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ABSTRACT 

The Global Navigation Satellite System (GNSS) is the most important navigation system currently used around the world. The U.S. Global Positioning System (GPS) was the first GNSS system to be launched, and various GNSS systems have been developed and in operation in some other countries. The primary objective of GNSS is to provide individual users with location information. This is done by a process termed trilateration, in which the distances between the user and four or more satellites are calculated on the basis of the position information transmitted from these satellites. Positioning accuracy depends therefore on the accuracy of the satellite’s orbit and clock data. In other words, the GNSS user can be provided with accurate positioning information, provided that there is no satellite fault. Positioning errors due to failure can also result in serious accidents in safety-critical areas such as aviation. Therefore, satellite fault detection is essential for GNSS operation. 

This paper presents a fault detection algorithm improved by not using ground measurements. In the proposed method, only satellites are used for fault detection and the inter-satellite distances are measured using inter-satellite links (ISL). Also proposed is an algorithm that configures triangles using only satellites and detects faults using the trigonometry law paired with ISL measurements. This upgraded algorithm detects satellite faults at a finer level of details and confirms the detected faults more rapidly to enable a rapid response to failure. Satellite failure is caused by either satellite orbit or clock faults. The failure cause identification method proposed in this paper draws on such tendency of test statistic. Presented method is a failure cause identification method for efficient failure management. Finally, the operational concepts of the proposed fault detection method using only satellites is explained as a succinct guideline for its applications. 
1 Introduction 

This paper is intended to present a novel satellite fault detection method. In the proposed method, only satellites are used for fault detection and the inter-satellite distances are measured using inter-satellite links (ISL). In Figure 1, conventional satellite fault detection methods use ground measurements, which are subject to various error factors and must additionally undergo error estimation and correction processes, and accurate error removal is a great challenge. This paper proposes an ISL-based fault detection method to avert such problems. Also proposed is an algorithm that configures triangles using only satellites and detects faults using the trigonometry law paired with ISL measurements. Sensitivity analysis is then performed to compare the performance between proposed and conventional methods. 
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Figure 1 – Idea of Using Measures
Satellite failure is caused by either satellite orbit or clock faults. It is of importance to identify the causes of satellite failure on occurrence in order to respond efficiently to fault. Predict the tendency of ISL measures according to the cause of satellite failure and check the change of test statistic according to this tendency. The failure cause identification method proposed in this paper draws on such tendency of test statistic. Finally, the operational concepts of satellite fault detection and satellite failure cause identification methods is explained. 

This paper presents a fault detection algorithm improved by not using ground measurements. This upgraded algorithm detects satellite faults at a finer level of details and confirms the detected faults more rapidly to enable a rapid response to failure. Also presented is a failure cause identification method for efficient failure management. Finally, the operational concepts of the proposed fault detection method using only satellites is explained as a succinct guideline for its applications.
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Figure 2. Ephemeris threat factor classified by GPS
Figure 2 is the satellite ephemeris threat factor classified by GPS. Type-A is a threat that occurs when satellite orbits are modified. Details are classified as below of Type-A. Conversely, Type-B does not have satellite orbit modifications. This is caused by uploading miss the actual satellite position and other broadcasting ephemeris. This is done by using a method of testing using the existing ephemeris. In this paper, we propose a countermeasure against threats in Type-A. It also detects faults occurring in satellite watches. Thus, the technique of this paper is a countermeasure against the threat caused by satellite orbit and satellite clock error. As we will explain later, ISL measurements are used to prevent other threats to ground measurements from being prepared. It is also known that ISL is currently used for ODTS. This paper deals with the concept of fault detection, not the concept of ODTS.
In the paper, more detailed explanations are given in the following order: 1) Satellite fault detection method using ISL and trigonometry law; 2) Sensitivity analysis to compare the performance between the proposed method and the methods based on ground measurements, with focus on test statistic and threshold required for fault detection, by calculating the threshold using the normal-state configuration and performing fault simulation to check the accuracy of fault detection; 3) Satellite failure cause identification method using ISL and the trigonometry law; and 4) Operational concepts of satellite fault detection and satellite failure cause identification methods. Finally, the contents of the paper are summarized and finished.
2 Satellite Fault Detection Method using ISL and Trigonometry Law
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Figure 3 – Method Concept
Figure 3 shows schematics of the configurations for the satellite fault detection method proposed in this paper characterized by the non-use of ground measurements. The proposed method requires the ISL distance measured and the ephemeris information to calculate the satellite position. The method begins with configuring a virtual triangle with three satellites. In the proposed fault detection method, it is assumed that satellite failure occurs in one of the three satellites. A and B on the triangle represent the two normal-state satellites, and C represents the test satellite. 

Test statistic to be checked against the threshold is required for fault detection. In Equation (1), test statistic is implemented by comparing the measured and estimated values. 
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Comparison parameter is the distance between the two normal-state satellites A and B shown in Figure 3. The ISL distance measured and the value calculated using the trigonometry law are used as the two values to be compared, i.e., the measured and estimated values, respectively. The applicable trigonometry laws are the first and second laws of cosines. 
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While both laws yield the same result, the first law of cosines is used in this paper because it is advantageous in deriving the formula for sensitivity analysis to be performed in a later stage: Equation (2). Using the first law of cosines, the distance between the two normal-state satellites is measured using the distances between the fault-state satellite and the two normal-state satellites and the angles formed at the two normal-state satellite vertices. ISL-based measurements and ephemeris-based calculations are used to obtain the distances and angles required, respectively. Once all required values have been obtained, the test statistic is generated by comparing the measured and estimated distances between the two normal-state satellites. 
In Figure 3, the triangular configurations on the left and right side represent the normal- and fault-state concepts, respectively. With the difference between the measured and estimated values assumed to be small in the left side concept and large in the right side concept, the test statistic would be accordingly small in the normal state and large in the fault state. The test statistic thus generated is checked against the threshold for fault detection. A test statistic below the threshold indicates a normal state, and a test statistic exceeding the threshold indicates a faulty state. As such, the value of the test statistic increases with the magnitude of the fault state, and the presence or absence of a fault depends on whether it exceed the threshold or not. 
3 Algorithm Performance Prediction Using Sensitivity Analysis
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Sensitivity analysis is performed as an indicator of algorithm performance prediction. Sensitivity indicates the impact of a fault on the test statistic. If the sensitivity is high, even a small fault leads to a large test statistic. This makes the detection of a small fault possible because it is reflected in the test statistic to a great extent. In other words, the higher the sensitivity is, the better the performance of the fault detection algorithm becomes. The formula for sensitivity can be derived from the fault-state unit vector in Figure 4 by expressing it as a mathematical equation and plugging the resultant quantities into the test statistic formula as follows [1]. 
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The formula thus derived from the test statistic is further extended by setting local coordinates. Function parameters for sensitivity calculation vary according to the local coordinates entered. In the proposed method, using only satellites can define a two-dimensional local coordinate system. 
In this formula, sensitivity is expressed by Equation (3). The second formula pertaining to test statistic shows that a fault is multiplied by sensitivity and calculated towards test statistic. This is displayed as the impact of the fault on test statistic, in a manner mentioned above. 
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The elements of the Equation (3) demonstrate that sensitivity is derived by using a formula expressing the angles 
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 of the normal-state satellite vortices, as illustrated by the local coordinate system in Figure 5. This confirms the assumption that the performance of the proposed fault detection algorithm would vary according to the angles of the triangle. Simulation was performed to analyze this relationship. 
Figure. 6 presents the results of sensitivity simulation of two methods to be compared with the proposed method, using ground measurements (up) and ground measurements and trigonometry law (middle), and the proposed method using ISL and trigonometry law (down) [2]. Each result output reflects the sensitivity formula theoretically derived according to the changing parameters. The result of the proposed method (down) shows that the maximum sensitivity is displayed when the induced angle is 90 degrees, whereas the azimuth angle has no influence on it. This implies that the fault detection algorithm is expected to perform best when the test satellite is vertically positioned at around 90 degrees. This finding can be applied when configuring a triangle to implement satellite fault detection algorithm.
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Figure 6 – Sensitivity Simulation Results by Method (Up. Ground Measurement / Middle. Ground Measurement + Trigonometry Law / Down. ISL + Trigonometry Law)
In the following, performance improvement of the proposed method will be examined by comparing the sensitivity between the proposed method and other methods. The magnitude of the y-axis unit, i.e. the sensitivity level, increases in the order of the first (up), second (middle), and the third (down) method. The improvement achieved by the second method is ascribable to the use of the trigonometry law, which confirms its positive effect. The improvement achieved by the third method is ascribable to the use of the ISL measurements instead of the ground measurements. In the second method, the local coordinates are plotted on a three-dimensional plane when deriving sensibility because ground measurement errors vary depending on the elevation angle. Accordingly, sensitivity decreases as the elevation angle increases. In contrast, ISL acquisition is implemented on a two-dimensional plane, making the use of elevation angle superfluous, which has the effect of enhancing sensitivity of the ISL measurements. Furthermore, use of ground measurements is restricted by a limited range of the induced angle which varies depending on the alignment between the test satellite and the ground device. Maximum sensibility cannot be obtained unless the induced angle reaches 90 degrees. This allows the conclusion that the proposed method using ISL measurements offers a fault detection performance superior to those using ground measurements. 

4 Threshold Configuration via Normal-State Analysis
For the implementation of the fault detection algorithm, it is essential to set the threshold to check the calculated test statistic against. Any test statistic in excess of the threshold indicates the fault state. The threshold value is calculated the test statistic using the normal-state and statistical method is used to set a certain range. In this study, a 7-day data output (February 13–19, 2011) was used for normal-state analysis. Ephemeris data points were extracted from the data measured by Suwon International GNSS Service (IGS) in South Korea. ISL measurements are not available to individual users. ISL measurements with a very high precision, therefore the distances were calculated using the IGS final products [3]. Each processing epoch was set at 15 minutes. 
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Figure 7 – Statistic in Normal State
The normal-state statistic was generated using all triangles configurable with the visible satellites during the analysis period. In figure 7, although an accurate bell-shaped Gaussian distribution was not achieved, a similar result was obtained. In particular, the test statistic shows slightly greater values in the tail areas. This tendency should be taken into consideration by setting an overbounding threshold [4]. 
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Equation (4), 3 was used as the value of
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Figure 8 – Fault Simulation Result
Using the threshold thus defined, satellite fault simulation was performed. As shown in the simulation results in Figure 8, the test statistic was found to exceed the threshold when the fault simulation graph of 5m was added to each axis. While the second of the methods presented above is capable of detecting faults of several kilometers using ground measurements and trigonometry law, the method proposed in this paper can detect faults at a much finer level of several tens of meters. From this, it can be safely assumed that the proposed method would exhibited improved performance, although additional component analysis is necessary for threshold validation. 
5 Satellite Failure Cause Identification Method
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Figure 9 – Characteristics of Measurements by Failure Cause (Left. Orbit Fault / Right. Clock Fault)

The satellite failure cause identification method draws on the tendency of measurements dependent on the failure cause. Figure 9 illustrates cases of satellite orbit fault (left) and clock fault (right). In the former case, the distance measurements involving the fault-state satellite would show different characteristic tendencies. In the latter case, however, the distances measurements involving the fault-state satellite would show uniform tendencies. Such different tendencies would have influence on the test statistic. The satellite failure cause identification method involves the process of generating the test statistics with the all triangles including the fault-state satellite at the time point of failure occurrence and the process of applying the tendency of the test statistic. In order to verify the results, failure simulation was performed, with each of the characteristics reflected in the measured values. 
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Figure 10 presents the simulation results involving an orbit fault (left) and a clock fault (right). The dotted and solid lines represent the normal-state and fault-state test statistic, respectively. The ephemeris information used for simulation is 2011. 2. 15. 8:00 – 12:00 (UTC+9) and other details are the same as in the previous simulation. The satellite with fault input is PRN 9, and the remaining normal satellites of the triangular configuration are marked PRN in the result legend.

The resulting graphs reveal that the test statistics show different directions in the case of the orbit fault, whereas the directions of the test statistics are uniform in the case of the clock fault. This cause-dependent tendency can be used for differentiating the cause of an existing failure.
6 Operational Concept of the Satellite Fault Detection and Satellite Failure Cause Identification Methods

This paper proposes two novel methods: satellite fault detection method and satellite failure cause identification method. In the following, an overview of the operation of these two methods is given as a succinct guide for understanding the algorithm workflow involved. 
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Figure 11 – Operational Concept
In figure 11, since ISL measurements are required for the proposed methods, the availability of ISL measurements on the ground decides the processing entity. If ISL measurements can be received on the ground, the methods can be employed on the ground. Otherwise, satellite on-board processing is necessary. 

The workflow of the proposed methods is as follows. First, the satellite fault detection algorithm is run continuously. Once a fault is detected, the satellite involved is declared out of service. All satellites near the fault-state satellite are then configured to provide their ISL measurements. Next, triangles are configured, with the fault-state satellite at one vortex and two normal-state satellites at the remaining two vortices. Using the same trigonometry law, test statistic is generated for each triangle. The satellite failure cause is identified using the tendencies demonstrated by the resulting test statistics. 
7 Conclusion
In this paper, a novel satellite fault detection method was first explained as a method using ISL measurement, instead of ground measurements, coupled with a trigonometry law. Sensitivity analysis was performed, followed by simulation and comparison of simulation results between the proposed method and other methods. As a result, it was confirmed that the use of trigonometry law improved the algorithm performance and the use of ISL measurements instead of ground measurements improved the fault detection results. Next, the proper operation of fault detection algorithm was verified by setting the threshold to check the test statistic against and performing fault simulation. Additionally, it was confirmed that the proposed method is capable of detecting faults at the level of several tens of meters, much finer than the conventional methods, albeit subject to additional threshold validation. Then the satellite failure cause identification method using ISL and trigonometry law was explained. Cause-dependent tendency of measurements was predicted, as was its influence on the test statistic of the proposed method. Furthermore, simulation was performed to verify the predicted changes in the test statistic. Different directions of the test statistics indicate an orbit fault, and uniform directions indicate a clock fault. Finally, an overview of the operational concept of the satellite fault detection and satellite failure cause identification methods was given as a succinct guide for operating these two methods. 
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Figure � SEQ Figure \* ARABIC �10� – Simulation of Failure Cause Identification Method (Left. Orbit Fault / Right. Clock Fault)








International Technical Symposium on Navigation and Timing (ITSNT) 2017

14-17 Nov 2017

ENAC, Toulouse, France


[image: image26.emf]epoch [15min]

0 5 10 15 20 25

T

S

-5

0

5

Orbit Fault

12-15

15-18

18-22

22-27

_1562410203.unknown

_1562410210.unknown

_1562420694.unknown

_1562420702.unknown

_1562420355.unknown

_1562410211.unknown

_1562410205.unknown

_1562410208.unknown

_1562410204.unknown

_1562410201.unknown

_1562410202.unknown

_1562410200.unknown

