
Citation: Li, F.; Tu, R.; Hong, J.;

Zhang, S.; Liu, M.; Lu, X.

Performance Analysis of BDS–5G

Combined Precise Point Positioning.

Remote Sens. 2022, 14, 3006. https://

doi.org/10.3390/rs14133006

Academic Editor: Ali Khenchaf

Received: 6 May 2022

Accepted: 21 June 2022

Published: 23 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

remote sensing  

Article

Performance Analysis of BDS–5G Combined Precise
Point Positioning
Fangxin Li 1,2, Rui Tu 1,2,3,* , Ju Hong 1,2, Shixuan Zhang 1,2, Mingyue Liu 1,2 and Xiaochun Lu 1,2,3

1 National Time Service Center, Chinese Academy of Sciences, Shu Yuan Road, Xi’an 710600, China;
lifangxin@ntsc.ac.cn (F.L.); hongju@ntsc.ac.cn (J.H.); zhangshixuan@ntsc.ac.cn (S.Z.);
liumingyue@ntsc.ac.cn (M.L.); lxc@ntsc.ac.cn (X.L.)

2 University of Chinese Academy of Sciences, Yu Quan Road, Beijing 100049, China
3 Key Laboratory of Precision Navigation and Timing Technology, Chinese Academy of Sciences,

Shu Yuan Road, Xi’an 710600, China
* Correspondence: turui@ntsc.ac.cn

Abstract: Precise point positioning (PPP) technology is one of the core technologies in the field of
GNSS high-precision positioning. It is used widely because it can realize centimeter-level positioning
in outdoor environments by using only a single receiver. However, its convergence is time-consuming,
particularly in urban areas where satellite occlusion is more severe. A combined BeiDou Navigation
Satellite System (BDS) and fifth generation mobile communication technology (5G) PPP observation
model is proposed, in which the two kinds of observations are combined and solved at the original
observation level. The impact of different numbers and geometries of 5G base stations on the
convergence time of PPP is analyzed from both static and dynamic perspectives. The results confirm
that PPP technology combining BDS and 5G can effectively accelerate convergence while improving
the accuracy of positioning.

Keywords: BeiDou Navigation Satellite System; fifth generation mobile communication technology;
precise point positioning; carrier phase observation; time of arrival

1. Introduction

Precise point positioning (PPP) technology has broad application prospects owing
to its simplicity of operation, all-weather global nature, and high accuracy [1,2]; how-
ever, it suffers from limitations that cannot be ignored. First, the high orbital altitude of
the navigation satellite constellation weakens the transmitted navigation signals during
propagation, and PPP cannot provide continuous and reliable navigation and positioning
services in signal-obscured areas such as indoors, forests, and urban canyons [3,4]. Second,
the geometric position of navigation satellites changes very slowly with respect to ground
stations, and long convergence times do not satisfy certain fast and precise positioning
requirements [5].

Fifth generation mobile communication technology (5G) provides new opportunities
for the navigation and positioning business. Compared with fourth generation mobile
communication technology, 5G has a larger bandwidth and higher frequency, which enables
a more mature positioning performance [6]. In particular, the deployment of 5G base
stations will also optimize the geometric configuration of navigation satellites and shorten
the convergence time of PPP. In addition, compared with Bluetooth, Wi-Fi, and ultra-
wideband (UWB), 5G is based on existing communication base stations and does not require
additional base stations [7,8], so it has a lower cost. Compared with inertial navigation
system (INS), pedestrian dead reckoning (PDR) and other means, 5G positioning can avoid
error accumulation [9,10].

Shahmansoori et al. derived the Cramér-Rao bound (CRB) for estimating position
and rotation angle from 5G millimeter wave signals of a single transmitter in the presence
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of scatterers [11]. Through simulation experiments, Liu et al. found that the quality
of 5G positioning results was mainly affected by two factors, namely, poor geometric
distribution quality of 5G base stations and multipath propagation of 5G millimeter wave
signals [12]. Wang et al. proposed a method for suppressing multipath effects on urban
canyons, tunnels and indoors, which is called Two-Stage Multipath Estimating Delay Lock
Loop (TS-MEDLL) [13]. Experimental results show that the proposed new method is
effective in reducing the positioning errors caused by multipath effects and outperforms
existing methods in positioning based on 5G. Based on the measured data from indoor
environments, Li et al. compared three different 5G TDOA positioning algorithms. It was
learned through experiments that the indoor positioning accuracy could reach 0.289 m
statically and 0.608 m dynamically [14]. Papp et al. created a channel model and simulation
framework based on 5G measurements in an open-office building and used the framework
to study the positioning performance of several algorithms [15].

Positioning algorithms research on fused global navigation satellite systems (GNSS)
and 5G technology is currently in its infancy. For example, Rosado et al. combined GNSS
and 5G observations at the physical level and evaluated their positioning capabilities in an
urban macrocellular environment [16]. They also combined this with a three-dimensional
(3D) city map, using the vector information of buildings and receivers in the 3D city map to
calculate the visibility of satellites, and eliminate low-quality satellite observations [17,18].
The Fisher information matrix for the positioning system combined with GNSS and 5G was
derived, and lower bounds for the errors of position, rotation and clock were calculated
by Destino et al. [19]. Yin et al. developed a GNSS-5G positioning method based on inter-
device communication and angular measurements, and demonstrated that it could improve
positioning accuracy [20]. Roman et al. processed GNSS and 5G data with machine learning
methods to achieve seamless integration [21]. Bai et al. proposed a solution method for
hybrid GNSS and 5G positioning, called multiple-rate adaptive Kalman filter (MRAKF),
and real-world driving experiments showed that the proposed new method improved
positioning accuracy significantly, compared to traditional methods [22]. Li et al. proposed
a model that combined BDS pseudorange with 5G raw observations and studied the
influence of the layout of base stations on the positioning effect [23]. Despite the significant
contributions of these studies, they are all based on the standard single point positioning
(SPP) approach, and no research has been carried out on a combined BDS–5G PPP model.

Therefore, in this study, a combined BDS and 5G PPP model is developed by intro-
ducing carrier phase observations of BDS and 5G time of arrival (TOA) observations. The
impact of different numbers and geometries of 5G base stations on the convergence effect
of PPP is analyzed from both static and dynamic perspectives under different numbers of
visible satellites.

2. Methodology
2.1. Observation Model for BDS–5G PPP
2.1.1. Observation Model for BDS PPP

The BDS PPP observation model is shown in Equations (1) to (2):

P(s)
j = ρ(s) − c

(
δtr − δ

(s)
ts

)
+ δion(j) + δtrop + δtide + δrel + εP, (1)

λjΦ
(s)
j = ρ(s) − c

(
δtr − δ

(s)
ts

)
+ λjN

(s)
j − δion(j) + δtrop + δtide + δrel + εΦ, (2)

where j is the subscript of frequency f ; superscript s is the satellite number; P is the
pseudorange observation; Φ is the carrier phase observation; ρ is the geometric distance
from the receiver to the satellite; δtr represents the receiver’s clock difference; δts is the
satellite clock difference; c is the speed of light; λ is the wavelength; N is the ambiguity;
δion, δtrop, δtide and δrel represent ionospheric delay, tropospheric delay, tidal and relativistic
effects, respectively; εP and εΦ represent other measurement noise.
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2.1.2. Observation Model for 5G Millimeter Wave

The 5G millimeter wave positioning uses a time of arrival observation model that
takes into account the receiver-base station clock difference, as shown in Equation (3):

cT(b) = d(b) − c · δtb + εT , (3)

where b is the base station number; T is the 5G millimeter wave observation; c is the speed
of light; d is the geometric distance between the receiver and the base station; δtb is the 5G
receiver’s clock difference; εT represents other measurement noise.

2.1.3. Observation Model for BDS–5G PPP

BDS PPP uses the ionosphere-free combination, and then, the BDS PPP observation
model and 5G millimeter wave observation model are normalized to a unified coordinate
system. Equations (1)–(3) are coupled to obtain the combined BDS–5G observation model
as shown in Equation (4):

P(s) = ρ(s) − c(δtr − δ
(s)
ts ) + δtrop + δtide + δrel + εPc

λΦ(s) = ρ(s) − c(δtr − δ
(s)
ts ) + λN(s) + δtrop + δtide + δrel + εΦc

cT(b) = d(b) − c · δtb + εT

, (4)

where P and Φ are the pseudorange and carrier phase of dual-frequency ionosphere-free
combination observations, respectively; N = f1 N1− f2 N2

f1− f2
; λ = c

f1+ f2
; εPc and εΦc are the

residuals of iono-free combination.

2.2. Weight Matrix

The weight strategy is shown in Equation (5). The satellite observation adopts an
elevation angle weighting strategy, that is, the weight of satellite carrier phase observation
with an altitude angle greater than 30◦ is set to 1, and the satellites with an altitude angle
less than 7◦ are deleted. The pseudorange weight is set to 1/10,000 of the carrier phase
observation weight according to experience. Considering the ranging accuracy of 5G TOA,
we set the weight of 5G observation value to 1/100 of the carrier phase weight, as shown in
Equations (6)–(8).

W =
σ0

2

σ2 , (5)

σΦ
2 =

 σ0
2, θ ≥ 30◦

σ0
2

(2 sin θ)2 , θ < 30◦
, (6)

σP
2 = 104 ∗ σΦ

2, (7)

σT
2 = 102 ∗ σ0

2. (8)

where W represents the weight; θ represents the elevation angle of satellite; σ0
2 represents

the variance of unit weight; σ2 represents the variance of the observations; the other
symbols have the same meaning as before.

2.3. Data Processing Strategy

As shown in Table 1.
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Table 1. Data processing strategies.

Items to Be Processed Handling Strategy

BDS 1 observation signal type Pseudorange and carrier phase observations: BDS B1, B3
Solving mode PPP2-static/dynamic solving

Ambiguity Float solution
Elevation angle 7◦

Sampling interval 30 s
Orbital and clock difference products IGS precise products

Ionospheric delay Dual-frequency ionosphere-free combination, eliminating
first-order terms and ignoring higher-order terms

Tropospheric Delay The dry delay was corrected using the Saastmoinen model and the
wet delay was estimated as a parameter

Antenna phase centers Absolute antenna phase center model
Phase winding, solid tide correction, relativistic effects Model correction

BDS receiver clock difference Parameter estimation
Coordinate constraint method Recursive least squares parameter estimation

5G 3 observations Eliminating outliers in measured data
5G receiver clock difference Parameter estimation

1 BDS, BeiDou Navigation Satellite System. 2 PPP, precise point positioning. 3 5G, fifth generation mobile
communication technology.

3. Results and Discussion
3.1. Experimental Environment
3.1.1. BDS Test Environment

The experiment used observation files from the JFNG station downloaded from the
MGEX website for day 225 of 2021, using BDS data with a sampling interval of 30 s and
a data length of 24 h. Two scenes are shown in Figure 1 with different numbers of BDS
satellites involved in positioning, red for Scene 1 and blue for Scene 2. The number of
visible satellites is greater in Scene 1 than in Scene 2.
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Figure 1. Number of satellites for BeiDou Navigation Satellite System (BDS) involved in the solutions
for Scene 1 and Scene 2.

3.1.2. 5G Environment

As shown in Figure 2, five 5G micro base stations were deployed at the National Time
Service Center of the Chinese Academy of Sciences in Xi’an, China. The experimental
field was a rectangular area of 30 m × 50 m. The frequency of the 5G signal used in the
experiment was 3.5 GHz, the bandwidth of the signal was 100 MHz, and the accuracy
of time synchronization was greater than 1 ns. Under the local coordinate system, the
coordinates of the point to be measured were set to (0, 0, 0) m and the total number of
base stations was five. The coordinates of the 5G micro base stations were as follows: base
station A (11.851, 11.621, 2.005) m, base station B (−1.688, 12.198, 2.122) m, base station
C (−1.419, −3.943, 2.299) m, base station D (−1.379, −14.719, 2.283) m, and base station
E (12.765, −14.554, 2.292) m.
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In our previous experiments, we tested the positioning performance of 5G base sta-
tions in the above environment, in which we compared the positioning accuracy of the
measured data and simulated data and investigated the advantages of combined SPP and
5G positioning in the occluded environment. The details of the experiments were described
in paper [23].

In order to perform a combined BDS and 5G positioning test, we panned this set of
actual 5G TOA data and base stations so that the point to be measured overlapped with the
JFNG station and performed the following experiments on the effect of the quantity of 5G
micro base stations on the PPP results.

With each successive experiment, the quantity of base stations was increased from one
to five in the order of ABCDE. In Scene 1, as the quantity of 5G base stations increased, the
position dilution of precision (PDOP) values decreased, with a 11.29% decrease for the case
with five base stations compared with the case without base stations (Table 2). In Scene 2,
the contribution of 5G base stations to the PDOP value was more obvious; compared with
the PDOP value without base stations, the PDOP value of the five base stations decreased
by 17.55%.

Table 2. Position dilution of precision (PDOP) for different numbers of fifth generation mobile
communication technology (5G) base stations in two scenes.

Number of 5G Base Stations Scene 1 Scene 2

0 0.8390 1.1422
2 0.8124 1.0386
3 0.7815 1.0216
4 0.7693 0.9602
5 0.7443 0.9418

In addition, in order to simulate the effect of different geometrical configurations of
base station deployment on PPP, we simulated four sets of base station combinations with
different geometrical configurations (Figure 3): Groups A, B, C, and D.
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The simulated data consists of three components, namely, the real distance, receiver
clock difference and measurement noise, where the receiver clock difference and mea-
surement noise are obtained from the difference between the measured data and the real
distance as described above, as shown in Equation (9).

cτ = l +
(

cT(b) − d(b)
)

. (9)

where τ represents the simulated TOA; l represents the real distance between the receiver
and the analogue base station;

(
cT(b) − d(b)

)
represents the difference between the mea-

sured data and the true distance in Figure 2.
In all four combinations, the number of base stations was four. The coordinates of the

base stations in the local coordinate system are shown in Table 3. Analysis of the dilution
of precision (DOP) values in each direction (Table 4) shows that Group A had the greatest
configuration advantage in the X direction, Group B had the greatest advantage in the
Y direction, and Group C had the greatest advantage in the Z direction. Group D was
relatively balanced, and this conformational advantage was more pronounced when the
number of satellites was small.

Table 3. Coordinates of fifth generation mobile communication technology (5G) base stations with
different geometrical configurations (unit: m).

Configuration Station 1 Station 2 Station 3 Station 4

Group A (50, 0, 0) (20, 0, 0) (−20, 0, 0) (−50, 0, 0)
Group B (0, 50, 0) (0, 20, 0) (0, −20, 0) (0, −50, 0)
Group C (0, 0, 50) (0, 0, 20) (0, 0, −20) (0, 0, −50)
Group D (−50, 50, 0) (50, 50, 0) (0, −50, 50) (0, −50, −50)
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Table 4. Dilution of precision (DOP) values for different geometric configurations of fifth generation
mobile communication technology (5G) base stations in two scenes.

Configuration Scene 1 Scene 2
X Y Z X Y Z

Group A 0.353657 0.404852 0.563466 0.434132 0.438245 0.754619
Group B 0.494312 0.317482 0.563005 0.846956 0.339646 0.762221
Group C 0.499012 0.409185 0.374364 0.854587 0.451992 0.419991
Group D 0.444281 0.353196 0.490631 0.646825 0.376419 0.603754

3.2. Static PPP
3.2.1. Quantity

The 24 h of BDS satellite observations were initialized every 4 h to obtain the conver-
gence effect plots of static PPP in XYZ directions and tropospheric zenith wet delay under
Scenes 1 and 2.

The static PPP convergence effect for Scene 1 is shown in Figure 4, with different num-
bers of 5G base stations involved in localization. In the case of no base station participation,
represented in red, the convergence speed of its XYZ directions and tropospheric zenith
wet delay is significantly slower than that of the case with 5G base stations participating
in positioning. As the quantity of participating 5G base stations increases, the static PPP
converges faster. The results of Scene 2 are shown in Figure 5; the same conclusions can be
drawn and the beneficial effect of the 5G base station involvement in positioning is further
enhanced owing to the reduced number of visible satellites.
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To more clearly illustrate the effect of base station number on the effectiveness of PPP
in different occlusion scenes, the mean convergence time and STD variation of the error for
six initializations in a day were counted. In the static solution process, we considered an
error of less than 0.1 m for 30 consecutive epochs as convergence.

From the mean results after six initializations in different scenes (Figure 6), in the static
PPP mode, the convergence time showed a decreasing trend in all three XYZ directions
as the number of base stations increased. In Scene 1, the convergence speed accelerated
by 23 min, 51 min, and 19 min in the XYZ directions for the three base stations involved
in localization compared to no base station. When the quantity of 5G base stations was
increased to three and then to four and five, the trend of decreasing convergence time
diminished and then plateaued. As the quantity of base stations involved in the positioning
solution increased, the STD of the post-convergence error decreased slightly, and the STD
of five-base station positioning was 1.187 m, 0.7873 m, and 1.551 m in the XYZ directions.
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The convergence speed in Scene 2 improved more rapidly than in Scene 1 as the
quantity of base stations increased, and the convergence speed accelerated by 76 min,
69 min, and 33 min in the XYZ directions for the three-base station case compared with the
no base station case, which is a greater reduction than that in Scene 1. At the same time,
compared with Scene 1 where the convergence advantage became less pronounced for
more than three base stations, when the quantity of base stations increased to four and five,
the convergence speed in Scene 2 still had some advantages. With four to five base stations
involved in the solution, the convergence times for Scene 1 and Scene 2 converged to within
15 min. The change in the STD of the error after convergence was less pronounced, but
there was also a general tendency to decrease, from over 2.0 m to under 1.5 m in both the
XY directions.

Therefore, we conclude that 5G base stations participating in static PPP can effectively
reduce the convergence time and increase the positioning accuracy to a certain extent. The
more 5G base stations, the better the positioning effect. This advantage is more obvious in
an environment where satellites are blocked.

3.2.2. Geometric Configuration

Figures 7 and 8 show the convergence results for static PPP and tropospheric zenith wet
delay in the XYZ directions for Scenes 1 and 2, respectively, with different colors representing
the different geometric configurations involved in the PPP. Figure 9 shows how the mean
convergence time and STD of the error varied over the six initializations per day.
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In Scene 1, the dominant configurations were able to converge in 2 min in their corre-
sponding directions. The advantages for the error standard deviation after convergence in
the dominant direction were clear. The STD of the error was significantly reduced, with
the STD of Group A in the X direction being 55.14% less than that of Group D, the STD of
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Group B in the Y direction was 30.46% less than that of Group D, and the STD of Group C
in the Z direction was 31.45% less than that of Group D. TheSTD in each dominant direction
was less than 1 cm.

Compared with Scene 1, the geometric configuration in Scene 2 had more significant
advantages. In terms of convergence time, Groups A, B, C and Group D were able to
converge in a few minutes in their respective dominant directions. In terms of the change in
the STD of errors, the STD of Group A in the X direction was reduced by 70.48% compared
with that of Group D, the STD of Group B in the Y direction was reduced by 48.76% com-
pared with that of Group D, and the STD of Group C in the Z direction was reduced by
66.17% compared with that of Group D, and the reduction in the STD of the errors was
greater than that of Scene 1. When the dominant configuration was involved in each
direction, the convergence speed and accuracy of Scene 2, which had a smaller number of
satellites, almost reached the same level as Scene 1.

From this, we can see that the geometric configuration of 5G base stations has a great
impact on the convergence of PPP in combined positioning. We can obtain very short
convergence times and high-precision location information by deploying the advantageous
base station configuration in the direction of the target.

3.3. Dynamic PPP
3.3.1. Quantity

We performed a static imitation dynamic model solution based on the same exper-
imental setting and data described in Section 3.2. In the dynamic solution process, we
considered an STD error of less than 0.3 m for 30 consecutive epochs as convergence.

Figures 10 and 11 show the results of dynamic PPP for different numbers of 5G base
stations involved in localization in Scenes 1 and 2 (from top to bottom, the convergence of
XYZ directions and tropospheric zenith wet delay). During the convergence of the dynamic
PPP, the convergence rate of each direction and the tropospheric zenith wet delay tended
to accelerate as the quantity of base stations increased.
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Figure 11. Convergence for different numbers of base stations in Scene 2 (dynamic precise point
positioning [PPP]), (a) X direction, (b) Y direction, (c) Z direction, (d) Zenith wet delay.

The mean convergence time and STD of the error variation for the six initializations in
a day are presented in Figure 12. The convergence times for both scenes in the dynamic PPP
solution mode showed an overall decreasing trend as the number of base stations increased.
In Scene 1, when three base stations were introduced, the convergence time reduced to
less than 10 min in all directions. The convergence time decreased by 50.01%, 62.50%,
and 55.42% in the XYZ directions, respectively, when five base stations were introduced
compared with three base stations. In Scene 2, when three base stations were introduced,
the convergence times in the XY directions were reduced to less than 10 min. However,
although the convergence speed in the Z direction was 50% faster than that in the case
of no base station, it still took 30 min to converge, and we consider that this was due to
the poor distribution of 5G base stations in the Z direction. When five base stations were
introduced, they were able to converge in all directions within 5 min.
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The STD of the errors also decreased after convergence. In Scene 1, the STD of the
errors decreased by 69.82%, 63.23%, and 51.91% in the XYZ directions, respectively, when
five base stations were introduced compared with no base stations. In Scene 2, compared
with no base stations, the STD of the errors decreased by 73.13%, 76.88%, and 42.60% in the
XYZ directions, respectively, when five base stations were involved in the positioning.

From this, we can see that in dynamic PPP, the introduction of 5G observations
can speed up the convergence time and contribute to the reduction of error STD after
convergence. When there are few available satellites, 5G observations can be used as a
supplement to obtain better results.

3.3.2. Geometric Configuration

Figures 13 and 14 show the results obtained for 5G base stations with different geo-
metrical configurations participating in the dynamic PPP under Scenes 1 and 2 (from top
to bottom, for XYZ directions and tropospheric zenith wet delay). Figure 15 shows the
statistics of the mean convergence time and the STD of the errors for the six initializations
in a day.

As shown in Figures 13 and 14, the various configurations had significant advantages
in terms of the convergence speed in their dominant directions, and convergence was
achieved in a short time. Again, in Figure 15, there was a significant improvement in the
STD of the errors after convergence. Scenes 1 and 2 showed that the error STD of various
configurations in their corresponding dominant directions was reduced to within 2 cm.

From this, we can conclude that in the case of dynamic PPP, the introduction of 5G
dominant geometry can also achieve very fast convergence in the dominant direction and
obtain a low-error STD. Especially in the case of a small number of satellites, dynamic
PPP is difficult to converge at times, or there is a large error after convergence. At such
times, the introduction of 5G observations can accelerate the convergence and correct the
positioning error.
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4. Conclusions

A combined BDS and 5G PPP model was proposed, and the effects of different numbers
and different geometrical configurations of 5G base stations participating in PPP on the
convergence speed of three directions (XYZ) and the tropospheric zenith wet delay from
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both static and dynamic perspectives were investigated. From the experiments, it can be
seen that:

1. As the quantity of 5G base stations participating in the positioning solution increases,
the convergence time and the STD of the errors after convergence both tend to de-
crease. The beneficial effect brought about by the participation of 5G base stations in
positioning is also evident with a smaller number of visible satellites. In particular,
when a single BDS system cannot converge within 1 h or when there is a large post-
convergence error in some cases, the involvement of 5G base stations can significantly
speed up convergence and achieve better post-convergence positioning accuracy.

2. In experiments with different geometrical configurations, there is a significant ad-
vantage for speed of convergence and STD of the errors after convergence of the
various configurations in their dominant directions compared with the relatively
balanced configurations. The advantage is also evident when the number of satellites
is low. The dominant geometric configuration in each direction is suitable where rapid
convergence is required in a particular target direction.

3. The research on BDS and 5G combined precise point positioning technology is con-
ducive to the rapid realization of indoor and outdoor seamless positioning and is of
great significance to the development of the PNT community.
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