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Zero-Reconvergence PPP for Real-Time Low-Earth
Satellite Orbit Determination in Case of

Data Interruption
Haibo Ge , Guanlong Meng , and Bofeng Li

Abstract—With the fast development of low earth orbit (LEO)
enhanced global navigation satellite system (LeGNSS), there is
huge demand in LEO real-time precise orbit determination. Real-
time service from international GNSS service (IGS) provides the
real-time precise GNSS orbit and clock products, which gives an
opportunity to make use of kinematic precise point positioning
(PPP) method for LEO POD. However, real-time precise GNSS
products and onboard GNSS observations interrupt inevitably or
even frequently (especially for real-time clock products), resulting
in PPP reconvergence as well as large orbit errors in LEO orbit
solutions. A new method is put forward to reduce such influence of
two types of data interruptions. For interruption of clock products,
the Chebyshev extrapolation is used to maintain the continuity
of real-time GNSS clock products. For the onboard observation
interruption, the predicted dynamic orbits are employed as con-
straints to overcome the PPP reconvergence. Results show that
zero-reconvergence PPP can be realized with our new method,
which means there is almost no reconvergence time after data in-
terruption. Moreover, clock prediction can reduce the root–mean-
square errors (RMSE) for real-time LEO orbit from 5.40, 4.70,
and 7.33 cm to 5.18, 4.55, and 5.99 cm in along-track, cross-track,
and radial directions, respectively, while the predicted dynamic
orbit constraints reduce the orbit RMSE by 20–30% in cross-track
component and 60%–80% in other two components.

Index Terms—Data interruption, low earth orbit (LEO)
satellites, precise point positioning (PPP) reconvergence, real-time
kinematic orbit determination.

I. INTRODUCTION

PRECISE low earth orbits (LEO) are the prerequisite for
the geoscientific research and applications with different

kinds of LEO satellites, such as earth gravimetry [1], ocean
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tides [2], and earth magnetic field [3]. Two typical methods
are commonly used to determine the precise orbits of LEO
satellites, e.g., kinematic precise orbit determination (KPOD) [4]
and reduced-dynamic precise orbit determination (RDPOD) [5].
KPOD only uses pseudo-range and carrier phase observations
received by onboard GNSS receivers. It is clear that the orbit
accuracy of KPOD mainly depends on the GNSS satellite geom-
etry and the observation quality since the dynamic force model
is not adopted. Combining GNSS observations and dynamic
force models, RDPOD can obtain the precise LEO satellite orbits
with 1–2 cm accuracy [6], where the process noise or empirical
parameters should be properly set up to absorb the unmodeled
errors in dynamic force models. For some specific research and
applications, such as gravity recovery, KPOD is preferred since
it is not affected by force models. Moreover, KPOD is much
more computationally efficient than RDPOD, which is more
suitable for the upcoming mega LEO constellations with the
huge number of satellites [7].

KPOD is generally implemented by precise point positioning
(PPP) method [8], [9]. Montenbruck [10] demonstrated that the
total root-mean-square errors (RMSE) of CHAMP are about
1.0–1.5 m with 30 s sampling data by using single frequency
PPP. With the improvement of GPS precise products as well
as the adoption of dual-frequency data, the RMSE of kinematic
orbits for each direction can be smaller than 2.5 cm for GRACE,
CHAMP, and GOCE satellites [11], [12], [13].

In recent years, with huge demand of real-time positioning
services and different kinds of real-time applications, especially
for the real-time PPP of LEO enhanced global navigation satel-
lite systems (LeGNSS) [14], real-time precise LEO orbits have
become one of the research hotspots. Meanwhile, with the launch
of real-time service (RTS) [15] and the refinement of models and
strategies for GNSS POD, the accuracy of real-time GNSS orbit
and clock generated by International GNSS Service (IGS) has
been improved greatly. The accuracy of real-time GPS orbits
reaches centimeter level and the standard deviations (STD)
of GPS clock is about 0.1 ns, providing the centimeter level
real-time positioning accuracy [16], [17]. The improvement of
IGS-RTS gives opportunities for real-time precise LEO orbit
determination with real-time PPP. Real-time decimeter LEO
orbit can be obtained with single-frequency GPS data while it
can be improved to centimeter-level with double-frequency data,
such as sentinel-3A and swarm-A [18], [19]. With the increasing
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Fig. 1. Differences between CNES real-time clock and IGS final clock of G07,
G08, G09, G11, G17, and G28 on January 10, 2019. Black dash line denotes the
time when clock interruption occurs.

number of LEO satellites as well as the requirement of real-time
precise LEO orbits, more studies on LEO real-time kinematic
orbit determination are carried out and centimeter-level accuracy
is achievable [20], [21], [22].

However, the interruption of real-time GNSS precise prod-
ucts and LEO onboard GNSS observations was neglected for
the aforementioned studies, which would result in PPP recon-
vergence and greatly decrease the quality of real-time LEO
orbit. Due to network outage or temporary modem failure,
RTS products may interrupt frequently, especially for real-time
clock [23], [24]. The influence of real-time clock outage for the
ground real-time PPP has been investigated thoroughly and the
corresponding prediction models have been well studied, such
as linear model, polynomial model, and grey model [25], [26],
[27], while the impact of such interruptions on real time LEO
orbit determination is rarely investigated. In addition, the stream
of GNSS real-time clock also jumps frequently, which may be
caused by the switchover of clock datum [28]. For ground sta-
tions, clock detection and prediction methods for removing clock
jumps has been studied and achieved great improvements in
real-time positioning [24], [29]. Nevertheless, the impact of real-
time GNSS clock interruption and jump on real-time LEO orbit
determination are rarely assessed. Furthermore, the performance
of onboard GNSS receiver could be impaired [30] and onboard
GNSS observations may interrupt as well due to the complex
space environment [31], [32]. Under such circumstance, real-
time LEO orbits are unavailable since the lack of onboard ob-
servations. Moreover, real-time PPP of LEO orbit would suffer
from reconvergence when onboard observation data recovered.
For ground stations, tropospheric and ionospheric constraints
are usually adopted for the fast PPP reconvergence in real-time
[33], [34]. However, they are not suitable for the LEO satellites,
since the altitude of LEO orbit is higher than that of troposphere
and the real-time maps or products for topside ionosphere of
LEO are not provided. Thus, the precision of real-time LEO orbit

would decrease to decimeter-level or even meter-level during the
reconvergence period, which is unacceptable for the real-time
precise applications.

In this article, we put forward the method of zero-
reconvergence PPP for real-time LEO orbit determination in
case of data interruption. For the interruption of onboard ob-
servation data, constraining the predicted orbit for kinematic
orbit determination is proposed in order to accelerate the speed
of reconvergence or even avoid the reconvergence. For the
interruption of real-time GNSS clock, a clock jump detection
method is put forward and Chebyshev extrapolation is then
adopted to predict real-time clock to improve the quality of LEO
orbit during real-time clock interruption.

The rest of this article is organized as follows. In Section II,
datasets and the phenomenon of real-time clock and onboard
data interruptions are demonstrated in the following section.
In Section III, the corresponding PPP solutions for LEO orbit
determination are introduced. In Section IV, the performance
and analysis of new strategies are given. Finally, Section V
concludes this article.

II. DEMONSTRATION OF DATASETS

Data of gravity recovery and climate experiment follow-on
(GRACE-FO) from January 1–30, 2019, e.g., onboard GPS data
(GPS1B), attitude data (SCA1B), and precise scientific orbits
(GNV1B) are adopted to perform real-time KPOD. GPS1B data
contains dual-frequency GPS observations of the twin satellites,
GRACE-C and GRACE-D, with sampling interval of 10 s.
SCA1B data contains the rotation quaternions from inertial
frame to satellite frame [35]. GNV1B data is precise scientific
orbits of GRACE-FO generated by RDPOD of Jet Propulsion
Laboratory (JPL), which has been widely used as reference orbit
due to its high accuracy. All the datasets above are accessible
via Physical Oceanography Distributed Active Archive Center
website (https://podaac-tools.jpl.nasa.gov/drive/files/allData/).
Meanwhile, real-time GNSS orbits and clock corrections from
Centre National D’Etudes Spatiales (CNES) are used, which can
be found in the website: http://www.ppp-wizard.net/products/
REAL_TIME/.

Fig. 1 shows the clock differences between real-time clock
products from CNES and final clock products from IGS of G07,
G08, G09, G11, G17, and G28 for half an hour on January
10, 2019. It can be found that the real-time clocks interrupt
for about two minutes from 1:15:50 to about 1:18. Moreover,
large differences exist between CNES real-time clock products
and IGS products and the maximum deviation can reach over
700 m.

Fig. 2 shows the statistic results of clock interruption durations
for each GPS satellite in January 2019 (G04 is not included since
there is no real-time products for it). It is clear that almost all
satellites have 10 times of clock interruptions for 1 min, while
G18 and G27 have nearly 15 times of clock interruptions. More-
over, the periods of clock interruption are all within 6 minutes.

Meanwhile, the interruption of onboard GNSS observations
is also found in the datasets. Fig. 3 shows the observed number
of GPS satellites of GRACE-D on January 26, 2019. Clearly,

https://podaac-tools.jpl.nasa.gov/drive/files/allData/
http://www.ppp-wizard.net/products/REAL_TIME/
http://www.ppp-wizard.net/products/REAL_TIME/
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Fig. 2. Frequency and duration of clock interruptions for each GPS satellite in
January, 2019. The vertical axis represents the interruption duration for each
GPS satellite, and the color indicates the corresponding frequency for each
interruption duration.

Fig. 3. Number of observed satellites by GRACE-D on January 26, 2019.
Black dash lines denote the period of observation interruption (from 11:06:50
to 11:12:10).

the observation interruption starts at 11:06:50 and recovers at
11:12:10, with a duration of approximately 5 min.

In order to find out the length of onboard observation in-
terruption, all onboard observations of GRACE-FO in 2019
are used for statistical analysis. Fig. 4 shows the statistical
results of different interruption periods for GRACE-C and
GRACE-D in 2019. As shown in Fig. 4, the lengths of most
onboard observation interruptions are 4–6 min for GRACE-C
and GRACE-D, while the longest interruption period is about
10 min for GRACE-C and about 9 min for GRACE-D. Moreover,

Fig. 4. Frequency as a function of interruption duration for GRACE-C (blue)
and GRACE-D (red) observation data interruption in 2019.

the number of interruptions of GRACE-C is more than that of
GRACE-D in 2019.

III. PROCESSING STRATEGY

The aforementioned demonstrates that the interruptions or
jumps of real-time clock products and onboard observation data
are inevitable. If such interruptions or jumps are neglected in
PPP processing, LEO orbit must reconverge once the data is
recovered, resulting in great degradation of LEO orbit accuracy.
Thus, it is of great importance to deal with these two types of
interruptions to speed up or even avoid the PPP reconvergence
and then keep the precision of LEO orbit stable. In this section,
two strategies are put forward to alleviate the effects of clock
and observation interruptions.

A. Setup of Real-Time PPP for LEO Satellites

We develop a real-time LEO orbit determination software
based on the multisystem and multifrequency instantaneous
precise point positioning [36]. The related processing setups
are given in Table I. Ionosphere-free combination is applied
to eliminate the impact of the ionospheric delay. Meanwhile,
real-time PPP are carried out by the Kalman Filter. The IGS
antenna file IGS14.atx is applied to correct the GPS PCO and
PCV [37]. The PCO values of GRACE-FO are corrected by
using SCA1B and VGN1B products [38].

B. Strategy of Real-Time Clock Interruption and Jump

The period of clock interruptions is mainly shorter than 6
minutes, c.f. Fig. 2. Nie et al. [29] summarized that the outage
periods of real-time clock were mainly shorter than 3 min.
Thus, many prediction models for clock corrections, e.g., neural
network, grey model, Chebyshev extrapolation, and polynomial
model etc., can be applied since the quality of short-term clock
prediction (CP) is of high accuracy [40], [41]. Liu et al. [42] and
Wang [43] predicted GPS clock with Chebyshev extrapolation,
which can be expressed as

δts (t) =
n∑

i=0

CiTi (τ) (1)
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TABLE I
MEASUREMENTS AND PROCESSING MODELS

where δts(t) is the satellite clock at time t; n is the Chebyshev
order and Ci is the ith Chebyshev coefficient to be estimated.
τ = 2(t− t0)/Δt− 1 donates the standardized time that
ranges from -1 to 1 when fitting satellite clock. t0 and Δt are
the initial time and fitting duration, respectively. The recurrence
formula Ti(τ) is formed as follows:
⎧⎨
⎩

T0 (τ) = 1
T1 (τ) = τ

Tn (τ) = 2τTn−1 (τ)− Tn−2 (τ) , |τ | ≤ 1, n ≥ 2
. (2)

Combining (1) and (2), the error equation is expressed as

⎡
⎢⎢⎢⎣

V1

V2

...
Vm

⎤
⎥⎥⎥⎦

︸ ︷︷ ︸
V

=

⎡
⎢⎢⎢⎣

T0 (τ1) T1 (τ1)
T0 (τ2) T1 (τ2)

· · · Tn (τ1)
· · · Tn (τ2)

...
...

T0 (τm) T1 (τm)

. . .
...

· · · Tn (τm)

⎤
⎥⎥⎥⎦

︸ ︷︷ ︸
A

×

⎡
⎢⎢⎢⎣

C0

C1

...
Cn

⎤
⎥⎥⎥⎦

︸ ︷︷ ︸
X

−

⎡
⎢⎢⎢⎣

δts (t1)
δts (t2)

...
δts (tm)

⎤
⎥⎥⎥⎦

︸ ︷︷ ︸
l

(3)

where the Chebyshev coefficients are estimated by the least
squares X = (ATA)

−1
(AT l). With Chebyshev coefficients,

the satellite clock can be predicted by the time t.
Besides clock interruptions, clock jumps shown in Fig. 1 must

be detected and repaired, otherwise the results of LEO orbit
would degrade greatly. The change rate of clock corrections is
introduced as the detection index to find out clock jumps in
real-time, which can be written as follows [24], [29]:

rclk =
clki − clki−1

ti − ti−1
(4)

Fig. 5. Original clock corrections (top) and change rates (bottom) of G01 from
CNES real-time products and IGS final products in January, 2019.

where clki and clki−1 are corresponding GPS satellite clock
corrections for epoch ti and ti−1, respectively. Fig. 5 shows the
original clock corrections and change rates of G01 from CNES
real-time products and IGS final products in January 2019. Both
clock corrections exhibit a linear trend, while clock jumps occur
occasionally for CNES real-time products. Moreover, real-time
clock rate concentrates between −30 and 30 cm/s, while that of
IGS final clock is steady and closed to zero.

Fig. 6 shows the STD of change rates of real-time clock for
each GPS satellite in January 2019. The STD of clock change
rates is about 7 cm/s for most satellites, while it is 3.37 cm/s for
G18 and 4.30 cm/s for G31.
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Fig. 6. STD of real-time clock change rate for each GPS satellite based on the
data of January 1–30, 2019. Averaged value is in the upper right corner of this
figure.

Fig. 7. Number of real-time clock jumps for each GPS satellite based on the
data of January 1–30, 2019. Averaged number of jumps is in the upper right
corner of this figure.

The three times STD is applied as a threshold for clock change
rate to detect clock jump in real-time [24], [29], the number of
detecting clock jumps for each satellite are shown in Fig. 7. The
average number of clock jumps is about 1731 in January 2019.
The amount of clock jumps for all satellites except G17, G18,
G27, and G31 are similar about 1800, which may be caused by
the switch of clock datum. When clock datum switches, clock
offsets of different satellites jump at the same time, leading to
the similar number of clock jumps [24]. However, the number
of clock jumps for G17, G18, G27, and G31 is less than 1800,
which is mainly caused by the interruption of clock products
when the change of clock datum occurs, resulting in less detected
clock jumps. When clock jumps are detected in real-time, CP is
adopted and the jumps are replaced by the values predicted by
Chebyshev extrapolation for LEO orbit determination.

C. Strategy of Onboard Observation Interruption

Kalman Filter is employed to implement the real-time PPP as
follows [44], [45]:⎧⎪⎨

⎪⎩
Kk = P−

k HT
(
HP−

kH
T +R

)−1

X̂k = X̂
−
k +Kk

(
Zk −HX̂

−
k

)
P k = (I −KkH) P−

k

(5)

where Kk is the Kalman Gain; P−
k and P k are the covariance

matrix of state vector before and after measurement update; H

Fig. 8. Process of accelerating convergence based on predicting LEO orbit by
dynamic force models. The green arcs represent normal conditions (with onboard
observation), and the red arc indicates observation interruption (without (w/o)
onboard observation). LEO orbit is fitted (yellow dashed arc) and predicted
(yellow solid arc) when observation interrupt, and the prediction part is used as
OC (purple arc).

is the state-to-measurement matrix; R is covariance matrix of
GNSS measurement; Zk is the GNSS measurement; X̂

−
k and

X̂k are the parameters before and after being filtered. Before
measurement update, variances of LEO positions and receiver
clock inP−

k are set to a sufficient large number [in the article, we
take (60 m)2] to handle them as purely epoch-wise parameters.

Meanwhile, their corresponding values in X̂
−
k are determined

by the standard point positioning. The covariance matrix R is
designed by the elevation dependent model and the state-to-
measurement matrix H is generated by linearizing the code and
phase observation equations. Updating measurement with the
above matrices, real-time LEO orbits are obtained with a high
accuracy.

However, onboard observation interruption will lead to the
reconvergence of real-time kinematic PPP for POD, degrading
the accuracy of real-time LEO orbits. Therefore, an orbit con-
strained method is proposed to avoid the reconvergence after on-
board observation recovered. The basic concept is demonstrated
in Fig. 8. When onboard observation interrupts, the kinematic
orbits before interruption are used to predict the orbits. After
data recovery, the predicted orbits are used as prior orbits and
the precision of predicted orbits is used as prior constraints to
accelerate PPP reconvergence. Therefore, the accuracy of orbit
prediction is of great importance for PPP reconvergence. Due
to fast motion and complicated perturbing dynamic forces of
LEO satellites, the prediction accuracy of simple extrapolation
methods, such as Chebyshev polynomial and Lagrange polyno-
mial, would be larger than 1 m when prediction arc is longer
than 1 min [46]. Predicting LEO orbits by using dynamic force
models would reach higher accuracy [47], [48]. Wang et al. [49]
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TABLE II
FORCE MODELS AND ESTIMATED PARAMETERS

demonstrated that the orbital prediction accuracy can reach 0.1
m even for 1 h prediction arc. Thus, we use dynamic force models
to fit and predict real-time LEO orbits.

The position r of satellite at t in dynamic model can be
calculated as follows [50]:

r = Φ (t, t0) [r0, ṙ0,p0]
T (6)

where r0, ṙ0, p0 represent the initial position, velocity,
and dynamical parameters, respectively at t0. Φ (t, t0) =[
∂r/∂r0 ∂r/∂ṙ0 ∂ṙ0/∂p0

]
is the transform matrix of the

orbit status from t0 to t, which is calculated by orbit integration
base on force models. Utilizing real-time kinematic LEO orbit
within (t1, tn) to fit the initial orbit status can be expressed as
the following form:

⎡
⎢⎢⎢⎣

rt1 − r0t1
rt2 − r0t2

...
rn − r0tn

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

Φ (t1, t0) [Δr0,Δṙ0,Δp0]
T

Φ (t2, t0) [Δr0,Δṙ0,Δp0]
T

...
Φ (tn, t0) [Δr0,Δṙ0,Δp0]

T

⎤
⎥⎥⎥⎦ (7)

where r0ti is the kinematic LEO position, and rt1 is calculated
by orbit integration at ti; (Δr0,Δṙ0,Δp0) are the corrections
vectors of position, velocity and estimated dynamical parameters
at t0, respectively; Φ(ti, t0) is the transform matrix from t0 to
ti.

According to (7), the LEO position, velocity, and dynamic
parameters at the initial time t0 are estimated by using the
iterative least squares estimation. Then, LEO orbits are predicted
by using the numerical integration. The force models and the
estimated parameters are given in Table II.

After observations recover, the prediction orbit is adopted as
prior orbit, which is X̂−

k in (5). Then, the corresponding position
variances, P−

k in (5), are set by the accuracy of prediction as a
constraint. By constraining LEO orbit, the reconvergence can
be accelerated. However, the accuracy of prediction orbit is
unavailable in real-time since the reference orbit are usually
postprocessed. Thus, an empirical accuracy of the predicted orbit
needs to be determined.

In order to find out the appropriate constraint for predicted
LEO orbits, total of 30-day real-time kinematic orbits are used
to evaluate the accuracy of predicted orbits. Fig. 9 shows the
averaged RMSE for 30 days in along-track, cross-track, and
radial directions within 30 min. It is found that the prediction
RMSE are smaller than 10 and 20 cm for 30-min prediction
arc for the cross-track and radial direction, respectively. The
prediction RMSE at along-track direction increases quickly as
increasing the prediction arc and it is larger than 40 cm for
30-min prediction arc. The 3-D RMSEs of predicted orbits are
13.4, 18.7, and 25.1 cm for the prediction arc of 5, 10, and
15 min, respectively.

With the analysis above, the specific strategy used in our soft-
ware for real-time kinematic PPP for LEO orbit determination
when interruption of onboard data occurs is demonstrated as
follow. During the period of interruption of onboard observation
data, the initial parameters for orbit prediction are estimated
with previous orbits. Then, the predicted orbits are used for
orbit constraints (OC) after onboard observation recovered. In
(5), the LEO positions in X̂

−
k before measurement update are

replaced by predicted orbit and the corresponding variances in
P−

k , variances of position parameters, are replaced with the
empirical accuracy. As shown in Fig. 9, the prediction errors
in the three directions are all smaller than 0.2 m for 10-min
prediction arc (the period of interruption of onboard observation
is usually less than 10 min according to Fig. 4) and increase with
increasing prediction time, which can be described in a linear
expression. Thus, the position variances σ2

i in P−
k can be set as

σ2
i = σ2

0 + i× dσ2, i = 0, 1, 2, 3 . . . considering the decrease
of prediction accuracy with the increase of prediction arc. i is
the ith epoch after the epoch when data recover. (0.2 m)2 is
adopted for σ2

0 as the position variance of the first epoch. dσ2 is
the decrease factor of the position variance and set to (5 cm)2

by experience. Meanwhile, the ambiguities are re-estimated after
data recovered and the corresponding variances in P−

k are set as
(60 m)2.

Fig. 10 displays the flowchart of real-time PPP for LEO orbit
determination. We add three new modules for real-time orbit
determination: the interruption and jump detection module; the
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Fig. 9. Averaged RMSE values of prediction errors for 30 days in along-track (A), cross-track (C), and radial (R) directions within 30 min.

Fig. 10. Flow chart for LEO real-time KPOD. Dashed boxes indicate the three new modules, including the interruption and jump detection module, the CP and
updating module, and the orbit prediction and constraints module.

CP and updating module; and the orbit prediction and constraints
module. The first module is applied to detect clock jump and
interruption as well as the interruption of onboard observations.
When real-time clock is detected as abnormal, the second mod-
ule is enabled to fix and replace outliers with predicted clock
corrections for clock interruption and jump, respectively. The
third module predicts orbit with dynamic models and applies

OC for accelerating reconvergence when onboard observation
interrupts.

IV. RESULTS AND ANALYSIS

With the aforementioned method, one-month (January, 2019)
real-time PPP for LEO POD is conducted. The reduced-dynamic
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TABLE III
RMSE VALUES AND CORRESPONDING IMPROVEMENT FOR REAL-TIME PPP WITH AND WITHOUT (W/O) CP FOR GRACE-D FROM 01:15:50 TO 02:15:50 ON

JANUARY 10, 2019

Fig. 11. Performance of real-time PPP for GRACE-D with (blue) and without
(red) CP after clock interruption on January 10, 2019. Black dash line denotes
the time when clock interruption occurs.

orbit from JPL (GNV1B data) is used as reference orbit and the
convergence time is defined as the time when the positioning
errors for each component reach ± 10 cm and stays within that
value for at least 20 min.

Fig. 11 shows the real-time orbit errors in along-track, cross-
track, and radial components with and without CP on January
10, 2019. It can be found that real-time PPP suffer from re-
convergence from about 1:16 without CP while there is almost
no reconvergence with CP. This is mainly caused by the clock
interruption happened at 1:15:50 as shown in Fig. 1. At 1:15:50,
the positioning errors without CP and by using broadcast clocks
in along-track, cross-track, and radial components are −0.07,
−0.18, and −0.98 m, respectively. With clock jump detection
and prediction, broadcast clocks with large errors are detected
and replaced by prediction values, making the positioning errors
smaller than 0.1 m. During the interruption, the RMS values
without CP in along-track, cross-track, and radial components
are 0.25, 0.23, and 0.71 m, respectively, while that with CP are
0.05, 0.02, and 0.08 m, respectively. At the moment when clock
corrections recovered, the positioning errors without CP and
clock jump detection are still larger than 0.1 m, while those with

Fig. 12. Daily RMSE of position errors in along-track, cross-track, radial
directions and 3D with (blue) and without (red) CP for GRACE-D in January,
2019. Averaged RMSE values are in the upper right corner of each subplot.

CP and clock jump detection keep smaller than 0.1 m. Moreover,
clock jumps often occur after real-time corrections recovered,
which will introduce large errors into parameter estimation and
lead to longer duration of reconvergence if the method of clock
jump detection and CP is not adopted. With clock jump detection
and prediction, the orbit quality shows great improvement when
real-time GNSS clock interrupts, as indicated by the RMSE
given in Table III. The RMSE for the kinematic orbits with CP in
along-track, cross-track, and radial components are 5.26, 2.33,
and 6.00 cm respectively, improved by 45.03%, 86.33%, and
68.96%.

Fig. 12 presents the daily RMSE of orbit with and without CP
method in January, 2019. It can be found that the average RMSE
of orbit in along-track, cross-track, and radial components are
improved from 5.40, 4.70, and 7.33 cm to 5.18, 4.55, 5.99 cm,
respectively. The 3-D RMSE is improved by 10.83%. These
results confirm that the detection methods for clock jumps and
interruptions are practical and the predicted clock corrections
can effectively improve the orbit quality as well as avoiding PPP
reconvergence in real-time LEO kinematic orbit determination.
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Fig. 13. Performance of real-time PPP for GRACE-D orbit with (blue) and without (red) OC after onboard observation interruption on January 26, 2019. Black
dash lines denote the period of observation data interruption (from 11:06:50 to 11:12:10).

TABLE IV
RMSE VALUES AND CORRESPONDING IMPROVEMENT FOR REAL-TIME PPP WITH AND WITHOUT (W/O) OC FOR GRACE-D FROM 11:06:50 TO 12:06:50 ON

JANUARY 26, 2019

TABLE V
RMSE AND IMPROVEMENT OF REAL-TIME PPP WITH AND WITHOUT NEW METHOD FOR GRACE-C/D, JANUARY 1–30, 2019

As for onboard observation interruption, Fig. 13 illustrates the
performance of real-time PPP for GRACE-D with and without
OC on January 26, 2019. It can be found that the orbit errors in
radial and along-track directions exceed 0.5 m after the observa-
tion interruption without OC, while after applying OC, the orbit
quality is greatly improved from 9.77, 8.14, and 19.37 cm to
4.33, 6.22, and 3.60 cm for along-track, cross-track, and radial
directions, respectively as given in Table IV. The 3-D RMSE is
reduced from 23.17 cm to 8.39 cm, representing an improvement
of 63.79%. Moreover, there is even no reconvergence with OC
while it takes about 14 minutes to reconverge without OC.

Table V gives the RMSE and improvement of real-time or-
bit determination with and without CP and OC for GRACE-
C and GRACE-D in January, 2019. The averaged RMSE of

GRACE-C orbit in along-track, cross-track, and radial com-
ponents are improved from 6.07, 4.39, and 7.34 cm to 5.47,
3.95, and 5.82cm, respectively. Similarly, the average RMSE of
GRACE-D orbit in the same components are reduced from 5.40,
4.70, and 7.32 cm to 5.14, 4.37, and 5.52 cm, respectively. The
3-D RMSE of both GRACE-FO satellites are smaller than 10 cm
after the adoption of our proposed method, with an improvement
of about 15%.

V. DISCUSSION AND CONCLUSION

With the promotion of LeGNSS and the increasing demand
of real-time LEO services, real-time precise LEO orbits become
particularly important. However, the jump and interruption of
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real-time clock corrections as well as the LEO onboard observa-
tion interruption occur frequently, which would inevitably cause
PPP reconvergence, leading to large orbit errors and threating
the real-time LEO enhanced services and applications.

A new method of zero-reconvergence PPP for real-time LEO
orbit determination in case of data interruption is put forward
in order to shorten or even avoid reconvergence and improve
the orbit quality as well. The method includes two aspects: one
is that the orbit constraint with predicted orbit is put forward
to accelerate the reconvergence caused by the interruption of
onboard observation. The other is that the clock detection and
prediction is applied to shorten the reconvergence on LEO
satellites after the interruption of GNSS clock corrections. The
performances of the method are comprehensively evaluated and
the conclusions are as follow.

For the interruption of onboard observation data, orbit con-
straint is used in real-time KPOD. The results show that there is
no reconvergence with orbit constrain while more than 10 min
is needed after the onboard observations recovered. Moreover,
the accuracy of real-time LEO orbit in along-track, cross-track,
and radial components are reduced from 9.77, 8.14, and 19.37
cm to 4.33, 6.22, and 3.60 cm with orbit constrain. Actually,
the accuracy of the predicted LEO orbit is the key to apply orbit
constraint since it determines not only the effectiveness in short-
ening reconvergence time, but also how long the interruption
duration that the method can handle. If the predicted orbit can
achieve centimeter-level accuracy within one-hour prediction,
then zero-reconvergence can be obtained even when the duration
of onboard data interruption lasts one hour.

For the jump and interruption of real-time GNSS clock cor-
rections, clock jump detection and Chebyshev extrapolation are
applied. The results show that the CP would effectively pro-
vide reliable real-time clock corrections and improve the orbit
accuracy from 5.4, 4.7, and 7.33 cm to 5.18, 4.55, and 5.99 cm
in along-track, cross-track, and radial directions, respectively. In
addition, the CP can shorten the convergence time or even realize
zero-reconvergence when real-time clock interruption occurs.

The above results verify the feasibility and performance of the
zero-reconvergence PPP for LEO orbit determination in case of
data interruption. It is promising that the method would provide
real-time precise LEO orbit and guarantee the normal operation
of real-time LEO enhanced services and applications in the near
future.
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