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Abstract: Positioning of spacecraft (e.g., geostationary orbit (GEO), high elliptical orbit (HEO), and
lunar trajectory) is crucial for mission completion. Instead of using ground control systems, global
navigation satellite system (GNSS) can be an effective approach to provide positioning, navigation
and timing service for spacecraft. In 2020, China finished the construction of the third generation
of BeiDou navigation satellite system (BDS-3); this global coverage system will contribute better
sidelobe signal visibility for spacecraft. Meanwhile, with more than 100 GNSS satellites, multi-GNSS
navigation performance on the spacecraft is worth studying. In this paper, instead of using signal-in-
space ranging errors, we simulate pseudorange observations with measurement noises varying with
received signal powers. Navigation performances of BDS-3 and its combinations with other systems
were conducted. Results showed that, owing to GEO and inclined geosynchronous orbit (IGSO)
satellites, all three types (GEO, HEO, and lunar trajectory) of spacecraft received more signals from
BDS-3 than from other navigation systems. Single point positioning (SPP) accuracy of the GEO and
HEO spacecraft was 17.7 and 23.1 m, respectively, with BDS-3 data alone. Including the other three
systems, i.e., GPS, Galileo, and GLONASS, improved the SPP accuracy by 36.2% and 19.9% for GEO
and HEO, respectively. Navigation performance of the lunar probe was significantly improved when
receiver sensitivity increased from 20 dB-Hz to 15 dB-Hz. Only dual- (BDS-3/GPS) or multi-GNSS
(BDS-3, GPS, Galileo, GLONASS) could provide continuous navigation solutions with a receiver
threshold of 15 dB-Hz.

Keywords: spacecraft real-time autonomous navigation; single point positioning; sidelobe signals;
multi-GNSS

1. Introduction

Global navigation satellite system (GNSS)-based real-time navigation for spacecraft is
expected to increase satellite autonomy and ensure continuous navigation solutions [1,2].
This approach has been widely used for low earth orbit (LEO) satellites, where rich GNSS
signals can be received since its altitude is lower than GNSS orbit [3,4]. With the increasing
interest in the Earth’s space science and lunar exploration, extending the use of GNSS-
based navigation for satellites whose altitudes are higher than GNSS has drawn attention.
Space vehicle navigation performances, including received signal power, satellite visibility,
signal outage and geometric dilute of position (GDOP) were investigated [5-9]. Specifically,
the space region where altitudes are higher than 3000 km and lower than 36,000 km is
defined as space service volume (SSV) [10-12]. In 2018, the International Committee on
Global Navigation Satellite Systems (ICG) Working Group-B (WG-B) officially released
the booklet named “The Interoperable Global Navigation Satellite Systems Space Service
Volume” [13]. This booklet presents SSV characteristics of each constellation, including
global positioning system (GPS), global navigation satellite system (GLONASS), BeiDou
navigation satellite System (BDS), quasi-zenith satellite system (QZSS), and navigation
with Indian constellation (NavIC). The SSV characteristics include pseudorange accuracy,
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received signal power, and signal availability. Moreover, it shows the multi-GNSS SSV
performance of global space and specific space missions, with only mainlobe signals
involved. Simulation results showed that the multi-constellation, multi-frequency SSV
improved signal availability significantly over any single constellation. However, with only
mainlobe signals included, there was still signal outage for the geostationary orbit (GEO)
and high elliptical orbit (HEO) spacecraft, let alone the lunar trajectory.

Getting sidelobe signals involved is a way of improving the SSV performance. The
main reasons that limited the use of sidelobe signals are (1) the relatively lower carrier
to noise ratio of sidelobe signals than that of mainlobe signals and (2) the unpublished
transmitter antenna pattern varying with satellite types and signals. The contribution of
sidelobe signals to SSV performance has been extensively demonstrated through simulation
works [14-17]. Moreover, several experiments have been made to test the characteristics
of sidelobe signals. In 2002, the GPS experiment on the AO-40 spacecraft demonstrated
that GPS sidelobe signals with low powers can be tracked [18]. Later in 2015 and 2017,
the experimental results of magnetospheric multi-scale (MMS) and geostationary oper-
ational environmental satellite (GOES-R) further proved that sidelobe signals constitute
the majority of the received signals. With sidelobe signals included, increased navigation
performance can be realized [19-21]. Meanwhile, experiments have been made to study
GPS antenna patterns; this published antenna pattern data provides a great chance to inves-
tigate the contribution of sidelobe signals for space users [22,23]. Regarding high-sensitivity
receiver design, [24,25] show that spaceborne receivers are able to track signals as low as
5-8 dB-Hz, making sure that sidelobe signals can be used even at lunar distance.

The above-mentioned studies show that multi-GNSS, multi-frequency sidelobe signals
with the high-sensitivity spaceborne receiver will improve the navigation performance
of space vehicles. GPS/Galileo combined navigation performance in GEO and HEO are
investigated in [26,27]. In addition, the CE-5T1 spacecraft flight mission results show that,
with GPS/GLONASS combination, single point positioning (SPP) accuracy improved by
22.7% compared with GPS-only [28]. Regarding the latest BDS system, BDS-3 navigation
performance in super synchronous transfer orbit was investigated in [29], with only main-
lobe signals included. In [30], with the 3D antenna pattern, SSV characteristics of new
BDS-3 signals were demonstrated. It revealed that, with sidelobe signals included, signal
availability and GDOP could be greatly improved. Nevertheless, signal outages can still
happen for a lunar mission with BDS-3 signal only.

Current studies concerning BDS-3 are mainly focused on the SSV characteristics. These
characteristics show a great potential of SSV navigation performance with BDS-3 sidelobe
signals. In our paper, to give a better understanding of BDS-3 SSV real-time navigation
performance, we intend to take a step further by simulating pseudorange observations of
GNSS satellites and spacecraft. Based on the experiment results, the observation noises vary
with the received signal power. Specifically, instead of distinguishing sidelobe signals by
the beamwidth, the published GPS antenna patterns are used to evaluate performances of
all the signals that are beyond receiver sensitivity. Moreover, with over 100 GNSS satellites
that can offer positioning, navigation, timing (PNT) service, contribution of multi-GNSS to
SSV navigation performance was studied; signal visibility and GDOP of each constellation
were also presented. In particular, the importance of BDS-3 non-MEO satellites to SSV
was demonstrated.

This paper is structured as follows: Section 2 elaborated the observation simulation
strategy, such as GNSS constellations and signals, GNSS transmitter radiation pattern and
receiver antenna gain, as well as positioning strategy; results are carried out in Section 3,
including C/Nj, signal visibility, GDOP and navigation performance of GEO, HEO, and
lunar trajectory; discussions are listed in Section 4; finally, the paper is concluded in
Section 5.
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2. Observation Simulation Strategy
2.1. GNSS Satellites and Signals

GNSSS constellations were simulated for generating geometric distance with respect
to the space vehicles. GPS orbits are generated with GPS almanac from the Analytical
Graphics Inc (AGI) server; the orbits of BDS, GLONASS, and Galileo were generated with
the HPOP propagator based on nominal constellation parameters [31-33]. BDS constellation
consists of three types of orbits, including GEO, Inclined geo-synchronous orbit (IGSO),
and medium earth orbit (MEO). GEO and IGSO are particularly designed to cover Asia,
and MEO satellites are distributed globally. The GPS constellation consists of 31 operational
satellites allocated in 6 orbital planes. There are 8 satellites from Blocks IIR, 7 from IIR-M,
12 from IIF and 4 from III-A, each block has a different transmitter radiation pattern, which
will be described later. Detailed parameters of GNSS constellations are listed in Table 1.
Space distribution of them is depicted in Figure 1. The frequency bands of each GNSS
constellation used in this paper are listed in Table 2.

Table 1. Parameters of GNSS Constellations.

System GPS BDS GLONASS Galileo
Orbital type MEO GEO IGSO MEO MEO MEO
Number of 31 3 3 2 24 2
satellites
Constellation Placed at East longitude  Placed at East longitude
configuration Wsl1/6/1 80°,110.5° and 140° 0°,120° and 240° W24/3/1  W24/3/1 W 24/3/1
Inclination 55° 0 55° 55° 64.8° 56°
Altitudes [km] 20,200 35,786 35,786 21,528 19,100 23,221.7
@ BDS
® GLONASS

Figure 1. GNSS constellations.

Table 2. GNSS Frequency.

System Freq. Band/Frequency [MHz]
GPS L1/1575.42
BDS B11/1575.42
GLONASS * L1/ 1602 *
Galileo E1/1575.42

* In this simulation GLONASS frequency band is simplified to 1602 MHz.

2.2. Space Vehicle’s Orbital Parameters

Three classic types of space missions were considered, including GEO, HEO, and lunar
trajectory. Detail parameters are listed in Tables 3-5. Note that the entire lunar mission
included three Earth parking orbits and two lunar orbits; however, the lunar trajectory
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parameters we listed here only cover epochs that the spacecraft transfers from the Earth to
the moon.

Table 3. GEO Parameter *.

Altitudes . .. Inclination o Argument of True
[km] Eccentricity ©) RAAN (°) Perigee (°) Anomaly (°)
GEO 35,786 0 0 0 0 0

* Epoch: 20 May 2021 00:00:00-21 May 2021 00:00:00 (UTC).

Table 4. HEO Parameter *.

Semi-Major Eccentricit Inclination RAAN Argument of True
Axis (km) y ©) ©) Perigee (°) Anomaly (°)
HEO 35,937.5 0.8087 63.4 0 270 0

* Epoch: 20 May 2021 00:00:00-21 May 2021 00:00:00 (UTC).

Table 5. Lunar trajectory Parameter *.

Semi-Major Eccentricit Inclination RAAN Argument of True

Axis (km) y ©) ©) Perigee (°) Anomaly (°)
Start 67,500.44 0.8968 31 181 179.8 357.8
Stop  294,807.182 0.9944 43.168 174.6 175.8 175.94

* Epoch: 20 May 2021 22:48:00-24 May 2021 03:00:00 (UTC).

2.3. Transmitter and Receiver Patterns

The key point of observation modeling is the power of the received signal, which is
mainly determined by the GNSS transmitter radiation pattern and receiver antenna gains.
For GPS Blocks IIR, IIR-M, and IIF, their transmitter radiation patterns were adopted from
published data by Lockheed Martin, the GPS manufacturer company, and the National
Aeronautics and Space Administration (NASA) [23,24]. We used the Block IIA radiation
pattern to present the Block III-A radiation pattern since there was no available data of
Block III-A yet. For BDS, there were no public antenna pattern data for B1I. To overcome
this problem, the GPS Blocks IIF satellite’s radiation pattern was used, and the beamwidths
difference between GPS and BDS was considered according to the beamwidth values given
by [13]. The same strategy was applied to GLONASS and Galileo for the same reason. Note
that the published radiation pattern varies with both azimuths and off-boresight angles.
To simplify the computation, we used an averaging antenna pattern over the azimuth.
The symmetric GNSS equivalent isotropic radiated power (EIRP) patterns are shown in
Figure 2, and the off-boresight angle was denoted as 6 (Figures 3 and 4). Note that the
GNSS patterns were symmetric about the off-boresight, and signals between —90° and 90°
were all used.

For receiver antenna gain simulation, we assumed that the spacecraft was equipped
with nadir and zenith antennas that are able to track multi-GNSS signals. The receiving
off-boresight angle is denoted as 1 in Figure 3 [17]. When the spacecraft moved away from
the GNSS satellites, the received signal powers were attenuated due to transmission loss.
In this case, a high-gain antenna was mounted on the nadir-pointing receiver. When the
spacecraft moved below the GNSS constellation, a zenith-pointing patch antenna ensured
satellite visibility. According to [13], the receiver antenna gain of the two antennas are
shown in Figure 5.
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Figure 2. GNSS symmetric antenna patterns.
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Figure 4. GNSS antenna coordinate system.
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Figure 5. Receiver antenna gain with off-boresight angles.

As GNSS EIRP and receiver antenna gain G,(y) were simulated, power levels Py
received by spacecraft could be calculated as [34]:

Pg = EIRP + G,(¢) + Lg 1)

where Lg = ZOlg(ﬁ) is the free space propagation loss; A is the wavelength, and d is the
transmission distance. C/Ny is expressed as:

C/No =Pr — Ny )

where Ny = kT, k is the Boltzmann constant and equals 1.38 x 10~23 J/K. T is the ambient
temperature, which was set to be 175.84 K. In this paper, the tracking and acquisition
threshold was 20 dB-Hz. Considering the transmission loss due to long distance, 15 dB-Hz
receiver threshold of lunar trajectory was also analyzed.

2.4. Observation Simulation

The abovementioned transmitter and antenna radiation pattern simulations deter-
mined whether a satellite could be tracked and acquired by the receiver. The other satellite
visible condition was that line-of-sight (LOS) was not blocked by the Earth, meaning that
the off-boresight angle was larger than the Earth block angle, which is shown in Figure 6.
The Earth block angle varied with GNSS systems because of satellite altitude. Earth block
angles of different GNSS orbits are illustrated in Table 6.

i

S -] GNSS

Figure 6. Earth block angle.

Once a GNSS satellite was visible for spacecraft, the pseudorange observation could
be calculated as:

where P? j is the pseudorange; indices s, r, and j refer to the satellite, receiver, and car-
rier frequency, respectively; p? j represents the geometric distance between the satellite s
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and the receiver r; dt, and dt° denote clock offset of the receiver and satellite; T3 is the
slant tropospheric delay; I7 jis the ionospheric delay at frequency j; € j denotes the code
measurement noise.

Table 6. Earth block angles of different system orbit.

BDS .
System Orbit GPS Galileo GLONASS
MEO MEO  IGSO/GEO MEO MEO
Earth block angle [deg] 13.84 13.21 8.70 12.28 14.50

The GNSS-spacecraft geometric distance was calculated from the positions of the mass
centers of GNSS satellite and spacecraft receiver. GNSS satellite position was corrected
by the satellite antennas’ phase center offsets (PCO) and phase center variations (PCV),
which were documented in the igs-08 antenna information [35]. The Center for Orbit
Determination in Europe (CODE) 30 s interval multi-GNSS clock offset products were used
to simulate multi-GNSS satellite and receiver clock errors.

For atmospheric delay, since the altitudes of GEO spacecraft were not lower than
GNSS altitudes, signals may pass troposphere and ionosphere twice when the transmitted
signals were from the other side of the Earth. This phenomenon occurs when the nadir
angle of the spacecraft is small enough and close to the Earth block angle. Observations of
GNSS satellites may be affected by some large variations because ray bending is likely to
happen due to fraction [36]. For the HEO spacecraft, since the altitude was partly below
GNSS, transmitted signals from the same side of the Earth could be received. The perigee
attitude of HEO was approximately 496.7 km; these signals could not pass through the
troposphere and pass through the ionosphere once. When transmitted signals were from
the other side of the Earth, the tropospheric and ionospheric delay may have occurred
twice, which was the same situation as with the GEO spacecraft. For both kind of orbits,
the duration that the signal passed the atmosphere only accounted for a small proportion.
Therefore, when processing single-frequency signals, the signals that passed through the
ionosphere were simply removed; for dual- or multi-frequency signals, ionosphere-free (IF)
combination was used to eliminate the ionosphere effects.

The lunar trajectory probe departs from the Earth, with increasing altitudes that were
lower than GNSS from the departing epochs and higher than GNSS at last. The lowest
altitude was higher than the troposphere bound. The fraction of the epochs that the probe
was below the ionosphere upper bound was 0.2%. Therefore, the ionospheric delay of
transmitted signals from the same side of the Earth was negligible. Transmitted signals
from the other side of the Earth, which may have passed twice of the ionosphere but which,
however, only accounted for a small proportion, were also ignored.

Lower received signal power resulted in larger code measurement noise. According
to the experiment results of the Chinese No.2 Telecommunication Technology Test Satellite
(T]JS-2) and the Chinese No.5 Telecommunication Technology Test Satellite (TJS-5), we set
the code measurement noise as follows [37,38]:

10 15 < C/Ny <20
8 20 < C/Ng <30
£= 5 (m) 30<C/Ny<35 4)
4 35 < C/Ny <40
3.8 40 < C/Ny
3. Results
3.1. C/Ny

C/Ny is a critical parameter for spaceborne navigation since sidelobe signals are mostly
received. C/Nj of GEO, HEO, and lunar trajectory are shown in Figure 7. In our paper,
C/Ny was calculated using Equation (2), in which the transmission distances between
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GNSS satellites and spacecraft were computed using the orbits described in Tables 1 and 3,
Tables 4 and 5. Note that we showed C/N of each visible GNSS satellite here. A GNSS
satellite was visible once the signal was not blocked by the Earth and the C/Nj was beyond
the receiver sensitivity. As the spacecraft moves along its orbit, the received signals were
marked as blue or grey dots for mainlobe or sidelobe signals, respectively. The red curve in
Figure 7b refers to altitudes of HEO; the red curves in Figure 7c,d refer to altitudes of lunar
trajectory. Obviously, the altitude of GEO was basically the same during the simulation
period, so it was not shown here. Numbers of observations from mainlobe and sidelobe
signals were collected in Table 7. The simulation period of GEO, HEO, and lunar trajectory
was 24, 24, and 76.2 h, respectively. The sampling rate of the three types of spacecraft was
30s.

CIN of malnlobe and sidelobe signals
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Figure 7. C/Nj of mainlobe and sidelobe signals for three types of spacecraft: (a) GEO; (b) HEO;
(c) Lunar trajectory (20 dH-Hz); (d) Lunar trajectory (15 dH-Hz).

Table 7. Number of observations from mainlobe and sidelobe signals.

Mainlobe Signal Sidelobe Signal
GEO 18,502 226,155
HEO 29,143 186,635
Lunar trajectory (20 dB-Hz) 18,977 68,864
Lunar trajectory (15 dB-Hz) 20,299 133,767

For the GEO spacecraft, 3 GEO and 3 IGSO satellites of BDS-3 were constantly visible.
Mainlobe signal variation was between 35 and 46 dB-Hz; sidelobe signals mostly ranged
between 16~32 dB-Hz. Numbers of GEO observations showed that almost 92.4% of the
received signals were sidelobe signals, which is reasonable, since the altitude of GEO was
higher than most of the GNSS satellites.
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For the HEO spacecraft, the highest C/N( appeared at perigee, which was as strong
as 65 dB-Hz. When the spacecraft moved towards apogee, C/Nj was reduced because
sidelobe signals were received. In total, 86.5% of the received signals were from sidelobe
signals. HEO spaceborne antenna received more mainlobe signals than that of GEO. This
was due to the low altitude near the perigee, where mostly mainlobe signals were received.

For lunar trajectory, when receiver sensitivity was set as 20 dB-Hz, 78.4% of the
received signals were sidelobe signals. Due to the long transmission loss, C/Ny of most
signals were below receiver thresholds. When receiver sensitivity increased to 15 dB-Hz, the
received signals increased by 6.5% and 94.2% for mainlobe and sidelobe signals respectively,
which will bring significant improvement in signal visibility.

3.2. Signal Visibility and GDOP

The above analysis of C/Nj indicates that abundant signal visibility of GEO and HEO
spacecraft can be ensured. The satellite was visible once the nadir angle was greater than
the Earth block angle and the C/Ny was beyond the receiver sensitivity. GDOP was an
important index to measure the effect of the satellite geometry on the positioning and
timing solution [39,40]. It can be calculated by:

GDOP = \/tr(HTH) ! (5)

For multi-GNSS constellations, it was assumed that the measurements of all the
satellites were statistically independent. Taking dual-GNSS constellation as an example, &
and f is the satellites from different constellations, the matrix H is expressed as follows:

[oAxy Ayp o Az 1 0 T
£, Pl £l
Ay A Az

P2 P2 02

By Byn Bmooq
H— Pnﬁ Pnﬁ Pnﬂ

ol S . P ©)
Plﬁ Plﬁ Plﬂ
Ax; Ay, Bz 0 1
P2 P2 P2

Ax 51 Ay 51 AZ&: 1

L Om Pm Pm 0 4

where Ax; = x; — x, Ay; = y; —y,Az; = z; — z; (%, Y, z) is the approximate position of the
receiver; (X;, 1, z;) is the position of the i-th satellite; p; is the distance of the i-th satellite
with respect to the receiver.

Visible satellites of the GEO spacecraft are shown in Figures 8 and 9. Meanwhile, visi-
ble satellites of each GNSS constellation were calculated. For the GEO spacecraft, the mean
visible satellites of BDS-3, GPS, Galileo, and GLONASS over 24 h were 25.4/21.3/19.4/19.1,
respectively. Satellite visibility of BDS-3 from Figure 9 showed that GEO and IGSO satellites
of BDS-3 were constantly visible. This was the reason why visible satellites of BDS-3 were
more than that of GPS. Mean visible satellites of GREC combination reached 84.8.

GDOP of GEO spacecraft is shown in Figure 10. The mean GDOP of BDS-3 is 3.4. With
GPS combined, it improved to 2.6, and four systems yield a mean GDOP of 2.0, which is a
rather good satellite geometry. This good satellite geometry was simply benefited from the
large number of visible satellites, as we have shown in Figure 8. For GEO spacecraft, the
distance between the receiver and the GNSS satellites was not far enough to make serious
signal attenuation; therefore, a large number of sidelobe signals could be received, leading
to a large number of visible satellites.
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Figure 8. Visible satellites of GEO.
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Figure 9. Satellite visibility of GEO spacecraft. (a) Satellite visibility of BDS-3. (b) Satellite visibility
of GPS. (c) Satellite visibility of Galileo. (d) Satellite visibility of GLONASS.

Visible satellites of HEO spacecraft are shown in Figure 11. Visible satellites around
apogee were slightly less than that of perigee, where signals from the same side and
different side of the Earth were both received. We noticed that there was a sharp decrease
of visible satellites at the lowest altitude of HEO, which was marked as the red circle
in Figure 11. This was because the nadir angles of the spacecraft with respect to GNSS
satellites were relatively small; therefore, signals from the other side of the Earth were
mostly blocked. When the HEO spacecraft moved away from perigee, the altitude of the
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spacecraft increased and more signals from the other side of the Earth were tracked. Mean
visible satellites of BDS-3, GPS, Galileo and GLONASS over 24 h were 22.9/19.8/17.0/15.9,
respectively. From Figure 12a,b, we can see that three GEO satellites of BDS-3 were about
94.0% time visible during the whole simulation period. This is why the visible satellites of
BDS-3 were more than that of GPS. Considering that there were 24 satellites of Galileo and
GLONASS, less visible satellites from the two systems are reasonable. Since the Galileo
altitude was slightly higher than GLONASS, more signals of Galileo from the other side of
the Earth could be received.

GDOP of GEO considering sidelobe signals

—BDS-3
e
—GREC |

%_HWLHW%WAQV_

2§ A e AN AN s ]
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Figure 10. GDOP of GEO spacecraft.
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Figure 11. Visible satellites.

GDOP of the HEO spacecraft is shown in Figure 13, it rose and fell. We obtained
the best satellite geometry near perigee, and the worst satellite geometry near apogee.
GDOP of BDS-3 ranged from 0.96~6.64. With GPS included, GDOP decreased to 0.71~5.30.
GDOP of GREC combination varied from 0.52~4.42. Mean GDOP of BDS-3, BDS-3/GPS
and GREC combination was 3.57, 2.88 and 2.3, respectively. This good satellite geometry
also resulted from the large number of visible satellites. For the HEO spacecraft, nadir-
and zenith-pointing antennas were mounted; therefore, good satellite visibility could
be realized.
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Figure 12. Satellite visibility of HEO. (a) Satellite visibility of BDS-3. (b) Satellite visibility of GPS.
(c) Satellite visibility of Galileo. (d) Satellite visibility of GLONASS.
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Figure 13. GDOP of HEO spacecraft.

Visible satellites and GDOP of lunar probe with thresholds of 20 and 15 dB-Hz are
shown in Figures 14 and 15, respectively.
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Figure 14. Visible satellites and GDOP of lunar probe with 20 dB-Hz threshold.
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Figure 15. Visible satellites and GDOP of lunar probe with 15 dB-Hz threshold.

The lunar probe experienced larger signal attenuation than the GEO and HEO space-
craft. It received most signals near departing epochs, then the visible satellites decreased
as the lunar probe was flying near the moon. We saw that, for the threshold of 20 dB-Hz,
with only BDS-3 satellites involved, satellite geometry was rather poor, and the lunar probe
could only track about 2 visible satellites as it was moving towards the moon. When more
systems were included, the situation of sparse signal was still not improved. Mean visible
satellites of BDS-3, GPS, Galileo, and GLONASS over the simulation period, i.e., 76.2 h
were 7.7/ 4.9/ 3.5/ 3.1, respectively. As the receiver threshold increased to 15 dB-Hz, we
could see that there was a significant increase in visible satellites. However, the satellite
geometry was still poor for BDS-3 only. It improved as GPS was combined with BDS-3.
When four systems were included, the GDOP decreased further and reached a maximum
of 3392. Mean visible satellites of BDS-3, GPS, Galileo and GLONASS were 13.0/ 8.6/ 6.3/
5.8, respectively. GEO and IGSO satellites of BDS-3 were 47.4% visible during the whole
simulation time, which was almost twice compared with the MEO satellites from BDS-3,
GPS, Galileo and GLONASS.

Unlike the GEO and HEO spacecraft, signal reception interruption was likely to
happen for the lunar probe. As shown in Table 8, with a receiver threshold of 20 dB-Hz, the
lunar probe could not track 1 or 4 satellites continuously for all the combinations. When
mainlobe and sidelobe signals were both considered, the availability of at least 1 BDS-3
satellite was almost the same as the B2 signal in Table 8 of ref [30], in which real BDS 3D
antenna patterns were used. The availability of at least 4 BDS-3 satellites was slightly
higher than the results of all the signals in Table 8 of ref [30]. When the receiver threshold
improved to 15 dB-Hz, the lunar probe was able to receive at least 1 satellite continuously
for all the combinations. Meanwhile, BDS-3/GPS and GREC combinations were able to
offer four visible satellites continuously. Due to the large GDOP of these conditions, it
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made no sense to discuss position, velocity, and time navigation performances, even if
there were at least four visible satellites.

Table 8. Satellite visibility of different system combinations.

Receiver Thresholds (dB-Hz) Systems At Least 1 Satellite At Least 4 Satellites
BDS-3 93.9% 58.9%
20 BDS-3/GPS 97.7% 65.0%
GREC 99.4% 79.3%
BDS-3 100% 99.0%
15 BDS-3/GPS 100% 100%
GREC 100% 100%

3.3. Navigation Performance
3.3.1. GEO Navigation Performance

The above analysis showed that, with sidelobe signals included, good GNSS satellite
geometry could be provided for the GEO spacecraft. In this section, the position of the
spacecraft was derived by single-epoch least square estimator. The spacecraft positions
used for measurement simulation were deemed as true positions. The differences between
single-epoch least-square solution and the true positions were calculated; RMSs of all the
differences are listed in Table 9. We only show the differences of BDS-3 SPP here in Figure 16.
For the dual-GNSS processing mode, i.e., BDS-3/GPS combination, the 3D position error
decreased by 18.6% in contrast to BDS-3 only processing. For GREC combination, the
SPP accuracy increased by 21.5% compared with the dual-GNSS processing. Obviously,
the improvement of navigation performance resulted from the improved signal geometry.
For each epoch for each satellite, code post-fit residuals were computed by the difference
between the actual code measurements and the estimated distance between the satellite
and the receiver; the related errors were also removed. The RMSs of code post-fit residuals
were 3.75m, 5.08 m, 4.82 m, and 5.1 m for BDS-3, GPS, BDS-3/GPS, and GREC combination,
respectively. In total, 42.4% of the received signals were higher than 30 dB-Hz, and the
pseudorange measurement noises were comparable to the results in [37], proving that our
observation simulation routine was reliable.

Table 9. RMS of Position with different system combinations.

Position (m) BDS-3 BDS-3/GPS GREC
X 12.7 10.4 8.2
Y 12.0 9.8 7.7
Z 27 21 1.6
3D 17.7 14.4 11.3

Differences between BDS SPP and nominal GEO
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Figure 16. Differences between BDS SPP and the nominal GEO.
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3.3.2. HEO Navigation Performance

In this section, we focus on HEO navigation performance. The position strategies that
applied to the HEO spacecraft were the same as those applied to the GEO spacecraft. The
differences between BDS-3 SPP and nominal HEO are shown in Figure 17, and positioning
RMSs are listed in Table 10. For the BDS-3/GPS combination, 3D position error decreased by
6.1% in contrast to BDS-3 only processing. Galileo and GLONASS increased SPP accuracy
by 14.7% compared with dual-GNSS processing mode. The RMSs of code post-fit residuals
were 3.73 m, 5.05 m, 4.8 m and 5.31 m for BDS-3, GPS, BDS-3/GPS and GREC combination,
respectively. A total of 48.5% of the received signals were higher than 30 dB-Hz, which is
6.1% more than the GEO spacecraft. Therefore, lower code noises were derived. We can see
that larger positioning error occurred near apogee; the trend of positioning error followed
the trend of GDOP (Figure 13).

150 Differences between BDS SPP and nominal HEO

—X

! —Y]
100 7

50

Differences[m]
o

-100

-150

0 6 12 18
Time[h]
Figure 17. Differences between BDS SPP and the nominal HEO.

Table 10. RMS of Position with different system combinations.

Position (m) BDS-3 BDS-3/GPS GREC
X 7.4 6.9 6.1
Y 10.3 94 8.1
Z 194 18.2 15.5
3D 23.1 21.7 18.5

3.3.3. Lunar Navigation Performance

Considering the analysis of signal visibility in Section 3.2, all the three position schemes
could not provide continuous position solutions with the threshold of 20 dB-Hz. Therefore,
we only considered observations with a 15 dB-Hz threshold here. The differences of GREC
SPP and nominal lunar trajectory are shown in Figure 18. We can see that very large
positioning errors occurred near the end of the trajectory. RMSs in Table 11 show that the
3D position error of BDS-3/GPS combination decreased by 34.0% in contrast to BDS-3
only. This benefited from the significantly improved signal geometry. Positioning errors
of the X and Y component were much larger than that of the Z component. A possible
explanation for the smaller Z component was due to the high constraint in cross and
along direction; the Z component was consistent with the cross direction [36]. When more
systems were included, SPP accuracy only increased by 9.0% compared with the BDS-
3/GPS combination. Figure 15 shows that GDOPs of GREC were only slightly smaller than
that of the BDS-3/GPS combination. Therefore, a significant improvement in SPP accuracy
could not be realized. The RMSs of code post-fit residuals were 5.65 m, 6.79 m, 6.99 m,
and 6.86 m for BDS-3, GPS, BDS-3/GPS, and GREC combination, respectively. Among the
observations, 42.3% of the received signals were below 20 dB-Hz and 84.4% were below
30 dB-Hz, resulting in higher code noise than the GEO and HEO spacecraft.
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Diffg&ences between GREC SPP and nominal lunar trajectory (15 dB-Hz)
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Figure 18. Differences between GREC SPP and the nominal lunar trajectory.

Table 11. RMS of Position with different system combinations.

Position (km) BDS-3 BDS-3/GPS GREC
X 2419 2.053 1.779
Y 3.540 2.016 1.914
Z 0.471 0.291 0.276
3D 4.313 2.892 2.628

4. Discussion

Our results show that space users benefit from multi-GNSS considerably, especially for
users that are far away from the Earth. Therefore, developing interoperable multi-GNSS is
important. Different from terrestrial uses, GNSS antenna patterns play an important role in
spacecraft positioning since sidelobe signals are mostly received. Until now, only antenna
patterns of GPS Block IIR, IIR-M, IIF, and IIA were published. Research regarding BDS-3 and
Galileo antenna patterns can be found in [9,30]; however, the data are unavailable. Great
progress could be made once these data are published. More accurate simulation results
can be provided and better suggestions regarding spaceborne receiver design could be
proposed. In addition to these global positioning systems, navigation performances could
be further improved once regional satellite navigation systems, such as the quasi-zenith
satellite system (QZSS) from Japan, navigation with Indian constellation (NavIC) from
India, and Korea Positioning System (KPS) from South Korea are used. These abundant
signals will help with GNSS-based spacecraft positioning at even further distances such as
halo orbits near the Earth-moon Lagrange points, contributing to deep space exploration.

5. Conclusions

To explore the navigation performance of BDS-3 and the contribution of multi-GNSS,
pseudorange observations were simulated for three classical types of orbits, including GEO,
HEO and lunar trajectory. Based on available GNSS transmitter antenna pattern and two
receivers in nadir and zenith direction, C/NO were calculated in order to determine the
visible satellites. Number of observations show that 92.4%, 86.5% and 86.8% of the received
signals are sidelobe signals for GEO, HEO and lunar trajectory, respectively (The GEO
and HEO spacecraft were evaluated with a threshold of 20 dB-Hz and lunar probe with
15 dB-Hz). Even BDS-3 only can ensure a continuous navigation solution for GEO and
HEO. On the other hand, to ensure a continuous navigation solution for a lunar probe, it
was necessary to combine BDS-3 with GPS or other GNSS systems, with a receiver threshold
of 15 dB-Hz. All three space vehicles received more BDS-3 signals, owing to the GEO and
IGSO satellites. Meanwhile, Galileo provided more visible satellites than GLONASS due to
the smaller Earth block angle. With only BDS-3 signals considered, mean visible satellites
were 25.4 and 22.9 for the GEO and HEO spacecraft, respectively, yielding mean GDOP
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of 3.4 and 3.6. Combining GPS with BDS-3, the positioning accuracy increased by 18.6%
and 6.1%. For the lunar probe, signal geometry was less optimistic. All the combinations
cannot provide a continuous navigation solution with a receiver threshold of 20 dB-Hz.
The best signal geometry was provided by the GREC combination, which produced a max
GDOP of 3392 when receiver sensitivity was 15 dB-Hz.

Our investigation indicates that BDS-3 is capable of providing good navigation perfor-
mance for the GEO and HEO spacecraft. For lunar missions, the SPP accuracy delivered
by GREC combination was rather poor, even with 15 dB-Hz receiver thresholds. Signifi-
cant improvements on SPP accuracy are hard to realize due to the high GDOP; therefore,
a software receiver with an orbital filter or GNSS/INS/Star tracker integration may be
necessary for lunar missions. Last but not least, the lunar mission discussed in this paper
only covered the trajectory that moved from the Earth to the Moon. The realistic lunar
mission included lunar orbits, final descent, and landing phase, which may require other
navigation sensors or lunar navigation infrastructure; it is an interesting topic to investigate
in the future.
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