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Abstract: The precise orbit determination (POD) accuracy of the Chinese BeiDou Navigation Satellite System (BDS) is still not comparable to that of the Global Positioning System because of the
unfavorable geometry of the BDS and the uneven distribution of BDS ground monitoring stations.
Fortunately, low Earth orbit (LEO) satellites, serving as fast moving stations, can efficiently improve
BDS geometry. Nearly all studies on Global Navigation Satellite System POD enhancement using
large LEO constellations are based on simulations and their results are usually overly optimistic. The
receivers mounted on a spacecraft or an LEO satellite are usually different from geodetic receivers and
the observation conditions in space are more challenging than those on the ground. The noise level of
spaceborne observations needs to be carefully calibrated. Moreover, spaceborne observational errors
caused by space weather events, i.e., solar geomagnetic storms, are usually ignored. Accordingly, in
this study, the actual spaceborne observation noises are first analyzed and then used in subsequent
observation simulations. Then, the observation residuals from the actual-processed LEO POD during
a solar storm on 8 September 2017 are extracted and added to the simulated spaceborne observations.
The effect of the observational errors on the BDS POD augmented with different LEO constellation
configurations is analyzed. The results indicate that the noise levels from the Swarm-A, GRACE-A,
and Sentinel-3A satellites are different and that the carrier-phase measurement noise ranges from
2 mm to 6 mm. Such different noise levels for LEO spaceborne observations cause considerable differences in the BDS POD solutions. Experiments calculating the augmented BDS POD for different LEO
constellations considering spaceborne observational errors extracted from the solar storm indicate
that these errors have a significant influence on the accuracy of the BDS POD. The 3D root mean
squares of the BDS GEO, IGSO, and MEO satellite orbits are 1.30 m, 1.16 m, and 1.02 m, respectively,
with a Walker 2/1/0 LEO constellation, and increase to 1.57 m, 1.72 m, and 1.32 m, respectively, with
a Walker 12/3/1 constellation. When the number of LEO satellites increases to 60, the precision of
the BDS POD improves significantly to 0.89 m, 0.77 m, and 0.69 m for the GEO, IGSO, and MEO
satellites, respectively. While 12 satellites are sufficient to enhance the BDS POD to the sub-decimeter
level, up to 60 satellites can effectively reduce the influence of large spaceborne observational errors,
i.e., from solar storms.
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1. Introduction
Currently, the precise orbit determination (POD) accuracy of the Chinese BeiDou
Navigation Satellite System (BDS) is not comparable to that of the Global Positioning
System (GPS) or Global Navigation Satellite System (GLONASS), which is a disadvantage
of the BDS in providing high precision service to global users. In addition to the inaccurate
solar radiation pressure model and the special attitude control mode of the BDS [1–3], one
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other reason for this lies in the few and unevenly distributed global BDS monitoring stations.
Furthermore, the generally static characteristics of the BDS’ geostationary orbit (GEO)
satellite to the ground stations leads to a poor orbit determination accuracy, even if the
ground tracking stations were to be globally distributed. Currently, the 3D orbital accuracy
of BDS GEO satellites is at the meter level using the current BDS ground monitoring
stations [4,5]. Fortunately, weaknesses in the observability and tracking geometry can
be overcome by introducing low Earth orbit (LEO) satellites as moving stations. LEO
satellites have been primarily used for Earth observations, commercial communications,
and navigation over the past 20 years, and the Iridium constellation is the world’s first LEO
satellite constellation used primarily for mobile communication, integrating the functions
of communication and navigation [6]. This constellation can provide navigation services or
augment GNSS for positioning.
Simulations of BDS POD enhancement with large LEO constellations have been
conducted by many researchers [7–10]. It has been found that, compared with a groundbased POD, a remarkable accuracy improvement of over 70% can be observed for all GNSS
satellites when a large LEO constellation with 60 satellites is introduced, with the orbital
accuracy of BDS GEO satellites reaching the centimeter level. In particular, Li et al. [8]
simulated 66 satellites of the Iridium satellite constellation and found that the “one-step”
method, in which the GNSS and LEO orbits and the satellite clock offsets are estimated
simultaneously, generates the best orbit and clock accuracy. However, the problem of time
consumption needs to be taken into consideration because dozens of hours of computation
are not beneficial for real-time services; accordingly, it has been concluded that introducing
part of an LEO constellation could be an effective way to balance the conflict between the
orbital accuracy and the computational efficiency. Li et al. [10] studied the effect of satellite
numbers, orbital types, and altitudes, as well as global and regional ground networks on the
LEO-constellation-augmented GNSS POD performance. Their results indicate that a sunsynchronous-orbiting LEO constellation could yield a better tracking geometry for GNSS
satellites and a stronger augmentation than a polar-orbiting constellation. Furthermore,
the GNSS orbit accuracy is less dependent on ground stations when incorporating a large
number of LEO satellites.
One common problem in the above studies is that the simulations are overly ideal. In
typical cases, spaceborne observational errors are generally ignored. In various simulations,
the measurement noise of onboard receivers had been treated as being the same as that of
ground geodetic receivers, i.e., the pseudo-range noise is set to 1 m and the carrier-phase
measurement noise is set to 0.005 m [8]. For a large LEO constellation, the performances
of the GNSS receivers onboard the LEO satellites are usually different from those of the
geodetic receivers [6,11] and, therefore, the noise level needs to be analyzed with actual
observations and then carefully calibrated for the simulation. Otherwise, the simulated
LEO-constellation-augmented GNSS POD will not accurately reflect the actual situation.
In addition, the outer space environment is much more complicated than the ground
environment and solar particles emitted from a solar storm may damage the hardware
of a spacecraft or a satellite. This could lead to the abnormal operation of instruments
mounted on the satellite, especially the GNSS receiver, seriously affecting the observation
quality [12–14].
The POD of spacecrafts and satellites can be seriously affected by charged particles
ejected by the sun. This is especially true for LEO satellites because most of them hold
a near-polar orbit and the orbit estimation accuracy can be degraded by the interference
of the Earth’s magnetic field and solar wind particles. In addition, solar storms affect the
Earth’s upper atmosphere, destroying the structure of the ionosphere. The operation of
onboard GNSS receivers can be easily degraded or interrupted by ionospheric scintillations at altitudes of LEO satellites (200–1000 km). During a solar storm, the behavior of
the ionosphere differs significantly from its behavior during quiet times and the risk of
degradation of the GNSS signal amplitude or a failure to acquire signals in severe cases
increases considerably, as has been reported in many studies [15–17]. Degraded GNSS
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signals can reduce the availability and reliability of the GNSS-based POD. In addition,
with increasing ionospheric density, the accuracy of a conventional orbit determination is
seriously reduced [18].
The effect of spaceborne observational errors on a large LEO-constellation-augmented
GNSS POD has not yet been studied. We focus on the effects of actual observational errors on the
BDS/LEO combined POD in this study. First, in Section 2, BDS-3, as well as various other LEO
constellations, is designed and the approach for ground-based and spaceborne observation
simulations based on the BDS-3/LEO orbits is introduced. Then, the LEO-constellationaugmented BDS POD strategies are described in detail in Section 3. In the experiments
described and analyzed in Section 4, the actual spaceborne measurement noise is first evaluated
and then taken as the calibration value for the subsequent observation simulations. Then, the
observational errors extracted from real-observed spaceborne data are analyzed and added
to the simulated observations. The effects of these observational errors on the BDS PODs
augmented with various LEO constellations are then assessed. The shortcomings of the work
and an outlook for future research are summarized in Section 5. Some useful conclusions are
given to provide references for future LEO constellation designs in Section 6.
2. Constellation Design and Data Simulation
In order to evaluate the performance of an LEO-constellation-augmented BDS POD
with consideration of the measurement errors of onboard BDS observations, five different
types of LEO constellations including Walker 2/1/1, Walker 6/2/1, Walker 12/3/2, Walker
24/4/2, and Walker 60/6/4 are designed. The BDS and LEO orbits are generated and the
observations of ground stations and spaceborne BDS data are simulated to evaluate the
BDS/LEO POD under different observation conditions.
2.1. BDS/LEO Combined Constellation Configurations
According to the nominal parameter configuration of the BDS constellation, the full
constellation BDS-3 comprises three GEO, three inclined geosynchronous orbits (IGSO),
and 24 medium Earth orbit (MEO) satellites, with the orbital inclinations of the GEO and
IGSO satellites being 0◦ and 55◦ , respectively, and all the orbital altitudes being 35,786 km.
The three GEO satellites are placed at eastern longitudes of 80◦ , 110.5◦ , and 140◦ , and the
three IGSO satellites are at ascending-node geographical longitudes of 0◦ , 120◦ , and 240◦ .
The 24 MEO satellites are in a sun-synchronous-orbiting constellation called the Walker
24/3/1 constellation [19], in which the 24 satellites are placed on three planes.
To assess the impact of the size of the LEO constellation on the BDS POD, five polar
circular orbits with different numbers of LEO satellites were designed, namely, the Walker
2/1/0, Walker 6/2/1, Walker 12/3/1, Walker 24/4/2, and Walker 60/6/4 constellations,
which are shown in Figure 1b–f, respectively. According to previous studies, up to 60 LEO
satellites are sufficient to enhance the BDS orbits to achieve the best accuracy [9,10]. This
set of gradually increasing satellite numbers is used to determine the minimum number of
LEO satellites that can fully enhance the BDS POD to achieve the best performance. For
each constellation, satellites are placed on a certain number of equally spaced planes with
the orbital altitudes of 1200 km and the inclinations of 86.4◦ to the equatorial plane for
all satellites. The nominal parameter configurations are shown in Table 1. The dynamic
models for the constellation configurations are listed in Table 2.
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Figure 1. Designed BDS-3/LEO constellation: (a) BDS-3, (b) Walker 2/1/0, (c) Walker 6/2/1, (d) Walker 12/3/1, (e) Walker
24/4/2, and (f) Walker 60/6/4.
Table 1. Nominal parameters of the BDS-3/LEO constellation configurations.
System

BDS-3

LEO

Orbit Type

GEO

IGSO

MEO

Polar

Satellite number

3

3

24

2, 6, 12, 24, and 60,
respectively

Constellation

Placed at east longitude
80◦ , 110.5◦ , and 140◦

Placed at geographical
longitude 0◦ , 120◦ , and 240◦

Walker
24/3/1

1, 2, 3, 4, and 6 planes,
respectively

Inclination

0

55◦

55◦

86.4◦

altitude [km]

35,786

35,786

21,528

1200

Table 2. The dynamic models applied in the constellation configurations.
Dynamic Model

BDS

LEO

Earth gravity
N-body
Solid tide and pole tide
Ocean tide
Relatively
Solar radiation pressure
Atmospheric drag

EIGEN-6C (12 × 12) [20]
JPL DE405
IERS 2010 [21]
FES 2004 [22]
IERS 2010
ECOM2 7-parameter model [3]
None

EIGEN-6C (120 × 120)
JPL DE405
IERS 2010
FES 2004
IERS 2010
Box-Wing model [23]
DTM94 [24]
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2.2. Simulation of Observations
Two types of observations, namely ground-tracking and spaceborne BDS data, were
simulated. Considering the BDS monitoring stations are primarily located in China, six
ground stations located in China, namely GUA1, CHU1, XIA1, SHA1, LHA1, and KUN1,
chosen from the International GNSS Monitoring and Assessment System (iGMAS) network
were used for the observation simulation. The time span was from day 001 to day 003 in
2019 and the sampling interval was 10 s. The station distribution is shown in Figure 2.

Figure 2. The distribution of ground tracking stations.

Different from the ground receivers, the receivers in space are cycling at a speed of
several kilometers per second. Therefore, we need to clarify some special characteristics
of the GNSS receivers mounted on the LEO satellites to ensure that GNSS signals can be
tracked reliably and continuously. First, the strength of the satellite signal received by the
spaceborne receiver changes rapidly. Sometimes, the signal is very weak, only a few dB.
It is required that the spaceborne receiver should have a very sensitive signal-receiving
system to receive very weak satellite signals. Then, the onboard receiver should have
the ability of resisting harsh environmental interference, i.e., the strong solar ultraviolet
radiation and charged particles ejected by a solar storm. Finally, the receivers should be
equipped with multiple pairs of GPS signal antennas pointing to different directions to
satisfy various applications.
Simulations of ground or spaceborne observations is in fact the reverse process of
positioning. B1c (1575.42 MHz) and B2a (1176.45 MHz) were set for the carrier-phase
frequency for all BDS-3 satellites. For the sake of simplicity and convenience, the GPS L1
(1575.42 MHz) and L2 (1227.60 MHz) carrier frequencies were adopted for all LEO satellites.
The accurate coordinates were fixed to the International GNSS Service (IGS) weekly solution.
The algorithms of the observation simulation have already been described in peer-reviewed
publications, i.e., in Ge et al. [8] and Li et al. [10]. Most of the observational errors need to be
carefully considered so as to make the simulated data as close to the actual-observed data as
possible. The satellite–receiver geometric distance was computed using the center-of-mass
positions of the satellite and the receiver, which was corrected using the phase center
offsets (PCO) and variations (PCV) of the satellite antennas. For the geometry observation
model of the ground observations, the relativistic effect, phase wind-up corrections, tidal
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displacements, dry tropospheric delay, and hardware delays were all considered [25,26].
The igs14 antenna information (https://files.igs.org/pub/station/general/igs14_2148.atx
accessed on 20 June 2021) was applied for the BDS-3 satellites; meanwhile, this information
was set to zero for the LEO satellites.
Regarding the simulation of the ground observations, the receiver-independent error
sources including the receiver clock offsets, the zenith wet delay, and the inter-system
bias (ISB) between the LEO and BDS satellites were obtained by processing actual static
multi-GNSS data. The ISB parameter is usually referred to as the difference in the code
hardware delay between two GNSS; here, the standard deviation of the hardware delay
was set to 0.1 m [27]. The dry component of the slant tropospheric delay was computed
using the Saastamoinen model [28] together with the global mapping function (GMF) [29].
Meanwhile, the ionospheric delay errors were not considered because ionosphere-free (IF)
combined observations were used for the POD. The other errors, including the multipath
and atmospheric residual errors, were taken from the actual residuals of multi-GNSS
PPP performed on the above iGMAS stations and were added to the simulated code and
carrier-phase measurements.
The geometric models for the spaceborne observation simulations were nearly the
same as those for the ground observations except that the tropospheric delay was not
considered, nor was the first-order ionospheric delay because IF combination observations
were applied [30]. However, the high-order ionospheric delays need to be treated carefully
when encountering serious space weather such as geomagnetic storms. The PCO value was
set to 0 for the LEO spaceborne observations and the PCVs were ignored. The pseudo-range
and carrier-phase measurement noises were set to a zero-mean normal distribution with
the standard deviation (STD) calculated from actual-observed onboard GPS data. The
observation weighting was set dependent on the satellite elevation, E, where the weighting
was 1 if E > 30◦ and 2 sin( E) otherwise. Similar to the ground observations, the other
errors, i.e., the spaceborne atmospheric residual errors, were taken from actual-calculated
spaceborne observation residuals and applied to the simulated observations. The onboard
receiver clock offsets were taken from actual-processed receiver clock offsets onboard an
LEO satellite in orbit.
The ambiguities were simulated as an integer number of constant cycles for each
continuous observation arc. The code and phase delays were set to float constants near
zero. Some random cycles of cycle slips were introduced on certain epochs throughout
the entire time series. As for the satellite clock offsets, GNSS satellites are equipped with
highly stable atomic cesium or rubidium clocks (with long-term stability on the order of
10−13 s) and the GeoForschungsZentrum (GFZ) 5-min interval multi-GNSS final clock
offset products were used to simulate the BDS-3 satellite clock errors. The Earth orientation
parameters (EOP) were taken from the IGS values.
3. LEO-Constellation-Augmented BDS POD Strategies
For the algorithms of the GNSS/LEO combined POD, readers can refer to Li et al. [7,10];
the processing strategies and parameters to be estimated are listed in Table 3. Considering
a regional network was used, the processing arc was three days. The dynamic models
applied for POD are almost the same as those used for the constellation configuration and
are listed in Table 2. Note that there are two differences between the force models for the
BDS and LEO POD. The atmospheric drag model was not considered for the BDS because
of the thin atmosphere at its orbital altitude. Unlike GNSS satellites, the trajectories of LEO
satellites undergo perturbations from both the solar radiation pressure and the atmospheric
drag; therefore, the atmospheric drag plays a dominant role in the non-gravitational forces.
The air density model DTM94 was applied for the LEO satellites and the parameters were
estimated every 6 h. Empirical accelerations were only considered for the LEO satellites;
one set of piecewise periodic parameters per revolution were added to the along, cross,
and radial components and were estimated every 2 h.
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Table 3. The processing strategies for the BDS/LEO combined POD.
Item

Description

A Priori Constraints

Observations

Undifferenced dual-frequency
IF LC and PC

Ground pseudo-range observations: 1 m;
carrier-phase: 0.02 cycles; spaceborne
observations: calibrated with
real-calculated observations

Cut-off elevation

Spaceborne observations: 1◦ ; ground
observations: 7◦

Arc length

72 h

Sampling interval

Ground and spaceborne BDS observations: 10 s

Satellite position and velocity

Initial value from the broadcast ephemeris

Position: 10 m; velocity: 0.1 m/s

Station coordinates

PPP static solutions

2 mm for horizontal and 5 mm for
vertical component

Tropospheric delay

LEO spaceborne: none; ground stations:
Saastamoinen model/GMF, the zenith wet delay
estimated every 2 h

0.2 + 0.2/sqrt (hours)

BDS and LEO satellite clock
offsets

Broadcast ephemeris and white noise (estimated
with a BDS clock as reference)

5000 m

Spaceborne receiver clock offset

Estimated as white noise

1000 m

Ground receiver clock offset

Estimated as white noise

9000 m

EOP

Fixed

IGS final products

Ambiguity

Float solution

The detailed POD procedure is as follows.
(1)

(2)

(3)
(4)

(5)
(6)
(7)

First, the designed BDS and LEO ephemerides are converted to a broadcast ephemeris
and used as the initial values for the POD. An 18-parameter model [31] is used for the
BDS broadcast ephemeris design.
The initial BDS positions are obtained from the generated broadcast ephemeris and
then the BDS initial dynamics information is derived via orbit dynamics fitting.
The positions of the LEO satellites are derived from the kinematic POD using the
BDS broadcast ephemeris and LEO spaceborne data, and then the LEO orbit initial
dynamics information is obtained via orbit dynamics fitting.
Orbit integration is applied for the BDS and LEO satellite dynamics to obtain the
initial reference orbit and state transition matrix.
The unknown parameters are ranked, combined, and added with the constraints
listed in Table 3, and the POD equations are linearized at the reference initial orbit.
The observations at all epochs are stacked on a combined adjustment for parameter
estimation.
The adjusted BDS and LEO reference orbits are obtained via orbit integration after
having resolved the normal equations.
Considering several random cycles of cycle slips are added to the observations, posterior residual editing is conducted until new cycle slips are detected and calibrated.
Steps 3–5 are repeated until the residuals are smaller than the given threshold values.
In terms of the carrier-phase measurements, the threshold is usually defined as three
times the post-fit STD value. The carrier-phase measurement can be regarded as “bad”
and abandoned if the corresponding residual is larger than the threshold value. An
ambiguity parameter is introduced and involved in calculation when the residual
is larger than one and a half times the STD value. Otherwise, the residuals are
regarded as white noises with normal distribution. This step is necessary because
the actual-measured code and carrier-phase residuals are included in the observation
simulation.
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(8)

Finally, the BDS and LEO satellite orbit dynamics and clock products are calculated
and the precise orbits can be derived via orbit integration with the orbit dynamics
information. The estimated final orbits are compared with the “true” orbits, which
are described in Section 2.1. A flowchart of the above procedures is given in Figure 3.

Figure 3. Flowchart for the BDS/LEO combined POD.
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4. Experimental Analysis
We first evaluated the pseudo-range and carrier-phase measurement noise of the
Swarm, GRACE, and Sentinel spaceborne GPS data. Then, the spaceborne observation
data are simulated for the designed five LEO constellations, applying the real-calculated
measurement noise. The BDS/LEO POD is finally evaluated with and without considering
the spaceborne observation errors.
4.1. Analysis of the Spaceborne Measurement Noise
The a priori measurement noise of the ground observations is usually set as the default
for positioning or orbit determinations, i.e., the pseudo-range and carrier-phase noises are
usually set to 1 m and 5 mm, respectively, regardless the type of receiver [7,8]. However,
receivers mounted on a spaceborne instrument, such as an LEO satellite, do not always
have the same performance as geodetic receivers. The measurement noise reflects the inner
properties of a receiver and is usually regarded as a factory calibration value; in addition, it
does not change unless the hardware of the spaceborne receiver is damaged in an extreme
space event, such as a strong solar storm. To identify the actual measurement noise for
our observation simulation, the different magnitudes of the measurement noise levels
of the simulated BDS/LEO combined POD are first calculated and compared; then, the
measurement noises of the three types of real LEO constellations are analyzed.
The Walker 24/4/2 LEO constellation was used to calculate the effects of different
levels of measurement noise on the BDS POD. According to our knowledge of the observation quality of the GNSS receivers, carrier-phase measurement noises of 0.001 m, 0.005 m,
0.01 m, and 0.05 m were calculated. The results are shown in Figure 4.

Figure 4. BDS orbit solutions calculated with different levels of spaceborne measurement noise. From left to right: 0.001 m,
0.005 m, 0.01 m, and 0.05 m.

We can see there is an evident difference in the BDS orbit accuracies calculated from
different levels of measurement noise: the average GEO, IGSO, and MEO 3D RMS values
are 0.24 m, 0.17 m, and 0.14 m, respectively, for the 0.001-m noise level. When the noise
level increases to 0.005 m and 0.01 m, the orbit accuracy decreases by 14.3%, 26.1%, and
30.0%, and by 36.8%, 41.4%, and 39.1% on average for the GEO, IGSO, and MEO satellites,
respectively. For a noise level of 0.05 m, the orbit accuracy degrades considerably to
approximately 0.73 m, 0.54 m, and 0.47 m on average. Therefore, it is necessary to identify
and calibrate the actual spaceborne measurement noise.
Table 4 lists detailed information concerning the Swarm, GRACE, and Sentinel-3
constellations. The Swarm constellation consists of three identical satellites: Swarm-A,
Swarm-B, and Swarm-C. Swarm-A and Swarm-C are flying in a synchronous formation at
an altitude of approximately 460 km and an inclusion of 87.35◦ , while Swarm-B is cruising
at a higher altitude of approximately 510 km. The Swarm constellation is dedicated to
exploring the Earth’s magnetic field, atmosphere, and gravitational field. The satellites
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are equipped with several instruments including an absolute scalar magnetometer, an
electric field instrument, and a GPS receiver (GPSR) [32]. The dual-frequency 1-s sampling
interval spaceborne GPS data are used in this study; these data are freely available at
ftp://swarm-diss.eo.esa.int/Level1b/ accessed on 5 June 2021.
Table 4. Detailed information of Swarm, GRACE, and Sentinel-3 constellations.
LEO Constellation

Swarm

GRACE

Sentinel-3

Satellite

Swarm-A/B/C

GRACE-A/B

Sentinel-3A/B

Spaceborne
observations

GPS

GPS

GPS

Altitude

A/C: ~460 km, B:
~510 km

~500 km

~814.5 km

Inclination

A/C: 87.35◦ , B: 87.75◦

89.5◦

98.65◦

Orbit type

Circular near-polar
orbits

Circular near-polar
orbits

Repeating frozen
sun-synchronous
orbit [33]

Repeat cycle

7–10 months

A sparse repeat track
of 61 revolutions
every four days [34]

27-day repeat cycle,
14 + 7/27 orbits per
day [34]

Goal

Geomagnetic
observation

Detection of the
Earth’s gravity
variations

Earth monitoring and
operational
oceanography

The GRACE constellation consists of two identical satellites that are 220 km apart
in orbit at an altitude of 300–500 km. The precise scientific instruments mounted on
the satellite can accurately measure the distance between the two satellites, allowing
variations in the gravity field to be detected. The spaceborne GPS receiver can track the
GPS signal for the POD of the satellites; the spaceborne GPS data and corresponding
data conversion tool can be downloaded from https://isdc.gfz-potsdam.de/grace-isdc/,
accessed on 5 June 2021.
Sentinel-3 is a multi-sensor system used to measure the sea-surface topography, land
and sea-surface temperature, and color of the land and sea with high precision and reliability to support marine prediction systems and environmental and climate monitoring.
Images were obtained with various ocean and land color sensing instruments, sea and
land surface temperature radiometers, and synthetic aperture radar altimeter, microwave
radiometer, and POD instruments. Its ocean and land revisit cycles are less than 3.8 days
and 1.4 days, respectively. Unlike Swarm and GRACE, the orbit determination for an
individual Sentinel-3 satellite can be performed via GPS, Doppler orbit determination and
radio-positioning integrated by satellite, or satellite laser ranging. In this study, only GPS
data were used; the observations were obtained from https://scihub.copernicus.eu/gnss,
accessed on 5 June 2021.
In this study, we calculated the measurement noise for the Swarm-A, GRACE-A
pseudo-range, and carrier-phase spaceborne GPS observations with a cut-off elevation of
1◦ , and 10◦ for the Sentinel-3A observations as the receiver onboard this satellite is actually
set at collecting data with a cut-off elevation of 10◦ . The three types of LEO-constellation
spaceborne data can provide a better understanding of the actual spaceborne observation
noise level, as well as a clear reference for our data simulation.
The zero-baseline method is usually applied to assess the ground observation noise
using the difference between two very closely located stations. However, this approach
is not applicable to spaceborne receivers because two LEO satellites in an LEO formation
are hundreds or thousands of kilometers apart. The orbit and high-order satellite clock
offset errors can result in a discrepancy in the observational residuals by causing an intersatellite single or double-difference between two spaceborne receivers. Therefore, a more
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appropriate method, namely the geometry-free (GF) method, was applied. This method
directly finds the differences between the pseudo-range and carrier-phase measurements
at the two frequencies. The drawback of the GF approach lies in the amplified pseudorange and carrier-phase measurement noises, which can fortunately be resolved using the
covariance propagation theory, allowing the true-measurement noise to be obtained.
The calculated GF pseudo-range noises of the Swarm-A, GRACE-A, and Sentinel-3A
GPS data are 1.88 m, 1.97 m, and 1.46 m, respectively, and the carrier-phase measurement
noises are 0.0098 m, 0.0041 m, and 0.0022 m, respectively. Figure 5 indicates that the
measurement noises of GRACE-A and Sentinel-3A tend to be much smaller than those of
Swarm-A. This is due to the stronger signal-to-noise ratio (SNR) of GRACE-A. The pseudorange noise is closely related to the SNR or the carrier-to-noise ratio (C/N0). Signals with
weaker signal strengths have larger tracking noise. In addition, the Sentinel-3A spaceborne
observations were sampled at a cut-off elevation of 10◦ , resulting in a much lower noise
level. According to the variance–covariance propagation law, if the noise levels for L1 and
L2 are assumed to be the same, we can calculate that the L1 and L2 measurement noises are
0.0069 m, 0.0029 m, and 0.0016 m for the Swarm-A, GRACE-A, and Sentinel-3A spaceborne
data, respectively. Therefore, the average value of 0.0049 m was used as the calibration
noise for our subsequent observation simulation.
The calculated GF pseudo-range noises of the Swarm-A, GRACE-A, and Sentinel-3A
GPS data are 1.88 m, 1.97 m, and 1.46 m, respectively, and the carrier-phase measurement
noises are 0.0098 m, 0.0041 m, and 0.0022 m, respectively. Figure 5 indicates that the
measurement noises of GRACE-A and Sentinel-3A tend to be much smaller than those
of Swarm-A. This is due to the stronger signal-to-noise ratio (SNR) of GRACE-A. The
pseudorange noise is closely related to the SNR or the carrier-to-noise ratio (C/N0). Signals
with weaker signal strengths have larger tracking noise. In addition, the Sentinel-3A
spaceborne observations were sampled at a cut-off elevation of 10◦ , resulting in a much
lower noise level. According to the variance-covariance propagation law, if the noise levels
for L1 and L2 are assumed to be the same, we can calculate that the L1 and L2 measurement
noises are 0.0069 m, 0.0029 m, and 0.0016 m for the Swarm-A, GRACE-A, and Sentinel-3A
spaceborne data, respectively. Therefore, the average value of 0.0049 m was used as the
calibration noise for our subsequent observation simulation.
4.2. BDS/LEO Combined POD during a Quiet Period of Solar Activity
The BDS-LEO combined POD was calculated with the five designed LEO constellations. In total, six schemes were tested: (S1) the BDS POD with the regional network
shown in Figure 3; (S2) the Walker 2/1/0 LEO constellation added to S1; (S3) the Walker
6/2/1 LEO constellation added to S1; (S4) the Walker 12/3/1 LEO constellation added to
S1; (S5) the Walker 24/4/2 LEO constellation added to S1; and (S6) the Walker 60/6/4 LEO
constellation added to S1. The BDS orbital differences between the estimated orbits and
the “reference” are shown in Figure 6. The Swarm POD residuals during the quiet period
of solar activity were calculated and added to the simulated spaceborne observations.
Figure 6 indicates that the average orbital accuracies of the BDS GEO satellites for
the along, cross, and radial components with the regional network are 4.5 m, 1.1 m, and
0.80 m, respectively, and that the orbital accuracies of the IGSO and MEO satellites for
the three components are 1.1 m, 0.61 m, and 0.44 m. When the Walker 12/3/1 LEO
constellation is included, the orbital accuracy is considerably improved, especially for the
along component of the GEO satellites, which is improved to 0.28 m, while the cross and
radial components reach 0.24 m and 0.1 m, respectively. Meanwhile, the orbital accuracies
of the IGSO and MEO satellites are improved to 0.23 m, 0.18 m, and 0.09 m for the three
components. However, the BDS orbital accuracy is not continuously improved with the
increasing number of LEO satellites from 12 to 24; the accuracy with the Walker 60/6/4
constellation is nearly the same as that derived with the Walker 12/3/1 constellation.
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Figure 5. Elevation-dependent GF pseudo-range and carrier-phase measurement residuals for
Swarm-A (top), GRACE-A (middle), and Sentinel-3A (below).
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Figure 6. The BDS POD results from S1 to S6 schemes, shown from subplots left to right.

To further understand the LEO satellite enhancement of the BDS orbit determination,
the orbital dilution of precision (ODOP) for the BDS was calculated. The calculation of
the ODOP is similar to the position dilution of precision (PDOP) for ground stations. The
ODOP in this study indicates the geometric strength of the BDS tracked by LEO satellites
and ground stations. The better the geometry structure, the smaller the ODOP. The ODOP
can be calculated based on the below algorithms:
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where ( xn , yn , zn ), ( x Ln , y Ln , z Ln ), and ( x s , ys , zs ) represent the coordinates in three di→
rections of the ground station, LEO satellite, and GNSS satellite, respectively. r n =
( xn − x s , yn − ys , zn − zs ) is the geometry distance vector from the ground station to a GNSS
→
satellite and is similar for r Ln . Figure 7 shows the ODOP values of the G05/G10/C02/C03/
C06/C11 satellites.
The ODOP decreases with increasing numbers of LEO satellites; however, the BDS
orbital accuracy does not improve accordingly. The average ODOP value for each BDS
satellite decreases moderately as the LEO number increases from 12 to 60 and the orbital
error approaches a stable value. In addition, the LEO orbit is unknown; only the ground
network is fixed. The improvements of the BDS and LEO orbits are both restricted by the
limited number of ground stations.
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Figure 7. The ODOP values of G05/G10/C02/C03/C06/C11 satellites with respect to the regional ground stations; the
regional network and W2/1/0 LEOs; the regional network and W6/2/1 LEOs; the regional network and W12/3/1 LEOs;
the regional network and W24/4/2 LEOs; and the regional network and W60/6/4 LEOs, which are shown from subplots
left to right. The epoch time interval is 10 s.

4.3. GNSS/LEO Combined POD during a Solar Storm
A geomagnetic storm, which was triggered by a coronal mass ejection that broke out
on 7–8 September 2017, was analyzed to investigate the impact of spaceborne observational
errors on the BDS POD [35]. Studies show that the quality of the LEO constellations, i.e.,
the Swarm constellation, are severally degraded during the main phases of storms and that
the maximum degradation of the orbit accuracy can be over 10 cm [18]. The main reason for
the Swarm orbit accuracy degradation is the enhanced thermospheric mass density at the
Swarm altitude, which increased the atmospheric drag for the LEO satellites. In addition,
high-order ionospheric residual errors negatively affect the BDS/LEO combined POD. In
the POD processing, if most observational errors have been carefully corrected by modeling
or precise data processing strategies, the residuals will be in a normal distribution and close
to the measurement noise level. Therefore, residuals are important indicators to assess
the positioning or orbit determination errors. In this study, the Swarm-A and GRACE-A
satellite POD residuals calculated with the geometric approach were first analyzed during
the 7–9 September 2017 geomagnetic storm.
The IF carrier-phase residuals of the Swarm-A and GRACE-A spaceborne GPS observations for days 007–009 are shown in Figure 8. The carrier-phase residuals of GRACE-A
are much lower than those of Swarm-A, likely as a result of the much smaller carrier-phase
measurement noise of GRACE-A, as seen in Figure 5. Therefore, considering the worst case,
the Swarm-A observation residuals were used and applied in the observation simulation.
In addition, the impaction times of the solar storm on the Swarm-A POD were 2:00–10:00
Universal Time (UT) and 15:20–23:00 UT, while the impaction times were 04:00–14:00 UT
and 18:00–09:00 UT (+24 h) on 8 September 2017 for the GRACE-A POD. The initial impaction times are different for the two LEO satellites primarily because they are located on
different orbital planes and at different altitudes. Therefore, it is necessary to consider the
differences in the initial impaction times for the designed LEO satellites when adding the
actual-observed residuals to the simulated spaceborne observations. Here, we first selected
an LEO satellite on each orbital plane and then added the actual residuals calculated from
the data on 8 September. The residuals added to the other satellites in this plane were
lagged for a period of time depending on the specific satellite. For example, in the Walker
12/3/1 constellation, it takes 84 min for an LEO satellite to circle the Earth; the lag time for
two adjacent satellites on each orbital plane is therefore 84 min/4 = 21 min. For the Walker
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2/1/0 constellation, according to the number of LEO satellites tracking the BDS satellites,
which is shown in Figure 9, only one LEO satellite at most simultaneously tracks each BDS
satellite. The observation residuals of Swarm-A at 00:00 UT on 8 September start to be
added to an LEO satellite when it flies over 30◦ E longitude and the observation residuals
49 min later are added to the next LEO satellite according to the lag time.

Figure 8. IF carrier-phase measurement residuals for the Swarm-A and GRACE-A spaceborne GPS observations.

Figure 9. The number of tracked BDS C02 (left three subplots)/C06 (middle three subplots)/C11 (right three subplots)
satellites by LEO satellites. The green, red, and blue dots represent the W2/1/0, W12/3/1, and W60/6/4 LEO constellation,
respectively.

Note that the actual effect of the solar storm on the BDS/LEO combined POD is very
difficult to simulate because the impaction time and magnitude are very irregular and
almost impossible to accurately simulate. This study makes an approximate simulation
and the only certainty is that the initial impaction times for the LEO satellites in different
orbital planes or at different altitudes are different. To better understand the influences of
the spaceborne observational errors on the BDS POD, a purely geometrical approach was
adopted here without considering any of the satellite dynamics. The orbit determination
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results are shown in Figure 10. Figure 10 displays the POD error time series for the C02,
C06, and C11 satellites.

Figure 10. Orbit differences between the estimated and the “references” of C02/C06/C11 satellites for scheme S2, S4, and
S6, respectively.

We can see from Figure 10 that the BDS orbits are severely affected by the spaceborne
observational errors in the BDS/LEO combined POD mode. In the S2 scheme, each BDS
satellite is observed by only one LEO satellite, as can be seen in Figure 9; therefore, the
orbit of each BDS satellite is directly affected by the observational errors onboard this one
LEO satellite. The 3D RMS values shown in Table 5 for the C02, C06, and C11 satellites are
1.18 m, 1.07 m, and 0.75 m, respectively.
Table 5. Statistics of the ODOP and orbital 3D RMS values.
S2 (W2/1/0)

Satellite
Item
Mean ODOP
σ02
σ02

C02

C06

C11

C02

297.5

237.5

203.1

84.0

1.122

[m2 ]

· ODOPmean

Orbital 3D
RMS [m]

S4 (W/12/3/1)
C06

C11

C02

96.4

72.6

40.2

1.832

= 1.25

S6 (60/6/4)
C06

C11

38.8

18.7

0.882

= 3.35

= 0.77

371.9

296.9

253.9

281.4

322.9

243.2

31.0

29.9

14.4

1.18

1.07

0.75

1.10

1.15

0.69

0.60

0.43

0.44

In the Walker 12/3/1 constellation, the BDS C02, C06, and C11 satellites are tracked
simultaneously by two to five LEO satellites (Figure 9). Considering the times that the
observational errors start to be added to each LEO satellite are different, the time that the
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POD starts to be impacted by large observational errors is different for each BDS satellite,
resulting in different magnitude large POD errors and different impaction times. Even
though part of the observational errors can be compensated for by a combined adjustment
with different LEO satellites, they cannot be completely compensated for because of the
small number of visible LEO satellites. The POD errors are nearly comparable to those in
the S2 scheme, as can be seen in Figure 10.
When the number of LEO satellites reaches 60, all the different types of BDS satellites
can be tracked by 10–25 LEO satellites at the same time (see Figure 9). The fast change in
the LEO geometric configuration, as well as the large number of LEO satellites involved
in the adjustment of the combined POD, contribute to the improvement in the BDS orbit
accuracy and the large observational errors are effectively reduced. The BDS orbit solutions
are the best of the three schemes, as shown in Figure 10. The RMS values are 0.60 m, 0.43 m,
and 0.44 m for the C02, C06, and C11 satellites, respectively (Table 5).
There is another reason for the results shown in Figure 10. As explained before, the
BDS POD results are associated with the ODOP value of the LEO constellation. However,
they are also closely related to the spaceborne and ground-based observational errors.
Note that more careful modeling or precise processing can be done to account for these
observational errors. In this study, we do not try to eliminate these errors; instead, we
attempt to weaken them by using a large LEO constellation. From Table 5, we can see that
the average ODOP value of the three types of BDS satellites derived from the S4 scheme is
smaller than that from the S2 scheme; however, the BDS orbit solutions for the two schemes
show nearly no difference. This can be explained by investigating the inner accuracy,
which is computed as Dxx = Q xx · σ02 , where the calculation of the coefficient matrix Q xx
is identical to that of the ODOP and both are related to the geometric strength, and the
variance of the unit weight σ02 is calculated based on the residuals. Larger observational
errors will result in larger amplitude residuals and, in turn, larger σ02 . Considering the
POD accuracy is co-affected by both the ODOP and the observational errors, the BDS orbit
solutions in the S4 scheme present identical results to those in the S2 scheme and the lowest
ODOP and smallest observational errors after the adjustment of the S6 scheme show the
best solutions.
5. Discussion
This study demonstrates that the BDS POD accuracy with a regional network can be
effectively improved to the cm level by a large LEO constellation with as many as 10–25
visible LEO satellites. However, the spaceborne observations can be seriously affected
by an extreme space weather event, such as a solar storm. The real impaction time and
magnitude of a solar storm on LEO satellites on different altitude and orbit planes is
different through a calculation with real observations. This gives us a reference for the
simulation of spaceborne observations when considering the observation errors. However,
the real situation is much more complicated as the effect of a solar storm on a global
operational capability LEO constellation used for, i.e., navigation augmentation is very
irregular and impossible to be precisely simulated. It is just an approximate simulation
in this study and demonstrates that an LEO constellation with about 10–25 visible LEO
satellites is sufficient to reliably reduce or mitigate the observation errors on BDS POD in
a combined adjustment procedure. For the real impaction magnitude and time, we can
only hope to resolve these issues with real spaceborne observations from a global LEO
constellation in the future.
6. Conclusions
This paper discussed two key issues with regard to a large LEO-constellation-augmented
BDS POD with simulated spaceborne and ground observations. BDS-3 and five types of
LEO constellations, namely the Walker 2/1/0, 6/2/1, 12/3/1, 24/4/2, and 60/6/4 constellations, were designed. The actual spaceborne measurement noise level tends to be different
from that of the ground receivers and needs to be analyzed and calibrated. Therefore, the
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measurement noise from Swarm-A, GRACE-A, and Sentinel-3A spaceborne observations
were calibrated for by observation simulations with different LEO constellations.
Another issue addressed here is that of the spaceborne observational errors. Unlike
ground observations, in which the observational errors primarily result from atmospheric
delay and the multipath effect, spaceborne observation errors are primarily caused by
ionospheric scintillations or thermal atmosphere, which cannot be completely eliminated
using the conventional POD method. This study examines the effect of large spaceborne
observational errors on the BDS POD augmented by different LEO constellation configurations. Using an experiment, the actual observation residuals calculated from the Swarm-A
and GRACE-A observations were analyzed and it was found that the impaction times
and magnitudes of a solar storm varied for LEO satellites at different altitudes and in
different orbital planes. The BDS orbit accuracy can be seriously degraded by spaceborne
observational errors when using a Walker 12/3/1 LEO-constellation-augmented BDS POD.
For a Walker 60/6/4 constellation, the BDS satellites can be tracked by as many as 10–25
LEO satellites at one time and both the rapid change in an LEO satellite and the many LEO
spaceborne observations involved in the adjustment can effectively compensate for and
reduce the spaceborne observational errors. The results indicate that even 3–4 LEO satellites are sufficient to augment the BDS POD with a regional ground network, allowing the
3D orbit accuracy of GEO satellites to reach 20–40 cm. However, a large LEO constellation
with 10–25 LEO satellites tracking the BDS satellites is still necessary in the case of large
spaceborne observational errors caused by extreme space weather, i.e., solar storms.
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