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Abstract: The advancements of Earth observations, remote sensing, communications and navigation
augmentation based on low Earth orbit (LEO) platforms present strong requirements for accurate,
real-time and autonomous navigation of LEO satellites. Precise onboard real-time orbit determination
(RTOD) using the space-borne data of multiple global navigation satellite systems (multi-GNSS)
becomes practicable along with the availability of multi-GNSS. We study the onboard RTOD
algorithm and experiments by using America’s Global Positioning System (GPS) and China’s regional
BeiDou Navigation Satellite System (BDS-2) space-borne data of the FengYun-3C satellite. A new
pseudo-ambiguity parameter, which combines the constant phase ambiguity, the orbit and clock
offset error of the GPS/BDS broadcast ephemeris in the line-of-sight (LOS), is defined and estimated
in order to reduce the negative effect of the LOS error on onboard RTOD. The analyses on the
variation of the LOS error in the GPS/BDS broadcast ephemeris indicate that the pseudo-ambiguity
parameter could be modeled as a random walk, and the setting of the power spectral density in
the random walk model decides whether the pseudo-ambiguity can be estimated reasonably and
the LOS error could be reduced or not. For different types of GPS/BDS satellites, the LOS errors
show different variation characteristics, so the power spectral density should be set separately and
differently. A numerical search approach is presented in this paper to find the optimal setting of
the power spectral density for each type of GPS/BDS satellite by a series of tests. Based on the
optimal stochastic model, a 3-dimensional (3D) real-time orbit accuracy of 0.7-2.0 m for position
and 0.7-1.7 mm/s for velocity could be achieved only with dual-frequency BDS measurements and
the broadcast ephemeris, while a notably superior orbit accuracy of 0.3-0.5 m for position and
0.3-0.5 mmy/s for velocity is achievable using dual-frequency GPS/BDS measurements, due to the
absorption effect of the estimated pseudo-ambiguity on the LOS error of the GPS/BDS broadcast
ephemeris. Compared to using GPS-alone data, the GPS/BDS fusion only marginally improves the
onboard RTOD orbit accuracy by about 1-3 cm, but the inclusion of BDS satellites increases the
number of the tracked GNSS satellites and thus speeds up the convergence of the filter. Furthermore,
the GPS/BDS fusion could help suppress the local orbit errors, ensure the orbit accuracy and improve
the reliability and availability of the onboard RTOD when fewer GPS satellites are tracked in some
anomalous arcs.

Keywords: onboard RTOD; pseudo-ambiguity; LOS error; numerical search; optimal stochastic model

1. Introduction

In recent years, along with the continuous development of the high-resolution Earth observations,
remote sensing, communication and navigation based on low Earth orbit (LEO) satellites, real-time,
precise and reliable orbits of LEO platforms are crucial for many space applications, such as altimetry,
gravimetry, synthetic aperture radar (SAR) interferometry, atmospheric sounding or navigation signal
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augmentation [1-3]. Precise onboard real-time orbit determination (RTOD) using the space-borne data
of a global navigation satellite system (GNSS) is recognized as the mainstream navigation technology
for LEO satellites, due to its global coverage, abundant observations and low cost. The onboard RTOD,
as the name implies, is the process of real-time orbit determination completed in the embedded system
onboard satellites. It has no dependence on ground-based tracking assets, and the orbit results are
required to be delivered within minutes, seconds or even a fraction of a second after observations
are made. Although high-precision GNSS orbits and high-rate clocks have been widely used in
post-processing precise orbit determination (POD), they are not always available in real time for LEO
satellites. Therefore, in general, only the GNSS broadcast ephemeris is available for the onboard RTOD
due to its real-time and autonomous requirements.

Over the past 30 years, the onboard RTOD using the space-borne data of America’s Global
Positioning System (GPS) has been in continuous developments and applied to many LEO satellites.
The Goddard Space Flight Center (GSFC) began research on the onboard RTOD algorithm and
developed the GPS Enhanced Orbit Determination Experiment (GEODE) space flight navigation
software in the 1990s [4]. The 3-dimensional (3D) position and velocity accuracies of the onboard RTOD
using dual-frequency GPS pseudo-range measurements were about 7.8 m and 5.9 mm/s, respectively,
when applied to process the space-borne data of the TOPEX satellite collected in the absence of selective
availability (SA) [5]. The position accuracy was improved to 1.0 m when using SA-free data after
Goldstein’s updates to the algorithm of GEODE [6]. NASA’s Jet Propulsion Laboratory (JPL) also
developed the Real-Time GIPSY (RTG) software for the onboard RTOD, and the orbit results with
a position accuracy of 1.5 m were obtained when RTG was applied to process the dual-frequency
pseudo-range measurements of the SAC-C satellite [7]. The German Aerospace Center (DLR) developed
a high-precision onboard RTOD algorithm for BIRD, X-SAT, SunSat and PROBA-2 satellites [8-11].
Tests demonstrated that the onboard RTOD could provide real-time navigation accuracy at the
1.0 m level. Montenbruck et al. [12] were the first to present the onboard RTOD algorithm using
GPS carrier-phase measurements. A series of experiments were made on various LEO satellites,
such as CHAMP, GRACE, TerraSAR-X, ICESat, SAC-C and MetOp, and the tests demonstrated
that a real-time position accuracy of about 0.5 m was feasible with dual-frequency carrier-phase
measurements. A detailed study into the error sources for the onboard RTOD was also conducted in
our past research [13-16], which revealed that the orbit and clock offset errors of the GPS broadcast
ephemeris in the line-of-sight (LOS) are the main factors in restricting the accuracy improvement
of onboard RTOD. Therefore, a new RTOD method was presented, where a large part of the LOS
error could be absorbed into a new estimated parameter, named pseudo-ambiguity, which combines
the phase ambiguity, the orbit and clock offset errors of the GPS broadcast ephemeris together [15].
The experiments of processing real data of China’s HY2A and ZY3 satellites demonstrated that the
position and velocity accuracies of 0.3-0.5 m and 0.3-0.5 mm/s, respectively, were achieved using
dual-frequency GPS carrier phases [16].

For most LEO satellites, only space-borne GPS observations are available, so the research
and experiments of the onboard RTOD in the past were usually based on GPS measurements.
With the construction and development of other GNSSs such as China’s BeiDou Navigation Satellite
System (BDS) [17], Russia’s Global Navigation Satellite System (GLONASS) [18] and Europe’s Galileo
Navigation Satellite System (Galileo) [19], the onboard RTOD based on multiple GNSS (multi-GNSS)
integration has become possible. BDS, the global navigation system developed by China, provides
an additional data source to the LEO orbit determination. A few Chinese LEO satellites, such as
FengYun-3C [20], are equipped with the GPS/BDS receivers. The FengYun-3C satellite, a Chinese
meteorological satellite launched in 2013, was equipped with a GNSS occultation sounder (GNOS)
instrument which could provide dual-frequency pseudo-range and carrier-phase data of GPS and the
earlier regional BDS (BDS-2). It should be noted that the global BDS (BDS-3) was not available at that
time, and the GNOS was designed only to track BDS-2 satellites, as well as GPS satellites; nevertheless,
post-POD processing of the FengYun-3C satellite using GPS and BDS-2 measurements has been carried
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out, and high-precision orbit results at centimeter level have been obtained [21,22]. Hence, this paper
focuses on the onboard RTOD algorithm and experiments for processing the space-borne GPS and
BDS-2 data of the FengYun-3C satellite. In order to achieve decimeter precision, the solution using both
high-precision carrier-phase and pseudo-range data, the same as the algorithm presented occasionally
in previous literature [12-16], is still adopted, where the pseudo-ambiguity parameter combining the
phase ambiguity, the orbit and clock offset errors of the GNSS broadcast ephemeris in the line-of-sight
(LOS) together is defined for each visible GNSS satellite, and estimated to absorb a large part of
the LOS error [15,16]. Obviously, the stochastic modeling of pseudo-ambiguity decides whether it
can be estimated reasonably and the LOS error could be absorbed effectively or not. Along with
the use of multi-GNSS data, it is very important to obtain the optimal stochastic models of the
pseudo-ambiguity for different types of GNSS satellites whose broadcast ephemeris error may show
different variation characteristics. Therefore, this paper first analyzes the variation characteristics of the
LOS error for different GNSS satellites in-depth, including the GPS satellites and the BDS satellites on
the geosynchronous, inclined geosynchronous and medium Earth orbits (GEO/IGSO/MEO), and then
derives out the reasonable stochastic model of the pseudo-ambiguity. A numerical search approach
is presented to find the optimal stochastic model setting for each type of these GNSS satellites.
Furthermore, the analysis on the model optimization will be performed in detail, and a series of
discussion will be conducted which presents the effect of the pseudo-ambiguity with optimal modeling
on the onboard RTOD. In addition, the analyses will be carried out about the effect of GPS/BDS fusion
on the availability of GNSS satellites, orbit accuracy, filter convergence and reliability of the onboard
RTOD. All the onboard RTOD experiments are made with the self-developed software SATPODS
(Space-borne GNSS AuTonomous Precise Orbit Determination Software). The post-high-precision
(24 cm) POD orbits from the PANDA (Positioning and Navigation Data Analyst) software [23] will be
used as a reference for the accuracy assessment of the onboard RTOD results.

In the following section, the basic algorithm of onboard RTOD will be briefly introduced first,
including the dynamical models, GNSS measurements and parameter estimation equation. Secondly,
the orbit and clock offset error in the line-of-sight (LOS) caused by the GPS/BDS broadcast ephemeris
will be analyzed in-depth, followed by the stochastic modeling of the pseudo-ambiguity parameter.
Then, a numerical search approach will be presented and tested to find the optimal setting of the
stochastic model of pseudo-ambiguity. Afterward, based on the onboard RTOD experiment results
with the optimal stochastic model, the absorption effect of the estimated pseudo-ambiguity on the
LOS error in the GPS/BDS broadcast ephemeris will be discussed and analyzed in-depth, as well as
the impact of GPS/BDS fusion on the onboard RTOD. Finally, some summarized discussions and
conclusions are made.

2. Basic Onboard RTOD Algorithm

The onboard RTOD algorithm integrates the dynamical models and GNSS observations to make
an optimal estimation of the satellite orbit along with the process noise adjusting the quality of
force models. Considering the limited computation capability of onboard satellite processers and
the real-time and autonomous requirements, the algorithm deserves special care in some aspects,
including the simplification of dynamical models, construction of observation solutions and stochastic
modeling of estimated parameters.

2.1. Dynamical Models

The equations of the motion of an LEO satellite can be expressed as [24]

i = f(r,1,p) (1)

where (r, I, r) are the position, velocity and acceleration vectors of the satellite in a geocentric inertial
coordinate frame, respectively, and p represents other parameters in the force models. The total
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forces of the satellite include the gravity of Earth, lunisolar gravitational perturbation, solid earth
tide, atmospheric drag, solar radiation pressure and so on. However, not all perturbations should
be considered in onboard RTOD processing, and some force models must be simplified or neglected
because of the computation capacity limit of the space-borne processor. So, three empirical accelerations
in radial, tangential and normal directions (eg, er, eny) modeled by a first-order Gauss-Markov process
are estimated in the Kalman filter to compensate those unmodeled perturbation errors. The drag and
radiation coefficients (C,4, C,) will also be estimated as scaling factors to account for the inaccuracy of
atmosphere drag and solar radiation pressure models. Detailed settings about the dynamical models
will be described in the onboard RTOD strategies.
In summary, the estimated dynamical parameters in onboard RTOD processing are usually
p = (er er,en,Cy,Cr), and the state vector of an LEO satellite can be expressed as X = [r, I, p].
Following Equation (1), the first-order differential equation of the state vector X can be formed
easily [24]:
X =F(X) +uy )

where F(-) represents the explicit function and uy is considered as the white noise. According to
Equation (2), the discrete state propagation equation can be derived out easily [24]:

X = @(Xj_1) + Wi 3)

where X denotes the state vector at epoch t;, Wy is considered as the white noise and ®(-) represents
the implicit state transition function. The detailed computation of the state propagation equation is
well documented in the literature [25,26].

2.2. GNSS Measurements

The dual-frequency GPS/BDS receiver onboard LEO satellites can provide the dual-frequency
pseudo-range (Cy,P;) and carrier-phase measurements (Lq,Lp), so the ionosphere-free linear
combinations of two basic pseudo-range and carrier-phase measurements are usually considered to
eliminate the ionospheric error [27]:

{ Pc=[T-r—r|+c-(6r —8%) + (dp — cdd) + €p, @
Le=|T-r=r|+c-(6r —06") + (dp —cdd) + B+ e[

where T denotes the transformation matrix from the inertial system, in which the LEO satellite orbit is
determined, to the Earth-fixed system, Or represents the clock offsets of the receiver, r* and 6* denote
the orbit and clock offset of the GNSS satellite that are calculated by using its broadcast ephemeris and
c is the speed of light in vacuum. The bias B represents the combined ambiguities of two carrier phases,
and ¢p. and ¢1 . are the pseudo-range and carrier-phase measurement noises, respectively. Obviously,
IT - r—r*| is the inaccurate geometric range between the LEO and GNSS satellite that are computed
by using the GNSS broadcast orbit 1*, so dp is set as the range error in the line-of-sight (LOS) caused
by the orbit error of the GNSS broadcast ephemeris. Similarly, do is set as the clock offset error of the
GNSSS broadcast ephemeris, so 0* + do represents the precise or true clock offset. Therefore, the term
dp — cdb can be treated as the total LOS error caused by the GNSS broadcast ephemeris. It is obvious
that the LOS error is unknown if only the GNSS broadcast ephemeris is available, and it is also difficult
to correct or eliminate this unknown error. Without appropriate processing, the LOS error of the GNSS
broadcast ephemeris would result in less accurate orbit results.

In the embedded RTOD solution capable of processing carrier-phase and pseudo-range
measurements, the phase ambiguity parameter B must be estimated because of the use of carrier
phases. Furthermore, the unknown LOS error should be modeled and estimated in the Kalman filter
to reduce its influence [14]. If the LOS error is estimated, too, according to Equation (4), the LOS
error and ambiguity parameter are coupled and can be combined as one parameter. So, a new
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parameter that accounts for the LOS error dp — cdd and the ambiguity B is defined, which is called the
“pseudo-ambiguity” [15]. The pseudo-ambiguity A and the observation equation can be improved
as [15]
A= (dp—cdd)+B
Le=r—1|+c- (0r —0") + A+ er, (5)
Pc=lr—1|+c-(6g —0*) + (dp—Cd(S) + €pc

where it should be noted that the pseudo-range measurement P is not related to the pseudo-ambiguity
A. All pseudo-ambiguities can be set as a vector a = (A1, Ay, ..., A,), where n denotes the number of
tracked GNSS satellites. Then, the state vector of an LEO satellite expands to X = [r, r,p,h, a], where h

is the receiver clock parameters, including the clock offset Og, the clock rate 6g and the system bias u
between GPS and BDS if the GPS/BDS data are processed in fusion. The pseudo-range measurement P
cannot be used to update the state X in the Kalman filter directly. Therefore, the observation equation
can be expressed as [15]

LC:|1‘—I'*|—|-C-(5R—(3*)+A—|-€LC:>LC:Z(X)+€LC 6)

where [(-) denotes the related function between the carrier-phase measurement L¢ and the state vector
X. If the pseudo-ambiguity is estimated with a reasonable stochastic model, the effect of the LOS error
can be reduced, and then the accuracy of the onboard RTOD can be improved significantly. Obviously,
it is very important to model the variation characteristics of the pseudo-ambiguity correctly.

2.3. Parameter Estimation

In total, the state vector of the LEO satellite can be listed as X = [r, r,p,h, a]. Based on the state
propagation Equation (3) and GNSS observation Equation (6), the Kalman filter equation can be set up
easily [24]:

X = @ (Xe-1) + Wi
_ @)
Yi = H(Xk-1) + Vi

where Y; denotes the measurement vector, ®(-) and H(-) represent the dynamical and observation
equations, respectively, Wy is the process noise, which is usually treated as the white noise, but for
different to-be-estimated parameters, the variance is set differently, and Vy is the error of measurements.
It should be noted that, of all parameters, the first-order Gauss—Markov random process is used to
describe the state propagation of three empirical accelerations, and the coefficients of atmosphere
drag and solar radiation pressure are modeled by two random walk processes. Furthermore, each
pseudo-ambiguity should be represented by a reasonable stochastic model, too.

The dynamical and observation equations are highly non-linear. Thus, the extended Kalman filter
is used to estimate the unknown parameters. The unified formula of the extended Kalman filter can be
derived out [24]:

+ X "
Xi = q)<xk—1> + X (Xk—l - Xk—l) Twe { Xp = Qrr-1Xk-1 + Wi ®)
* Y * _

Y = H(X;) + 555 (X = X;) + o Yi = hixe + o
where Yy is the measurement vector, ®(-) and H(-) represent the dynamical and observation functions,
respectively, and wy is the process noise, which is usually treated as the white noise but with different
variances for different to-be-estimated parameters. The linearization is based on the nominal filter
state X', at the epoch #;_1, which usually adopts the estimated state X;_1 to reduce the linearization
error. X; = CD(X;_l) is the one-step predicted state from epoch t_; — t. Pri—1 = IXi/9IX_q is the
state transition matrix. Both X' and ¢ x-1 are computed by numerical integration. x; = X — X is
the estimated correction of the filter state X relative to the predicted state X;. H (X;) is the computed

measurements and y;, = Y, — H| (X}:) is the prior residuals equal to the observed measurements minus
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computed measurements. hy is the design matrix, also known as the observation matrix and vy is the
observation error. The detailed linearization formulas and the proceeding of the extended Kalman
filter are well documented in the literature [25,26].

3. Pseudo-Ambiguity Optimal Stochastic Modeling

A reasonable stochastic model of the pseudo-ambiguity parameter is crucial to the absorption
of the LOS error in the GNSS broadcast ephemeris [14,15]. In the following section, the variation
characteristics of the LOS error will be first analyzed in-depth for different GPS/BDS satellites, and then
the optimal stochastic modeling of the pseudo-ambiguity will be elaborated in detail.

3.1. Pseudo-Ambiguity Modeling

According to the definition in Equations (4) and (5), the pseudo-ambiguity consists of two parts:
the true ambiguity B and the LOS error dp — cd6. The true ambiguity B is constant by its nature
during uninterrupted signal tracking, so the stochastic model of the pseudo-ambiguity depends on
the variation characteristic of the LOS error. From the definition, the LOS error is related to both the
transmitter (GNSS) and receiver (LEO). Several Analysis Centers (ACs) of the International GNSS
Service (IGS) have released the high-precision GNSS orbit and clock products with the accuracy at
centimeter level, which is two orders of magnitude higher than that of the GNSS broadcast ephemeris
at meter level [28]. Taking the FengYun-3C satellite as the example, precise GNSS ephemeris products
released by the German Geosciences Research Center (GFZ) are used as references to compute and
assess the LOS error caused by the GPS/BDS broadcast ephemeris. Due to the extremely high accuracy,
the use of the precise GNSS ephemeris from other recognized IGS ACs will result in the same analysis
and assessment results.

In consideration of different types of GPS/BDS satellites on different orbits, sub-graphs (a), (b), (c)
and (d) of Figure 1 show the LOS errors of the four types of GPS/BDS satellites on day of year (DOY)
71, 2015. The thick lines represent the GPS or BDS satellites being tracked, and the intervals between
consecutive lines indicate that the GPS/BDS satellite is not visible. Only for the tracking arc, the LOS
error can be computed. The main property of the LOS error is that the LOS error in most tracking
arcs is smooth and slowly changing regardless of the type of GPS/BDS satellite. In sub-graphs (a) and
(b), the LOS error curves of two GPS satellites, GO1 and G02, are displayed, and it is seen clearly that,
whether being G01 or G02, the LOS error has the main property. Similarly, for C02 and C03 of BDS
GEO, C10 and C09 of BDS IGSO and C14 and C12 of BDS MEQ, the property holds. However, it cannot
be ignored that there is a jump for some arcs. The second tracking arc of GO01, the first one of C02,
the third one of C10 and the seventh of C14 are zoomed in and showed in sub-graph (c), while the
third one of G02, the second one of C03, the second one of C09 and the fourth of C12 are shown in
sub-graph (d). As can be observed more clearly, for the C10, C12 and C14 satellites, the curves of the
LOS errors are discontinuous and the jumps appear. This phenomenon was called the “ephemeris
switch”. The reason for the jump is that the GNSS broadcast ephemeris is released every one or two
hours and the orbit error has a jumping change when a new ephemeris is used. Since two satellites in
a type (e.g., GPS or BDS MEO) of GNSS satellite have nearly the same error property, it is therefore
reasonable to only choose G01, C02, C10 and C14, respectively, to represent GPS, BDS GEO, BDS IGSO
and BDS MEO in the following analysis. In fact, choosing other satellites would result in almost the
same conclusion.

On the basis of the practical analysis in the above, the random walk process is used to represent
the pseudo-ambiguity in a tracking arc. For the epoch with the ephemeris switch, the sudden jump
of the LOS error can be modeled by enlarging the variance of the corresponding pseudo-ambiguity
additionally. For one pseudo-ambiguity A, the random walk process can be expressed by a differential
equation and the state propagation can be derived out easily [29]:

A=u= A = A +wp, Q = D(wy) = o®At ©)
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where u is a white noise, 02 is the power spectral density of the process noise, At is the epoch interval
and Ay represents the pseudo-ambiguity at the epoch t;. wy is considered as white noise and Qi = o?At
is the variance of wy.
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Figure 1. Line-of-sight (LOS) errors of the Global Positioning System (GPS)/BeiDou Navigation Satellite
System (BDS) satellites: (a) the LOS error curves of GPS (G01), geosynchronous Earth orbit (GEO) (C02),
inclined geosynchronous Earth orbit (IGSO) (C10) and medium Earth orbit (MEO) (C14) satellites of
BDS on DOY 71, 2015; (b) the LOS error curves of GPS (G02), GEO (C03), IGSO (C09) and MEO (C12)
satellites of BDS on DOY 71, 2015; (c) the LOS error curves of the 2nd tracking arc of G01, the 1st one
of C02, the 3rd one of C10 and the 7th of C14; (d) the LOS error curves of the 3rd tracking arc of G02,
the 2nd one of C03, the 2nd one of C09 and the 4th of C12.

3.2. Stochastic Model Setting

Obviously, the power spectral density 2 is an essential parameter for the stochastic model of
the pseudo-ambiguity. The setting of 0> decides whether the pseudo-ambiguity can be estimated
reasonably and the LOS error could be reduced or not. If 67 is too small, the pseudo-ambiguity will
degenerate to a constant phase ambiguity, which means the LOS error can be estimated and absorbed.
Conversely, if 02 is too large, the constraint on the pseudo-ambiguity will be too loose, which means
other errors may be absorbed into the estimated pseudo-ambiguity. All in all then, the inappropriate
02 is harmful to the absorption of the LOS error, and then leads to the decrease in the RTOD accuracy.
In theory, the variance of wy depends on the variation of the LOS error. Within a tracking arc, the power
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spectral density 0> could be set based on the change rate v of the true LOS error. An approximate
relation between the change rate v and the power spectral density o> can be derived easily:

Qr = 0%At
{ Qkk% (vAt)2 = 02 ~ VAL (10)

The root mean square (RMS) statistics of the change rate v for different GPS/BDS satellites on
DOY 69-75, 2015, and the relevant power spectral density 02 with the epoch interval of 30s (At = 30s)
are listed in Table 1. The statistics values of (v, 02) for different types of GNSS satellites are different,
and for BDS satellites they are larger than that of GPS satellites. In addition, the change rates of BDS
IGSO satellites are close to that of BDS MEO satellites. Obviously, in order to reduce the LOS error
effectively, it ought to be set appropriately and differently for different types of GNSS satellites.

Table 1. The statistics of the change rate v and power spectral density 0> on DOY 69-75, 2015.

Satellite v (m/s) 6% (m?/s)
GPS 0.958 x 1073 2.753 x 107°
BDS 1.720 x 1073 8.875 x 10™°
BDS GEO 1.986 x 1073 1.183 x 1074
BDS IGSO 1.472 x 1073 6.500 x 10~°
BDS MEO 1.263 x 1073 4786 x 107>
BDS IGSO/MEO 1.373 x 1073 5.655 x 107°

However, it should be noted that the statistics value in Table 1 is not necessarily the optimal
setting for the onboard RTOD. Therefore, a numerical search approach is adopted here to obtain the
optimal setting of 0. The procedure of this approach is actually a series of numerical tests. First, the
change rate v varies step by step around the statistics value. Thus, the relevant power spectral density
02 will also change gradually. With the power spectral density o of different values, the corresponding
onboard RTOD tests are carried out, and then the 02 value resulting in the best orbit accuracy will be

regarded as the optimal setting. Obviously, the optimal settings of three 0> parameters (O'ZG, o%g, U%im

should be searched separately for three types of GNSS satellites, namely GPS, BDS GEO and BDS
IGSO/MEQO satellites. According to Table 1, the statistics value of the change rate v of the LOS error

for different GNSS satellites is about 1.0 x 107-2.0 x 10~ m/s, so the values of three parameters

(aé, U%g, oé.m) are set to be ranging from 107-10"! m?/s along with the variation of change rate v in

the interval of 1.0 X 107°-7.5 x 10~ m/s. In total, 20 sets of values are tested, which are listed in Table 2
and marked as S01-520 for convenient expression in the following.

Table 2. The values and corresponding marks of (v, 02).

Mark v (m/s) 02 (m?/s) Mark v (m/s) o2 (m?/s)
S01 1.0x 107> 3.000 x 10~ S11 5.0x 1073 7.500 x 104
S02 25x% 107 1.875 x 1078 S12 7.5x% 1073 1.688 x 1073
S03 5.0x 1075 7.500 x 1078 513 1.0 x 1072 3.000 x 1073
S04 7.5x 107 1.688 x 10~/ S14 2.5 %1072 1.875 x 1072
S05 1.0 x 1074 3.000 x 1077 S15 5.0 x 1072 7.500 x 1072
S06 25x%x104 1.875 x 1076 S16 7.5 x 1072 1.688 x 1071
S07 50x 1074 7.500 x 1076 S17 1.0 x 1071 3.000 x 1071
S08 75x107* 1.688 x 105 518 2.5x%x 1071 1.875 x 100
S09 1.0x 1073 3.000 x 107> S19 5.0 x 1071 7.500 x 10°

S10 25%1073 1.875 x 1074 S20 7.5 % 107! 1.688 x 101
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4. Orbit Results Analysis

A series of numerical tests will be carried out to search the optimal setting of the stochastic
model of the pseudo-ambiguity parameter for each type of GPS/BDS satellite. Based on the onboard
RTOD test results with the optimal stochastic model of pseudo-ambiguity, the absorption effect of
the estimated pseudo-ambiguity on the LOS error in the GNSS broadcast ephemeris will be analyzed
in-depth. At the same time, the analyses will be performed on the impact of GPS/BDS fusion on the
availability of GNSS satellites, orbit accuracy, filter convergence and reliability of the onboard RTOD.
In addition, it should be noted that the space-borne GPS/BDS data of the FengYun-3C satellite are not
publicly available for users, and the data we can use are limited, so only three datasets that cover from
DOY 69, 2015, through DOY 75, 2015, from DOY 33, 2018, through DOY 39, 2018, and from DOY 275,
2013, through DOY 300, 2013, will be processed by SATPODS to verify the effect of GPS/BDS fusion.
It must be emphasized that the GNSS receiver onboard FengYun-3C can only track GPS satellites and
the GEO, IGSO and MEO satellites of the earlier regional BDS-2, as per the receiver design back to
2013. In other words, the receiver on FengYun-3C is not able to track the operating BDS-3 satellites.
At the same time, the main property of LOS errors caused by the GNSS broadcast ephemeris, shown in
Figure 1, remains unchanged over the time. Therefore, the stochastic models of the pseudo-ambiguity
are applicable to GNSS tracking data in any time, albeit the optimal settings are needed from time
to time, which motivated the research presented in this paper. Hence, it can be inferred that the
developed optimal setting method, which is experimented with these three datasets in 2013, 2015 and
2018, is generally applicable to any data at any other time, as long as the error property of the data is
the same.

4.1. Numerical Search Tests

In the numerical search tests, the datasets of the FengYun-3C satellite that cover from DOY 69, 2015,
through DOY 75, 2015, are processed by SATPODS. The software is capable of simulating the onboard
operation scene. The strategies take the autonomy, timing and accuracy requirements of onboard
RTOD into account. Only the GPS/BDS broadcast ephemeris is used, and the pseudo-ambiguities are
estimated instead of the true constant ambiguities. Then, the dynamical models are simplified to the
maximum extent to reduce the computational load. At the same time, the neglected perturbations,
including the ocean and pole tide, earth radiation and relativistic effect, are small enough and have
no notable effect on the real-time orbit accuracy. In addition, only simplified precession and nutation
models and rapid predicted Earth orientation parameters (EOP) are applied for the transformation
of coordinate systems. All the specific model settings are listed in Table 3. Furthermore, in order to
assess the orbit accuracies from SATPODS, the precise orbit results generated by PANDA are used
as references. The accuracy of the post-POD orbit results generated by PANDA are at the 2—4 cm
level [23], so they can be treated as the reference to assess the real-time orbit accuracy.
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Table 3. Strategies of the onboard real-time orbit determination (RTOD).

Model

Relevant Setting

Measurement model

GNSS data Dual-frequency GPS/BDS carrier-phase and pseudo-range measurements (interval 30s)
GNSS orbit and clock Broadcast ephemeris

Receiver clock A receiver clock offset and a system bias between GPS and BDS

Ambiguity Pseudo-ambiguity with a random walk process

Dynamical model

Earth gravity field EGM 2008 (45 x 45), neglect the time-varying part

N-body gravitation Moon and Sun only, low-precision analytic method (position)

Earth and pole tide Low-precision model, kyg solid only

Ocean and pole tide
Relativistic effects

Atmosphere drag

Solar radiation pressure
Earth radiation pressure

Empirical acceleration

Neglected

Neglected

Modified Harris-Priester model (density), fixed effective area, drag coefficient with a
random walk process

Cannonball model, fixed effective area, radiation pressure coefficient with a random
walk process

Neglected

Three empirical accelerations in radial, along-track and cross with a first-order
Gauss—-Markov model

Reference frame

Coordinate system
Precession and nutation
Earth rotation parameter

WGS84/CGCS2000
T1AU1976/IAU 1980 simplified model
Rapid predicted EOP in IERS Bulletin A

The optimal values of (oé, G% 02, ) will be determined by the onboard RTOD tests with four
g’ Cim

types of solutions: (a) dual-frequency GPS ionosphere-free phase and pseudo-range measurements
are used, and the solution is abbreviated as “GPS-alone”; (b) dual-frequency measurements of GPS
and BDS IGSO/MEO satellites are used, and the solution is shorted as “GPS+BDSN”, where BDSN
means the BDS GEO satellites are not included; (c) the solution using dual-frequency measurements
of GPS and BDS satellites is shorted as “GPS+BDS”; (d) the solution only using BDS dual-frequency
measurements is abbreviated as “BDS-alone”. The orbit accuracy of the onboard RTOD test will change
when the values of 62 vary. The orbit accuracies (3D RMS) of the onboard RTOD trials for the GPS-alone
and GPS+BDSN solutions in DOY 69-75, 2015, are shown in Figure 2, and the results of the GPS+BDS
and BDS-alone solutions are illustrated in Figure 3. As can be observed clearly, the orbit accuracy of the
GPS-alone solution is improved from 1.757 to 0.381 m monotonically when azc increases from S01 to
S11, but the accuracy deteriorates from 0.381 to 2.256 m if aé increases from S11 to 520 continuously. So,
for the GPS-alone solution, 511 is the optimal value of GZG, which corresponds to the best orbit accuracy
of 0.381 m for 3D position. For the GPS+BDSN solution, oé is fixed with 511 being the optimal value of
the GPS-alone solution, but Gé.m varies from S01 to S20. The optimal aém is again S11 with which the
best orbit accuracy of 0.349m is achieved. For the GPS+BDS solution, GZG also takes the optimal value
S11, and both aég and GZCim range from S01 to S20, therefore 400 trials will be conducted. The orbit

accuracies of all 400 trials are shown in 20 curves, where each curve corresponds to a fixed value of aég

and 20 values of ozc. . When (02 02
im Cg’ " Cim

is obtained. Similarly, for the BDS-alone solution, both ozcg and aéim change from S01 to 520, and the

) take the values of (513, S11), the best orbit accuracy of 0.348 m

best accuracy of 0.899 m is achieved when (azcg, G(Zjim) take the value of (512, S09).
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Figure 2. The real-time orbit accuracies for different 02 in the GPS-alone and GPS+BDSN solutions.

Table 4 lists the optimal values of ¢ for the four solutions and the corresponding best orbit
accuracies. In the GPS+BDS solution, the optimal values of o2 for the BDS GEO and IGSO/MEO
satellites are (513, S11). The optimal setting for BDS IGSO/MEO satellites is the same as that of GPS
satellites. The optimal value for BDS IGSO/MEO satellites in the GPS+BDSN solution is also the same
as that in the GPS+BDS solution. This proves the consistency of pseudo-ambiguity stochastic models
for the same types of GNSS satellites. However, if only BDS measurements are used, the optimal

values of (azcg, O%im) are (512, S09), not (513, S11), and a merely inferior orbit accuracy of 1.164 m is
obtained if (513, S11) are adopted. The different optimal values of o2 for BDS satellites in the GPS+BDS
and BDS-alone solutions demonstrate that the stochastic model setting of pseudo-ambiguity not only
depends on its own characteristics but also relates to the measurements in the Kalman filter. In addition,
the optimal setting of pseudo-ambiguity does not match the statistics value of (v, 02) based on the
true LOS error in Table 1 very well. This also illustrates that the optimal setting of the stochastic
model in the filter seems to be correlated with multiple factors, such as the characteristics of estimated
parameters, the measurement errors, data distribution and so on.
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Figure 3. The real-time orbit accuracies for different 02 in the GPS+BDS and BDS-alone solutions.
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Table 4. The optimal values of 6> and the corresponding orbit accuracies.

Orbit A
Solutions O'é Gég o%im rbit Accuracy (m)
R A C 3D
GPS-alone S11 - - 0.122 0.337 0.130 0.381
GPS+BDSN  S11 - S11 0.111 0.309 0.119 0.349

GPS+BDS S11 513 S11 0.110 0.308 0.118 0.348

- S12 S09 0.264 0.771 0.379 0.899
- 513 S11 0.342 0.998 0.491 1.164

BDS-alone

4.2. Effect of Pseudo-Ambiguity

The numerical search tests indicate that the real-time orbit accuracy (3D RMS) of superior to
0.4 m for position could be achievable with the optimal stochastic model of pseudo-ambiguity in the
GPS + BDS solution, which is much better than not only the accuracy of 1.0 m level in the solution
of using single pseudo-range data [25] but also that of those GPS + BDS solutions with an inferior
stochastic model setting. One reason for the accuracy improvement is that the measurement noise of
carrier-phase data is very low. More importantly, the estimated pseudo-ambiguities absorb a large part
of the LOS error caused by the GNSS broadcast ephemeris. Figure 4 shows the original true LOS error
and the estimated LOS error fused in the pseudo-ambiguity of G01/C02/C10/C14 satellites on DOY
71, 2015. To separate the estimated LOS error from the pseudo-ambiguity, the true ambiguity in the
pseudo-ambiguity is computed by the post-POD. As can be seen clearly, the two LOS error curves in
sub-graph (a) present the same trend, indicating that the LOS error caused by the GNSS broadcast
ephemeris is well absorbed through the estimate of the pseudo-ambiguity. The two LOS error curves
in several special tracking arcs as shown in Figure 1 are also zoomed in and presented in sub-graph (b).
Obviously, the LOS errors for both GPS and BDS satellites are well absorbed. Even though there is
an ephemeris switch for the latter two arcs, the LOS errors are still well estimated due to enlarging
the variance of the corresponding pseudo-ambiguity. All results demonstrate that the estimated
pseudo-ambiguity can absorb the LOS error and improve the real-time orbit accuracy effectively.

Figure 5 shows the overall statistics of the original LOS errors and the residuals after
pseudo-ambiguity estimation for each type of GPS/BDS satellite at DOY 69-75, 2015. As can be
observed, the original LOS error statistic (RMS) of GPS satellites is 0.869 m and most of the LOS
errors are absorbed into the estimated pseudo-ambiguity parameters, so the residual LOS errors are
reduced to 0.236 m. The original LOS errors of BDS satellites are up to 3-5 m, which is caused by the
poor orbit and clock accuracy of the BDS broadcast ephemeris, and the different reference clock in
the broadcast ephemeris and GFZ'’s precise clock products. Although the difference of the reference
clocks is not excluded in the original LOS errors, it integrates into the estimated receiver clock and has
no effects on the absorption of the pseudo-ambiguity. According to the statistics, the residual LOS
errors of all BDS satellites are only 0.197 m, of which 0.172 m for GEO and 0.207 m for IGSO/MEO
satellites. The reason for the slightly smaller residual LOS error of BDS satellites compared to that of
GPS satellites is probably that the BDS measurements do not play a leading role for the GPS/BDS fusion
solution. When GPS measurements are used, other estimated common parameters such as position
and receiver clock are constrained tightly. Thus, with the constrained common parameters, the LOS
error could be absorbed into the estimated pseudo-ambiguities of BDS satellites more effectively once
BDS measurements are added. As a whole, the residual LOS errors of GPS/BDS satellites are reduced
to the 0.2 m level due to the absorption effect of the pseudo-ambiguity, which is a contributing factor to
the orbit results with the accuracy of 0.348 m for the GPS + BDS solution.
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Figure 4. Comparison of the original true and estimated LOS errors: (a) the LOS errors caused by
the broadcast ephemeris and estimated in pseudo-ambiguity on DOY 71, 2015; (b) the original and
estimated LOS errors in a tracking arc.

[ Original LOS Error
I Residual LOS Error

a o

N w L
I 1 1

LOS Error Statistics (RMS) [m]

o
|

GPS BDS GEO IGSO MEOIGSO/MEO
Satellite Type

Figure 5. Comparison of original and residual LOS errors statistics.

4.3. Impact of GPS/BDS Fusion

The most intuitive difference of different GPS/BDS fusion solutions is reflected in the number of
tracked GNSS satellites, which is shown in Figure 6. For the GPS/BDS receiver onboard the FengYun-3C
satellite, only the BDS-2 regional navigation system could be tracked. Thus, it can only observe four-six
BDS satellites in the Asia/Pacific region and less than four satellites in other regions for the BDS-alone
solution. GPS is a global navigation system with full operational capability, so more than four GPS
satellites can be tracked by FengYun-3C in most places of the world. Compared to the GPS-alone or
BDS-alone solution, the GPS + BDSN and GPS+BDS solutions increase the number of tracked GNSS
satellites notably, especially in the Asia/Pacific region where GEO/IGSO satellites of BDS are tracked
easily and two-six BDS satellites are added.

One should note that the increase in the number of tracked GNSS satellites does not mean the
same increase for the real-time orbit accuracy. The daily position and velocity accuracies (3D RMS)
with four GPS/BDS fusion solutions at DOY 69-75, 2015, DOY 33-39, 2018, and DOY 275-300, 2013,
are shown in Figure 7, respectively. The label “All” is for the whole interval. According to sub-graphs
(a) and (b), if only using BDS measurements, due to a few tracked BDS satellites and the obvious orbit
and clock errors caused by the BDS broadcast ephemeris, the daily orbit accuracy is between 0.7 and
2.0 m for position and 0.7 and 1.7 mm/s for velocity. If only using GPS measurements, the daily orbit
accuracy is improved dramatically by 0.3-0.5 m for position and 0.3-0.5 mm/s for velocity. Obviously,
the orbit accuracy of using GPS-alone data is fairly superior to that of using BDS-alone data. However,
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the orbit accuracies of GPS + BDSN and GPS + BDS solutions are only slightly better than those of using
GPS-alone data. For example, the overall 3D position accuracies of using GPS measurements at DOY
69-75, 2015, and DOY 33-38, 2018, are 0.381 and 0.392 m, while those of using GPS + BDS measurements
are 0.348 and 0.363 m, which are only improved by 3.3 and 2.9 cm, respectively. The same conclusion
can also be obtained from the orbit accuracy comparisons at DOY 275-300, 2013, as shown in sub-graph
(c). The overall position accuracy in the whole 26-day interval for the GPS-alone and GPS + BDS
solutions is 0.440 and 0.430 m, respectively, where the accuracy is only marginally better by 1.0 cm.
The daily results demonstrate that the inclusion of BDS measurements could only slightly improve
the accuracy by 1-3 cm, and if GPS measurements have been already used, the BDS measurements
do not play a major role in the GPS/BDS fusion solutions. In addition, it should be noted that the
difference between the GPS + BDSN and GPS + BDS solutions is also small. This indicates that there is
no obvious orbit accuracy degradation or improvement, no matter whether BDS GEO satellites are
involved or not.

The small increase seems to be of little significance or even meaningless from the view of accuracy,
but the fusion of GPS/BDS data is able to speed up the convergence of the Kalman filter. Figure 8
shows the 3D position error curves of the four GPS/BDS fusion solutions at the convergent stage
of the filter. If only using BDS measurements, the filter needs about 4 h for the position error to
converge to less than 1.0 m, and it requires about 1 h to converge to 1.0 m when only using GPS
measurements, while the convergent time decreases dramatically to 0.5 h for the GPS/BDS fusion
solutions. More importantly, the main advantage of the GPS/BDS fusion is not the orbit accuracy
improvement or shortened convergence time, but the improved reliability of the onboard RTOD.
Figure 9 shows the position errors of the GPS-alone and GPS + BDS solutions and the corresponding
number of the tracked GPS and BDS satellites at DOY 297, 2013. In an abnormal arc that covers 14-20 h,
only two-six with an average of 2.8 GPS satellites are tracked. Thus, the position error of the GPS-alone
solution is up to 3.0 m. The inclusion of BDS satellites increases the number of tracked GNSS satellites
to 2-12 and an average of 5.2. The position error is suppressed to less than 1.5 m dramatically. It is
obvious that the GPS + BDS solution guarantees the orbit accuracy in the anomalous arc. Although the
anomalous arcs may not occur often, it can be generally concluded that the GPS/BDS fusion improves
the reliability and availability of orbit results.
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Figure 6. Number of tracked GPS/BDS satellites: (a) BDS-alone; (b) GPS-alone; (c) GPS and BDS
IGSO/MEO fusion; (d) GPS and BDS fusion.
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at DOY 275-300, 2013.
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Figure 9. Position errors of GPS-alone and GPS/BDS fusion solutions and the number of tracked global
navigation satellite system (GNSS) satellites on DOY 297, 2013.

5. Application Prospect Discussion

A numerical search approach is presented in this paper to acquire the optimal setting of the
power spectral density for the estimated pseudo-ambiguity parameters of different types of GNSS
satellites. With the optimal setting, the real-time orbit accuracies (3D RMS) of 0.3-0.5 m for position and
0.3-0.5 mm/s for velocity are obtained for the FengYun-3C satellite when processing the space-borne
GPS/BDS data. In practical applications, the similar numerical search tests could be carried out for a
certain LEO satellite equipped with a GNSS receiver first, and then the searched optimal power spectral
density of the pseudo-ambiguity can be adopted and uploaded for the onboard RTOD processing
of this LEO satellite. Since the space-borne GNSS data condition and orbital characteristics for a
specific LEO satellite and the LOS error variation in the broadcast ephemeris of a GNSS generally
remain stable within a certain period, the re-prepared optimal value would be effective for a long
time. Therefore, the numerical search approach is applicable to obtain the optimal stochastic model for
onboard RTOD processing.

The GPS/BDS fusion could increase the number of tracked GNSS satellites effectively. Although the
GPS/BDS fusion only improves the real-time orbit accuracy slightly by 1-3 cm, it could speed up the
convergence of the onboard RTOD filter significantly. More importantly, it could make more GNSS
satellites be observed to suppress the local variation of real-time orbit errors and improve the reliability
and availability of the onboard RTOD, especially in some abnormal arcs where only a few GPS satellites
are tracked. Due to the comprehensive advantage of multi-GNSS fusion in the availability of GNSS
satellites, orbit accuracy, filter convergence and reliability of the onboard RTOD, more and more LEO
satellites, even the large-scale LEO constellations, are expected to be equipped with the space-borne
multi-GNSS receiver. In addition, although only the poor real-time orbit accuracy with 0.7-2.0 m for
position and 0.7-1.7 mm/s for velocity could be achieved for the BDS-alone solution due to the few
tracked regional BDS-2 satellites, it is expected to be improved along with the utilization of the BDS-3
global navigation system onboard LEO missions.

6. Summary and Conclusions

We present the onboard RTOD algorithm and experiments using space-borne GPS/BDS
measurements of the FengYun-3C satellite. In the RTOD algorithm, a new pseudo-ambiguity parameter,
which combines the constant phase ambiguity, the orbit and clock offset error of the GPS/BDS broadcast
ephemeris in the line-of-sight (LOS), is defined and estimated in order to reduce the negative effect
of the LOS error on onboard RTOD. The stochastic model setting of pseudo-ambiguity decides
whether the pseudo-ambiguity can be estimated reasonably and the LOS error could be reduced or
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not. For different types of GPS/BDS satellites, the LOS errors show different variation properties, and
accordingly, the stochastic model of pseudo-ambiguity is set separately and differently. A numerical
search approach is presented to obtain the optimal setting of the power spectral density for each type
of GNSS satellite by a series of tests. With the optimal setting, the best real-time orbit accuracies (3D
RMS) of 0.3-0.5 m for position and 0.3-0.5 mm/s for velocity are achievable when using GPS/BDS
carrier-phase and pseudo-range measurements, which are much better than those of the solutions with
the inappropriate setting. The error analysis illustrates that these notable accuracy improvements
result from the absorption effect of the pseudo-ambiguity, namely that the large part of the LOS error
caused by the GNSS broadcast ephemeris is fused into the estimated pseudo-ambiguity.

The different combinations of multi-GNSS have a different influence on the onboard RTOD. If only
using BDS measurements, the position and velocity accuracies are at the 0.7-2.0 m and 0.7-1.7 mm/s
levels, respectively. The poor performance is caused by the few tracked satellites for BDS which is
only a regional system and the obvious orbit and clock errors in the broadcast ephemeris. However,
compared with the GPS-alone solution, GPS/BDS fusion only increases the real-time orbit accuracy
slightly by 1-3 cm. Despite the marginally improved accuracy, GPS/BDS fusion could speed up the
convergence of the Kalman filter, and the time for the position error to converge to 1.0 m is shortened to
about 0.5 h for the GPS/BDS fusion compared to 4.0 h for using BDS-alone data and 1.0 h for GPS-alone
data. Furthermore, the main advantage of the GPS/BDS fusion is not the orbit accuracy improvement
or shortened convergence time, but rather the ability to make more satellites be observed to suppress
the local variation of orbit errors and improve the reliability and availability of the onboard RTOD,
which is particularly important when only a few GPS satellites are tracked in some abnormal arcs.

In summary, with the optimal stochastic model of the pseudo-ambiguity, the real-time orbit
accuracy at 0.3-0.5 m is feasible for the onboard RTOD using space-borne GPS/BDS carrier-phase and
pseudo-range measurements and the broadcast ephemeris. The onboard RTOD algorithm and software
with refined multi-GNSS data processing have been developed in this paper. With the continuous
development of Earth observations, remote sensing, communications and navigation augmentation
based on LEO satellites, the onboard RTOD system is expected to fly on more LEO missions to provide
a real-time service.
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