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Abstract

:

The performance of real-time precise point positioning (PPP) relies primarily on the availability and quality of orbit and clock corrections. In this research, we collected data streams from 12 real-time mount points of IGS Real-Time Service (RTS) or analysis centers for a one-month period and conducted a performance assessment, including product latency and data availability, accuracy of orbit, clock and positioning performance. The epoch availability of GPS, GLONASS, Galileo and BDS was more than 98.5%, 95.79%, 94.20% and 85.9%, respectively. In addition, the orbit and clock errors of different real-time corrections was investigated. Then, PPP in static and kinematic for 16 IGS stations was conducted. The results show the real-time PPP for different products has a longer convergence time and a slightly worse accuracy than those of the post-processing PPP. For static PPP over 24 h, the real-time products of WHU had the best performance, with a mean RMSE of 1.0 cm in the horizontal and vertical directions and a median convergence time of 12.0 min. The products of CAS had the faster convergence speed due to the shortest product latency. Regarding real-time kinematic PPP for GPS only in an hourly batch, the real-time products of WHU and ESA performed best with a mean RMSE of 10.8 cm and 9.5 cm in the horizontal and vertical directions, respectively. Additionally, the PPP for different real-time products with the multi-GNSS combination obtained higher accuracy than those with GPS only in post-processing or real-time mode, and the PPP with the GPS/GLONASS/Galileo/BDS combination had the fastest convergence speed and best positioning performance. The hourly based kinematic PPP results of CAS, DLR, GFZ and WHU with the GREC combination had positioning errors smaller than 5.2 cm.
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1. Introduction


Precise Point Positioning (PPP) is a widely used technology and can achieve centimeter-level or even millimeter-level positioning accuracy for a receiver anywhere in the world by applying precise orbit and clock products from the International GNSS Service (IGS) agency or analysis centers (ACs) [1,2,3,4,5]. In order to satisfy the needs for real-time data processing and application, the IGS Real-Time Work Group (RTWG) was established in 2001, and started the Real-Time Service (RTS) which has officially operated since 2013 [6,7,8,9]. The RTS provides orbit and clock corrections for GPS and GLOASS dual-systems based on RTCM (Radio Technical Commission for Maritime Services) and NTRIP (Networked Transport of RTCM via Internet Protocol) [10,11,12,13]. In addition, considering the continuous improvement of the GNSS network, IGS started “Multi GNSS Experiment” (MGEX) to integrate tracking and analysis of all satellites navigation systems into IGS activities [14]. With the development of Galileo and BDS, CNES has become the first analysis center with four-system state space representation (SSR) corrections (IGSMAIL-7183). At present, the RTS products include BKG (Bundesamt für Kartographie und Geodäsie), CAS (The Institute of Geodesy and Geophysics (IGG) of the Chinese Academy of Sciences), CNES (Centre National d’Etudes Spatiales), DLR (Deutsches Zentrum fur Luft-und Raumfahrt), ESA (European Space Agency), GFZ (Deutsches GeoForschungsZentrum) [15], GMV (GMV Aerospace and Defense), NRC (Natural Resources Canada), WHU (Wuhan University) and the combined IGS products [16]. Regarding the combined IGS products, two different strategies are used for combining three IGS RTS products, i.e., IGS01, IGS02 and IGS03. IGS01 is single-epoch combination solution [7,8]. IGS02 and IGS03 are Kalman Filter combination solutions [8,17]. Specifically, IGS01 supports only the GPS constellation, while IGS02 supports the GPS, GLONASS and Galileo constellations, and IGS03 is an experimental product for the GPS, GLONASS, Galileo and BDS constellations.



Some studies have researched the quality of real-time corrections [8,9,12,13,18,19,20,21,22,23,24,25,26,27], but most assessments focus on a single data stream or only GPS constellation. Especially as more analysis centers start to provide BDS-3 satellites corrections, it is necessary to investigate the performance of the multi-GNSS real-time products from various ACs. This research focuses on the comprehensive evaluation of the multi-GNSS real-time products of IGS RTS. In Section 2, the methods of the generation of real-time satellite orbit and clock products from SSR are introduced. Section 3 and Section 4 evaluate the data availability, latency and accuracy of real-time products based on one month of data. Section 5 reports on the precise point positioning experiment that aimed to evaluate the convergence and accuracy of positioning performance. The conclusions are summarized in the conclusions section.




2. Methods


2.1. Matching the Issue of Data (IOD)


Real-time RTCM-SSR corrections are aligned to special broadcast ephemeris by using IOD in SSR orbit and clock messages. The IOD value for GPS and Galileo is directly equal to the issue of data ephemeris (IODE) from navigation data [25]. However, for GLONASS and BDS, the IOD is derived from broadcast ephemeris. The IOD for GLONASS is calculated as [28]:


  I O  D  G L O N A S S   =   M O D   S o  D  b r d c   + 3 × 3600 , 86400     900    



(1)




where   S o  D  b r d c     is the seconds of day in UTC from the reference time of broadcast ephemeris; the range of     IOD   G L O N A S S     is between 1~95.



The IOD for BDS is calculated as [28]:


  I O  D  B D S   = M O D     M O D   T O  E  b r d c   , 604800     720   ,   240    



(2)




where   T O  E  b r d c     denotes the seconds of week, that is, ephemeris reference time, and the range of     IOD   B D S     is between 0~235.



It is worth noting that the reference time of ephemeris (TOE) parameter of decoded the BDS broadcast may be greater than 604,800 at the beginning of a week, which will lead to a mismatch of IOD between SSR products and broadcast ephemeris. Therefore, the IOD for BDS RTCM-SSR needs to be reprocessed before matching, and we assume the IOD for BDS RTCM-SSR is switched within ten minutes after a new ephemeris is updated. The real-time reprocessing method for the IOD for BDS RTCM-SSR is listed in the following:


  I O  D  S S R   =       I O  D  S S R   − 120 ,     0 < T O  E  S S R   ≤     86400   a n d     I O  D  S S R   ≥ 120       I O  D  S S R   − 120 ,     86400 < T O  E  S S R   <   87000   a n d     I O  D  S S R   ≠ 120       I O  D  S S R   ,     O t h e r w i s e        



(3)




where   I O  D  S S R     is the original or reprocessed IOD of BDS SSR products;     T O  E  S S R     is the seconds of week of RTCM-SSR corrections. Certainly,     I O D   S S R     is equal to the original value from real-time RTCM-SSR streams when   T O  E  S S R     is not within the specific time range.




2.2. Real-Time Orbit and Clock Recovery


The real-time RTCM-SSR corrections can be expressed as:


  S S R    t 0  , I O D   =   δ r , δ a , δ c , δ  r ˙  , δ   a    ˙  , δ   c    ˙  ,  A 0  ,  A 1  ,  A 2     



(4)




where    t 0    is the reference time obtained from SSR corrections.     δ r , δ a , δ c     are the orbit corrections in radial, along-track, cross-track components, respectively.   ( δ  r ˙  , δ   a    ˙  , δ   c    ˙  )   are the velocity of orbit corrections in three components, respectively.      A 0  ,  A 1  ,  A 2      are the polynomial coefficients of clock corrections. Complete orbit correction vector   δ o r b   is computed as [28]:


        δ o r b =        e  r a d i a l          e  a l o n g          e  c r o s s         ×       δ r       δ a         δ c       +        e  r a d i a l          e  a l o n g          e  c r o s s         ×       δ  r ˙        δ   a    ˙        δ   c    ˙        ×   t −  t 0                 e  r a d i a l          e  a l o n g          e  c r o s s         =         r ˙     r ˙     ×   r ×  r ˙      r ×  r ˙              r ˙     r ˙             r ×  r ˙      r ×  r ˙                   



(5)




where   r ,  r ˙    are the satellite positions and velocity vector at epoch t calculated by broadcast ephemeris, respectively. (   e  r a d i a l   ,    e  a l o n g     ,    e  c r o s s      ) are the unit vectors in radial, along-track, and cross-track components, respectively. Finally, the corrected satellite position can be expressed as [28]:


  X =  X  b r d c   + δ o r b  



(6)




where  X  denotes the satellite positions;    X  b r d c     denotes the satellite positions at epoch t calculated by broadcast ephemeris.



Similarly, the satellite clock is corrected as follows [28].


        δ c l k =  A 0  +  A 1    t −  t 0    +    A 2      t −  t 0     2        C l k = C l  k  b r d c   +   δ c l k  c         



(7)




where   δ c l k   denotes the correction of the satellite clock;   C l k   is the precise satellite clock used for precise point positioning;   C l  k  b r d c     is the satellite clock at epoch    t 0    calculated by broadcast ephemeris; and c is the speed of light in meter per second in the vacuum.





3. Latency and Availability of SSR Products


Real-time PPP relies on high-precision orbit and clock products. However, apart from the errors of real-time products themselves, the latency of real-time products may introduce additional prediction errors. Furthermore, the data availability of real-time products influences the continuity and stability of RT-PPP solutions. Therefore, the latency and data availability for real-time products was first assessed.



In order to investigate the performance of real-time products, one month of SSR data, from DOY 330 to DOY 360 in 2021, of 12 real-time mount points, including BKG, CAS, CNES, DLR, ESA, GFZ, GMV, NRC, WHU, IGS01, IGS02 and IGS03, were recorded using the BNC software [29]. A description of the RTCM-SSR mount points is presented in Table 1, and the statistical results of latency is given. It should be noted that the latency information may be affected by the network environment of receiving, but the results can be still taken as a reference. The IGS products were combined from individual solutions and the latency was larger than the other products. The mean latencies of IGS01, IGS02 and IGS03 were about 30.70 s, 37.50 s and 37.85 s, respectively. The real-time corrections of CAS had the shortest latency with a mean value of 6.18 s among the various ACs. Except for the corrections of IGS, the largest latency was from GMV with a mean value of 18.89 s. In addition, the SSR products of ESA had the smallest STD of 0.81 s over the data collection period, and the largest STD was from IGS01 with a value of 3.38 s. Other SSR products such as BKG, GFZ and GMV also had a large STD value. Even though the difference between STD values seems small, it indirectly showed the number of abnormal latency or interruption which will limit the convergence of kinematic positioning.



Figure 1 presents the epoch availability of SSR corrections; availability of orbit and clock corrections is given separately in consideration of the difference in the update interval for some ACs. The unhealthy satellites, which could be obtained from broadcast ephemeris, such as G11, G28, R11, E14 and E18 were excluded during the experiment. The epoch availability of GPS satellites from various ACs was more than 98.5%, and the highest availability of GPS corrections was from ESA and was 99.75%. For GLONASS, the products of WHU had the lowest epoch availability, at 95.79%, while GFZ had the highest epoch availability, at 99.37%. For Galileo, the epoch availability of IGS02 and IGS03 was obviously lower than other real-time products, and IGS02 had the lowest availability, at 94.20%. As for BDS, the epoch availability of DLR, GFZ and WHU was higher than 98.6%. The epoch availability of CAS and CNES were about 95.1% and 91.4%, respectively. However, IGS03 had the lowest epoch availability, at 85.9%, for the BDS constellation, which could have been due to discontinuities or outlier screening. Furthermore, the epoch availability of clock corrections was almost equal to the availability of orbit corrections for most SSR products as opposed to that of CAS, which showed that the clock corrections of Galileo and BDS from CAS may have more outages.



The number of available satellites per epoch for real-time products is given in Figure 2. There is little difference in the number of available GPS and GLONASS satellites among different SSR products, while the number of available GPS satellites was 29 for all real-time products in the test period. For GLONASS, the average number of available satellites from nine real-time products was 19 or 20. The significant inconsistency among real-time corrections is presented for Galileo and BDS. For most real-time corrections, the number of available Galileo was 22, while the SSR corrections from GFZ contain only 18 Galileo satellites. The SSR corrections of CAS, GFZ and WHU contained 42 BDS satellites, while the products of CNES, DLR and IGS03 contained 25, 27 and 17 BDS satellites, respectively. In general, the maturity of observation network determines the continuity and stability of SSR corrections. GPS satellites had the highest data availability for different SSR corrections; the next were GLONASS satellites, and the last were Galileo and BDS satellites.




4. Accuracy Evaluation of SSR Products


Final precise post-processing products for multi-GNSS from Wuhan University with more than 120 satellites have high consistency with the other final multi-GNSS products [30], thus it was chosen as a reference to evaluate the real-time products. Note that most of the SSR products that are referred to the antenna center have been generated by using a primary frequency center convention instead of the ionospheric-free combination according to IGS SSR format [28]. However, the real-time SSR corrections of NRC still adopted the ionospheric-free combination convention during this period. Furthermore, the products of CAS had an interruption in DOY 346 and restarted in DOY 348 with a conversion of the phase center reference from the L1 center convention to the L1/L2 ionospheric free linear combination. Interestingly, we found that the products of CAS switched back to the single frequency center convention from DOY 97, 2022. For clock comparison, the median of clock errors each epoch was removed as the common offset of clock products.



4.1. GPS Orbit and Clock Corrections


Figure 3 presents the accuracy of GPS SSR products. The radial component of all SSR products was generally better than 2.2 cm. The SSR products were better than 7.7 cm in the along-track and 4.0 cm in the cross-track component. IGS01 had the best performance for GPS orbit, i.e., 1.4, 2.8 and 1.9 cm in radial, along-track and cross-track components, respectively. The STD and RMS of clock errors from 12 SSR products also are shown in Figure 3. The mean STD of the clock errors for all GPS clock products was better than 0.2 ns. The clock corrections of WHU performed the best, with a mean STD of about 0.06 ns, which could be due to better consistency with the reference product. The clock products of CNES, ESA, GMV and IGS01 also achieved similar accuracy, which were better than 0.1 ns.




4.2. GLONASS Orbit and Clock Corrections


Nine mount points provide GLONASS SSR corrections, and Figure 4 shows the accuracy of GLONASS SSR products. The RMS of different GLONASS orbit errors ranged from 3.1 cm to 5.2 cm in the radial, and the products of CNES had the best performance. The accuracy in the other orbit directions of all GLONASS orbit products were at the same level, with an RMS value of about 6.0 cm in the cross-track and 10.0 cm in the along-track direction. For clock comparison, except for that of GMV, the STD of GLONASS clock corrections for different real-time SSR products ranged from 0.20 ns to 0.58 ns. The GLONASS clock corrections of CNES had the best performance, with a mean STD of 0.2 ns. The clock errors of IGS02 and IGS03 had a mean STD of about 0.58 ns, while the worst result was that of GMV with a mean STD of 1.77 ns.




4.3. Galileo Orbit and Clock Corrections


Figure 5 shows the accuracy of Galileo SSR products. It can be seen that the orbit accuracy of Galileo real-time products was a bit worse than those of GPS, but better than those of GLONASS. The Galileo orbit products of WHU were the best, with a mean RMS of about 2.1 cm, 6.6 cm and 3.7 cm in the three directions of orbit, respectively. Overall, the Galileo real-time orbit corrections were better than 3.5 cm, 8.2 cm and 4.6 cm in orbital three directions. The Galileo clock products from all ACs were generally better than those of GPS, which may have been due to the highly accurate hydrogen clocks. The mean STD of different Galileo clock products ranged from 0.10 ns to 0.15 ns, except that of GFZ with a STD of 0.22 ns.




4.4. BDS Orbit and Clock Corrections


Furthermore, six SSR corrections, including CAS, CNES, DLR, GFZ, WHU and IGS03, contained BDS satellites and were assessed. It should be noted that the SSR corrections of CAS, CNES, GFZ, WHU and IGS03 provide all BDS satellites, including GEO, IGSO and MEO satellites. However, the products from DLR provide only 27 MEO satellites for BDS. In order to analyze the BDS SSR corrections, the errors of BDS-3 for IGSO and MEO are separately shown in Figure 6. The errors of the BDS products were significantly larger than GPS. The mean RMS of real-time products from DLR for MEO satellites had the best performance with 3.9 cm, 9.5 cm and 4.3 cm in the radial, along-track and cross-track components, respectively. Likely, the clock corrections of DLR for the MEO satellites had the best accuracy with a mean STD of 0.17 ns and an RMS of 0.39 ns. Furthermore, the accuracy of BDS IGSO (from C38 to C40) products was worse than that of MEO. Abnormal orbit and clock errors could be found for the IGSO products of GFZ in the period that may be in testing. The best accuracy of BDS SSR products for IGSO was from WHU with a mean RMS of about 10 cm, 16.6 cm and 11.7 cm in the three components, respectively. The mean STD of clock products from WHU was 0.42 ns, but with a slightly larger RMS value of 1.96 ns. IGS03 had the second-best performance for IGSO satellites with a mean STD of 0.42 ns and an RMS of 1.16 ns. The mean STD for IGSO clock products of CAS and CNES was about 0.66 ns. However, the products of GFZ had the largest clock errors among the six real-time products, with a mean STD of 2.98 ns.





5. PPP Validation


5.1. Date Set


In this section, 16 globally distributed IGS stations, which received observations from at least four systems, were selected for PPP validation from DOY 330 to DOY 360 in 2021. The distribution and name of these stations are presented as Figure 7. Two modes were designed to determine the difference between post-processing mode and real-time mode. The difference between post-processing mode and real-time mode was whether data latency was considered. The software Net_Diff was extended and used to verify post-processing and real-time precise positioning with the SSR corrections [31,32]. The positioning strategies are presented in Table 2.




5.2. Static Precise Point Positioning


Convergence time is an important indicator for evaluating precise point positioning. The convergence time for different combinations and SSR products was counted and is shown as boxplots in Figure 8. In these boxplots, the central mark represents the median, and the bottom and top edges of the box represent the 25th and 75th percentiles, respectively. Outliers are plotted individually using the plus symbol [35]. For each daily (24-h) PPP solution, the position was considered to have converged when the position errors stayed within 20 cm for ten consecutive epochs.



For the post-processing mode, the products of WHU had the shortest mean convergence time for GPS only with a median of 7.5 min, while the products of BKG had the longest convergence time with a median of 15.0 min. The results were directly related to data availability and the accuracy of GPS corrections. In real-time mode, the products of CAS had the shortest convergence time for GPS only with a median of 11.0 min, while the products of IGS03 had the longest convergence time with a median of 21.5 min. Obviously, the real-time mode requires a longer convergence time than the post-processing mode for different real-time corrections, mainly due to the extrapolation errors of orbit or clock corrections from SSR latency. Compared to the post-processing mode, the degradation of convergence time for different corrections in real-time mode was about 10.0% to 76.2%. Specifically, IGS03, the real-time products with the longest latency, had the worst convergence speed with a degradation of convergence time from a median of 12.5 min in the post-processing mode to 21.5 min in the real-time mode. The degradation of convergence speed in real-time mode for CAS which had the shortest latency was about 22.2%, and a median of convergence time was from 9.0 min in post-processing mode to 11.0 min in real-time mode. Apart from the results from the combined solutions of IGS, the products of GMV had the slowest convergence speed with a median of 18.5 min in real-time mode.



Furthermore, the convergence speed of the GPS/GLONASS/Galileo (GRE) combination for the two modes was significantly faster than that of GPS only, which mainly benefited from the increased number of satellites especially for Galileo satellites. The median convergence time of the GRE combination ranged from 5.5 min to 8.5 min in post-processing mode for different real-time products, while it ranged from 7.5 min to 11.5 min in real-time mode. Compared to the results with GPS only, the convergence time with the GRE combination for different real-time products reduced by 26.7~51.7% in post-processing mode and reduced by 29.2~46.5% in real-time mode. In addition, the results with the GRE combination for those SSR products which were unstable or had large latency had a more positive effect on the convergence speed, such as the results of IGS03 had the largest improvement in convergence speed with 46.5% in real-time mode. The smallest improvement was those of WHU with a value of 29.2% in real-time mode. As for the GPS/GLONASS/Galileo/BDS (GREC) combination, the convergence speed showed a small improvement over the results of the GRE combination, and the improvement for different real-time products was not more than 14.3%. In some ways, the little improvement was limited by the continuity of BDS corrections. Therefore, the real-time services may need to pay more attention to the satellite model and continuity of BDS corrections to ensure the multi-GNSS real-time applications in the future. Moreover, compared to the GRE combination, the abnormal results of the GREC combination were obviously reduced.



Figure 9 presents the positioning accuracy of static PPP for different SSR products. The positioning errors for static PPP in real-time mode are slightly larger than in post-processing mode. The positioning accuracy of GMV in real-time mode was worse than in post-processing mode, which was mainly because the instability of GMV SSR corrections. On the whole, the results of static PPP in real-time mode with GPS only for all SSR products had an accuracy of better than 3.2 cm in the horizontal and 2.5 cm in the vertical directions, respectively. The best performance results were from WHU with a mean RMS of 1 cm in the horizontal and vertical directions. Moreover, for the three real-time products of IGS, IGS01 had the best positioning accuracy with a mean RMS of 2.1 cm in the horizontal and 1.8 cm in the vertical directions. The positioning for static PPP with the GRE and GREC combination could obtain higher accuracy than GPS only, but not more than 17.1%. Furthermore, the positioning accuracy of the GRE or GREC combination was better than 3.5 cm in three-dimensional position. The results of the GRE or GREC combination from the WHU real-time products had the highest positioning accuracy with 0.9 cm and 1.1 cm in the horizontal and vertical directions, respectively.




5.3. Simulated Kinematic Precise Point Positioning


For kinematic PPP, the convergence time of the different SSR corrections and combinations is shown in Figure 10. The position was considered to have converged when the position errors stayed within 15 cm in the horizontal and 25 cm in the vertical direction for 10 consecutive epochs.



The median convergence time of kinematic PPP in post-processing mode with GPS only for different real-time products ranged from 19.0 min to 44.0 min, while it ranged from 22.5 min to 58.0 min in real-time mode. The large latency had a more negative effect on the convergence speed for kinematic PPP. The degradation of the convergence time in real-time mode for the SSR products of IGS01, IGS02 and IGS03 was 64.0%, 80.0% and 58.9%, respectively. However, the degradation of the median convergence time for other SSRs was not more than 32.9%, and the degradation of convergence speed for CAS was 13.1%. In real-time mode, CNES had the fastest convergence speed with a median convergence time of 22.5 min for kinematic PPP with GPS only, and the second best was that of CAS and ESA with a value of 23.75 min. Furthermore, the convergence speed of kinematic PPP with the multi-GNSS combination was faster. Compared to the kinematic PPP with GPS only, the improvement in convergence time for different real-time products with the GRE combination ranged from 48.9% to 69.8%. The median convergence time for different real-time products with the GRE combination ranged from 10.0 min to 17.5 min. The products of CAS for kinematic PPP with the GRE combination had the shortest convergence time; the second was from CNES and WHU with a value of 11.5 min. The products of IGS03 had the longest convergence time with a value of 17.5 min. By adding BDS satellites, the convergence speed for kinematic PPP was further improved. The median convergence time for the six real-time products ranged from 8.5 min to 14.5 min. Low latency on the convergence speed of kinematic positioning was still decided an advantage under the condition of equal-precision real-time corrections. The products of CAS still had the fastest convergence speed with a median of 8.5 min, while the products of DLR and WHU which had the higher accuracy of orbit and clock had the second fastest convergence speed with a median of 9.5 min.



Figure 11 presents the RMS of kinematic PPP errors on an hour scale for 16 globally distributed IGS stations using different real-time products; the positioning accuracy was set as the last 10 epochs for each hourly PPP solution. For GPS-only, the results of ESA and WHU products had the best performance for kinematic PPP on an hour scale with a mean RMS of 10.8 cm in the horizontal and 9.5 cm in the vertical direction in real-time mode. The results of CAS, CNES were slightly worse than those of WHU. The results of IGS03 had the worst performance with a mean RMS of 19.0 cm in the horizontal and 17.4 cm in the vertical direction in real-time mode.



In contrast to the results of static PPP, the results of kinematic PPP with the multi-GNSS combination showed increased improvement for the positioning accuracy. Compared with the results of GPS only, the improvement of accuracy for different real-time products with the GRE combination ranged from 23.0% to 60.0%. The results with the GRE combination of DLR performed the best with a mean RMS of about 6.0 cm in the horizontal and 5.7 cm in the vertical direction in real-time mode, while IGS02 has the worst performance with a mean RMS of 9.1 cm and 11.8 cm in the horizontal and vertical directions, respectively. Moreover, the improvement of positioning accuracy for kinematic PPP with the combination of GREC for kinematic PPP in real-time mode ranged from 49.4% to 72.8% compared to those with GPS only. The results of CAS, DLR, GFZ and WHU for kinematic PPP in an hour scale with the GREC combination had positioning errors of better than 5.2 cm. Furthermore, the results of CNES and IGS03 had larger positioning errors because of the poor continuity of BDS corrections with the positioning errors of 7.6 cm and 8.5 cm, respectively.





6. Conclusions


Real-time services provide orbit and clock corrections with multi-GNSS satellites to support real-time applications. We performed a comprehensive evaluation of the multi-GNSS real-time products of IGS RTS based on a one-month data stream from 12 mount points.



For the product’s latency information, the real-time SSR products of CAS had the smallest latency with an average of 6.18 s. The real-time products of IGS, which were combined by individual solutions, had the largest latency with averages of 30.7 s, 37.5 s and 37.8 s for those of IGS01, IGS02 and IGS03, respectively. The average latency of other SSR products ranged from 9.18 s to 18.89 s. The epoch availability of all SSR corrections was more than 98.6%, 95.8%, 94.2% and 85.9% for GPS, GLONASS, Galileo and BDS, respectively. Furthermore, the number of available satellites per epoch for different SSR products was more than 29, 19 and 18 for GPS, GLONASS and Galileo, respectively. For BDS satellites, the SSR corrections of CAS, GFZ and WHU had available BDS satellites of 42 per epoch, while the products of IGS03 contained the least BDS satellites.



The orbit accuracy of GPS SSR products was better than 2.2 cm, 7.7 cm and 4.0 cm in the radial, along-track and cross-track components, respectively. The mean STD of clock errors for all GPS SSR products was better than 0.2 ns. As for GLONASS, the orbit errors were better than 5.2 cm, 10.7 cm and 6.1 cm in the three components, respectively. The STD of clock errors for nine GLONASS real-time products ranged from 0.2 ns to 1.77 ns; the orbit errors of Galileo real-time products were better than 3.5 cm, 8.2 cm and 4.6 cm in the three directions, respectively. The clock errors for nine Galileo real-time products were better than 0.22 ns. Moreover, only BDS-3 satellites were assessed. The orbit of BDS-3 MEO ranged from 3.9 cm to 5.7 cm in the radial direction, from 7.2 cm to 9.5 cm in the along-track direction and from 4.4 cm to 5.4 cm in the cross-track direction. The errors of the IGSO were larger than those of MEO.



The accuracy of static and kinematic PPP is discussed in post-processing and real-time mode. The results of post-processing mode were directly related to data availability and the accuracy of real-time products. Due to the prediction errors caused by latency, the results of the real-time mode had the longer convergence and slightly worse positioning accuracy than the post-processing mode. For static PPP with GPS-only, the products of WHU had the best performance on a time scale of 24 h, with the final position errors of 1.0 cm in the horizontal and vertical directions. The improvement in positioning accuracy with the multi-GNSS combination for different real-time products was not more than 17.1%. In the case of kinematic PPP for GPS-only, the products of WHU and ESA had the best performance on a time scale of 1 h, with the position errors of better than 10.8 cm and 9.5 cm in the horizontal and vertical directions, respectively. Compared with the results of GPS only, the improvement in positioning accuracy with the GREC combination for kinematic PPP was more significant and ranged from 49.4% to 72.8% in real-time mode. The results of CAS, DLR, GFZ and WHU for kinematic PPP on an hour scale with the GREC combination had positioning errors smaller than 5.2 cm.
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Figure 1. Epoch availability of SSR corrections during the experiment. 
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Figure 2. Satellite availability of SSR products. 
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Figure 3. The accuracy of GPS SSR products. The STD (Left y axis and blue) and RMS (Right y axis and magenta) of clock errors is presented in the lower-right subplot. 
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Figure 4. The accuracy of GLONASS SSR products. The STD (Left y axis and blue) and RMS (Right y axis and magenta) of clock errors is presented in the lower-right subplot. 






Figure 4. The accuracy of GLONASS SSR products. The STD (Left y axis and blue) and RMS (Right y axis and magenta) of clock errors is presented in the lower-right subplot.



[image: Remotesensing 15 00140 g004]







[image: Remotesensing 15 00140 g005 550] 





Figure 5. The accuracy of Galileo SSR products. The STD (Left y axis and blue) and RMS (Right y axis and magenta) of clock errors is presented in the lower-right subplot. 
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Figure 6. The accuracy of BDS SSR products. The STD (Left y axis and blue for MEO, red for IGSO) and RMS (Right y axis and magenta for MEO, black for IGSO) of clock errors is presented in the lower-right subplot. 
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Figure 7. Sixteen globally distributed IGS stations for PPP validation. 
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Figure 8. The convergence time of static PPP using different SSR products for 16 IGS stations. 
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Figure 9. Static PPP errors using different SSR products for 16 IGS stations (24h). 
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Figure 10. The convergence time of kinematic PPP using different SSR products for 16 IGS stations. 
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Figure 11. Simulated kinematic PPP errors using different SSR products for the 16 IGS stations (1h). 
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Table 1. RTCM-SSR mount points Description.
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	Products
	Systems
	Update Interval (Orbit/Clock)
	Average of Latency/s
	STD of Latency/s





	BKG
	G + R + E
	60 s/5 s
	16.06
	1.65



	CAS
	G + R + E + C
	5 s/5 s
	6.18
	1.17



	CNE
	G + R + E + C + J
	5 s/5 s
	18.89
	1.07



	DLR
	G + R + E + C + J
	30 s/5 s
	14.03
	0.95



	ESA
	G
	5 s/5 s
	12.31
	0.81



	GFZ
	G + R + E + C
	5 s/5 s
	13.40
	1.57



	GMV
	G + R + E
	10 s/10 s
	13.90
	3.14



	NRC
	G
	5 s/5 s
	9.19
	1.40



	WHU
	G + R + E + C
	5 s/5 s
	16.25
	1.05



	IGS01
	G
	5 s/5 s
	30.70
	3.38



	IGS02
	G + R + E
	60 s/10 s
	37.50
	1.09



	IGS03
	G + R + E + C
	60 s/10 s
	37.81
	1.00
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Table 2. The positioning strategies of PPP.
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	Parameter
	Strategies





	Solution
	Static/kinematic



	Sampling rate
	30 s



	Cut-off elevation
	10°



	Frequency selection
	GPS: L1/L2; GLONASS: G1/G2; GALILEO: E1/E5a; BDS: B1I/B3I



	Estimator
	Kalman filter



	Cycle slip
	Detected by MW and GF



	Ionospheric delay
	Eliminated by ionosphere-free combination



	Orbit and clock product
	Real-time broadcast ephemeris + SSR corrections



	Receiver clock
	Estimated as white noise process



	Weighing strategy
	Elevation-dependent weighing model, 3 mm and 0.3 m for phase and code, respectively



	Phase ambiguities
	Float



	antenna phase center
	igs14.atx



	Tropospheric delay
	Corrected (GPT2w + SAAS + VMF [33]) + estimated as a random-walk noise process



	Receiver ISB
	Estimated system bias as random-walk noise process [34]



	Station reference coordinates
	IGS weekly SINEX solutions



	System combined
	G/GRE/GREC
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