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To achieve fast satellite selection for a multi-Global Navigation Satellite System (GNSS),
thereby reducing the burden on a receiver’s processing element and the cost of hardware, and
improving the utilisation ratio of receiver signal channels, the relationship between the number
of satellites and Geometric Dilution Of Precision (GDOP), the number of satellites selected and
the computation time is analysed. A fast rotating partition algorithm for satellite selection based
on equal distribution of the sky is proposed. The algorithm divides the satellite selection pro-
cess into two parts: rough selection and detailed selection. Unhealthy satellites, according to a
health identifier, and low elevation angle satellites with a large troposphere delay are eliminated
during the rough selection process. During the detailed satellite selection process, the satellite
sky is divided and rotated to match satellites based on the average angle distance between the
satellite and central partition line. Static data from the International GNSS Service (IGS) station
and dynamic data collected at China University of Mining and Technology were used to verify
the algorithm, and the results demonstrated that an inverse matrix could be avoided to reduce
computation complexity. Additionally, the new satellite selection algorithm has the merit that
there is little effect on the computation when the selected satellites and number of satellites in
the field increased. A single system of the Global Positioning System (GPS) and double sys-
tem of GPS/Globalnaya Navigazionnaya Sputnikovaya Sistema (GLONASS) both passed the
hypothesis test for each epoch. By including BeiDou Navigation Satellite System (BDS) data,
data utilisation increased to more than 95% using the rotating partition algorithm. Also, the
GDOP and positioning performance of a rotating partition algorithm and an optimal Dilution
Of Precision (DOP) algorithm are compared in this paper, and the analysis result shows that
both of the algorithms have only a small difference of GDOP and have comparable positioning
performance.
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1. INTRODUCTION. Following the Global Positioning System (GPS) and Globalnaya
Navigazionnaya Sputnikovaya Sistema (GLONASS), the BeiDou Navigation Satellite Sys-
tem (BDS) II achieved formal networking in the Asia-Pacific region after it launched 14
satellites, completing by 27 December 2012. BDS III satellites commenced launching
from November 2017 and it is planned to achieve global networking by 2020. BDS III
is composed of three Geosynchronous Earth Orbit (GEO) satellites, three Inclined Geosyn-
chronous Satellite Orbit (IGSO) satellites, 24 Medium Earth Orbit (MEO) satellites, and
reserve satellites, and is the only Global Navigation Satellite System (GNSS) in the world
that is composed of three types of hybrid orbits. Meanwhile, the European Union Galileo
satellite navigation system, a new generation of civilian GNSS, has launched 18 satellites as
of 22 December 2017 as part of the European project, and plans to complete global deploy-
ment by 2019. Multi-GNSS and multi-observation are navigation trends because they can
provide large numbers of redundant observations for each epoch, and give an enhanced
satellite spatial distribution structure, accuracy, availability and reliability (Belabbas et al.,
2005; Januszewski, 2005; Li et al., 2017). With an increasing number of available satel-
lites, the improvement of positioning precision is getting better and better (Zhang et al.,
2008), but the computation time increases greatly, and it is impossible and unnecessary to
position and use all satellites in view because we are constrained by local resources in an
embedded system. Therefore, one of important problems to solve is to select satellites in
the field based on certain rules and strategies for GNSS calculation to achieve a balance
between the positioning accuracy demanded and calculation burden on a receiver’s Central
Processing Unit (CPU).

To select as few satellites as possible for real-time navigation and positioning to meet
the requirements of positioning accuracy, many scholars have used the minimum Geo-
metric Dilution Of Precision (GDOP) or maximum volume of satellite selection to solve
this problem (Kihara and Okada, 1984; Mok and Cross, 1994). Only four satellite sig-
nals are received and calculated, which could be achieved by performing all combination
types for satellite selection or using the geometric configuration algorithm (Doong, 2009;
Phatak, 2001). However, the computation time for the optimal Dilution Of Precision (DOP)
increases by ten times because of the selection of an increased number of satellites in the
field of view, which is not able to meet the requirements of real-time navigation (Blanco-
Delgado and Nunes, 2010; Zhang and Zhang, 2009). To improve operational efficiency,
some scholars have proposed a weighted GDOP algorithm; however, the algorithms sug-
gested do not address the speed of selecting satellites but how to reflect the relationship
between satellite distribution and position precision (Bo and Shao, 2009; Januszewski,
2005; Kihara and Okada, 1984; Yong and Miao, 2004). Some scholars have also selected
satellites based on the geometric layout of visible satellites, and a large proportion of the
algorithm leads to a large computation time with an increasing number of satellites in
the field of view, which makes it difficult to apply the algorithm for positioning in high
dynamic manoeuvring situations (Yu et al., 2009). Scholars have selected satellites using
Genetic Algorithms (GA), thereby simulating the process of biological evolution. GA satel-
lite selection algorithms do not generally study the geometry of satellites, and the time
consumed is less than the traversing method when the satellites number to be obtained is
more than four. The fundamental aspect of GA is a random evolutionary search algorithm,
which uses basic operations to select satellites, such as selection, crossover and mutation
of chromosomes (Holland, 1992), however, for most GA approaches it is easy to fall into a
local optimum (Azami et al., 2013; Mosavi and Divband, 2010).
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In order to improve the speed of satellite selection, reducing the burden on a receiver’s
processing element, a fast rotating partition satellite selection algorithm based on equal
distribution of sky is proposed in this paper. The algorithm has a merit in that it avoids
the need to calculate an inverse matrix when meeting the requirement for precision. Only
simple arithmetic calculations are run in the algorithm, so the speed of satellite selection is
greatly improved compared to other satellite selection methods.

2. TRADITIONAL SATELLITE SELECTION ALGORITHM.
2.1. Relationship between the number of satellites and GDOP. The DOP is an impor-

tant index used to measure the performance of positioning, and a good satellite sky
distribution structure is the premise of high position precision. The index indirectly reflects
the spatial distribution structure of the satellites, and GDOP can reflect the magnification
factor of positioning and clock precision directly because of the satellite spatial distribution
structure and is calculated as Equation (1):

GDOP =
√

(Q11 + Q22 + Q33 + Q44) (1)

where Qjj (j = 1, 2, 3, 4) denotes an element of Q = (H TH )−1 and H denotes the coefficient
matrix, which is calculated by the satellite azimuth αi and elevation angle βi (i = 1 · · · n) as
Equation (2):

H =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

sin α1 cos α1 sin β1 cos α1 cos β1 1 0 0
· · · · · · · · · · · · · · · · · ·

sin αi−1 cos αi−1 cos βi−1 cos αi−1 cos βi−1 1 0 0
sin αi cos αi cos βi cos αi cos βi 0 1 0
· · · · · · · · · · · · · · · · · ·

sin αj −1 cos αj −1 cos βj −1 cos αj −1 cos βj −1 0 1 0
sin αj cos αj cos βj cos αj cos βj 0 0 1
· · · · · · · · · · · · · · · · · ·

sin αn cos αn cos βn cos αn cos βn 0 0 1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎫⎬
⎭ nsys1

⎫⎬
⎭ nsys2

⎫⎬
⎭ nsys3

(2)

where nsys1, nsys2, and nsys3 represent different GNSS systems. If there are any other
systems, then H can be expanded as required.

To verify the effects of system combination and the number of satellites on GDOP, data
from International GNSS Service (IGS) stations were collected on 1 October 2016 and are
used to calculate the minimum DOP of GPS, GPS/BDS, and GPS/BDS/GLO for a changing
number of satellites. The results are shown in Table 1.

2.2. Effect of one satellite on GDOP. Many factors affect GDOP, and the most impor-
tant are the satellite constellation configuration parameters and spatial distribution of
satellites. The satellite constellation configuration parameters are not discussed in this paper
because they are determined when designing the system; hence, we only discuss the effect
of a single satellite on GDOP.

M satellites in the field of view are selected for positioning, and the GDOP of m satel-
lites is GDOPm and the GDOP of m − 1 satellites is GDOPi

m−1 after removing the i-th
satellite, whose coefficient matrix hi is [ei1 ei2 ei3 1]. The relationship between GDOPm and
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Table 1. Minimum GDOP change with the change of satellites number.

GPS GPS/BDS GPS/BDS/GLO
The number
of satellites JFNG BNTG JFNG BNTG JFNG BNTG

4 2.90 2.91
5 2.56 2.61 2.39 2.56
6 2.44 2.54 2.35 2.29 2.15 2.09
7 2.34 2.38 2.20 2.23 1.95 2.02
8 2.27 2.32 2.14 2.22 1.92 1.94
9 2.20 2.29 2.09 2.15 1.87 1.90
10 1.96 2.11 1.87 1.86
11 1.93 2.05 1.74 1.81
12 1.92 2.05 1.70 1.80
13 1.89 1.89 1.70 1.75
14 1.78 1.85 1.64 1.62
15 1.77 1.71 1.55 1.62
16 1.52 1.58
17 1.50 1.55
18 1.50 1.55
19 1.45 1.51
20 1.38 1.51
21 1.37 1.45
22 1.36 1.41

GDOPi
m−1 can be deduced as Equation (3) (Cong et al., 2006; Teng and Wang, 2016):

GDOPi2
m−1 = traceQi

m−1

= traceQm + trace
QT

mhT
i hiQm

1 − hiQmhT
i

(3)

= GDOP2
m + trace

QT
mhT

i hiQm

1 − hiQmhT
i

From the above reasoning, the i-th satellite GDOP contribution �GDOPi
m is described

as Equation (4):

(�GDOPi
m)2 = trace

QT
mhT

i hiQm

1 − hiQmhT
i

(4)

From Equation (4), we can see that the larger �GDOPi
m, the greater the satellite’s con-

tribution, and we could indirectly infer that GDOP decreases as the number of satellites
increases in the calculation.

3. FAST SATELLITE SELECTION ALGORITHM BASED ON EQUAL DISTRIBU-
TION OF SKY. To reduce the burden on a receiver’s processing element, the satellite
selection process is divided into two processes in this paper: rough selection and detailed
selection. Unhealthy satellites, according to a health identifier, and low elevation angle
satellites with a large troposphere delay are eliminated during the rough selection pro-
cess. During the detailed satellite selection process, the satellite sky is divided and rotated
to match satellites based on the average angle distance between the satellite and central
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Figure 1. Sketch map of the rotating partition satellite selection algorithm.

partition line. First, the satellite with the highest elevation angle is considered as the first
satellite to select, and then the sky is partitioned and the satellites that are closest to the
central region line are matched individually and each satellite’s average angular distance to
the central line of the partition is calculated. If the angle distance is greater than half of the
partition angle, then the partition is temporarily skipped. After other partitions are matched,
we can match the skipped partition. Then we rotate all the central lines and repeat the above
process until the average angle of each satellite to the dividing line is the minimum. The
algorithm meets the accuracy condition and avoids matrix inversion. It only performs sim-
ple arithmetic calculations; thus, the satellite selection process is greatly reduced. To verify
the reliability of the satellite selection algorithm, we used static data from IGS stations
and dynamic data collected at China University of Mining and Technology (CUMT) to
compare and analyse the computation time, GDOP, positioning performance between the
rotating partition algorithm and the optimal DOP algorithm.

3.1. Satellite selection step of rotating partition algorithm. The fundamental aspect
of GNSS satellite selection is to select a few satellites in the field of view that satisfy the
positioning requirements. There are Cm

n types of combinations if m satellites are used for
positioning among n satellites in the field. The optimal DOP satellite selection algorithm
often uses the minimum DOP to select satellites in traditional algorithms; however, the
optimal DOP satellite selection algorithm cannot meet the requirements of real-time multi-
GNSS because the computation time would increase several times as the number of
satellites increases. To reduce the computational complexity without affecting positioning
accuracy, we propose a fast satellite selection algorithm based on equal distribution of sky.
The schematic diagram is shown in Figure 1.

In Figure 1, ω denotes the satellite azimuth, α denotes the rotation angle, β denotes the
partition angle and γ denotes the angle distance. The steps of the rotating partition satellite
selection algorithm are as follows:

Step 1: Remove satellites whose elevation angle θ is less than cut-off elevation angle θ0
and which are unhealthy according to Space Vehicle (SV) Health.

Step 2: Execute step 3 if visible satellites number is more than selecting satellites num-
ber. Conversely, remove the system with the fewest satellites and continue
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Figure 2. Flowchart for rotating partition satellite selection algorithm.

to assess whether the number of satellites meets the condition for selecting
satellites circularly.

Step 3: Traverse all satellites to select the satellite with maximum elevation angle θmax
as the first satellite to select.

Step 4: Divide the satellites’ sky equally based on the number of satellites selected
(β = 360/nsat). Match the satellite to the middle line of each partition using
the minimum angle distance (γ = α + β/2 − ω)min. Temporarily skip the parti-
tion and match for the other partitions preferentially if the minimum angle is
greater than half the portion angle (γ > β/2).

Step 5: Average the minimum angle distances of all partitions, and the scheme is one of
optional schemes.

Step 6: Increase the rotation angle for the re-partition (enlarge α) and repeat the above
process to calculate the average minimum distance of the corresponding parti-
tion. The final satellite selection scheme is the minimum value of the average
minimum distance partition ((sum(γi min)/nsat)min).

Step 7: Test the DOP of the satellite selection result. If the satellite selection result can
pass the test, the selected satellites will be used for positioning. Conversely, if
the satellite selection result cannot pass the test, all of the healthy satellites will
be used for positioning.

The scheme to select satellites is based on the elevation angle and spatial distribution
of the satellite. The algorithm is fast and simple because it does not calculate a complex
inverse matrix. The number of satellites to be selected is determined arbitrarily accord-
ing to positioning systems. However, the GDOP of the rotating partition algorithm is not
the minimum GDOP, so the rotating partition algorithm can be considered a suboptimal
algorithm. The flowchart for satellite selection is shown in Figure 2.

3.2. An example of a rotating partition satellite selection. Data measured on 1 Octo-
ber 2016 from IGS Multi-GNSS Experiment (MGEX) station JFNG is used as an example.
24 satellites could be observed in the sky for a GPS/GLO/BDS triple system at the first
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Table 2. The SV Health, Azimuth and elevation angle of satellites in the field of view.

Satellite SV Elevation Satellite SV Elevation
PRN Health Azimuth angle PRN Health Azimuth angle

G01 0 68.75 72.80 R21 0 39.13 12.79
G03 0 141.32 19.15 R22 0 355.72 53.94
G07 0 200.41 46.39 R23 0 263.05 39.13
G08 0 55.22 27.43 C01 0 136.05 45.71
G11 0 40.41 59.06 C02 0 229.54 41.64
G17 0 271.98 24.63 C03 0 188.02 55.71
G22 0 119.87 25.62 C04 -1 0.00 0.00
G28 0 325.69 42.50 C05 -1 0.00 0.00
G30 0 250.46 57.71 C07 0 165.65 58.78
R06 0 64.36 4.83 C08 0 328.74 71.22
R11 0 159.61 39.27 C10 0 228.97 77.01
R12 0 305.71 73.89 C15 0 264.72 56.90

The G represents GPS satellite, the R represents GLONASS satellite and the C represents BDS satellite.

Figure 3. The sky plot of all satellites in the field of view.

epoch including nine GPS satellites, six GLONASS satellites and nine BDS satellites.
The satellite health identifiers were extracted from broadcast ephemeris and altitude and
azimuth angle of the visible satellites for the station were calculated. The results are shown
in Table 2.

3.2.1. Rough satellite selection.

Step 1: The unhealthy satellites BDS C04 and BDS C05 are eliminated based on the SV
Health from broadcast ephemeris, and GLO R06 based on masking angle (cut-
off elevation angle = 10◦). The sky plot after rough satellite selection is shown
as Figure 3.

3.2.2. Detailed satellite selection.

Step 2: There are 22 healthy satellites in the field, which is more than the number of
satellites to be selected, so Step 3 is executed next.
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Figure 4. The sky plot of the partition satellite selection algorithm when the rotation angle is 0◦.

Step 3: All satellites are traversed to select the satellite with maximum elevation angle
as the first satellite to select. BDS C10 is taken as the first satellite whose
elevation angle is 77.01◦.

Step 4: To detect and process the gross error, six satellites are used for a single system,
eight satellites for a double system and ten satellites for a triple system. As the
satellite with the largest elevation angle has been chosen, the sky is divided
into nine regions for satellite selection and the partition angle is 40◦. The first
partition midline is 0◦, the second is 40◦, and the n-th is (n − 1) × 40◦.

Step 5: The satellites for each partition midline whose angle distance is minimum are
then chosen. The sky plot is shown as Figure 4 when the rotation angle is 0◦ and
the average minimum angle distance is 4.56◦.

Step 6: The partition line is then rotated, increasing 1◦ each time. 40 rotations are made
to search the minimum average minimum angle distance whose value is 4.41◦

by increasing the rotation angle from 0◦ to 40◦. The final satellite selection
scheme is shown in Figure 5.

Step 7: The satellite selection result can pass the DOP test, so we use the satellites
selected and shown in Figure 5 for positioning.

4. EXPERIMENTAL ANALYSIS. The rotating partition satellite selection algorithm
takes multi-GNSS into account. Once GNSS data is identified as multiple systems, the
number of necessary positioning satellites are ensured when selecting satellites. Consid-
ering the detection of the gross error of observation, six satellites were used for a single
system, eight satellites for a double system, and ten satellites for a triple system. The satel-
lite cut-off elevation angle was set to 10◦ to weaken the tropospheric delay error (Li et al.,
2016). The precise ephemeris and clock provided by Helmholtz-Centre Potsdam-German
Research Centre for Geosciences (GFZ) were used for data processing, thus, it was con-
sidered that the satellite orbit and clock error were eliminated. To verify the algorithm’s
efficiency, GDOP and positioning performance, the traditional minimum DOP and rotating
partition satellite selection algorithms are compared and analysed in this paper.
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Figure 5. The sky plot of final satellite selection result by the rotating partition algorithm.

4.1. Comparative efficiency analysis. First, the computation time was compared as
this is one of main indicators of satellite selection, and one of the main reasons that the
application scope of the optimal DOP algorithm is limited. There are Cm

n types of combina-
tion if m satellites are used for positioning among n satellites in the field of view. However,
there are often more than 25 satellites in the field of view for multi-GNSS. If we choose
seven satellites, then there are more than 480 possible combinations and if we choose ten
satellites, then there are more than three million possible combinations, and an inverse
matrix is calculated for each combination; thus, the burden on an ordinary receiver’s pro-
cessing element is unbearable. The new algorithm proposed in this paper only requires
addition, subtraction, multiplication and division operations, no inversion; hence, compu-
tation time is greatly reduced and the calculation speed is greatly accelerated. To describe
the computation time of two algorithms, the GNSS data of the IGS MGEX JNFG station
collected on 1 October 2016 was used to measure the computation time in this paper, and
the results are shown in Table 3.

The results demonstrate that the computation time of the rotating partition algorithm
is essentially unaffected as the positioning satellite number increases. This is because the
wasting time equals the saving time, and the two offset each other and achieve balance.
Respectively, the rotation angle reduced as the positioning satellite number increased if
the partition number increased. The angle of each rotation of the selected satellite was set
to 1◦ degree in this study. The computation time of the rotating partition algorithm was
affected by only dozens of milliseconds as the number of positioning satellites increased.
This demonstrates that the speed of the rotating partition algorithm outclassed the optimal
DOP algorithm. If we use the optimal DOP algorithm to select satellites, the computation
time will increase several times with increasing satellites number in the field. If we use
the rotating partition algorithm, the time delay is, at the shortest, 21 ms and, at the longest,
73 ms to obtain a result if three or more systems are used for positioning, and such efficiency
can easily satisfy the real-time positioning requirement.

4.2. GDOP comparative analysis of the algorithm. GDOP is the main measure for
evaluating the accuracy of positioning to evaluate the results of the rotating partition
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Table 3. Average computation time of the rotating partition and optimal DOP algorithm (ms).

Satellite selection algorithm

Rotating partition algorithm Optimal DOP algorithm

The number of satellite
for positioning 9 15 25 9 15 25

4 43 116
5 44 54 173 4,129
6 44 54 65 173 6,882 1,806
7 44 53 67 116 8,848 4,903
8 44 52 69 11 8,848 11,032
9 45 53 70 1 6,882 20,838
10 55 74 4,129 33,341
11 56 70 1,877 45,465
12 53 73 626 53,043
13 59 70 144 53,043
14 54 75 21 45,465
15 55 66 1 33,341
16 71 20,838
17 71 11,032
18 68 4,903
19 66 1,806
20 74 542
21 73 129

The G represents GPS satellite, the R represents GLONASS satellite and the C represents BDS satellite in Table 2.

Figure 6. The GDOP of single system for GPS selecting six satellites by rotating partition and optimal DOP
algorithm.

algorithm objectively. The GNSS data of the IGS MGEX JNFG station collected on 1 Octo-
ber 2016 was used to compare the GDOP of the two algorithms in a single system including
six satellites, a double system including eight satellites, and a triple system including ten
satellites in different circumstances. The GDOP of the rotating partition and optimal DOP
algorithm are shown in Figures 6–8.

The results illustrated in Figure 6 demonstrate where a system using just GPS that
selected six satellites is used for positioning. If the rotating partition algorithm is used
to select satellites, the GDOP less than 4.0 accounts for 98.9%, and the GDOP less than
3.0 accounts for 86.1%. Moreover, The GDOP ratio of the rotating partition algorithm to
the optimal DOP algorithm is also statistically analysed. The GDOP ratio less than 2.0
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Figure 7. The GDOP of double system for GPS/GLO selecting eight satellites by rotating partition and
optimal DOP algorithm.

Figure 8. The GDOP of triple system for GPS/GLO/BDS selecting ten satellites by rotating partition and
optimal DOP algorithm.

accounts for 99.9%, the GDOP ratio less than 1.8 accounts for 96.8% and the GDOP ratio
less than 1.5 accounts for 56.9%.

The results illustrated in Figure 7 demonstrate where a double system of GPS and
GLONASS that selected eight satellites was used for positioning. If the rotating partition
algorithm is used to select satellites, the GDOP less than 3.0 accounts for 98.3%, the GDOP
less than 2.5 accounts for 90.0%, and the GDOP less than 2.0 accounts for 43.5%. More-
over, the GDOP ratio of the rotating partition algorithm to the optimal DOP algorithm is
statistically analysed. The GDOP ratio less than 2.0 accounts for 96.6%, the GDOP ratio
less than 1.8 accounts for 88.3% and the GDOP ratio less than 1.5 accounts for 85.0%.

The results illustrated in Figure 8 demonstrate where a triple system of GPS, GLONASS
and BDS that selected ten satellites was used for positioning If the rotating partition
algorithm is used to select satellites, the GDOP less than 3.0 accounts for 100%, the GDOP
less than 2.5 accounts for 99.7%, and the GDOP less than 2.0 accounts for 97.8%. More-
over, the GDOP ratio of the rotating partition algorithm to the optimal DOP algorithm is
also statistically analysed. The GDOP ratio less than 2.0 accounts for 74.7% and the GDOP
ratio less than 1.8 accounts for 56.7%.

From the above results, we deduce that the number of satellites for a position were
reduced greatly, particularly in the triple system, which led to an increase of GDOP; how-
ever, GDOP remained in a normal range with the rotating partition algorithm. It could be
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Figure 9. The static position residuals of single system for GPS with six selected satellites.

ensured that the GDOP ratio of the rotating partition to optimal DOP algorithm was less
than 1.8 for single-system GPS, less than 1.5 for double system GPS/GLO, and only 2.2%
GDOP for triple system GPS/GLO/BDS, where the epoch is greater than three. The satel-
lite spatial distribution fully meets the requirements for general navigation and positioning
such that the satellite GDOP of the position should be less than five.

4.3. Performance analysis of static data for SPP. Data utilisation and accuracy are
the main indices used to evaluate the GNSS algorithm. Generally speaking, the data rejec-
tion rate should be less than 10% in the same period in engineering, and the availability
and point positioning accuracy of GNSS is evaluated on a global scale by Li et al. (2017).
To evaluate the rotating partition algorithm, data utilisation and position residuals of the
rotating partition algorithm and a traditional optimal DOP algorithm were comparatively
analysed in different surroundings, such as a single system that selected six satellites, a dou-
ble system that selected eight satellites, and a triple system that selected ten satellites. IGS
MGEX JNFG station data collected by a Trimble R9 receiver on 1 October 2016, located
in Wuhan, Hubei Province was used for the study. The sampling interval was 30 s and
continued for 86,400 s (including 2,880 epochs). The GNSS data was processed using the
Standard Point Positioning (SPP) strategy according to a single system for GPS, a dual sys-
tem for combination GPS/GLO, and a three-system combination for GPS/GLO/BDS. The
residuals of the rotating partition and optimal DOP algorithm are shown in Figures 9–11.

The results shows that there are partial epochs that cannot output positioning results
because the parameter estimation result fails to pass the Chi-square hypothesis test. For the
single system GPS test, the result is 0.2%, for a double GPS/GLO system, it is 0.4% and
for a triple GPS/GLO/BDS system, the result is 23.4% if we do not select satellites before
parameter estimation. The single, double and triple systems all passed the hypothesis test
for the optimal DOP algorithm. All the epochs of the single and double system could pass
the hypothesis test, and the pass rate for the triple system increased from 76.4% to 95.8%
with the rotating partition algorithm.

The residual error of the two algorithms was compared: the accuracy of a single sys-
tem for GPS was 0.730 m in the East (E) direction, 3.310 m in the North (N) direction,
and 1.999 m in the Up (U) direction with the rotating partition algorithm. The accuracy
of the single GPS system was 1.083 m in the E direction, 2.578 m in the N direction and
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Figure 10. The static position residuals of double system for GPS/GLO with eight selected satellites.

Figure 11. The static position residuals of triple system for GPS/GLO/BDS with ten selected satellites.

2.309 m in the U direction with the optimal DOP algorithm. The accuracy of the double
GPS/GLO system was 0.664 m in the E direction, 2.715 m in the N direction and 2.208 m in
the U direction with the rotating partition algorithm. The accuracy of the double GPS/GLO
system was 0.889 m in the E direction, 2.774 m in the N direction, and 2.280 m in the
U direction with the optimal DOP algorithm. The accuracy of the triple GPS/GLO/BDS
system was 1.833 m in the E direction, 2.615 m in the N direction, and 3.626 m in the U
direction with the rotating partition algorithm. The accuracy of the triple GPS/GLO/BDS
system was 0.603 m in the E direction, 2.945 m in the N direction, and 1.598 m in the U
direction with optimal DOP algorithm. Statistical results are shown in Table 4.

Statistical information from the two types of algorithm shows that the precision was bet-
ter than 5 m in three directions, which meets the requirement of navigation. Thus, we could
consider that there is small difference between the two algorithms, but the speed of the
rotating partition algorithm satellite selection algorithm was far higher than the traditional
optimal DOP satellite selection algorithm.
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Table 4. Static data accuracy comparison for JFNG station.

Outside accuracy (metres)

Combination Selection satellite algorithm E N U

GPS Rotating partition algorithm 0.730 3.310 1.999
Optimal DOP algorithm 1.083 2.578 2.309

GPS/GLO Rotating partition algorithm 0.664 2.715 2.208
Optimal DOP algorithm 0.889 2.774 2.280

GPS/GLO/BDS Rotating partition algorithm 1.833 2.615 3.626
Optimal DOP algorithm 0.603 2.945 1.598

Figure 12. The dynamic position residuals of single system for GPS with six selected satellites.

4.4. Performance analysis of dynamic data for SPP. To analyse the performance of
the rotating partition algorithm more objectively, dynamic GNSS data collected on 17 June
2017 using a Trimble R10 receiver was used to verify the new satellite selection algorithm.
The collection area was at CUMT in Xuzhou, Jiangsu province the sampling frequency
was 1 Hz and continued for approximately 400 s.

The base station was the CUMT Continuously Operating Reference Stations (CORS)
whose coordinates are known accurately, and the result of the dynamic baseline solution
was a reference true value for the SPP result; the residual in three directions of the data is
shown in Figures 12–14.

The results show that the single, double and triple systems all passed the hypothesis test
using the optimal DOP algorithm. The single and double systems passed the hypothesis
test, and the pass rate of the triple system increased to 98.6% with the rotating partition
algorithm.

We compared the residual error of the two algorithms: the accuracy of the single system
for GPS was 1.719 m in the E direction, 1.914 m in the N direction, and 9.743 m in the
U direction with the rotating partition algorithm. The accuracy of the single GPS system
was 1.845 m in the E direction, 2.302 m in the N direction, and 6.366 m in the U direction
with the optimal DOP. The accuracy of the double GPS/GLO system was 1.984 m in the
E direction, 1.633 m in the N direction, and 9.820 m in the U direction with the rotating
partition algorithm. The accuracy of the double GPS/GLO system was 1.470 m in the E
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Figure 13. The dynamic position residuals of double system for GPS/GLO with eight selected satellites.

Figure 14. The dynamic position residuals of triple system for GPS/GLO/BDS with ten selected satellites.

direction, 1.343 m in the N direction, and 6.763 m in the U direction with optimal DOP.
The accuracy of the triple GPS/GLO/BDS system was 2.906 m in the E direction, 3.418 m
in the N direction and 6.065 m in the U direction with the rotating partition algorithm. The
accuracy of the triple GPS/GLO/BDS system was 1.567 m in the E direction, 1.477 m in the
N direction, 7.362 m in the U direction with the optimal DOP algorithm. Statistical results
are shown in Table 5.

The statistical information for the two types of algorithm demonstrates that the preci-
sion was better than 5 m in three directions, which meets the requirement of positioning and
navigation. Thus, we could consider that there was small difference between the two algo-
rithms, but the speed of the rotating partition satellite selection algorithm was far higher
than the traditional optimal DOP satellite selection algorithm.

5. CONCLUSION. The essence and key technique of a satellite selection algorithm is
to achieve a balance between precision and computation time. The measured data from
IGS stations JFNG and BNTG has demonstrated that there is little difference of GDOP as
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Table 5. Dynamic data accuracy comparison.

Outside accuracy (metre)

Combination Selection satellite algorithm E N U

GPS Rotating partition algorithm 1.719 1.914 9.743
Optimal DOP algorithm 1.845 2.302 6.366

GPS/GLO Rotating partition algorithm 1.984 1.633 9.820
Optimal DOP algorithm 1.470 1.343 6.763

GPS/GLO/BDS Rotating partition algorithm 2.906 3.418 6.065
Optimal DOP algorithm 1.567 1.477 7.362

satellite number increases, but the computation time to achieve the minimum GDOP grows
significantly.

To reduce the burden on a receiver’s processing element, a fast rotating partition satellite
selection algorithm based on equal distribution of sky is proposed, which meets the GDOP
requirements of positioning and navigation. The computation time was greatly reduced
compared with the traditional optimal DOP satellite selection algorithm, and the computa-
tion time was almost not affected by the number of satellites selected, and slightly affected
by the number of satellites in the field of view. The rotating partition algorithm consumes
about 44 ms when selecting from a single system in the situation when there are nine satel-
lites in the field. It consumes about 54 ms when selecting a double system in the situation
when there are 15 satellites in the field of view. It consumes about 70 ms when selecting a
triple system in the situation when there are 21 satellites in the field of view. Static data from
the JFNG station and dynamic data collected at CUMT were used to verify the algorithm in
different conditions, such as single, double and triple system combinations. Additionally,
the results demonstrated that the algorithm barely affected positioning accuracy, improved
the hypothesis test rate greatly, and improved the reliability of navigation and positioning.

This paper contributes to research in real-time satellite navigation and positioning data
processing. In the future, this algorithm will be used in precise point positioning and con-
sideration will be given to more factors when selecting satellites, such as the distribution
of satellites elevation and the complexity of fixing integer ambiguity.
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