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Abstract

:

One of the technologies used for localization is GNSS (Global Navigation Satellite Systems), which is exposed to many phenomena, i.e., the occurrence of terrain covers, reflections of the radio waves, and the multipath nature of the radio waves in the propagation environment. To increase the resistance to environmental phenomena, special types of antennas are used, which include, among others, choke ring antennas. The article describes the design and construction of the choke ring antenna and the impact of the mentioned device on the quality of GNSS positioning. The accuracy of the constructed antenna (based on selected accuracy measures: DRMS, 2DRMS, SEP, MRSE, SAE) is calculated together with positioning errors determined for two types of antennas: choke ring antenna and the dedicated antenna supplied by the manufacturer in RTK mode. The results confirm that the designed choke ring antenna can be used for positioning without significantly losing accuracy in the RTK mode.
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1. Introduction


One of the key features of all measurement systems, including GNSS (Global Navigation Satellite Systems), is the accuracy of their operation, which can be assessed based on the analysis of measurement errors. The mentioned errors can be systematic, i.e., repeated with each measurement, or can be random for individual measurements. Manufacturers try to minimize systematic errors at an early stage of design. Systematic errors include, for example, receiver clock errors, which are effectively eliminated through the use of compensation methods. On the other hand, most of the observed errors in GNSS result from the operation of random factors, the description of which requires the use of mathematical statistics methods [1,2].



The key aspect in the analysis of the operation of satellite systems is the propagation conditions of the radio signal. They are related to, among others, the following phenomena affecting the damping of radio waves: covering the wave by buildings and trees, reflections of radio waves from various types of surfaces, and multipath wave propagation [3].



The factors obscuring the horizon include, among other buildings, that are an obstacle to the propagating wave, reducing its energy level. In turn, possible reflections and multipath of the radio signal are a direct cause of radio wave fading. It is a common phenomenon, the negative impact of which can be minimized by, inter alia, the use of several transmission frequencies in the receiver, the use of the special design of antennas, or the development of data processing algorithms in the receiver [3].



Most modern GNSS receivers already use at least two transmission frequencies and have an extensive signal processing layer. They also have external antennas, which makes the development of the antenna design the most available method of minimizing the reflection and multipath phenomena among the other mentioned options [4].



Several different antennas are used in GNSS: from small patch antennas (car navigation) to complex geodetic antennas [5,6]. There are also antennas for special applications, which have mostly larger dimensions, allowing them to obtain a sealed structure and the highest possible resistance to adverse environmental phenomena [7,8,9]. These types of antennas include choke ring antennas, which enable high damping of signals arriving at low or negative elevation angles [10,11,12]. For this purpose, the discussed antennas use coaxial rings (quarter-wave chokes) with a specially selected depth (usually ¼ wavelength of the antenna operating frequency) [13]. One of the advantages of such a structure is that it prevents the transverse flow of the induced electric current, which also allows the active element of the antenna to be electrically isolated from the side walls. In addition, this type of antenna significantly increases the protection of the receiver against jamming and interference from other radio devices nearby. Their main disadvantage is usually heavy weight resulting from the need to use metal (often steel) as the material from which the ring cover is made [5].



Localized effects such as multipath result from the environment around the receiving antenna [14]. Position fix errors are mainly caused by multipath propagation of GNSS signals. Providing a clear and accurate signal to a GNSS receiver is the primary purpose of the antenna. Integrated choke ring antennas are commercially available and very expensive [15,16]. Leica, among others, publishes the results of localization scatter studies for the AR25 choke ring antenna [17], which indicate a slight standard deviation of the obtained results (Easting 1.1 [mm], Northing 1.3 [mm], Height 2.5 [mm]) and confirms the high repeatability of positioning. Research work on choke ring antennas also focuses on the design of miniaturized [10] and increasingly lighter versions of antennas [18]. Most often, choke ring antennas are composed of deep concentric rings on a flat circular metal ground plane [11]. The subject of research is also antennas of a different shape, such as trapezoidal [19]. The time and frequency-domain responses of various choke ring shielding structures are also investigated [20,21,22]. Choke ring antennas can also be used for low-cost GNSS receivers in static measurements [23]. Positioning accuracy tests were also the subject of research in the context of using smartphones as GNSS antennas placed in a choke ring [24]. In the discussed research, it was shown that the use of a choke ring type cover improves the accuracy of localization in the X, Y, and Z coordinate systems. A choke ring antenna can also be an effective tool for establishing a baseline of possible multipath error as compared to a standard beacon antenna configuration under forest canopies [25]. However, other studies have shown that the precision of GNSS signals in static measurements within typical forest stands for Central Europe with the use of a choke ring antenna is greater than the sub-meter level [26]. The influence of GNSS antenna height on pseudorange multipath was analyzed in the article [27]. Three antennas in total were analyzed: a choke ring antenna, a geodetic microstrip patch, and an antenna used for Real Time Kinematic (RTK) measurements. Multipath signals reflected from the ground were mitigated most effectively by the choke ring antenna [27]. In conclusion, no works related to the performance tests of a dedicated GNSS antenna in a version without/with a low-cost choke ring cover have been found.



One of the possible uses of choke ring antennas is the positioning of Unmanned Ground Vehicles (UGVs). Localization problems, including the application of GNSS in UGVs, are the subject of many scientific articles [28,29,30]. GNSS is used mostly as a system for determining a reference position with high accuracy. In most cases, it is important to ensure the long-term and stable operation of the GNSS signals. Mentioned high accuracy of positioning is also required, which is most often provided by the RTK mode. It is especially critical when GNSS is the only UGV location system. This technology is often used in the field, but it has several limitations related to the need for an open horizon or satellite signal interference. In a lot of cases, the use of GNSS is simply impossible, e.g., due to environmental factors (independent of humans), while the goal is to protect GNSS antennas against the phenomenon of signal multipath or simply against external interference under good visibility. The solution in such cases could be choke ring antennas; however, their use is associated with reduced visibility of the horizon, which may affect the accuracy of the system. The positioning accuracy of GNSS is the subject of scientific articles [31,32,33,34,35]. In the case of stationary tests, long-term measurements are most often used to eliminate the occurrence of random errors. In conclusion, no works related to the positioning accuracy of the GNSS with the choke ring antennas working in RTK mode on UGVs have been found.



Accordingly, the purpose of the article is to determine the influence of the low-cost choke ring antenna on the GNSS receiver positioning accuracy working in RTK mode in the environment with possible multipath effects. For comparison, the article specifies positioning errors for two types of antennas: the aforementioned choke ring antenna and the dedicated GNSS antenna supplied by the manufacturer. In this way, the possibility of using the choke ring antenna in RTK measurements was also analyzed. The positive results of the experiment will determine the possibility of using the designed antenna on UGVs.




2. Materials and Methods


A choke ring antenna cover was designed to protect the dedicated (delivered by the manufacturer) GNSS antenna from the negative effects of the signal multipath phenomenon. The research was conducted with the use of the SwiftNav DURO receiver (Figure 1) [36].



The DURO GNSS receiver was launched in 2017. It tracks the following signal frequencies: GPS L1/L2C, GLONASS G1/G2, BEIDOU B1/B2, GALILEO E1/E5b, and signals: GPS L1/L2, GLONASS G1/G2, BeiDou B1/B2, Galileo E1/E5b, SBAS (WAAS, EGNOS, GAGAN, MSAS). In addition, it has a built-in GSM modem and supports RTK formats: RTCM 3.x. [36].



2.1. Design of Choke Ring Antenna


The design of the choke ring antenna enables preventing the signal reflected from the surface from reaching the antenna (Figure 2). The necessity to use a GNSS antenna cover is caused by the possibility of incorrect operation of the GNSS, resulting from the presence of interference, among others, generated electromagnetic waves also by other wireless technical devices operating near the antenna. Considering this and the analysis of the structure of the GNSS antenna, a design of the antenna cover was developed, consisting of four concentrically arranged steel pipes with different external diameters (Figure 2). The diameter of the pipes was selected based on the carrier wavelength L1 of the GPS signal (approx. 0.19 [m]). It was assumed that the proposed pipes would be welded to the sheet in the shape of a ring with holes for mounting bolts. The elements connected in this way (pipes and ring-shaped sheet metal) are attached to the circular base (Figure 3) through nine screw assemblies (nut-bolt), on which the GNSS system antenna will be installed.



The antenna will be attached to the base with a suitably shaped mounting element (Figure 3). This element will be welded to the base, creating a space between it and the base, into which the screw securing the antenna to the sheet will be inserted. This approach enables mounting the antenna to the designed cover without the need to disassemble the pipe. It reduces the time for the possible assembly and disassembly of the GNSS antenna with a cover. An additional advantage of this design is the isolation of the original antenna from the electric currents inducing the housing (Figure 3).



The order of mounting the designed antenna cover (Figure 4) is as follows:




	
attaching the antenna to the base (Figure 4a,b),



	
bolting the element (pipe with a ring-shaped sheet) to the base (Figure 4c,d).








The constructed choke ring antenna cover made in accordance with the design presented earlier is shown in Figure 5.



The weight of the designed GNNS antenna cover is approximately 12 [kg].




2.2. Research Methodology


The usefulness of the constructed cover of the choke ring antenna for RTK measurements was assessed by analyzing the measurements of satellite signals of the GNSS antenna in two cases: with the dedicated antenna and the choke ring antenna on a previously prepared test stand (Figure 6).



All measurements of satellite signals were performed based on the same reference station at identical points. Two long-term RTK measurements were conducted at reference points using the static technique. The points were chosen to ensure unfavorable measurement conditions (numerous horizontal curtains: the vicinity of trees, a building, and working machines equipment causing possible signal reflections). Moreover, to obtain the reference coordinates, a two-hour static session of RTK measurements was performed after prior checking of the possibility of performing RTK measurements. The results of the location of the above-mentioned points were anonymized due to the military terrain. We also assume no PCV pattern correction of GNSS in the study.



NMEA (National Marine Electronics Association) sentences were logged in the measurements with a sampling frequency of 10 [Hz]. The receiver is configured to minimize the number of necessary NMEA sentences (headers). For this purpose, two NMEA headers were used: $GPGGA (Global Positioning System Fix Data) and $GPGSA (Global Positioning DOP and active satellites) [37,38]. The $GPGGA sentences enable logging of all parameters necessary for localization, i.e., latitude, longitude, and latitude, while the $GPGSA sentences logging of statistical DOP coefficients. The information from these sentences is necessary for the subsequent conversion of the coordinate system, positioning errors, analysis of the DOP coefficient values (Section 2.3), and accuracy measures (Section 2.4).



Conversion to a metric coordinate system is necessary for the subsequent determination of positioning errors. ECEF (Earth-Centered/Earth Fixed) is an example of the mentioned coordinate system. The WGS-84 reference system was adopted for data analysis, which contains a set of parameters defining the size and shape of the Earth and the properties of its gravitational potential. The aforementioned system defines an ellipsoid used to create maps, used, inter alia, in the ECEF system [1,2,4].



The knowledge of the reference position of the GNSS antenna allows for determining the errors of the antenna positioning in the geographic coordinate system and, after conversion, in the ECEF system. In the research on the accuracy of positioning, the determination of errors in the geographic coordinate system was omitted from the determination of errors in metric systems, such as ECEF or UTM. It results from difficulties in interpreting positioning results expressed in geographical degrees.




2.3. Indicators of the Quality of the Satellite Constellation


The DOP (Dilutions of Precision) geometric factors allow the evaluation of the accuracy of the positioning in the GNSS receiver. Their value depends on the geometry of the current satellite configuration. The following DOP can be distinguished:




	
PDOP (Positional Dilution of Precision),



	
HDOP (Horizontal Dilution of Precision),



	
VDOP (Vertical Dilution of Precision) [1,2,4,39,40,41].








PDOP is the spatial factor of geometric accuracy referring to a three-dimensional position in the Cartesian system or geodetic coordinates. Another factor is HDOP, which is the plane (horizontal) coefficient of geometric accuracy referring to a two-dimensional position in a Cartesian or geodetic system. The last mentioned factor is VDOP. It describes the vertical factor of geometric accuracy related to the one-dimensional height measurement.




2.4. Accuracy Measures


The positioning accuracy of the GNSS was determined using chosen accuracy measures which are especially important in the transportation industry because of the widespread use of GNSS [42,43,44]. Therefore, it is important to assess the accuracy of GNSS-based systems carefully and to ensure that they meet the required level of performance for a given application.



In the case of measures of the accuracy of the 2D horizontal position, conversion to ENU (East, North, Up) coordinate system was performed, and the following coefficients were defined [1,2,29]:




	
DRMS (Distance Root Mean Squared)










  DRMS =    σ  east  2  +  σ  north  2     



(1)







	
2DRMS (Two Distance Root Mean Squared)







   2 DRMS = 2    σ  east  2  +  σ  north  2      



(2)





	
CEP (Circular Error Probable)








  CEP = 0.62  σ  north   + 0.56  σ  east    



(3)




where: σeast—standard deviation of Easting, σnorth—standard error of the Northing [1,2].



In turn, in the case of the 3D position, conversion to the ECEF coordinate system was performed, and the following accuracy measures were determined [1,2,45]:



SEP (Spherical Error Probable)


  SEP = 0.51  (   σ x  +  σ y  +  σ z   )   



(4)







	
MRSE (Mean Radial Spherical Error)







   MRSE =    σ x 2  +  σ y 2  +  σ z 2      



(5)





	
90% SAE (Spherical Accuracy Standard)







   90  %   SAE  = 0.51  (   σ x  +  σ y  +  σ z   )    



(6)





	
99% SAE (Spherical Accuracy Standard)







   99  %   SAE  = 1.122  (   σ x  +  σ y  +  σ z   )    



(7)





where: σ—standard deviation of the satellite pseudoranges, σx—standard deviation of the x-coordinate, σy—standard deviation of the y-coordinate, σz—standard deviation of the z-coordinate [1,2].



Table 1 presents the probability values of the described accuracy measures for the 2D and 3D systems. Mentioned measure values with a higher probability value are more reliable indicators of the accuracy of the GNSS. It also explains why the comparisons of the accuracy of two or more GNSS should be made based on the same accuracy measures (different probabilities).



Moreover, there are mathematical relationships between the individual measures of positioning accuracy that enable the conversion of values among themselves [2,45].





3. Results and Discussion


As a result of the research, the time courses of geographic coordinates were recorded, i.e., latitude, longitude, and altitude for the dedicated GNSS antenna and the GNSS choke ring antenna. Then, the above-mentioned coordinates were converted to the ECEF system: ECEFx, ECEFy, and ECEFz. It enabled the determination of positioning errors: eECEFx (Figure 7), eECEFy (Figure 8), eECEFz (Figure 9), and eECEFtotal (Figure 10). In addition, the article appendix (Appendix A) presents histograms of the mentioned parameters: HDOP (Figure A1), the number of satellites in use (Figure A2), and positioning errors in the ECEF system for both antenna variants (Figure A3, Figure A4, Figure A5 and Figure A6).



Table 2 and Table 3 show the basic quantitative statistics of the following parameters: HDOP, VDOP, PDOP, number of satellites in use, ECEFX,Y,Z coordinate errors, and ECEF total errors for the dedicated antenna and choke ring antenna.



A dedicated antenna with a choke ring cover obtains by approx. 4% higher mean values of the DOP coefficients: VDOP, HDOP, and PDOP, which indicates a slightly worse geometry of the satellite constellation during the measurements. The dispersion of the values of the aforementioned parameters is particularly visible in the case of the standard deviation for HDOP, which increased by approximately 78%. The choke ring antenna has a similar average value of the number of satellites in use, approx. 14, but a larger spread of this parameter, i.e., a 26% increase in the value of the standard deviation, which influences larger fluctuations of this parameter during the measurements. The loss of positioning accuracy is visible in the analysis of the average values of the total positioning error in the ECEF system, which recorded a decrease in value of approximately 7 times. The analysis of the values of the above-mentioned parameters and errors shows that the dedicated antenna is characterized by a higher quality of positioning, i.e., lower errors. These values, however, do not apply to the positioning accuracy, and, therefore, selected measures of positioning accuracy in the 2D (Figure 11) and 3D (Figure 12) systems were determined for both variants of GNSS antennas considered in the article (described in Section 2.4).



All of the specified measures of accuracy both for the 2D (Figure 11) and 3D (Figure 12) systems indicate that the dedicated antenna is more accurate than the antenna with a choke ring cover. The use of a choke ring antenna in a 2D system is associated with a deterioration of accuracy by 51% according to the DRMS and 2DRMS measures and by 36% according to the CEP measure. Similarly, in the case of the 3D system, it is associated with a deterioration of accuracy by 41% according to the SEP measure, 48% according to the MRSE measure, and 41% according to the 90% SAS and 99% SAS measures. It should be noted that the mentioned measures differ in probability (Table 1), so the most reliable results are the 2DRMS measures for the 2D system and the 99% SAS for the 3D. In both cases, the result does not exceed 0.02 [m], which means that the choke ring antenna still maintains a high positioning accuracy, despite the observed drops in accuracy measures.




4. Conclusions


The conducted experimental studies allowed for a preliminary assessment of the impact of the use of choke ring cover on the performance of GNSS antenna during long-term operation. It is especially important in applications where long-term operation of the positioning system in conditions with the possibility of multipath effects is required.



The designed and constructed choke ring antenna cover allowed us to obtain a positioning accuracy of approximately 0.02 [m], despite the presence of higher values of the DOP parameters compared to the dedicated antenna, a similar number of satellites in use, or higher positioning errors in the ECEF system.



The obtained results confirm that the choke ring antenna can be used for positioning in non-open surroundings without a significant loss of accuracy in the RTK mode. It allows for determining the direction of future work, which could be researched on the influence of long-term external interference (EMI) on the operation of the GNSS with a choke ring antenna or the effect of the different cover material (e.g., aluminum) in the choke ring antenna on the damping of satellite signals in the context of the accuracy of the satellite system.
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Figure A1. HDOP histogram: (a) GNSS antenna, (b) choke ring GNSS antenna. 






Figure A1. HDOP histogram: (a) GNSS antenna, (b) choke ring GNSS antenna.
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Figure A2. The number of satellites in use histogram: (a) GNSS antenna, (b) choke ring GNSS antenna. 






Figure A2. The number of satellites in use histogram: (a) GNSS antenna, (b) choke ring GNSS antenna.
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Figure A3. ECEFx errors histogram: (a) GNSS antenna, (b) choke ring GNSS antenna. 






Figure A3. ECEFx errors histogram: (a) GNSS antenna, (b) choke ring GNSS antenna.
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Figure A4. ECEFy errors histogram: (a) GNSS antenna, (b) choke ring GNSS antenna. 






Figure A4. ECEFy errors histogram: (a) GNSS antenna, (b) choke ring GNSS antenna.
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Figure A5. ECEFz errors histogram: (a) GNSS antenna, (b) choke ring GNSS antenna. 






Figure A5. ECEFz errors histogram: (a) GNSS antenna, (b) choke ring GNSS antenna.
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Figure A6. ECEF total errors histogram: (a) GNSS antenna, (b) choke ring GNSS antenna. 






Figure A6. ECEF total errors histogram: (a) GNSS antenna, (b) choke ring GNSS antenna.
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Figure 1. SwiftNav Duro GNSS receiver (a) front view, (b) rear view. 
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Figure 2. The designed cover for the GNSS antenna: (a) front view: 1—pipes, 2—ring-shaped plate, 3—base, 4—screw assembly, 5—GNSS antenna, (b) rear view. 
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Figure 3. Attaching the antenna to the base. 
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Figure 4. Mounting the housing to the antenna: 1–4 (a) step 1, (b) step 2, (c) step 3, (d) step 4. 
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Figure 5. Choke ring antenna (a) cover, (b) cover with the antenna. 
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Figure 6. Field test stand. 






Figure 6. Field test stand.
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Figure 7. The course of ECEFx errors: (a) GNSS antenna, (b) choke ring antenna. 
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Figure 8. The course of ECEFy errors: (a) GNSS antenna, (b) choke ring antenna. 
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Figure 9. The course of ECEFz errors: (a) GNSS antenna, (b) choke ring antenna. 






Figure 9. The course of ECEFz errors: (a) GNSS antenna, (b) choke ring antenna.



[image: Applsci 13 01007 g009]







[image: Applsci 13 01007 g010 550] 





Figure 10. The course of ECEF total errors: (a) GNSS antenna, (b) choke ring antenna. 
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Figure 11. Selected measures of 2D position accuracy. 
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Figure 12. Selected measures of 3D position accuracy. 
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Table 1. Probability of selected two-dimensional (2D) and three-dimensional (3D) accuracy measures [2,45].
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	Position
	Probability





	CEP
	2D
	50%



	DRMS
	2D
	65%



	2DRMS
	2D
	95%



	SEP
	3D
	50%



	MRSE
	3D
	61%



	90% SAE
	3D
	90%



	99% SAE
	3D
	99%










[image: Table] 





Table 2. Basic quantitative statistics of the analyzed parameters for the GNSS receiver with the dedicated antenna.
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	Unit
	Minimum
	Maximum
	Mean
	Standard Deviation
	RMS





	VDOP
	-
	0.90
	1.60
	1.23
	0.37
	1.28



	HDOP
	-
	0.70
	1.10
	0.81
	0.03
	0.80



	PDOP
	-
	1.20
	1.90
	1.48
	0.44
	1.54



	Satellites in use
	-
	12.00
	16.00
	14.20
	0.68
	14.23



	eECEFx
	m
	−2.20 × 10−2
	2.00 × 10−2
	8.44 × 10−4
	4.28 × 10−3
	4.37 × 10−3



	eECEFy
	m
	−1.63 × 10−2
	1.37 × 10−2
	−1.11 × 10−3
	4.53 × 10−3
	4.66 × 10−3



	eECEFz
	m
	−2.47 × 10−2
	3.13 × 10−2
	3.92 × 10−4
	6.83 × 10−3
	6.85 × 10−3



	eECEFtotal
	m
	4.50 × 10−4
	3.30 × 10−2
	7.94 × 10−3
	4.96 × 10−3
	9.37 × 10−3
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Table 3. Basic quantitative statistics of the analyzed parameters for the GNSS receiver with the choke ring antenna.
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	Unit
	Minimum
	Maximum
	Mean
	Standard Deviation
	RMS





	VDOP
	-
	1.10
	2.60
	1.28
	0.39
	1.33



	HDOP
	-
	0.70
	1.20
	0.84
	0.15
	0.83



	PDOP
	-
	1.30
	3.20
	1.54
	0.47
	1.61



	Satellites in use
	-
	12.00
	16.00
	13.86
	0.86
	13.88



	eECEFx
	m
	−2.76 × 10−2
	3.54 × 10−2
	−9.52 × 10−4
	7.81 × 10−3
	7.87 × 10−3



	eECEFy
	m
	−1.48 × 10−2
	1.42 × 10−2
	−2.29 × 10−4
	3.39 × 10−3
	3.39 × 10−3



	eECEFz
	m
	−5.33 × 10−2
	2.57 × 10−2
	−2.28 × 10−4
	9.75 × 10−3
	9.76 × 10−3



	eECEFtotal
	m
	1.57 × 10−3
	5.43 × 10−2
	1.12 × 10−2
	6.50 × 10−3
	1.30 × 10−2
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