Earth, Planets and Space© The Author(s) 2024
https://doi.org/10.1186/s40623-024-02033-4

Full paper

Satellite orbit determination and time synchronization using GPS single-frequency observables in low and high solar activities

Tzu-Pang Tseng1  , Wen-Hao Yeh2, Yung-Fu Tsai2, Tung-Yuan Hsiao3, Yi-Hsuan Tsai1, Pei-Jung Kuo1, Kun-Lin Chen2 and Yu-Shen Hsiao4
(1)Department of Geomatics, National Cheng Kung University, 1, University Road, Tainan, 701, Taiwan

(2)Taiwan Space Agency, Hsinchu, Taiwan

(3)Accelerator Lab., Nuclear Science and Technology Development Center, National Tsing Hua University, Hsinchu, Taiwan

(4)Department of Soil and Water Conservation, National Chung Hsing University, Taichung, Taiwan

 

 
Tzu-Pang Tseng
Email: tzupangtseng@gs.ncku.edu.tw
Email: tzupang.tseng@gmail.com



Received: 30 January 2024Accepted: 12 June 2024Published online: 28 June 2024
Abstract
We assess the orbit accuracy and time synchronization error using the L1 and C1 observables during the different solar activities. In general, GPS single-frequency (SF) observable can be used for commercial applications in satellite industry. The accuracy of satellite orbit determination using the SF observations is dominated by solar activities. The solar activities are indexed by the F10.7 value. The different solar activities lead to the ionosphere perturbation, triggering off the occurrence probability of ionospheric irregularities. The ionospheric irregularity affects the amplitude and phase of GPS signal. The affected amplitude and phase are indexed by the S4 value. We determine the GRACE satellite orbit using the SF GPS observations and compare the resulting orbit to that derived by dual-frequency observations for the effectiveness. The SF phase data are very sensitive to the variation in electron density and indirectly affects both the orbit accuracy and the time synchronization error. This is most likely caused by the phase ambiguity disturbed by the ionosphere. However, the C1 is relatively free from such a disturbance due to the strong signal-to-noise ratio (SNR) and the phase shift keying technique. The C1 performs the consistent solution over the low and high solar activities. However, this is not the case for the L1. The L1-derived orbit solution during the high solar activities is worse than that during the low solar activities. On the other hand, the time synchronization errors derived by the L1 and C1 are also different. The L1-derived time synchronization error has a relatively large perturbation as compared to the C1-derived one, which shows a consistent solution for a long-term period. This work suggests that the C1 observable is able to produce a consistent the orbit solution and time synchronization for the commercial applications of the satellite industry.
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1 Introduction
Low earth orbit (LEO) Satellite industry has rapidly grown in the past decade. A variety of applications using the LEO satellites has been developed, ranging from the Earth observation, e.g., FORMOSAT-3/COSMIC and FORMOSAT-7/COSIMC-2 missions for atmospheric sciences and the GRACE mission for satellite geodesy, to the broadband connectivity service, e.g., OneWeb and Starlink. In addition, a LEO satellite network combining with a terrestrial 5G network is proposed for the future mobile communications (Kodheli et al. 2017; Guidotti et al. 2017; Ruan et al. 2018; Giambene et al. 2018; Kato et al. 2019). Such a non-terrestrial network requires both the orbit and the time synchronization information for the LEO satellite communication (SatCom) application.
For science-oriented satellites, the mission requirement of the positioning is more demanding and a dual-frequency receiver is equipped. However, this is not the case for the commercial satellites, which are mostly equipped with a GPS single-frequency (SF) receiver. In general, the GPS tracking data from the onboard receiver can be used for precise orbit determination (POD), which can be fulfilled using two approaches: kinematic approach and reduced-dynamic approach (Hwang et al. 2009; Tseng et al. 2017). The former is based on geometry approach, indicating that no force models are involved in the orbit determination. Conversely, the latter combines the GPS observations with the force models in the orbit determination procedure. Such a reduced-dynamic orbit solution produces a smoother orbit than a kinematic orbit solution does. In this sense, the reduced-dynamic orbit can compensate the orbit gaps happened to the kinematic orbit (Tseng et al. 2014). Such gaps are mostly associated with the number of satellites in view, e.g., less than 4. In comparison, the reduced-dynamic orbit is relatively continuous and is thus more favorable.
On the other hand, the time synchronization is part of the orbit determination and its error is dominated by the quality of the clock onboard the LEO satellite, namely clock stability (Tseng et al. 2014). Precise time synchronization is implemented by using the GPS clock correction in the orbit determination procedure in connection to the well-defined GPS time, which has an offset (namely leap seconds) with the Coordinated Universal Time (UTC). The offset information can be obtained from the GPS broadcast ephemeris. In a case of the SatCom application, the LEO satellite is regarded as a space relay terminal whose orbit and time synchronization are essential. The LEO orbit and time information can be integrated in a broadcast ephemeris format and then transmit to users for location and time estimations (Wang et al. 2021). This suggests that the LEO satellite as a space relay terminal requires the precise orbit and time synchronization information. For the time synchronization of the 5G communication, the end-to-end absolute time error is expected within ± 130 ns in support to a 260 ns time error of the signal propagation (Li et al. 2017; Mahmood et al. 2019).
However, the satellite orbit determination using the GPS SF observation is challenging due to the ionosphere activities. The GPS SF signal is very sensitive to the variation of ionospheric electron density, which is associated with the solar activities. The variation of the ionospheric electron density is mainly retrieved by the radio occultation technique (Kursinski et al. 1997). The drastic gradient variation of the ionospheric electron density along the signal path causes the ionospheric scintillation, which is indexed by S4 value. Liu et al. (2016) demonstrated that the S4 index becomes more intensive over altitudes of 400–600 km during the high solar activities than that during the low solar activities.
In the SF data processing, the group and phase ionosphere correction (GRAPHIC) combination is used to mitigate the first-order ionosphere and is widely applied to satellite navigation and satellite orbit determination (Yunck 1996; Montenbruck and Ramos-Bosch 2008; Bock et al. 2009a). Although the first-order ionosphere is removed from such a combination, the unknown phase ambiguity is introduced, leading to the absolute time that is not able to be directly accessed. This is because the high correlation between the ambiguity parameters and clock parameters. For the SatCom or 5G communication application, accessing the absolute time is crucial for connecting the UTC (Li et al. 2017; Mahmood et al. 2019).
The objective of this work is to provide a consistent solution of satellite orbit and clock during the different solar activities. We use GRACE satellite as a case study to conduct the SF-derived orbit solution and time synchronization during different solar activities. The GRACE satellite is capable of receiving dual-frequency GNSS observables that can be used to derived a reference orbit for assessing the SF orbit solution. Besides, the GRACE satellite mission covers a long period from 2002 to 2016. Such a period is just between the 23rd solar cycle and the 24th solar cycle (Tseng et al. 2017). In Sect. 2, the fundamental theory of the POD using the GPS measurements is introduced. Electron density profiles in 2007 and 2012 is compared in Sect. 3. We also present a comparison between the SF-derived orbit solution of GRACE satellites in the 23rd solar cycle and the 24th solar cycle, as shown in Sect. 4. In addition, a comparison of the time synchronization errors during the different solar activities is targeted for the SatCom application in Sect. 5. The conclusion is given in Sect. 6.

2 POD data processing
In this section, we briefly introduce the concept of the POD using the GPS SF measurements. In practice, an initial orbit [image: $${{\varvec{r}}}_{0}$$] is obtained the solution of the equation of satellite motion using the numerical integration. The equation of satellite motion is simply expressed with[image: $$\ddot{{\varvec{r}}}={\ddot{{\varvec{r}}}}_{0}+{\ddot{{\varvec{r}}}}_{{\varvec{P}}},$$]

 (1)


where [image: $$\ddot{{\varvec{r}}}$$] denotes the total acceleration acting on the satellite; [image: $${\ddot{{\varvec{r}}}}_{0}$$] denotes the acceleration caused by the attraction of the Earth’s center of mass; [image: $${\ddot{{\varvec{r}}}}_{{\varvec{P}}}$$] denotes the acceleration caused by all potential perturbing forces, such as the inhomogeneous mass distribution of the Earth, N-body attraction, tidal effect, relativistic effects, and the non-gravitational forces, such as the solar radiation pressure and the air drag.
Table 1 summarizes both the GPS measurement models and the force models used in the SF POD of GRACE. The GRACE satellite orbit altitude is approximate to 450 km. In order to mitigate the ionosphere effect on the SF observation, we used the global ionosphere model (GIM) from CODE (Center for Orbit Determination in Europe) (Dach et al. 2015). Besides, the P1-C1 differential code bias (DCB) is applied to the SF POD. The EGM2008 is used as the a priori Earth’s gravity field model for modelling the effect caused by the inhomogeneous mass distribution of the Earth (Pavlis et al. 2012). The JPL DE430 ephemeris is used for N-body effect. The standard models for both the tidal and the relativistic effects follow the recommendations of the IERS Conventions 2010. In addition, the relativistic correction is mainly based on the Schwarzschild correction. The non-gravitational forces are mainly associated with the satellite cross-sectional areas and satellite attitude control, which are difficult to be precisely modeled. Therefore, we use the stochastic pulses to model such non-gravitational forces or an instantaneous change of the accelerations. The satellite initial state vector, empirical parameters together with the stochastic pulses are estimated in the reduced-dynamic orbit determination procedure.Table 1Summary of GPS measurement and dynamic models used in SF POD of GRACE satellite


	Items
	 
	GPS measurement model
	Single-frequency measurement: C1 code and L1 phase

	Ionospheric correction: CODE GIM model

	P1-C1 differential code bias

	GRACE PCOs + PCVs, igs08.atxa

	CODE GPS final orbitb and clockc

	0.1 Hz sampling rate

	Attitude information
	Attitude quaternions

	Gravitational models
	EGM2008 (120 [image: $$\times$$] 120)d

	Solid Earthe, Ocean tidesf and pole tides (IERS2010, FES2004)

	Schwarzschild correction

	JPL DE430

	Non-gravitational models
	No air drag model

	No radiation pressure model

	Empirical parameters: 240 stochastic pulses in RTNg


aRebischung et al. (2012)
bDach et al. (2009)
cBock et al. (2009b)
dPavlis et al. (2012)
ePetit and Luzum (2010)
fLyard et al. (2006)
gRadial, tangential, normal



In general, the reduced-dynamic orbit determination mainly combines the force models with the GNSS measurements, where the GNSS measurement is used to constrain the orbit solution. The reduced-dynamic orbit is determined by a number of GNSS measurements that is dependent with the satellite initial state vector and force parameters (Beutler et al. 2006). The reduced-dynamic approach using the GNSS measurements can be expressed as follows:[image: $$\user2{l}\left( {\user2{r}\left( t \right)} \right) + \user2{v}\left( {\user2{r}\left( t \right)} \right) = \user2{l}\left( {\user2{r}_{0} \left( t \right)} \right) + \mathop \sum \limits_{{i = 1}}^{n} \frac{{\partial \user2{l}(\user2{r}_{0} \left( t \right))}}{{\partial \user2{Z}_{i} }} \cdot \left( {\user2{Z}_{i} - \user2{Z}_{{0,i}} } \right)$$]

 (2)


where [image: $${\varvec{l}}\left({\varvec{r}}\left(t\right)\right)$$] denotes the GNSS measurement l received in the orbit position r of the LEO satellite at time t, v denotes the measurement residual, [image: $${{\varvec{r}}}_{0}\left(t\right)$$] denotes the initial orbit obtained from the solution of equation of the satellite motion, Z denotes the unknown parameter vector, Z0 denotes the initial values of the unknown parameters and the index i denotes the number of the unknown parameters; [image: $$\partial {{\varvec{l}}({\varvec{r}}}_{0}(t))/\partial {{\varvec{Z}}}_{{\varvec{i}}}$$] is obtained from the solution of the variational equations.
As a final remark, the reduced-dynamic orbit can compensate those orbital gaps caused by the insufficient number of satellites in view, e.g., less than four satellites. In that case, the reduced-dynamic approach still can synchronize the time between the satellite and the ground user-end for the SatCom application. This is because the reduced-dynamic approach combines the force models with the GNSS ranging measurement which constrains the orbit solution to some extent, resulting in a stable orbit. In the following, we discuss the impact of the different solar activities on the SF POD.

3 Electron density profiles in 2007 and 2012
The electron density is highly correlated with the solar activities, which is generally indexed by Kp index and F10.7 solar flux. The former is effective mostly for an orbit altitude below 200 km, e.g., GOCE satellite (Strugarek et al. 2019). However, for an orbit altitude of 450 km, e.g., GRACE, the F10.7 solar flux is the major factor affecting the ionosphere activities. Such an index is used to account for radio emission measurements from the Sun at a 10.7 cm wavelength. Figure 1 shows the 23rd solar cycle and the 24th solar cycle of F10.7 solar flux. The F10.7 Data download link is referred to https://​spdf.​gsfc.​nasa.​gov/​pub/​data/​omni/​low_​res_​omni/​. In this work, we select two periods, DOY 273–279, 2007 and DOY 200–206, 2012, to assess the impact of the ionosphere associated with different solar activities on the SF POD of GRACE satellites. In Fig. 1, the F10.7 index over the first period of DOY 273–279, 2007 is on average about 70. In comparison, the second period of DOY 200–206, 2012 is approximate to 120, which is higher than the first period by 50. Such a difference in F10.7 may lead to different electron density profiles, indirectly affecting the SF POD solution.[image: ]
Fig. 1Solar activities indexed by F10.7 over nine years, starting from 2005. This figure shows the F10.7 variations in 23rd and 24th solar cycles. Two periods of GRACE data are selected as shown in the green bar for a comparison of electron density profiles and its impact on the orbit determination


The electron density profiles can be effectively derived from the radio occultation (RO). The RO products used in this work are collected from Taiwan Radio Occultation Process System (TROPS) (Yeh et al. 2022). The GPS signal is affected by the ionosphere, which causes a delay mainly resulted from the integration of the electron density along the signal path. Such an ionosphere delay is frequency-dependent and is related to the total electron content (TEC), which can be estimated using the geometry-free linear combination of the dual-frequency code measurements [image: $${TEC}_{C}$$] and phase measurements [image: $${TEC}_{p}$$], respectively (Yeh et al. 2022):[image: $${TEC}_{C}=\frac{1}{40.31}\left(\frac{{f}_{1}^{2}{f}_{2}^{2}}{{f}_{1}^{2}-{f}_{2}^{2}}\right)\left[\left({P}_{2}-{P}_{1}\right)-\left(\Delta {b}_{c}^{S}+\Delta {b}_{c}^{r}\right)\right]+{\varepsilon }_{c},$$]

 (3)


[image: $${TEC}_{L}=\frac{1}{40.31}\left(\frac{{f}_{1}^{2}{f}_{2}^{2}}{{f}_{1}^{2}-{f}_{2}^{2}}\right)\left[\left(L1-L2\right)-\left({\lambda }_{1}{N}_{1}-{{\lambda }_{2}N}_{2}\right)-(\Delta {b}_{L}^{S}+ \Delta {b}_{L}^{r}) \right]+{\varepsilon }_{L},$$]

 (4)


where P1 and P2 denotes the code measurement of the frequency L1 and L2, respectively; L1 and L2 denotes the phase measurement of the frequency L1 and L2, respectively; [image: $${f}_{1}$$] and [image: $${f}_{2}$$] denotes the frequency of L1 and L2, respectively; [image: $${\lambda }_{1}$$] and  [image: $${\lambda }_{2}$$] denotes the wavelength of L1 and L2, respectively; [image: $${N}_{1}$$] and [image: $${N}_{2}$$] denotes the ambiguity of L1 and L2, respectively; [image: $$\Delta {b}_{c}^{S}$$] and [image: $$\Delta {b}_{c}^{r}$$] denotes the differential code bias (DCB) at the satellite end and at the receiver end, respectively; [image: $$\Delta {b}_{L}^{S}$$] and [image: $$\Delta {b}_{L}^{r}$$] denotes the phase bias at the satellite end and at the receiver end, respectively; [image: $${\varepsilon }_{c}$$] and [image: $${\varepsilon }_{L}$$] denotes the noise of code and phase measurements, respectively.
The electron density profiles are well retrieved using the FORMOSAT-3/COSMIC RO products (Yeh et al. 2022). We use Eqs. (1) and (2) to estimate the TEC between FORMOSAT-3/COSMIC satellites and GPS satellites over the two time spans: DOY 273–279, 2007 and DOY 200–206, 2012. The electron density profile derived by the RO technique is mainly based on the Abel transform (Phinney and Anderson 1968), which assumes that the ionosphere is spherically symmetrical. In general, an RO event lasts for a few minutes and can be used to derive the ionospheric electron density profile using the TEC, as follows (Schreiner et al. 1999):[image: $$\text{N(}{h}_{t}\text{)=-}\frac{1}{\pi }{\int }_{{h}_{t}}^{{h}_{LEO}}\frac{dTEC/dp}{\sqrt{{p}^{2}-{h}_{t}^{2}}}dp,$$]

 (5)


where N is the electron density; dTEC is the difference between a LEO-GPS link and its reference link; [image: $${h}_{t}$$] is the altitude of the tangent point; [image: $${h}_{LEO}$$] is the satellite orbit altitude; p is the altitude of the middle point between the LEO orbit altitude and the altitude of the tangent point. The ionospheric electron density profile is retrieved along the occultation path of the tangent point.
Figure 2 shows the mean electron density profiles in DOY 273–279, 2007 (blue) and DOY 200–206, 2012 (red). It is significant that the electron density in 2012 over an altitude ranging from 300 to 700 km is more intensive than that in 2007. This result agrees with that given by Liu et al. (2016). In addition, the different solar activities lead to the ionosphere perturbation, triggering off the occurrence probability of ionospheric irregularities (Chen et al. 2021). The ionospheric irregularity affects the amplitude and phase of the propagating GPS signal, usually indexed by the S4 value (Briggs and Parkin 1963):[image: $${S}_{4}=\frac{\sqrt{\langle {I}^{2}\rangle -{\langle I\rangle }^{2}}}{\sqrt{{\langle I\rangle }^{2}}},$$]

 (6)


where I is the signal-to-noise ratio. The S4 index, which is computed at a 60 s span, is defined as a normalized ratio that accounts for the fluctuations of signal intensity to the mean one. Figure 3 shows the S4 index of L1 signal. Here the elevation angle is referred to the local vertical local horizontal (LVLH) frame (Tseng et al. 2012). The S4 index decreases with the elevation angle increased. This is due to the fact that the ionospheric gradient of the L1 signal with a low elevation is relatively large, as compared to that with a high elevation.[image: ]
Fig. 2The mean electron density profiles in DOY 273–279 2007 (blue) and DOY 200–206 2012 (red). These two periods are selected as shown in the green bar of Fig. 1

[image: ]
Fig. 3S4 index of GPS L1 signal with the selected periods during the different solar activities: DOY 273–279 2007 (blue) and DOY 200–206 2012 (red)


Note that both the electron density and the S4 index are derived by the FORMOSAT-3/COSMIC RO products. With understanding of the ionospheric variations associated with the different solar activities, we determine the GRACE satellite orbit using the SF GPS observations (L1-only and C1-only) and compare the resulting orbit to that derived by dual-frequency observations for the effectiveness in the following. In addition, the time synchronization is part of the orbit determination procedure. Therefore, the time synchronization error is also assessed during the different solar activities.

4 SF POD during low solar activities and high solar activities
We use Bernese GNSS software to implement the reduced-dynamic orbit determination (Dach et al. 2015). In the SF POD, either the C1 or L1 measurement is used to firstly obtain the initial values of the satellite position and velocity, both of which are then adjusted by estimating the satellite state vector and force parameters. Note that the L1 phase ambiguity resolution is float. Different orbit solutions derived by the C1 and L1 are compared for assessments of orbit consistence during the different solar activities.
In order to assess the impact of the ionosphere activities associated with the electron density variation (Fig. 2) on the phase ambiguity, we also add the GRAPHIC observation in this data analysis. The GRAPHIC observation resulted from the combination of the L1 and the C1 and can be expressed as:[image: $$\text{CL}={\rho }_{r}^{s}+c\left({\Delta \overline{t} }_{r}-{\Delta t}^{s}\right)+\delta I+\frac{1}{2}\left({\lambda }_{1}{N}_{1}+\Delta {b}_{L1}^{S}\right)+{m}_{CL}+{\varepsilon }_{CL},$$]

 (7)



with[image: $${{\Delta \overline{t} }_{r}= \Delta t}_{r}+\frac{1}{2}\left(\Delta {b}_{c1}^{r}+\Delta {b}_{L1}^{r}\right),$$]

 (8)


[image: $${A}_{CL}=\frac{1}{2}\left({\lambda }_{1}{N}_{1}+\Delta {b}_{L1}^{S}\right),$$]

 (9)


[image: $$\delta I=\frac{1}{4}\Delta {I}_{2}+\frac{1}{3}\Delta {I}_{3},$$]

 (10)


[image: $${m}_{CL}=\frac{1}{2}\left({m}_{c1}+{m}_{L1}\right),$$]

 (11)


[image: $${\varepsilon }_{CL}=\frac{1}{2}\left({\varepsilon }_{c1}+{\varepsilon }_{L1}+\Delta {b}_{c1}^{S}\right),$$]

 (12)


where CL denotes the GRAPHIC observation; [image: $${\rho }_{r}^{s}$$] denotes the geometry distance between the receiver and the satellite; c denotes the speed of light; [image: $${\Delta t}_{r}$$] and [image: $${\Delta t}^{s}$$] denotes the receiver clock offset and the satellite clock offset with respect to the GPS time, respectively; [image: $${\Delta \overline{t} }_{r}$$] is the receiver clock offset of the CL observation; [image: $$\Delta {I}_{2}$$] and [image: $$\Delta {I}_{3}$$] denotes the second- and third-order ionospheric delay, respectively; [image: $$\delta I$$] is the high-order ionospheric delay left for the CL measurement; [image: $$\Delta {b}_{c1}^{S}$$] and [image: $$\Delta {b}_{c1}^{r}$$] denotes the C1 hardware bias at the satellite and at the receiver, respectively; [image: $$\Delta {b}_{L1}^{S}$$] and [image: $$\Delta {b}_{L1}^{r}$$] denotes the L1 hardware bias at the satellite and at the receiver, respectively; [image: $${A}_{CL}$$] is the CL phase ambiguity; [image: $${m}_{c1}$$] and [image: $${m}_{L1}$$] denotes the multipath of C1 and L1, respectively; [image: $${m}_{CL}$$] is the CL multipath; [image: $${\varepsilon }_{c1}$$] and [image: $${\varepsilon }_{L1}$$] denotes the noise of C1 and L1, respectively;  [image: $${\varepsilon }_{CL}$$] is the CL noise.
Figure 4 shows the a posteriori sigma of L1, C1 and CL for 2007 and 2012. The posteriori sigma stands for a quality indicator of the measurement after the least-squares estimation process. Here, the result from the CL is regarded as a reference solution for those from the L1 and C1. In Fig. 4, the C1 sigma in 2012 is better than the L1 one, showing a relatively consistent solution. This suggests that the C1 sigma is insensitive to the different solar activities and is close to the CL one. Besides, Hwang et al. (2010) demonstrated that the phase signal quality and multipath may be associated with the ionosphere activities. Table 2 summarizes the statistic information of the sigma for 2007 and 2012. Apparently, the L1 sigma is smaller than the C1 one by ~ 5 cm for 2007. However, this is not the case for the L1 sigma in 2012. The L1 sigma is larger and more divergent than the C1 one by ~ 20 cm in 2012. This is because the phase ambiguity resolution is affected by the ionospheric electron density (also see Fig. 6). In comparison, the C1 sigma is also affected by the high solar condition (year 2012) but is relatively insensitive, as compared to the L1 sigma.[image: ]
Fig. 4A Posteriori sigma of the SF POD using L1 in blue, C1 in red and CL in green for 2007 (circle) and 2012 (asterisk). Here, C + L, C and L stands for the CL, C1 and L1, respectively; GA sand GB stands for the GRACE-A and GRACE-B, respectively

Table 2Statistic information of the posteriori sigma of the SF POD using L1, C1 and CL for 2007 and 2012


	 	GRACE-A
	GRACE-B

	Year
	2007
	2012
	2007
	2012

	Obs. type
	C1
	L1
	CL
	C1
	L1
	CL
	C1
	L1
	CL
	C1
	L1
	CL

	RMS (cm)
	14.9
	10.7
	14.3
	19.3
	38.9
	15.5
	14.2
	9.6
	12.5
	17.8
	33.1
	14.2




In order to inspect the orbit performance, we used 2 weeks of GRACE-A GPS tracking data, DOY 273–279, 2007 and DOY 200–206, 2012, for the POD during different solar activities. The data from year 2007 and the data from 2012 are under the low and high solar activities, respectively, as shown in Fig. 1. Figure 5 shows the GRACE-A orbit difference derived by the CL, L1-only and C1-only with respect to the reference orbit during the low solar activities (LSA) and the high solar activities (HSA). Here, the GRACE reference orbit is derived by the GPS dual-frequency measurement. Kang et al. (2009) and Tseng et al. (2017) demonstrated that the GRACE orbit can be determined to cm level using the dual-frequency observations from GNSS satellites. Table 3 shows the statistic information of the orbit differences during the LSA and the HSA. In Fig. 5, the orbit difference derived by the CL is regarded as a reference for those derived by the L1 and C1. Overall, the L1-derived orbit difference is relatively perturbed as compared to the C1-derived one, in particular for the HSA period. In addition, the large orbit differences happen at the day boundary. This is because the orbit solution resulted from the daily batch job process, which leads to the phase ambiguity discontinuity at the day boundary. In Table 3, the orbit difference derived by L1 during the HSA is much worse than that during the LSA by ~ 1 m. The orbit accuracy in the L1 case from the LSA to the HSA ranges from 0.6 to 0.9 m in radial, 0.6–1.2 m in along-track and 0.4–0.5 m in cross-track. Note that the orbit difference derived by C1 during the HSA is consistent with that during the LSA. In the C1 case, the orbit accuracy is ~ 1, 0.7 and 0.4 m in the radial, along-track and cross-track, respectively. This may be due to the fact that the phase data are relatively sensitive to the ionosphere activity, which is mainly dominated by the variation of the F10.7 values. A strong ionosphere activity causes phase cycle slips, affecting the phase ambiguity parameter setup in the POD procedure, decreasing the degree of freedom and degrading the orbit accuracy. Note that the CL-derived orbit difference in the cross-track direction is more perturbed than both the C1- and L1-derived. This implies that an unknown perturbing force is introduced in the cross-track component when the CL is used. This is left for future works.[image: ]
Fig. 5GRACE-A orbit difference derived by the CL in green, C1 in red and the L1 in blue during the LSA (top) and the HSA (bottom)

Table 3STD of the orbit difference (in m) for GRACE-A during the low solar activities (DOY 273–279, 2007) and the high solar activities (DOY 200–206, 2012)


	 	LSA
	HSA

	 	Radial
	Along-track
	Cross-track
	Radial
	Along-track
	Cross-track

	C1
	0.96
	0.74
	0.43
	1.14
	0.57
	0.29

	L1
	0.57
	0.60
	0.38
	0.88
	1.22
	0.53

	CL
	0.38
	0.39
	0.56
	0.47
	0.38
	0.60




From Eq. (7) to Eq. (12), the CL observation is actually a phase measurement, which is free from the first-order ionospheric effect and mitigates the high-order effect. Besides, the CL has an ambiguity term [image: $${A}_{CL}$$], which is potentially affected by cycle slips and prevent the receiver clock connecting to the absolute time (see the following section). Note that the P1-C1 DCB is introduced in the SF POD, the term [image: $$\Delta {b}_{c1}^{S}$$] is cancelled out and the noise level of the CL is approximate to half of the C1. According to Bock et al. (2009a), the quality of the CL observation is mainly dominated by the code noise, implying that the orbit solution may be degraded if the code noise is larger than the ionosphere effect. That is, for a LEO satellite with an orbit height of ~ 450 km where the electron density is small (see Fig. 2), the quality of the SF POD using the CL might be dominated by the code noise rather than the ionosphere effect.
Figure 6 shows a ratio between the number of ambiguity and the number of observations for GRACE satellites. In the procedure of the satellite orbit determination, one phase ambiguity parameter is setup when a GPS signal is locked by the satellite until a cycle slip occurs or a new arc is started. A high ratio value means the relatively high occurrence of the cycle slip. In Fig. 6, the ratio is relatively large in the HSA case, even for the CL observation, as compared to that in the LSA case. The ratio of the CL is fully identical to that of the L1 due to the fact that the CL observation is originated from the L1 (see Eq. (9)). As a result, the occurrence of the cycle slips in LSA is different from that in HSA, suggesting the L1 phase is mainly dominated by the variation of the electron density.[image: ]
Fig. 6Ratio between the number of the ambiguity and the number of the observations in both the LSA (2007) case and the HSA (2012) case. Here, C + L (diamond) and L (dot) stands for the CL and L1, respectively; GA sand GB stands for the GRACE-A and GRACE-B, respectively


As a final remark, regarding the satellite attitude issue, the GRACE is equipped with the star tracker for the satellite attitude control and the phase wind-up effect is thus effectively minimized (Kang et al. 2006). As such, the error caused by such a phase wind-up effect can be ignored in the SF POD. Besides, the multipath effect can be mitigated by using a choke-ring POD antenna onboard the GRACE (Hwang et al. 2010). On the other hand, the current GIM resulted from an assumption that the ionosphere is condensed in a thin shell with an altitude of 400–450 km above the mean sea level. Such an assumption is not physically true because the ionosphere can be divided into several layers along the electron density profile (Tseng et al. 2021). This GIM model may not be effectively used for the SF-derived orbit solution of LEO satellite above an altitude of 450 km, e.g., GRACE satellites. As a result, the orbit accuracy derived by the L1 measurement varies with the different solar activities and the L1 phase data are not recommended to be used for the SF POD during the HSA.

5 Time synchronization error during the LSA and HSA
The time synchronization is crucial for the application of the LEO + 5G communication. In this section, we assess the time synchronization error from the POD during the different solar activities. The time synchronization is part of the POD procedure and is mainly implemented using the code measurement, which is capable of directly accessing the GPS time having an offset with the UTC time system. In comparison, the phase ambiguity prevents the time of the phase measurement in connection to the GPS time. Here, we design two solutions to see the impact of the different solar activities on the time synchronization solution: the C1-only (termed C1) and the C1 + L1 (termed L1 in this work). For the former, we use the C1-only to direct estimate the time synchronization. For the latter, the C1 is used to estimate the initial value of the time synchronization and the L1 is used to estimate the correction to the initial value.
Figure 7 shows the time synchronization errors for the GRACE-B on DOY 134–135, 2007 and 2012. In this data analysis, the pattern of the time synchronization can be observed when the different observations are used. The time synchronization error derived by the L1 is more perturbed than that derived by the C1. Additionally, the L1 solution in 2012 is much more biased and drifted than that in 2007. In the C1 case for 2012, the periodic variation of the time synchronization error is associated with the orbit period, which is approximate to 90–100 min, resulting in 15 cyclers per day. In comparison, the C1 error variation in 2007 is insignificant due to the low solar condition. Overall, the C1 solution maintains a more consistent time synchronization from time to time than the L1 does. Furthermore, the Cl solution also shows a relatively small discontinuity at the day boundary (UTC 0 h), as compared to the L1 solution. This may be thanks to the code has a strong signal-to-noise in GNSS signal spectra and is modulated on the phase using the Binary Phase Shift Keying (BPSK) technique. The BPSK is a simply modulation technique for GPS radio navigation signals, in which the carrier phase is shifted by 0° and 180°. The BPSK technique only can transmit one bit per symbol, making it easy to implement and less prone to errors. Furthermore, the BPSK provide a high resistance to interference and noise in severe environments, such as high ionosphere activities. In a spread spectrum of the GPS L1 signal, the C1 code has the biggest power than others (Table 7.4 and Fig. 7.8 in Hegarty 2017).[image: ]
Fig. 7Time synchronization errors for the GRACE-B on DOY 134–135, 2007 and 2012. GB stands for GRACE-B; L and C stands for L1 and C1, respectively; C + L stands for the CL


On the other hand, we also design a time synchronization error derived by the CL for comparison. The drifting pattern of the CL-derived time error is similar to that of the L1-derived one. Since the CL has a relatively large noise as compared to the L1 (Eq. (12)), the time discontinuity at the day boundary is more deviated. Note that a clear time discontinuity for the CL (blue) and the L1 (purple) near the middle of DOY 134 in 2007 is commonly found. This is because the data processing for the CL is identical to that for the L1 (also see Fig. 6). Although the GRAPHIC combination is helpful for improving the positioning accuracy, the time error may be deviated if the cycle slip occurs. As a result, a phase-like observation is not recommended for the 5G communication or the SatCom application, which requires the continuity in time synchronization.
Figure 8 shows the Allan deviation for the time synchronization error of GRACE-B using L1, CL and C1 on DOY 134, 2007 and 2012. The Allan deviation is generally used to account for the clock stability, which resulted from the clock estimation (Tseng et al. 2018). The short-term stability of the L1 solution is better than that of the Cl solution. This is because the Allan deviation is mainly based on a relatively stable variation. Besides, the noise of the L1 is smaller than that of the C1, resulting in the relatively good stability. However, this does not indicate that the L1 solution is suggested for the time synchronization application. This is due to the fact that phase ambiguity prevents the receiver clock from accessing to the absolute time system. On the other hand, the stability in the CL case is similar to that in the C1 case for 2007 and 2012. This is mainly caused by the CL noise, which is half of the code noise (see Eq. (12)). Additionally, the long-term stability of the C1 solution is better than that of the L1 solution. This is attributed to the data continuity, indicating that the code observation is free from the cycle slip.[image: ]
Fig. 8Allan deviation for the time synchronization error of GRACE-B using L1, CL and C1 on DOY 134, 2007 and 2012. GB stands for GRACE-B; L and C stands for L1 and C1, respectively; C + L stands for the CL


Figure 9 shows the time synchronization error for 2007 and 2012 and Table 4 shows the statistic information with the outliers of 1.0 µs removed. For the time synchronization of the 5G communication, the end-to-end absolute time error is expected within ± 130 ns in support to a 260 ns time error of the signal propagation (Li et al. 2017; Mahmood et al. 2019). That is, the time synchronization error between two reference/base stations, e.g., GPS satellite and LEO satellite, shall be adjusted in a range of ± 130 ns. With such a requirement of the time error, the L1-derived time synchronization in the HSA case may exceeds, potentially leading to a degraded communication application. On the other hand, for 5G positioning service, the relative time error with respect to the reference/base station is required to be ± 10 ns. In this sense, the relative time synchronization error for a combination of the LEO + 5G terrestrial network shall also be adjusted within the range of ± 10 ns. In Table 4, the C1-derived STD much more meets such a requirement of the relative time error that the L1-derived STD. Furthermore, in Fig. 9, the C1 generates a relatively consistent time synchronization error as compared to the L1 for 2007 and 2012. This strongly suggests that the C1 is more suitable for the time synchronization applications than the L1.[image: ]
Fig. 9Time synchronization error of the GRACE satellites for 2007 and 2012. GAC1 and GAL1 stands for the results of GRACE-A using C1 and L1, respectively; GBC1 and GBL1 stands for the results of GRACE-B using C1 and L1, respectively

Table 4Statistic information of the time synchronization for the GRACE satellites in 2007 and 2012


	Satellite
	GRACE-A
	GRACE-B

	Year
	2007
	2012
	2007
	2012

	Types of obs
	C1
	L1
	C1
	L1
	C1
	L1
	C1
	L1

	Mean (ns)
	35
	− 6
	34
	− 1
	26
	− 13
	26
	− 1

	STD (ns)
	4
	33
	6
	126
	4
	28
	6
	112

	RMS (ns)
	35
	34
	35
	126
	26
	31
	27
	112





6 Conclusions
The major objective of this work is to provide the consistent solution of the satellite orbit and time synchronization during the different solar activities. The different solar activities lead to the ionosphere perturbation, leading to the different occurrence probability of ionospheric irregularities. The ionospheric irregularity affects the amplitude and phase of GPS signal, which can be indexed by the S4 value. We determine the GRACE satellite orbit using the SF GPS observations and compare the resulting orbit to that derived by dual-frequency observations for the effectiveness. The L1 sigma is relatively small in 2007 as compared to the C1 one, whereas the L1 sigma in 2012 is larger and more divergent than the C1 one. On the other hand, the orbit difference derived by L1 during the HSA is much worse than that during the LSA by ~ 1 m. In comparison, the orbit difference derived by C1 during the HSA is consistent with that during the LSA. On the other hand, we also present the data analysis of a ratio between the number of ambiguities and the number of phase observations. The occurrence of the cycle slips in the LSA case is different from that in the HSA case, indicating that the L1 phase is mainly dominated by the variation of the electron density.
On the other hand, the ionospheric correction can be derived from the combination of code and phase observations, e.g., (L1-C1)/2. However, this does not work well for GPS because the code is typically too noisy. In contrast, for Galileo (e.g., Sentinel-6), this can be an option to derive an ionospheric correction. Installing a Galileo receiver onboard LEO may lead even to better POD results than when using GPS (Montenbruck et al. 2021). Such a research topic may be left for a future work.
Regarding the data analysis of the time synchronization, the C1 solution maintains a more consistent time synchronization over time than the L1 solution does. Furthermore, the Cl solution also shows a relatively small discontinuity at the day boundary, as compared to the L1 solution. On the other hand, we also present the time synchronization error using the GRAPHIC combination. Such a combination is intrinsically phase-like, which prevents the receive clock from the absolute time due to the phase ambiguity. This strongly suggests that the C1 is more suitable for the time synchronization applications than the L1 during the LSA and HSA. Last but not least, the GRACE is dedicated for satellite geodetic research and equipped with high-quality scientific instruments, such as star tracker and ultra-stable oscillator, for the POD-related tasks. This implies that the results shown in this work is optimal. For the commercial commutation purpose, the LEO communication satellite may not equip with such high-quality instruments for the POD, perhaps leading to the relatively degraded solution. This study serves as a reference for the applications using the SF POD.
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