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Abstract

:

Starting from February 2023, the International Laser Ranging Service (ILRS) began releasing satellite laser ranging (SLR) data for all BeiDou global navigation satellite system (BDS-3) medium earth orbit (MEO) satellites. SLR data serve as the best external reference for validating satellite orbits, providing a basis for comprehensive evaluation of the BDS-3 satellite orbit. We utilized the SLR data from February to May 2023 to comprehensively evaluate the orbits of BDS-3 MEO satellites from different analysis centers (ACs). The results show that, whether during the eclipse season or the yaw maneuver season, the accuracy was not significantly decreased in the BDS-3 MEO orbit products released from the Center for Orbit Determination in Europe (CODE), Wuhan University (WHU), and the Deutsches GeoForschungsZentrum (GFZ) ACs, and the STD (Standard Deviation) of SLR residuals of those three ACs are all less than 5 cm. Among these, CODE had the smallest SLR residuals, with 9% and 12% improvement over WHU and GFZ, respectively. Moreover, the WHU precise orbits exhibit the smallest systematic biases, whether during non-eclipse seasons, eclipse seasons, or satellite yaw maneuver seasons. Additionally, we found some BDS-3 satellites (C32, C33, C34, C35, C45, and C46) exhibit orbit errors related to the Sun elongation angle, which indicates that continued effort for the refinement of the non-conservative force model further to improve the orbit accuracy of BDS-3 MEO satellites are in need.






Keywords:


SLR; BDS-3; precise orbit determination; solar radiation pressure model; eclipse season












1. Introduction


As an important infrastructure of the Global Navigation Satellite System (GNSS), IGS (International GNSS Service) analysis centers (ACs) provide precise GNSS products to users around the world, including satellite orbit and clock offset. Those products have greatly ensured GNSS high-accuracy applications such as navigation, precise timing, geodynamics, and many other geoscientific research and engineering fields [1,2]. Usually, the differences in data processing strategies and dynamic models used by various IGS ACs lead to variations in the accuracy of individual orbit products, which could lead to inconsistent positioning results for users. Hence, accurately identifying the characteristics of different IGS analysis centers’ precise orbits is valuable for users with high-precision positioning needs.



Satellite laser ranging (SLR) has been extensively applied across various geodetic and geophysical fields, significantly enhancing our understanding of the Earth’s dynamics. SLR has been instrumental in determining station positions and velocities [3,4,5]. It has also contributed to the precise determination of Earth orientation parameters [6,7] and the estimation of tidal parameters [8,9]. Furthermore, SLR data have been crucial for the study of the Earth’s gravity field [10,11] and the elasticity of the Earth [12]. This technique has also been employed to observe tectonic plate motions [13,14] and to test relativistic effects [15,16]. Additionally, SLR has provided valuable insights into geocenter motion [17,18] and ocean tide models [19]. Beyond these applications, SLR data are also vital for validating the accuracy of satellite orbits, thereby playing a crucial role in precise orbit determination. This diverse range of applications highlights the comprehensive capabilities of SLR in advancing geodetic and geophysical research.



SLR observations provide an independent validation of the global navigation satellite system (GNSS) orbits derived using microwave measurements [20]. By examining long time series of SLR validation residuals, one can detect deficiencies in the dynamic models used for precise orbit determination (POD) and provide support for improving and refining satellite dynamic models [21].



With the completion of the BeiDou global navigation satellite system (BDS-3), various IGS ACs have incorporated BDS-3 satellites into their precise orbit products. The quality assessment of BDS-3 satellite orbits using SLR data is of significant reference value for enhancing the accuracy of BDS-3 satellite POD, and this procedure becomes practicable since all BDS-3 satellites are equipped with laser retroreflectors. Due to the tracking limitations, the International Laser Ranging Service (ILRS) initially supported SLR observations for only four BDS-3 MEO (Medium Earth Orbit) satellites (C20, C21, C29, and C30). Starting in February 2023, ILRS started to provide SLR data for all 24 BDS-3 MEO satellites. This progression provides favorable conditions for conducting precise orbit assessments of BDS-3 satellites using SLR data.



Many scholars utilize SLR data to analyze the characteristics of GNSS satellite orbits and have also identified issues existing in GNSS satellite orbits. Urschl et al. conducted a study on SLR validation residuals for GPS satellite precise orbits from various IGS ACs and the results indicated that the standard deviation (STD) of SLR residuals from different IGS ACs was approximately within ±3 cm [22]. Montenbruck et al. evaluated 3-month validation results between BDS-2 broadcast ephemeris and SLR data and the results revealed that BDS-2 satellites performed yaw maneuvers during the deep eclipse season when the actual satellite attitude did not align with the nominal attitude [23]. Therefore, the solar radiation pressure (SRP) model established based on the nominal yaw attitude became inappropriate, leading to increased model errors in non-conservative perturbation and subsequently causing a decrease in orbit accuracy. Peng et al. used SLR data to validate the precise BDS-2 orbit products provided by WHU and GFZ from January 2014 to July 2015 [24]. The results show that an obvious orbit accuracy decrease can be observed in both broadcast and precise ephemeris for BDS-2 IGSO/MEO satellites during eclipse seasons, especially the yaw maneuver seasons. Due to the tracking limitations and lack of actual BDS-3 SLR data, scholars have not been able to thoroughly validate the precise orbits of all BDS-3 MEO satellites from different ACs. Therefore, we aim to utilize newly released SLR data to investigate the accuracy of BDS-3 MEO satellite orbits, particularly during the deep eclipse season and satellite yaw maneuver seasons. The objective is to provide valuable insights for further enhancing the precision of BDS-3 MEO satellite orbit determination.



SLR validation residuals can detect deficiencies in the dynamic models used for the POD of satellites and thus provide essential references for refining these satellite dynamic models. Research has indicated that orbit errors in Galileo satellites’ SLR residuals significantly depend on the Sun elongation angle when using the Extend CODE Orbit Model (ECOM) SRP model [25]. Li et al. found that some IGS ACs may have modeling defects, including BDS-3 orbits of the GFZ and BDS-2 orbits of the European Space Agency (ESA), inferred from the large RMS of SLR residuals [26]. Several scholars, including Urschl et al. [21], Sosnica et al. [27], Yang et al. [28], and Li et al. [29], have already conducted analyses of the adaptability of dynamic models for GPS, Galileo, and BDS satellites using SLR data. However, up to June 2023, the SLR validation of BDS-3 satellites is limited to only four satellites: C20, C21, C29, and C30. Few scholars have utilized the recently released SLR data to study the characteristics of all 24 BDS-3 MEO satellite orbits. Therefore, we intend to apply the SLR data to further detect deficiencies in the dynamic models by different IGS ACs for all 24 BDS-3 MEO satellites.



In this study, we utilize SLR data to validate the precise BDS-3 orbit products released from CODE, WHU, and GFZ. This article is organized as follows. We first describe the motivation and the study objective in Section 2. The method for validating satellite orbits using SLR data is presented in Section 3. Then, an overview of SLR data and the POD strategies employed by different IGS ACs is provided in Section 4. Next, the statistical results of SLR residuals for BDS-3 MEO satellites from different IGS ACs are presented in Section 5.1. Moreover, the performance of BDS-3 MEO satellite orbits during non-eclipse seasons, eclipse seasons, and satellite yaw maneuver seasons is studied in Section 5.2. Additionally, we analyze the characteristics of orbit errors induced by deficiencies in the non-conservative force model of BDS-3 MEO satellites in Section 5.3. Finally, conclusions and discussions are given in Section 6.




2. Motivation and the Study Objective


In February 2023, ILRS began providing SLR tracking data for all 24 BDS-3 MEO satellites. Previously, SLR data were only available for four BDS-3 satellites: C20, C21, C29, and C30. This recent development offers a unique opportunity to comprehensively evaluate the precision of the BDS-3 MEO satellite orbits and the applicability of orbit dynamic models, particularly the solar radiation pressure models, using high-precision SLR data.



The primary motivation for this research stems from the need to leverage the newly available SLR data to assess the accuracy of BBDS-3 MEO satellite orbits provided by different IGS analysis centers. SLR provides an independent and highly precise means of validating satellite orbits, which is crucial for ensuring the reliability of satellite-based navigation and geodetic applications. By evaluating the precision of these orbits, especially during eclipse seasons, this study aims to identify any significant degradation in accuracy and to assess the suitability of different SRP models used in orbit determination.



The objectives of this study include utilizing the newly released SLR data to validate the accuracy of the precise orbits of BDS-3 MEO satellites provided by various IGS analysis centers and investigating the potential accuracy degradation of these orbits during eclipse seasons. Additionally, this study seeks to evaluate the applicability of different SRP models employed in the orbit determination process. Furthermore, it aims to identify any BDS-3 MEO satellites that exhibit distinct characteristics in their precise orbits compared to others, and to explore the underlying reasons, focusing on the adaptability of the SRP models.



By achieving these objectives, this study will provide valuable insights into the performance and reliability of BDS-3 MEO satellite orbits, enhance the understanding of SRP model applicability, and ultimately contribute to the improvement of satellite orbit determination methodologies.




3. SLR Validation


BDS-3 satellites experience non-eclipse season, eclipse season, and satellite yaw maneuver season. The changes in satellite attitude during different seasons would result in variations in satellite orbit accuracy. We implement SLR to verify the characteristics of the precise orbit of BDS-3 MEO satellites during different seasons. In this section, we first introduce the SLR validation method and then describe the conditions when BDS-3 satellites enter the non-eclipse season, eclipse season, and satellite yaw maneuver season.



3.1. SLR Validation Method


Satellite laser ranging involves measuring the time difference between the moment a ground station emits a laser pulse and the moment the laser pulse returns after being reflected by the satellite retroreflectors. This can be expressed as follows:


   ρ 0  =  1 2  c τ  



(1)




where    ρ 0    represents the observed distance,  c  is the speed of light, and  τ  is the round-trip time of the laser pulse. The parameter    ρ 0    can be further expressed as follows:


   ρ 0  =  1 2  (  ρ  u p   ( t ) +  ρ  d o w n   ( t ) ) + Δ  ρ  r e l   + Δ  ρ  t r o p   + Δ  ρ  L R A   + ε  



(2)




where    ρ  u p     and    ρ  d o w n     represent the uplink and downlink distances after accounting for the equation of light corrections,   Δ  ρ  r e l     is the distance correction caused by the relativistic effect,   Δ  ρ  t r o p     is the correction for troposphere delay,   Δ  ρ  L R A     compensates for the deviations between LRA (Laser Retroreflector Array) reference point and signal reflection center, and  ε  represents the system errors related to the ground station and satellite. In the inertial frame of reference,    ρ  u p     and    ρ  d o w n     are represented as follows:


         ρ  u p   ( t ) =   r ( t −  τ  d o w n   ) − R ( t −  τ  d o w n   −  τ  u p   )          ρ  d o w n   ( t ) =   r ( t −  τ  d o w n   ) − R ( t )          



(3)




where r and R represent the positions of the satellite and SLR station,    τ  u p     is the uplink time, and    τ  d o w n     is the downlink time. Since the positions of the satellite and ground station are typically expressed in the Earth-fixed frame of reference, it is necessary to account for the rotation effect of the Earth and coordinate system transformations [30].



SLR residuals refer to the difference between the observed distance    ρ 0    and the calculated distance    ρ c   . These SLR residuals reflect satellite orbit errors in the direction of the line of sight from the SLR ground station to the satellite. Considering the SLR errors, applying SLR data for satellite orbit validation follows the following steps. First, we extract the observed distances    ρ 0    from the SLR data and apply various error corrections to the observational data, including solid tides, pole tides, ocean tides, atmospheric pressure loads, tropospheric delay, relativistic effects, and LRA offsets. Second, we calculate the satellite-to-ground distances    ρ c    in the usage of precise satellite ephemerides. Finally, the difference between the observed distances and calculated distance yields SLR residuals. We conduct a statistical analysis on SLR residual values derived from various ground stations for the same satellite. These SLR residuals serve as an assessment metric for evaluating the precise orbit products.



To avoid the influence of outliers on statistical results, we set reasonable threshold values before performing statistical analysis on SLR residuals. In particular, a threshold of ±1 m is used for BDS-3 MEO satellites, which helps remove outliers from the SLR results. The dynamic models and observation models applied in SLR validation are detailed in Table 1.



The research method of this article is shown in Figure 1. First, we extracted observation data and meteorological data from the SLR standard point data. This data underwent preprocessing and various error corrections to calculate the observed distance    ρ 0   . Next, we corrected the SLR station coordinates and combined them with satellite precise orbits to calculate the satellite-to-ground distances    ρ c   . This involved using precise ephemerides from different analysis centers such as CODE, WHU, and GFZ, which provide high-accuracy orbital information necessary for computing the expected range between the satellite and the SLR station. Moreover, we computed the differences between the observed distance    ρ 0    and the satellite-to-ground distance    ρ c   , known as SLR residuals. These residuals were statistically analyzed to assess the accuracy of the BDS-3 MEO satellite orbits. The residuals were evaluated over different time periods, including eclipse and non-eclipse seasons, to examine any variations in orbit accuracy related to the satellite’s attitude control modes during these periods. We also investigate the relationship between SLR residuals of BDS-3 MEO satellites and the Sun elongation angle. The aim is to identify the adaptability of the dynamic models used in POD for BDS-3 MEO satellites.




3.2. Eclipse Season of BDS-3 Satellite


Satellite attitude describes the spatial orientation of the satellite body-fixed frame relative to the inertial frame. Figure 2 illustrates the spatial positions and geometric angles between the Sun, Earth, and satellite. In the satellite body-fixed frame, the X-axis and Z-axis point towards the Sun and the Earth, respectively, while the Y-axis corresponds to the solar panel rotation axis. GNSS satellites are made to comply with the following rules in orbit: First, the satellite antenna should be pointing towards the center of the earth to ensure a sufficient and strong signal reception on the ground; second, the satellite solar panels should be oriented perpendicular to the direction of sunlight, ensuring that in-orbit satellites receive sufficient energy. As a result, the satellite continuously utilizes the satellite attitude control system to adjust its yaw angle.



Sun elongation angle is formed by the Sun–satellite–Earth configuration and is equivalent to the angle between the z-axis of the satellite body-fixed frame and the direction of the Sun, which can serve as an effective independent variable for describing the satellite–sun orientation. Therefore, it can be utilized to analyze the characteristics of how solar radiation pressure affects satellite orbit errors. It is worth noting that the satellite-to-Earth distance is only about 0.01% compared to the satellite-to-Sun distance. Hence, it can be assumed that the satellite–Sun vector is parallel to the Earth–Sun vector. Therefore, the Sun elongation angle ε can be expressed in Formula (4) [36]:


  cos ε = cos β ⋅ cos μ  



(4)




where β represents the angle between the Sun and the satellite orbital plane, which is called the solar elevation angle. µ stands for the angle between the satellite on the orbital plane and the farthest point from the Sun, known as the orbital angle. This indicates that any systematic biases related to β or µ will result in systematic biases in sun elongation angle ε.



The relationship between the orbital angle µ, solar elevation angle β, and the satellite body-fixed frame is depicted in Figure 2, in which the orbit of noon and midnight stand for the points where the Sun is closest and furthest from the satellite.



The process of a satellite entering the shadow of the earth is known as an eclipse season. The β plays a crucial role in determining the time when a satellite enters the eclipse season. Once the β falls below a certain critical value, the satellite will experience an eclipse. The specific angle threshold for entering the eclipse season varies depending on the type of satellite. For instance, GEO (Geostationary Earth Orbit) and IGSO (Inclined Geosynchronous Orbit) satellites of the BeiDou system enter the eclipse season when β is less than 8.7°, while MEO satellites are less than 12.9° [28].



In the eclipse season, especially when β is small, the satellite requires a relatively high rate of attitude adjustment near noon and midnight to maintain the nominal spatial orientation. However, due to the limited hardware adjustment rate of the attitude control momentum wheels, it is often not possible to maintain the in-orbit nominal orientation of the satellite. As a result, the satellite needs to perform yaw maneuvers at a lower rate [37]. In 2019, the China Satellite Navigation Office released preliminary BDS-3 satellite metadata, which mentioned that BDS-3 IGSO/MEO satellites use a Continuous Yaw Steering (CYS) mode during eclipse seasons [38]. Research indicates that BDS-3 MEO satellites switch from yaw steering mode to CYS mode when β falls below 3.4° [39].





4. Data and POD Strategies


In February 2023, the ILRS began releasing SLR data for all BDS-3 MEO satellites, providing a foundation for analyzing the precise orbit characteristics of BDS-3 MEO satellites. Different IGS ACs employ varying satellite orbit determination strategies for BDS-3 MEO satellites, leading to distinct characteristics in the precise orbit products. Therefore, to better understand the precise orbit characteristics of BDS-3 MEO satellites, we first analyze the status of SLR observation stations capable of tracking BDS-3 MEO satellites and then present the LRA information for all BDS-3 MEO satellites. Finally, a detailed description of the satellite orbit determination strategies employed by different IGS ACs is provided.



4.1. Tracking Stations


The ILRS was established in 1998, with a charter to organize and coordinate worldwide satellite laser ranging activities to support programs in geodetic, geophysical, and lunar research activities and to provide the International Earth Rotation Service (IERS) with products important to the maintenance of an accurate International Terrestrial Reference Frame (ITRF) [40]. SLR data can be downloaded from ftp://edc.dgfi.tum.de/pub/slr/data/npt_crd/, accessed on 20 January 2024.



We provide a statistical analysis of SLR observation stations capable of tracking BDS-3 satellites as of June 2023. In the experimental period (from 1 February 2023, to 13 May 2023), 17 SLR stations are capable of receiving BDS-3 satellite-reflected signals. The distribution of these SLR stations is illustrated in Figure 3. Among these stations, the Changchun station has recorded the highest number of normal points, accounting for 23% of the total receptions. Other stations with significant data reception include Shanghai (18%), Yarragadee (17%), and Mount Stromlo (16%). These four stations collectively contribute to 74% of the total data reception. The rest of the stations have very limited normal points, e.g., stations 1873, 1888, 1890, 7110, 7124, and 7249 recorded fewer than 20 normal points during the observational period.



It is worth noting that during the experimental period, only 2 normal points were observed by the C27 satellite, and the C28 satellite did not observe any normal points. Therefore, C27 and C28 satellites are not included in the statistics for all subsequent experiments.



Table 2 provides a summary of the SLR station information employed in this study, including the detector type, station abbreviation, station location, and the number of available normal points observed by the station during the observational period.




4.2. LRAs Onboard BDS-3 Satellites


SLR technology offers a highly precise and fully independent external method for satellite orbit validation. All BDS-3 satellites are equipped with laser reflector arrays (LRAs), allowing for accurate satellite ranging, which in turn facilitates the assessment of satellite orbit accuracy. SLR observations measure the distance between the ground station and the geometric center of the laser reflector prism on the satellite. Since the precise ephemeris products provide the center of mass coordinates of the satellite, we select the center of mass of the satellite as the reference point and transform the SLR observation data to the geometric center. We utilize the LRA offsets for the BDS-3 satellites, as published by CSNO [38]. These values represent the offset of the LRA relative to the satellite center of mass. Table 3 provides the statistics of the BDS-3 satellites and their corresponding LRA offsets (https://ilrs.gsfc.nasa.gov/missions/satellite_missions/current_missions/bdm2_general.html accessed on 30 March 2024). It should be noted that BDS-3 MEO satellites are produced by two manufacturers, which are the China Academy of Space Technology (CAST) and the Shanghai Engineering Center for Microsatellites (SECM).




4.3. MGEX BDS-3 POD Strategies


IGS ACs employ varying SRP models, antenna phase correction information, and GNSS data quality control strategies for different satellites. As a result, the SLR validation residuals of satellite precision orbit products from different ACs will not be the same. Currently, almost all Multi-GNSS Experiment (MGEX) analysis centers can provide precise orbit products for BDS-2 satellites, while WHU, CODE, and GFZ [41,42,43] offer precise orbit products that include the BDS-3 satellites. Therefore, we primarily selected the BDS-3 precise orbit products from CODE, WHU, and GFZ for our study. To better analyze the characteristics of BDS-3 orbit products released by different ACs, it is essential to understand the orbit determination strategies employed by the corresponding ACs. Table 4 summarizes the dynamic models and orbit determination strategies employed by CODE, WHU, and GFZ [41,42,43,44].





5. Results and Analysis


In this section, we utilize SLR data from 1 February 2023, to 13 May 2023, to analyze the orbit accuracy of BDS-3 MEO satellites. First, we conduct an assessment of the orbit accuracy of BDS-3 MEO satellites from different ACs by using SLR data as a reference. Then, we compare the accuracy of precise orbit products from different analysis centers during the non-eclipse seasons, the eclipse seasons, and satellite yaw maneuver seasons. Finally, we analyze the relationship between SLR residuals of BDS-3 MEO satellites and the Sun elongation angle to investigate the adaptability of SRP models further.



5.1. SLR Validation on Precise Orbits of Different IGS ACs


In this study, we conducted an analysis of the precise orbit accuracy of BDS-3 satellites from three IGS Acs—CODE, WHU, and GFZ—utilizing SLR data. The STD of SLR validation residuals represents the stability of satellite orbit, as shown in Figure 4, which illustrates the averaged STD of SLR residuals for BDS-3 MEO satellites from CODE, WHU, and GFZ.



It can be observed in Figure 4 that except for satellites C43 and C44, the STD of SLR residuals for BDS-3 MEO satellite orbits from all three ACs remains within 8 cm, with the majority of satellites having SLR residuals within 4 cm. The STD of SLR residuals for BDS-3 MEO satellite orbits from CODE, WHU, and GFZ are 4.4 cm, 4.8 cm, and 5.0 cm, respectively. Based on the statistical results, it is evident that the precise orbit product stability is the highest at the CODE with an improvement of 9% as compared to WHU and an improvement of 12% as compared to GFZ. The superior performance of the CODE may be attributed to the adoption of the ECOM2 SRP model and the consideration of more non-conservative forces [47,48].



Additionally, it is evident that the orbit accuracy of satellites C43 and C44 is significantly lower than that of other satellites, with the STD of SLR residuals reaching up to 17 cm. In order to better understand the reasons, we have plotted the time series of SLR residuals for satellites C43 and C44. For a visual comparison, we have also plotted the time series of SLR residuals for satellites C36 and C37. The results are presented in Figure 5.



As shown in Figure 5, the time series of SLR residuals for satellites C36 and C37 exhibit stability, with SLR validation residuals ranging between 0 and 0.1 m. However, in the case of satellites C43 and C44, there is a significant variation in SLR residuals compared to C36 and C37 satellites, with residuals fluctuating within ±0.3 m. The reason for the poor orbit accuracy of satellites C43 and C44 may be associated with inaccuracies in the LRA information provided by the official sources, resulting in an excessive distribution of SLR validation residuals. The underlying cause requires further investigation.



The average SLR residuals represent the magnitude of systematic biases in the validated satellite orbits. In this way, we have compiled the average SLR residuals for BDS-3 MEO satellite orbits from CODE, WHU, and GFZ. Figure 6 presents the average SLR residuals from CODE, WHU, and GFZ.



It can be observed in Figure 6 that the absolute values of the average SLR residuals for BDS-3 MEO satellites from CODE, WHU, and GFZ are 3.6 cm, 3.2 cm, and 3.7 cm, respectively. WHU exhibits the smallest average SLR residuals in precise orbit products, with an improvement of 13% compared to CODE and 14% compared to GFZ. The superior performance of the WHU can be attributed to the consideration of additional non-conservative forces in satellite POD, such as the inclusion of Earth albedo radiation pressure, which mitigates systematic biases in satellite orbits [41]. Furthermore, studies have indicated that the usage of BDS-3 metadata-based or a priori box wing along with empirical ECOM models can reduce systematic modes of SLR residuals [49,50]. Hence, it can be seen that the precise orbit product of WHU has the smallest average SLR residuals.



Furthermore, Figure 6 indicates that the average residuals for BDS-3 CAST satellites (excluding C32 and C33) are positive, while those for SECM satellites exhibit negative values. The possible reason may be related to the fact that C32 and C33 satellites appear to have an additional Earth-facing surface accommodating SAR (Search and Rescue) antennas [51], which results in a configuration inconsistency with other CAST satellites, thus leading to opposite signs in their average residuals. The sign reversal in the average SLR residuals between CAST and SECM satellites may be attributed to the different stretched surfaces for the SECM and CAST satellites [41]. The average residuals for SECM satellites from CODE, WHU, and GFZ are consistently negative. This indicates a stable negative systematic bias between the SECM satellite orbits and SLR observations for CODE, WHU, and GFZ. This bias is likely associated with the use of uncalibrated Earth albedo radiation models, antenna thrust, and inaccurate modeling of other non-conservative forces within the orbit determination strategy [52].




5.2. Orbit Accuracy during Different Seasons


In our study, the satellite SLR validation results are categorized based on the non-eclipse season, the eclipse season, and the satellite yaw maneuver season, aiming to further investigate the accuracy of BDS-3 precise orbit products during different seasons. The following criteria were applied in the experiments [39]: when |β| > 12.97°, BDS-3 MEO satellites are in the non-eclipse season; when |β| < 3.4°, BDS-3 MEO satellites are in the yaw maneuver season; and when 3.4° ≤ |β| ≤ 12.97°, BDS-3 MEO satellites are in the eclipse season.



Taking the CODE precise orbit products as an example, we analyze the orbit accuracy of BDS-3 MEO satellites during non-eclipse seasons, eclipse seasons, and satellite yaw maneuver seasons. During the experimental period, a total of eight BDS-3 satellites, namely C23, C25, C26, C29, C30, C34, C35, and C37, transitioned through the eclipse seasons. Therefore, these eight satellites are selected as the subjects of our experiment. We chose four typical satellites, namely C23, C29, C30, and C37, to create time series of SLR validation residuals. Among these, C23 and C37 are CAST satellites, while C29 and C30 are SECM satellites.



From Figure 7, it can be observed that both CAST and SECM satellites do not exhibit a significant decrease in orbit accuracy during the eclipse season compared to the non-eclipse season, indicating that the satellite attitude control strategy adopted by BDS-3 has effectively improved the issue of orbit accuracy degradation during eclipse seasons.



We analyzed the number of SLR normal points for the 8 BDS-3 MEO satellites involved in the experiment during different seasons. The results of the statistics show that the number of SLR normal points during non-eclipse seasons, eclipse seasons, and satellite yaw maneuver seasons are 1155, 557, and 278, respectively. Table 5 presents the SLR orbit validation accuracy of CODE, WHU, and GFZ precise orbit products during non-eclipse, eclipse, and satellite yaw maneuver seasons.



Table 5 shows that compared to the SLR validation residuals of BDS-3 MEO satellite orbit from the three IGS ACs, the accuracy of the GFZ precise orbit experiences the most significant degradation during eclipse seasons and yaw maneuver seasons. Furthermore, the statistical results indicate that the precise orbits of CODE and WHU do not exhibit a significant deterioration in orbit accuracy during deep eclipse seasons compared to non-eclipse seasons; instead, the STD of SLR residuals is improving. The possible reason lies in the attitude control mode of BDS-3 satellites during deep eclipse seasons in which the BDS-3 MEO satellite switches to the CYS mode, replacing the orbit normal (ON) mode implemented by BDS-2 MEO satellites. BDS-3 MEO satellites maneuver during deep eclipse seasons when β is within [−3°, 3°] and µ is in the range of approximately [−6°, 6°] or [174°, 186°], occurring near the “Noon” and “Midnight” points [39]. This period lasts for less than an hour each day. In contrast, orbit determination often involves the use of one or three days of arc segments. Therefore, the precise orbits of BDS-3 MEO satellites do not exhibit a significant decrease in accuracy during deep eclipse seasons.



Additionally, it is evident that the WHU precise orbits exhibit the smallest systematic biases since the average SLR residuals are the smallest, whether during eclipse seasons or non-eclipse seasons. This is attributed to the usage of a more refined non-conservative force model in the WHU POD strategy [41]. When considering the STD of SLR residuals, CODE orbit accuracy for BDS-3 MEO satellites is superior to that of WHU and GFZ during non-eclipse seasons and yaw maneuver seasons. The potential reason is that CODE uses a three-day arc segment orbit determination strategy, which improves the stability of their orbits compared to the one-day orbit determination strategy employed by WHU and GFZ. However, during eclipse seasons, the orbit accuracy of CODE is inferior to that of WHU. The reason may be that WHU employs the a priori box wing along with the empirical ECOM1 model [41], which is more effective at adapting to eclipse seasons.




5.3. Sun-Elongation-Angle-Dependent Systematic Errors


Considering that the Sun elongation angle can serve as an effective independent variable describing the satellite–Sun position, it can be utilized to effectively analyze the characteristics of orbit errors induced by deficiencies in the SRP model [47]. We investigate the relationship between SLR residuals of BDS-3 MEO satellites and the Sun elongation angle. The aim is to identify the adaptability of the dynamic models used in POD for BDS-3 MEO satellites.



We conducted experiments using the BDS-3 precise orbits provided by CODE. Six satellites, namely C20, C21, C24, C25, C29, and C30, were selected for analysis. Among which, C20, C21, and C24 are CAST satellites, while C25, C29, and C30 are SECM satellites. Figure 8 shows the SLR residuals as a function of the Sun elongation angle for the six satellites. As expected, SLR residuals show an obvious linear systematic error with respect to the Sun elongation angle. The color bar corresponds to the change of β, the green line refers to the regression coefficient of the SLR residuals as a linear function of the Sun elongation angle.



From Figure 8, it can be seen that the slope of SLR residuals with regard to the Sun elongation angle of the six satellites are all below 0.3 mm/°, indicating that the applied SRP model is suitable for POD for these satellites. During our research, we discovered that BDS-3 MEO satellites have larger slopes, including C32, C33, C34, C35, C45, and C46. Among these, C32, C33, C45, and C46 are CAST satellites, while C34 and C35 are SECM satellites. Figure 9 shows the slope of SLR residuals with respect to the Sun elongation angle of C32, C33, C34, C35, C45, and C46.



It can be observed in Figure 9 that the C32 and C33 satellites exhibit significantly larger slopes, reaching −1.190 mm/° and −1.309 mm/°, respectively. Since the CODE precise orbit products are involved in this study, which means that the ECOM2 SRP model is employed for POD, the C32 and C33 satellites based on the ECOM2 SRP model show a significant dependence on the variation of the Sun elongation angle. CSNO demonstrates that satellites C32 and C33, for the first time carry, SAR antennas [51]. Hence, the reason for the larger slopes in the case of C32 and C33 satellites could be that the ECOM2 SRP model may not fully account for the dynamic model deviations caused by the addition of extra SAR antennas on C32 and C33 satellites.



The slopes for C34 and C35 satellites are −0.775 mm/° and −0.740 mm/°, respectively. C34 and C35 satellites belong to the SECM manufactory, and it was also observed in Figure 6 that among all the SECM satellites, C34 and C35 satellites have the highest average SLR residuals. The possible reason could be attributed to the higher thermal radiation of solar panels or the much smaller mass than the published value of C34 and C35 satellites [52]. The underlying cause requires additional investigation.



The slopes for C45 and C46 are −1.258 mm/° and −0.876 mm/°, respectively. To investigate the reasons for the large slopes of the C45 and C46 satellites, we plotted the time series of the slope of SLR residuals regarding the β for these two satellites, as shown in Figure 10.



As can be seen in Figure 10, unlike other BDS-3 satellites, the SLR residual time series for C45 and C46 exhibit a significant slope and a negative correlation with β. The possible reason is that the C45 and C46 satellites may have a new satellite structure, which results in the SRP model deficiency [53,54].



In order to better study the non-conservative force modeling effect of BDS-3 MEO satellites from CODE, WHU, and GFZ, we selected the precise orbit for BDS-3 MEO satellites from these three IGS ACs and calculated the slope of SLR residuals with regard to the Sun elongation angle. We considered a minimum of 300 observed normal points as a criterion under which eight BDS-3 satellites (C19, C20, C21, C22, C29, C30, C32, and C33) were taken as our study subjects.



For those eight selected BDS-3 MEO satellites in Figure 11, the statistics reveal that the absolute values of the slopes for CODE, WHU, and GFZ are 0.58 mm/°, 0.59 mm/°, and 0.69 mm/°, respectively. CODE and WHU exhibit better slopes, while GFZ has the worst slopes. This indicates that the non-conservative force model, particularly the SRP model, used by CODE and WHU is better suited for BDS-3 MEO satellites. However, the SRP model of GFZ in precise orbit determination requires further refinement.





6. Conclusions


In this contribution, SLR data from 1 February to 13 May 2023 are used to evaluate the precise orbit accuracy of the BDS-3 MEO satellites. The comparative analysis of SLR residuals for BDS-3 MEO satellites from different IGS ACs is presented.



The precise orbits of the BDS-3 MEO satellites from CODE, WHU, and GFZ did not show a significant decrease in orbit accuracy during the eclipse season or the satellite yaw maneuver seasons. The average STD of the SLR residuals for the BDS-3 MEO satellites from CODE, WHU, and GFZ was less than 5 cm, among which the STD of the SLR residuals for the BDS-3 MEO satellite orbit from the CODE was the smallest, with an improvement of 9% and 12% compared with those from WHU and GFZ, respectively. Furthermore, the SLR residuals of C43 and C44 satellites are extraordinarily large, with the STD of SLR residuals reaching up to 17 cm, possibly due to the inaccurate LRA information provided by official sources.



The average SLR residuals, which represent the systematic bias of the orbit, show that the systematic bias of the BDS-3 MEO precise orbits from the WHU is the smallest, regardless of the non-eclipse season, the eclipse season, and the yaw maneuver season. Through POD strategic analysis of the differences among IGS ACs, it can be inferred that utilizing an appropriate non-conservative force model could enhance the accuracy of BDS-3 MEO precise orbits.



We have conducted orbit validation of BDS-3 MEO satellites using SLR data and found that some satellites (C32, C33, C34, C35, C45, and C46) orbit exhibit dynamic model errors related to the Sun elongation angle, which can be attributed to the inadequacy of non-conservative force models and the different satellite structure. Therefore, we must optimize non-conservative force models further, such as the thermal radiation model, to enhance the orbit determination and prediction accuracy of the BDS-3 satellites.



At present, some reasonable conclusions in SLR validation on BDS-3 MEO precise orbits have been demonstrated. The next step is to refine the SRP model for BDS-3 IGSO and MEO satellites, considering the additional antennas and different characteristics of satellite groups.
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Figure 1. The research methodology of this article. 
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Figure 2. Relationship between the orbital angle µ, solar elevation angle β, and the satellite body-fixed frame. 
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Figure 3. Distribution of the SLR stations that can track BDS-3 satellites. 
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Figure 4. STD of SLR residuals for BDS-3 MEO satellites. 
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Figure 5. Time series of SLR residuals derived from CODE precise orbits for the BDS-3 satellites C36, C37, C43, and C44. 
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Figure 6. Average SLR residuals for BDS-3 MEO satellites. 
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Figure 7. SLR residuals of BDS-3 CAST (C23 and C37) and BDS-3 SECM (C29 and C30) with respect to β (the red line indicates the β). 
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Figure 8. SLR residuals of BDS-3 CAST (C20, C21, and C24) and BDS-3 SECM (C25, C29, and C30) satellites with respect to the Sun elongation angle. 
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Figure 9. SLR residuals of BDS-3 CAST (C32, C33, C45, and C46) and BDS-3 SECM (C34 and C35) satellites with respect to the Sun elongation angle. 
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Figure 10. SLR residuals of BDS-3 satellite C45 and C46 with respect to β (the red line indicates β). 
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Figure 11. Slope of SLR residuals with respect to the Sun elongation angle. 






Figure 11. Slope of SLR residuals with respect to the Sun elongation angle.



[image: Remotesensing 16 02016 g011]







 





Table 1. Dynamic models and observation models used in SLR validation.
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	Models
	Reference





	N-body gravitation
	DE421 [31]



	Geopotential
	EGM2008 [32]



	Solid earth tides
	TIDE2000



	Pole tide
	IERS Conventions 2010 [33]



	Ocean tides
	FES2004 [34]



	Atmospheric tidal loading
	IERS Conventions 2010



	Troposphere model
	Marrini–Murray model [35]



	Relativity effect
	IERS Conventions 2010



	Precession and nutation
	IAU2000R06



	Polar motion
	IERS EOP C04



	Reference frame
	ITRF2008










 





Table 2. SLR station information.
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	Station
	Site Code
	Detector Type
	Location Name
	Country
	Available Normal Points





	1873
	SIML
	PMT
	Simeiz
	Ukraine
	7



	1884
	RIGL
	PMT
	Riga
	Latvia
	44



	1888
	SEVL
	PMT
	Svetloe
	Russia
	20



	1890
	BADL
	PMT
	Badary
	Russia
	7



	7090
	YARL
	MCP
	Yarragadee
	Australia
	1087



	7105
	GODL
	MCP
	Greenbelt
	USA
	174



	7110
	MONL
	MCP
	Monument Peak
	USA
	7



	7124
	THTL
	MCP
	Tahiti
	French Polynesia
	18



	7237
	CHAL
	CSPAD
	Changchun
	China
	1421



	7249
	BEIL
	CSPAD
	Beijing
	China
	15



	7821
	SHA2
	CSPAD
	Shanghai
	China
	1119



	7825
	STL3
	CSPAD
	Mt Stromlo
	Australia
	988



	7839
	GRZL
	CSPAD
	Graz
	Austria
	538



	7840
	HERL
	CSPAD
	Herstmonceux
	United Kingdom
	344



	7841
	POT3
	CSPAD
	Potsdam
	Germany
	255



	7845
	GRSM
	CSPAD
	Grasse
	France
	74



	8834
	WETL
	CSPAD
	Wettzell
	Germany
	159










 





Table 3. LRA offsets of BDS-3 MEO satellites.






Table 3. LRA offsets of BDS-3 MEO satellites.





	PRN
	ILRS Name
	COSPAR ID
	Mass (Kg)
	Manufacture
	X (m)
	Y (m)
	Z (m)





	C19
	BDS-3M1
	2017-069A
	943
	BDS-3M-CAST
	0.5933
	−0.0870
	1.2600



	C20
	BDS-3M2
	2017-069B
	942
	BDS-3M-CAST
	0.5947
	−0.0846
	1.2644



	C21
	BDS-3M6
	2018-018B
	942
	BDS-3M-CAST
	0.5986
	−0.0866
	1.2650



	C22
	BDS-3M5
	2018-018A
	941
	BDS-3M-CAST
	0.5967
	−0.0876
	1.2673



	C23
	BDS-3M9
	2018-062A
	945
	BDS-3M-CAST
	0.6045
	−0.0809
	1.2718



	C24
	BDS-3M10
	2018-062B
	946
	BDS-3M-CAST
	0.6054
	−0.0825
	1.2628



	C25
	BDS-3M12
	2018-067B
	1043.3
	BDS-3M-SECM
	0.6566
	0.4287
	0.6100



	C26
	BDS-3M11
	2018-067A
	1041.8
	BDS-3M-SECM
	0.6559
	0.4279
	0.6092



	C27
	BDS-3M3
	2018-003A
	1018
	BDS-3M-SECM
	0.6096
	0.4316
	0.6204



	C28
	BDS-3M4
	2018-003B
	1014.4
	BDS-3M-SECM
	0.6080
	0.4311
	0.6080



	C29
	BDS-3M7
	2018-029A
	1010.4
	BDS-3M-SECM
	0.6095
	0.4260
	0.6142



	C30
	BDS-3M8
	2018-029B
	1008.6
	BDS-3M-SECM
	0.6097
	0.4273
	0.6153



	C32
	BDS-3M13
	2018-072A
	1007
	BDS-3M-CAST
	0.6283
	−0.0868
	1.2367



	C33
	BDS-3M14
	2018-072B
	1007
	BDS-3M-CAST
	0.6276
	−0.0882
	1.2293



	C34
	BDS-3M16
	2018-078B
	1046.6
	BDS-3M-SECM
	0.6728
	0.4282
	0.6114



	C35
	BDS-3M15
	2018-078A
	1045
	BDS-3M-SECM
	0.6724
	0.4291
	0.6095



	C36
	BDS-3M17
	2018-093A
	1061
	BDS-3M-CAST
	0.6133
	−0.0892
	1.0977



	C37
	BDS-3M18
	2018-093B
	1061
	BDS-3M-CAST
	0.6082
	−0.0899
	1.0935



	C41
	BDS-3M19
	2019-090A
	1059
	BDS-3M-CAST
	0.6104
	−0.0901
	1.0924



	C42
	BDS-3M20
	2019-090B
	1059
	BDS-3M-CAST
	0.6084
	−0.0893
	1.0920



	C43
	BDS-3M22
	2019-078A
	1078.8
	BDS-3M-SECM
	0.6339
	0.4250
	0.6094



	C44
	BDS-3M21
	2019-078B
	1075.4
	BDS-3M-SECM
	0.6347
	0.4248
	0.6089



	C45
	BDS-3M24
	2019-061A
	1059
	BDS-3M-CAST
	0.5293
	−0.0867
	1.1707



	C46
	BDS-3M23
	2019-061B
	1058
	BDS-3M-CAST
	0.5295
	−0.0882
	1.1634










 





Table 4. BDS-3 POD modeling options and estimated parameters of the CODE, WHU, and GFZ.
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	CODE
	WHU
	GFZ





	Product
	COD
	WUM
	GBM



	Differencing
	Double difference
	Undifferenced
	Undifferenced



	Orbit length
	72 h
	24 h
	24 h



	Elevation cutoff
	3°
	10°
	7°



	Data sampling
	5 min
	5 min
	5 min



	Receiver antenna model
	igsR3.atx
	igs14.atx
	igs14.atx



	Satellite antenna model
	CSNO [38]
	igs14.atx
	igs14.atx



	CAST attitude
	Dilssner [45]
	Wang et al. [39]
	Wang et al. [39]



	SECM attitude
	Dilssner [45]
	CSNO [38]
	Zhao et al. [46]



	A priori SRP
	none
	Box wing

Wang et al. [47]
	none



	BDS-3 SRP
	EOCM-2 D0, Y0, B0, BC, BS, D2C, D2S
	ECOM D0 Y0 B0 BC BS + constant along-track
	ECOM D0 Y0 B0 BC BS



	Earth albedo
	not applied
	applied
	not applied



	Pseudo-stochastic pulses
	12 h in R, A, C
	not applied
	at noon in R, A, C



	BDS-3 ambiguity
	fix
	fix
	fix



	Software
	Bernese GNSS Software 5.3
	PANDA
	EPOS.P8










 





Table 5. SLR residuals of CODE, WHU, and GFZ precise orbit products during non-eclipse seasons, eclipse seasons, and satellite yaw maneuver seasons (unit: cm).
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CODE

	
WHU

	
GFZ






	
Non-eclipse

	
STD

	
2.35

	
2.70

	
2.69




	
MEAN

	
3.78

	
2.91

	
4.27




	
Eclipse

	
STD

	
2.86

	
2.49

	
3.29




	
MEAN

	
4.06

	
3.37

	
4.57




	
Satellite yaw maneuver

	
STD

	
2.25

	
2.40

	
3.35




	
MEAN

	
4.00

	
3.00

	
4.47
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