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Abstract—The successful landing of UAVs on 
unmanned vehicle landing platforms is critical for 
resolving the problem of insufficient range of UAVs in 
practical missions. Existing localization techniques for 
autonomous UAV landing are primarily vision-based, but 
this method is limited due to reliance on external lighting 
conditions. In this paper, we propose a localization 
system for UAV landing on a mobile platform, which can 
be conveniently deployed on an unmanned vehicle 
landing platform. Four UWB anchors were deployed on 
the 0.8m×1.4m rectangular unmanned vehicle landing 
platform. The spacing of the two tags installed on the 
UAV and the ranging information were used as constraints, and the linear least squares method was used to calculate 
the iterative initial coordinates of the gradient descent method to solve for the positions of the two UWB tags and fuse 
them with the IMU data to provide accurate coordinate for the safe landing of the UAV. By comparing the experiments 
with the linear least squares method in five experiments, it is demonstrated that the average RMSE of the localization 
system proposed in this paper is reduced by 61%. 

 
Index Terms—IMU, Kalman filter, Landing, Localization, UAV, UWB. 

 

 

I.  INTRODUCTION 

N recent years, UAV technology has developed rapidly and 

is gradually being used in various fields such as aerial 

photography, aerial reconnaissance, geographic mapping, 

power line inspection, express delivery, agricultural plant 

protection, and environmental monitoring. However, due to 

the characteristics of UAVs, they still suffer from low load 

capacity and short range, and these drawbacks make it 

necessary to return to resupply points frequently and require 

specialized personnel to maneuver them during missions 

[1][2]. In contrast, unmanned vehicles have a high load 

capacity and can carry a large number of sensors, which 

makes such ground mobile platforms also have a good range. 

However, the apparent disadvantage of such ground mobile 

platforms is that their range of action is limited by the terrain 

[3]. 

Thus, UAVs and unmanned vehicles are highly 

complementary, and many researchers have combined them to 

control the landing of UAVs onto unmanned vehicles for 
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charging and replenishment [4-6]. Although UAVs can be 

maneuvered by professionals to land on unmanned vehicles, 

this solution is inefficient and prone to human error leading to 

the failure of UAVs landing on unmanned vehicles. Therefore, 

there is a need for UAVs to perform autonomous flights for 

landing onto an unmanned vehicle. UAV landing is one of the 

most dangerous aspects of UAV missions. When the UAV is 

flying autonomously for landing, it is crucial to obtain the 

real-time position of the UAV relative to the landing target 

area of the unmanned vehicle, and a few meters of localization 

error may lead to the failure of the UAV landing and crash. 

Normally, it is widespread to use GPS for localization on 

UAVs, and it is widely believed that GPS has an error of 5 m 

on or more under normal conditions [7]. Due to GPS error, 

UAVs cannot land accurately on the landing platform. RTK 

localization technology, with an error of centimeter level, can 

provide highly accurate position information to UAVs and 

make their land accurate on the landing platform. However, in 

many cases, RTK localization technology is not available, 

such as in urban canyons [8]. Therefore, researchers have 

proposed using vision-based methods for landing [9][10]. 

However, traditional vision-based localization techniques 

depend on external lighting conditions, such as at night or in 

the case of fire smoke, where vision-based localization 

systems are unavailable. Although some researchers have 

proposed using convolutional neural networks to detect 

cooperative marker centers and estimate cooperative marker 

directions in low-light environments, it has not been 

implemented on UAV platforms [11]. In addition, there is an 

approach that combines magnetic guidance with the vision to 

implement UAVs [12], but this approach is still very 
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dependent on external light conditions. 

Experiments with multiple UWB anchors deployment 

schemes were conducted in [13], which included the 

arrangement of four UWB anchors according to two schemes 

with poor localization geometry configurations. One scheme is 

to deploy the four UWB anchors on the four corners of a 

square with a side length of 2m. In the other UWB anchor 

deployment scheme, the four UWB anchors are deployed on 

the four corners of a cube with a side length of 0.6m. 

Compared with the former scheme, this scheme has a worse 

localization geometry configuration, and the experimental 

results show that the localization accuracy of the first UWB 

anchor deployment scheme is twice as high as that of the 

second UWB anchor deployment scheme, so [13] suggests to 

follow the first scheme for deployment. Although the error of 

the first scheme is smaller, the first scheme still has the 

problem of too large a deployment area for unmanned vehicles. 

In [14], UWB anchors were deployed near the landing area, 

and UWB was compared with RTK to determine whether the 

ultra-bandwidth real-time localization system could be used 

for local motion control of UAVs, but the UWB anchors were 

spaced tens of meters apart in the paper. In [15], a new UWB-

based localization technique is proposed that can provide good 

localization accuracy in the case of relative motion between 

UAVs and ground vehicles and is suitable for UAV tracking 

and control in specific outdoor scenarios, but the performance 

of UAV localization in the landing phase is not described in 

the paper. In addition, the use of combined UWB and vision 

for landing was proposed in [16], where the authors deployed 

four UWB anchors around a 1.5m × 1m landing platform. The 

authors place a vision-located cooperative target on the 

landing platform, fuse UWB data with vision data and inertial 

data, and achieve a safe landing. However, the system must 

ensure that the cooperative target on the landing platform is 

within the camera's field of view, and the paper does not 

mention the performance of this system under poor light 

conditions. In addition, a localization optimization method is 

proposed in [17] to improve the localization accuracy and 

attitude accuracy by using the spacing of multiple tags as a 

constraint and filtering the redundant distances. 

In response to the problems mentioned above regarding 

UAV localization during landing, this paper proposes a UAV 

localization system based on a landing platform, which 

combines data from two UWB tags and IMU to estimate the 

position of the UAV when it approaches or leaves the landing 

platform. In our localization system, similar to that described 

in [18], UWB anchors are placed on the four corners of the 

rectangular landing platform, and the UAV in this paper is 

equipped with two UWB tags and a six-axis IMU, where the 

IMU is the built-in IMU of the UAV. And our localization 

system has high localization accuracy and robustness. Our 

localization system is calculated in the UAV's onboard 

computer and works in two steps. In the first step, the two 

UWB tags carried by the UAV provide the measured distance 

from the anchor on the rectangular landing platform, and the 

initially calculated position of the two UWB tags is obtained. 

In the second step, the two UWB tags positions are fused with 

IMU data to obtain the final localization results. Compared to 

the schemes proposed by other researchers, our localization 

system does not depend on good lighting conditions and 

GNSS usage environment, which means that it does not have 

high requirements for the environment. The configuration of 

two UWB tags improves localization accuracy, and the UWB 

anchors can be quickly deployed on top of the ground mobile 

landing platform. 

The remaining content of this paper is organized as follows. 

Section II introduces the UWB localization principle and 

describes the steps for implementing our localization system. 

Section III explains and analyzes the experiments and 

evaluates the performance of our localization system by 

multiple experiments. Finally, in Section IV, conclusions are 

given, and the problems of our localization system and future 

research ideas are described. 

II. SYSTEM ARCHITECTURE 

A. UWB Localization System Principle 

In a UWB-based real-time localization system, the UWB 

tag communicates with each UWB anchor to obtain the 

measured distance between the UWB tag and each UWB 

anchor, and the position of the UWB tag is uniquely 

determined by the measured distance constraint. Thus, the 

UWB tag localization problem can be described as follows: 

the distance between a point in the three-dimensional space 

and N position-determined points is known, then where is the 

position of the point? The precondition for solving this 

problem must ensure that 4N . Assume that there exist four 

UWB anchors with known 

positions,  0 0 0 0

T
A X Y Z= ,  11 1 1

T
A X Y Z= ,

 22 2 2

T
A X Y Z= ,  33 3 3

T
A X Y Z= . According to the 

geometric constraints, the following set of equations can be 

listed. 
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where 
kd  is the measured distance from the UWB tag to 

each UWB anchor,  k  is the distance measurement error, 

 
T

P x y z= is the UWB tag coordinate to be solved, and 

kA  is the coordinate of the UWB anchor k , 0,1,2,3=k . 

Equations (1) is a nonlinear system of equations about x , 

y , z . It is not easy to solve directly and may lead to no 

solution for (1) due to the presence of distance measurement 

error. Therefore, the above UWB tag localization problem is 

converted from a nonlinear system of equations exact solution 

problem to an optimal estimation problem of nonlinear 

optimization. 

The optimal estimation problem of nonlinear optimization 

for tag localization has many methods to solve to obtain the 

coordinates of the tags, such as the linear least squares, the 

Gauss-Newton method, and the recently emerged bionic-

optimization-based localization algorithms [19-23]. In the 

line-of-sight case ,  k  is usually modelled as a zero-mean 

Gaussian random variable[24]. For the linear least squares 
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method, it first transforms (1) into the following linear system 

of equations, where 3A  is chosen reference anchor point. 
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The least squares solution of (2) is given by 
1( )−= T TP D D D b  (3) 

In our UAV localization system based on a landing platform, 

the four UWB anchors lie in a horizontal plane, therefore the 

matrix D  is singular. Thus, the linear least squares method is 

first used to obtain the coordinates x and y . The linear system 

of equations is 

0 3 0 3
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    (4) 

The least squares solution is given by 
1( )−= T TW U U U v  (5) 

where ( , )= TW x y . 

B. UAV localization system based on a landing platform 

Our UAV localization system based on a landing platform 

is designed for UAVs that perform large-range hazardous area 

detection tasks, such as nuclear power plants where accidents 

occur. In executing a large range of dangerous area detection 

tasks, the UAV has insufficient range and needs to land and 

recharge. If it returns to the take-off point to land and recharge, 

the range of UAV detectable area is too small, and the UAV 

may adhere to radioactive substances when executing tasks 

over the area where the nuclear accident occurred, and the 

UAV may cause harm to the surrounding personnel when it 

returns to the take-off point to land. Therefore, this paper 

proposes a UAV localization system based on a landing 

platform that can be conveniently deployed on an unmanned 

vehicle and powered by the power supply on the unmanned 

vehicle. The UAV can land on top of the landing platform 

carried by the unmanned vehicle according to the localization 

information provided by our localization system, and the UAV 

is transported to the next mission area and charged by the 

unmanned vehicle. 

In our localization system, UWB and IMU data are fused to 

estimate the position of the UAV. Fig. 1 depicts the 

architecture and coordinate system of our localization system. 

Four UWB anchors are installed around the 0.8m× 1.4m 

rectangular landing platform, and two UWB tags are installed 

on both sides of the UAV landing gear with a spacing of 0.39 

m. As shown in Fig. 1, in our localization system, the body 

coordinate system B  is established with the center point of 

the UAV as the origin, the nose of the UAV as the positive 

X -axis direction, the left side as the positive Y -axis direction, 

and the upward as the positive Z -axis direction. All IMU 

measurements are referenced to the body coordinate system 

B . The right-handed inertial coordinate system A  is 

established with the position of anchor 0 on the landing 

platform as the origin, and the coordinate system A  is fixed to 

the landing platform. 
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yIMU

xIMU

UWB Tag0

UWB Tag1

UWB Anchors
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0.39m

0.8m

Yaw
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Fig. 1.  The architecture and coordinate system of the UAV localization 
system based on a landing platform. 

UWB Tag  
Fig. 2.  DJI M300RTK and UWB tag installation position on the UAV. 

UWB Anchors

 
Fig. 3.  The landing platform. 

In terms of localization algorithms, although the linear least 

squares method is simple and widely used, the coordinate 

calculated by the linear least squares of the tag is not very 

accurate due to error in ranging performed by the UWB tag 

and when the geometric configuration of the four anchor 

deployments is poor [25]. Thus, we install two tags on the 

UAV and propose an algorithm that adds the ranging 
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information between the two tags and each anchor and the 

spacing between the two tags to the localization algorithm to 

calculate the position of UWB tags and then fuse it with the 

IMU data to obtain an estimate of the position of the center of 

the UAV. In fact, in the end, it is only necessary to use the 

coordinates of the horizontal direction of the UAV, because 

the height (i.e. distance to the ground) can be estimated using 

onboard sensors such as the altimeter. 

Table Ⅰ describes the information of the UWB module 

installed on the landing platform and UAV, including chip, 

carrier frequency, range, bitrate, transmit power, channel 

bandwidths, power consumption, size of the module, and 

precision. Fig. 2 shows the DJI M300RTK UAV used and the 

position of the two UWB tags installed on the UAV. IMU data 

used for our localization system are provided by the UAV's 

built-in IMU. Fig. 3 shows the landing platform used for our 

localization system. 
TABLE Ⅰ 

THE INFORMATION OF UWB MODULE [26] 

Parameter Value Units 

Chip DW1000 - 

Carrier frequency 3.2-6.9 GHz 

Range 100 m 

Bitrate 6.8 Mbps 

Transmit power -35 - -62 dbm/MHz 

Channel bandwidths 500 MHz 

Power consumption 0.528 W 

Size of module 84×25×12 mm 

Precision <10 cm 

Fig. 4 depicts the workflow of our localization system. The 

workflow of our localization system mainly consists of two 

parts: the Two-tags-based UWB localization optimization 

algorithm and the Kalman-filter-based UWB and IMU 

localization fusion algorithm. Firstly, the UWB tag 

communicates with the UWB anchor by using the two-way 

ranging method, and the UWB tag calculates the distance to 

each UWB anchor. 0 jr and 1 jr  represent the raw measured 

range between UWB tag 0 and UWB tag 1 and the anchor j , 

respectively. Then the raw range is Kalman filtered to obtain 

the filter range
0

f

jr  and
1

f

jr . And the system covariance Q of the 

1D Kalman filter is 0.018, and the observation covariance R of 

the 1D Kalman filter is 0.542. The initial 2D plane 

coordinates 0 0 0( , )= TW x y and 1 1 1( , )= TW x y of the two UWB 

tags are calculated by using the linear least squares. The height 

h  of the UAV is used as the coordinates in the z-direction to 

obtain the initial coordinates 0 0[ ]= T TP W h and 1 1[ ]= T TP W h . 

Subsequently, 0P , 1P , and the distance l  of the two UWB 

tags are substituted into the predefined cost function J , and 

the positions of the two UWB tags are obtained using the 

gradient descent method. Finally, the coordinates of the two 

UWB tags are summed and averaged to obtain the position of 

the center of the two UWB tags '

CP . '

CP  is fused with the IMU 

data as the input to the Kalman filter to obtain the final 

localization result f

CP . 
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Fig. 4.  Workflow of the UAV localization system based on a landing 
platform. LLS represents the linear least squares. 

C. Two-tags-based UWB localization optimization 
algorithm 

In UWB-based localization systems, as mentioned in 

Section Ⅱ-B, the linear least squares is easy to calculate and 

widely used, but the optimization objective function of linear 

least squares is 

( )

2

2
2 22 2

0 0

1,2,3

min

min
=

= −

 = − − − − −
  

P

P
k

k

k

P DP b

P A d P A d
 (6) 

In some cases, the results obtained by the linear least 

squares method produce huge errors [27] and can make (1) ill-

conditioned when the localization geometry configuration is 

poor, leading to unreliable localization results [25]. Although 

deployment with UWB anchors spaced 2 m apart is suggested 

in [13], this deployment scheme still has the problem of too 

large a deployment area for unmanned vehicles. Therefore, in 

our localization system, the two-tags-based UWB localization 

optimization algorithm is used, where four UWB anchors are 

deployed at the four corners of a 0.8m × 1.4m rectangle, and 

two UWB tags are installed on the UAV to add redundant 

distance constraints to reduce the error in UAV position 

estimation. As shown in Fig. 5, the algorithm first solves the 

initial coordinates of the two UWB tags 0P  and 1P  using the 

linear least squares method, where the z-direction coordinate 

of 0P  and 1P  is the height h  of the UAV. And then the initial 

coordinates of the two UWB tags and the distance l  of the 

two UWB tags are substituted into the cost function J . The 

localization coordinates '

0P  and '

1P  of the two UWB tags are 

solved using the gradient descent method. 
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Firstly, define the cost function J . 

( ) ( )
2 2

2 22 2

0 1

,

200= − − + − − m n mn

m n

J P P l P A d (7) 

where 0P  is the coordinate of UWB tag 0, 1P  is the 

coordinate of UWB tag 1, l  is the distance between two UWB 

tags, mP  is the coordinate of the UWB tag m ,  0,1m , nA  

is the coordinate of UWB anchor n ,  0,1,2,3n , and mnd  

is the measured distance between the UWB tag m  and the 

UWB anchor n . Since l  is fixed and is measured using a 

metal tape measure with high accuracy, the factor 200 is set in 

the cost function J . 

Subsequently, the partial derivatives of the cost function J  

concerning the two UWB tags coordinates are calculated 

separately. 

( ) ( )( )

( )( )

2 2

0 1 0 1

2 2

1 800

4

m T

m

T

m n mn m n

n

J
P P l P P

P

P A d P A


= − − − −



+ − − −
 (8) 

Then the number of iterations   is limited. When the 

number of iterations 100  , stops the iterative solution and 

output the localization coordinates '

0P  and '

1P  of the two 

UWB tags at this time. If 100  , judge the convergence 

condition: 
1 −− t tJ J , 0.001 = . If the condition is not 

satisfied, then 

Δ


= −


m m

m

J
P P

P
 (9) 

where Δ 0.001=  is the iteration step size. Then continue 

calculating the cost function, judging the convergence 

condition, and finally get the localization coordinates '

0P  and 

'

1P  of the two UWB tags. 
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Cost function
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Fig. 5.  Workflow of Two-tags-based UWB localization optimization 
algorithm. LLS represents the linear least squares. 

D. Kalman-filter-based UWB and IMU localization 
fusion algorithm 

The workflow of the Kalman-filter-based UWB and IMU 

localization fusion algorithm is shown in Fig. 6. After 

obtaining the position coordinate of the two UWB tags using 

our Two-tags-based UWB localization optimization algorithm, 

the coordinates of the two tags are summed and averaged to 

obtain the coordinate '

CP  of the middle position of the two 

tags. Then the accelerometer and gyroscope data are read from 

the IMU and used with '

CP  as the input of the Kalman filter to 

obtain the final localization result f

CP . 

Due to the different rates of IMU and UWB, time 

synchronization is required when fusing the two data. The 

localization frequency of two UWB tags using our Two-tags-

based UWB localization optimization algorithm is 20Hz, 

whereas the frequency of IMU carried by UAV is up to 400Hz, 

so it is necessary to downsample IMU to realize the time 

synchronization. Among the IMU data, the accelerometer and 

gyroscope data are referenced to the body coordinate system 

B , which needs to be converted to the landing platform 

coordinate system A , i.e. 

=A A B

i B ia R a  (10) 

 =A A B

i B iR  (11) 

where B

ia  denotes the acceleration of the UAV under 

coordinate system B  at the time i , A

ia  denotes the 

acceleration of the UAV under coordinate system A  at the 

time i , B

i
 denotes the angular velocity of the UAV under 

coordinate system B  at the time i ,  A

i
 denotes the angular 

velocity of the UAV under coordinate system A  at the time i , 

and A

BR  denotes the rotation matrix when rotating from the 

body coordinate system B  to coordinate system A . 

Before fusing IMU data with UWB localization data, the 

initial attitude of the UAV needs to be obtained, so the UAV is 

parked for a period of time, and the current roll angle   and 

pitch angle   are obtained by the condition that the UAV is 

subjected to gravity only, and let the yaw angle   be 0. 

Assume that the acceleration of gravity in the coordinate 

system B  is  0 0= −
T

G g , and the accelerometer data in 

the parked state is  =  

T
B

x y zia a a a , then we have 

= A B

B iG R a . 

c c c s s s s s

ss

c

c c c

c c s

s s s c

s s

s c s

c c c

           

           

     

− +

+


−

−

 


=
 
 

A

BR

 (12) 

where c cos = , s sin = , c cos = , s sin = , 

s sin = , c cos = . 

Solving = A B

B iG R a yields the roll angle ( )z, = yarctan a a  

and the pitch angle ( )2 2 2, = + +x x y zarcsin a a a a . After 

obtaining the attitude of the UAV through initialization, 

This article has been accepted for publication in IEEE Sensors Journal. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2023.3260311

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: Shanghai Jiaotong University. Downloaded on April 18,2023 at 05:35:28 UTC from IEEE Xplore.  Restrictions apply. 



8  IEEE SENSORS JOURNAL, VOL. XX, NO. XX, MONTH X, XXXX 

 

complementary filtering [28] is used to update the attitude 

angle of the UAV and further update the rotation matrix A

BR  

of the body coordinate system B  and the landing platform 

coordinate system A . 

In the Kalman-filter-based UWB and IMU localization 

fusion algorithm, the state vectors include position, velocity, 

and acceleration. 

( ) =
  

T
T

T T A

i i i ix p v a  (13) 

where ip , iv , and A

ia  are the position, velocity, and 

acceleration of the UAV at the time i  in the coordinate 

system A . 

Define the following equations of state and observation 

equations. 

1

−

−=i ix Fx  (14) 

− −=i iy Hx  (15) 

where 
1−ix  is the state vector at time 1−i , −

ix  is the a priori 

state vector, and −

iy  is the a priori observation vector predicted 

from the a priori state vector −

ix . F  is the state transfer matrix, 

and the expression is 

21

2

 
 
 

=  
 
 
 

I Idt Idt

F O I Idt

O O I

 (16) 

where I  is the 3 × 3 identity matrix, dt  is the sampling 

period, and O  is the null matrix. 

H  in (15) is the observation matrix, and the expression is 

 
 

=
 
  

I O O

H O I O

O O I

 (17) 

The priori covariance matrix is 

1

−

−= +T

i iE FE F Q  (18) 

where 1−iE  is the posterior covariance matrix at time 1−i  

and Q  is the process noise covariance matrix. 

The Kalman gain is 

( )
1−

− − = +
 

T T

i i iK E H HE H R  (19) 

where R  is the measurement noise covariance matrix. 

The observation vector iy  consists of the coordinate '

CP  of 

the middle of the two tags and the acceleration A

ia . 

( ) ( )' =
  

T
T T

A

i C iy P O a  (20) 

Finally, the priori observation vector −

iy  is compared with 

the sensor's observation vector iy  to obtain the residuals, and 

then the prior state vector −

ix  is corrected to obtain the a 

posteriori optimal estimate of the state vector, i.e. 

( )− −= + −i i i i ix x K y y  (21) 

According to iK  , the posterior covariance matrix at time i  

can be calculated as 

( ) −= −i i iE I K H E  (22) 

 
Fig. 6.  Workflow of Kalman-filter-based UWB and IMU localization 
fusion algorithm. 

III. EXPERIMENT AND ANALYSIS 

In order to evaluate our localization system, we conducted 

indoor static localization experiments and outdoor flight 

experiments, respectively. All experiments were conducted on 

the UAV with an onboard computer. The onboard computer is 

a Manifold 2G manufactured by DJI running Ubuntu 16.04 

with an NVIDIA Jetson TX2 processor. And the UAV is the 

M300RTK UAV produced by DJI. UWB tags are connected 

to the onboard computer through the USB serial port, and the 

onboard computer communicates with the UAV to acquire 

IMU data through the Onboard SDK adapter board produced 

by DJI. The experiment setup is shown in Fig. 7. Several 

positions were selected for indoor static localization 

experiments to evaluate our Two-tags-based UWB 

localization optimization algorithm. We conducted several 

outdoor flight experiments to evaluate our UAV localization 

system based on a landing platform. 

The workflow of our localization system is depicted in Fig. 

4. After the two UWB tags obtain the measured distance from 

the UWB anchors, the initial coordinates 0P  and 1P  are 

obtained by merging the initial coordinates x and y  calculated 

by the least squares method and the height h  of the 

UAV. 0P  , 1P , and l  are substituted into the cost function J. 

Then '

0P  and '

1P  obtained by the gradient descent method and 

the IMU data are fused by the Kalman filter to obtain the final 

localization result.  

UAV

Landing 
Platform

UWB 
Anchors

Onboard
Computer

 
Fig. 7.  The experiment setup. 

A. Static localization experiment 

We firstly conducted static localization experiments indoors 

to evaluate our Two-tags-based UWB localization 

optimization algorithm. The experimental environment is 

shown in Fig. 8. All static localization experiments were 

conducted indoors, and the real coordinates of the test points 

were measured by a metal tape measure, and the coordinates 

of each UWB anchor are shown in Table II. The linear least 

squares method is one of the commonly used tag localization 

Kalman Fliter Prediction Step

Kalman Fliter Correction Step

=IMU
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methods, and the linear least squares method is chosen for 

comparison in this paper. 

 
Fig. 8.  Static localization experimental environment. 

TABLE Ⅱ 

UWB ANCHOR COORDINATES 

Anchors x(m) y(m) z(m) 

A0 0 0 0 

A1 0 1.4 0 

A2 -0.8 1.4 0 

A3 -0.8 0 0 

TABLE Ⅲ 

RMSE AND AVERAGE NUMBER OF ITERATIONS 

Experimen

t 

UW

B tag 

True 

coordinate 

RMSE of 
linear 

least 

squares 

RMSE of 

our 

localization 
optimizatio

n algorithm 

Average 

number 

of 
iteration

s 

1 
0 (0.73,0,0) 0.158 0.073 

39.3 
1 (0.73,0.39,0) 0.149 0.075 

2 
0 (1.76,0,0) 0.221 0.107 

24.5 
1 (1.76,0.39,0) 0.278 0.110 

3 
0 (0.42,0.7,0) 0.164 0.089 

56.7 
1 (0.42,0.31,0) 0.130 0.089 

4 
0 (0,0.81,0) 0.109 0.037 

53.7 
1 (0,0.42,0) 0.050 0.033 

5 
0 (-0.25,0.65,0) 0.082 0.051 

29.0 
1 (-0.25,1.04,0) 0.169 0.093 

6 
0 (0,2.31,0) 0.329 0.279 

21.1 
1 (-0.39,2.31,0) 0.229 0.139 

 
(a) Experiment 1    (b) Experiment 2 

 
(c) Experiment 3    (d) Experiment 4 

 
(e) Experiment 5    (f) Experiment 6 

Fig. 9.  Cumulative distribution function plots of each UWB tag using 
our proposed Two-tags-based UWB localization optimization algorithm 
and the linear least squares method in 6 experiments. The proposed 
algorithm is the Two-tags-based UWB localization optimization 
algorithm and LLS is the linear least squares. 

Table III gives the true coordinates of the two UWB tags, 

the root mean square error (RMSE), and the average number 

of iterations using different solution methods for all the static 

localization experiments, which consisted of 6 experiments 

with 720 data samples per set. Fig. 9 depicts the cumulative 

distribution of localization error for UWB tags with different 

localization algorithms in 6 sets of experiments. The red 

dashed line shows the cumulative distribution of localization 

error for UWB tag 0 using our Two-tags-based UWB 

localization optimization algorithm. The green solid line 

shows the cumulative distribution of localization error for 

UWB tag 1 using our Two-tags-based UWB localization 

optimization algorithm. The magenta dotted line shows the 

cumulative distribution of locating error for UWB tag 0 using 

the linear least squares method, and the blue dash-dotted line 

shows the cumulative distribution of locating error for UWB 

tag 1 using the linear least squares method. The root-mean-

square error obtained by using our Two-tags-based UWB 

localization optimization algorithm is significantly lower than 

that of the linear least squares method, and the localization 

error of the UWB localization algorithm is more stable. 

In addition, the average number of iterations in the 6 groups 

of experiments all of them are below 60. In Experiment 3, 

Experiment 4, Experiment 5, and Experiment 6, the average 

computation time of our Two-tags-based UWB localization 

optimization algorithm for each localization in the three sets of 

experiments was 18.24ms in Experiment 3, 18.98ms in 

Experiment 4, 13.22ms in Experiment 5, and 5.83ms in 

Experiment 6. Thus, our Two-tags-based UWB localization 

optimization algorithm has good real-time performance and 

meets the real-time localization requirements. 
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B. Flight Localization Experiment 

In order to evaluate our localization system, several flight 

experiments were conducted, all of which were outdoors. To 

track the UAV with centimeter-level accuracy, RTK 

localization data on the M300 RTK UAV were used as the 

ground truth, and the UAV network RTK differential data 

were provided by QianXun Location Network Co. with a 

position accuracy of 1 cm+1ppm. The UAV experimental 

environment is shown in Fig. 10, and the coordinates of each 

UWB anchor are consistent with those shown in Table II. The 

coordinate system of RTK localization data is not consistent 

with that of our localization system, and in order to compare 

the RTK localization data with our localization system, the 

RTK localization data need to be converted. Firstly, the 

latitude and longitude coordinates of each UWB anchor are 

measured using RTK, and then the planar projection 

coordinates are obtained using Gauss-Krüger projection. There 

is a rotation translation relationship between the plane 

projection coordinate system and the coordinate system of our 

localization system. The rotation and translation matrices can 

be solved by the one-to-one correspondence between the plane 

projection coordinates of each UWB anchor and the 

coordinates of each UWB anchor in Table II. The singular 

value decomposition method is one of the very excellent 

methods for solving such problems. Thus, this method is 

chosen to solve the rotation and translation matrices of the 

plane projection coordinate system and the coordinate system 

of our localization system [29]. 

 
Fig. 10.  Flight localization experiment environment. 

The results of the flight experiments are shown in Fig. 11 

and Table Ⅳ, which include five experiments. The green 

trajectory in Fig. 11 is the localization trajectory of our 

localization system. As a comparison, the initial coordinate of 

one of the two UWB tags installed on the UAV is solved using 

linear least squares, and this initial coordinate and the IMU 

data are subsequently fused as inputs to the Kalman filter, and 

this method is named the single-tag method in the following. 

The red localization trajectory in Fig. 11 is the localization 

trajectory of the single-tag method. The black trajectory is the 

RTK localization trajectory as the ground truth in the 

experiment. The blue line represents the landing platform. 

Table Ⅳ shows the main statistics for each flight experiment 

in Fig. 11, including RMSE, error mean  , standard deviation 

 , and maximum error. 

The experimental results show that the maximum root mean 

square error is 0.6875m, and the minimum is 0.1813m in 5 

experiments for the single-tag method. As mentioned in 

Section Ⅱ-B, the linear least squares method leads to huge 

error in some specific cases, and the poor localization 

configuration in the flight experiments tends to make (1) ill-

conditioned, which leads to the experimental results 

presenting large error and error fluctuations. In contrast, the 

root mean square error of our localization system is 0.2164m, 

0.2303m, 0. 1882m, 0.1071m, and 0.092m in five groups of 

experiments, with the maximum root mean square error of 

0.2303m and the minimum root mean square error of 0.092m. 

Compared with the single-tag method, the RMSE of our 

localization system was reduced by an average of 61%. The 

error fluctuation of the localization results is not large and 

more stable, the root mean square error is small, and the 

localization results are reliable. 

-

-

Ground truth

Our system

Single-tag

-

-

Ground truth

Our system

Single-tag

 
(a) Experiment 1    (b) Experiment 2 

-

-

Ground truth

Single-tag

Our system

-

-

Ground truth

Single-tag

Our system

 
(c) Experiment 3    (d) Experiment 4 

Ground truth

Our system

Single-tag

 
(e) Experiment 5 

TABLE Ⅳ 

THE MAIN STATISTICS OF ALL FLIGHT EXPERIMENTS USING THE SINGLE-
TAG METHOD AND OUR SYSTEM. 

Experiment Method RMSE     Max 
error  

Experiment1 
Single-tag 0.688 0.6769 0.1202 0.867 

Our system 0.216 0.1989 0.0860 0.406 

Experiment2 
Single-tag 0.463 0.4467 0.1215 0.753 

Our system 0.230 0.1919 0.1276 0.621 

Experiment3 
Single-tag 0.305 0.2598 0.1602 0.819 

Our system 0.188 0.1706 0.0795 0.328 

Experiment4 
Single-tag 0.181 0.1612 0.0832 0.384 

Our system 0.107 0.0769 0.0769 0.301 

Experiment5 
Single-tag 0.494 0.4371 0.2309 0.914 

Our system 0.092 0.0852 0.0347 0.168 
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Fig. 11.  Flight experiments trajectory. The green solid line is the flight 
localization trajectory of our UAV localization system based on a 
landing platform. The red solid line is the flight localization trajectory of 
the single-tag method. The black solid line is the ground truth of the 
flight trajectory. The blue triangle solid line is the landing platform area. 

In the five groups of experiments, the localization results of 

our localization system have significantly improved the 

localization accuracy compared with the localization results of 

the single-tag method. In experiment 1, experiment 2, 

experiment 3, and experiment 4, although the error of our 

localization system is reduced compared with the single-tag 

method, the localization error increases significantly when the 

UAV is far away from the landing platform and asymmetric 

concerning the four UWB anchors in both the X -axis and Y -

axis directions, such as at the X -axis coordinate of -5m in 

experiment 2, which is due to the poor localization 

configuration in these specific areas, leading to the 

localization accuracy significantly decreased. However, when 

the UAV gradually approaches the landing platform, such as 

near the X -axis coordinate of 0m in experiment 2, the 

localization accuracy of our localization system improves 

significantly, so the significant increase of error in some areas 

shown in the experiments does not affect the UAV's approach 

to the landing platform for landing. 

In addition, our localization system pays more attention to 

the localization performance in the UAV approach phase. 

Experiment 5 in Fig. 11 shows the localization performance in 

the case of the UAV approaching the platform, and the root 

mean square error of our localization system is described in 

Table Ⅳ as 0.092m in Experiment 5, which meets the 

localization demand of UAV landing in the landing platform. 

IV. CONCLUSION 

This paper proposes a UAV localization system based on a 

landing platform, which contains four UWB anchors placed on 

the landing platform and two tags and IMUs installed on the 

UAV. And the UAV localization system based on a landing 

platform can provide more accurate localization for the UAV 

when the UAV lands. Unlike the classical visual localization 

system, our UAV localization system based on a landing 

platform is not affected by light conditions such as smoke and 

does not depend on GPS, and the area occupied by the anchor 

deployment is small, which can be conveniently deployed on 

an unmanned vehicle. 

Our UAV localization system based on a landing platform 

is different from the traditional UWB real-time localization 

system in that it defines a cost function that fuses the distance 

between two UWB tags and the ranging data of two UWB tags, 

solves the cost function using the gradient descent method to 

obtain the coordinates of two UWB tags, and uses Kalman 

filtering to fuse with IMU to obtain the final localization 

coordinates. The experimental results show that our 

localization system can provide decimeter-level localization 

accuracy for the UAV landing on the landing platform, and the 

average RMSE of our proposed localization system is reduced 

by 61% compared with the traditional single-tag method. 

However, our proposed localization system does not fully use 

of the two UWB tags localization data to provide directional 

information for the UAV and relies on the altitude data 

provided by the UAV. In future research, we will consider 

installing three UWB tags on the UAV and fusing them with 

the IMU to provide good attitude and localization information 

for the UAV. 
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