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Resumo

Nos ultimos anos, portos de varios paises realizaram sucessivamente pesquisas e
aplicagdes de terminais totalmente automatizados. O terminal adota o processo de
automacao "Double car shore bridge + AGV + ARMG", que ¢ a solucdo totalmente
automatizada mais amplamente utilizada e relativamente madura. Atualmente, a
navegacdo AGV do terminal é baseada no posicionamento da etiqueta RFID ¢ a
precisdo ¢ boa. No entanto, hoje em dia, a tecnologia UWB tornou-se na tecnologia
mais popular relativamente ao alcance e posicionamento. A pesquisa neste trabalho ¢
baseada no posicionamento composto por UWB / RFID, usado principalmente para
tarefas de localizagdo especificas nos portos, podendo desta forma localizar-se com
precisdo a posi¢cdo do AGV.

Este projeto de mestrado estuda em primeiro lugar o sistema de posicionamento UWB,
e depois um algoritmo tradicional de posicionamento 3D. A contribui¢do da
importancia expressa pelo algoritmo de posicionamento “time of arrival” (TOA) 3D foi
proposta. Para o sistema de posicionamento RFID, a conexdo entre o leitor e a
transportadora € projetada e a etiqueta de referéncia ¢ ocultada. Por fim, o algoritmo de
“k-nearest neighbor” baseado numa base de dados e no método de andlise de cena ¢
adotado para realizar o posicionamento. Em segundo lugar, a base do sistema de
posicionamento composto ¢ a tecnologia de fusdo de dados. O algoritmo de fusdo mais
amplamente utilizado ¢ maduro ¢ o algoritmo de filtro Kalman e o filtro de particulas.
Finalmente, ¢ realizada a analise experimental do sistema de posicionamento composto
UWB e RFID. Os resultados experimentais mostram que o sistema de posicionamento
composto UWB e RFID pode reduzir o custo do sistema de posicionamento. O sistema
desenvolvido ¢ caracterizado por uma maior precisao de posicionamento e robustez .

Palavras-chave: Porto, UWB; RFID; Localizagdo composta
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Abstract

In recent years, ports in various countries have successively carried out research and
application of fully automated terminal. The terminal adopts the "Double car shore
bridge + AGV + ARMG" automation process, which is the most widely used and
relatively mature fully automated solution. At present, the AGV navigation of the
terminal is based on RFID magnetic nail positioning and the accuracy is good. However,
nowadays UWB technology has become the most popular technology in ranging and
positioning. The research in this work is based on UWB/RFID composite positioning,
which is mainly used for the specific localization tasks in the port and it can accurately
locate the position of the AGV.

This MSc work studies the UWB positioning system first and then researches the
traditional 3D positioning algorithm. Importance contribution expressed by 3D TOA
localization algorithm. For RFID system, this connection between the reader and the
carrier is designed, and the reference tag is buried. At last, data-based on RFID
localization algorithm in scene analysis method is adopted for positioning. Secondly,
the basis of the composite positioning system is data fusion technology. The most
widely used and mature fusion algorithm is the Kalman filter algorithm and Particle
filter. Finally, the experimental analysis of UWB and RFID composite positioning
system is implemented. The results indicate that UWB and RFID composite positioning
system can reduce the cost of the positioning system. Higher positioning accuracy and

robustness are characterizing the developed system.

Keywords: Port; UWB; RFID; Composite localization
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Chapter 1 Introduction

1.1 Motivation

With the mature use of Internet of Things (IoT) and cloud computing technologies,
the industrial digitalization and automation levels have significantly improved.
Additionally the automated logistics transportation system and flexible manufacturing
systems have changed dramatically [1]. Previously, although some advantages of the
demographic dividend have disappeared, it is still a major trend to upgrade traditional
industries with modernization and automation equipment. In the pace of such an era, the
world ports are also developing in an intelligent and unmanned direction. With the
continuous increase of the world's shipping volume and the increasing size of container
ships, stable and efficient container handling, energy saving, environmental protection
and low cost have become the focus of port operators. Automated terminals are
increasingly demonstrating their superiority in terms of reducing labor costs, improving
port capacity, reducing energy consumption in loading and unloading operations, and
enhancing port brand image. This is an inevitable trend in future port development [2].
Among them, Automated Ground Vehicle (AGV) are widely used in port container
transportation. It is the most used equipment of fully automated terminal with intelligent

functions, such as path optimization, automatic navigation and localization[3].

Figurel.l - Automated terminals and AGV[4]
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With continuous development of navigation and positioning technology, people
have higher pursuits and expectations for navigation and positioning accuracy. Single
navigation and positioning systems have their own merits and shortcomings (See Table
1.1 for details). The special needs of some areas have not been met, and the combined
navigation has emerged [5]. The positioning system with different positioning principles
and methods is integrated organically by computer and filter to achieve complementary
advantages and information redundancy. It can not only enhance the positional accuracy
of entire positioning system, but also improve reliability of system. Especially recently,
the integrated navigation positioning has been rapidly developed under the help of high
technology and powerful theory. It has also become one of the research hotspots in this
field [6].

Table 1.1 Comparison of navigation and positioning methods

Navigation method Advantages Disadvantages
Electromagnetic Easy to control and Low flexibility, the
navigation communicate, low cost troublesome expansion path
Tape navigation Precise positioning and simple ~ Poor anti-interference, regular
tape placement maintenance
Optical navigation Easy route setting and flexibility Poor reliability and low

positioning accuracy

Laser navigation Precise positioning and high High cost and high
flexibility environmental requirements
Image recognition  Higher accuracy and reliability Low flexibility
navigation

Inertial navigation  Advanced technology, strong  High cost and low positioning

autonomy, wide application accuracy for a long time
fields
RFID Accurate positioning and a wide Short acting distance

range of technology transmission
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The accuracy requirements of AGV operation for localization are very high. The
accuracy of AGV operation on localization reaches the centimeter level. The main
modes are optical guiding, magnetic strip guiding, magnetic nail guiding, laser
navigation guiding, Visual navigation, and inertial navigation. At present, the port
engineering develops the AGV navigation system based on the magnetic nail guiding
type. According to the system design, magnetic nail (RFID tags) are distributed every
2m in the AGV operation area to form a matrix distribution, and the AGV performs its
own position positioning by reading the preset magnetic nail information. However, to
achieve higher accuracy of positioning, the density of the RFID tags needs to be higher
which makes this solution costly [7]. Another problem is that it is very difficult to
maintain RFID tags (Figurel.2). Therefore, considering UWB technology in the open
space of the ports, localization can be used to ensure accurate positioning and reduce the
cost of the positioning system. UWB technology has become the most popular
technology in ranging and positioning due to its strong penetrating ability, high
multipath resolution capability, and wide bandwidth. UWB technology is generally used
for indoor small-scale positioning. This work has new applications for outdoor
localization (port case study). In addition, the cost of UWB wireless positioning is
relatively cheap, therefore, the developed MSc work carries out research on the
composite positioning that combines UWB positioning technology and RFID

positioning technology.
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\

Figure 1.2 - RFID application for AGV navigation in a smart port[8]

1.2 Objectives

Recently, with continuous progress of mobile communication and wireless sensor
network (WSN), more and more attention has been paid to the application of
location-based services in the environment. Positioning technology is one of the key
points to provide location services. With the popularity of intelligent terminals and
mobile devices, people need to apply location-based navigation and positioning services
in their activities. The requirements for positioning technology and the accuracy of
positioning also need to be increased. The required positioning technology has also
evolved from a single positioning system to composite positioning in multiple ways.
However, a single RFID or UWB technology can hardly meet the positioning
requirements in complex environments. Wireless signals can cause larger errors in these
environments, such as multipath effects, clock synchronization errors, and NLOS path
propagation. Therefore, combining these two technologies can improve the ability of

accurate positioning in this type of environment.
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Considering the background of current port, this work carries out composite
positioning research based on the fusion of UWB and RFID technology. And it
proposes a method and research on composite positioning based on UWB and RFID. At
present, the location of AGV in the port is based on RFID technology. However, under
the port environment, to obtain high-precision positioning, the density of magnetic nails
to be laid is large, and the laying cost and maintenance cost are high, which is not
conducive to port remodeling and upgrading. UWB technology has the advantages of
high positioning accuracy and low cost. Therefore, with an emerging algorithm such as
data fusion, these two technologies (UWB and RFID) could work together. When the
AGV is driven to the open area of the port and there is no RFID tag on the ground of
port, the position information can be obtained by receiving the UWB signal, and the
positioning result can be corrected to ensure the accuracy of the positioning. In this
work, the accurate positioning performance of UWB is completed with the tag
information obtained from RFID reader. Thus a spatial continuity, reliable and accurate

positioning are obtained.

1.3 Structure of dissertation

Chapter 2 includes start of art and the literature review on UWB and RFID
technologies. The advantages, implementation techniques and application scenarios of
these technologies are discussed. Chapter 3 describes think and design of the composite
positioning system. In Chapter 4 describes the hardware and the software of RFID
system. In Chapter 5, the hardware and the software of UWB system are introduced. In
Chapter 6 are presented, experimental results as part of system validation. In Chapter 7

presents the conclusions and future work.
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Chapter 2 State of the Art

This chapter introduces these research areas of the proposed work, such as RFID
technology, UWB technology, and composite positioning technology. The advantages,
implementation techniques and application scenarios of these technologies are

introduced.

2.1 RFID technology status

RFID was first used in the military in the 1940s. The combination of RFID
technology and radar technology can easily identify friendly military aircraft. As many
researchers continued their research, in 1948, Harry Stockman published the paper

{ communication technology using reflected power ) in the association of radio
engineers [9]. In the 1950s and 70s, researchers applied the development of modular
passive reactors in radio transmission, which provided the development direction of
RFID technology and related applications. In the 1980s, due to the development of
electronic integration technology, RF was integrated into with Shawnecki diode. With
the advent of electronic tags, RFID technology can gradually be used to civil[10]. In the
1990s, RFID technology was used in many areas of civil, such as the access to RFID
technology in the US highway toll system. The RFID technologies of U.S applied in the
highway system greatly improved the efficiency and also made a good promotion for
RFID technology. In order to serve more industries in RFID technology, the Auto-ID
Center and the EPC global system have been established by organization that the
Massachusetts Institute of Technology. And EPC coding standards have been proposed
to serve more than 100 companies and government organizations around the world[11].

The research of positioning technology based on RFID started earlier. As early as
2000, the RFID technology proposed SpotON system which records the signal strength
of tags read by three or more readers. Then it determines the location of tags by

triangulation to achieve positioning [12]. In 2004, a Michigan state university researcher
6
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proposed a system called LANDMARC, which consists of a reader and an active RFID
tag. The technology of positioning is realized by receiving signal strength value [13]. In
2005, IBM has a Blue Bot system was put forward. It uses the robot to carry RFID
reader continuously monitor and to record after the analysis of data [14]. In 2008, two
Indian scholars applied the improvement of LANDMARC algorithm mentioned above
to three-dimensional space, so as to realize the spatial positioning of three-dimensional
space [15]. In 2009, to reduce location costs, two researchers proposed an algorithm for
reading data from a mobile reader [16]. In 2014, researchers began to consider the
influence of the antenna directly on the reception of signal intensity value, so they took
the direction into account when establishing the database to build the fingerprint
database [17]. In 2015, scholars use the normalized idea to normalize the signal strength
values to reduce the positioning error caused by equipment fiversity[18]. In 2016, to
solve the problem that the RSS values of two adjacent locations are inconsistent. A
multidimensional kernel function density estimation method is proposed[19]. In 2017,
researchers have proposed a way to combine RSSI and phase information for

localization [20].

2.2 UWB technology status

The basis of UWB wireless communication technology is pulse radio technology.
The fundamental difference from other wireless communication technologies is that it
uses a very narrow RF pulse to communicate between transmitters and receivers. In fact,
UWB was adopted by Marconi one hundred years ago. And UWB was invented the
transoceanic wireless telegraph[21]. Regarding UWB wireless communication
technology, the design technology of its transmitter and receiver has appeared in foreign
countries as early as the 1960s, and UWB was also used in communication and radar.
By the 1970s, the system concepts of UWB used in communications and radars had
been fully established. The study of UWB technology began in the United States. Since

(?) Its first application in military, the federal communications commission (FCC) in

7
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2002 formally adopted the civil legislation of UWB technology. New opportunities
have been brought for the development of UWB technology, greatly inspired in the
related academic research and industrialization process [22].

Table 2.1 UWB technology application field and working frequency

Application Field Working Frequencies

Landmine Penetrating Imaging System Below 960MHz,(3.1~10.6GHz)

In-wall Imaging System Below 960MHz,(3.1~10.6GHz)

Through Wall Imaging System Below 960MHz,(3.1~10.6GHz)
Medical System (3.1~10.6GHz)
Monitoring System (1.99~10.6GHz)
Automotive Radar System Below 24.1GHz
Communication and Measurement (3.1~10.6GHz)

UWB technology has many advantages: high speed; high performance; low
intercept and detection probability; anti-multipath and low system complexity [23][24].
There are some big advantages in wireless positioning[25]. The frequency band of FCC
UWB work from 3.1 GHz to 10.6 GHz, and the signal transmitted power is limited
under 41.3 dBm[26][27]. The UWB authorized application fields and its corresponding
frequency bands are shown in the table 2.1[28]. UWB wireless communication mainly
has three implementation schemes: Carrier less Pulse Scheme, Single-carrier
DS-CDMA Scheme, and MB-OFDM Scheme [29][30].

So far, the development of UWB chips and equipment in China has not started, and
the major wireless communication companies and consumer electronics companies have
not formally carried out the research and development of UWB technology. In the UWB
system based on carrier modulation, many advanced technologies in mobile
communication are used, such as CDMA, OFDM, etc, so many enterprises are not
completely without foundation in the development of UWB system [31].

In recent years, China government departments have increasingly attached

importance to UWB technology, and the 863 programs of China project have also given
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key support to UWB. A large number of scholars and research institutions have also

started tracking research on UWB communication technology, it will mark a new

breakthrough in MB-OFDM in China [32].

Bluetooth, —
802.11b .11a
Emitted E ﬂ Cordless Phones "/
Signal o Microwave Ovens
Power
-41 dBm/MHz Part 15 Limit
uUwB
Spectrum
16 1.9 24 3.1 5 08

Frequency (GHz)
Figure 2.1 - UWB frequency distribution[33]

Studies on the co-existence of the UWB system and existing wireless
communication system have also been carried out. For example, for UWB and GPS
system, when the parameters of the UWB system are not appropriate, it will cause
interference to the conventional GPS system [34]. There are WLAN, GSM, UMTS and

so on (See Figure 2.1 for details above).

2.3 Composite positioning technology

The above two positioning methods can meet the requirements of most
environments. However, with the increasing demand for positioning accuracy, the
composite positioning technology has become a reality (Figure2.2). Therefore, many
experts and scholars focus their research on the composite and fusion of various

methods.
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Figure 2.2 - Application of positioning technology[35]

For the outdoor environment, NakYongKo used theGNSS and MEMS-AHRS to
perform UAV navigation attitude estimation. The GNSS measurement is used to correct
the magnetic field measurement, reducing the deviation of the magnetic field
measurement. The Kalman filtering method is used to integrate the measurement data of
GNSS and MEMS inertial measurement components to improve the accuracy of attitude
estimation[36]. Shunsuke and Yoshiyuki first established a local positioning system
under the bridge through the wireless sensor network. Then they used UWB technology
to measure the time of wireless communication, calculated the position of the robot, and
obtained the motion attitude of the robot by the IMU measuring component. The data
between the various sensors is fused using the EKF algorithm. Finally, precise control
of the robot's autonomous flight is achieved. Pittet S et al. used EKF to fuse UWB/PDR
data, but EKF filtering did not achieve good results and even caused filter divergence in
nonlinear systems. At the same time, the KF cannot correct the heading angle error,

which causes the heading angle error to increase with time[37].
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Figure 2.3 - Application of positioning in industrial field[37]

During industry 4.0 era, the application field of positioning has also been expanded
to the industrial field. Positioning techniques allow the production process to be

visualized and tracked, as it is shown in the Figure 2.3.
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Chapter 3 System Description

3.1 Overview

RFID has the advantages of non-contact, strong anti-interference and large amount
of data. With continuous improvement of science and technology level, the reliability
has been continuously improved. However, to achieve higher positional accuracy, RFID
tags density needs to be higher which makes this solution costly. UWB technology has
widely many applications in industry[38]-[43]. Compared with GPS, RFID and other
traditional technologies, this technology has the advantages of high time resolution,
strong anti-interference ability, and the ability to have higher localization in range
[44]-[47]. So, UWB positioning is considered as a hopeful solution to get higher
accuracy localization. Therefore, in practical applications, the effect of composite
positioning is better. And UWB and RFID positioning systems form the composite

positioning system in a certain way to correct positioning accuracy.

This chapter makes further systematic research on UWB and RFID composite

positioning methods and correction methods.

3.2 Composite system

Composite positioning is a method of comprehensively utilizing multiple
positioning techniques to determine position. With the popularity of intelligent
terminals and mobile devices, people need to apply location-based navigation and
positioning services in their activities. The requirements for positioning technology and
the accuracy of positioning are important requirements. However, a single positioning
technology can hardly meet the positioning requirements in various environments.

Therefore, combining these two technologies can improve the ability of accurate
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positioning in this type of environments. Figure3.1 presents the architecture of the

considered localization system:

Particle Filter

Figure 3.1 - Localization System Architecture

In the composite system, each measuring component in UWB and RFID operates
independently. UWB data will be transmitted to the PC through the serial port, and the
RFID data will be transmitted by WIFI. Then, the filter is used to process the position
data. The filters used in the system are: Kalman filter and Particle filter. Each filter has
its own inherent filtering characteristics. The NLOS error caused by NLOS propagation
is the main source of UWB positioning deviation. Therefore, the KF will process time
information and eliminate effect of the NLOS to enhance the positioning accuracy. The
system uses a particle filter to process the position data of the PC. The particle filter is
used for any distributed noise and can well fuse the data of different sensors. Figure 3.2

indicates the data fusion process about the composite positioning system.
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RFID
Localization Localization
System System

UWB and RFID

Fusion Value Localization Localization

Results Results

Figure 3.2 - Particle Filtering Workflow

In this data fusion process, since the refresh rates of UWB and RFID are different,
three kinds of location data under three different conditions may be acquired: only
UWRB data; only RFID data; both UWB data and RFID data. When the target node is in
the antenna array, since the RFID positioning system cannot perform continuous
positioning and the UWB positioning accuracy is good, the composite positioning is
switched to the UWB positioning system. When the target node is outside the antenna
array and the distance is far, UWB lacks the signal, which causes the composite system
to switch to RFID positioning system. When the target node is outside the antenna array
and the distance is near, the system can accept both UWB data and RFID data.

Therefore, the composite system is switched to UWB and RFID positioning system to
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perform positioning together. The positioning data obtained by both UWB and RFID is

fused to obtain the positioning coordinates.

3.3 Kalman filter algorithm

When UWB is used to positioned, it will be affected by factors such as the NLOS
environment and the noise of the system itself. KF is particularly effective for models.
So, to enhance the positioning performance, KF will be used to optimize the UWB
positioning data.

KF is a recursive filter which can remove the state of system from measurements
that contain noise [48]. The basic KF can be applied under linear conditions, and in
practical applications, most of them are nonlinear. For nonlinear systems, we use EKF
to improve the system state.

In measurement process, there are two main factors that affecting the positioning
accuracy: the first is the error caused by the bad channel environment, which is called
the measurement error; The second is the nonlinear problem when solving the nonlinear
positioning equations. In the measurement error, NLOS error is caused by obstacle
blocking or multipath interference in the actual environment, and NLOS error is the
main reason that affects the positioning accuracy. If there is an error in the positioning
process, a positive error component will be generated in the measured value from tag to
anchor. When measured value of such a large error is used for the position estimation of

the tag, the performance of the algorithm is bound to be significantly degraded.

3.3.1 Kalman Filter Model

Due to the good tracking performance of the KF, it is widely used in radar ranging
and navigation. KF has two parts: prediction and update. In the prediction section, the
filter uses the previous time to estimate the current state. In the update section, the filter

optimizes the predicted value from the observations of the current state to gets more the
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accurate new estimate. In this way, KF becomes a method for solving unknown state

equations and measuring equations. The equations of KF state and measurement are:
S(N+l)=Heos(N)+T ohw (3.1)
O(N)=G(N)es(N)+gw (3.2)
Among of them: s(N) is state vector at time N; O(N) is the measurement
vector at time N; H is state transition matrix of the sampling interval A; I is noise
coupling; The measurement matrix isG(N); hw and gw are noise components.

From (3.1) and (3.2), we can conclude that the state of the moment and the state of

the moment are connected by the equation of state. The measurement equation

establishes the relationship between time vector and state vector. Hw and gw reflect

the change error of state and measurement. Therefore, the state of the moment is related
to the historical measurement. The state vector can be estimated in real time by
iteration.

The iteration of the KF has two steps. The first step is the prediction of state

vector:
S(N/N—1)=H-s(N 1)+ hw (3.3)
P(N/N-1)=HP(N-1)H" +TQ(N)I'" (3.4)
A(N)=P(N/N -1)[R+G(N)P(N /N -D)G(N)" | ' G(N)" (3.5)

The second step is the correction of measured vector:

S(N)=A(N)[O(N)-G(N)s(N /N -1)]+5(N /N -1) (3.6)

P(N)=P(N /N -1)[I - A(N)G(N)] (3.7)
Of which, s(N/N) and s(N+1/N) are state estimation vectors and state
prediction vectors, P(N/N) and P(N+1/N) are respectively covariance matrix of

the estimation error and the prediction error, respectively, and A(N) represents the

Kalman gain.
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3.3.2 NLOS error suppression

When the Gaussian variable with gw and hw is zero mean, the unbiased KF can
satisfy the requirement. However, in the case of NLOS, the error is a positive random
variable. The observation model between tag and anchor now is represented by the
equation (3.8):

r.(N)=d, (N)+n(N)+NLOS, (N) (3.8)
Of which, d, (N) is the true distance, n(N) represents Gaussian variable,

NLOS, (N) indicates the influence of NLOS error on the ranging. Under different

channel environments, it may obey the uniform distribution, the delta distribution or the
exponential distribution [49]. In the environment of UWB, the NLOS error obeys the
exponential distribution. Therefore, the biased KF is used to process the data measured

in the case of NLOS.

Assuming that the mean value of the measured noise is E[V(N)]=c , the KF

equation (3.3)~(3.7) needs to take into account the existence of the non-zero mean of

the measured noise, and its equation (3.6) can be re-introduced as follows:

The measured value vector O(N) 1is estimated by:
O(N/N-1)=G(N)s(N/N-=1)+C (3.9)
The difference between measured value vector m(7) and its estimated value is:
e(N/N-1)=0O(N)-s(N/N-1)G(N)-C (3.10)
The error e(N/N —1) can be used to correct the s(N/N —1) acquisition state

matrix:
S(N)=s(N/N-1)+ A(N)JO(N)-s(N/N-1)G(N)-C] (3.11)

The deduced equation (3.11) and (3.6) have the effect of non-zero mean C,

combined with equations (3.3), (3.4), (3.5), (3.7) and (3.11)[50].
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According to the literature [51], where the state vector is S(N )= [r(N ) f(N )]T ,

I A 0
H= o 11 I'= Al G(N)=[1 0], #(N) is the distance from tag to anchor, #(N)

is the moving speed of the tag relative to the anchor and covariance matrix #Aw ,
Q =01, covariance matrix gw, R=c_I[52]. The implemented Kalman Filter code

in Matlab is shown in Figure 3.3:

Hhh%hhhEhEHhehhhEhhhh e G hhhh e hhhhhh e hhhhh

N=31Z; %Samplings
x=[1,5,5,1]; %real route
w=[0:5; 0.5, 1:5;1:58]
Xkf=zeros(1,N); %Kalman filter estimated walue
P=zeros(1l.M); %covariance
e Initialization——————————
P(1)=0.01; %The covariance of the initial value
Eef(1)=Z(1); %The initial estimated state of the filter
e TNolEe Error
Q=0.01; %process variance
F=0. 25; %mearsuremnt wvariance
W=sqrt (Q) *randn (1, N) ; %state—transition matrix
V=sqrt (R} *randn (1, ) ; %Measurement noise matrix
b svstem matrix
F=1;
6=1;
H=1;
T=eve(2)
%% %% %% %% %% % %% %% %% h % %% %% % b h % h %% % % b % hhhh %k % b hhh
e Kalman filter
Jfor k=2:N
X _pre=F*Xkf (k-1); %state prediction
P_pre=F+P (k-1)*F +; %Covariance prediction

Kg=P_pre*inv (H*P_pre*H +R): %Calculate the Kalman gain
e=x (k) -H*X_pre;

Ekf (k) =X_pre+Kg*e; %update the state
Pik)={(I-Kg*H)*P_pre; %Covariance update
end
s ealculation e —— " rtr=—Trr
Err_Messure=zeros(1,N): %The deviation between the measured walue and the true wvalue
Err_Kalman=zeros (1. M) : %The deviation between the kalman filter estimate and the measured wvalue
-|for k=1:N

Err_Messure (k)=abs (x (k)-Xexpect) ;
Err_Kalman(k)=ahs (Xkf(k)-= (k)] ;

- end

Figure 3.3 - Kalman Filter code in Matlab
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3.4 Particle filter algorithm

On PC, due to the different refresh rates of UWB and RFID, it is possible to
receive location data in three cases. That is, only UWB data, only RFID data, both
UWRB data and RFID data.

The origin of the particle filter algorithm dates back to the 1940s, and Metropolis
et al. proposed the Monte Carlo method [53]. Then in the late 1950s, Hammersley et al.
proposed a Sequential Importance Sampling (SIS). The method acquires samples by
proposing distribution and approximates the target state distribution by sample
approximation. The sequential importance sampling method is introduced into the
Monte Carlo algorithm. During the iterative process, the particles will degenerate. The
problem of particle degradation has plagued the scholars at that time. In 1993, Gordan et
al. proposed Resampling algorithm, which solved the problem of particle degradation in
the sequential importance sampling process. Finally, it evolved into the well-known
Particle Filter algorithm (PF).

The idea of PF algorithm is to express its distribution by extracting random state
particles from the posterior probability. The PF algorithm has high adaptability to
nonlinear and non-Gaussian problems and is widely used in various fields, including
image processing, chemical engineering and finance, and also applied to target tracking,

positioning and navigation.

3.4.1 Bayesian estimation theory

The PF algorithm is an algorithm which consist of Bayesian estimation and Monte
Carlo method. Bayesian estimation is an estimation method of recursive calculation.
The system state transition equation is used to predict the prior probaility and then
combined with observed values of the system, the posterior probability is calculated.

Finally, the maximum posterior probability is obtained to obtain the optimal value [54].
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First, the Bayesian estimation is built on the first-order Markov chain. When
describing the state of the target, two equations are established to represent it: state and
observation. The equation of state is shown in equation (3.22), and the equation of

observation is as shown in equation (3.23):
by = Sl )+ 1y (3:22)
my. = h, (k. )+ v, (3.23)
In equation (3.23), k, indicates state value at time T. m, indicates observed
value at time T. f, indicates state transfer function, and 4, indicates observation

function. u, and v, indicates noise interference during system processes and

observations.

mT -2 mT—l mT

h [

P(m'r-zlkm) P{ 11 ‘km) P(m«- k-[)

S k:r-z k'r-1 k‘r B
P(k=i|Ks) P(k:| k=)

Figure 3.4 - Bayesian estimation method model diagram

The Bayesian estimate consists of two parts: forecast and update. The prior
probability p(k, |m,, ) of the state predicted by the state transition equation in the
prediction phase. In the update phase, the prior probability density is corrected by the

new observations to get the posterior probability p(k(): r |ml:T) . In practice, only

p(kT |ml:T) is solved to simplify computational complexity. The model of Bayesian

estimation is shown in Figure 3.4.
In the implementation process, it is assumed that the known posterior probability

plk,_ |m,,_,) attime T-1. The Bayesian estimation process is as follows:
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(1) forecast phase: It is known that the posterior probability p(kp1 |m1;m) at
time T—1 obtains prior probability density p(k, |m,,_) of the current moment of the
system, as shown in equation (3.24):

plley |y ) =1 plky |y )ple ey ) (3:24)

Where, p(k, | k,_, ) indicates state transition probability. The current time position

information is only related to the previous time position information.

(2) update phase: The posterior probability is obtained by the equation (3.25) by

the prior probability p(k, |m,, ) obtained in the prediction part.

plmy |k )plky | my,) (3.25)
p(mr | ml:T—l)

p(kr | m, ) =

When it can get the observed value £, , the posterior probability is obtained

according to equation (3.25). The calculation equation is as shown in equation (3.26):
p(mT |ml:T—l): J.p(kr | my )p(mr | kr )de (3.26)
After obtaining the posterior probability of each particle, the maximum posterior
probability is obtained according to the Maximum aposterior estimation (MAP), and the
particle position of the maximum posterior probability is used as the optimal position

estimation of the system. Among them, the maximum posterior probability criterion is

as shown in equation (3.27):

k; = arg max p(kT | ml:T) (3.27)

3.4.2 Important steps in the Particle filter algorithm

3.4.2.1 Monte Carlo approximation

By introducing the Bayesian estimation method, complex integral operations are

used in calculating the prior probability and the posterior probability, and the integral
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operation increases the complexity of the calculation. The Monte Carlo approximation
can transform complex integral operations into summation operations and convert
non-random problems into random problems. The idea is to convert the solution
problem into the probability of a random event by transforming solution direction. By
model sampling statistics, the frequency of event occurrence is approximated as the
probability of event occurrence. Finally, the estimation of the probability completion

parameter is calculated[55].
The Monte Carlo approximation method randomly collects N samples {ké:T }il in
posterior probability density p(k, |m,, ). Each sample point is independent of each

other. The posterior probability is calculated as shown in equation (3.28):

N

1 )
p(kr |ml:T)zﬁz5(kO:T _k(l):r) (3.28)

i=1
Of which, &(-) is Dirac function.

Monte Carlo approximation step in solving the parameter estimation is divided into
three steps:

(1) Establish a probability model describing the event

The deterministic problem without randomness is transformed into a randomness
problem.

(2) Sampling from known probability distributions

Sampling is performed in a known probability distribution to obtain a sequence of
random variables having known probability distributions and independent of each other.
A common sampling method is uniform sampling from (0, 1).

(3) Calculated estimate

After sampling, the value of the random variable needs to be solved and used as
the Monte Carlo estimate, which is called unbiased estimation. A plurality of estimated
values is established for the random variable, and the estimated values are selected to

finally determine an estimated value as a solution to the problem.
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3.4.2.2 Sequential importance sampling (SIS)

In the practical application of PF algorithm, the posterior probability is difficult to
achieve, and sampling from the posterior probability distribution is more difficult. To

deal with this problem, the SIS method is introduced. The core idea is to introduce a

known function ¢(k,, |m,,) . In this known distribution function, the acquisition

sample is replaced by sampling in the original distribution function, and the sampling

result is used to approximate the target state density function. Sampling in a known

function yields a group of sample points, particle: {kT),a)p}Nl , where k, indicates the

state of the i-th particle at time T, and w, indicates the weight of corresponding

particle. The posterior probability obtained by importance sampling is as shown in

equation (3.29):
k | m, T Za);l)é‘( Koz ké:r) (3.29)

(1)

Of which, the expression of ;" is as shown in equation (3.30):

a)(i) p(kéll)" ’ mlT) (330)

k i
Q(ku |m1T)

From equations (3.29) and (3.30), it is known that when calculating the posterior
probability, observations at various times are required. The important sampling method
adopted by the PF algorithm is the Sequential Important Sampling (SIS) method, which
introduces the sequential idea, and decomposes the importance density function to

obtain a recursive calculation method. It is shown in equation (3.31):
(k(()l} | mlT) (k(gl; Ly 1)q<kr | ké:iY)"’mlzT) (3.31)

The posterior probability is calculated as shown in equation (3.32):

P(kr | mw): P(mT | ko >myr )p(kaT | mml)
Pl i) (3.32)
o p(ky |kT_1)p(mT |k, )p(k():T_1 |m, )

The particle weight can be calculated by recursion, as shown in equation (3.33):
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a);i)oo p(mr |kT )p(kT |k )p(kq:r—l | ml:T—l) (3.33)
q(k(():l}fl | kir s )q(k;l) | kégfn ml:T)

o plm, 1K)plk! 1,
o q (k;’ ) | kO(:lJ)"—l ) ml:T)

Finally, the weight w needs to be normalized, as shown in equation (3.34):

) = ' (3.34)

3.4.2.3 Re-sampling

In the process of recursive particle filter algorithm, the particle set will degenerate.

The weight of most particles will become very small. The most direct and effective way

to solve the problem of particle degradation is to increase particle number but increasing

the number of particles will increase the amount of calculation. Another effective

method is to re-sample the particles and decompose the particles with larger weights

into multiple equal weight particles. The number of particles is always N [56]. The

re-sampling schematic is shown in Figure 3.5.

Resampling

Forecast £a : : - -
® 0000 O ® 00

Figure 3.5 - Particle resampling schematic
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The implemented Particle Filter code in Matlab is shown in Figure 3.6:

S Inrt1akise e Yaighias—————————>—

x = 0; % initial actual state

x =1, % The covariance of =ystem procesz noise

= R = 1; % MWeasure the covariance of noise in the process

L= Thi

N = 100; % The particle mumber. The larger the effect. the better
%and the larger the computation

e B initilize our initial, prior particle distribution as a gaussian around

%The variance of the initial distribution

[="2 / 20 + sqrti{x R) * randn]; %0bservation of the particle

%the actual output wector for measurement values.

% time by time output of the particle filters estimate

[x_est]; % the wvector of particle filter estimates.
x = 0.5%x + 25%x/ (1 + x 2) + 8%cos(l.2%(t-1)) + sqgrt{xz_N)*randn;

z = x 2/20 + =zqrt(x_R)#*randn;
for i = 1:N

z update(i) = x_P_update (i) 2/20;

b Calculate the weight for each particle——————
P wii) = (1/sqrt(2%pi*x R)) * exp(-{z - z_update(i)) 2/ (2%x_R)):
end
e The normalized.

Pw="Pw/sun(P_w;

e e L state estimation

Resampling
Foarii.= 1 5N

%, P(i) = x_P_update(find(rand <= cumsum(P_w),1)):% Particle weight will be more important to get offspring

x_est = mean(x_P);

e Save data in arrays for later plotting————
s.out = [x_out x];
z.out = [z_out z];
z.estoout = [x_est_out x_est]:

L end

Figure 3.6 - Particle filter code in Matlab
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Chapter 4 RFID Localization System

4.1 RFID characteristics

RFID is an identification technology. It was launched in the 1990s. It automatically
identifies target objects and obtains information through RF signals. The processing of
whole work doesn’t need to use manual intervention. Therefore, the technology greatly
improves the work efficiency in a harsh environment [57].

Although RFID technology is already mature, its research and development has not
stopped. The current research on this technology is mainly carried out from the
following aspects. The first is the development of RFID standards. RFID has not yet
formed a unified technical standard in the world, many international standardization
organizations have actively developed their own standards, and they hope to promote
their own standards as international standards through different channels. The second is
communication technology research. The third is the specific application research of the
technology. At present, individual national institutions have already taken the lead in
the world. The most influential standard is ISO18000, and RFID technology and
applications are relatively complete under the standards of this series. In addition, the
United States, as a technology power, is not willing to join, EPC Global jointly
sponsored by UCC and EAN. There is also a place in the global market, where there are
many large companies like retail giants such as Wal-Mart and Tesco in the UK, and

technology research has won the support of Microsoft and IBM [58].

4.2 System Structure

The composition of RFID system is made up of roughly three basic parts: terminal
control system, reader and tag [59], as shown in Figure 4.1. The label is attached to the
object to be identified and each label has EPC. This code is unique, and it is the

uniqueness of this code that successfully realizes the recognition or positioning of the
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object. Reader (also known as reader/writer): mainly reads the tag information and
realizes automatic recognition of the object to be tested. In addition, in order to be able
to reuse resources, the label can also be wiped and written. Finally, the tag sometimes
has an antenna to increase the transmit power. Central Information System: This system
is more complex, not only has two parts of information processing system and database,

but also includes middleware.

Reader
Energy
Clock
Data output
Central wireless
> : Data Data
information output [ imput Data Data
system . input output
ader/Witter || Data input
Module 2

r
i L
Application system

Figure 4.1 - RFID system structure

4.2.1 Hardware System

The hardware of localization system designed in this work mainly includes passive
high-frequency tag, Raspberry Pi 3, feeder and RC522(Figure 4.2). Among them, the
PC terminal and the reader are set in the same local area network through the router, and
the feeder and the antenna are used to connect and communicate with each other. The
following is a brief introduction to the operating characteristics of these RFID devices.

(1) RFID reader

RFID reader is indispensable as one of the core components of the positioning
system. The reader consists of two basic functional blocks: the read/write module and

the RF module. Figure 4.3 presents the structure diagram. The read/write module not
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only needs to perform similar modulation and demodulation processing on the collected

signals, but also needs to encode and modulate the signals of the transmitted data .

The reader of this article is an RFID reader made by connecting Raspberry Pi3,

feeder and RC522, as shown below. The RFID reader is based on MFRC522. The

MFRC522 gets data by the SPI protocol. The interface correspondence is shown in

Table 4.1 below.

RFID-RC522 pinout

Figure 4.3 - RC522 RFID Module and Raspberry Pi Circuit Connection[60]

RC522 Header
3.3v
RST
GND

28

Table 4.1 Interface Correspondence

Diagram Colour
Grey

White

Black

Pi Header
1
22

Notes
3.3V
GPI1025
Ground
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Purple 21 GPIO9
Blue 19 GPIO10
Green 23 GPIO11
Yellow 24 GPIO8

(2) RFID Tag

In the RFID system, an electronic device that stores data and information of an
object to be identified is called an electronic tag. The basic structure is a coupling circuit,
a chip and a radio frequency interface, and individual electronic tags have micro
antennas for increasing the acceptance and transmission power.

The classification of labels is varied [61]. Table 4.2 shows the comparison of tags.

Table 4.2 Tags comparison

Project  Adiewg  Pawietg  Sembacthens
Power supply Antenna coupling Power supply and
Antenna coupling
455MHZ. 2.45GHZ 13.56MHZ
860-960MHZ
- 20-100m Within 10m Less than 30m
_ Beacons Responder Responder
_ Large cargo Small cargo Large or small cargo
_ Long work distance  Less cost Fast recognition speed
_ Supply Short distance Supply

The above describes the selection of the label. This work chooses passive

high-frequency tags (13.56MHz), and the physical object of the tag is shown in Figure

29



ISCTE-IUL
Research on Port AGV Composite Positioning Based on UWB/RFID

4.4. The advantages of this tag are small size and can be applied to different

environments.

Figure 4.4 - RFID Passive High-frequency Tags(13.56MHz)[60]

4.2.2 Software System

The system of positioning platform based on passive RFID is composed of
embedded platform software system and PC application software system, as shown in
the Figure 4.5. The embedded platform software mainly includes embedded real-time
operating system, device driver, communication protocol and application software. The
main task is to complete the data communication, signal measurement, positioning
calculation between the devices, and then send the positioning results to the PC
application software. The work of PC application software is to complete real-time
display of the positioning results according to the positioning coordinates transmitted

from the embedded system.
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Embedded Platform PC Application
Software System Software Structure

Localization Algorithm

Tag Information

Localization Results

Communication Protocol

Hareware Ver

Figure 4.5 - Passive RFID location platform software architecture

The overall workflow of the passive RFID positioning system in this work:

(1) First, lay the high-frequency reference tag, record the code and location of the
reference tag, and then create a fingerprint library.

(2) Next, when the RFID reader passes through the various reference tags, the
electronic tag will be activated, and the reader will receive the tag information as shown

in Figure 4.6.

Figure 4.6 - The terminal of RFID localization system

(3) The tag information is transmitted to the Firebase database through the
gateway, and then the fingerprint database is matched to obtain a specific positioning

result.

31



ISCTE-IUL
Research on Port AGV Composite Positioning Based on UWB/RFID

4.3 RFID Classic localization algorithm

RFID positioning algorithms are classified into many different types. According to
whether the positioning result is absolute coordinate, or the result expression form, it
can be split into two categories: absolute positioning and relative positioning. Absolute
positioning means that the final output information is absolute position coordinate, and
has specific coordinate value or latitude and longitude. Relative positioning means that
the final output information is relative position information and is a reference
information [62]. According to different positioning targets, it can be split into reader
positioning and tag positioning. If a reader is installed on the mobile carrier, the
reference label is deployed in the area where the positioning needs to be completed, and
the value measured after the carrier enters the positioning area is matched with the
reference label value whose position is known, which is the positioning principle of the
reader positioning method. However, the label positioning method is the opposite. The
fixed reader and the label move with the target cargo to be tested. According to the
information collected by the reader, different algorithms are used for positioning. The

label positioning method is more commonly used[63]. As shown in Figure 4.7.

Location Algorithm

Location Location
Algonithm based Algorithm based
On non-ranging on ranging

+ ¥ [ { { { l
Centﬂ Od ENN APIT AOA TOA TDOA RSSI
Positioning

Figure 4.7 - RFID Localization algorithm
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4.3.1 Triangulation localization

The triangulation method is to locate position coordinates of the object to be measured
by the geometric principle of the triangle based on the measured data [64]. The two
positioning methods are similar in positioning principle.

In Figure 4.8, A, B, and C represent three readers, and the positions of the three
readers are known. When the target P to be tested enters the scanning range of the
reader, the reader will automatically recognize the electronic tag carried on the target P.
When measured and calculated, the distance from the reader to the tag rl, 12, r3 can be
obtained. In practical applications, there are many ways to obtain the distance between
rl, 12 and r3. The current mature is measured by methods, such as AOA. TOA. TDOA
and RSSIL.

Figure 4.8 - Triangulation localization method

4.3.2 Approximation localization

The approximation positioning method generally provides the relative position
information of the target and is the easiest way to implement many positioning methods.
Its specific measurement theory: many antennas are arranged in the area where the

object is running, and the positions of these antennas are known. When the target to be
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positioned carrying the electronic tag enters the range of an antenna, the antenna
acquires the signal of the electronic tag, thereby obtaining the location of the electronic
tag. However, if the number of detected electronic tags is large, it is processed by RSSI.
Compared with the triangulation method, this method has lower hardware requirements
for the device and is simpler to implement. However, the method has limited
positioning accuracy and usually obtains higher positioning accuracy in combination

with other positioning methods [65].

4.3.3 Scene analysis localization

The scene analysis method is also generally called position fingerprint location
method, and because its measurement process is based on the database, it is also called
database related positioning. The system method firstly collects the buried tag signal of
the known position at different positions during the walking of the carrier and
establishes a mapping relationship database according to the measurement signal and
the measurement position for use. The biggest drawback of this method is that the
positioning accuracy is directly linked to the database. To obtain the high precision of
the positioning, the amount of information in the database needs to be sufficient. This
requires that the electronic label arrangement density be as large as possible. To obtain

higher positioning accuracy, the workload in the early stage is larger[66].

4.4 Database-based RFID localization algorithm

RFID tags are divided into active tag and passive tag. RFID active tag generally
has the characteristics of large volume and high cost, and its signal strength has a great
relationship with the tag battery. RFID passive tag has the advantages of low cost, small
size, suitable placement, and relatively short action distance. Therefore, this work
adopts the RFID passive tag for positioning.
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Passive RFID positioning system is mainly used to arrange reference tags with
known location information in the environment. By detecting reference tags, positioning
calculation is carried out according to the location information of reference tags.
Therefore, it has strong environmental adaptability. By establishing two-dimensional
coordinate system, the reference labels are arranged in a regular way, and the reader is
placed on the carrier of the moving target. When the reader is carried by the moving
target, the reference tag nearby can be read, and the position of the car can be calculated
according to the position information of the reference tag.

The average value of all tag positions read by the reader is taken as the position of
the moving target, and the positioning calculation equation (4.1) is as follows:

le. Zlyi

(x',y), = =— - (4.1)

n n

J

Of which, (xl., yi)represents the position of i—th reference tag. n represents the

total number of reference tags that was read at time ;. (x', y')j represents the calculated

positioning of the moving vector at time j . Location theory based on reference tags is

shown Figure 4.9:
Vo
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Figure 4.9 - Location theory based on reference tags

35



ISCTE-IUL
Research on Port AGV Composite Positioning Based on UWB/RFID

Chapter S UWB Localization System

5.1 UWB signal characteristics

UWB is a commonly used technique in radio communication, high-precision
positioning, and signal tracking applications. As an emerging wireless technology [67],
UWRB signals have significant features compared to other wireless signals. According to
the US FCC [68], UWB must have an absolute bandwidth of more than 500M when

applied in the civilian field. The relative bandwidth is defined as:

fH_fL
B, =21 2L 5.1
! Jut+ 1L G-

Of which, f,, and f, are the up and down cutoff frequencies of 10 dB

bandwidth, respectively. According to the relevant regulations, the UWB signal
bandwidth in the civilian field is from 3.1 to 10.6 GHz, and UWB signal system can be
divided into two types[69], namely, MB-OFDM and pulse radio. The former divides the
entire frequency band into multiple sub-bands, which can improve the frequency band
utilization, and each sub-carrier is processed separately, making the UWB system more
flexible. The latter communicates by using sub-nanosecond pulse, which has the
advantages of high time resolution, anti-interference, and anti-multipath. The UWB
module used in this paper uses the latter communication method, namely pulse radio.
According to the literature [70], the characteristics of UWB in actual use are as follows:

(1) Low cost and low power consumption

(2) Good concealment

(3) Anti-multipath effect

(4) High positioning accuracy

(5) High transmission rate

In view of the unique characteristics of the above UWB technology, UWB

technology has become a hot research direction in high-precision positioning.
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5.2 System Structure

This work uses UWB localization system based on DWM1000. It uses the radio
frequency transceiver chip DWM1000 produced by Decawave company as the core, and
on this basis, it carries out the research of hardware design and development and
software algorithm of UWB anchor and the tag. Finally, UWB can achieve that the
ranging accuracy is about 10cm in line-of-sight condition and the positioning accuracy
is about 30cm in NLOS condition. Figure 5.1 presents structure of UWB localization

system.

Figure 5.1 - UWB Localization System

The composition of the UWB system is made of roughly three basic parts: anchor,
tag, and the location server platform(PC). The anchor is a module for ranging, and the
tag receives a ranging request of the anchor. If the final positioning solution is to be
completed, the positioning system of UWB needs the anchor, tag and positioning
solution platform. In the environment where positioning is required, the anchor is
installed and placed in the known position coordinates, and it will be placed together
with the target to be located at the tag of the ranging and positioning equipment. In the
environment, the anchors need to be placed in the known coordinate positions, and the
tags that need to be measured can move freely in the space. The anchor transmits UWB
signal, and the measured tag under test after receiving the corresponding UWB signal
calculates the distance between them through the signal flight time and sends the

distance information to the positioning solution platform. The positioning solution
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platform receives the measured distance information and runs the corresponding
positioning solution algorithm to obtain the spatial coordinate position of the tag.

Finally, the results are sent to the host computer for display through the anchor.
5.2.1 System Hardware

The anchor and tag modules adopt STM32F105 microcontroller as the main
control chip. The peripheral circuits include: DWM1000 module, power module, LED

indicator module, dial switch and reset circuit,etc. The structure diagram is shown in

Figure 5.2 below.

DWHK1000
Hardware

DWM1000

ni

firopnna

=
@ -
E
B

Dial Switch

Figure 5.2 - UWB Mini Front View and UWB Mini Rear View

5.2.1.1 Microprocessor Module

STM32 refers to a series of chips based on 32-bit flash microcontroller, which is
specially developed for embedded application development. STM32 microcontroller
can meet the requirements of high performance, low cost and low power consumption.

This has abundant on-chip and off-chip resources, large storage capacity, good user
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development environment, low power consumption, simple and convenient peripheral
circuit expansion.

The STM32F105 has the following functions:

(1) Core: cortex-m3 controller(ARM32).

(2) Memorizer: The chip is integrated with 128KB Flash memory and can embed
up to 20KB of SRAM.

(3) Three low power modes: Stop, sleep, standby; VBAT to power the RTC and
backup registers.

(4) 80 I/O ports.

(5) DMA: Seven channel DMA controller.

(6) Nine communication interfaces: two 12C ports; three USART ports; two SPI
ports; CAN ports; USB2.0 port.

STM32F105 microcontroller is the controller of the anchor and tag, which can
provide corresponding timing sequence for DWMI1000 circuit and realize data
interaction. It can also complete data interaction with PC through serial port conversion
circuit and complete reset of the whole system. The used unit of STM32F105 includes
external crystal oscillator, reset and program download JTAG interface. The main clock
of STM32F105 system is provided in the way of the 8MHz passive crystal oscillator.
The main clock frequency of the system can be changed up to 72MHz by software

configuration of the clock frequency multiplier or frequency divider.

5.2.1.2 RF Transceiver Module

UWRB radio frequency (RF) transceiver circuit is the main part of this positioning
system. The data interaction between the anchor and tag is carried out through UWB
and the distance measurement is completed by SDS-TWR ranging algorithm, which
provides accurate distance information for the following positioning work.

The UWB RF transceiver module is designed using DWM1000 produced by
DecaWave company. DWMI1000 module is a low-power, single-chip CMOS RF

transceiver high-precision integrated circuit chip that conforms to IEEE 802154-2011
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UWB standard. UWB technology has excellent anti-multipath fading ability and can
still carry out reliable communication in the high-fading environment, and the
positioning accuracy can reach centimeter level. DWM1000 module sends the UWB
signal to another DWM1000 module. The latter will calculate the time of received
UWRB signal by flight time to locate the distance. It is easy to know that the distance can
be located, and the ranging error is about 10cm. The block diagram of DWM1000 is

shown in the Figure 5.4.
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Figure 5.3 - DWM1000 Block Diagram[71]

The arrow directions in the figure represent the interactions between the parts. The
digital transceiver mainly receives data from the host processor and provides data
received by the host processor.

DWMI1000 normally operates at a voltage of + 3.3v. Some resources on the chip
can be externally powered by + 3.3v, and the rest can be powered by on-chip LDO
step-down to + 1.8v. These LDOs are grounded by an external decoupling capacitor
connected to the relevant pins and by a decoupling capacitor of 0.1 F. DWM1000 has 8
GPIO, all of which can be configured as the second function. In this system, the GPIOO0,
GPIO1, GPIO2, and GPIO3 are connected to the LED light, and the LED indicator is
used to display the running state of the system. SPICS, SPICLK, and SPI MISO are
connected to the pins corresponding to the SPI module in the master control chip
STM32F105 as the communication interface between DWM1000 and STM32F105. The

peripheral connecting circuit of the chip DWM1000 is shown in the Figure 5.5.
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Figure 5.4 - DWM1000 peripheral connecting circuit[72]

UWB has less power than WIFI and should be harmless to people. The viable

frequency range of DMW1000 supported UWB channels [65] is shown in the Figure

5.6 and Table 5.1 below.
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Table 4.1 UWB IEEE802.15.4-2011 UWB channels supported by DWM

UWB Channel Centre Frequency Band (MHz) Bandwidth (MHz)
Number (MHz)
1 3494 .4 3244.8-3744 499.2
0 3993.6 3744-4243.2 499.2
3 4492.8 4243.2-4742.4 499.2
4 3993.6 3328-4659.2 1331.2
5 6489.6 6240-6739.2 499.2
7 6489.6 5980.3-6998.9 1081.6

As shown in the Figure 5.6 and Table 4.1, the frequency band used in Europe is 6.0
to 10.6GHZ. In the channel division, there are two types of channels, one is a 5S00MHz
channel and the other is a IGHz channel. In the UWB product development, a S00MHz

channel is currently mainly used. Therefore, this work will choose channel 5.

5.2.2 System Software

The high-level computer software was developed in QT5.7.0MinGM, that supports
C++. QT 1is a graphical user interface application developed by Trolltech. It can be not
only used to develop GUI programs, but also develop non-GUI programs. QT is an
object-oriented framework.

The implemented main functions for the host computer are:

(1) establishing a connection with the virtual serial port Virtual COM Port of the
UWB module.

(2) reading the TOF report message from the UWB module.

(3) Anchor list. In this list, actual placement position of the anchor can be set.

(4) Tag list. This list shows the distance of the tag from the anchor and position of
the tag (xyz coordinates)

(5) Map display.

The developed host computer interface is shown in Figure 5.7 below:
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Figure 5.6 - UWB Localization System Interface

5.3 Classic localization algorithm

The execution flow of different wireless positioning technologies is basically the
same: the receiver first extracts some eigenvalues from the received signals, and then
uses the correlation algorithm to calculate and process the eigenvalues to complete the
ranging and positioning. According to the different types of positioning algorithms, they
are mainly divided into the positioning algorithm that requires ranging and direction
measurement, and the positioning algorithm that does not require ranging and direction
measurement. UWB ranging method mainly has four kinds of more mature algorithms,
respectively: TOA, TDOA, AOA, RSSI. The type of localization algorithm is generally
split into two steps, the first step: measuring time, Angle, Angle of the signal; The
second step: according to the geometrical position of the various nodes or fingerprint

signal strength, calculate the relative position or matching tag. As shown in Figure 5.8.
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Figure 5.7 - Location Algorithm Classification

5.3.1 Angle of arrival (AOA)

AOA is a wireless positioning technology based on arrival of angle. The premise
of the AOA positioning algorithm is that an additional hardware device array antenna is
required, and the algorithm complexity is also high. AOA mainly collects the direction
information of the signal through the directivity of the antenna. The positioning
principle of AOA location estimation technology: the antenna array of the anchor
observes the arrival direction of the signal in all directions [74]. The relative orientation
or Angle between tag and anchor is obtained by the relative Angle between UWB signal

and anchor. And then it can get the location of tag.
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Figure 5.8 - AOA Algorithm Principle

As shown in the Figure 5.9 above, Al and A2 are anchor nodes, and their position
coordinates are known, (x1, yl) and (x2, y2). T is the tag node, and its position
coordinates set to (x, y). R1, R2 are the distance between anchor node 1, the anchor
node 2 and the label node, respectively. The connection between Al and A2 is used as
the baseline. al. a2 are the angles measured by the directional antenna, respectively.
Therefore, the positional relationship between the tag node T and the anchor nodes A1l

and A2 can be expressed by the expression:

x| xl _{Rl-@sal} (5.2)
y yl Rl-sinal
x| _ x2 _[RZ‘Cf)saZ} (5.3)
y y2 R2-sina?2
Combine the two expressions in the equation to solve for the coordinate position of

T (x,y).

The main purpose of Wireless positioning algorithm based on AOA is to get the
angle value of anchor to the tag arrival signal by antenna. The final positioning error is
determined by the measurement angle error, but due to the serious multipath in the

environment. The effect has a relatively large influence on this measurement angle. The
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measurement error of this positioning algorithm is larger than that of TDOA and TOA,

so the AOA algorithm is not the focus of this thesis research.

5.3.2 Time of arrival (TOA)

The TOA positioning algorithm refers to the measurement of the distance by
communication between two anchors. Using two ways-time of flight (TW-TOF)
technique can be achieving good accuracy on estimating the point-to-point

distance between two wireless transceivers. Figure 5.10 presents the principle of

TW-TOF.
S:C*[(Taz_]:zl)_(];;z_];yl)] (5.4)
Tal Ta2
Device | Device
A B B
Th2 Thl
S

Figure 5.9 - Two-way ranging principle

As long as the distance S is obtained, according to the mathematical geometry
principle, the label node is located on the circumference centered on the anchor node
(known node) and radius R, and we record it as one measurement data. In the case of an
ideal two-dimensional space, as long as three sets of measurement data are calculated,
three circles can be obtained, and these three circles get one point, which is the location
of a tag[62].

In Figure 5.11 is (shown below), T1, T2, and T3 are anchor nodes of known

coordinates, respectively. Their coordinates are (xl V) ), (xz, Y, )(x3, V3 ) ,and T presents a

label node. The coordinates of T are (x, y) and R, indicates the distance between the
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tag and i-th anchor . If the reaction time of each node is not considered, the value of R,

can be expressed by equation:

Figure 5.10 - TOA Algorithm Principle

In the equation, 7, represents the timestamp of the tag node receiving the wireless

pulse signal of the anchor node, and #, represents the timestamp of the anchor node

transmitting the wireless pulse signal to the tag node, and c is the light speed. It can be

calculated from the equation among three points that R1, R2, R3 can be expressed by

the following expressions:

As result of the calculation we get:

X=(474)" 4"y

-2x, -2y, 1 R} -K,
Where: A=|-2x, -2y, 1 Y=|R; -K,
-2x; =2y, 1 R; - K,

(5.5)

(5.6)

I
R o=

It can be seen from the equation that the TOA positioning algorithm strictly

requires anchor and tag to have strict clock synchronization when calculating the time

difference of arrival. The hardware requirements are very high, generally for clock
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synchronization, or this effect can be achieved by changing the algorithm. At the same
time, since the crystal oscillator of the MCU of each node is offset, it is impossible to
achieve true clock synchronization. For positioning where accuracy is very sensitive, a
little time stamp error is multiplied by light velocity, thus the error will be infinitely

magnified.

5.3.3 Time difference of arrival (TDOA)

Base on TDOA positioning algorithm is established and solved by a mathematical
model. It is essentially taking advantage of the hyperbolic properties of mathematics.
When there are two fixed points, the other moving point will be on the hyperbola with
the two fixed points as the focus. When there are such two or more sets of these data
structures, the intersection of hyperbola is to get the position of target object[75]. The
TDOA algorithm does not require a large correlation between anchor and tag. Unlike
TOA, all nodes are required to be clock synchronized. In the field of positioning, the
TDOA is generally referred to as an improved TOA. However, the general TDOA also

needs to meet the clock synchronization between anchor nodes.

ﬂ.‘{xh'ﬁ"}}
- A
ll—

Figure 5.11 - TDOA Algorithm Principle

As shown in the above Figure 5.12, A1, A2, and A3 are anchor nodes, respectively,

and the positions can be manually measured as known and are respectively
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(x,,3,).(x,5 v, ;5 v, ) . The location of tag is ( x,y), R, indicates the distance between

tag and i-th anchor. It can be expressed as a mathematical expression:

Ri:\/(xi_x)2+(yi_y)2 (5.7

R,=ct,=R —R, (5.8)
Where : R; is the distance difference between tag and any two anchors i, j in the

positioning environment, ¢ represents light velocity, and 7, ; represents the measured

value of TDOA.
As shown in the Figure 5.12 above, from the characteristics of the hyperbola, the

following equation (5.9) and (5.10) is also true:

Ry, =R,-R= \/(xz _x)2 +(y2 _y)2 _\/(xl _x)2 +(y1 _y)2 (5.9

Ry =R, —R= \/(xs —x)2 +()’3 _J’)z _\/(xl _x)z + (yl _J/)z (5.10)
Where: (R, +R,)’ = RZ, then the equation (5.9) and (5.10) can be converted into a
quation (5.11).
Ry +2RRy =R} —R' =(x, =x) + (0, = ») =(x —x) (v, —»)" (51D
=x; + 23 —x =y =200, —x =20y, -y )y
Set: z’ =x’+y’, then the equation (5.11) can be converted tothe equation (5.12) .
(x2 - X, ))c+(y2 - )y =—-R R, +%(z§ —212 —Rzzl) (5.12)
Similarly, the equation (5.12) can be reduced to equation (5.13).
(x3 - X, )x + (y3 - )y =-RR;, +%(z32 ~z; —R;l) (5.13)

Put the above equation (5.12) and equation (5.13) together, and use the form of

matrix to express it as shown in equation (5.14).

Ax, =BR +C (5.14)
— - -R
Of which, A:{xz YoV yl} B:{ 21}
X3 =X V3= N -R;,
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o A[z-g-r], [x
- 2 2 2 m
2|z; -z, —R; y

So the position x, of the tag node can be expressed by the equation
(5.15).
x, =A"'BR +A7'C (5.15)

Therefore, TDOA solves the problem that TOA needs clock synchronization
between tag and anchor, but it needs clock between anchor nodes, and the crystal

oscillator of each module will also drift.

5.3.4 Received Signal Strength Indication (RSSI)

Ranging is defined as calculating distance from reference point to target. The
reference point can obtain distance information about the target node by establishing a
link to the target node in the network. This communication link is used to calculate the
parameter values of the reference point. The parameters are mostly defined on the basis
of channel fading or propagation delay [76]. Figure 5.13 shows an example of ranging.
In the figure, it is assumed that C is the reference node, and A and B are the target nodes
respectively. The ranging information from the reference node to the target node are: rl

and r2 respectively.
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Figure 5.12 - RSSI Ranging Example

Ranging is the estimation of the distance between transmitting node and receiving

node. Assuming a given transmission signal s(t), the corresponding received signal is:

r(t)=h(t)*s(t)+n(r) (5.16)
If the signal propagates on an ideal channel, the ideal channel is assumed to be an
UWRB radio multipath channel. The channel impulse response expression is:
h(t)= 4(D)s(t — (D)) (5.17)
The equation that received signal is:
r(t)= A(D)s(t —z(D))+n(t) (5.18)
According to the path loss model, it can get the distance between nodes by the
received signal energy of a node. Its essence is a distance-based positioning technique.

Two-dimensional positioning of a given node requires at least three reference nodes to

be obtained by triangulation.
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5.4 Improved TOA localization algorithm

This work mainly makes research on 3D positioning algorithms and proposes a
3D-TOA positioning algorithm. The algorithm has a simple structure and a small

amount of calculation, which ultimately makes the positioning result more accurate[77].

5.4.1 Localization algorithm

In 3D coordinates, it is assumed that tag is (X, y, z) and anchors that known

locations are (X,Y,,Z,), and it assumes that the distances between tag and anchors are

R :

R =(X,—xf+(¥,-y) +(z,-z) (5.19)
=K, -2Xx-2Y,y-2Zz+R=(ct)
Of which, K, = X7 +Y’ +Z7,i=123- R=x>+y" +2°,
Assuming z, = [Z; , R]T and z,= [x, y,z]T as vector. From equation(5.19), an
equation with z_ as variable is established:
h=G,z, (5.20)
And the error of tag that the estimated localization is:

w=h-G,z (5.21)

Where: z' is the z, value of tag that the actual position.

R} - K, -2X, -2, -27Z, 1
R -K -2X, -2v, -27, 1

h=| 7 |G, = ° .2 . (5.22)
R, -K,, -2X, -2, -2v, 1

Using the weighted least squares (WLS) method, it will get the covariance matrix

of the error v :
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z,=(c70"G,) (670 ™'h) (5.23)
In z, , (x,y,z) is the approximate estimated location of tag, and the covariance

matrix of Q-TOA. Because the Q matrix is a pair of angular matrices .

0 =diaglo?,0?, 0% | (5.24)
In equation (5.21), using the Q matrix approximation to replace the covariance

matrix of the error vector y also introduces some error. Therefore, for the equation, the

error of M-TOA measurements is:

w=2Bn+nOn=2Bn (5.25)
B =diag{R', R}, R!, | (5.26)
Set: R’ is distance between i-th anchor and tag.

The error y that covariance matrix is constructed by TOA measurements in
equation(5.21):
W =E|yy"|=4BOB (5.27)

To obtain the B matrix, R, obtained by measurement can be replaced for Rl,0 , SO
the first WLS z_, value is:
z, =(G"vG, ) (67w 'h) (5.28)
Using the value of z, we get a new B matrix. Next, we calculate the estimated

location that covariance matrix:

R =R’+cn,G, =G’ +AG,,h=h"+Ah (5.29)
Where G'z) =h’, equation (5.20) indicates:
w=A-AG,z (5.30)
We set z, =z, + Az, ,reusing equation (5.25) and (5.30), Az, and its covariance

matrix are:
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Az, =c(GT¥'G, ) GT¥ ' Bn (5.31)
T -1 !

cov(z, )= E[pz, Az |= (7w G, ) (5.32)

The vector z, 1is actual value. Equation (5.32) confirms covariance matrix.
Therefore, the value of z, is:
Za,l :)CO +€1,Za,2 = XO +e2

Z,3 :x°+e3,za,4 =x"+e, (5.33)

Of which: e, e,,e;,e, is estimation error of z,. It can construct new error ' that

is:

y'=h'-G,z, (5.34)
z,, 1 00 o
R -2 A N SV N R B
Of which: ' =| 7, |,G, = ,Z, =Y
z,, 00 1 ,
’ z
Zys 11

It should substitute the equation(5.33) into equation(5.20) that is:

! !

w, =2x% +e’ =2x%;p, =2y, +e, =2y’ (5.35
1 1 1 1 2 2 2 2

!

w, =2x"e +e ~2x%;w, =2y"e, +e, ~ 2y, (5.36)
Therefore, it can obtain the error that covariance matrix is:

Y’ = E[y'y']= 4B cov(z, )B’ (5.37)
' . 0 0 _0 1
B' = dzag{x Y .z ,—}
2
(xo, y°, 20) can be approximated by the approximate value of the equationz, in B

matrix, and WLS of z, is estimated as:

i ' ™! 1T
- :(Ga wriG, j (Ga \P'%J (5.38)
Finally, the tag localization result is:

z =4z (5.39)
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Chapter 6 Results and Discussion

This chapter includes results of the composite system being developed. The
stability of the system and the system itself was tested and real data was collected from
the implemented positioning system. There are two experiments in this chapter. The
first experiment verifies the effect of improved TOA positioning algorithm. The second
experiment validates the effect of the UWB/RFID composite positioning system. The
data of UWB/RFID composite positioning system and UWB system and RFID system
are tested and analyzed. This test uses UWB localization system and RFID localization
system. All the data obtained in the test will be uploaded to the database, and finally

imported into Matlab for data process and analysis.

6.1 Improved TOA localization algorithm experiments

6.1.1 Experimental environment

This modified algorithm experiment was implemented in outdoor environment.

The environment covers an area the size of 4m * 2m. There are four UWB anchors and
their position coordinates are (0,0,2)+ (4,0,2)+ (4,2,2) . (0,2,2.5), respectively. Figure

6.1 shows the experiment structure[77].

Anchor 4

~J

Anchor 2 Y

b a _
7 - Ta :
Anchor 1§7 R ? = l:ZAnclmrS

Figure 6.1 - 3D Positioning Arrangement of anchors and tag
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6.1.2 Improved Algorithm Analysis

By using Matlab simulation, the performance of these two localization algorithm in
X, Y, Z coordinates was compared. The measurement point is represented by
X-coordinate. The localization value of X, Y, Z is represented by Y-coordinate. It can
be shown from the Figure 6.3, 6.4 and 6.5, the X and Y coordinates are relatively stable,
and the Z-coordinate has large fluctuations. This is because the ranging error of X and Y
is added to the Z-axis and causes data to float on the Z-axis.

In some conditions, the positioning accuracy of the original algorithm can achieve
about 20-30cm. However, as it shown from Figure 6.3, 6.4 and 6.5, the accuracy of the
modified algorithm can reach about 7-15cm. This result demonstrates that the modified

localization algorithm is very effective.

0.35

The standard 3D TOA localization
—#— The modified 3D TOA localization | |

03r

R

0.25

0.

3%

0.15

X Coordinate Error{m)

0 50 100 150 200 250 300
The number of Measurement point

Figure 6.2 - The comparison of X-coordinate

56



ISCTE-IUL
Research on Port AGV Composite Positioning Based on UWB/RFID

0.4

The standard 3D TOA localization
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Figure 6.3 - The comparison of Y-coordinate
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Figure 6.4 - The comparison of Z-coordinate

6.1.3 Experimental Results

The experiment measures positioning information of the tags at nine locations in
the filed. The following Table 6.1 is the comparison of the actual coordinates, the
original algorithm localization and the improved algorithm localization. As can be
shown from Table 6.1, the modified localization algorithm got more accurate results for

the localization points.
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Actual
point(m)

(1,0,2)
1,1,1.2)
(1,2,0.6)
2,0,2)
2,1,1.2)
(2,2,0.6)
(3,0,2)
(3,1,1.2)

(3,2,0.6)

Table 6.1 Experimental data of tag localization

Measured points
(standard 3D TOA)

(0.8645,0.1517,1.8506)
(0.8486,1.2141,1.4075)
(0.8522,1.7811,0.7523)
(1.8548,0.1629,1.8711)
(2.1465,0.8611,1.3789)
(2.1850,2.2083,0.8144)
(3.2047,0.1202,2.1816)
(3.1800,1.2543,1.0475)

(3.1599,2.1848,0.7865)

Measured points
(modified 3D TOA)

(0.9785,0.0895,2.0531)
(0.9513,1.1246,1.2845)
(1.0675,2.0494,0.5387)
(2.1027,0.0786,1.9397)
(2.0682,0.9548,1.1376)
(1.9365,1.9546,0.7114)
(2.9486,0.0593,2.0872)
(3.1148,1.0763,1.2794)

(3.0596,1.9372,0.5289)

6.2 UWB/RFID composite localization experiments

6.2.1 Experimental environment

This composite localization experiment was implemented in outdoor environment.
The environment covers the size of 5 m * 2 m, and RFID tags were placed every 2 cm

in this area. The area set by the four anchors of the UWB system is 2m*2m, and the
position coordinates are (0,0)\(2,0)\(2,2)\(0,2) respectively, and the unit is m. The

experimental layout is shown in the Figure 6.6 below.
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End Point

Figure 6.5 - Experimental geometrical setup

6.2.2 Experimental setup

The designed experiment contains the following hardware devices in Figure 6.7:

—
1
3
1

Computer

RFID Reader
UWB Tag
Power bank

Reader Tags

Figure 6.6 - Experimental setup

The experimental equipment includes 4 UWB anchors, one UWB tag, one
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computer, four tripods, four mobile power supplies, several RFID readers and several
RFID tags. The anchor is connected to the computer through the data line as shown in
the figure above, which is used to measure the tag distance and locate the system. The
anchors are powered by the mobile power source. The entire device needs to be reset
before start experimental. After the device is properly connected, the tag, anchors and
real-time data location software is opened. We click the “monitor” button in the
real-time the data locating software to detect the connection status of the ranging and

the positioning devices, and start data measurement when the connection is normal.

6.2.3 Experimental procedure

(1) The experiment is divided into two parts. The first part verifies the effect of
improved UWB localization algorithm. The second part verifies the experimental effect
of the composite system.

(2) According to the area and route shown above, the path points and coordinates
are measured accurately. Then install tripods, fix the tag, connect the anchors and the
connection test is completed. Along the preset route, the measurement is carried out
around the distance measuring tag at a constant speed, starting from a starting point and
going all the way, and returning to the starting point to complete the measurement of the
closed area.

(3) It obtains UWB and RFID positioning data separately and compare with the
actual path to analyze the positioning accuracy.

(4) The UWB data is optimized by KF and RFID reader transmits the collected tag
information to the database, obtains the positioning data. Then it compares the

positioning accuracy between two groups of data.
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6.2.4 Experimental Results

To verify the performance of UWB/RFID composite positioning based on joint
Kalman filter and Particle filter, MATLAB experimental positioning simulation is
performed on the target of a uniform motion in a room. In a two-dimensional plane, the
moving target moves at a constant speed from the initial coordinates (x, y) = (1, 0.5) at a
speed of v=0.02 m/s.

The experiment is divided into three parts, and the results are:

O RFID Localization system
A Anchor
18 — Actual Route

Y-coordinate/m
= o
=] - &1

T T T

=@
o
T

=)
IS
T

02—

A 1 1

o 1 2 3 4 5 6
X-coordinate/m

Figure 6.7 - Comparison of RFID positioning results with actual routes

As shown in the Figure 6.8 above, the results of RFID system positioning are
shown. The result of RFID positioning is quite consistent with the actual route, and the
positioning accuracy is high, but the disadvantage is that RFID can only perform point
coordinate positioning and cannot perform continuous positioning. And the density of

laying RFID tags is also very large and the cost is high.
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Figure 6.8 - Comparison of UWB positioning results with actual routes

In the above Figure 6.9 , the results of UWB system positioning are shown. In the

antenna array, the positioning of UWB is relatively stable, and the error is about
7~13cm. However, when moving target is gradually far away from antenna array, the
UWB signal becomes weak and the received signal is unstable. The positioning

accuracy is large, and the error is about 20-30cm. Finally, the UWB signal was lost and

could not be located.

Y-Coordinate/m

o =) iy
(=] =] - ha
T T T T

o
s
T

02

A Anchor
Actual route
—— Composite localization

X-Coordinate/m

Figure 6.9 - Comparison of UWB/RFID composite positioning results with actual routes
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As shown in the Figure 6.10, the results of UWB/RFID composite positioning are

shown. When the system starts running and the target is in the antenna array, UWB

positioning is better, and the composite system is switched to UWB positioning system.

However, when moving target is gradually far away from the antenna array, the UWB

signal becomes weak and the positioning becomes unstable. Then, Particle filtering

combines UWB positioning data and RFID positioning data to obtain data with high

positioning accuracy. When the target does not receive the UWB signal, the composite

system switches to the RFID system. It can be verified that the positioning accuracy of

this method is improved by 20% compared to UWB positioning or RFID positioning,

with a positioning accuracy of about 12 cm, which can be seen in Table 6.2.

Table 6.2 Error analysis among RFID. UWB and composite localization

UWB/RFID composite | UWB localization RFID localization
localization

Maximum 0.2045 0.3068 0.1
error/m
Average 0.1286 0.2285 0.06
error/m

Minimum 0.0891 0.1259 0
error/m
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Chapter 7 Conclusions and Future Work

7.1 Conclusion

The composite system based on UWB and RFID for localization in port including the
performance evaluation was designed and implemented that satisfy the main objective
of my thesis.

At present, the location of AGV in the port is mainly based on RFID technology
due to the high accuracy of RFID positioning. However, in the port environment, in
order to achieve high-precision positioning, the density of magnetic nails to be laid is
larger, and the laying and maintenance cost are high, which is not conducive to port
remodeling and upgrading. Thus, it is necessary to choose another positioning
technology which not only does not affect positioning accuracy, but also can reduce the
cost in the open area of port. The UWB technology has the advantages of high
positioning accuracy and low cost. Therefore, the research of UWB and RFID
compound positioning is carried out.

The system capabilities were tested in the experiments and the obtained data
allows to compare the results coming from different experiments, that may be used to
extract differences between the experimental sessions. With the analyzed data it is
possible to have feedback, based on following values: Motion trail, UWB Localization
data, RFID Localization data and Fluctuation of positioning error. Thus, we may know
to use different positioning systems to achieve better positioning results.

Another objective was to improve the UWB positioning algorithm, which was also
achieved. The modified UWB positioning algorithm is very important for the
positioning performance of UWB. It improves the positioning accuracy of UWB and
further reduces the positioning error.

It was proven the accuracy of the composite system, by the analysis of the

collected UWB positioning information and RFID positioning information. The
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positioning system used by the compound positioning system on the route track was
obtained.

To summarize, this system can acquire location information from UWB and RFID
sensors and send them to PC. Then, through data analysis by Matlab software, we can
know the positioning system used by the compound system in each position of the route

track.

7.2 Contributions

This dissertation’s main contributions are:
® A new idea for composite positioning in ports.;
® Improved UWB localization algorithm.
® Verify the rationality of compound positioning.
® Designed KF and PF that has been applied to composite localization

The developed work and the initial results were included in the article and the
poster in Appendix A, which were accepted and presented at the IEEE ATEE 2019 the
11th International Symposium, March 28-30, Bucharest, Romania. The article has been
published in IEEE Xplorer.

Dongchen NI. and Octavian Adrian POSTOLACHE.et al, “UWB Indoor
Positioning Application based on Kalman filter and 3D TOA Localization Algorithm”,
ATEE 2019, Bucharest Romania. The 11th International Symposium on Advanced

Topics in Electrical Engineering

7.3 Future work

The research in this work is mainly aimed at the composite positioning of UWB
positioning and RFID positioning technology. Due to the limitation of hardware

resources, the signal degree that can be collected by the reader and passive tags used in
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this work has already been calibrated. The RFID reader based on the Raspberry Pi 3B is
used, which in itself brings a certain measurement error to the positioning. If the
higher-level reader is used to collect data, it can improve the localization accuracy of
RFID system. Improved algorithm will be better used for measurement.

For the RFID positioning technology, this paper uses the RFID reader to collect the
tag data and brings the real data into the database algorithm. The obtained positioning
result does not have a real-time positioning system. Next work can be carried out by
using a single chip read/write program embedded in a computer for data processing
design real-time positioning system to obtain positioning results.

At the same time, outside the UWB antenna array, there is a weak UWB signal in a
relatively close position. How to better combine the UWB signal and RFID position
information in this area to obtain more accurate positioning accuracy is also an

important direction for future research.
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Abstract- In recent years, with the continuous development of
short-range wireless communication and mobile technology,
location-based services in indoor environments have paid more
and more attention several solutions being reported in the
literature. Ultra-Wide Band positioning technology has become
one of frequently selected solution due to its low power
consumption, anti-multipath capabilities, high security, low
system complexity, and high precision. In this paper, 3D
positioning algorithms were discussed, and a new one 3D time of
arrival (TOA) positioning algorithm was proposed. The main
idea of the proposed algorithm is to replace the quadratic term
in the positioning estimation with a new variable and the usage
of the weighted least squares linear estimation followed by the
combination with Kalman filter to reduce the interference error
in the transmission process.

Keywords: UWB, indoor positioning, 3D, TOA, Kalman filter
1. INTRODUCTION

The continuous development of wireless sensor
networks (WSN) the indoor positioning technology has been
also developed. It has a wide range of applications in smart
buildings, shopping malls, smart healthcare and other. Some
of the common used indoor localization technologies are
based on communication protocols such as Wi-Fi, Bluetooth,
ZigBee as so as RFID positioning technology, infrared
positioning technology, and Ultra-Wide Band (UWB)
positioning technology [1]. However, existing indoor
positioning technology cannot meet the needs of people,
especially for: high-precision positioning, strong adaptability
in complex environments, low power consumption and low
cost. As one of indoor positioning technologies the UWB one
however is still necessary new studies for complex
environments and multiple dynamic targets.

UWB signals have a large bandwidth and good
temporal resolution, so they are widely used in high-
rate and short-range wireless communication [2]. UWB
positioning technology can be roughly divided into
three categories: Time of Arrival (TOA), Angle of
Arrival (AOA), and Received Signal strength (RSS)[3].
The AOA and RSSI methods cannot -effectively
guarantee the positioning accuracy in a complex indoor
environment when used alone. Generally, they are used
as an auxiliary method for TOA and TDOA [4][5][6],

and the TOA/TDOA technology can make full use of
the good temporal resolution of the UWB signal. It has
been widely used in the localization of traditional 2D
scene, but the localization in the 3D scene has not been
popularized. Xue et. al proposed a minimum error
algorithm based on TOA measurement, which achieved
good 3D positioning accuracy [7]. Additional
optimization algorithm is described in [8] that focuses
on TOA optimization model algorithm that permits to
get location information for indoor 3D positioning of
wireless communication stations. The paper [9] the
iterative time-of-arrival and multivariate model are
used to eliminate time synchronization providing
accurate indoor localization.

Hence, this paper aims to improve the traditional TOA
positioning algorithm to 3D space for higher precision
requirements combining TOA with Kalman filtering
algorithm.

II. UWB LOCALIZATION ALGORITHM

A. TOA Ranging Principle

Using two ways-time of flight (TW-TOF) technique
can be achieving good accuracy on estimating the
point-to-point  distance  between two  wireless
transceivers. In the UWB case TOF ranging method is a
two-way ranging technology, which mainly use the time of
flight of a signal between two asynchronous transceivers to
measure the distance between transceivers. The two-way
ranging principle is presented in Fig 1. The Device A

transmits the signal at time Ta] , and the Device B receives
the signal at time 7, . After waiting for the TW time, Device
B forwards the signal to Device A at time 7}, and Device A

receives the signal at time 7}, . Thus, the time of flight of the

signal between Device A and B can be calculated to
determine the flight distance [10], where ¢ — is the light

velocity.
S:c*[(Taz_Tm)_(Thz_T;yl)] (O]



ISCTE-IUL
Research on Port AGV Composite Positioning Based on UWB/RFID

Tal Ta2

Device Device

Th2 Thl
S

Fig 1.Two-way ranging principle

B. 3D TOA Localization Principle

If the coordinates of the nodes to be positioned are (xi, yi,
zi) in a 2D space, only three anchor nodes are needed for
positioning comparing with 3D space, where at least four
anchor nodes are required for positioning. Considering the
work objective the coordinates of four anchor nodes are

A(xl’ylizl) > B(szz’Zz) >
C(x3,y3,23) " D(x4,y4,z4) respectively. d is the distance

between the tag (with unknown position) and each base
station, as shown in Fig 2[11][12].
LY

assumed to be

B (x2, y2/2)

i

A (x1,y1,21)

D (x4, y4, 74)

Fig 2. 3D TOA Localization Principle
The distances d, from nodes to the target X are given by:

dy :(xl _x)2 (y _y)z (ZI ‘2)2
d3 =(x,=x) +(y, =y} +(z, =)
dzz = (x3 ) (J’3 ) (Z3 Z)z
di =(x,—xf + (= y) +(z,-2)

By calculation, the node location can be determined
using the following equation:

X =(4"A)" 4D 3)
Where:
2( ) 2( 1’)’4) 2(21724)
2(x2—x4) 2( z_J’4) 2(22_24)
2(x3 —x4) 2( Y3 —y4) 2(23 _24)

(2

2 2y 2 2 51y 2 2 2
(o +yr+z)— (x5 +y, +z)-(d; —d))
b=|(x; + 3y +23) = (x5 + 5 +2)~(d; —d})
Y] 340 2 2 2y 2 2 2
(5 +y5+z)—(x; +y, +z,)—(d; —d)
C.  The modified 3D TOA localization
When TOA technology is used to locate our tag using
UWRB positioning system the TOA value can be measured to
get the distance between tag and four base stations. Multiple
TOA measurements can form a set of circular equations about
the position of the tag in 3D coordinates. We assumed that the
tag coordinate are (X, y, z) in 3D space, the known positions
of the base stations are (X il ZI) , and the distances
between base stations and the tag are R, where Ri is given
by :
2 2 2 2
Rl :(Xl 7x) +(Yziy) +(Zl 72)
=K, -2Xx-2Y,y-2Zz+R=(cz) )
where 7; is the time of arrival and:
K, =X +Y*+Z}i=123-R=x’+y"+2*,
Assuming z, = [Z; ,R]T as an unknown vector, and

T ; ; i ;
z,= [x,y,z] , so linear equations with z, as the variable

are established from formula(4):

h=G,z, 5)
Then the error vector corresponding to the estimated position
of the tag is given by:

w=h-G,z, ©)
Where: Zg is the value of z, corresponding to the actual

position of tag.

R’ -K, ~oN, —3E -2% I
R, -K, —guF, -9F, -2r. 1

Weighted least squares (WLS) is used to replace the
covariance matrix of error l/  approximately by the

covariance matrix Q of the measured value of TOA:
-1 Y AT -t
=(c"0"G,) (6" 0h) ™
Considering:(x,y,z) as the estimated position of the tag, Q as

TOA covariance matrix and each TOA measurement is
independent, the Q matrix is a diagonal matrix:
. 2 2 2
Q:dlag{O'l,O'z,---,O'M} (8)
In formula (6), replacing the covariance matrix of the error
vector i/ by the Q matrix approximation will also bring

some errors. Therefore, when the TOA error is small, the
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error vectors corresponding to the TOA measurements of M
are:
w=2Bn+nOn~2Bn 9)
. 0 po 0
B =diag{R", R}, R, }
Set: R,0 is the actual distance between tag and base station

of i,n is TOA measurement error in distance(approximate
normal distribution).
The covariance matrix of the error vector ¥/ constructed

from TOA measurements in formula (6):
¥ = Elyy" |=4B0B (10)
In order to get the matrix B, the measured R; can be
substituted for Rl.o , then the first WLS estimate of z,, is:
z, =(GTwG, ) (GTw'h) )
New matrix B can be obtained by using the value of z_ .

Using the above process to perform another WLS calculation
can result in a modified estimated position. The above
calculation assumes that the elements of z are independent

of each other, but R is related to the position of the tag(x, y,
z), which we can use to get a more accurate position estimate.
We first calculate the covariance matrix of the estimated
position in the presence of noise:

R =R+cn,G,=G)+AG, ,h=h"+Ah (12)
Where szg =h", formula (5) indicates:

W =Ah—AG,z) (13)

We set z, = Zg + Az, ,reusing formula (9) and (13), Az,

and its covariance matrix are:
Az, =c(GTWG, ) GTY ' Bn
cov(z,)= E[AZQAZT]: (GQT‘P"GH )7I (14)
The vector z, is the actual value, the covariance matrix is

determined by the random variable of formula (14), so the

elements of z, can be expressed as:
I 0
Za1 =X +€1,Za_2 =x +e,
0 0
Z,3=X te,z,,=Xx +e, (15)
Of which: e, e,,e;,¢e, is estimation error of Z,. According

to the correlation between (x, y, z) and R, a new error vector
can be constructed as follows:

v =h-G,z, (16)
z,, 100 ,
2l vdo1 oo o |7
Of which: 4’ = Z"'22 ,G, = Lz, =y’
. 001 )
’ V4
Zoy 111

' is defined as the estimated error of z, , and the

a

formula 15 is substituted into the formula 6 to get:

’ r
v, =2x"e,+e] = 2x%;p, =2y, +e, =2y, (17)
. 0 2 0 ! 0 0
v, =2xe+e =2x ey, =2y e +e, =2y,
The covariance matrix of the error is:

W' = E[y'y']= 4B cov(z,)B’

B'= diag{xo,yo,zo,%} (18)

In the matrix B’ (xo,yo,zo) can be approximately

’
replaced by the value of the formula z,, and WLS of z, is

estimated as:
2 ' ! 1T
z, =[Ga l1”“Gaj (Ga ‘P"‘hj (19)

The final positioning calculation result of tag is:
7

z, =%z, (20)

In the matrix z = (x,y,z) selection of plus-minus sign

should be consistent with corresponding elements in z, of

formula 11, so as to eliminate the ambiguity of positioning
results.

D. Kalman Filtering

In the complex indoor environment, it is inevitable to
encounter non-line-of-sight obstacles in the process of signal
transmission. For this problem, the Kalman filter error
detection algorithm is used to eliminate the transmission error
as was presented in [13]. The calculation of Kalman filtering
is based on the following assumption: all the measured results
are based on real signals and additive Gaussian noise. If the
above hypotheses are true, Kalman filtering can effectively
obtain signal information from noise-containing measurement
results.

Suppose the state equation of a discrete control process
system is:

Xy = Ax, + Buy, + oy, (21)
Of where: X, is the system state at time k+1; @,,, is

Gaussian random variable of process noise; u,,, is the

amount of control of the system at time k+1;A and B are
system parameters, they are matrices for this system.
The corresponding observation matrix is:

r
Ziy= [9:,k+1 7.;,k+1] =H, X Vi 22
Of where: Z,,, is a measurement at time k+1; /4, ,, is unit

matrix; v, is Gaussian random variable that measures noise.
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The model of the process system is used to predict the next
state. The iterative process of the Kalman filter principle
described in [14] [15] includes:

Estimate the current state based on the previous state of the
system:

Xpope = Ay + By, 23)
Of where: )FC,HW{ is predicted result of previous state; X, is

optimal result of previous state; U, is control of current

state.
The minimum mean square error matrix is:

T
Py =ABy A" +0 (24)
where: ka\, is minimum mean square error matrix for

estimated value Xk 5 Pk+l\k is covariance of Xt > Qis

covariance of the system process.
Kalman gain is:

Ky = BHukaTn (Rzm + Hk+1Pk+ukaT+1 )_1 (25)
Of where: R, is covariance matrix of observed noise V,,, .
The optimization estimates for K+1 state is:
J’ek+l\k+] = 5CA-+1|k +K;, (Zk+] - Hk+155k+1\k) (26)
Keep the continuity of the system until the end, update the
Xy Covariance of k+1 state.

Pk+1|k+1 = (1 -Ki )H k+1k 27)

Through the above-mentioned process, the interference
caused by the transmission can be eliminated.

III. EXPERIMENTAL TESTING AND VERIFICATION
A. Experimental Setup

This experiment was carried out in an indoor environment
with a size of 4m * 2m. It was used for 4 UWB positioning
base stations, which are placed in 4 positions, and their
position coordinates are (0,0,2) . (4,0,2) N (4,2,2) N
(0,2,0.8), the unit is meter. The experimental arrangement
is presented in Fig 3. In this experiment, the modified
positioning algorithm combined with this paper will be
compared with the standard 3D TOA positioning method.

YAnchor 4

ascso2 Y

&
Tag
YAnchor 3

Fig 3.3D Positioning Arrangement of anchors and tag

Anchor 1

The positioning server in this article uses a 4-core 4-thread
Intel i5-4770 processor with 8GB of RAM. The positioning

program is developed on the platform of ColDE. It is used to
program windows form control and C++ language. The GUI
is shown in Fig 4. Before the positioning starting, the
coordinates of the base stations are applied on the algorithm
inputs. The 3D coordinate information ( X, Y, Z) of the tag is
displayed directly above, the distance between tag and each
base station is displayed at the top right, and the movement
track of the tag can be displayed at the bottom left, which can
be displayed the geographic location of the tag visually.

Fig 4. The GUI of application system

B.  The comparison of RMSE

This paper compared the standard 3D TOA positioning
algorithm with the modified 3D TOA positioning algorithm.
The RMSE is selected as the measurement index of the
positioning accuracy, and then the difference of the RMSE
value between two methods under different mean square
errors is explored.

MSE=E|x-2F +(v-3F +-2F] @8
Of which: (x,y,z) is the actual position of tag; ()2‘,5/,2) is

the measured position of the tag. RMSE is often used to
estimate the positioning accuracy and its calculation formula:

RMSE-= \/51_(36—56)2 +(y—)7)2 +(Z—2)2j ©9)

RMSE comparison of standard and modified 3D TOA
positioning algorithms is shown in Fig 5.

Fig 5. RMSE comparison bctwcct; standard 3D TOA and modified
3D TOA localization methods
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It can be judged from Figure 4 that the performance of
the standard 3D TOA and modified 3D TOA positioning
method is very close when the mean square error is 0.06 /m
or less. When the mean square error gradually increasing,
RMSE of the two localization methods also increases
gradually. We can see that RMSE values of the standard and
modified TOA algorithm are basically the same. However,
compared with the standard TOA algorithm, the modified
TOA algorithm has higher positioning accuracy.

C.  Simulation of joint location algorithm

Through the simulation by MATLAB, the performance
of the standard and modified 3D TOA positioning in X, Y,
and Z coordinates are analyzed and compared. The abscissa
represents the number of measurement point, and the ordinate
represents each simulated object coordinate. As can be seen
from the figure6, 7, 8, the estimated values of X coordinate
errors is relatively stable, while Y and Z estimation are less
stable. Y and Z coordinate maximum error are about 15/cm
and positioning accuracy are within the allowable range.

In the ideal conditions, the accuracy of standard 3D
TOA positioning combined with the Kalman filtering
algorithm can reach about 15~25/cm. As shown in the figure,
compared with the standard 3D TOA joint Kalman filter
algorithm, simulation results show that the modified 3D TOA
positioning combined with the Kalman filter algorithm is
stable at 5~10/cm. This result proves that the modified 3D
TOA positioning algorithm combined with Kalman filtering
is effective.

1
e w\ A 0ol Aol 211
1*_‘11\“ g Wﬂ[ M xf“ﬂ\‘ i‘,u J“f“‘}'\qwm/ v‘zyh\\m,‘ Ml !M‘ \M'
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Fig 6. X coordinate comparlson for two 3D localization methods
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Fig 8. Z coordinate comparison for two 3D localization methods

D.  Experimental Results

The experiment measures positioning information of the
tags at six locations in the field. The information of tag
localization was obtained by application of the standard and
modified 3D TOA methods. Several results are presented in
the table. The modified 3D TOA positioning algorithm results
compared with the standard 3D TOA positioning method
results are more accurate taking into account the real position
of the tag.

Table 1. Experimental data of tag localization

Actual Measured Coordinates Measured Coordinates
Coordinates(m (standard 3D TOA) (modified 3D TOA)
(1,()),2] (0.8645,0.1517,1.8506) (0.9785,0.0895,2.0531)
(1,1,1.2) (0.8486,1.2141,1.4075) | (0.9513,1.1246,1.2845)
(1,2,0.6) (0.8522,1.7811,0.7523) | (1.0675,2.0494,0.5387)
(2,0,2) (1.8548,0.1629,1.8711) (2.1027,0.0786,1.9397)
211:2) (2.1465,0.8611,1.3789) (2.0682,0.9548,1.1376)
(2,2,0.6) (2.1850,2.2083,0.8144) (1.9365,1.9546,0.7114)
(3,0,2) (3.2047,0.1202,2.1816) (2.9486,0.0593,2.0872)
(31,1.2) (3.1800,1.2543,1.0475) (3.1148,1.0763,1.2794)
(3,2,0.6) (3.1599,2.1848,0.7865) (3.0596,1.9372,0.5289)

‘%.“‘ m‘ T

i H
T'\v

“"‘I M“
l

|
}‘
,‘, | ‘H"H

;‘\

“HM |

-

\
Ilf
| i

HL’H ‘H”

‘l‘j iﬂ‘ “A\

H\ H“h fi "

\ 1
1‘4\ e

]
U] i
f

IV. CONCLUSION

The proposed 3D TOA positioning algorithm in this paper
breaks through the limitations of considering the two-
dimensional in the previous positioning algorithm. The
modify 3D TOA positioning algorithm improves the
positioning accuracy, and joint Kalman filtering to further
eliminates the error interference in the transmission process.
The simulation results show that the positioning accuracy can
reach about 5~10/cm, which verifying the feasibility of the
joint the modified 3D TOA positioning algorithm and
Kalman filtering algorithm. Based on the results of this paper,
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future research will focus on visualization tag trajectories.
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Technical Manual

This manual aims to describe the technical features of the composite localization
system. Chapter 1 intends to explain how the anchors communicate with the tag and
how the anchor communicates with the PC. Chapter 2 explains how to make RFID
reader and use it to locate. Chapter 3 explains the maimn functions of the Kalman

Filtering. Chapter 4 is intended to explain how to fuse UWB positioning data and

RFID positioning data with Particle Filtering.
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Chapter 1 UWB localization system

This chapter intends to explain how the anchors communicate with the tag and
how the anchor communicates with the PC. Also, how to use UWB system to locate

object.
1.1 Communications

All the communications between the anchors and the tag are made through

wireless ranging based on the IEEE 802.15.4a.

1.1.1 UWB Mini Configuration

UWB Mini(Figure 1.1) module adopts STM32F105 microcontroller as the main
control chip. Peripheral circuit includes: DWMI1000 module, power module, LED
indicator module, dial-code switch, reset circuit, etc. The module can be used as an

anchor or as a tag, which can be switched by a code switch.

DWM1000 DWM1000
/ and Antenna Hardware
_______ Receivi
& Light
B
2 Power LED
v

fIrene

Dial Switch
Figure 1.1 - UWB Mini module
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1.1.2 UWB Mini Hardware parameters

Table 1.1 - UWB Mini Hardware parameters

Essential parameter Wireless parameters

PCB Four layers - epoxy BAUD 110kbit/s,850kbit/s
Power Micro-USB(5.0V) Work Frequency | 3.5GHz~6.5GHz
SWD have ‘Work channel 5

Serial port L Transmitted -35dbm/MHZ~
Controller STM32F105RCT6 power -62dbm/MHZ
External crystals | 12Mhz Distance Indoor:30m

PCB size 35mm*35mm Data error 10cm/30cm

1.1.3 Sending data to the anchor

The method in Figure 1.2 shows the PC communicate with the anchor.
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11 #pragma GCC optimize ("03")
1191int readfromspi_serial

headerLength,

*headexrBuffer,
readlength,

*readBuffer

128 int i=0:

130 decalrgStatus_t stat ;

stat = decamutexon() ;

SPIx CS_GPIO->BRR = SPIx CS:

1 for(i=0; i<headerLength; i++)
4 {
SPIx->DR = headerBuffer(i]:

while((SPIx->SR & SPI_I25_FLAG RXNE) == (uintlé_t)RESET);

readBuffer[0] = SPIx->DR ;

for(i=0; i<readlength; i++)
149 {

SPIx->DR = 0: Dummy as we ody
while ((SPIx->SR & SPI_I25_FLAG RXNE) == (uintl6_t)RESET);

54 readBuffer([i] = SPIx->DR ://port_S

SPIx_CS_GPIO->BSRR = SPIx_CS:
decamutexoff (stat)

retarn 0

Figure 2- send data to the anchor

In the code part(Figure 1.2), it is possible to see that the values began to be read

after the micro-controller is turned on and that the values are sent every minute.

1.1.4 Receiving data between anchor and tag

Figure 1.3 shows the part of the code where the anchor receives a package

coming from the UWB tag.
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void writetolLCD

bodylength,
rs_enable,
8 *bodyBuffer

173 int i = 0;
4 int sleep 4]

ing § =

if (rs_enable)
{

port LCD RS set():
; e s |
else
{

if (bodylength == 1)

:

if (bodyBuffer([0] & 0x3) /if this is
aleep = 1. 2

}
port_LCD RS_clear();

port_SPIy_clear_chip_select(): /C5 low

for(i=0; i<bodylength; i++)

{
port_SPIy_send_data(bodyBuffer(i]);
while (port_SPIy no_data());
port_SPIy receive data():

port_SPIy_set_chip_select(): //CS

if (sleep)
Sleep(2):
} end wr

214 #endif

Figure 3 - Receiving data between anchor and tag

After the anchor receives the package, the data contained in it is read and

processed according to its information. All the anchors send a flag in the message that

identifies the tag where it comes from.
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Chapter 2 RFID localization system

The RFID is connected to the Raspberry Pi 3 Model B through the SPI protocol, as
shown in Figure 2.1. This module is used to identify the reader to start collecting data
and sent it to the database. The sensor used in this project 1s the MFRC522 with the

MFRC522 library.

2.1 RFID Reader

The reader of this work is an RFID reader made by connecting Raspberry Pi3,
feeder and RC522(Figure 2.2), as shown in Figure 2.3. The RFID reader is a low-cost
RFID reader based on MFRC522 microcontroller. The microcontroller provides data
via the SPI protocol and works by creating a 13.56 MHz clectromagnetic ficld that is
used to communicate with the RFID tag. The interface correspondence is shown in

Table 2.1.

Figure 4 - Raspberry P13 Model B
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Figure 6

RC522 Header
3.3v

RST

GND

IRQ

MISO

MOSI

SCK

SDA

10

90

RFID-RC522 pinout

- RC522 RFID Module and Raspberry Pi Circuit Connection

Table 2.1 - Interface Correspondence

Diagram Colour
Grey

White

Black

Purple

Blue

Green

Yellow

Pi Header
1
22

6

20
19
23

24

Notes

3.3V

GPI1025
Ground

Not connected
GPIO9
GPIO10
GPIO11

GPIO8
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2.2 Sending data between Raspberry Pi and RC522

The method in Figure 2.4 and 2.5 shows Raspberry Pi communicate with RC3522.

import RPi.GPIO as GPIO
import MFRC522
import signal

continue_reading = True

# Capture SIGINT for cleanup when the script is aborted
def end_read(signal,frame):
global continue_reading
print "Ctrl+C captured, ending read."
continue_reading = False
GPIO.cleanup()

# Hook the SIGINT
signal.signal(signal.SIGINT, end_read)

# Create an object of the class MFRC522
MIFAREReader = MFRC522.MFRC522()

# Welcome message
print "Welcome to the MFRC522 data read example"
print "Press Ctrl-C to stop."

# This loop keeps checking for chips. If one is near it will get the UID and authenticate
while continue_reading:

# Scan for cards
(status,TagType) = MIFAREReader.MFRC522_Request(MIFAREReader.PICC_REQIDL)

# If a card is found
if status == MIFAREReader.MI_OK:
print "Card detected"

# Get the UID of the card
(status,uid) = MIFAREReader.MFRC522_Anticoll()

# If we have the UID, continue
if status == MIFAREReader.MI_OK:

# Print VID
print "Card read UID: %s,%s,%s,%s" % (uid[@], uid[1], uid[2], uid[3])

# This is the defau
key = [OxFF,BxFF,@xFF,2

key for authentication
XFF ,0xFF ,0xFF]

# Select the scanned tag

MIFAREReader .MFRC522_SelectTag(uid)

# Authenticate
status = MIFAREReader.MFRC522_Auth(MIFAREReader.PICC_AUTHENT1A, 8, key, uid)

# Check if authenticated

if status == MIFAREReader.MI_OK:
MIFAREReader.MFRC522_Read(8)
MIFAREReader.MFRC522_StopCryptol()

else:
print "Authentication error”

Figure 7 - RFID read.py code

11

91



ISCTE-IUL
Research on Port AGV Composite Positioning Based on UWB/RFID

ZZ import RPi.GPIO as GPIO
5 import MFRC522
import signal

continue_reading = True

# Capture SIGINT for cleanup when the script is aborted
1 def end_read(signal,frame):
global continue readmg
pr1nt "Ctrl+C captured, ending read."
ontinue_reading = False
GPIO cleanup()

37 # Hook the SIGINT
-7 signal.signal(signal.SIGINT, end_read)

2 # Create an object of the class MFRC522
MIFAREReader ="MFRC522.MFRC522()

# This loop keeps checking for chips. If one is near it will get the
while continue_reading:

# Scan for cards
(status,TagType) = MIFAREReader.MFRC522_Request(MIFAREReader.PICC

# If a card is_found
if status == MIFAREReader.MI_OK:
51 print "Card detected”

# Get the UID of the ca
(status,uid) = MIFAREReader MFRC522_Anticoll()

# If we have the UID, continue
57 if status == MIFAREReader.MI_OK:

# Print
print Card read UID: %s,%s,%s,%s" % (uid[@], uid[1], uid[2],

# This is _the default ke% for_authentication
key = [@xFF,@xFF,0xFF,0xFF,9xFF,@xFF]

# Select the scanned ta % .
MIFAREReader.MFRC522_SelectTag(uid)

# Authenticate
Status : gIFAREReader.MFRCSIZ_Auth(HIFAREReader.PICC_AUTHENTI
print

# Check if authenticated
if status == MIFAREReader.MI_OK:

# Variable for the data to write
data = []

78 # Fill the data with @xFF
g for x in rangeée 16;:
data.appen: (éxF )
rint Sector 8 looked like this:"
Read bl

HIFAREReader MFRC522_Read(8)
print "\n"

rint “Sector 8 will now be filled with @xFF:"
Write the data

MIFAREReader.MFRC522 Vrite(8, data)

print "\n"

rint "It now looks like this:"

Check to see if it was written
MIFAREReader .MFRC522_Read(8)
print “\n"

data g% R
F111 e data wxgh oxee

for x in range(9,16):
data. appgné(éxa&)

ﬂ nt “"Now we fill it with ©@xee:
IFAREReader MFRC522 wr1te(8, data)
print "\n"
. rint "It 15 now em ty: "
Check to was written
128 MIFAREReader MFRCSZZ _Read(8)
print "\n"

("]
MIFARgReader.MFRC522 _StopCryptol()

# Make sure to stop reading for cards
continue_reading = False

se:
print "Authentication error”

Figure 8 - RFID write.py code

12
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2.3 Sending data to Firebase

In Figure 2.6 is part of the RFID code, this is function that sends the values of

the RFID tags to the Firebase.

Figure 9 - send data() Function

13
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2.4 RFID interface

XH(F) 4RIR(E) () WBIH)

824x984 scrot.png

Dump . py 1

[pi@raspberryp.
1c to tt
ctrl-c

ead UID:

fo,
d UID: 125,114,192,113
0, o,
125,114,192,113

Sector 8 [0, 0, 0, 6, 6, 0, 0,
Card detected
Card read UID: 253,24,194,113
Size: 8
Sector 8 [0, @, @, ©, 0, 6, O,
Card detected
Card read UID: 253,24,194,113
Size: 8
Sector 8 [0, ©, 0, 0, 6, 8, O,
Card detected
Card read UID: 253,24,194,113
[AUTH ERROR! !
JAUTH ERROR(status2reg & 0x08)
Authentication error
Card detected

rd detected
Card read UID: 29,254,71,149
Size: 8
Sector 8 [0, 0, 8, 6, ©, 0, 0,
Card detected
Card read UID: 20,254,71,149
Size: 8
Sector 8 [0, ©, ©, 0, O, , 0,
Card detecte:

Card read UID: 29,254,71,149

[AUTH ERROR! §

AUTH ERROR(status2reg & Ox08) != 0
Authentication error

Card detected

Picard read UID: 141,119,74,149

Siz

Figure 10 - RFID interface
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Chapter 3 Kalman Filtering

This chapter introduces the functions of Kalman filtering and its model algorithm, and

finally shows how to implement Kalman filtering.

3.1 Kalman filtering model

KF consists of two phases: prediction and update. In the prediction phase, the

filter estimates the current state by using an estimate of the previous state. During the

update phase, the filter uses the observations of the current state to optimize the

predictions obtained during the prediction phase to obtain a more accurate new

estimate. In this way, KF becomes a problem for solving unknown state equations and

measuring equations. The equation of state and measurement equation of the KF are

as follows:

s(k+1) = Ao s()+T e w(k)

2(k) = G(k)» s(k) +v(k)

Where, s(k) 1s the state vector, z(k) i1s the measurement vector, A is the state

transition matrix of the sampling interval A, T is the noise coupling matrix, G(k)

18 the measurement matrix, w(k) and v(k) are the noise components.

The iteration of the KF has two steps. The first step is the prediction of the state,

ags follows:

Sk /=1y = ds(k=1)

P(k/k=1)=AP(k-1DA" +T O™

K (&) = Pk k-DGHY [6UPR/ E-1)GRY +R(E)]”

The second step is the correction of the measured values as follows:

§(k) =5k 1k =)+ K ()|z(k)— GRSk [ 1)

P(k) =1 - K()GK)|Pk / k-1

(3.6)

3.7

15

95



ISCTE-IUL
Research on Port AGV Composite Positioning Based on UWB/RFID

Where, s(k/k)and s(k+1/k) are state estimation vectors and state prediction
vectors, P(k/k) and P(k+1/k) represent the covariance matrix of the estimation

error and the prediction error, respectively, and K (k) represents the Kalman gain.

1.2 Extended Kalman filtering

Using KF to achieve positioning, we first need to design the matrix and vector in

the KF equation to accurately model the positioning process.

Set the coordinates of the mobile station at time k be (x,, y,). the coordinates of
the base station be x; .y, , and the time of arrival(TOA) of the N base stations
multiplied by the speed of light to obtain r,r,,---r, . Taking the estimated state s(k)
as s(k) =[x, yk]r at time k, the system state equation is

s() = As(k =) +w(k =1) (3.8)

10
A 1s a one-step transfer matrix, 4= |:0 J

The system measurement equation is:

z(k) = f(s(k))+v(k) (3.9
S (k)
Where: z(k)=[r1,rz,---1jv]r/c. flsh) = : fie::
Sx(s(6)
L) =, =5+, =3’ (3.10)

f(s(k)) 18 a nonlinear transformation that uses Taylor series expansion to

simplify expressions. When converting at time k-1. F(k) is the Jacobian matrix of

S(s(k)):
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o
Ox
oy
ox

F(k)y=

g —x) 7 Dy
F)=
(Y5 —Xy)/ Dy

Of which, D, = \/(x,mH =X+ D=2 -

o
oy
oy
oy

le (3.11)

Gerea =¥/ D,
: /e (3.12)

GVerga = ¥w)/ Dy

Set w(k) ., and v have a covariance matrix of Q and R, respectively, which are

diagonal arrays with the number of columns being 2 and the number of TOAs. The

iterative equation is as follows:

Sk k1) = ds(k -1) (3.13)

P(k/k=1)= AP(k-DA" +Q (3.14)
K(ky=P(k/k=D)F &) [F(kK)Pk!k-1D)F (k) + R (3.15)
Sk 1) =3k k=) + K(R)[z(k) = f(s(k / k=1))] (3.16)
P(k/ k) =[I-K{)F(k)P(k/k=1)] (3.17)

The implemented Kalman Filter code in Matlab is shown in Figure 3.1:
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&
“Ifor

end

18

N=312; %Samplings

x=[1,5,5,11; %real route

v=00.5,0.5,1.5,1.51;

Xkf=zeros(1,N): %Kalman filter estimated value
P=zeros(1.N): %covariance

e Intinlization-————crorsoreomee

P(1)=0.01: %The covariance of the initial value
Xkf (1)=2(1); %The initial estimated state of the filter
% noise error

Q=0.01; %process variance

R=0.25; %mearsuremnt variance

W=sqrt (Q) #*randn (1, N) ; %state-transition matrix

V=sqrt (R)*randn(1,N) ; %Measurement noise matrix

% ystem matrix

P=1:

G=1:

Bl

I=eye(2):

HHHEEHHEBALHEEDLEEESHHETELEHH LR BLHRLLEEED LB

—=Kalman filter——

k=2:N
X_pre=F*Xkf (k-1) ; %state prediction
P_pre=F*P (k-1) *F’ +Q; %Covariance prediction

Ke=P_pre*inv(H#P_presH +R): %Calculate the Kalman gain
e=x (k)-H*X_pre;

Xkf (k)=X_pre+Kg#e %update the state
P (k)=(I-Kg*H) *P_pre; %Covariance update
~end
L —-calculation error-- =
Err_Messure=zeros(1.N) : %The deviation between the measured value and the true value
Err_Kalman=zeros(1,N): %The deviation between the kalman filter estimate and the measured value
Jfor k=1:N

Err_Messure (k)=abs (x (k) -Xexpect) ;
Err_Kalman(k)=abs (Xkf (k)-x (k))

Figure 11 - Kalman Filter code in Matlab
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Chapter 4 Particle Filtering

This chapter introduces the functions of particle filtering and its model algorithm, and

finally shows how particle filtering is implemented.

4.1 Particle filter model

The PF algorithm is a filtering algorithm based on Bayesian estimation and Monte

Carlo method.

4.1.1 Bayesian estimation theory

Pzl X,) Pz %) Pz | %)

| %2 7 X 7 X 7
JLCARE Y T P X))

Figure 12 -Bayesian estimation method model diagram

The Bayesian estimate consists of two phases: forecast phase and update phase.
The model of Bayesian estimation 1s shown in Figure 4.1.

In the implementation process, it is assumed that the posterior probability
plx, | 2,4) at the time of system k-1 is known. The Bayesian estimation process is

as follows:
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(1) forecast phase: It is known that the posterior probability p(x, |z, ) at
time k —1 obtains the prior probability density p(x, | z,_,) of the current moment of
the system, as shown in equation (4.1):

P(xk ‘ Zkfl): -[p(xk ‘ X1 )p(xkq ‘ Zypa )dxkq “.1)

Where, p(x, |x,_,) is the state transition probability of the first-order Markov

chain, that is, the current time position information is only related to the previous time
position information.

(2) update phase: The posterior probability is obtained by the equation (4.2) by
the prior probability p(x, | z,, ,) obtained in the prediction stage.

_ P(Zk | % )P(xk | Z]:k—l) “4.2)

Pl lzy)
el p(zk‘zlzk—l)

After obtaining the observed value z, at time k. the posterior probability is

obtained according to equation (4.2). where the denominator is p(x, |z, ,) is the

normalization constant, and the calculation formula is as shown in equation (2.3):
P(Zk | Zl:k—1)= J-P(Zk | x; )P(xk |2 )dxk 4.3)
After obtaining the posterior probability of each particle, the maximum posterior
probability is obtained according to the Maximum aposterior estimation (MAP), and
the particle position of the maximum posterior probability is used as the optimal
position estimation of the system. Among them. the maximum posterior probability
criterion is as shown in equation (4.4):

X = argmax P(xk ‘ Zl:k) “.4)
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4.1.2 Monte Carlo approximation

G N
The Monte Carlo approximation method randomly collects N samples {x;:k }:]
in the posterior probability density p(x, |z, ), and each sample point is independent

of each other. The posterior probability of the system is calculated as shown in

equation (4.5):
& : )
Pl | Zl:k)zﬁzb(xo:k _xO:k) 4.5)
=l

Of which, &(-) is dirac function.

4.1.3 Sequential importance sampling(SIS)

The important sampling method adopted by the PF algorithm is the Sequential
Important Sampling (SIS) method, which introduces the sequential idea, and
decomposes the importance density function to obtain a recursive calculation method.
As shown in equation (4.6):

Q(XU(]; ‘ Z]:k)= Q(xk ‘ xé?l){aznk)q(xé?f)m | Zl:k—l) {4.6)

The posterior probability is caleulated as shown in equation (4.7):

_ p(zk (s B I | i)
P2y 2yy)

P(xk ‘ Zl:k)

_ P s B )P0 50 )P 5] B
P(Zk ‘ 21:1(71)
_ Pz, | %)p 0o | %0 )P (s | 2 4) (4.7)
P(Zk ‘ Z];IH)
OOP(Zk | x (%, | %y )P(xo:kq |24

The particle weight can be calculated by recursion, as shown in equation (4.8):

a)f)oo P(zk | X, )P(xk | % )P(xo:k—l ‘ zl:k—l) (4.8)
Q(xn()f;)m [ 214 h(xf(:) ‘ x((ltl)(—l’zl:k)

21

101



ISCTE-IUL
Research on Port AGV Composite Positioning Based on UWB/RFID

o p(zk ‘ xrg))l’(xlg] | x;({ljl)
- q(xlg'] | xg:l]f—l’zl:k)

Finally, the weight w needs to be normalized, as shown in equation (4.9):

ol = (4.9)

ol
i=1

The implemented Particle Filter code in Matlab is shown in Figure 4.2:

%———===—cmitialize the varisblea-—~—r——=———===
= 0 % initial actual
% The covariance o

% Measure the cov:

% The particle number. The larger the effect, the better
%and the larger the computation

, prior particle distribution as a gaussian around

¥o= 25 %The variance of the initial distribution

%0bservation of the particle

%the actual output vector for measurement values.

x_est = [x]: % time by time output of the particle filters estimate

x_est_out = [x_est]: % the
fort = 1:T
x = 0.5%x + 25%x/(1 + x'2) + 8*cos(1.2%(t-1)) + sqrt(z_N)*randn;
z = x 2/20 + sqrt(x_R)*randn:

vector of particle filter estimates.

for i N
%-————-————————-Sampling from prier probabilities——————————-—-
x.P.update(i) = 0.5%x_P(i) + 25%x_P(i)/(1 + x_P(i)"2) + 8*cos(1.2%(t-1)) + sqrt(x_N)*randn;
e i Calculate the value of the sample particle———
z.update (i) = x_P_update (i) "2/20;
L Calculate the weight for each particle————————
P.w(i) = (1/sqrt(2*pisx_R)) * exp(-(z - z_update(i)) 2/(2*x_R)):
end
e The normalized.
Pw=P_w/sun(P_w:
% sampliny
fori=1:N

ht will be more important to get offspring

L state estimatiom
x_est = mean(x_P):
$-—————————————Save data in arrays for later plotting—————
x.out = [x_out x]:
z.out = [z_out z]:
x.est.out = [x_est_out x_est]:
end

Figure 13 - Particle filter code in Matlab
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