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Abstract

:

Low-cost dual-frequency global navigation satellite system (GNSS) receivers have recently been tested in various positioning applications. Considering that these sensors can now provide high positioning accuracy at a lower cost, they can be considered an alternative to high-quality geodetic GNSS devices. The main objectives of this work were to analyze the differences between geodetic and low-cost calibrated antennas on the quality of observations from low-cost GNSS receivers and to evaluate the performance of low-cost GNSS devices in urban areas. In this study, a simple RTK2B V1 board u-blox ZED-F9P (Thalwil, Switzerland) was tested in combination with a low-cost calibrated and geodetic antenna in open-sky and adverse conditions in urban areas, while a high-quality geodetic GNSS device was used as a reference for comparison. The results of the observation quality check show that low-cost GNSS instruments have a lower carrier-to-noise ratio (C/N0) than geodetic instruments, especially in the urban areas where the difference is larger and in favor of the geodetic GNSS instruments. The root-mean-square error (RMSE) of the multipath error in the open sky is twice as high for low-cost as for geodetic instruments, while this difference is up to four times greater in urban areas. The use of a geodetic GNSS antenna does not show a significant improvement in the C/N0 and multipath of low-cost GNSS receivers. However, the ambiguity fix ratio is larger when geodetic antennas are used, with a difference of 1.5% and 18.4% for the open-sky and urban conditions, respectively. It should be noted that float solutions may become more evident when low-cost equipment is used, especially for short sessions and in urban areas with more multipath. In relative positioning mode, low-cost GNSS devices were able to provide horizontal accuracy lower than 10 mm in urban areas in 85% of sessions, while the vertical and spatial accuracy was lower than 15 mm in 82.5% and 77.5% of the sessions, respectively. In the open sky, low-cost GNSS receivers achieve a horizontal, vertical, and spatial accuracy of 5 mm for all sessions considered. In RTK mode, positioning accuracy varies between 10–30 mm in the open-sky and urban areas, while better performance is demonstrated for the former.
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1. Introduction


Global navigation satellite system (GNSS) technology has been used for many years for various navigation (air, water, and road transport), scientific (earth observation, weather forecasting, establishment of national coordinate systems, timing), monitoring (engineering structures, natural hazards), surveying, and many others purposes [1,2,3,4,5,6,7]. Geodetic GNSS devices are widely used in surveying applications, where positioning accuracy requirements can vary from millimeters to decimeters.



For many users and applications, high-quality geodetic GNSS instruments may turn out to be expensive. Instead, low-cost dual-frequency GNSS receivers, which have been available for the last few years only, are seen as an alternative solution. With the development of GNSS, more signals and constellations become available and can be tracked by low-cost GNSS receivers [8]. The advent of calibrated and choke ring low-cost antennas makes those GNSS devices more competitive with geodetic ones that are much more expensive [9].



Low-cost dual-frequency GNSS receivers were tested by researchers in relative, absolute, and real-time kinematic (RTK) positioning modes in both static and kinematic tests, and satisfactory positioning performance was obtained [10,11,12,13,14,15,16,17,18,19,20,21,22,23,24]. The performance of these devices in combination with patch antennas was evaluated in urban areas, considering RTK [19], static, relative, and absolute positioning modes [25,26].



Krietmeyer et al. [11] used low-cost GNSS receivers and different geodetic and low-cost antennas to estimate the zenith tropospheric delay (ZTD). The authors concluded that ZTD from low-cost GNSS devices is comparable to ZTD determined on a basis of high-ended geodetic devices. In the case of [15], the zero baseline and short baseline tests were performed to evaluate the quality of the u-blox receiver and the calibrated and uncalibrated low-cost antennas. The zero baseline test shows that ZED-F9P has low noise, in the millimeter range, while the results from the short baseline test prove that the calibrated antennas have better performance in comparison to the low-cost uncalibrated antennas used.



In the study in [14], low-cost GNSS receivers were tested for geodetic monitoring purposes at short baselines, while low-cost and geodetic GNSS receivers were used as reference stations. Results indicate that 10 mm spatial displacements can be detected in half-hour sessions, even when only low-cost GNSS devices are used. In precise point positioning (PPP) mode, the dual-frequency GNSS receivers were able to detect movements in the magnitude of 20 mm [12]. Those devices were also used for monitoring engineering buildings over short baselines in RTK and static relative mode, and excellent positioning performance was achieved [27]. In the case of [28], such cost-effective equipment was capable of monitoring slow deformations of natural objects with high accuracy. Other researchers found that low-cost GNSS devices are able to provide high position accuracy in static PPP mode when the sampling rate is 1s or less. Accuracy was compromised when using data recorded at 5, 15, and 30 s [13].



The u-blox dual-frequency GNSS chip ZED-F9P and the ANN-MB-00 patch antenna have been tested in open-sky and urban conditions for surveying purposes. In open-sky conditions and for short baselines, accuracy in the centimeter range was achieved in relative positioning mode. However, in the case of urban areas, accuracy was 20 and 15 mm for the horizontal and vertical components, respectively. In RTK mode, the accuracy specified by the manufacturer was not achieved. Uncertainties were larger for both components due to phase center offset (PCO) and phase center variations (PCV) in the patch antennas used [25]. Rosendo-Andrade [26] used the same equipment for surveying in urban areas in relative and absolute positioning modes. The results show that both methods can be used for surveying in urban areas in case of optimal surveying conditions. The static relative method had higher accuracy and was suitable for surveying where the accuracy requirements are in the centimeter range. The PPP method was recommended only in the case where the open sky is guaranteed with fewer obstacles for satellite signals. In the study [19], the RTK engine of the u-blox C099-F9P (Thalwil, Switzerland)application board was tested in the open sky, the near-open-sky, in forests, and in urban conditions. The authors conclude that the low-cost receiver works well in the open sky, while the use of a geodetic antenna can significantly improve its positioning performance.



The number of scientific articles dealing with the evaluation of low-cost dual-frequency GNSS receivers for surveying purposes in urban areas is very limited. In most cases, open-sky conditions and patch antennas have been used whose PCO/PCV are unknown and are reported to mostly impact height components [14,25].



The main objectives of this work are two-fold. The first is to analyze the differences between geodetic and low-cost calibrated antennas on the quality of observations from low-cost GNSS receivers and the second is to evaluate the performance of low-cost GNSS devices in urban areas. The structure of the paper has been designed as follows: an overview of various tests of low-cost GNSS equipment is presented, with a particular focus on examining the performance of this equipment in urban areas (Section 1). The study area, equipment used, and methods are shown in Section 2. Then, the results are presented and discussed (Section 3). Finally, the conclusions from the study are listed (Section 4).




2. Materials and Methods


2.1. GNSS Devices


In this work, the low-cost simple RTK2B V1 GNSS board (~200 EUR) was used, which contains the dual-frequency ZED-F9P GNSS chip from u-blox [8,9]. The ZED-F9P can receive satellite signals in both frequencies (F1 (1575.42 MHz) and F2 (1227.60 MHz)) from all available satellite constellations [8]. In F1 frequency those devices can track L1 C/A, L1OF, E1, and B1l signals while in F2 frequency, L2C, L2OF, E5b, and B2l signals. The simple RTK2B V1 board was used in combination with the Survey calibrated low-cost antenna offered by Ardusimple (denoted as LC−1 below), which has a phase center error of 1 mm and known calibration parameters from NGS (Figure 1) [9]. Another simpleRTK2B V1 board was used in combination with a geodetic antenna (JAV_RINGANT_G3T) from the Javad manufacturer (San Jose, CA, USA) denoted as LC−2 below). We used a high-quality GNSS geodetic instrument as a reference, Leica GS18T receiver and LEISGS 18 antenna, denoted as GD−1 below (Wetzlar, Germany). The geodetic GNSS instrument was used for the comparison of GNSS data, as well as to determine the coordinates of all points (described below) that were used as reference values.




2.2. Study Area


The study area was selected near the building of the Faculty of Civil and Geodetic Engineering of the University of Ljubljana (UL FGG), which offers both open-sky and urban conditions for conducting the observations. Five measuring stations were selected with positions shown in Figure 2. Station 1 (ST 1) is located on the rooftop of UL FGG and has open-sky conditions, while station 1A (ST 1A) is surrounded by trees (10 m) and buildings (Figure 3). GNSS observations from these two stations are used to verify the observation quality in open-sky and urban areas.



Station 2 (ST 2) and station 4 (ST 4) were 1–5 m from nearby buildings, which is often a situation in land-surveying tasks. Station 3 (ST 3) was more open to the horizon from the south side than the previous two stations (Figure 3). The observations of these three stations are used to evaluate the positioning performance of low-cost GNSS equipment in urban areas.




2.3. Quality Control of GNSS Observations


Low-cost GNSS devices are of lower quality than high-class geodetic GNSS instruments, the latter being considerably more expensive. Low-cost GNSS instruments have poorer design and, consequently, a lower carrier-to-noise ratio (C/N0). To better understand and explain the quality of observations from low-cost GNSS receivers, simultaneous GNSS observations with both types of devices in open-sky (ST 1) and urban areas (ST 1A) were obtained. One simpleRTK2B V1 receiver was connected to a low-cost GNSS antenna (LC−1), and the other simpleRTK2B V1 receiver to a geodetic GNSS antenna (LC−2). GNSS data from geodetic GNSS devices (GD−1) were used as a reference. Observations were collected for 24 h under open-sky conditions, followed by 4 h under urban conditions.



For a GNSS geodetic receiver, the C/N0 can vary from 35–45 dBHz, and this value can be less than 30 dBHz for signals received at low elevation angles, while a high-quality antenna can reach up to 50 dBHz. The values of C/N0 were determined for different elevation angles for LC−1, LC−2, and GD−1. Firstly, additional analyses were performed to show the variation of C/N0 as a function of the elevation angle for LC−1. Secondly, the average value of C/N0 was estimated on a basis of an additional 24 h set of GNSS observations obtained with a sampling rate of 1 Hz.



Low-cost GNSS antennas are more sensitive to multipath error compared to geodetic antennas, which can affect the quality of position determination, especially in urban areas [2]. Considering that the observations were performed at the same time and place, the differences in multipath presence between LC−1 and LC−2 are due to the different antennas used, while the differences with GD−1 are due to both the receiver and the antenna. The RMSE value of the code multipath (CMC) for which the differences are more visible was obtained for both cases and all types of GNSS instruments used.



The ambiguity fix ratio is another factor analyzed and compared between LC−1 and LC−2. In urban conditions, the multipath and other factors (cycle slips, loss of lock) may degrade the percentage of fix solutions, which results in positioning with low quality. For the open-sky and urban conditions, the percentage of fix ambiguities is shown for 24 h and 4 h, respectively. In addition, the determined coordinates and their variation for horizontal and vertical components are also presented graphically.




2.4. Positioning Performance of Low-Cost GNSS Devices in Urban Areas


To evaluate the positioning performance quality of low-cost GNSS devices in urban areas, observations performed in ST 1, ST 2, ST 3, and ST 4 were used. The data were acquired in each station for 1 h, which presents one session. This interval was divided into independent sub-session of 30 min, 20 min, and 15 min. Short sessions are considered to analyze the accuracy that can be achieved if a certain position is measured for a short time interval, which is the case in most surveying projects. For each session, horizontal and vertical coordinates      e i  ,  n i  ,  h i      were estimated in the Slovenian national coordinate system [29], while their differences from the true coordinates (   e t  ,  n t  ,  h t  )   were calculated as follows:


  ƛ e =  e i  −  e t   



(1)






  ƛ n =  n i  −  n t   



(2)






  ƛ h =  h i  −  h t   



(3)







Reference coordinates were obtained from observations with geodetic GNSS devices (GD−1). The absolute differences for horizontal and spatial positions are estimated as follows:


   d  2 D   =     (  e i  −  e t  )  2  +   (  n i  −  n t  )  2     



(4)






   d  3 D   =     (  e i  −  e t  )  2  +   (  n i  −  n t  )  2  +   (  h i  −  h t  )  2     



(5)







To emphasize the differences between open-sky and urban locations, the ratio of ambiguities (fix or float) is shown. As a reference station, another low-cost GNSS device (as LC−1) was used, which was placed on point FGG4 with favorable conditions for the GNSS survey. The data processing was performed with open-source software RTKLIB (demo5_33b), and the processing settings are shown in Table 1 [30].



The RTK method is usually used for land surveying because it is not time-consuming and does not require post-processing. In this test, LC−1 was used as the rover, while the GSR1 station located 4 km away, which is part of the Slovenian CORS, served as the reference station for the corrections. Observations lasted 8 h at each station, and a total of 24 sessions were conducted. In each session, a triplet of coordinates was obtained, with a time difference of 20 min between sessions to account for changes in satellite geometry. First, the RMSE of the determined coordinates was estimated to determine the precision of the estimated coordinates. To analyze the positioning accuracy of low-cost receivers, the absolute differences for the horizontal and spatial positions were estimated similarly to the relative positioning explained above.





3. Results and Discussion


This section presents the results from the previous section. The quality test results of observations from low-cost GNSS devices are shown in Section 3.1, while the results of positioning performance of the same equipment in urban areas are presented in Section 3.2.



3.1. Results from Quality Control of GNSS Observations


3.1.1. Carrier-to-Noise (C/N0) Analysis Results


All three GNSS instruments were placed side by side with only 20 cm between the antennas to assure the same surveying conditions. In the case of the open-sky conditions, GD−1 has a higher C/N0 for the observations in F1 frequency than LC−1 and LC−2, which is in the range of 25 to 55 dBHz (Figure 4), even at elevation angles lower than 10°. For LC−1 and LC−2, the C/N0 is greater than 40 dBHz at high elevation angles, while it is less than 25 dBHz at low elevation angles. The C/N0 for F2 is similar to F1; again GD−1 has higher C/N0 values than LC−2 and LC−1. The C/N0 for LC−1 and LC−2 is lower than 25 dBHz at elevation angles lower than 15° in both F1 and F2, while it is higher in the case of GD−1.



The LC−1 was additionally analyzed for its C/N0 in the open sky for 24 h using the open-source application u-center [31]. From the results shown in Figure 5, the C/N0 at elevation angles below 10° is less than 10 dBHz, while the C/N0 at elevation angles above 10° is more than 30 dBHz. The overall average C/N0 is 43.5 dB Hz with a deviation unit of 0.9 dBHz.



In urban areas, worse results are achieved with lower C/N0; this is especially true for low-cost GNSS devices (Figure 6). A C/N0 of 25 dBHz is obtained at elevation angles of 30° for LC−1 and LC−2 in both F1 and F2, while the C/N0 in open sky ranges between 30–35 dBHz at angles of 30°. The use of a geodetic antenna does not significantly improve the C/N0 for low-cost GNSS devices in urban areas. High-quality geodetic GNSS devices are found to perform better than low-cost ones; C/N0 is higher than 25 dBHz at lower elevation angles (<20°) for GD−1, while for LC−1 and LC−2, C/N0 is always less than 25 dBHz for both F1 and F2.




3.1.2. Multipath Analysis


Multipath error is another important indicator that can influence the positioning solution, especially in urban areas. Low-cost antennas are more sensitive to multipath effects due to their quality and design, so the use of a ground plane is usually recommended. To better analyze the difference and the impact of the antenna, we used the same receiver in combination with the geodetic and the low-cost antenna, while a geodetic GNSS receiver was used as a reference for comparison.



The code multipath error for the open sky is shown graphically in Figure 7 and for urban conditions in Figure 8. The RMSE values of the multipath for both scenarios are shown in Table 2. Results show that LC−1 and LC−2 have very similar performances both in open-sky and in urban conditions. The use of a geodetic antenna does not significantly improve the performance of low-cost GNSS receivers in any scenario. The RMSE for LC−1 and LC−2 is worse in urban conditions than in open-sky conditions, which has more influence than the type of antennas used.



For the geodetic GNSS devices used (GD−1), the RMSE in the open sky is two times better than for LC−1 and LC−2, while in urban areas with more multipath error, the RMSE for GD−1 is 2–4 times better. The difference in RMSE for GD−1 under both conditions is not as significant as for LC−1 and LC−2.




3.1.3. Ambiguity Resolution Results


The ambiguity fix ratio is a key factor for a high-precision positioning solution when phase observations are considered. The multipath error can affect the ambiguity fix ratio and provide float instead of fix solutions. This can be more evident when using low-cost GNSS equipment in urban areas.



The ambiguity resolution ratio results are shown in Table 3 for LC−1 and LC−2. In the open sky, with less multipath and higher values of C/N0, the ambiguity fix ratio is more than 95%, LC−2 achieves an ambiguity fix ratio of 98.3%, while for LC−1 it is 96.8%. The difference is more obvious in urban areas, where the LC−2 has an ambiguity fix ratio of 93.4%, while it is only 75.0% for LC−1. Using a geodetic antenna improves the ambiguity fix ratio and provides fix solutions most of the time. In the case of the low-cost antenna, for intervals longer than 1 h, only float solutions are obtained. This may indicate the inappropriateness of using low-cost devices in similar conditions. The obtained positioning solutions for easting, northing, and ellipsoid height are shown for LC−1 and LC−2 in Figure 9 for both open-sky as well as urban conditions. In the open sky, fix solutions are obtained most of the time, while in urban areas more float solutions are present, which are shown with gaps in Figure 9.





3.2. Relative Positioning Performance


The positioning performance of low-cost GNSS receivers in combination with Survey calibrated antenna (LC−1) was tested in urban areas, considering sessions of 60, 30, 20, and 15 min. Three of the stations were located in areas with obstacles in the vicinity (ST 2, ST 3, and ST 4), while one of them (ST 1) was in the open sky to highlight the differences. For each of the stations, the differences in the obtained coordinates (easting, northing, and ellipsoid height) from the true coordinates are estimated for sessions of 15–60 min. The horizontal (d2D) and spatial differences (d3D) between the estimated and true coordinates are also presented for each station.



The results for ST 1 are shown in Table 4. Based on the obtained results, it can be concluded that low-cost GNSS receivers perform well in the open sky. The horizontal, vertical, and spatial position differences are less than 5 mm, and these results are valid even for short sessions lasting 15 min. The ambiguity fix ratio for the main session is 99.5%, and LC−1 can provide fix solutions in all the sessions considered.



ST 2 was located in an urban area with obstacles/buildings nearby where higher influence of multipath was expected than in ST 1. For the horizontal positions, the differences are less than 10 mm in 80% of the sessions, while the differences in spatial positions are between 5–30 mm (Table 5). For the 60 min session, the ambiguity rate of the fixed solutions is 64.8% under these conditions, even though a short baseline is considered. Compared to ST 1, the positioning performance in ST 2 is worse, especially for the spatial component. This was due to the accuracy obtained for the ellipsoid height, which was determined with lower accuracy compared to the horizontal components.



ST 3 has fewer obstacles from the south side than ST 2 and obtained results are shown in Table 6. The horizontal position differences do not exceed 10 mm even in the short sessions, while the differences in the spatial and vertical positions remain below 15 mm. In comparison to the previous station, better accuracy is achieved for the vertical component, while the ambiguity fix ratio is 90.3%, which is 25.5% higher than for ST 2 (64.8%).



ST 4 is surrounded by tall trees (10 m) on the south side, therefore, poorer results are obtained, which are listed in Table 7. The sub-sessions of 40–60 min, as well as sub-sessions 45–60 min, do not provide fix solutions. In these two sessions, the accuracy exceeds 10 cm, therefore, these values are not shown. Nevertheless, for sessions with fix solutions, the horizontal and spatial differences are below 15 and 25 mm, respectively, while the vertical position differences are less than 20 mm. For this station with more obstacles for satellite signals, the percentage of ambiguity fix ratio is 51.6%, which is the lowest value for all stations.



The results of the horizontal (d2D), vertical (ƛh), and spatial absolute (d3D) position differences shown in the last four tables are also presented graphically in Figure 10. In open-sky conditions, the differences are less than 5.0 mm for horizontal, vertical, and spatial positions in all sessions. Under urban conditions, buildings and trees near the stations degrade the signal quality, and low-cost instruments prove to have poorer positioning results. The differences for the horizontal and vertical positions are smaller than 10 and 15 mm in 85% and 82.5% of the sessions, respectively. For the spatial positions, the differences are smaller than 15 mm in 77.5% of the considered sessions in urban areas.




3.3. RTK Positioning Performance


Low-cost dual-frequency GNSS receivers were tested in RTK in both open-sky and urban areas. Firstly, the RMSE for easting, northing, and ellipsoid height was estimated, then the horizontal and spatial RMSE were obtained for all stations by considering 24 sessions (Table 8). From the obtained results, it can be concluded that the horizontal and spatial RMSE in the open sky (ST 1) is less than 1 cm. Similar results were obtained for other stations (ST 2, ST 3, and ST 4) in urban areas, where the horizontal and spatial RMSE does not exceed 2 cm. To evaluate the quality of positioning of low-cost GNSS receivers in RTK mode, the positioning accuracy was estimated as the absolute difference in horizontal (d2D), vertical (ƛh), and spatial absolute (d3D) positions from the true position (Figure 11).



At ST 1, in the open sky, a horizontal positioning accuracy of 2 cm is achieved in 96% of the sessions and a spatial positioning accuracy of 2 cm in 75% of the sessions. At other stations (ST 2, ST 3, and ST 4) located in urban areas with obstacles to satellite signals, the horizontal positioning accuracy of 2 cm is achieved in 100%, 75%, and 62.5% of the sessions for ST 2, ST 3, and ST 4, respectively. The spatial accuracy is less than 2 cm in 54.2% of the sessions for ST 2 and ST 3, while for ST 4 this stands true only in 37.5% of the sessions. In addition to the statistics presented, it can be highlighted that the spatial accuracy of low-cost GNSS receivers under open-sky conditions is less than 3 cm in all sessions, while in the case of urban conditions, an accuracy of 3 cm is achieved in 95% of the sessions.





4. Conclusions


Low-cost GNSS receivers with calibrated low-cost and geodetic antennas were compared to geodetic GNSS devices in urban areas where various obstacles can affect the quality of the received signals. Therefore, the C/N0, multipath effect, and ambiguity fix ratio were analyzed under both conditions, open-sky and urban, highlighting the differences between the devices/antennas used. The positioning performance of low-cost devices was also tested in urban areas at different locations with and without buildings/obstacles nearby. The results from this study lead us to the following conclusions:




	
Low-cost GNSS devices have lower C/N0 than high-quality geodetic GNSS devices in both open-sky and urban areas. In the first case, C/N0 is below 25 dBHz at elevation angles lower than 15°, whereas the C/N0 remains above 25 dBHz for low elevations in the case of geodetic devices. In urban areas, the C/N0 is greater than 25 dBHz at elevation angles below 20° for geodetic instruments, whereas C/N0 is always below 25 dBHz for low-cost GNSS equipment. The urban conditions affect low-cost GNSS devices more than geodetic devices;



	
Low-cost GNSS instruments exhibit a multipath RMSE two times higher than geodetic devices in the open sky, while this difference is up to four times higher in urban areas. Geodetic GNSS devices show almost the same results under both conditions, where the multipath worsens significantly for low-cost devices and urban areas, even when a geodetic antenna is used;



	
The ambiguity fix ratio is more than 95% for low-cost devices in the open sky in combination with a low-cost and geodetic antenna;



	
In urban areas, the low-cost GNSS antenna performs worse than the geodetic antenna, and the ambiguity fix ratio is 18.4% lower for the low-cost GNSS antenna used;



	
In the open sky, low-cost GNSS receivers with calibrated low-cost antennas achieve a horizontal and spatial positioning accuracy of 5 mm over short baselines even if short sessions (15 min) are considered;



	
In urban areas with surrounding obstacles, horizontal accuracy is better than 10 mm in 85% of sessions, while spatial accuracy is better than 15 mm in 77.5% of sessions. For the vertical component, the accuracy is smaller than 15 mm in 82.5 % of sessions;



	
Low-cost GNSS sensors are more sensitive to multipath and other error sources that degrade the quality of position determination in urban areas. Consequently, fix solutions were not obtained in some sessions. However, considering their price and the demonstrated positioning performance, those GNSS sensors can be an alternative option to geodetic GNSS devices for surveying in static relative mode (e.g., establishing geodetic networks) in urban areas, especially in projects with a limited budget;



	
Low-cost GNSS instruments can achieve 1–3 cm positioning accuracy in RTK mode in urban areas and are suitable to be used in many surveying projects.








In this study, all tests were performed over short baselines because the goal was to only evaluate the performance of double-frequency low-cost GNSS receivers in urban areas, as these devices are more sensitive to different error sources that can degrade the positioning quality. The results presented in this paper should be considered as preliminary. A more detailed analysis will be performed in the future when we will test these devices in RTK mode over longer baselines.
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Figure 1. Low-cost GNSS receiver simpleRTK2B V1 (in front), Survey calibrated low-cost antenna (left), and Javad RingAnt-G3T geodetic antenna (right). 
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Figure 2. Measuring stations. 






Figure 2. Measuring stations.



[image: Sensors 23 02861 g002]







[image: Sensors 23 02861 g003 550] 





Figure 3. Location of measuring stations: (a) LC−1, LC−2, and GD−1 in ST 1; (b) LC−1, LC−2, and GD−1 in ST 1A; (c) LC−1 in ST 2; (d) LC−1 in ST 3; and (e) LC−1 in ST 4. 
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Figure 4. C/N0 for observations in F1 and F2 frequency in the open sky: (a) F1 C/N0 for LC−1, (b) F2 C/N0 for LC−1, (c) F1 C/N0 for LC−2, (d) F2 C/N0 for LC−2, (e) F1 C/N0 for GD−1, and (f) F2 C/N0 for GD−1. 
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Figure 5. Sky plot of C/N0 for LC−1. 
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Figure 6. C/N0 for observations in F1 and F2 frequency in the urban areas: (a) F1 C/N0 for LC−1, (b) F2 C/N0 for LC−1, (c) F1 C/N0 for LC−2, (d) F2 C/N0 for LC−2, (e) F1 C/N0 for GD−1, and (f) F2 C/N0 for GD−1. 
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Figure 7. Multipath for code observations in F1 and F2 frequency in the open sky: (a) F1 multipath for LC−1, (b) F2 multipath for LC−1, (c) F1 multipath for LC−2, (d) F2 multipath for LC−2, (e) F1 multipath for GD−1, and (f) F2 multipath for GD−1. 
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Figure 8. Multipath for code observations in F1 and F2 frequency in urban areas: (a) F1 multipath for LC−1, (b) F2 multipath for LC−1, (c) F1 multipath for LC−2, (d) F2 multipath for LC−2, (e) F1 multipath for GD−1, and (f) F2 multipath for GD−1. 
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Figure 9. Positioning solutions in open sky and urban conditions: (a) LC−1 on ST 1 (open sky); (b) LC−2 on ST 1 (open sky); (c) LC−1 on ST 1A (urban areas); and (d) LC−2 on ST 1A (urban areas). 
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Figure 10. Horizontal, vertical, and spatial positioning accuracy in the open-sky (ST 1) and urban areas (ST 2, ST 3, ST 4): (a) LC−1 at ST 1; (b) LC−1 at ST 2; (c) LC−1 at ST 3; and (d) LC−1 at ST 4. 
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Figure 11. Horizontal, vertical, and spatial positioning accuracy in the open-sky (ST 1) and urban areas (ST 2, ST 3, ST 4) for 24 sessions: (a) LC−1 at ST 1; (b) LC−1 at ST 2; (c) LC−1 at ST 3; and (d) LC−1 at ST 4. 
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Table 1. Used parameters in the data processing.
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	Parameters
	RTKLIB





	Observations
	Phase



	Duration
	1 h, 30 min, 20 min, and 15 min



	Constellations
	GPS, GLONASS, Galileo



	Ambiguity
	Continuous



	Elevation mask
	15°
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Table 2. RMSE for multipath error in open-sky and urban conditions.
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	Scenarios
	Frequency
	LC−1
	LC−2
	GD−1





	Open sky
	F1
	0.50 m
	0.51 m
	0.16 m



	
	F2
	0.48 m
	0.57 m
	0.23 m



	Urban area
	F1
	0.86 m
	0.90 m
	0.23 m



	
	F2
	0.76 m
	0.70 m
	0.31 m
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Table 3. Ambiguity resolution ratio for LC−1 and LC−2.
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	Scenarios
	Solution
	LC−1
	LC−2





	Open sky
	Fixed
	96.8%
	98.3%



	
	Float
	3.2 %
	1.7%



	Urban area
	Fixed
	75.0%
	93.4%



	
	Float
	25.0%
	6.6%
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Table 4. Positioning performance results at ST 1.
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	Sessions (min)
	ƛe (mm)
	ƛn (mm)
	ƛh (mm)
	d2D (mm)
	d3D (mm)





	0–60
	0.7
	−2.8
	−1.3
	2.9
	3.2



	0−30
	0.7
	−2.1
	−1.2
	2.2
	2.5



	30–60
	0.7
	−2.9
	−0.9
	3.0
	3.1



	0−20
	0.1
	−1.1
	−0.4
	1.1
	1.2



	20–40
	1.0
	−3.0
	−1.9
	3.2
	3.7



	40−60
	0.6
	−2.7
	−0.6
	2.8
	2.8



	0–15
	0.2
	−0.5
	−0.9
	0.5
	1.0



	15−30
	0.6
	−2.2
	−0.7
	2.3
	2.4



	30–45
	1.8
	−2.9
	−2.9
	3.4
	4.5



	45−60
	0.6
	−2.6
	−0.7
	2.7
	2.8
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Table 5. Positioning performance results at ST 2.
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	ƛe (mm)
	ƛn (mm)
	ƛh (mm)
	d2D (mm)
	d3D (mm)





	0–60
	−0.5
	0.0
	8.5
	0.5
	8.5



	0–30
	−4.3
	−0.9
	3.0
	4.4
	5.3



	30–60
	3.2
	−2.1
	19.8
	3.8
	20.2



	0–20
	−5.0
	2.1
	11.2
	5.4
	12.4



	20–40
	−2.4
	−6.0
	20.3
	6.5
	21.3



	40–60
	5.4
	−4.5
	26.3
	7.0
	27.2



	0–15
	−5.5
	−15.3
	14.5
	16.3
	21.8



	15–30
	−4.3
	−0.9
	3.0
	4.4
	5.3



	30–45
	−3.3
	0.7
	12.5
	3.4
	12.9



	45–60
	10.1
	−0.8
	20.6
	10.1
	23.0
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Table 6. Positioning performance results at ST 3.
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	Sessions (min)
	ƛe (mm)
	ƛn (mm)
	ƛh (mm)
	d2D (mm)
	d3D (mm)





	0–60
	−4.8
	0.4
	10.3
	4.8
	11.4



	0−30
	−6.6
	−0.9
	13.3
	6.7
	14.9



	30–60
	−4.8
	3.5
	5.2
	5.9
	7.9



	0–20
	−6.0
	0.6
	6.8
	6.0
	9.1



	20–40
	−3.8
	5.2
	−11.6
	6.4
	13.3



	40–60
	−6.4
	−1.3
	13.6
	6.5
	15.1



	0–15
	−6.9
	−4.9
	−9.8
	8.5
	12.9



	15–30
	−5.3
	3.9
	4.6
	6.6
	8.0



	30–45
	−6.3
	0.7
	6.4
	6.3
	9.0



	45–60
	−4.6
	1.2
	13.6
	4.8
	14.4
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Table 7. Positioning performance results at ST 4.
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	Sessions (min)
	ƛe (mm)
	ƛn (mm)
	ƛh (mm)
	d2D (mm)
	d3D (mm)





	0–60
	−8.8
	8.4
	−1.5
	12.2
	12.3



	0–30
	−5.2
	2.4
	4.3
	5.7
	7.2



	30–60
	−3.3
	4.4
	6.9
	5.5
	8.8



	0–20
	−8.3
	0.3
	−6.5
	8.3
	10.5



	20–40
	−7.4
	5.0
	−8.1
	8.9
	12.1



	40–60
	/
	/
	/
	/
	/



	0–15
	−6.1
	2.7
	10.4
	6.7
	12.4



	15–30
	−10.7
	5.7
	−18.6
	12.1
	22.2



	30–45
	−3.3
	4.4
	6.9
	5.5
	8.8



	45–60
	/
	/
	/
	/
	/
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Table 8. RTK positioning precision in the open-sky (ST 1) and urban areas (ST 2, ST 3, and ST 4).






Table 8. RTK positioning precision in the open-sky (ST 1) and urban areas (ST 2, ST 3, and ST 4).





	Station
	e (mm)
	n (mm)
	h (mm)
	d2D (mm)
	d3D (mm)





	ST1
	3.4
	5.3
	5.1
	6.4
	8.1



	ST2
	6.5
	6.5
	13.5
	9.2
	16.3



	ST3
	7.2
	6.7
	7.3
	9.8
	12.2



	ST4
	6.0
	8.4
	10.0
	10.3
	14.4
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
@® Measuring stations §

%, Aerial image

fa N LN D/

el






media/file18.png
U-D {m)
-0.12

B R e R i T o S )

-0.16
00:00 03:00 06:00
1.06 E-W (m)
04158
10410 -
e M
1.02 —
M-5 (m)
0.
-0.28 P e e
- TP g
N
-0.30
.02 WD m)
0,04 T Ny
|y
-0.06 gt
-0.08 ¢
08:00 08:30 09:00

05:00 12:00 15:00 13:00 21:00

(a)

W %- -
o b e
L3
09:30 10:00 10:30 11:00 11=30 12:00

(c)

-0.18 ' E-W (m)

-0.20

0.22

1.06 | N-5.{m)

U-D (m)
12

00:00 03:00

M-5 (m)
-1.06

-1.08 L.._,-! P
-1.10
-0.02 U-Dr ()

-0.04 %

v
-0.06 a7 -

-0.08
03:00 08:30

05:00 12:00 15:00 18:00 21:00

(b)

r +
R} © R % W gL

09:30 10:00 10:30 11:00 11:30 12:00

(d)





media/file21.jpg





media/file3.jpg
® Measuring stations

Aerial image





media/file22.png
ST1

40.0
Fg 30.0
£ 30.
§ 20.0
AT e T
£, T WL
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
Sessions
m2D wmiD wm3D
(a)
5T 2
~, 40.0
£
»;E... 30.0
w0
% s l l i I l I I l H
10.0 l "
% 0.0 . I I.I ‘ i u 1 ' i L "
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
Sessions
m2D wmiD wm3D
(b)
513
hg 40.0
£ 30.0
@ 20.0
a1
ST A iiﬂuﬂu Wil Hi
& g0 Il Il
] 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
Sessions
m2D wmi1D wm3D
(c)
ST4
— 40.0
£ 300
L]
@ 20.0
g 10.0
& TN T e
0.0
Q

1. 234 5% 67 .8 9 10101213 381516171819 20212223 24

Sessions

m2D wmi1D m3D

(d)





media/file19.jpg
© @





media/file7.jpg





media/file10.png





media/file14.png
()

(e)

e e e
= \m =
= & ]
m = m
@ lo LR =] I
| @ W@ o
[=]
R R R
e
[=]
2 I 3
o
u
~ ~
— F |
o
™ A
[=] ]
) )
[=]
—
R i . 3
=1 = P B 1 m_ S B N
() ypedianiyg [ w) Lpednnpy ) ypedini
T £ £
& 5 5
8 =] =]
] m m
2 il U
IRt W w
s
o o
-
* o [=]
= = ~
=2 (=]
3 D D
A A
~
a PRUTE
[ (=) (=)
L N—" < <
-
[=] [=]
(] b= A
L 1 -
N
.
b e "
E =]
] o EF i [ &
; 1
b -
04.‘. gk *
e e
= 3
He* * 4+ -t ++ [=]
=} 3
¥ —t ., i I et i
wawivey . o A .
ol dya S YL S — =
SteAm s SR ry >3
+ ..M...Wt..: i e o 2 S
RN s e ST Ty
s +3 i AR S g o =% _
© =) T r o L] ol = "
= b 1 b L 2 = w© =S + ~ o o T I o m_ o
() yaedini

([ w) yaedinp) () yaediniy





media/file11.jpg





media/file6.png





media/file15.jpg





nav.xhtml


  sensors-23-02861


  
    		
      sensors-23-02861
    


  




  





media/file16.png
()

(e)

-5 @ 2
ml
~ B
- 2 € e
m i m
2 8
=] [y __v._
W@ w o
(L] w
i
_ & =4 _
~ o
S
oteves
= 8 =]
0
a e
[
el w
~ N
. o L e, N
+ N—’ 4 ? N— —_—
-
ol b .
DR e <& = OSSN I iy
[=1 ..Juﬂ 4 = o & B : 3
[l PR -5 =
——" Iy S daatatad ) —
o b - soures B SR Ve I
S Ry e g ' iatatand
(o . e - L =
s A L MG “
.!.»M»ﬂ. \ﬂ.' gttt el e e w '
= p T . e e
i o ity ] P A
3 ety R " 3 ree—
+ e = T e i
+: = 1
e RN b+
L e e ——— g
b iy 2 /
hass oov ol fi . - 4
o i (=1 .\ o o + — 2 e
& - (RS q T ot e L SN iR - P s e e e TEFTELEEE
»l.?u . A R AT
v A 2 B = ==y [T, e
. ' i sl
PRSI AR ¥ 35 q AP S anaransiag e . R 8
S Te———————p Oi o .. Frr e ¥ Jvﬁ —t ' Oﬂ' '
' - — '
! ] i i ' !
i H i H ! ;
o
© 0 [=) =] © 0 - N o o 1 % L =] =] @ w0 + o o o + ] @ c
{w) yredinpg (w) wpedainiy (w) yrednnig
2 o
LR - o | AN &
qm
3 D) (> D)
- 3 c = c
- | p
i | g § 2
" B i B
| U o (T ¥=] L7}
. (] wie w
..
>
3 |
4
- —
3 | o
! [
£ | L or
14
_._.h |
I
A ; B 0 feseeadiooilio gl T =] .
W ‘ ) ) -
=] -
) 2
e al ~~
— )
m L S ¥ .
.
. G
o o - H st
m Ll
— s
— + .
3
B e T A
=] T et 1 - e TR
T e e~ SOOI
ol = ettt
e S o —
ﬂgﬁ gsit . =
o prrre «h‘\I‘I' o ~
Pt + 4 et
...... o = i
=] = = + vty
o =T SN
Aol tasr oy
] e
| |
| |
1 i
4
; T o ) =) = ® o T T o 5] =] ® w0 E o o o q w ®

() ypediniy (w) yednni {w) yredangy






media/file2.png





media/file20.png
ST 1 ST?

40.0 0.0
~

Fgmﬂ £ 30.0

= ‘@

g 20.0 % 20.0

g Lo

 1udd [

00 il 1l

00 =N mm BN .. Bl BH __ uum Bl nsn
0-60 0-30 30-60 0-20 20-40 40-60 0-15 15-30 30-45 45-60

Sessions

m2D m1D m3D

0-60 0-30 30-60 0-20 20-40 40-60 0-15 15-30 30-45 45-60
Sessions
m2D mi1D m3D

(a) (b)
ST3 5T4
10.0 20.0
E 30.0 § o
o o
£ 200 g 200
& £ 100
o gl gl d g T lUuadd dla
1l 1l W ool

0-60 0-30 30-60 0-20 20-40 40-60 0-15 15-30 3045 45-60

Sessions

0-60 0-30 30-60 0-20 20-40 40-60 0-15 15-30 30-45 45-60

Sessions
m2D m1D m3D

m2D m1D m3D

(c) (d)





media/file5.jpg





media/file1.jpg





media/file12.png
oy

w

CINy{dBHzZ)

25

e ——
 ———
‘D——‘M
—_—
e

SRS ppprempap
PRt
et

i

| —

CINy(dB Hz)

i eagey

Blevatioh (%)

1518
&

Jovnt— - -
20 | smemeomn e o s e S
l.T._ i-t1
e ——— 1L L
L e e TErE -
- % 0
(a)
65
a0 :

R .

CIN(dBH2)

CiNy (dBH2)

&

t

CIN, (dBHz)

“

= -
(2%

>y

<]

PUar=s

(e)






media/file9.jpg





media/file0.png





media/file8.png
Elevation (%)

(f)

(b)

= e . —
- .A Elevatioh (%)
80
(d)

———————] - - -
oy e
PO TR —— i D S
e
e e e e e e e —
it 1
- . v amomna i
+ —_—
I‘)J—““l_-“-ll‘O
- 3
e e
e e e
1 TG LN TR E
LT 1%
i
: :
¥ ; Elevation (%)
; .
680 70 80
:
!
|
:
e L
——— T
E— e T O———— T~
—my
e
—
R e N T Py

(e)

@ I
zHapl' N1 (ZHAPY N D (zHap PN
[=
& .
e & : ?
5 c m =
s g g
U o ® o
L i o u
w o w
[
s B 0 etastdecss i
L '
= d
L=} (=] =
o 1
2 2 \ X
— —~~ “
(4] (&)
(=T =1 N
- - 1
] R .
o
[ o~
~
[=]
a S
ey .
ey L5 g
= 1] :
_n. n [- -m.u : e
ii 3 e B 2 8 # B % 2 8 8 & =8
zHapnio ZHEPIND

(ZHAPFNID






media/file17.jpg
S R P T e O R I e P e o |






