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Abstract

:

Haiyang-2A (HY-2A) is the first marine dynamic environment satellite established by China, which has made significant contributions to the marine scientific research field. It carries the satellite-based GPS receiver named HY2, which was independently developed by China. It is an experimental satellite-borne GPS receiver for low earth orbit satellites, and during its operational period in orbit, the satellite-borne GPS data are not made accessible to the public. Therefore, this paper assesses the quality of HY-2A satellite-borne GPS data based on indicators such as satellite visibility, multipath effect, and ionospheric delay. The results indicate that the data acquired by the HY2 receiver are of high quality. The precise orbit determination (POD) uses the reduced-dynamic (RD) method. The adjustment effects of the pseudo-stochastic pulse time interval and a priori sigma on POD are analyzed, and the antenna phase center variation (PCV) is estimated using the direct method and residual method. Furthermore, this paper investigates the impact of PCV models with different resolutions (10° × 10° and 5° × 5°) on satellite orbit determination. To evaluate the orbit precision, three methods are used for validation, including carrier phase residual analysis, external precise science orbit (PSO) validation, and SLR three-dimensional (3D) validation, respectively. The results indicate that the highest orbit precision is achieved when the pseudo-stochastic pulse time interval is configured to 15 min, with the a priori sigma of 1 × 10−8 m/s2. The orbit carrier phase residuals reach the millimeter level. The 10° × 10°PCV model was estimated using the direct method and residual method, respectively; the root mean square of the external orbit validation for both methods show a millimeter-level improvement. The results obtained from the direct method and residual method are comparable. The resolution is increased from 10° to 5°, and the improvement in orbital precision is relatively small. The results obtained from the SLR 3D validation are consistent with those from the external PSO validation. The experimental results contribute valuable information for the POD of the HY2 series satellites.
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1. Introduction


The Haiyang-2A (HY-2A) is the first marine dynamic environment monitoring satellite established by China, and it was successfully launched at the Taiyuan Launch Center in Shanxi Province on 16 August 2011. Its launch propelled China’s marine dynamic monitoring into the forefront of international advancement [1]. The HY-2A satellite has a mass of 1575 kg and operates in a sun-synchronous orbit with an inclination angle of 99.34°, which includes two orbit stages. In the first stage, the HY-2A orbits at an altitude of 971 km and has an orbit revisit period of 14 days. In the second stage, the HY-2A satellite’s orbit altitude is increased to 973 km, and the revisit period is adjusted to 168 days. [2]. The HY-2A satellite ended its observation mission in December 2021, surpassing its designed lifespan of 3 years. The main application goal of the HY-2A is to monitor and detect the marine dynamic environmental parameters, continuously monitor the marine surface wind field, marine surface height field, marine gravity field, marine circulation, and other important marine parameters. Its appearance improves the catastrophic marine state prediction level and provides measured data for marine scientific research and global climate change [3]. In order to complete the comprehensively observe the ocean’s dynamic environment and consider the complexity and interaction of ocean phenomena, the HY-2A is equipped with four kinds of microwave remote sensors for synchronous observation, including the radar altimeter, microwave scatterometer, microwave radiometer, and calibration radiometer. Currently, China has launched the HY-2B, HY-2C, and HY-2D satellites, ushering in the era of a three satellite constellation. The precise orbit determination (POD) of the HY-2A satellite has provided valuable information for the HY2 series satellites.



Since the launch of the TOPEX/Poseidon satellite, the demand for altimetry satellite missions has greatly boosted the development of POD technology [4]. And the data provided by these missions now serve as benchmarks for studying marine level change. Altimetry satellites measure the marine surface height through radar altimeters. Cazenave et al. [5] found that the average rate of sea level rise from 1993 to 2019 was 3.15 ± 0.3 mm/y, and the increase in acceleration was 0.10 ± 0.04 mm/y. It can be seen that the altimetry satellite has a high requirement on the satellite orbit precision (especially the radial precision).



The HY-2A satellite is the first satellite of China with high orbit precision requirements, which is equipped with independent a Doppler Orbitography and Radiopositioning Integrated by Satellite (DORIS) receiver, a Satellite Laser Ranging (SLR) receiver, and the experimental satellite-based Global Positioning System (GPS) receiver named HY2 which was independently developed by China. These devices ensure that radial orbit precision reaches the centimeter level. DORIS is a satellite tracking system developed in conjunction by the Centre National d’Etudes Spatiales (CNES), Groupe de Recherche de Géodésie Spatiale (CRGS), and the Institut Géographique National (IGN), capable of global tracking observation. The DORIS precision tracking system of the HY-2A satellite cooperated with France, and the existing HY-2A data products were all based on the DORIS orbit determination results. CNES released precision orbit products to the National Satellite Ocean Application Server (NSOAS) through FTP. Currently, SLR is the most reliable method for low earth orbit (LEO) satellite observation [6], which is widely used for orbit determination and validation. However, due to the high speed and low orbit of LEO satellites, ground tracking stations were limited by a short continuous observation time and the great influence of the external environment, resulting in less SLR data for LEO satellites [7]. In addition, SLR range validation provides only distance errors, lacking evaluation in the radial (R), transverse (T), and normal (N) directions for orbit precision. Kong et al. [8] used joint orbit determination with DORIS and SLR data, analyzing the impact of different weight combinations of the two datasets on orbit precision. Zhou et al. [9] used joint orbit determination with GPS, DORIS, and SLR data, which demonstrates the significant stability in orbit precision through the combination of multiple observation datasets. Zhu et al. [10] used DORIS data in the RINEX 3.0 format for the POD of the HY-2A, and the results showed that the radial orbit precision was better than 2 cm. The data used in the above research are mainly DORIS and SLR and analyzing the POD using satellite-borne GPS data is also one of the main orbit determination strategies of the HY-2A.



The satellite-borne GPS POD technique involves the use of the satellite-borne GPS receiver to receive satellite data, so as to achieve LEO POD [11]. Compared with SLR and DORIS, orbit determination using satellite-borne GPS data has become a widely used LEO orbit determination technology due to its advantages of high precision, real-time capability, stability, low cost, and systematicity [12]. The GPS POD methods can be divided into the kinematic method, dynamical method, and reduced-dynamic (RD) method. The kinematics method does not rely on any mechanical model, and its orbit is completely calculated from the satellite-borne GPS data [13]. Therefore, the kinematics method requires high quality satellite-borne GPS data. The dynamic method is used to establish the motion equation of the satellite through the mechanical model, which takes into account the influence of various disturbance factors on the satellite orbit. However, the dynamic method uses a large amount of data for calculation and requires a high accuracy of the mechanical model [14]. The RD method introduces pseudo-stochastic pulse parameters into the orbit determination process to eliminate unaccounted perturbations and mechanical model errors [15]. The RD method of orbit determination combines the dynamic method and kinematic method, makes full use of satellite-borne data and the dynamic model, and improves the precision of orbit determination [16].



The RD method has been successfully applied to LEO satellites such as the CHAMP [17], GRACE [18], SWARM [19], and HY-2A satellites [20] and achieved centimeter level orbit precision. However, pseudo-stochastic pulse a priori values in the above research are set based on empirical knowledge, lacking an in-depth exploration of the regulating effect of pseudo-stochastic pulse on orbit precision. The HY2 receiver of the HY-2A is the first application in China, which is an experimental satellite-borne GPS receiver that uses non-coded tracking technology. It can track GPS signals at L1 and L2 frequencies and achieve centimeter level orbit precision. Lin et al. [21] and Guo et al. [22] used satellite-borne GPS data from the HY-2A satellite for POD, achieving an orbit precision better than 3 cm. However, the above research selected satellite-borne GPS data from the on-orbit testing period after the HY-2A satellite’s launch, and did not use observation data from its substantive operational period. Additionally, errors caused by the ionosphere during orbit determination can be corrected by the model [23]. However, remaining errors such as multipath and antenna phase center variation (PCV) are difficult to eliminate by combining observation; the PCV is also one of the errors that must be considered in LEO POD [24].



The main purpose of this paper is to evaluate the performance of the experimental HY2 receiver independently developed by China and analyze the effects of pseudo-stochastic pulse parameters and the PCV model on the HY-2A POD. The other parts of this paper are arranged as follows. In Section 2, the pseudo-stochastic pulse model, RD method of POD, and the PCV model are introduced in detail, as well as the RD orbit determination strategy. In Section 3, the performance of the HY2 receiver is evaluated in terms of satellite visibility, multipath effects, ionospheric delay, and rate of change of ionospheric delay. Then, the effect of the pseudo-stochastic pulse a priori sigma and time intervals on orbit precision is analyzed. The carrier phase residual evaluates the internal precision of the track. The PCV model with different resolutions (10° × 10°, 5° × 5°) was estimated by the direct method and residual method, respectively, in the course of orbit determination, and the orbit precision was checked using a carrier phase residual analysis, external precise science orbit (PSO) validation, and SLR three-dimensional (3D) validation. Then, the results and prospects are discussed in Section 4. Finally, the conclusions are presented.




2. Model and Strategies


2.1. Pseudo-Stochastic Pulse Model


Stochastic pulse is an instantaneous velocity change in a pre-determined direction at a certain epoch. In the orbit determination process, one or a group of stochastic pulses are usually added over a period of time, so it is called a pseudo-stochastic pulse. At epoch    t i   , a velocity change quantity    a i    is pre-determined in the direction   e (  t i  )  , and the pulse parameter    p i    is obtained as follows [25]:


   p i  =  a i  ⋅ δ ( t −  t i  ) ⋅ e ( t )  



(1)




where   δ ( t −  t i  ) =       1 , t =  t i        0 , t ≠  t i         .



The a priori weight of the pulse parameter    p i    is expressed as follows:


   w   a i    =    σ 0 2     σ   a i   2     



(2)




where    σ 0 2    denotes the unit weight variance, and    σ   a i   2    denotes the variance of the stochastic pulse parameters.



The magnitude of the a priori weight    w   a i      influences the computation of the parameters to be estimated.    w   a i      decreases with the increase in    σ   a i   2   . When    w   a i      is small, the stochastic pulse can absorb significant mechanical model errors. When    w   a i      is large, the mechanical model is more accurate. The corresponding variational equation is as follows:


    Y ¨    a i    = A  Y   a i    + δ ( t −  t i  ) e ( t )  



(3)




where    Y   a i      denotes the linear combination of the partial derivatives of the six orbital roots of the initial epoch, and  A  denotes the corresponding coefficient matrix.




2.2. Reduced-Dynamic Method


In an inertial coordinate system, only considering the significant influences on orbit such as gravitational forces from celestial bodies, N-body perturbations, solar radiation pressure, and earth tidal perturbations [26], the equation of satellite motion can be obtained by applying Newton’s second law as follows:


   r ¨  = −   G M    r 3    r + f (  t 1  , r ,  r ˙  ,  q 1  , ⋯  q d  )  



(4)




where   r ,  r ˙  ,  r ¨    represents the position vector, velocity vector, and acceleration vector of the satellite, respectively. The initial condition is    r  ( k )   (  t 0  ) =  r  ( k )   ( a , e , i , Ω , ω ,  T 0  ) , k = 0 , 1  , and    ( a , e , i , Ω , ω ,   T 0  )   corresponds to the six initial orbit parameters at epoch    t 0   .    q 1  , ⋯  q n    are unknown mechanical parameters that cannot be represented by the mechanical model, to be solved as a parameter for estimation.   G M   is the gravitational constant of earth.  r  is the radius of the orbit.



At first, the prior orbit    r  0   ( t )   and the prior parameters    p   i 0      are given. The core of POD is the continuous improvement of the orbit. The least square method is used to solve the satellite-borne dual-frequency observations and other relevant parameters at the same time to obtain the improved value of the prior orbit parameter    p   i 0     , so as to correct the initial orbit and obtain the precise orbit:


  r ( t ) =  r 0  ( t ) +   ∑  i = 1  n     ∂  r 0  ( t )   ∂  p i    (  p i  −  p   i 0    )    



(5)




where    p i    represents orbit parameters.



The RD method introduces a pseudo-stochastic impulse parameter to add geometric information to the dynamic model and uses a time interval and a priori sigma for dynamic regulation, so as to select the optimal weight in the geometric information and dynamic information. The best advantage of introducing the pseudo-stochastic pulse parameter into the RD orbit determination is that the pseudo-stochastic pulse parameter can effectively absorb the dynamic model error and the error not modeled, so as to effectively improve the precision of the RD orbit determination.




2.3. Antenna Phase Center Variation Model


The phase center variation (PCV) of the receiver is mainly related to the azimuth angle  α  and altitude angle  z  of the observed GPS satellite; then, the equivalent range error   Δ  ρ  A N T   ( α , z )   caused by the correction of the phase center of the HY-2A satellite receiver antenna can be expressed as follows:


  Δ  ρ  A N T   ( α , z ) = Δ r ⋅ e + PCV ( α , z )  



(6)




where   Δ r   is the phase center offset (PCO) of the receiver antenna, which is the deviation vector between the mean antenna phase center (MAPC) and the antenna reference point (ARP), usually represented as a three-dimensional constant offset.   PCV ( α , z )   represents the PCV correction value;  e  is the unit vector of the incident direction of the satellite signal, as shown in Figure 1.



For the PCO and PCV, ground calibration values are usually used as prior values, which are corrected during orbit determination [27]. In this paper, the PCO prior information obtained from the ground is regarded as a fixed value, with a focus on analyzing the impact of the PCV on the HY-2A POD.



The representation of the PCV model includes spherical harmonic functions and piecewise linear functions [28]. Spherical harmonic functions provide a clear physical interpretation of the PCV but involve a larger computational load. In contrast, the piecewise linear function model is widely used because of its small computation and easy implementation. In this paper, the piecewise linear function method is chosen to represent the PCV model. It involves dividing the model based on elevation angle and azimuth angle into a grid and utilizing bilinear interpolation to calculate the corresponding PCV for a given elevation and azimuth angles. Assuming the four sought-after grid points are labeled as   (  α i  ,  z j  )  ,   (  α  i + 1   ,  z j  )  ,   (  α i  ,  z  j + 1   )  , and   (  α  i + 1   ,  z  j + 1   )  , as shown in Figure 2, the PCV value of point P in this grid is obtained through bilinear interpolation, expressed as follows:


  PCV ( α , z ) =   α −  α i     α  i + 1   −  α i    [ PCV (  α  i + 1   , z ) − PCV (  α i  , z ) ] + PCV (  α i  , z )  



(7)






  PCV (  α  i + 1   , z ) =   z −  z j     z  j + 1   −  z j    [ PCV (  α  i + 1   ,  z  j + 1   ) − PCV (  α  i + 1   ,  z j  ) ] + PCV (  α  i + 1   ,  z j  )  



(8)






  PCV (  α i  , z ) =   z −  z j     z  j + 1   −  z j    [ PCV (  α i  ,  z  j + 1   ) − PCV (  α i  ,  z j  ) ] + PCV (  α i  ,  z j  )  



(9)




where   PCV (  α i  ,  z j  )   is the sought-after PCV parameter   ( i = 1 , 2 , ⋯ , m ; j = 1 , 2 , ⋯ , n )  , and the values of  m  and  n  are dependent on the grid resolution.




2.4. Methods for Estimating the Phase Center Variation Model


The main methods for the PCV estimation of LEO satellites include the direct method and residual method. The direct method [29] involves introducing the unknown parameter PCV into the orbit determination observation equation and solving it simultaneously with other parameters to be estimated.



The pseudo-range and carrier phase observations of the two frequencies of L1 and L2 received by the HY-2A constitute the ionosphere-free combination, respectively. The observation equation can be expressed as follows:


        P = A y + B p + C d  t r  +  ε P        Φ = A y + B p + C d  t r  + D a +  ε Φ         



(10)




where  P  is the pseudo-range ionosphere-free combination observation vector;  Φ  is the carrier phase ionosphere-free combination observation value; and   y =     a , e , i , Ω , ω ,  T 0  ,  a 0  , ⋯ ,  a n     T    is the vector of six orbit parameters and empirical acceleration parameters to be estimated.  A  is the corresponding coefficient matrix;  p  is the PCV parameter vector;  B  is the corresponding coefficient matrix;   d  t r    is the receiver clock bias parameter;  C  is the corresponding coefficient matrix;  a  is the ionosphere-free combination ambiguity parameter vector;  D  is the corresponding coefficient matrix; and    ε P    and    ε Φ    are the observation noises for the pseudo-range and carrier phase, respectively.



During PCV estimation, parameters such as satellite clock bias and ambiguity can be pre-eliminated before the parameter estimation [30]. According to the least squares principle, the normal equations containing orbit, empirical acceleration, and PCV parameters can be obtained as follows:


  N x = U  



(11)




where   x =        y   p       T   ;   N =  H T   Q  - 1   H   is the coefficient matrix of the normal equations;   U =  H T   Q  - 1   L   is the free term vector of the normal equations;  H  is the design matrix corresponding to orbit parameters, empirical acceleration parameters, and PCV parameters;    Q  − 1     is the corresponding weight matrix; and  L  is the corresponding constant term matrix.



The residual method [31] involves modeling the carrier phase residuals of different elevations and azimuth angles after precise orbit determination. The PCV value at a grid point is obtained by averaging the carrier phase-residuals in the small neighborhood around the grid point:


  Δ PCV ( e ) =  PCV true  ( e ) −  PCV mode  ( e )  



(12)




where    PCV true  ( e )   is the true PCV model,    PCV mode  ( e )   is the employed PCV model, and   Δ PCV ( e )   denotes the difference between them, representing the unmodeled error.



This error is directly reflected in the carrier phase observation residuals after orbit determination:


  Δ PCV ( e ) ≈ Δ (  L IF  −  Z IF  )  



(13)




where    L IF    represents the ionosphere-free combination observation and    Z IF    represents the model value after correcting for remaining errors (excluding PCV).



The use of the residual method in actual orbit determination is influenced by factors such as satellite clock bias and ambiguity parameters. Therefore, it is necessary to eliminate the influence of these errors through multiple iterations. Generally, three to five iterations are required to achieve convergence [32].



In this paper, the carrier phase residual of RD orbit determination from the satellite-borne GPS data of HY-2A satellite for 31 days from day of year (DOY) 191 to 221 in 2013 is used to estimate the 10° × 10° and 5° × 5° PCV model. In the process of POD using the PCV model estimated with the residual method, three iterations are performed to reach convergence.




2.5. Reduced-Dynamic Orbit Determination Strategies of HY-2A


In this study, the satellite-borne GPS observation data of the HY-2A from DOY 191 to 221 in 2013 are selected for POD (sampling interval 1 s), and the orbit arc length was 24 h. Based on the Bernese 5.2 platform, precise ephemeris and satellite clock products provided by CODE are used for RD orbit determination and for finding the best pseudo-stochastic pulse parameters. Five solutions are designed to determine the orbit of the HY-2A. Solution 1 involves RD orbit determination without estimating the PCV model. Solution 2 uses the direct method to estimate a 10° × 10° PCV model for RD orbit determination. Solution 3 uses the direct method to estimate a 5° × 5° PCV model for RD orbit determination. Solution 4 uses the 10° × 10° PCV model estimated using the residual method for RD orbit determination. Solution 5 uses the 5° × 5° PCV model estimated using the residual method for RD orbit determination. The orbit precision is evaluated by three methods, including carrier phase residual analysis, external PSO validation, and SLR 3D validation, respectively. Table 1 details the mechanical model, observation model, and estimated parameters used in the RD POD of the HY-2A.





3. Result and Analysis


3.1. Quality Analysis of Satellite-Borne GPS Observations


In this section, the satellite-borne GPS data from DOY 203 to 209 in 2013 are selected for the data quality analysis. And the performance of the experimental receiver is evaluated by satellite visibility, multipath effect, ionospheric delay, and rate of change of ionospheric delay.



3.1.1. Satellite Visibility


Satellite visibility is the number of satellites tracked by the receiver at the same epoch, which can indicate the performance of the receiver in tracking GPS satellites. Figure 3 depicts the distribution characteristics of the number of satellites observed by the HY-2A satellite’s receiver from DOY 203 to 209 in 2013. As can be seen from Figure 3, only 0.31% of epochs observe three or fewer GPS satellites, and more than 99.69% of the epochs can observe four or more GPS satellites. Additionally, more than 98.67% of epochs can observe five or more GPS satellites, and 91.68% of epochs can observe six or more GPS satellites. Furthermore, 72.79% of epochs can observe seven or more GPS satellites. It can be seen that the HY-2A satellite can track more than six satellites most of the time. On average, 7.7 GPS satellites are observed per epoch, which provides a substantial amount of observation data for orbit determination.




3.1.2. Multipath Effect


In GPS measurements, the signal (direct wave) received by the receiver from the satellite will be affected by the signal (reflected wave) reflected by the reflector, which will cause the observation values to deviate from the true values and introduce a multipath delay error [38]. The o/slps represents the ratio of the observed epoch of satellite-borne GPS data over a period of time to the epoch of the cycle slips. The cycle slip ratio of ground static observation data is generally greater than 200. However, due to the high-speed motion of the satellite-borne receiver, significant variations in ionospheric delay between adjacent epochs and environmental factors during operation can lead to GPS signal loss and more cycle slips. When the cycle slip is smaller, the cycle slip ratio is larger, so the observation quality is better. The data completeness rate is the ratio of the actual epochs observed by the satellite to the theoretical epochs over a period, and the data utilization rate is the ratio of epochs with complete observations to all observed epochs. The data completeness rate and utilization rate reflect the performance and availability of the satellite-borne receiver in acquiring data.



Table 2 summarizes the quality assessment results of the HY-2A satellite-borne observations. It evident from Table 2 that the mean root mean square (RMS) values of the L1 multipath error (MP1) is 42.4 cm, the mean RMS values of the L2 multipath error (MP2) is 32.7 cm, the mean cycle slip ratio is 45, and the data completeness rate and utilization rate are 98.19% and 93.56%, respectively.



Figure 4a,b illustrate the relationship between multipath effects and elevation angle for the L1 and L2 bands of the G03 satellite on DOY 203 in 2013. It can be seen from Figure 4 that the lower the elevation angle, the greater the multipath error. Additionally, the impact of low-elevation angles on MP1 is more significant. It is evident that during the initial and final stages of signal reception, the fluctuation of MP1 is noticeably greater than that of MP2. In the middle stage of signal reception, when the elevation angle is higher, both MP1 and MP2 values become smaller and more stable. Figure 4a shows the multipath error for the L1 band of G03 satellite, with MP1 fluctuating in the range of −2 to 2 m. When the satellite elevation angle is greater than 40°, the multipath error is small and smooth. On the contrary, MP1 fluctuates more significantly. Figure 4b displays the multipath error for the L2 band of G03 satellite, exhibiting larger fluctuations at the beginning of observations collection after the receiver locks onto the GPS satellite signal, which normalizes after a brief period. When the elevation angle is greater than 30°, MP2 consistently fluctuates in the range of −0.5 to 0.5 m.




3.1.3. Ionospheric Delay and Rate of Change of Ionospheric Delay


When the satellite signal passes through the ionosphere, it is influenced by free ions and electrons, causing changes in propagation speed and path, thus affecting the signal propagation time. Therefore, the geometric distance between the satellite signal transmitter and the receiver will produce errors. When the propagation paths are the same, combining dual-frequency carrier observations allows for the determination of ionospheric delays    I  ion , 1     and    I  ion , 2     for the    L 1    and    L 2    bands [39]:


       I  ion , 1   =    f 2 2     f 1 2  −  f 2 2    (  λ 1   N 1  −  λ 2   N 2  +  M 1  −  M 2  ) =    f 2 2     f 1 2  −  f 2 2    (  L 1  −  L 2  )      I  ion , 2   =    f 1 2     f 1 2  −  f 2 2    (  λ 1   N 1  −  λ 2   N 2  +  M 1  −  M 2  ) =    f 1 2     f 1 2  −  f 2 2    (  L 1  −  L 2  )      



(14)




where    L 1    and    L 2    are carrier phase observations,    f i    represents carrier frequencies of    L i   ,    λ i    represents wavelengths of    L i   ,    N i    represents integer ambiguities of    L i   , and    M i    is the multipath error of    L i   , where i = 1, 2.



The rate of change of ionospheric delay is the variation of ionospheric delay per unit time. It can be obtained by differencing the ionospheric delays between two consecutive epochs as follows:


        I O  D 1  =    I  i o n , 1  j  −  I  i o n , 1   j − 1      t j  −  t  j − 1           I O  D 2  =    I  i o n , 2  j  −  I  i o n , 2   j − 1      t j  −  t  j − 1            



(15)




where   I O  D 1    and   I O  D 2    represent the ionospheric delay rate of L1 and L2, respectively, and    t j    represents the epoch  j .



IOD indicates the activity level of the ionosphere. When the sampling interval is short and no cycle slips occur, the rate of change in ionospheric delay will be small. When IOD is >4 m/min, it can be considered that the ionosphere has undergone slips. In this paper, the cycle slip is differentiated by dual-frequency GPS carrier observation data. Figure 5a,b, respectively, show the ionospheric delay and the rate of change in ionospheric delay from 14:00 to 15:30 on DOY 203 in 2013. In Figure 5a, it can be found that the residual error of G01, G11, and G28 satellites is large from 14:30 to 15:00. The residual is large for satellites G12, G15, G18, and G22 in the range of 15:15 to 15:30. The residuals of other satellite observations are generally at a low level. In Figure 5b, brief abrupt changes in the rate of change in ionospheric delay (green to dark blue or yellow) at the end of the G02, G03, G08, G10, G13, G14, G22, and G28 satellites’ observation period can be observed, and this phenomenon is caused by the discontinuity or abnormal values of the carrier phase observations [40].





3.2. Impact of Pseudo-Stochastic Pulse on Reduced-Dynamic Orbit Determination


In the orbit determination process of the low-orbit satellite, the time intervals and a priori sigma of the pseudo-stochastic pulse are usually set according to experience. This study used different pseudo-stochastic pulse priors in the orbit determination process, and the results obtained were compared with the PSO provided by CNES. The PSO is determined using a combination of DORIS and GPS data, achieving an orbit precision of 2 to 3 cm [41]. In this experiment, the satellite-borne GPS data on DOY 204 in 2013 was selected; according to the HY-2A satellite’s orbital period (approximately 104 min), the time intervals are set to 6 min, 15 min, 30 min, and 60 min. The a priori sigma of R, T, and N components decreases gradually from the order of 1 × 10−4, specifically, 1 × 10−4 m/s2, 1 × 10−5 m/s2, 1 × 10−6 m/s2, 1 × 10−7 m/s2, 1 × 10−8 m/s2, and 1 × 10−9 m/s2. Table 3 shows the RMS values of the HY-2A for different pseudo-stochastic pulse time intervals and a priori sigma compared with the PSO.



In the process of LEO POD, although the perturbation force model can be used to express the perturbation force of the satellite to a certain extent, such as the non-central gravity of the Earth and the atmospheric drag, there are still some deviations in the perturbation force model [42] Therefore, the pseudo-random pulse parameter is introduced into the LEO POD to compensate the deviation of the mechanical model. Moreover, according to the characteristics of different satellites, the optimal pseudo-random pulse prior value of each satellite is different, considering the satellite altitude, perturbation model, and observation data quality.



From Table 3, at all-time intervals, when the a priori sigma is 1 × 10−8 m/s2, the orbit determination precision is the highest.



The influence of the change in the a priori sigma on the orbit precision is analyzed when the time interval is fixed. At the same time interval, when the a priori sigma ranges from 1 × 10−4 m/s2 to 1 × 10−7 m/s2, the orbit precision does not show significant variations. However, when the a priori sigma is further reduced to 1 × 10−8 m/s2, a noticeable improvement in mutual comparison precision is observed. Both the RMS values of R and 3D directions are minimized, indicating the highest orbit precision. Especially in the embodiment of the radial accuracy, the orbital precision has been significantly improved. For HY-2A satellite, the precision of the radial orbit is particularly important, and it affects the reliability of the altimetry task. Therefore, the reasonable selection of the optimal pseudo-stochastic pulse a priori value is very important for LEO POD. When the a priori sigma is further reduced from 1 × 10−8 m/s2 to 1 × 10−9 m/s2, there is a decline in orbit precision.



The influence of the change in the time intervals on the orbit precision is analyzed when the a priori sigma is fixed. It is observed that larger pseudo-stochastic pulse time intervals (30 and 60 min) result in poorer orbit precision. This is because the pseudo-pulse parameters are set too little, resulting in many unmodeled errors that cannot be effectively absorbed. Conversely, when the pseudo-pulse time interval is set to 6 min, the orbit precision also decreases, which may be due to the instability of orbit determination caused by too many pseudo-stochastic pulse parameters.



In conclusion, this study selects a pseudo-stochastic pulse time interval of 15 min and a priori sigma of 1 × 10−8 m/s2 for the experiment.




3.3. Estimation of the PCV Model


Figure 6 shows the 10° × 10° and 5° × 5° PCV models of HY-2A estimated using the direct method and residual method, respectively. From Figure 6, it is observed that the characteristics of the direct method and residual method for estimating the PCV model are as follows:




	(1)

	
The direct method treats the PCV of grid points as an unknown parameter to be solved in the observation equation, resulting in a more detailed PCV estimation, and thus the estimated PCV map shows a spotted distribution. The residual method estimates the PCV by averaging the carrier phase residuals within the grid interval, resulting in similar PCV values for adjacent grid points and a mostly striped distribution in the PCV map.




	(2)

	
The larger PCV values of the PCV model estimated using the direct method and residual method are all distributed within the low elevation grid space. This is mainly because the observation data are affected by the multipath effect at low altitude angles, which leads to poor observation data quality.




	(3)

	
There is a significant decrease in the PCV value when the resolution of the PCV model estimated using the direct method is increased from 10° to 5°. This is because the increase in parameters makes the PCV model more refined; on the contrary, the improvement of resolution has relatively little effect on the residual method to estimate the PCV model.










3.4. Analysis of Orbit Precision for HY-2A


3.4.1. Carrier Phase Residuals Analysis


The carrier phase residual is one of the important indexes of orbit determination, which reflects the degree of fit between the observed data and the mechanical model used in orbit determination and the actual flight situation of the satellite. The quality of observation data, arc length of orbit determination, and parameters to be obtained are all important factors affecting the carrier phase residual [43]. The smaller the RMS value of carrier phase residuals, the higher the internal precision.



Figure 7 shows the RMS of carrier phase residuals for 31 days from DOY 191 to 221 in 2013 after selecting the optimal pseudo-stochastic pulse a priori values. From Figure 7, the RMS of the carrier phase residuals of a single day is in the range of 7.04 to 7.76 mm, and the fluctuation range is only 0.72 mm, with an average RMS value of 7.46 mm. The experimental results show that the mechanical model adopted in orbit determination is consistent with the actual situation. And the data obtained by the HY2 receiver is stable.



The specific sequence of the carrier phase residuals changing with elevation angle is illustrated in Figure 8; it can be observed that when the elevation angle is less than 20°, the carrier phase residuals are relatively large. The reason for this is the low elevation angle, which leads to the poor quality of observations. The carrier phase residuals for the HY-2A satellite fluctuated from −51.59 mm to 53.03 mm over the 31 days. Approximately 99.26% of the carrier phase residuals are distributed within the range of −25 mm to 25 mm, and the overall fluctuation is smooth, which indicates that the orbit determination strategy used in the course of orbit determination is reliable.




3.4.2. Comparison with Precision Science Orbits


The PSO provided by CNES is used as the reference orbit to evaluate the RD orbit precision of the HY-2A obtained in this experiment. Due to the fact that the orbit solution strategy and data provided by CNES are different from those in this study, it can be used for external validation. The precise orbit provided by CNES is referenced to International Atomic Time (TAI), while the standard orbit time system calculated in this experiment is based on GPS time (GPST) [44]. Therefore, it is necessary to pretreat the PSO in advance to unify the time system of the RD orbit. Figure 9 shows the RMS values in the R, T, and N directions of the residual difference between the RD orbit and the PSO of the HY-2A. Detailed statistical results can be found in Table 4.



As shown in Table 4, the orbit precision has been improved to different degrees after adding the PCV model. When the orbit is determined by Solution 1, the mutual comparison RMS values of the RD orbit with respect to the PSO in the R, T, N, and 3D directions are 1.15, 3.12, 2.14, and 3.96 cm, respectively. For Solution 2, compared to Solution 1, the RMS values for R, T, N, and 3D directions orbit comparisons decreased by 0.06, 0.14, 0.10, and 0.20 cm, respectively. For Solution 3, compared to Solution 1, the RMS values for R, T, N, and 3D directions orbit comparisons decreased by 0.09, 0.24, 0.13, and 0.29 cm, respectively. For Solution 4, compared to Solution 1, the RMS values for R, T, N, and 3D directions orbit comparisons decreased by 0.08, 0.17, 0.09, and 0.23 cm, respectively. Lastly, for Solution 5, compared to Solution 1, the RMS values for R, T, N, and 3D directions orbit comparisons decreased by 0.09, 0.27, 0.14, and 0.32 cm, respectively. The orbit precision of R, T, N, and 3D directions is significantly improved after adding the PCV model, and the PCV model of the HY-2A improves the precision of the poor tangential orbit more. The precision improvement brought by the improvement of PCV resolution is also higher in the tangential direction. The improvement in orbit precision brought by the increase in resolution is far less than the improvement after the addition of PCV model.



As shown in Figure 9, from an overall perspective, the RMS sequences of the R and N directions orbit residuals of the five solutions appear relatively smooth. However, the T direction orbit RMS value is a slightly larger fluctuation. The reason for this could be that the weak geometric constraints in the T direction are susceptible to large model errors [45]. The PCV models estimated using the direct method and residual method contribute to an improvement in orbit precision. The precision of the PCV models obtained from the direct method and residual method are comparable. The improvement of PCV model resolution has a greater effect on tangential orbit precision. When the resolution is increased from 10° to 5°, the orbit determination precision is further improved, but the improvement is small.




3.4.3. SLR 3D Validation


SLR data has extremely high precision, with a single ranging precision of better than 1 cm. At present, it is the most reliable method of tracking observation and LEO POD [6]. The SLR data for the HY-2A is supplied by the International Laser Ranging Service (ILRS) [46]. The SLR range validation involves comparing the distance between the station and the satellite obtained by SLR with the distance obtained by orbit determination.



During the period of DOY 191 to 221 in 2013, there were 12 SLR stations tracked by the HY-2A and 744 NP data were obtained. Among them, 7403, 7406, and 7825 stations were excluded due to poor quality or a small amount of observation data, with an exclusion rate of 4.70%. The remaining 709 NP data points were used for calculations, and the SLR orbit validation residuals were summarized. Figure 10 shows the NP data and RMS values of SLR station validation residuals for five solutions within 31 days. It can be seen that the 8834 station provided the most NP data, with 212 NP data points, accounting for 29.90% of the total data. When Solution 1 is used, the SLR range validation residual RMS value is 2.54 cm, which is improved by 0.13, 0.21, 0.18, and 0.30 cm, as compared with Solution 2, Solution 3, Solution 4, and Solution 5, respectively. The 7110 station obtained the poorest precision. When Solution 1 is used, the SLR range validation residual RMS value is 3.18 cm, which is improved by 0.24, 0.40, 0.29, and 0.42 cm, as compared with Solution 2, Solution 3, Solution 4, and Solution 5, respectively. The 7838, 7839, and 7841 stations provide relatively little NP data, and the improvement in the resolution of the PCV model is not obvious to the orbit precision. Overall, the majority of the stations achieved RMS values less than 3 cm, which meets the expected requirements.



SLR range validation only provides the range error and cannot evaluate orbit precision from the R, T, or N directions. Therefore, this paper improves on SLR range validation by transforming the one-dimensional SLR residuals into residual components in the R, T, and N directions. This is achieved by projecting the RTN unit vector onto the line-of-sight unit vector e. The unit vector formula e is as follows:


  e =   ( r − R )   ∥ r − R ∥    



(16)




where e is the line-of-sight unit vector, r is the satellite position, and R is the station position.



The specific implementation steps of SLR 3D validation are as follows:




	(1)

	
Convert the PSO provided by CNES to the Bernese standard orbit format and convert it to a 1s sampling interval.




	(2)

	
Calculate the station coordinates to the current epoch and transform the position and velocity of the HY-2A, along with the current epoch station coordinates, to the J2000 inertial system.




	(3)

	
According to the time corresponding to each residual in the SLR residual file, the position and velocity of the HY-2A in the J2000 inertial system at that time and the station coordinates of that day are extracted.




	(4)

	
The position and velocity of the HY-2A and the position of the station are converted from the J2000 inertial system to the position in the RTN coordinate system, and then the unit vector of the three directions of RTN is calculated according to Equation (16). Finally, the RTN residual component can be obtained by multiplying each SLR residual.









Table 5 shows the RMS values of the SLR validation residual components and distance residuals within 31 days. It can be seen that the precision is highest in the R direction, followed by the N direction, and the T direction. When Solution 1 was selected, the RMS values of the R, T, and N directions residual components of SLR 3D validation are 1.12 cm, 1.88 cm, and 1.29 cm, respectively. And the distance residual is 2.54 cm. When the PCV model resolution is increased from 10° to 5° using the direct method, the orbit precision in the R, T, and N directions is increased by 2.86%, 2.30%, and 2.50%, respectively. When the PCV model resolution is increased from 10° to 5° using the residual method, the orbit precision in the R, T, and N directions is increased by 1.90%, 2.96%, and 2.52%, respectively. The precision of PCV estimated using the direct method and residual method with different resolutions is improved, and the results are consistent with those obtained by the comparison of PSO provided by CNES.






4. Discussion


The HY-2A is China’s first marine dynamic environment monitoring satellite, and it has made great contributions to the successful launch and operation of HY2 series satellites. In order to ensure the smooth operation of the altimetry mission, it is equipped with the DORIS receiver, SLR receiver, and satellite-based GPS receiver. The performance of the receiver is mainly reflected in the data quality, which is one of the important factors affecting the orbit determination result. The HY2 receiver of the HY-2A is the first application in China. The quality of signals received by the HY2 receiver during in-orbit operation is analyzed from several indexes, which can provide a scientific basis for the subsequent development of satellite-borne GPS receivers.



In this paper, the impact of pseudo-random pulse and PCV model on the POD of the HY-2A is analyzed. In the process of RD orbit determination, the goal is to reasonably determine the pseudo-stochastic pulse time interval and a priori reasonably for different satellites. In most of the existing studies, the pseudo-stochastic parameters are determined by prior hypothesis or practical experience. The experiment found that the pseudo-stochastic pulse a priori value has a certain regulation effect on LEO POD. In addition, the CNES precision science orbit is selected as a reference to consider the R, T, N, and 3D directional precision. The error implied by the reference base itself is ignored, and the results are more convincing in later experiments using higher precision orbits or experiments using SLR.



Also, the PCV cannot be ignored in LEO POD. It is found that the PCV model estimated by the direct method is similar to that estimated by the residual method through the external PSO validation and SLR 3D validation, and the improvement in resolution has limited improvement on orbit precision. The 5° × 5°PCV grid model can meet most of the needs of POD [47], which also provides a reference for follow-up research. At the same time, the SLR 3D validation converts the distance residual into the residual in the direction of RTN, making the check results more intuitive and reliable, and can also be used for orbit checks of other satellites to enrich the orbit check system.




5. Conclusions


In this paper, TEQC is used to evaluate the quality of HY-2A satellite-borne GPS data from the satellite visibility, multipath effect, and ionospheric delay. The HY-2A satellite can observe 7.7 GPS satellites per epoch on average, and other indicators are normal. The result demonstrates that the experimental HY2 receiver, which was independently developed by China, has good signal capture performance. The regulating effect of pseudo-stochastic pulse a priori values on orbit precision was analyzed. The orbit precision of the HY-2A is the best when the pseudo-stochastic pulse time interval is 15 min, and the a priori sigma is 1 × 10−8 m/s2. The PCV models with different resolutions (10° × 10°, 5° × 5°) are estimated using the direct method and residual method, respectively, and introduced into the RD orbit determination process. The orbit obtained using the 10° × 10° PCV model and the 5° × 5° PCV model are more accurate than those without considering the PCV model. The carrier phase residual shows that the precision of inner coincidence has reached the centimeter level. The result of the external PSO validation and SLR 3D validation show that the influence of PCV on orbit determination results must be considered in the process of LEO POD. After adding the 5° × 5° PCV model using the residual method, the orbit precision in R, T, N, and 3D directions, compared with PSO, is improved by 8.49%, 9.47%, 7%, and 8.79%, respectively. And the results of SLR 3D validation are consistent with those obtained by the comparison of PSO provided by CNES.



According to the experimental results, the experimental HY2 receiver of the HY-2A can be applied to the mission of LEO POD. Although the pseudo-stochastic pulse can dynamically regulate the orbit precision, its regulation ability is limited. To obtain a high-precision orbit, it is not enough to only optimize the pseudo-stochastic pulse; in addition, various mechanical models and high-precision observation data need to be refined. The PCV is also one of the errors that must be considered in the process of POD; the orbit precision is further improved when the resolution is increased from 10° to 5°. The relevant experiments of the HY-2A can provide a useful reference for the POD of HY2 series satellites.
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Figure 1. Schematic diagram of the receiver antenna phase center correction. 
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Figure 2. Schematic diagram of PCV grid linear interpolation of HY-2A. 
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Figure 3. Number of satellites observed per epoch of HY-2A. 
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Figure 4. Multipath effects and elevation angle changes for G03 satellite in L1 (a) and L2 (b). 
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Figure 5. Ionospheric delay (a) and rate of change of ionospheric delay (b) of HY-2A. 
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Figure 6. PCV model of HY-2A. (a) 10° × 10° PCV model using direct method; (b) 5° × 5° PCV model using direct method; (c) 10° × 10° PCV model using residual method; (d) 5° × 5° PCV model using residual method. 
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Figure 7. RMS of carrier phase residuals of HY-2A within 31 days. 
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Figure 8. Carrier phase residual sequence within 31 days. 
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Figure 9. Line chart of RMS of the reduced-dynamic orbit and precision science orbit comparison in different solutions within 31 days. 






Figure 9. Line chart of RMS of the reduced-dynamic orbit and precision science orbit comparison in different solutions within 31 days.
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Figure 10. NP data and RMS of SLR station range validation residuals. 






Figure 10. NP data and RMS of SLR station range validation residuals.
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Table 1. Reduced-dynamic orbit determination strategy of HY-2A.






Table 1. Reduced-dynamic orbit determination strategy of HY-2A.





	

	
Model/Parameters

	
Description






	
Mechanical model

	
Global gravity feld model

	
EGM2008 [33], 120 × 120




	
N-body

	
JPL DE405 [34]




	
Solid earth tides

	
IERS2010 [35]




	
Solar radiation pressure

	
Box-Wing [36]




	
Ocean tides

	
FES2004 [37]




	
Observation model

	
GPS data

	
Undifferenced ionosphere-free phase and code (interval 1 s)




	
GPS orbits

	
Post-processed precise orbit provided by CODE




	
GPS clock

	
Post-processed precise clock corrections provided by CODE (time interval 30 s)




	
POD arc length

	
24 h




	
SLR

	
Normal Point (NP) data provided by ILRS




	
Attitude model

	
Provided by the NSOAS




	
GPS Satellite antenna phase model

	
PCV.I08




	
HY-2A PCV

	
Calibrations in orbit




	
Elevation cutoff

	
5°




	
Estimated parameters

	
Initial state of orbit segment

	
3-D inertial system position and velocity




	
Receiver clock offset

	
Epoch estimation




	
Ambiguity

	
Each satellite, each observation arc, float solution




	
R, T, N empirical force

	
Estimated every 240 min




	
Pseudo-stochastic pulse priori sigma

	
1 × 10−4 m/s2, 1 × 10−5 m/s2, 1 × 10−6 m/s2, 1 × 10−7 m/s2, 1 × 10−8 m/s2, 1 × 10−9 m/s2




	
Pseudo-stochastic pulse time interval

	
6 min, 15 min, 30 min, 60 min











 





Table 2. Quality assessment statistics of HY-2A.






Table 2. Quality assessment statistics of HY-2A.





	DOY
	MP1 RMS (cm)
	MP1 RMS (cm)
	O/slip
	Completeness Rate
	Utilization Rate





	203
	41.0
	31.1
	41
	95.40%
	94.12%



	204
	38.9
	31.0
	45
	99.55%
	93.97%



	205
	44.3
	32.1
	39
	98.31%
	93.02%



	206
	44.5
	34.0
	46
	99.25%
	93.51%



	207
	41.3
	32.5
	42
	95.05%
	93.58%



	208
	41.7
	30.8
	44
	99.84%
	93.70%



	209
	40.9
	32.0
	49
	99.95%
	93.02%



	Mean
	42.4
	32.7
	45
	98.19%
	93.56%










 





Table 3. RMS values of different pseudo-stochastic pulse time intervals and priori sigma deviations compared with precision science orbits (cm).






Table 3. RMS values of different pseudo-stochastic pulse time intervals and priori sigma deviations compared with precision science orbits (cm).





	
Priori Sigma (m/s2)

	
Direction of

Orbit Comparison

	
Time Interval/min




	
6

	
15

	
30

	
60






	
1 × 10−4

	
R

	
0.96

	
0.96

	
0.96

	
0.97




	
T

	
3.01

	
2.99

	
2.99

	
3.04




	
N

	
2.43

	
2.43

	
2.44

	
2.42




	
3D

	
3.99

	
3.97

	
3.97

	
4.00




	
1 × 10−5

	
R

	
0.97

	
0.97

	
0.96

	
0.96




	
T

	
2.96

	
2.98

	
2.97

	
3.02




	
N

	
2.44

	
2.42

	
2.43

	
2.41




	
3D

	
3.96

	
3.96

	
3.96

	
3.98




	
1 × 10−6

	
R

	
0.96

	
0.96

	
0.97

	
0.97




	
T

	
3.02

	
3.00

	
2.99

	
3.01




	
N

	
2.42

	
2.41

	
2.41

	
2.42




	
3D

	
3.99

	
3.96

	
3.97

	
3.98




	
1 × 10−7

	
R

	
0.95

	
0.95

	
0.96

	
0.96




	
T

	
2.98

	
2.96

	
2.98

	
2.98




	
N

	
2.43

	
2.42

	
2.41

	
2.41




	
3D

	
3.95

	
3.94

	
3.96

	
3.96




	
1 × 10−8

	
R

	
0.93

	
0.93

	
0.94

	
0.94




	
T

	
3.01

	
2.95

	
2.95

	
2.97




	
N

	
2.39

	
2.39

	
2.41

	
2.43




	
3D

	
3.94

	
3.91

	
3.93

	
3.95




	
1 × 10−9

	
R

	
0.95

	
0.94

	
0.95

	
0.95




	
T

	
3.02

	
3.01

	
3.00

	
3.01




	
N

	
2.42

	
2.40

	
2.43

	
2.43




	
3D

	
3.99

	
3.96

	
3.98

	
3.99











 





Table 4. RMS of reduced-dynamic orbit and precision science orbit comparison in different solutions within 31 days (cm).






Table 4. RMS of reduced-dynamic orbit and precision science orbit comparison in different solutions within 31 days (cm).





	Solutions
	R
	T
	N
	3D





	Solution 1
	1.15
	3.12
	2.14
	3.96



	Solution 2
	1.09
	2.96
	2.04
	3.76



	Solution 3
	1.06
	2.88
	2.01
	3.67



	Solution 4
	1.07
	2.95
	2.05
	3.73



	Solution 5
	1.06
	2.85
	2.00
	3.64










 





Table 5. RMS of SLR 3D validation residuals components and distance residuals within 31 days (cm).






Table 5. RMS of SLR 3D validation residuals components and distance residuals within 31 days (cm).





	Solutions
	R
	T
	N
	Res





	Solution 1
	1.12
	1.88
	1.29
	2.54



	Solution 2
	1.08
	1.78
	1.23
	2.41



	Solution 3
	1.05
	1.74
	1.20
	2.35



	Solution 4
	1.07
	1.74
	1.22
	2.38



	Solution 5
	1.05
	1.69
	1.19
	2.32
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