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Abstract

:

The accuracy of time synchronization can be significantly increased by enhancing the performance of atomic clocks. Future-generation time-frequency loads will be equipped with the latest ultrahigh-precision atomic clocks (with a day stability better than 10−17) and will leverage advantages of the space environment such as microgravity and low interference to operate a new generation of high-performance time-frequency payloads on low-orbit spacecraft. Moreover, using the high-precision time-frequency system of ground stations, low-time-delay high-performance time-frequency transmission networks, which have the potential to achieve ultrahigh-precision time synchronization, will be constructed. By considering full link error terms above the picosecond level, this paper proposes a new space-to-ground microwave two-way time synchronization method for scenarios involving low-orbit spacecraft and ground stations. Using the theoretical principles and practical application scenarios related to this method, a theoretical and simulation verification platform was developed to research the impact of the attitude, phase center calibration, and orbit determination errors on the single-frequency two-way time synchronization method. The effectiveness of this new method was verified. The results showed that when the attitude error is less than 72 arc seconds (0.02°), the phase center calibration error is less than 1 mm, and the precision orbit determination (POD) error is less than 10 cm (three-axis). After disregarding nonlink error terms such as equipment noise, this method can attain a space-to-ground time synchronization accuracy of better than 1.5 ps, and the time deviation (TDEV) of the transfer link is better than 0.7 ps @ 100 s, which results in ultrahigh-precision space-to-ground time synchronization.
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1. Introduction


At present, optical fiber link time comparison technology [1], which can achieve the highest picosecond time synchronization accuracy, is the most accurate of the commonly used long-distance time transfer methods. However, broad applications of this technology have been problematic due to limitations of the atmospheric environment. Moreover, the microwave satellite-to-ground/intersatellite two-way time comparison system, which is widely used in navigation systems, is limited by the performance of spaceborne atomic clocks and the error processing method of the comparison link. This system can only achieve sub-nanosecond time synchronization accuracy [2], which limits the application of high-precision time-frequency references in space science.



The time-frequency performance of space atomic clocks will be better [3,4] than that of terrestrial atomic clocks in a near-Earth microgravity environment, thus enabling a time system with ultrahigh stability to be constructed. Using the low-orbit spacecraft-ground station high-performance microwave two-way time comparison link, ultrahigh-precision two-way time synchronization can be achieved between the ground and space.



In recent years, with the rapid development of space atomic clock technology, long-distance transmission technology for high-precision time and frequency transfer has become a research topic of major interest [5]. High-precision time and frequency transfer can be widely used in applications such as basic physical testing, geophysical measurements, relativity verifications, satellite navigation, and deep space exploration and is an effective means for evaluating the performance of high-precision atomic clocks in space [6].



The ACES/PHARAO (Atomic Clock Ensemble in Space, ACES) is an international metrological space mission [7,8] led by the European Space Agency (ESA) and the French Space Agency (Centre National d’Études Spatiales, CNES). The aim of this mission is to use the cesium cold atom clock (PHARAO) and the space hydrogen maser atomic clock (SHM), jointly developed by the CNES and LNE-SYRTE, to achieve high-stability and high-precision time and frequency standards on the International Space Station (ISS), reaching the long-term frequency stability of   3 ×   10   − 16     @ 1 day and time stability of 12 ps @ 1 day. The mission further strives to establish a high-precision microwave time-frequency transmission system [9] (Microwave Link, MWL) and a laser time-frequency transmission system [10] (European Laser Timing, ELT) with an ultrastable ground-based clock. In addition, by using a corresponding precision time synchronization algorithm, a space-to-ground link stability of better than 7 ps @ 1 day and 0.3 ps @ 300 s can be achieved [11]. To improve the accuracy of space-to-ground time-frequency transmissions, ESA has further attempted to conduct the proposed EGE (Einstein Gravity Explorer, EGE), I-SOC (Space Optical Clock on ISS, I-SOC), and Kepler projects [12,13,14], with the purpose of further improving the accuracy of the space atomic clock based on the ESA-ACES project, thereby achieving ultrahigh-precision space-to-ground time synchronization [15], while carrying out a series of basic physical verification tests and significantly improving the time-frequency performance of the constellation.



China has also been stepping up its deployment and construction of high-precision time-frequency systems for the China Space Station (CSS), equipping them with high-precision new-generation space atomic clocks to establish ultrahigh-precision time-frequency sources [16], to achieve high-precision time synchronization, and to support the exploration of cutting-edge scientific issues such as gravitational redshifts and precision structures.



In the space atomic clock projects, the realization of ultrahigh-precision time comparison has become an urgent requirement for the evaluation of atomic clocks, scientific research, and the expansion of applications. The traditional two-way time synchronization method can no longer meet the demand for high-precision time and frequency transmission [17]; therefore, a new microwave link time synchronization method is needed to achieve ultrahigh-precision space-to-ground time synchronization.



Using the synchronization application scenario of a low-orbit spacecraft equipped with a new generation of high-performance atomic clocks and ground stations, this paper proposes a new method of space-to-ground microwave time synchronization based on the characteristics of a low-orbit spacecraft’s fast near-Earth flight speed and uncertain orbital parameters [18]. A software simulation analysis platform was also developed based on actual application scenarios. Key technology related to the high-precision time synchronization of space-to-ground links, which can achieve a space-to-ground time synchronization accuracy of 1.5 ps, was verified through simulation tests. Consequently, these developments provide a theoretical basis and technical reference for the construction of China’s manned spaceflights and other projects.




2. A New Method for Space-to-Ground Two-Way Time Synchronization


2.1. New Generation of Space Time-Frequency Loads


The integration of next-generation high-performance atomic clocks and related equipment is referred to as a new generation of space time-frequency payloads. Ultrahigh-precision space-to-ground time synchronization is based on high-precision atomic clocks installed in space and on the ground that use the near-Earth orbit of a low-orbit spacecraft (orbital height of approximately 400 km and orbital inclination of approximately 42°) to operate a new generation of space atomic clocks that can obtain a time-frequency reference that is several orders of magnitude higher than that of the ground and achieve high-precision space-to-ground time synchronization through high-performance space-to-ground microwave links. The new generation of space time-frequency loads may include the following components [19,20]:




	
High-performance space atomic clock (Allan deviation better than 10−17 @ 1 day);



	
Precise orbit determination of Global Navigation Satellite System (GNSS) receivers;



	
Microwave link module for code and carrier phase measurements;



	
Laser link module.








In future scientific missions, the demand for time accuracy will increase. Therefore, the installation of a new generation of time-frequency payloads on spacecraft and the use of microwave links to achieve long-distance and ultrahigh-precision time transfer between targets promise to become research topics of major interest [21,22]. China has also proposed establishing a high-precision time-frequency generating and operating system (space-precision time-frequency reference) in space and has constructed a high-precision time-frequency network based on microwave links to meet the high-precision time requirements of various spacecraft and users. To achieve this goal, a stable and reliable time synchronization method needs to be redesigned to support the realization of ultrahigh-precision time synchronization.




2.2. Space-to-Ground Two-Way Time Synchronization Principle Based on a Single Frequency Mode


The new generation of space time-frequency loads envisions a dual-antenna structure. The two-way ranging signal adopts a signal transceiver mode with a single frequency point and different antennas employing simultaneous sending or receiving. Figure 1 shows a schematic diagram of the transceiver antenna installation for the precise orbit determination module and the microwave link module carried on the time-frequency load in this mode. The GNSS receiver antenna used to determine the orbit will be installed in space and use an intersatellite link with the GNSS satellites being used to achieve precision. The center point of the antenna installation surface is A3; the center point of the signal-receiving antenna installation surface of the microwave link module is A1, and the center point of the signal-transmitting antenna installation surface is A2. To avoid signal interference, the transmitting and receiving antennas need to be separated. As a result, there is a fixed safe distance (a few centimeters) between A1 and A2, and the antennas are installed relative to the ground to achieve high-precision time synchronization with ground equipment; A is the center of mass of the spacecraft. As the GNSS receiver antenna and the microwave link module antenna are connected by a rigid body, the coordinate conversion relationship between A, A1, A2, and A3 can be obtained through calibration on the ground beforehand (see the red line in Figure 1). Coordinates of the other three positions can then be calculated based on any one of these coordinates.



Therefore, the coordinate conversion relationship between the center point    A 2    of the installation surface of the low-orbit spacecraft microwave link module transmitting antenna, the center point    A 1    of the receiving antenna installation surface of the low-orbit spacecraft microwave link module, and the center of mass  A  of the low-orbit spacecraft is as follows:


   {      X    A 1    =   S  1  ⋅   X  A        X    A 2    =   S  2  ⋅   X  A       



(1)




where     S  1    and     S  2    represent the coordinate conversion matrix, which can be obtained through calibration.



Based on the new-generation space load and single-frequency dual-antenna signal transceiver system, the space-to-ground two-way time synchronization and the Ka intersatellite link two-way time synchronization of the Beidou satellite navigation system both adopt a single-frequency dual one-way measurement mode. The difference between the two-way pseudorange can eliminate most of the geometric path delay errors. The time synchronization accuracy is high, which is an effective means for long-distance time transmission. In contrast to the two-way time synchronization of the Beidou satellite navigation system’s Ka intersatellite link, the signal transmission and reception system of the Ka satellite-to-ground two-way time synchronization system uses a time division multiple access (TDMA) mode [23]. However, the low-orbit spacecraft will adopt a continuous and simultaneous transmission and reception mode due to the limited number of visible arcs with the ground and the short duration. In addition, the low-orbit spacecraft will be equipped with the latest generation of ultrahigh-precision atomic clocks, which can achieve higher-precision time synchronization through high-performance microwave time comparison links and time synchronization algorithms.



Both the low-orbit spacecraft atomic clock and the ground station clock fall in the Earth’s gravitational field. To achieve picosecond time synchronization accuracy, the influence of the Earth’s gravity must be fully considered. The expected time synchronization accuracy can ultimately be achieved by establishing a two-way measurement model on this basis [24]. Assuming that the low-orbit spacecraft and the ground station receive signals with frequency    F 1    (Ka band, 20–30 GHz) at the same moment (see red double arrows in Figure 2), the principle of space-to-ground two-way time synchronization is shown in Figure 2. In the Earth-centered inertial (ECI) coordinate system, the measurement equation for establishing a dual one-way measurement between the low-Earth-orbit (LEO) spacecraft and the ground station is


  {      ρ  B A    F 1    (  t S B  ,  t R A  ) =   |   X    A 1    (  t R A  ) −   X  B  (  t S B  ) | + c  x A  (  t R A  ) − c  x B  (  t S B  ) + c  δ B  S n d   + c  δ A  R c v        + c  δ  B  A 1    t r o   (  X B  (  t S B  ) ,  X   A 1    (  t R A  ) ) + c  δ  B  A 1    i o n   (  X B  (  t S B  ) ,  X   A 1    (  t R A  ) )       +  c ⋅ (  δ   A 1    r e l   (  t R A  ) −  δ B  r e l   (  t S B   ) ) +  c ⋅  δ  B  A 1    g l a v   (  t S B  ,  t R A   ) +  c  δ  B  A 1    O F   +  ε  B  A 1         ρ  A B    F 1    (  t S A  ,  t R B  ) =   |   X  B  (  t R B  ) −   X    A 2    (  t S A  ) | + c  x B  (  t R B  ) − c  x A  (  t S A  ) + c  δ A  S n d   + c  δ B  R c v        + c  δ   A 2  B   t r o   (  X   A 2    (  t S A  ) ,  X B  (  t R B  ) ) + c  δ   A 2  B   i o n   (  X   A 2    (  t S A  ) ,  X B  (  t R B  ) )       +  c ⋅ (  δ B  r e l   (  t R B  ) −  δ   A 2    r e l   (  t S A   ) ) +  c ⋅  δ   A 2  B   g l a v   (  t S A  ,  t R B   ) +  c  δ   A 2  B   O F   +  ε   A 2  B        



(2)




where  c  is the speed of light in vacuum, A is a low-orbit spacecraft, B is a ground station,    t S    and    t R    are the signal transmission and reception times, respectively,    ρ  B A    F 1      and    ρ  A B    F 1      are the uplink and downlink measurement pseudoranges of the    F 1    frequency point, respectively, and     X    A 1      is the trajectory coordinate matrix of center point    A 1    of the installation surface of the spacecraft time-frequency signal-receiving antenna.     X    A 2      is the trajectory coordinate matrix of center point    A 2    of the low-orbit spacecraft time-frequency signal-transmitting antenna installation surface, and     X  B    is the coordinate matrix of the ground station, while    x A    and    x B    are the clock differences between the atomic clock of the low-orbit spacecraft and the atomic clock of the ground station, respectively. Furthermore,    δ  S n d     and    δ  R c v     are the equipment delays of the signal transmission channel and the receiving channel, respectively,    δ  r e l     is the equivalent time delay of the periodic relativistic effect,    δ  O F     is the equivalent time delay of the phase center shift,    δ  g l a v     is the gravitational time delay, and  ε  is the ranging noise.



According to the conversion relationship of Formula (1), Formula (2) can be modified as follows:


   {      ρ  B A    F 1    (  t S B  ,  t R A  ) =   |   S  1  (  t R A  ) ⋅   X  A  (  t R A  ) −   X  B  (  t S B  ) | + c  x A  (  t R A  ) − c  x B  (  t S B  ) + c  δ B  S n d   + c  δ A  R c v        + c  δ  B  A 1    t r o   (  X B  (  t S B  ) ,  X   A 1    (  t R A  ) ) + c  δ  B  A 1    i o n   (  X B  (  t S B  ) ,  X   A 1    (  t R A  ) )       +  c ⋅ (  δ   A 1    r e l   (  t R A  ) −  δ B  r e l   (  t S B   ) ) +  c ⋅  δ  B  A 1    g l a v   (  t S B  ,  t R A   ) +  c  δ  B  A 1    O F   +  ε  B  A 1         ρ  A B    F 1    (  t S A  ,  t R B  ) =   |   X  B  (  t R B  ) −   S  2  (  t S A  ) ⋅   X  A  (  t S A  ) | + c  x B  (  t R B  ) − c  x A  (  t S A  ) + c  δ A  S n d   + c  δ B  R c v        + c  δ   A 2  B   t r o   (  X   A 2    (  t S A  ) ,  X B  (  t R B  ) ) + c  δ   A 2  B   i o n   (  X   A 2    (  t S A  ) ,  X B  (  t R B  ) )       +  c ⋅ (  δ B  r e l   (  t R B  ) −  δ   A 2    r e l   (  t S A   ) ) +  c ⋅  δ   A 2  B   g l a v   (  t S A  ,  t R B   ) +  c  δ   A 2  B   O F   +  ε   A 2  B         



(3)







Due to the space transmission delay of the signal and the ultrahigh-speed movement of the low-orbit spacecraft, the space-to-ground two-way pseudorange measurement value contains the low-orbit spacecraft position and the clock difference information at different times. For the two-way ranging for the same receiving time    t R   , Equation (3) can be modified as


   {      ρ  B A    F 1    (  t S B  ,  t R  ) =   |   X  A  (  t R  ) −   X  B  (  t R  ) | + Δ  d  B A   + c ⋅ (  x A  (  t R  ) −  x B  (  t R  ) ) + d  x B  (  t S B  ,  t R  ) + c  δ B  S n d        + c  δ A  R c v   + c  δ  B  A 1    t r o   (  X B  (  t S B  ) ,  X   A 1    (  t R  ) ) + c  δ  B  A 1    i o n   (  X B  (  t S B  ) ,  X   A 1    (  t R  ) )       +  c ⋅ (  δ   A 1    r e l   (  t R  ) −  δ B  r e l   (  t S B   ) ) +  c ⋅  δ  B  A 1    g l a v   (  t S B  ,  t R A   ) +  c  δ  B  A 1    O F   +  ε  B  A 1         ρ  A B    F 1    (  t S A  ,  t R  ) =   |   X  A  (  t R  ) −   X  B  (  t R  ) | + Δ  d  A B   + c ⋅ (  x B  (  t R  ) −  x A  (  t R  ) ) + d  x A  (  t S A  ,  t R  ) + c  δ A  S n d        + c  δ B  R c v   + c  δ   A 2  B   t r o   (  X   A 2    (  t S A  ) ,  X B  (  t R  ) ) + c  δ   A 2  B   i o n   (  X   A 2    (  t S A  ) ,  X B  (  t R  ) )       +  c ⋅ (  δ B  r e l   (  t R  ) −  δ   A 2    r e l   (  t S A   ) ) +  c ⋅  δ   A 2  B   g l a v   (  t S A  ,  t R B   ) +  c  δ   A 2  B   O F   +  ε   A 2  B         



(4)







In this formula,   Δ d   is the correction of the space distance error caused by the motion of the low-orbit spacecraft,   d x ( t ,  t 0  )   is the nonsimultaneous correction of the clock difference from time  t  to time    t 0   , and   d  x B    and   d  x A    represent the nonsimultaneous error corrections to the clock difference between ground station B and low-orbit spacecraft A, respectively.



In the single-frequency mode, the frequencies of the uplink and downlink ranging signals between the LEO spacecraft and the ground station are the same, and the paths are nearly identical. Therefore, ionospheric and tropospheric delays can be ignored in the two-way time difference measurements. After the system error correction is completed, the difference between the two equations in (4) can be calculated to obtain the relative clock error   Δ x   between the space and the ground as follows:


    Δ t (  t R  ) =  x A  (  t R  ) −  x B  (  t R  ) =    {   (   ρ  B A    F 1    (  t S B  ,  t R  ) −  ρ  A B    F 1    (  t S A  ,  t R  )  )    + ( Δ  d  A B   − Δ  d  B A   )      + d  x A  (  t S A  ,  t R  ) − d  x B  (  t S B  ,  t R  )      + c ⋅  δ   A 2  B   g l a v   (  t S A  ,  t R B  ) − c ⋅  δ  B  A 1    g l a v   (  t S B  ,  t R A  )      + c ⋅ (  δ B  R c v   −  δ B  S n d   ) + c ⋅ (  δ A  S n d   −  δ A  R c v   )      + c ⋅ (  δ B  g l a v   (  t R  ) −  δ   A 2    g l a v   (  t S A   ) )  − c ⋅ (  δ   A 1    g l a v   (  t R  ) −  δ B  g l a v   (  t S B   ) )           + c ⋅ (  δ   A 2  B   O F   −  δ  B  A 1    O F   ) +  ε   A 2  B   −  ε  B  A 1     }   /  2 c      



(5)







Based on Equation (5), the accuracy of space-to-ground time synchronization largely depends on the difference between various delays. Therefore, when the conditions for achieving a higher transmission accuracy are met, in addition to considering the aforementioned data processing method under the same frequency signal system, a more accurate error processing method is also required.




2.3. Various Error Corrections of High-Precision Space-to-Ground Time Synchronization


In the context of high-precision (10−17@ 1 day) atomic clocks mounted on high-speed low-orbit spacecraft, precision adjustments must be performed on every error-generated term during the space-to-ground two-way time synchronization process to achieve higher-precision time transmission requirements. In Equation (5), the equipment time delay can be accurately calibrated in orbit [25]; the phase center error can be compensated for by performing an accurate calibration along with the corresponding modeling in advance [26]; space-to-ground link measurement noise appears as a random error, for which filtering operations must be conducted based on the statistical properties of the error. Therefore, based on the link accuracy requirements of ultrahigh-precision time synchronization, the main error correction terms considered for space-to-ground two-way time synchronization in single-frequency mode include error corrections for motion delay, periodic relativistic effects, and gravitational delay.



2.3.1. Motion Delay Error Correction


The motion delay error caused by the high-speed motion of the low-orbit spacecraft relative to the ground station in space involves two main errors: the space distance error (asymmetric spatial geometric distance) and the clock difference error (nonsimultaneous difference in clocks).



According to Equations (3)–(5), the precision orbit determination (POD) and precision clock difference results of the low-orbit spacecraft can be used to time-scale the pseudorange of the same-frequency dual single-way observation at different times and different antenna positions and to perform time-scale reduction and motion delay error correction [27]. The motion delay error correction amount   Δ  δ  m o t i o n     is expressed as follows:


  Δ  δ  m o t i o n   = Δ  δ  d i s   + Δ  δ  c l k    



(6)







The space distance error correction amount   Δ  δ  d i s     and the clock error correction amount   Δ  δ  c l k     can be expressed as follows:


    Δ  δ  d i s     = ( Δ  d  A B   − Δ  d  B A   ) / 2 c       =   {  |   X  B  (  t R  ) −   S  2  (  t S A  ) ⋅   X  A  (  t S A  ) | − |   X  A  (  t R  ) −   X  B  (  t R  ) |            − |   S  1  (  t R  ) ⋅   X  A  (  t R  ) −   X  B  (  t S B  ) | − |   X  A  (  t R  ) −   X  B  (  t R  ) |  }   / 2  c       =   {  |   X  B  (  t R  ) −   S  2  (  t R  −    ρ  A B    F 1    (  t S A  ,  t R  )  c  ) ⋅   X  A  (  t R  −    ρ  A B    F 1    (  t S A  ,  t R  )  c  ) | − |   X  A  (  t R  ) −   X  B  (  t R  ) |            − |   S  1  (  t R  ) ⋅   X  A  (  t R  ) −   X  B  (  t R  −    ρ  B A    F 1    (  t S B  ,  t R  )  c  ) | − |   X  A  (  t R  ) −   X  B  (  t R  ) |  }   / 2  c    



(7)




and


    Δ  δ  c l k     = ( d  x A  (  t S A  ,  t R  ) − d  x B  (  t S B  ,  t R  ) ) / 2 c       =   {  c  x A  (  t R  ) − c  x A  (  t S A  )   − c  x B  (  t R  ) + c  x B  (  t S B  )  }   / 2  c           =   {  c  x A  (  t R  ) − c  x A  (  t R  −    ρ  A B    F 1    (  t S A  ,  t R  )  c  )   − c  x B  (  t R  ) + c  x B  (  t R  −    ρ  B A    F 1    (  t S B  ,  t R  )  c  )  }   / 2  c        



(8)




where    ρ  B A    F 1    (  t S B  ,  t R  )   is the uplink measurement pseudorange of the signal, and    ρ  A B    F 1    (  t S A  ,  t R  )   is the downlink measurement pseudorange of the signal. The coordinate track     X   B     of the ground station in the ECI coordinate system is already known, and     X   A     is the result of the POD of a low-orbit spacecraft.    x A    and    x B    are the clock differences between the LEO spacecraft and the ground station, respectively.




2.3.2. Correction of Periodic Relativistic Error Effect


The relativistic effects of spaceborne atomic clocks include nominal frequency offsets (NFOs) and periodic relativistic effects [28]. The NFO can be eliminated through precalibration before the spacecraft is launched, and the periodic relativistic effects can be eliminated by modeling. Due to the periodic relativistic effects in the space-to-ground two-way time comparisons, there is no path symmetry, and the ephemeris must be used for compensation. Thus, the compensation error will eventually be directly transmitted to the time comparison result. Due to its low orbit, the spacecraft is greatly affected by the nonspherical gravity of the Earth. When considering the time synchronization accuracy of a picosecond or higher, the influence of the periodic relativistic errors of the first term and higher-order terms from the nonspherical gravity of the Earth must be fully considered [29]. The periodic relativistic correction   Δ  δ  r e l     in the two-way time synchronization process between the low-orbit spacecraft and the ground station is expressed as follows:


  Δ  δ  r e l   =   (  δ B  r e l   (  t R  ) −  δ   A 2    r e l   (  t S A   ) )  − (  δ   A 1    r e l   (  t R  ) −  δ B  r e l   (  t S B   ) )   2   



(9)







The expression of the periodic relativistic error    δ  r e l     when considering the perturbation of the    J 2    term is as follows:


   δ  r e l   ( t ) = −  2   c 2      a G M   ( e sin E +   3  R  e a r t h  2    4  a 2   c 2     J 2    sin  2  i sin 2 u ) +  δ  p e r t    | t   



(10)




where   G M   is the gravitational constant of Earth,    R  e a r t h     is the equatorial radius of Earth, and  i ,  a ,  e ,  u , and  E  are the corresponding times for the orbital inclination angle, semimajor axis of the orbital period, orbital eccentricity, latitude argument, and eccentric anomaly of the low-orbit spacecraft, respectively. The disturbance error of the higher-order terms is represented by    δ  p e r t    .




2.3.3. Gravitational Time Delay Error Correction


Space-to-ground two-way time synchronization is based on the mutual transmission of ranging signals between low-orbit spacecraft and ground stations. As the signal transmission process is affected by general relativistic effects, there is a gravitational time delay. The gravitational delay in the space propagation process of the space-to-ground ranging signal mainly depends on the relative position of the ground station and the low-orbit spacecraft to the center relative to Earth, and the gravitational time delay in the two-way space-to-ground time synchronization process can be calculated by using the results of precise orbit determination conducted afterward. With a picosecond time transfer accuracy, only the gravitational delay caused by the gravity of the center of Earth needs to be considered [30]. At this point, the gravitational delay correction   Δ  δ  g l a v     is as follows:


  Δ  δ  g l a v   =    δ   A 2  B   g l a v   (  t S A  ,  t R B  ) −  δ  B  A 1    g l a v   (  t S B  ,  t R A  )  2   



(11)




where the expression for the signal propagation path AB (A and B correspond to the antenna phase center between the two targets) is as follows, considering only the gravitational time delay error    δ  A B   g l a v   (  t S A  ,  t R B  )   caused by gravity at the center of Earth:


   δ  A B   g l a v   (  t S A  ,  t R B  ) =   G M    c 2    ln  (     r A  (  t S A  ) +  r B  (  t R B  ) +  d  A B   (  t S A  ,  t R B  )    r A  (  t S A  ) +  r B  (  t R B  ) −  d  A B   (  t S A  ,  t R B  )    )   



(12)







In this formula,    d  A B   (  t S A  ,  t R B  ) = |   X   A   (  t S A  ) −   X  B  (  t R B  ) |  . Moreover,    r A    and    r B    are the geocentric distances when the low-orbit spacecraft and ground station receive and send ranging signals.






3. Simulation Test and Performance Analysis


To effectively verify the feasibility of the space-to-ground two-way time synchronization method under high-performance requirements, a simulation and verification platform was established, and the architecture is shown in Figure 3. It contains two parts, the simulation module and verification module.



First, we simulated the satellite orbit data and attitude data based on the specific satellite orbit parameters, attitude model, and the Earth model (Earth Gravity Model, N-body Gravity Model, Tidal Model, etc.). Further, we used the orbit data and attitude data to obtain the part of simulation parameters and verification parameters (gray box in Figure 3). Then, the real movement and disturbance of the Earth, satellite equipment, and ground equipment were considered, and simulation parameters, clock models (yellow box in Figure 3), and error models (green box in Figure 3) were set to restore the true process of time signal propagation and generate pseudorange observation data.



To validate, the pseudorange observations and verification parameters generated by the simulation module were used as the input of the verification module. Similar to the process of two-way ranging data of the BDS-3 Ka-band satellite-ground links (GSLs), some main system errors (orange box in Figure 3) need to be corrected, including the orbit-related errors (motion delay error, relativistic error, and gravitational time delay error) [31]. After correcting these main system errors, the space-to-ground two-way time synchronization algorithm proposed in Section 2 was executed, and the result of the space-to-ground relative clock difference can be obtained; then, related analyses can be carried out by controlling different error inputs (purple box in Figure 3).



3.1. Low-Orbit Spacecraft-to-Ground Station Simulation Experiment


Based on the above simulation verification platform, the low-orbit spacecraft was set to run in a low-Earth orbit with an orbital height of 400 km and an orbital inclination of 42°. The other parameter settings were roughly the same as those of Tiangong-2 [32], assuming that the location of the ground station was in Xi’an. Using the atomic clock of the ground station as a reference benchmark, the simulation generated the atomic clock difference between the ground station and the low-orbit spacecraft. The day stability of the atomic clock at the Xi’an Ground Station was set at E-18, and the day stability of the low-orbit spacecraft was set at 10−17.



Ignoring the equipment delay and other measurement errors caused by the equipment, the off-axis angle of the ground station antenna was set to 66°, the center points of the low-orbit spacecraft transceiver antenna installation surface were 10 cm apart, and the antenna off-axis angle was 15–89°. The space-to-ground time comparison simulation platform generated a one-day (1 January 2020) dual one-way pseudorange observed measurement (sampling rate: 1 Hz) between the low-orbit spacecraft and the ground station, and a total of five continuous arcs of observation data were obtained (Table 1). The dual one-way observations included various delay components such as the geometric distance, the motion time delay (distance error and clock difference error), the atmospheric time delay, and the relativistic time delay [33].



Figure 4a shows the uplink and downlink observation data of the first continuous observation arc (approximately 380 s), and Figure 4b shows each delay component for the first continuous observation arc. The atmospheric time delay (ionospheric and tropospheric delay) dominated the delay in the one-way pseudorange, and its value was tens of nanoseconds, but because the signal frequency points in the single-frequency mode were the same, the upstream and downstream paths were roughly the same as well. After the two-way differential, most of the atmospheric time delay could be eliminated. In addition, the periodic relativistic delay and the gravitational delay showed a delay of tens of picoseconds. The delay of tens of picoseconds was slightly higher than the required accuracy and should thus be considered in the two-way combination.



Finally, the verification and analysis platform constructed in Figure 3 was used to verify and analyze the simulation data of the low-orbit spacecraft, Xi’an.




3.2. Space-to-Ground Time Synchronization Performance Analysis


The accuracy of space-to-ground time synchronization is mainly affected by the measurement noise of space-to-ground microwave links and unmodeled system errors. The accuracy of the system error modeling determines the accuracy limit that the space-to-ground link can achieve based on the premise that the measurement noise of the space-to-ground microwave link can reach the order of picoseconds. Combining Equations (5)–(12), the accuracy of various error correction models is mainly affected by orbital errors, and the contribution to orbital errors mainly comes from errors in precision orbit determination, phase center calibration, and attitude. According to engineering index requirements and experience, the use of low-orbit-spacecraft precision orbit determination algorithms can basically achieve an orbit determination accuracy within 10 cm afterward [34]. The phase center calibration accuracy can theoretically reach 1–2 mm, and the attitude error range is usually within approximately 0.02° (72 arc seconds (as)). Based on the new space-to-ground two-way time synchronization method proposed in this study, using simulation settings for low-orbit spacecraft and ground stations equipped with high-performance atomic clocks, precision orbit determination products were subsequently employed to compensate for system errors such as motion delay errors and relativistic effect errors and to solve the relative clock difference between space and the ground. A quadratic polynomial fitting was performed on the final clock error solution to deduct the inherent trend in the spaceborne atomic clock. The fitting residual error contains the systematic error correction, which reflects the accuracy of the intersatellite time comparison. The time synchronization error (fitting residual) under different error conditions is shown in Figure 5.



Figure 5a and Table 2 show the two-way time synchronization under different attitude angles. The results indicate that as the attitude angle increases, the accuracy of the two-way time synchronization decreases. The attitude is within the range of 100 as and the uncertainty of the two-way time synchronization error is better than 1.32 ps. Figure 5b and Table 3 show that when only the phase center calibration error is considered, the RMS of the two-way time synchronization error will increase with the phase center calibration error. The two-way time synchronization uncertainty is better than 1.39 ps after error corrections have been performed on each term. Under different orbit determination errors, the two-way time synchronization error and its error uncertainty are shown in Figure 5c and Table 4. When the POD error is less than 25 cm, the two-way time synchronization error uncertainty is not more than 1.44 ps. The above results show that the orbit determination error has the greatest impact on the two-way time synchronization results, followed by the phase center calibration error and the attitude error.



Based on the analysis results of the above simulation experiments, two-way time synchronization is closely related to the orbit, attitude, and phase center calibration errors. When the space-to-ground microwave link has an orbit accuracy better than 10 cm, an attitude error better than 0.02°, and a phase center calibration error within 1 mm, the new space-to-ground two-way time synchronization method proposed in this paper is used to further calculate the space-to-ground relative clock difference after performing processing and error calibration (Figure 6), while fully considering other major errors in the time synchronization process (ignoring equipment errors). After the measurement data have been processed and the error has been calibrated, the new synchronization method calculates the space-to-ground relative clock difference (Figure 6a). The space-to-ground time synchronization result (Figure 6) is then obtained, and the results show that the peak-to-peak value of the fitting residuals is better than 4 ps and the time synchronization accuracy is greater than 1.5 ps. By synthesizing the influence of various error factors on the two-way time synchronization, the abovementioned time synchronization method can achieve sub-ps-level link accuracy within the allowable error range, but the fitting residuals in Figure 6b still show a trend, which may be caused by the residual orbit errors.



From Figure 7, it can be seen that after comparing ground clocks at high resolution on a Xi’an basis using a link in the microwave domain, the link stability should reach approximately 0.7 ps after 100 s of integration. Therefore, the proposed single-frequency space-to-ground time synchronization method is effective for realizing ps-level time transfer.





4. Conclusions


This study presented a single-frequency space-to-ground time synchronization method based on a low-orbit spacecraft in a highly dynamic environment. A simulation verification platform was built by integrating actual application scenarios. The simulation data were used to verify the space-to-ground time synchronization method based on the single-frequency dual-antenna mode. The simulation data were used to verify the effectiveness of the space-to-ground time synchronization method based on the single-frequency dual-antenna mode and related error processing methods. The time synchronization results of different error factors and their influence on the time synchronization accuracy were analyzed. Based on the simulations and analysis, the following conclusions can be drawn.



Without considering equipment delay errors, the system error modeling accuracy determines the accuracy limit of the space-to-ground microwave link. When the influences of the errors involving the attitude, phase center, and orbit on the time synchronization errors are considered separately, the attitude has less influence on the two-way time synchronization errors, followed by the phase center calibration error. The POD error has the greatest impact on the two-way time synchronization error.



The control attitude error is 72 as (0.02°), the phase center calibration error is 1 mm, and the POD error is 10 cm (three-axis). Without considering other error factors, the time synchronization accuracy will be better than 1.5 ps and the TDEVof the transfer link will be approximately 0.7 ps @ 100 s after adopting the two-way time synchronization method in this paper and performing error correction, which can result in an ultrahigh-precision time synchronization between space and the ground.



As only the link level is modeled to eliminate errors and equipment measurement noise and other errors are ignored, additional disturbances and noise sources will affect the time synchronization performance. The actual time synchronization performance of the single-frequency mode may be slightly lower than the current simulation results.



Although the two-way ranging signal under the single frequency point and dual antennas can effectively eliminate the influence of the atmosphere, the safety distance between the dual antennas will introduce additional interference in the elimination of various errors. Further improvement in the method based on the structure and error correction model should be considered.
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Figure 1. Schematic diagram of the antenna installation. 
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Figure 2. Principle of space-to-ground microwave two-way (red double arrows) time synchronization. 
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Figure 3. Platform architecture of the space-to-ground time synchronization simulation verification. 
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Figure 4. (a) Largest single observation arc of F1 frequency and (b) various delay components in the signal transmission process. 
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Figure 5. Time synchronization error under different error settings. (a) The time synchronization error distribution of different attitude errors when the control phase center calibration error is 1 mm and the orbit determination error is 10 cm. (b) The time synchronization error distribution of different phase center calibration errors when the control attitude error is 0.02° (72 as) and the orbit determination error is 10 cm. (c) The time synchronization error distribution of different orbit determination errors when the control attitude error is 0.02° (72 as) and the phase center calibration error is 1 mm. 
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Figure 6. Space-to-ground time synchronization result. (a) Relative clock difference between the space clock and the ground clock. (b) Fitting residuals of the relative clock difference. 
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Figure 7. Performance objective of the space-to-ground time and frequency transfer expressed in time deviation (TDEV). 
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Table 1. Observations of the low-orbit spacecraft-ground station chain construction on 1 January 2020.
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	Arc
	1
	2
	3
	4
	5





	Chain Construction Start Time
	04:46:49
	06:24:10
	08:02:08
	09:38:54
	11:15:38



	Chain Construction End Time
	04:53:08
	06:29:42
	08:06:38
	09:44:40
	11:21:26



	Number of Epochs (s)
	380
	333
	271
	347
	359
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Table 2. Two-way time synchronization accuracy (RMS) under different attitude errors.
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	Attitude Error (as)
	0
	60
	70
	80
	90
	100





	Two-Way Time Synchronization Accuracy (ps)
	1.2732
	1.2733
	1.2822
	1.3111
	1.3167
	1.3272
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Table 3. Two-way time synchronization accuracy (RMS) under different phase center calibration errors.
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	Phase Centre Calibration Error (mm)
	0
	0.5
	1.0
	1.5
	2.0
	2.5





	Two-Way Time Synchronization Accuracy (ps)
	1.2295
	1.2776
	1.2930
	1.3102
	1.3469
	1.3860
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Table 4. Two-way time synchronization accuracy (RMS) under different orbit determination errors.
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	Orbit Determination Error (cm)
	0
	5
	10
	15
	20
	25





	Two-Way Time Synchronization Accuracy (ps)
	1.2707
	1.2825
	1.2930
	1.3495
	1.3874
	1.4352
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