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Abstract

:

It is important for a geostationary Earth orbit (GEO) satellite to rapidly recover its orbit after a maneuver with short-arc precise orbit determination (POD). Based on orbit determination by transfer tracking (ODTT), the POD accuracy of a GEO satellite is less than 10 m over a short arc. ODTT can achieve high accuracy in the radial direction but is weak in the transverse direction. Considering that very long baseline interferometry (VLBI) can reduce the value of position dilution of precision (PDOP), especially in the transverse direction, a joint POD method using both VLBI and ODTT is proposed herein to improve POD accuracy and rapidly recover the orbit. An ODTT system and the first VLBI 2010 Global Observation System (VGOS) in China was used to track the ZX 12# GEO satellite. The results showed that the ODTT POD accuracy was 3.016 and 2.707 m for 2 and 4 h arcs, respectively. When using both VLBI and ODTT, the POD accuracy was 2.658 m for the 2 h arc, an improvement of 11.87% compared to the POD using ODTT alone. Therefore, VLBI and ODTT can be used together to increase the short-arc POD accuracy while also reducing the arc length necessary to recover the orbit.
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1. Introduction


Geostationary Earth orbit (GEO) satellites play an important role in communication, navigation, positioning, timing, and space engineering [1]. Unlike GPS, GLONASS, and Galileo, which are established based on satellites in the medium Earth orbit, the BeiDou navigation satellite system (BDS) also uses GEO satellites as navigation satellites [2,3,4]. As GEO satellites must be fixed over the equator, the longitude of the subsatellite point is an important parameter reflecting the position. In order to avoid radio frequency interference and potential collision risk between adjacent satellites, the International Telecommunication Union (ITU) requires that the motion window of a GEO satellite be limited to ±0.1° in the longitude and latitude directions and ±50 km in the radial direction [5]. Under the influence of various perturbation factors, there is a long-term drift for a satellite relative to the Earth’s fixed position. To maintain a satellite’s orbit and for stability of the constellation geometry of the navigation system, the ground monitoring and control system usually makes a maneuver for the satellite at intervals of about 10 days [6]. After the satellite maneuvers, the demand for navigation service can no longer be met by the forecast orbit based on the information of the premaneuver orbit. Therefore, it is critical to rapidly recover the satellite orbit.



Orbit determination by transfer tracking (ODTT) established by the National Time Service Center (NTSC), Chinese Academy of Sciences, is an innovative kind of technology that has high accuracy in the ranging and determination of satellite orbits [7]. At present, it is widely used in the Chinese area positioning system (CAPS) and other C-band transfer ranging (CBTR) systems for precise orbit determination (POD). Due to the use of microwave signals and spread spectrum technology, the ODTT method can achieve a centimeter-level ranging accuracy for high-altitude satellites [8]. Separating the clock offset from the ranging by transfer improves the accuracy of POD at the meter level [9]. ODTT is suitable for the POD of spacecraft in medium and high orbit [10]. However, when the geographical distribution of stations is limited, the geometric structure of satellite observation is poor, and the accuracy of POD in the transverse direction is much worse than in the radial direction. Furthermore, ranging by transfer cannot separate various system errors, such as the delay of the transponder and instruments. In short-arc POD, it is difficult to solve the system errors due to the small amount of data. The above shortcomings can be addressed if joint observation data from ODTT and very long baselines interferometry (VLBI) are used to determine the orbit of GEO satellites.



VLBI was originally invented as an astronomical observation technique back in the 1960s [11]. Due to its high spatial resolution and positioning accuracy, VLBI has been playing an important role in deep space exploration since it was applied to the POD of spacecraft in the 1970s [12,13,14,15]. Pseudorange measurement provides range and range rate information on the target in the visual direction, while VLBI provides range and range rate information on the target in the transverse direction. Therefore, VLBI is a natural supplement to pseudorange measurement [16]. When VLBI data is used along with pseudorange measurement data, the orbit positioning accuracy is improved by a factor of 5 [17]. Based on its unique measurement advantages, VLBI can also be applied to high-accuracy observation of artificial earth satellites [18]. System error calibration of the VLBI system can be achieved by observing an extragalactic radio source whose position is precisely known. If the antenna of the VLBI system is very close to that of other ranging systems, the system error of other ranging systems can also be calibrated. For a general range tracking network, the system error is the main source of error in orbit determination. The impact that system errors have can be reduced by adding a small amount of high-accuracy VLBI data [19].



In the 1970s, Kawase and Tanaka [20] used VLBI to observe synchronous satellites. In the 1980s, Tadashi Shiomi utilized differential VLBI and radio ranging to achieve measurement and determination of orbits in synchronous satellites. Shiomi and other scholars [21] used intercontinental differential VLBI data for POD of DSCS-II. In the 21st century, Shu et al. [22] used the Chinese VLBI network for differential VLBI observations of synchronous satellites and successfully obtained satellite interference fringes. Huang et al. [23] used orbital data from the Chinese VLBI network along with C-band transfer ranging to perform joint POD. The orbit determination of GEO satellites was simulated by Du et al. [24] with VLBI data. The result showed that the POD accuracy could be significantly improved by including a small amount of high-accuracy VLBI data. In order to meet the needs of future scientific research, the International VLBI Service for Geodesy and Astrometry (IVS) proposed the VLBI update plan named VLBI 2010 [25,26,27].



According to the VLBI 2010 specification, the first VLBI 2010 Global Observation System (VGOS) in China was built by NTSC. The system includes a data processing center in Xi’an and three stations in Sanya, Jilin, and Kashi, each of which has an antenna with a diameter of 13 m. The baseline length of Jilin–Kashi, Jilin–Sanya, and Kashi–Sanya is 4081, 3215, and 3900 km, respectively. The distribution of the three baselines helps to enhance the geometric structure of stations for satellite observations. Each station is equipped with a broadband cooling receiver, a broadband recording terminal, and a highly stable hydrogen atomic clock. The broadband cooling receiver is in a dual circular polarization with a frequency coverage of 1.2 to 9 GHz. By cooling the terminal feeder and low-noise amplifier (LNA), the noise temperature of the station system is less than 50 K, which greatly reduces noise and improves the sensitivity of the receiver. The broadband recording terminal can record up to two 16-channel or one 32-channel data. The bandwidth of every channel for recording data is 32 MHz, so the maximum bandwidth of data recording is 1024 MHz. Broadband data is stored in the local disk array in Mark5B format and then transmitted to the Xi’an data processing center through a private network. The Xi’an data processing center has a processing system related to the broadband VLBI hardware, an outline software server, a station monitoring software, a processing cluster related to DiFX [28,29] software, and a related postprocessing software. The experiments on satellites were carried out by the VLBI system in 2017.



Joint observation of ZX #12 GEO satellite was performed by the ODTT and VLBI systems of NTSC. This study investigated the accuracy of short-arc orbit determination using joint ODTT and VLBI observation data.



There are some advantages when VBLI is jointly used with ODTT in POD. Firstly, VLBI is sensitive to the motion of satellites in the transverse direction, while ODTT is sensitive to the motion of satellites in the radial direction. In addition, position dilution of precision (PDOP) can be improved, especially in the transverse direction. Based on these advantages, the accuracy of short-arc POD using VLBI and ODTT is better than that using ODTT alone. Moreover, the arc length used to recover the orbit could become shorter while still ensuring accuracy. This is significant for rapidly recovering the GEO satellite orbit after a maneuver. The rest of the paper is structured as follows. Section 2 introduces the principle of orbit measurement for ODTT and VLBI. Section 3 refers to the improvement on PDOP when VLBI is added to ODTT to observe a satellite, along with some details of the observation. Section 4 presents the results of an experiment based on the measured data. The results indicate that using VLBI and ODTT can not only improve the accuracy of short-arc POD but also rapidly recover the orbit.




2. Principle of Orbit Measurement


VLBI and ODTT measure different parameters to collect orbital data. ODTT provides the radial pseudorange between the satellite and the station, while VLBI provides the time delay of two stations.



2.1. Principle of ODTT


The principle of ODTT is as follows. Using the code division multiple access (CDMA) technology, multiple pseudocode spread spectrum signals can be generated in the same frequency band. Time signals with high accuracy, generated by ground atomic clocks, are broadcast to satellites. The signals are then forwarded to every station by the transponder on the satellite. The distance from the station to the satellite is determined by measuring the path delay of the received signal. There are three observation modes depending on how the signal is transmitted or received: self-transmitting and self-receiving, single-transmitting and multireceiving, and group observation [30]. Among them, the self-transmitting and self-receiving mode can completely eliminate the influence of the atomic clock offset of the ground station. It is the conventional mode for POD of satellites, as shown in Figure 1.



In the Geocentric Terrestrial Reference System (GTRS), self-transmitting and self-receiving observation modes are characterized by a high-accuracy time signal transmitted by the station and forwarded back to the station through the satellite transponder. Under this mode, the accuracy requirement of time synchronization for stations can be satisfied.



Suppose that    t s    is the time when station A transmits a signal and    t r    is the time when the transmitted signal is received by station A.  t  is the time when the signal arrives at the satellite and the pseudorange    ρ t    at that time is the observation of the station.  c  is the speed of light in vacuum. Because the satellite signal goes through two processes, up and down,    ρ   t        is half of the value of the round trip ranging.


        t   =      t s  +  t r    / 2        ρ t    =      t r  −  t s      ⬝   c / 2        



(1)







   ρ t    can be expressed as follows:


   ρ t    =   l   +    1 2     d t    +    d r      +    d  tro     +    1 2     d  ion 1     +    d  ion 2       +    1 2   d τ    +    d  os     +    d  om     +    d  rl      



(2)




where 1 is the geometric distance between the station and the satellite at time   t  ,    d  t     denotes the instrument delay for the station to transmit signals,    d r    refers to the instrument delay for the station to receive signals,    d  tro     illustrates the tropospheric delay on the path of propagation,    d  ion 1     indicates the ionospheric delay associated with the frequency of the upstream signal,    d  ion 2     is the ionospheric delay associated with the frequency of the downstream signal,    d τ    denotes the satellite transponder delay,    d  os     refers to the phase center correction of satellite transponder,    d   om      illustrates the phase center correction of the antenna on the ground, and    d   rl        indicates the relativistic effect correction. Measurement models and reference systems are listed in Table 1.




2.2. Measuring Principle of VLBI


The basic observation of VLBI is delay and delay rate. The delay of observing extragalactic sources is defined as the time difference between two stations at different positions on the ground when the same signal arrives from the radio source. The change in the delay with time is delay rate. The main part of observation delay (   τ  RSO    ) is geometric delay (   τ  RO    ), which is determined by the geometrical position of the radio source and the station. The remaining part is the error term (   τ  RSerr    ) of the observation delay, including various system errors, such as ionosphere, neutral atmosphere, clock offset, and instrument error as well as random errors in measurement. The relationship between observation delay and geometric delay of the extragalactic radio source is as follows in the International Celestial Reference Frame (ICRF):


   τ  RSO     =    τ  RO   +  τ  RSerr    



(3)







Similarly, the relationship between observation delay (   τ  SPO    ), geometric delay (   τ  SP    ), and the error term (   τ  SPerr    ) of spacecraft is as follows:


   τ  SPO     =    τ  SP   +  τ  SPerr    



(4)







After years of astronomical measurements, the accuracy of the ICRF established with reference to extragalactic radio sources is better than 0.05 arcsecond [31,32,33], and the angular position measurement accuracy of 295 radio sources in ICRF is better than 10    μ as    [34,35,36]. Because the position of the extragalactic radio source is precisely known, the geometric delay of the radio source can be calculated so that the error term can be obtained by the following formula:


   τ  RSerr     =    τ  RSO   −  τ  RO    



(5)







Because the angular position of the spacecraft and that of the radio source are very close, one can assume the following:


   τ  SPerr     ≈    τ  RSerr    



(6)







In this way, instrument delay errors, clock offset, and delay errors caused by transmission medium, such as the ionosphere and troposphere, can be effectively removed.



As shown in Figure 2, when the object of observation is a radio source, the distance is nearly an infinite amount compared to the scale of the VLBI baseline. Therefore, it can be considered that the electromagnetic waves received by different antennas are plane waves and that the propagation paths are parallel. Its geometric delay can be written as follows:


  c   ⬝    τ  RO     =   − B   ⬝   I  



(7)







In Equation (7), the baseline vector   B   =    R 2  −  R 1   ;    R i   (  i   =   1 , 2  ) is the position vector of the ith station, and    I    is the unit vector in the direction of the radio source. The geometric delay rate can be obtained as follows:


  c   ⬝      τ  RO    ˙    =   − B   ⬝     I   ˙   −   B   ˙     ⬝   I  



(8)







When the object of observation is a spacecraft, the electromagnetic wave received by different antennas is considered to be a spherical wave rather than a parallel plane wave because spacecraft and stations are relatively close. Its geometric delay can be written as follows:


  c   ⬝    τ  SP     =    ρ 2  −  ρ 1   



(9)







This is equivalent to differential one-way ranging (DOR) between the spacecraft and two stations. In Equation (9),    ρ i    =   ‖    ρ i   ⇀  ‖  ,     ρ i   ⇀    =   r −  R i  .         ρ i   ⇀    ( i   =   1 , 2 )   is the slant range vector of the  i th station, where  r  is the position vector of the spacecraft. Its geometric delay rate can be written as follows:


  c   ⬝      τ  S P    ˙    =        ρ  2 u    ⇀  −    ρ  1 u    ⇀      ⬝    r ˙  +    ρ  1 u    ⇀    ⬝      R 1   ˙    −    ρ  2 u    ⇀    ⬝      R 2   ˙   



(10)







In the above formula,      ρ  iu    ⇀    =        ρ i   ⇀     ρ i     (  i   =   1 , 2  ) is the unit slant range vector of the  i th station.



Differential VLBI is used to alternately observe the spacecraft and its nearby extragalactic radio sources. In this way,   Δ  DOR    can be obtained by   c   ⬝    τ  SPO     minus   c   ⬝    τ  RSO    :


  Δ DOR   =   c   ⬝      τ  SPO   −  τ  RSO      



(11)







From (3), (4), (7), (9), and (11), the following formula can be obtained:


  Δ DOR   =    ρ 2  −  ρ 1  + B   ⬝   I + c   ⬝    τ  SRerr    



(12)







In Equation (12),    τ  SRerr     =    τ  SPerr   −  τ  RSerr    ; random errors and system errors that are not fully removed are included. Similarly, the delta differential one-way Doppler (  Δ DOD  ) can be written as follows:


  Δ DOD   =   c   ⬝        τ  SPO    ˙    −      τ  RSO    ˙     



(13)







From (3), (4), (8), (10), and (13), the following formula can be obtained:


  Δ DOD   =        ρ  2 u    ⇀  −    ρ  1 u    ⇀      ⬝    r ˙  +      ρ  1 u    ⇀  − I     ⬝      R 1   ˙  −      ρ  2 u    ⇀  − I     ⬝      R 2   ˙  + B   ⬝    I ˙    +   c   ⬝      τ  SRerr    ˙   



(14)







When the spacecraft is far enough away from the station the following applies:


     ρ  1 u    ⇀  ≈    ρ  2 u    ⇀   



(15)







Therefore, Equation (12) can be approximated as follows:


    Δ DOR   =    ρ 2  −  ρ 1  + B   ⬝   I + c   ⬝    τ  SRerr         =      ρ 2   ⇀    ⬝      ρ  2 u    ⇀  −    ρ 1   ⇀    ⬝      ρ  1 u    ⇀  + B   ⬝   I + c   ⬝    τ  SRerr           =        ρ 1   ⇀  −    ρ 2   ⇀      ⬝      ρ  1 u    ⇀  + B     ⬝ I + c   ⬝    τ  SRerr         =   − B   ⬝        ρ 1   ⇀  − I     +   c   ⬝    τ  SRerr      



(16)







In Equation (16),   (     ρ 1   ⇀  − I  )   represents the angular distance between the spacecraft and the reference radio source. Therefore, the differential VLBI can precisely measure the transverse position and velocity of the target spacecraft.



In the positioning calculation, at least three stations are required to form three baselines to calculate the three components of the position. Having more baselines introduces stronger constraints and leads to more accurate orbit determination.





3. Orbit Measurement Experiment


On 20 August 2017, joint observation of the ZX #12 GEO satellite, with the longitude of the subsatellite point at 87.5°E, was conducted using the ODTT system and the VLBI system. The ODTT system consists of five stations: Changchun station, Xi’an station, Kunming station, Kashi station, and Sanya station. The VLBI system is composed of three baselines: Jilin–Kashi, Jilin–Sanya, and Kashi–Sanya. The distribution of stations is shown in Figure 3.



The influence of the geometric structure of the ground stations on orbit determination of the target satellite can be reflected by PDOP. The distance between the station and the satellite is expanded by Taylor series, and the coefficient matrix through the first-order linearization is as follows:


  H   =            x s  −  x i     ρ i           y s  −  y i     ρ i           z s  −  z i     ρ i         ⋯   ⋯   ⋯     ⋯   ⋯   ⋯       



(17)







In Equation (17),      x s  ,  y s  ,  z s      is the coordinate of the satellite,      x i  ,  y i  ,  z i      is the coordinate of the  i th station;    ρ i    is the distance between the satellite and the  i th station. When the VLBI baseline is added, the coefficient matrix becomes the following:


  H   =            x s  −  x  i 1      ρ  i 1     −    x s  −  x  i 2      ρ  i 2            y s  −  y  i 1      ρ  i 1     −    y s  −  y  i 2      ρ  i 2            z s  −  z  i 1      ρ  i 1     −    z s  −  z  i 2      ρ  i 2          ⋯   ⋯   ⋯     ⋯   ⋯   ⋯       



(18)







In Equation (18),      x  ij   ,  y  ij   ,  z  ij       is the coordinate of the  j th (j = 1, 2) station in the  i th baseline.



PODP can then be calculated by the following formula:


       H T  H     − 1     =          D  11        D  12        D  13          D  21        D  22        D  23          D  31        D  32        D  33          



(19)






  PDOP   =      D  11   +  D  22   +  D  33      



(20)







From (17)–(20), the PDOP value of the geometric structure formed with the ODTT system and the ZX #12 GEO satellite is 25.12. By adding two VLBI baselines, the PDOP value decreases to 15.35. A large reduction in PDOP value suggests that VLBI baselines are beneficial to improve the quality of satellite observations.



The spatial position of a satellite can be decomposed into three orthogonal components: radial direction, tangential direction, and normal direction. The transverse direction is the combination of the tangential and the normal directions. In order to reflect the contribution of PDOP in the transverse direction of the satellite orbit, a local coordinate system needs to be built on the basis of the Earth-fixed coordinate system. In the local coordinate system, the X axis points to the subsatellite point through rotation. The new station coordinates need to be obtained by multiplying the following matrix A by the original coordinate:


  A   =         c o s  θ s      s i n  θ s     0      − s i n  θ s      c o s  θ s     0     0   0   1       



(21)







In Equation (21),    θ s    is the longitude of the subsatellite point.



The new satellite coordinate (newco) is as follows:


  newco   =      R    0   0    



(22)




where R is obtained by the following equation:


  R   =      x s 2  +  y s 2  +  z s 2     



(23)







Substituting the new coordinate into Formulas (17)–(19), a new matrix P can be obtained as follows:


  P   =          D  11  *       D  12  *       D  13  *         D  21  *       D  22  *       D  23  *         D  31  *       D  32  *       D  33  *         



(24)







PDOP in the radial direction can be obtained as follows:


    PDOP  r    =      D  11  *     



(25)







PDOP in the transverse direction can be obtained as follows:


    PDOP  t    =      D  22  *  +  D  33  *     



(26)







PDOP was recalculated with the local coordinates, and the result is shown in Table 2.



As can be seen, PDOP in the radial direction decreased from 2.15 to 1.36, while PDOP in the transverse direction decreased from 25.04 to 15.29. Thus, it can be seen that the improvement of PDOP is mainly reflected in the transverse direction.



The ODTT system observes the satellite using the self-transmitting and self-receiving mode with a code rate of 20 Mbps and a sampling interval of 1 s. The measurement accuracy can reach centimeter level. The VLBI system alternately observes the satellite and the radio source. The signal of a radio source is weak. To ensure sufficient signal-to-noise ratio, data recording needs 16 channels with a bandwidth of 512 MHz when the target is a radio source. The signal of a satellite is strong, and its bandwidth is narrow. Data recording just needs one channel with a bandwidth of 32 MHz when the target is a satellite. In each period of alternating observation, the observation time is 50 s for the radio source, 10 s for the satellite, and 10 s for the rotating antenna. The data sampling rate of the VLBI system is 10 s. The geodetic VLBI usually takes group delay as its observation. Due to the limitation of various conditions, the signal bandwidth is generally less than 10 MHz, and the measurement accuracy of group delay is limited to the order of nanoseconds. GEO satellites have a wide bandwidth and a strong signal-to-noise ratio, so a group delay measurement accuracy better than 1 ns can be achieved with a broadband VLBI system [18].



When observing different targets, the observation strategy needs to be adjusted accordingly. It is necessary to reconsider the delay model, reduce the antenna gain, and control the antenna rotation according to the characteristics of the satellite. The theoretical time delay of a radio source is calculated by a far-field model, which is not suitable for satellites and needs to be changed to a near-field model. The signal strength of satellites is much stronger than that of a radio source, which can easily lead to power saturation and signal distortion in the antenna system. Therefore, it is necessary to design the antenna gain system as a two-stage amplifier. The primary amplifier is used for observing the satellite, while the primary and secondary amplifiers are used for observing the radio source. The outline of the radio source observation is not suitable for satellites. In order to ensure correct pointing of the antenna during satellite observation, it is necessary to control the antenna by means of orbit guidance.



It is necessary to select a suitable radio source for alternate observation with satellites. Because the system was built recently, radio sources with fringes obtained in previous experiments should have more than 1 Jy in the C-band. Furthermore, the angular difference between the radio source and the ZX #12 GEO satellite mapping in the celestial coordinate system is required to remain within 10°. Radio sources selected in the experiment are shown in Table 3.



The radio sources above all meet the flow density above 1 Jy except 1510-089 and have angular distance from the satellite within 10°, which can cover the entire observation.




4. Precise Orbit Determination Experiment


GEO satellites need frequent maneuvers in order to maintain fixed orbital positions. The forecast orbit based on the information of the premaneuver orbit is very different from the actual orbit after maneuvering, from several kilometers to even tens of kilometers. Short-arc orbit determination is usually used after maneuvering to quickly recover the satellite orbit.



4.1. Improving the Accuracy of Short-Arc Orbit Determination


Based on the joint observation of the ODTT system and the VLBI system, an experiment on short-arc orbit determination was conducted. The satellite was the ZX #12 GEO, and the data for orbit determination was from 13:00 on 20 August 2017 to 07:00 on 21 August 2017. A batch processor was used to run the data [2]. Figure 4 shows the difference in VLBI data compared to the long-arc orbit data. The numbers from 12 to 24 in abscissa belong to 20 August. After number 24, the time in abscissa belongs to the next day, so number 26 actually represents 02:00 on 21 August. The value in ordinate represents the residual of VLBI data, and the range of −1.0 to 1.0 m meets the demand of POD in general. However, there is an area “C” in the middle of Figure 4. The residual of two baselines, namely Jilin–Kashi and Jilin–Sanya, has a large fluctuation that could influence the POD in this arc.



In the short-arc orbit determination, some parameters are not solved, such as the system error caused by the ionosphere, neutral atmosphere, clock offset, and instrument, which are not fully removed, as well as the solar radiation pressure coefficient and the T-direction empirical acceleration. These parameters were fixed with the values solved in the joint long-arc orbit determination. Thus, the unknowns that needed to be solved in short-arc orbit determination were only the position and velocity of the satellite. The same strategy was used in POD with ODTT data and POD with joint data including ODTT and VLBI. The only difference between two kinds of POD was the data used.



There were nine arcs in total, with each arc lasting 2 h. Figure 5 and Figure 6 show the residuals of five stations belonging to the ODTT system and three baselines belonging to the VLBI system, respectively, when the arc was from 17:00 to 19:00 on 20 August 2017. The average residual was 0.138 m for the ODTT system and0.239 m for the VLBI system. Considering that the measurement accuracy of VLBI is not as good as ODTT, this result is acceptable.



The length of the arc was 2 h. In this condition, the parameters to be solved were only position and velocity. The system errors could not be removed and were absorbed in POD, which could have led to linear or quadratic trends in the plots of Figure 5 and Figure 6.



Considering that a long-arc orbit determined by ODTT and VLBI is more accurate than by ODTT alone [18], the long-arc orbit determined by ODTT and VLBI can be taken as the standard orbit to evaluate the accuracy of the short-arc orbit determined by ODTT and VLBI and by ODTT alone. The length of each short arc was 2 h. The standard orbit had an arc of 18 h, which covered the whole period of observation. The results are shown in Table 4.



The long-arc orbit was taken as the standard orbit to evaluate the short-arc orbit. The accuracy is reflected from four aspects: radial direction, tangential direction, normal direction, and spatial position. The table gives the results of the bias in nine arcs. R represents the radial direction, T represents the tangential direction, N represents the normal direction, and Pos represents the spatial position. The bias from the ODTT and VLBI test case was smaller compared to the one for ODTT alone. The bias become worse only in the arc 20 August 21:00–20 August 23:00. The preliminary inference was that this was due to the instability of the clock in Jilin station during this period. Considering the Jilin–Kashi and Jilin–Sanya baselines yield a large fluctuation during 21:00–23:00, it may explain the worse bias of this 2 h arc (see Figure 4). From a statistical point of view, the average position bias of the nine arcs decreased from 3.016 to 2.658 m, and the POD accuracy improved by 11.87%. When the abnormal arc with the worse bias was eliminated, the average position bias of the eight arcs decreased from 2.911 to 2.418 m, and the accuracy of orbit determination improved by 16.94%.



Table 5 shows results for an arc length of 1.5 h.



Table 6 shows the results for an arc length of 1 h.



The POD accuracy improved by 11.87% with arcs of 2 h, 9.01% with arcs of 1.5 h, and 10.40% with arcs of 1 h. This indicates that the POD accuracy with short arcs is improved when the joint orbit determination technique is used.



Table 4, Table 5, and Table 6 give the bias in three directions: normal, tangential, and radial. As mentioned in Section 3, the transverse direction is the combination of the tangential and the normal directions. In order to reflect the contribution of VLBI in the transverse direction of the orbit, the bias in the transverse direction and radial direction is shown in Figure 7.



The figure shows the bias of the eight arcs in the transverse and radial directions except the abnormal arc when the time for the arc was 2 h. Through joint orbit determination by ODTT and VLBI, the improvement of the transverse bias was better than that of the radial bias. The average bias in the radial direction decreased from 0.214 to 0.164 m, representing an improvement of 0.050 m. The average bias in the transverse direction decreased from 2.902 to 2.411 m, representing an improvement of 0.491 m. The improvement along the transverse direction was about 10 times that of the radial direction.



There were nine arcs in total when each arc had the length of 2 h. As it is not necessary to give the continuous bias of all arcs, Figure 8 and Figure 9 show the continuous bias of two arcs that were randomly selected.



From Figure 8 and Figure 9, it can be seen that the bias by ODTT and VLBI was smaller than that by ODTT alone. Therefore, the accuracy was improved. Although the bias was improved in the radial direction, it was not as significant as the improvement in the tangential and the normal directions.




4.2. Improving the Efficiency of Orbital Recovery


The results of short-arc orbit determination by ODTT were obtained with arc lengths of 3, 4, and 5 h.



Figure 10 shows the average bias in position with different arc lengths. A1, A2, and A3 represent the average value of joint orbit by ODTT and VLBI when each arc was 1, 1.5, and 2 h, respectively. B1, B2, B3, and B4 represent the average value of orbit by ODTT alone when each arc was 2, 3, 4, and 5 h.



As can be seen from Figure 10, the bias of the 1 h joint orbit determination by ODTT and VLBI was 2.738 m. The bias for 2 and 3 h orbit determination by ODTT alone was 3.016 and 2.813 m, respectively. Therefore, the bias of the 1 h joint orbit determination by ODTT and VLBI was better than the 2 and 3 h ones by ODTT alone. The average bias of the 4 h orbit by ODTT was 2.707 m, which was the same approximate accuracy as the 1 h joint orbit determination by ODTT and VLBI but took 4 times as long. In addition, the accuracy of the 2 h joint orbit determination by ODTT and VLBI was 2.658 m, while that of ODTT was 3.016 m. Obviously, the accuracy of ODTT and VLBI was better than that of ODTT when the length of the arc was the same. This proves that joint orbit determination by ODTT and VLBI improves not only the accuracy but also the orbit recovery efficiency.





5. Summary


Based on the ODTT and VLBI of NTSC of Chinese Academy of Sciences, joint observation of the ZX #12 GEO satellite was conducted. ODTT can achieve high accuracy in the radial direction but is weak in the transverse direction, while VLBI can achieve high accuracy in the transverse direction, making the two methods complementary. VLBI can calibrate its own system error by observing an extragalactic radio source whose position is precisely known, so its measurement accuracy can meet the requirement. Furthermore, PDOP can be reduced, especially in the transverse direction, when VLBI and ODTT conduct joint observation of satellites. In our study, the value of PDOP decreased from 2.15 to 1.36 in the radial direction and from 25.04 to 15.04 in the transverse direction. Based on these advantages of LVBI, the accuracy of short-arc POD using VLBI and ODTT could be improved.



The experiment showed that the accuracy of short-arc orbit improved by 11.87% when each arc was 2 h. The average bias in the radial direction decreased from 0.214 to 0.164 m, representing an improvement of 0.050 m, while the average bias in the transverse direction decreased from 2.902 to 2.411 m, representing an improvement of 0.491 m. Therefore, the accuracy of POD can be obviously improved by integrating VLBI and ODTT data, especially in the transverse direction.



The accuracy of the 1 h joint orbit determination using both ODTT and VLBI was 2.738 m, while the accuracy of 4 h orbit determination by ODTT alone was 2.707 m. Although the accuracy was approximate, joint POD using both ODTT and VLBI saved 4 times the time. It was also proven that the orbit could be recovered faster by integrating VLBI and ODTT data, which has a great role in GEO as it needs to make frequent maneuvers.



In short, using VLBI and ODTT together could not only improve the accuracy of short-arc POD but also rapidly recover the orbit.
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Figure 1. Self-transmitting and self-receiving observation mode. 






Figure 1. Self-transmitting and self-receiving observation mode.
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Figure 2. Observation mode of VLBI. 






Figure 2. Observation mode of VLBI.
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Figure 3. The distribution of stations. 






Figure 3. The distribution of stations.
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Figure 4. The result of checking VLBI data with long-arc orbit determination. 
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Figure 5. The residuals of five stations of the ODTT system. 
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Figure 6. The residuals of three baselines of the VLBI system. 
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Figure 7. The bias in the transverse and radial direction. 
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Figure 8. The bias during the period of 20 August 17:00–20 August 19:00. 
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Figure 9. The bias during the period of 20 August 19:00–20 August 21:00. 
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Figure 10. The difference in position with different kinds of orbit determination and arc length. 
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Table 1. The measurement models and reference systems in orbit determination.






Table 1. The measurement models and reference systems in orbit determination.





	
Measurement Models and Reference Systems

	
Description






	
The geometric distance

	
The distance between station and satellite.




	
The time delay in the station instruments when signal is transmitted and received

	
The station instruments contain the modem, up/down converters, power amplifier, low noise amplifier, cable, and so on.




	
The correction of the tropospheric delay

	
The delay can be corrected by applying the Saastamonien model and the Niell mapping function.




	
The correction of the ionospheric delay

	
The delay for ODTT can be calculated by the mean of the uplink and downlink ionospheric delay.




	
The satellite transponder delay

	
Though the transponder delay can be measured before satellite transmission, there is still some uncertainty when the satellite is in its orbit.




	
The antenna phase center correction

	
The distance from the antenna phase center to the satellite barycenter.




	
The phase center correction of antenna of the station

	
The phase center correction of antenna and instrument delay are measured in the first 10 min of every hour when the satellite is observed.




	
The correction of general relativistic effects

	
General relativistic effects can be corrected using the Shapiro model.




	
Reference systems

	
The inertial J2000.0 system.




	
ITRF2000.




	
The planetary ephemeris DE403/LE403.
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Table 2. PDOP in different directions of the satellite.






Table 2. PDOP in different directions of the satellite.





	System
	Radial Direction (m)
	Transverse Direction (m)





	ODTT
	2.15
	25.04



	ODTT + VLBI
	1.36
	15.29
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Table 3. Information on radio sources.






Table 3. Information on radio sources.





	Radio Source
	Right Ascension (hhmmss)
	Declination (ddmmss)
	Flow (Jy)





	0003−066
	00 06 13.892890
	−06 23 35.33529
	1.38



	0106+016
	01 08 38.771110
	+01 35 00.31725
	1.31



	0420−014
	04 23 15.800724
	−01 20 33.06553
	2.11



	0605−085
	06 07 59.699234
	−08 34 49.97815
	1.50



	0742+103
	07 45 33.059522
	+10 11 12.69226
	1.11



	1055+018
	10 58 29.605207
	+01 33 58.82365
	1.48



	3C273B
	12 29 06.699731
	+02 03 08.59803
	3.49



	1510−089
	15 12 50.532931
	−09 05 59.82986
	0.50



	1741−038
	17 43 58.856136
	−03 50 04.61657
	2.29



	2008−159
	20 11 15.710930
	−15 46 40.25370
	1.35



	2134+00
	21 36 38.586327
	+00 41 54.21275
	2.32
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Table 4. The results of the bias with arcs of 2 h.
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Arc

	
2 h Orbit Determination by ODTT (m)

	
2 h Orbit Determination by

ODTT and VLBI (m)

	
Improvement




	
R

	
T

	
N

	
Pos

	
R

	
T

	
N

	
Pos






	
20 August 13:00–20 August 15:00

	
0.245

	
0.097

	
4.113

	
4.122

	
0.192

	
0.094

	
3.567

	
3.574

	




	
20 August 15:00–20 August 17:00

	
0.200

	
0.572

	
2.549

	
2.620

	
0.180

	
0.701

	
2.248

	
2.362

	




	
20 August 17:00–20 August 19:00

	
0.122

	
1.082

	
2.362

	
2.601

	
0.091

	
0.895

	
2.089

	
2.274

	




	
20 August 19:00–20 August 21:00

	
0.408

	
2.742

	
4.076

	
4.930

	
0.313

	
2.361

	
3.145

	
3.946

	




	
20 August 21:00–20 August 23:00

	
0.381

	
2.544

	
2.878

	
3.860

	
0.455

	
2.811

	
3.597

	
4.588

	




	
20 August 23:00–21 August 01:00

	
0.133

	
1.445

	
1.374

	
1.999

	
0.078

	
1.087

	
0.822

	
1.365

	




	
21 August 01:00–21 August 03:00

	
0.193

	
2.426

	
1.124

	
2.681

	
0.116

	
2.021

	
1.070

	
2.290

	




	
21 August 03:00–21 August 05:00

	
0.198

	
1.132

	
1.428

	
1.834

	
0.175

	
1.042

	
1.180

	
1.584

	




	
21 August 05:00–21 August 07:00

	
0.213

	
0.663

	
2.402

	
2.501

	
0.168

	
1.271

	
1.464

	
1.947

	




	
Average

	

	

	

	
3.016

	

	

	

	
2.658

	
11.87%
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Table 5. The results of the bias with arcs of 1.5 h.
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Arc

	
1.5 h Orbit Determination by ODTT (m)

	
1.5 h Orbit Determination byODTT and VLBI (m)

	
Improvement




	
R

	
T

	
N

	
Pos

	
R

	
T

	
N

	
Pos

	






	
20 August 13:00–20 August 14:30

	
0.234

	
0.175

	
4.066

	
4.076

	
0.191

	
0.219

	
3.628

	
3.639

	




	
20 August 14:30–20 August 16:00

	
0.303

	
1.030

	
3.886

	
4.031

	
0.245

	
1.018

	
3.205

	
3.372

	




	
20 August 16:00–20 August 17:30

	
0.076

	
0.426

	
1.477

	
1.539

	
0.072

	
0.228

	
1.406

	
1.426

	




	
20 August 17:30–20 August 19:00

	
0.138

	
1.069

	
2.447

	
2.674

	
0.103

	
0.916

	
2.111

	
2.303

	




	
20 August 19:00–20 August 20:30

	
0.351

	
2.352

	
3.757

	
4.447

	
0.241

	
1.921

	
2.670

	
3.298

	




	
20 August 20:30–20 August 22:00

	
0.481

	
3.205

	
4.051

	
5.189

	
0.464

	
3.166

	
3.8552

	
5.010

	




	
20 August 22:00–20 August 23:30

	
0.225

	
1.170

	
1.386

	
1.828

	
0.374

	
1.737

	
2.883

	
3.387

	




	
20 August 23:30–21 August 01:00

	
0.164

	
1.726

	
1.548

	
2.325

	
0.106

	
1.431

	
1.016

	
1.759

	




	
21 August 01:00–21 August 02:30

	
0.182

	
2.838

	
0.712

	
2.932

	
0.077

	
2.391

	
0.872

	
2.547

	




	
21 August 02:30–21 August 04:00

	
0.220

	
1.036

	
1.803

	
2.092

	
0.166

	
0.858

	
1.277

	
1.548

	




	
21 August 04:00–21 August 05:30

	
0.134

	
1.155

	
1.016

	
1.544

	
0.174

	
1.323

	
1.023

	
1.682

	




	
21 August 05:30–21 August 07:00

	
0.245

	
0.622

	
2.659

	
2.741

	
0.186

	
1.221

	
1.883

	
2.252

	




	
Average

	

	

	

	
2.951

	

	

	

	
2.685

	
9.01%
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Table 6. The results of bias with arcs of 1 h.
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Arc

	
1 h Orbit Determination by ODTT (m)

	
1 h Orbit Determination by

ODTT and VLBI (m)

	
Improvement




	
R

	
T

	
N

	
Pos

	
R

	
T

	
N

	
Pos

	






	
20 August 13:00–20 August 14:00

	
0.249

	
0.131

	
4.139

	
4.148

	
0.199

	
0.119

	
3.584

	
3.592

	




	
20 August 14:00–20 August 15:00

	
0.244

	
0.041

	
4.122

	
4.129

	
0.181

	
0.078

	
3.470

	
3.476

	




	
20 August 15:00–20 August 16:00

	
0.305

	
1.291

	
3.560

	
3.799

	
0.268

	
1.336

	
3.088

	
3.375

	




	
20 August 16:00–20 August 17:00

	
0.118

	
0.436

	
1.637

	
1.698

	
0.117

	
0.424

	
1.539

	
1.601

	




	
20 August 17:00–20 August 18:00

	
0.111

	
0.271

	
1.430

	
1.459

	
0.099

	
0.191

	
1.321

	
1.338

	




	
20 August 18:00–20 August 19:00

	
0.242

	
1.875

	
3.587

	
4.055

	
0.188

	
1.658

	
3.085

	
3.508

	




	
20 August 19:00–20 August 20:00

	
0.343

	
2.225

	
3.846

	
4.456

	
0.218

	
1.720

	
2.615

	
3.138

	




	
20 August 20:00–20 August 21:00

	
0.464

	
3.073

	
4.141

	
5.177

	
0.404

	
2.857

	
3.590

	
4.606

	




	
20 August 21:00–20 August 22:00

	
0.398

	
2.800

	
2.982

	
4.110

	
0.417

	
2.849

	
3.167

	
4.281

	




	
20 August 22:00–20 August 23:00

	
0.321

	
1.871

	
2.727

	
3.323

	
0.476

	
2.559

	
3.805

	
4.610

	




	
20 August 23:00–21 August 00:00

	
0.070

	
1.078

	
1.126

	
1.560

	
0.079

	
0.697

	
0.609

	
0.930

	




	
21 August 00:00–21 August 01:00

	
0.245

	
1.593

	
2.736

	
3.176

	
0.182

	
1.368

	
2.165

	
2.568

	




	
21 August 01:00–21 August 02:00

	
0.184

	
2.885

	
0.947

	
3.042

	
0.083

	
2.373

	
1.206

	
2.663

	




	
21 August 02:00–21 August 03:00

	
0.189

	
1.917

	
1.382

	
2.371

	
0.132

	
1.616

	
1.344

	
2.106

	




	
21 August 03:00–21 August 04:00

	
0.224

	
0.984

	
1.784

	
2.050

	
0.181

	
0.840

	
1.377

	
1.623

	




	
21 August 04:00–21 August 05:00

	
0.161

	
1.317

	
0.870

	
1.587

	
0.167

	
1.275

	
0.940

	
1.593

	




	
21 August 05:00–21 August 06:00

	
0.108

	
0.756

	
1.532

	
1.712

	
0.199

	
1.441

	
1.436

	
2.044

	




	
21 August 06:00–21 August 07:00

	
0.291

	
0.560

	
3.093

	
3.157

	
0.178

	
1.076

	
1.966

	
2.248

	




	
Average

	

	

	

	
3.056

	

	

	

	
2.738

	
10.40%
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