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Abstract: High precision real-time orbit of navigation satellites are usually predicted based on batch
estimation solutions, which is highly dependent on the accuracy of the dynamic model. However,
for the BDS satellites, the accuracy and reliability of the predicted orbit usually decrease due to the
inaccurate dynamic model or orbit maneuvers. To improve this situation, the sequential estimation
Square Root Information Filtering (SRIF) was applied to determine the real-time BDS orbits. In the
filter algorithm, usually a long period is required for the orbit to converge to the final accuracy, due to
lake of accurate initial state. This paper focuses on the impact of the initial state with different a priori
Standard Deviation (STD) on the BDS orbit convergence performance in both normal and abnormal
periods. For the normal period, the Ultra-Rapid (UR) orbit products and the Broadcast Ephemerides
(BRDC) used as initial orbits are discussed respectively. For the abnormal period, orbit maneuver
is analyzed. Experimental results show that a proper a priori STD of initial state can significantly
accelerate the orbit convergence, while a loose a priori STD takes more than 10 h to converge in
the radial direction for the BDS GEO/IGSO/MEO satellites. When the UR orbit product is used as
the initial orbit, the orbit of the IGSO/MEO satellites can converge to decimeter-level immediately.
When the BRDC product is used, the accuracy of meter-level can be obtained for the IGSO/MEO
immediately, and converge to decimeter-level in about 6 h. For the period after the orbit maneuver,
the real-time orbit accuracy can reach meter-level in about 6 h after the first group of broadcast
ephemerides is received.

Keywords: Square Root Information Filter (SRIF); orbit maneuver; a priori; initial state; Standard
Deviation; Rapid Convergence

1. Introduction

The Global Navigation Satellite System (GNSS) aims at serving high-precision real-time
positioning, navigation and timing applications. The BeiDou Satellite Navigation System (BDS)
developed by China is currently an operational constellation with five satellites in Geostationary Earth
Orbit (GEO), six in Inclined Geosynchronous Satellite Orbit (IGSO) and four in Medium Earth Orbit
(MEO). However, the MEO satellite C13 was deactivated due to unknown reasons. On 11 October 2016,
the Pseudo Random Noise code (PRN) of BDS IGSO 6 switches from C15 to C13. The system will be
evolving towards its global navigation capability with a full constellation consisting of 5 GEO, 3 IGSO
and 27 MEO satellites by 2020 (http://www.beidou.gov.cn/) [1].

High-precision and reliable orbit product is a prerequisite for satellite navigation and positioning
services. The orbit products can be determined by two means, one is the batch estimation Least-Squares
(LSQ) processing, and the other is the sequential estimation filtering processing [2]. For the moment,
the real-time orbit of navigation satellites is usually predicted based on the batch processing, which
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is highly dependent on the accuracy of the dynamic model. However, for the current BDS-2
regional navigation system, there are many factors that reduce the accuracy and reliability of
the predicted orbit [3–15], including the regional distribution of stations [3–7,9], orbit maneuvers,
the inaccurate dynamic force model [12–14] and the switching of different attitude modes. In detail,
the orbit maneuvers occur frequently for the GEO satellites and occasionally for the IGSO and MEO
satellites [16]. During the orbit maneuver, the force models acting on the satellite changes irregularly,
thus, the original dynamic model is no longer accurate to represent the real orbit of the satellite.
In addition, for the GEO satellites, due to the geostationary orbit characteristics and the orbit-normal
attitude mode, the existing Solar Radiation Pressure (SRP) model is inadequate to describe their SRP
force accurately leading to the orbit accuracy decreases [12,13]. Moreover, for the IGSO/MEO satellites,
it is not possible to fit two orbit states with one set of SRP parameters due to the change of force model
during the attitude scheme switching period between the yaw-steering and the orbit-normal mode,
resulting in decreased orbit accuracy using the traditional LSQ method [17–19]. To overcome these
problems and provide a stable real-time orbits and clocks products, one solution is adjusting both
orbits and clocks in real time using the sequential estimation filter.

The Real-Time GPS Inferred Positioning System (GIPSY) (RTG) software developed by the Jet
Propulsion Laboratory (JPL) based on Upper and Diagonal (UD) factorization filter can provide
real-time estimates of the GPS orbits and 1 Hz GPS clocks [20]. After years of development and
updates, the new Operational Control System (OCX) orbit determination software, called RTGX,
is derived from JPL’s RTG and GIPSY software. Different from the RTG’s filter algorithm, RTGX
reverts to GIPSY’s SRIF formulation which can provide the real-time satellite orbits and clocks of GPS,
GLONASS, BDS and Galileo ([21]; http://www.gdgps.net/). In mid of 2011, Trimble introduced the
CenterPoint RTX real-time positioning service providing positions with centimeter-level accuracy, in
which the satellite orbits are estimated using a combination of a UD-factorized Kalman filter. The
RTX has GPS, GLONASS and QZSS in full operation in 2012 and has completed the trial operation of
Galileo and BDS in 2013 [22,23]. The France Centre National d’Etudes Spatiales (CNES) employed a
Kalman filter to determine the real-time satellite orbits and clocks. The results showed an accuracy of
5, 10, 18, 18 and 36 cm for GPS, GLONASS, Galileo, BeiDou MEO and BeiDou IGSO [24]. The ESA
Auto-BAHN software [25,26] under development at Newcastle University introduced the Extended
Kalman Filter approach to obtain GPS satellite orbits and clocks, and the results showed that the mean
3D RMS of the orbit accuracy reached 13.6 cm [27].

In this contribution, the adaptive SRIF is employed to determine the BDS real-time orbits.
The filtering algorithms always have a convergence process, and need re-convergence when orbit
anomalies occur, such as obit maneuvers. Therefore, how to accelerate initial convergence and
re-convergence especially when orbit maneuver occurs are of great importance. Generally, the accuracy
of the initial orbits (satellite Position and Velocity-PV, Solar Radiation Parameters-SRP) and the a
priori Standard Deviation (STD) have the greatest influence on the convergence time, thus are mainly
discussed in this paper. Normally, the initial orbits can be obtained from IGS Ultra-Rapid (UR) products
or the broadcasting ephemerides (BRDC) products in normal periods. When orbit maneuver occurs
in abnormal periods, the original orbit parameters are no longer applicable. Thus, for simplicity,
the filtering process of the maneuver satellite is suspended in this paper until the first group broadcast
ephemeris of this satellite can be received. Therefore, the PV parameters can be initialized with the
broadcast ephemerides and the SRP parameters can be initialized with the estimated value of the filter
before the maneuver with appropriate constraints. This paper mainly focuses on the impact of the
initial state (PV and SRP) with different a priori STD on the filter convergence performance of BDS
orbit determination in both normal and abnormal periods.

The orbit products users can obtain are the predicted orbit based on the determined part. Usually,
the orbit filter has a measurement update interval of several seconds or minutes, and the orbit products
are generated correspondingly. Due to the short time delay, the orbit accuracy loss of the predicted
orbit can be neglected when there is no satellite maneuver. Therefore, the convergence performance of
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the determined orbit can almost represent that of the predicted orbit. In this study, the determined
orbit of the filter is used to assess the convergence performance.

The paper is organized as follows. Section 2 briefly describes the orbit determination strategy for
data processing and data sets for normal and abnormal periods. In Section 3, the filter model adopted
in this paper is introduced, and then the strategy to obtain the optimal a prior STD magnitude of the
PV and SRP parameters in normal periods is presented. The corresponding experimental results and
the impact of initial orbits with different a priori STD on orbit convergence are analyzed in Section 4.
Finally, the conclusions are summarized in Section 5.

2. Materials and Methods

2.1. Orbit Determination Strategy

The Positioning and Navigation Data Analyst (PANDA) software [28] developed by the
GNSS Research Centre of Wuhan University was adapted for BDS data processing in this study.
The orbit-normal attitude mode is adopted for the BDS GEO satellites, and the BDS IGSO and MEO
satellites maintain the yaw-steering attitude most of the time and enter into the orbit-normal attitude
mode when the elevation of the sun w.r.t. the orbital plane is below a threshold of about 4 degree [29].
All the BDS IGSO and MEO satellites are in the yaw-steering attitude mode in our analyzed period.
For BDS satellites, the phase center offsets (PCO) values estimated by ESA [30] are adopted and no
phase center variations (PCV) are applied. The specific orbit determination strategy for the filter is
shown in Table 1.

Table 1. Orbit determination strategy.

Item Contents

Solar Radiation Pressure ECOM 5-parameter [31–33]

Geopotential EGM 2008 model (12 × 12)

M-body gravity Sun, Moon and planets

Tidal forces Solid Earth, pole, ocean tide
IERS Conventions 2010 [34]

Relativistic effects IERS Conventions 2010 [34]

Numerical integration Runge-Kutta for single step integration, Adams for
multistep integration

Reference frame IGS08

Basic Observables un-differenced BDS B1/B2ionosphere-free combination
of code and phase

Sampling rate 300 s

Cutoff elevation 7◦

Weighting Elevation-dependent, 1 for E > 30◦, otherwise 2 × sin(E)

Satellite antenna phase center Only PCO correction for all BeiDou satellites [30]

Receiver antenna Use GPS values [35]

Earth rotation parameters (ERP) IERS 08 C04 [36]

2.2. Filter Model

The Kalman filtering algorithm is sensitive to computer roundoff and its numeric accuracy
sometimes degrades to the point where the results cease to be meaningful. To overcome its potential
numeric inaccuracy and instability, the Square Root Information Filter (SRIF) which is an evolutionary
version of the Kalman filter has been derived [37]. The SRIF algorithm has the following characteristics,
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i.e., it has inherently lower storage requirements, better stability and numeric accuracy than the
Kalman filter.

The function model of the SRIF can be described by a state equation with random initial conditions,
dynamic noise, and discrete observation equations. At the epoch t0, t1, . . . , tk, . . ., the initial state
conditions, the state equation and the observation equation can be expressed as:{

Xk+1 = Φk+1,kXk + Ωk+1
Lk+1 = Bk+1,kXk+1 + ∆k+1

where Xk, Xk+1 are the state parameters of epochs tk, tk+1 respectively, and Lk+1 is the observation
vector of tk+1. Φk+1,k is the state transition matrix, Ωk+1 is the process noise. Bk+1,k is the coefficient
design matrix of observations, ∆k+1 is the observation noise. The a priori STD of phase observations
is set to 1 mm. Taking into account the 300 s sampling interval and in accordance with the research
of Laurichesse et al. [24], the process noise of the stochastic orbit parameters (SRP and PV) are set to
10−13, 10−13 m and 10−13 m/s respectively, which are proved to be valid in this paper.

In addition, the a priori information of the initial state X0 should be considered. Specifically, the a
priori expectation of X0 can be taken as a virtual observation along with the a priori STD σ(X0) as the
corresponding noise. In this paper, we mainly study the influence of the initial orbits (SRP and PV)
with different a priori STD σ(X0) on the convergence performance of BDS orbit determination. The a
priori STD is closely related to the accuracy of the initial orbits. As mentioned before, the initial orbits
obtained from the UR and BRDC products are discussed respectively in normal period. When the
orbit maneuver occurs, the initial value of the PV can be obtained from the broadcast ephemerides and
the SRP from the estimated value of the filter before the maneuver along with appropriate constraints.
In the above two cases, the initial accuracy of the SRP and PV parameters are different. Therefore, the a
priori STD σ(X0) should be adjusted accordingly. Generally, the a priori STD should be a large value
when the initial accuracy is low and be a small value when the accuracy is high. The strategies for the
selection of the a priori STD are presented in the next section.

2.3. Data Collection

In the experiment, all the IGS Multi-GNSS Experiment (MGEX) stations tracking BDS were
used. In 2012, the MGEX has been set-up by the IGS to track, collate and analyze all available GNSS
signals [15]. Up to March 2017, about 150 MGEX stations were available, and about 100 stations can
track BDS (http://mgex.igs.org/). Figure 1 shows the BDS tracking stations used in this paper.

Two sets of MGEX data were collected in our experiment for the BDS normal and abnormal
period respectively. For the normal period, the data span 20 days from DOY 138, 2016 to 157, 2016 is
used. During the experiment period, there are 5 GEO satellites (C01~C05), 6 IGSO satellites (C06~C10,
C15) and 3 MEO satellites (C11, C12, C14) available. In order to analyze the convergence performance,
consecutive 36-h arc using the SRIF solution are processed with the start epoch shifted by 1 day each.
Each process covers 36-h arc to ensure that the orbit has converged. Then the average convergence
performance is taken for analysis.

For the abnormal period, orbit maneuver is taken as an example. The GEO satellite C05 and the
IGSO satellite C08 were selected. The maneuver time of C05 is from 23:54 on DOY 186, 2015 to 1:14
on DOY 187, 2015, and the first group broadcast ephemeris was received at 06:00 on DOY 187, 2015.
The maneuver time of C08 is from 13:35 to 14:50 on DOY 009, 2015, and the first group broadcast
ephemeris was received at 20:00 on the same day. The filter is processed using only BDS system to test
the convergence capability.

http://mgex.igs.org/
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From the above analysis, consecutive 3-day arc LSQ solution is processed using the first set of 
MGEX data in Section 2.3. Then, the a posteriori STD  of the orbit parameters (PV and SRP) can 
be obtained. Since the a posteriori STD of each orbit parameter for the same satellite type is in the 
same order of magnitude, the average a posteriori STD for different satellite types (GEO/IGSO/MEO) 
is given in Table 2. It can be observed that the a posteriori STD varies with different satellite type. 
Specifically, the GEO satellite positions have the accuracy of decimeter-level and the IGSO and MEO 
satellites show similar accuracy of centimeter-level, which are about one order of magnitude smaller 

Figure 1. Distribution of MGEX stations used for BDS orbit determination. This figure is drawn using
GMT software [38].

2.4. Experimental Design

In this section, the strategy to obtain the a priori STD in normal period is discussed. In this
paper, the UR and BRDC products are used as the initial orbits (Figure 2). To avoid systematic bias of
other analysis centers, especially for the GEO satellites, the UR product is produced by the PANDA
software using batch estimation. The UR product consists of the observed part and the prediction part.
To ensure the orbit accuracy of the UR product, GPS and BDS joint orbit determination is carried out in
the observed part using LSQ solution with 3-day arc length. In this case, the a posteriori STD σ(X) of
the observed part can be used as the base value of the a priori STD in the SRIF filter solution. Generally,
the observed orbits always have a latency of 3~9 h when they are accessible, which will result in orbital
accuracy loss. Therefore, the a priori STD of the filter should be loosened to a certain degree. Similarly,
for the BRDC, as the orbit accuracy is lower than the UR product, the a priori STD value of the filter
still uses the a posteriori STD of the LSQ solution as base value but should loosen more.

Remote Sens. 2018, 10, 111  5 of 18 

 

 

Figure 1. Distribution of MGEX stations used for BDS orbit determination. This figure is drawn using 
GMT software [38]. 

2.4. Experimental Design 

In this section, the strategy to obtain the a priori STD in normal period is discussed. In this paper, 
the UR and BRDC products are used as the initial orbits (Figure 2). To avoid systematic bias of other 
analysis centers, especially for the GEO satellites, the UR product is produced by the PANDA 
software using batch estimation. The UR product consists of the observed part and the prediction 
part. To ensure the orbit accuracy of the UR product, GPS and BDS joint orbit determination is carried 
out in the observed part using LSQ solution with 3-day arc length. In this case, the a posteriori STD 

 of the observed part can be used as the base value of the a priori STD in the SRIF filter solution. 
Generally, the observed orbits always have a latency of 3~9 h when they are accessible, which will 
result in orbital accuracy loss. Therefore, the a priori STD of the filter should be loosened to a certain 
degree. Similarly, for the BRDC, as the orbit accuracy is lower than the UR product, the a priori STD 
value of the filter still uses the a posteriori STD of the LSQ solution as base value but should loosen 
more.  

 
Figure 2. The initial orbit of SRIF filter orbit solution from the Ultra-Rapid products and the Broadcast 
Ephemerides. 

From the above analysis, consecutive 3-day arc LSQ solution is processed using the first set of 
MGEX data in Section 2.3. Then, the a posteriori STD  of the orbit parameters (PV and SRP) can 
be obtained. Since the a posteriori STD of each orbit parameter for the same satellite type is in the 
same order of magnitude, the average a posteriori STD for different satellite types (GEO/IGSO/MEO) 
is given in Table 2. It can be observed that the a posteriori STD varies with different satellite type. 
Specifically, the GEO satellite positions have the accuracy of decimeter-level and the IGSO and MEO 
satellites show similar accuracy of centimeter-level, which are about one order of magnitude smaller 
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Broadcast Ephemerides.

From the above analysis, consecutive 3-day arc LSQ solution is processed using the first set of
MGEX data in Section 2.3. Then, the a posteriori STD σ(X) of the orbit parameters (PV and SRP) can
be obtained. Since the a posteriori STD of each orbit parameter for the same satellite type is in the
same order of magnitude, the average a posteriori STD for different satellite types (GEO/IGSO/MEO)
is given in Table 2. It can be observed that the a posteriori STD varies with different satellite type.
Specifically, the GEO satellite positions have the accuracy of decimeter-level and the IGSO and MEO
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satellites show similar accuracy of centimeter-level, which are about one order of magnitude smaller
than that of the GEO satellites. For the SRP parameters, the a posteriori STD for the GEO/IGSO/MEO
satellites is similar in the order of magnitude.

Table 2. Average a posteriori STD of PV and SRP parameters of LSQ solutions.

Satellite
Type

σ0(Xpv) (Unit: m; m/s) σ0(Xsrp) (Unit: m/s2)

PX PY PZ VX VY VZ D0 Y0 B0 BC1 BS1

GEO 3.4 × 10−1 5.4 × 10−1 1.9 × 10−2 4.0 × 10−5 2.5 × 10−5 1.0 × 10−6 7.0 × 10−12 2.0 × 10−12 2.6 × 10−11 1.9 × 10−10 8.9 × 10−11

IGSO 8.0 × 10−3 1.2 × 10−2 9.5 × 10−3 8.6 × 10−7 4.4 × 10−7 5.9 × 10−7 6.7 × 10−12 1.3 × 10−12 1.5 × 10−11 4.7 × 10−11 2.5 × 10−11

MEO 1.0 × 10−2 1.0 × 10−2 1.1 × 10−2 1.3 × 10−6 1.4 × 10−6 1.2 × 10−6 3.6 × 10−11 1.5 × 10−12 3.4 × 10−11 2.1 × 10−10 5.7 × 10−11

The a posteriori formal errors listed in Table 2 serve as the base value of the a priori formal errors
for the initial orbits of the filter. After obtaining the base value of the a priori STD for the initial orbits
of the filter, the experimental scheme using the UR and BRDC as the initial orbits can be designed
according to the accuracy of these two orbit products. From the previous analysis, the UR product has
a latency of about 3 h~9 h, and the orbit accuracy decreases with the increasing time delay. In detail,
Table 3 gives the orbit accuracy of the UR products with 3-h and 9-h latency, as well as the BRDC
product. The multi-GNSS orbit product (GBM) of GeoForschungsZentrum Potsdam (GFZ) is used to
evaluate the orbit of the BeiDou IGSO and MEO satellites. Besides, due to the large systematic bias for
the BeiDou GEO satellites among different analysis centers, the orbit product estimated using LSQ
solution by PANDA (WHU) is used to evaluate the BeiDou GEO satellite orbits. For the UR products,
the orbit accuracy varies little for different latency in the cross-track and radial directions, while the
accuracy loss mainly occurs in the along-track direction. For the BRDC, the orbit accuracy is at the
meter-level and also worst in the along-track direction.

Table 3. Orbit accuracy of Ultra-Rapid products and Broadcast Ephemerides.

Initial Orbit Type Time Latency
GEO (mm) IGSO (mm) MEO (mm)

A C R A C R A C R

Ultra-Rapid products 3 h 357 201 117 217 132 88 94 56 32
9 h 474 198 112 259 130 90 138 58 33

Broadcast Ephemerides / 6180 518 244 1197 1041 321 1290 631 406

Based on the accuracy of the UR and BRDC products, different a priori STD of initial state (PV
and SRP) are analyzed for orbit convergence as shown in Table 4. To isolate the impact of initial PV
and SRP parameters on orbit convergence, these two kinds of parameters with different a priori STD
will be discussed separately in Section 4. Then, the final convergence performance is analyzed based
on the optimal a prior STD magnitude. To access the impact of SRP parameters on the convergence,
the a priori STD of PV parameters are set fixed to the same value as that of the reference orbit (Table 5
in Section 3.1). Similarly, to access the impact of PV parameters on the convergence, the a priori
STD and initial value of SRP parameters are also set fixed to the same value as that of the reference
orbit. Specifically, when the UR product is used as the initial orbit, the initial value of PV is from the
prediction arc and that of SRP is the estimated value of the observed arc. When the BRDC product is
used as the initial orbit, the initial value of PV is from the broadcasting ephemerides and that of SRP is
obtained by fitting the broadcasted orbits with 3-day arc before the start epoch of each filtering process.

The above discussion focuses on experimental design under satellite normal period, which will
be discussed in detail in Sections 3.2 and 3.3. Then, orbit maneuver will be analyzed as an example of
orbit anomalies in Section 3.4.
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Table 4. Experiment scheme of the convergence analysis in normal period.

Initial Orbit Type Parameter ∆t (h) The A Priori STD of the Initial Orbit

Ultra-Rapid Products
SRP

3 h σ0
(
Xsrp

)
10 × σ0

(
Xsrp

)
100 × σ0

(
Xsrp

)
9 h σ0

(
Xsrp

)
10 × σ0

(
Xsrp

)
100 × σ0

(
Xsrp

)
PV

3 h σ0
(
Xpv

)
10 × σ0

(
Xpv

)
100 × σ0

(
Xpv

)
9 h σ0

(
Xpv

)
10 × σ0

(
Xpv

)
100 × σ0

(
Xpv

)
Broadcast Ephemerides SRP / 10 × σ0

(
Xsrp

)
100 × σ0

(
Xsrp

)
1000 × σ0

(
Xsrp

)
PV / 10 × σ0

(
Xpv

)
100 × σ0

(
Xpv

)
1000 × σ0

(
Xpv

)
3. Convergence Performance Analysis and Results

In this section, the post processed orbit products estimated by LSQ method are used to evaluate
the accuracy of the orbit estimated by SRIF. As mentioned before, the orbit product calculated by
PANDA software adopted in this paper (WHU) is used to evaluate the GEO satellite orbits as systematic
bias exists in the products of different analysis center. The orbit product (GBM) of GFZ is used to
evaluate the orbit of the IGSO and MEO satellites.

3.1. Orbit Convergence with Loose A Priori Constraints

To make a distinct comparison among the filter orbits with different a priori STD and emphasize
the impact of initial SRP and PV on convergence of the filter, the convergence of the orbit with loose a
priori constraints is given in this section. Under this condition, the PV parameters are initialized with
the broadcast ephemerides and the SRP parameters are initialized to zero. Loose a priori STD of the
initial state is adopted in this section as listed in Table 5. In the following analysis, the symbol ‘REF’
refers to the orbit using the a priori STD in Table 5. Using the first set of MGEX data in Section 2.3, the
convergence time series of the average orbit accuracy are plotted in Figure 3.

Table 5. A priori STD of initial state.

Parameter A Priori STD

Satellite Position 1 km
Satellite Velocity 1 m/s

Solar Radiation Pressure 10−4 m/s2

The results show that for the GEO satellites, the accuracy of the along-track is worse than the
cross-track and radial direction. Meanwhile, for the IGSO and MEO satellites, it takes the longest
time to converge to the final accuracy in the radial direction than in the cross and along directions.
The convergence time of orbit filter is related to the orbit type of navigation satellites. The convergence
time of the MEO satellites is the shortest while that of the GEO satellites is the longest, because the
dynamic model and observation geometry of MEO satellites is better than that of the GEO and IGSO
satellites. The geometric observation structure for the GEO satellites keeps almost unchanged because
of the geostationary characteristics, resulting in longer convergence time.

From the above analysis, it can be noticed that satellites of the same type have similar convergence
performance. Accordingly, convergence performance will be analyzed in terms of different satellite
types instead of each satellite separately in the following discussion. The empirical orbit convergence
criteria adopted in our study is 10 consecutive hours of orbit in the defined range of accuracy as
follows: for the IGSO and MEO satellites, the accuracy is less than 60 cm in the along-track, cross-track
and radial direction; for the GEO satellites, the accuracy is less than 100 cm in the along-track and
80 cm in the cross-track and radial direction. In order to reflect the convergence time numerically,
the convergence time of each scheme will be calculated.
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Figure 3. Time series of the average accuracy of the reference orbit. The red line represents the average
time series of the satellites of the same type. The horizontal black dotted line represents the convergence
criteria for each direction.

3.2. Orbit Convergence with Initial Orbit from UR Product

In this section, the impact of using the UR product as the initial orbit on the convergence
performance will be discussed. Based on the scheme specified in Table 4, the convergence experiments
are carried out using the first set of data described in Section 2.3. As the UR product has latency,
the average convergence time of each satellite type using different a priori STD in both 3-h latency and
9-h latency are listed in Table 6. At the same time, the convergence time of the REF orbit (Figure 3) is
calculated for comparison. To show the convergence process, Figures 4 and 5 depict the time series of
the average filtering orbit accuracy in 3-h latency. Figure 4 shows the impact of different a priori STD
of SRP parameters on orbit accuracy and Figure 5 shows the impact of different a priori STD of PV
parameters on orbit accuracy. Furthermore, the time series of the average orbit accuracy with loose a
priori constraints (REF) is also plotted in red line in Figures 4 and 5 for comparison.

From Table 6, it can be observed that there are obvious improvements of the convergence time
when using the UR product as the initial orbit with proper a priori STD. Specifically, for the GEO
satellites, the SRP parameters mainly affect the convergence time of the cross-track and radial directions,
while the PV parameters more affects the along-track and cross-track directions. For the IGSO and
MEO satellites, the SRP parameters mainly affect the convergence of the radial directions and the PV
parameters primarily affect that of the along-track and cross-track directions. It implies that the SRP
parameter has a strong correlation with the radial direction for the GEO, IGSO and MEO satellites.
Besides, the convergence time of SRP parameters with two time delay (3 h and 9 h) has the similar
values, which is because the effective effect of a set of high precision SRP parameters can maintain even
for several days, so the impact on the orbit accuracy is not significant in a short time delay. Meanwhile,
the orbit accuracy is close in 3-h and 9-h latency (see Table 3). Therefore, the convergence time of PV
parameters with the same a priori STD does not change much in these two latencies.

From the time series of filtering orbit accuracy in Figures 4 and 5, it can be noticed that the orbit
accuracy at the later stage of the filtering is deteriorated if the constraints of the a priori STD are too
tight, even if it shows good accuracy at the beginning of the filter (see the blue line in Figures 4 and 5).
This phenomenon is most obvious for the GEO satellites, which is due to the less accurate dynamic
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model and the worst orbit accuracy among the three types of satellites. In this way, the a priori STD of
the GEO satellites should be loosened.

According to the above analysis and the experimental results shown in Table 6, Figures 4 and 5,
the optimal a prior STD magnitude of SRP and PV parameters are summarized in Table 7 for 3-h latency
UR products. The time series of the average orbit accuracy using the optimal a prior STD magnitude
is plotted in Figure 6. Meanwhile, the REF orbit accuracy is also given in dotted line for comparison.
The results show that the orbit accuracy can reach decimeter-level immediately after the filter startup,
which has a great improvement w.r.t. the REF orbit. Moreover, due to the use of high-precision
SRP parameters as initial values along with proper constraints, the radial directions can converge
rapidly instead of requiring more than 10 h to converge. Through the analysis of orbit convergence
performance by using the UR product as the initial orbit, it can be found that the orbit accuracy can
reach to the accuracy of decimeter-level in the first few minutes with proper a priori constraints.

Table 6. The average convergence time of the filter orbit using different a priori STD when the UR
product is used as the initial orbit. Both 3-h and 9-h latency are calculated. Unit [hour]. For the
GEO satellites, the convergence criteria adopted in our study are 100 cm in the along-track, and 80
cm in the cross-track and radial direction. For the IGSO and MEO satellites, the criteria are 60 cm in
three directions.

Para. Delay σ(ε̃0)
GEO IGSO MEO

A C R A C R A C R

SRP

3 h
σ0
(
Xsrp

)
19.16 3.31 5.05 8.18 6.06 5.69 4.91 1.97 2.57

10 × σ0
(
Xsrp

)
19.52 3.44 5.09 7.75 5.51 5.72 5.15 1.96 2.57

100 × σ0
(
Xsrp

)
20.14 4.86 5.96 8.83 6.68 6.98 5.86 2.87 4.83

9 h
σ0
(
Xsrp

)
19.05 3.34 5.01 7.85 6.14 5.65 4.9 1.97 2.58

10 × σ0
(
Xsrp

)
19.24 3.47 5.00 7.91 5.63 5.68 5.15 1.97 2.58

100 × σ0
(
Xsrp

)
19.67 4.79 5.88 8.92 6.64 6.98 5.86 2.93 5.16

PV

3 h
σ0
(
Xpv

)
2.48 0.93 22.13 1.21 2.3 10.74 2.84 1.26 5.50

10 × σ0
(
Xpv

)
15.44 1.40 17.70 1.80 2.39 12.36 1.92 0.64 6.33

100 × σ0
(
Xpv

)
20.15 8.65 15.62 9.10 7.35 17.60 5.54 3.90 10.05

9 h
σ0
(
Xpv

)
6.58 0.66 21.81 1.03 3.27 10.62 3.20 0.79 6.02

10 × σ0
(
Xpv

)
15.81 1.43 18.10 1.42 2.76 12.56 2.58 0.42 6.74

100 × σ0
(
Xpv

)
19.16 8.90 15.45 9.88 8.04 18.18 5.88 4.13 9.98

REF 20.74 12.33 16.12 14.59 10.08 19.52 7.39 5.93 10.82
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Figure 4. Time series of the average orbit accuracy using different a priori STD of SRP parameters.
The UR product is used as the initial orbit and the latency time is 3 h. The horizontal black dotted line
represents the convergence criteria for each direction.
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Figure 5. Time series of the average orbit accuracy using different a priori STD of PV parameters.
The UR product is used as the initial orbit and the latency time is 3 h. The horizontal black dotted line
represents the convergence criteria for each direction.

Table 7. Optimal a prior STD magnitude of SRP and PV parameters when the UR product is used as
the initial orbit.

Parameter GEO IGSO MEO

SRP 10 × σ0
(
Xsrp

)
1 × σ0

(
Xsrp

)
1 × σ0

(
Xsrp

)
PV 10 × σ0

(
Xpv

)
10 × σ0

(
Xpv

)
10 × σ0

(
Xpv

)
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Figure 6. Time series of the average the accuracy of the filter orbits with the optimal a prior STD
magnitude. The UR product is used as the initial orbit and the latency time is 3 h. The dotted line
represents the accuracy of the REF orbits described in Section 3.1. The horizontal black dotted line
represents the convergence criteria for each direction.

3.3. Orbit Convergence with Initial Orbit from BRDC Product

In the following analysis, the impact of using the BRDC as the initial orbit on the convergence
performance is discussed based on the scheme in Table 4. The first set of MGEX data in Section 2.3
is adopted. Similar to the analysis of influence of the UR product on the filter convergence, Table 8
presents the average convergence time of each satellite type using different a priori STD (see Table 2).
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Meanwhile, Figures 7 and 8 plot the time series of the average filtering orbit accuracy using different a
priori STD. Similarly, the time series of the average orbit accuracy with loose a priori constraints (REF)
is also given in red line as a comparison.

The results show that the influence of different a priori STD of SRP and PV parameters in the
along-track, cross-track, and radial direction using BRDC as initial orbit is generally consistent with
that using UR product. However, the orbit accuracy is lower at the beginning of the filter and the
convergence time is longer than that of using the UR product. Besides, the optimal a prior STD
magnitude using the BRDC product are about two orders of magnitude larger than that of the UR
products, which is in accordance with the orbit accuracy of these two products.

Similar to the previous findings, the orbit accuracy becomes worse if the a priori STD is too small
(see blue line in Figures 7 and 8). Table 9 gives the optimal a prior STD magnitude of SRP and PV
parameters, which use the data in Table 2 as the base value. Moreover, the Time series of the average
orbit accuracy using the optimal a prior STD magnitude is plotted in Figure 9. Even when the BRDC
was used as the initial value, it can be seen that the orbit accuracy can reach to meter-level immediately
after the filter startup. Meanwhile, the radial direction of the orbit can converge immediately since the
SRP parameters are estimated by fitting the 3-day orbit arc, which results in the relatively high accuracy.
Moreover, the optimal a prior STD magnitude of PV parameters of the broadcast ephemerides can be
used as a reference after the orbit maneuver in next section.

Table 8. The average convergence time of the filter orbit using different a priori STD when the BRDC
product is used as the initial orbit. Unit [hour]. For the GEO satellites, the convergence criteria adopted
in our study are 100 cm in the along-track, and 80 cm in the cross-track and radial direction. For the
IGSO and MEO satellites, the criteria are 60 cm in three directions.

σ(ε̃0)
GEO IGSO MEO

A C R A C R A C R

10 × σ0
(
Xsrp

)
21.31 5.31 6.11 9.31 6.13 6.07 5.84 2.01 2.72

100 × σ0
(
Xsrp

)
20.89 5.10 6.20 8.39 6.79 6.72 5.99 3.22 5.01

1000 × σ0
(
Xsrp

)
20.47 5.24 12.64 11.06 8.52 16.56 6.14 4.98 9.39

10 × σ0
(
Xpv

)
30.86 6.21 17.40 15.16 13.57 18.45 9.03 6.72 10.84

100 × σ0
(
Xpv

)
20.81 10.13 15.66 10.23 7.48 18.23 6.40 4.51 9.93

1000 × σ0
(
Xpv

)
21.14 12.30 16.14 14.37 9.50 19.30 7.46 5.73 10.75

ref 20.74 12.33 16.12 14.59 10.08 19.52 7.39 5.93 10.82Remote Sens. 2018, 10, 111  12 of 18 
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Figure 7. Time series of the average orbit accuracy using different a priori STD of PV parameters.
The BRDC product is used as the initial orbit. The horizontal black dotted line represents the
convergence criteria for each direction.
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Figure 8. Time series of the average orbit accuracy using different a priori STD of SRP parameters.
The BRDC product is used as the initial orbit. The horizontal black dotted line represents the
convergence criteria for each direction.

Table 9. The optimal a prior STD magnitude of SRP and PV parameters when the BRDC product is
used as the initial orbit.

Parameter GEO IGSO MEO

SRP 100 × σ0
(
Xsrp

)
100 × σ0

(
Xsrp

)
100 × σ0

(
Xsrp

)
PV 100 × σ0

(
Xpv

)
100 × σ0

(
Xpv

)
100 × σ0

(
Xpv

)
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3.4. Orbit Convergence after Maneuver

Orbit maneuver was analyzed as an example of orbit anomalies in this section. When the orbit
maneuver occurs, the original orbit will be no longer accurate due to the external forces. The satellite
orbit will deviate from the prediction orbit using the original dynamic model. For more intuitive
illustration, Figure 10 illustrates a schematic diagram of the orbit change before and after the orbit
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maneuver. After the orbit maneuver, usually the high-precision UR products cannot be obtained
within 24 h while the broadcast ephemeris with lower precision can be accessible within a few hours.
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Figure 10. The orbit change before and after the orbit maneuver.

During the maneuver period, in order to accurately describe force models and keep the orbit
accuracy high, additional forces should be estimated and process noise should be adjusted. In this
paper, for simplicity, when the orbit maneuver is detected, the orbit estimation of the maneuvering
satellite is stopped until the broadcast ephemeris can be received, which implies that the orbit maneuver
is over. The second sets of experimental data described in Section 2.3 are used in this section. The PV
parameters are initialized with the broadcast ephemerides. By comparison with the WHU final
products, the broadcasted orbit accuracy of C05 is 6.4 m, 0.7 m and 1.0 m in the along-track, cross-track
and radial directions respectively, and that of C08 is 4.0 m, 5.3 m and 3.1 m respectively. It can be seen
that the accuracy of the broadcast ephemeris is worse than the normal case, which is because that the
first group broadcast ephemeris after the orbit maneuver is estimated using short-arc. Concerning
the deteriorating accuracy of the broadcast ephemeris after maneuver, combined with the analysis
of Section 3.3, the looser a priori STD is set to σ

(
Xpos

)
= 100 m, σ(Xvel) = 0.01 m/s, which is about

one order of magnitude larger than the value in Table 9 to be in line with the orbit accuracy of the
general situation after maneuver. As for the SRP parameters, it can be initialized with the estimated
value by the filter before the orbit maneuver started and the a priori STD can be determined based
on the a posteriori STD (Table 10) corresponding to this value. In addition, Table 10 shows that the a
posteriori STD obtained from the filter has the same magnitude with the batch processing (Table 2).
Considering that the satellite orbit changes before and after the orbit maneuver, the solar radiation
pressure might fluctuate slightly. Therefore, different a priori STD (Table 11) of SRP parameters based
on Table 10 was tested.

Table 10. A posteriori STD of the SRP parameters of the filter before the orbit maneuver.

Type
σm

0
(
Xsrp

)
(Unit: m/s2)

D0 Y0 B0 BC1 BS1

C05 6.1 × 10−12 3.6 × 10−12 3.5 × 10−11 1.8 × 10−10 1.5 × 10−10

C08 2.2 × 10−11 5.8 × 10−12 6.0 × 10−11 1.5 × 10−10 6.8 × 10−10

Table 11. The experiment scheme of the convergence analysis after the orbit maneuver.

Type The A Priori STD

SRP σm
0
(
Xsrp

)
10 × σm

0
(
Xsrp

)
100 × σm

0
(
Xsrp

)
From Section 2.3, it can be seen that the maneuver of C05 ends at 01:14 on DOY 187 and receive

the first group of broadcast ephemeris at 06:00, and the maneuver of C08 ends at 14:50 on DOY 009 and
receive the first group of broadcast ephemeris at 20:00. In this paper, the filter process of the maneuver
satellite is restarted at the moment when the broadcast ephemeris is received and last for 36 h to study
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the convergence performance after the orbit maneuver. Since the GBM product is unavailable in a
short time after the maneuver, the orbits computed by the filter are evaluated by comparison with
the WHU product. Figure 11 plots the time series of the orbit accuracy using different a priori STD
(Table 11) of SRP parameters. For comparison, the accuracy of the orbit with loose a priori constraints
(REF) Xsrp = 0,σ

(
Xsrp

)
= 10−4 m/s2 and σ

(
Xpos

)
= 100 m, σ(Xvel) = 0.01 m/s are also given in

red line.Remote Sens. 2018, 10, 111  15 of 18 
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Figure 11. Time series of the orbit accuracy using different a priori STD of SRP parameters.
The horizontal black dotted line represents the convergence criteria for each direction.

Although the satellite orbit has changed by external forces, results show that the SPR parameters
obtained before the maneuver is still effective as the initial value for convergence. The reason is that
the solar radiation pressure is closely related to the satellite attitude, panel optical properties and
distance between the satellite and the sun. After the end of the external forces, the satellite attitude
will automatically adjust to normal attitude, the optical properties barely change, and the distance
change from the satellite to the sun caused by the external forces is nearly negligible compared to its
original distance. Therefore, the SPR parameters obtained before the maneuver occurs still work for
the filter on the orbit determination. However, it can be observed that the orbits with tight constraints
are relatively poor than the REF solution in the middle stage of the filter in terms of the accuracy in the
along-track and cross-track of C05 and the cross-track of C08. Despite of this, the accuracy is acceptable
and achieves the same accuracy eventually. Moreover, significant improvements can be found in the
radial direction which affect the positioning accuracy the most, and the accuracy can reach less than
1 m within 6 h in the along-track, cross-track and radial direction.

For comparison, the accuracy of the broadcast ephemeris after maneuver is plotted in Figure 12,
which is also compared with WHU product. It should be noted that the UR products are not available
within one day after the maneuver, therefore, the only real-time orbit products users can obtain are the
broadcast ephemeris. Figure 12 indicates that accuracy of the broadcast ephemerides provided to users
after the maneuver is about 10 m or even worse. As shown in Figure 11, the real-time orbit accuracy
within 1 m can be achieved in about 6 h after the filter startup, which illustrates the effectiveness of the
proposed method. Therefore, it is of great significance using the SRP parameters obtained before the
maneuver as the initial value with proper a priori STD constraints.
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Figure 12. Accuracy of the broadcast ephemeris after the orbit maneuver. WHU product is used to
evaluate the orbit accuracy.

4. Discussion

Through the above analysis, we can see that using the UR and BRDC products as the initial orbit
with appropriate a priori STD is of great significance on the orbit convergence performance. From the
results of Sections 3.2 and 3.3, it can be seen that the convergence performance is acceptable with the
a priori STD range from the optimal a prior STD magnitude (Tables 7 and 9) to 10 times the value.
Therefore, in combination with the a posteriori STD of Table 3 as well as the optimal a prior STD
magnitude of Tables 7 and 9, the appropriate range of a priori STD when using UR and BRDC products
as the initial orbits are summarized in Table 12. These results can be used as references when the orbit
filter starts up or restarts. Moreover, for the period after the maneuver, the real-time orbit accuracy can
reach within 1 m in about 6 h after the first group of broadcast ephemeris is received. In summary,
the accurate PV and SRP parameters with proper a priori STD can accelerate the filter convergence,
and more importantly, it can provide more reliable orbit products after the orbit maneuver. In the
future work, we could introduce additional forces and adjust process noise to generate the usable orbit
products during the maneuver period. In this way, usable orbits could be obtained immediately at the
end of maneuvers. Moreover, together with the SRP parameters estimated before the orbit maneuver
and proper a priori STD constraints, high-precision orbit could be obtained more rapidly. This will be
analyzed in the future study.

Table 12. The reference magnitude of a priori STD.

Initial
Orbit Type

Satellite
Type

PV (Unit: m; m/s) SRP (Unit: m/s2)

Pos. Vel. D0 Y0 B0 BC1 BS1

Ultra-Rapid
Products

GEO 1~5 (1~5) × 10−4 7 × 10−11 2 × 10−11 3 × 10−10 3 × 10−9 9 × 10−10

IGSO 0.1~0.2 (1~2) × 10−5 7 × 10−12 2 × 10−12 2 × 10−11 5 × 10−11 3 × 10−11

MEO 0.1~0.2 (1~2) × 10−5 4 × 10−11 2 × 10−12 3 × 10−11 2 × 10−10 6 × 10−11

Broadcast
Ephemerides

GEO 10~50 (1~5) × 10−3 7 × 10−10 2 × 10−10 3 × 10−9 3 × 10−8 9 × 10−9

IGSO 1~2 (1~2) × 10−4 7 × 10−10 2 × 10−10 2 × 10−9 5 × 10−9 3 × 10−9

MEO 1~2 (1~2) × 10−4 4 × 10−09 2 × 10−10 3 × 10−9 2 × 10−8 6 × 10−9

5. Conclusions

Due to the limitations of the batch estimation processing real-time orbit method discussed earlier,
such as orbit maneuver, the filter method was used to generate the real-time orbit in this paper.
This paper mainly focuses on the influences of the initial values of the PV and SRP parameters on the
convergence of filter in normal and abnormal (orbit maneuver) period.

For the normal period, the UR and BRDC products used as the initial orbits are discussed. In these
two cases, the influences of the initial state (PV and SRP) are analyzed separately to obtain the optimal
a prior STD magnitude. Results show that both PV and SRP parameters have positive effects on the
orbit accuracy in the along-track, cross-track and radial directions for the GEO/IGSO/MEO satellites.
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Besides, the high accuracy of the radial direction mainly relies on the accuracy of the SRP parameters,
which is due to the highest accuracy of the dynamics model in the radial direction. Finally, the PV
and SRP parameters with optimal a prior STD magnitude are both applied to the filter. The reference
filter orbit using the loose a priori STD is also given for comparison. When the UR product is used
as the initial orbit with optimal a prior STD magnitude, the orbit accuracy of the IGSO and MEO
satellites can converge to decimeter-level immediately. However, the effect is less significant for the
GEO satellites but still can reach to the meter-level accuracy rapidly. Similarly, when the BRDC is used
as the initial orbit, the effect is not as obvious as that of the UR product, while much better than the
reference solution. For the IGSO and MEO satellites, the meter-level orbit accuracy can be obtained
immediately and reach to decimeter-level in about 6 h. As for the GEO satellites, meter-level accuracy
can be obtained in about 3 h.

Orbit maneuver is taken as an example of orbit anomalies. When the orbit maneuver occurs, the
batch estimation processing real-time orbits (the Ultra-Rapid products) are unavailable within 1 day.
Therefore, it is meaningful to study how to speed up the convergence of the filter, so that the user can
get more accurate orbits in shorter time. By using the SRP parameters estimated by the filter before
the orbit maneuver as the initial value, along with proper a priori STD, the meter-level accuracy can
be achieved in about 6 h after the first group of broadcast ephemerides are received, which is much
higher than that of the broadcast ephemerides.
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