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Abstract

:

The technique of carrier phase (CP), based on the global navigation satellite system (GNSS), has proven to be a highly effective spatial tool in the field of time and frequency transfer with sub-nanosecond accuracy. The rapid development of real-time GNSS satellite orbit and clock determinations has enabled GNSS time and frequency transfer using the CP technique to be performed in real-time mode, without any issues associated with latency. In this contribution, we preliminarily built the prototype system of real-time multi-GNSS time and frequency transfer service in National Time Service Center (NTSC) of the Chinese Academy of Sciences (CAS), which undertakes the task to generate, maintains and transmits the national standard of time and frequency UTC(NTSC). The comprehensive assessment of the availability and quality of the service system were provided. First, we assessed the multi-GNSS state space representation (SSR) correction generated in real-time multi-GNSS prototype system by combining broadcast ephemeris through a comparison with the GeoForschungsZentrum (GFZ) final products. The statistical results showed that the orbit precision in three directions was smaller than 6 cm for global positioning system (GPS) and smaller than approximately 10 cm for BeiDou satellite system (BDS). The root mean square (RMS) values of clock differences for GPS were approximately 2.74 and 6.74 ns for the GEO constellation of BDS, 3.24 ns for IGSO, and 1.39 ns for MEO. The addition, the GLObal NAvigation Satellite System (GLONASS) and Galileo satellite navigation system (Galileo) were 4.34 and 1.32 ns, respectively. In order to assess the performance of real-time multi-GNSS time and frequency transfer in a prototype system, the four real-time time transfer links, which used UTC(NTSC) as the reference, were employed to evaluate the performance by comparing with the solution determined using the GFZ final products. The RMS could reach sub-nanosecond accuracy in the two solutions, either in the SSR or GFZ solution, or in GPS, BDS, GLONASS, and Galileo. The frequency stability within 10,000 s was 3.52 × 10−12 for SSR and 3.47 × 10−12 for GFZ and GPS, 3.63 × 10−12 for SSR and 3.53 × 10−12 for GFZ for BDS, 3.57 × 10−12 for SSR and 3.52 × 10−12 for GFZ for GLONASS, and 3.56 × 10−12 for SSR and 3.48 × 10−12 for GFZ for Galileo.
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1. Introduction


The global navigation satellite system (GNSS) has become an effective tool in time transfer. The global positioning system (GPS) was used for comparing a remote clock with the common-view (CV) technique back in the 1980s [1,2]. In this approach, two GNSS receivers observed the common GNSS satellites to effectively eliminate some of the common errors, although most studies have proven that the CV approach can provide precision in the order of several nanoseconds [3,4]. The improvements in precise GNSS satellite orbit and clock products have led to the introduction of all-in-view (AV) and carrier-phase (CP) techniques. In the former, pseudorange measurement is still utilized, similar to the CV approach, as the pseudorange observation can directly measure the receiver clock offset between the GNSS receiver and satellite. Considering that GNSS carrier phase measurements are two orders of magnitude more precise than GNSS pseudo-range data [5,6,7,8], the GNSS carrier-phase (CP) technique has been proposed for precise time transfer with the sub-nanosecond level precision [9,10,11]. The international GNSS service (IGS) provides three latency types of satellite orbit and clock products, such as ultra-rapid, rapid, and final products [12,13,14,15]. The latter two products, although high in quality, have latencies of approximately 17 h and 13 days after the end of the preceding observation and the last day of the week, respectively. This causes most applications, such as precise positioning and time transfer, to be limited to the post-processing mode. Ultra-rapid products have significantly inferior performance as compared to those derived from measurements [16]. To meet the growing demands for real-time high-precision time transfer applications, numerous studies are being undertaken to reduce the latency level of time transfer resolution. Petit et al. [17] employed the rapid products for GPS and GLObal NAvigation Satellite System (GLONASS) to generate Rapid Coordinated Universal Time (UTCr). Defraigne et al. [18] used the IGS real-time GPS products to carry out the CP time transfer campaign in near real time with low latency.



However, little research has focused on GNSS time and frequency transfer with real-time mode, particularly, the service system with new emerging GNSS (i.e., Galileo and BeiDou satellite system (BDS)) is still not clearly established. Therefore, in this contribution, the real-time multi-GNSS time and frequency transfer service prototype system was established at the National Time Service Center (NTSC) of the Chinese Academy of Sciences (CAS), which undertakes the task to generate, maintain and transmit the national standard of time and frequency. The real-time service (RTS) of multi-GNSS satellite products is herein also analyzed, and the availability and performance of real-time UTC (NTSC) multi-GNSS time transfer is subsequently assessed.



This article is organized as follows. We begin with a brief description of the model of real-time GNSS time and frequency transfer in prototype system, particular for the SSR products of satellite orbits and clocks and real-time data processing strategies. Afterward, we present issues related to the multi-GNSS SSR products and performance of time transfer in prototype system based on the experiment. Then, we discuss the real-time data processing procedure and evaluation of real-time multi-GNSS time transfer based on the experiment. Finally, the discussion and conclusion of our study are given.




2. Model of Real-Time GNSS Time and Frequency Transfer in Prototype System


Generally, although the ionosphere-free combination of dual-frequency GNSS carrier phase and code measurements converges much more slowly due to the poorer precision of ionosphere-free code observable [19,20], it was widely employed in the area of time and frequency transfer with CP technique for its simplicity of model. The observation model for the GNSS ionosphere-free code ( P ) and the carrier phase ( Φ ), can be written as [21,22,23]


        P   =   ρ   +   c   ⋅     d  t r    −   d  t s      +   T   +    ε P        Φ   =   ρ   +   c   ⋅     d  t r    −   d  t s      +   T   +   N   +    ε Φ         



(1)




where  ρ  is the geometric distance receiver-satellite;  N  is the phase ambiguity;   d  t s    denotes the satellite clock offset;  T  is the tropospheric delay;    ε P    and    ε Φ    are the ionosphere-free noise for ionosphere-free code and carrier phase, respectively; and   d  t r    denotes the receiver clock offset. The hardware delay-induced GNSS receiver, antenna, and corresponding cables can be calibrated as a whole parameter [24,25]. Therefore, we can consider the unknown parameters in Equation (1), which are written as:


   X ¯    =       x , y , z , d  t r  ,  T  t r o p   , N    T   



(2)




where the receiver clock offsets the clock difference between external atomic clock and GNSS timescale (GNSST) [26], which can be expressed as:


  d  t r A    =   T i m e  A    −   G N S S T  



(3)







A time transfer operation between the two atomic clocks, Time(A) and Time(B), connected to their GNSS receivers, is called a time link, which is denoted as Time(A) − Time(B), the operation of time transfer can be written as:


  T i m e  A    −   T i m e  B    =   d  t r A    −   d  t r B   



(4)







2.1. SSR Products of Satellite Orbits and Clocks


Currently, the practice of accessing GNSS data and differential correction using the Networked Transport of Radio Technical Commission for Maritime Services (RTCM) through Internet Protocol (NTRIP) [27] is widely used in numerous applications. The IGS analysis centers (ACs) have provided SSR format correction for real-time products [28,29], of which the refereeing is the International Terrestrial Reference Frame 2008 (ITRF08). Therefore, the NTSC of the Chinese Academy of Sciences (CAS) has also generated and broadcasted real-time precise orbits and a clock correction with the SSR format. Since the orbit correction is written as three directions with satellite-fixed coordinate system, it should be converted to Earth-centered Earth-fixed reference frame (ECEF) system during the data processing. Regarding the clock correction, this is considered as an offset to the broadcast satellite clock. As the SSR correction of the orbit and clock refers to broadcast navigation data, one should be compatible with the current navigation message with issue of the data   I O D E   during the time and frequency data processing. Therefore, the SSR correction parameters can be summarized as follows:


   Δ  S S R      t 0  ,   I O D E     =     δ  O r  , δ  O a  , δ  O c  , δ   O ˙  r  , δ   O ˙  a  , δ   O ˙  c  ,  C 0  ,  C 1  ,  C 2     



(5)




where   I O D E   denotes the issue of the data, and   ( δ  O r  , δ  O a  , δ  O c  )   and   ( δ   O ˙  r  , δ   O ˙  a  , δ   O ˙  c  )   are the correction and the change rate at time    t 0    in the three satellite-fixed coordinate system components, respectively. Furthermore,   (  C 0  ,  C 1  ,  C 2  )   denotes the polynomial coefficients for calculating clock correction.



The SSR correction of satellite orbit is applied as following procedures [30,31]:



First, the orbit corrections at epoch  t  are calculated as follows:


  δ O   =         δ  O r        δ  O a        δ  O c          +         δ   O ˙  r        δ   O ˙  a        δ   O ˙  c          t   −    t 0     



(6)







Thereafter, the coordinate system is transformed to ECEF corrections as follows:


  δ X   =          e r       e a       e c        δ O  



(7)




where    e a    =     r ˙     r ˙      ,    e c    =     r   ×    r ˙        r   ×   r  ˙       , and    e r    =    e a    ×    e c   . Finally, the precise orbits,  X , with broadcast orbits,    X b    are determined as follows:


  X   =    X b    −   δ X  



(8)







The precise clock corrections can be determined at epoch  t  as:


  δ k   =    C 0    +    C 1    t   −    t 0      +    C 2      t   −    t 0     2   



(9)






  t   =    t b    −     δ k  c   



(10)








2.2. Structure of Real-Time Prototype System


During data processing, the real-time multi-GNSS observation streams in the IGS and Multi-GNSS Experiment (MGEX) are collected to generate real-time precise orbit and clock products in the prototype system of real-time multi-GNSS time and frequency transfer service in NTSC. The multi-GNSS products were distributed through the internet, based on the SSR format. The SSR correction, combined with the corresponding individual GNSS broadcast ephemeris, was used to recover the precise satellite orbit and clock, which were then transmitted to the GNSS time transfer software (PTTSol) [32,33]. The real-time GNSS data of at least of two stations with time and frequency references were also collected using NTRIP caster software. Generally, one of the two stations can be connected to the time and frequency reference UTC(k) in a time laboratory, which is well maintained and has participated in UTC computation in the International Bureau of Weights and Measures (BIPM) [34,35]. Here, k refers to the abbreviation of time laboratory in BIPM. All the prerequisites were met when the real-time raw GNSS data for time and frequency transfer were collected; these were then used in the GNSS time transfer software. The prototype system of real-time GNSS time transfer service in NTSC is briefly summarized in Figure 1, which mainly includes three parts. The part 1 is the real-time orbit and clock determined block, of which the main functions are collecting the real-time global GNSS station observation data, real-time satellite orbit and clock determination in satellite-fixed coordinate system. Part 2 is the real-time satellite orbit and clock recovery block, of which the coordinate system is an ECEF system. The last part is the time and frequency transfer block, when combining the real-time satellite products and user’s GNSS data, the solution of real-time time transfer can be determined. Table 1 details the data processing strategies used in this part.





3. Results


3.1. Multi-GNSS SSR Products in Prototype System


As GNSS satellite products are primary prerequisites for time transfer, which slightly affects the capacity of the system service, we first assessed the quality of real-time multi-GNSS SSR products in prototype system by referencing to the GFZ final precise product, available from GFZ for day of year (DOY) 346–349, 2019. The real-time streams of observation data of IGS/MGEX ground tracking stations distributed in most of the areas of the world were collected via NTRIP caster software in RTCM format. Most stations can track GPS signals; however, the number of stations that can receive BDS, GLONASS, and Galileo is limited. Raw data from approximately 86 stations were used during this period, and all these stations could track GPS satellite signals, and most stations are able to track GLONASS (81). Approximately 73 and 55 stations are available for the Galileo, and BeiDou, respectively. The locations of the stations are depicted in Figure 2.



Figure 3 and Table 2 show the average root mean square (RMS) in the three components of orbits calculated for real-time multi-GNSS, with reference to the GFZ’s final products. The limited tracking stations for BDS leads to its low accuracy for orbits. For GLONASS, the orbit accuracy was lower than that of GPS, owing to its float ambiguity resolution.



The RMS and STD of the real-time clock products compared to the GFZ final products were employed as the indicator to assess the clock performance. The former reflects the compliance of the clock correction, while the latter represents the precision of the clock. Figure 4 and Table 2 present the average RMS and STD values for each satellite from DOY 346 to 349 in 2019. The average RMS values of GPS satellites are under 4 ns.




3.2. Evaluation of Real-Time GNSS Time Transfer


Five stations that can track multi-GNSS signals were collected to assess the performance of time transfer service in the NTSC prototype system. Two of these stations were equipped with cesium clocks, one was hydrogen clock and the last one was crystal clock steered to a hydrogen maser, which was placed in a different room. Station NTP3 was connected to the time and frequency reference UTC(NTSC); it was traceable to UTC within 5 ns for the past two years. Therefore, four time links were established, and UTC(NTSC) was selected as the reference. Detailed information of the stations used is provided in Table 3. In order to assess the performance of the prototype system for real-time GNSS time transfer service, we also employed the GFZ final satellite products to determine the time and transfer result, of which the solution denotes as “GFZ” solution, while the solution in the prototype system is denoted as “SSR” solution, hereafter, in this paper. Notably, the RMS values of the smooth residuals and frequency stability were numerical evaluation indicators in the area of time transfer.



3.2.1. GPS


Figure 5 depicts the GPS time transfer results for SSR and GFZ solutions. Notably, the variations in time transfer for both the solutions at all four time links show good consistency, although different types of atomic clocks were used. This indicates that real-time SSR products can be effectively employed in the domain of time transfer.



For the noise levels of the different time links, the RMS values of the smooth residuals of GPS result are provided in Table 4. These RMS values reached the sub-nanosecond level of accuracy for both solutions. The RMS in HOB2–NTP3 and NNOR–NTP3 are significantly smaller than the other two time links. This is likely because they are equipped with different types of atomic clocks; the former two use a hydrogen maser, whereas the latter two use a cesium clock Furthermore, the SSR solutions reached 0.500 ns for those time links, which is slightly lower than the GFZ solutions (0.0491 ns).



Figure 6 shows the Allen deviation (ADEV) values of the two solutions. The SSR solution exhibits slightly worse performance as compared to the GFZ for the four time links, particularly when the average time intervals are within 10,000 s. The corresponding mean values for the four time links were determined: (2.88, 2.71) × 10−12 for (SSR, GFZ) at the GMSD–NTP3 time link, (8.08, 8.09) × 10−12 for (SSR, GFZ) at YARR–NTP3, (8.32, 7.46) × 10−13 for (SSR, GFZ) at HOB2–NTP3, for (SSR, GFZ) at the NNOR–NTP3 time link, respectively, and (2.29, 2.34) × 10−12.




3.2.2. BDS


Figure 7 shows the time transfer results using BDS observation for the two solutions. One can note that both the SSR and GFZ products can provide reliable time transfer results. The variations in the time transfer during the entire experiment show good consistency at all four time links. The RMS values of the smoothed residual are summarized in Table 5. The character of the RMS among the different time links for the two solutions is generally similar at the nanosecond level of accuracy. Furthermore, the RMS in the two cesium clock time links is larger than that of the two time links with hydrogen masers. The mean RMS values were 0.515 ns for the SSR solutions and 0.507 ns for the GFZ solutions.



Figure 8 shows the frequency stability for the two solutions. The SSR solution showed inferior performance as compared to GFZ, and the average stability values within 10,000 s were (2.95, 3.01) × 10−12 for (SSR, GFZ) at GMSD–NTP3; (8.09, 8.07) × 10−12 for (SSR, GFZ) at YARR–NTP3; (1.16, 0.766) × 10−12 for (SSR, GFZ) at HOB2–NTP3; and (2.33, 2.26) × 10−12 for (SSR, GFZ) for NNOR–NTP3, respectively.




3.2.3. GLONASS


Figure 9 shows the time transfer results using GLONASS observation for the two solutions. Similar trends were observed for the SSR and GFZ solutions, although they were equipped with different types of atomic clocks. Similarly, the RMS values of the smoothed residuals of the two solutions are summarized in Table 6. For these time links, the RMS in the SSR solutions are slightly lower than in the GFZ, and the averaged RMS values were 0.504 ns, 0.494 ns for the SSR and GFZ solutions, respectively. Furthermore, by comparing the GPS and BDS results, the RMS values in GLONASS are generally higher than BDS but lower as compared to GPS.



Figure 10 provides the frequency stability comparison for the two solutions in GLONASS. Similarly, the SSR values are in good agreement with the GFZ solution at different time intervals of the different time links, although the performance of SSR is slightly inferior as compared to the GFZ solution. The average stability values within 10,000 s were (2.86, 2.87) × 10−12 for (SSR, GFZ) at GMSD–NTP3; (8.08, 8.06) × 10−12 for (SSR, GFZ) at YARR–NTP3; (7.69, 7.62) × 10−13 for (SSR, GFZ) at HOB2–NTP3; and (2.56, 2.38) × 10−12 for (SSR, GFZ) at NNOR–NTP3, respectively.




3.2.4. Galileo


Figure 11 illustrates the results using Galileo observation for the SSR and GFZ solutions at all four links. Both the SSR and GFZ solutions can provide the time transfer result, and their variations show good consistency at the four different time links, although different types of atomic clocks were used. Table 7 gives the RMS values, and they are analogous, although the averaged values were 0.510 and 0.497 ns for SSR and GFZ solutions, respectively.



Figure 12 shows the frequency stability comparison using Galileo observation between the two solutions. The SSR shows better agreement with the GFZ solution at different time intervals, although the performance of the SSR solution was slightly inferior as compared to the GFZ solution. The average stability values within 10,000 s were (2.93, 2.85) × 10−12 for (SSR, GFZ) at GMSD–NTP3, (8.09, 8.07) × 10−12 for (SSR, GFZ) at YARR–NTP3, (8.15, 7.57) × 10−13 for (SSR, GFZ) at HOB2–NTP3, and (2.29, 2.25) × 10−12 for (SSR, GFZ) for the NNOR–NTP3 time links, respectively.






4. Discussion


The real-time time and frequency transfer is essential for UTC comparison and traceability services. At present, few studies have focused on the GNSS time and frequency transfer with real-time mode, particularly for BDS and Galileo system. Therefore, the prototype system of a real-time multi-GNSS time and frequency transfer service was preliminarily established in NTSC. We first introduced the basic structure of prototype system and analyzed its performance from real-time satellite products and real-time multi-GNSS time transfer.



For the satellite orbit and clock products, the RMS and STD of satellite orbit and clock in prototype system is given in Figure 3 and Figure 4 by comparing the GFZ final satellite products. The mean values of RMS and STD of the orbit and clock are also summarized in Table 2.



In order to further verify the stability and the precision of the real-time multi-GNSS time and frequency transfer in the prototype system, four time links referring UTC(NTSC) were established. The GPS, BDS, GLONASS and Galileo time transfer results are given in Figure 5, Figure 7, Figure 9 and Figure 11, respectively. The characters of time transfer in a prototype system solutions are similar to the GFZ solutions with final satellite products. In the numerical statistical indicators of noise level (Table 4, Table 5, Table 6 and Table 7) and frequency stability (Figure 6, Figure 8, Figure 10 and Figure 12), the values were in good agreement, although the relative precision of individual GNSS solution and stability of the individual clocks varied considerably. This means that the results in the prototype system of real-time multi-GNSS time and frequency transfer service in NTSC is available and credible, which can provide the little latency time transfer service (only network communication delay) with a sub-nanosecond accuracy level.



This study proposes only the first step of this research, and several topics still require further investigation in our near future work, for example: how to combine the four GNSSs in real-time mode for time and frequency transfer in the prototype system; how to provide the carrier phase ambiguity resolution service for time users; and how hardware calibrates in the time link based on multi-system time and frequency transfer.




5. Conclusions


The prototype system of real-time multi-GNSS time and frequency transfer service was preliminarily established in NTSC, of which the time and frequency reference UTC(NTSC) is traceable to UTC. The real-time experimental results show that the performances in the prototype system are comparable to the GFZ final solution. Conclusions can be summarized as follows:




	(1)

	
Regarding the satellite orbit products, GPS solution in prototype system performed the best in the averaged RMS values in the three directions when compared to the BDS, GLONASS, and Galileo systems. For the available satellites, the mean values were 5.07 cm for GPS, 212 cm for the GEO constellation of BDS, 9.39 cm for the IGSO and MEO constellations of BDS, 9.57 cm for GLONASS, and 10.35 cm for Galileo.




	(2)

	
For the clock products in the prototype system, the mean RMS values for all the satellites were 2.74 ns for GPS, 6.74 ns for the GEO constellation of BDS, 3.24 ns for IGSO, and 1.39 ns for MEO. The mean value for GLONASS was 4.34 ns, whereas that of Galileo was 1.32 ns.




	(3)

	
With respect to the time transfer service, the RMS values of the smoothed residuals at all time links could reach the sub-nanosecond accuracy level, regardless of whether the prototype system or GFZ solution was used, in GPS, BDS, GLONASS, and Galileo. Overall, the prototype system solutions are similar to that of GFZ regarding the noise level of the time link. For the ADEV of the time links, the characters of the prototype system solution are also equivalent to that of GFZ at different time intervals for the four time links. The frequency stability within 10,000 s was 3.52 × 10−12 for SSR and 3.47 × 10−12 for GFZ and GPS. For the four time links, it was 3.63 × 10−12 for SSR and 3.53 × 10−12 for GFZ for BDS, 3.57 × 10−12 for SSR and 3.52 × 10−12 for GFZ for GLONASS, and 3.56 × 10−12 for SSR and 3.48 × 10−12 for GFZ for Galileo.
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Figure 1. Prototype system of real-time multi-GNSS time transfer service. 
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Figure 2. Distribution of real-time GNSS stations in NTSC time and frequency transfer prototype system for products determine. 
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Figure 3. Average RMS of orbits in three directions, calculated for real-time multi-GNSS compared to GFZ’s final products: (a) GPS; (b) BDS; (c) GLONASS; (d) GALILEO. 
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Figure 4. Average RMS and STD values real-time calculation compared with GFZ final products for DOY 346 to 349, 2019. (a) GPS; (b) BDS; (c) GLONASS; (d) Galileo. 
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Figure 5. GPS results for SSR and GFZ solutions. 
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Figure 6. GPS Allan deviation (ADEV) for SSR and GFZ solutions. 
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Figure 7. BDS results for SSR and GFZ solutions. 
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Figure 8. BDS Allan deviation (ADEV) for SSR and GFZ solutions. 
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Figure 9. GLONASS results for SSR and GFZ solutions. 
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Figure 10. GLONASS Allan deviation (ADEV) for SSR and GFZ solutions. 
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Figure 11. Galileo results for SSR and GFZ solutions. 
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Figure 12. Galileo Allan deviation (ADEV) for SSR and GFZ solutions. 
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Table 1. The models and strategies adopted in the real-time GNSS prototype system.
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	Item
	Models/Strategies





	Observations
	Pseudorange and carrier phase observation



	Constellations and Frequency
	BDS(B1/B2), GPS(L1/L2), Galileo(E1/E5a),GLONASS(L1/L2)



	Satellite orbit and clock
	Real-time GNSS products derived from NTSC



	Cycle slip of carrier phase
	Geometry-free (GF) + Hatch–Melbourne–Wübbena (HMW)



	Tropospheric delay
	Initial model(Saastamoinen) + random-walk process [36]



	Priori standard deviation
	0.3 m (Pseudorange), 0.003 m(Carrier phase) [37,38,39]



	Phase wind-up
	Model-corrected



	Receiver clock offset
	Estimated as white noise [40]



	Tidal effects
	Solid tide, pole tide, ocean loading



	Phase ambiguities
	Float solution [41]



	Estimator
	Least square estimation in sequential mode
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Table 2. Mean values of RMS and STD of orbit and clock determination.
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GNSS

	
Orbit

	
Clock




	
RMS (cm)

	
RMS (ns)

	
STD (ns)






	
GPS

	
5.07

	
2.74

	
0.35




	
BDS(GEO)

	
212.20

	
6.74

	
0.55




	
BDS(IGSO)

	
10.27

	
3.24

	
0.31




	
BDS(MEO)

	
8.50

	
1.39

	
0.24




	
GLONASS

	
9.57

	
4.34

	
0.42




	
Galileo

	
10.35

	
1.32

	
0.30
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Table 3. Detailed information about the five stations.






Table 3. Detailed information about the five stations.





	Name
	Receiver
	Antenna
	Frequency Standard
	Location





	NPT3
	Sept Polarx4TR
	SEPCHOKE_MC
	UTC(NTSC)
	34.37°N, 109.22°E



	GMSD
	Trimble NetR9
	TRM59800
	Cesium
	30.56°N, 131.02°E



	YARR
	Sept Polarx5
	LEIATT504
	Cesium
	29.05°S, 115.35°E



	HOB2
	Sept Polarx5
	AOAD
	H-maser
	42.80°S, 147.44°E



	NNOR
	Sept Polarx5TR
	SEPCHOKE_B3E6
	Slaved Crystal
	31.05°S, 116.19°E
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Table 4. RMS of GPS results for the time links (ns).
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	GPS Solutions
	GMSD–NTP3
	YARR–NTP3
	HOB2–NTP3
	NNOR–NTP3





	SSR (ns)
	0.939
	0.638
	0.224
	0.200



	GFZ (ns)
	0.908
	0.634
	0.221
	0.200
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Table 5. RMS of BDS results for the time links (ns).
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	BDS Solutions
	GMSD–NTP3
	YARR–NTP3
	HOB2–NTP3
	NNOR–NTP3





	SSR (ns)
	0.955
	0.639
	0.260
	0.205



	GFZ (ns)
	0.963
	0.636
	0.228
	0.203










[image: Table] 





Table 6. RMS of GLONASS results for the time links (ns).
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	GLONASS Solutions
	GMSD–NTP3
	YARR–NTP3
	HOB2–NTP3
	NNOR–NTP3





	SSR (ns)
	0.934
	0.643
	0.222
	0.216



	GFZ (ns)
	0.913
	0.633
	0.226
	0.204
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Table 7. RMS of Galileo results for the time links (ns).
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	Galileo Solutions
	GMSD–NTP3
	YARR–NTP3
	HOB2–NTP3
	NNOR–NTP3





	SSR (ns)
	0.945
	0.648
	0.231
	0.217



	GFZ (ns)
	0.936
	0.636
	0.223
	0.194
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