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Automated valet parking (AVP) has attracted much attention as the entry point to autonomous driving. In an indoor envi-
ronment, high-precision positioning systems are essential for AVP. Ultra-wideband (UWB) is one of the most widely adopted
techniques. However, the base station placement significantly influences the system’s positioning accuracy, especially for the
irregular architecture of underground parking lots. +is article proposes a three-stage practical and economical layout planning
approach for UWB base stations, including determining the deployment strategy and layout parameters and comprehensive
adjustment and scheme verification. +e approach considers regional differentiation accuracy requirements for AVP, such as
ramp area, surface fluctuation area, and narrow area. +e adopted positioning method of a UWB system is the time difference of
arrival (TDOA), and the evaluation index of positioning accuracy is the horizontal dilution of precision (HDOP). +rough
experimental tests in an actual parking lot, the proposed approach is confirmed to ensure stability and economy with fewer UWB
base stations and can meet the positioning accuracy requirements of AVP.

1. Introduction

With the rapid development of the Internet of+ings (IoT) [1],
advanced sensors [2], and connected and automated vehicles
[3], the demand for high-accuracy location-based services has
exploded. Among these, smart indoor parking lots (mostly
indoor) are typical integrated applications of the IoT, sensors,
and location services, improving the use of parking resources
and user satisfaction, especially with the advent of automated
valet parking (AVP) [4]. AVP allows human drivers to leave
their vehicles in a drop-off zone (e.g., the elevator entrance of a
parking lot), and vehicles execute the parking tasks indepen-
dently [5]. During AVP, vehicles must obtain their location for
path planning, decision-making, and control.+e quality of task
execution strongly depends on positioning accuracy. However,
for an indoor parking lot, infrastructure-enabled high-precision
positioning is one of the most economical and reliable schemes
in existing AVP technologies [6].

Many indoor positioning systems are suitable for
smart parking lots, such as Wi-Fi [7], lidar [6], LED light
communication [8], and ultra-wideband (UWB) [9].
Among these, UWB has been considered one of the key
technologies of next-generation wireless communication
because of its low power, anti-interference, strong pen-
etration ability, and high positioning accuracy [9].
However, a UWB positioning system also depends on the
beacon positioning method, which must use the known
location information of several UWB base stations in the
positioning area to determine the mobile station’s lo-
cation. +e layout of UWB base stations strongly impacts
the positioning accuracy and stability and affects the
overall construction cost. Existing studies have confirmed
that the layout of base stations influences positioning
accuracy more than the measurement noise and fast
fading effect [10, 11]. +erefore, optimizing the base
station layout for different physical environments and
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accuracy requirements are highly significant to realizing
the extensive application of UWB positioning systems.

In an existing study on base station layout planning,
Monica and Ferrari [12] proposed an optimization method
for a UWB base station layout for large indoor scenarios,
which deduced the optimal layout spacing concerning
corridor width and base station height and verified that its
mean squared error (MSE) could reach the Cramer–Rao
lower bound (CRLB) through simulation. Long et al. [13]
proposed a new base station layout design method to
minimize the MSE in circular, square, and hexagonal lo-
cation areas. Qiao et al. [14] proposed a maximum distance
measurement variation criterion-based method to optimize
the layout of base stations when adding new base stations to
the network. Redondi and Amaldi [15] studied an indoor
positioning system’s base station layout optimization
problem based on wireless sensor signal strength, formu-
lated as mixed integer nonlinear programming to minimize
CRLB. A tabu search algorithm was applied to solve the
problem. Zhou et al. [16] proposed four CRLB-based metrics
to achieve the optimal base station layout and evaluation for
indoor rectangular industrial positioning facilities. Sharma
and Badarla [17] proposed a scheme to place the positioning
base stations on the wall and ceiling, greatly reducing the
occlusion during signal propagation and minimizing the
positioning error caused by the geometric shape. Meanwhile,
they proposed a multiobjective optimization approach to
analyze the beacon layout problem (BLP) for the 3D co-
ordinate point cloud representation of indoor environments.
+e BLP was solved using a nondominating sorting genetic
algorithm (NSGA)-II [18]. Kim and Choi [19] introduced a
local optimal layout planning method for UWB base sta-
tions, formulated as binary integer linear programming with
heuristics-based constraints. +e experimental results
showed that the method could guarantee high-precision and
reliable positioning performance for navigating autonomous
systems. Wu et al. [20] regarded multiple UWB base stations
as a cluster and applied dynamic particle swarm optimi-
zation and a genetic algorithm to optimize the layout of base
station clusters. Pan et al. [21] proposed a UWB base station
layout design method based on a genetic heuristic differ-
ential evolution algorithm, which could reduce the average
localization error by 28.2% and 12.5% compared to the
random and default schemes.

However, some studies aim at reducing the number of
base stations. Santoro et al. [22] provided a detailed analysis
of the uncertainty of the positioning system while the UWB
infrastructure grows, and developed a genetic algorithm that
minimizes the deployment of new base stations. Wang et al.
[23] aimed at achieving full coverage of indoor scenarios
with the least number of base stations deployed.+e solution
reduced the number of required base stations by 6% to 23%
based on a greedy and random sampling algorithm. Balac
et al. [24] studied the positioning problem based on fault-
tolerant triangulation and proposed several algorithms to
optimize the number of base stations. However, the opti-
mization results reduced the number of anchor nodes by less
than 0.5%. Leune et al. [25] placed base stations by com-
bining genetic optimization with radio impulse propagation

simulation and equipped fewer base stations to provide
lower root mean square deviation positioning results in
complex environments. In [26], genetic algorithm was ap-
plied to determine the location of sensors in intelligent
buildings combined with the design drawings of buildings,
which effectively reduces the number of sensors. A new
three-base station UWB positioning algorithm based on
TOF was proposed in [27], which can get rid of the strict
placement restrictions of the three base stations without
sacrificing the positioning speed excessively.

Although much progress has been made in base station
layout planning of indoor positioning systems, room re-
mains for improvement. Most studies do not consider
economic issues in base station layout planning. Meanwhile,
when confronted with a real situation, especially for the
actual complex environment, some algorithms converge
slowly, and many restrictions exist. Moreover, most studies
have not considered the spatial features of different posi-
tioning areas in the indoor parking lot, the different error
sources, and differences in accuracy requirements, which
bring additional challenges.+is article proposes and verifies
an AVP application-oriented optimal and economical layout
planning method for UWB base stations. +e contributions
of this article can be summarized as follows:

(i) We analyze several different standard polygon
coverage schemes of UWB base stations and pro-
pose the most economical coverage scheme

(ii) We develop a three-stage UWB base station
placement planning approach, which is applicable
to all kinds of indoor parking lots with high
practicability and economy

(iii) We design the layout of UWB base stations and
conduct experiments in a real underground parking
lot to verify the effectiveness of the three-stage
method

+e organization of this article is as follows: firstly, a two-
dimensional UWB positioning system based on TDOA is
chosen as the research object. +e plane geometric accuracy
factor HDOP is selected as the evaluation index of positioning
accuracy. Based on this, the accuracymeasurement experiments
of the UWB positioning system are designed and performed.
+e different base station layout styles are studied via theoretical
analysis and MATLAB simulation. +e base station layout in
various real scenarios is then simulated, and a method of ad-
justment and optimization is proposed. Meanwhile, various
practical scenario layout methods are integrated to form a
practical application-oriented one. Finally, the method is dis-
cussed and summarized based on the test results.

2. Assumptions and Accuracy Criteria

We use the following assumptions throughout the article to
simplify the model while keeping it realistic.

2.1. Environmental Conditions. +e actual environmental
scenarios considered in this article include areas where base
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stations cannot be evenly laid out, ramp areas, undulating
surface areas, narrow and long areas, and subareas with
different accuracy requirements.

2.2. Simplification ofUWBPositioning System. In this article,
we mainly study the impact of UWB base station layout on
positioning accuracy. +erefore, the influence of clock
synchronization error between base stations under the
TDOA algorithm is not considered. Simultaneously, this
article does not consider the aging or damage of UWB base
stations over time. In AVP scenarios, the vehicle height is
not critical because the vehicle must be moving close to the
ground. +erefore, the positioning in AVP scenarios can be
simplified to two-dimensional plane positioning.

2.3. Accuracy Evaluation Criteria. It is necessary to define
and summarize the evaluation indexes of positioning ac-
curacy to evaluate the performance of a positioning system
correctly and effectively under different base station layouts.

+e geometric dilution of precision (GDOP) is one of the
most important indexes to measure the positioning accuracy
of a UWB indoor positioning system. +is is defined as the
ratio between the system positioning error and ranging
error, which indicates the geometric spatial layout between a
mobile station (MS) and base station (BS) and the magni-
fication of ranging error by the degree of clock synchro-
nization between devices. +e GDOP can be calculated as
follows:

GDOP �

����������������
σ2x + σ2y + σ2z + σ2c·δt

􏽱

σ
, (1)

where σ2x, σ
2
y, and σ

2
z represent the error variances in the x, y,

and z directions, respectively; σ2c·δt represents the error
variance due to clock synchronization error; and σ repre-
sents the standard deviation of the ranging error. Based on
the above assumptions, the horizontal dilution of precision
(HDOP) of a two-dimensional plane can be obtained as
follows:

HDOP �

������
σ2x + σ2y

􏽱

σ
. (2)

In this article, the HDOP is applied as the accuracy
evaluation index to analyze the two-dimensional positioning
accuracy of the UWB positioning system under different BS

layouts. Assuming the same ranging error, the smaller the
HDOP, the higher the plane positioning accuracy obtained.

2.4. Accuracy Verification. We apply the positioning values
of the total station coordinate measurement as true values
and use the 1,000 times UWB positioning values as
measured values. +e Euclidean distances of the measured
and true values in the x and y directions are then calcu-
lated. +e total Euclidean distance and its variance for the
measured and true values are also obtained. Finally, we
take the four values as the judging index of the positioning
performance.

3. Methodology

3.1. Geometry and Coverage Scheme of UWB BS Layout.
+e number of BSs directly impacts the positioning accu-
racy. +erefore, we explore the numerical relationship be-
tween the number of BSs and the positioning accuracy.

3.1.1. 5e Relationship between the Number of BSs and the
5eoretical Minimum Value of the HDOP. According to the
definition of the HDOP [28], the HDOP of UWBpositioning
based on the TDOA principle meets

HDOP≥
���������������

1
􏽐

n
i�1 a

2
xi

+
1

􏽐
n
i�1 a

2
yi

,

􏽳

(3)

where n is the number of BSs participating in the UWB
positioning system; and ayi are the cosine and sine of the
angle between the connection of the i-th BS and the posi-
tioning UWB label and horizontal direction. Let axi � cos αi

and ayi � sin αi. (3) can be written as

HDOP≥
�����������������������

n

􏽐
n
i�1 cos

2αi􏼐 􏼑 × 􏽐
n
i�1 sin

2αi􏼐 􏼑

􏽳

�

����
n

f(n)

􏽲

. (4)

Equation (5) can be proved by mathematical induction:

f(n) �
n
2

4
−
1
4

􏽘

n

i�1
cos 2αi

⎛⎝ ⎞⎠

2

. (5)

First, when n � 2,

f(2) � 1 −
1
4

cos 2α1 + cos 2α2( 􏼁. (6)
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When n � N(N≥ 3) and (5) is satisfied for n � N − 1,
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(7)

According to the above, (5) is proved. According to (4),
the theoretical lower bound of the HDOP can be calculated
as follows:

HDOP≥
�
4
n

􏽲

. (8)

+e theoretical lower bound of the HDOP decreases as
the number of BSs involved in the system increases.
However, when the number of BSs exceeds five, the decrease
slows significantly.

3.1.2. Simulation and Analysis of the Impact of the Number of
BSs on the HDOP. Considering the installation conve-
nience, UWB BSs are generally arranged in triangles or
quadrangles. By simulating the HDOP of each point in the
positioning area in MATLAB, the contour map of the lo-
cation accuracy characteristics in the area when a different
number of BSs participate in the calculation is obtained, as
shown in Figure 1. Based on the simulation results, in en-
suring the accuracy and stability of positioning, four to five
times the coverage ensures sufficient positioning accuracy
and high economy.

3.1.3. BS Coverage Scheme considering Economy. Based on
the construction cost, the premise is to ensure that any point
in the location area meets K times the coverage, and K has
been proved to be 4–5 as discussed above. +e fewer the BSs
used to cover the same area, the more economical is the
layout scheme.

+e BS layout of the UWB positioning system relates to
the problem of area coverage, which can be divided into
regular triangle and quadrilateral structures. As stated in
[29], a square structure has a higher efficiency of four times
the coverage layout, and a triangle structure has a higher
efficiency of three times the coverage layout. If the effective
coverage radius of the UWB tag’s pulse signal is 30m, the
number of BSs needed to achieve three times the coverage of
the triangle structure, four times the coverage of the square

structure, and five times the coverage of the square structure
in different areas is shown in Figure 2. Four times the
coverage of the square structure is the best coverage and the
best economical solution. Minimal difference exists between
the number of BSs required to achieve three and four times
the coverage in the same area. Conversely, the number of BSs
required to achieve five times the coverage is almost twice
the number of BSs required to achieve four times the
coverage. However, as mentioned earlier, the positioning
accuracy achieved by five and four times the coverage is
almost the same. +erefore, the UWB BS layouts for the
actual environment are all optimized based on four times the
coverage of the square structure.

3.1.4. Layout Scheme Adjustment. In practice, the scenario
space is often irregular. +us, it is impossible to realize the
uniform layout of BSs.+e BSs mostly adopt a rectangular or
diamond layout to ensure the coverage of four signals. +e
HDOP of the positioning area with different side-length
ratios is simulated using MATLAB; the results are shown in
Table 1.

We draw the following conclusions according to the
above results. Based on the positioning accuracy require-
ments in [30], 90% of the positioning error standard de-
viation should be within 10 cm. We deduce that the 90%
grading value of the HDOP must be less than 2.0, and the
ratio of the long side to the short side should not exceed 2.6
for the rectangular layout. For the diamond layout, the ratio
of the long axis to the short axis should not exceed 2.6.

3.1.5. UWB BS Layout in Ramp Area. When the tag to be
measured moves on the ramp area, its height is constantly
changing. +e BS horizontal spacing must then be adjusted
according to the ramp gradient. +at is, the effective cov-
erage radius of the BS must be adjusted during the
calculation.

Assuming that θ is the angle between the slope and the
horizontal plane, the slope direction is that in which the
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Figure 1: HDOP distribution map of positioning area for different numbers of BSs in a uniform layout; (a) triangle three times coverage;
(b) triangle four times coverage; (c) square three times coverage; (d) square four times coverage; (e) square five times coverage.
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elevation on the slope decreases fastest. +e slope area
studied in this article is the ideal slope. +at is, the slope and
aspect of each point on the slope are the same. When the
orientation of interest is consistent with the gradient di-
rection, the effective radius r′ is

r′ � rcos θ. (9)

3.1.6. UWB BS Layout in Surface Fluctuation Area. In the
actual positioning scenario, the height of the tag to be tested
will inevitably change. After deduction, the positioning error
caused by the change in tag height is as follows:

Gh �
1

sin α
·

��������������������������������

Δn1
����

����
2

+ Δn2
����

����
2

− 2 cos α Δn1
����

���� · Δn2
����

����

􏽱

, (10)

Δrio �

������
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2

+ h
2

􏽱

− ri􏼒 􏼓

−

�������

ro
2

+ h
2

􏽱

− ro􏼒 􏼓, i � 1, 2,

(11)

∇ri0 �

zri0

zx

zri0

zy

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, ui �
Δx
Δy

􏼢 􏼣, (12)

where Δni denotes the projection of ui on ∇ri0; (x, y)

denotes the measured coordinate value; ∇ri0 denotes the
gradient vector of ri0 at the point to be measured; ri0 denotes
the distance difference between BSs; and α denotes the angle
between Δn1 and Δn2. Taking the tag height estimation error
h as a variable, the positioning error Gh caused by h is
simulated and analyzed. +e results are shown in Figure 3.

As h increases, the average positioning error caused by
the error in tag height estimation gradually increases, and

the maximum error will increase rapidly. When the surface
fluctuation is less than 0.3m, the influence will be less for
the BS layout covered by four times the square structural
signals (Max Gh < 10 cm). +erefore, the influence of the
elevation difference can be neglected when it is less than
0.3m. However, when the elevation difference exceeds
0.3m, the different elevation areas should be divided into
subareas.

3.1.7. UWB BS Layout in Narrow Area. For narrow areas,
such as lanes and roadways, the length of one direction is
much smaller than that of the other. +is can be formulated
as

HDOP(x, y) �
��������
G11 + G22

􏽰
, (13)

where G11 and G22 denote the direction cosines of the tags
in the x and y directions, namely, the precision factors of
the x and y directions, respectively. Considering the dif-
ference in location accuracy between two directions in the
narrow region, we evaluate the location accuracy of the BS
layout in the narrow region using the direction-weighted
plane accuracy factor, that is, through pairing and giving
different weights in different directions. Meanwhile, the
error variance of the positioning accuracy in two directions
is applied to determine the corresponding weight
coefficients:

wx � 1 −
σx

σx + σy

, (14)

wy � 1 −
σy

σx + σy

, (15)

HDOPw(x, y) �
����������������
wx · G11 + wy · G22

􏽱
. (16)

Assuming that the width of a narrow area is 3m and the
length is 30m, 90% of the area to be measured should satisfy
the positioning error variance along the width direction
(x direction) and the length direction (y direction) when the
tag moves in the narrow area. +e surface of the narrow area
is planar, and the plane coverage radius of the BS is 50m.+e
genetic algorithm toolbox ofMATLAB is applied to solve the
optimization problem of weighted geometric factors. +e
simulation results are shown in Figure 4.

+e distance between adjacent BSs in the y direction
should not exceed 10.5m to ensure that 90% of the posi-
tioning area meets the direction accuracy requirement. +e
rectangular aspect ratio can then reach 10.5/3� 3.5m, ex-
ceeding the previous requirement of 2.6m. When the ab-
solute size of the σx and σy changes, or the width of the
narrow area changes, the distance will also change.

3.1.8. UWB BS Layout considering the Difference in Regional
Precision Requirements for AVP. Under actual working
conditions, different location areas may have different lo-
cation accuracy requirements for AVP. +e weighted region
HDOP model is then formulated to obtain an economical
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Figure 2: Number of BSs required for different coverages in the
same area.
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and efficient UWB BS layout scheme. +e theoretical op-
timization model is transformed into a multiobjective op-
timization solution model using the weight of the judgment

matrix. Furthermore, the model considers the different
positioning accuracy requirements for different areas. +e
scale of 1–9 is introduced, where aij denotes the importance
of area si relative to area sj, and the corresponding meanings
of different values are shown in Table 2.

After obtaining the weight coefficients, based on the
linear weightingmethod, the optimization problem of the BS
layout considering the difference in location accuracy re-
quirements is transformed into the optimal solution of
equation (17). +e solution is then the optimal layout of the
UWB BSs:

min􏽘
m

i�1
wi · HDOPi(x, y), xy ∈ D,

HDOPi(x, y)≤
σi

σΔr
,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(17)

where H DO Pi(x, y) denotes the HDOP in positioning
area i; σi denotes the standard deviation of the maximum
positioning error required by the area; and σΔr denotes the
standard deviation of the difference error.

Using MATLAB to simulate this method, take the
positioning area shown in Figure 5(a) as an example, in
which the standard deviation of the positioning error re-
quired by Area 1 is σ1 ≤ 10 cm; Area 2: σ2 ≤ 15 cm; Area 3:
σ3 ≤ 20 cm; and Area 4: σ4 ≤ 30 cm. According to the
judgment matrix, the weights of each region are obtained as
follows:

w1 �
2
5
;

w2 �
4
15

;

w3 �
1
5
;

w4 �
2
15

.

(18)

+e most suitable layout scheme is obtained by a
MATLAB genetic algorithm simulation, as shown in
Figure 5(b).

Table 1: Distribution characteristics of the HDOP in rectangular and diamond layouts with different axial ratios.

Layout Axial ratio Minimum HDOP Maximum HDOP Average HDOP 80% grading value HDOP 90% grading value HDOP

Rectangular

1.0 1.285 1.816 1.455 1.426 1.582
1.4 1.289 1.860 1.485 1.451 1.584
1.8 1.293 1.976 1.551 1.537 1.688
2.2 1.296 2.125 1.636 1.601 1.792
2.6 1.296 2.299 1.735 1.729 1.946
3.0 1.297 2.492 1.844 1.844 2.136

Diamond

1.0 1.285 1.651 1.410 1.510 1.547
1.4 1.285 1.761 1.450 1.577 1.640
1.8 1.285 1.981 1.494 1.647 1.725
2.2 1.285 2.244 1.549 1.723 1.871
2.6 1.285 2.555 1.617 1.839 2.058
3.0 1.285 2.878 1.680 1.960 2.226
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If the standard deviation of the time difference error
measurement, σΔr, is 5 cm, the layout of the BS is checked by
inverse calculation. +e HDOP of the positioning error of
each location area is shown in Table 3 and meets the location
accuracy requirement. +erefore, the layout scheme is
feasible.

3.1.9. 5ree-Stage UWB Station Layout Planning Method.
According to the previous analysis, the layout design
methods for various practical scenarios are integrated, and a
practical application-oriented regional UWB station layout
optimization design method is proposed. +e method
comprises three stages:

Step 1: determine the deployment strategy. +e envi-
ronmental characteristics of each subregion in the
region to be located are extracted, and the BS layout
strategy of each subregion is determined according to
the characteristic environmental parameters.
Step 2: determine the layout parameters. Based on the
positioning accuracy requirement of each subregion,
the layout strategy, and equipment performance pa-
rameters, the specific layout spacing, layout number,
and other parameters are obtained by the corre-
sponding methods.
Step 3: comprehensive adjustment and scheme verifi-
cation. +e layout scheme of each subregion is inte-
grated, and the adjusted scheme is validated by
simulating the HDOP. If the location accuracy

requirement is satisfied, the scheme of parameters,
symbols, and graphics can be further generated. Oth-
erwise, the layout strategy must be determined again
until the scheme is validated.

In the whole design process of the BS layout scheme, the
main parameters involved include (1) characteristic envi-
ronmental parameters, such as slope, undulating area of
surface, and narrow area; (2) positioning accuracy param-
eters, including the size and direction of positioning errors
required by each region; and (3) equipment performance
parameters, including the BS signal coverage distance and
antenna type.

4. Case Study

We verify the performance of the proposed optimization
designmethod of the UWBBS layout using the underground
parking lot of Tongji University, Shanghai. As shown in
Figure 6, tripod with a MS and an electronic total station is

Table 2: Corresponding meanings of different relative importance values.

aij 1 3 5 7 9

Meaning of
aij

Si equals
Sj

Si slightly more important
than Sj

Si evidently more important
than Sj

Si extraordinarily more
important than Sj

Si superficially
more

important than Sj
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Figure 5: Base station layout considering different positioning accuracy requirements.

Table 3: Simulation results of plane accuracy factors for each
localization area.

Location
area

HDOP

Average Maximum 90% indexing
value

Required
value

Area 1 1.4 1.82 1.42 2
Area 2 1.56 2.36 1.69 3
Area 3 1.33 1.55 1.36 4
Area 4 1.54 1.78 1.58 6
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applied to obtain the high-precision positioning data as the
ground truth. According to the spatial characteristics of
different areas in the parking lot and the requirements for
ensuring the safety of AVP in different areas [27], the po-
sitioning accuracy requirements of each area are analyzed
and summarized in Table 4.

According to the three-stage method proposed above,
the layout optimization design of BSs is conducted as
follows.

4.1. Determining Layout Strategy. According to the analysis
of the layout in the underground parking lot, the whole area
can be divided into four subareas, as shown in Figure 7(a).
Among them, Area 1 is the entrance and exit of the parking
lot, and a rectangular layout scheme can be adopted. Area 2
is a ramp with coupling characteristics between the ramp
area and narrow area. After calculating the coverage radius
of the ramp according to the slope gradient, the BS layout
method based on direction-weighted HDOP can be adopted.
Area 3 is a driving lane belonging to a typical narrow region.
+e BS layout design method based on direction-weighted
HDOP should be adopted. Area 4 is the parking spots for
which a rectangular layout scheme can be adopted.

4.2. Determining Layout Parameters. +e installation height
of the BSs in the UWB positioning system is 2.6m, the height
of the tag is approximately 2.0m, and the effective coverage
distance of the tag signal is 30.0m. Meanwhile, the standard
deviation of the station positioning error and time mea-
surement error in the system are both 5.0 cm. +en, the
plane coverage radius of the BS is

r �

������������

R2 − (H − h)2
􏽱

�

�������������

302 − (2.6 − 2)2
􏽱

� 29.9m.

According to the above equipment parameters and the
site size parameters of the parking lot, and the layout strategy
of each subarea determined in the first stage, the specific
layout parameters of each subarea are calculated.

(1) Area 1 is the rectangular area with four stations. +e
simulation results show that the 90% quantile of the
HDOP in this area is 1.6081, meeting the positioning
accuracy requirement for AVP.

(2) Area 2 is the ramp area. +e maximum slope of the
ramp is 15%, and the ramp belongs to a narrow area.
+e aspect ratio should not exceed 2.6. Six BSs
should be set up with the distance between adjacent
BSs on the same side being 22.3/2�11.15. Simulta-
neously, the optimal layout method based on di-
rection-weighted HDOP is used to check out. In the
direction-weighted HDOP model, the weight along
the slope direction is 2/3, and the weight along the
vertical slope direction is 1/3. +e simulation results
with the genetic search algorithm show that the 90%
indexing value of the positioning accuracy factor
along the slope direction is 1.2641≤ 2; in the vertical
slope direction, this is 2.2665≤ 4. Both of these meet
the positioning accuracy requirements.

(3) Area 3 is the driving lane. According to AVP re-
quirements, the aspect ratio of the rectangular
scheme does not exceed 2.6. Six pairs of BSs
should be set up with an interval between ad-
jacent BSs of 13.4 m on one side. +ese should
then be checked using the direction-weighted
HDOP model. +e accuracy of each direction
meets the requirements.

(4) Area 4 is the parking spots. If the standard deviation of
90% regional positioning error is less than 20 cm, the

UWB Mobile
Station

(a)

Electronic
Total Station 

(b)

Figure 6: A tripod with MS and an electronic total station.
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length-width ratio of the rectangular layout can exceed
3.+e sub-blocks, which are physically separated in this
area, can be arranged according to this aspect ratio.

4.3. Comprehensive Adjustment and Scheme Verification.
+e BS layout schemes of each subregion obtained in the
second stage are aggregated, and the BSs with overlapping or
extremely similar locations are merged. Finally, the layout
scheme shown in Figure 7(b) is obtained. After adjustment,

the total number of BSs decreases to 30 compared with the
original 41 BSs, with a reduction of 27%.

+e actual positioning accuracy of the underground
parking lot is verified by selecting the grid points with a
spacing of 2.5m. +e results are shown in Figure 8. +e
range of the grey dotted line represents plus or minus the
standard deviation of the positioning error. As shown in
Figure 9, there are 96 verification points (sorted by posi-
tioning error). Among them, 90 points have standard

Table 4: Accuracy requirements of location in parking lot area.

Areas Features Permissible standard deviation of 90% regional positioning error
Vehicle lane High speed and simple situation Driving direction 10 cm, vertical driving direction 20 cm
Plane intersection Low speed and complex situation 10 cm
Ramp Low speed and complex situation Driving direction 10 cm, vertical driving direction 20 cm
Entrance and exit Low speed and complex situation Standard deviation 10 cm
Parking space Low speed and simple situation Driving direction 20 cm, vertical driving direction 20 cm
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Figure 7: Schematic map of areas and adjusted UWB BS layout scheme.
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Figure 8: Absolute positioning error at each verification point arranged from small to large. +e error bars represent the standard deviation
of measurements.
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deviations of less than 5 cm, accounting for 93.75%; four
points have standard deviations between 5 and 10 cm, ac-
counting for 4.17%; and only two points have standard
deviations exceeding 10 cm, accounting for 2.08%. +e
positioning accuracy meets the AVP requirements. In Fig-
ure 10, we indicate the positions of two points with sig-
nificantly larger positioning error variance, which can be
seen that they are both close to the wall. +erefore, our
method has high performance for the actual required area (a
reasonable distance from the wall).

5. Conclusion

+is article mainly focuses on the layout planning of UWB
BSs for indoor localization of AVP. +e TDOA is applied as
the positioning approach of the UWB system, and the
HDOP is chosen as the accuracy evaluation index. After
conducting theoretical analysis and simulation for ideal and
actual conditions, we determine the targeted layout analysis
method under each condition of the underground parking
lot, such as ramp area, surface fluctuation area, and narrow

area. A three-stage practical and economical layout design
method of UWB BSs is then introduced, including deter-
mining the deployment strategy and layout parameters,
making comprehensive adjustments, and verifying the
scheme. Taking the actual layout planning of a UWB system
in an underground parking lot of Tongji University,
Shanghai, China, the experimental results show that the
proposed three-stage layout design method of UWB BSs for
regional differential positioning ensures the accuracy re-
quirements for AVP and greatly reduces the number of BSs.
+is indicates that the proposed layout planning method of
UWB BSs for AVP has high efficiency and good economy.
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[6] A. Ibisch, S. Stümper, H. Altinger et al., “Towards autono-
mous driving in a parking garage: vehicle localization and
tracking using environment-embedded LIDAR sensors,” in
Proceedings of the 2013 IEEE Intelligent Vehicles Symposium
(IV), pp. 829–834, IEEE, Gold Coast, QLD, Australia, June,
2013.

[7] C. Yuan, L. Fei, C. Jianxin, and J. Wei, “A smart parking
system using WiFi and wireless sensor network,” in Pro-
ceedings Of the 2016 IEEE International Conference On
Consumer Electronics-Taiwan (ICCE-TW), pp. 1-2, IEEE,
Nantou, Taiwan, May, 2016.

[8] M. Qiang, L. Jiaming, Z. Qinfeng, and H. S. U. Chunliang,
“Indoor parking navigation system using visible LED light
communication,” in Proceedings of the 2019 IEEE Interna-
tional Conference on Computation, Communication and En-
gineering (ICCCE), pp. 157–159, IEEE, Fujian, China,
November, 2019.

[9] A. Alarifi, A. Al-Salman, M. Alsaleh et al., “Ultra wideband
indoor positioning technologies: analysis and recent ad-
vances,” Sensors, vol. 16, no. 5, p. 707, 2016.

[10] W. J. Wei-Jen Chen and R. M. Narayanan, “Antenna
placement for minimizing target localization error in UWB
MIMO Noise radar,” IEEE Antennas and Wireless Propaga-
tion Letters, vol. 10, pp. 135–138, 2011.

[11] D. Jourdan, D. Dardari, and M. Win, “Position error bound
for UWB localization in dense cluttered environments,” IEEE
Transactions on Aerospace and Electronic Systems, vol. 44,
no. 2, pp. 613–628, 2008.

[12] S. Monica and G. Ferrari, “UWB-based localization in large
indoor scenarios: optimized placement of anchor nodes,”
IEEE Transactions on Aerospace and Electronic Systems,
vol. 51, no. 2, pp. 987–999, 2015.

[13] F. Long, A. Behnad, and X. Wang, “Optimum reference node
deployment for indoor localization based on the average
Mean Square Error minimization,” in Proceedings of the 2015
IEEE 34th International Performance Computing and Com-
munications Conference (IPCCC), pp. 1–6, IEEE, Nanjing,
China, December 2016.

[14] T. Qiao and H. Liu, “Incremental anchor layout for indoor
positioning,” in Proceedings of the 2017 IEEE International
Conference on Communications (ICC), pp. 1–6, IEEE, Paris,
France, May 2017.

[15] A. E. C. Redondi and E. Amaldi, “Optimizing the placement of
anchor nodes in RSS-based indoor localization systems,” in
Proceedings of the 2013 12th Annual Mediterranean Ad Hoc

Networking Workshop (MED-HOC-NET), pp. 8–13, IEEE,
Ajaccio, France, June 2013.

[16] J. Junyi Zhou, J. Jing Shi, and X. Xiuli Qu, “Landmark
placement for wireless localization in rectangular-shaped
industrial facilities,” IEEE Transactions on Vehicular Tech-
nology, vol. 59, no. 6, pp. 3081–3090, 2010.

[17] R. Sharma and V. Badarla, “Analysis of a novel beacon
placement strategy 3D localization in indoor spaces,” in
Proceedings of the 2019 11th International Conference on
Communication Systems & Networks (COMSNETS),
pp. 320–327, IEEE, Bengaluru, India, 2019.

[18] R. Sharma and V. Badarla, “Am optimization tool chain for 3-
D indoor beacon placement problem,” IEEE Internet of5ings
Journal, vol. 8, no. 17, pp. 13439–13448, 2021.

[19] E. Kim and D. Choi, “Planning of UWB indoor positioning
network using binary integer linear programming,” Inter-
national Journal of Ultra Wideband Communications and
Systems, vol. 3, no. 3, pp. 166–176, 2016.

[20] Y. Wu, S. Ding, Y. Ding, and M. Li, “UWB base station cluster
localization for unmanned ground vehicle guidance,”
Mathematical Problems in Engineering, vol. 2021, 2021.

[21] H. Pan, X. Qi, M. Liu, and L. Liu, “Map-aided andUWB-based
anchor placement method in indoor localization,” Neural
Computing & Applications, pp. 1–15, 2021.

[22] L. Santoro, D. Brunelli, and D. Fontanelli, “On-line optimal
ranging sensor deployment for robotic exploration,” IEEE
Sensors Journal, 2021.

[23] G. Wang, W. Zhu, and N. Ansari, “Robust TDOA-based
localization for IoT via joint Source position and NLOS error
estimation,” IEEE Internet of 5ings Journal, vol. 6, no. 5,
pp. 8529–8541, 2019.

[24] K. Balac, M. Prevostini, and M. Malek, “Optimizing sensor
nodes placement for fault-tolerant trilateration-based locali-
zation,” in Proceedings of the 2015 IEEE 21st Pacific Rim
International Symposium on Dependable Computing (PRDC),
pp. 109–118, IEEE, Zhangjiajie, China, November 2016.

[25] T. Leune, C. Koch, and G. Von Cölln, “Anchor node
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