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Abstract 

Time delay-based the 5th Generation Mobile Communication Technology (5G) positioning is a main method to 
perform high-precision positioning in Global Navigation Satellite System (GNSS) denied areas. However, in practical 
applications, the occlusion of signals in a complex environment results in few observable base stations, which affects 
the reliability and accuracy of positioning. The aim of this study is to improve the performance of the 5G positioning 
in complex environments with an insufficient number of observable base stations. First, the Angle of Departure (AOD) 
capability of multi-antennas is integrated into Multi-Round-Trip-Time (Multi-RTT) positioning, establishing a novel 
5G RTT/AOD positioning model. Then, the influencing factors of positioning performance, including the Dilution of 
Precision (DOP) and the accuracy of the AOD measurements, is analyzed. The relationship between DOP and RTT/
AOD positioning accuracy is deduced. Afterwards, simulation experiments are performed on 5G positioning with the 
Multi-RTT and RTT/AOD methods in two scenarios with good and complex environments. The theoretical analysis 
and experimental results show that 5G positioning with the RTT/AOD method increases the horizontal and vertical 
accuracies by approximately 25 and 65%, respectively, compared with the Multi-RTT method. The positioning reli-
ability is also greatly improved. The proposed model can well solve the inefficiency of 5G positioning with the RTT 
method in scenarios where the number of base stations is less than three.
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Introduction
In addition to its communication functions, the 5th 
Generation Mobile Communication Technology (5G) 
has many excellent features, such as its ultra-dense base 
stations and the Angle of Departure (AOD) capabil-
ity of multi-antennas, required for positioning (3GPP 
TS38.305, 2020;3GPP TS 48.455 2019). As the commu-
nication standard maker, the 3rd Generation Partnership 
Project (3GPP) has been committed to adding position-
ing capabilities to the communication standards (Keating 
et  al., 2019). In Release 16 TS38.855, 3GPP has defined 
multiple positioning methods (Liu et  al., 2017), includ-
ing Down Link Time Difference of Arrival (DL-TDOA), 
Up Link Time Difference of Arrival (UL-TDOA), Multi-
Round-Trip-Time (Multi-RTT), Down Link Angle of 

Departure (DL-AOD), Up Link Angle of Arrival (UL-
AOA), and Enhanced Cell Identity (E-CID). Among 
them, time delay and angle are the main signal character-
istics used for 5G positioning. The time delay method can 
achieve better positioning capability (Chaloupka, 2017) 
and is the key to expanding positioning capability from 
the Second-Generation mobile network or service (2G) 
to the Fourth-Generation of wireless standards for cellu-
lar systems (4G), such as the Observed Time Difference 
of Arrival (OTDOA) method supported by Idle Periods 
in Down Link (IPDL) in Code Division Multiple Access 
2000 (CDMA2000) and Positioning Reference Signal 
(PRS) in Long-Term Evolution (LTE). The core objective 
is to improve the accuracy of time delay observation.

The high-precision positioning based on time delay 
observations has been widely studied. However, high-
precision time delay observations are dependent on 
the synchronization accuracy of 5G base stations. The 
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realization of sub-meter-level positioning accuracy 
requires nanosecond time synchronization accuracy 
(Chaloupka, 2017). Considering time synchronization, at 
least four observable base stations are required for Three 
Dimensional (3D) positioning using the TOA-based 
methods. Multi-RTT 3D positioning, which is immune 
to the influence of time synchronization, requires at least 
three observable base stations. Yet, the probability of 
meeting this requirement is quite low in practical appli-
cations. In the literature (Dammann et al., 2015), the case 
where at least one of the three base stations is non-line-
of-sight is defined as an outage. For three base stations 
with spacing of 100  m, the probability of the outage is 
82.2%.

Given the increasing communication needs and 
demands, 5G base stations will include a large-scale 
antenna array in the future to expand the communication 
capacity with beamforming technology (Wen et al., 2019; 
Wymeersch et al., 2017). This innovation will also enable 
the 5G base stations to have a certain angle measurement 
capability and realize AOD-based 5G positioning. AOD-
based positioning is different from Multi-RTT position-
ing in two aspects: one is the AOD 3D positioning needs 
at least two observable base stations, while Multi-RTT 
positioning three observable base stations. The other is 
the vertical accuracy is better than the horizontal accu-
racy in AOD positioning, whereas the horizontal accu-
racy is better than the vertical accuracy in Multi-RTT 
positioning. At present, the angle-based positioning 
algorithms can be divided into three types. One is the 
iterative least squares algorithm based on Causs-Newton 
method. This algorithm uses the iterative least squares 
method with user initial position (Torrieri et  al. 1984). 
The model of this algorithm is simple, but greatly affected 
by the initial position. The second one is an algorithm 
based on grid matching, which matches the theoretical 
value of an angle with the measurements at all possible 
positions and takes the position with the highest match-
ing score as the user position (Cominelli et al., 2019). This 
algorithm is often very time consuming. The third one is 
the closed-form solution algorithm, that is, positioning 
is achieved by establishing linear or pseudo-linear equa-
tions of angle measurements by using the geometric rela-
tionships among angle measurements, user position, and 
base station position (Wang et al. 2015; Monfared et al., 
2018). This algorithm model is complex, but without iter-
ation and less affected by initial position.

Several scholars carried out the theoretical analysis and 
experimental verifications of the time delay/angle fusion 
positioning to improve the positioning reliability and 
accuracy. Most studies focus on the TOA/AOD fusion 
positioning instand of RTT/AOD fusion positioning. The 
former is suffered by the time synchronization between 

the base stations and users compared to the latter. The 
research on 5G positioning shows that positioning error 
below one meter can be achieved with joint TOA and 
AOD methods (del Peral-Rosado et  al., 2016). Shah-
mansoori et  al. (2017) derived the Cramér–Rao Lower 
Bound (CRLB) for TOA/AOD-based positioning using 
a single transmitter in the presence of scatters. In terms 
of experimental methods for 5G positioning, Koivisto 
et al., (2017a, b; 2018) designed a simulation experiment 
combining AOD and TOA, detailing clock model, chan-
nel modelling, and simulation scenario setting. He also 
proposed a two-stage Extended Kalman Filter scheme 
to extract observations and estimate position. To ana-
lyze positioning performance, Li et  al. (2018) calculated 
the CRLB with the TOA/AOD method for 2D position-
ing in the condition of a sufficient number of observ-
able base stations. In addition, some scholars studied the 
fusion positioning of 5G TOA/AOD and GNSS based on 
the least squares approach and Helmert variance com-
ponent estimation, and obtained the positioning results 
with the accuracy at meter level (Su et  al. 2020; Sun 
et al., 2020). Compared with the TOA method, the TOA/
AOD method can relax the strict time synchronization 
requirements of the positioning system. However, most 
of the above studies are experimental for or analyze the 
positioning performance in the condition of a sufficient 
number of observable base stations. They also fail to con-
sider the effect of the AOD measurements on the reliabil-
ity and accuracy of 5G positioning in such environments. 
In practical applications, especially in complex environ-
ments like indoors, the number of available 5G base sta-
tions is usually insufficient. Thus, the performance of 5G 
positioning will be significantly deteriorated.

In this study, the AOD capability of multi-antennas is 
integrated into 5G Multi-RTT positioning to test its effi-
ciency. The main objective is to improve 5G position-
ing reliability and accuracy in a complex environment 
where the number of observable base stations is insuf-
ficient. The influence of the AOD measurements on the 
positioning performance is analyzed theoretically. Then, 
simulation experiments are carried out in two scenarios 
with good and poor observation environments, respec-
tively, to compare the differences in the reliability and 
accuracy of 5G positioning before and after adding the 
AOD measurements. In this paper, we focus on the posi-
tioning rather than signal processing without considering 
the issues of the Non Line of Sight (NLOS) and multipath 
propagation of signals.

The remainder of this article is organized as fol-
lows. A 5G positioning model integrating the AOD and 
RTT methods is introduced in Section “5G position-
ing model integrating RTT/AOD”. The influencing fac-
tors of positioning performance, including the Dilution 
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of Precision (DOP) and the accuracy of AOD measure-
ment, are analyzed in Section “Positioning performance 
analysis”. Simulation experiments are conducted in Sec-
tion “Experiment and results” to compare the positioning 
performances before and after adding the AOD measure-
ments. Finally, the conclusions are provided in Section 
heading “Conclusions”.

5G positioning model integrating RTT/AOD
The basic principle commonly used in 5G positioning is 
similar to that in GNSS. It measures the distance between 
a base station and a user with the time delay and calcu-
lates the user position by multi-station intersection 
(Groves, 2015). 5G communication system uses Orthog-
onal Frequency Division Multiplexing (OFDM) signal 
based on cyclic prefix as 5G communication signal. Like-
wise, the PRS signal used to generate TOA observations 
is thus constructed. The PRS signal sequence of the 
downlink is a pseudo-random sequence generated by a 
Gold sequence with a length of 31. The user will receive a 
PRS signal for relevant detection to get the delay infor-
mation of each base station. Using the up-link TOA 
tTOA
up - link and the down-link TOA tTOA

down - link , we can con-
struct the RTT tRTT as follows:

As we can see, tRTT is not affected by the time syn-
chronization in (1). Without considering the NLOS and 
multipath propagation of the signal, the tRTT between 
the user and each base station multiplied by the speed of 
light generates the distance. Assuming that 

(

x, y, z
)

 is the 
coordinates of the user to be estimated, 

(

xi, yi, zi
)

 is the 
coordinates of base station si , and ti is the RTT observa-
tion between base station si and the user. The distance 
between the user and base stations can be expressed as

where c is the speed of light. When the accuracy loss 
caused by linearization is ignored, the linearized observa-
tion equations of Multi-RTTpositioning can be obtained 
as

(1)tRTT =
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down - link

)

2

(2)









ct1
ct2
...
cti









=

















�

(x1 − x)2 +
�

y1 − y
�2 + (z1 − z)2

�

(x2 − x)2 +
�

y2 − y
�2 + (z2 − z)2

...
�

(xi − x)2 +
�

yi − y
�2 + (zi − z)2

















(3)Z = HX + V

where X is the state vector, Z is the observation vector, 
H is the transition matrix, and V  is the observation error 
vector. These variables can be respectively expressed as.

where 
(

x0, y0, z0
)

 represents the user’s initial coordinates, 
and δti is the observation error of time delay. li,3d is the 
3D distance between the user’s initial position and base 
station, which is defined as

Following the observation equation of Multi-RTT posi-
tioning, a base station can only provide one RTT observa-
tion, and therefore to solve for 3 unknown coordinates at 
least three base stations are needed.

A 5G positioning model integrating RTT and AOD is 
proposed to improve the 5G positioning performance in 
the situation of insufficient base stations. AOD observa-
tions are obtained by the channel estimation algorithm 
using Channel State Information Reference Signal (CSI-
RS) and the antenna information of transmitter and 
receiver. In this model, the azimuth AOD, vertical AOD, 
and signal propagation delay of 5G signal are expressed 
as αi ∈ (−π,π] , βi ∈ (−π

2 ,
π

2 ] , and ti , respectively. The 
relationship among time delay, angle observation, and 
user’s coordinates can be expressed as.

(4)X =





x − x0
y− y0
z − z0



,

(5)Z =









ct1
ct2
...
cti









−









l1,3d
l2,3d
...

li,3d









,

(6)H =















−(x1−x0)
l1,3d

−(y1−y0)
l1,3d

−(z1−z0)
l1,3d

−(x2−x0)
l2,3d

−(y2−y0)
l2,3d

−(z2−z0)
l2,3d

...
...

...
−(xi−x0)

li,3d

−(yi−y0)
li,3d

−(zi−z0)
li,3d















,

(7)V =









cδt1
cδt2
...

cδti









(8)li,3d =
√

(xi − x0)
2 +

(

yi − y0
)2 + (zi − z0)

2

(9)





αi
βi
cti



 =









arctan2(y− yi, x − xi)

arctan z−zi
�

(xi−x)2+(yi−y)
2

�

(xi − x)2 +
�

yi − y
�2 + (zi − z)2











Page 4 of 14Guo et al. Satellite Navigation            (2022) 3:17 

Following the above equation, one base station can 
provide three observations. Thus, positioning can be 
carried out with a single base station. Similarly, the 
observation equation of RTT/AOD positioning in the 
form of (3) can be obtained, where the observation vec-
tor Z , transition matrix H  , and observation error vec-
tor V  can be respectively expressed as

where δαi and δβi indicate the observation errors of the 
azimuth and vertical angles, respectively. li,2d is the 2D 
distance between the user’s initial position and base sta-
tion, which is defined as

In Multi-RTT and RTT/AOD positioning, the weight 
matrix P is set as the reciprocal of the variance of the 
observations. Then the user’s final coordinates 

(

x, y, z
)

 
can be obtained through the iterative least square esti-
mation as

Positioning performance analysis
In Multi-RTT positioning model, the main factors that 
affect the positioning performance include the number 
of base stations, distribution of base stations, and accu-
racy of observations. Assuming the estimated error of 
the state vector X  is �X  , after ignoring and simplifying 
the second-order error term, the relationship between 
the estimated error �X  and the observation error V  can 
be obtained as
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where H t is calculated by bringing in the true value of 
the user’s coordinates in the formula for calculating the 
transition matrix H . The time delay observations are 
assumed to be independent of each other and satisfy the 
zero-mean Gaussian distribution with the variance of 
σt

2 . Accordingly, the accuracy of the 3D position estima-
tion based on Multi-RTT positioning Root Mean Square 
(RMS) sRTTRMS  can be written as

dDOP =
√

tr
{

(

H t
T
H t

)−1
}

 is completely determined 

by the number of base stations and the geometric rela-
tionship between the user and base stations. Thus,

When the accuracy of time delay observation is the 
same, the smaller the dDOP , the higher the accuracy of 
position estimation will be.

In RTT/AOD positioning, vector V  is a column vec-
tor composed of angle and time delay observation errors. 
Assuming that each observation error is independent, the 
accuracy of the 3D position estimation RMS  sRTT/AOD

RMS  
can be written as

The weighted matrix P in (18) includes time delay 
accuracy and angle measurement accuracy. Thus, the 
relationships among sRTT/AOD

RMS  , dDOP , and observation 
accuracy are no longer linear (Han, 2014).

In (16) and (18), the RMS represents the accuracy of 
the Weighted Least Square (WLS) estimated user’s posi-
tion. Because WLS estimation belongs to a minimum 
variance estimation, when the initial coordinates of the 
user are equal to the true coordinates, the a posteriori 
estimated variance matrix of WLS is the inverse of the 
Fisher information matrix, which is consistent with the 
definition of Cramér-Rao Bound (CRB).

As shown in Section “Appendix”, sRTT/AOD
RMS  is smaller 

than sRTTRMS . Thus, the addition of AOD improves the accu-
racy of position estimation. One can see if the accuracy 
of time delay σt and the dDOP are the invariant, the higher 
the accuracy of angle measurements, the higher the accu-
racy of position estimation will be.

The addition of AOD reduces the influence of the dis-
tribution of base stations on positioning results. In a com-
plex environment, the number of base stations that can be 

(15)�X =
(

H t
T
PH t

)−1
H t

T
PV

(16)
sRTTRMS =

√

tr
{

E
(

�X ·�X
T
)}

= cσ t

√

tr{
(

H t
T
H t

)−1}

(17)sRTTRMS = dDOP · cσt

(18)
s
RTT/AOD
RMS =

√

tr
{

E
(

�X ·�X
T
)}

=
√

tr{
(

H
T
t PH t

)−1}



Page 5 of 14Guo et al. Satellite Navigation            (2022) 3:17 	

observed by the user is small, and the distribution of base 
stations is poor. Accordingly, the addition of AOD is con-
ducive to the accuracy and reliability of 5G positioning. 
The following part will analyze the influence of the AOD 
on positioning accuracy and reliability.

Influence of AOD on positioning accuracy
The influence of the distribution of base stations 
on positioning accuracy can be measured by dDOP 
value. For example, in the 2D Multi-RTT position-
ing, assuming that the number of base stations is N  , and 
(cosθi, sinθi), θi ∈ (−π,π] represents the relative position 
from the i th base station to the user, then

(19)H t =




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Taking 3 base station as an example, the connections 
between base stations and a user divide the space around 
the user into three sectors with the sector angles denoised 
as α1 , α2 , and α3 . When α1 = α2 = 60◦,α3 = 240◦ , or 
α1 = α2 = α3 = 120◦,dDOP has a minimum value 2

√
3

3  , 
corresponding to the optimal distribution of three base 
stations, as shown in Fig. 1.

The positioning accuracy with Multi-RTT and RTT/
AOD obtained by the user under the optimal distribution 
of three base stations (equilateral triangle distribution) 
and with the accuracy of RTT and AOD measurements 
being 1 m and 2.5°, respectively, is shown in Fig. 2, where 
the red triangles stand for the fixed base stations with the 
spacing of 100  m between them. The above values are 
typical for mathematical analysis, but not real in an urban 
area, even in an UMi scenario. For Multi-RTT position-
ing and RTT/AOD positioning, the users near a base 
station can be positioned with an accuracy better than 
1.4 m. Compared with the positioning accuracy based on 
RTT, the area where the accuracy is better than 1.4 m is 
expanded for RTT/AOD positioning.

Influence of AOD on positioning reliability
Generally, 3D positioning involves three unknown 
parameters. In Multi-RTT positioning, each base station 
can only provide one RTT observation, and thus at least 
three base stations are needed. The positioning principle 
is shown in Fig.  3(a). In RTT/AOD positioning, a base 
station provides three observations: distance, vertical 
angle, and azimuth angle. Therefore, only one base sta-
tion is enough for positioning, as shown in Fig. 3(b). The 
addition of AOD reduces the the minimum number of 
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Fig. 1  Optimal distribution of three base stations
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base stations and can effectively improve the positioning 
reliability when the number of observable base stations is 
small.

For the details, refer to Section “Influence of AOD on 
positioning accuracy” When α1 = α2 = 180◦,α3 = 0◦ 
or α1 = 360◦,α2 = α3 = 0◦ , dDOP value is the maximum 
and approaches infinity, which corresponds to the worst 
distribution of three base stations, as shown in Fig. 4.

In the worst distribution of the three base stations, 
the base stations are in line with the user. The accuracy 
of Multi-RTT positioning and RTT/AOD positioning by 
users under the worst distribution of the three base sta-
tions is shown in Fig. 5. The user close to the connection 
of the base stations has poor accuracy in Multi-RTT posi-
tioning. Only when the user is far away from the straight 
line between the base stations vertically can the position-
ing accuracy of greater than 1.2 m be obtained. In RTT/
AOD positioning, the accuracy for the users near the 
straight line between the base stations has been greatly 
improved from greater than 10 m to less than 2 m.

Some conclusions can be drawn below. In the same 
observation condition, the addition of AOD provides 
more observations resulting in higher positioning accu-
racy compared with Multi-RTT positioning. Moreover 
the addition of AOD reduces the number of base stations, 
lowers the influence of the poor distribution of base sta-
tions on positioning results, and improves the reliability 
of positioning in poor observation environments.

Experiment and results
The experiment was in the urban environment. To ver-
tify the theoretical analysis results in Section “Position-
ing performance analysis”, we used a abstract model that 
is independent of any transmit power and bandwidth to 
perform simulations. This model focuses on the accu-
racy of observations and the spatial distribution of base 
stations, and ignores the 5G signal propagation. As 
described in introduction, we chose the LOS propagation 
of a signal without considering the existence of scattering 
points and multipath signals. This will allow us to con-
centrate on the effect of angle observations on the Multi-
RTT positioning.

a Multi-RTT b RTT/AOD
Fig. 3  Positioning principle
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Verify the influence of observation accuracy on positioning 
accuracy
In the previous section, the theoretical relationship 
between positioning accuracy and observation accu-
racy was deduced. Specifically, the addition of AOD can 
improve the positioning accuracy. In this section, this 
finding will be verified through simulation experiments. 
In the proposed simulation scenario, the number of base 
stations follows the uniform distribution between 3 and 
12, and the theoretical positioning accuracy correspond-
ing to different observation accuracy can be obtained. 
The initial coordinates of the user is the average coordi-
nates of the base stations used in positioning. The real-
istic positioning accuracy is determined by comparing 
the estimated position with the true position. The experi-
ment was carried out 100 times to eliminate contingency, 
and the standard deviation of the 3D position error in 
each repeated experiment was calculated as the realis-
tic positioning accuracy. The 3D positioning accuracy 
when the accuracy of RTT measurements is 0.5, 1, and 
2  m, respectively, is shown in Fig.  6, where the straight 
lines indicate the theoretical RMS values, and the scat-
ters indicate the 3D positioning accuracy of experiment 
results.

The experimental results show that the 3D position-
ing accuracy is significantly correlated with the accu-
racy of observations, consistent with the theoretical 
formula, that is, the 3D positioning accuracy is equal 
to the dDOP value times the accuracy of observations. 
In addition, because the dDOP value is greater than 1, 
the positioning accuracy is lower than the observation 
accuracy.

The effects of different observation accuracies on 
3D positioning accuracy after adding AOD are shown 
in Fig. 7 and Table 1. When the accuracy of time delay 
measurements is kept the same, positioning accuracy 
after adding AOD is significantly improved. In addi-
tion, the correlation between the 3D position accu-
racy of RTT/AOD positioning and dDOP becomes 
weak. This result indicates that the addition of AOD 
can lower the influence of poor dDOP on positioning 
accuracy.

Compared with Multi-RTT positioning, after adding 
AOD with an accuracy of 2°, the average 3D position-
ing accuracy enhances from 2.033 to 0.798 m, with an 
improvement of 60.7%. This result indicates that the 
integration of AOD greatly improves the positioning 
accuracy.

The influences of the azimuth and vertical angles on 
the positioning results are compared, and the following 
findings are obtained. When the accuracy of the azi-
muth angle is 2° and the accuracy of the vertical angle is 
8° and 4°, respectively, the accuracy improvements are 
all below 50% compared with Multi-RTT positioning. 
When the accuracy of the vertical angle is 2°, and the 
accuracy of the azimuth angle is 8° and 4°, respectively, 
the accuracy improvements are all above 50% com-
pared with Multi-RTT positioning. Accordingly, the 
influence of the accuracy of the azimuth angle on posi-
tioning accuracy is greater than that of the accuracy of 
the vertical angle.
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Table 1  Statistical results of positioning accuracy with different 
observation accuracies

Observation accuracy Average positioning 
accuracy (m)

Percentage 
improvement

σ t = 1 m 2.033 0

σ t = 1 m, σα = 8°, σβ = 2° 0.957 52.9%

σ t = 1 m, σα = 4°, σβ = 2° 0.889 56.3%

σ t = 1 m, σα = 2°, σβ = 8° 1.378 32.2%

σ t = 1 m, σα = 2°, σβ = 4° 1.064 47.7%

σ t = 1 m, σα = 2°, σβ = 2° 0.798 60.7%
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Fig. 8  Relationship between dDOP and the number of base stations
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Verify the influence of the number of base stations 
on positioning accuracy
This section involves simulation experiments with the pro-
posed number of base stations changed to verify its influence 
on positioning accuracy. The experimental results are shown 
in Figs. 8 and 9. The positioning accuracy with different num-
bers of base stations is shown in Fig. 8, and the changes in the 
positioning accuracy after adding AOD are shown in Fig. 9. 
As the proposed number of base stations increases, the aver-
age dDOP gradually decreases. Similarly, as the number of 
base stations increases from 3 to 9, the accuracy enhances 
from 1.9 to 1.2 m in Multi-RTT positioning and from 1.1 to 
0.7 m in RTT/AOD positioning. Overall, as the number of 
base stations increases, the positioning accuracy of Multi-
RTT and RTT/AOD is improved. From the perspective of 
accuracy improvement, the effect of adding angle informa-
tion is significantly better than increasing the number of base 
stations. The addition of angle information improves the 
positioning accuracy by approximately 50%, regardless of the 
number of base stations used for positioning.

Positioning performance in a complex environment
In complex scenes such as indoor and outdoor junc-
tions and dense urban areas, the number of LOS signals 
will be reduced compared with that in the open envi-
ronment due to the occlusion of buildings. In urban 
environments, we limited the number of base stations 
to 1–9 and also regarded the time as poor observa-
tion epoch when the number of base stations is not 
more than 3, otherwise good observation epoch. In the 
assumption of LOS propagation, the accuracy of obser-
vations is less affected by scene changes, so we believe 
that the accuracy of observations in complex scenes 
and good scenes are the same, i.e., RTT accuracy is 1 m, 
and AOD accuracy is 2°.

At least three base stations are required in Multi-RTT 
positioning, whereas RTT/AOD positioning needs only 
one base station. This section simulates a complex envi-
ronment for further analysis. This environment often 
has less than three base stations during the positioning 
process. The number of base stations used for position-
ing at different epochs is shown in Fig.  10. The pro-
portion of epochs with base stations less than three is 
27.7%.

The sequence of horizontal and vertical position 
errors in Multi-RTT and RTT/AOD positioning is pre-
sented in Fig.  11. The statistical results, including the 
standard deviation of position error, the percentage of 
position error in each interval, and the percentage of 
epochs when the positioning converges are indicated in 
Fig.  12 and Table  2. Given the limitation of the mini-
mum number of base stations, the results in Multi-RTT 
positioning are relatively sparse, especially in second 
150 to second 350, when the number of base stations is 
insufficient. By contrast, continuous and dense results 
are exhibited by RTT/AOD positioning, even with an 
insufficient number of base stations.
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In terms of positioning accuracy, after adding AOD, 
the horizontal and vertical accuracies are enhanced by 
approximately 27 and 65%, respectively. The reason for 

the greater enhancement in the vertical accuracy is that 
the vertical angle can provide redundant observations 
for vertical positioning, and its observation accuracy is 
better than that of the azimuth angle.
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After adding AOD, the percentage of the epochs with 
a smaller position error has been greatly improved. In 
addition, the positioning reliability has been enhanced.

To sum up, the addition of AOD has the following 
advantages. It reduces the demand for the number of 
base stations, increases the proportion of the epochs for 
successful positioning, expands the scope of application 
of 5G positioning, and improves the accuracy and reli-
ability of positioning in a complex environment.

Positioning performance in a good environment
This part will compare the changes in positioning accu-
racy before and after adding AOD when the observation 
condition is good. The number of base stations is around 
3–7, and the proportion of the epochs with base stations 
less than three is only 2.8%, as shown in Fig. 13.

The positioning accuracy before and after adding AOD 
is compared in a good environment. The error sequence 
is presented in Fig. 14, and the statistical results are listed 
in Fig.  15 and Table  3. The position error sequences 
obtained by Multi-RTT and RTT/AOD positioning are 
continuous. However, in RTT/AOD, the frequency of 
large errors has been reduced. Finally, the horizontal and 
vertical accuracies are improved by approximately 39 and 
76%.

Conclusion
In this study, we conducted the following investigation 
to improve the positioning performance of 5G with an 
insufficient number of observable base stations. First, the 
AOD capability of multi-antenna is integrated into 5G 
positioning, establishing a novel 5G positioning model 
with an intergartion of AOD and RTT. Then, the influ-
ences of the distribution of base stations and the accu-
racy of angle measurement on positioning accuracy 
are examed with theoretical analysis. The relationship 
between RTT/AOD positioning and base stations geom-
etry distribution is deduced and analyzed theoretically. In 
a complex environment where the number of observable 
base stations and the distribution of base stations is not 
favorable, the addition of AOD measurements is tested to 
determine if the positioning accuracy and reliability can 
be imrpoved. Accordingly, simulation experiments are 
carried out in two scenarios with good and complex envi-
ronments, respectively, to compare the difference before 
and after adding the AOD measurements. The experi-
mental results show that the addition of the AOD meas-
urements significantly improves the positioning accuracy. 
Specifically, the horizontal accuracy is improved by more 
than 25%, and the vertical by more than 65%. Adding the 
AOD measurements also affects the positioning reliabil-
ity. The complete positioning capacity is realized, and the 
problem that the RTT measurements along cannot posi-
tion in the scenario with less than three base stations is 
solved.

However, considerable work remains to be further 
studied to improve the performance of 5G positioning 
in a complex environment. Two aspects can be foreseen. 
One is to use the dDOP value to select favorable base 
stations and determine if the AOD measurements are 
needed. The other is 5G positioning can be fused with 

Table 2  Statistical results of Multi-RTT and RTT/AOD positioning 
errors in a complex environment

Complex 
environment

Position accuracy 
(horizontal/vertical)

Percentage of 
position error

Success rate

 < 1 m  < 3 m

Multi-RTT​ 0.56 m/1.88 m 17.4% 62.3% 72.3%

RTT/AOD 0.41 m/0.65 m 68.1% 100% 100%
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a Position error of Multi-RTT

b Position error of RTT/AOD
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inertial navigation for the application in the places with 
no observable 5G base station for a short period, such as 
in tunnelsand other occluded areas.

Appendix
If the transition matrix and weight matrix of Multi-RTT 
positioning are H t and P , respectively, after adding an 
angle observation of precision σα , the transition matrix 
and the weight matrix become H

′
t and P

′
.

In the matrix H
′
t , the row vector corresponding to the 

angle observations is h . Then,

given that the weight matrices Pt and P
′
 are the recipro-

cal of the observed error variance, and each observation 
is independent, Pt can be decompressed into the product 
of two diagonal matrices as follows:

Singular value decomposition is performed for H tRt

where U  and V  are orthogonal matrices, and S is a diag-
onal matrix. By substituting (22) and (23) into (21) and 
making an orthogonal transformation, the following 
equations can be obtained:

(21)
(

H
′
t

T
P

′
H

′
t

)−1

=

(

H t
T
PtH t +

h
T
h

σ 2
α

)−1

(22)Pt = Rt
T
Rt

(23)H tRt = USV
T,

(24)

(

V
T
H

T
PHV

)−1

=
(

Z + vv
T
)−1

= Z
−1 −

1

1+ vTZ
−1

v
· Z−1

vv
T
Z
−1

(25)Z = S
T
S = diag(z11, z22, z33)

(26)v =
V

T
h
T

σα
=

1

σα

[

v1 v2 v3
]T

Orthogonal transformation does not affect the trace 
of the matrix. Thus,

where k =

∑3
i=1

(

vj
zjj

)2

> 0 , f =

∑3
i=1

vj
2

zjj
> 0 . Accordingly,

When m azimuth angles and n vertical angles exist, 
then

where corner marks α and β denote azimuth angle and 
vertical angle, respectively. In (29), given that σ 2

α , k , and f  

are all positive real numbers, (sRTT/AOD
RMS )

2
< (sRTTRMS)

2.
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Table 3  Statistical results of Multi-RTT and RTT/AOD positioning 
errors in a good environment

Complex 
environment

Position accuracy 
(horizontal/vertical)

Percentage of 
position error

Success rate

 < 1 m  < 3 m

Multi-RTT​ 0.49 m/1.47 m 24.2% 86.6% 97.1%

RTT/AOD 0.30 m/0.35 m 77.9% 100% 100%
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