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Abstract

:

Haiyang-2C (HY-2C) is a dynamic, marine-monitoring satellite that was launched by China and is equipped with an onboard dual-frequency GPS receiver named HY2_Receiver, which was independently developed in China. HY-2C was successfully launched on 21 September 2020. Its precise orbit is an important factor for scientific research applications, especially for marine altimetry missions. The performance of the HY2_Receiver is assessed based on indicators such as the multipath effect, ionospheric delay, cycle slip and data utilization, and assessments have suggested that the receiver can be used in precise orbit determination (POD) missions involving low-Earth-orbit (LEO) satellites. In this study, satellite-borne GPS data are used for POD with a reduced-dynamic (RD) method. Phase centre offset (PCO) and phase centre variation (PCV) models of the GPS antenna are established during POD, and their influence on the accuracy of orbit determination is analysed. After using the PCO and PCV models in POD, the root mean square (RMS) of the carrier-phase residuals is around 0.008 m and the orbit overlap validation accuracy in each direction reaches approximately 0.01 m. Compared with the precise science orbit (PSO) provided by the Centre National d’Etudes Spatiales (CNES), the RD orbit accuracy of HY-2C in the radial (R) direction reaches 0.01 m. The accuracy of satellite laser ranging (SLR) range validation is better than 0.03 m. Additionally, a new method is proposed to verify the accuracy of the RD orbit of HY-2C by using space-borne Doppler orbitography and radiopositioning integrated by satellite (DORIS) data directly. DORIS data are directly compared to the result calculated using the accurate coordinates of beacons and the RD orbit, and the results indicate that the external validation of HY-2C RD orbit has a range rate accuracy of within 0.0063 m/s.






Keywords:


HY-2C; Satellite-borne GPS; precise orbit determination; reduced-dynamic orbit; SLR; DORIS












1. Introduction


The Haiyang-2C (HY-2C) satellite was successfully launched on 21 September 2020; it was the third satellite launched by China to monitor the dynamic marine environment and the second satellite in the marine dynamic satellite series established as part of China’s national civil space infrastructure [1]. The main goal is to obtain high-precision and high-resolution real-time observations of the ocean, such as the sea surface height and significant wave height [2]. The mass of HY-2C is 1677 kg, the Semi major axis is 7328.583 km, the Eccentricity is 0.000012, the average height is 957 km at an inclination of 66°, and the expected lifetime is 3 years. The satellite is connected to HY-2B and HY-2D to form an all-weather, high-frequency, global, marine dynamic environment-monitoring system that covers large and medium scales.



Precise orbit determination (POD) is an important prerequisite for HY-2C to perform altimetry missions, so this satellite requires a high orbit accuracy. To ensure a high-precision orbit, the HY-2C satellite is equipped with three independent payloads, namely, China’s self-developed, satellite-borne, dual-frequency global positioning system (GPS) receiver, named HY2_Receiver [1], a Doppler orbitography and radiopositioning integrated by satellite (DORIS) receiver named DGXX and a laser reflector array (LRA) for precise orbit determination by Satellite Laser Ranging (SLR) [3].



The POD of low-Earth-orbit (LEO) satellites using SLR is affected by the number of stations and the meteorological conditions, and the amount of range data is small [4]. Therefore, SLR can only be used for orbit determination with dynamic methods [5]. DORIS POD relies solely on the dynamic method. In contrast GPS POD can be based on the dynamic approach as well as reduced-dynamic (RD) and kinematic methods [6,7].



Since Bertiger et al. successfully applied the satellite-borne GPS POD technique to TOPEX/Poseidon for the first time, GPS receivers have been employed in combination with many LEO satellites, and the satellite-borne GPS POD technique has become increasingly mature as one of the main ways to determine the precise orbit of LEO satellites [8]. The dynamic method of POD relies on an accurate dynamic model and must adjust the corresponding model parameters in the orbit determination process; however, this approach is cumbersome and involves complicated dynamics theory [9]. Consequently, this method is rarely used to determine LEO satellite orbits [10]. A kinematic method of orbit determination only requires geometric information constructed based on satellite-borne GPS observations, and this information is used to calculate the orbit [11]; this approach also has high requirements regarding the geometric configuration and data continuity of GPS satellites. The RD method achieves a balance between dynamic modelling and the use of geometric information [12]. The accuracy of orbit with the RD method is also higher than that based on the dynamic method and the kinematic method [13,14].



Satellite-borne GPS POD technology has been successfully applied in conjunction with the CHAMP, GRACE, Jason-1, GOCE, COSMIC and other LEO satellites performing geodetic and oceanographic surveys. These satellites have strict orbit accuracy requirements [15,16,17,18,19,20]. Jäggi et al. have researched the application of pseudorandom pulse parameters in orbit determination and successfully determined the RD orbit of CHAMP [21]. Guo et al. determined the precise orbit of HY-2A by using satellite-borne GPS observations [22]. Lin et al. calculate the precise orbit of HY-2A based on GPS data, and the accuracy of the orbit in the radial (R) direction was better than 3 cm [1]. Gong et al. propose a progressive method to determine the POD of LEO satellites, which leads to an improved orbit accuracy [23].



The capability of the GPS receiver directly affects the quality of observations and the accuracy of orbit determination. The quality of observations reflects the performance of the onboard GPS receiver. The quality of GPS data can be analysed in terms of the multipath effect, ionospheric delay (IOD), elevation angle and utilization of GPS observations. Montenbruck et al. use the GPS elevation angle and multipath effects to evaluate the performance of the BlackJack receiver carried by the CHAMP satellite [24]. Hwang et al. have found that the proportion of the kinematic orbits of FORMOSAT-3/COSMIC that can be used for gravity research is less than 30%, and the factors that limit orbit use mainly include multipath effects, cycle slips, IOD and an insufficient number of visible GPS satellites [25,26]. Hwang et al. analyse the performance of GPS receivers carried by FORMOSAT/COSMIC and GRACE in orbit determination through multipath, IOD and phase residual methods [27].



To analyse the performance of the HY2_Receiver and the accuracy of the RD orbit of HY-2C, the quality of GPS observations is analysed, and internal and external validations are performed. A new external method is proposed to validate the accuracy of the RD orbit using onboard DORIS data.



DORIS is a highly accurate tracking system developed by France, with approximately 60 beacons globally for one-way accurate measurements. DORIS contributes to the International Terrestrial Reference Frame (ITRF), and ITRF2014 benefits from improved analysis strategies of the seven contributing International DORIS Service (IDS) analysis centres [28]. The CNES/CLS analysis centre contributes to the geodetic and geophysical research activity through DORIS data analysis [29]. In 1990, the SPOT-2 satellite, first equipped with a DORIS receiver, received a centimetre orbit [30]. DORIS instruments are presently flying aboard SPOT-4 and SPOT-5, Jason-1 and Jason-2, and Envisat. DIODE, developed by Centre National d’Etudes Spatiales (CNES) is successfully applied to Jason-1 [31]. Mercier et al. utilize DORIS phase and pseudorange data to precisely determine the orbits of Jason-2 [32]. Zelensky et al. determine the precise orbit of Envisat by using satellite-borne DORIS observations [33].



Mercier et al. have proposed a POD strategy based on RINEX DORIS 3.0 format with an accuracy of 1~3 cm [32]. Due to higher frequency, shorter wavelength, and higher measurement accuracy, the accuracy of high-frequency phase data of DORIS data (at frequency 2036.25 MHz) is at the millimetre level. Converting the phase data into a format of average range rate, the nominal accuracy reaches 0.5 mm/s [34].



Considering that SLR can serve as an external validation method for orbit determination by the GPS POD method, the new method proposed in this paper also innovates the use of onboard DORIS as an external validation method.



The primary aim of this paper is to assess the performance of the HY2_Receiver and the accuracy of HY-2C RD orbits, and to estimate the impact of PCO and PCV models on the orbit of HY-2C simultaneously. The rest of this article is arranged as follows. Section 2 introduces the HY-2C satellite information, data required for orbit determination and orbit quality assessment, introduces the method and strategy of HY-2C orbit determination, proposes a new external method to assess LEO orbits with onboard DORIS data directly and discusses the reliability of the new external method to validate orbits with onboard DORIS data directly. Section 3 analyses the quality of GPS data, estimates PCO and PCV models and studies the influence of these models in POD; based on phase residuals, differences between overlapping orbits are determined, comparisons with precise scientific orbits (PSO) are made, independent SLR validation is performed to assess the accuracy of HY-2C RD orbits and an example of HY-2C RD orbits and PSO validations with onboard DORIS data are given. Finally, the conclusions are presented.




2. Materials and Methods


2.1. Materials


2.1.1. HY-2C Spacecraft


Based on the Ziyuan series satellite platform, the load compartment structure of the Haiyang-2 series of satellites was reconfigured to meet the requirements of additional payloads. HY-2C has the same size and structure as HY-2A and HY-2B, but onboard equipment has been updated [7].



HY-2C is mainly equipped with a radar altimeter, a microwave scatterometer, and a microwave radiometer. The equipment used for POD includes an onboard DORIS receiver DGXX, a space-borne dual-frequency GPS receiver named HY2_Receiver that was developed in China, and a laser reflector array (LRA) [7].



A satellite-navigation body reference coordinate system (SNCS) is used [35], and a view of the satellite in this coordinate system is shown in Figure 1. Notably, the scatterometer antenna, data transmission antenna, altimeter antenna, DORIS antenna, and LRA are parallel to the Z axis.



The National Satellite Ocean Application Service (NSOAS) provide some parameters, such as the correction from the antenna phase centre to the satellite centre of mass (Sensor Offset). The Centre National d’Etudes Spatiales (CNES) provides the centre of mass (COM) of the satellite [36], as shown in Table 1. The DORIS antenna and LRA are set in the positive direction of the Z axis, and the GNSS antenna is set in the negative direction of the Z axis [36].



In order to facilitate analysis of specific perturbation, the force acting on the satellite is specified in a satellite orbit coordinate system (radial, along-track, cross-track; RTN). This RTN system is well suited for easy analyses of the POD quality.



The POD team from the CNES provides the correction parameters for the DORIS antenna phase centre relative to the COM of the satellite. Relevant documentation can be found at: ftp://ftp.ids-doris.org/pub/ids/satellites/DORISSatelliteModels.pdf (accessed on 24 June 2021). The DORIS system operates at two frequencies, 2 GHz and 400 MHz, and the positions of these antennas in the SNCS are listed in Table 2.




2.1.2. Data for GPS POD and Validation


Satellite-borne GPS observations are released by NSOAS.



Precise GPS satellite ephemeris data are provided by the Center for Orbit Determination in Europe (CODE) [37] with a sampling interval of 15 min. Precise GPS satellite clock offsets are provided by CODE at a sampling interval of 30 s. Earth rotation parameters are also provided by CODE. Since the precise ephemeris data are provided by CODE every 15 min and the sampling interval of observations is 30 s during orbit determination, it is necessary to interpolate the precise ephemeris data [38]. Bernese 5.2 uses the ninth-order Lagrange interpolation method to interpolate the precise GPS ephemeris data [39].



PSO data for orbit accuracy analysis are released by CNES, and these data are obtained with a dynamic method using onboard DORIS observations [40].



SLR tracking data are provided by the International Laser Ranging Service (ILRS) [41].



DORIS observations are provided by IDS in RINEX DORIS 3.0 format. RINEX has been developed by the Astronomical Institute of the University of Berne for the easy exchange of the GPS data to be collected during the large European GPS campaign, EUREF 89. The RINEX format can also be easily adapted to contain DORIS data as it makes little assumption about the actual content of the data file, but only constrains the formatting of the data. Thus, it can be easily adapted to contain data other than GNSS. DORIS data includes pseudorange and phase, which is the same as the format of GNSS data. For a detailed description of the RINEX DORIS 3.0 format, please refer to the documents provided by the IDS: https://ids-doris.org/about-doris-rinex-format.html (accessed on 25 June 2021). When using DORIS data to check an orbit [42], it is necessary to convert the phase in 3.0 format to the range rate, i.e., to convert the 3.0 data format to the 2.2 data format. A summary of the data sources is provided in Table 3.





2.2. Method


2.2.1. Reduced-Dynamic Method


When Bernese 5.2 GNSS software [39] is applied, an a priori dynamic orbit is used for GPS clock synchronization and then for the preprocessing of phase data. The cycle slips in the phase observations are marked, and for each cycle slip, a new ambiguity parameter is set in the parameter’s estimation process [43]. The “cleaned” phase observations are used in the GPSEST module to determine the dynamic satellite parameters. These parameters include the initial state vector (6 Keplerian elements), 9 solar radiation coefficients [44] and 3 pseudostochastic pulse parameters in the R, T and N directions. Arc lengths of 24 h were selected, and the pulses are estimated every 6 min [45].




2.2.2. Orbit Determination Strategies for HY-2C


The models and parameters used together with satellite-borne GPS observations to achieve RD orbit determination are shown in Table 4.




2.2.3. Validation of Orbits with DORIS Data


Suppose that the DORIS phase observations corresponding to the two frequencies    f 1    and    f 2    at time    t i    are    φ 1     t i      and    φ 2     t i     , respectively. After ionospheric correction, the corresponding phase value at    f 1    is:


   φ    1   ′     t i    =  φ 1     t i    +    f 2       f 2 2  −  f 1 2      ×    f 1  ⋅  φ 2     t i    −  f 2  ⋅  φ 1     t i       



(1)







If    t  i + 1   =  t i  + Δ t   (where   9   s < Δ t < 11   s  ), the average distance change rate within   Δ t   is:


  d Δ φ    t i    =      φ    1   ′     t  i + 1     −  φ    1   ′     t i        Δ t    



(2)







The time system used by DORIS is International Atomic Time (TAI), while the RD orbit relates to GPS time (GPST). Therefore, the time offset between both scales has to be considered before validation is performed.



Onboard DORIS observations are used to check the satellite orbit, and they can be obtained based on the average distance change rate:


  d Δ  φ s    Δ  t  j k     =   Δ  ρ  j k   + Δ  ρ  r e l   + Δ  ρ  e r p   + Δ  ρ  t i d e   + Δ  ρ  t r o p   + Δ  ρ  c o m   + ε   Δ  t  j k      



(3)




where   Δ  t  j k     represents the time difference between    t k    and    t j   ;   Δ  ρ  j k     represents the distance of satellite movement in the   Δ  t  j k     time interval;   Δ  ρ  j k   =  ρ k  −  ρ j    and    ρ i  =        x i  −  x b     2  +      y i  −  y b     2  +      z i  −  z b     2     . When   i = k  ,      x k  ,  y k  ,  z k      represents the position of the satellite at time    t k   ; when   i = j  ,      x j  ,  y j  ,  z j      represents the position of the satellite at time    t j   .      x b  ,  y b  ,  z b      represents the precise location of the DORIS beacon stations. The beacon station location information can be obtained from the IDS website: https://ids-doris.org/doris-system/tracking-network/site-logs.html (accessed on 24 June 2021).   Δ  ρ  r e l     represents the effect of relativity in the time interval   Δ  t  j k    ;   Δ  ρ  e r p     represents the correction of the Earth rotation parameters in the time interval   Δ  t  j k    ;   Δ  ρ  t i d e     represents the correction of the tides in the time interval   Δ  t  j k    ;   Δ  ρ  t r o p     represents the correction of the tropospheric delay in the time interval   Δ  t  j k    ;   Δ  ρ  c o m     represents the correction of the DORIS antenna phase centre; and  ε  represents random error.



The difference between the average range rate obtained by Equation (2) and the average range rate obtained by Equation (3) is calculated to obtain the DORIS validation residuals:


  r e s = d Δ  φ s    Δ  t  j k     − d Δ φ    t i     



(4)







When using DORIS data to validate the RD orbit of HY-2C, we need to take into account some errors, such as the DORIS phase-centre correction and the impact of tidal effects. CNES has released the correction data of DORIS phase centre, we only need to correct it to the signal propagation path between HY-2C and the beacon stations. When calculating tide corrections, it is necessary to consider solid-earth tide, ocean tide and polar tide (although there are few DORIS stations at high latitudes) corrections. For tropospheric delay correction, the Saastamoinen model is used to calculate the zenith delay [46], and then the mapping function Niell Mapping Function (NMF) is used to map it to the signal propagation path [47].



According to the law of error propagation, the median error of the range rate is calculated using the satellite positions corresponding to two epochs with an interval of 10 s. The range rate function is:


  v =   d D   d t   =          x i  −  x  i + 1      2  +      y i  −  y  i + 1      2  +      z i  −  z  i + 1      2     t   



(5)




where  v  represents the range rate in the time interval  t ;      x i  ,  y i  ,  z i      and      x  i + 1   ,  y  i + 1   ,  z  i + 1       represent the satellite positions in two adjacent epochs in the time interval  t , respectively; and  D  represents the distance of satellite movement in the time interval  t .



The total differential of the position parameters in Equation (5) is calculated to obtain the medium error relation:


   m v  =     2  a x    2   m x    2  + 2  a y    2   m y    2  + 2  a z    2   m z    2     t   



(6)




where    a x  =      x i  −  x  i + 1      D   ,    a y  =      y i  −  y  i + 1      D   , and    a z  =      z i  −  z  i + 1      D   ;    m x   ,    m y   , and    m z    respectively represent the errors of the satellite position in three directions in an Earth-Centred and Earth-Fixed coordinate system (ECEF).



If the satellite has a 2 cm error in three directions, according to Equation (6), the median error of the range rate is 0.0052 m/s. Considering other random errors when using DORIS data to check orbits, the error is doubled to v = 0.0104 m/s as the threshold.



The law of error propagation verifies that the method proposed to check satellite orbits using space-borne DORIS data is reasonable and can be used to establish a precise external data validation method






3. Result and Analysis


3.1. Quality Assessment of HY-2C GPS Observations


In this section, the GPS data are preprocessed with G-Nut/Anubis software [48] and the performance of the HY2_Receiver is assessed by using indicators such as multipath effects, the IOD, the cycle slip and the utilization of GPS observations. G-Nut/Anubis is the third GNSS software developed by the Research Institute of Geodesy, Topography and Cartography in the Czech Republic; it can perform quality inspection and analysis operations based on observations and supports the RINEX 3 file format.



3.1.1. Multipath Effect


Theoretically, the influence of multipath effects on the pseudorange can reach up to tens of metres, and the influence on the carrier phase is only one quarter of its wavelength. Therefore, when calculating multipath effects, the influence of the phase multipath error is usually ignored. Anubis uses a linear combination of pseudorange and carrier phase information to calculate the pseudorange multipath   M P 1   and   M P 2   [48]:


  M P 1 =  M 1  −   1 +  2  α − 1      λ 1   N 1  +    2  α − 1      λ 2   N 2  −   1 +  2  α − 1      m 1  +    2  α − 1      m 2   



(7)






  M P 2 =  M 2  −     2 α   α − 1      λ 1   N 1  +     2 α   α − 1   − 1    λ 2   N 2  −     2 α   α − 1      m 1  +     2 α   α − 1   − 1    m 2   



(8)




where    m i    is the multipath phase noise;    M i    is the pseudorange multipath effect on both frequencies;    λ i    and    N i    represent the wavelength of    L i    and the integer ambiguity of    L i   , respectively; and   α =    f 1    2     f 2    2     , where    f i    represents the frequency of different bands.



To specifically analyse the relationship between multipath effects and the elevation angle, the GPS satellite numbered G09 on DOY 348 in 2020 is taken as an example. The period from 20:25 to 21:05 (UTC) is selected. The pseudorange multipath as well as the elevation angle of G09 as observed from HY-2C are calculated and shown in Figure 2. Figure 2a illustrates a statistical assessment of MP1 and the elevation angle, and Figure 2b gives a statistical assessment of MP2 and the elevation angle.



Figure 2 shows that MP1 considerably fluctuates when the elevation angle is less than 30°, and the range of fluctuations is between −2 m and 2 m; when the elevation angle is larger than 30°, the fluctuations are between −1 m and 1 m. The fluctuation of MP2 is between −1.5 m and 1.5 m, but when the elevation angle is larger than 30°, the fluctuations range between −0.5 m and 0.5 m. By comparing Figure 2a with Figure 2b, it can be found that the MP1 value is more sensitive to low elevation angles than the MP2 value.



Table 5 summarizes the report of Anubis regarding the GPS data obtained between DOY 348 and DOY 354 in 2020. Cycle slip represents the ratio of the actual number of epochs observed in a certain period of time to the number of epochs in which a cycle slip occurs. The data utilization represents the ratio of the actual number of epochs to the theoretical number of epochs observed by the GPS receiver. In reality, due to the effects of cycle slips and elevation angle changes, observations will be interrupted, leading to missing data. The cycle slip and data utilization are mainly used to reflect the antijamming capability of satellite-borne GPS receivers. These two indicators can be used to evaluate the performance of the HY2_Receiver.



In Table 5, the MP1 values are all smaller than 20.0 cm, and the MP2 values are all smaller than 17.0 cm. Additionally, the variations in MP2 are smaller than those in MP1, which indicates that the observations of the    L 1    band are more susceptible to the influence of multipath effects. As shown in Table 5, the utilization of HY-2C satellite-borne GPS observations is higher than 98% on days except DOY 349 in 2020. The utilization of satellite-borne GPS observations is higher than 99.9% over these 5 days, starting from DOY 350 in 2020. The utilization indicates that the HY2_Receiver operates normally in orbit. When the completeness of observations is normal, the cycle slip is small, which generally indicates that the multipath error and IOD error of GPS observations are large [49].




3.1.2. Ionospheric Delay


A geometry-free combined LEO satellite carrier phase can be expressed as [50]:


   λ 1   L 1     t j    −  λ 2   L 2     t j    = − Δ I    t j    +  λ 1   N 1     t j    −  λ 2   N 2     t j     



(9)




where   Δ I    t j    =  I 1     t j    −  I 2     t j    , j = 1 , 2 , ⋯ , n  ;    I i    is IOD,   i = 1 , 2  ;    L i    represents the observed value of the carrier phase; and    λ i    and    N i    represent the wavelength of    L i    and integer ambiguity of    L i   , respectively.



The differences between the combined observations of two consecutive epochs can be obtained by:


    D    t j      =  λ 1   L 1     t j    −  λ 2   L 2     t j    −  λ 1   L 1     t  j − 1     +  λ 2   L 2     t  j − 1           =  − Δ I    t j    +  λ 1   N 1     t j    −  λ 2   N 2     t j    + Δ I    t  j − 1     −  λ 1   N 1     t  j − 1     +  λ 2   N 2     t  j − 1        



(10)







When there is no cycle slip, the difference in ambiguity between two consecutive epochs is 0, and Equation (10) is called the ionospheric residual combination. Under normal circumstances, the IOD residual curve is smooth, but when the ionospheric residual error changes significantly in a short period of time, cycle slip may occur [13]. The corresponding expression of the rate of IOD change is:


   D ·     t j    =   D    t j      Δ  t j     



(11)




where   Δ  t j  =  t j  −  t  j − 1    .



Equation (10) is used to calculate the IOD residuals, and Equation (11) is used to calculate the rate of IOD change. A 24-hour window will make the picture too dense to clearly show the variation, so the time period (20:00–21:20) is chosen on DOY 348 in 2020 to highlight the variations. Figure 3a shows the IOD residuals in the selected time span, and Figure 3b shows the rate of IOD change in the selected time span. Figure 3a shows that most of the IOD residuals remain at low levels. However, from 20:20 to 20:40, the residual values of the G13, G14, G28 and G30 satellites are large, and from 20:30~21:00, the residuals of the G06 and G09 satellites are large. The colour of the rate of IOD change significantly darkens at the end of a period of data collection. Studies have shown that the discontinuity of carrier-phase data and the occurrence of abnormal values will cause this phenomenon [27].





3.2. Assessment of Orbit Accuracy


Before performing satellite orbit determination, it is necessary to consider issues related to the phase centre of LEO satellite antennas. Onboard GPS observations are based on the distance from the instantaneous phase centre of the GPS satellite antenna to the instantaneous antenna phase centre at the time the signal from the LEO satellite is received; additionally, the reference point of the precise orbit of the LEO satellite is the centre of mass. Generally, the mean antenna phase centre (MAPC) and the antenna reference point (ARP) do not coincide, and the deviation is the PCO. Due to antenna manufacturing deviations and because LEOs are affected by the environment during operation, the GPS signal centre will change. The deviation between the instantaneous phase centre and the average phase centre is PCV, which is a function of the elevation and azimuth angle between the LEO and GPS satellites [51].



Carrier-phase residual analysis, overlapping orbit comparison, PSO comparison, and SLR range validation are used to validate the accuracy of the RD orbit of HY-2C. The first two methods are used to establish internal validation, and the latter are used to establish external validation.



3.2.1. Effect of PCV and PCO on Orbits


In this study, satellite-borne GPS data are selected to estimate PCO and PCV in orbit over 7 days, starting from DOY 348 in 2020 [25]. Due to the high coupling of PCO and PCV, they cannot be estimated at the same time. PCO is substituted into the observation equation as an unknown parameter and the orbital parameters are estimated at the same time [52]. According to the principle of least squares, PCO is calculated for multiple days, and the average is taken as the final corrected value [53]. Similarly, the PCV values are estimated at each grid point. This method is not susceptible to the influence of factors such as receiver clock error and ambiguity among parameters [54,55].



To systematically validate the impacts of PCO and PCV on orbit determination, three schemes are designed: Scheme 1 does not use PCO and PCV information; Scheme 2 only uses PCO information; and Scheme 3 uses PCO and 10° × 10° PCV information. Figure 4 shows the 10° × 10° PCV model estimated in the satellite GPS antenna coordinate system.



Satellite-borne GPS data are used to estimate the PCV model for the antenna of the HY2_Receiver, and the direct method of estimating PCV is characterized by a more refined model than that for PCV. Suppose each grid point is unknown, we calculate the value of the grid with the orbital parameters directly. The PCV map of HY-2C uses a scale of −10 to 10 mm, but with extreme values of −9.09 mm and 10.37 mm. In Figure 4, we can find that when the elevation angle is small (from 0° to 30°), most of the absolute values of the PCV are small, but there are also large, speckled values with some empty values; when the elevation angle is between 80° and 90°, there will also be a phenomenon of empty values, although they are not obvious. So, the resulting model is more refined, and the map illustrates a spot-like distribution.



The above three schemes are used to determine satellite orbits. Table 6 lists the results of the three types of orbits compared with PSO in the R, T and N directions within 7 days. 3DRMS is used to evaluate the different orbit results.



The accuracy of PSO in the R direction of this orbit is better than 0.015 m [40]. The report from CNES indicates that the ambiguity fixation efficiency of GPS observations for the PSO of HY-2C is as high as 99%, which reflects the excellent performance of China’s domestic satellite-borne GPS receivers.



When comparing the RD orbit with PSO, it is necessary to consider unifying the RD orbit and PSO to the time system. Since the time system of PSO for HY-2C provided by CNES is International Atomic Time (TAI) while the RD orbit relates to GPS time (GPST), there is a 19 s deviation between TAI and GPST, i.e.,   T A I − G P S T = 19   s  . It is necessary to preprocess the PSO in advance and convert the time system of PSO to that of GPST to facilitate comparisons.



For Scheme 2, decreases of 0.002 m in the R direction, 0.007 m in the T direction, and 0.004 m in the N direction are observed compared with the residual results for Scheme 1. When taking into account PCO corrections, the error in orbit estimation is reduced, and the orbit accuracy is effectively improved. The accuracy of the orbit increase in the T direction is significantly higher than that in the other two directions. A comparison of Scheme 2 and Scheme 3 indicates that the RMS values for Scheme 3 are 0.001 m smaller in the R direction, 0.001 m in the T direction, and 0.001 m in the N direction than those for Scheme 2; additionally, the orbit accuracy is improved after the PCV model is introduced, but the model range is limited. This result is mainly because the PCO parameters estimated at the same time as the dynamic parameters effectively limit the systematic errors in the residuals of the observations, and PCV is relatively small for the corrections of observations.



Compared to Scheme 1, the accuracy of orbit obtained for Scheme 2 and Scheme 3 is improved, and 3DRMS decreases from 0.034 m to 0.027 m and then to 0.025 m, which is attributed to the improvement in the tangential orbit accuracy.



In summary, based on the RD orbit and PSO comparisons, the RMS of the orbital residual in the R direction is 1.0 cm, 2.0 cm in the T direction, and 1.1 cm in the N direction, and the 3DRMS result is 2.5 cm. The HY-2C RD orbit determination method yields the highest accuracy in the R direction and the worst accuracy in the T direction.



The result of comparing the RD orbit with PSO is plotted as a dashed line, as shown in Figure 5.



Figure 5 shows that the residuals are in the ranges of ±0.04 m in the R direction, ±0.09 m in the T direction, and ±0.05 m in the N direction. The residuals display obvious fluctuations at 0 h and 24 h every day because when HY-2C uses the RD method for orbit determination, the constraints at both ends of the orbit determination arc are relatively weak, resulting in obvious boundary effects. The obviously extreme values show up because the pseudostochastic pulse parameters fail to capture the influence of errors, such as those associated with atmospheric drag and solar radiation pressure. Additionally, the RMS of the residuals for the RD orbit and PSO comparison is plotted as a histogram, as shown in Figure 6.



From the results of the RD orbit comparison with PSO, as shown in Figure 6, the RMS value of the difference in the R direction is worse than that in the N direction on DOY 353 in 2020. The RMS values in the R direction on the other 6 days are less than those in the N direction, and the residuals exhibit the largest RMS value in the T direction.




3.2.2. Analysis of Carrier-Phase Residuals


For RD orbit determination, the carrier-phase residuals include modelled errors and nonmodelled errors. Actual PCV values are subtracted from modelled PCV values, and the difference between the two is directly reflected in the linearization after the phase residual is calculated. When the observation model and dynamical model used in LEO POD are extremely consistent with the actual conditions, the carrier-phase residuals are the observation’s noise level. The RMS value of the carrier-phase residuals using an ion-free combination can be used as one of the indicators in internal compliance accuracy evaluation [51,56].



The carrier-phase residuals are calculated over 7 days, starting from DOY 348 in 2020. The carrier phase residuals of all GPS satellites are plotted in Figure 7, and summaries are given in Table 7.



As shown in Figure 7, the residuals of the carrier phase within 7 days fluctuate between −0.06 and 0.05 m, and the residuals are mostly distributed within ±0.02 m, and the residuals fluctuate little, with stable changes. Table 7 suggests that the average RMS value of the 7-day carrier-phase residuals is about 0.008 m. The carrier-phase residual analysis indicates that the HY-2C RD orbit determination strategy is reliable; additionally, data preprocessing can effectively weaken the influence of the cycle slip of the phase data and the RD orbit accuracy obtained is high.




3.2.3. Overlap Validation Accuracy


If both the observation model and the dynamical model can correctly reflect satellite orbit characteristics, the satellite orbits of the two arcs of the orbit determination should exhibit high consistency. Due to the errors in the actual orbit determination based on observations and the model used, the results of comparisons can be used to validate the accuracy of orbits, although the systematic error of orbit determination cannot be detected through the comparison of overlapping orbits [57]. Two separate orbit determination processes are used to calculate the satellite orbits corresponding to two different time periods. The first part of the arc is 0~18 h, the second part of the arc is 12~24 h, and the overlapping time of the two arcs is 6 h. Taking DOY 348 in 2020 as an example, Figure 8 shows the residuals of the orbit comparison during the overlapping period.



As shown in Figure 8, the residual fluctuates between −0.0075 m and 0.0075 m in the R direction, between −0.02 and 0.0075 m in the T direction, and between −0.0125 and 0.0025 in the N direction. The results of comparing the overlapping orbits on DOY 348 in 2020 indicate that the orbits display large fluctuations in the T direction and small fluctuations in the N direction. Figure 9 shows the RMS value of the comparison.



As shown in Figure 9, the RMS values of overlapping orbits in the T direction are larger than those in the other two directions, indicating that the overlapping orbit comparison results are the worst in the T direction. The RMS value of the overlapping orbits in the R direction is larger than that in the N direction, except on DOY 348 in 2020. The RMS values in the R direction on the other 6 days are all greater than the RMS values in the N direction. Detailed information on the comparison is given in Table 8.



As shown in Table 8, the maximum difference between the overlapping orbits is 0.042 m in the R direction, 0.031 m in the T direction, and 0.011 m in the N direction; additionally, the RMS value of the 7-day overlapping orbit difference is 0.006 m in the R direction, 0.011 m in the T direction, and 0.006 m in the N direction. The RMS value in the three directions is approximately 0.01 m.




3.2.4. SLR Range Validation


SLR range validation uses LEO satellite coordinates from RD orbits and SLR station coordinates to calculate the distance between stations and LEO satellites, and compares the result with the observations of SLR stations in the corresponding epoch to evaluate the accuracy of the RD method for orbit determination [58]. When conducting SLR range validation, it is necessary to consider the influence of tidal corrections (including ocean tides, solid-earth tides, and polar tides) and plate motions at stations [4]. The correction of observations mainly includes tropospheric delay correction, general relativity correction, centroid compensation correction and station eccentricity correction [59].



SLR observations are used to independently check the RD orbit accuracy of HY-2C. According to [60], the coordinates of SLR stations are based on the Station Location Reference Frame (SLRF) 2014, and relevant data can be obtained at https://ilrs.gsfc.nasa.gov/network/site_information/index.html (accessed on 2 June 2021). The elevation cutoff angle is set to 10° [61] and the tropospheric delay error can be modelled [59].



The report provided by the CNES states that during the period from October 2020 to April 2021, the core stations participating in the HY-2C SLR observation mission included those numbered 7090, 7105, 7810, 7839, 7840, 7941, 7119, and 7501. Among them, few high-elevation-angle observations are available [40]. From DOY 348-DOY 354 in 2020, two of the eight core stations had no data (Station 7501 and Station 7839). In addition to these six SLR core stations, nine SLR stations provided data for validation. Figure 10 shows the flight trajectory of HY-2C and the distribution of stations.



As shown in Figure 10, the red stars indicate SLR core stations that participated in the laser ranging of HY-2C, and the blue triangles indicate other stations used in the laser ranging of HY-2C.



The range residuals between the SLR NP data and the range differences between HY-2C RD orbit and the ground station coordinates were calculated. The SLR range validation results were plotted as a histogram, as shown in Figure 11. Table 9 lists the statistical results for SLR range validation for HY-2C.



As shown in Figure 11, the red boxes denote SLR core stations involved in the HY-2C laser-ranging observation mission. Among the six core stations, the RMS values of the stations except stations 7941 and 7840 are all less than 0.04 m. For the other eight basic stations, except stations 7838 and 7841, the RMS values are all less than 0.03 m, which indicates that the HY-2C orbit-determination results are stable.



From DOY 348 to DOY 354 in 2020, 15 SLR stations participated in the laser-ranging mission of HY-2C and observed 1009 normal points (NPs). The RMS value of residual validation for each SLR station was calculated, and the elevation cutoff angle threshold was set to 10°. The data for station 1873 were removed because of the small amount of station data (only four groups) available on DOY 348. Some observations were removed because of outliers. The number of excluded points was 35, and the total data removal rate was 3.5%.



As shown in Table 9, the RMS value of SLR range validation was 0.030 m. The experimental results showed that the performance of the HY-2C satellite-borne GPS receiver is stable, and the system produces high-quality data. Additionally, the accuracy of RD orbits is higher than 0.03 m.




3.2.5. Validation of Orbits with DORIS Data


In addition to using the above methods to verify the accuracy of RD orbit determination for HY-2C, the satellite orbit can also be validated by using onboard DORIS data.



During DORIS orbit validation, the 3.0 data format is converted to the 2.2 data format. Because of the large amount of phase data in the 3.0 format, only the phase observations at 10 s intervals are used [62].



A new validation method is proposed by using space-borne DORIS data. Because the DGXX receiver uses a specific channel to receive low-altitude data, the elevation angle is generally very low, resulting in inaccurate tropospheric delay calculations. Therefore, the elevation cutoff angle threshold must be set to 10°.



Through experimental tests, it is found that a discontinuity in the observations (that is, observation time intervals greater than 10 s) will cause abnormal values. In the designed DORIS validation algorithm, when the observations from a beacon station include a discontinuity in a certain epoch, the data from the four epochs before and after the discontinuity are eliminated. This approach leads to a reduction in the amount of data used, making the final validation result unreliable. When the results are calculated, it is necessary to exclude stations with insufficient data.



The 7-day satellite-borne DORIS observations used in the validation include data from at most 52 beacon stations and at least 49 stations. Based on the results for each station, the beacon stations with less than 300 observations are eliminated. For convenience, the data volume statistics are based on the total number of 7-day data points from each beacon station. The data from each beacon station are converted to an average range rate. Figure 12 plots the distribution of the DORIS beacon stations used in the validation and the residuals of the validation.



In Figure 12, the colour of the circles indicates the accuracy of the RD orbit of HY-2C gained from the DORIS validation. The RMS value of the verified residual of each beacon station is within 0.01 m/s, but the RMS value of some beacon stations, such as ARFB, HOFC, and YEMB, is greater than 0.008 m/s. The influence of the tropospheric delay is still large when the elevation angle is 15°; if the elevation cutoff angle is set to 15°, too much data will be rejected. However, to assess the reliability of the validation result, it is necessary to keep a sufficient quantity of data. The final elevation angle threshold is set to 10°. Table 10 lists the residual statistical results for the beacon stations in DORIS validation for HY-2C.



In the checking process, based on the setting of the elevation cutoff angle threshold and the use of observations with many discontinuities, the data for beacon stations such as BETB, DIOB, MAIB, and MIAB are eliminated, with only two groups remaining. The data for SJUC are all eliminated, and the data for beacon stations such as SOFC, WEUC, YASB are also excluded due to the small numbers of observations (less than 300); therefore, the statistical data for the above beacon stations are not included in Figure 12. The 7-day residuals of validation with DORIS data are summarized in Table 11.



By combining Table 10 and the first line of Table 11, it is found that for more than 80% of the beacon stations included in DORIS validation, the RMS values are less than 0.007 m/s, and the RMS value for the overall DORIS validation residual is 0.0063 m/s. The RD orbits of HY-2C are checked with onboard DORIS data, and the HY-2C RD orbit has an accuracy of 0.0063 m/s.



In second line of Table 11, satellite-borne DORIS data are selected to calculate range rate to validate the PSO of HY-2C over 7 days, starting from DOY 348 in 2020. This experiment can prove the reliability of the external validation by using DORIS data on board. It can be seen that the residual RMS value of DORIS validation of PSO is 0.0070 m/s, the result is 0.0007m/s larger than DORIS validation of RD orbits. These results certify that the accuracy of PSO released by CNES is high [40]. This experiment shows that the proposed method of external validation of RD orbits using DORIS data is reliable and efficient.






4. Conclusions


Based on GPS observations of HY2_Receiver, the quality of the observations is analysed, and the data of the    L 1    band are more susceptible to changes in elevation than are those of the    L 2    band. The data utilization results suggest that the HY2_Receiver achieves good performance and can be used in POD missions involving LEO satellites. PCO and PCV models are established, and the satellite orbits obtained by using the PCO and PCV models display better accuracy than those obtained without considering the PCO and PCV models. Compared with PSO, the R-direction residual RMS value is 0.01 m, and the 3D RMS value is 0.025 m. The RMS of the carrier-phase residuals is around 0.008 m. The overlap method is applied to assess the accuracy of orbit determination, and the detailed overlap analysis suggests that the RMS value of the residual of overlapping orbits is 0.006 m in the R direction, 0.011 m in the T direction, and 0.006 m in the N direction. The internal-coincidence accuracy-verification results indicate that the HY-2C satellite orbit determination strategy is reliable; notably, the error term is eliminated during the POD process, and the orbit determination result is relatively stable. SLR range validation is analysed in detail, and the RMS value is better than 0.03 m. The results of SLR range validation suggest that the accuracy of the precise orbit of HY-2C reaches the centimetre level. A newly proposed method is used to check orbits based on space-borne DORIS data directly, and that the accuracy of the range rate of the HY-2C RD orbit reaches 0.0063 m/s.



According to the experimental results, the RD orbit of HY-2C reaches centimetre-level accuracy, and the space-borne GPS receiver HY2_Receiver independently developed in China can be used for LEO POD missions. With the improvement and optimization of the model, the RD method for orbit determination will be increasingly applied to LEO satellites, and the orbit accuracy of satellites will be increased in the future.
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Figure 1. Satellite View in the SNCS [https://osdds.nsoas.org.cn (accessed on 2 June 2021)]. 
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Figure 2. Multipath effects of HY-2C and G09 satellite on DOY 348 in 2020 (a) MP1, (b) MP2. 
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Figure 3. IOD residuals and rate of IOD change on DOY 348 in 2020 (a) IOD residuals, (b) rate of IOD change. 
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Figure 4. Azimuth-elevation maps of the PCV model of the HY-2C (10° × 10°). 
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Figure 5. Line chart of orbit residuals from the PSO comparison within 7 days. 
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Figure 6. Histogram of residuals from the PSO comparison. 
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Figure 7. Phase residuals. 
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Figure 8. Residuals of overlapping orbits on DOY 348 in 2020. 
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Figure 9. RMS of residuals of overlapping orbits. 
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Figure 10. Satellite trajectory and SLR station distribution map. 
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Figure 11. RMS of SLR validation residuals. 
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Figure 12. DORIS beacon station distribution map and residuals of DORIS validation. 
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Table 1. Antenna and COM parameters of HY-2C.
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	Parameters
	Satellite Mass (kg)
	dX (m)
	dY (m)
	dZ (m)





	Sensor offset
	
	0.3492
	−0.1794
	−1.3671



	COM (Beginning of life)
	1677.0
	1.3320
	0.0086
	0.0034



	COM (End of life)
	1591.0
	1.3755
	0.0090
	0.0036
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Table 2. Positions of the DORIS antennas in the SNCS.
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	Antenna
	X (m)
	Y (m)
	Z (m)





	2 GHz
	0.7100
	−0.8010
	1.3190



	400 MHz
	0.7100
	−0.8010
	1.1500
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Table 3. Sources of data.
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	Data
	Organization
	Address





	GPS observations
	NSOAS
	https://osdds.nsoas.org.cn (accessed on 2 June 2021)



	GPS precise ephemeris
	CODE
	ftp://ftp.aiub.unibe.ch/CODE (accessed on 2 June 2021)



	GPS precise clock offset
	CODE
	ftp://ftp.aiub.unibe.ch/CODE (accessed on 2 June 2021)



	Earth rotation parameter
	CODE
	ftp://ftp.aiub.unibe.ch/CODE (accessed on 2 June 2021)



	PSO of HY-2C
	CNES
	https://ids-doris.org (accessed on 2 June 2021)



	SLR tracking data
	ILRS
	https://cddis.nasa.gov/archive/slr (accessed on 2 June 2021)



	DORIS data
	IDS
	ftp://doris.ign.fr/pub/doris/data/h2c (accessed on 24 June 2021)










[image: Table] 





Table 4. RD orbit determination strategies of HY-2C.
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	Model/Parameters
	Description





	Mean earth gravity
	EGM2008_SMALL



	Ocean tides
	FES2004



	Solid-earth tides
	TIDE2000



	N-body
	JPL DE405



	Relativity
	IERS2010XY



	GPS phase model
	IGS14.atx



	Pseudostochastic pulses
	Estimate every 6 min



	Elevation cutoff
	5°



	Sampling interval
	30 s
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Table 5. Data quality assessment of HY-2C.
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	DOY
	MP1/cm
	MP2/cm
	Cycle Slip
	Data Utilization/%





	348
	18.0
	12.9
	1/33
	98.26



	349
	19.0
	12.6
	1/40
	96.41



	350
	19.0
	12.5
	1/43
	99.98



	351
	18.6
	12.1
	1/39
	99.98



	352
	18.4
	14.1
	1/34
	99.99



	353
	20.0
	17.0
	1/48
	99.99



	354
	18.7
	13.1
	1/51
	99.98
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Table 6. Residuals between RD orbit and PSO in different orbit determination schemes within 7 days.
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Scheme

	
Direction

	
Min (m)

	
Max (m)

	
Mean (m)

	
STD (m)

	
RMS (m)

	
3DRMS (m)






	
Scheme 1

	
R

	
−0.104

	
0.045

	
0.001

	
0.013

	
0.013

	
0.034




	
T

	
−0.132

	
0.091

	
−0.002

	
0.027

	
0.028




	
N

	
−0.085

	
0.045

	
0.003

	
0.016

	
0.016




	
Scheme 2

	
R

	
−0.039

	
0.051

	
0.001

	
0.011

	
0.011

	
0.027




	
T

	
−0.087

	
0.124

	
−0.002

	
0.021

	
0.021




	
N

	
−0.044

	
0.045

	
0.002

	
0.012

	
0.012




	
Scheme 3

	
R

	
−0.046

	
0.035

	
0.000

	
0.010

	
0.010

	
0.025




	
T

	
−0.075

	
0.078

	
−0.002

	
0.020

	
0.020




	
N

	
−0.038

	
0.033

	
−0.001

	
0.011

	
0.011
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Table 7. Phase residual summary statistics.
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	DOY
	Min (m)
	Max (m)
	Mean (m)
	RMS (m)





	348
	−0.051
	0.040
	0
	0.008



	349
	−0.042
	0.037
	0
	0.008



	350
	−0.041
	0.043
	0
	0.008



	351
	−0.043
	0.047
	0
	0.008



	352
	−0.040
	0.046
	0
	0.008



	353
	−0.052
	0.037
	0
	0.008



	354
	−0.058
	0.042
	0
	0.008
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Table 8. Summary statistics for the residuals of overlapping orbits within 7 days.
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	Direction
	Min (m)
	Max (m)
	Mean (m)
	STD (m)
	RMS (m)





	R
	−0.014
	0.042
	0
	0.006
	0.006



	T
	−0.045
	0.031
	0.001
	0.011
	0.011



	N
	−0.024
	0.011
	−0.002
	0.005
	0.006
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Table 9. Summary statistics for the residuals of SLR range validation.
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	Number of Stations
	Number of NP
	Min (m)
	Max (m)
	Mean (m)
	STD (m)
	RMS (m)





	15
	1009
	−0.077
	0.084
	0.005
	0.029
	0.030
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Table 10. Summary statistics for the residuals of the beacon stations for DORIS validation.
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	Station Code
	Number of Data
	Min (m/s)
	Max (m/s)
	Mean (m/s)
	RMS (m/s)





	ADHC
	1788
	−0.0258
	0.0283
	0
	0.0073



	AMVB
	745
	−0.0296
	0.0311
	0
	0.0057



	ARFB
	504
	−0.0272
	0.0455
	0
	0.0077



	ASEB
	432
	−0.0250
	0.0212
	0
	0.0072



	BADB
	448
	−0.0932
	0.0220
	0
	0.0074



	BEMB
	374
	−0.0213
	0.0194
	0
	0.0033



	CADB
	657
	−0.0289
	0.0232
	0
	0.0064



	CIDB
	436
	−0.1410
	0.2200
	0
	0.0065



	COBB
	2213
	−0.0381
	0.0340
	0
	0.0065



	CRQC
	331
	−0.0181
	0.0311
	0
	0.0041



	DJIB
	567
	−0.0247
	0.0227
	0
	0.0040



	GRFB
	868
	−0.0212
	0.0224
	0
	0.0070



	HBMB
	346
	−0.0278
	0.0439
	0
	0.0070



	HEMB
	692
	−0.0248
	0.0210
	0
	0.0070



	HOFC
	1329
	−0.0230
	0.1199
	0
	0.0079



	JIWC
	805
	−0.0291
	0.0224
	0
	0.0058



	KIVC
	1106
	−0.0235
	0.0220
	0
	0.0060



	KOLB
	844
	−0.0222
	0.0228
	0
	0.0061



	KRWB
	444
	−0.0238
	0.0299
	0
	0.0060



	LAOB
	347
	−0.0235
	0.0195
	0
	0.0069



	LICB
	366
	−0.0186
	0.0197
	0
	0.0055



	MALB
	733
	−0.0872
	0.0247
	0
	0.0067



	MANB
	282
	−0.0209
	0.0181
	0
	0.0070



	MAUB
	511
	−0.0277
	0.0257
	0
	0.0050



	MEUB
	740
	−0.0237
	0.0217
	0
	0.0024



	MLAC
	883
	−0.0230
	0.0229
	0
	0.0068



	MSPB
	769
	−0.0210
	0.0225
	0
	0.0067



	NOXB
	831
	−0.0239
	0.0239
	0
	0.0069



	OWFC
	630
	−0.0205
	0.0237
	0
	0.0064



	PAUB
	635
	−0.0201
	0.0244
	0
	0.0071



	PDOC
	588
	−0.0202
	0.0204
	0
	0.0060



	REUC
	864
	−0.0287
	0.0278
	0
	0.0069



	RIMB
	746
	−0.0234
	0.0209
	0
	0.0073



	RISC
	2166
	−0.0343
	0.0228
	0
	0.0065



	SARC
	568
	−0.0251
	0.0162
	0
	0.0073



	SCRC
	637
	−0.0217
	0.0233
	0
	0.0070



	STKC
	331
	−0.0272
	0.0240
	0
	0.0048



	SYQB
	1370
	−0.0325
	0.0256
	0
	0.0057



	THUB
	329
	−0.0154
	0.0143
	0
	0.0035



	TLSB
	328
	−0.0674
	0.0659
	0
	0.0044



	YEMB
	955
	−0.0233
	0.0290
	0
	0.0078
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Table 11. Summary statistics of the residuals of DORIS validation.
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	Orbits
	Number of Stations
	Number of Data
	Min (m/s)
	Max (m/s)
	Mean (m/s)
	RMS (m/s)





	RD orbits
	41
	30,538
	−0.1110
	0.1135
	0
	0.0063



	PSO
	41
	30,538
	−0.1276
	0.1258
	0
	0.0070
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