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Abstract. The precise orbit determination (POD) of low earth orbit (LEO) satel-
lites is always a hotspot topic in the field of satellite geodesy. Current gravity
field determination, satellite altimetry, and remote sensing measurement depend
crucially on the precise orbits of the spacecraft. BeiDou global navigation satellite
system (BDS-3) is officially completed in 2020 and offers positioning, navigation,
and timing (PNT) service for global users. The onboard BDS measurements from
LEO satellites can be used for LEO POD and served as an effective supplement
for BDS tracking geometry. In this study, the BDS-3 observations with B1C and
B2a signals of HY-2D spacecraft are employed for reduced-dynamic POD. For
superior orbit quality, the extended analytical model for solar radiation pressure
(SRP) is used for LEO POD, and in-flight calibration of the LEO receiver antenna
is carried out to improve the orbit precision. Two weeks of onboard BDS-3 obser-
vation were used to assess the BDS-based POD performance. For HY-2D satellite
based on BDS-3 instruments, the capability of continuous tracking is at the global
level, and almost all the epochs can have 5–7 usable BDS satellites. Themean root-
mean-squared (RMS) of the phase residual obtained from the reduced-dynamic
POD is 6.5 mm, and that of pseudorange residual is 1.28 m. The internal precision
for the entire arc is in good agreement. Moreover, an orbit self-consistency of
0.94 cm, 0.76 cm, and 0.49 cm is displayed in the along-track, cross-track, and
radial directions, respectively.

The 1.33 cm 3D RMS of the internal consistency is achieved for the reduced-
dynamic orbits. A better than 2 cm RMS has been achieved in the Satellite Laser
Ranging (SLR) validation for BDS-3-based LEO orbit solutions. These results
could be used for the Chinese subsequent LEO satellite equipped with a BDS-3
receiver.
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1 Introduction

Low-Earth orbit (LEO) missions with a height of about 100 km to 2000 km above play
an important role in marine environmental monitoring, gravity detection, earth mag-
netic field research, occultation atmospheric observations, and other scientific fields,
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greatly expanding human understanding of the Earth. LEO missions take routine mea-
surements tasks and depend crucially on precise orbit determination. On 10 August
1992, the TOPEX/POSEIDON mission started providing high-altimetry measurements
with the uncertainty of 3–4 cm in radial direction [1], the precise orbit products based
on spaceborne global positioning system (GPS) technology has been widely used in
LEO missions. Subsequent Jason-1/2/3 series satellites and Sentinel-3 altimetry satel-
lites [2, 3], orbit determination better than 1 cm in the radial direction is obtained. For
the CHAMP, GRACE, GOCE, and GRACE-FO satellites used for gravity field inversion
[4–7], reduced-dynamic POD result of 2–3 cm precision can be achieved based on GPS
observations.

The Beidou-3 (BDS-3) global navigation satellite system (GNSS) designed byChina
was officially completed in 2020, which together with other global navigation satel-
lite systems provides positioning, navigation, and timing services to global users. The
onboard BDS-3 receiver can provide continuous global tracking observations for LEO
missions and support the BDS-3-based precise orbit determination for LEO missions.

HaiYang-2D (HY-2D) is the fourth satellite of the Chinese marine dynamic environ-
ment mission, which was launched on 19 May 2021 into LEO of 66 inclination, with an
altitude of about 957 km. The major objective of the HY-2D is to monitor and investigate
the marine environment. It carries various instruments, including a Ku/C-band altime-
ter, a scatterometer, and a microwave imager. A less than 3 cm RMS in the radial orbit
component is officially specified for the HY-2D POD. To support this goal, the HY-2D
spacecraft hosts a POD package, including an onboard GPS/BDS-3 receiver, a Doppler
Orbitography, and Radiopositioning Integrated by Satellite (DORIS) instrument, and a
laser retroreflector (LRR).

Within this study, the performance of BDS-3 observation from HY-2D is analyzed,
and the potential of BDS-3 based POD for LEO satellites is assessed. For superior
orbit product, the extended analytical solar radiation pressure (SRP) model [8] is sug-
gested, and in-flight calibration of the BDS-3 antenna is performed for HY-2D POD. The
phase residuals, orbit overlap comparisons, empirical parameters, and SLR validation
are applied as a reasonable index for evaluating orbit quality. The results from HY-2D
could be used for continued LEO missions equipped onboard the BDS-3 receiver.

2 HY-2D POD Package and BDS-3 Instrument

To support high-precision orbit, the HY-2D spacecraft hosts a POD package with dual-
frequency and Combined GPS/BDS-3 receiver, DORIS equipment, and SLR (Satellite
Laser Ranging) LRR. The onboard GPS/BDS-3 receiver supports frequencies that cover
the L1/B1C band, the L2 band, and the B2a band. For BDS-3 signals, the 10 tracking
channels are used for B1C and B2a frequencies which offer codes and carrier phase
observations. Considering that the hardware processing capability of the onboard plat-
form currently only dual-frequency single-system observation is supported. The onboard
dual-frequencyBDS-3 observations are in the test phase. For assessment of BDS-3 based
LEO POD, the onboard B1C/B2a measurements from HY-2D are used for POD. The
performance of BDS-3 based orbit solution is analyzed through phase residuals, overlap
comparison, and SLR validation.
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Fig. 1. The number of visible satellites and GDOP based on B1C/B2a observations for HY-2D

The continuous tracking capability of the satellite platform is an important prereq-
uisite for LEO POD, and a wealth of observations for satellites add strong constraints
for final orbit solutions. Currently, the BDS-3 (July 2020) has the functions of providing
positioning, navigation, and timing for global users. The visibility of observations for
HY-2D is shown in Fig. 1. The results indicated that 5–7 navigation satellites almost
can be tracked during the entire arc, and the average level of GDOP is 4.9. To further
analyze the global tracking observations based on the BDS-3, the grid observed BDS-3
satellite numbers along the HY-2D ground tracks from DOY 186/2021 to 199/2021 are
illustrated in Fig. 2. In general, the performance of BDS-3 is further assessed through
the LEO platform.

Fig. 2. Number of observed BDS-3 satellites per epoch for HY-2D
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3 POD Scheme

3.1 POD Data and Models

The HY-2D reduced-dynamic POD solutions are presented in this article, and the Posi-
tion And Navigation Data Analyst (PANDA) software tools [9], which are developed
by GNSS Research Center of Wuhan University, is used for GNSS high precision pro-
cessing. The consecutive 30-h arc, which offers a 6-h overlap, is employed for HY-2D
POD. The 30 s sampling of BDS-3 observations is consistent with standard IGS clock
products. The summary of dynamical models and data sets is given in Table 1, and
the reduced dynamic method and processing strategies are described in Jing-Nan and
Mao-Rong [9].

Table 1. The employed models and processing standards of HY-2D satellite

Model Description

GNSS Measurements

BDS-3 Observation Undifferenced ionosphere-free code and carrier phase
combinations based on B1C/B2a

Interval and arc length 30 s and 30 h

BDS-3 orbit and clocks WHU precise products [10]

GNSS satellite PCO & PCV IGS ATX models [11, 12]

HY-2D attitude Quaternions (measured)

HY-2D PCO & PCV Corrections from in-flight calibration

Dynamic model

Earth gravity EIGEN_6C (120 × 120) [13]

Solid Earth and pole tides IERS 2003 conventions [14]

Ocean Tides FES 2004 (30 × 30) [15]

N-body disturbance JPL DE405

Relativity IERS 2003 conventions

Solar radiation pressure 16-plate macro-model, radiation pressure coefficients (VIS
and IR) [8]

Atmospheric drag 16-plate macro-model, atmospheric density model
adopting DTM-2013

Empirical acceleration Piecewise periodic acceleration

Estimated parameters

Initial state Position and velocity at the initial epoch

Receiver clock offset Each epoch as white noise

Phase ambiguities Each continuous tracking arc as afloat

(continued)
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Table 1. (continued)

Model Description

Solar radiation coefficients Scale factor for daily arcs

Drag coefficients Scale factor per 120-min

Empirical acceleration Amplitudes of periodic accelerations per 120-min in
along-track and cross-track

SLR validation

Station coordinates SLRF2014 (v20/04/28) [16]

Tropospheric delay Mendes and Pavlis [17]

Ocean tide loading FES 2004 [15]

Relativity IERS 2003 conventions

The reduced-dynamic POD of LEO satellites is calculated based on precise prior
models. The orbit solution is affected by the error of the GNSS observation, but the
accuracy of the dynamical model is the key for the precise orbit determination of the
satellite. For LEO satellite missions with altitude above 800 km, solar radiation pres-
sure (SRP) easily surpassed drag. For altimetry satellites with orbital altitudes around
1000 km, such as JASON-1/2/3 and HY2-A/B/C satellites [2, 18, 19], the solar radiation
pressure is the main source of non-conservative force of the satellites. Therefore, the
accurate modeling of SRP is required for precise orbit solutions. The SRP is closely
related to the surface materials of satellites and the space environment [8]. The time-
dependent radiation data products are used for removing systematic errors [8]. Details
of this concept and the implementation of the physical radiation pressure model are
described in Vielberg and Kusche [8].

The location is typically provided by the spacecraft manufacturer, with a nominal
precision ofmillimeters or better, but the experience of past geodetic missions has shown
that there may be inconsistencies at the level of 2–3 cm [3, 18, 19]. Considering the
difference between the space environment of the satellite and the ground test scenario,
offset calibration of the antenna phase center and empirical phase center variations (PCV)
corrections were performed for HY-2D POD.

In this study, the direct approach is used to introduce the phase center offset (PCO)
parameters into the observation equation for adjustment solution, and the estimation of
PCV is obtained by the post-facto residual approach [20]. The reference values for the
position of Center-of-mass (CoM), GNSS receiver antenna, LRR, and PCO estimation
are given in Table 2.
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Table 2. Locations for GNSS receiver, LRR, and CoM in the body-fixed coordinate system

Item Reference (x, y, z) (mm) Notes

CoM location (+1332.00, −8.60, +3.40) May 2021

GNSS antenna location (+347.29, −175.14, −1372.68) GNSS-antenna-b

LRR location (+312.810, −215.68, +985.98)

GNSS antenna PCO (+0.0, +0.0, +20.0) Valid for ionosphere-free phase
combination

4 POD Results and Analysis

To further investigate the accuracy of BDS-based POD orbit, the onboard BDS-3 data
of HY-2D from 186 days in 2021 to 199 days in 2021 are used for reduced-dynamic
orbit determination. The precision of the reduced-dynamic HY-2D orbits using BDS-3
B1C/B2a observations was confirmed by observations residuals, orbit comparisons, and
SLR analysis. The detailed validation and POD results are discussed in this section.

4.1 Observation Residuals

The residual of the phase observation obtained from POD is a reasonable index of
evaluating the orbit quality. Large or abnormal values usually mean poor parameter
estimation in the POD. In general, the residuals of observations provide an internal
means of assessing the precision of the orbit.

The daily RMS of PC and LC residuals for B1C/B2a data from HY-2D POD are
shown in Fig. 3. The mean Total Electron Content Unit (TECU) (see Fig. 3) obtained
from the Center for Orbit Determination in Europe (CODE) [21, 22] is employed to char-
acterize the ionospheric delay and solar activity. The average RMS of the LC and PC
residuals from reduced dynamic POD are approximately 6.5 mm and 12.8 dm, respec-
tively. Except for some abnormal areas, the coincidence accuracy within the observation
residuals is maintained at about 10 mm.

To further analyze the results of the phase residuals based on BDS-3, Fig. 4 shows
the global grid distribution of the phase residuals. Except for a few abnormal regions,
the observation residuals are maintained at about 10 mm. The residuals for the entire arc
section are in good agreement.

4.2 Offset Calibration of BDS-3 Antenna

In this study, the azimuth- and zenith/nadir-dependent PCV correction of HY-2D is
obtained by the residual approach [20]. The 14-days carrier phase residuals from LEO
reduced-dynamic POD are used. The HY-2D satellite performed an attitude flipping
during the 14-day arc. Figure 5 shows the variation in the geometric distribution of
BDS-3 data points in the antenna reference frame before and after the HY-2D attitude
flipping.
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Fig. 3. Daily RMS of the ionosphere-free code range linear combination (PC) (top) and phase
linear combination (LC) (middle) residuals for B1C/B2a observations

Fig. 4. The global grid results of phase residuals fromHY-2D POD based on BDS-3 observations

The residuals with uniform coverage are an important prerequisite for reasonable
PCV estimation, The phase residuals over a 14-day data set are used for PCV estimation,
and the PCV map is shown in Fig. 6. Peak values of HY-2D BDS-3 PCV amount to
15 mm, and typical phase corrections are substantially smaller.
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Fig. 5. Distribution of BDS-3 phase observations in the antenna frame. The light blue dot and
dark blue dot (before and after the yaw flip), the black dot ( when the satellite makes a yaw flip).
The azimuth of 0° points to the+ x-axis of the satellite body and the elevation of 90° is the antenna
boresight.

Fig. 6. Polar plot of phase variations for the HY-2D antenna is derived from phase residuals in
POD.

4.3 Overlap Comparison

The overlap difference is widely used to assess the internal precision of the reduced-
dynamic orbit. The orbit difference of two consecutive orbit solutions in the common
arcs was adopted to evaluate the consistency of the POD.

The RMS of daily overlap difference for HY-2D is shown in Fig. 7. The 1.33 cm
3D RMS is achieved in HY-2D reduced-dynamic orbit, and a better than 0.5 cm RMS
consistency in the radial direction is supported. There is no noticeable dependency on
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the β-angle for HY-2D POD. The orbit comparison with the DORIS-based product is
shown in Fig. 7. The mean RMS of orbit differences of 1.2 cm is obtained in the radial
direction. The CNES orbit products are available at ftp://ftp-access.aviso.altimetry.fr/
geophysical-data-record/doris.

When the PCV model is considered in the POD, a noticeable improvement occurs
in the self-consistency for the HY-2D (see Fig. 8). Compare to the solutions without
PCV, the RMS of for 3D position overlap difference decreased by 9.5% for the orbit
solution with PCV, and the orbit accuracy has been improved to varying degrees in three
directions.

Fig. 7. Daily RMS of the overlap differences in along-track (green), cross-track (blue), radial
(red) and position for HY-2D POD (left). The β-angle of HY-2D is shown in gray line, and the
dotted horizontal line marks the β-angle threshold for yaw flipping. The orbit differences between
the BDS3-based orbit solution and CNES orbit solution for HY-2D (right).

Fig. 8. Comparison of overlap difference for HY-2D POD using without PCV (blue) and with
PCV (red) calibration

ftp://ftp-access.aviso.altimetry.fr/geophysical-data-record/doris
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4.4 Empirical Accelerations

The reduced-dynamic POD of HY-2D makes use of empirical parameters for individual
forces, and empirical accelerations to compensate for modeling deficiencies. The mag-
nitude of residual accelerations suggests an indicator of dynamical forces’ accuracy and
orbit quality. In this study, the auxiliary Angle formula is used to calculate the magni-
tude of the empirical acceleration, and the scale factor for SRP and the Sun’s elevation
β above the orbital plane are shown in Fig. 9.

Fig. 9. The left is daily mean values of empirical acceleration in radial, along-track, and cross-
track directions. The right is the scale factor for solar radiation pressure (SRP) and β angle

The magnitude of empirical acceleration in along-track and normal directions
amounts to 20–30, and the radial direction is the smallest, which is substantially main-
tained at 10. Figure 9 depicts the scale factor of SRP Satellite and β angle of HY-2D. A
slight increase of variability from 0.1 to 0.2 for HY-2D is observed. The scale factor is
correlated with the β angle of HY-2D which determines the varying Sun illumination.
In short, the empirical acceleration and scale parameters are in reasonable agreement.

4.5 SLR Validation

SLRmeasurements are used as a key technique for independent validation of the GNSS-
based orbits for LEOPOD [23, 24]. TheHY-2D is equippedwith an SLRLRR to provide
an observation guarantee for its POD and orbit validations. The 1343 normal points from
12 SLR stations are selected. In all computations, observations above the 8 elevations
were employed, and an outlier threshold of 15 cm was used (0.51% of the SLR normal
point were rejected).

The SLR residuals of reduced-dynamic orbit solution are shown in Fig. 10. RMS
residuals of 21.5 and 19.7 mm are obtained for orbit solution without (red) and with
(blue) PCV corrections. Compare to orbits without PCV corrections, the SLR validation
exhibit the 8.3% reduction in the RMS residuals.

Considering that the SLR data quality is related to the elevation angle of the SLR
station [25, 26], SLR residuals concerning the elevation angles are shown in Fig. 11. The
overall mean bias is improved from −7.8 mm to −6.4 mm for the solution with PCV.
Above all, the PCV map of the HY-2D BDS-3 can well describe the variation in the
instantaneous phase center of the receiver antenna, and the orbit determination accuracy
has been improved after correction.
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Fig. 10. SLR residuals of HY-2D POD based on BDS-3 observations

Fig. 11. The SLR residuals as a function of the elevation angle are shown with a fitted trend line
(in red). The left is the solution without PCV and the right is the solution with PCV.

5 Summary and Conclusions

This article focuses on the BDS-3 based LEO POD, and HY-2D is the first altimetry
mission using the BDS-3 receiver for precise orbit determination. For the HY-2D mis-
sion, a two-week data period is covered in this study, and the achievable orbit precision
from reduced-dynamic POD was assessed. Compare to standard analytical solar radi-
ation pressure, time-dependent radiation data and dependency of the wavelength are
considered to yield an improved SRP model in POD processing. Similar to other LEO
missions, a systematic error in nominal BDS-3 antenna phase center and phase variations
can be observed for HY-2D. A 20-mm offset in the PCO z-component is adopted in this
study and a map of PCV as a function of elevation and azimuth were applied in HY-2D
POD.

The phase residuals, overlap differences, and independent verification of SLR mea-
sured normal points are used for resulting POD accuracy. The average consistency for
the reduced-dynamic POD solution using BDS-3 observations is at the 1.33 cm 3D
RMS. The uncertainty of better than 2 cm is achieved in independent SLR validation
for BDS-3 based orbits. The BDS-3 based precise orbit determination for LEO mis-
sions with centimeter-level precision is confirmed through the results of HY-2D POD.
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This contribution could be used for following low Earth orbit missions using the BDS-3
receiver.
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