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Abstract


Mobile Global Navigation Satellite System (GNSS) measurements carried out on the railway consist of using satellite navigation systems to determine the track geometry of a moving railway vehicle on a given route. Their purposes include diagnostics, stocktaking, and design work in railways. The greatest advantage of this method is the ability to perform measurements in a unified and coherent spatial reference system, which effectively enables the combining of design and construction works, as well as their implementation by engineering teams of diverse specialties. In the article, we attempted to assess the impact of using three types of work mode for a GNSS geodetic network [Global Positioning System (GPS), GPS/Global Navigation Satellite System (GLONASS) and GPS/GLONASS/Galileo] on positioning availability at three accuracy levels: 1 cm, 3 cm and 10 cm. This paper presents a mathematical model that enables the calculation of positioning availability at these levels. This model was also applied to the results of the measurement campaign performed by five GNSS geodetic receivers, made by a leading company in the field. Measurements with simultaneous position recording and accuracy assessment were taken separately on the same route for three types of receiver settings: GPS, GPS/GLONASS and GPS/GLONASS/Galileo in an urban area typical of a medium-sized city. The study has shown that applying a two-system solution (GPS/GLONASS) considerably increases the availability of high-precision coordinates compared to a single-system solution (GPS), whereas the measurements with three systems (GPS/GLONASS/Galileo) negligibly increase the availability compared to a two-system solution (GPS/GLONASS).
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1. Introduction


Global Navigation Satellite Systems (GNSS), such as Global Positioning System (GPS), Global Navigation Satellite System (GLONASS), BeiDou Navigation Satellite System (BDS) and Galileo [1,2,3,4], and their augmentation systems [Differential Global Positioning System (DGPS), European Geostationary Navigation Overlay Service (EGNOS) and Wide Area Augmentation System (WAAS) [5,6,7,8]] are widely used in various branches of transport, including maritime, air and land, as well as rail transport [9,10,11,12]. There are three major areas in rail transport, in which satellite systems can be applied: passenger information, rail traffic management and rail traffic control [13,14,15]. However, it must be noted that, depending on the needs, a navigation system must meet the accuracy-related requirements related to train positioning.



The idea of using mobile GNSS satellite measurements in railway engineering was proposed by Cezary Specht and Władysław Koc in 2009 [16], who made an experimental attempt at stocktaking the rail track between Kościerzyna and Kartuzy in the same year [17]. Four GNSS receivers and the newly created Polish GNSS geodetic network—Active Geodetic Network EUPOS (ASG-EUPOS)—were used [18]. The results confirmed the method’s high applicability [accuracy of 5 cm (p = 0.95)], and highlighted restrictions on the signal availability in built-up areas. Increasing the accuracy of the GPS and GLONASS systems [19], the construction of the next systems (BDS/Galileo) and the creating of new multi-constellation GNSS geodetic networks [20] contributed to the rapid development of the method. Studies were conducted in 2009–2017 in two main directions: geodetic—associated with increasing the measurement accuracy and availability [10,21,22], and device construction—aimed at developing new design and operation methods [14,23,24,25].



Similar studies were conducted by others. One of the measurements consisted of the integration of tachymetric measurements and GNSS in order to determine the rail track axis geometry. The test results show that a directional uncertainty of less than 0.01° in tangent sections, and deviations between the actual and computed track radii of less than 1% in curved sections, are achievable [26]. Other research was aimed at measuring the railway track irregularity of the high speed line with the use of the GNSS/Inertial Navigation System (INS) integrated technique. The results show that the angular measurements error is less than 0.01° (1σ). Moreover, the railway track measurement can achieve a relative accuracy of 1 mm in the kinematic survey based on the proposed GNSS/INS method. This means that this method can meet the accuracy requirement of the irregularity measurement of the high speed line [27,28]. In subsequent studies, multi sensors were used, including GNSS, inclinometer, the Inertial Measurement Unit (IMU), laser scanner and odometer, for determining railway irregularity [29,30,31,32,33]. Research has shown that GNSS measurements, which are supported by other sensors, allow one to determine track irregularity with an accuracy of less than 1 mm, and thus they meet all technical requirements in this regard. In order to verify the results obtained during the mobile GNSS measurements carried out on the railway, alternative solutions can be used, such as IMU/odometer and total station [34,35]. Experiment results show that the accuracy of the new filtering and smoothing algorithm for railway track surveying can reach 1 mm (1σ). The proposed approach can satisfy, at the same time, the demands of high accuracy and work efficiency in railway track surveying. However, the use of only GNSS Real Time Kinematic (RTK) receivers allows one to determine the track axis geometry with accuracies of 2.8–3.1 mm (1σ) and 6.0–8.5 mm (1σ), in the horizontal and vertical planes, respectively [29].



Studies conducted worldwide indicate that increasing the number of measurement systems, and their diversity with respect to the methods employed, leads to an increase in the precision of determination of the geometric course of a rail track and its modelling. Each of the applied measurement methods contains a number of aspects, the in-depth analysis of which helps in increasing its effectiveness, which then contributes to the additional synergistic effect of applying all of these methods in combination. Increasing the accuracy and availability of GNSS measurements is one of the major study areas. The GNSS measurements of the rail track conducted in 2009–2015 focused on availability assessment at three accuracy levels, which are each required for carrying out the individual construction and geodetic-related tasks in railway engineering. These include [15]:




	
Deformation accuracy (dd)—enabling one to identify the place and extent of rail track deformations, for which the maximum horizontal position error was adopted as not exceeding 1 cm;



	
Stocktaking accuracy (di)—applied in rapid stocktaking of existing rail tracks, for which the maximum horizontal position error was adopted as not exceeding 3 cm;



	
Design accuracy (dp)—applied in design and construction work, for which the maximum horizontal position error was adopted as not exceeding 10 cm.








For the purposes of this publication, the impact of using three types of work mode for a GNSS geodetic network (GPS, GPS/GLONASS and GPS/GLONASS/Galileo) on positioning availability at three accuracy levels [deformation (1 cm), stocktaking (3 cm) and design (10 cm)] has been assessed. The study used a measurement system consisting of five GNSS geodetic receivers operating in parallel during real-time measurements. The experiments were conducted in a medium-sized city (population of 500,000), along a route which was covered multiple times during the time of six hours.



This paper is organized as follows. Section 2 shows how the mobile satellite measurements were carried out. In addition, this chapter describes the mathematical model that was used to compare the positioning availabilities obtained by the GNSS receivers. In Section 3, the GNSS data processing and measurement results for three positioning solutions, GPS, GPS/GLONASS and GPS/GLONASS/Galileo, are presented. Section 4 specifies the impact on the measurement accuracy of the following parameters: the Number of Satellites (NoS) used in positioning and the Position Dilution of Precision (PDOP) value. Finally, general conclusions are discussed in Section 5.




2. Materials and Methods


2.1. Mobile Satellite Measurements


Two Mobile Measurement Platforms (MMP) were constructed for the study (Figure 1a) and fitted out with measuring equipment—GNSS geodetic receivers (Figure 1b). The devices were supplied by two companies in the measurement technology branch. The mobile platforms were separated from the driving vehicle (tram) with one service platform, which minimised the signal-obscuring effect of the back part of the pulling vehicle.



Each platform had five receivers, deployed on a platform at the vertices and at the centre of a square. The diagram of the MMP is shown in Figure 2.



The receivers were deployed in such a way that four were situated at the vertices of a square, and the fifth was situated at the intersection of its diagonals. The construction of the MMP enabled the designing of a geometric measurement structure in the form of a square with sides of 155 cm to 170 cm. The GNSS receivers were located precisely on the track axis and above the rail with the use of an electronic total station and a reflector placed on a dedicated tripod, with an accuracy of ca. 1 mm Root Mean Square (RMS). The below drawing shows a set of two measurement platforms (Figure 3a), the mounting frames constructed for the study, which enables the precision determination of the place where a receiver is to be installed (Figure 3b), and receivers L and T mounted on the platform (Figure 3c,d) [36].



Two highly technologically advanced GNSS receivers were chosen for the study. The major technical details, significant for the measurements, are listed in Table 1. They show that top-class equipment was selected for the study, with very similar technical parameters. Other devices (accelerometer, compass and inclinometer) were also used in the measurements. The results obtained using them have been (see [37]) or will be described for the purposes of other articles.



The measurement campaign was conducted at night on 28/29 November 2018 between 11.00 p.m. and 4.00 a.m., which helped to prevent issues arising from the movements of other trams. The research was performed on a 3-km route (loop) in Gdańsk. Based on the field inspection conducted, the test loop was divided into six sections, differing in terms of the rail condition, the degree of occurrence and type of terrain obstacles (Figure 4a). Studies involved covering the route with the measuring set which included a Bombardier tram. The measurement sections’ layout was planned to enable multiple rounds of the selected area in order to verify the measurements’ repeatability.



There are few objects that obscure the satellite signal (electric tram lines, trees near the track, etc.) in sections A and B, and the rail is in a very good condition. These are reference sections, which enable an analysis of the rail condition and its surroundings in relation to the measurement accuracy. There are a medium number of objects in sections C and F (groups of trees and buildings along the track) which obscure the satellite signal, and the rail condition is very bad (the rails are twisted and uneven in both planes). This section was chosen as an experimental section for testing the effect of the rail condition on the measurement accuracy. There are large numbers of objects (trees with crowns located above the track and tall buildings adjacent to the track along the entire section) and the rail condition is good. This section was chosen as an experimental section for testing the effect of objects obscuring the satellite signal on the measurement accuracy. The assumed speed of the measuring set at which the measurements were performed was 10 km/h. The test speed has been set in such a way as to reduce as much as possible the transverse vibrations of the MMP, which affects the accuracy of the position determination by GNSS receivers. The position data were recorded in real time with a 1 Hz frequency during the measurement campaign for three different configurations of the L and T receivers:




	
Positioning with the use of RTK GPS correction data;



	
Positioning with the use of RTK GPS/GLONASS correction data;



	
Positioning with the use of RTK GPS/GLONASS/Galileo correction data.








The GNSS receivers received corrections via the Internet using a General Packet Radio Service (GPRS) network. The Polish GNSS geodetic network called VRSNet.pl [20,38] was used. The corrections came from a single Continuously Operating Reference Station (CORS) located about 10 km from the measurement place. An elevation mask of 10° was used in the receiver configuration. The filtration of the satellites used resulted only from the elevation mask. The receivers determine their position in real time using Trimble Access software [39].



Since this is a large-scale study, several problems occurred. One of them is an availability analysis of highly accurate position coordinates in an urban area, with the use of real-time GNSS geodetic network services GPS, GPS/GLONASS and GPS/GLONASS/Galileo, which is the object of this study. The analyses use the measurement results from five receivers of the same type which, at the same time, recorded GNSS data during six rounds of the test loop. The first two rounds were made with RTK GPS corrections; in the next two, RTK corrections from GPS/GLONASS satellites were used, and RTK corrections from GPS/GLONASS/Galileo satellites were used in the fifth and sixth journey.




2.2. Mathematical Model


In order to solve the deformation diagnostic problems, stocktaking and planning engineering work on the railways (with the use of RTK GNSS measurements), it is necessary to ensure the accuracy of the GNSS receiver’s positioning. Apart from the accuracy, it is equally important to ensure the availability of a position which meets the requirements for maximally permissible position errors. It was assumed that an availability exceeding 95% of the measurement time is necessary to perform such tasks in practice.



In order to determine, by experimental measurements, the actual availability of GNSS systems as a function of the network type (GPS, GPS/GLONASS and GPS/GLONASS/Galileo), it is necessary to develop a mathematical model that enables determination of the availability for three levels of position errors. Let us assume that the maximum acceptable position errors in the RTK application are 1 cm (p = 0.95) for the rail deformation diagnostics, 3 cm (p = 0.95) for the stocktaking work and 10 cm (p = 0.95) for the design work, which will be designated with the variable  U  as:


  U =  {      1    cm     (  p = 0.95  )     for   deformation        3    cm     (  p = 0.95  )     for   stocktaking        10    cm     (  p = 0.95  )     for   design         



(1)







Assuming that the error of position coordinate determination by the GNSS geodetic receiver is variable in time, according to the general reliability theory, it can be assigned two statuses as a function of time: life, i.e., a status in which the position error is smaller than the arbitrarily established values of three operation types (deformation, stocktaking and design), which is to be expressed as    δ n  ≤ U   for the subsequent determinations of   n =  1 ,   2 ,    …  , and the failure time in which an opposite relationship,    δ n  > U  , occurs. Let us also assume that the values    X 1   ,     X 2   ,    …   correspond to the durations of life times (a position error below the allowable value according to the operation types), and    Y 1   ,     Y 2   ,    …   correspond to their failure times (a position error above the allowable value according to the operation types). In this way, a consequence of the change in the position error is a change in the operational status of a system, represented by variable   α  ( t )    (Figure 5). Let us also introduce additional designations, so that the moments of time    Z n ′  =  X 1   +   Y 1  +  X 2   +   Y 2  + … +  Y  n − 1      + X   n    become moments of failure, while moments    Z n ″  =  Z n ′     + Y   n    are moments of renewal. Let us additionally assume that the random variables    X i   ,     Y i    for   i =    1 ,   2 ,    …   are independent, and that the life and failure times have identical distributions [40,41].



Based on these assumptions, we can describe the failure process for a (system) navigation structure as [40,41]:


  U =  {    1    for     Z n ″  ≤ t <  Z  n + 1  ′      0    for     Z  n + 1  ′  ≤ t <  Z  n + 1  ″         for    n = 0 , 1 , …  



(2)







The status   α  ( t )  = 1   denotes that at the moment  t , the single measurement error was smaller than or equal to the value of the allowable position error  U , determined according to Equation (1). Otherwise, for    δ n  > U  , let us assume that the system has a failure status [40,41].



According to [40], the final form of availability is defined as the relationship:


  A  ( t )  = 1 − F  ( t )  +    ∫ 0 t    [  1 − F  (  t − x  )   ]  d     H Φ   ( x )   



(3)




where:


   H Φ   ( x )  =   ∑  n = 1  ∞    Φ n   ( x )     



(4)




is a function of the renewal stream, constituted by the renewal moments of the navigation system complying with a specific operation type, while    Φ n   ( t )    is a distribution function of the random variable    Z n ″   .



In navigation applications, it is most frequently assumed that the distributions of life and failure times are exponential, hence their probability density functions can be expressed using commonly known formulas [42], such as:


  f  ( t )  =  {      λ ⋅  e  − λ ⋅ t      for    t > 0       0    for    t ≤ 0        



(5)






  g  ( t )  =  {      μ ⋅  e  − μ ⋅ t      for    t > 0       0    for    t ≤ 0        



(6)




with the following respective distribution functions:


  F  ( t )  =  {      1 −  e  − λ ⋅ t      for    t > 0       0    for    t ≤ 0        



(7)






  G  ( t )  =  {      1 −  e  − μ ⋅ t      for    t > 0       0    for    t ≤ 0        



(8)




where:




	
  f  ( t )   —life time probability density function;



	
  g  ( t )   —failure time probability density function;



	
 λ —failure rate;



	
 μ —renewal rate.








When these assumptions are adopted, the final form of the availability can be noted as [40]:


   A  exp    ( t )  = 1 − F  ( t )  +    ∫ 0 t    [  1 − F  (  t − x  )   ]  d     H Φ   ( x )  =  e  − λ ⋅ t   +    ∫ 0 t    [  1 −  (  1 −  e  − λ ⋅  (  t − x  )     )   ]  d     H Φ   ( x )   



(9)




and for the limit value:


   A  exp    ( t )  =  μ  λ + μ   +  λ  λ + μ   ⋅  e  −  (  λ + μ  )  ⋅ t    



(10)







The transition from Equations (9) and (10) was omitted due to the computational complexity. It was presented in detail on pages 35–37 of the publication [40].



The proposed model will be further used for working out the measurement data recorded in real time by five GNSS geodetic receivers during the measurement journeys along the same route. The measurements were divided into three parts, in which RTK corrections from GPS satellites were used initially, then from GPS/GLONASS satellites, and finally from GPS/GLONASS/Galileo satellites.





3. Results


Data sets were obtained, over six journeys, from five receivers of the same type. They recorded the measurement results [point number, measurement time and two-dimensional Cartesian coordinates in the PL-2000 (national coordinate system used in Poland) [43], normal height of a point in the Kronstadt vertical coordinate system (PL-KRON86-NH) [43], DOP (Dilution of Precision), NoS and mean error of the horizontal and vertical coordinates], saving them as text files. Each receiver recorded three measurement files, which refer to measurements made with RTK corrections in the following variants: GPS, GPS/GLONASS and GPS/GLONASS/Galileo.



In the next stage of measurement data preparation, measurements from five receivers of the same type were brought into common time intervals (all receivers had to register position data within a set period of time). Table 2 presents the times of starting and finishing measurements by receivers T1–T5 at three settings (GPS, GPS/GLONASS and GPS/GLONASS/Galileo). Each measurement included two full rounds of the test loop.



The following part of the paper presents an analysis of the receivers of the T producer. Subsequently, the measurement results were worked out statistically. This was done to determine the mean values of three parameters, the mean value of the NoS used, and the mean and minimum PDOP value. The aim was to compare those values for three GNSS solutions (GPS, GPS/GLONASS and GPS/GLONASS/Galileo). The results are presented in Table 3 and Table 4.



The results presented in Table 3 compare the selected parameters from two measurement series, taken, with RTK corrections, in the following variants: GPS and GPS/GLONASS. They show clearly that the use of the GNSS geodetic network, which sends corrections from two systems (GPS/GLONASS) rather than from one (GPS), improves greatly the satellite signal availability. The NoS increased by five, on average, which accounts for 76.82% of the constellation. As an obvious consequence of the situation, the mean PDOP coefficient decreased by 8.83%.



Another comparison of the selected parameters (PDOP and mean NoS) was used for the measurements where the GPS/GLONASS and GPS/GLONASS/Galileo solutions were employed (Table 4).



The statistical results presented here increased the mean number of the available satellites by two, which corresponds to an increase of 15.99%. However, analyses of the mean value of the PDOP are apparently surprising, because an increase in the NoS used in the measurements should result in a decrease in the mean PDOP [44]. In the conducted studies, the reverse tendency occurred such that, despite the increase in the NoS (from 11.38 to 13.2), the mean PDOP increased (from 2.38 to 2.87), which resulted in the deterioration of the positioning accuracy of the two-system solution (GPS/GLONASS) compared to the three systems (GPS/GLONASS/Galileo). The process of seeking the cause of this involved sorting the PDOP values for the GPS/GLONASS and GPS/GLONASS/Galileo solutions (Figure 6).



The tables show that use of three systems created such geometric conditions, with regards to the signal reception, that many more measurements of large PDOP values appeared, which had a decisive impact on the mean PDOP, determined in Table 4.



The main aim of this study is to determine the positioning availability at three levels of accuracy, 1 cm (deformation) 3 cm (stocktaking) and 10 cm (design), for three operation modes of the GNSS system, GPS, GPS/GLONASS and GPS/GLONASS/Galileo. The mathematical model developed earlier was used in the analyses. Table 5 shows the examination results for the vertical error in a 1D space.



The following conclusions can be drawn from Table 5 regarding 1D positioning:




	
GPS—No availability for the 1-cm threshold. Low availability for the 3-cm level (38.72%) and high availability for the 10-cm level (94.24%);



	
GPS/GLONASS—No availability for the 1-cm threshold. Medium availability for the 3-cm level (79.04%) and high availability for the 10-cm level (98.52%);



	
GPS/GLONASS/Galileo—No availability for the 1-cm threshold. Medium availability for the 3 cm level (78.89%) and high availability for the 10-cm level (97.43%);



	
A considerable increase in availability when two- (GPS/GLONASS) and three-system (GPS/GLONASS/Galileo) solutions are applied, compared to the GPS solution for the 3-cm level;



	
Absence of a significant increase in availability when two- (GPS/GLONASS) or three-system (GPS/GLONASS/Galileo) solutions are applied.








Studies concerning 2D position errors are presented in Table 6.



The following conclusions can be drawn from Table 6 regarding 2D positioning:




	
GPS—No availability for the 1-cm threshold. Medium availability for the 3-cm level (80.27%) and high availability for the 10-cm level (95.91%);



	
GPS/GLONASS—Low availability for the 1-cm threshold. High availability for the 3-cm level (89.03%) and the 10-cm level (99.19%);



	
GPS/GLONASS/Galileo—Low availability for the 1-cm threshold. High availability for the 3-cm level (91.52%) and the 10-cm level (98.63%);



	
A considerable increase in availability when two- (GPS/GLONASS) and three-system (GPS/GLONASS/Galileo) solutions are applied compared to the GPS solution for the 1-cm level;



	
Absence of a significant increase in availability when two- (GPS/GLONASS) or three-system (GPS/GLONASS/Galileo) solutions are applied.








Studies concerning 3D position errors are presented in Table 7.



The following conclusions can be drawn from Table 7 regarding 3D positioning:




	
GPS—No availability for the 1-cm threshold. Low availability for the 3-cm level (17.55%) and high availability for the 10-cm level (92.83%);



	
GPS/GLONASS—No availability for the 1-cm threshold. Medium availability for the 3-cm level (64.65%) and high availability for the 10-cm level (98.12%);



	
GPS/GLONASS/Galileo—No availability for the 1-cm threshold. Medium availability for the 3-cm level (70.69%) and high availability for the 10-cm level (96.48%);



	
A considerable increase in availability when two- (GPS/GLONASS) and three-system (GPS/GLONASS/Galileo) solutions are applied compared to the GPS solution for the 3-cm level;



	
Absence of a significant increase in availability when two- (GPS/GLONASS) or three-system (GPS/GLONASS/Galileo) solutions are applied.









4. Discussion


First, let us consider those parameters which have a considerable impact on the measurement accuracy: the NoS used in positioning and the PDOP values of the measurements. Table 8 shows the graphs presenting these variables as a function of time for five receivers of the T producer (table rows), which were compared with three GNSS solutions, GPS, GPS/GLONASS and GPS/GLONASS/Galileo (table columns).



The results show that the PDOP values for the GPS operation mode, and their variability, are much higher than in the other two cases. Moreover, the NoS used for positioning ranges between five and eight. The PDOP exceeds two most of the time, and a change of the satellites followed (even by one) has a significant impact on the PDOP. It is clear for the GPS/GLONASS and GPS/GLONASS/Galileo solutions that the variability of the NoS followed increases; it is 5–16 for the GPS/GLONASS solution, and as many as 6–20 for the GPS/GLONASS/Galileo solution. Therefore, a fundamental question arises—does adding a third system (Galileo) result in a significant improvement of the measurement accuracy? To this end, 3D, 2D and 1D position errors are analysed as a function of time. Table 9 shows the graphs presenting these variables as a function of time for five receivers of the T producer (table rows), which were compared with the three GNSS solutions, GPS, GPS/GLONASS and GPS/GLONASS/Galileo (table columns).



It is noticeable that 3D, 2D and 1D error positions in the GPS operation mode deviate considerably from the other results for the GPS/GLONASS and GPS/GLONASS/Galileo modes. On the other hand, two- and three-system solutions ensure lower values and variability. A comparison of results from the GPS/GLONASS and GPS/GLONASS/Galileo solutions shows that they are very similar. Insignificant differences (to the advantage of the GPS/GLONASS/Galileo solution) can be noted in the measurements from 800 s to 1300 s, where the three-system solution gives slightly smaller errors in a moderately urbanised area.



Based on the analyses and research carried out, the following conclusions can be drawn:




	
3D analysis—application of a two- or three-system GNSS solution considerably increases the positioning availability for the 3-cm threshold compared to the GPS solution, by 47.1% for GPS/GLONASS and 53.14% for GPS/GLONASS/Galileo;



	
2D analysis—two- or three-system GNSS solutions considerably increase the positioning availability for the 1-cm threshold, by 19.61% for GPS/GLONASS and 35.56% for GPS/GLONASS/Galileo. Moreover, the application of the GPS/GLONASS/Galileo solution considerably increases (by 15.95%) the positioning availability for the 1-cm threshold, compared to the GPS/GLONASS solution;



	
1D analysis—it is worth using multi-GNSS receivers in height measurements, because the positioning availability for the 3-cm threshold considerably increased compared to the GPS solution. A two- and three-system GNSS solution considerably increases the positioning accuracy, compared to the GPS solution, by approximately 40%;



	
Absence of a significant increase in availability when two- (GPS/GLONASS) or three-system (GPS/GLONASS/Galileo) solutions are applied for 3D, 2D and 1D positioning.









5. Conclusions


This study has shown that the rapid development of GNSS techniques, manifesting itself in recent years in the construction of new positioning systems and the modernisation of existing ones, as well as the implementation of new technical solutions for satellite positioning, makes them usable for increasingly precise position determination, also in the kinematic mode.



The study has confirmed that using additional positioning systems is justified. According to a well-known rule, each new satellite increases the measurement availability and the solution reliability. This effect is also clearly noticeable in the current study, in the transition from one-system GPS solution to the two-system GPS/GLONASS one. However, it is much less noticeable in the transition from a two-system to a three-system GPS/GLONASS/Galileo solution. This stems from the fact that these are independent systems, with systematic differences between them. Moreover, Galileo is a new system compared to the other two, it is still under construction, and as such it is not yet fully operational.



To sum up, the most important benefits of using a multi-GNSS system over a single-GNSS solution are:




	
It improves the solution availability in signal-obstructed areas, such as urban canyons, or when a GNSS receiver is not ideally located on the object being positioning, e.g., inside a car [44,45,46];



	
It reduces DOP values, which results in more accurate position estimates [47]. For example, doubling the NoS can decrease the DOP value by 29% [44];



	
Using more satellites will enhance the statistical reliability of the system. This means that the multi-GNSS solution is more likely (in terms of probability) to identify a measurement blunder of a certain magnitude than is a single-GNSS solution [44];



	
It improves the Time to First Fix (TTFF), a measure of the time needed for a GNSS receiver to determine its location [46].
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Figure 1. Mobile Measurement Platform (MMP) (a) with the layout of the measuring devices (b). 
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Figure 2. The diagram of the MMP: 1—rails, 2—points of forced centring of a Global Navigation Satellite System (GNSS) receiver, 3—platform wheels, di—distances between the GNSS centring points. 
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Figure 3. The MMP (a), mounting frames of GNSS receivers (b), L manufacturer’s receiver (c) and T manufacturer’s receiver (d). 
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Figure 4. The layout of the test loop (a) divided into different measurement sections: sections A and B—open area (b), sections C and F—typical urban development (c) and densely built-up sections D and E (d). 
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Figure 5. The operational statuses: life (a system’s ability to satisfy the positioning requirements for operation types) and failure (an opposite event). Own study based on: [40]. 
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Figure 6. Sorted values of PDOP (the largest values at the table bottom) for the GPS/GLONASS (a) and GPS/GLONASS/Galileo measurements (b). 
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Table 1. The technical details of the GNSS receivers used in the study.
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	Parameter
	L Receiver
	T Receiver





	Signal tracking
	GPS: L1, L2, L2C, L5

GLONASS: L1, L2, L2C, L3

BDS: B1, B2, B3

Galileo: E1, E5A, E5B, AltBOC, E6

SBAS: EGNOS, GAGAN, MSAS, QZSS, WAAS
	GPS: L1C/A, L1C, L2C, L2E, L5

GLONASS: L1C/A, L1P, L2C/A, L2P, L3

BDS: B1, B2, B3

Galileo: E1, E5A, E5B, E5 AltBOC

SBAS: EGNOS, GAGAN, MSAS, QZSS, WAAS



	Real Time Kinematic (RTK) accuracy
	Single baseline: Hz 8 mm + 1 ppm/V 15 mm + 1 ppm

Network RTK: Hz 8 mm + 0.5 ppm/V 15 mm + 0.5 ppm
	Single baseline < 30 km: Hz 8 mm + 1 ppm Root Mean Square (RMS)/V 15 mm + 1 ppm RMS

Network RTK: Hz 8 mm + 0.5 ppm RMS/V 15 mm + 0.5 ppm RMS



	Post-processing accuracy
	Static with long observations: Hz 3 mm + 0.1 ppm/V 3.5 mm + 0.4 ppm

Static and rapid static: Hz 3 mm + 0.5 ppm/V 5 mm + 0.5 ppm
	Static GNSS surveying, high-precision: Hz 3 mm + 0.1 ppm RMS/V 3.5 mm + 0.4 ppm RMS

Static and fast static: Hz 3 mm + 0.5 ppm RMS/V 5 mm + 0.5 ppm RMS










 





Table 2. Time of starting and finishing measurements by the GNSS receivers (T1–T5), based on which the common time interval, was determined.
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Measurement Time

	
Number of GNSS Receiver of Manufacturer T

	
Common Measurement Time for T1–T5




	
T1

	
T2

	
T3

	
T4

	
T5






	
GPS




	
Beginning

	
01:11:05

	
01:10:52

	
01:11:11

	
01:11:14

	
01:11:18

	
01:11:18




	
End

	
01:50:59

	
01:51:02

	
01:51:06

	
01:51:37

	
01:51:50

	
01:51:50




	
GPS/GLONASS




	
Beginning

	
02:42:28

	
02:42:13

	
02:42:32

	
02:42:36

	
02:42:35

	
02:42:36




	
End

	
03:23:07

	
03:23:05

	
03:23:12

	
03:23:18

	
03:23:13

	
03:23:18




	
GPS/GLONASS/Galileo




	
Beginning

	
02:01:25

	
02:01:06

	
02:01:19

	
02:01:17

	
02:01:14

	
02:01:25




	
End

	
02:31:51

	
02:31:36

	
02:31:55

	
02:31:58

	
02:31:59

	
02:31:59











 





Table 3. The mean and minimum Position Dilution of Precision (PDOP) and the Number of Satellites (NoS) used by the five GNSS geodetic receivers (T1–T5) in measurements during the journeys, with the use of RTK corrections from Global Positioning System (GPS) and GPS/Global Navigation Satellite System (GLONASS) satellites.






Table 3. The mean and minimum Position Dilution of Precision (PDOP) and the Number of Satellites (NoS) used by the five GNSS geodetic receivers (T1–T5) in measurements during the journeys, with the use of RTK corrections from Global Positioning System (GPS) and GPS/Global Navigation Satellite System (GLONASS) satellites.





	
GPS

	
GPS/GLONASS






	
Parameter

	
T1

	
T2

	
T3

	
T4

	
T5

	
Mean

	
T1

	
T2

	
T3

	
T4

	
T5

	
Mean




	
Mean PDOP

	
2.41

	
2.5

	
3.37

	
2.39

	
2.36

	
2.61

	
2.51

	
2.2

	
2.7

	
2.21

	
2.26

	
[image: Energies 13 03646 i001] 2.38 (−8.83%)




	
Min. PDOP

	
1.9

	
1.9

	
1.9

	
1.9

	
1.9

	
1.9

	
1.2

	
1.2

	
1.2

	
1.2

	
1.2

	
[image: Energies 13 03646 i001] 1.2 (−36.84%)




	
Mean NoS

	
6.61

	
6.5

	
5.83

	
6.59

	
6.65

	
6.44

	
11.3

	
11.5

	
11.0

	
11.6

	
11.5

	
[image: Energies 13 03646 i002] 11.38 (+76.82%)











 





Table 4. The mean and minimum PDOP and the NoS used by the five GNSS geodetic receivers (T1–T5) in measurements during the journeys, with the use of RTK corrections, from GPS/GLONASS and GPS/GLONASS/Galileo satellites.






Table 4. The mean and minimum PDOP and the NoS used by the five GNSS geodetic receivers (T1–T5) in measurements during the journeys, with the use of RTK corrections, from GPS/GLONASS and GPS/GLONASS/Galileo satellites.





	
GPS/GLONASS

	
GPS/GLONASS/Galileo






	
Parameter

	
T1

	
T2

	
T3

	
T4

	
T5

	
Mean

	
T1

	
T2

	
T3

	
T4

	
T5

	
Mean




	
Mean PDOP

	
2.51

	
2.2

	
2.7

	
2.21

	
2.26

	
2.38

	
2.62

	
2.84

	
2.68

	
2.7

	
3.5

	
[image: Energies 13 03646 i002] 2.87 (+20.71%)




	
Min. PDOP

	
1.2

	
1.2

	
1.2

	
1.2

	
1.2

	
1.2

	
1.2

	
1.2

	
1.2

	
1.2

	
1.4

	
[image: Energies 13 03646 i002] 1.24 (+3.33%)




	
Mean NoS

	
11.3

	
11.5

	
11.0

	
11.6

	
11.5

	
11.38

	
14

	
14

	
13

	
14

	
11

	
[image: Energies 13 03646 i002] 13.2 (+15.99%)











 





Table 5. Availability of 1D positions with errors not exceeding 1 cm, 3 cm and 10 cm for the three positioning solutions, GPS, GPS/GLONASS and GPS/GLONASS/Galileo.
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GNSS Solution

	
Max Error

	
Availability of a 1D Position [%]

	
Relative Availability [+/− %]




	
T1

	
T2

	
T3

	
T4

	
T5

	
Mean

	
GPS vs. GPS/GLO

	
GPS vs. GPS/GLO/Gal

	
GPS/GLO vs. GPS/GLO/Gal






	
GPS

	
1 cm

	
0

	
0

	
0

	
0

	
0

	
0

	

	

	




	
3 cm

	
56.49

	
40.3

	
52.37

	
21.13

	
23.33

	
38.72




	
10 cm

	
95.64

	
93.9

	
88.48

	
95.48

	
97.71

	
94.24




	
GPS/GLONASS

	
1 cm

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	




	
3 cm

	
82.79

	
74.76

	
76.54

	
81.6

	
79.5

	
79.04

	
[image: Energies 13 03646 i002] 40.32




	
10 cm

	
98.56

	
98.56

	
98.33

	
98.85

	
98.28

	
98.52

	
[image: Energies 13 03646 i002] 4.28




	
GPS/GLONASS/Galileo

	
1 cm

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0




	
3 cm

	
90.94

	
73.52

	
73.53

	
79.52

	
76.95

	
78.89

	
[image: Energies 13 03646 i002] 40.17

	
[image: Energies 13 03646 i001] −0.15




	
10 cm

	
99.65

	
97.91

	
97.18

	
98.92

	
93.47

	
97.43

	
[image: Energies 13 03646 i002] 3.19

	
[image: Energies 13 03646 i001] −1.09











 





Table 6. Availability of 2D positions with errors not exceeding 1 cm, 3 cm and 10 cm for the three positioning solutions, GPS, GPS/GLONASS and GPS/GLONASS/Galileo.
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GNSS Solution

	
Max Error

	
Availability of a 2D Position [%]

	
Relative Availability [+/− %]




	
T1

	
T2

	
T3

	
T4

	
T5

	
Mean

	
GPS vs. GPS/GLO

	
GPS vs. GPS/GLO/Gal

	
GPS/GLO vs. GPS/GLO/Gal






	
GPS

	
1 cm

	
0

	
0

	
0

	
0

	
0

	
0

	

	

	




	
3 cm

	
85.72

	
80.37

	
84.12

	
73.71

	
77.44

	
80.27




	
10 cm

	
97.77

	
94.22

	
90.77

	
98.19

	
98.62

	
95.91




	
GPS/GLONASS

	
1 cm

	
26.1

	
19.68

	
21.37

	
14.51

	
16.38

	
19.61

	
[image: Energies 13 03646 i002] 19.61

	

	




	
3 cm

	
87.93

	
84.12

	
88.08

	
95.82

	
89.21

	
89.03

	
[image: Energies 13 03646 i002] 8.76




	
10 cm

	
98.81

	
99.56

	
98.93

	
99.4

	
99.27

	
99.19

	
[image: Energies 13 03646 i002] 3.28




	
GPS/GLONASS/Galileo

	
1 cm

	
51.06

	
29.3

	
33.06

	
43.69

	
20.67

	
35.56

	

	
[image: Energies 13 03646 i002] 35.56

	
[image: Energies 13 03646 i002] 15.95




	
3 cm

	
97.79

	
88.26

	
88.23

	
92.25

	
91.09

	
91.52

	
[image: Energies 13 03646 i002] 11.25

	
[image: Energies 13 03646 i002] 2.49




	
10 cm

	
99.88

	
99.3

	
99.08

	
99.71

	
95.18

	
98.63

	
[image: Energies 13 03646 i002] 2.72

	
[image: Energies 13 03646 i001] −0.56











 





Table 7. Availability of 3D positions with errors not exceeding 1 cm, 3 cm and 10 cm for the three positioning solutions, GPS, GPS/GLONASS and GPS/GLONASS/Galileo.
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GNSS Solution

	
Max Error

	
Availability of a 3D Position [%]

	
Relative Availability [+/− %]




	
T1

	
T2

	
T3

	
T4

	
T5

	
Mean

	
GPS vs. GPS/GLO

	
GPS vs. GPS/GLO/Gal

	
GPS/GLO vs. GPS/GLO/Gal






	
GPS

	
1 cm

	
0

	
0

	
0

	
0

	
0

	
0

	

	

	




	
3 cm

	
27.95

	
21.08

	
23.09

	
7.7

	
7.93

	
17.55




	
10 cm

	
94.74

	
90.73

	
87.67

	
94.26

	
96.74

	
92.83




	
GPS/GLONASS

	
1 cm

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	

	




	
3 cm

	
71.23

	
65.61

	
60.83

	
65.09

	
60.50

	
64.65

	
[image: Energies 13 03646 i002] 47.1




	
10 cm

	
98.05

	
97.96

	
98.08

	
98.8

	
97.73

	
98.12

	
[image: Energies 13 03646 i002] 5.29




	
GPS/GLONASS/Galileo

	
1 cm

	
0

	
0

	
0

	
0

	
0

	
0

	

	
0

	
0




	
3 cm

	
74.26

	
66.35

	
67.5

	
74.32

	
71.03

	
70.69

	
[image: Energies 13 03646 i002] 53.14
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10 cm

	
99.25

	
96.24

	
96.72

	
98.41

	
91.76

	
96.48

	
[image: Energies 13 03646 i002] 3.65

	
[image: Energies 13 03646 i001] −1.64











 





Table 8. The NoS used and PDOP values recorded by five receivers of the T producer for the three GNSS solutions, GPS, GPS/GLONASS and GPS/GLONASS/Galileo.
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Table 9. 3D, 2D and 1D position errors recorded by five receivers of the T producer for the three GNSS solutions, GPS, GPS/GLONASS and GPS/GLONASS/Galileo.






Table 9. 3D, 2D and 1D position errors recorded by five receivers of the T producer for the three GNSS solutions, GPS, GPS/GLONASS and GPS/GLONASS/Galileo.





	T
	GPS
	GPS/GLONASS
	GPS/GLONASS/Galileo





	1
	[image: Energies 13 03646 i018]
	[image: Energies 13 03646 i019]
	[image: Energies 13 03646 i020]



	2
	[image: Energies 13 03646 i021]
	[image: Energies 13 03646 i022]
	[image: Energies 13 03646 i023]



	3
	[image: Energies 13 03646 i024]
	[image: Energies 13 03646 i025]
	[image: Energies 13 03646 i026]



	4
	[image: Energies 13 03646 i027]
	[image: Energies 13 03646 i028]
	[image: Energies 13 03646 i029]



	5
	[image: Energies 13 03646 i030]
	[image: Energies 13 03646 i031]
	[image: Energies 13 03646 i032]











© 2020 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 (http://creativecommons.org/licenses/by/4.0/).



























media/file13.jpg
sort(PDOP) =

2290

2291

6.1

2292

6.1

2293

6.1

2294

6.2

2295

6.3

2296

6.5

2297

6.6

2298

2299

7.1

2300

7.1

2301

8.1

2302

9.3

2303

34.8

2304

349

2305

()

sort(PDOP) =

1721

143

1722

14.7

1723

219

1724

219

1725

24.2

1726

25.1

1727

313

1728

313

1729

317

1730

31.7

172

39.2

1732

56.3

1733

56.6

1734

57

1735

57.3

1736






media/file4.png
-2.24-

. O i

8 %jo s} o e} =
® ° o . —

Legend

E — GNSS controller
. — Emergency vehicle lighting
® - GNSSreceiver

. — Satellite compass antenna

(b)





media/file27.png





media/file43.png
10
e
=y

e

o

= 0
Measurement [-]





media/file18.png





media/file44.png
10,
e
20 (e of
10






media/file26.png
i

mwx W‘MWJ
ol ¥
1





media/file35.png
10
spem
20iem)

B10gem






media/file7.jpg





media/file28.png
H
e

st
i
=

1





media/file10.png
A

- |






media/file19.png
0,
e i
=
00 1000 2000
o





media/file45.png
850
iy,
o0 e}

Messwemanit]





media/file11.jpg





media/file6.png
track axis






media/file36.png
10/
&0 (em)
20 e 4f
10 (em)






nav.xhtml


  energies-13-03646


  
    		
      energies-13-03646
    


  




  





media/file41.png
mw
e
10 (e





media/file37.png
10
e
w20pem
B10Lem





media/file24.png





media/file1.jpg
(@)





media/file12.png
A
o)
ap]
X
- ----- e
Yn./_
----Q----- o
o
X
--@----- 0
Y1
-0 ----- o
4
«———
o - o





media/file3.png
—
.

ll-ii" i‘: TATEL

Hm I T E R EEERE

(a)





media/file9.jpg
@

®)

@






media/file42.png
10,
0 fem)

w20
=

000
Measuromant ()





media/file38.png





media/file25.png
20

=, W\h,‘w‘ﬁ '1"-.*.

. .A':.ui»j&&

el
e





media/file30.png
dosn [Py M]
28T ddli L

o

Messroment ]





media/file31.png





media/file39.png
50 em)

=
B10em

20 o)

0

B

o

%0
Messurement ]





media/file22.png





media/file23.png





media/file40.png
1«
s0kem
0

@20l

a0






media/file15.png





media/file32.png





media/file14.png
sort(PDOP) =

2290

2291

6.1

2492

6.1

2293

6.1

2294

6.2

2255

6.3

2296

6.5

22917

6.6

2298

22599

7.1

2300

7.1

2301

8.1

2302

9.3

2303

34.8

2304

34.9

2305

(a)

sort(PDOP) =

1721

14.3

1722

14.7

1723

21.9

1724

21.9

1725

24.2

1726

25.1

1727

31.3

1728

31.3

1729

31.7

1730

31.7

1731

39.2

1732

56.3

1733

56.6

1734

57

1735

57.3

1736

(b)






media/file2.jpg
[

Lognd
0 - oscomon
© - Erory it
® - s
@ - suevecompms e

(b)





media/file46.png
0 (em)
20 |






media/file29.png
£
LT
Poorts
I Y
% 1000
st





media/file16.png





media/file20.png
nes(]
feidcy





media/file5.jpg





media/file33.png





media/file47.png
10
een
20| Fm‘ s

1000
-





media/file17.png





media/file8.png





media/file34.png
woen”

Dien 7

_\_






media/file21.png





