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ABSTRACT  The signal-in-space (SIS) anomaly of BeiDou navigation satellite system (BDS) is an important 
factor affecting its high accuracy SIS quality assessment. Detecting and eliminating SIS anomaly is not only 
an important method to build SIS fault model of BDS, but also helps to guarantee the integrity of BDS 
navigation and positioning. Based on the problem that the traditional empirical threshold method cannot 
accurately identify the start and end times of anomalies in anomaly detection, which leads to anomaly 
detection leakage, a combined detection method based on autoregressive distributed lag model and empirical 
threshold is proposed in this paper. Before the calculation, the spurious anomalies of SIS are removed by data 
cleaning. The high-precision SIS ranging error (SISRE) is recovered by Space State Representation (SSR) 
correction number, and then projected to the user's line of sight direction, and the anomaly detection threshold 
is determined by using the combined threshold of empirical threshold and autoregressive distributed lag 
(ARDL) model. The feasibility and effectiveness of the method were analyzed by using the data collected in 
2021. The test results show that, compared with the traditional threshold method, the proposed method can 
more accurately detect the start and end points of SIS anomalies caused by clock anomalies, which is also the 
detection accuracy is improved. In addition, the anomaly detection method proposed in this paper is used to 
count the anomalies throughout the year, and the results show that the highest frequency of anomalies is 
found in geostationary orbit (GEO) and inclined geosynchronous orbit (IGSO), and these anomalies are 
mainly caused by satellite clocks. 

INDEX TERMS BeiDou navigation satellite system (BDS), signal-in-space (SIS), Signal-in-space 
anomaly, Clock anomaly
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estimated the influence of time-dependent errors on the 
anomalies, which are called trending anomalies in this paper. 
To accurately identify SIS trending anomalies, an anomaly 
detection method based on the combination of the ARDL 
model and the empirical threshold is proposed in this paper. 
Data cleaning is first performed on the data source, thereby 
eliminating spatial signal pseudo-anomalies caused by 
receiver acceptance errors or data logging errors. The 
method is then used to determine the double anomaly 
detection threshold. The feasibility and effectiveness of the 
method are verified using ephemeris and real-time orbital 
clock correction data from 2021. The accumulated time of 
one-year anomalies of the satellite SIS of BDS was obtained. 
The results of this study can provide valid a priori 
information for SIS system fault classification assessment 
and BDS availability and continuity performance assessment. 

II. Data sources and preprocessing strategies  
The determination of the number of independent samples is 
critical for error overbound. Inferring properties of the 
underlying error distribution from a given error dataset is 
always challenging. The data needs to be cleaned by us, in 
order to exclude the false anomalies of SISRE. 

A. Data source  
The performance of BDS-2 and BDS-3 is evaluated for a 
period of 1 year from January 2021 to January 2022.IGS 
MGEX provides daily integrated broadcast ephemeris by 
merging observations from GNSS tracking stations, a 
product called BRDM, which shows satisfactory continuity 
during the analysis period and is therefore used as the main 
broadcast ephemeris data source in this study. Therefore, the 
RINEX V3 format broadcast ephemeris file generated by the 
MGEX analysis center was used in this study. The precision 
ephemeris contains accurate satellite orbit information and 
clock difference information and is of the same order of 
magnitude as the real satellite orbit parameters with an error 
of only a few centimeters, so it is considered that the 
precision ephemeris can replace the real satellite orbit 
elements in the calculation of SISRE. The precision 
ephemeris is generated by the IGS MGEX analysis center 
and is available from the public database. The CLK93 mount 
point of CNES (the name of the mount point was renamed to 
SSRA00CNE0 on January 6, 2021) is selected for real-time 
orbit and clock data and is used to receive the SSR data 
stream in real time through the BNC software. 

B. Preprocessing strategy  
Since 135,000 navigation messages are corrupted by 

data recording errors every year, 11 false anomalies of the 
spatial signal correspond to one true anomaly[15]. Therefore, 
removing data logging errors from the raw data is an 
important pre-processing step before calculating SISRE. 

In addition to the BDS-2 constellation, the real-time 
data stream CLK93 uploaded by CNES started to support the 
BDS-3 constellation in February 2020, and precision 
corrections for 18 BDS-3 MEO, 3 BDS-2 MEO, 7 BDS-2 

IGSO and 5 BDS-2 GEO satellites can be provided by this 
data stream. Therefore, the data pre-processing section 
includes only the satellites supported by the 
CLK93/SSRA00CNE0 data stream. 

Other data from the same time period that meet any of 
the above conditions will be excluded from this paper due to 
any type of error or missing data that would make it 
impossible to evaluate in this time period. 

1.Not receiving real-time orbit and clock correction 
information. 

2.The precision ephemeris/clock is missing or set to 
invalid values, such as "999, 999.9999" or "NAN". 

3.The broadcast ephemeris is not within the 4 h period. 
4.The integrity status mark is not zero. 
5.The navigation message is unhealthy, i.e. the health 

status mark is "1". 

III. Methodology  
The orbit and clock errors of a satellite exhibit strong temporal 
correlations and are affected by errors from previous time 
steps. Regular changes often accompany spatial signal 
anomalies in satellites[16]. When calculating the SISRE 
produced by broadcast ephemeris, the relatively weak error 
correlation caused by anomalies is often ignored due to poor 
accuracy. However, when calculating high-precision SISRE, 
the errors influenced by correlation cannot be ignored due to 
their higher accuracy. None of the studies on spatial signal 
anomalies mentioned above have considered the impact of 
time-correlated errors on anomalies, which this paper refers to 
as trend anomalies. To more accurately identify SIS trend 
anomalies, this paper proposes a combined anomaly detection 
method based on the ARDL model and empirical thresholds, 
which can accurately identify the start time of trend faults and 
reduce the missed detection rate. 
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FIGURE 1. Anomaly detection program of the BeiDou 

Navigation Satellite System. 
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TABLE I 
 SATELLITE AVAILABILITY RATE  

Satellite C01 C02 C03 C04 C05 C06 C07 C08 C09 C10 C13 
availability(%) 89.6 87.3 80.4 82.4 85.7 90.1 89.3 87.4 90.7 91.6 85.4 

Satellite C16 C11 C12 C14 C19 C20 C21 C22 C23 C24 C25 
availability(%) 91.4 92.1 94.2 93.8 92.9 92.4 85.8 88.4 90.4 93.6 93.1 

Satellite C26 C27 C28 C29 C30 C32 C33 C34 C35 C36 C37 
availability(%) 86.2 94.5 92.1 88.6 94.5 92.1 87.4 91.7 79.1 91.1 94.7 

maintenance of satellites in their designed positions despite a 
strong 1:1 resonance between satellite revolution period and 
earth rotation. Among the MEO satellites, C37 has the highest 
availability rate of 94.7%. C35 has the lowest availability rate 
of 79.1%, which is caused by a large number of data 
interruptions during transmission. 

B. Analysis of anomaly dection based on ARDL 
model  
In the previous section, the completeness of the data was 
analyzed. After removing invalid data, this chapter analyzes 
the superiority of the combination method over traditional 
threshold methods. In order to demonstrate the application of 
the ARDL model in SIS anomaly detection, the detection 
results of two SISRE normal and abnormal are compared in 
this paper. As shown in Figures 5 and 6, the black dashed 
line in the figure indicates the threshold value for anomaly 
detection using the empirical threshold method of 10 m, the 
red line indicates the threshold value of anomaly detection 
using the combined method based on the ARDL model and 
empirical threshold, and the blue dots indicate the trend of 
SISRE. 

 
FIGURE 6. Performance of two detection methods in normal SIS. 

 
Figure 6 shows the normal results of SISRE for the 

BJFS gauging station at 270 days C25 of annual cumulative 
days in 2021. As can be seen from Figure 4, both fault 
detection methods did not reach the threshold under the no-
fault condition, and the detection results were comparable, 
with no false alarm cases. 

 
FIGURE 7. Difference of two detection methods in SIS anomaly. 

 
Figure 7 shows the anomaly results of the SISRE at the 

BJFS station for the annual cumulative day 289 days C30 in 
2021. The detection results for the whole day are not shown 
in the figure due to the lack of real-time orbit and clock 
difference correction data for the part of the day. Many 
studies have shown that when spatial signals experience 
anomalies, they are often accompanied by regular changes. 
The clock error typically exhibits a linear slope, while the 
orbit error typically exhibits a sinusoidal variation. There is 
a potential for failure to occur before the trend error reaches 
the threshold[27]. The two consecutive anomalies in a short 
period of time are mainly due to the increase of forecast 
clock errors, which cause the SISRE to accumulate and 
exceed the threshold value after a period of time. The 
empirical threshold method detected the anomalies that 
exceeded the threshold part, but did not detect the anomalies 
that did not exceed the threshold part of the trend, leading to 
an increase in the false alarm rate of the satellite. The 
combination method based on autoregressive distributed lag 
model and empirical threshold performs well in both 
anomaly results in the figure, and accurately identifies the 
anomaly onset when an anomaly trend occurs, this method 
increases the satellite failure probability, but is necessary for 
life safety applications. 

C. Anomaly statistics  
Figure 8 shows all SIS anomalous events identified in 

2021 based on the ARDL model combined with the 
empirical threshold anomaly detection method. The green 
line represents the normal SIS performance, the red star 
symbols represent the SIS anomalies caused by clock 
anomalies, and the blue triangle symbols represent the SIS 
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