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Abstract

:

The multi-global navigation satellite system (GNSS) undifferenced and uncombined precise point positioning (UU-PPP), as a high-precision ionospheric observables extraction technology superior to the traditional carrier-to-code leveling (CCL) method, has received increasing attention. In previous research, only dual-frequency (DF) or multi-frequency (MF) observations are used to extract slant ionospheric delay with the UU-PPP. To reduce the cost of ionospheric modeling, the feasibility of extracting ionospheric observables from the multi-GNSS single-frequency (SF) UU-PPP was investigated in this study. Meanwhile, the between-satellite single-differenced (SD) method was applied to remove the effects of the receiver differential code bias (DCB) with short-term time-varying characteristics in regional ionospheric modeling. In the assessment of the regional real-time (RT) between-satellite SD ionospheric model, the internal accord accuracy of the SD ionospheric delay can be better than 0.5 TECU, and its external accord accuracy within 1.0 TECU is significantly superior to three global RT ionospheric models. With the introduction of the proposed SD ionospheric model into the multi-GNSS kinematic RT SF-PPP, the initialization speed of vertical positioning errors can be improved by 21.3% in comparison with the GRAPHIC (GRoup And PHase Ionospheric Correction) SF-PPP model. After reinitialization, both horizontal and vertical positioning errors of the SD ionospheric constrained (IC) SF-PPP can be maintained within 0.2 m. This proves that the proposed SDIC SF-PPP model can enhance the continuity and stability of kinematic positioning in the case of some GNSS signals missing or blocked. Compared with the GRAPHIC SF-PPP, the horizontal positioning accuracy of the SDIC SF-PPP in kinematic mode can be improved by 37.9%, but its vertical positioning accuracy may be decreased. Overall, the 3D positioning accuracy of the SD ionospheric-constrained RT SF-PPP can be better than 0.3 m.
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1. Introduction


As one of the most serious interference factors in radio signals, the ionospheric delay has a significant negative impact on the global navigation satellite system (GNSS) data processing, especially in the precise point positioning (PPP) domain [1,2]. If GNSS users can afford expensive dual-frequency (DF) receivers, ionospheric errors can be eliminated by over 99% by forming a DF ionosphere-free (IF) combination model. However, the majority of smart devices, such as mobile phones and wristwatches, can only be equipped with single-frequency (SF) GNSS chipsets, making it impossible to adopt the IF model to weaken ionospheric errors [3,4]. To achieve low-cost and high-precision SF positioning, many kinds of broadcast or post-processing ionospheric models have been proposed so far. Although the GPS Klobuchar model, BeiDou global broadcast ionospheric delay correction model (BDGIM), and Galileo NeQuick model can be applied to real-time (RT) SF positioning, their ionospheric correction capabilities are limited and no more than 80% [5,6,7,8]. The post-processed global ionospheric map (GIM), as one of the most accurate ionospheric models, can provide correction accuracy within two total electron content units (TECU), but it cannot support RT positioning [9]. With the development of the Real-Time Working Group (RTWG) of the International GNSS Service (IGS), an RT-GIM has been provided by some IGS real-time ionosphere centers. The accuracy of RT-GIM is slightly lower than that of post-processed GIM and can reach around 3 TECU [10]. Due to the limited accuracy of the current RT ionospheric models, it is necessary to establish an RT ionospheric model with cm-level accuracy using regional reference networks to improve the performance of RT SF-PPP.



On the premise of not changing the number of regional monitoring stations, there are two main factors that affect the quality of ionospheric modeling. One is the extraction accuracy of ionospheric delay observables, and another is the calculation accuracy of the differential code bias (DCB) for satellite and receiver. The traditional carrier-to-code leveling (CCL) method has been widely used in ionospheric modeling due to its simple structure and high computational efficiency. Nevertheless, the accuracy of ionospheric delay extracted by this method is limited and is susceptible to adverse effects of multipath errors and code noises [11,12]. Thanks to the preservation of ionospheric parameters in the undifferenced and uncombined (UU) PPP, a novel method based on carrier phase observations for extracting ionospheric delays has been proposed [13]. Compared with the CCL method, the accuracy of slant ionospheric delays derived from the UU-PPP can be improved at least three times to 0.1 TECU. As expected, the modeling accuracy of regional ionospheric vertical total electron content (VTEC) using the UU-PPP method is better than that using the CCL method [14].



Due to the presence of hardware bias in retrieved ionospheric observables, it is necessary to simultaneously estimate both satellite and receiver DCB parameters when modeling ionospheric VTEC. The satellite DCB has great long-term stability, so its solution accuracy is high and reliable [15]. Unfortunately, the receiver DCB is easily influenced by various factors, such as ambient temperature and hardware alternation. Thus, its apparent short-term time-varying characteristics can be observed [16,17]. If the receiver DCB as an additional parameter was estimated in UU-PPP, although pure slant ionospheric delays can be obtained [18], the increase in estimated parameters reduces the strength and computational efficiency of the UU-PPP model. Meanwhile, the high-frequency parameterization of receiver DCB will inevitably increase the burden and cost of data transmission, making it difficult to apply to RT ionospheric modeling based on dense reference networks.



To completely remove the adverse effects of receiver DCB and meet the requirements of time-critical in RT ionospheric modeling, a regional RT ionospheric model was established using the classical between-satellite single-differenced (SD) method [19]. Since the receiver DCB can be precisely eliminated and high-precision ionospheric observables are derived from the UU-PPP, the accuracy of the proposed RT ionospheric model is significantly better than that of the post-processing GIM model. However, the implementation of this high-quality ionospheric model must be based on the use of GNSS DF observations. Thus, the hardware cost of the modeling system is very expensive. Considering that the multi-GNSS SF UU-PPP has the ability to achieve cm-level accuracy at present [20,21], in our study, the possibility of modeling a regional RT between-satellite SD ionospheric model based on SF observations was explored and verified. This is extremely important for low-cost SF positioning users. Different from the literature [19] only using GPS and Galileo observations, the BDS-3 observations were introduced into multi-GNSS processing in this contribution, which can improve the performance of the regional RT between-satellite SD ionospheric model by increasing the spatial resolution of the ionosphere pierce point (IPP). In summary, this contribution is to attempt to reduce the hardware cost of ionospheric modeling and provide an effective solution for building high-precision regional ionospheric models only using affordable SF devices or chips in the future.



The writing structure of this paper is as follows: first, the extraction method of slant ionospheric observables using multi-GNSS SF UU-PPP technology, modeling algorithm of the regional RT between-satellite SD ionospheric delay, and ionospheric-constrained multi-GNSS SF-PPP model are introduced in detail. Then, the experimental data for the European region and processing strategies in both ionospheric modeling and positioning domains are presented. After evaluating the performance of the regional RT between-satellite SD ionospheric model, its contribution to the multi-GNSS RT SF-PPP is analyzed. In the final section, some new findings and conclusions are summarized.




2. Methods


Thanks to the advantages of abundant satellite resources and high sampling rates for the GNSS technology, ionospheric observables with low-cost and high spatial-temporal resolution can be obtained from the multi-GNSS SF UU-PPP. The modeling method of the regional RT between-satellite SD ionospheric delay is described in this section. To optimize the RT kinematic positioning performance of SF users, a novel multi-GNSS RT SF-PPP model based on the SD ionospheric constraints is proposed.



2.1. Extraction of Slant Ionospheric Observables from Single-Frequency UU-PPP


The GNSS raw code    P  r , 1  s    and phase    L  r , 1  s    observations at the first frequency can be expressed as [14]


   {     P  r , 1  s  =  ρ r s  + c ⋅ ( d  t r  − d  t s  ) +  T r s  +  I 1 s  +  B  r , 1   −  B 1 s  +  ε   p 1         L  r , 1  s  =  ρ r s  + c ⋅ ( d  t r  − d  t s  ) +  T r s  −  I 1 s  +  ω 1 s  +  N  r , 1  s  +  b  r , 1   −  b 1 s  +  ε   L 1         



(1)




where the superscript  s  and subscript  r  denote the satellite and GNSS receiver, respectively.    ρ k s    is the calculated distance between the satellite and the GNSS receiver.  c  denotes the speed of light.   d  t r    and   d  t s    denote the clock errors of the satellite and GNSS receiver, respectively.    T r s    denotes the slant tropospheric delay errors,    I 1 s    denotes the slant ionospheric errors.    ω 1 s    denotes the carrier phase wind-up errors.    N  r , 1  s    denotes the integer ambiguity of carrier phase.    B  r , 1     denotes the code hardware delays of the GNSS receiver, and    B 1 s    denotes the code hardware delays of the satellite.    b  r , 1     denotes the phase hardware delays of the GNSS receiver, and    b 1 s    denotes the phase hardware delays of the satellite.    ε   p 1      and    ε   L 1      denote the code and phase observation noises, respectively.



In RT SF-PPP, the satellite and receiver clock errors need to be corrected using code hardware delays because the RT precise satellite clocks provided by the IGS real-time service (RTS) are obtained from the DF IF observations. Hence, the reparametrized clock errors of the satellite   d    t s   ¯    and GNSS receiver   d   t ¯  r    at the first frequency can be expressed as


   {    d    t s   ¯  = d  t s  +    d  I F  s   c      d    t r   ¯  = d  t r  +    d  r , I F    c       



(2)




with


   {     d  I F  s  =     (  f 1  )  2  ⋅  B 1 s  −   (  f i  )  2  ⋅  B i s      (  f 1  )  2  −   (  f i  )  2         d  r , I F   =     (  f 1  )  2  ⋅  B  r , 1   −   (  f i  )  2  ⋅  B  r , i       (  f 1  )  2  −   (  f i  )  2         



(3)




where    d  I F  s    and    d  r , I F     are the IF code hardware delay of the satellite and GNSS receiver, respectively.  f  is the frequency value and  i  is the i-th frequency. It should be noted that   i = 2   for GPS, GLONASS and Galileo satellites, while for BDS satellites,   i  = 3   . The code hardware delay at a specific frequency is usually not directly obtainable, and only DCB values can be used as follows:


   {    D C  B s  =  B 1 s  −  B i s      D C  B r  =  B  r , 1   −  B  r , i        



(4)







When substituting Equations (2)–(4) into Equation (1), the new code and phase equations of RT SF-PPP can be expressed as


   {     P  r , 1  s  =  ρ r s  + c ⋅ ( d    t r   ¯  − d    t s   ¯  ) +  T r s  +  I 1 s  −     (  f i  )  2      (  f 1  )  2  −   (  f i  )  2    ( D C  B r  − D C  B s  ) +  ε   p 1         L  r , 1  s  =  ρ r s  + c ⋅ ( d    t r   ¯  − d    t s   ¯  ) +  T r s  −  I 1 s  +  N  r , 1  s  +  d  r , I F   −  d  I F  s  +  b  r , 1   −  b 1 s  +  ε   L 1         



(5)







Due to the linear correlation between hardware delays and estimated parameters such as ionosphere and ambiguity, the Equation (5) is rank deficient and multiple unknown parameters cannot be solved at the same time. The reparametrized ionosphere      I 1 s   ¯    and ambiguity      N  r , 1  s   ¯    parameters can be expressed as


   {       I 1 s   ¯  =  I 1 s  −     (  f i  )  2      (  f 1  )  2  −   (  f i  )  2    ( D C  B r  − D C  B s  )        N  r , 1  s   ¯  =  N  r , 1  s  +  d  r , I F   −  d  I F  s  +  b  r , 1   −  b 1 s  −     (  f i  )  2      (  f 1  )  2  −   (  f i  )  2    ( D C  B r  − D C  B s  )      



(6)







Equation (6) is substituted into Equation (5) and linearize it. Both satellite positions and clock errors can be corrected using the RT precise products provided by IGS RTS [22]. The dry part of the tropospheric delay is generally corrected using an empirical model, and its wet part as unknowns to estimate. As for ionospheric delay, the GPS Klobuchar model is first used to correct it in real time, and then its residual parts can be estimated as parameter. Hence, the      I 1 s   ¯    represents the sum of ionospheric model values and residual values, which are the extracted slant ionospheric observables. To sum up, the final GNSS undifferenced and uncombined observation equations can be expressed as


   {     P  r , 1  s  =   e  r s  ⋅  g  + c ⋅ d    t r   ¯  + M ⋅  T  Z W D   +    I 1 s   ¯  +  ε   p 1         L  r , 1  s  =   e  r s  ⋅  g  + c ⋅ d    t r   ¯  + M ⋅  T  Z W D   −    I 1 s   ¯  +    N  r , 1  s   ¯  +  ε   L 1         



(7)




where     e  r s    is the unit vector of the range between the satellite and GNSS receiver.   g   is the vector of the three- dimensional (3D) position errors.    T  Z W D     denotes the wet part of tropospheric delay in zenith direction.  M  denotes the mapping function for tropospheric delay. The final parameters  Ε  that need to be estimated for SF UU-PPP can be summarized as


  Ε = [  g  , d    t r   ¯  ,  T  Z W D   ,    I 1 s   ¯  ,    N  r , 1  s   ¯  ]  



(8)








2.2. Modeling Algorithm of the Regional Real-Time between-Satellite Single-Differenced Ionospheric Delay


In the real-time extraction process of slant ionospheric delay, to improve the accuracy of ionospheric observables, the 3D coordinates of the monitoring stations should be fixed precisely by using the Solution-Independent Exchange (SINEX) data. The ionospheric delay in the line-of-sight direction can be expressed as [12]


   I 1 s  =   40.3 ×   10   16       (  f 1  )  2    ⋅  ∇ s  ⋅ V T E  C s   



(9)




with


   {     ∇ s  =  1 /  cos ( μ )       μ = arcsin (    R E  ⋅ sin ( α ⋅ Z )    R E  +  H  i o n o     )      



(10)




where    ∇ s    is the mapping function used to convert ionospheric VTEC to slant TEC (STEC).   V T E  C s    is the ionospheric vertical TEC.    R E    is the mean radius of the earth, which can be set to 6371 km.  α  is an empirical constant that can be set to 0.9782.  Z  is the zenith distance at the GNSS receiver.    H  i o n o     is the assumed height of the single-layer spherical shell, which is set to 450 km in this contribution.



Substituting Equation (9) into Equation (6), the extracted ionospheric observables      I 1 s   ¯    can be re-written as


     I 1 s   ¯  =   40.3 ×   10   16       (  f 1  )  2    ⋅  ∇ s  ⋅ V T E  C s  −     (  f i  )  2      (  f 1  )  2  −   (  f i  )  2    ( D C  B r  − D C  B s  )  



(11)







Considering the great long-term stability of satellite DCB within several days, its estimation accuracy can be better than 0.1 ns [15]. The multi-GNSS experiment (MGEX) final DCB products are generally used to correct the satellite DCB   D C  B s    in Equation (11). The receiver DCB   D C  B r    can be removed using the between-satellite SD algorithm. Thus, we can obtain the SD ionospheric delay   Δ    I 1 s   ¯    as follows:


  Δ    I 1 s   ¯  =    I 1 s   ¯  −    I 1  r e f    ¯  =   40.3 ×   10   16       (  f 1  )  2    (  ∇ s  ⋅ V T E  C s  −  ∇  r e f   ⋅ V T E  C  r e f   )  



(12)




where   r e f   represents the reference satellite in the between-satellite SD algorithm, which selects the satellite with the highest elevation from a constellation at each epoch.



To meet the time-critical requirements of RT ionospheric modeling, the polynomial function with simple structure and high computational efficiency was adopted to model the regional RT between-satellite SD ionospheric delay as follows:


    Δ    I 1 s   ¯  =   40.3 ×   10   16       (  f 1  )  2     ∇ s  ⋅  [   ∑  i = 0  n   ∑  j = 0  m   E  i j     (  φ s  −  φ 0  )  i    (  θ s  −  θ 0  )  j   ]            −   40.3 ×   10   16       (  f 1  )  2     ∇  r e f   ⋅  [   ∑  i = 0  n   ∑  j = 0  m   E  i j     (  φ  r e f   −  φ 0  )  i    (  θ  r e f   −  θ 0  )  j   ]     



(13)




with


  θ −  θ 0  =   ( λ −  λ 0  )   15   + ( t −  t 0  )  



(14)




where  n  and  m  are the orders of the polynomials, both of which are set to 2 in this study.    E  i j     is the coefficient that needs to be estimated, with a number of   3 × 3 = 9  .  φ  and    φ 0    denote the geodetic latitude for the IPP and regional center point, respectively.  θ  denotes the solar hour angle at the observation time  t .    θ 0    denotes the reference time of ionospheric modeling    t 0   .  λ  and    λ 0    denote the geodetic longitude for the IPP and regional center point, respectively.



In this contribution, the observation window of the regional RT between-satellite SD ionospheric modeling was set to 20 min. The reference time was selected as the middle time of this sliding window. The nine estimated coefficients are fitted by the observations with the interval of 30 s collected from the past 20 min, and this sliding window of modeling moves forward for 10 min each time. Thus, all coefficients are updated every 10 min and broadcast to positioning users in real-time.




2.3. Multi-GNSS Real-Time Single-Frequency PPP Enhanced by Regional between-Satellite Single-Differenced Ionospheric Model


When the GNSS SF users receive the fitting coefficients of the regional RT between-satellite SD ionospheric model, the SD ionospheric delay of each available satellite can be calculated in real-time. Adding it as a virtual observation to the RT SF UU-PPP model, the fast and precise solution of positioning parameters can be achieved. The regional between-satellite SD ionospheric-constrained multi-GNSS RT SF-PPP model can be expressed as


   {     P  r , 1  G  =   e  r G  ⋅  g  + c ⋅ d    t r   ¯  + M ⋅  T  Z W D   +    I 1 G   ¯  +  ε   p 1 G         P  r , 1  C  =   e  r C  ⋅  g  + c ⋅ d    t r   ¯  + I S  B C  + M ⋅  T  Z W D   +    I 1 C   ¯  +  ε   p 1 C         P  r , 1  E  =   e  r E  ⋅  g  + c ⋅ d    t r   ¯  + I S  B E  + M ⋅  T  Z W D   +    I 1 E   ¯  +  ε   p 1 E         L  r , 1  G  =   e  r G  ⋅  g  + c ⋅ d    t r   ¯  + M ⋅  T  Z W D   −    I 1 G   ¯  +  ω 1 G  +    N  r , 1  G   ¯  +  ε   L 1 G         L  r , 1  C  =   e  r C  ⋅  g  + c ⋅ d    t r   ¯  + I S  B C  + M ⋅  T  Z W D   −    I 1 C   ¯  +  ω 1 C  +    N  r , 1  C   ¯  +  ε   L 1 C         L  r , 1  E  =   e  r E  ⋅  g  + c ⋅ d    t r   ¯  + I S  B E  + M ⋅  T  Z W D   −    I 1 E   ¯  +  ω 1 E  +    N  r , 1  E   ¯  +  ε   L 1 E         χ  G / C / E   = Δ    I 1  G / C / E    ¯  +  ε   χ  G / C / E          



(15)




where  G ,  C , and  E  denote the GPS, BDS-3, and Galileo satellites, respectively.   I S B   denotes the inter-system bias (ISB).  χ  is the virtual observation of the regional between-satellite SD ionospheric delays.    ε χ    is the noise of virtual observation. It is worth noting that the coefficient matrix of virtual observation is given by Equation (13) in [19]. The estimable parameters  ∏  of the multi-GNSS RT SF-PPP can be summarized as


  ∏ = [  g  , d    t r   ¯  , I S  B  C / E   ,  T  Z W D   ,    I 1  G / C / E    ¯  ,    N  r , 1   G / C / E    ¯  ]  



(16)







To achieve fast convergence of RT SF-PPP, the weight of virtual ionospheric observations needs to be given as accurately as possible. Through extensive testing, an empirical variance    σ  Δ    I 1   ¯   2    of the regional between-satellite SD ionospheric delay can be set as


   σ  Δ    I 1   ¯   2  = (  υ 2  +    υ 2    sin ( E l e )   ) ⋅ β  



(17)




where  υ  and  β  are empirical coefficients, which can be set to 0.5 and 40, respectively.   E l e   denotes the satellite elevation.





3. Experiment Datasets and Processing Strategies


Before verifying the feasibility and effectiveness of the novel algorithm proposed in this study, the datasets and processing strategies of the experiment need to be described in detail.



3.1. Experiment Datasets


Twenty-two MGEX stations located in Europe were selected to build a regional reference network. The distribution of these multi-GNSS monitoring stations is shown in Figure 1. It should be noted that 18 blue stations are used for modeling the regional RT between-satellite SD ionospheric delays, and 4 red stations are used to carry out the multi-GNSS RT SF-PPP based on the between-satellite SD ionospheric constraints. The experimental period was set between DoY (Day of Year) 305 to 314 in 2022. The ionospheric conditions over these days can be presented in Figure 2. Except for DoY 310 and 314, the ionosphere is relatively active on all other dates, with over half of the geomagnetic Kp values exceeding 2. Especially on the DoY 307 and 311, some Kp values may even up to 4–5 and indicating intense ionospheric activity. Corresponding, the relatively high solar activity can be observed during the testing period since the most F10.7 index more than 20.




3.2. Processing Strategies


In the processing of multi-GNSS RT SF-PPP, both satellite positions and clocks are fixed by using broadcast ephemeris and CNES (Centre National d’Etudes Spatiales) state space representation (SSR) corrections [2,22]. The satellite DCB can be corrected using the code bias products of CNES SSR in real-time. The weight of observations for different satellites is set using the elevation-dependent weighting model, and the priori precision of code and phase observations are set to 0.3 and 0.003 m, respectively [8]. Considering the lower accuracy of SSR orbits and clocks for BDS-3 inclined geosynchronous orbit (IGSO) satellites (i.e., C38-40), the weight of IGSO observations needs to be set as 1/2 of other medium earth orbit (MEO) satellites [23]. In order to accurately evaluate the positioning accuracy, the precise coordinates of all selected MGEX stations within accuracy of a few mm can be obtained from the SINEX file. Table 1 summarizes some key processing strategies and correction models. In addition, some minor corrections such as relativistic effect and tidal errors are also considered in the positioning domain [24]. The phase wind-up is corrected by using the method of literature [25].





4. Results and Discussion


Before establishing regional RT between-satellite SD ionospheric model, it is necessary to investigate the current positioning accuracy of the multi-GNSS RT SF UU-PPP that can be achieved. Next, both internal and external accord accuracies of the regional RT between-satellite SD ionospheric model need to be evaluated. At last, using the high-precision GRAPHIC (GRoup And PHase Ionospheric Correction) SF-PPP model as a reference, the advantages of the SD ionospheric-constrained RT SF-PPP in terms of convergence and positioning accuracy are analyzed and discussed.



4.1. Performance of the Multi-GNSS Real-Time Single-Frequency UU-PPP in Static Mode


The multi-GNSS observations of 4 red stations shown in Figure 1 for 10 consecutive days (DoY 305-314, 2022) are selected for conducting the GPS + Galileo + BDS-3 static RT SF UU-PPP based on the GPS Klobuchar constraints. Figure 3 gives the time series of RMS positioning errors during the first 3 h, as well as the positioning accuracy in the north (N), east(E), and up(U) directions after 3 h of convergence. It should be noted that the RMS positioning errors for each epoch are calculated from the results of 4 red stations over a period of 10 days. We can see that the vertical (i.e., U direction) RMS positioning error can converge to 10 cm within about 60 min, while for the horizontal component (i.e., the combined error of N and E directions), it takes at least 90 min to reach the same level. After 90 min of convergence, the vertical RMS positioning error can be stabled at approximately 8 cm, but there is still a downward trend in the horizontal component. The horizontal RMS positioning error can be decreased to 6 cm after 180 min of convergence. When conducting RMS statistics on the positioning errors of 3–24 h for each station in consecutive 10 days, the optimal positioning accuracy can be less than 2 cm in horizontal and 4 cm in vertical. The average RMS positioning accuracy of all used stations can reach 2.6, 2.6 and 5.8 cm in the N, E, and U directions, respectively. This indicates that multi-GNSS static RT SF-PPP has the ability to provide reliable cm-level positioning accuracy at present. If the monitoring station positions are fixed to the SINEX precise coordinates rather than estimated as unknown parameters, the higher precision ionospheric observables can be achieved using the multi-GNSS RT SF-PPP technology.




4.2. Internal Accord Accuracy of the Regional Real-Time between-Satellite Single-Differenced Ionospheric Model


To evaluate the performance of the regional RT between-satellite SD ionospheric model proposed in this study, its internal accord accuracy as a key indicator needs to be computed. We first extract the slant ionospheric observables of all visible satellites using SF UU-PPP method. Then, the between-satellite SD slant ionospheric delays of each satellite can be obtained after choosing the reference satellite with highest elevation, which are regarded as reference values. If the between-satellite SD slant ionospheric delays are directly derived from the regional SD ionospheric model established by 22 monitoring stations, these results are called model values. The difference between the above reference values and model values can reflect the internal accord accuracy of the regional RT between-satellite SD ionospheric model. Figure 4 shows the time series of between-satellite SD slant ionospheric errors for GPS, BDS-3, and Galileo satellites in DoY 305, 2022. It should be noted that the different colored points represent the results of different satellites. Considering the slow convergence time of the RT SF-PPP, only the extracted ionospheric observables after 3 h are used to establish the regional RT between-satellite SD ionospheric model. It can be seen that the internal accord accuracy of Galileo satellites is better than that of GPS and BDS-3 satellites for all selected stations, its more than half of errors can be lower than 0.1 m. However, the majority of between-satellite SD slant ionospheric errors for both GPS and BDS-3 satellites only maintained within 0.2 m. The proportion of GPS internal accord accuracy exceeding 0.4 m is larger than that of other constellations. This is reasonable that the number of available GPS satellites is significantly more than other constellations, and more results can be displayed in the time series of Figure 4.



The RMS of between-satellite SD slant ionospheric errors calculated from results of 4 selected stations on 10 days are shown in Figure 5. There is a significant difference in the internal accord accuracy of different GPS satellites. The RMS of between-satellite SD slant ionospheric errors for most GPS satellites is lower than 8 cm, while for G05 satellite, its RMS can be up to 15 cm. In contrast, the difference of internal accord accuracy for Galileo and BDS-3 satellites is not much, its RMS is maintained at around 5 cm for Galileo satellites and can be lower than 8 cm for BDS-3 satellites. The average RMS of between-satellite SD slant ionospheric errors for all GPS, Galileo, and BDS-3 satellites are 7.0, 5.1, 7.2 cm, respectively. This proves that the internal accord accuracy of the regional RT between-satellite SD ionospheric model using multi-GNSS SF observations can be better than 0.5 TECU (1 TECU ≈ 15.6 cm).




4.3. External Accord Accuracy of the Regional Real-Time between-Satellite Single-Differenced Ionospheric Model


Although the internal accord accuracy of the regional RT between-satellite SD ionospheric model has excellent performance, its true accuracy still needs to be validated by external accord accuracy. Considering that the differential STEC (dSTEC) derived from epoch-differenced geometry-free (GF) combinations of phase observations have mm-level accuracy, the variation of dSTEC can be further obtained from the between-satellite SD algorithm [29]. This between-satellite SD dSTEC can ebe regarded as reference value. For the regional RT between-satellite SD ionospheric model, the between-satellite SD slant ionospheric delay can be directly calculated, and then the model value of dSTEC variation was obtained using the epoch-differenced method [19]. Similarly, the above model value of dSTEC variation can be calculated from the GPS Klobuchar, BDGIM, and CNES SSR VTEC ionospheric models. Therefore, the difference between the model and reference values can be defined as an indicator of external accord accuracy. Figure 6 shows the differences in dSTEC variation of 4 red stations using GPS, Galileo, and BDS-3 satellites. It is worthing that the calculate interval of external accord accuracy was set to 5 min and the results of elevation exceeding 10 degrees are removed in this assessment. The abbreviation for “GPS-Klo” and “SD-VTEC” are represented as the GPS Klobuchar model and the regional RT between-satellite SD ionospheric model, respectively. We can see that the dSTEC variation differences of different stations have similar distribution, and their values decrease with the increase of elevation. The dSTEC variation differences of the GPS Klobuchar model have the maximum range and even exceed ±5 TECU. There is not much difference in external accord accuracy among the GPS Klobuchar, BDGIM and SSR VTEC models. Compared with the above three models, the variation range of the regional RT between-satellite SD ionospheric model in external accord accuracy is mainly concentrated in ±2 TECU and can be lower than 1 TECU at high elevation. This indicates that the regional RT between-satellite SD ionospheric model has higher accuracy as expected.



The RMS of dSTEC variation differences for all selected ionospheric models using 4 red stations throughout the entire testing period is given in Figure 7. Except for the regional RT between-satellite SD ionospheric model with RMS value of below 1.0 TECU, the RMS of dSTEC variation differences for all other ionospheric models is more than 1.3 TECU and even up to 1.6 TECU. The average RMS values of all stations in external accord accuracy are 1.60, 1.44, 1.39, and 0.96 TECU for the GPS Klobuchar, BDGIM, SSR VTEC, and regional RT between-satellite SD ionospheric models, respectively. This result demonstrates the feasiblilty of modeling the high-precision ionospheric delay using multi-GNSS SF observations.




4.4. Multi-GNSS Real-Time Single-Frequency PPP Based on the Regional between-Satellite Single-Differenced Ionospheric Constraints


As long as the accuracy of external ionospheric constraints is high enough, the positioning accuracy and (re-)convergence of the UU-PPP can be improved in theory [30]. In order to explore the advantages of the SD ionospheric constrained multi-GNSS RT SF-PPP, the results of high-precision GRAPHIC RT SF-PPP can be used as a reference. Due to the significant influence of code observation noise on the GRAPHIC model, an RT phase smoothing code observation method named CNMC (Code Noise and Multipath Correction) filter was adopted to further improve the performance of the GRAPHIC RT SF-PPP in this study [31]. Figure 8 shows the daily solutions of the GPS + Galileo + BDS-3 RT SF-PPP in kinematic mode for 2 red stations on DoY 305, 2022. It should be noted that all available satellites are reinitialized with the interval of 6 h to simulate GNSS signal interruption or missing. It is very clear to see that the positioning errors of the GRAPHIC SF-PPP at reinitialized epoch is significantly larger than that of the SD ionospheric-constrained (SDIC) SF-PPP and even exceed 1 m. No matter what SF-PPP models, the positioning accuracy of horizontal component is better than that of vertical component. After convergence, the horizontal and vertical positioning errors can be stable within around 0.2 and 0.5 m, respectively. This indicates that both GRAPHIC and SDIC RT SF-PPP models have the ability to achieve dm-level positioning accuracy in kinematic mode at present.



The convergecne curve of the GPS + Galileo + BDS-3 RT SF-PPP in kinematic mode at 68% confidence level is displayed in Figure 9. The absolute positioning errors of 4 red stations during the whole testing period are sorted from small to large at each epoch, and the 68th% of absolute positioning errors for each epoch is selected as representative to measure the convergence performance [20]. We can see that the horizontal positioning errors of the GRAPHIC and SDIC RT SF-PPP remain consistent in the initialization period, but the vertical positioning errors of the SDIC RT SF-PPP are always smaller than those of the GRAPHIC model during the first 50 min. In the case of setting 0.2 m as the convergence criterion of positioning errors, the convergence time of the SDIC RT SF-PPP with 37 min is less than that of the GRAPHIC RT SF-PPP with 47 min, and its improvement of convergecne speed can up to 21.3%. In the period of re-convergence, due to the introduction of the regional RT bettween-satellite SD ionospheric model, both horizontal and vertcial positioning errors of the SDIC RT SF-PPP can be maintained within 0.2 m. Such excellent positioning performance is significantly superior to the GRAPHIC model, which takes at least 75 min to converge to 0.2 m. This indicates that the positioning errors of the SDIC RT SF-PPP model hardly generate fluctuations when some GNSS signals missing or blocked in the complex kinematic environments.



Figure 10 shows the RMS of positioning errors of GPS + Galileo + BDS-3 kinematic RT SF-PPP after convergence of 3 h, and these values are calculated from results of 4 red stations on 10 days. It can be seen that both N and E positioning accuracies of the SDIC RT SF-PPP is better than that of the GRAPHIC model, and its corresponding improvements are 17.0% and 45.7% respectively. However, compared with the GRAPHIC model, the vertical positioning accuracy of the SDIC RT SF-PPP is decreased from 0.21 to 0.26 m, which is caused by the limited accuracy of the regional RT between-satellite SD ionospheric model. If the multi-GNSS DF observations rather than SF observations are used to establish this regional SD ionospheri model, the vertical positioning accuracy of the SDIC RT SF-PPP can be improved like results of [19]. Therefore, this novel multi-GNSS RT SF-PPP model proposed in this study is mainly benefit to improving the horizontal positioning accurcy, with an improvement rate of 37.9%. From the perspective of 3D comprehensive error, the SDIC RT SF-PPP has slighly better accuracy and can reach within 0.3 m.





5. Conclusions


Due to the limited accuracy of ionospheric observables extracted by the CCL method, the UU-PPP technology has gradually become an important solution for extracting high-precision slant ionospheric delays in recent years. Different from the previse research using GNSS DF or multi-frequency (MF) observations, the multi-GNSS SF UU-PPP was used to extract the ionospheric observables in this study. To completely remove the negative effects of receiver DCB with short-term time-varying characteristics, the between-satellite SD method can be adopted for establishing the regional RT ionospheric model. In this contribution, we evaluate the performance of the regional RT between-satellite SD ionospheric model and explore its contribution to the multi-GNSS RT SF-PPP.



The internal accord accuracy of the SD slant ionospheric delays derived from the regional RT between-satellite SD ionospheric model can be better than 0.5 TECU, and its average RMS of GPS, BDS-3, and Galileo satellites are 7.0, 7.2, and 5.1 cm, respectively. Using the dSTEC variation calculated from between-satellite SD and epoch-differenced GF phase observations as a refence, the external accord accuracy of this ionospheric model proposed in this study is significantly better than that of the GPS Klobuchar, BDGIM, and CNES SSR VTEC models, and its average RMS of less than 1.0 TECU can be achieved.



With the introduction of the regional RT between-satellite SD ionospheric model into the multi-GNSS RT SF-PPP in kinematic mode, its initialization speed of vertical positioning errors can be improved by 21.3% to 37 min in comparison with the CNMC-smoothed GRAPHIC model. More importantly, both horizontal and vertical positioning errors of the SDIC SF-PPP after reinitialization can be maintained within 0.2 m. This means that proposed SDIC SF-PPP model has the ability to enhance the continuity and stability of kinematic positioning in case of some satellites missing or blocked. After convergence, the horizontal positioning accuracy of the SDIC SF-PPP can be improved by 37.9% to 0.13 m compared to the GRAPHIC model, but its vertical positioning accuracy may be decreased. With the increase of the number of monitoring stations in the region or the improvement of RTS products quality, the spatial-temporal resolution and accuracy of extracted ionospheric observables can be improved, and result in higher accuracy of the SD ionospheric model. As long as the SD ionospheric model is accurate enough, the vertical positioning accuracy of the SD ionospheric-constrained RT SF-PPP can be improved. In summary, the 3D positioning accuracy of the SDIC SF-PPP can be better than 0.3 m and is superior to other widely used SF-PPP models. To verify the effectiveness of the proposed algorithm on real low-cost SF-PPP users, the truly SF observations collected from the affordable SF devices or chips need to be used for carrying out RT SF-PPP tests in our future research.
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Figure 1. Distribution of the selected 22 MGEX stations in Europe. 
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Figure 2. Geomagnetic Kp values and F10.7 index during the testing period. 
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Figure 3. RMS of positioning errors during the first 3 h and positioning accuracy of each station after 3 h convergence in multi-GNSS static RT SF UU-PPP (DoY 305-314, 2022). 
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Figure 4. Time series of between-satellite SD slant ionospheric errors for different GNSS satellites at (a) BRUX, (b) GOPE, (c) GRAC, and (d) WARN stations in DoY 305, 2022. 
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Figure 5. RMS of between-satellite SD slant ionospheric errors for different GNSS satellites (4 red stations in DoY 305-314, 2022). 
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Figure 6. Differences in dSTEC variation of GPS, Galielo, and BDS-3 satellites at 4 red stations (DoY 305, 2022). 
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Figure 7. RMS of dSTEC variation differences using different ionospheric models at 4 red stations (DoY 305-314, 2022). 
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Figure 8. Kinematic positioning errors of both GRAPHIC and SDIC RT SF-PPP using GPS + Galileo + BDS-3 observations at GOPE and WARN stations (DoY 305, 2022). 
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Figure 9. Convergence curve of GPS + Galileo + BDS-3 RT SF-PPP in kinematic mode at 68% confidence level during the first 3 h (4 red stations in DoY 305-314, 2022). 






Figure 9. Convergence curve of GPS + Galileo + BDS-3 RT SF-PPP in kinematic mode at 68% confidence level during the first 3 h (4 red stations in DoY 305-314, 2022).



[image: Remotesensing 16 01511 g009]







[image: Remotesensing 16 01511 g010] 





Figure 10. RMS positioning accuracy of GPS + Galileo + BDS-3 RT SF-PPP in kinematic mode after convergence of 3 h (4 red stations in DoY 305-314, 2022). 
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Table 1. Processing strategies and correction models of the multi-GNSS RT SF-PPP.
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	Items
	Strategies or Models





	Observation
	GPS: L1; Galileo: E1; BDS-3: B1I



	Sampling rate
	30 s



	Elevation cutoff angle
	10°



	Antenna correction
	Corrected by igs14_2233.atx



	Dry part of tropospheric delay
	Corrected by GPT2w + SAAS + VMF models [26]



	Wet part of tropospheric delay
	Estimated as random-walk noise



	Ionospheric delay
	Corrected by GPS Klobuchar model



	Residual of ionospheric delay
	Estimated as random-walk noise [19]



	Positioning estimator
	Kalman filter



	Receiver coordinates
	Estimated as white noise



	Receiver clocks
	Estimated as white noise



	ISB
	Estimated as random-walk noise [27,28]



	Phase ambiguities
	Estimated as float constant
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