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Abstract— Smartphone positioning methods relying solely on
global navigation satellite system (GNSS) are susceptible to
significant errors in urban environments due to challenging
observation conditions. To enhance position accuracy, this article
introduces a novel fifth-generation (5G) observation model based
on unit vectors and evaluates its performance using several user
locations and precision observation data. The results demonstrate
that the unit vector method, compared to the traditional angle of
departure (AOD) approach, effectively reduces the nonlinearity
of the observation model, leading to a substantial improvement in
the 5G system’s positioning accuracy. Furthermore, we conduct
experiments to investigate the impact of the geometric distribu-
tion of 5G base station (BS) height on positioning accuracy. The
results reveal a significant influence, highlighting the importance
of considering BS height in the positioning process. In the
urban environment, introducing 5G BS angle observations as
an aid to GNSS significantly enhances the reliability of smart-
phone positioning, achieving positioning errors of less than one
meter. Notably, this approach outperforms the introduction of
5G distance observations, providing valuable insights for the
development of seamless indoor and outdoor positioning systems
in the future.

Index Terms— Fifth-generation (5G), global navigation satellite
system (GNSS), hybrid positioning, smartphone, unit vector.

I. INTRODUCTION

LOCATION-BASED services play a crucial role in var-
ious applications such as smart cities and autonomous

driving [1], [2]. Among equipments of mobile location-based
services, smartphones have garnered significant attention from
researchers [3], [4]. While global navigation satellite sys-
tems (GNSS) can provide accurate position, speed, and time
solutions in open outdoor environments [5], [6], [7], their
performance is hampered in urban settings due to weaker
satellite signals, resulting in lower data quality [8], [9]. Indeed,
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GNSS alone cannot achieve high-precision positioning in these
occluded scenarios.

To address this limitation, the fifth-generation mobile
communication technology (5G) offers promising solutions for
position estimation in urban environments [10]. Specifically,
5G millimeter wave (mm-wave) technology, with its larger
bandwidth and higher frequency compared to 4G, effectively
suppresses multipath interference. Additionally, 5G employs
large-scale antenna arrays, enhancing angle and distance
estimation performance [11]. Currently, 5G networks play an
important role in the construction of smart cities [12] and
can help cities reduce energy consumption and environmental
pollution [13]. Furthermore through the 5G network system
to achieve traffic flow optimization and energy management,
countries can better achieve the goals of sustainable
development [14].

Researchers are exploring additional techniques and devices
to aid GNSS positioning in urban areas. For instance, a Blue-
tooth network can achieve a positioning accuracy of approxi-
mately 2 meters in outdoor environments [15]. Ultra-wideband
(UWB) technology, known for its strong penetrating power and
antiinterference capabilities, provides supplementary observa-
tions for GNSS in urban settings, enabling decimeter-level
positioning accuracy during motion [16]. Moreover, the
combination of GNSS and WI-FI reference signal strength
index (RSSI) fingerprint technology improves the reliability
of mobile phone navigation solutions in certain occlusion
environments [17]. However, the cost and limited usability
of external devices make them less favorable options for
smartphone positioning. In contrast, 5G mm-wave leverages
existing communication base stations (BSs) without the need
for additional equipment, offering a cost-effective advantage.
Similarly, researchers use methods like inertial navigation sys-
tem (INS) [18] and pedestrian dead reckoning (PDR) [19] to
maintain positioning continuity and reliability without external
equipment, although error accumulation remains a challenge.

The 5G signal provides observations for different position-
ing methods, summarized in Table I. Current 5G positioning
method are divided into three categories: 1) time-based
method like time of arrival (TOA), time difference of arrival
(TDOA) [20], and round-trip time (RTT) [21]; 2) angle-
based method, including angle of departure (AOD), angle of
arrival (AOA); and 3) a combinations of these approaches
[22], [23], [24]. The 5G system’s cost-effectiveness allows for
decimeter-level or even centimeter-level positioning accuracy,
facilitating improved GNSS reliability in specific environ-
ments, attracting special attention from researchers.
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TABLE I
COMPARISON AND ANALYSIS OF 5G AND GNSS POSITIONING METHODS

Smartphone positioning is affected by insufficient satellite
visibility in urban environment. The introduction of 5G TOA
can improve this situation, and positioning performance is
significantly enhanced after optimizing the configuration of
5G BSs [25]. In the GNSS/5G integrated system, the joint
use of 5G TOA and received signal strength measurements
can significantly decrease positioning position deviations [26].
Combining the RTT observations of 5G signals with GNSS
observations through distance observation abstraction can sig-
nificantly enhance the positioning accuracy and availability of
GNSS navigation solutions [27]. Furthermore, 3D maps help
analyze satellite and BS visibility, reducing nonline-of-sight
satellite interference and enhancing positioning accuracy [28].
Optimizing the planar geometric configuration of 5G BSs
further improves the performance of hybrid positioning sys-
tems [29]. Nevertheless, relying solely on distance observation
may not suffice for scenarios like autonomous driving. Some
works have introduced AOA observations into the GNSS and
5G fusion positioning model to compensate for the lack of
GNSS visibility in urban environments [30]. However, the
challenge lies in maintaining a stable orientation of the mobile
device, which can impact system performance. Reducing the
linearization error of the 5G positioning system is equally
crucial for enhancing positioning accuracy.

Based on the above analysis, this study proposes a
new 5G observation model to reduce the linearization
errors. Subsequently, we construct a GNSS and 5G hybrid
positioning model to further improve smartphone positioning
accuracy in urban environments, which we validate through
experiments. The structure of this article is organized as
follows: Section II introduces the GNSS and 5G observation
model, Section III explains the proposed hybrid GNSS + 5G
positioning algorithm and evaluates the performance of the
proposed model through experiments. Finally, Section IV
presents the conclusions.

II. METHODOLOGY

This section describes the distance-based and angle-based
traditional observation models for 5G positioning, as well as
the GNSS observation models. To reduce the nonlinearity of
the 5G observation equation, we introduce the observation
model based on the unit vectors and derive the form of its
covariance matrix. Finally, the fusion positioning model of
GNSS and 5G is constructed.

A. 5G Observations Model
As shown in Fig. 1, a 5G positioning system consists of

several BSs and a user equipment (UE). Locations of the BSs

Fig. 1. Transmission links and geometry of the scenario including the 5G
BSs at location RBS,i and UE at location RUE. The angle α and θ are the
azimuth and elevation.

and UE are denoted by RBS,i = [xi , yi , zi ](i = 1, 2, 3, . . . , n)

and RUE = [x, y, z], n is the number of the BSs. For 5G
system, there are two commonly used types of observations:
distance d and angle α, θ .

1) TOA Observations Model: For the TOA of 5G measure-
ments, the following observation model will be used [31]:

P5G,i = di + c · dti,ue + ϵi (1)

where the P5G,i is the distance observation, di = ((xi − x)2
+

(yi − y)2
+ (zi − z)2)1/2 is the geometric distance between the

BSi and UE. c is the speed of light, dt is the clock offset
between the BSs and the UE, and the ϵ represents the noise.

2) AOD Observations Model: In the angle-based method,
the observation z = [θi αi ]

T of AOD can be expressed as
follows: 

θi = arccos
(z − zi )

di

αi = arctan
(y − yi )

(x − xi )

(2)

where θ is the elevation and α is the azimuth. The correspond-
ing transition matrix HAOD, which is used in the linearization
process, can be written as follows:

HAOD =


∂αi

∂x
∂αi

∂y
∂αi

∂z
∂θi

∂x
∂θi

∂y
∂θi

∂z



=


−(y − yi )

l2
i

(x − xi )

l2
i

0

(z − zi )(x − xi )

li d2
i

(z − zi )(y − yi )

li d2
i

−li

d2
i


(3)

where li = ((x − xi )
2
+ (y − yi )

2)1/2, and the weight matrix
WAOD = diag[σ 2

α,1 σ 2
θ,1 · · · σ 2

α,n σ 2
θ,n]

−1.
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For GNSS, the distance between the satellite and the
receiver reaches tens of thousands of kilometers, the lineariza-
tion errors can be ignored, while for 5G system, the impact of
linearization error cannot be ignored. Therefore, to reduce the
nonlinear degree of 5G observation equation, we introduce
the unit vector observation model based on the geometric
relationship between the BSs and UE.

3) Unit Vector Observations Model: From Fig. 1, it can be
observed that the positional relationship between BS and the
UE is as follows:

RUE = RBS,i + ||RBS,i − RUE|| · ui

ui =

 cos(αi )sin(θi)

sin(αi )sin(θi)

cos(θi )

 (4)

where ui represents the unit vector, RUE and RBS,i represent
the UE location and BS location, respectively, and the sub-
script i indicates the BS identification number. It can be clearly
seen that the degree of nonlinearity of the unit vector model is
lower than that of the traditional AOD observation equation.
The corresponding transition matrix of unit vector HUV can
be expressed as follows:

HUV =



∂ RUE,x

∂x
∂ RUE,x

∂y
∂ RUE,x

∂z
∂ RUE,y

∂x
∂ RUE,y

∂y
∂ RUE,y

∂z
∂ RUE,z

∂x
∂ RUE,z

∂y
∂ RUE,z

∂z

 (5)

where

∂ RUE,x

∂x
= 1 − sin(θi )cos(αi )

(x − xi )

||RBS,i − RUE||

∂ RUE,x

∂y
=

−(y − yi )

||RBS,i − RUE||
sin(θi )cos(αi )

∂ RUE,x

∂z
=

−(z − zi )

||RBS,i − RUE||
sin(θi )cos(αi )

∂ RUE,y

∂x
=

−(x − xi )

||RBS,i − RUE||
sin(θi )sin(αi )

∂ RUE,y

∂y
= 1 − sin(θi )sin(αi )

(y − yi )

||RBS,i − RUE||

∂ RUE,y

∂z
=

−(z − zi )

||RBS,i − RUE||
sin(θi )sin(αi )

∂ RUE,z

∂x
=

−(x − xi )

||RBS,i − RUE||
cos(θi )

∂ RUE,z

∂y
=

−(y − yi )

||RBS,i − RUE||
cos(θi )

∂ RUE,z

∂z
= 1 − cos(θi)

(z − zi )

||RBS,i − RUE||
.

(6)

RUE, RBS,i represent the UE location and BS location, respec-
tively, and the subscript x , y, and z indicate the coordinates in
the three directions of east, north, and up. In the unit vector
model, the observations are not completely independent, so the
weight matrix needs to be redesigned. The weight matrix for
unit vector method Wuv is as follows:

Wuv =

 Dxx Dxy Dxz

Dyx Dyy Dyz

Dzx Dzy Dzz

 (7)

Fig. 2. System model of GNSS and 5G hybrid positioning.

where Dxx , Dyy , and Dzz are the variance of the observation
and Dxy, Dxz , and Dyz are the covariance between observa-
tions. The variance and covariance can be modeled by

Dxx = sin2αi sin2θiσ
2
α

+ sin2αi cos2θiσ
2
ασ 2

θ + cos2αi cos2θiσ
2
θ

Dyy = sin2θi cos2αiσ
2
α

+ cos2αi cos2θiσ
2
ασ 2

θ + sin2αi cos2θiσ
2
θ

Dzz = sin2θiσ
2
θ

Dxy = Dyx = −sin2θi sinαi cosαiσ
2
α

− cos2θi sinαi cosαiσ
2
ασ 2

θ

+ cos2θi sinαi cosαiσ
2
θ

Dxz = Dzx = −sinθi cosθi cosαiσ
2
θ

Dyz = Dzy = sinθi cosθi sinαiσ
2
θ

(8)

where θ is the elevation and α is the azimuth. i represents
the BS number and σ represents the standard deviation of
observations.

B. GNSS Observations Model

The GNSS observations of the satellite s tracked by
receiver r can be expressed as follows:

Ps = ρs + c(dtr − dts) + I + T + es (9)

where ρ = ((xs,i − x)2
+ (ys,i − y)2

+ (zs,i − z)2)1/2 is the
geometric distance between the satellite and the receiver, and
the subscripts s, r represent satellite and receiver, respectively.
P represents the pseudorange. c is the light speed and dt is
the clock error. I, T represent the ionospheric delay error and
the tropospheric delay error. e is the pseudorange noise. And
the weight of the satellite is determined by taking into account
the carrier-to-noise ratio (C/N0), as follows [32]:

σ 2
s = a · 10−(C/N0)/10

+ b (10)

where a and b are the constants.

C. GNSS + 5G Hybrid Observation Model

The schematic of the hybrid positioning system is shown
in Fig. 2. We assume that M satellites and N BSs can be
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observed in each epoch for hybrid system, convert the above
GNSS and 5G observation models into a unified coordinates
system, and use (4) and (9) to construct the GNSS + 5G
hybrid positioning observation equation

P1 = ρ1 + c(dtr − dt1) + I + T + e1

P2 = ρ2 + c(dtr − dt2) + I + T + e2
...

Pm = ρ3 + c(dtr − dtm) + I + T + em

RUE,1 = RBS,1 + ||RBS,1 − RUE|| · u1
...

RUE,n = RBS,n + ||RBS,n − RUE|| · un

(11)

where m is the number of satellite and n is the number of
BS. We use the intersatellite single difference to eliminate the
UE clock error, and use the clock file and correction model
to correct the satellite clock error, ionosphere and troposphere
delay. The weight least squares (WLSs) algorithm is used to
solve the unknown parameters, and it can be constructed as
follows [33]:

Z = G(X) + V (12)

where Z is the observation, X = [x y z]T is the state vector,
G(X) is the modeled observation, and V is the residual of the
observation. We can obtain the linearized error equation by
applying Taylor’s first-order expansion at the initial value X0,
as follows:

V = −H · d X + L (13)

where H is a coefficient matrix consisting of the partial
derivatives of the observation equation with respect to the
parameters. L = Z − G(X0) is the difference between the
observed value and the modeled observation, and d X =

[1x 1y 1z]T is the correction for the unknown parameters
to be calculated. The solution for the hybrid system can be
produced by using an iterative solution approach.

X = X0 + d X

d X = (HTWH)−1HTWL (14)

where X0 is the solution of the previous epoch and the mean-
ings of the remaining parameters are the same as (13) and (14).
In the first epoch, it can be represented by the approximate
coordinates of UE. And W is the weight matrix for the hybrid
observation model, which can be expressed as follows:

W

=



1
σ 2

s,1
. . .

1
σ 2

s,m
(Huv,1)

−1
3×3

. . .

(Huv,n)
−1
3×3


(m+n)×(m+n).

(15)

Fig. 3. Comparison of different point accuracy of AOD/Unit vector/CRLB.

III. SIMULATION RESULTS

This section first compares the effects of the two 5G models
using several user locations and precision observation data.
Additionally, we experimentally investigate the influence of
the geometric distribution of BS’s heights on localization per-
formance. The convergence probabilities of these models are
subsequently assessed, taking into account the initial coordi-
nate deviations. Finally, introducing 5G BS angle observations
as an aid to GNSS and evaluating the performance of the
hybrid model.

A. 5G Simulation Experiment

1) For Cramer–Rao Bound: In practical implementation,
the TOA method requires strict time synchronization between
5G BSs and UE, leading to elevated deployment costs, whereas
the angle-based positioning method can avoid these errors.
Therefore, we use the angle-based method for subsequent 5G
positioning research. We deploy BSs in this research based
on the simulation method of outdoor environment within 5G
positioning research in 3GPP Release 16 [34]. To qualitatively
compare the performance of the AOD and the proposed
unit vector method, we added a bias between 0◦ to 10◦ to
the angular observations in the simulation and analyze the
theoretical bound Cramer–Rao lower bound (CRLB) [35].

CRLB gives a lower bound on the variance achievable
with any unbiased estimate using the same data, so it can
serve as an important benchmark against which to compare
the performance of localization algorithms. It can be seen
from Fig. 3 that the increasing standard deviation (std) of
the 5G dataset’ observation noise leads to an increase in the
positioning point error of the AOD method, while the unit
vector method can still provide an accurate solution.

2) For Empirical 3-D Position Error: To quantitatively
analyze the performance of the two methods, we simulate four
sets of 5G observation data, the mean value of the observation
noise is set to equal 0, and the stds are set to be 0.5◦, 1◦,
1.5◦, and 2◦. Table II shows the location of each BS in the
simulation experiment, the coordinate of UE is (0, 0, 0). The
height of some 5G BSs is higher than the one of UE, while it
is lower for other BSs, so to provide a reasonable geometric
configuration for the 5G system.

Fig. 4 presents the 3-D positioning errors of the simulated
data under distinct accuracy conditions for BSs deployment
scenarios detailed in Table II. It can be seen that both methods
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TABLE II
COORDINATES OF BSS

Fig. 4. 5G positioning result of AOD/Unit vector.

TABLE III
COORDINATES OF BSS. THE HEIGHT OF BS IS HIGHER THAN THAT OF UE

Fig. 5. Positioning results distribution of the two methods in three directions.

can maintain high positioning accuracy when the observation
noise is small. And with the observation noise std is greater
than 1◦, the positioning effect of unit vector in three directions
is better than that of AOD. When the observation noise
reaches 2◦, compared with AOD, the accuracy of unit vector in
the three directions is improved by 18.4%, 20.5%, and 15.85%,
respectively.

From the analysis results in Fig. 4, it can be concluded that
the unit vector method has better positioning performance in
the above-mentioned BS deployment environment. Consider-
ing that in real application scenarios, BSs are mostly deployed
above UE, we simulate a new set of BS deployment schemes

Fig. 6. 5G positioning result of AOD/unit vector.

Fig. 7. Result of different configuration for the 5G system.

according to Table III, and verify the performance of the
proposed method through experiments.

Taking the dataset with std of 1.5◦ as an example, we show
the positioning results distribution of the two methods in three
directions in Fig. 5. The dotted line represents the positioning
result of AOD, and the solid line represents the positioning
result of the unit vector. It can be clearly seen that after using
the unit vector, 75% of the plane positioning results of the
5G positioning system are within 0.5 m. Compared to the
AOD positioning results, 85% of the positioning results in up
direction are within 1 m, and the positioning accuracy and
reliability of unit vector are significantly improved. Similarly,
we set up multiple groups of experiments to have better
statistics, and the positioning results are shown in Fig. 6.

It can also be concluded from Fig. 6 that the effect of the
unit vector method is still better than the AOD method, and
as the noise std increases, the improvement effect is more
obvious. Remarkably, the positioning effect in the up direction
decreases in this BS deployment scenario. Hence, to further
improve the positioning effect, we conduct research on the
deployment height of 5G BSs.

3) For BS Height: There are four different configuration
for the 5G system, which are regarded as Config. 1–4. The
plane coordinates of the four configurations remain unchanged,
and the heights of the BSs are different. The vertical dilution
of precision (VDOP) of the various configurations are 3.845,
2.452, 1.512, and 1.139, respectively.

The localization results for four different simulated 5G
configurations are presented in Fig. 7. It is not difficult to
find that the positioning accuracy of Config. 1 is the worst, and
the errors of plane and up are 0.691 and 0.543 m, respectively.
Correspondingly, Config. 1 corresponds to the largest VDOP,
when the VDOP is reduced to less than 2, the plane and
up accuracy are also improved by at least 17% and 18%,
respectively. These findings indicate the significance of con-
sidering the geometry of BSs height during the deployment of
5G systems.

Authorized licensed use limited to: Universitat Autonoma De Barcelona. Downloaded on January 18,2024 at 17:09:47 UTC from IEEE Xplore.  Restrictions apply. 



9502709 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 73, 2024

Fig. 8. Performance comparison of the AOD and Unit vector under different BS height schemes and different UE locations. (a) Result of different UE’s
locations in the 5G system within the same BSs height. (b) Result of different UE’s locations in the 5G system within the different BSs height.

Fig. 9. Convergence performance of two methods positioning under different initial coordinates. The convergence condition is that the point error is less
than twice the CRLB (3 m).

In addition, we also evaluate the performance of the two
methods under different UE locations. Among them, the
distance between adjacent BSs is set to 200 m, and ratio is
the positioning result of AOD divided the positioning result of
unit vector. Fig. 8(a) shows the solution accuracy provided by
the two methods under different UE coordinates, and all BSs
are placed at the same height. The left panel of Fig. 8(a) shows
the ratio in point errors between the two methods at different
locations. It proves that in this scenario, the positioning effect
of the unit vector is better than the AOD method, and as the
user continues to move to the edge, the advantages of the
unit vector method are more prominent. The right panel of
Fig. 8(a) shows the cumulative distribution function (cdf) of

the positioning results of all test points in this area. It can be
clearly seen that more than 80% of the point errors in the unit
vector method is within 2 m, and the positioning stability has
been significantly improved.

Fig. 8(b) shows the performance comparison of the two
methods under different BS placement heights. The same con-
clusion as that in Fig. 8(a) can be obtained through analysis,
which further proves the feasibility of the unit vector method.
It is worth noting that in Fig. 8(b), the ratio distribution of the
two methods is not uniform, which is caused by the different
heights of the BSs.

Considering that the initial coordinates will also affect the
positioning effect, we compared the positioning performance
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Fig. 10. Schematic of the data collection point and its surrounding
environment.

Fig. 11. Positioning result of GNSS and GNSS + 5G.

of the two methods under different initial coordinates. It can
be concluded from Fig. 9 that when the initial coordinates are
close to the real coordinates, the convergence probabilities of
both methods reach more than 95%, and the convergence prob-
abilities gradually decrease as the initial deviation increases.
When the initial error reaches 100 m, the convergence prob-
ability of the AOD method has been reduced to 65.6%,
while the convergence probability of the unit vector method
is 74.2%.

B. GNSS + 5G Simulation Experiment

The GNSS observation dataset were collected by HUAWEI
P40 smartphone at the Southeast University Jiulonghu Campus
on Day 217 of 2022. The HUAWEI P40 is equipped with the
Kirin990 5G chipset, and it supports tracking GPS (L1/L5),
GALILEO (E1/E5a), BDS (B1), and GLONASS (G1) satellite
signals. The sampling rate is 1 s.

Fig. 10 shows the surrounding environment of the data
collection point, and it can be seen that there are tall buildings
around, which will seriously affect the quality of smartphone
observation, resulting in a decrease in positioning accuracy.
To improve the positioning effect, we integrate 5G signals
with GNSS for positioning. Considering the surrounding
observation environment, the observation noise std of the 5G
simulation data is set to 1.5◦.

We present the GNSS positioning results and GNSS + 5G
positioning results in Fig. 11. From the figure, we can find
that the positioning result of GNSS is not ideal, the plane
positioning error is 1.138 m, and the positioning error in
the up direction is 1.374 m. After adding 5G observations,

TABLE IV
RMSE OF THE POSITIONING ERROR FOR GNSS AND GNSS/5G

the positioning errors in the north, east, and up directions
are 0.492, 0.442, and 0.646 m, the improvement effects have
reached 43.7%, 38.3%, and 52.9%, respectively.

Furthermore, we collected another dataset at the location
shown in Fig. 10 on Day 263 of 2022, to compare the
effects of the TOA and the unit vector method with GNSS
hybrid positioning. And the observation noise STD of the
5G simulation TOA and unit vector method are 0.3 m and
1.5◦, respectively. The positioning errors in the horizontal and
vertical directions of the two methods are shown in Fig. 12,
where the left panel is the scatters of the horizontal error,
and the right panel is the cdf of the vertical error. In the
left panel, the blue scatters represent the GNSS + 5G-TOA
results, the yellow scatters represent the GNSS + 5G-Unit
vector results, and we also added the confidence ellipse in
the left panel for comparing the effect (GNSS + 5G-TOA
is in red, and the GNSS + 5G-Unit vector is in green).The
results readily reveals that GNSS + 5G-Unit vector exhibits
significantly superior reliability and accuracy. And it can be
concluded from the right panel in Fig. 12 that the positioning
accuracy is improved more obviously after using unit-vector
and numerical results are displayed in Table IV. The 95% level
of positioning error in the vertical component is displayed in
right panel, and 95th percentile of the error decreases from
1.752 to 0.953 m.

IV. CONCLUSION

In this study, we introduced a novel 5G observation model
and developed a GNSS and 5G hybrid positioning algorithm
based on it, with its performance verified through experiments.
Our approach involves several key steps, which we summarize
as follows.

1) We have conducted an analysis of the advantages of
utilizing 5G mmWave in the hybrid positioning system
and delve into research on the AOD model. To address
linearization errors, we proposed an observation model
based on unit vectors and compared it through sim-
ulation experiments with the traditional AOD model.
Remarkably, our unit vector observation model exhibits
lower nonlinearity and is less affected by lineariza-
tion errors, leading to significant improvements in the
5G system’s positioning performance, especially as the
noise in 5G observation data increases.

2) We investigated the layout height of 5G BSs and identify
its impact on positioning performance. Specifically, the
VDOP between 5G BSs influences positioning accuracy,
and a suboptimal geometric structure results in increased
positioning errors. Therefore, it is crucial to consider this
factor when configuring a 5G positioning system.

3) Addressing the challenges of urban environments, where
building interference decreases the reliability of smart-
phone GNSS positioning, we proposed a GNSS + 5G
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Fig. 12. Positioning results of GNSS + 5G with different methods (left panel: plane result, right panel: elevation result).

hybrid positioning model. The results showed signif-
icant improvements in positioning accuracy, even in
occluded environments, providing decimeter-level nav-
igation solutions. Consequently, our proposed model
offers valuable insights for seamless indoor and outdoor
positioning system research.

In conclusion, our study demonstrates the potential of the
GNSS + 5G hybrid positioning model in enhancing position
accuracy and reliability. It can be utilized in the develop-
ment of seamless positioning systems for various applications.
Looking ahead, future research should focus on developing
appropriate GNSS + 5G hybrid positioning algorithms for
dynamic environments and exploring solutions to address
nonline-of-sight signals during 5G signal propagation. These
advancements will further enhance the practicality and effec-
tiveness of the proposed model in real-world scenarios.
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