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Abstract: The Tsinghua scientific satellite is a Chinese spherical micro satellite for Earth gravity and
atmospheric scientific measurements. The accurate orbits of this satellite are the prerequisites to
satisfy the mission objectives. A commercial off-the-shelf dual-frequency GNSS receiver is equipped
on the satellite for precise orbit determination (POD). The in-flight performances of the receiver are
assessed. Regular long-duration gaps up to 50 min are observed in GNSS data, and the typical data
availability is about 60–70% each day. The RMS of code noises is 0.24 m and 0.30 m for C1 and P2 codes,
respectively. The RMS of fitting residuals of the carrier phase geometry-free L1–L2 combination is 2.4
mm. The GNSS receiver antenna center offsets (ACOs) and antenna center variations (ACVs) maps
are estimated using in-flight data for both dual-frequency and single-frequency POD. Significant
improvements in POD performances are obtained when the measurement models are updated
by using the ACO and ACV maps’ corrections. With the updated measurement model, the RMS
of the orbit overlap differences is 1.23 cm in three dimensions for dual-frequency POD, which is
reduced by 27%. Meanwhile, two different empirical acceleration types are employed and compared
for dual-frequency POD, and the results show that consistency on the 5 cm level is demonstrated
for orbit solutions obtained with the updated measurement model. After correcting the ACO
and ACV maps, the precision of single-frequency orbit solutions is better than 10 cm, which is
improved by 32%. The results indicate that the antenna center modeling can significantly improve the
consistency of Tsinghua scientific satellite precise orbits, which will be conducive to the realization of
the mission objectives.

Keywords: Tsinghua scientific satellite; precise orbit determination; spaceborne GNSS; antenna
center modeling; precision assessment

1. Introduction

The Tsinghua scientific satellite, which aims to achieve technology verification of
upper atmospheric density and Earth gravity field detection, was developed by Tsinghua
University. It was successfully launched on 6 August 2020 into low Earth orbit (LEO) with
an altitude of about 500 km. The micro satellite is designed in a spherical configuration with
a diameter of 626 mm and mass of approximately 22 kg. High-precision orbit data can be
used to recover atmospheric density and gravity fields with a high temporal resolution and
accuracy [1–3]. To satisfy the mission objectives, the initially specified orbit accuracy is at
the cm level [4], and a commercial off-the-shelf dual-frequency GNSS receiver is equipped
on the satellite for precise orbit determination (POD).

The reduced-dynamic method, which requires a pseudo-stochastic parameterization
to compensate potential deficits in the employed force models, has been widely applied
for generating precise orbital products of LEO satellites [5,6]. Many efforts have been
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made in reduced-dynamic POD for large-size satellites, which usually were equipped with
high-quality dual-frequency GNSS receivers. The dual-frequency GNSS observations have
allowed for the POD to reach up to 3–5 cm for many LEO satellites, such as CHAMP [7],
SWARM [8], GRACE [9], and GRACE-FO [10] satellites. With the development of micro
satellite industry, more attentions have been paid to the POD of micro satellite equipped
with low-cost GNSS receivers. Due to the availability of GNSS observations is restricted by
the quality of storage and downlink of some micro satellite missions, the POD accuracy
is at the cm level to dm level when using dual-frequency GNSS observations [11,12].
Meanwhile, GNSS single-frequency orbit determination for LEO micro satellites with low-
cost GNSS receivers has also been widely researched [13]. The single-frequency GNSS data
are considered when only single-frequency data are available or the observation qualities
of dual-frequency data are quite different [14]. In addition, single-frequency POD can be
used as an alternative to dual-frequency POD. Depending on the code data qualities, the
precision of single-frequency POD based on the group and phase ionospheric correction
(GRAPHIC) combinations is at the dm level for the small and micro satellite missions, such
as APOD-A [15] and Loujia-1A [16] satellites. For the Tsinghua scientific satellite POD,
the performance of the commercial off-the-shelf dual-frequency GNSS receiver was tested
on ground by using GNSS signal simulator. The results show that the precision of the
satellite orbit could be better than 5 cm. Due to the differences between the ground test
and test on the orbit environment, it is necessary to study the in-flight tracking as well
as dual-frequency and single-frequency orbit determination performances of the receiver,
which are important for the satellite’s Earth gravity and atmospheric measurements.

The receiver antenna centers of carrier phase and code observations play a crucial role
in GNSS data processing [17,18]. For dual-frequency orbit determination, high-precision
orbit solutions primarily rely on the GNSS carrier phase observations. It is essential to
apply receiver antenna phase center offset (PCO) and phase center variations (PCVs)
in GNSS-based dual-frequency orbit determination, where the code center offset and
variation of the receiver antenna are less significant due to the much lower weights of code
observations. The methods of antenna center modeling for GNSS observations have been
widely developed in dual-frequency orbit determination, the receiver antenna PCOs can be
directly estimated, and the PCVs maps are usually obtained by the residual approach [19,20].
The impacts of GNSS antenna center modeling on LEO satellite dual-frequency POD have
been studied, such as GRACE [21], GOCE [22], HY-2A [23], and ICESat-2 [24] satellites. For
single-frequency orbit determination, since the GRAPHIC combinations are used, the same
as receiver antenna PCO and PCVs, the equivalent receiver antenna GRAPHIC residual
offset (GRO) and GRAPHIC residuals variations (GRVs) are modeled and applied in single-
frequency POD for several LEO satellites [25]. The application of receiver antenna GRO and
GRVs, which can mainly eliminate the systematic errors of GRAPHIC observations, could
further enhance single-frequency orbit solutions. Since both dual-frequency and single-
frequency POD for the Tsinghua scientific satellite are considered, we use the terms antenna
center offset (ACO) and antenna center variations (ACVs) in this work. For improving
both dual-frequency and single-frequency orbit solutions of the Tsinghua scientific satellite,
the GNSS receiver ACOs and ACV corrections are estimated using in-flight data, and the
improvements on the Tsinghua scientific satellite POD are investigated.

In this paper, we focus on the study of the Tsinghua scientific satellite precise orbit
determination using onboard GNSS observations with antenna center modeling. Following
the general information of the satellite and GNSS receiver, the tracking and measurement
performance of the GNSS receiver are assessed. Subsequently, both the dual-frequency
and single-frequency reduced-dynamic POD strategies with antenna center modeling are
introduced, and the results of ACOs and ACVs maps and their impacts on dual-frequency
and single-frequency POD are presented, respectively. Then, we discussed the POD results
in terms of POD post-fit residuals, estimated empirical accelerations and scaling parameters,
and orbit consistency. Finally, the conclusions of this study are presented.
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2. Spaceborne GNSS Data Assessment
2.1. Satellite and Receiver Feature

An artist’s impression of the Tsinghua scientific satellite including satellite reference
frame (SRF) is shown in Figure 1. The SRF is defined as follows. The origin is the geometric
center of the satellite, which is the center of the sphere. The ZSRF axis is positive in the
direction of the satellite radial direction, and the XSRF axis is perpendicular to the ZSRF
axis in the orbital plane and is along the satellite velocity direction, while the YSRF axis
completes the right-handed orthogonal coordinate system. An antenna-fixed coordinate
system (ARF) is also defined for antenna center modeling. The origin is the GNSS receiver
antenna reference point (ARP), and the XARF is along the XSRF. While the ZARF is along the
antenna zenith direction, which rotates 180◦ with the ZSRF axis.
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Figure 1. Artist’s impression of the Tsinghua scientific satellite.

Figure 2 shows the commercial off-the-shelf dual-frequency GNSS receiver with its
matched microstrip antenna. The GNSS receiver antenna is mounted on the YSRF and
ZSRF axis plate with a tilted azimuth about 31.72◦ along the ZSRF axis. The receiver can
concurrently track the GPS signal at the L1 and L2 frequencies and provide both code and
carrier phase observations. The approximate coordinates of the receiver ARP and the center
of mass (CoM) in the SRF system are given in Table 1.
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Table 1. Approximate coordinates of the satellite CoM and GNSS receiver ARP.

ID XSRF (m) YSRF (m) ZSRF (m)

CoM 0.0037 −0.0628 0.0094
ARP 0.0000 0.1268 −0.2080

The sun sensor and magnetometer are considered as attitude sensors for satellite
attitude control. A three-axis stable attitude determination and control system (ADCS) is
employed in the Tsinghua scientific satellite. The accuracy of the ADCS for the attitude
control is approximately 3◦. We used the nominal three-axis stable attitude instead of the
actual attitude information in the following analysis.

2.2. Tracking Ability of GNSS Satellites

GPS observation data from 11 October to 21 October (day of year (DOY) 285–306),
2020 were used to analyze the GPS satellite tracking ability of the receiver. The decoded
RINEX files (RINEX 2.10) including GPS code measurements (C1 and P2) and carrier phase
measurements (L1 and L2) with 4 s intervals were obtained from Tsinghua University.

Figure 3 shows the sky coverage of the tracked GPS satellites for DOY 285 in 2020.
The hard-coded elevation is limited to 5◦ relative to the local horizon in the local orbital
frame system. In the left of the flight direction, the data are lost at low elevations due to the
tilted installation of receiver antenna, which is similar to International Space Station [26]
and Tiangong-2 [27].
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Figure 3. Sky coverage of the observed GPS satellites in the SRF system.

Figure 4 shows the GPS tracking arcs along with the elevations for DOY 285 in 2020. It
is found that the original observation data have multiple interruptions, which may be due
to the fact that the limited system resources restrict the quantity of storage and downlink
observations of GPS measurements. During the test period, regular long-duration gaps
up to 50 min were observed, and the typical data availability was about 60–70% each day.
The interruption of more than 30 min accounted for about 30% of the total number of
interruptions. The average tracking time per day was about 15.67 h.
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Figure 4. Duration and elevation of continuous tracking arcs for GPS satellites with interruptions.

For GPS L1 and L2 observations, the distribution of the numbers of visible satellites
in the epoch is shown in Figure 5. The receiver can track up to 13 GPS satellite at the
same time. The number of visible satellites on L1 frequency is bigger than that on the L2
frequency, and the average numbers of visible satellites are 9.5 and 8.0, respectively.
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Figure 5. Statistics of visible GPS satellites on L1 and L2 frequency.

The sky plots of the carrier-to-noise density ratio (C/N0) for L1 and L2 frequency in
the SRF system are shown in Figure 6. The mean values of C/N0 were obtained in each
bin with the resolution of 3◦ × 3◦. As the GNSS receiver antenna is tilted azimuth about
31.72◦ and the elevation-cutoff threshold of the receiver is defined at 5◦, the C/N0 map
exhibits a rather patchy structure and shows pronounced areas in which the signal strength
is affected by shadowing of satellite body. The mean C/N0 values are 43 and 31 for the L1
and L2 frequency, respectively. The C/N0 for L2 frequency is limited to 20 and much lower
than that for the L1 frequency.
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2.3. Quality of GNSS Observations

The qualities of GPS code and carrier phase observations obtained from the receiver
were assessed. We used the geometry and ionosphere-free multipath combination (MPC) to
analyze the code accuracy. Following the methodology outlined in Gu [15], the multipath
system errors of the C1 and P2 codes were obtained and are shown in Figure 7. The mean
values of MPC were obtained in each bin with the resolution of 5◦ × 5◦. The multipath
errors exhibit a clear characteristic of systematic deviation, and a systematic deviation is
found in high elevation bin up to 90◦. The multipath errors in the low and high elevation
bins for P2 code are much bigger than that for the C1 code.
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The code noises are then obtained by subtracting multipath errors from the MPCs in
each azimuth and elevation bin. The RMS of the C1 and P2 code noises as a function of
elevation is shown in Figure 8. The P2 code noises are bigger than that of C1 code, and the
average RMS of the code noises is 0.24 m and 0.30 m for C1 and P2 codes, respectively. The
level of code noises is equivalent to the Chinese Tiangong-2, TH-2 [28] and TianQin-1 [29]
satellites, but significantly better than that of the APOD-A satellite [15] for the P2 code.
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The carrier phase accuracy is assessed using L1–L2 combinations. A fourth-order
piecewise polynomial smoothing algorithm over a sliding 60 s interval is used to fit the
data. The daily RMS of fitting residuals of the L1–L2 combinations is shown in Figure 9.
The average RMS of about 2.4 mm was obtained for the L1–L2 combinations, which is
similar to the Tiangong-2 and TH-2 satellite, but smaller than the TianQin-1 satellite.
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3. Orbit Determination and Antenna Center Modeling
3.1. Orbit Determination Strategy

For the Tsinghua scientific satellite POD, the dual-frequency and single-frequency
data were used to obtain the dual-frequency orbit solution and single-frequency orbit



Remote Sens. 2022, 14, 2479 8 of 17

solution, respectively. Although the commercial off-the-shelf dual-frequency GNSS receiver
is equipped on Tsinghua scientific satellite, it is still worthy to analyze the performance
of single-frequency orbit solution because the observation quality of the L1 frequency of
the receiver is much better than that of the L2 frequency, and the analysis could contribute
to a better understanding of micro satellite applications with a commercial off-the-shelf
single-frequency GNSS receiver. In this study, the ionosphere-free (IF) combination carrier
phase observations (LIF) and GRAPHIC combination observations (ρG) were used for
dual-frequency and single-frequency POD, respectively.

Lj
IF =

f 2
1

f 2
1 − f 2

2
Lj

1 −
f 2
2

f 2
1 − f 2

2
Lj

2 = ρj + c · (δtr − δtj) + λIFN j
IF + εIF (1)

ρ
j
G =

(
Cj

1 + Lj
1

)
/2 = ρj + c

(
δtr − δtj

)
+ λ1N j

1/2 + εG (2)

where subscripts 1 and 2 denote different frequencies, superscript j denotes the j-th GPS
satellite, r denotes the receiver, Li is the carrier phase observation, C1 is C1 code observation,
f i is the carrier frequency, ρ denotes the geometric distance from the LEO satellite to the
GPS satellite, c is the speed of light, δtr is the receiver clock error, δtj is the GPS satellite
clock error, λ is the wavelength, N1 is the carrier phase ambiguity of L1, and NIF is the
ambiguity of IF carrier phase combination; ε contains measurement noise, multipath error,
and all other unmodeled errors.

The National University of Defense Technology orbit determination toolkit (NUDTTK)
software [30], which has proven ability for the LEO satellite POD, was employed in the
Tsinghua scientific satellite POD. A summary of the measurement and dynamical models
used in the NUDTTK software is presented in Table 2. The reduced-dynamic POD mothed
was employed for the satellite POD with a typical process time length of 30 h from 21:00
on the previous day to 03:00 on the next day. The atmospheric drag, solar radiation
pressure coefficients, and empirical accelerations as well as initial orbit parameters were
estimated by a batch least-squares estimator. The float ambiguities for IF carrier phase
were estimated, and the ambiguities were not fixed in the following analysis. Due to
different measurement errors of IF carrier phase and GRAPHIC combination observations,
the piecewise constant accelerations with constraints (1.0 × 10−6 m/s2) for dual-frequency
POD and with constraints (2.0 × 10−7 m/s2) for single-frequency POD were employed. The
GPS receiver antenna centers for IF carrier phase combination and GRAPHIC combination
were corrected by antenna center modeling, which is introduced next.

Table 2. Measurement and dynamical models employed in the NUDTTK software for the Tsinghua
scientific satellite POD.

Model Description

GPS measurement model

GPS observations
Carrier phase IF combination for dual-frequency POD,
GRAPHIC combination for single-frequency POD;
Undifferenced observations with 8 s sampling; 30 h arc length

GPS orbit and clocks CODE final products with 30 s clock sampling [31]
GPS antenna corrections IGS igs14.atx [32]
Phase windup Applied [33]
GPS data weighting With function 2sin(θ) when elevation angle below 30◦

Receiver antenna corrections A priori APR and antenna center modeling
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Table 2. Cont.

Model Description

Gravitational force models
Earth gravity field GGM05C 180 × 180 [34]
Ocean tides EOT11a 60 × 60 [35]
Solid Earth and pole tides IERS 2010 [36]
Third body gravity Luni-solar-planetary gravity, DE430 [37]
Relativity IERS 2010

Non-gravitational force models
Spacecraft surface model Cannon ball model with an area-to-mass ratio of 0.01 m2/kg
Atmospheric density model Jacchia-71 [38]
Atmospheric drag coefficients Estimated every 3 h

Solar radiation pressure Conical Earth shadow model; one coefficient estimated for
whole arc

Empirical acceleration Piecewise constant accelerations in radial (R), along-track (T)
and cross-track (N) directions: 10 min intervals

3.2. Antenna Center Modelling

For LEO satellite POD, proper modeling of GNSS observations is a prerequisite, and
the distances of where GNSS signals enter the LEO satellite receiver antenna relative to the
center of mass (COM) should be known as accurately as possible. The differences between
the electric center of the antenna and the physically defined point inside the antenna are
often divided into two parts. The first part is defined as the ACO vector, which means a
frequency-dependent offset from an average antenna center. The second part is defined as
ACVs, which depend on the elevation and azimuth.

The differences are commonly denoted as PCO and PCVs in dual-frequency orbit
determination, which primarily rely on the GNSS carrier phase observations. For many
LEO satellites, the priori PCO vectors and PCVs pattern can be obtained from ground cali-
brations before launching, which are often significantly different from in-flight calibration
due to the ground calibration error, fuel consumption, and in-flight environment variations.
In high-precision dual-frequency orbit determination application, in-flight calibration and
compensation for antenna PCO vectors and PCVs are necessary. In general, corresponding
ACO vectors and ACVs patterns are missing for code observations with ground or in-flight
calibrations, since their impacts on dual-frequency orbit determination are much less sig-
nificant [19,20]. However, similar to the receiver antenna PCO and PCVs in dual-frequency
orbit determination, the receiver antenna center corrections of GRAPHIC combinations
consist of the GRO vectors, and GRVs are existent in single-frequency orbit determination
when the GRAPHIC linear combinations are used [25].

For the Tsinghua scientific satellite, because only the receiver ARP is well defined,
and no ACO vectors and ACVs patterns are obtained, it is important to estimate the ACO
vectors and ACVs patterns using in-flight data. Therefore, the ACO vectors and ACVs
patterns are estimated for both dual-frequency and single-frequency orbit determination.

The ACO vectors were estimated first. Given that the Tsinghua scientific satellite was
operated in the three-axis stable attitude control mode, we only estimated the z-component
parameter of ACO according to the methodology outlined in Gu [18]. It should be noted
that, due to the correlations between piecewise constant accelerations in the radial and
the z-component parameter of ACO, when we estimated the z-component parameter of
ACO, the piecewise constant accelerations in the radial component were not estimated
simultaneously. Figure 10 shows the daily receiver ACO estimation results in z-component
for dual-frequency IF carrier phase combinations and single-frequency GRAPHIC combi-
nations. The mean values of ACO for dual-frequency and single-frequency combinations
are 2.04 cm and 1.71 cm, respectively. The results are stable daily with a standard deviation
of 0.19 cm for the dual-frequency IF carrier phase combinations. However, the standard
deviation of ACO results is 0.72 cm for the single-frequency GRAPHIC combinations. The
final ACO corrections are the mean value of daily antenna ACO error estimation results.
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The impacts of ACO corrections on LEO satellite POD are mainly in the R direction, which
are almost constant offsets for the orbit solutions.
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The receiver ACVs were generated based on the observation residuals from POD in
an in-flight calibration. The ACVs for dual-frequency IF carrier phase combinations and
single-frequency GRAPHIC combinations both were mapped in the azimuth/elevation
bins of 5◦ × 5◦. This initial map was introduced in a first iteration step (N1) of the reduced-
dynamic POD. Then, the dual-frequency IF carrier phase observation and single-frequency
GRAPHIC observation residuals were corrected for the initial ACVs maps, respectively.
The mean values of the observation residuals of the new orbit solutions were used to
improve the initial ACV map.

Figure 11 shows the three-dimensional (3D) RMS of orbit differences between the
solution with ACV maps (Ni) and no ACV maps (N0). The impacts of ACV maps in
dual-frequency and single-frequency POD were pronounced. After four iterations, the
impacts were almost the same.
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Figure 11. Impacts of ACV maps in reduced-dynamic POD for dual-frequency IF carrier phase
combination (a) and single-frequency GRAPHIC combination (b).

The final ACVs maps were obtained after four iterations, which are shown in Figure 12.
Both maps have the characters of systematic deviations. For the ACVs map of dual-
frequency IF carrier phase observations, the scale was limited to −22 to 22 mm but extreme
values were −35.0 to 56.2 at low elevations, respectively. For ACVs map of single-frequency
GRAPHIC observations, the scale was limited to −102 to 102 mm but extreme values were
−513.6 to 299.9 at low elevations, respectively.
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4. POD Results

Three difference sets of POD solutions were generated, which are denoted as A
priori, +ACO, and Updated, corresponding to the orbit solutions using the receiver ARP
without ACO and ACVs maps corrections, with ACO corrections and without ACVs
maps corrections, and with ACO and ACVs map corrections, respectively. Both the dual-
frequency and single-frequency orbit solutions were obtained and compared without and
with ACO and ACV map corrections.

4.1. Dual-Frequency POD Results

To evaluate the benefits of antenna center modeling on dual-frequency POD, the
results of POD post-fit residuals for dual-frequency IF carrier phase observations, estimated
empirical accelerations, and scaling parameters were first analyzed. The POD post-fit
residuals can reflect the noise level of observations and the potential deficits in the dy-
namical models or observation models. Empirical acceleration is a key parameter in the
process of reduced-dynamic POD. The magnitude can reflect the potential modeling errors
in the dynamical models and observation models and reflect the accuracy and stability
of parameter estimation. Additionally, the non-gravitational force models include scaling
parameters, i.e., CD for atmospheric drag and CR for solar radiation pressure, which can
also reflect the accuracy and stability of parameter estimation in the Tsinghua scientific
satellite POD.

Figure 13 shows the RMS of POD post-fit residuals for the dual-frequency IF carrier
phase observations as a function of elevation. Without ACO and ACVs map corrections,
the RMS value was about 1.6 cm at low elevations, which reduced to 0.8 cm at high
elevations. The average RMS value of POD post-fit residuals for the dual-frequency IF
carrier phase observations reduced from 1.2 cm to 1.1 cm with the updated ACO and ACVs
map corrections.
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The statistical results of estimated empirical accelerations and scaling parameters are
listed in Table 3. The use of ACO mainly reduces the empirical accelerations in R direction.
The ACVs map can reduce the empirical accelerations in all directions. After using ACO
and ACVs map corrections, the RMS values of empirical accelerations were reduced by
56%, 26%, and 7% in the R, T, and N directions, respectively.
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Table 3. Statics of the empirical accelerations and estimated scaling parameters from the reduced-
dynamic POD.

ID
RMS of Empirical Accelerations (nm/s2) CD

Mean and STD
CR

Mean and STDR T N

A priori 25.98 15.95 26.34 1.21 ± 0.20 0.87 ± 0.06
+ACO 13.71 14.00 26.36 1.19 ± 0.18 1.11 ± 0.04

Updated 11.49 11.73 24.41 1.20 ± 0.17 1.04 ± 0.04

Meanwhile, the estimated scaling parameters for atmospheric drag are shown in
Figure 14. The atmospheric drag coefficients exhibit almost same mean value but reduced
the standard deviation (STD) value after using ACO and ACVs map corrections. For solar
radiation pressure coefficients, the mean and STD values were increased and reduced,
respectively. The final average of CR coefficients was close to 1. The use of the updated
ACO and ACVs map could improve the stability of estimated parameters from the reduced-
dynamic POD.

For dual-frequency POD, the orbit precisions were assessed by orbit overlapping
comparison and orbit comparison between the different orbit solutions obtained by using
two different types of empirical accelerations. The 30 h orbit arcs allow for an overlap of
6 h between two consecutive arcs, which is an essential approach to assess the internal orbit
consistency. Another empirical acceleration type of 1 cycle-per-revolution accelerations
per orbital revolution was also used to obtain dual-frequency POD. The orbits obtained
by using two different empirical acceleration types were independent, the differences of
which can reflect the orbit precisions.
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Table 4 lists the statistical results of orbit overlapping comparison and orbit compar-
ison between different orbit solutions. The daily 3D RMS values of the orbit differences
between the different orbit solutions are shown in Figure 15. The RMS of orbit overlapping
differences was significantly reduced after applying ACO and ACVs map corrections.
The orbit precision improvement was approximately 27%. The result of orbit comparison
between different orbit solutions also shows the benefits of the antenna center modeling.
The 3D RMS of orbit differences was 4.42 cm when using ACO and ACVs map corrections.
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Table 4. Statics of the overlapping orbits and differences between different orbit solutions.

ID
Overlap Orbit Differences RMS (cm) Orbit Solution Differences RMS (cm)

R T N 3D R T N 3D

A priori 0.89 1.29 0.59 1.68 4.42 4.58 1.98 6.69
+ACO 0.72 1.11 0.63 1.47 3.51 3.69 1.67 5.38

Updated 0.61 0.86 0.62 1.23 2.82 2.98 1.55 4.42
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4.2. Single-Frequency POD Results

Due to large code noises, the POD post-fit residuals for single-frequency GRAPHIC
combination observations were much bigger than that for dual-frequency IF carrier phase
observations. The RMS of POD post-fit residuals for single-frequency GRAPHIC combi-
nation observations reached up to 10.8 cm, which were slightly reduced by 1% and 2%
after using only ACO correction and ACO and ACVs map corrections for single-frequency
POD, respectively.

The statistical results of estimated empirical accelerations and scaling parameters
from the single-frequency POD are listed in Table 5. It also shows that the antenna center
modeling for single-frequency POD can reduce the empirical accelerations and improve
the stability of estimated parameters. Different to dual-frequency POD, it can be found that
the improvements mainly come from ACVs map corrections in single-frequency POD.

Table 5. Statistics of the empirical accelerations, estimated scaling parameters from single-frequency
POD, and the difference between dual-frequency and single-frequency orbit solutions.

ID
Emp. Acc. (nm/s2) CD

Mean and STD
CR

Mean and STD
Orbit Difference RMS (cm)

R T N R T N 3D

A priori 7.60 10.48 17.47 1.24 ± 0.19 1.04 ± 0.05 4.43 12.52 3.93 13.88
+ACO 7.49 10.47 17.32 1.23 ± 0.19 1.05 ± 0.05 4.38 12.40 3.84 13.73

Updated 5.03 7.35 13.73 1.21 ± 0.16 1.08 ± 0.03 2.75 8.60 2.62 9.42

For validating the precision of single-frequency orbit solutions, the orbit differences
with respect to the dual-frequency orbit solutions obtained with ACO and ACVs map
corrections were employed. The statistical results are also listed in Table 5. The daily 3D
RMS values of the orbit differences are shown in Figure 16. The ACO corrections have
a slight impact on single-frequency POD, but the improvement is remarkable by using
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ACVs map corrections. The 3D RMS of orbit differences between dual-frequency and
single-frequency orbit solutions was 9.42 cm after antenna center modeling.
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5. Discussion

The spherical configuration with a high area-to-mass ratio design of the Tsinghua sci-
entific satellite is conducive to upper atmospheric density and Earth gravity field detection.
The commercial off-the-shelf dual-frequency GNSS receiver is equipped as one of the main
payloads for obtaining the precise orbit products. Our results show the measurements
errors of the receiver at the few decimeters and few millimeters levels for code and carrier
phase observations, respectively, which is competitive with other satellite missions carrying
high-quality GNSS receivers. However, due to the limited system resources and microstrip
patch antenna of the satellite, many long-duration GNSS gaps and large multipath errors
were found. In terms of orbit determination, the orbit data with cm level precision were
obtained by the receiver, which could meet the orbit precision requirement and has a
better high-precision level of orbit accuracy compared with the other micro satellite mis-
sions carrying low-cost GNSS receivers. It is expected to also apply to other small-scale
science missions.

In order to further improve the accuracy and reliability of orbit determination, the
antenna center modeling, which is employed to estimate the offsets of ACO z-component
and ACVs maps using in-flight data, is considerable for both dual-frequency and single-
frequency POD. The inconsistencies at a level of 2 cm and 10 cm were found in antenna
center corrections for dual-frequency IF carrier phase observations and single-frequency
GRAPHIC observations, respectively. The precision of orbit determination was significant
improved after using the ACOs and ACVs maps corrections. The consistencies on the 5
cm level and 10 cm level were confirmed by using ACO and ACVs map corrections for
dual-frequency and single-frequency POD, respectively. Moreover, the obtained empirical
accelerations in reduced-dynamic POD were reduced, and the estimated CD and CR scaling
parameters were more stable and authentic. The results will have an important reference
value for improving the high-precision inversion of atmospheric density and gravity field.

6. Conclusions

We present the performances of the GPS measurements and the results of satellite
POD using in-flight data from DOY 285–305 of 2020. Regular long-duration gaps up to
50 min were observed in the GPS data, and the typical data availability was about 60–70%
in each day. The average RMS values of C1 and P2 code noises were about 0.2–0.3 m,
while the average RMS of carrier phase noises of L1–L2 combinations was 2.4 mm. For
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receiver antenna center modeling, the offsets of ACO z-component and ACVs maps for both
dual-frequency and single-frequency POD were obtained using in-flight data. The average
offsets of the ACO z-component were 2.04 cm and 1.71 cm for dual-frequency IF carrier
phase observations and single-frequency GRAPHIC observations, respectively. The ACV
maps have the characters of systematic deviations at a level of 2 cm and 10 cm, respectively.

Significant improvements were found when the orbits were determined considering
the ACOs and ACVs maps corrections. For dual-frequency POD, the RMS values of post-fit
residuals were reduced from 1.2 cm to 1.1 cm. After antenna center modeling, the 3D RMS
of orbit overlap differences was 1.23 cm, which is reduced by 27%. Then, by comparing
two series of dual-frequency orbit solutions obtained by using different types of empirical
accelerations, a consistency on the 5 cm level was demonstrated for dual-frequency orbit
solutions after applying the ACOs and ACVs map corrections. Meanwhile, the RMS values
of estimated empirical accelerations were reduced by 56%, 26%, and 7% in the R, T, and N
directions, respectively. The STD values of estimated CD and CR coefficients were both
reduced. For single-frequency POD, the benefits of antenna center modeling were observed
with similar performance in dual-frequency POD. Compared with dual-frequency orbit
results, a better than 10 cm precision of single-frequency POD can be obtained.

Author Contributions: Conceptualization, K.S. and D.G.; methodology, K.S. and C.W.; Software,
K.S., C.W. and K.W.; Data curation, Z.W. and Y.C.; Formal analysis, K.S., K.W. and D.P.; Validation,
C.W. and D.P.; Funding acquisition, D.G. and Z.W.; Writing—original draft, K.S. and C.W.; Writing—
review and editing, D.G., K.W. and D.P. All authors have read and agreed to the published version of
the manuscript.

Funding: This work is supported by the National Natural Science Foundation of China (41874028)
and the Beijing Natural Science Foundation (1224039).

Data Availability Statement: The data used to support the findings of this study are available from
the corresponding author upon request.

Acknowledgments: We are very grateful to the CODE for providing the GPS precise orbit and
clock products.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sang, J.; Smith, C.; Zhang, K. Towards accurate atmospheric mass density determination using precise positional information of

space objects. Adv. Space Res. 2012, 49, 1088–1096. [CrossRef]
2. Wang, J.; Wang, Z. Calibration of upper atmospheric model based on the precision orbit of a spherical satellite. In Proceedings of

the IAA SciTech Forum, Moscow, Russia, 13–15 November 2018.
3. Jäggi, A.; Bock, H.; Prange, L.; Meyer, U.; Beutler, G. GPS-only gravity field recovery with GOCE, CHAMP, and GRACE. Adv.

Space Res. 2011, 47, 1020–1028. [CrossRef]
4. Zhao, Z.; Wang, Z.; Zhang, Y. A Spherical Micro Satellite Design and Detection Method for Upper Atmospheric Density Estimation.

Int. J. Aerosp. Eng. 2019, 2019, 1758956. [CrossRef]
5. Wu, S.C.; Yunck, T.P.; Thornton, C.L. Reduced-dynamic technique for precise orbit determination of low earth satellites. J. Guid.

Control Dyn. 1991, 14, 24–30. [CrossRef]
6. Gu, D.; Yi, D. Reduced Dynamic Orbit Determination Using Differenced Phase in Adjacent Epochs for Spaceborne Dual-frequency

GPS. Chin. J. Aeronaut. 2011, 24, 789–796. [CrossRef]
7. Montenbruck, O.; Kroes, R. In-flight performance analysis of the CHAMP BlackJack GPS Receiver. GPS Solut. 2003, 7, 74–86.

[CrossRef]
8. Van den IJssel, J.; Encarnação, J.; Doornbos, E.; Visser, P. Precise science orbits for the Swarm satellite constellation. Adv. Space Res.

2015, 56, 1042–1055. [CrossRef]
9. Jäggi, A.; Hugentobler, U.; Bock, H.; Beutler, G. Precise orbit determination for GRACE using undifferenced or doubly differenced

GPS data. Adv. Space Res. 2007, 39, 1612–1619. [CrossRef]
10. Kang, Z.; Bettadpur, S.; Nagel, P.; Save, H.; Poole, S.; Pie, N. GRACE-FO precise orbit determination and gravity recovery. J. Geod.

2020, 94, 85. [CrossRef]
11. Wang, K.; Allahvirdi-Zadeh, A.; El-Mowafy, A.; Gross, J.N. A Sensitivity Study of POD Using Dual-Frequency GPS for CubeSats

Data Limitation and Resources. Remote Sens. 2020, 12, 2107. [CrossRef]

http://doi.org/10.1016/j.asr.2011.12.031
http://doi.org/10.1016/j.asr.2010.11.008
http://doi.org/10.1155/2019/1758956
http://doi.org/10.2514/3.20600
http://doi.org/10.1016/S1000-9361(11)60093-9
http://doi.org/10.1007/s10291-003-0055-5
http://doi.org/10.1016/j.asr.2015.06.002
http://doi.org/10.1016/j.asr.2007.03.012
http://doi.org/10.1007/s00190-020-01414-3
http://doi.org/10.3390/rs12132107


Remote Sens. 2022, 14, 2479 17 of 17

12. Montenbruck, O.; Hauschild, A.; Langley, R.B.; Siemes, C. CASSIOPE orbit and attitude determination using commercial
off-the-shelf GPS receivers. GPS Solut. 2019, 23, 114. [CrossRef]

13. Montenbruck, O.; Swatschina, P.; Markgraf, M.; Santandrea, S.; Naudet, J.; Tilmans, E. Precision spacecraft navigation using a
low-cost GPS receiver. GPS Solut. 2012, 16, 519–529. [CrossRef]

14. Bock, H.; Jäggi, A.; Dach, R.; Schaer, S.; Beutler, G. GPS single-frequency orbit determination for low Earth orbiting satellites. Adv.
Space Res. 2009, 43, 783–791. [CrossRef]

15. Gu, D.; Liu, Y.; Yi, B.; Cao, J.; Li, X. In-flight performance analysis of MEMS GPS receiver and its application to precise orbit
determination of APOD-A satellite. Adv. Space Res. 2017, 60, 2723–2732. [CrossRef]

16. Fu, W.; Wang, L.; Chen, R.; Zhou, H.; Li, T.; Han, Y. Improved Single-Frequency Kinematic Orbit Determination Strategy of Small
LEO Satellite with the Sun-Pointing Attitude Mode. Remote Sens. 2021, 13, 4020. [CrossRef]

17. Kersten, T.; Schön, S. GPS code phase variations (CPV) for GNSS receiver antennas and their effect on geodetic parameters and
ambiguity resolution. J. Geod. 2017, 91, 579–596. [CrossRef]

18. Gu, D.; Lai, Y.; Liu, J.; Ju, B.; Tu, J. Spaceborne GPS receiver antenna phase center offset and variation estimation for the Shiyan 3
satellite. Chin. J. Aeronaut. 2016, 29, 1335–1344. [CrossRef]

19. Jäggi, A.; Dach, R.; Montenbruck, O.; Hugentobler, U.; Bock, H.; Beutler, G. Phase center modeling for LEO GPS receiver antennas
and its impact on precise orbit determination. J. Geod. 2009, 83, 1145–1162. [CrossRef]

20. Montenbruck, O.; Garcia-Fernandez, M.; Yoon, Y.; Schön, S.; Jäggi, A. Antenna phase center calibration for precise positioning of
LEO satellites. GPS Solut. 2008, 13, 23–34. [CrossRef]

21. Mao, X.; Visser, P.N.A.M.; van den IJssel, J. Impact of GPS antenna phase center and code residual variation maps on orbit and
baseline determination of GRACE. Adv. Space Res. 2017, 59, 2987–3002. [CrossRef]

22. Bock, H.; Jäggi, A.; Meyer, U.; Dach, R.; Beutler, G. Impact of GPS antenna phase center variations on precise orbits of the GOCE
satellite. Adv. Space Res. 2011, 47, 1885–1893. [CrossRef]

23. Guo, J.; Zhao, Q.; Guo, X.; Liu, X.; Liu, J.; Zhou, Q. Quality assessment of onboard GPS receiver and its combination with DORIS
and SLR for Haiyang 2A precise orbit determination. Sci. China Earth Sci. 2015, 58, 138–150. [CrossRef]

24. Thomas, T.C.; Luthcke, S.B.; Pennington, T.A.; Nicholas, J.B.; Rowlands, D. ICESat-2 Precision Orbit Determination. Earth Space
Sci. 2021, 8, e2020EA001496. [CrossRef]

25. Shao, K.; Gu, D.; Chang, X.; Yi, B.; Wang, Z. Impact of GPS receiver antenna GRAPHIC residual variations on single-frequency
orbit determination of LEO satellites. Adv. Space Res. 2019, 64, 1166–1176. [CrossRef]

26. Montenbruck, O.; Rozkov, S.; Semenov, A.; Gomez, S.; Nasca, R.; Cacciapuoti, L. Orbit Determination and Prediction of the
International Space Station. J. Spacecr. Rocket. 2011, 48, 1055–1067. [CrossRef]

27. Shao, K.; Gu, D.; Ju, B.; Wang, W.; Wei, C.; Duan, X.; Wang, Z. Analysis of Tiangong-2 orbit determination and prediction using
onboard dual-frequency GNSS data. GPS Solut. 2019, 24, 11. [CrossRef]

28. Zhang, H.; Gu, D.; Ju, B.; Shao, K.; Yi, B.; Duan, X.; Huang, Z. Precise Orbit Determination and Maneuver Assessment for TH-2
Satellites Using Spaceborne GPS and BDS2 Observations. Remote Sens. 2021, 13, 5002. [CrossRef]

29. Wei, C.; Gu, D.; Shao, K.; Liu, P.; Zhu, W.; Zhu, J.; Liu, Y.; Wang, J. In-flight performance analysis and antenna phase center
calibration of MEMS GPS receiver on-board TianQin-1 in the nadir-pointing and Sun-pointing modes. Adv. Space Res. 2022, 69,
1050–1059. [CrossRef]

30. Gu, D.; Ju, B.; Liu, J.; Tu, J. Enhanced GPS-based GRACE baseline determination by using a new strategy for ambiguity resolution
and relative phase center variation corrections. Acta Astronaut. 2017, 138, 176–184. [CrossRef]

31. Dach, R.; Schaer, S.; Arnold, D.; Kalarus, M.; Prange, L.; Stebler, P.; Villiger, A.; Jäggi, A. CODE Final Product Series for the IGS;
Astronomical Institute, University of Bern: Bern, Switzerland, 2020. [CrossRef]

32. Rebischung, P.; Schmid, R. IGS14/igs14.atx: A new framework for the IGS products. In Proceedings of the American Geophysical
Union Fall Meeting 2016, San Francisco, CA, USA, 12–16 December 2016.

33. Wu, J.T.; Wu, S.C.; Hajj, G.A.; Bertiger, W.I.; Lichten, S.M. Effects of Antenna Orientation on GPS Carrier Phase. Manuscr. Geod.
1992, 18, 91–98.

34. Tapley, B.D.; Flechtner, F.; Bettadpur, S.V.; Watkins, M.M. The Status and Future Prospect for GRACE After the First Decade. In
Proceedings of the AGU Fall Meeting, San Francisco, CA, USA, 9–13 December 2013.

35. Savcenko, R.; Bosch, W. EOT11a-a new tide model from Multi-Mission Altimetry. In Proceedings of the Ocean Surface Topography
Science Team (OSTST) Meeting, San Diego, CA, USA, 16–21 October 2011.

36. Petit, G.; Luzum, B. IERS Conventions 2010, IERS Technical Note No. 36; Verlag des Bundesamts für Kartographie: Frankfurt am
Main, Germany, 2010; ISBN 3-89888-989-6.

37. Folkner, W.M.; Williams, J.G.; Boggs, D.H.; Park, R.S.; Kuchynka, P. The Planetary and Lunar Ephemerides DE430 and DE431,
IPN Progress Report 42–196. 2014; pp. 1–81. Available online: https://ipnpr.jpl.nasa.gov/progress_report/42-196/196C.pdf
(accessed on 24 March 2021).

38. Jacchia, L.G. Revised Static Models of the Thermosphere and Exosphere with Empirical Temperature Profiles; Smithsonian Astrophysical
Observatory: Cambridge, MA, USA, 1971.

http://doi.org/10.1007/s10291-019-0907-2
http://doi.org/10.1007/s10291-011-0252-6
http://doi.org/10.1016/j.asr.2008.12.003
http://doi.org/10.1016/j.asr.2017.08.023
http://doi.org/10.3390/rs13194020
http://doi.org/10.1007/s00190-016-0984-8
http://doi.org/10.1016/j.cja.2016.08.016
http://doi.org/10.1007/s00190-009-0333-2
http://doi.org/10.1007/s10291-008-0094-z
http://doi.org/10.1016/j.asr.2017.03.019
http://doi.org/10.1016/j.asr.2011.01.017
http://doi.org/10.1007/s11430-014-4943-z
http://doi.org/10.1029/2020EA001496
http://doi.org/10.1016/j.asr.2019.06.014
http://doi.org/10.2514/1.52657
http://doi.org/10.1007/s10291-019-0927-y
http://doi.org/10.3390/rs13245002
http://doi.org/10.1016/j.asr.2021.10.039
http://doi.org/10.1016/j.actaastro.2017.05.022
http://doi.org/10.7892/boris.75876.4
https://ipnpr.jpl.nasa.gov/progress_report/42-196/196C.pdf

	Introduction 
	Spaceborne GNSS Data Assessment 
	Satellite and Receiver Feature 
	Tracking Ability of GNSS Satellites 
	Quality of GNSS Observations 

	Orbit Determination and Antenna Center Modeling 
	Orbit Determination Strategy 
	Antenna Center Modelling 

	POD Results 
	Dual-Frequency POD Results 
	Single-Frequency POD Results 

	Discussion 
	Conclusions 
	References

