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Abstract

:

Several global navigation satellite systems (GNSS) broadcast overlapping frequencies to enhance interoperability, allowing tight integration with only one reference satellite for every system with the same frequency. The key to realizing tight integration is estimating and utilizing differential intersystem biases, which allows the integer characteristic of the differenced ambiguity of two satellites from different systems to be retrieved. In this study, a detailed algorithm flow of a tight integration kinematic uncalibrated phase delay (UPD)-based PPP ambiguity resolution (PPP-AR) method, which includes multiple parts, is introduced. Subsequently, PPP-AR numerical experiments were conducted in a high-shade observation environment to determine the performance. In comparison with traditional methods, our results indicate that the average success fix rate improves from 83% to 100% after using the tight integration method in an environment where only three satellites are observed for each system. Moreover, for fewer than nine satellites, the tight integration method can still consistently maintain a fixed state. However, for comparison, the traditional loose integration method could no longer be implemented.
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1. Introduction


Precise point positioning (PPP) [1,2] is an important topic of discussion in global navigation satellite system (GNSS) research because of its capability to provide global centimeter-level positioning services without the support of dedicated reference stations. However, it suffers from a long convergence time. The PPP ambiguity resolution (PPP-AR) technique was developed to shorten convergence time and obtain more accurate coordinates. The differenced ambiguities were corrected and their integer nature was retrieved. There are several commonly used realization methods for PPP-AR, such as the decoupled clock method described by Collins et al. [3], the integer phase clock method developed by Laurichesse et al. [4], and the undifferenced Australian method reported by Odijk et al. [5]. One of the most popular methods for generating and using corrections is the uncalibrated phase delay (UPD) method [6]. This method has been extensively studied in recent decades. The AR performance and positioning results of hourly PPP were analyzed by Geng et al. [7]. In contrast, Liu et al. [8] and Li et al. [9] investigated the performance of integrating GPS and BDS PPP-AR using L1/L2 observations with UPD products. An in-depth analysis integrating the GPS and GLONASS PPP-AR was conducted by Geng and Shi [10]. Currently, multi-GNSS-system PPP-AR technology with dual-frequency UPD products is well-established.



With the further development of satellite navigation systems in the past decades, several GNSS systems, such as the Galileo, Quasi-Zenith Satellite System (QZSS), and the new generation of GPS satellites (Block IIF and IIIA), have provided signals at three or more frequencies. The study of PPP falls into a multisystem, multifrequency age. The improved PPP algorithm, which considers new frequencies, has been extensively studied [11,12]. Xin et al. [13] demonstrated the critical impact of correct Galileo receiver antenna phase centers on multifrequency PPP-AR convergences and discussed which frequencies should be used to obtain optimal performance. Moreover, new frequencies have been applied in several fields such as fast real-time kinematic (RTK) AR [14], integrity monitoring [15], and meteorology [16].



It is worth noting that several GPS, BDS-3, Galileo, and QZSS signals share the same frequency. B1C of BDS has the same central frequency as the L1 signal of GPS/QZSS and E1 of Galileo. However, the frequency of BDS B2a is identical to L5 of GPS/QZSS and E5a of Galileo [17]. The design of overlapping frequency signals can undoubtedly increase the compatibility and interoperability of GNSSs [18]. In the differenced-ambiguity-generating process of PPP-AR, only two ambiguities with the same frequency can be selected as a satellite pair; therefore, the between-satellite differenced ambiguities are generally calculated within each system, which is referred to as loose integration [19]. However, overlapping frequencies provide an opportunity to generate differenced ambiguities between any two satellites regardless of the frequency problem. In other words, only one pivot satellite needs to be selected for all systems, and this strategy is called tight integration [20]. The implementation method of tight integration has been extensively studied for single baseline RTK and relative positioning [20,21,22]. The key to realizing tight integration is estimating and utilizing the differential intersystem bias (DISB). It retrieves the integer characteristics of differenced ambiguities of satellites from different systems. The properties of the DISB have been discussed in depth by Odijk et al. [23] and Odijk and Teunissen [22]. They observed that the DISB was nonzero when different receiver frequencies were utilized. In addition, the stability of the DISB between the overlapping frequencies of the GPS, Galileo, Beidou, and QZSS was systematically analyzed. Subsequently, the improvement of positioning solutions [24] and AR [25] after using tight integration was examined in the following years.



Although considerable research achievements in tight integration methods have been reported in the relative positioning field, studies on tight integration in UPD-based PPP-AR methods remain scarce. Khodabandeh and Teunissen [26] presented multi-system estimable parameters by applying the S-system theory, and intersystem biases were estimated using multi-system PPP-RTK full-rank models. We believe that tight integration theory is also suitable for point positioning ambiguity resolution using UPD. The tight integration method can provide more ambiguities to satisfy the requirement of the least number of fixed ambiguities for fixed-coordinate solutions, particularly in a high-shade environment. If the number of fixed ambiguities is less than the minimum number, a fixed-coordinate solution cannot be acquired. One of the major objectives of this study was to propose a tight integration kinematic UPD-based PPP-AR algorithm using overlapping frequencies. Similar to relative positioning, additional DISBs must be solved in PPP-AR to ensure that the between-system differenced ambiguities are integers. However, the estimation methods of the DISB are completely different. Considering that PPP utilizes undifferenced ionosphere-free combination observations rather than dual-differenced uncombined observations and the ambiguity combinations vary, using the same DISB estimation method as that for relative positioning is not appropriate. The proposed DISB estimation and utilization approach was explored in detail in this study. This may evolve into an option for future applications, based on the traditional PPP-AR method. The additional ambiguities provided by the tight integration method are valuable for users in highly obstructed environments. A kinematic PPP-AR experiment was conducted under a scenario with an extremely low number of observations to highlight the advantages of tight integration. We assumed that the receiver moves from an open field to a highly obstructed area where only a few satellites can be detected. The proposed tightly integrated PPP-AR method is expected to hold a continuous fixed state for as long as possible under difficult observational conditions. In our approach, the fixed-integer ambiguity information of the last epoch is used to solve the AR problem.



First, we briefly introduce the traditional PPP-AR model based on UPD products. Subsequently, we present the processing steps required as long as the receiver can gather a large number of observations, such as integer ambiguity information storage and wide lane (WL)/narrow lane (NL) DISB estimation. Next, we introduce the tight integration PPP-AR processing flow and key algorithms used when the receiver detects a drastic reduction in the number of observed satellites. This includes accounting for a change in the reference satellite and therefore the UPD reference, imposing constraints on zenith tropospheric delay (ZTD) parameters, usage of DISB, and the utilization of integer ambiguity information of the last epoch. Finally, kinematic PPP-AR experiments are conducted in a highly shaded observation environment to prove the effectiveness of the proposed method.




2. Methods


The ionosphere-free (IF) observations used in the traditional PPP model are expressed as


         P   I F   s   +   c t   I F   s   -   ρ   s   = c   t   I F   + c   t   G x   +   T   s   +   ε   I F , P   s           λ   I F   Φ   I F   s   + c   t   I F   s   -   ρ   s   = c   t   I F   + c   t   G x   +   T   s   +   λ   I F       N  ~    I F   s   +   ε   I F , Φ   s         



(1)




where   P   a n d   Φ   denote code and phase observations, respectively,   ρ   is the receiver-to-satellite geometric distance, and c is the speed of light. Superscript s denotes the satellite.     T   s     denotes slant tropospheric delay,     t   I F     and     t   I F   s     are the receiver and satellite IF clock errors, respectively, and       N  ~    I F   s     represents float ambiguities in cycles with wavelength   λ  .   ε   denotes observation noise. The difference in the receiver clocks between the GPS and other systems (written as x in [1])     t   G x     is estimated as a constant over 30 min.     t   I F     is the updated epoch by epoch, and the wet tropospheric zenith delay (ZTD) residual is estimated hourly as a constant. The Saastamoinen mapping function was used in the present study. The AR process begins after the PPP calculation is completed.



2.1. Traditional Kinematic PPP-AR Model


First, the traditional PPP-AR model is briefly introduced. At the server, UPD products are generated and sent to users. Float WL ambiguities were calculated using the Melbourne–Wübbena (MW) combination. Furthermore, the float NL ambiguities are derived using float IF ambiguities estimated with (1) and fixed WL ambiguities. The float WL and NL ambiguity       N  ~    r   s     can be expressed as


      N  ~    r   s   =   N   r   s   +   b   r   +   b   s   +   ε   r   s    



(2)




where the superscript ‘s’ refers to a satellite, whereas the subscript ‘r’ refers to a receiver.     N   r   s     is the associated integer ambiguity of       N  ~    r   s    .     b   r     and     b   s     are the receiver- and satellite-dependent UPDs, respectively. Once the ambiguities are solved for all j reference stations that commonly track k satellites, they can be computed as


           N  ~    1   1           N  ~    1   2          ⋮         N  ~    1   k              N  ~    2   1       ⋮         N  ~    j   k              =        N   1   1         N   1   2          ⋮       N   1   k            N   2   1       ⋮       N   j   k              +        I   j   ⊗   e   k       e   j   ⨂   I   k               b   1       ⋮          b   j         b   1          ⋮       b   k               



(3)




where en denotes an n-dimensional column vector whose elements are all 1’s and In denotes an n-dimensional identity matrix. Regarding eliminating rank deficiency in (3), refer to Wang et al. [27] for further details. Next, the UPD is sent to the user together with the precise orbit and clock products.



Once the PPP calculation was completed at each epoch, the AR module was started. First, between-satellite single-differenced (SD) ambiguities were generated. Limited by the existing DISB, only two satellites from the same GNSS can be used to calculate a single SD ambiguity. The received UPDs were used to correct the WL SD ambiguities. After the NL SD ambiguities were estimated using IF and fixed WL ambiguities, they were revised using the corresponding UPDs. Assuming that the two satellites s and v are from the same system, the correction process is as follows:


             N  ^    W L , u   s v   =   N  ~    W L , u   s v   +   b   W L   s   -   b   W L   v             N  ^    N L , u   s v   =   N  ~    N L , u   s v   +   b   N L   s   -   b   N L   v         



(4)




where     N  ~    is the UPD-biased float ambiguity, and     N  ^    is the UPD-corrected float ambiguity. Subscript u denotes the receiver of the user. After correcting the SD ambiguities, WL ambiguities were rounded and NL ambiguities were fixed using the LAMBDA method. For the kinematic PPP-AR model, AR was performed at each epoch, and the fixed coordinates were stored if the ratio test was successful.



The proposed tightly integrated PPP-AR method using multi-GNSS overlapping frequency signals is an optional application module based on the traditional PPP-AR method. The new approach consists of DISB estimation in a good observation environment and DISB utilization in a high-shade situation. With the WL/NL DISB parameters and fixed ambiguity information acquired in an open environment, we assume that the hold time of the continuous fixed state can be longer, even though fewer than nine satellites can be observed. The two aspects are discussed in this section.




2.2. Estimation of WL/NL DISB Parameters in an Open Area


There are two types of receiver-related hardware biases: code range and phase range. The code range bias is introduced into the phase observation along with the receiver clock and intersystem receiver clock bias (ISRCB) parameters. Finally, together with the phase component, the introduced range hardware delay is absorbed by ambiguities. When the SD ambiguities are calculated using two-phase observations from the same system, receiver-related hardware delays can be eliminated. Here, it is necessary to introduce the difference between ISRCB and DISB. The ISRCB is the intersystem bias (ISB) of receiver clocks of different systems. The ISRCB reflects that the range-related receiver hardware delays of various GNSS systems are different. The ISRCB parameter introduces the range-related biases into the phase observations. As for the DISB in this work, it is estimated using the fractional part of the ambiguities, which contains both phase-related receiver hardware delays and the introduced range-related delays. It helps to decrease the intersystem hardware bias absorbed by the ambiguities, and retrieve the integer characteristic. However, two problems are associated with the ambiguities of different systems. One is the frequency. Ambiguity at different frequencies cannot be directly combined. Once overlapping frequency signals are used, this problem is solved. However, another problem is the varying hardware delays for different systems, which is still an imperative issue. We attempted to estimate the DISB to fix the differences in the hardware delays of the various systems. However, specific fixed parameters must be stored prior to processing.



2.2.1. Store/Replace the Slow Time-Varying Parameters


Because ISRCB and ZTD are stable over a short period [28], the ambiguities are subsequently fixed using the traditional PPP-AR method, and the fixed-ambiguity-constrained ISRCB and ZTD parameters are stored in      x -    l a s t    . In contrast, integer ambiguities are stored or updated in       N  -    l a s t    . Although unnecessary information is generally erased in the software data processing of kinematic positioning after the real-time coordinate solution is calculated to save memory space, in our approach,       x  -    l a s t     and       N  -    l a s t     are retained.




2.2.2. Estimation of WL DISB


The undifferenced (UD) WL UPD-corrected ambiguity is expressed as follows:


        N  ^    W L , A   s   =   N  ~    W L , A   s   +   b   W L   s    



(5)




where       N  ~    W L , r , A   s     is the raw float WL ambiguity of satellite s from System A, and       N  ^    W L , A   s     is its after-corrected value. The receiver-related WL hardware delay should be the fractional part of       N  ^    W L , A   s    , which is expressed as


      h   W L , A   s   =   N  ~    W L , A   s   -       N  ^    W L , A   s      



(6)




where     h   W L , A   s     is the WL hardware delay of satellite s and [] is the symbol of rounding a number to the nearest integer. As WL ambiguities are influenced by observation noise, the fraction parts are not identical for the ambiguities of different satellites. The final hardware delay is the weighted average value, which is expressed as


    h   W L , A   =     ∑  s = 1   j        h   W L , A   s     p   s           ∑  s = 1   j        p   s          



(7)




where     p   s     denotes the weight determined by the elevation angle of satellite s, and     h   W L , A     is the estimated WL hardware delay of System A. The WL DISB between systems A and B is expressed as


    δ   W L , A - B   =   h   W L , A   -   h   W L , B    



(8)







In this study, the GPS was chosen as reference System B. The     δ   W L , A - B     values of all the observed systems relative to the GPS were calculated and stored.




2.2.3. Estimation of NL DISB


Similar to the estimation method of WL DISB, UPD-corrected UD NL ambiguities were used to calculate NL DISB as follows:


        N  ^    N L , A   s   =   N  ~    N L , A   s   +   b   N L   s    



(9)







Because the wavelength is short and no between-satellite difference calculation is conducted, the accuracy and reliability of NL ambiguities are easily affected by various errors. Thus, the original UD NL ambiguities are too rough to estimate high-quality DISB. To ensure that the estimated DISB was sufficiently precise, we utilized SD-ambiguity-constrained UD NL ambiguities rather than original ambiguities. After the SD NL ambiguities are fixed, the constrained solution of all UD ambiguities and their corresponding cofactor matrix can be resolved as


           N  -    U D   =     N  ^    U D   -   Q       N  ^    U D       S   T       S   Q       N  ^    U D       S   T       - 1         N  ^    S D   -   N   S D           Q       N  -    U D     =   Q       N  ^    U D     -   Q       N  ^    U D       S   T       S   Q       N  ^    U D       S   T       - 1   S   Q       N  ^    U D           



(10)




where       N  -    U D     and       N  ^    U D     are the constrained and UPD-corrected UD ambiguity (from Equation (9)) sets and their corresponding cofactor matrices are     Q       N  -    U D       and     Q       N  ^    U D      , respectively.   S   is the transformation matrix from the UD to SD ambiguities.       N  ^    S D     and     N   S D     are the UPD-corrected float and integer SD ambiguities, respectively. The precision of the UD ambiguities was improved by applying the constraints of the fixed SD ambiguities. Moreover, after constraining the fractional parts of the constrained UD, the NL ambiguities are very close to each other because the differences in the UD ambiguities are constrained to integers. The receiver-related NL hardware delay of System A should be the fraction of any UD ambiguity from System A, which is expressed as


    h   N L , A   =     N  -    N L , A   s   -       N  -    N L , A   s      



(11)




where       N  -    N L , A   s     is any constrained UD ambiguity from System A, and     h   N L , A     is the receiver-related NL hardware delay of System A. The NL DISB between systems A and B is expressed as


    δ   N L , A - B   =   h   N L , A   -   h   N L , B    



(12)







Similarly, the GPS was chosen as reference System B. The     δ   N L , A - B     values of all observed systems relative to the GPS were calculated and stored. If g GNSSs are observed, the number of WL and NL DISBs are both equal to g−1.



As long as a sufficient number of observable satellites are available, the abovementioned processing steps are conducted every epoch. Until the number of observable satellites diminishes to no more than 3g, i.e., in a shaded/obstructed environment, the tight integration AR method is invoked. Taking g = 3 as an example, the estimated parameters, except ambiguities, are three coordinate elements, one ZTD, one receiver clock, and two ISRCBs, making seven in total. This implies that at least seven fixed SD ambiguities are required, which is not a difficulty in open areas. However, in a poor observation environment, although nine satellites are observed, because each system must be assigned a reference satellite, the total observed SD ambiguities are only six for the traditional AR approach, which means that a fixed-coordinate solution is impossible. However, the tight integration AR method, which can provide two additional ambiguities, is believed to enable the user to successfully obtain the final fixed solution. In the next subsection, the use of DISB in high-occlusion situations is introduced.





2.3. Tight Integration AR Method in a Highly Obstructed Situation


In contrast to the traditional PPP-AR method, some necessary constraints and revisions must be applied before calculating SD ambiguities.



2.3.1. Imposing Constraints on ISRCB and ZTD Parameters


In a short time period, both ISRCB and ZTD parameters can be treated as constants. Therefore, the ambiguity-constrained parameters acquired from the last epoch can be used as known values to impose constraints on the corresponding parameters of the current epoch. There are three reasons for restricting these two parameters. First, the constraint can directly decrease the number of estimated parameters, which must be fixed. The parameters imposed on the strong constraints no longer require the revision of fixed ambiguities. Second, the accuracy of all parameters is improved with the constraint. The third reason is the uniformity of the ISRCB and DISB. The range hardware delay is contained in both the ISRCB and ambiguities. In contrast, the stored ISRCB is the ambiguity-constrained solution at the last epoch, and the DISBs are estimated from fixed ambiguities. Thus, ISRCB and DISB from the last epoch were in fairly good agreement. To ensure optimal DISB performance, the ISRCB must be constrained to the stored value. When a user enters a highly obstructed environment, the fixed ISRCB and ZTD parameters stored in       x  -    l a s t     are utilized, as follows:


         y  -  =   y  ~  -   Q     y  ~    x  ~      Q     x  ~    - 1       x  ~  -     x  -    l a s t           Q     y  -    =   Q     y  ~    -   Q     y  ~    x  ~      Q     x  ~    - 1     Q     x  ~    y  ~          



(13)




where     x  ~    covers the estimated ISRCB and ZTD of the current epoch, the cofactor matrices of which are     Q     x  ~     .     y  ~    and     y  -    are the before-constrained and after-constrained estimated parameters, respectively, except for ISRCB and ZTD.     Q     y  ~      and     Q     y  -      are the corresponding cofactor matrices.     Q     x  ~    y  ~      is the cross-cofactor matrix between     x  ~    and     y  ~   .




2.3.2. Eliminating the Influence of the Change in NL UPD Reference


Generally, a satellite with the highest elevation is used as a reference for UPD processing. In addition, the UPD reference of each GNSS is independent and individually defined. As a result, the basis can be eliminated in loose integration. However, in tight integration, the validity of DISBs is directly influenced by the jump in the basis. The DISB estimated at the last epoch cannot match the UPDs at the current epoch if the reference satellite for the UPD changes. Thus, the UPD gap between the two epochs must be detected and revised to ensure consistency between UPD and DISB.



The mean of NL UPDs is believed not to change significantly if the reference satellite is not transformed. The mean of the UPD of j satellites from System A at the ith epoch is expressed as:


    b   A , c   ( i ) =     ∑  s = 1   j        b   N L   s         s    



(14)




where     b   A , c   ( i )   is the UPD barycenter. The difference in the UPD barycenter between epochs i and i−1 is


    d i f   A , c   =   b   A , c     i   -   b   A , c   ( i - 1 )  



(15)







When the absolute value of     d i f   A , c     is greater than the empirical value of 0.05 cycle, the DISB needs to be revised.


       δ  -    N L , A - B   =   δ   N L , A - B   +   d i f   A , c       or       δ  -    N L , B - A   =   δ   N L , B - A   -   d i f   A , c     



(16)




where       δ  -    N L , A - B     and       δ  -    N L , B - A     are the after-revised DISBs.




2.3.3. Generating between-Satellite SD Ambiguities


In addition to the SD ambiguities of satellite pairs in every system, satellites with the highest elevation angle in each system were selected to calculate tight integration ambiguities. Among all the NL SD ambiguities, the integer ambiguities that have been fixed at the last epoch with no cycle slip discovered at the current epoch are termed as     N   N L , l     in this study.




2.3.4. Correcting and Fixing the WL SD Ambiguities


For tight integration ambiguities of satellites from different systems, UPD and DISB are utilized to correct the errors and restore the integer characteristics.


        N  ^    W L   s v   =   N  ~    W L   s v   +   b   W L   s   -   b   W L   v   -   δ   W L , A - B    



(17)




where s and v are two satellites from systems A and B, respectively, and       N  ~    W L   s v     and       N  ^    W L   s v     are the before- and after-corrected tight integration WL ambiguities, respectively. The       N  ^    W L   s v     are currently prepared to be fixed.




2.3.5. Correcting and Fixing the NL SD Ambiguities


The NL float ambiguities can be estimated using fixed WL ambiguities and float IF ambiguities       N  ~    I F   s     from (1). Similar to WL ambiguities, NL ambiguities are also revised using DISB and UPD as follows:


        N  ^    N L   s v   =   N  ~    N L   s v   +   b   N L   s   -   b   N L   v   -   δ   N L , A - B    



(18)




where       N  ~    N L   s v     and       N  ^    N L   s v     are the before-corrected and corrected tight integration NL ambiguities, respectively.



It was assumed that no cycle slip was detected in the current epoch. In this case, the integer ambiguities at the last epoch,     N   N L , l    , are reliable for restricting the corresponding ambiguities at the current epoch and improving their accuracy. Particularly in a high-shade environment, the constraint is critical for improving the quality of the new ambiguity appearing at the current epoch. The constraint is imposed as follows:


         a  -  =   a  ~  -   Q     a  ~      N  ^    N L , l       Q       N  ^    N L , l     - 1         N  ^    N L , l   -   N   N L , l           Q     a  -    =   Q     a  ~    -   Q     a  ~      N  ^    N L , l       Q       N  ^    N L , l     - 1     Q       N  ^    N L , l     a  ~          



(19)




where       N  ^    N L , l     is the UPD-corrected NL ambiguity vector at the current epoch calculated from (18), which has been fixed at the last epoch, and     Q       N  ^    N L , l       is the corresponding cofactor matrix;     a  ~    and     a  -    are before-constraint and after-constraint estimated parameters, except       N  ^    N L , l    , respectively;     Q     a  ~      and     Q     a  -      are their corresponding cofactor matrices, respectively;     Q     a  ~      N  ^    N L , l       denotes the cofactor matrices of     a  ~    and       N  ^    N L , l    . Finally,     a  -    can be fixed using LAMBDA.




2.3.6. Updating the Values of Stored Fixed Parameters


After the ambiguities are successfully fixed,     N   N L , l     must be updated to the current value. As introduced in Section 2.2.3, assuming that three systems are observed, seven parameters are estimated in total. Thus, in this case, if the number of fixed SD ambiguities is not less than seven, both the ISRCBs and ZTD can be updated. However, the number of available satellites is severely limited in a high-shade environment (perhaps even fewer than nine satellites); together with the influence of partial AR, it is usually not sufficient to update all of the parameters, although the presented tight integration method has been utilized. Considering the various influences of different parameters on AR, the update priority of ISRCBs is higher than that of the ZTD. If the fixed ambiguity number is only six, the two ISRCBs are updated. The hold times of the two ISRCB parameters were compared when the number was as low as five. Assuming that the last update times of the two ISRCBs are     t   A - B     and     t   A - C    , the ISRCB between systems A and C are updated when     t   A - B   >   t   A - C    , and between systems A and B when     t   A - B   <   t   A - C    . Furthermore, the DISBs are updated as in Section 2.2.2 and Section 2.2.3.



If the ambiguities cannot be fixed, the fixed state is lost, and the current output is the float coordinate solution. The entire procedure is shown in the flowchart in Figure 1.






3. Datasets and Evaluation Indicators


We used observational data from the IGS network with 40 reference stations in Asia, as shown in Figure 2, to generate UPDs. The UPDs of Galileo, GPS, and QZSS were calculated at 60 s intervals. The PTGG station from the Philippines was selected as the user, and its 1 s interval observations from 0:00 to 6:30 UTC (i.e., 8:00 to 14:30 local time) on 2 February 2022, were acquired to conduct the kinematic PPP-AR experiment. Although static experimental data from the reference station were utilized to simulate a user receiver, the kinematic PPP algorithm module was executed to demonstrate the performance of kinematic positioning. The user receiver type was a Septentrio PolaRx5 connected to a TRM59800.00 antenna. To realize tight integration of the PPP-AR method, GPS/Galileo/QZSS overlapping frequency signals were used, which were L1/L5 of GPS and QZSS, and E1/E5a of Galileo. In the PPP-AR experiment, the kinematic PPP engine was restarted every half-hour from 0:00 to 5:30, which means that the PPP was restarted 12 times. For each computation, one-hour data were utilized. No shelter was set in the first half-hour to ensure that the DISBs were precisely generated. The high-shade environment was artificially structured in the second half-hour to evaluate the PPP-AR performance using the proposed method. Several schemes of obstructed environments are elaborated on in the following section. The ambiguities were fixed at each epoch in the second half-hour. Only the AR performance in the second half-hour was counted. The ratio test was conducted once the ambiguities were fixed and the threshold was experientially set to 1.8.



Several evaluation indicators were selected to assess the AR results. The ratio between the duration of holding a continuous fixed state and the observation time is called the success fix rate,     P   s f    . We checked the position errors derived with fixed ambiguities to further evaluate AR reliability. If the position error was less than the distance threshold of known coordinates, the fixed solution was assumed to be correct. The thresholds were 5/10/15 cm (H5/H10/H15) for the horizontal error and 10/15 cm (V10/V15) for the vertical error. The ratio between the number of correct fixed solutions was termed the correct fix rate,     P   c f    . In addition, the number of fixed ambiguities was counted.




4. Results and Discussion


This section shows the WL and NL DISBs of the PTGG station estimated using the method presented in Section 2.2.2 and Section 2.2.3. The WL and NL receiver-related hardware delays for each GNSS from 0:00 to 6:00 are shown in Figure 3 and Figure 5, respectively. The WL and NL DISBs are displayed in Figure 4 and Figure 6, respectively.



The WL receiver-related hardware delays changed quite slowly with a maximal fluctuation range of approximately 0.15 cycles within 6 h. Occasional sudden jumps were generally caused by a cycle-slip occurrence, a newly observed satellite, or the disappearance of a satellite because of its low elevation angle. For the DISBs, the fluctuation range did not exceed 0.2 cycles. Because the GPS was selected as the reference system, Galileo-GPS and QZSS-GPS DISBs displayed similar fluctuations and trends.



A change in the NL UPD reference basis can cause a sudden jump in NL receiver-related hardware delays; therefore, the influence of a discontinuous UPD reference basis was eliminated in Figure 5 and Figure 6. The fluctuation range of the NL hardware delays was larger than that of WL, reaching up to 1.6, 1.1, and 1.7 cycles for the GPS, Galileo, and QZSS, respectively. The GPS curve unexpectedly crossed 0.5 cycles in half an hour. As a result, the maximal ranges of DISBs were 1.7 and 2.8 cycles for Galileo-GPS and QZSS-GPS, respectively. Thus, NL DISBs must be updated frequently to maintain their reliability. However, the variation over a very short period was minimal. This implied that using the DISBs estimated in the last epoch in the proposed method was reasonable. Compared with the DISB results calculated using relative positioning observation equations [21], our DISBs showed slightly poor stability. This may be because a greater number of satellite-related or environment-related unmodeled errors were contained in ambiguities and final DISBs because between-receiver differenced observations cannot be acquired in the PPP-AR model.



The advantage of the tight integration AR method is highlighted in a high-shade environment because every extra ambiguity is essential for satellite geometry and ensuring an adequate number of fixed SD ambiguities. Kinematic PPP-AR experiments were conducted in a highly obstructed environment to demonstrate and evaluate the performance of the proposed method. Nine experimental schemes were designed to simulate various observational environments using different AR strategies and satellite data from different systems, as listed in Table 1.



The scheme “3 GPS, 3 Galileo, and 3 QZSS” refers to the top three satellites with the highest elevation angles of each system which can be observed in the second half-hour of each computation. We aimed to compare the AR results of the traditional loose integration approach and the proposed tight integration method. However, in Scheme 1, even if all six SD ambiguities are fixed, a fixed solution cannot be obtained because there are seven estimated parameters. Thus, the ZTD parameter was directly fixed to the precise value obtained during the first half-hour. When the number of observed satellites is further reduced, as shown in Schemes 3–9, the traditional loose integration becomes unavailable.



To intuitively display the satellite geometry when only three satellites can be observed for each system, Figure 7 and Figure 8 show the elevation angles of three and two satellites observed for each system, respectively. In Figure 7, the average elevation angle is approximately 50°, and the elevation angles of only two satellites are less than 30° over a fraction of time. In Figure 8, all elevation angles are greater than 35°, and almost all satellites are concentrated in the zenith direction. Only six satellites can be observed, and the satellite geometry is poor; therefore, AR is generally difficult in this situation.



PPP-AR numerical experiments were conducted based on the design of the experiment introduced in Datasets and evaluation indicators, and the following statistical results were obtained. In the proposed method, fixed ambiguities from the last epoch are used to limit the current float ambiguities. This strategy ensures a continuous fixed state for a period after the user receiver enters a shaded environment. However, it is difficult to determine whether ambiguities can still be fixed when a cycle slip occurs, or when a new satellite is tracked, which largely determines the success fix rate. Figure 9 shows the average     P   s f     for all schemes. It should be noted that Schemes 1 and 2 should not be compared directly because the ZTD parameter of Scheme 1 was fixed before AR, whereas it remained floating in Scheme 2. Nevertheless, the     P   s f     improved from 83% to 100% after the tight integration method was used. Eight satellites were observed in Schemes 3–5, with     P   s f     values greater than 91%. For Schemes 6–8 with seven satellites, the     P   s f     range was 82–90%. However, when the number of satellites decreased to six, the     P   s f     was only 72%, even with tight integration.



Figure 10 shows the average number of fixed SD ambiguities for all schemes. Compared to Scheme 1, Scheme 2 estimates two more intersystem SD ambiguities; therefore, the average fixed ambiguity number is increased by two. For Schemes 2–5, the resolution of a new NL ambiguity is delayed when it is not sufficiently precise or the WL ambiguity fails to be fixed. Thus, the continuous fix state will not be lost in this situation, owing to the relatively higher number of ambiguities. The number of available ambiguities is strictly limited for Schemes 6–9; therefore, once a new ambiguity replaces an old one and the new ambiguity is not precise enough to be fixed, the AR can hardly succeed because of the terrible satellite geometry. Thus, the average number of fixed ambiguities in Schemes 6–9 is close to an integer.



Figure 11 and Figure 12 show the average H10 and V15     P   c f     values of all schemes, respectively. The detailed statistical results of     P   c f     for all position error thresholds are listed in Table 2. The statistical results after further classification according to the satellite number are shown in Table 3.



The lower the number of observed satellites, the lower the     P   c f    . The H10 and V15     P   c f     values are above 90% when eight or nine satellites were observed. However, the average H10     P   c f     was only 86% and 64% and the average V15     P   c f     values were 84% and 53% when the number of satellites was 7 and 6, respectively. For schemes in which the number of satellites are identical, the values of     P   c f     are quite similar, except for Scheme 6 in Figure 12. This is because the elevation angle of the QZSS satellite with the third highest elevation is relatively low; thus, its improvement in the vertical coordinate is more significant.



In conclusion, the proposed tightly integrated PPP-AR approach used overlapping frequency signals to improve the availability of fixed solutions markedly. The proposed method can still provide users with fixed-coordinate solutions for a period, particularly when the traditional kinematic PPP-AR method fails because of the lack of observed satellites.




5. Conclusions


This study presented a tightly integrated UPD-based PPP-AR approach using overlapping frequency signals to exploit the overlapping frequency signals of multi-GNSSs to improve the PPP-AR method. The detailed algorithm flow is introduced, including multiple parts such as integer ambiguity information storage, wide lane (WL)/narrow lane (NL) DISB estimation, accounting for a change in the UPD reference, imposing constraints on ZTD parameters, usage of DISB, and the utilization of integer ambiguity information of the last epoch. Finally, a series of kinematic PPP-AR experiments were conducted in a highly obstructed observation environment to demonstrate the effectiveness of the proposed method.



The WL receiver-related hardware delays were observed to change moderately, with a maximum fluctuation range of approximately 0.15 cycles within 6 h. However, the fluctuation range of NL hardware delays was larger than that of WL, reaching 1.6, 1.1, and 1.7 cycles for GPS, Galileo, and QZSS, respectively. The PPP-AR experiment results indicate that the     P   s f     improves from 83% to 100% after using the tight integration method compared with the traditional method in high-shade situations where only three satellites are tracked for each system. However, for the worst condition, in which fewer than nine satellites are tracked, the traditional method is futile, whereas the proposed method still produces fixed-coordinate solutions in our experiments.







Author Contributions


Methodology, S.W. and B.L.; software, S.W.; validation, S.W. and R.T.; investigation, J.H.; resources, R.T.; data curation, R.Z.; writing—original draft preparation, S.W. and L.F.; writing—review and editing, S.W. and L.F.; visualization, S.W.; supervision, R.T.; project administration, X.L.; funding acquisition, R.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Science Foundation for Young Scientists of China grant number 42104020, National Natural Science Funds of China grant number 41674034, 41974032 and 42274019.




Data Availability Statement


The observational data that support the findings of this study are openly available on the IGS FTP site at ftp://igs.ensg.eu/ (accessed on 9 May 2022).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Malys, S.; Jensen, P.A. Geodetic Point Positioning with GPS Carrier Beat Phase Data from the CASA UNO Experiment. Geophys. Res. Lett. 1990, 17, 651–654. [Google Scholar] [CrossRef]

	



Zumberge, J.; Heflin, M.; Jefferson, D.; Watkins, M.; Webb, F. Precise point positioning for the efficient and robust analysis of GPS data from large networks. J. Geophys. Res. 1997, 102, 5005–5017. [Google Scholar] [CrossRef]

	



Collins, P.; Lahaye, F.; Héroux, P.; Bisnath, S. Precise point positioning with ambiguity resolution using the decoupled clock model. In Proceedings of the ION GNSS 2008, Savannah, GA, USA, 16–19 September 2008; pp. 1315–1322. [Google Scholar]

	



Laurichesse, D.; Mercier, F.; Berthias, J.; Broca, P.; Cerri, L. Integer ambiguity resolution on undifferenced GPS phase measurements and its application to PPP and satellite precise orbit determination. Navigation 2009, 56, 135–149. [Google Scholar] [CrossRef]

	



Odijk, D.; Zhang, B.; Khodabandeh, A.; Odolinski, R.; Teunissen, P.J.G. On the estimability of parameters in undifferenced, uncombined GN network and PPP-RTK user models by means of S-system theory. J. Geod. 2016, 90, 15–44. [Google Scholar] [CrossRef]

	



Ge, M.; Gendt, G.; Rothacher, M.; Shi, C.; Liu, J. Resolution of GPS carrier-phase ambiguities in Precise Point Positioning (PPP) with daily observations. J. Geod. 2008, 82, 389–399. [Google Scholar] [CrossRef]

	



Geng, J.; Teferle, F.N.; Shi, C.; Meng, X.; Dodson, A.H.; Liu, J. Ambiguity resolution in precise point positioning with hourly data. GPS Solut. 2009, 13, 263–270. [Google Scholar] [CrossRef]

	



Liu, Y.; Ye, S.; Song, W.; Lou, Y.; Chen, D. Integrating GPS and BDS to shorten the initialization time for ambiguity-fixed PPP. GPS Solut. 2017, 21, 333–343. [Google Scholar] [CrossRef]

	



Li, P.; Zhang, X.; Guo, F. Ambiguity resolved precise point positioning with GPS and BeiDou. J. Geod. 2016, 91, 25–40. [Google Scholar]

	



Geng, J.; Shi, C. Rapid initialization of real-time PPP by resolving undifferenced GPS and GLONASS ambiguities simultaneously. J Geod. 2017, 91, 361–374. [Google Scholar] [CrossRef]

	



Elsobeiey, M. Precise point positioning using triple-frequency GPS measurements. J. Navig. 2015, 68, 480–492. [Google Scholar] [CrossRef]

	



Li, X.; Ge, M.; Dai, X.; Ren, X.; Fritsche, M.; Wickert, J.; Schuh, H. Accuracy and reliability of multi-GNSS real-time precise positioning: GPS, GLONASS, BeiDou, and Galileo. J Geod. 2015, 89, 607–635. [Google Scholar] [CrossRef]

	



Xin, S.; Geng, J.; Guo, J.; Meng, X. On the Choice of the Third-Frequency Galileo Signals in Accelerating PPP Ambiguity Resolution in Case of Receiver Antenna Phase Center Errors. Remote Sens. 2020, 12, 1315. [Google Scholar] [CrossRef]

	



Teunissen, P.J.G.; Joosten, P.; Tiberius, C. A comparison of TCAR, CIR and LAMBDA GNSS ambiguity resolution. In Proceedings of the ION-GPS-2002, Portland, OR, USA, 24–27 September 2002; pp. 2799–2808. [Google Scholar]

	



Tsai, Y.; Yang, W.; Chang, F.; Ma, C. Using multi-frequency for GPS positioning and receiver autonomous integrity monitoring. In Proceedings of 2004 IEEE International Conference on Control Applications, Taipei, Taiwan, 2–4 September 2004; pp. 205–210. [Google Scholar]

	



Li, X.; Dick, G.; Lu, C.; Ge, M.; Nilsson, T.; Ning, T.; Wickert, J.; Schuh, H. Multi-GNSS meteorology: Real-time retrieving of atmospheric water vapor from BeiDou, Galileo, GLONASS, and GPS observations. IEEE Trans. Geosci. Remote Sens. 2015, 53, 6385–6393. [Google Scholar] [CrossRef]

	



CSNO. BeiDou Navigation Satellite System Open Service Performance Standard (Version 2.0). 2018. Available online: http://www.beidou.gov.cn/xt/gfxz/202105/P020210526216231136238.pdf (accessed on 9 May 2022).

	



Yang, Y.; Gao, W.; Guo, S.; Mao, Y.; Yang, Y. Introduction to BeiDou-3 navigation satellite system. Navigation 2019, 66, 7–18. [Google Scholar] [CrossRef]

	



Zhang, W.; Cannon, M.E.; Julien, O.; Alves, P. Investigation of combined GPS/Galileo cascading ambiguity resolution schemes. In Proceedings of the ION GPS/GNSS-2003, Portland, OR USA, 9–12 September 2003; pp. 2599–2610. [Google Scholar]

	



Julien, O.; Alves, P.; Cannon, M.E.; Zhang, W. A tightly coupled GPS/GALILEO integration for improved ambiguity resolution. In Proceedings of the ENC-GNSS 2003, Graz, Austria, 22–25 April 2003; pp. 22–25. [Google Scholar]

	



Odijk, D.; Teunissen, P.J.G. Estimation of differential inter-system biases between the overlapping frequencies of, G.P.S.; Galileo, BeiDou and QZSS. Proceedings of 4th International Colloquium Scientific and Fundamental Aspects of the Galileo Program, Prague, Czech Republic, 4–6 December 2013. [Google Scholar]

	



Chen, G.; Li, B.; Zhang, Z.; Liu, T. Integer ambiguity resolution and precise positioning for tight integration of BDS-3, GPS, GALILEO, and QZSS overlapping frequencies signals. GPS Solut. 2022, 26, 26. [Google Scholar] [CrossRef]

	



Odijk, D.; Teunissen, P.J.G.; Huisman, L. First results of mixed GPS+GIOVE single-frequency RTK in Australia. J. Spatial Sci. 2012, 57, 3–18. [Google Scholar] [CrossRef]

	



Wu, M.; Liu, W.; Wang, W.; Zhang, X. Differential inter-system biases estimation and initial assessment of instantaneous tightly combined RTK with BDS-3, GPS, and Galileo. Remote Sens. 2019, 11, 1430. [Google Scholar] [CrossRef]

	



Paziewski, J.; Wielgosz, P. Accounting for Galileo-GPS intersystem biases in precise satellite positioning. J Geod. 2015, 89, 81–93. [Google Scholar] [CrossRef]

	



Khodabandeh, A.; Teunissen, P.J.G. PPP-RTK and inter-system biases: The ISB look-up table as a means to support multi-system PPP-RTK. J Geod. 2016, 90, 837–851. [Google Scholar] [CrossRef]

	



Wang, S.; Li, B.; Li, X.; Zang, N. Performance analysis of PPP ambiguity resolution with UPD products estimated from different scales of reference station networks. Adv. Space Res. 2018, 61, 385–401. [Google Scholar] [CrossRef]

	



Hong, J.; Tu, R.; Gao, Y. Characteristics of inter-system biases in Multi-GNSS with precise point positioning. Adv. Space Res. 2019, 63, 3777–3794. [Google Scholar] [CrossRef]








[image: Remotesensing 15 00485 g001 550] 





Figure 1. The entire procedure for tight integration kinematic PPP-AR. 
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Figure 2. Reference station network in Asia. 
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Figure 3. WL receiver-related hardware delays of each GNSS. 
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Figure 4. Estimated WL DISBs. 
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Figure 5. NL receiver-related hardware delays of each GNSS. 
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Figure 6. Estimated NL DISBs. 
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Figure 7. Elevation angles of three satellites observed for each system. 
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Figure 8. Elevation angles of two satellites observed for each system. 
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Figure 9. Average     P   s f     of all schemes. 
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Figure 10. Average number of fixed SD ambiguities of all schemes. 
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Figure 11. Average H10     P   c f     of all schemes. 
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Figure 12. Average V15     P   c f     of all schemes. 
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Table 1. Experimental schemes designed to simulate various observational environments.
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Scheme

	
Integration Method

	
Number of Observed Satellites




	
GPS

	
Galileo

	
QZSS






	
1

	
loose

	
3

	
3

	
3




	
2

	
tight

	
3

	
3

	
3




	
3

	
tight

	
2

	
3

	
3




	
4

	
tight

	
3

	
2

	
3




	
5

	
tight

	
3

	
3

	
2




	
6

	
tight

	
2

	
2

	
3




	
7

	
tight

	
2

	
3

	
2




	
8

	
tight

	
3

	
2

	
2




	
9

	
tight

	
2

	
2

	
2
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Table 2. Correct fixing rate according to the given error thresholds.
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	Scheme
	1
	2
	3
	4
	5
	6
	7
	8
	9





	H5     P   c f     [%]
	83.4
	64.3
	66.3
	63.8
	72.6
	46.2
	54.3
	65.3
	36.3



	H10     P   c f     [%]
	92.4
	91.7
	93.4
	92.7
	94.8
	84.9
	85.7
	88.0
	64.3



	H15     P   c f     [%]
	95.2
	97.7
	98.0
	98.4
	99.3
	95.6
	90.8
	96.2
	75.2



	V10     P   c f     [%]
	84.7
	82.8
	86.8
	83.1
	79.5
	74.9
	65.1
	66.4
	46.2



	V15     P   c f     [%]
	96.5
	95.0
	96.3
	92.1
	89.7
	93.6
	76.5
	80.4
	53.4
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Table 3. Success fixing rate and correct fixing rate after classification according to the number of available satellites.
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	Number of Satellites
	9
	8
	7
	6





	    P   s f     [%]
	100
	95.3
	87.2
	71.9



	H5     P   c f     [%]
	64.3
	67.6
	55.2
	36.3



	H10     P   c f     [%]
	91.7
	93.6
	86.2
	64.3



	H15     P   c f     [%]
	97.7
	98.5
	94.2
	75.2



	V10     P   c f     [%]
	82.8
	83.1
	68.8
	46.2



	V15     P   c f     [%]
	95.0
	92.7
	83.5
	53.4



	Number of fixed SD ambiguities
	7.81
	6.80
	5.99
	5.00
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