotation parameters, and station
coordinates. The station coordinates are estimated with
10 mm constraints imposed on the X, ¥, and Z components.

Estimation of horizontal PCO components

The estimation of the horizontal components of the PCO
depends on the elevation of the sun above the orbital plane
(P angle; Steigenberger et al. 2016). When the sun is per-
pendicular to the orbital plane (= +90°), the spacecraft's
y-axis lines up with the along-track direction, thus causing
a full correlation of the PCO-y and the orbit parameters.
Considering the same geometry state, the satellite x-axis
points toward the sun, which introduces the correlations
between the PCO-x and the direct SRP term D, when
using the Empirical CODE Orbit Model (ECOM, Beutler
et al. 1994; Arnold et al. 2015) for SRP modeling. Despite
the negligible impact of the horizontal PCO on the scale
realization, we discuss the results of the horizontal PCO
estimation as an inherent part of the quality assessment
of the adopted methodology and the completion of the
validation of the BDS-3 PCO model provided by CSNO.

Observations

In general, the tracking capability of the MGEX network for
tracking BDS satellites has been extended continuously over
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the last decade due to receiver firmware updates and receiver
replacements. A rapid change was observed in the middle
of 2018 due to the deployment of Trimble Alloy and the
update of Trimble NetR9, Septentrio PolaRx5/PolaRx5TR
receivers. However, the two main issues remain nowadays
in tracking BDS-3 satellites. First, not all deployed BDS-3
satellites can be tracked by an equal number of receivers,
mainly due to the limitation of tracking channels or outdated
firmware. Second, despite a wide range of frequencies and
signals transmitted by BDS satellites, not all of them are
supported by the receivers.

Figure 1 shows the time series of the number of sta-
tions used in daily solutions for processing GPS L1/L.2 and
BDS-3 B1C/B2a and B11/B3I observations. We selected a
network of 145 stations, all of which track GPS satellites. In
2021, the network included on average 109 and 77 stations
tracking BDS-3 B11/B3I and B1C/B2a signal pairs, respec-
tively. As the availability of the receiver PCO calibration is
essential for the estimation of the TRF scale, at least 88%
of the selected stations tracking BDS-3 make use of anten-
nas with the multi-GNSS calibration provided by Geo++.
The remaining part of the stations employs GPS L1/L.2 cali-
bration; however, because of the marginal participation in
the network, these should not affect the conclusions of this
study. One should note that until February 6, 2021, the num-
ber of stations supporting B1C/B2a tracking in the network
was too poor to deliver solutions of the comparable quality
to the rest of the year; thus, we excluded this set from the
next analyses.

Figure 2 presents the network of ground sites selected for
the analysis with BDS-3 tracking capabilities for the particular
frequency pairs. The ground receivers that can track B11/B1C/
B2a/B3I signals from all the 24 available BDS-3 MEO satel-
lites are Javad TRE_3, Leica GR50, Septentrio AsteRx4 and
PolaRx5, and Trimble Alloy. However, some of the PolaRx5
receivers in the network do not provide observations from
PRNSs greater than C37, most possibly because of outdated
firmware or other issues. Trimble NetR9 receivers track only
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Fig. 1 Daily number of stations used for the processing of GPS L1/
L2 and BDS-3 B1C/B2a and B11/B3I observations
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Fig. 2 Distribution of ground stations with BDS-3 tracking capabili-
ties for the particular frequency pairs. The stations with the multi-
frequency BDS calibrations provided by Geo++ are indicated with
yellow dots. (http:/ftp.aiub.unibe.ch/users/villiger/igsR3_2077.atx)

BDS-3 B11/B3I signals from the satellite channels up to C30.
The B1C/B2a signals are not tracked also by individual Trim-
ble Alloys and Septentrio PolaRx5s in the network; thus, one
may conclude that even with the technical possibility of track-
ing specific system frequencies, the receiver has to be properly
configured by the responsible receiver operator. Due to the
differences in the tracking capabilities of the particular groups
of the BDS PRNSs, the number of observations from the indi-
vidual satellites also differs significantly. Figure 3 shows the
percentage of observations available for the individual BDS-3
satellites compared to the average number of observations per
GPS satellite throughout the analysis period. For BIB3, the
mean number of observations with respect to GPS varies from
80% (PRNs up to C30) through 70% (PRNs C32-C37) to 58%
(for PRNs larger than C37). In the case of B1B2, the number
of observations provided for different groups of satellites is
58% and 52% for PRNs up to C37 and higher, respectively.
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Fig.3 Percentage of observations available for the individual BDS-3
satellites throughout the analysis period relative to the average num-
ber of GPS observations
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Solar radiation pressure modeling

Proper modeling of the SRP is a prerequisite for an accu-
rate determination of PCO values (Steigenberger et al. 2016).
In the GNSS literature, three concepts are distinguished in
terms of handling direct SRP: (1) analytical (Li et al. 2018;
Bhattarai et al. 2022); (2) empirical (Beutler et al. 1994; Bar-
Sever and Kuang 2004; Arnold et al. 2015); and (3) hybrid
or semi-empirical approach standing somewhere in between
to combine a physical understanding of SRP with empirical
adjustment of parameters (Rodriguez-Solano et al. 2012a;
Montenbruck et al. 2015a; Duan et al. 2019, 2022).

Three variants of solutions with different SRP models
have been prepared in this study to establish the optimum
processing strategy. The first solution is purely empirical
and employs a 7-parameter ECOM model (see Table 2).
The other two SRP variants utilize the information about
the satellites to build an a priori box-wing model and
adjust the empirical 5-parameter ECOM model on top of
them (see Table 2; Bury et al. 2019, 2020). In this study,
the ECOM model is always consistent in definition with
the Extended ECOM model as defined by Arnold et al.
(2015) with the angular argument Au, i.e., the argument
of latitude of the satellite with respect to the sun's argu-
ment of latitude. The geometry and the mass of the satel-
lites are taken from metadata in either case, while the two
solutions differ in terms of the adopted optical surface
properties. The E1 + BOX META solution relies on the
CSNO released metadata. Lack of the reflection and dif-
fusion properties limits the accuracy of SRP modeling;
however, the assignment of the remaining coefficient can
be concluded based on the research on the properties of
individual spacecraft elements (Chen and Wu 2020; Duan
et al. 2022; Zhao et al. 2022). Another simplification
made in the BDS metadata file suggests that the satel-
lite body of BDS-3 CAST MEO satellites is a standard
cuboid, while Zhang et al. (2020) implied that a dedicated
T-shaped platform had been developed. In response to the
imperfection of the official metadata information, Duan
et al. (2022) provided the empirically fitted optical coeffi-
cients accounting for self-shadowing caused by a T-shaped
bus geometry (denoted as TUM in this study). Although
Duan et al. (2022) provided different optical properties

for C32/C33 and C36/C37, we decided to use the same a
priori model for all the satellites and compensate for the
model deficiencies with the ECOM parameters estimated
on top. At this point, it is worth noting that along with the
box-wing properties, Duan et al. (2022) estimated solar
sensor bias, solar panel rotation lag, radiator effect, and
a scaling factor of solar panel thermal radiation for each
satellite separately. The ideal reuse of the TUM model
would require the user to introduce all these values in the
processing chain; however, we took the optical proper-
ties only to get the impression of the model's usefulness
without any major software modification. In general, we
should expect better performance obtained for those mod-
els with adjusted optical coefficients. However, this is not
so straightforward as long as not all the parameters of the
model are taken into account. In addition, in the E1 + BOX
TUM solution, we considered a constant acceleration of
— 1.4 nm/s? (600 W) in the — X direction emerging from
the glass radiator operation. Table 2 provides a summary
of the naming and description of key differences between
the solutions. The comparison of the optical coefficients
adopted in both box-wing-based models is given in
Table 3. One of the main differences between the models
concerns the + X surface of the CAST satellites. Based on
the discussion given by Zhao et al. (2022), the + X surface
is fully covered by multilayer insulation blankets with an
absorbed coefficient () of 0.35 and a specularly reflected
coefficient (p) of 0.0. On the other hand, the empirical
adjustment of the optical coefficients demonstrated by
Duan et al. (2022) points out that most of the photons are
specularly reflected with p =0.604. One should also note
that the sum of the optical coefficients for the individual
surfaces in the TUM model is not equal to 1 as opposed to
the META model (Table 3).

Aware of the deficiencies of the ECOM?2 model in terms
of the PCO determination (Steigenberger et al. 2016), we
prepared the ECOM2 solution only in the B1B3 test case.
The two remaining E1 +BOX solutions are processed in
both B1B2 and B1B3 test cases.

Table 2 Description of the
solutions with different

Solution name

ECOM parameters (Arnold et al. 2015)

Physical macromodel

approaches to SRP modeling ECOM?2

E1+BOX TUM
E1+BOX META

Dy, Dyg, Dyc, Yy, By, Be, Bg (7 parameters) NO
Dy, Yy, By, B¢, Bg (5 parameters)

Duan et al. (2022)
CSNO (20194, b)
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Table 3 Optical properties for BDS-3 MEO satellites

CAST SECM
TUM META TUM META
+X
P 0.604 0.000 0.603 0.800
0 0.327 0.650 0.373 0.000
a 0.350 0.200
+Z
P 0.121 0.080 0.308 0.800
0 0.710 0.000 0.668 0.000
a 0.920 0.200
-7
P 0.001 0.000 0.649 0.800
0 0.893 0.650 0.281 0.000
a 0.350 0.200
Sp
p 0.130 0.080 0.132 0.080
o 0.920 0.000 0.920 0.000
a 0.920 0.920

SP denotes solar panels

Orbit model validation

The evaluation of the SRP modeling quality was carried
out with (1) an independent validation of the orbit using
SLR observations and (2) the analysis of the estimated
ECOM parameters.

Independent orbit validation using SLR
observations

The CSNO BeiDou satellite information file (CSNO 2019b)
indicates that all the BDS-3 satellites are equipped with
laser retroreflector arrays (LRAs); however, only two BDS
SECM-A (C29 and C30) and two BDS CAST (C20 and C22)
are actively tracked by the International Laser Ranging Ser-
vice (ILRS; Pearlman et al. 2019) due to the lack of orbit
predictions and no official requirements for providing such
observations so far. We generated a dataset of SLR residu-
als including all available normal points over the analysis
period. The results of the analysis are given in Fig. 4. First of
all, there are only minor differences between the correspond-
ing B1B3 and B1B2 solutions (in favor of B1B3), which
may arise from the differences in the number and geometry
of observations used for the orbit determination. Concern-
ing the SRP modeling, using the E1 + BOX TUM solution
model results in the smallest offset and standard deviation
of SLR residuals for both BDS CAST and SECM-A satel-
lites. Despite the aforementioned simplifications in our use
of the Duan et al. (2022) model, the standard deviation of
SLR residuals at the level of 24-28 mm is approximately
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Fig.4 SLR validation of the orbits of BDS-3 representatives tracked
by the International Laser Ranging Service

20-25% better than reported originally by those authors,
which may be due to the differences in the outlier screening
method. The offset of SLR residuals is positive for the BDS
CAST satellites and negative for BDS SECM-A satellites.
However, it is difficult to judge what causes this bias. The
most important finding is that the box-wing parameters pro-
vided by Duan et al. (2022) can be successfully applied in a
straightforward way leading to the best possible orbit quality,
surpassing even the usage of the official metadata.

Analysis of the ECOM parameters

The a priori box-wing model should, ideally, account for all
non-gravitational perturbing forces acting on a satellite. In
both E1 + BOX solutions, the ECOM coefficients are esti-
mated on top of an a priori box—wing model. Therefore, any
deviations from zero in estimated ECOM parameters reflect
the box-wing model deficiencies.

Figure 5 presents the ECOM parameters as a func-
tion of the elevation of the sun above the orbital plane
(p) for different groups of satellites. The mean value of
the estimates has been removed for each satellite sepa-
rately. The analysis of individual BDS-3 MEO satellites
reveals that we may distinguish up to ten different groups
of satellites, which are placed on a given orbital plane
and are characterized by similar patterns in the estimated
ECOM parameters. Official metadata specify only one set
of parameters for all the CAST satellites, and apart from
that, we know of four CAST satellites equipped with SAR
antennas, i.e., C32/C33, C34/C35 (Li et al. 2021). One
may expect some distinct SRP signatures because of the
SAR antennas, which extend beyond the satellite body.
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Fig.5 ECOM parameters as a function of the elevation of the sun
above the orbital plane () for different groups of satellites based on
the satellite manufacturer, orbital plane, and common patterns in the

Within the SECM group of satellites, metadata differenti-
ate between SECM-A and SECM-B satellites, which have
different dimensions according to the CSNO metadata file.
However, the difference is primarily in the Y cross section,
while the X and Z areas are almost identical. Moreover,
BDS-3 SECM MEO satellites are stretched in a differ-
ent direction than BDS-3 CAST MEO satellites. Despite
using the box-wing model, the Y, anomalies for BDS-3
satellites during the eclipse seasons are not well handled
as opposed to the findings given by Duan et al. (2022).
This indicates that it is not controlled by the box-wing
itself but by one of the additional parameters estimated by
Duan et al. (2022), e.g., solar panel rotation lag. Using an
a priori box-wing model flattens the pattern visible in D,
B, and B; however, none of the two models diminish the
estimated values completely to zero. A key exception is the

T T
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T T T

-50 0 50
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50 0 50
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-50 0 50
B [deg]

-50 0 50
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estimated parameters. The mean value has been removed from the
data for each satellite separately. All values are given in nm/s’

satellite pair C45 and C46, for which using the box-wing
model increases the spread of estimated ECOM param-
eters, especially for the D, term. Besides, the estimated
B term for this specific pair shows different variations
compared with other CAST satellites, which only confirms
its different structure.

Figure 6 complements the previous analysis and shows
the mean values of the estimated ECOM parameters for each
satellite. Approximately 88—97% and 82-93% of a total SRP
in the sun direction are covered by the a priori TUM and
META box-wing models, respectively, for the individual
satellite, while the remaining fraction of 3—18% needs to be
compensated by the empirical Dy ECOM term. Interestingly,
there are some substantial differences between the SRP in
sun direction estimates for the individual CAST satellites
ranging from 126 to 143 nm/s>.
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Fig.6 Mean values of the estimated ECOM for different groups of satellites. The grouping is based on satellite manufacturer, orbital plane, and
common patterns in the estimated ECOM parameters according to Fig. 5. All values in nm/s’

Therefore, the estimation of additional empirical param-
eters on top of the box-wing model is essential for a proper
SRP modeling, and the CSNO metadata need more details
concerning the disparities within the constellation, aiming
for the best results of the orbit modeling and determination
of global geodetic parameters (Zajdel et al. 2020b, a).

Results

We estimated the PCO values in different processing scenar-
ios and compared them with the reference values as released
in the metadata file. The PCOs are provided by CSNO for
each frequency individually; thus, the a priori values for an
ionosphere-free linear combination of the frequencies are
calculated based on the equation:

f{PCO;, - f3PCO;,
f 1 _fz

6]

where f; and f, are the wavelengths of the frequencies taken
for the linear combination, and PCOfl, PCsz, and PCO,
are the PCOs for individual frequencies and the linear
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combination, respectively. The a priori/reference PCOs are
given in Table 4. The PCO-x and PCO-y values agree for
the two linear combinations at the few-millimeter level.
Concerning the PCO-z, there are only a millimeter-level
difference between the B11I/B3I and B1C/B2a linear com-
binations for the BDS-3 SECM satellites, and generally a
difference of a few centimeters for the CAST satellites. It
is striking to note that for the BDS-3 SECM satellites, the
factory-calibrated values for B2 and B3 frequency bands
are virtually the same as those of B1. As a consequence, the
ionospheric-free combination of the nominal PCO values is
almost identical for B11/B3I and B1C/B2a.

Estimation error of PCOs

Table 5 provides the formal estimation error of PCOs in dif-
ferent solutions. Table 5 is supported by Fig. 7, which pre-
sents the time series of PCO estimation errors in E1 + BOX
TUM and both B1B2 and B1B3 test cases. The formal errors
mainly reflect the determinability of the PCOs due to the
sun-earth-satellite geometry. First, we see the difference in
the estimation errors between the corresponding B1B2 and
B1B3 test cases, which may be attributed to the change in



GPS Solutions (2022) 26:109 Page90of18 109

Table4 Reference PCOs for T PRN SVN BIIB3I BIC/B2a AX AY  AZ

the linear combination of B1l/

B3I and B1C/B2a signals based X Y z X Y z

on the frequency-specific PCOs

provided by CSNO (2019b) C C19 (C201 -2056 —-99 20205 -2024 -5.0 19797 -32 —-49 408
C C20 C202 -2189 -5.0 21035 -219.8 0.2 2045.6 09 -52 579
C C21 C206 -2004 —-6.7 20620 -2024 —-1.6 2007.0 20 -5.1 55.0
C C22  C205 -2034 -102 2026.1 -—-2049 —-63 20220 1.5 -39 4.1
C Cc23  C209 -2096 —-25 2011.2 -=211.0 1.4 1965.0 1.4 -39 462
C C24 C210 -208.7 —42 2047.1 —-209.2 1.2 20125 05 -54 346
C C32 (C213 -1834 -93 2051.1 —1845 —48 19944 1.1 —-45 567
C C33 (C214 -1894 —10.5 20362 —-189.8 —56 19499 04 —-49 863
C C36 C218 —-197.2 —-154 18824 —-1973 —-10.2 1816.7 0.1 =52 657
C C37 C219 -2000 -16.0 1866.6 —1993 -109 18550 -0.7 -5.1 11.6
C C41 C227 —196.1 —17.8 15848 —1974 —129 15453 1.3 —-49 395
C C42 C228 —-201.5 —13.7 15923 —-201.7 —9.8 15445 02 -39 478
C C45 (C223 -289.8 -84 1953.6 —285.1 —-24 18790 —-47 -60 746
C C46 C222 -291.0 —-56 1970.1 —283.1 1.2 18617 -79 -6.8 1084
S-A C25 Q212 734 =35 1107.7 73.6 =74 11039 -0.2 39 3.8
S-A C26 C211 729 —-49 11173 73.1 -52 11078 -0.2 0.3 9.5
S-A  C27 C203 270 —-49 11171 272 —-48 11154 -02 -0.1 1.7
S-A C28 C204 254  —44 11138 258 —4.6 11125 -04 0.2 1.3
S-A C29 C207 276  —-93 11300 279 —-69 11198 -03 -24 10.2
S-A C30 C208 284  —8.0 1095.1 28,6 =57 1094.1 -02 -23 1.0
S-A  C34 (216 89.7 —-9.3 11123 899 -93 11082 -0.2 0.0 4.1
S-A C35 (215 892 -—11.3 1101.6 895 —11.1 10983 -03 -0.2 33
S-B  C43 (226 512 -7.8 11100 51.3 -7.7 11054 -0.1 -0.1 4.6
S-B C44 (C225 520 —-83 1105.6 52.1 -84 1102.0 -0.1 0.1 3.6

T refers to the satellite type, where C is CAST, S-A is SECM-A and S-B is SECM-B. A values refer to the
differences between B11/B31 and B1C/B2a. All values are given in mm

the number of observations and the geometry of the network;
however, it affects the estimation error only at the level of a
few millimeters. In the case of high PRN numbers such as
C45/C46, which are tracked by almost the same number of
stations in both B1B2 and B1B3 solutions, the formal errors
are almost the same (Fig. 7). There is also no difference in
the formal error between the CAST and SECM satellites.
The estimation error for the horizontal PCO components
is growing in parallel with the elevation of the sun above
the orbital plane, especially for the PCO-y. The BDS-3
MEQO plane A is the most privileged in terms of the esti-
mation of horizontal PCO, with the  angles always below
30° (Fig. 7). Using ECOM2 causes an increase in the errors
for the PCO-x approximately by a factor of 4 compared to
the E1+BOX solutions. The formal errors of the PCO-y
and PCO-z do not depend on the SRP modeling approach.
The secular decrease in the PCO-z formal error reflects the
gradual increase in the number of tracking stations in the
network (Fig. 2). It amounts to roughly 5 mm or 10% of the
error near the beginning of the analysis period. Finally, by
the representative example of the B1B3 E1 + BOX TUM
solution, we may state that the formal estimation error is

at the level of 0.6—1.3, 0.9-3.3, and 3.2-3.6 cm for PCO-x,
PCO-y, and PCO-z, respectively.

Analysis of the estimated PCOs

Figure 8 illustrates PCOs estimated in the E1 + BOX TUM
solution with respect to reference values from CSNO meta-
data. Only periods corresponding to the |51 <45° provide
stable horizontal PCO estimates, whereas variations of up
to+20 cm appear for periods outside this range. The only
exception is the group of the satellites C45/C46, for which
all the estimated PCO components vary in time depending
on the f angle. That confirms the different structures of these
satellites and the increased impact of the estimated ECOM
parameters, which have to compensate for the box-wing
model deficiencies.

Figure 9 presents the PCO estimation results in
box—whisker plots for all the satellites and all the considered
solutions. We subdivided the satellites into groups consistent
with the previous analysis of the patterns in the ECOM esti-
mates. Additionally, for comparison, we added next to our
results the PCO values obtained by Qu et al. (2021) for the
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Table 5 Formal errors of PCOs in different processing scenarios

SAT group B1C/B2a B1I/B31
E1+BOX TUM E1+BOX META E1+BOX TUM E1+BOX META ECOM2

X

CAST PL-B 1.4 1.4 1.2 1.2 4.6
CAST PL-C 1.5 1.5 1.3 1.3 59
SECM PL-A 0.7 0.7 0.6 0.6 1.7
SECM PL-C 1.5 1.5 1.2 1.2 52
Y

CAST PL-B 3.4 3.4 29 3.0 3.0
CAST PL-C 3.7 3.7 33 33 33
SECM PL-A 1.0 1.0 0.9 0.9 1.0
SECM PL-C 3.7 3.7 3.0 3.0 3.0
z

CAST PL-B 4.0 4.0 34 35 35
CAST PL-C 4.0 4.0 3.6 3.7 3.7
SECM PL-A 4.0 4.0 34 35 35
SECM PL-C 39 3.9 32 32 32

Values are given in cm and reflect the average over all satellites within a group and the one-year analysis period. PL-A/-B/-C denotes the respec-

tive orbital plane

C19-C37 satellites based on the global network processing
using the linear combination of B1I/B3I signals.

For PCO-x, the estimated values agree with the ground
calibrations within 1 and 2 cm, for the CAST and SECM
satellites, respectively. This excludes the C45/C46 pair, for
which an 8 cm offset is visible. The mean offset in the PCO-x
estimates for this specific pair of satellites disappears when
using ECOM?2; however, this SRP approach is not suited for
the determination of PCO-x, as visible in the spread of the
estimated values for all the remaining satellites. For PCO-y,
the estimated values are on average consistent to the level
of 1 cm with the ground calibrations, but with the standard
deviation of estimates reaching 8 cm for the satellites on the
orbital planes B and C, with wide f angle ranges.

More attention should be devoted to the PCO-z estimates,
which directly translate into the potential contribution of
the BDS-3 MEO constellation to the TRF scale definition.
In general, the PCO-z estimates have a larger scatter than
the horizontal PCOs, but they do not exhibit pronounced
systematic effects. The standard deviations of the time
series are on the 4-6 and 5—7 cm levels for B1B2 and B1B3
solutions, respectively. A comparison of these with formal
errors reveals that those were too optimistic by a factor of
two. Even though the estimation error is lower for B1B3
linear combination, the less scattered estimates for the B1B2
solution may arise from the fact that using B1C and B2a
signals in the processing causes better signal strength and
higher accuracy for both code and carrier phase observations
(Zhang et al. 2021).
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Besides the previous division of the BDS satellites based
on the ECOM patterns, we may distinguish three main sub-
groups of CAST satellites based on notably different values
of PCO-z from the ground calibration. While the first eight
CAST satellites (C19-C24, C32-C33) have a B1 factory
PCO-z value close to 1.50 m, it is around 1.35 m for the next
four satellites and 1.05 m for the last two (group C41/C42).
One should also note that the difference between B1B2 and
B1B3 is very similar for all CAST satellites; thus, it appears
reasonable to assume that all CAST satellites share the same
type of antenna array.

Concerning CAST satellites, the major clash between
official calibrations and estimated PCOs refers to the pair
of C41/C42 satellites reaching about 30-35 cm. Interest-
ingly, the LRA offsets in the Z direction amount to 1.25 m,
1.10-1.17 cm, and 1.10 cm for the three aforementioned
groups. This corresponds to the PCO difference between the
first two subgroups, but the third group is more close to the
second one rather than forming a separate group. Therefore,
we may assume that it is far more likely that the C41/C42
satellites suffer from a 30 cm change in the antenna reference
point used for antenna calibration rather than a true change
in the PCO. Clarification of this apparent inconsistency has
been requested from CSNO-TARC, but was not received at
the time of writing.

Another interesting observation is that we see an orbital
plane dependency in the mean offset observed in the PCO-z
estimates for the CAST satellites. The CAST satellites orbit-
ing plane B have a bias in the estimated values at the level
of — 10 to — 8 cm, while the bias for the CAST satellites on
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Fig. 7 Formal error of the PCO values from E1+BOX TUM solution for different satellites.

and orbital plane. Time is mm/yy

plane C is close to zero. The differences between the B11/
B3I and B1C/B2a corrections with respect to the nominal
values are within 0—4 cm for all the CAST satellites. At
present, it is unclear whether the orbital plane dependence
of the estimated PCOs is merely coincidental or hints at a
hidden deficiency in the SRP modeling, such as the neglect
of shading or unknown surface elements.

Within the SECM satellites, we already differentiate
between SECM-A and SECM-B satellites. Nevertheless,
the estimated PCO-z of the SECM satellites show a sub-
stantial scatter for individual satellites with no orbital
plane or satellite subtype dependence. Furthermore, the
estimated PCO-z values show a 10-20 cm difference
between B11I/B31 and B1C/B2a. For SECM-B satellites,
the difference is slightly larger than for the SECM-A sat-
ellites. Ultimately, all that we can conclude is that the
observed PCO-z for the BDS SECM satellites show nota-
ble scatter and systematic deviations from the nominal
values. In contrast to the ground calibrated nominal values,
the observed SECM PCO-z exposes an obvious frequency
dependence. We might speculate that the SECM satellites
suffer from large near-field effects causing systematic PCO

The satellites are identified by PRN, manufacturer,

differences between factory calibrations of the standalone
antenna array and the antenna array as integrated with the
satellite.

Comparing the estimated values with the results pre-
sented by Qu et al. (2021), we may notice that our PCO
estimates for the CAST satellites are less scattered, espe-
cially for the group of C32-C37, for which Qu et al. (2021)
found the discrepancies with respect to the nominal values
reaching 20 cm. For the SECM satellites, on the other hand,
there is an almost perfect match between our estimates and
those provided by Qu et al. (2021), which only confirms the
questionable quality of the ground calibrations provided by
SECM.

Taking the constellation as the whole, the mean PCO-z
offset with respect to nominal values is 6.55 + 12.56 and
—0.32+10.99 cm for B1I/B3I and B1C/B2a frequency
pairs, respectively. The “misbehavior” of the SECM cali-
brations should then be indicated as the leading source of
the inconsistency in mean PCO-z shift and the scale defini-
tion depending on the usage of either B11/B3I or B1C/B2a
frequency pairs. The constellation mean PCO-z offset con-
sidering only CAST satellites except for C41/C42 changes to
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Fig.8 Estimated PCO values relative to the CSNO reference from E1+BOX TUM solution for different satellites. The satellites are identified

by PRN, manufacturer, and orbital plane

—1.93+4.62 and —3.15+4.32 cm, for B11/B3I or B1C/B2a,
respectively, which indicates an excellent consistency of the
respective factory calibrations with the current IGS14 scale.

Finally, we considered two methods to derive a single set
of PCO values per satellite, i.e., (1) weighted average based
on formal estimation errors, (2) unweighted average with
the exclusion of periods with systematic effects (31> 45°).
Both methods agree within a few millimeters; thus, we chose
the first approach to deliver the final values, as shown in
Table 6. The formal errors of the PCO estimates are on the
1 cm level for the horizontal PCOs and the 3—4 cm level for
the PCO-z. Therefore, the PCOs presented in Table 6 were
rounded to 1 cm.

Realization of the terrestrial reference frame scale
based on the CSNO BDS-3 PCO model

Figure 10 shows the time series of the TRF scale change
derived from the Helmert transformation between the two
global network solutions with the scales defined by the GPS
PCOs (igs14_2178.atx, IGS14/ITRF2014 scale) and the
ground calibrated BDS-3 PCOs released by CSNO. In both
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cases, the station coordinates are estimated with 10 mm con-
straints imposed on the X, Y, and Z components. The mean
scale bias equals 0.546 +0.085 ppb and 0.026 +0.085 ppb,
for B1B3 and B1B2 solutions, respectively. We may assume
that the scale discrepancy between the B1B3 and B1B2 solu-
tions arises to a great extent from the uncertain quality of the
SECM PCO calibrations, which certainly do not reflect the
frequency dependence of the PCOs. Moreover, the bias of
0.546 ppb delivers a decent agreement with Qu et al. (2021),
who reported the 0.446 +0.153 ppb offset with respect to the
ITRF2014 based on 30 days of processing B11/B31I observa-
tions from both BDS-2 and BDS-3 satellites.

Furthermore, we analyzed how the scale change affects
the height component of the station coordinates. Figure 11
presents the time series of differences (2)—(1) in the height
component of station coordinates between the two global
network solutions: (1) with GPS PCOs fixed (igs14_2178.
atx, IGS14/ITRF2014 scale) and (2) the ground calibrated
BDS-3 PCOs released by CSNO fixed (consistent with
Fig. 10). Different selections of stations have been tested
to find out, to which extent GPS +BDS-3 and GPS-only
stations contribute to the scale transfer within the network.
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Fig.9 Differences between the PCO values estimated in different test cases with respect to the initial values provided by CSNO (2019a). The
individual satellites are described by the manufacturer, orbital plane, and PRN number

The mean difference observed in the height component
equals approximately 3.4 +0.6 and 0.2 +0.4 mm for B1B3
and B1B2 solutions, respectively. One should note here
that the mean offset is almost the same whether all the
stations are selected, only those which track GPS + BDS
signals, or even those which do not support BDS tracking
at all. It confirms that the scale defined by BDS-3 PCO-z is
transferred to the whole network, including also GPS-only
stations. When BDS-3 PCOs are tightly constrained in the
solution, the estimated GPS PCO-z are adjusted to the
new TRF scale standard based on the common network of
ground stations. Then, the scale transfer can also proceed
to the stations that track only GPS signals.

The variations of the station heights and the scale of the
TRF are approximately proportional to the mean offset in
PCO-z. Therefore, based on the mean PCO-z offset, the cor-
responding scale offsets, and the mean offset in the height
component of the station coordinates, we may formulate the
relationship between them similarly to Zhu et al. (2003). For
the B1B3 solution, the 0.546 ppb scale change corresponds
to the scale factor of 8.3 ppb/m concerning the mean PCO-z

shift of 0.0655 m. The factor of 8.3 is slightly higher than
the 7.8 ppb/m reported by Zhu et al. (2003). Going further,
the ratio of station height change and BDS PCO-7 offset is
—0.052, i.e., —5.2%. Contrary, Zhu et al. (2003) stated a 5%
shift in station height relative to the GPS PCO-z shift, which
is also slightly lower than reported here. If all satellites have
identical PCO-z shifts, we would expect mainly the scale-
like systematics (Zhu et al. 2003). Unfortunately, because
of the substantial differences in mean PCO-z shift values of
various satellites within the BDS-3 constellation (especially
SECM satellites), the formulation of conclusive and precise
numerical dependencies may not be so straightforward for
BDS and would require further investigations.

To sum up, Fig. 12 presents the calculated PCO values
versus the initial values given by CSNO. Each point rep-
resents one of the 24 MEO satellites with blue indicating
CAST satellites and red indicating SECM satellites. Points
above the diagonal mean that the factory calibration gives
a larger PCO than observed with the scale defined by the
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Table6 Rounded mean of the T PRN  SVN  BIUB3I BIC/B2a AX AY  AZ

estimated PCOs for the linear

combination of B1I/B3I and X Y zZ X Y Z

B1C/B2a signals
C C19 C201 -23 -2 193 -23 -1 189 -1 -1 4
C C20 C202 -22 -2 201 -22 -1 196 0 -1 4
C C21 C206 -22 -2 198 -22 -1 191 0 -1 7
C C22 C205 -22 -1 196 =21 -1 192 0 -1 4
C C23 C209 =21 0 200 -22 0 195 0 0 5
C C24 C210 =21 -1 206 -21 0 200 0 0 6
C C32 C213 -17 -1 203 —-18 -1 196 0 0 6
C C33 C214 —18 -2 205 —-18 -1 199 0 -1 7
C C36 C218 -19 -1 186 -19 -1 180 1 0 5
C C37 C219 -19 -1 186 -20 -1 181 1 0 4
C C41 C227 -19 -1 194 -19 -1 184 1 0 10
C C42 C228 -20 -2 192 -20 -1 184 0 0 8
C C45 C223 -21 -1 201 =21 -1 189 1 0 11
C C46 C222 -20 -1 199 =21 -1 188 0 0 11
S-A C25 C212 6 -1 110 6 0 98 0 0 12
S-A C26 C211 6 -1 118 6 0 103 0 -1 15
S-A C27 C203 4 0 128 4 0 115 0 0 13
S-A C28 C204 4 1 126 4 1 112 0 0 14
S-A C29 C207 4 -1 135 4 -1 119 0 0 16
S-A C30 C208 4 0 132 4 0 114 0 0 18
S-A C34 C216 7 -1 117 7 0 103 0 -1 14
S-A C35 C215 6 -1 104 6 0 95 0 -1 8
S-B C43 C226 7 -1 129 6 0 105 0 -1 23
S-B C44 C225 6 -1 117 6 -1 94 0 0 23

T refers to the satellite type, where C is CAST, S-A is SECM-A and S-B is SECM-B. A values refer to the
differences between the B11/B31 and B1C/B2a. Values are given in cm

for satellites below the diagonal. The gray dashed lines refer
to the + 1 ppb scale change. For the ratio between PCO shift
and TRF scale/station height change, we adopted a value
of —5.2%, i.e., a 1 m PCO-z increase implies a 5.2 cm sta-
tion height reduction or —8.3 ppb scale change, as derived
empirically from the analysis of the B1B3 solution.

Comparing the estimated PCOs, we obtain the consist-
ency within + 1 ppb of the CSNO values with the estimates
for all the CAST satellites except for the pair of C41 and C42
satellites. Despite mostly identical spacecraft, the offsets of
observed and ground calibrated PCOs for SECM exhibit a
substantial scatter and are notably different for the two fre-
quency pairs.
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Fig. 10 Time series of the TRF scale change between the solutions
with the scale defined by the IGS14-based GPS PCO and the BDS-3
PCO scale based on the CSNO calibration

Conclusions and discussion

This study focuses on the evaluation of the potential con-

1GS14-based GPS PCO. Thus, switching to the BDS-3 fac-
tory values would imply a reduction in the station height
and cause a scale reduction. Vice versa, a positive scale
change would be obtained when using factory calibrations

@ Springer

tribution of the BDS-3 MEO constellation in the definition
of the TRF scale. To that aim, we used ground calibrated
BDS-3 satellite PCOs delivered in 2019 by CSNO and multi-
GNSS robot calibrations for the ground antennas provided
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Fig. 11 Difference (2)—(1) in the height component of station coordi-
nates between the two global network solutions: (1) with GPS PCOs
fixed (igsl4_2178.atx, IGS14/ITRF2014 scale) and (2) the ground

by Geo++ in 2019. Two linear combinations of signals,
namely B1I/B3I and B1C/B2a, have been investigated to
find out whether using different frequencies may lead to the
different TRF scale definitions.

First, we assessed the quality of the manufacturer-
released PCO values considering the full constellation of
24 BDS-3 MEO satellites. The PCOs of BDS-3 MEO sat-
ellites were estimated with the scale introduced from the
GPS PCOs (igs14_2178.atx), which strictly realizes the
IGS14/ITRF2014 scale. The mean of the estimated PCO-z
offsets is 6.55 +12.56 cm and —0.32 +10.99 cm for B11/
B3I and B1C/B2a frequency pairs, respectively. The sub-
stantial dispersion from the mean reflects the disparities
in the quality of calibrations for the individual spacecraft.
Besides the nominal division of the BDS MEO satellites
by manufacturers (CAST and SECM), we may distinguish
three main subgroups of CAST satellites based on notably
different values of PCO-z from the ground calibration. The
most notable discrepancy between official calibrations and
estimated PCOs occurs for the pair of C41/C42 satellites,
reaching about 30-35 cm. Based on the comparison with
LRA coordinates, we suspect a 30 cm change in the antenna
reference point used for antenna calibration rather than a
true change of the PCO. The CAST satellites orbiting plane
B have a consistent bias in the estimated PCO-z at the level
of — 10 to — 8 cm, while the bias for the CAST satellites on
plane C is close to zero. The differences between the B11/
B3I and B1C/B2a corrections with respect to the nominal
values are within 0—4 cm for all the CAST satellites. On the
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calibrated BDS-3 PCOs released by CSNO fixed. The mean offset
and standard deviation of differences are given in the bottom left cor-
ner

other hand, the estimated PCO-z estimates for the SECM
satellites show a large scatter for individual satellites with
neither orbital plane nor satellite subtype dependence. Fur-
thermore, the estimated PCO-z values reveal a 10-20 cm
difference between B11/B3I and B1C/B2a.

Finally, we assessed the scale difference as realized by
BDS-3 MEOs when using the PCO model provided by
CSNO. The mean scale bias with respect to ITRF2014
equals +0.546 +0.085 ppb and +0.026 + 0.085 ppb, for
B11/B3I and B1C/B2a solutions, respectively. The dif-
ference between the two frequency pairs results from the
doubtful quality of the SECM PCO calibrations, which
certainly do not reflect the actual frequency dependence
of the PCOs. On the one hand, the presented results are
in poor agreement with Galileo, which realizes the TRF
scale with a bias of approximately 1.4 ppb with respect to
ITRF2014 when making use of factory-calibrated trans-
mit antenna PCOs. On the other hand, the mean scale
bias of 0.546 ppb is seemingly close to the scale differ-
ence between ITRF2020 vs. ITRF2014, which accounts
for 0.42 ppb (https://itrf.ign.fr/en/solutions/transforma
tions). However, it should be noted that using, for exam-
ple, only the most consistent group of BDS-3 CAST sat-
ellites, for which the mean PCO-z offset is at the level
of — 3 cm, would lead to another scale definition with a
bias of roughly — 0.3 ppb. Moreover, the scale discrep-
ancy between the B1I/B3I and B1C/B2a frequency pairs
puts into question the quality of satellite PCO calibrations
published by CSNO, especially concerning the SECM

@ Springer


https://itrf.ign.fr/en/solutions/transformations
https://itrf.ign.fr/en/solutions/transformations

109 Page 160f 18

GPS Solutions (2022) 26:109

2.2

ay
° CAST B1 82 /,//
e SECM %l 7~
2.0 r: o © /
—_ ) ,r(‘ /“" ;
e yav:
N i A
g e | «—C41
(&) J/ \
ot /
= VR c42
9 14 n |/ 2
& G
< | AV
///
124~
5 /
o 5p°
/// /),
1.0 ¥ —T T T T T
1.0 1.2 14 1.6 1.8 2.0 2.2
Estimated PCO-z [m]
2.2 7
CAST B1B3 “‘m S/
e SECM (Y4
. 2 ]
2.0 O
Vs
n 1.8 1 /,/
S avs
— 5 P4
N 1.6 A —eg
3 V., ca2 \
a ; yad C41
2 1.4 s
o
< // p
il ray
12 +——H—
A A
o o0 N,
///
1.0 —T T

T T T
1.0 1.2 14 1.6 1.8 2.0 2.2
Estimated PCO-z [m]

Fig.12 CSNO PCOs (y-axis) versus the mean of estimated PCOs
(x-axis) for B11/B3I (bottom) and B1C/B2a (top). Satellites C41/C42
are additionally labeled

satellites, which certainly do not reflect the frequency
dependencies properly.
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determination of GNSS satellites and the evolving navigation systems activities comprise space-borne GNSS receiver technology, autono-

of Galileo, BeiDou, and QZSS. mous navigation systems, spacecraft formation flying, precise orbit
determination, and multi-constellation GNSS.
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