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Abstract

:

Centimeter-level or better positioning accuracy is needed in engineering surveying applications. When employing the Global Navigation Satellite System (GNSS) in engineering surveying, the high-precision real-time kinematic (RTK) positioning method must be used to achieve such positioning accuracy. Currently, precise point positioning (PPP) cannot reliably achieve the positioning accuracy needed for engineering surveying in real time. The high-precision RTK positioning method needs carrier-phase measurements and a reference station/network. Surveyors may not need a GNSS receiver in their organizations/companies to act as the reference station. Continuously Operating Reference Stations (CORS), run by international/national organizations/agencies or private companies such as GNSS receiver manufacturers, let users freely access the raw GNSS measurements or corrections for real-time and post-processing applications. The positioning accuracy of the GNSS rover is affected by the data quality of the reference stations, including virtual reference stations (VRS). The International GNSS Service (IGS) currently provides the number of cycle slips and the L1 and L2 average pseudorange multipath errors per station daily. The US National Geodetic Survey (NGS) provides daily station coordinate residuals. Carrier-phase data quality of the CORS stations is not provided by their organizations/agencies. Nowadays, many CORS stations track multi-GNSS satellites. This paper proposes a multi-GNSS and multi-frequency data quality assessment approach for CORS stations with a focus on carrier-phase data quality. The proposed approach is demonstrated with case studies on IGS/CORS networks in Hong Kong and Canada/USA. In other words, a strategy to obtain non-linear combined carrier-phase multipath errors and noise is proposed in this work. The data quality of a CORS station depends on the site environment, monument type and height, and GNSS receiver/antenna. An account of the data quality at some selected stations is given; the main focus of the paper is on the proposed data quality assessment approach.
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1. Introduction


The Global Positioning System (GPS) was developed for single-point positioning (i.e., Standard/Precise Positioning Service). The use of carrier-phase measurements in relative positioning was explored by [1,2,3]. Since then, GPS has been widely used in high-precision positioning applications, such as attitude determination [4,5], geodetic surveying [6,7], geodynamic and geophysical studies [8,9], and engineering surveying [10]. A reference receiver is needed for relative positioning, and the determined position of the rover station is aligned in the same reference frame as the reference station. Organizations/companies needed a GPS receiver for the reference station and a GPS receiver for the rover station in the 1980s and 1990s. The US National Geodetic Survey (NGS) and the International GNSS Service (IGS; was called the International GPS Service for Geodynamics) developed the Continuously Operating Reference Stations (CORS; also known as tracking stations) for precise orbit determination in the 1990s. Moreover, the CORS stations serve as the reference stations for relative positioning. In addition, some GPS receiver manufacturers have built CORS in some countries/regions, such as Leica and Trimble. Surveyors only need a rover receiver for engineering surveying when there is a CORS network in the region.



Usually, the nearest CORS station is selected for baseline processing. In baseline processing, any errors at the reference station are propagated to the estimated position of the rover. In network real-time kinematic (RTK) approaches, such as the Master-Auxiliary Concept (MAC) [11] and Virtual Reference Station (VRS) [12], errors at reference stations affect the RTK corrections, modeled biases/errors, and raw measurements. Site selection is a step in network RTK approaches. We prefer selecting reference stations with high-quality raw measurements over selecting the nearest reference stations. The quality of raw measurements at reference stations is affected by cycle slips, measurement noise, and multipath errors. The IGS website does provide hourly time-series plots of the number of cycle slips in GPS L1 and L2 measurements and pseudorange multipath errors in GPS L1 and L2 measurements (i.e., MP1 and MP2) per station. It is worth mentioning that “multipath mitigation should be disabled in the GNSS receiver” [13] (guideline no. 2.2.19), excluding special antenna designs such as choke-ring antennas.



GPS and GLONASS modernization is being undertaken. Galileo will have its full operational capacity (FOC) soon (scheduled for 2020; it has 23 “usable” satellites as of 20 June 2022). The BeiDou Navigation Satellite System (BDS) started FOC in June 2020. The Global Navigation Satellite System (GNSS) is the collective term for GPS, GLONASS, Galileo, and BDS. Currently, IGS only provides the daily average pseudorange multipath errors in GPS L1 and L2 measurements (i.e., average MP1 and MP2) and the number of cycle slips (but not specific to L1 or L2) per CORS/tracking station. High-precision GNSS users may want to use either GPS, GLONASS, Galileo, or BDS only. The quality of GNSS measurements (i.e., all constellations and multi-frequency) at each CORS station is essential for station selection in baseline post-processing and (conventional/network) RTK.



This paper proposes a multi-GNSS and multi-frequency data quality assessment approach for CORS stations with a focus on carrier-phase data quality. There is no absolute approach for GNSS data quality assessment. The proposed approach is designed to minimize the effect of other GNSS biases/errors on the assessed data quality. The proposed approach is demonstrated with case studies on the Hong Kong and Canada/USA CORS networks. An analysis of the data quality at some selected CORS stations will be given. GNSS CORS data quality is affected by the antenna and receiver hardware and firmware, the monument type and height, the site environment and location, etc. CORS organizations/agencies may implement the proposed approach to assess the data quality of their CORS stations, and they may try to find out the reasons for the stations with poor data quality assessment results and then propose a data quality improvement plan for the stations. This work is significant because small carrier-phase noise and multipath errors at CORS stations may affect the ambiguity resolution and lead to wrong/inaccurate rover position solutions [14,15].




2. Materials and Methods


2.1. Literature Review and Significance of Research


2.1.1. GNSS Biases and Errors


GNSS biases can be classified as dispersive or non-dispersive. The ionospheric effect is a dispersive bias, and the tropospheric effect is a non-dispersive bias. Both ionospheric and tropospheric effects decorrelate to the increase in baseline length. GNSS errors include the satellite clock error, receiver clock errors, multipath errors, and measurement noise/random errors. Sophisticated models of the ionospheric and tropospheric effects and other GNSS biases and errors have recently been developed with the GNSS CORS network data. Multipath errors and measurement noises are site-dependent and receiver-dependent [16]. Differencing cannot eliminate multipath errors and measurement noise but can amplify the errors because of the error propagation of the satellite-receiver pairs in differencing. Multipath occurs when the direct signal from a satellite is mixed with the reflected signal in the vicinity of the rover antenna [15,17]. Site-dependent multipath errors can be mitigated by sidereal filters [18,19] and empirical multipath maps [20,21]. Both sidereal filtering and empirical multipath mapping methods need double-difference carrier-phase residuals at static baselines. In GNSS data processing, especially in kinematic positioning, multipath errors at the reference stations are usually ignored (i.e., multipath errors are not in the functional model) because CORS sites are usually considered “multipath-free”. In CORS sites, geodetic-grade choke-ring antennas are installed on tall pillars/monuments, and the antennas are usually far from any reflectors in the environments. However, data at CORS stations are still contaminated in practice by near-field multipath errors. IGS uses Translation, Editing, and Quality Checking (TEQC) software [22] to estimate the pseudorange multipath errors in GPS L1 and L2. Examples of the average MP1 and MP2 of five IGS tracking stations are shown in Table 1. The authors of [23] used TEQC software to plot MP1 and MP2 in time series and analyze the possible sources of reflected signals at a site. If the site-dependent multipath errors are not modeled in data processing, we ought to select a CORS station with low multipath errors and measurement noise as the reference station in post-processing/real-time static/kinematic baseline processing or select CORS stations with low multipath errors and measurements for post-processing/RTK network processing. Currently, information on carrier-phase multipath errors and measurement noise is not available for CORS stations. However, high-precision positioning (i.e., baseline and RTK processing) must use carrier-phase measurements. This paper proposes a multi-GNSS and multi-frequency data quality assessment approach for CORS stations with a focus on carrier-phase data quality.




2.1.2. Review of GNSS Data Quality Assessment Methods


GNSS data quality metrics include data utilization ratios, code multipath magnitudes, cycle slip occurrence rates, and signal-to-noise ratio (SNR) analysis. The authors of [24] used TEQC and Anubis software to analyze the data utilization, cycle slip ratio, and multipath of a CORS station in Guilin and compared the performance between the two tools. IGS provides typical daily data quality assessment results with TEQC for every IGS CORS, as shown in Figure 1. However, TEQC can only assess GPS, GLONASS, and Galileo (partly) data. G-Nut/Anubis can support most navigation systems, but its availability to users is limited by only offering a free version in Linux [25]. GFZRNX provides limited quality check metrics, which cannot be used for cycle slip detection and multipath estimation [26]; the tool mainly provides RINEX file editing functions.



Among all these quality-checking metrics, multipath errors and noise should be the most important because they cannot be mitigated or eliminated like other GNSS biases and errors through differencing. The multipath effect is independent for each satellite and receiver and varies with time [14,15]. With the increasing number of GNSS systems, researchers are studying the multipath effect on the multi-GNSS system. The authors of [27] (2016) investigated the measurement noise of the new GNSS signals. The authors of [28] conducted a comprehensive multipath analysis on both pseudorange and carrier-phase measurements of GPS, GLONASS, Galileo, and BeiDou. However, each observation session in the experiment was only 4 h, which did not cover the whole multipath pattern of a satellite/site. The authors of [29,30,31] studied the multipath effect at CORS and IGS stations and analyzed the sites and equipment with respect to the multipath effect. In this paper, a 60-day observation period was chosen to thoroughly investigate the multipath effect of GNSS satellites at the selected sites; most possible multipath errors at a site due to satellite orbiting, the sidereal day, and earth rotation are covered. In fact, one of the goals of multipath analysis is to check the data quality of GNSS stations in order to provide a better GNSS service or more information to the user. Since there are changes in satellite orbits, the site environment, and receiver/antenna hardware (including the health and stability of electronic components), data quality assessment should be carried out regularly (e.g., every year).




2.1.3. Review of Pseudorange Multipath Estimation


Pseudorange multipath is defined as the multipath errors in the pseudorange measurements (i.e., after signal processing in receiver hardware). The authors of [32] performed the pseudorange multipath estimation using triple-frequency pseudorange measurements and concluded that the triple-frequency approach can give an absolute estimate of multipath with the complete elimination of other errors. The estimation formula is:


   M   P  ijk     =  λ k 2     P i  −  P j      +  λ j 2     P k  −  P i      +  λ i 2     P j  −  P k     



(1)




where the subscripts i, j, and k denote the three frequencies of Li, Lj, and Lk.    M   P  i j k       denotes the ijk triple-frequency combined pseudorange multipath error, P denotes the pseudorange measurement at a frequency, and λ denotes the wavelength of a frequency. However, multipath errors and measurement noise at different frequencies are different if the signal designs (e.g., chipping rate and modulation) of frequencies are different. According to the error propagation law, the variance of the triple-frequency combined pseudorange multipath error contains the amplified measurement noise, and the noise level may be comparable to the pseudorange multipath errors. Moreover, triple-frequency tracking is still not common at CORS stations, which limits the availability of the estimation. Another weakness is that the pseudorange measurement quality of individual frequencies is not available for low-cost/single-frequency GNSS users.



In contrast to the above method, single-frequency and dual-frequency-based approaches are more commonly used. The former approach is called code-minus-carrier (CMC) [33]. CMC is the difference between pseudorange measurement P and carrier phase measurement (in the unit of meters) Φ:


  C M C = P − Φ  



(2)







This method assumes the carrier-phase multipath errors are negligible when compared with the pseudorange multipath errors. Common GNSS biases and errors in pseudorange and carrier-phase measurements, such as tropospheric delay, satellite and receiver clock offsets, and satellite orbit errors, are eliminated by the differencing. However, the ionospheric effect is doubled and absorbed in the computed pseudorange multipath error (i.e., CMC). The authors of [34] used this method to test the pseudorange multipath mitigation performance of the simple-strobe and synthesized-strobe delay-locked loops (DLLs). To remedy the weakness of CMC and the insufficient observed frequencies problem, researchers usually use the linear multipath combination (i.e., MP) adopted in the TEQC to analyze the pseudorange multipath errors; examples are [24,30,32,35]. The MP can be computed as follows:


  M  P i  −  B i  =  P i  −  Φ i  −  2  α − 1      Φ i  −  Φ j    − 2    B j  −  B i    α − 1    



(3)




where the subscripts i and j denote the frequencies of Li and Lj, MPi denotes the pseudorange multipath errors plus the measurement noises in Li, P denotes the pseudorange measurement, and B denotes the carrier-phase integer ambiguity,   α =        f i     f j       2   . If we rearrange Equation (3), we obtain:


  M  P i  −  P i  +    2  α − 1   + 1    Φ i  − 2    Φ j    α − 1   =  B i  − 2    B j  −  B i    α − 1    



(4)




of which,      B i  − 2    B j  −  B i    α − 1       is constant for each given orbit arc (when no cycle slip), it can be subtracted by averaging it out in the final solution. Consequently, the pseudorange multipath plus noise can be written as follows:


  M  P i  =  P i  −    2  α − 1   + 1    Φ i  + 2    Φ j    α − 1    



(5)







Equation (5) is geometry-free and ionospheric-free so it can largely reduce the error that affects the geometry-free CMC approach. Although carrier-phase multipath errors and noise exist in the equation, those values are comparatively much smaller than pseudorange multipath errors and noise, so they are thus neglected. Therefore, in this work, MP is adopted for the pseudorange multipath assessment.




2.1.4. Review on Carrier Phase Multipath Estimation


Details and characteristics of carrier-phase multipath errors can be found in [14,15,36]. Similar to the pseudorange multipath estimation, there are triple-frequency approaches for carrier-phase multipath estimation. The equation applied by Kamatham and Vemuri (2017) is similar to the one in the pseudorange multipath (i.e., Equation (1)):


   M   Φ  i j k     =  λ k 2     Φ i  −  Φ j    +  λ j 2     Φ k  −  Φ i    +  λ i 2     Φ j  −  Φ k     



(6)




where the subscripts i, j, and k denote the three frequencies of Li, Lj, and Lk.    M   Φ  i j k       denotes the ijk triple-frequency combined carrier-phase multipath error, Φ denotes the carrier-phase measurement at a frequency, and λ denotes the wavelength of a frequency. The authors of [37] used two ionosphere-free linear combinations (IF) from three frequencies to assess BDS carrier-phase errors:


  D I F    φ 1  ,  φ 2  ,  φ 3    = I F    φ 1  ,  φ 2    − I F    φ 1  ,  φ 3     



(7)







This triple-carrier combination is geometry-free and ionosphere-free. The determined carrier-phase error contains the carrier-phase multipath error, measurement noise, and the linear combined carrier-phase ambiguity constant. The error determined by this approach is very “noisy” because it contains three carrier-phase measurements and three linear combinations (i.e., two iono-free combinations and one differencing). Moreover, the availability of triple-frequency is not common at CORS stations. This approach is not suitable for the work of this paper because carrier-phase multipath errors and measurement noise of individual frequencies at a CORS station cannot be estimated (i.e., the data quality information determined using the triple-carrier combination method is not suitable for single- or dual-frequency GNSS users).



Signal-to-noise ratio (SNR) and carrier-to-noise ratio (CNR) are the ratios of the signal/carrier strength to the noise level. SNR/CNR are affected by the multipath effect and atmospheric and hardware noise [15,36]. Therefore, SNR/CNR can be used to estimate/mitigate carrier-phase multipath errors [36,38]. Raw SNR/CNR data and measurement noise change with the change in satellite elevation angle. Special treatment is needed to make the raw SNR/CNR data represent the multipath-contaminated component. Special treatments include, for example, the use of elevation-dependent nominal SNR/CNR [36] and wavelet analysis [39]. Therefore, raw SNR/CNR data cannot be used to represent the data quality of carrier-phase measurements directly.





2.2. Proposed Approach for CORS Data Quality Assessment


CORS data quality assessment methods should be easy to implement at administration centers/organizations (no commercial software is needed) and ready for GNSS users with different frequencies. Pseudorange data quality information is useful for stand-alone positioning/navigation users (including mass-market users) and Differential GNSS (DGNSS) users. Carrier-phase data quality information is useful for high-precision positioning users. This section describes the proposed methods to obtain pseudorange multipath severity information, carrier-phase multipath severity information, and carrier-phase noise levels of a CORS station.



2.2.1. Pseudorange Multipath Errors


The MP approach (i.e., Equation (5)) is adopted to estimate the pseudorange multipath errors in GNSS frequencies. Two frequencies are required to calculate the pseudorange multipath error for one of the frequencies. The frequency pairs used in the case studies in this paper are shown in Table 2.



CORS administration centers/organizations and readers may write a simple script for Equation (5) with any computer programming language, with MATLAB, or using a spreadsheet (a RINEX reader is needed) to implement this method.




2.2.2. Carrier-Phase Multipath Errors


Obtaining the magnitude of multipath errors in carrier-phase measurements at a CORS station is non-trivial. Similar to pseudorange measurements, multipath errors in carrier-phase measurements are much smaller than the atmospheric biases, satellite orbits, and clock errors. Differencing must be used to obtain “accurate” carrier-phase residuals for multipath error analysis. For short to medium baselines, the carrier-phase residuals contain mainly multipath errors and measurement errors/random noise. With the aim of obtaining the carrier-phase multipath errors in the non-linear combined mode, the ionospheric-free combination must be avoided in the observable for residual analysis. Since the data quality assessment can be carried out in post-processing mode, the IONosphere map EXchange (IONEX) files are used to correct the ionospheric effect on GNSS measurements in our proposed approach in this paper. Regarding the tropospheric delay, the zenith tropospheric delay (ZTD) and gradient are estimated in data processing [40,41]. The double difference (DD) carrier-phase residuals are then processed by wavelets in order to remove the DD measurement noise and obtain the DD multipath errors. As a DD measurement involves four measurements at two stations and the carrier-phase multipath error is partly proportional to the PRN code correlation function [16], MPs at the two stations are used to “scale” the DD carrier-phase multipath error to form the single-differencing (SD) carrier-phase multipath error of each of the two stations at the baseline. Since the reference satellite in relative positioning is usually at high elevation angles, the multipath effect can be neglected. Therefore, the SD multipath error can be assumed as the carrier-phase multipath error of the roving satellite and station. This process is shown in Figure 2 (the upper path is highlighted with a pale blue shadow).



PPP carrier-phase residuals cannot be used to obtain carrier-phase multipath errors because pseudorange multipath errors and noise are much greater than the carrier-phase multipath errors: two orders greater. Assuming low carrier-phase multipath errors at the reference station in differencing can obtain more accurate carrier-phase multipath errors at the rover compared to using the PPP residuals. Criteria for selecting the reference station in differencing are: (1) A station with low pseudorange multipath errors (higher priority), (2) the location of the station in a group of stations (i.e., about the center of a group of stations).



CORS administration centers/organizations and readers may use the “Fixed Static” processing mode in RTKLib Demo5 b34_d3 [42,43] to output DD carrier-phase residuals, which is the input of the flowchart in Figure 2. DD carrier-phase residuals are obtained in the “.pos” output file, in MATLAB, or open-source. Since carrier-phase multipath errors at a static station show sinusoidal patterns [16], spectral analysis approaches such as Fourier transforms and wavelets can be used to separate the multipath “signal” from the noise. Wavelet analysis tools can be used to obtain the DD carrier-phase multipath errors and noise [18]. This work uses DWT and IDWT functions of the MATLAB Wavelet toolbox. The further operations in the pale blue highlighted box (i.e., for carrier-phase multipath errors) can be carried out in spreadsheets or sample programming scripts. CORS administration centers/organizations can, of course, code up the above algorithm into a piece of software with any computer programming language.




2.2.3. Carrier-Phase Measurement Noise


In the theory of errors, carrier-phase measurement noise is random noise. Carrier-phase measurement noise is usually very small; it should be within one millimeter in a carrier-phase measurement in consideration of the receiver tracking hardware. Double-difference zero-baseline method is commonly used to determine the receiver noise level [27,44]. In practice, the environments of CORS stations may introduce noise into GNSS measurements, such as radio/electrical/electronic interference-induced noise. External/environmental biases and errors (including multipath and noise) are canceled out in zero-baseline analyses. Therefore, zero-baseline methods cannot be used to quantify the CORS multipath errors and measurement noises. Low-elevation-angle satellite measurements have greater noise due to greater atmospheric noise. Therefore, we only used double-difference baseline measurements collected above a 40° satellite elevation angle in this noise analysis. An example of using the double-difference approach in noise analysis can be found in [45]. As in Section 2.2.2, CORS administration centers/organizations and readers may use RTKLib and MATLAB Wavelet toolbox to obtain the carrier-phase measurement noise. Instead of obtaining the carrier-phase multipath errors with the MATLAB DWT and IDWT functions, we obtained the filtered noise (carrier-phase measurement noise) this time. As the DD noise involves four measurements at two stations, PPP-estimated pseudorange noise at the two stations is used to “scale” the DD carrier-phase noise to form the single-differencing (SD) carrier-phase noise of each of the two stations at the baseline. This step can be carried out in spreadsheets or sample programming scripts. RTKLib’s “PPP Fixed” solution (the station coordinates are known) can be used to estimate the PPP pseudorange noise; this is the method used in this work. CORS administration centers/organizations can, of course, code up the above algorithm into a piece of software with any computer programming language.






3. Case Studies


3.1. Case Study in Hong Kong


In Hong Kong, the Geodetic Survey Section of the Survey and Mapping Office (SMO) built the Hong Kong Satellite Positioning Reference Station Network (SatRef), which provides real-time network RTK and DGNSS correction data and GNSS raw data for users through 18 reference stations. The station information (receiver, antenna, and monument type) of SatRef is shown in Table 3. The authors of [46] suggested that users choose a reference station for forming a baseline within 20 km.



Data Description


One of the multipath characteristics is that the pattern of the multipath repeats every satellite orbital cycle. Among the four GNSS systems, Galileo satellites have the longest satellite repeat period, excluding the abnormal cases of satellites E14 and E18 [47], which have a ten-day period. Therefore, a period of 10 days was selected as the observation period per month. Moreover, six months of data are used for the data quality assessment in order to cover all possible satellite–reflector–antenna geometries (i.e., different multipath errors) at a site.



Considering the available SatRef GNSS raw data format and the support of each data format for the GNSS systems, RINEX 3.02 was chosen to obtain GPS, GLONASS, Galileo, and BDS signals. Moreover, the smallest available observation interval, 1 s, was chosen in order to better thoroughly investigate the multipath effect. The summary of the GNSS observation files is shown in Table 4.



Pseudorange multipath errors, carrier-phase multipath errors, and carrier-phase measurement noise of GPS, GLONASS, Galileo, and BDS measurements of the SatRef stations at a 95% confidence level are shown in Table A1, Table A2 and Table A3, respectively. The GPS, GLONASS, Galileo, and BDS data quality results per type of monument, receiver, and antenna are shown in Table A4, Table A5, Table A6, Table A7, Table A8, Table A9, Table A10, Table A11, Table A12, Table A13, Table A14 and Table A15.





3.2. Case Study of the Selected IGS/CORS Stations in Canada and the USA


Fourteen IGS stations were selected for this case study; they are listed in the first column of Table 5 with the station hardware information. The summary of the GNSS observation files is shown in Table 6. Pseudorange multipath errors, carrier-phase multipath errors, and carrier-phase measurement noise of GPS and GLONASS at the selected stations at a 95% confidence level are shown in Table A17 and Table A18, respectively.





4. Discussion


The magnitudes of multipath errors and noise shown in Table A1, Table A2, Table A3, Table A4, A17 and A18, are not absolute. However, we know the relative error and noise levels of the CORS stations. With the relative error/noise levels of the rover/unknown station’s nearby CORS stations, we can select higher-quality CORS station(s) for baseline/network-based data processing.



With the statistical data on the types of monument/receiver/antenna of the Hong Kong SatRef CORS stations in Table A5, Table A6, Table A7, Table A8, Table A9, Table A10, Table A11, Table A12, Table A13, Table A14 and Table A15, we have made the following observations.



	
According to the statistical data shown in Table A5, Table A6, Table A7 and Table A8 about the type of monument, stations on building roofs have lower carrier-phase noise than hilltop stations. However, building-top stations have greater pseudorange and carrier-phase multipath errors (in terms of magnitude; all frequencies) than hilltop stations, except BDS. Usually, there are more reflective surfaces/materials on the roofs of buildings, so they are more likely to have a multipath effect.



	
Based on the statistical data shown in Table A9, Table A10, Table A11 and Table A12 about the type of receiver, Trimble NetR9 has lower carrier-phase noise than Leica GR50. However, Leica GR50 has a lower pseudorange and fewer carrier-phase multipath errors than Trimble NetR9. The Leica GR50 receiver may have a better multipath mitigation design in tracking loops. However, a long integration time in multipath-mitigating tracking increases the noise level [15].



	
From the statistical data shown in Table A13, Table A14, Table A15 and Table A16 about the type of antenna, Leica AR25 (LEIAR25.R4 LEIT) has slightly greater carrier-phase noise than Trimble TRM59800/TRM57971. However, Leica AR25 has a lower pseudorange and fewer carrier-phase multipath errors than Trimble TRM59800/TRM57971.00. Leica AR25 antenna may have better multipath mitigation capability.






Note that no statistics and percentage differences are given because GNSS systems have different satellite orbits and signals/frequencies; only overall performance/observations are given.



Since there are many combinations of the types of monuments/receivers/antennas at the selected IGS stations in the USA/Canada, there is not much we can draw from the results. We can only see that AOAD/M_T NONE and NOV750.R4 NOVS antennas have more significant carrier-phase multipath errors, as shown at the DUBO, FLIN, PRDS, and SASK stations in Table A17 and Table A18.



Multipath and measurement noise are site environment dependent. Therefore, individual site environment inspection/analysis are outside the scope of this work. Station administrators should try to minimize the multipath effect and measurement noise if the values of the assessment metrics are large.




5. Conclusions


GNSS Continuously Operating Reference Stations (CORS) are used for determining the positions of objects in professional/engineering/scientific applications or establishing new control stations in geodetic and engineering surveying. Any errors at the CORS stations will be propagated to the rover/unknown stations, and they will also affect the network RTK methods for raw data/corrections to be applied at rovers. Currently, data quality information on carrier-phase measurements of CORS stations is not provided by station administrators, and the approach to estimating carrier-phase data quality at CORS stations is missing in the literature. Therefore, the motivation of this paper was to propose a comprehensive and practical approach to estimate the GNSS data quality at CORS stations, and the data quality information should be useful for different applications/users, such as single-frequency users. A GNSS CORS data quality assessment approach was proposed and demonstrated with CORS networks in Hong Kong and some selected IGS stations in the USA/Canada. The implementation methods (software and computer tools) of the assessment metrics have been described. Case studies of the CORS stations of the Hong Kong Satellite Positioning Reference Station Network (SatRef) and 14 IGS stations in the USA/Canada were carried out. The data quality metrics of the CORS stations estimated by the proposed approach are the carrier-phase measurement noise, pseudorange, and carrier-phase multipath errors; no validation of the proposed approach is possible because the “true” errors and noise are never known. Note that the magnitudes of multipath errors and noise are not absolute. However, the relative error and noise levels of the CORS stations can serve as the purpose of quality checks among CORS stations. In the case studies, some stations have significantly greater carrier-phase measurement noise than other stations in the same CORS network. This may indicate that there are problems with the instruments and/or the environments of the stations. In such cases, the station administrator should check the hardware and software at the station(s); for example, the data quality of SatRef’s HKLT station is poor. The estimated pseudorange and carrier-phase multipath errors can be used as indicators of the multipath severity of CORS stations for DGNSS and RTK services, respectively. DGNSS and RTK service providers/users can select low multipath-severity CORS stations as the reference station(s) in single-station-based or network-based DGNSS and RTK approaches. All CORS stations ought to provide data quality information to users.
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Table A1. Carrier-phase measurement noise, pseudorange, and carrier-phase multipath errors of the Hong Kong SatRef GPS three-frequency measurements at a 95% confidence level.






Table A1. Carrier-phase measurement noise, pseudorange, and carrier-phase multipath errors of the Hong Kong SatRef GPS three-frequency measurements at a 95% confidence level.





	
Station ID

	
Carrier-Phase Measurement Noise (mm)

	
Carrier-Phase Multipath Error (mm)

	
Pseudorange Multipath Error (m)






	

	
L1

	
L2

	
L5

	
L1

	
L2

	
L5

	
L1

	
L2

	
L5




	
HKCL

	
0.6

	
0.7

	
0.6

	
13.3

	
15.3

	
18.6

	
0.404

	
0.408

	
0.427




	
HKKS

	
0.4

	
0.5

	
0.3

	
6

	
8.3

	
7.1

	
0.196

	
0.251

	
0.464




	
HKKT

	
0.5

	
0.5

	
0.3

	
7

	
8.1

	
8.4

	
0.283

	
0.26

	
0.715




	
HKLM

	
0.5

	
0.6

	
0.4

	
8.9

	
14

	
17.6

	
0.267

	
0.323

	
0.765




	
HKLT

	
3.3

	
3.9

	
4.7

	
6.5

	
7.9

	
8.4

	
0.249

	
0.213

	
0.583




	
HKMW

	
0.7

	
0.8

	
0.6

	
11.4

	
14.3

	
14.6

	
0.415

	
0.397

	
0.471




	
HKNP

	
0.5

	
0.5

	
0.5

	
11.1

	
12.7

	
13

	
0.278

	
0.257

	
0.621




	
HKOH

	
0.5

	
0.5

	
0.3

	
10.1

	
10

	
8.7

	
0.255

	
0.22

	
0.225




	
HKPC

	
0.5

	
0.5

	
0.3

	
11.3

	
12.7

	
13.3

	
0.292

	
0.27

	
0.296




	
HKQT

	
0.5

	
0.6

	
0.4

	
7.8

	
7.9

	
7.4

	
0.492

	
0.558

	
0.381




	
HKSC

	
0.5

	
0.5

	
0.3

	
6.5

	
6.9

	
8.1

	
0.238

	
0.213

	
0.237




	
HKSL

	
0.5

	
0.6

	
0.3

	
11

	
13.2

	
11.5

	
0.259

	
0.25

	
0.279




	
HKSS

	
0.5

	
0.5

	
0.3

	
6.3

	
7.2

	
6.8

	
0.232

	
0.21

	
0.616




	
HKST

	
0.5

	
0.5

	
0.3

	
7.5

	
8

	
8.3

	
0.276

	
0.255

	
0.276




	
HKTK

	
0.5

	
0.5

	
0.4

	
8.4

	
9.4

	
9.4

	
0.3

	
0.29

	
0.218




	
HKWS

	
0.5

	
0.5

	
0.3

	
8.1

	
9.8

	
10.1

	
0.3

	
0.244

	
0.288




	
KYC1

	
0.6

	
0.7

	
0.5

	
11.9

	
12.9

	
15.8

	
0.327

	
0.293

	
0.334




	
T430

	
0.5

	
0.5

	
0.3

	
8.4

	
14.5

	
14

	
0.273

	
0.289

	
0.304
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Table A2. Carrier-phase measurement noise, pseudorange, and carrier-phase multipath errors of the Hong Kong SatRef GLONASS dual-frequency measurements at a 95% confidence level.






Table A2. Carrier-phase measurement noise, pseudorange, and carrier-phase multipath errors of the Hong Kong SatRef GLONASS dual-frequency measurements at a 95% confidence level.





	
Station ID

	
Carrier-Phase Measurement Noise (mm)

	
Carrier-Phase Multipath Error (mm)

	
Pseudorange Multipath Error (m)






	

	
L1

	
L2

	
L1

	
L2

	
L1

	
L2




	
HKCL

	
0.6

	
1.8

	
26.1

	
29

	
0.551

	
0.288




	
HKKS

	
0.4

	
0.4

	
5.3

	
6.5

	
0.168

	
0.204




	
HKKT

	
0.5

	
0.5

	
7.6

	
9.3

	
0.313

	
0.27




	
HKLM

	
0.5

	
0.6

	
7.7

	
9.4

	
0.209

	
0.234




	
HKLT

	
3.2

	
3.5

	
5.6

	
6.7

	
0.257

	
0.217




	
HKMW

	
0.7

	
0.8

	
30.7

	
23.7

	
0.65

	
0.372




	
HKNP

	
0.5

	
0.5

	
12.5

	
14

	
0.279

	
0.242




	
HKOH

	
0.6

	
0.6

	
6.7

	
7.2

	
0.255

	
0.223




	
HKPC

	
0.5

	
0.5

	
10.7

	
9.5

	
0.32

	
0.281




	
HKQT

	
0.8

	
0.8

	
24.9

	
18.7

	
0.534

	
0.25




	
HKSC

	
0.5

	
0.5

	
6.2

	
6.7

	
0.285

	
0.248




	
HKSL

	
0.5

	
0.5

	
9.5

	
11.7

	
0.264

	
0.268




	
HKSS

	
0.4

	
0.5

	
8.9

	
9

	
0.229

	
0.203




	
HKST

	
0.5

	
0.5

	
6.8

	
7.8

	
0.301

	
0.266




	
HKTK

	
1.2

	
1.2

	
25.9

	
23.9

	
0.425

	
0.209




	
HKWS

	
0.4

	
0.5

	
7.7

	
9

	
0.323

	
0.262




	
KYC1

	
1.2

	
1

	
25.4

	
26.2

	
0.533

	
0.512




	
T430

	
2

	
2.5

	
5.4

	
6.2

	
0.273

	
0.29
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Table A3. Carrier-phase measurement noise, pseudorange, and carrier-phase multipath errors of the Hong Kong SatRef Galileo three-frequency measurements at a 95% confidence level.






Table A3. Carrier-phase measurement noise, pseudorange, and carrier-phase multipath errors of the Hong Kong SatRef Galileo three-frequency measurements at a 95% confidence level.





	
Station ID

	
Measurement Noise (mm)

	
Carrier-Phase Multipath Error (mm)

	
Pseudorange Multipath Error (m)






	

	
E1

	
E5a

	
E5b

	
E1

	
E5a

	
E5b

	
E1

	
E5a

	
E5b

	
E5




	
HKCL

	
0.7

	
0.7

	
0.7

	
16.4

	
16.6

	
18.2

	
0.233

	
0.3

	
0.339

	
1.025




	
HKKS

	
0.3

	
0.3

	
0.3

	
11.3

	
12.6

	
11.9

	
0.355

	
0.414

	
0.414

	
0.39




	
HKKT

	
0.4

	
0.4

	
0.3

	
11

	
10.7

	
10.6

	
0.353

	
0.372

	
0.363

	
0.286




	
HKLM

	
1

	
1

	
1

	
27.4

	
22.6

	
23.3

	
0.32

	
0.395

	
0.385

	
0.349




	
HKLT

	
3.5

	
4

	
3.8

	
7.5

	
8.5

	
8

	
0.338

	
0.34

	
0.334

	
0.268




	
HKMW

	
0.6

	
0.6

	
0.5

	
20.5

	
20.4

	
21.5

	
0.334

	
0.451

	
0.505

	
1.254




	
HKNP

	
0.4

	
0.4

	
0.4

	
16.1

	
17.4

	
17.9

	
0.279

	
0.304

	
0.323

	
0.203




	
HKOH

	
0.4

	
0.4

	
0.4

	
12.6

	
14

	
14

	
0.265

	
0.266

	
0.256

	
0.182




	
HKPC

	
0.4

	
0.4

	
0.3

	
14.7

	
15.5

	
17.1

	
0.286

	
0.335

	
0.355

	
0.215




	
HKQT

	
0.5

	
0.5

	
0.4

	
14.8

	
14.7

	
13.8

	
0.189

	
0.231

	
0.246

	
1.178




	
HKSC

	
0.4

	
0.4

	
0.3

	
14.1

	
14.1

	
14.3

	
0.684

	
0.684

	
0.679

	
0.685




	
HKSL

	
0.4

	
0.4

	
0.4

	
17.6

	
19.5

	
16.4

	
0.329

	
0.365

	
0.494

	
0.293




	
HKSS

	
0.4

	
0.3

	
0.3

	
11

	
10.6

	
10.5

	
0.233

	
0.249

	
0.248

	
0.15




	
HKST

	
0.4

	
0.4

	
0.3

	
12.1

	
14.3

	
12.9

	
0.26

	
0.298

	
0.3

	
0.187




	
HKTK

	
0.4

	
0.4

	
0.4

	
19.5

	
19.1

	
18.9

	
0.222

	
0.278

	
0.291

	
0.243




	
HKWS

	
0.4

	
0.3

	
0.3

	
15.5

	
14.4

	
16.9

	
0.271

	
0.291

	
0.295

	
0.15




	
KYC1

	

	

	

	

	

	

	

	

	

	




	
T430

	
0.4

	
0.3

	
0.3

	
12.7

	
13.8

	
12.1

	
0.607

	
0.72

	
0.728

	
0.703
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Table A4. Carrier-phase measurement noise, pseudorange, and carrier-phase multipath errors of the Hong Kong SatRef BDS B1 and B2 measurements at a 95% confidence level.






Table A4. Carrier-phase measurement noise, pseudorange, and carrier-phase multipath errors of the Hong Kong SatRef BDS B1 and B2 measurements at a 95% confidence level.





	
Station ID

	
Carrier-Phase Measurement Noise (mm)

	
Carrier-Phase Multipath Error (mm)

	
Pseudorange Multipath Error (m)






	

	
MEO

	

	
GEO

	

	
IGSO

	

	
MEO

	

	
GEO

	

	
IGSO

	

	
MEO

	

	
GEO

	

	
IGSO

	




	

	
B1

	
B2

	
B1

	
B2

	
B1

	
B2

	
B1

	
B2

	
B1

	
B2

	
B1

	
B2

	
B1

	
B2

	
B1

	
B2

	
B1

	
B2




	
HKCL

	
0.3

	
0.3

	
0.7

	
0.8

	
0.4

	
0.5

	
2.9

	
3.7

	
6.4

	
7.1

	
4

	
5.3

	
0.448

	
0.288

	
0.312

	
0.16

	
0.311

	
0.211




	
HKKS

	
0.2

	
0.2

	
0.5

	
0.5

	
0.3

	
0.3

	
1.8

	
2.7

	
3.4

	
5.6

	
2.7

	
4.4

	
0.328

	
0.279

	
0.067

	
0.071

	
0.192

	
0.183




	
HKKT

	
0.2

	
0.2

	
0.6

	
0.5

	
0.4

	
0.3

	
2.5

	
3.2

	
5.4

	
6.9

	
3.4

	
4.9

	
0.409

	
0.303

	
0.237

	
0.304

	
0.32

	
0.233




	
HKLM

	
0.2

	
0.2

	
0.5

	
0.5

	
0.3

	
0.3

	
3.1

	
4.6

	
4.4

	
5.9

	
3.2

	
4.6

	
0.355

	
0.278

	
0.079

	
0.086

	
0.244

	
0.241




	
HKLT

	
1

	
1.4

	
2.2

	
2.8

	
1.7

	
2.1

	
2.1

	
2.7

	
4.2

	
5.8

	
3.1

	
4.2

	
0.386

	
0.281

	
0.224

	
0.159

	
0.276

	
0.199




	
HKMW

	
0.3

	
0.3

	
0.7

	
0.8

	
0.5

	
0.5

	
3.7

	
4.6

	
7

	
8.3

	
4.1

	
5.3

	
0.531

	
0.34

	
0.362

	
0.249

	
0.389

	
0.271




	
HKNP

	
0.2

	
0.2

	
0.6

	
0.6

	
0.4

	
0.4

	
2.4

	
3.4

	
5.6

	
7.4

	
3.8

	
5.3

	
0.393

	
0.283

	
0.191

	
0.188

	
0.335

	
0.298




	
HKOH

	
0.2

	
0.2

	
0.5

	
0.5

	
0.4

	
0.3

	
3.8

	
4.8

	
4.5

	
5.6

	
3.1

	
4.1

	
0.392

	
0.263

	
0.263

	
0.217

	
0.303

	
0.213




	
HKPC

	
0.2

	
0.2

	
0.5

	
0.5

	
0.4

	
0.3

	
2.6

	
3.4

	
5.7

	
7.1

	
3.2

	
4.7

	
0.402

	
0.309

	
0.334

	
0.218

	
0.321

	
0.264




	
HKQT

	
0.2

	
0.3

	
0.6

	
0.7

	
0.4

	
0.4

	
3.3

	
3.3

	
4.5

	
5.1

	
2.6

	
3.5

	
0.428

	
0.273

	
0.291

	
0.16

	
0.221

	
0.178




	
HKSC

	
0.2

	
0.2

	
0.5

	
0.5

	
0.4

	
0.3

	
2.2

	
2.8

	
4.5

	
5.1

	
2.9

	
3.9

	
0.357

	
0.249

	
0.288

	
0.245

	
0.342

	
0.309




	
HKSL

	
0.2

	
0.2

	
0.6

	
0.6

	
0.4

	
0.4

	
3.1

	
3.7

	
5.2

	
7.1

	
3.6

	
5.2

	
0.368

	
0.273

	
0.259

	
0.175

	
0.306

	
0.283




	
HKSS

	
0.2

	
0.2

	
0.5

	
0.5

	
0.4

	
0.3

	
2.2

	
2.7

	
4.8

	
6.3

	
3.1

	
4.2

	
0.368

	
0.271

	
0.302

	
0.233

	
0.284

	
0.21




	
HKST

	
0.2

	
0.2

	
0.5

	
0.5

	
0.4

	
0.3

	
2.6

	
3.6

	
5.2

	
6.6

	
3.3

	
4.4

	
0.398

	
0.291

	
0.252

	
0.206

	
0.321

	
0.233




	
HKTK

	
0.2

	
0.2

	
0.6

	
0.6

	
0.4

	
0.4

	
3

	
3.5

	
5.2

	
6.3

	
2.8

	
3.4

	
0.394

	
0.247

	
0.291

	
0.13

	
0.276

	
0.206




	
HKWS

	
0.2

	
0.2

	
0.6

	
0.5

	
0.4

	
0.4

	
3.1

	
3.7

	
5.5

	
6.7

	
3.8

	
5.3

	
0.413

	
0.311

	
0.271

	
0.284

	
0.321

	
0.229




	
KYC1

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
T430

	
0.2

	
0.2

	
0.5

	
0.5

	
0.3

	
0.3

	
2.4

	
3.1

	
4.4

	
5.6

	
2.9

	
3.7

	
0.369

	
0.311

	
0.05

	
0.052

	
0.268

	
0.27
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Table A5. GPS data quality of SatRef stations per type of monument at a 95% confidence level.






Table A5. GPS data quality of SatRef stations per type of monument at a 95% confidence level.





	
Type of Monument

	
Number of Stations

	
Carrier-Phase Measurement Noise (mm)

	
Carrier-Phase Multipath Error (mm)

	
Pseudorange Multipath Error (m)




	
L1

	
L2

	
L5

	
L1

	
L2

	
L5

	
L1

	
L2

	
L5






	
Hilltop

	
9

	
1.2

	
1.4

	
1.6

	
9

	
10.4

	
10.3

	
0.287

	
0.262

	
0.486




	
Rooftop

	
9

	
0.5

	
0.6

	
0.4

	
9.4

	
11.7

	
13.1

	
0.321

	
0.336

	
0.411
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Table A6. GLONASS data quality of SatRef stations per type of monument at a 95% confidence level.






Table A6. GLONASS data quality of SatRef stations per type of monument at a 95% confidence level.





	
Type of Monument

	
Number of Stations

	
Carrier-Phase Measurement Noise (mm)

	
Carrier-Phase Multipath Error (mm)

	
Pseudorange Multipath Error (m)




	

	

	
R1

	
R2

	
R1

	
R2

	
R1

	
R2






	
Hilltop

	
9

	
1.2

	
1.3

	
12.9

	
12

	
0.341

	
0.262




	
Rooftop

	
9

	
1

	
1.2

	
17.9

	
17.5

	
0.392

	
0.293
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Table A7. Galileo data quality of SatRef stations per type of monument at a 95% confidence level.






Table A7. Galileo data quality of SatRef stations per type of monument at a 95% confidence level.





	
Type of Monument

	
Number of Stations

	
Carrier-Phase Measurement Noise (mm)

	
Carrier-Phase Multipath Error (mm)

	
Pseudorange Multipath Error (m)




	
E1

	
E5a

	
E5b

	
E1

	
E5a

	
E5b

	
E1

	
E5a

	
E5b

	
E5






	
Hilltop

	
9

	
1.2

	
1.4

	
1.3

	
14.3

	
14.9

	
14.9

	
0.299

	
0.332

	
0.357

	
0.467




	
Rooftop

	
9

	
0.5

	
0.5

	
0.5

	
17

	
16.4

	
16.6

	
0.401

	
0.454

	
0.46

	
0.688
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Table A8. BDS data quality of SatRef stations per type of monument at a 95% confidence level.






Table A8. BDS data quality of SatRef stations per type of monument at a 95% confidence level.





	
Type of Monument

	
Number of Stations

	
Carrier-Phase Measurement Noise (mm)

	
Carrier-Phase Multipath Error (mm)

	
Pseudorange Multipath Error (m)




	
MEO

	
GEO

	
IGSO

	
MEO

	
GEO

	
IGSO

	
MEO

	
GEO

	
IGSO




	
B1

	
B2

	
B1

	
B2

	
B1

	
B2

	
B1

	
B2

	
B1

	
B2

	
B1

	
B2

	
B1

	
B2

	
B1

	
B2

	
B1

	
B2






	
Hilltop

	
9

	
0.4

	
0.5

	
0.9

	
1.1

	
0.7

	
0.8

	
2.9

	
3.7

	
5.3

	
6.8

	
3.5

	
4.8

	
0.409

	
0.292

	
0.266

	
0.228

	
0.319

	
0.243




	
Rooftop

	
9

	
0.2

	
0.2

	
0.6

	
0.6

	
9.6

	
0.4

	
2.7

	
3.4

	
4.9

	
6

	
3.1

	
4.2

	
0.387

	
0.28

	
0.243

	
0.154

	
0.276

	
0.237
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Table A9. GPS data quality of SatRef stations per type of receiver at a 95% confidence level.






Table A9. GPS data quality of SatRef stations per type of receiver at a 95% confidence level.





	
Type of Receiver

	
Number of Stations

	
Carrier-Phase Measurement Noise (mm)

	
Carrier-Phase Multipath Error (mm)

	
Pseudorange Multipath Error (m)




	
L1

	
L2

	
L5

	
L1

	
L2

	
L5

	
L1

	
L2

	
L5






	
Leica GR50

	
14

	
1.0

	
1.1

	
1.3

	
8.6

	
10.5

	
10.8

	
0.266

	
0.255

	
0.462




	
Trimble NetR9

	
4

	
0.6

	
0.7

	
0.4

	
11.3

	
12.9

	
14.7

	
0.414

	
0.425

	
0.406
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Table A10. GLONASS data quality of SatRef stations per type of receiver at a 95% confidence level.






Table A10. GLONASS data quality of SatRef stations per type of receiver at a 95% confidence level.





	
Type of Receiver

	
Number of Stations

	
Carrier-Phase Measurement Noise (mm)

	
Carrier-Phase Multipath Error (mm)

	
Pseudorange Multipath Error (m)




	

	

	
R1

	
R2

	
R1

	
R2

	
R1

	
R2






	
Leica GR50

	
14

	
1.1

	
1.3

	
10.4

	
10.7

	
0.285

	
0.246




	
Trimble NetR9

	
4

	
0.9

	
1.2

	
26.9

	
24.7

	
0.569

	
0.369
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Table A11. Galileo data quality of SatRef stations per type of receiver at a 95% confidence level.






Table A11. Galileo data quality of SatRef stations per type of receiver at a 95% confidence level.





	
Type of Receiver

	
Number of Stations

	
Carrier-Phase Measurement Noise (mm)

	
Carrier-Phase Multipath Error (mm)

	
Pseudorange Multipath Error (m)




	
E1

	
E5a

	
E5b

	
E1

	
E5a

	
E5b

	
E1

	
E5a

	
E5b

	
E5






	
Leica GR50

	
14

	
1

	
1.1

	
1.2

	
15.2

	
15.1

	
15.2

	
0.367

	
0.404

	
0.415

	
0.352




	
Trimble NetR9

	
4

	
0.6

	
0.5

	
0.6

	
17.4

	
18.1

	
17.4

	
0.259

	
0.34

	
0.378

	
1.156
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Table A12. BDS data quality of SatRef stations per type of receiver at a 95% confidence level.






Table A12. BDS data quality of SatRef stations per type of receiver at a 95% confidence level.





	
Type of Receiver

	
Number of Stations

	
Carrier-Phase Measurement Noise (mm)

	
Carrier-Phase Multipath Error (mm)

	
Pseudorange Multipath Error (m)




	
MEO

	
GEO

	
IGSO

	
MEO

	
GEO

	
IGSO

	
MEO

	
GEO

	
IGSO




	
B1

	
B2

	
B1

	
B2

	
B1

	
B2

	
B1

	
B2

	
B1

	
B2

	
B1

	
B2

	
B1

	
B2

	
B1

	
B2

	
B1

	
B2






	
Leica GR50

	
14

	
0.3

	
0.4

	
0.8

	
0.9

	
7.3

	
0.7

	
2.7

	
3.5

	
4.9

	
6.3

	
3.2

	
4.5

	
0.382

	
0.283

	
0.239

	
0.198

	
0.296

	
0.244




	
Trimble NetR9

	
4

	
0.3

	
0.3

	
0.7

	
0.8

	
0.4

	
0.5

	
3.3

	
3.9

	
6.1

	
7

	
3.6

	
4.8

	
0.471

	
0.302

	
0.323

	
0.194

	
0.315

	
0.223
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Table A13. GPS data quality of SatRef stations per type of antenna at a 95% confidence level.






Table A13. GPS data quality of SatRef stations per type of antenna at a 95% confidence level.





	
Type of Antenna

	
Number of Stations

	
Carrier-Phase Measurement Noise (mm)

	
Carrier-Phase Multipath Error (mm)

	
Pseudorange Multipath Error (m)




	
L1

	
L2

	
L5

	
L1

	
L2

	
L5

	
L1

	
L2

	
L5






	
LEIAR25.R4 LEIT

	
11

	
1.1

	
1.3

	
1.5

	
9

	
10.4

	
10.4

	
0.284

	
0.258

	
0.454




	
TRM59800.00 SCIT

	
3

	
0.5

	
0.6

	
0.4

	
10.1

	
13

	
14.1

	
0.4

	
0.433

	
0.374




	
TRM59800.00 SCIS

	
3

	
0.5

	
0.5

	
0.4

	
7.9

	
10.9

	
12.2

	
0.258

	
0.29

	
0.532




	
TRM57971.00 NONE

	
1

	
0.7

	
0.7

	
0.5

	
11.9

	
12.9

	
15.8

	
0.327

	
0.293

	
0.334
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Table A14. GLONASS data quality of SatRef stations per type of antenna at a 95% confidence level.






Table A14. GLONASS data quality of SatRef stations per type of antenna at a 95% confidence level.





	
Type of Antenna

	
Number of Stations

	
Carrier-Phase Measurement Noise (mm)

	
Carrier-Phase Multipath Error (mm)

	
Pseudorange Multipath Error (m)




	

	

	
R1

	
R2

	
R1

	
R2

	
R1

	
R2






	
LEIAR25.R4 LEIT

	
11

	
1.1

	
1.2

	
12.3

	
11.4

	
0.334

	
0.263




	
TRM59800.00 SCIT

	
3

	
1.3

	
1.8

	
21.1

	
20.2

	
0.47

	
0.277




	
TRM59800.00 SCIS

	
3

	
0.8

	
0.8

	
15.9

	
15.3

	
0.29

	
0.216




	
TRM57971.00 NONE

	
1

	
1.2

	
1

	
25.4

	
26.2

	
0.533

	
0.512
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Table A15. Galileo data quality of SatRef stations per type of antenna at a 95% confidence level.






Table A15. Galileo data quality of SatRef stations per type of antenna at a 95% confidence level.





	
Type of Antenna

	
Number of Stations

	
Carrier-Phase Measurement Noise (mm)

	
Carrier-Phase Multipath Error (mm)

	
Pseudorange Multipath Error (m)




	
E1

	
E5a

	
E5b

	
E1

	
E5a

	
E5b

	
E1

	
E5a

	
E5b

	
E5






	
LEIAR25.R4 LEIT

	
11

	
1.1

	
1.2

	
1.3

	
14.3

	
15

	
14.9

	
0.351

	
0.378

	
0.397

	
0.475




	
TRM59800.00 SCIT

	
3

	
0.5

	
0.5

	
0.5

	
14.7

	
14.9

	
15.1

	
0.391

	
0.47

	
0.485

	
0.989




	
TRM59800.00 SCIS

	
3

	
0.6

	
0.6

	
0.6

	
20.5

	
18.6

	
18.6

	
0.304

	
0.367

	
0.367

	
0.333
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Table A16. BDS data quality of SatRef stations per type of antenna at a 95% confidence level.






Table A16. BDS data quality of SatRef stations per type of antenna at a 95% confidence level.





	
Type of Antenna

	
Number of Stations

	
Carrier-Phase Measurement Noise (mm)

	
Carrier-Phase Multipath Error (mm)

	
Pseudorange Multipath Error (m)




	
MEO

	
GEO

	
IGSO

	
MEO

	
GEO

	
IGSO

	
MEO

	
GEO

	
IGSO




	
B1

	
B2

	
B1

	
B2

	
B1

	
B2

	
B1

	
B2

	
B1

	
B2

	
B1

	
B2

	
B1

	
B2

	
B1

	
B2

	
B1

	
B2






	
LEIAR25.R4 LEIT

	
11

	
0.4

	
0.5

	
0.9

	
1

	
0.6

	
0.7

	
2.8

	
3.6

	
5.3

	
6.7

	
3.4

	
4.7

	
0.404

	
0.289

	
0.275

	
0.229

	
0.321

	
0.252




	
TRM59800.00 SCIT

	
3

	
0.2

	
0.2

	
0.6

	
0.7

	
15.7

	
0.4

	
2.9

	
3.4

	
5.2

	
6

	
3.2

	
4.2

	
0.417

	
0.291

	
0.248

	
0.134

	
0.269

	
0.223




	
TRM59800.00 SCIS

	
3

	
0.2

	
0.2

	
0.5

	
0.5

	
0.3

	
0.3

	
2.7

	
3.7

	
4.4

	
6

	
2.9

	
4.1

	
0.36

	
0.268

	
0.178

	
0.099

	
0.24

	
0.211
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Table A17. Carrier-phase measurement noise, pseudorange, and carrier-phase multipath errors of GPS dual-frequency measurements of the selected IGS stations at a 95% confidence level.






Table A17. Carrier-phase measurement noise, pseudorange, and carrier-phase multipath errors of GPS dual-frequency measurements of the selected IGS stations at a 95% confidence level.





	
Station ID

	
Carrier-Phase Measurement Noise (mm)

	
Carrier-Phase Multipath Error (mm)

	
Pseudorange Multipath Error (m)






	

	
L1

	
L2

	
L1

	
L2

	
L1

	
L2




	
ALBH

	
0.5

	
0.6

	
12.4

	
15.1

	
0.318

	
0.28




	
BAMF

	
0.3

	
0.4

	
15.9

	
17.6

	
0.821

	
1.005




	
BREW

	
0.8

	
1.1

	
16.7

	
22.1

	
0.437

	
0.446




	
CHWK

	
1.1

	
5.1

	
24.5

	
63.7

	
0.596

	
0.544




	
DRAO

	
1.3

	
1.2

	
18.2

	
22.6

	
0.358

	
0.279




	
DUBO

	
0.7

	
13.2

	
16.1

	
117.6

	
0.453

	
0.363




	
FLIN

	
1.5

	
11.4

	
27.7

	
83.6

	
0.498

	
0.360




	
HOLB

	
0.7

	
1.0

	
11.9

	
13.0

	
0.366

	
0.428




	
JPLM

	
1.6

	
1.3

	
21.6

	
17.8

	
0.271

	
0.312




	
NANO

	
1.5

	
1.4

	
13

	
12.7

	
0.604

	
0.712




	
PRDS

	
0.9

	
37.3

	
18.1

	
181.2

	
0.310

	
0.354




	
SASK

	
2.2

	
3.0

	
25.0

	
25.0

	
0.274

	
0.313




	
UCLU

	
0.2

	
0.3

	
10.6

	
11.9

	
0.372

	
0.427




	
WILL

	
1.3

	
14.6

	
19.6

	
38.5

	
0.469

	
0.396
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Table A18. Carrier-phase measurement noise, pseudorange, and carrier-phase multipath errors of GLONASS dual-frequency measurements of the selected IGS stations at a 95% confidence level.






Table A18. Carrier-phase measurement noise, pseudorange, and carrier-phase multipath errors of GLONASS dual-frequency measurements of the selected IGS stations at a 95% confidence level.





	
Station ID

	
Carrier-Phase Measurement Noise (mm)

	
Carrier-Phase Multipath Error (mm)

	
Pseudorange Multipath Error (m)






	

	
L1

	
L2

	
L1

	
L2

	
L1

	
L2




	
ALBH

	
0.5

	
0.6

	
20.7

	
29.8

	
0.438

	
0.379




	
BAMF

	
0.4

	
1.0

	
12.3

	
15.8

	
1.352

	
1.436




	
BREW

	
0.5

	
0.7

	
14.6

	
17.8

	
0.886

	
1.026




	
CHWK

	
0.7

	
1.3

	
22.3

	
28.9

	
0.828

	
0.649




	
DRAO

	
0.3

	
0.4

	
12.1

	
20.6

	
0.432

	
0.399




	
DUBO

	
0.6

	
87.1

	
16.4

	
262.5

	
0.644

	
0.475




	
FLIN

	
0.6

	
0.6

	
18.0

	
21.4

	
0.541

	
0.402




	
HOLB

	
0.5

	
0.8

	
13.5

	
16.5

	
0.353

	
0.377




	
JPLM

	
1.3

	
2.9

	
16.6

	
19.0

	
0.996

	
1.136




	
NANO

	
0.5

	
0.7

	
10.0

	
14.5

	
1.090

	
1.242




	
PRDS

	
0.5

	
0.7

	
8.6

	
15.1

	
0.336

	
0.351




	
SASK

	
1.5

	
1.4

	
28.5

	
26.9

	
0.269

	
0.342




	
UCLU

	
0.4

	
1.2

	
8.5

	
12.0

	
1.160

	
1.382




	
WILL

	
0.7

	
1.0

	
18.7

	
24.6

	
0.651

	
0.586
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Figure 1. IGS daily data assessment results at LBCH station from 16 May to 16 August 2022. (a) Daily RINEX observations (no BDS and QZSS data); dotted line: expected, solid line: observed. (b) Cycle slips (GPS, BDS, and QZSS are always zero). (c) RMS multipath in meters (Galileo MP2, BDS, and QZSS are always zero). (d) RINEX latency in seconds (always zero). (e) Residuals in millimeters; green: north, purple: east, aqua: vertical. (Plots are downloaded from the IGS website; text/scale cannot be changed.) 






Figure 1. IGS daily data assessment results at LBCH station from 16 May to 16 August 2022. (a) Daily RINEX observations (no BDS and QZSS data); dotted line: expected, solid line: observed. (b) Cycle slips (GPS, BDS, and QZSS are always zero). (c) RMS multipath in meters (Galileo MP2, BDS, and QZSS are always zero). (d) RINEX latency in seconds (always zero). (e) Residuals in millimeters; green: north, purple: east, aqua: vertical. (Plots are downloaded from the IGS website; text/scale cannot be changed.)



[image: Remotesensing 15 01925 g001a][image: Remotesensing 15 01925 g001b]







[image: Remotesensing 15 01925 g002 550] 





Figure 2. The process for obtaining the carrier-phase multipath error and measurement noise at an epoch. MP_ref and MP_rov denote the pseudorange multipath errors at the reference and rover stations, respectively. PPP_N_ref and PPP_N_rov denote the PPP-determined noise levels at the reference and rover CORS stations, respectively. 
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Table 1. Examples of daily average MP1 and MP2 of five IGS tracking stations.






Table 1. Examples of daily average MP1 and MP2 of five IGS tracking stations.





	Site ID
	Average MP1 (m)
	Average MP2 (m)
	Receiver Type
	Antenna Type





	AIRA
	0.56
	0.62
	TRIMBLE NETR9
	TRM59800.00



	BAMF
	0.66
	0.61
	SEPT POLARX5
	SEPCHOKE_B3E6



	GOL2
	0.9
	0.94
	ASHTECH UZ-12
	AOAD/M_T



	JPLM
	0.23
	0.23
	SEPT POLARX5
	AOAD/M_T



	NRC1
	0.41
	0.44
	JAVAD TRE_G3TH DELTA
	AOAD/M_T
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Table 2. Frequency pairing for pseudorange multipath calculation.






Table 2. Frequency pairing for pseudorange multipath calculation.





	

	
GPS

	
GLONASS

	
GALILEO

	
BDS






	
    f 1    

	
L1

	
L2

	
L5

	
G1

	
G2

	
E1

	
E5a

	
E5b

	
E5

	
B1

	
B2




	
    f 2    

	
L2

	
L1

	
L1

	
G2

	
G1

	
E5a

	
E1

	
E1

	
E1

	
B2

	
B1
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Table 3. Station information for the Hong Kong SatRef stations (stations are arranged by the type of monument).






Table 3. Station information for the Hong Kong SatRef stations (stations are arranged by the type of monument).





	Site ID
	Receiver
	Antenna
	Type of Monument





	HKKT
	Leica GR50
	LEIAR25.R4 LEIT
	Concrete block, hilltop



	HKLT
	Leica GR50
	LEIAR25.R4 LEIT
	Concrete block, hilltop



	HKMW
	Trimble NetR9
	LEIAR25.R4 LEIT
	Concrete block, hilltop



	HKNP
	Leica GR50
	LEIAR25.R4 LEIT
	Concrete block, hilltop



	HKOH
	Leica GR50
	LEIAR25.R4 LEIT
	Concrete block, hilltop



	HKSL
	Leica GR50
	LEIAR25.R4 LEIT
	Concrete block, hilltop



	HKSS
	Leica GR50
	LEIAR25.R4 LEIT
	Concrete block, hilltop



	HKST
	Leica GR50
	LEIAR25.R4 LEIT
	Concrete block, hilltop



	HKWS
	Leica GR50
	LEIAR25.R4 LEIT
	Concrete block, hilltop



	HKCL
	Trimble NetR9
	TRM59800.00 SCIT
	Concrete block on building roof



	HKKS
	Leica GR50
	TRM59800.00 SCIS
	Concrete block on building roof



	HKLM
	Leica GR50
	TRM59800.00 SCIS
	Concrete block on building roof



	HKPC
	Leica GR50
	LEIAR25.R4 LEIT
	Concrete block on building roof



	HKQT
	Trimble NetR9
	TRM59800.00 SCIT
	Concrete block on building roof



	HKSC
	Leica GR50
	LEIAR25.R4 LEIT
	Concrete block on building roof



	HKTK
	Leica GR50
	TRM59800.00 SCIS
	Concrete block on building roof



	KYC1
	Trimble NetR9
	TRM57971.00 NONE
	Concrete block on building roof



	T430
	Leica GR50
	TRM59800.00 SCIT
	Concrete block on building roof
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Table 4. Observation/data file information of the GNSS data quality assessment of the Hong Kong SatRef services.
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Date

	
Time Period per Day

	
File Length

	
Interval

	
Data Format






	
1–10 July 2020

	
0000–2400 (UTC)

	
1 h

	
1 s

	
RINEX 3.02




	
1–10 August 2020




	
1–10 September 2020




	
1–10 October 2020




	
1–10 November 2020




	
1–10 December 2020
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Table 5. Station information of the selected CRTN CORS stations.






Table 5. Station information of the selected CRTN CORS stations.





	Site ID
	Receiver
	Antenna Radome
	Type of Monument





	ALBH
	SEPT POLARX5
	TRM59800.00 SCIS
	Concrete pier, bedrock



	BAMF
	SEPT POLARX5
	SEPCHOKE_B3E6 SPKE
	Stainless steel pedestal, bedrock



	BREW
	SEPT POLARX5TR
	ASH701945C_M SCIT
	Steel mast, sand



	CHWK
	SEPT POLARX5
	SEPCHOKE_B3E6 SPKE
	Stainless steel pedestal, crushed gravel on bedrock



	DRAO
	SEPT POLARX5
	TWIVC6050 SCIS
	Pillar/brass, bedrock



	DUBO
	SEPT POLARX5
	AOAD/M_T NONE
	Pillar/brass, bedrock



	FLIN
	SEPT POLARX5
	NOV750.R4 NOVS
	Concrete pier, bedrock



	HOLB
	SEPT POLARX5
	SEPCHOKE_B3E6 SPKE
	Concrete pier, bedrock



	JPLM
	SEPT POLARX5
	AOAD/M_T NONE
	Brass plate



	NANO
	SEPT POLARX5
	SEPCHOKE_B3E6 SPKE
	Pillar/brass, bedrock



	PRDS
	JAVAD TRE_3N DELTA
	AOAD/M_T NONE
	Brass plate



	SASK
	JAVAD TRE_G3TH DELTA
	NOV750.R4 NOVS
	Concrete pillar, gravel



	UCLU
	SEPT POLARX5
	SEPCHOKE_B3E6 SPKE
	Concrete pier, bedrock



	WILL
	SEPT POLARX5
	SEPCHOKE_B3E6 SPKE
	Pillar/brass, bedrock
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Table 6. Observation/data file information of the GPS data quality assessment of the selected IGS stations in Canada/USA.






Table 6. Observation/data file information of the GPS data quality assessment of the selected IGS stations in Canada/USA.





	
Date

	
Time Period Per Day

	
File Length

	
Interval

	
Data Format






	
1–10 July 2020

	
0000–2400 (UTC)

	
15 min

	
1 s

	
RINEX 2.11




	
1–10 August 2020




	
1–10 September 2020




	
1–10 October 2020




	
1–10 November 2020




	
1–10 December 2020
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