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Abstract. With continuous deployment of Low Earth Orbit (LEO) satellites and
development of inter-satellite links, LEO enhanced Global Navigation Satellite
System (LeGNSS) brings new opportunities for future high-precision position-
ing, navigation, and timing (PNT) services. Real-time precise LEO orbit is the
prerequisite for real-time precise positioning. In order to provide precise real-
time LEO orbit and guarantee the normal operation of LeGNSS, a prototype of
real-time orbit service for LEO navigation satellite system is proposed. We eval-
uate the accuracy of LEO orbit, and demonstrate the system infrastructure and
working principle. In addition, two real-time LEO orbit broadcasting methods are
designed: (1) using LEO orbit determined by RTS products as the fitting part to pre-
dict orbit, the prediction part is fitted by ephemeris parameters, which are injected
into LEO and broadcasted to users. (2) differences between LEO orbits obtained
by RTS products and the broadcast ephemeris are used to generate orbit correc-
tions and broadcasted to users. Results show that LEO near-real-time orbit achieves
centimeter-level accuracy, and the fitting errors of broadcast ephemeris are smaller
than 10 cm in 20-min fitting arc. Moreover, the LEO broadcast ephemeris would
obtain decimeter-level accuracy orbit, while the orbit corrections method would
provide users with real-time centimeter-level LEO orbit.

Keywords: LEO - Real-time processing - Precise orbit determination - Orbit
fitting and prediction

1 Introduction

With the deployment of LEO constellation and the increasing demand of precise real-
time positioning, LeGNSS [1] is becoming the main trend for future positioning, navi-
gation and timing (PNT), which would provide users with high accuracy real-time posi-
tioning services, rapid convergence precise point positioning (PPP) applications and
low-latency LEO data transmission. However, a prerequisite for real-time high accu-
racy positioning services is LEO precise orbit. Currently, orbit determination methods
mainly include kinematic precise orbit determination (KPOD) and reduced-dynamic
POD (RDPOD). The KPOD based on onboard receiver only uses GNSS observations to
determine LEO satellite orbit, which has the advantages of low cost, easy deployment,
high accuracy, global and continuous observation. In addition, the kinematic method is
less computationally intensive since it introduces no dynamic force models.
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In the early studies of real-time orbit determination, KPOD was not widely used due
to the lack of precise real-time orbit and clock products. Ashkenazi et al. [2] demonstrated
that the accuracy of real-time TOPEX/POSEIDON satellite orbit could reach 1 m by
using dynamic force models. Gill et al. [3] clarified that X-SAT achieved real-time orbit
accuracy of 1-2 m by L1 code and phase combined observations and dynamic force
models. Using SAC-C dual-frequency observations, Reichert et al. [4] obtained real-
time orbit with a 3D accuracy of 1.5 m. Montenbruck and Ramos-Bosch [5] utilized
GPS broadcast ephemeris to determine real-time LEO orbit with a 3D accuracy of about
0.5 m. However, the above studies all used dynamic force models, which required high
computational capability and leads to latency.

With the launch of IGS-RTS [6] and the refinement of GNSS POD strategies, the
accuracy of GNSS real-time orbit and clock products has been improved [7], giving
opportunities for real-time KPOD. Chen et al. [8] used single-frequency observations and
International GNSS Service (IGS) ultra-rapid products to obtain real-time LEO orbit with
a 3D accuracy of 0.72 m. With zero-differenced and dual-frequency observations, Li et al.
[9] achieved Sentinel-3A and Swarm-A centimeter-level real-time orbit determination.
Wang et al. [10] utilized SSR products to obtain real-time GRACE orbit with a 3D
accuracy smaller than 11 cm. As the orbit products for the potential LEO applications,
broadcast ephemeris is one of the ways for users to obtain real-time LEO positions and
velocities. A small eccentricity or small orbital inclination would lead to singularities in
LEO broadcast ephemeris fitting. Xie et al. [11] used nonsingular parameters to eliminate
the singularity caused by a small eccentricity. Meng et al. [12] considered the case of
small orbit inclination and obtained a broadcast ephemeris scheme with a centimeter-
level URE by simulated orbit. However, the above studies did not discuss the fitting
scheme and accuracy of real-time LEO orbit. In order to provide precise real-time LEO
orbit and guarantee the normal operation of LeGNSS, we propose a prototype of real-
time orbit service for LEO navigation satellite system based on GNSS real-time services,
and design a complete process from LEO satellite orbit determination to broadcasting
LEO ephemeris and real-time corrections.

To assess the feasibility of proposed system, we carry out experiments on LEO orbit
determination, real-time LEO orbit prediction and LEO broadcast ephemeris fitting.
Moreover, the performance of real-time LEO orbit services is evaluated in details.

2 Real-Time LEO POD System

2.1 System Composition

Real-time LEO POD system includes monitor station, mater control station, and injection
station, as shown in Fig. 1. The monitor station collects data and transmits them to
the master control station. Here, LEO satellites are assumed to have the capability of
transmitting big data with inter-satellite links (ISL). GNSS orbit and clock products
are obtained from network. The master control station generates LEO orbit, broadcast
ephemeris and real-time corrections. Broadcast ephemeris are injected to LEO satellites
by the injection station, and then broadcasted to users, while real-time corrections can
be broadcasted to users via internet or communication systems.
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Fig. 1. Real-time LEO precise orbit service system.

2.2 System Working Principle

Figure 2 illustrates the processing flow of the real-time orbit service system in the master
control station. The system includes four modules: LEO precise orbit determination
module, real-time corrections generation module, real-time orbit prediction module,
and LEO broadcast ephemeris fitting module. The working principle of each module is
described as follows.

LEO POD Module

After data preprocessing, such as cycle slip detection and rejecting low elevation satel-
lites, PPP is used to determine LEO orbit. The onboard code and phase observations can
be expressed as

P =p;+dty —dt’ + wji; y +Drj—dj + eps. )]

;= py +dty —dt + B, j — b} + A (N;Y,j + o+ <ﬂjs) — Wity + s, (2)

where r, s and j donate receiver, satellite and signal frequency, respectively. Since the
height of LEO orbit is higher than the troposphere, the effect of tropospheric delay
is not considered. df, And dt® donate receiver and satellite clock, respectively. D,
And B, ; are receiver hardware delays of code and phase, respectively. djs And b]s. are

satellite hardware delays of code and phase, respectively. u; = f12 / ]3.2 Represents the
factor of ionospheric delay, which is used to calculate the ionospheric delay of other
frequencies. t“; | is the fi frequency ionospheric delay on the oblique path Aj is the f;
wavelength and N . is the corresponding integer ambiguity. ¢, ; And <p are the initial
phase biases of receiver and satellite, respectively. eps And Eq;  are observatlon noise of
code and phase, respectively. The remaining errors such as antenna phase center offset
(PCO), antenna phase center variation (PCV), phase wind up, and relativistic effects
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Fig. 2. Processing flowchart of the master control station.

are corrected by models. In addition, the ionosphere-free (IF) combination is used to
eliminate the first-order ionospheric delay, which can be expressed as

Pﬁ,IF = ,O,f +dt, — dt + D, — dIsF + EpS 3)
Cbi’ﬂ: = ,O;v + dtr —dr + Br,IF — be + )\,IF (N}Y,IF + ©r IF + (pfp) + 8(])-;11: (4)

Real-time Corrections Generation Module

Real-time orbit correction is generally expressed in the satellite coordinate system.
Firstly, making difference between the real-time and broadcast ephemeris orbits. Then,
the orbit corrections in along-track, cross-track, and radial components are obtained by
converting the orbit difference to satellite coordinate system. The above steps can be
expressed as follows.

éx Xp Xp
Sy |=1|ww |~ | ®)
8z ) Zp

T T . .
where [x;, y» 2] and [x, y, z,]  are the vector of broadcast ephemeris orbit and
precise LEO orbit, respectively. The satellite positions r and velocities 7 are calculated
by the broadcast ephemeris to create the rotation matrix R

R=[LX’X?L’X?] (6)
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According to the rotation matrix R, real-time orbit corrections are transformed from
the earth-fixed coordinate system to the satellite coordinate system

or dx
st | =R sy @)
én 8z

Real-Time Orbit Prediction Module

Due to complicated perturbing dynamic terms of LEO, simple fitting methods, such
as Lagrange and Chebyshev interpolation, cannot meet the requirement of prediction
accuracy for long arc [13]. Dynamic force models take the LEO force information into
account, which achieve high precision in predicting orbit and obtain the LEO position
and velocity at any time by orbit integration [14, 15]. Therefore, dynamic force models
are used to fit and predict real-time LEO orbit in this study. The motion equation of a
LEO satellite can be expressed as [16]

r
'r‘:—GMer—3 +f,r,ip)+T-a, (8)

where r, i, and ¥ donate the position, velocity, and acceleration of LEO, respectively. GM,
is the Earth’s gravitational constant. p is the vector of dynamic force model parameters to
be estimated. T is the transformation matrix from the ECEF to the ECL.a, = [a,, a., a r]T
is the vector of empirical force accelerations in along-track, cross-track and radial direc-
tions, which is used to absorb the unmodeled forces. Using the LEO orbit from #; to f,,
the dynamic force parameters are estimated as follows.

ry - ,.91 ®(11, 1) Arg

o —19 | @ 10) Afg )
) : Apg

rn —1‘21 q)(tn, tO) Aaeo

where r?l_ is the LEO position determined by KPOD, and r;, is the LEO position at #;
obtained by the orbit integral. Ary, Aig, Apy and Aa,, are the corrections of position,
velocity, dynamic force parameters and empirical force accelerations at ¢, respectively.
®(1;, tp) is the status transition matrix from ¢; to ¢y, which is expressed as

(i 10) = | b G | (10)
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LEO Broadcast Ephemeris Fitting Module

In the broadcast ephemeris fitting, using the partial derivative of each parameter, the
linear equation can be written as

Y =Fy+ or af+aYa'+ + oY dCuc? (11)
= ——dva+ —di+ -+ ———dCuc
0T 9 3i 3Cuc2
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where Y is the real-time LEO position and F is the approximate position obtained by

user algorithm with the initial parameters. %, %, el ag% are the partial derivatives
of each parameter and 9./a, 9i, ..., dCuc2 are corresponding parameter corrections.

According to Eq. (11), the error equation can be express as

ox ox o ax, [ Ve
Vx, aa 0i aCuc2 9i Xio — Xi
=| o= 5 g l Yio— Y 12
Vy, | = ia O Cu : + | Yio—Y; (12)
VZ,- ‘6,- % oo 9Zi : Zio—Z;
d/a 01 dCuc2 dCuc?

The broadcast ephemeris parameters are estimated using the iterative least squares
-1
AX = (ATA> ATl (13)

X =Xo+ AX| + AXs + -+ AX,, (14)

where X is the initial ephemeris parameter vector and AX, is the vector of corrections
for the nth iteration.

3 Data Set and Processing Strategies

3.1 Data Set

We use GRACE-FO Level-1B onboard observations in January 2019 to obtain kinematic
orbit and use the reduced-dynamic orbits provided by the Jet Propulsion Laboratory (JPL)
to assess the accuracy of near-real-time LEO orbit determination. The sampling intervals
of the onboard observation and reduced-dynamic orbit are 10s and 1s, respectively, both
of which can be downloaded from the Physical Oceanography DAAC (PO.DAAC) web-
site (https://podaac-tools.jpl.nasa.gov/). To obtain the near-real-time orbit, the Centre
National D’Etudes Spatiales (CNES) real-time orbit and clock products (CNT) with a
sampling of 5s and latency of 8s are used, which can be downloaded from the PPP-Wizard
website (http://www.ppp-wizard.net/products/).

3.2 Processing Strategies of LEO POD

Processing strategies of LEO kinematic orbit determination are shown in Table 1. Undif-
ferenced IF observations of GPS code and phase are used. Melbourne-Wiibbena (MW)
and Geometry-Free (GF) combination are employed in cycle slip detection. GPS antenna
phase center errors are corrected with the IGS14.atx file, which can be downloaded from
the IGS website (https://files.igs.org/pub/station/general/). GRACE-FO PCO are cor-
rected by the Level-1B phase center offset product VGN 1B and the rotation quaternions
product SCAI1B. Since GRACE-FO lacks priori PCV information and related products,
we use the post-processing phase residuals to build PCV models with a grid size of 5°
x 5°.
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Table 1. Processing strategy of KPOD for LEO.
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Items

Description

Observation model

Undifferenced IF code and phase

Stochastic model

Elevation dependent model

Elevation cutoff

10°

Sampling rate

10s

Estimation method

Extended Kalman Filter

GPS orbits and clocks

CNES real-time products

Cycle slip detection

MW and GF combination

LEO positions

White noise

Phase ambiguities

Estimated as float constant

Phase wind up

Model correction [17]

GPS PCO/PCV IGS14.atx
LEO PCO VGNIB + SCAI1B
LEO PCV Residual method PCV model

3.3 Processing Strategies of Dynamic Orbit Prediction

Prediction accuracy is related to the dynamic force models. The dynamic force models
and the parameters to be estimated for predicting GRACE-FO orbit are listed in Table 2.
Atmosphere drag and empirical force parameters are estimated every one cycle per
revolution, which is about 90 min.

3.4 Processing Strategies of Broadcast Ephemeris Fitting

The altitude of GRACE-FO is 400-500 km and the orbit eccentricity is about 0.005. The
orbital period (T") of GRACE-FO is about 94.8 min. To eliminate the singularity caused
by a small eccentricity, nonsingular elements (\/a, ey, ey, \, i, £2) are used to replace
the classical Kepler 6 elements. The transformation can be expressed as

ex = e - cos(w)
ey = e - sin(w) (15)
A=w+ M

where e, , and M are eccentricity, argument of perigee and mean anomaly, respectively.
In order to assess the characteristics of GRACE-FO orbit, the variations of nonsingular
elements are analyzed. Figure 3 presents the time series and amplitude spectrum of
the nonsingular elements during one day. It can be seen that the RAAN (£2) shows
mainly a linear variation, while the other elements show periodic variations in the form
of harmonics. The short period of the semi-axis (a) and orbital inclination (i) is about
T/2. The elements e, and e, exhibit a short period of about 7/3, and the short period of
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Table 2. Force models and estimated parameters.

Item Description

Force models

Earth gravity EGM2008(120 x 120) [18]

Solid earth tide IERS 2010 [19]

Ocean tide IERS 2010 [19]

Solar radiation Macro model [20]

N-body JPL DE405 [21]

Atmosphere drag | DTM94 [22]

Estimated parameters

LEO orbits Initial positions and velocities

Atmosphere drag | A scale factor estimated every one cycle per revolution (90 min)

Empirical force Ca, Sa, Cc, and Sc for along- and cross-track components (sine/cosine)
every one cycle per revolution

larger amplitude for the element X is 7/2. In order to fit the LEO orbit accurately, the
effects of the above short-periodic perturbation terms need to be considered. Therefore,
based on the GPS LNAV parameters, we simulate the LEO perturbation by adding
different additional parameters to develop an applicable broadcast ephemeris scheme
for real-time LEO orbit. The additional parameters are listed in Table 3, including short-
periodic corrections and secular corrections. Short-periodic corrections contain the first-
and third-order amplitude of sine and cosine harmonic correction term to the angle of
inclination i, the orbit radius r and the argument of latitude u. Secular corrections contain
the change rate of the semi-major axis a and the mean motion n.

4 Results and Analysis

4.1 Analysis of Near-Real-Time Kinematic Orbit Accuracy

Figure 4 shows the position errors of GRACE-FO near-real-time kinematic orbit on
January 27, 2019. It can be found that the convergence time is needed at the beginning
of the orbit determination. During this period, the orbit errors fluctuate largely, and
the results are of low accuracy. After convergence, the position errors in along-track,
cross-track and radial components are generally smaller than 10 cm.

In order to evaluate the accuracy of near-real-time LEO orbit, we use the onboard
observation from January 1 to 30, 2019 to obtain GRACE-FO orbits. Table 4 shows
the Root Mean Square Error (RMSE) of GRACE-FO kinematic orbit. It can be found
that the RMSE of GRACE-C and GRACE-D kinematic orbit are smaller than 6 cm in
along-track, cross-track, and radial directions. The 3D RMSE are smaller than 10 cm,
which means that the near-real-time orbit reaches centimeter-level accuracy.
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Fig. 3. Time series (red) and amplitude spectrum (blue) of 6 orbit nonsingular elements for

GRACE-FO.

Table 3. Additional parameters.

Description

Parameters

Short-periodic correction

Cusl, Cucl, Crsl, Crcl, Cisl, Cicl
Cus3, Cuc3, Crs3, Crc3, Cis3, Cic3

Secular correction an
GRACE-C
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Fig. 4. GRACE-FO near-real-time kinematic orbit errors.
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Table 4. RMSE of GRACE-FO near-real-time kinematic orbit.

RMSE/cm Along-track Cross-track Radial 3D
GRACE-C 5.47 3.95 5.82 8.91
GRACE-D 5.33 451 5.81 9.08

4.2 Analysis of Dynamic Prediction Orbit Accuracy

In order to obtain real-time orbit, dynamic force models are used to fit and predict the
near-real-time orbit. The fitting and prediction arcs are 24 h and 30 min, respectively.
Figure 5 presents the prediction errors of 30-min prediction arc compared with the
reference orbit in along-track, cross-track and radial components. The prediction errors
of along-track and radial components varies within 5 cm.
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Fig. 5. Prediction errors of near-real-time kinematic orbit in along-track (red), cross-track (green)
and radial (blue) components.

Table 5 lists the RMSE of the GRACE-FO real-time prediction orbit errors for
DOY001~030 in 2019. For 20-min prediction time, the prediction accuracy is better than
10 cm for GRACE-C and GRACE-D in along-track, cross-track and radial directions,
with the smallest error in cross-track direction and large errors in radial and along-track
directions. For the 30-min prediction arc, the along-track error is larger than 10 cm,
while the errors in radial and cross-track directions are less than 10 cm.

Table 5. RMSE of GRACE-FO real-time prediction orbit.

Prediction arc (min) Along-track/cm Cross-track/cm Radial/cm
GRACE-C 20 7.78 4.11 5.18

30 11.76 4.60 8.39
GRACE-D 20 6.29 2.13 6.25

30 10.83 2.14 7.56
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4.3 Analysis of LEO Broadcast Ephemeris Accuracy

Table 6 shows the fitting UREs and the corresponding additional parameters for 16-,
18-, 20-, 22-, and 24-parameter broadcast ephemeris schemes in 20- and 30-min fitting
arcs. Compared with the 16-parameter scheme, @ and 7 in the 18-parameter scheme
improve the fitting accuracy in along-track and radial directions significantly. The first-
and third-order amplitudes of harmonic correction terms to the orbit radius (r) and the
argument of latitude (#) would fit along-track direction better than a and 7. Combining
the additional parameters in 18-parameter scheme, the 20-parameter scheme containing
a and rnhas smaller fitting errors for along-track direction, while the radial fitting accuracy
is better for the scheme without a and 7. The fitting errors of 22-paramenter schemes
are comparable in the along-track, cross-track, and radial components, and the UREs
are about 5 cm for the 20-min fitting arc. In order to improve the fitting accuracy, the
amplitudes of harmonic correction term to the orbital inclination Cis3 and Cic3 are
added to the 22-parameter scheme. Compared with the 22-parameter, the cross-track
fitting accuracy of the 24-parameter scheme is significantly improved by about 1 cm,
and the URE is smaller than 4 cm.

Table 6. RMSE of fitting errors for GRACE-D real-time prediction orbit.

Parameter | Additional parameters | 20 min (cm) 30 min (cm)

number A C R URE|/A C R |URE

16 - 37.54 1598 | 19.89 | 25.79 | 97.71 | 21.67 | 67.59 | 70.22

18 a,n 18.64 |5.74 | 11.4 |13.40 | 54.79 | 21.33 | 34.53 | 40.43
Cusl, Cucl 7.96 15.62 | 18.66 | 10.01 | 24.28 | 21.18 | 63.65 | 33.74
Crsl, Crcl 7.97 5.62|18.67 | 10.02 | 24.27 | 21.16 | 63.61 | 33.72
Cus3, Cuc3 748 5.61 |18.64 | 9.85|21.54 21.16 | 63.76 | 32.99
Crs3, Crc3 8.19(5.6 | 11.29| 7.93|26.08 |21.14 32.07 | 25.40

20 a, n, Cus3, Cuc3 49 |555]11.01| 6.6213.91|20.94 | 32.56|21.13
a, n, Crs3, Crc3 54 |556| 7.73| 5941537 20.88 | 19.33 | 18.51

Cusl, Cucl, Crs3,Crc3 | 8.03|5.62| 558 | 6.71|24.30|21.18  19.98 | 22.32
Crsl, Crcl, Cus3, Cuc3 | 881|5.63 | 5.66| 7.12]26.80|21.24  20.42 | 23.56

22 a, n, Cusl, 5.11|555 4.1 5.14 1 14.78 1 20.94 | 14.72 | 17.57
Cucl, Crs3, Crc3
a,n,Crsl, 5.62 555 4.17| 5.36|16.06  20.95 | 14.87 | 18.06
Crcl, Cus3, Cuc3

24 a, n, Cusl, Cucl, 5.13|1.68 | 3.64| 3.79 |14.77| 7.55]12.92 11.95

Crs3, Cre3, Cis3, Cic3

Fitting results of GRACE-D are shown in Fig. 6, where 16-parameter scheme
includes (tae, Ja, e, ey, \, i, 2, An, Q, i', Cus2, Cuc2, Cis2, Cic2, Crs2, Ccm), 18-,
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20-, 22- and 24-schemes are the smallest URE solutions in Table 6. Generally, the URE
of 20-min fitting arc is smaller than that of 30-min fitting arc with the same elements.
With increasing number of parameters, the fitting accuracy of broadcast ephemeris is
improved. The fitting accuracies of the 18-, 20-, 22- and 24-parameter schemes reach
centimeter level for 20-min fitting arc. In order to provide high-accuracy LEO broadcast
ephemeris, the 24-parameter scheme is recommended.

| I —# ——
16 18 20 22 24
Parameter Number

Fig. 6. Fitting UREs of GRACE-FO orbit for 16-, 18-, 20-, 22-, and 24-parameter schemes with
20- and 30-fitting arcs.

However, the above results do not consider the errors of orbit determination and
prediction. To assess the accuracy of LEO broadcast ephemeris, the real-time prediction
orbit broadcast ephemeris is compared with the post-processing reference orbit from
January 1 to 30, 2019. Figure 7 shows the daily RMSEs of the 24-parameter ephemeris in
along-track, cross-track, and radial directions. It can be found that the errors of GRACE-C
and GRACE-D broadcast ephemeris are about 10 cm in along-track and radial directions,
and generally smaller than 5 cm in cross-track direction for 20-min prediction arc.

Figure 8 shows the daily UREs of GRACE-FO real-time broadcast ephemeris for
DOY001~030 in 2019. The average UREs of GRACE-C and GRACE-D are 12.31 cm
and 10.42 cm, respectively. The LEO real-time broadcast ephemeris accuracy is near
centimeter-level. With real-time corrections, the real-time LEO orbit obtained by 20-
min broadcast ephemeris is restored to the real-time prediction orbit, which is of a
centimeter-level accuracy in along-track, cross-track and radial components.
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Fig. 7. Daily RMSE:s of broadcast ephemeris for GRACE-C(blue) and GRACE-D(red) real-time
prediction orbit in along-track(up), cross-track(middle) and radial(bottom) components.
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Fig. 8. Daily UREs of broadcast ephemeris for GRACE-C(blue) and GRACE-D (red) real-time
prediction orbit.

5 Conclusion

In this paper, a prototype of real-time LEO orbit service system is proposed, the working
principle and system process are elaborated, and the system feasibility is demonstrated
by experiments. LEO orbit determination, prediction and LEO broadcast ephemeris
fitting are carried out to investigate the performance of real-time orbit services for LEO
satellite navigation system.

Results show that near-real-time LEO kinematic orbit can reach centimeter-level
accuracy. The prediction errors in along-track, cross-track, and radial directions are
centimeter-level for 20-min LEO near-real-time kinematic orbit prediction using dynam-
ical force models, while the prediction errors increase to decimeter-level accuracy for
30-min prediction arc. Compared with the prediction orbit, the 24-parameter broadcast
ephemeris scheme would achieve URE smaller than 5 cm for 20-min fitting arc, while
it is near centimeter-level compared with the post-processing orbit.
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In summary, the proposed real-time LEO satellite orbit service system would obtain
near-real-time LEO orbit with a 3D accuracy smaller than 10cm, and provide users
with centimeter to decimeter-level real-time LEO orbits by LEO broadcast ephemeris.
Moreover, the service system would provide real-time centimeter-level orbits by using
the real-time corrections.
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