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In this study, 22 maneuvering events of C59 and C60 geostationary equatorial orbit (GEO) satellites of the BeiDou global
navigation satellite system (BDS-3) in 2021 were detected and analyzed based on a time-differenced carrier phase velocity
measurement algorithm combined with a broadcast ephemeris and station data. We set different empirical thresholds to
analyze the effect of threshold selection on the maneuvering detection sensitivity. The sensitivity and consistency of this
algorithm for GEO satellite maneuvering detection were analyzed by combining BDS-3 with other Global navigation satellite
systems (GNSS) and selecting different geographic stations. The results demonstrate that changing the threshold significantly
affects the maneuvering detection of C60, with the optimal maneuvering thresholds of C59 and C60 being 0.045 and 0.02,
respectively. A combination of BDS-3 and GPS with equal weights was identified to be most suitable for maneuvering
detection of GEO satellites. For any specific maneuver, the difference between the maneuvering time detection of C59 by
stations at different geographical locations was no more than 1min. During the maneuvering detection of C60, the start time
of maneuvering detected by African stations was 4.26–8.61min earlier than that detected by the Chinese and Australian
stations, and the end time of maneuvering detected by the African stations was consistent with that detected by the Chinese
and Australian stations.

1. Introduction

Since the establishment of the Beidou-3 global navigation
satellite system (BDS-3) on July 31, 2020, positioning,
navigation, and timing (PNT) services have been provided
in many fields worldwide [1]. BDS-3 uses a hybrid con-
stellation comprising 24 medium earth orbit (MEO) satel-
lites, three geostationary orbit (GEO) satellites, and three
inclined geosynchronous orbit (IGSO) satellites [2, 3]. To
maintain geosynchronous characteristics, GEO satellites per-
form orbital maneuvers approximately once a month, and
IGSO satellites perform orbital maneuvers approximately
once every 6 months [4]. During orbital maneuvers, the
actual position of satellites differs by tens of kilometers from
the predicted orbital position [5]. However, for practical

applications, only the health status of the satellite is publicly
marked in the hourly broadcast ephemeris; therefore, satellite
maneuvering information cannot be obtained. Consequently,
a large quantity of valid data is lost, leading to a significant
difference in the service performance of satellites before and
after maneuvering. Therefore, accurate and timely detection
of the orbital maneuvering periods of satellites is essential.

In recent years, several scholars have investigated orbital
maneuver detection. Du et al. determined the orbital man-
euvres of the GEO satellites using China area positioning
system data; however, it is not suitable for the BDS [6]. Tu
et al. proposed a monitoring model combining the principle
of time-differenced velocity estimation and multistation
observations of BDS, which allowed the estimation of
three-dimensional dynamic changes in orbital maneuvers
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in real time [7]. Huang et al. proposed an optimized robust
detection method based on pseudorange observations,
broadcast ephemeris, and known station coordinates [8].
Cui et al. used orbital residuals and mechanical models to
detect orbital maneuvers of space targets; to accomplish this,
they combined complex mechanical models [9]. Ye et al.
used orbital differences before and after maneuvers to detect
orbital maneuvers [10].

Nevertheless, these studies have only explored the detec-
tion models and methods of orbital maneuvering. They did
not systematically analyze the performance of the proposed
detection methods for multiple maneuvering events. This
study combined BDS-3 with other global navigation satellite
system (GNSS) to investigate 22 maneuvering events of two
GEO satellites, C59 and C60, based on the analysis of the
time-differenced carrier phase velocity measurement algo-
rithm combined with data from different stations and
broadcast ephemeris. Through detection and analysis, we
determined the optimal threshold, system combination,
and station location to identify the orbital maneuvers of
the BDS-3 GEO satellites.

Section 2 of the study expounds on the maneuvering
detection algorithm and experimental procedure. Section 3

details the data sources and results analysis, and Section 4
presents the conclusion and discussion.

2. Algorithms

The three-dimensional velocity of the station and the
receiver clock offsets can be obtained using the time-
differenced carrier phase velocity measurement in the event
that no fewer than four satellites are observed by the station.
Under normal circumstances, the measured station velocity
must be zero or close to zero. However, when the satellites
involved in the calculation conduct orbital maneuvers, their
actual positions and ephemeris positions deviate substan-
tially, such that a rapid adjustment process ensues, causing
a substantial deviation in the calculated station velocity
[10]. Based on this principle, an appropriate detection
method can be established to detect the maneuvering period
of satellites involved in the calculation.

This section first expounds on the principle of epoch
differential velocity measurement, then introduces the
method for determining BDS-3 satellite historical maneu-
vering and duration, and finally, demonstrates the design
of the experimental procedure.

Figure 1: Health marker for C59 in broadcast ephemeris on February 9, 2021.
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2.1. Estimation of Velocity. The observation equation of the
carrier phase can be expressed as [11, 12],

λΦ = d + c δtr − δtsð Þ + λN + δdeph − δdion + δdtrop + ε, ð1Þ

where λ is the wavelength, Φ is the carrier phase observa-
tion, d is the geometric distance between the station and
satellite, c is the speed of light, δtr is the receiver clock off-
sets, δts is the satellite clock offsets, N is the integer ambi-
guity, δdeph is the ephemeris error, δdion is the ionospheric
error, δdtrop is the slant tropospheric delay, and ε is the path
and receiver noise. The cycle slip is detected by the combina-
tion of phase geometry-free combination, the Melbourne-
Wübbena (MW) combination, and code-phase combination,
with the thresholds all being empirical thresholds [13–16].
The difference between adjacent epochs was considered for
the carrier phase observation (Equation (1)).

λΔΦ t1,t2ð Þ = λ Φt2 −Φt1½ � = Δd t1,t2ð Þ − cΔδtr t1,t2ð Þ + cΔδts t1,t2ð Þ
− Δdion t1,t2ð Þ + Δdtrop t1,t2ð Þ + Δε t1,t2ð Þ,

ð2Þ

where Δ is a single difference operator between the epochs.
After a differential operation, the effect of integer ambiguity
was eliminated, and the ionospheric and tropospheric delays
were reduced. The ephemeris error between two consecutive
epochs is usually almost the same constant, so δdeph can be
ignored. The satellite clock offsets can be corrected using

ephemeris data. The first order of δdion was eliminated
using a dual-frequency ionosphere-free model, and its high
order is absorbed by residuals [17]. The Saastmoinen
model and the global mapping function were used to
obtain the tropospheric dry component delay and partial
wet component delay, and the residual zenith tropospheric
wet component delay was calculated by piecewise constant
estimation [18–20].

The observation weights of the stochastic model can
be set using Equation (3), where p is the observation
weight and θ is the mean satellite elevation angle of
two adjacent epochs [21, 22]. The least-squares method
can be used to solve the three-dimensional velocity and

(a)

(b)

(c)

Figure 2: Precision ephemeris of BDS satellites calculated by the GFZ on February 8 (a), 9 (b), and 10 (c), 2021.
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Figure 3: Flow chart of detection of maneuvering period.
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clock offsets of the receiver when there are at least four
observation satellites.

p =
1 θ ≥ 30°,

2 sin θ θ < 30°:

(
ð3Þ

2.2. Identification of Maneuvering Satellites. This study is
aimed at analyzing the consistency and sensitivity of the
orbital maneuver detection of BDS-3 satellites because their
orbital maneuvering information is not disclosed to the
public. To perform an accurate statistical analysis of the his-
torical maneuvers of BDS-3 satellites, this study determined
the historical maneuvers of BDS-3 GEO satellites based on
the BDS broadcast ephemeris health marker and the precise
orbit products of the GeoForschungsZentrum Potsdam
(GFZ).

Figure 1 shows the health marker of C59 for four consec-
utive hours in the broadcast ephemeris on February 9, 2021.
Figures 2(a)–2(c) are the precise ephemeris of BDS satellites
calculated by GFZ from February 8 to 10, 2021, respectively.
At 14 : 00 on February 9, 2021, C59 was marked as unhealthy
in the broadcast ephemeris. Meanwhile, the precise orbit

products of C59 are not calculated by GFZ. Therefore, C59
can be considered to have undergone an orbital maneuver
on that day [8].

2.3. Detection of Maneuvering Period. Data verification dem-
onstrated that the observation residuals were sensitive to
orbital maneuvers. Therefore, the standard deviation (STD)
of the observation residuals can be used to identify the start
time of satellite maneuvers, and the observation residuals
can be used to identify the end time of the satellite

Data from diferent
stations

Diferent combination
systems

Diferent thresholds

Te same orbital
maneuver

Te same discriminant

Detection algorithm of
orbit maneuver

Recommendations for
Optimal threshold selection;(i) 
Optimal system combination;(ii) 
Optimal station location selection.(iii) 

Figure 4: Implementation procedure for consistent and sensitive satellite orbit maneuver detection.

FAA1
ABPO

MKEA

ALIC

JFNG

NNOR

C59C60

45° S

45° N

0°

45° E 90° E 135° E 180° E 135° W

DJIG

Figure 5: Locations of selected stations.

Table 1: Details of the selected stations.

Station Receiver Antenna

DJIG SEPT POLARX5 TRM59800.00

ABPO SEPT POLARX5 ASH701945G_M

ALIC SEPT POLARX5 LEIAR25.R3

JFNG Trimble Alloy TRM59800.00

NNOR SEPT POLARX5TR SEPCHOKE_B3E6

MKEA SEPT POLARX5 JAVRINGANT_DM

FAA1 SEPT POLARX5 LEIAR25.R4
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maneuver. The start and end judgment conditions for a
maneuver can be set as follows:

S tð Þ = STD t − 29, t − 28,⋯, tð Þ − Sm, t ≥ 29ð Þ, ð4Þ

0:1 × R tð Þj j ≥ R t + 1ð Þ, R t + 2ð Þ,⋯, R t + 10ð Þj j: ð5Þ
In Equation (4), SðtÞ is the maneuver start judgment

threshold at time t, STDðt − 29, t − 28,⋯, tÞ is the standard
deviation of the observation residuals of 30 epochs from
time t − 29 to time t, which can be calculated from Equation
(6) and Equation (7). Sm is the maneuver threshold of satel-
litem, which is determined in subsequent chapters. Equation
(5) is the judgment condition for the end of the maneuver,
and RðtÞ represents the observation residual at time t, the
operator “j j” is used to get the absolute value.

STD t − 29, t − 28,⋯, tð Þ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑29

i=0 x t − ið Þ − μð Þ
30

s
, ð6Þ

μ =
∑29

i=0x t − ið Þ
30

: ð7Þ

If SðtÞ, Sðt + 1Þ,⋯, Sðt + 9Þ ≥ 0, that is, the value S ≥ 0 for
5min, it is considered that the orbital maneuver starts at
time t. If Equation (5) holds after detecting the start of the
orbital maneuver, it can be determined that the orbital
maneuver of the satellite ends at time t. Figure 3 shows the
flow chart of the detection of the orbital maneuver period.

2.4. Experimental Procedure. First, different maneuvering
thresholds were used to detect the same maneuvering event,
the effect of different thresholds on detection sensitivity was
determined, and the optimal thresholds for C59 and C60
were established. Next, the same station data and maneuver-
ing events were analyzed using a combination of five
systems: BDS-3, BDS-3+GPS, BDS-3+GLONASS, BDS-3+
Galileo, and BDS-3+GPS+GLONASS+Galileo. The judg-
ment results were then compared and analyzed under the
same system combination for data from stations at different
geographical locations to determine the consistency of the
identified satellite maneuvering periods. Finally, the optimal
scheme for station location selection and satellite system
combination for GEO satellite orbit maneuvering detection
of BDS-3 was defined. The implementation process is illus-
trated in Figure 4.
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Figure 6: Comparison of detection results of C59 under different maneuvering thresholds.
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threshold is 0.01 (b).
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3. Verification and Results

Based on the surface projections of C59 and C60, seven
stations were selected for analysis. Figure 5 illustrates the
geographic distribution of the stations. The red and blue
dots represent projections of C59 and C60 on the surface,
respectively. The red line connects the stations selected by
C59, and the blue line connects the stations selected by
C60. The observation data sampling interval was 30 s, the
broadcast ephemeris and satellite phase center correction
data were obtained from the international GNSS service
(IGS), and the earth rotation parameters (ERP) were pro-
vided by the center for orbit determination (CODE) in
Switzerland. Table 1 summarizes the details of the selected
stations.

3.1. Sensitivity. To determine the effects of different maneu-
vering thresholds on the detection sensitivity of the corre-
sponding satellite orbital maneuvering start times, we
empirically selected five maneuvering thresholds for C59
and C60. The detected maneuvering time and broadcast
ephemeris marking time were compared and analyzed, and
recommendations regarding optimal threshold selection
were provided.

As different maneuvering thresholds do not affect the
decision concerning the end time, this section only discusses
the decision regarding the start time. Figures 6 and 7 depict
the comparison between the detected maneuvering start
times and broadcast ephemeris marking times under differ-
ent thresholds. For the convenience of observation, the
figures only illustrate the advancement of the maneuver start
time detected by a single station for certain maneuvering
events compared with the broadcast ephemeris. It can be
observed that the advanced maneuvering start detected
using different maneuvering thresholds of C59 is essentially
the same and differs by only one epoch for individual
maneuver events. For C60, with increasing maneuvering
threshold, a significant downward trend was observed in
the detected maneuvering start time.

Nevertheless, the detection sensitivity was higher when
the maneuver threshold was smaller, which may cause the
detection algorithm to misjudge the normal fluctuation of
the residuals as an orbital maneuver. As shown in Figure 8,
in the orbital maneuver of C60 on the 179th day in 2021,
the maneuver start time detected by station ABPO was
04 : 00 : 00. Whereas, as shown in Figures 9 and 10, the resid-
uals and the velocity of the station at this time are compared
with the residuals and the velocity of the station when there
is no maneuver in the adjacent two days, from the period
03 : 00 : 00–05 : 00 : 00, the residuals of C60 and the velocity
of the station were within the normal range, indicating that
no orbital maneuvering occurred during this period. There-
fore, 0.045 and 0.02 were considered as the maneuvering
thresholds for C59 and C60, respectively.

3.2. Consistency

3.2.1. Different GNSS Combinations. To verify the most
suitable system combination for identifying GEO satellite
orbit maneuvering during a specific satellite orbit maneuver-

ing event, this study selected BDS-3, BDS-3+GPS, BDS-3+
GLONASS, BDS-3+Galileo, and BDS-3+GPS+GLONASS+
Galileo. Different combination systems were used to detect
the maneuvering period, wherein each system was consid-
ered an equal-weight combination. Figure 11 illustrates the
advancement of the maneuvering end time compared with
the broadcast ephemeris marking time for C59 and C60 in
dozens of maneuvering events detected by stations JFNG
and DJIG. It was observed that the detected end times of
orbital maneuvers were all approximately 30min before
the broadcast ephemeris marking time. For any maneuver-
ing event, the detected maneuvering end times of the differ-
ent system combinations are almost the same. Therefore,
this section only presents a consistency analysis based on
the maneuvering start times detected by different system
combinations.

Figures 12 and 13 illustrate the comparison of the detec-
tion results for C59 and C60, respectively. Among them, the
results of the 33rd detection of C59 and the 7th detection of
C60 were not detected owing to missing data in the observa-
tion file. The negative value indicates that the detected
maneuver time is later than the broadcast ephemeris mark-
ing time, which means that the detection sensitivity of this
combination is relatively low.

Table 2 demonstrates mean advance of the C59 and C60
maneuver events detected by different system combinations.
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For C59, the orbit maneuvering start times detected by
each combination were highly consistent with the mean
advance of the broadcast ephemeris, with a difference of
no more than 30 s. For the orbit maneuvering detection
of C60, the selected combined systems (BDS-3+GPS,
BDS-3+GLONASS, BDS-3+Galileo, BDS-3+GPS+GLONASS
+Galileo) detected the maneuvering start time of C60 earlier
than BDS-3 system 8.31, 7.90, 5.41, and 10.62min, respectively.

Considering the computational complexity of the algo-
rithm and the detected maneuvering periods, it can be
concluded that the combination of BDS-3 and GPS can
appropriately detect GEO maneuvering.

3.2.2. Different Stations. In Section 3.2, it was determined
that the BDS-3+GPS combination was the most suitable
for detecting the maneuvering of GEO satellites for BDS-3.
Figure 14 shows a comparison of the detection results for
the maneuvering end times of C59 and C60 detected at dif-
ferent stations using the combination of BDS-3+GPS, where
the blank results were caused by missing data. It can be
observed that the end times of the orbital maneuvers
detected by different combinations were all approximately
30min ahead of the broadcast ephemeris marking time.
Additionally, for the same maneuver event, the end times
of the orbital maneuvers detected by the different stations
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Figure 14: Comparison of detection results for C59 and C60 orbit maneuvering end times by different stations.

Table 2: Summary of C59 and C60 maneuvering start time detection by different combinations.

Combination BDS-3 BDS-3+GPS BDS-3+GLONASS BDS-3+Galileo Four systems

C59 Mean advance (min) 33.92 34.03 34.07 33.98 34.10

C60 Mean advance (min) 28.84 37.15 36.74 34.25 39.46
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Figure 15: Comparison of detection results for C59 maneuvering start time by different stations using the same combined system.
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Figure 16: Comparison of detection results for C60 maneuvering start time by different stations using the same combined system.
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were highly consistent. Therefore, only the detected orbital
maneuver start times are analyzed in this section.

Figures 15 and 16 show a comparison of the detection
results for the maneuvering start times of C59 and C60 sat-
ellites at different stations, respectively. The negative value
indicates that the detected maneuver time is later than the
broadcast ephemeris marking time, which means that the
detection sensitivity of the station data to this maneuver is
relatively low. Table 3 lists the average advance of the C59
and C60 maneuvering start times detected by each station
compared to the broadcast ephemeris.

As shown in Figure 15, the start times of the same
maneuvering event for the C59 satellite detected by different
stations were essentially the same. Under the same system
combination, the differences in the maneuvering start time
measured by the four stations were less than 1min, and
the mean advance of the maneuvering start time was essen-
tially the same, with a difference of no more than one epoch.
Therefore, the effect of the station location on the orbital
maneuver detection of the C59 satellite is negligible.

For C60, stations JFNG and ALIC located in Wuhan,
China, and Alice Springs, Australia, respectively, detected
the start time of the maneuver approximately 4.79–
7.96min later than stations ABPO and DJIG located in
Antananarivo, Madagascar, and Observatoire Geophysique,
Djibouti, respectively. As shown in Figure 16, during the
maneuvering events of C60 that occurred on the 105th,
125th, 153rd, 248th, 293rd, and 323rd days in 2021, the
maneuvering start times detected by ABPO and DJIG under
the different system combinations were considerably earlier
than those measured by JFNG and ALIC. By contrast, the
maneuvering start times detected by the four stations for
the other six maneuvering events were essentially the same.
This situation may be related to the thrust direction and
the observation geometry. In addition, because the maneu-
vering thrust of C60 is low, maneuvering detection is not
noteworthy, and the response at the ground is weak.

4. Conclusion and Discussion

In this study, seven stations in different geographical loca-
tions were selected to detect 22 orbital maneuver events of
the C59 and C60 satellites in 2021. To accomplish this, the
BDS-3 system was combined with the GPS, GLONASS,
and Galileo systems. The sensitivity and consistency of the
orbit maneuver detection were determined, and the follow-
ing conclusions were drawn:

(1) Small variations in the maneuvering threshold have
a minor effect on the detection of orbital maneuver-

ing of C59. However, the maneuvering threshold is
extremely important for detecting the orbital maneu-
vering period of C60. The optimal maneuvering
thresholds for C59 and C60 are 0.045 and 0.02,
respectively

(2) Different system combinations were consistent in
detecting the orbital maneuvers of C59. Additionally,
the mean advance of the detected maneuver start
time compared with the time marked by the broad-
cast ephemeris was less than 30 s. For C60, the
combined system detected the start of maneuvers
8.31, 7.90, 5.41, and 10.62min earlier than the
BDS-3, respectively. Overall, the results point at
BDS-3+GPS being the optimal system combination
for orbital maneuver detection of C59 and C60

(3) Stations in different geographical locations were
consistent in detecting orbital maneuvers of C59.
The differences in the maneuvering start times
detected by different stations were no more than
1min, and the mean advance of the maneuver start
time compared with the broadcast ephemeris was
35.69–36.00min

(4) The maneuvers detected by the ABPO and DJIG
stations in Africa were considerably earlier than
those detected by the JFNG and ALIC stations in
China and Australia, respectively, for half of all
maneuvering events for C60; they were approxi-
mately 4.26–8.61min earlier on average but were still
adequately consistent

On this basis, we concluded that by selecting an appro-
priate threshold and combining BDS-3 with GPS, this
method can perform orbital maneuvering detection of
BDS-3 satellites within the visible range based on a single
static station at different geographical locations. Future work
should focus on real-time monitoring and repair of orbital
maneuvers. If precise monitoring and repair of satellite orbit
during maneuvers can be achieved, the recovery of the
broadcast ephemeris data or precise orbit may be possible,
which would greatly improve the quality of satellite services.
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Table 3: Summary of the start times of C59 and C60 maneuvers
detected by different stations.

C59
Station JFNG NNOR MKEA FAA1

Mean advance (min) 35.69 35.69 35.90 36

C60
Station JFNG ALIC ABPO DJIG

Mean advance (min) 34.20 38.16 42.81 42. 42
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