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Abstract: The characteristic of the satellite repeat shift time can reflect the status of the satellite
operation, and is also one of the key factors of the sidereal filtering multipath correction. Althoughsome
methods have been developed to calculate the repeat shift time, few efforts have been made to analyze
and compare the performance of this feature for the GPS (Global Positioning System), BDS (BeiDou
System), and Galileo in depth. Hence, three methods used for calculating the repeat shift time
are presented, and used to compare and analyze the three global systems in depth, named the
broadcast ephemeris method (BEM), correlation coefficient method (CCM), and aspect repeat time
method (ARTM). The experiment results show that the repeat shift time of each satellite is different.
Also, the difference between the maximum and minimum varies from different systems. The maximum
difference is about 25 s for the BDS IGSO (Inclined Geosynchronous Orbit) and the minimum is
merely 10 s for the GPS system. Furthermore, for the same satellite, the shift time calculated by
the three methods is almost identical, and the maximum difference is only about 7 s between the
CCM and the ARTM method for the BDS MEO (Medium Earth Orbit) satellite. Although the repeat
shift time is different daily for the same satellite and the same method, the changes are very small.
Moreover, in terms of the STD (Standard Deviation) of the BS (between satellites) and MS (mean shift
for the same satellite), the GPS system is the best, the performance of the BDS system is medium,
and the Galileo performs slightly worse than the GPS and BDS.

Keywords: satellite repeat period; satellite repeat shift time; GPS; BDS; Galileo

1. Introduction

For global navigation systems, the satellite has the characteristic of a repeat period, which means
that the satellite will appear in the same position with a period for the ground static user. Not only can
this feature of the satellite be used to predict the satellite position, but it can also mitigate multipath
errors and observation noise effectively. Besides, the repeat period characteristic of the satellite can
also reflect the status of satellite operation and assess the stability of the whole system operation to a
certain extent.

In order to calculate the orbital repeat shift time of the satellite, some effective methods have been
proposed in the literature. The satellite repeat shift time was first pointed out by Genrich et al. [1] which
was mainly used to reduce multipath disturbance. After that, authors [2-5] also used the satellite repeat
shift time to reduce the noise for long baselines or isolate signals from multipath error. However, all of
them assumed that the shift time between two consecutive days for the same satellite was about 4 min
for a GPS satellite. Seeber et al. [6] pointed out that the satellite repeat shift time of the GPS satellite is
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slightly different for each satellite between 240 and 256 s instead of the assumed 236 s, but the calculation
process was not given. Choi et al. [7] adopted broadcast ephemeris values and Kepler’s third law to
estimate the satellite repeat period of the GPS satellite, and the results showed that the repeat periods
of the satellites are not precisely a sidereal day and are distinct from each satellite. This method was
also adopted by Wu and Hsieh [8] and Ye et al. [9]. Moreover, Wang et al. [10] and Chen et al. [11] used
the broadcast ephemeris to analyze the satellite repeat shift time for the Beidou satellite. Su et al. [12]
analyzed the GPS satellite by applying the broadcast ephemeris method, which showed that the mean
shift time of each satellite is different. Particularly, for a satellite undergoing a maneuver, the mean
shift time is significantly different from that of other satellites.

Taking advantage of the correlation method, Ge et al. [13] observed the repeat shift time by
the correlation coefficient method for the GPS satellite first. Ragheb et al. [14] proposed the use of
the auto-correlation technique to determine the repeat shift time for a GPS satellite. Wang et al. [15]
analyzed the repeat shift time of a Beidou GEO satellite by utilizing the Fourier transform, correlation,
and wavelet transform methods. The results indicated that the satellite repeat shift time ranges
from 220 to 270 s. Similarly, Ning et al. [16] employed correlation analysis, Fourier transformation,
and wavelet decomposition methods to estimate the repeat shift time for Beidou IGSO and MEO
satellites. Larson et al. [17] developed the cross-correlation method to determine the repeat shift
time for the GPS satellite. Furthermore, Zhao et al. [18] also introduced this method to analyze the
characteristics of the Beidou satellite’s orbit.

Moreover, Agnew and Larson [19] proposed the aspect repeat time method to determine the
repeat shift time for the GPS satellite, and the experiment results indicated that the mean repeat shift
time calculated by this method is 246 s and the fluctuations through the day are as much as 2.5 s at
high latitudes. Larson et al. [17] utilized the aspect repeat time method to estimate time-varying and
site-dependent shifts for the GPS satellite. Fang [20] compared the broadcast ephemeris method with
the aspect repeat time method. Wang et al. [21] also used the aspect repeat time method to calculate
the repeat shift time for the Galileo satellite. In addition, Wang et al. [22] compared the three methods
by using the GPS satellite, and the results showed that the differences between the repeat shift time
from the three methods are less than 1.2 s on average, the broadcast ephemeris method has the lowest
computation, and the aspect repeat time method is optimal for real-time applications.

As discussed above, most of the related research has focused on the global GPS and BDS systems
based on the broadcast ephemeris strategy. In addition, they have mainly used the characteristic of the
satellite repeat shift time to mitigate multipath error or observation noise, but they have not carried
out an analysis and systematic study itself. Meanwhile, few efforts have been made to analyze the
characteristics of the Galileo system, nor to compare the performance between the three global systems.
Therefore, this paper aims to gain more insights into the characteristics of the satellite repeat shift
time itself. Furthermore, this characteristic between the global GPS, BDS, and Galileo systems is also
compared and analyzed. Since the GLONASS system broadcast ephemeris is different from the other
systems, it is not discussed in this article. Finally, the results are discussed and concluded.

2. Two Models for Calculating the Satellite Repeat Period

Prior to the introduction of these two models, the definition of the satellite repeat period,
satellite operation period, and the satellite repeat shift time are given. First, the satellite repeat period
refers to when the satellite returns to the same position on the sky after a period of running, denoted as
Tsrp. Since the ground track repeats for a circle in this process, it is also named the revisiting period [23].
As for the satellite operation period, it means the period when the satellite moves around the orbit of
itself once in time, denoted as Tspp [19]. Lastly, the satellite repeat shift time is the interval between
the precise satellite repeat period and the approximate satellite repeat period by solar days, denoted as

Tsrst [3]-



Algorithms 2019, 12, 233 3o0f15

In terms of the approximate satellite repeat period united in solar days, mainly two methods are
used to calculate it: One is based on the orbit offset coefficient model [24] and the other is based on the
simplest fraction model [23]. The specific algorithms are given as following.

2.1. Orbit Offset Coefficient Method

The satellite operation period must be obtained before calculating the satellite repeat period.
The satellite operation period means the period of the satellite around the orbit of itself one time. Based
on Kepler’s third law, the operation period can be determined as:

Tsop = 2r+/(R+H)®/GM, )

where GM (=3.986005 % 1014 m3/52) is Earth’s gravitational constant, R denotes the mean radius of
Earth, and H is the height of the satellite from the ground. Then, the number laps of the satellite around
the Earth for one solar day can be calculated by:

" 24><60, @

Tsop

where Tsop is counted in minutes, and the 24 X 60 means the time of a solar day united in minutes.
Thus, the approximate satellite repeat period united in solar days can be obtained by:

p__A4 ©)

n—Nint

where 7, = Integer(n). D means the approximate days of the satellite repeat period and united in
solar days. Additionally, d denotes the coefficient of orbit offset, which is the orbital offset relative to
the previous day [24]. In the practical calculation, if the satellite orbital offset is westward, the value of
d is negative. If the offset is eastward, the value of d is positive. Since the value of d is only given by
satellite designers and is unknown for users, another method is adopted to calculate the approximate
satellite repeat period.

2.2. Simplest Fraction Method

Similarly, the simplest fraction method is also necessary to calculate the satellite operation
period, which is expressed as Tspp. The calculation method is same as the description in Section 2.1.
Then, based on the simplest fraction method, the simplest fractions, N and D, can satisfy the
following equation:

NTsop = DT, 4)

which means that, after D solar days, the satellite operates N laps, and the satellite orbital ground
trajectory begins to repeat. T, is the time interval of the orbit revolving around the Earth one time,
which is named the sidereal day. Since Tspp can be calculated by the broadcast ephemeris, the concrete
values of N and D can be determined by the search and test process [23]. Similarly, D also means the
approximate days of the satellite repeat period united in solar days.

3. Three Methods for Calculating Satellite Repeat Shift TTime

Theoretically, there are mainly three methods to determine the satellite repeat shift time, which
include the satellite-based broadcast ephemeris method [7], receiver-based correlation coefficient
method [13], and satellite receiver-based aspect repeat time method [19]. In particular, for the
correlation coefficient method, it can be further divided into several methods from the correlation type
and correlation quantity, such as auto-correlation and cross-correlation. These three methods will be
elaborated in the following.
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3.1. Broadcast Ephemeris Method

The broadcast ephemeris provides the relevant parameters of the satellite, which includes the
semi-major axis of the orbit and the correction to the mean motion of the satellite. Hence, the effective
mean motion is obtained by a small correction to the third Kepler law, which is expressed by:

n= VGM/a*'? + An, 5)

where VGM is the Earth’s universal gravitational constant (1.996498 x 107 in SI units), a denotes the
semi-major axis of the orbit ellipse, and An denotes the correction to the mean motion, which is the
difference between the mean motion of the satellite calculated by the precise ephemeris and the mean
motion obtained by the given parameters (rad/s). Therefore, the accurate satellite operation period,
Tsop, in inertial space can be expressed by:

Tsop =271 /n. (6)
Hence, the satellite repeat shift time, Tsgrr, can be defined as:

Tsrrr = DTpsp — NTsop, (7)

where D is the approximate solar days of the satellite repeat period, which is calculated in Section 2.
Twmsp is the duration of a mean solar day in seconds. N denotes the number of laps of the satellite
operations around the orbit of itself in D solar days. Tsop is the precise satellite repeat period in
seconds, which is obtained by Equations (5) and (6).

Although the orbit operation period of GNSS satellites are roughly the same, their satellite repeat
period varies largely. As for the GPS system, in the reference frame on the rotating Earth, since the
satellite repeat time of the satellite relative to a static position in the ground is two times more than its
satellite operation period, the precise satellite repeat period, TGsgrp, for GPS satellites is given by:

TGsrp = 2TGsop- (8)

However, unlike the GPS system, the satellite repeat period of other navigation systems has its
own characteristics. For example, as for the Galileo system satellite, the repeat period of the satellite
relative to the ground is 17 times its orbit operation period during 10 sidereal days. Then, the repeat
period TGAggp for Galileo satellites is determined by:

TGASRP = 17TGASOP‘ (9)

Similarly, the repeat period of BDS satellites can also be derived, and is summarized as follows:

{ TBsgrp = TBsop (10)

TBMggp = 13TBMsop

where TBgrp and TBMgrp denote the repeat period of BDS GEO/IGSO and MEO satellites, respectively.
Then, the satellite repeat shift time of the same satellite can be determined by:

TGgsrrr = 1% 86400 — TGgrp
TGASRFT = 10 x 86400 — TGASRP

TBsrrr = 1 x 86400 — TBsrp !
TBMgrrr = 7 X 86400 — TBMgrp

(11)



Algorithms 2019, 12, 233 50f 15

where TGgrrr and TGAgrrr mean the repeat shift time of the GPS and Galileo satellite, respectively.
Additionally, TBsgrr and TBMggrr denote the repeat shift time of the BDS GEO/IGSO and BDS MEO
satellite, respectively.

3.2. Correlation Coefficient Method

Essentially, the correlation coefficient method is a mathematical analysis algorithm, which is
mainly used to analyze the correlation between variables. Let X(n) and Y(n) be random variables,
and 7 is the dimension of each variable. The correlation coefficient of the two variables is given as:

Cov(X,Y)
VVar| X|VarlY] ’
where Cov(X,Y) is the co-variance of the two variables, and Var[X] and Var[Y] are the variance of the

variable X and Y, respectively. If X and Y are two groups of data of the consecutive observations for
the same satellite, the satellite repeat shift time (TS) can be estimated by:

HX,Y) = (12)

TS = Fyty, (13)

where F; is the sampling of the observations, and 7, is the epoch of the correlation coefficient that keeps
the maximum. In order to calculate the repeat shift time accurately, the sample rate of the observation
data must be 1 Hz. It is only in this way that the shift time can reach the seconds level.

It is worth noting that, from the correlation coefficient aspect, the repeat period of the satellite can
be estimated by different quantities, such as the residuals of the single difference in the observation
domain and the residuals of the position in the coordinate domain. Both of them can achieve the
shift time of the repeat period for the same satellite by this method, and there is not much difference
between them.

3.3. Aspect Repeat Time Method

For the static receiver on the ground, what we are most interested in is the repeat period of the
satellite in the same vector direction of the receiver to satellite. Assume that the unit vector of the
receiver to satellites is x((fp) on the epoch t; in the reference day for the first time it is observed, and the
other vector is x1(t1) on the epoch t; in the subsequent day for the second time it is observed after a
repetition period. It is noted that, the epochs f; and t; are counted from zero for every solar day. If the
angle between the two unit vectors x((fy) and x1(t;) reaches the minimum value, the satellite repeat
shift time can be determined:

TS = Fi(t ~ to) (14)

where F; is the sampling of the observations and ¢; is the epoch of the second time it is observed.
The process of the calculation involves the following steps and is presented in Figure 1:

1) Estimate the receiver position, and the satellite position is also estimated by the precise satellite
ephemeris on the given reference epoch t(;

2) Calculate the unit vector of the receiver to satellite at the epoch ty, and express it as xy(to);

3) Search the epoch t;, which has a similar unit vector x;(¢;) to the initial vector xy(fg) during the
repeat period; and

4) Determine the satellite repeat shift time of this epoch by Equation (14).
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Estimate the position
of the receiver, and
the satellite is
estimated by precise
satellite ephemeris

)

Calculate the unit
vector Xo(to)

}

Search the similar
unit vector epoch t,

}

Determine the shift
time by equation (14)

Figure 1. Flowchart of the aspect repeat time method.

4. Experiments and Analysis

In order to analyze and compare the characteristic of the satellite repeat shift time for current global
systems more comprehensively, all three methods were used to calculate the shift time. Multi-GNSS
data collected from 10 to 30 June 2018 at two stations in the Asia-Pacific region were collected. The two
stations are located in Australia, named CUTO0 and CUT?2, respectively. The sampling rate of the dataset
was 1 Hz and the mask angle was 15°. It should be noted that the use of the quantity of the CCM
method is the single-difference observations between receivers, and the observations were denoised by
a filter.

4.1. Performance Analysis for the GPS System

Figure 2 demonstrates the results of the mean satellite repeat shift time for the GPS system by
three methods during DOY (Day of Year): 161-181, 2018. The blue, red, and green line denote the
results calculated by the BEM, CCM, and ARTM methods, respectively. From Figure 2, it can be seen
that the mean shift time of the three methods are almost same for most satellites, and the average of the
difference between the three methods for all satellites is only 2 s. In addition, the maximum difference
between the CCM and the ARTM methods appeared in G32, which is about 4 s. Moreover, for the same
method, the mean shift time of each satellite is also different, and the difference between the maximum
and minimum reached about 10 s. Statistically, the STD (Standard Deviation) of the satellite repeat
shift time between all the satellites for the three algorithms is 2.74 for BEM, 2.68 for CCM, and 2.67
for ARTM.

In order to assess the performance of the fluctuation of the satellite repeat shift time, the STD
of the three methods for each satellite is also presented in Figure 3. It is obvious that the STD of the
three methods for each satellite is less than 0.5, which is very small. These results indicate that, for the
same satellite and calculation method, although the satellite repeat shift time is different every day;,
the fluctuation is very small. However, the STD of the satellite repeat shift time varies for different
satellites. For example, the STD of the G05 satellite is slightly higher than other satellites, and the
GO08 satellite is more stable than other satellites for all three methods. In addition, for some satellites,
the STD performance of the different methods is significantly different, such as the G11 and G27
satellites. Generally, in terms of fluctuation, the performance of the BEM and ARTM methods is more
similar for all the satellites.
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Figure 2. The mean shift time for GPS satellites calculated by the three methods during DOY:
161-181, 2018.
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Figure 3. The STD of the satellite repeat shift time for the three methods for each satellite during the
period DOY:161-181, 2018.

It should be noted that in both Figures 2 and 3, the G04 and G20 satellite information is not
included. Since G04 is invalid during this period, there is no observation. Additionally, G20 is in the
state of maneuvering during this period and the mean repeat shift time is markedly different from
other satellites, which is about 187 s during DOY:161-172 and is about 246 s during DOY:173-181
for the BEM method. The STD of these two periods is about 0.56 for the period DOY:161-172 and
nearly 0.81 for DOY:173-181, respectively. This phenomenon indicates that the satellite repeat shift
time fluctuates more obviously when the satellite is undergoing an orbit maneuver.

4.2. Performance Analysis for the BDS System

Considering the fact that the BDS system includes three types of orbital satellites, they were
compared and analyzed separately. First, Figure 4 presents the results of the satellite repeat shift
time by the three methods for BDS GEO during DOY:161-181, 2018. Consistent with the theoretical
derivation, the mean shift time of the GEO satellites is about 236 s. For the same satellite, the difference
between the three methods performs in different ways, and the maximum difference is found in the C04
satellite between the CCM and ARTM, which is about 4 s. However, for the CO05 satellite, the results
are almost identical to the three methods. In addition, for the same method, the difference of the mean
shift time between satellites is not significant, and the maximum difference is only 4 s, which appeared
between C04 and C01 for CCM.
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Figure 4. The mean shift time for BDS GEO satellites calculated by the three methods during DOY:
161-181, 2018.

Similarly, Figure 5 demonstrates the STD of the repeat shift time of the three methods for each
satellite during DOY:161-181, 2018. Obviously, the STD of each BDS GEO satellite is relatively high,
and the values of the STD are more than 6 for all satellites and methods. This phenomenon indicates
that the satellite repeat shift time of GEO satellites obviously fluctuates during this period. In addition,
comparing the three methods, it is clear that the STD of CCM is higher than the other two methods for
most satellites. This is mainly because the change of the elevation and azimuth is not obvious, since the
GEO satellite is almost stationary relative to the ground user.

BDS-GEO, 2018:DOY:161-181

Co1 Cc02 co3 co4 co5
Satellite Number

H BEMECCME ARTM

Figure 5. The STD of the satellite repeat shift time for the three methods for each satellite during the
period DOY:161-181, 2018.

Although the GEO and IGSO satellites have similar repeat periods, their orbital operation track
is different. Hence, the characteristic of the satellite repeat shift time for IGSO is also different
from the GEO satellite. From Figure 6, it is apparent that the mean repeat shift time for the BEM,
CCM, and ARTM is almost similar for the same satellite during this period. On the contrary, the mean
shift time varies with different satellites, such as C08 and C10; the maximum difference between them is

approximately 25 s. In particular, the mean shift time of C08 is much shorter than other IGSO satellites,
which is only 225 s during these days.
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Figure 6. The mean shift time for BDS IGSO satellites calculated by the three methods during DOY:
161-181, 2018.

Figure 7 demonstrates the results of the STD of the three methods, which was used to evaluate the
fluctuation of the BDS IGSO satellites. It is obvious that although the STD of the CCM method is slightly
higher than those of the other two methods, the difference is negligible. In addition, compared to the
BDS GEO satellite, the STD of IGSO is much smaller, which is only about 2. This result indicates that
the fluctuation of the satellite repeat shift time of IGSO is more stable than GEO satellites.

BDS-IGSO, 2018: DOY:161-181

9
o)
|_
04
0
Co6 co7

co8 C09 C10 C13
H BEME CCME ARTM

Satellite Number

Figure 7. The STD of the satellite repeat shift time for the three methods for each satellite during the
period DOY:161-181, 2018.

The BDS MEO satellite operation track is also different from the IGSO satellite, whose satellite
repeat period is about 7 days and the satellite repeat shift time is about 1700 s. Figure 8 presents the
results of the mean shift time of the three methods for the three MEO satellites. From Figure 8, it can
be seen that for the same satellite, the mean shift time of the three methods is not much different,
especially for the C11 satellite. The maximum difference between the BEM and CCM for C14 is about
4 s. However, for different satellites, the mean shift time is also different. Additionally, the maximum
difference is about 7 s, such as the C12 and C14 for the CCM and ARTM methods.

The STD of the satellite repeat shift time of the three methods is demonstrated in Figure 9. From the
figure, it can be found that the STD of C14 is higher than the other two satellites, which almost reaches
3. However, although the STD of the C14 satellite is higher than the other MEO satellites and IGSO
satellites, it is still much smaller than the GEO satellite relatively. As for the C11 and C12 satellites,
the STD of the three methods performs similar to the IGSO satellite, which is only about 2. In addition,
the STD of the three methods does not appear to be much different for the same satellite, which indicates
the performance of the three methods is almost identical.
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Figure 8. The mean shift time for BDS MEOQ satellites calculated by the three methods during DOY:
161-181, 2018.
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Figure 9. The STD of the satellite repeat shift time for the three methods for each satellite during the
period DOY:161-181, 2018.

4.3. Performance Analysis for the Galileo System

Actually, for most Galileo satellites, including the IOV (in-orbit validation) and FOC (full
operational capability) types, have a satellite repeat period of about 10 days [25]. However, as for the
E18 and E14 satellites, their satellite repeat period is about 20 days. This is mainly because that they
were launched into incorrect orbits in 2014 and 2015, respectively [26,27]. Therefore, in this experiment,
the dataset collected during DOY:161-191, 2018 was used to assess the performance of the satellite
repeat shift time of the three methods for Galileo satellites.

Figure 10 demonstrates the results of the mean shift time of the three methods for most Galileo
satellites, for which the satellite repeat period is about 10 days. From Figure 10, it is obvious that
the mean shift time calculated by the three methods performs almost similarly for the same satellite.
The maximum difference between the three methods is only 5 s, which appeared in E12 for BEM and
CCM. In addition, it is clear that the shift time of the satellites is roughly divided into two categories,
one around 2430 s and the other at about 2020 s. Therefore, it also indicates that the mean shift time of
the different satellites is different, and the maximum difference reaches about 12 s between the E04 and
E30 for CCM.
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GAL, 2018:DOY:161-191
2440

2430

Time(s)

2420

2410
EO1 EO2 EO3 EO04 EO5 EO7 EO8 E09 E11 E12 E19 E24 E25 E26 E27 E30

Satellite Number
B BEME CCM B ARTM

Figure 10. The mean shift time for GAL(Galileo) satellites calculated by the three methods during DOY:
161-191, 2018.

Similarly, Figure 11 presents the STD of the three methods to evaluate the fluctuation of the shift
time for the satellite. Apparently, there is no significant difference in the STD among the three methods
for the same satellite, and most of the STD values are higher than 4. However, as for the E11, E12, and
E26 satellites, the fluctuation of the shift time is relatively stable compared to other satellites during
this period. In addition, compared to the GPS and BDS systems as a whole, it is clear that the GAL
satellite STD is almost greater than the GPS, BDS IGSO, and BDS MEO but is still smaller than the BDS
GEO satellite.

GAL, 2018:DOY:161-191

STD

E01 E02 EO3 EO4 EO5 EO7 EO8 E09 E11 E12 E19 E24 E25 E26 E27 E30
Satellite Number
B BEMECCMEARTM

Figure 11. The STD of the satellite repeat shift time for the three methods for each satellite during the
period DOY:161-191, 2018.

Since only two satellites have the special satellite repeat period, Table 1 presents the characteristics
of the mean shift time and the corresponding STD of the three methods for each satellite. From Table 1,
it can be seen that the shift time is different from the above satellites, and the mean shift time is more
than double that of the normal orbital satellites. This is consistent with the theoretical derivation.
Furthermore, it is obvious that the mean shift time for the same satellite is significantly different among
the three methods, and this is different from other satellites. This phenomenon is perhaps due to
the characteristic of the long repeat period, which leads to the error accumulation varying with the
different methods.

Moreover, from the STD of the three methods, it is also found that the fluctuation of the shift
time performs higher than other satellite during this period. Numerically, the STDs of these methods
are all greater than 30, which is markedly different from other system satellites. It may be mainly
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affected by three reasons. The first reason is that these two satellites are in the incorrect orbit due to the
fault of the launching calculation; this may cause the satellite to be in an unstable state. The second
reason is that these two satellites have longer satellite repeat periods, which is about 20 solar days.
In addition, the satellite will repeat 37 times in the 20 solar days. Therefore, the longer satellite repeat
period may lead to the accumulation of errors, resulting in a larger standard deviation of the shift
time. Lastly, based on the broadcast ephemeris of the Galileo navigation system, it is obvious that
the eccentricities of these two satellites are higher than other satellites. This may also lead to larger
standard deviations for E14 and E18. However, since these two satellites are in the incorrect orbit,
this phenomenon is also not universal for the Galileo system.

Table 1. The mean shift time and STD for GAL E14 and E18 satellites, which was calculated by the
three methods during DOY:161-191, 2018.

Satellite BEM CCM ARTM
Number Time(s) STD(s) Time(s) STD(s) Time(s) STD(s)
E14 4880.07 34.82 4885 33.56 4892 32.41
E18 4875.22 35.59 4881 36.14 4878 34.13

4.4. Comparison and Analysis Among Systems

To further analyze and compare the characteristic of the repeat period for GPS, BDS, and GAL
systems, the STD between the satellites (BS) of the same system is presented in Table 2. For convenience
of comparison, the mean STD (MS) of all the satellites for each method is also presented.
Furthermore, the STD of the BDS system was calculated for different orbital types separately. For the
Galileo system, only the normal orbit satellites were counted.

Table 2. The STD of the GPS, BDS, and GAL systems, which was calculated by the three methods. BS
denotes the STD between the satellites for the same system, and MS denotes the STD of the mean shift
time for the same satellite.

System STD(S) Method BEM cem ARTM
BS MS BS MS BS MS
GPS 2.74 0.35 2.68 0.35 2.67 0.34
GEO 0.59 6.69 1.58 7.16 1.34 6.91
BDS 1GSO 9.40 1.98 1052 2.08 9.46 2.02
MEO 3.69 2.50 462 2.52 3.51 2.34
GAL 448 477 445 4.75 439 471

It is interesting to note that although the MS of the BDS GEO satellite is very high for each method,
the STD between the GEO satellites appears to be much smaller than the other satellite types, which is
only 0.59 for the BEM method. This is mainly because the GEO satellites are relatively stationary,
and the mean shift time for different satellites is almost identical. On the contrary, as for the BDS IGSO
satellite, although the MS for each method is very small, the BS of the satellite performs much greater
than other system satellites. This result indicates that the shift time of the IGSO satellite is stable for
each satellite, but the fluctuation is more serious between the inter-satellites.

At the same time, the MS of the BDS MEO satellites shows little difference with the IGSO satellites.
These results demonstrate that the performance of the BDS satellite orbital repeat track is representative
of the whole BDS system. Moreover, it can be seen that the MS of the three methods for the GPS system
is much smaller than the other systems. Even for the BS, the GPS system also performs better than the
BDS IGSO, BDS MEO, and GAL systems.
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Based on the above analysis, in terms of the system as a whole, the mean shift time of the GPS
system is more stable than the other systems. Additionally, the BS and MS of the GAL system are
significantly greater than the GPS and BDS MEO satellites. However, it should be noted that the
characteristics of the shift time can only be used to evaluate the performance of the orbital track of the
satellite but does not reflect other aspects of the performance for the satellite or system.

5. Conclusions

The satellite repeat shift time can be used to mitigate the multipath for GNSS static applications,
and the stability of satellite operation can also be reflected to some extent. Two methods were introduced
to estimate the approximate satellite repeat period in solar days, named the orbit shift coefficient
method and the simplest fraction method. After that, three methods for calculating the satellite repeat
shift time were also demonstrated. The recent GNSS observations collected from two stations in
Australia were used to evaluate the characteristics of the shift time of the three global systems: GPS,
BDS, and GAL.

The experimental results indicated that the satellite repeat shift time calculated by the three
methods is almost identical for the same satellite. It was shown that all three methods can be applied
to sidereal filtering multipath correction without much difference. However, for the same method,
the mean shift time of each satellite was obviously different. Concretely, the maximum difference
between satellites was about 10 s for the GPS system, 25 s for the BDS system IGSO satellite, and 12 s for
the GAL system, respectively. Moreover, the STD of the shift time for the satellite and the inter-systems
was also estimated to investigate the fluctuation of the satellite and systems. In addition, the mean
STD of the ARTM was more stable than the other two methods, which is mainly due to the fact that the
ARTM method adopts the precise ephemeris to estimate the shift time.

Considering the characteristic of the satellite repeat shift time as a whole, the GPS system is more
stable than the BDS and GAL systems. Both the BS (the STD between the satellites for the same system)
and MS (the STD of the mean shift time for the same satellite) of the GPS system were much smaller
than the other two systems, which indicates that the fluctuation of the satellite orbit track is more stable
and the stability of the whole system is also much better than the other systems. In addition, since the
broadcast ephemeris of the GLONASS system is different from other global systems, the characteristics
of the satellite repeat shift time of the GLONASS system need to be further investigated in the future.
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