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Abstract: Real-time satellite clock offset is a crucial element for real-time precise point positioning
(RT-PPP). However, the elapsed time for undifferenced (UD) multi-global navigation satellite system
(GNSS) real-time satellite clock offset estimation at each epoch is increased with the growth of stations,
which may fall short of real-time application requirements. Therefore, a rapid estimation method for
UD multi-GNSS real-time satellite clock offset is proposed to improve the computation efficiency, in
which both the dimension of the normal equation (NEQ) and the number of redundant observations
are calculated before adjustment; if these two values are larger than the predefined thresholds, the
elevation mask is gradually increased until they are less than the predefined thresholds. Then,
the clock offset estimation is conducted; this method is called clock offset estimation using partial
observations. Totals of 50, 60, 70 and 80 stations are applied to perform experiments. Compared to
clock offset estimation using all observations, the elapsed times of clock offset estimation using partial
observations can be reduced from 6.80 to 3.10 s, 7.93 to 2.97 s, 12.04 to 3.14 s for 60, 70 and 80 stations,
respectively. By using the proposed method, the elapsed time of the clock offset estimation at each
epoch is less than 5 s. The estimated clock offset accuracy for GPS, BDS-3, Galileo and GLONASS
satellites are better than 0.04, 0.05, 0.03 and 0.16 ns when using the partial observations to estimate
clock offset with 50, 60, 70 and 80 stations, respectively. For the multi-GNSS kinematic PPP using
the estimated clock offset from 50, 60, 70 and 80 stations with partial observations, the positioning
accuracy at 95% confidence level in the east, north and up direction are better than 2.70, 2.20 and
5.60 cm, respectively.

Keywords: clock offset estimation; rapid estimation; multi-GNSS; partial observations; computa-
tional efficiency

1. Introduction

The prerequisite of RT-PPP [1] is real-time satellite orbit and clock offset. RT-PPP
is an efficient technology that can be used in many areas, such as precise agriculture [2],
time transfer [3] and weather monitoring [4]. The accuracy of RT-PPP significantly relies
on the performance of satellite orbit and clock offset, in which real-time satellite orbit
can be predicted with high-precision up to several hours [5], whereas the satellite clock
offset cannot be predicted precisely for several hours due to its complicated variation [6].
Therefore, it is necessary to estimate the high-performance and real-time satellite clock
offset in real-time.

In 2001, the International global navigation satellite system (GNSS) Service (IGS)
real-time working group was established, aiming to provide real-time products for real-
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time applications [7]; these real-time products (such as satellite orbit, clock offset and
observation-specific biases) have been broadcast to global users since 1 April 2013. These
products are also broadcast by many analysis centers [8]. The update rate for satellite clock
offset from many analysis centers [9] is 5 s. Therefore, rapid estimation of satellite clock
offset is necessary and it should be updated within 5 s.

There are two types of research for the rapid estimation of satellite clock offset: For
the first, the clock offset estimation uses high-performance computer equipment. A lin-
ear algebra package (LAPACK) is used to conduct a matrix operation; compared to the
matrix operation without LAPACK, the computation efficiency can be improved by 20.0%
and 56.5% when 28 and 75 stations are applied to estimate BDS and GPS satellite clock
offset, respectively [10]. The open multi-processing and Intel math kernel library tech-
nology were employed to estimate clock offset, and the improvement of computation
efficiency was 76.6% [11]. Tao employed the graphics processing unit to accelerate the
GPS/GLONASS/Galileo/BDS satellite clock offset estimation, and its time-consuming is
about 0.86 s with 90 stations [12]. On the other hand, the rapid algorithm is investigated
to accelerate clock offset estimation. Cao et al. used a single observation and recursive
Kalman filter to avoid the complex inverse of the matrix: when the dimensions for a normal
equation (NEQ) matrix is about 1300, the clock offset estimation time is about 0.5 s at each
epoch [13]. Zuo et al. used Square Root Information Filter (SRIF) to estimate multi-GNSS
real-time satellite clock offset; its computation time is 2.11 s at each epoch [14]. Based on
this, Gong et al. conducted QR factorization, then applied SRIF to estimate clock offset: the
elapsed time is about 0.5 s for each epoch [15]. Furthermore, the clock offset estimation
also applies the dual-threads method, and the elapsed time is about 0.2 and 2 s for single
and multi-GNSS at each epoch, respectively [16,17]. Some scholars employed the carrier
range to estimate clock offset [18,19], and the estimation time is shorter than 1 and 2 s for
single and multi-GNSS, respectively. There are limitations for these two categories: For the
first one, high-performance processing equipment is required, which cannot be obtained by
the common user. In terms of the latter, all selected observations are used for clock offset
estimation; thus, with the increase of stations, data processing and quality control [20,21]
become more and more challenging, and the elapsed time may also be longer. Therefore, it
is necessary to investigate the method of rapid clock offset estimation.

We focus on the rapid estimation of UD multi-GNSS real-time satellite clock offset
in this contribution. A rapid estimation method is proposed, in which the thresholds for
the dimension of NEQ and the number of redundant observations are set, respectively.
When the dimension of NEQ and the number of redundant observations is larger than
the predefined threshold, the elevation mask is increased to remove some observations
until the dimension of NEQ and the number of redundant observations is smaller than
the thresholds. Thereafter, the adjustment is conducted. This method is called clock offset
estimation using partial observations. The estimated clock offset is validated in terms of
computation efficiency, clock offset accuracy and kinematic PPP. The satellite clock offset
estimation model and clock offset estimation using partial observations are introduced in
Section 2. Then, the experiment is designed and conducted, the computation efficiency,
clock offset accuracy, kinematic PPP performance are analyzed in Section 3. Finally, the
discussions and conclusion are given in Sections 4 and 5, respectively.

2. Methods

The multi-GNSS satellite clock offset estimation model will be introduced first, then
the proposed and in-depth description of the satellite clock offset estimate method using
partial observations.

2.1. Multi-GNSS Satellite Clock Offset Estimation Model

The GNSS raw code P and carrier phase L observation can be expressed as:

Ps,g
r, f = ρ

s,g
r + c

(
tg
r − ts,g

)
+ c
(

dg
r, f − ds,g

)
+ γ f Is

r,1 + ms,g
r Tr + ε

s,g
r, f (1)
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Ls,g
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where s and g are the satellite, navigation satellite system, respectively. r and f indicate
receiver and frequency, respectively. ρ

s,g
r is the geometric distance with the unit of meters,

c indicates light speed. tg
r denotes the receiver clock, ts,g is the satellite clock offset. dg

r, f
denotes the receiver code hardware delay, ds,g indicates the satellite code hardware delay,
their units are seconds. bg

r, f is the receiver phase hardware delay, bs,g denotes the satellite
phase hardware delay. γ f is the coefficient of ionospheric delay at frequency f . Is

r,1 indicate
the ionosphere delay at the first frequency. Tr and ms,g

r are the zenith wet delay and
its mapping function for the troposphere, respectively. Ns,g

r, f is the ambiguity of carrier

phase. ε
s,g
r, f and es,g

r, f indicate the measurement noise and other errors of code and phase
observations, respectively. To eliminate the impact of the first-order ionosphere delay,
the dual-frequency ionosphere-free (IF) combination is used. The satellite phase center
offset (PCO) and variation (PCV), relativistic effect and tide are corrected using the existing
model [22]. Then, the error model is expressed as:

vs,g
r,pc = c

(
tg
r − ts,g

)
+ ms,g

r Tr + ε
s,g
r,pc (3)

vs,g
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(
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+ λ

g
IF Ns,g

r,IF + ms,g
r Tr + es,g

r,lc (4)

where vs,g
pc,r and vs,g

lc,r are “observed values minus computed values“ (OMC) for pseudorange
and carrier phase observation of each station–satellite pair, respectively. tg

r and ts,g are the
reparametrized receiver and satellite clock offset, respectively. Ns,g

r,IF is the reparametrized
carrier phase ambiguity [23,24].

The hardware delay and clock offset datum are different for different GNSS; this bias is
called inter-system bias (ISB) [25], and should be considered. Therefore, the reparametrized
UD error equation can be expressed as:
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where the symbols ‘G, R, C, E’ represent the GPS, GLONASS, BDS and Galileo, respec-
tively. ISBR−G

r , ISBC−G
r and ISBE−G

r are the ISB between GLONASS, BDS, Galileo and
GPS, respectively. To reduce computation burden, the GLONASS inter-frequency bias
is not considered [20]. Two rank deficiencies exist and should be eliminated. The linear
relationship between receiver and satellite clock offset is the first one, a receiver clock is
selected to eliminate it [26]; the second is the linear-dependency between satellite clock
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offset and ISB, the zero-mean condition [27] is applied to each system for stations, it can
be expressed: 

n
∑

r=1
ISBR−G

i = 0
n
∑

r=1
ISBC−G

i = 0
n
∑

r=1
ISBE−G

i = 0

(7)

After imposing the constraints, the rank deficiency can be removed and the clock
offset is estimable.

2.2. Satellite Clock Offset Estimation Using Partial Observations

With the development of the IGS, more and more stations can be used to perform
GNSS precise data processing. The number of stations versus the year is presented in
Figure 1: more than 500 IGS stations can be applied as of the end of 2021 (https://www.igs.
org/network/#station-map-list, accessed on 11 October 2022), which provides abundant
data resources for the GNSS data processing. However, it also brings a computation burden
when many stations are applied to GNSS data processing. For the UD satellite clock offset
estimation model, its computation efficiency depends on the elapsed time of the inverse of
the NEQ. The elapsed time of the inverse of the NEQ for different dimensions is presented
in Figure 2; the elapsed time increases exponentially as the increase of dimensions of the
NEQ because many ambiguities should be estimated in UD satellite clock offset estimation.
If the dimension of the NEQ is about 2000, the elapsed time is less than 2.5 s, while its
elapsed time will be longer than 5 s when the dimension of an NEQ is larger than 2500.
However, the update rate for real-time satellite clock offset is less than 5 s. Therefore, when
using many stations to estimate clock offset, it cannot be promptly updated.
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When estimating clock offset using 60, 80 and 100 stations, the clock offset accuracy
difference is marginal [28]. If more stations are utilized to estimate clock offset, the esti-
mated parameters are increased; with one observation of a station–satellite pair, i.e., adding
one code and phase observation, an ambiguity parameter will be added. In UD satellite
clock offset estimation, most estimated parameters are ambiguities, whereas ambiguities
are byproducts. Therefore, GNSS satellite clock offset estimation using the partial obser-
vations method is proposed to improve the computation efficiency. In this method, many
stations are selected, then, the thresholds for the dimension of the NEQ and the number
of redundant observations is set. When these two indicators are larger than predefined
thresholds, some observations are removed by increasing the elevation mask, and the re-
maining observations with higher elevations are applied to conduct clock offset estimation.
It is anticipated the clock offset can be estimated as quickly as possible.

Figure 3 presents the data processing of the clock offset estimation using partial
observations. First, the data is read (such as GNSS observations, satellite orbit, earth
rotation paraments (ERP)). The elevation mask is set to 7◦ to remove the observations with
low elevation. Next, the dimension of NEQ and the number of redundant observations is
calculated, respectively (‘nobs’ and ‘ndim’ represent the number of observations and the
dimension of the NEQ in the figure, respectively). From Figure 2, when the dimension of
NEQ is about 2000, its computation time for clock offset estimation is about 2.5 s, which
is less than 5 s. Therefore, the first condition is that the dimension of an NEQ is less than
2000. The second condition is that the difference between ‘nobs’ and ‘ndim’ is larger than
600, which is called the number of redundant observations; if this value is smaller than 0,
the clock offset estimation cannot be estimated, whereas when it is larger, it will lead to
time consumption. When these two conditions can be met, the clock offset is estimated;
otherwise, the elevation mask is increased by 3◦ every time, some observations are removed,
and this loop is iteratively conducted until two judgment conditions are met. Finally, the
clock offset estimation is performed, outputting clock offset products.
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3. Results

The experiment setup is introduced first. Next, the computation efficiency is evaluated
and analyzed. Thereafter, the clock offset performance is evaluated. Finally, PPP is used to
validate the estimated clock offset.

3.1. Experiment Setup

To validate the proposed method, multi-GNSS Experiments (MGEX) stations [29]
from a global scale are used to experiment. The station distribution is shown in Figure 4,
in which the purple, blue, green and red circles represent the 50, 60, 70 and 80 stations,
respectively. The experiment is conducted from the day of the year (DOY) 009 to DOY 015
in 2022, the multi-GNSS (GPS/BDS-3/Galileo/GLONASS) satellite clock offset is estimated
using dual-frequency IF combination with L1/L2, B1I/B3I, E1/E5a and G1/G2 frequency,
respectively. The detailed processing strategies are shown in Table 1. The experiment
schemes are as follows: multi-GNSS satellite clock offset estimation using all observations
with 50, 60, 70 and 80 stations, respectively; multi-GNSS satellite clock offset estimation
with 50, 60, 70 and 80 stations using partial observations, respectively. The experiment is
conducted on a laptop with an Intel i7-11370h processor.
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Table 1. Data process for satellite clock offset estimation.

Items Strategies

Observations GPS: L1/L2; Galileo: E1/E5a; BDS-3: B1I/B3I; GLONASS: G1/G2
Weight E ≤ 30◦, P = 2sinE; E > 30◦, P = 1;

Satellite orbit/ERP Center for Orbit Determination in European (CODE) [30]
Relativistic effect Corrected [31]

Wind-up Corrected [32]
Satellite DCB CAS [33]

Satellite PCO/PCV igs14.atx
Station coordinates Fixed to IGS weekly solutions

Station displacement Solid tide, ocean tide, pole tide: IERS Convention 2010 [34]
Receiver PCO/PCV igs14.atx

Estimator Sequential least square adjustment [20]
Satellite and receiver

clock offset White noise

ISB White noise

Troposphere Saastamoinen model [35] + GMF [36],
estimated as a piece-wise constant every hour

Ambiguity Float solution, estimated as a constant
for a station-satellite pair if no cycle slip

3.2. Computation Efficiency

The computation efficiency depends on the dimension of the NEQ. Figure 5 shows
the dimension of the NEQ at each epoch for clock offset estimation using all and partial
observations with 50, 60, 70 and 80 stations, respectively. When satellite clock offset
estimation using all observations, the dimension of the NEQ increases as the number of
stations increases, because one carrier phase is added, an ambiguity parameter will be
added. The number of dimensions is between 1815 and 1929, 2147 and 2297, 2490 and
2656, 2816 and 3020 for 50, 60, 70 and 80 stations, respectively. For clock offset estimation
using partial observations, when employing 50 stations, the dimension of the NEQ is less
than 2000 for each epoch, which is less than the predefined threshold, so there is no need
to delete observations. When 60, 70 and 80 stations are applied to clock offset estimation,
the dimension of the NEQ is still less than 2000, because the predefined thresholds for the
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dimension of the NEQ and the number of redundant observations is set; by increasing
the elevation mask, some observations are removed, which is beneficial for improving
computation efficiency. The mean dimension of the NEQ is presented in Table 2. For clock
offset estimation using all and partial observations, the dimensions of NEQ for 60, 70 and
80 stations are 2221 and 1932, 2575 and 1901, 2919 and 1890, respectively. Compared to
clock offset estimation using all observations, the decreased rate of the mean dimension of
the NEQ is 13.0%, 26.2% and 35.3%, respectively.
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Table 2. The mean number of dimensions of satellite clock offset estimation using all and partial
observations with 50, 60, 70 and 80 stations.

Number of Stations All Observations Partial Observations Reduction Rate

50 1871 1871 0%
60 2221 1932 13.0%
70 2575 1901 26.2%
80 2919 1890 35.3%

The number of stations that can be tracked by each GNSS satellite using all and
partial observations with 50, 60, 70 and 80 stations are shown in Figure 6. For clock offset
estimation using all observations, the tracked stations by each satellite are increased as the
growth of number of the stations. When 50 stations are applied, about 15 stations can be
tracked for most satellites, while nearly 25 stations can be tracked by each satellite when
using 80 stations. The tracked stations for some BDS-3 satellites are fewer than that for other
systems, which may be caused by the launch date of these satellites being later; the receiver
of stations is not being updated in time and they cannot receive the BDS-3 signals. For
some satellites, the number of tracked stations is fewer compared to other satellites (such as
G11, G22, G28, E14, E18, R11). For clock offset estimation using partial observations, about
15 stations can be tracked by each GNSS satellite; the number of tracked stations is almost
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the same whether 50, 60, 70 or 80 stations are applied. Therefore, it is anticipated that the
elapsed time is almost the same for clock offset estimation using 50, 60, 70 and 80 stations.

Remote Sens. 2023, 15, 1776 9 of 16 
 

 

 
Figure 6. Number of tracked stations for each GNSS satellite. 

 
Figure 7. Elevation mask for clock offset estimation using partial observations with 50, 60, 70 and 
80 stations. 

The computation time for clock offset estimation using all and partial observations 
with 50, 60, 70 and 80 stations at each epoch is shown in Figure 8. For clock offset estima-
tion using all observations, because the dimension of the NEQ is less than 2000 for 50 

G
01

G
03

G
05

G
07

G
09

G
11

G
13

G
15

G
17

G
19

G
21

G
23

G
25

G
27

G
29

G
31

0
10
20
30
40

G
02

G
04

G
06

G
08

G
10

G
12

G
14

G
16

G
18

G
20

G
22

G
24

G
26

G
28

G
30

G
32

C
19

C
21

C
23

C
25

C
27

C
29

C
32

C
34

C
36

C
38

C
40

C
42

C
44

C
46

0
10
20
30
40

C
20

C
22

C
24

C
26

C
28

C
30

C
33

C
35

C
37

C
39

C
41

C
43

C
45

E01

E03

E05

E08
E11

E13

E15
E19

E24

E26

E30
E33

0
10
20
30
40

E02
E04

E07

E09
E12

E14
E18

E21
E25

E27

E31

E36

R
01

R
03

R
05

R
08

R
11

R
13

R
15

R
18

R
20

R
22

0
10
20
30
40

R
02

R
04

R
07

R
09

R
12

R
14

R
17

R
19

R
21

R
24

GPS

All observations
 50  60  70  80

Partial observations
GPS

BDS-3 BDS-3

N
um

be
r o

f s
ta

tio
ns

Galileo Galileo

GLONASS GLONASS

Figure 6. Number of tracked stations for each GNSS satellite.

The elevation masks for clock offset estimation using partial observations with 50, 60,
70 and 80 stations are shown in Figure 7. When using 50 stations, both the dimensions of the
NEQ and the number of redundant observations were less than the predefined thresholds.
Therefore, all observations were retained, and the elevation mask is 7 degrees for each
epoch. When 60, 70 and 80 stations are applied, the elevation mask is between 13 and 16,
19 and 22, 25 and 28 degrees, and the mean is 14.62, 21.92 and 26.92 degrees, respectively.

The computation time for clock offset estimation using all and partial observations
with 50, 60, 70 and 80 stations at each epoch is shown in Figure 8. For clock offset estimation
using all observations, because the dimension of the NEQ is less than 2000 for 50 stations,
it can be estimated within 5 s. When 60 to 80 stations are applied, the elapsed time is
gradually increased; it is between 5 and 10, 5 and 12.5, 10 and 15 s at each epoch for 60, 70
and 80 stations, respectively—the clock offset cannot be updated within 5 s. In the case of
clock offset estimation using partial observations, the dimensions of the NEQ are less than
2000 for 60, 70 and 80 stations; therefore, the elapsed time of each epoch is still less than 5 s,
and the real-time applications can be met. The mean elapsed time of clock offset estimation
for each epoch using all and partial observations with different stations are presented in
Table 3. Compared to clock offset estimation using all observations, the mean elapsed time
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of clock offset estimation using partial observations can be reduced from 6.80 to 3.10 s, 7.93
to 2.97 s, 12.04 to 3.14 s for 60, 70 and 80 stations, respectively. The reduction rate is 54.4%,
62.6% and 73.9%, respectively. The computation time and improvements show that the
proposed method is effective and feasible.
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Figure 7. Elevation mask for clock offset estimation using partial observations with 50, 60, 70 and
80 stations.
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Table 3. Mean elapsed time of clock offset estimation for each epoch using all and partial observations
with different stations (unit: second).

Number of Stations All Observations Partial Observations Reduction Rate

50 2.86 2.86 0%
60 6.80 3.10 54.4%
70 7.93 2.97 62.6%
80 12.04 3.14 73.9%

3.3. Clock Offset Accuracy

The clock offset accuracy of each satellite using all and partial observations with 50, 60,
70 and 80 stations is presented in Figure 9. When evaluating the clock offset, the CODE final
clock offset products are selected, the clock offset accuracy evaluation method is referred
to [6]. For different schemes, the clock offset accuracy for each GPS, BDS and Galileo
satellite outperform 0.08, 0.09 and 0.05 ns, respectively. Most GLONASS satellite clock
offset accuracies are better than 0.20 ns. Compared to other systems, the GLONASS satellite
clock offset performance is poorer because the code inter-frequency bias is neglected [20]
and the frequency stability of the cesium atomic clock equipped on GLONASS satellites is
poorer than that of other GNSS [37]. The accuracy difference of each Galileo satellite is the
smallest among the four GNSS due to their superior atomic clock performance, while the
accuracy difference of each GLONASS satellite is the largest. For clock offset estimation
using all observations, the accuracy difference is small when using 50, 60, 70 and 80 stations.
The improvement of accuracy is marginal with the increase in stations. In terms of partial
observations, except for the R09 satellite clock, when 50, 60, 70 or 80 stations are applied,
the clock offset accuracy for other GLONASS satellites is almost the same. Furthermore,
compared to clock offset estimation using all and partial observations, the clock offset
accuracy difference is small whether 50, 60, 70, or 80 stations are employed.

Figure 10 and Table 4 show the estimated clock offset accuracy of each system and the
mean, respectively. For all observations of GPS, BDS-3 and Galileo satellites, their clock
offset accuracy is better than 0.05 ns, the value is between 0.03 and 0.04, 0.03 and 0.04, 0.02
and 0.03 ns, respectively, which shows fairly good performance. Because GLONASS code
inter-frequency bias is neglected and the frequency stability of cesium atomic clocks is
inferior, compared to other systems, their satellite clock offset accuracy is inferior. When
different stations are applied, the clock offset accuracy is between 0.11 and 0.13 ns. With
the increase of stations, the clock offset accuracy improvement is very marginal. For partial
observations, the GPS, BDS-3 and Galileo satellite clock offset accuracy is between 0.03 and
0.04, 0.03 and 0.05, 0.02 and 0.03, 0.12 and 0.15 ns, respectively. The clock offset accuracy is
slightly poorer when applying partial observations compared to the clock offset estimated
from all observations, which can be attributed to the fact that when partial observations
are applied, the elevation mask is larger, the observation arc of each station–satellite pair is
shorter, the ambiguity initialization is more frequent than clock offset estimation using all
observations. Nevertheless, the clock offset accuracy difference for each system is marginal,
and this difference is acceptable.
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Figure 9. Clock offset accuracy of each satellite using all and partial observations with different stations.
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Table 4. Mean clock offset accuracy for each system using different schemes (unit: ns).

Number of Stations
GPS BDS-3 Galileo GLONASS

All Partial All Partial All Partial All Partial

50 0.0360 0.0360 0.0381 0.0381 0.0285 0.0285 0.1215 0.1215
60 0.0350 0.0351 0.0375 0.0378 0.0262 0.0265 0.1173 0.1202
70 0.0338 0.0358 0.0376 0.0416 0.0261 0.0275 0.1157 0.1255
80 0.0322 0.0338 0.0376 0.0455 0.0256 0.0278 0.1155 0.1512

3.4. PPP Validation

The multi-GNSS kinematic PPP experiment is performed using satellite clock offset
from all and partial observations with 50, 60, 70 and 80 stations. A total of 85 stations
are used to conduct PPP; these stations are not applied to clock offset estimation, the geo-
graphical distribution of which is shown in Figure 11. The experiments are conducted from
DOY 010 to DOY 015, 2022. The down-weight is conducted for GLONASS observations
because of the poorer clock offset accuracy and the neglect of code IFB. The estimated
parameters are station coordinates, ZWD, receiver clock offset, ISB, ambiguities. The station
coordinates are compared to IGS weekly solutions.
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The mean positioning accuracy for each station using clock offset products from
different schemes is presented in Figure 12. For PPP using clock offset products with all
observations, the positioning accuracy difference is similar whether the estimated clock
offset from 50, 60, 70, or 80 stations. The positioning accuracy in east, north and up
directions is between 1 and 2 cm, 0 and 2 cm, 1 and 6 cm for most stations, respectively.
Although the clock offset is estimated using different stations, the positioning accuracy is
almost the same because the clock offset accuracy difference is marginal when 50, 60, 70
and 80 stations are applied to clock offset estimation. For PPP using clock offset products
with partial observations, compared to the positioning accuracy using the clock offset from
50 and 60 stations, the positioning accuracy using the clock offset from 70 and 80 stations is
slightly worse. This is caused by the slightly worse clock offset accuracy estimated from 70
and 80 stations, especially for GLONASS satellite clock offset, their clock offset accuracy
is gradually increased with the increase of stations. Compared to the clock offset from all
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observations, the positioning accuracy is slightly degraded when clock offset estimation
using partial observations with 60, 70 and 80 stations, especially for the up component,
because the clock offset is related to the up direction in PPP.
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The positioning accuracy using the clock offset from different schemes at the 95%
confidence level is shown in Table 5. For all observations, the positioning accuracy using
the clock offset estimated from 50, 60, 70 and 80 stations in east, north and up directions
are between 2.29 and 2.40, 1.87 and 1.91, 5.24 and 5.35 cm, respectively. The positioning
accuracy difference is at the millimeter-level for different stations. Therefore, the positioning
accuracy improvement is limited with the growth of stations for clock offset estimation.
For partial observations, with the increase of stations, the positioning accuracy is gradually
decreased for the up component, the difference is also at the millimeter level, which is
acceptable for the kinematic PPP of centimeter-level.

Table 5. Positioning accuracy using the clock offset from different schemes at the 95% confidence
level (unit: cm).

Number of Stations
All Observations Partial Observations

E N U E N U

50 2.30 1.90 5.35 2.30 1.90 5.35
60 2.32 1.87 5.35 2.28 1.88 5.44
70 2.40 1.87 5.24 2.60 1.99 5.52
80 2.29 1.91 5.24 2.68 2.15 5.58
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4. Discussions

The computation time is still one of the problems for UD real-time clock offset estima-
tion because the inverse of NEQ is time-consuming, which hinders real-time applications
such as RT-PPP since the real-time satellite clock offset should be updated within 5 s. It
has been proved that when more and more stations are used for clock offset estimation,
the improvement of clock offset accuracy is limited. In this contribution, we investigated
the rapid estimation of multi-GNSS real-time satellite clock offset. The thresholds for the
number of NEQ and redundant observations are set. Increasing the elevation mask to
remove some observations to improve the computation efficiency. The results demonstrated
that the elapsed time of clock offset estimation is less than 5 s when 60, 70 and 80 stations
are applied. The estimated clock offset accuracy for GPS, BDS-3, Galileo and GLONASS
satellites are better than 0.04, 0.05, 0.03 and 0.16 ns.

There are several characteristics of this method. First, although many stations are
applied to estimate clock offset, the elapsed time is still within 5 s, which can meet the
requirement of the update for clock offset estimation within 5 s. Second, the real-time
observations are impacted by various factors such as station environment distribution,
network delay, resulting in the observation not being received. When a few stations are
applied to estimate the clock offset, if some observations cannot be received, the clock
offset cannot be estimated because the number of stations is too few, so the performance of
the clock offset will be degraded. If clock offset estimation uses many stations, when all
observations can be received, the proposed method can be applied, if some observations
cannot be received, the clock offset can still be estimated. However, with the increase of
the stations, the elevation mask of observation is larger, resulting in the observation arc
being shorter, the initialization of ambiguity is more frequent. Therefore, the clock offset is
slightly degraded with the increase of the stations. It is suggested that 70 to 80 stations are
applied. When the observations of all stations can be received, the proposed method can
be employed. Once the stations are impacted by their environment distribution, network
delay, or other factors, some observations cannot be received, estimating the clock offset is
still possible.

5. Conclusions

Real-time satellite clock offsets are the prerequisites for RT-PPP. A rapid estimation
method of UD multi-GNSS real-time satellite clock offset using partial observations is
proposed in this contribution. In this method, the dimension of the NEQ and the number
of redundant observations is calculated before clock offset estimation, respectively, when
these two values are smaller than the predefined thresholds, then clock offset estimation
is performed. Otherwise, the elevation mask is gradually increased until they are smaller
than the predefined thresholds. Because the dimension of the NEQ can be reduced, the
computation efficiency can be significantly improved compared to clock offset estimation
using all observations. Observations from 50, 60, 70 and 80 MGEX stations are applied for
validating the proposed method.

The dimensions of NEQ are analyzed. For all and partial observations, the dimensions
of NEQ are 2221, 2575, 2919 and 1932, 1901 and 1890 for 60, 70 and 80 stations, respectively.
Compared to the clock offset estimation using all observations, the reduced rate of the
proposed method is 13.0%, 26.2%, 35.3%, respectively. Compared to clock offset estimation
using all observations, the elapsed times of clock offset estimation using partial observations
can be reduced from 6.80 to 3.10, 7.93 to 2.97, 12.04 to 3.14 s for 60, 70 and 80 stations,
respectively. Therefore, the computation time of the clock offset estimation is less than 5 s.
When using the proposed method, the clock offset accuracy of GPS, BDS-3, Galileo and
GLONASS satellites are outperform 0.04, 0.05, 0.03 and 0.16 ns. The positioning accuracy
of multi-GNSS kinematic PPP at a 95% confidence level is better than 2.70, 2.20 and
5.60 cm for different schemes. The results demonstrate that rapid estimation and reliable
clock offset can be achieved using the proposed method.



Remote Sens. 2023, 15, 1776 16 of 17

Author Contributions: W.X. proposed the methodology, conducted the experiments, prepared
figures and wrote the manuscript. G.H. developed the methodology, reviewed the manuscript. W.F.
developed the methodology. S.D. conducted the experiments, B.C., M.L. and Y.T. reviewed the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Programs of the National Natural Science Foundation
of China (41731066, 41904038, 42090053, 42127802, and 41941019), the National Key Research and
Development Plan of China (2019YFC1509802 and 2018YFC1505105). The China Postdoctoral Science
Foundation (2019M662713).

Data Availability Statement: The observations analyzed during the current study are available from:
ftp://igs.gnsswhu.cn/pub/gps/ (accessed on 11 October 2022). The satellite orbit, clock offset, ERP
and DCB products from CODE MGEX center: http://ftp.aiub.unibe.ch/CODE_MGEX/ (accessed on
11 October 2022). The multi-GNSS DCB products from CAS: ftp://ftp.gipp.org.cn/product/dcb/
(accessed on 11 October 2022).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zumberge, J.F.; Heflin, M.B.; Jefferson, D.C.; Watkins, M.M.; Webb, F.H. Precise point positioning for the efficient and robust

analysis of GPS data from large networks. J. Geophys. Res. 1997, 102, 5005–5017. [CrossRef]
2. Guo, J.; Li, X.; Li, Z.; Hu, L.; Yang, G.; Zhao, C.; Fairbairn, D.; Watson, D.; Ge, M. Multi-GNSS precise point positioning for

precision agriculture. Precis. Agric. 2018, 19, 895–911. [CrossRef]
3. Ge, Y.; Dai, P.; Qin, W.; Yang, X.; Zhou, F.; Wang, S.; Zhao, X. Performance of multi-GNSS precise point positioning time and

frequency transfer with clock modeling. Remote Sens. 2019, 11, 347. [CrossRef]
4. Lu, C.; Li, X.; Nilsson, T.; Ning, T.; Heinkelmann, R.; Ge, M.; Glaser, S.; Schuh, H. Real-time retrieval of precipitable water vapor

from GPS and BeiDou observations. J. Geod. 2015, 89, 843–856. [CrossRef]
5. Duan, B.; Hugentobler, U.; Chen, J.; Selmke, I.; Wang, J. Prediction versus real-time orbit determination for GNSS satellites. GPS

Solut. 2019, 23, 39. [CrossRef]
6. Huang, G.; Cui, B.; Zhang, Q.; Fu, W.; Li, P. An improved predicted model for BDS ultra-rapid satellite clock offsets. Remote Sens.

2018, 10, 60. [CrossRef]
7. Caissy, M.; Agrotis, L. Real-time working group and real-time pilot project. In International GNSS Service; Technical Report 2011;

Astronomical Institute, University of Bern: Bern, Switzerland, 2011; pp. 183–190.
8. Hadas, T.; Bosy, J. IGS RTS precise orbits and clocks verification and quality degradation over time. GPS Solut. 2015, 19, 93–105.

[CrossRef]
9. Li, B.; Ge, H.; Bu, Y.; Zheng, Y.; Yuan, L. Comprehensive assessment of real-time precise products from IGS analysis centers. Satell.

Navig. 2022, 3, 12. [CrossRef]
10. Fu, W.; Yang, Y.; Zhang, Q.; Huang, G. Real-time estimation of BDS/GPS high-rate satellite clock offsets using sequential least

squares. Adv. Space Res. 2018, 62, 477–487. [CrossRef]
11. Jiao, G.; Song, S. High-rate one-hourly updated ultra-rapid multi-GNSS satellite clock offsets estimation and its application in

real-time precise point positioning. Remote Sens. 2022, 14, 1257. [CrossRef]
12. Tao, J. Research on GNSS Real-time Precise Satellite Clock Fast Estimation. Master Thesis, Wuhan University, Wuhan,

China, 2019.
13. Cao, X.; Kuang, K.; Ge, Y.; Shen, F.; Zhang, S.; Li, J. An efficient method for undifferenced BDS-2/BDS-3 high-rate clock estimation.

GPS Solut. 2022, 26, 66. [CrossRef]
14. Zuo, X.; Jiang, X.; Li, P.; Wang, J.; Ge, M.; Schuh, H. A square root information filter for multi-GNSS real-time precise clock

estimation. Satell. Navig. 2021, 2, 28. [CrossRef]
15. Gong, X.; Gu, S.; Lou, Y.; Zheng, F.; Ge, M.; Liu, J. An efficient solution of real-time data processing for multi-GNSS network. J.

Geod. 2018, 92, 797–809. [CrossRef]
16. Liu, T.; Zhang, B.; Yuan, Y.; Zha, J.; Zhao, C. An efficient undifferenced method for estimating multi-GNSS high-rate clock

corrections with data streams in real time. J. Geod. 2019, 93, 1435–1456. [CrossRef]
17. Dai, Z.; Dai, X.; Zhao, Q.; Bao, Z.; Li, C. Multi-GNSS real-time clock estimation using the dual-thread parallel method. Adv. Space

Res. 2018, 62, 2518–2528. [CrossRef]
18. Chen, H.; Jiang, W.; Ge, M.; Wickert, J.; Schuh, H. Efficient high-rate satellite clock estimation for PPP ambiguity resolution using

carrier-ranges. Sensors 2014, 14, 22300–22312. [CrossRef]
19. Li, X.; Xiong, Y.; Yuan, Y.; Wu, J.; Li, X.; Zhang, K.; Huang, J. Real-time estimation of multi-GNSS integer recovery clock with

undifferenced ambiguity resolution. J. Geod. 2019, 93, 2515–2528. [CrossRef]
20. Fu, W.; Huang, G.; Zhang, Q.; Gu, S.; Ge, M.; Schuh, H. Multi-GNSS real-time clock estimation using sequential least square

adjustment with online quality control. J. Geod. 2019, 93, 963–976. [CrossRef]

ftp://igs.gnsswhu.cn/pub/gps/
http://ftp.aiub.unibe.ch/CODE_MGEX/
ftp://ftp.gipp.org.cn/product/dcb/
http://doi.org/10.1029/96JB03860
http://doi.org/10.1007/s11119-018-9563-8
http://doi.org/10.3390/rs11030347
http://doi.org/10.1007/s00190-015-0818-0
http://doi.org/10.1007/s10291-019-0834-2
http://doi.org/10.3390/rs10010060
http://doi.org/10.1007/s10291-014-0369-5
http://doi.org/10.1186/s43020-022-00074-2
http://doi.org/10.1016/j.asr.2018.04.025
http://doi.org/10.3390/rs14051257
http://doi.org/10.1007/s10291-022-01252-0
http://doi.org/10.1186/s43020-021-00060-0
http://doi.org/10.1007/s00190-017-1095-x
http://doi.org/10.1007/s00190-019-01255-9
http://doi.org/10.1016/j.asr.2018.07.011
http://doi.org/10.3390/s141222300
http://doi.org/10.1007/s00190-019-01312-3
http://doi.org/10.1007/s00190-018-1218-z


Remote Sens. 2023, 15, 1776 17 of 17

21. Xie, W.; Huang, G.; Fu, W.; Shu, B.; Cui, B.; Li, M.; Yue, F. A quality control method based on improved IQR for estimating
multi-GNSS real-time satellite clock offset. Measurement 2022, 201, 111695. [CrossRef]

22. Kouba, J.; Héroux, P. Precise point positioning using IGS orbit and clock products. GPS Solut. 2001, 5, 12–28. [CrossRef]
23. Wang, J.; Zhang, Q.; Huang, G. Estimation of fractional cycle bias for GPS/BDS-2/galileo based on international GNSS monitoring

and assessment system observations using the uncombined PPP model. Sate. Navig. 2021, 9, 2. [CrossRef]
24. Cui, B.; Li, P.; Wang, J.; Ge, M.; Schuh, H. Calibrating receiver-type-dependent wide-lane uncalibrated phase delay biases for PPP

integer ambiguity resolution. J. Geod. 2021, 95, 82. [CrossRef]
25. Wang, J.; Huang, G.; Zhang, Q.; Gao, Y.; Gao, Y.; Luo, Y. GPS/BDS-2/galileo precise point positioning ambiguity resolution based

on the uncombined model. Remote Sens. 2020, 12, 1853. [CrossRef]
26. Xie, W.; Huang, G.; Fu, W.; Li, P.; Cui, B. An efficient clock offset datum switching compensation method for BDS real-time

satellite clock offset estimation. Adv. Space Res. 2021, 68, 1802–1813. [CrossRef]
27. Dach, R.; Lutz, S.; Walser, P.; Fridez, P. Bernese GNSS Software Version 5.2; Astronomical Institute, University of Bern: Berne,

Switzerland, 2015.
28. Chen, L.; Li, M.; Zhao, Y.; Zheng, F.; Shi, C. Multi-GNSS real-time precise clock estimation considering the correction of

inter-satellite code biases. GPS Solut. 2021, 25, 32. [CrossRef]
29. Montenbruck, O.; Steigenberger, P.; Prange, L.; Deng, Z.; Zhao, Q.; Perosanz, F.; Romero, I.; Noll, C.; Stürze, A.; Weber, G.; et al.

The multi-GNSS experiment (MGEX) of the international GNSS Service (IGS)—Achievements, prospects and challenges. Adv.
Space Res. 2017, 59, 1671–1697. [CrossRef]

30. Prange, L.; Orliac, E.; Dach, R.; Arnold, D.; Beutler, G.; Schaer, S.; Jäggi, A. CODE’s five-system orbit and clock solution-the
challenges of multi-GNSS data analysis. J. Geod. 2017, 91, 345–360. [CrossRef]

31. Kouba, J. Relativity effects of galileo passive hydrogen maser satellite clocks. GPS Solut. 2019, 23, 117. [CrossRef]
32. Wu, J.T.; Wu, S.C.; Hajj, G.A.; Bertiger, W.I.; Lichten, S.M. Effects of antenna orientation on GPS carrier phase. In Proceedings of

the Astrodynamics 1991, San Diego, CA, USA, 19–22 August 1991; pp. 1647–1660.
33. Wang, N.; Yuan, Y.; Li, Z.; Montenbruck, O.; Tan, B. Determination of differential code biases with multi-GNSS observations. J.

Geod. 2016, 90, 209–228. [CrossRef]
34. Petit, G.; Luzum, B. IERS Conventions (2010); IERS Technical Note 36; Verlagdes Bundesamts für Kartographie und Geodsie:

Frankfurt , Germany, 2010.
35. Saastamoinen, J. Contributions to the theory of atmospheric refraction—Part II. Refraction corrections in satellite geodesy. Bull

Géod. 1973, 47, 13–34. [CrossRef]
36. Boehm, J.; Niell, A.; Tregoning, P.; Schuh, H. Global mapping function (GMF): A new empirical mapping function based on

numerical weather model data. Geophys. Res. Lett. 2006, 33, L07304. [CrossRef]
37. Xie, W.; Huang, G.; Wang, L.; Li, P.; Cui, B.; Wang, H.; Cao, Y. Long-term performance detection and evaluation of GLONASS

onboard satellite clocks. Measurement 2021, 175, 109091. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.measurement.2022.111695
http://doi.org/10.1007/PL00012883
http://doi.org/10.1186/s43020-021-00039-x
http://doi.org/10.1007/s00190-021-01524-6
http://doi.org/10.3390/rs12111853
http://doi.org/10.1016/j.asr.2021.04.029
http://doi.org/10.1007/s10291-020-01065-z
http://doi.org/10.1016/j.asr.2017.01.011
http://doi.org/10.1007/s00190-016-0968-8
http://doi.org/10.1007/s10291-019-0910-7
http://doi.org/10.1007/s00190-015-0867-4
http://doi.org/10.1007/BF02522083
http://doi.org/10.1029/2005GL025546
http://doi.org/10.1016/j.measurement.2021.109091

	Introduction 
	Methods 
	Multi-GNSS Satellite Clock Offset Estimation Model 
	Satellite Clock Offset Estimation Using Partial Observations 

	Results 
	Experiment Setup 
	Computation Efficiency 
	Clock Offset Accuracy 
	PPP Validation 

	Discussions 
	Conclusions 
	References

