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Resumo

Resumo

Automac® e inteligécia artifical tornaram-se uma tendécia inevitével no
desenvolvimento dos terminais dos contentores. O posicionamento do VAG (Ve tulo
Auténomo Guiado) € um dos problemas principais para construir as portas
automatizadas. Embora a tecnologia RFID de frequéncia ultra-alta (UHF) existente
tenha uma boa precis@ e estabilidade de medig& no posicionamento VAG dos portos,
as etiquetas magnéicas expostas s& faeis de danificar sob a comum carga pesada e o

seu habitual custo de construG e manutenG® €insuportével para a maioria das portos.

Entre as tecnologias para o posicionamento VAG, o radar Doppler de microondas
possui uma forte capacidade de penetrag® e pode funcionar bem em ambientes
complexos (dia, noite, nevoeiro e chuva). Portanto, o sistema de posicionamento VAG

baseado em radar Doppler de microondas atraiu muita atenG.

Nesta tese, foi estabelecido um sistema de teste usando a té&nica acima mencionada,
juntamente com uma plataforma de computagi® em tempo real, NI myRIO compat vel
com Wi-Fi. Vaios algoritmos de computag® foram envolvidos para extrair os valores
precisos de distancia e velocidade. O “denoising” de wavelets com a fungdo de limiar
adaptado foi utilizado para filtrar o ru mo nos sinais de radar. Na andise do dom mio da
frequéncia, o algoritmo conjunto FFT e Chirp-Z Transform (CZT) foi proposto para
suprimir a influéncia dos efeitos de resoluGo e tambén melhorar o desempenho em
tempo real. Alén disso, o algoritmo 2D-FFT éusado para calcular a velocidade do VAG.
De acordo com 0 ambiente dos portos, o algoritmo de posicionamento VAG e 0 mé&odo
de comunicag® adequado baseados em radares Doppler de microondas e NI myRIO-

1900s também ser& propostos.

A eficiécia do sistema proposto foi testada experimentalmente e vaios resultados

est& descritos nesta dissertaG.

Palavras-chave: Posicionamento VAG; Radar Doppler por Microondas; DSP;

Radar FMCW



Abstract

Abstract

Automation and intelligence have become an inevitable trend in the development of
container terminals. The AGV (Automated Guided Vehicle) positioning is a primary
problem to build the automated ports. Although the existing Ultra-High Frequency(UHF)
RFID technology has good measurement accuracy and stability in the port AGV
positioning, the exposed magnetic tags are easy to damage under the common heavy

load, and its construction and maintenance cost is unbearable to most ports.

Among the candidate technologies for the AGV positioning, microwave Doppler
radar has a strong penetrating ability, and can work well in a complex environment (day
and night, foggy, rainy). Therefore, the microwave Doppler radar-based AGV

positioning system has attracted a lot of attention.

In this thesis, a test system using the above technique was established, together with
a NI myRIO real-time Wi-Fi compatible computation platform. Several computation
algorithms were implemented to extract the accurate values of range and velocity.
Wavelet denoising with the adapted threshold function was considered to filter noise
contained in radar signals. In the frequency domain analysis, FFT and Chirp-Z
Transform (CZT) joint algorithm was proposed to suppress the influence of fence effects
and also improves real-time performance. In addition, 2D-FFT is used to calculate
velocity of AGV. According to the port-like environment, the suitable AGV positioning
algorithm and communication method based on microwave Doppler radars and NI

myRI10-1900s also be proposed.

The effectiveness of the proposed system was experimentally tested and several

results are included in this thesis.

Keywords: AGV Positioning; Microwave Doppler Radar; DSP; FMCW Radar
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Chapter 1. Introduction

Chapter 1. Introduction

1.1 Motivation

According to statistics, the container throughput of Port of Shanghai has reached
about 21.54 million TEU in the first half-year of 2019, which has increased 5.02% year
on year [1]. Also in this period, the container throughput in Port of Singapore, Port of
Rotterdam [2], Port of Antwerp, Port of Hamburg and Port of Los Angeles amounted to
18.03 million TEU, 7.53 million TEU, 5.84 million TEU, 4.66 million TEU, and 4.51
million TEU respectively, which growth rate is 0.06%, 6.36%, 4.85%, 7.62%, and
4.64%. Therefore, the transportation efficiency of the port needs to improve urgently.
Otherwise, the backlog of container ships and cargo will have a bad effect on the overall
efficiency of the port. AGV is new equipment that occupies an important position in the
smart port. It is a fully automatic carrier that transport containers from the quayside to
the storage yard. The questions that need to answer regarding AGV operation are: Where
am 1? Where am | going? How can | get there? Therefore, the most fundamental and
critical issue for the AGV system is ‘where am 1?°, that is translated to the positioning

problem.

At present, Ultra-High Frequency (UHF) RFID (Radio Frequency ldentification)
technology is the most applied solution for AGV positioning. However, the time
response of RFID identification capability is not very short. In addition, it is necessary
to lay magnetic tags in the yard in advance, the exposed magnetic tags are easily
damaged, so the labor and maintenance costs are extremely high.

To solve and optimize the AGV positioning, the MSc research work proposed a hew
positioning method that can be applied as a complementary positioning solution for
AGV that work in ports.

This project aims to use microwave Doppler radar sensors to achieve AGV
positioning system which can detect range and velocity of AGV at the same time. In
order to ensure small size and easy installation of the designed system, NI myR10-1900
which has built-in Wi-Fi (Wireless Fidelity) is used as embedded equipment. LabVIEW
software is the main platform using for Digital Signal Processing (DSP). In addition, the
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positioning interface can display real-time AGV location and path information for the
administrator of the port to facilitate scheduling and decision making in time.

1.2 Objectives

This MSc thesis presents a developed hardware and software platform for AGV
positioning system based on microwave Doppler radar sensors.

Develop DSP components associated with microwave radar intermediary frequency
signals to extract useful information related to the target.

Develop measurement algorithms to extract accurate range and velocity information

of AGV. Develop data fusion method, positioning algorithm.

A graphical user interface that presents the AGV location and path information that
can be accessed by the administrator of the port in real-time.

1.3 Structure of the Dissertation

Chapter 2 — includes the state of art for remote positioning systems (RFID, LIDAR,
microwave Doppler radar and ultrasonic radar). Also the literature review on AGV,

FMCW (Frequency Modulated Continuous Wave) radar, and signal processing.

Chapter 3 — presents the reason for the selection of each device and software, then
describes the AGV positioning system based on microwave Doppler radar.

Chapter 4 — presents a reasonable processing method for the noise contained in the
radar signal, and gives the simulation results to verify its feasibility.

Chapter 5 — is the range and velocity measurement based on the principle of radar

beat signal.

Chapter 6 — is the algorithm of AGV positioning method. It mainly includes AGV
positioning algorithm, data fusion, error processing. In addition, the experimental results

under the simulated port environment are contained in this chapter.

The last chapter is the conclusion, discussions, summarizes and future work of the
full text.
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Chapter 2. State of the art

2.1 Automated Guided Vehicle (AGV)

As advanced automatic handling equipment, AGV is an equipment that is the key to
smart ports providing a high level of automation and unified scheduling. In the last
decade, the AGV has been gradually applied to the automatic handling of containers in
large international ports.

2.1.1. Container Terminal AGV Transport System

Container terminal refers to a clear boundary area that can accommodate a complete
container handling operation process. It is a buffering place for containers when it is
converted and transported. Therefore, the container terminal plays an important role in

the whole container transportation process.

As mentioned above, with the rapid increase in container throughput, the emergence
of automated handling equipment has become inevitable. The AGV is a new device for
horizontal transportation in smart ports and takes on the task of moving goods from the
quayside to the storage yard in the port operation. AGV is small in size, lightweight and
has a large carrying capacity, it is capable of handling containers of two standard sizes:
twenty-footer (one TEU) or forty-footer (two TEUs). An AGV may carry a box of one
TEU or two TEUS, or carry 2 boxes of one TEU each.

When a ship arrives at the container terminal for transshipment, containers are first
discharged from the ship onto the AGV by quay cranes. The AGV then transports the
containers to specific storage locations in the yard area, at last, the container is
dismounted from the AGV by yard cranes, the floor plan of the port as shown in Figure
2.1[3].
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-

Quayside AGV Storage Yard—

Figure 2.1 - Work Area of AGV in the Port

2.1.2. AGV characteristics

The AGV dimension made by Gottwald from Germany is 14.8m*3.0m*1.9m, and
the maximum velocity is 1.67km/h or 2.22km/h. And the AGV dimension of Shanghai
Zhenhua Heavy Industries Company Limited is 15m*3.1m*2m, the maximum velocity
is 1.67km/h, as shown in Figure 2.2.

e -
3% LBCT

Figure 2.2 - AGV (Left: from Gottwald; Right: from Shanghai Zhenhua Heavy

Industries Company)

2.2 Microwave Doppler Radar

The basic application of microwave Doppler radar can be traced back to the 1930s,
especially during the Second World War, the microwave Doppler radars were widely

developed and applied for military defense, target detection, and so on.

The modern applications of radar are highly diverse, including vital sign induction
[4], air and ground traffic control [5-7], radar astronomy, air defense system, anti-missile
4
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system, marine radars for locating landmark and collision avoidance system, marine
surveillance system, meteorological precipitation monitoring, altimetry and flight
control system [8], missile target location system and ground-penetrating radars for
geological observation.

2.2.1. The Advantages of Microwave Doppler Radar

There have three common solutions that can be considered for AGV positioning in
this case: ultrasonic sensor, laser sensor, and microwave radar sensor, these sensors have
different characteristics, as shown in Table 2.1.

(1) Ultrasonic sensor: The propagation speed of ultrasonic is obviously
affected by temperature. Measurement errors will generate when the ultrasonic
instrument is applied in complex and variable fields. In addition, ultrasonic energy
decays quadratically with distance, this characteristic leads to bad long-ranging
ability [9].

(2) Laser sensor: The laser sensor-based solution is very sensitive to light
intensity and air quality in the environment [10].

(3) UHF RFID: The exposed magnetic tags are easy to damage under the
common heavy load, and its construction and maintenance costs are unbearable to
most ports.

(4) Microwave Doppler radar sensor: Compared to either infrared or visible
light, the microwave has greater penetration capability, which has a unique

advantage to many civilian and military applications [11].
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Table 2.1 - Contradistinction of Microwave Sensor, Laser Sensor, Ultrasonic Sensor and HF

Microwave
Sensor
Darkness Penetration
- Strong
Ability
Weather Effect Small
Temperature Effect Small
False Alarm
. Small
Probability
Resolution Capability Strong
Hardware Cost Medium
Technical )
High

Requirement

RFID

Laser
sensor

Strong

Large

Small

Large

Weak

Medium

Medium

Ultrasonic
sensor

Weak

Small

Large

Large

Weak

Low

Low

UHF
RFID

Strong

Small

Small

Small

Weak

High

Low

Therefore, the microwave Doppler radar sensor has characteristics of strong anti-

interference ability, small volume, high resolution, low power consumption, strong

ability to penetrate smoke, fog, and dust. It can measure the range and velocity of the

target at the same time. Based on its advantages, using microwave Doppler radar to

achieve AGV positioning is a novel idea.

2.2.2. Radar frequency band and microwave penetration

The type of radar is divided by the radar band and wavelength. An important indicator

in radar transmitters is the radar wavelength. The standard letter designations for radar-
frequency bands as Table 2.2, according to IEEE Standard 521-2002,



Chapter 2. State of the art

Table 2.2 - Standard Letter Designations for Radar-Frequency Bands

Band Frequency Wavelength
Note

Name Range Range

Over-the-horizon radar (OTH) radars;

HF 3-30 MHz 10-100 m ‘High Frequency’

30- _, . ,
VHF 300 MHz 1-10m Very long range; 'very high frequency
P < 300 MHz >1m Essentially HF + VHF
300— Very long range (e.g. ballistic missile early
UHE 1000 MHz 03-1m warning); 'Ultra High Frequency'

Long range (e.g. air traffic control

L 1-2 GHz L and surveillance); 'L’ for 'long'

S 2-4 GHz 7.5-15 cm Marine radar; 'S' for 'short’

Satellite transponders; a compromise
(hence 'C") between X and S bands;
Missile guidance; Named X band because
the frequency was a secret during WW?2.
High-resolution, also used for satellite
K, 12-18 GHz  1.67-2.5cm transponders, frequency under K band

(hence 'u")

From German kurz, meaning 'short’;
Detecting clouds by meteorologists;
Mapping, short range, airport surveillance;
frequency just above K band (hence ‘a’)

C 4-8 GHz 3.75-7.5cm

X 8-12 GHz 2.5-3.75cm

K 18-24 GHz 1.11-1.67cm

K, 24-40GHz 0.75-1.11cm

40— The frequency ranges depend on
MM 300 GHz 1.0-7.5 mm waveguide size.

Very strongly absorbed by atmospheric
oxygen, which resonates at 60 GHz.
75— Used as a visual sensor for experimental

i 110 GHz e autonomous vehicles.

V 40-75GHz  4.0-7.5mm

The frequency is between 300MHz and 3000GHz, and the wavelength is between
0.1mm-1m (excluding 1m) is divided into microwaves. Microwaves, like ordinary
electromagnetic waves, usually exhibit three characteristics: penetration, reflection, and
absorption. As shown in Table 2.3, microwave energy can penetrate more and more
materials, so that the radar can be covered under the cover of a certain material to avoid

damage to the radar in the exposed environment. This advantage makes the radar popular.
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Table 2.3 - Microwave Penetration of Material

metal Not at all, full reflection
Water Almost not at all, full absorption
hemical . .
Chemica Very well, very little attenuation
foams
. Dry- well
Clothing Wet-losses up to 20dB
Rain Well-but up to 6dB attenuation
Plastic Very well — 0.5 to 3 dB loss with optimized thickness and correct
spacing
Human being Not really, but fraction, absorption and reflection
Dry- good
W
ood Wet — losses up to 10 dB
Ice Up to 10dB attenuation

2.2.3. Radar Architecture

Figure 2.3 shows the Radio Frequency (RF) front end of microwave Doppler receiver
[12].

|
. [ | V
Transmit RF I 1, tune
|
[ |
I |
Reference : V.| !
. cc| |
Signal | Ipcsv |
cos(wt) Té\j_ __
AR T —
I | Channel |
| 65\ \ |
V() | IF-PRE-AMP }7| IF1
}/\/ ’7Ref_erence :
Receive RF Sirsll gﬁl\ Q Channel !
|
— IF-PRE-AMP }—ﬁ IF2
|
|

Fig. 2.3 - Radar Front End Block Diagram

Microwave Doppler radar transmits signal by using the transmitting antenna, the
receiving antenna receives reflected signal after signal meets obstacles. The Voltage
Controlled Oscillator (VCO) receives modulated signal and outputs signals through the
transmitted antenna. After directional coupling, most of the signals are transmitted
through the transmitted antenna, another small part is divided into two parts and output

to the mixer as the local oscillator signal. The signal of the Q channel needs to be phase-
8
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shifted by 90before mixing. The obtained mixed signal is subjected to filtering and
amplifying processing, and finally, two Intermediate Frequency (IF) signals of IF1 and
IF2 are obtained. The distance can be calculated according to the IF signal, those are,
the beat signals.

Microwave radar signals are usually a function of frequency modulation [13]. The
received waveform r(t) of a single target has the following form,
r(t) = A(t)sin[0t + 6(t)] (2-1)
There, the amplitude A(t) only represents the envelope of Pulse. The main function
of the receiver processing is to transform the part of the radar signal which carried the
information to the baseband, at the same time measure phase 6(t). Fig. 2.4 shows a
conventional method for the classic radar receiver design.

4.®_. LPE |——Asin[6(t)]

Asin[Qt +6(1)]—

———()——{ LPF |——Acosio(t)]

Figure 2.4 - Receiver Model

In Figure 2.4, the following branch is called the co-channel or I channel of the
receiver, in which the received signal and an oscillator signal are mixed. The oscillator
frequency is the same as the radar frequency. This mixing produces sum and difference
components,

2 sin(2t) A(t) sin[0t + 6(¢t)] (2-2)
= A(t) cos[0(t)] + A(t)cos[20t + 6(t)]

The sum frequency component is filtered by the low pass filter, leaving only the
modulation component A(t)cos[6(t)]. In the Q channel, the received signal is also
mixed with the local oscillator signal, but the local oscillator signal before mixing is
phase shifted by 90< The mixing output of the Q channel is,

2 cos(2t) A(t) sin[2t + 6(¢)] (2-3)
= A(t) sin[6(t)] + A(t)sin[20t + 6(t)]
Similarly, only the modulation component A(t)sin[6(t)] is left, which is the beat

signal.
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2.2.4. Antenna System

One of the important components of a microwave Doppler radar system is the antenna,
which determines the sensitivity and range resolution of the radar. Gain, beamwidth and
side-lobe levels are the most important features of the antenna [14].

z

Figure 2.5 - Detection Range of Microwave Doppler Radar

The characteristic of the antenna system determines the detection range of the
microwave Doppler radar. As shown in Figure 2.5, €, represents the full beamwidth of
the antenna azimuth, ¢, represents the full beamwidth of the antenna elevation. The
shaded portion represents the approximate detection range of the radar. Different types
of radar will have different parameters of ¢, and ¢,.

2.3 Physical Basics- Radar Equation

The radar equation is used to analyze the composition of the beat signal and provides

the theoretical basis for the following chapter simulation.
2.3.1. Reflection

One of the characteristics of microwaves is that the wavelength is shorter (that is, 12
mm or 4.7 inches at 24 GHz), which is similar to light and has effects such as scattering,
diffraction, reflection, divergence, and interference. Therefore, the microwave Doppler
radar emits electromagnetic waves in a scattered manner, and at least a part of its energy

is reflected to the point of emission.

10
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The "radar equation” represents the strength of the radar received signal after being
reflected by the object. Its mathematical description is as follows,

PE_gz'AZ'O- (22)
Ps  (4m)?-D* '

There, Pg is the received signal power, P is the transmitted power, A is the
wavelength of transmitted signal (12mm at 24GHz), D is the range between microwave
Doppler radar sensor and the object.

From the above equation, it can be seen easily that the received signal power has the

following phenomenon,
(1) Reverse proportional to the 4.power of the range;

(2) Directly proportional to the Radar Cross Section (RCS) of an object.
2.3.2. Radar Cross Section

Under radar wave radiation, the physical quantity of the target echo intensity is
represented by RCS. It is the imaginary area of the target, represented by the projected
area of the equivalent reflector which each direction is uniform. The equivalent reflector
has the same echo power at the unit stereo angle of received direction with a defined
target. In fact, the RCS of the same target is different because the different viewing

angles of the target have different radar reflection frequencies.

The approximate RCS of an object at the frequency of 24GHz for [15],

Table 2.4 - Approximate RCS for an Object

An Object RCS
A Human Being Abt. 0.5 m?
A Coke Can 0.5 m?
An Automobile Depending on Angle of Arrival 1-5 m?
A Metal Sheet of 1 m? A few 100 m?

In summary, a target with bigger RCS is a more good radar target.

11
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2.4 Frequency Modulation

The radar can be divided into two types: Continuous Wave (CW) radar and pulse
radar, according to the electromagnetic energy radiation characteristics. The principle of
ranging of pulse radar is to obtain the distance information of the target based on the
time difference between the transmitted and received pulse signals. The CW radar is a
radar system that obtains target information based on transmitted and received CW
signals. According to the different forms of radar transmission, CW radar can be divided
into non-FMCW wave radar and FMCW radar. The former can measure the velocity of
targets within a certain range, but can’t obtain the range information. FMCW radar can

get both range and velocity information at the same time.
2.4.1. Pulse Radar

The pulse radar is a solution that measures only the range of the target. The waveform
generator generates a short-time pulse to modulate the radar waveform. The delay is
measured by the time difference of transmitting pulse and receiving pulse, as shown in
Fig. 2.6.

Transmit Pulse
f \ Receive Pulse

/

<
I
l\
|’
'l
I
/

fo .

delay timeJ L t
Figure 2.6 - Principle of Pulse Radar
However, since the pulse frequency modulation method can only measure the range
of targets, the velocity can only be roughly calculated from the ds/dt. Therefore in the

expectation of obtaining accurate range and velocity information, other solutions need

to be considered.

12
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2.4.2. Continuous Wave Doppler Radar

The principle of CW radar is based on the Doppler effect. The difference frequency
can be extracted, which is the Doppler frequency [16]. In simple terms, the Doppler
effect is the change in the frequency or wavelength of a wave as it moves relative to the
wave source. The most common example of the Doppler effect is when the whistling
train passes by a standing observer, the tones that the observer hears are different during
the process of approaching and moving away from the train. Compared to the
transmitted frequency of the wave source, the received frequency is higher during the
approach, and lower during the recession. That’s because as the source of the wave
moves toward the static target, each successive peak is transmitted from a position closer
to the observer than the peak of the previous wave. Therefore, compared with the
previous wave, it costs less time for each wave reaches to the target, and this
phenomenon will increase the frequency received. Conversely, if the wave source is far
from the static target, each wave is emitted from a position farther away from the target
than the previous wave, so the arrival time between successive waves increases, thereby

reducing the frequency.

As shown in Figure 2.7, when the AGV is far from the radar, the frequency observed
by the AGV becomes larger than the actual radar's transmission frequency; when the
AGYV is close to the radar, the frequency observed by the AGV becomes relatively
smaller.

(s

an e
e

Figure 2.7- Doppler Effect diagram
The frequency relationship between the observer and the source is given by the

following relation,

=)
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It means, f' is the observed frequency, f is the original transmission frequency
from the medium. v is the original transmission velocity of the wave in the medium,
vy Is the moving speed of the observer relative to the medium. If it is close to the
emission source, the front operation symbol is +, otherwise, it is -. v, is the source
relative to the medium. If the emission source is close to the observer, the front operation

symbol is -, otherwise it is +.

In the case where the radar stationary relative to the AGV, the derived process of
velocity is shown as follows:

Suppose the target is away from the radar which the initial distance is R, at a radial
velocity v, (vo > 0), then,
R = RO + vot (24)

Source IV\N\/ Observer
a =) Vo

Figure 2.8 - The Radar Transmits Waves and Meets Target

When the radar transmits electromagnetic waves to the target, as shown in Fig. 2.8,
the radar is the source of the microwaves, therefore the target is the observer.

c—v,

fi= f (2.5)

Here, c is the speed of light, f; isthe frequency observed by the target, and f is the

c

transmission frequency of the radar.

Observer /\/\/\/\/ Source
B =)/

Figure 2.9 - The Microwave back to Radar form Target

When electromagnetic waves are reflected from the target to the radar, like Fig. 2.9,
then,

Cc
fa=—7 0 fi (2.6)
Combined with formula (2.5), then,
_ 2vy - f
fz—f—c+v0 (2.7)

Because of v, « c, the formula (2.7) can be simplified to,

14
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2vy "
f=f— (; f (2.8)
So the resulting Doppler shift f;,,,e Can be expressed as,
2:v
fdoppler = - c ° f (2.9)

Therefore, the CW radar can only detect the radial velocity of the target based on the
detected Doppler shift, which is not suitable for use in the positioning system.

2.4.3. Frequency Modulated Continuous Wave Radar

FMCW radar is mainly used for ranging and velocity measurement, such as radar
altimeter, car collision avoidance and so on. The FMCW radar, which modulates the
transmission frequency to obtain the target range and velocity information, has a
development history almost as long as the history of the radar itself.

Since the 1980s, the research work of radar systems has received extensive attention.
Due to the continuous improvement of related technology and theory, radar has been
rapidly developed, and its application fields have been extended to military and civilian
such as missile guidance, object imaging, and meteorological observation. L.P.Lighthart
et al. [17] analyzed the theory of linear radar. At the same time, RB Chadwick et al. [18]
researched problems such as distance crosstalk caused by the coupling of side-lobe,
velocity, and distance in linear radar. P.Jones and S.Osterrieder et al. [19] used linear
radar to explore the display problem of dynamic targets; W.Knapp and L.P.Lighthart
[20] performed suppression research of near-field clutter.

The working principle of the FMCW system radar is to modulate and transmit the
carrier frequency signal. Then the beat signal contained with range and velocity
information is received through by RF end. Frequency analysis is used for the beat signal
can calculate range and velocity values. Frequency modulation commonly has triangle
wave modulation, sawtooth wave modulation, and sine wave modulation. The purpose
of frequency modulation is change range and velocity information of target to frequency

or phase shift, which is more convenient to process.

At present, FMCW radar has been widely used in various fields, such as industrial
measurement, military navigation, and security system. Compared with traditional radar

systems, the advantages of FMCW radar are mainly shown as follows,
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(1) The sensitivity of the FMCW radar receiver is much higher than the traditional
radar with the same bandwidth. Therefore, FMCW radar has a higher range
resolution and better anti-interference ability in engineering applications.

(2) The bandwidth of the beat signal (the unit is generally KHz) is much smaller than
the bandwidth of the transmitted signal (the unit is generally GHz). The radar is
receiving signal while transmitting signal, therefore, there is no blind area of
FMCW radar.

(3) The beat signal of FMCW radar is mainly processed by FFT which is relatively
easy and simple.

(4) The operating current of the FMCW radar system is relatively small, the whole
system is small in size, light in weight and simple in structure.

f
fo L Moving Target
& ———  Static Target
t
Af
fdownz
fdownl

t
Figure 2.10 - Principle of Triangle Wave Modulation of FMCW Radar

The principle of triangle wave modulation is as Fig. 2.10. For a static target, the
source of the beat signal is only based on the time delay between the transmitted signal
and the received signal, so the frequency of the difference signal generated in the rising
edge and in the falling edge of the triangular wave are equal. For moving targets, the
Doppler Effect also produces a frequency shift in the received signal, therefore,

fupz = fupl - fdoppler (2-10)
faownz = faown1 + fdoppler (2.11)
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In practical applications, it is very difficult to accurately distinguish f;5,, and f,,.
Although the transmitted signal can be modulated by triangle wave together with CW,
the extremely high requirements for the hardware would cause the price very high [21].

Another solution is using the sawtooth wave to modulate the transmitted signal. The
principle of sawtooth wave modulation of FMCW radar as shown in Fig. 2.11.

Frequency

AF fol

f, ‘At=2r/c
Tt =T,

——— Received Signal of Moving Target
— — — — Received Signal of Static Target
—— Beat Signal of Moving Target
— Beat Signal of Static Target

f

doppler I I

t
Figure 2.11- Principle of Sawtooth Wave Modulation of FMCW Radar

Assume a static configuration between radar and the object, in other words, there are
static radar and static target. The period of the sawtooth wave is t,, = 1/f,,. The
bandwidth AF depends on the voltage of the modulated signal and centers on
transmitted frequency f,. In this case, radar sends a bunch modulated wave to target i,
and accept echo from i.

Range r; can be expressed as time delay At between the transmitted signal and the
received signal, that is,
At = 2r;/c (2-12)
Under the situation of static radar and moving targets, the Intermediate Frequency
(IF) is different from the static configuration because of the Doppler shift. The Doppler
shift can be calculated from the phase contained in the signal. Detailed calculation
process in Chapter 5.
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2.5 Wavelet Denoising

In general, the range and velocity information of the target is extracted by measure
the frequency of the IF signal. The IF signal is inevitably affected by various noises
during the propagation process, which will cause interference and affect the accuracy of
the ranging result, to the IF signal [22]. Hence it is necessary to analyze and filter noise
contained in the IF signal. In practical applications, the signal spectrum and noise
spectrum of the IF signal are arbitrarily overlapping, however, the traditional filtering
method cannot achieve the ideal denoising effect [23].

Wavelet denoising has good characteristics of time domain, frequency domain
localization and multi-resolution analysis, which is suitable for the dynamic, non-
stationary and abrupt signal. Wavelet denoising has wide applications such as image
processing [24-25] and ECG signal [26-27].

Donoho et al. [28] discussed and found a method to remove white noise by using
wavelet in 1900. The wavelet transform uses a function with fast decay and oscillation
- mother wavelet. Stretching and translating the mother wavelet to get wavelet basis
functions. The basic idea of the wavelet transform is to use wavelet basis functions to
represent or approximate a function or signal. Wavelet transform is suitable for
analyzing the abrupt signal and non-stationary signal. In addition, the wavelet transform
has the characteristics of multi-resolution analysis and a bandpass filter and can be
implemented by a fast algorithm, so it is often used for filtering and denoising.

There’s a lot of related work related to using wavelet transform for denoising. SR
Messer [29] proved that wavelet denoising can be used to remove white noise in heart
sounds. Giaouris, D. et al. [30] used the wavelet transform to distinguish noise in the
actual current signal and modulate motor speed. Yi Hu et.al [31] proposed the use of
low-variance spectral estimators based on wavelet thresholding the multiple spectra for
speech enhancement to suppress “musical noise”. Debin et al. [32] identified weak
characteristic signals in the gearbox vibration signals by using a local adaptive algorithm
based on wavelet. Madhur Srivastava et al. [33] proposed a new threshold formula to
denoise 1-D experimental signals, which can increase the SNR by more than 32dB
without distorting the signal. CUI Hua et al. [34] posed a new threshold function,
simulation experimental results indicated that the new method gave better SNR gains
than hard and soft thresholding methods.
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Chapter 3. System Description

3.1 Hardware Platform

The used microwaves Doppler radars are expressed as microwave FMCW Doppler
radar sensor 1VS-162 and microwave Doppler radar Nano SP25. The radars are mounted
in order to detect AGV position and AGV velocity where AGV materialize the target.

Then based on the range and velocity of the target (AGV), designing a suitable
positioning method, it is a complete technical chain. The function of IVS-162 is used for
parameter adjustment, technical preparation, and experimental support. The SP25 can
provide range and velocity information directly in the form of a message, which is easy
to be used to validate the hardware system based on 1VS-162.

3.1.1. Microwave Radar Sensor 1VVS-162

The IVS-162, as shown in Fig. 3.1, is the 24GHz K-Band VVCO radar transceiver from
Innosent. Because of the structure of the planar microstrip antenna, the IVS-162
microwave radar sensor is very compact and energy-saving during operation.

Figure 3.1- Microwave Radar Sensor 1VVS-162

The functions of the 1VS-162 are diverse, including the measurement movement,
velocity, presence, and distance of targets. The 1VS-162 radar sensor is especially
suitable for target information detection, and its antenna angle and beam coverage are
wide. Therefore, its application field mainly involves automatic control, electronic

security, and many other fields.

The IVS-162 is very easy to integrate with the user's back-end design, with good
compatibility. The specific characteristics are as follows:

(1) VCO-Transceiver centered @24GHz
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(2) FMCW/CWI/FSK capable; therefore measurement of distance as well as

recognition of stationary objects possible (depending on modulation)
(3) Split transmit and receive path for maximum gain
(4) Stereo ( dual channel) operation for direction of motion indirection

(5) IF-pre-amplifier, bandwidth limited for lowest noise performance

Fig. 3.2 shows the antenna orientation and the relationship between output and angle

of the 1VS-162. The actual antenna system pattern of I\VVS-162 as shown in Table 3.1.
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u n Rl / \V
L u A Y \
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X -\”1 / -/ ~ IPVILVAIIE V4
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. y s
horizontal |
Figure 3.2 - Antenna Direction and Output Power of IVS-162
Table 3.1- Antenna System Pattern
Parameter Symbol TYP Units
Full beam width horizontal 45 °
@-3dB vertical 38 <
Side-lobe horizontal 15 dB
suppression vertical 20 dB

The data sheet of 1VS-162 as shown in Table 3.2, each pin in Fig. 3.1 is connected

according to the data sheet.
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PARAMETER

Transmit
frequencies
Freq @Vtune
5.0V
Varactor tuning
voltage
Modulation
input

supply voltage

supply current

operating
temperature

outline
dimensions

CONDITIONS SYMBOL

Table 3.2 - Data Sheet of 1VS-162

MIN TYP MAX UNITS

Transmitter

Depending on f 24.000-24.250 GHz
Vtune
@25°C fsov 24100 24.125 24150 GHz
Veune 0.5 10 \Y
150 kHz
Power supply
Ve 475 500 5.25 \Y
IF-amp
included lee 3 50 mA
Environment
Top -20 +60 °C
Mechanical Outlines
compare height 8.3 (19)
draV\F/)in length 44.0 mm
g width 30.0

And the function of each pin is described in Table 3.3,

Table 3.3- PINs of 1VS-162

PIN NAME Input/ Output INSTRUCTIONS
1 Viune Input Varactor tuning voltage (0.5-10V)
2 enable Input Active low
3 V.. Input Supply voltage (+5V)
4 GND Input Analog ground
5 IF1 Output Signal |
6 IF2 Output Signal Q
7 GND Input Analog ground
8 GND Input Analog ground
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3.1.2. Microwave Radar System Nano SP25

The microwave radar system SP25, shown in Fig. 3.3, is a K-Band radar operating in
the 24GHz-ISM band as same as the 1VS-162, and it can also accurately detect the
distance and speed of target at the same time. However, it was chosen because its
horizontal detection angle met the positioning needs, as shown in Table 3.4.

40mm

30mm

Figure 3.3 - SP25

Because its full beamwidth of antenna azimuth is wider, SP25 can be applied for
electronic security, AGV automatic collision avoidance system and so on. Similar to the
principle of electronic security, that is, be aware of the direction and position of the target
in time, the sp25 is suitable for positioning system for AGV in the port.

Table 3.4 - Radar Parameters of SP25

Range and Velocity Detection

Refresh Rate (Hz) 50
Range (m) 30
Distance Accuracy (m) 0.1
Speed Range (m/s) 170
Speed Accuracy (m/s) 1.2
Range Resolution (m) 0.75
Speed Resolution (m/s) 2.4

Antenna characteristics
Horizontal 100

Full beam width @-3dB
Vertical 38
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The SP25 radar sensor uses a UART-TTL interface, the definition of each PIN is
shown in Table 3.5. With a default transfer rate of 115200 baud, with each data message

has a start sequence (OXAAAA) and a termination sequence (0x5555), the system status

and target output status message of SP25 will be output. If the target is detected, the

target number of the target output status message is 1 and the output target status

message will be followed by the output target information. The target information

message contains parameters such as the distance and speed of the target. In addition,

LabVIEW configures the SP25 at the same message format.

Table 3.5- PIN Interface Definition of SP25

PIN

1

10

Definition Range

POWER IN 4~6V DC

\ \
GND \
\ \

TTL USART_RX 0~3.3VDC

TTL USART_TX 0~3.3VDC

\ \
\ \
\ \
\ \

The complete data of UART-TTL communication has 14 bytes, each byte of data is
unsigned8-bit, the data range is 0~255 (0~0xFF) and the format as shown in Table 3.6.

Each data message contains a message ID to distinguish different types of messages.
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Table 3.6 -Target Information

Bytte\B' 6 5 4 3 2 1 0
O -
. Start Sequence (2xUint8)
2 -
3 Message ID (2xUint8)
4

5

6

7 -
g Data Payload (8xUint8)
9

10

11

12

12 End Sequence (2xUint8)

The format of the SP25 Target Output Information Message is shown in Table 3.7.
The starting sequence (OXAAAA) and the termination sequence (0x5555) have been
omitted from the table. When the radar sensor works normally and the target is detected,
the System Status Message is the first output, then the Target Output Status Message is
outputted. Finally, the Target Output Information Message is outputted.
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Table 3.7- The Format of SP25 Target Output Information message

Message ID
0x70C
Signal Name  Bit
Index 0.7
RCS 8..15
RangeH 16..23
RangeL 24.31
Rsvdl 32..39
VrelH 40..42
Rsvsl 43..45
RollCount  46..47
VrelL 48..55
SNR 56..63

Resolution

1
1
Im

Im

1m/s

1m/s

1m/s

Interval
0...255
0...255
0...255

0...255

0.7

0..255

0..255

Type

u8

u8

u8

u8

u8

u3

u3

u2

u3

u3

Comment

Target ID

RCS

Target Distance High 8 Bits

Target Distance Low 8 Bits

Target Velocity High 3 Bits

SP25 is fixed to O

Target Velocity Low 8 Bits

SNR

The value of each field is not the true value of the target information, and the true

value of the target information is calculated by the following relationship:

-Indxe = IndexValue

-RCS = RcsValue*0.5-50

-Range = (RangeHValue*256+RangelL Value)*0.01
-RollCount = RollCountValue

-Verl = (VerlHValue*256+VerlValue)*0.05-35
-SNR = Value-127

I

I

I

I

Target ID, according to Track

information

Factory test reserved value, no

output

m

Count bit

Target Speed (m/s)

Factory test reserved value, no

output
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3.1.3. NI myRI0O-1900

NI myRIO-1900, as shown in Fig. 3.4, is an embedded system development platform
with the functions of real-time processing of the data and Wi-Fi communication
capabilities, which is produced by National Instruments (NI). The myRIO-1900 has 34
pins in total, each having different functionality. At the same time, the myR10-1900 has
two ports named port A and port B that can process different tasks respectively. MyRIO-
1900 also has four onboard LED’s. At the bottom side of the myRIO-1900, there is a
power pin, PC connection point, and USB port. A Xilinx Zyng chip is embedded in NI
myRI0O-1900, which can use the real-time performance of the dual-core ARM Cortex-
A9 and customizable 1/0 with Xilinx FPGAs. The hardware block diagram of NI
myRIO-1900 is shown in Fig. 3.5.

Power Pin

WiFi
Port/MXxrP A

% Usacr defined LED's

Port/MXP B
USB Port Power

Bottom VIEW

Front VIEW

Figure 3.4- NI myR10-1900 Guide Diagram

One of the advantages of myRIO is that its FPGA supports the development and
design of real systems to solve problems faster. Compared to other microcontrollers,
with FPGA support, myRIO-1900 avoids the complex syntax used in C and many other
languages. Because the using process of myRIO-1900 only creates programming logic,
so the complexity can be reduced when designing complex systems. The myRIO-1900
is much faster than a standard microcontroller, so it can be easily used in efficient
systems that require fast output response. It also supports different languages such as C,
C++, or Graphical Language (FPGA).

For many embedded applications, it is also desirable to view the current operating
state of the embedded system or perform parameter and data interaction through the
upper computer. NI myRI10O-1900 can be connected to the upper computer through Wi-
Fi. The upper computer program can be written in the same LabVIEW project, and the
data can be interacted in the upper computer and NI myRI10-1900 by sharing network
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variables or TCP/IP. In this way, the system can be developed entirely under the same
software environment LabVIEW.

USB Host
Por

Reset
Button

USE Device
Port

Monvolatile \ : E
BT, | o
N :

| '

b

-‘_E_.: : i Wirgless
H ] 1 Buittan
Processor (LabVIEW RT) '——"'

4—+33V
UART
16 16,  gmmmsmssmssmmmmees ﬁ" """"""""
DIO ]
2 P
- AD [ :
LY > FPGA (LabVIEW FPGA)
L= :

é___iﬁf_ﬁf_:'_if_:::::ﬁf::lii_

| Accelerameter Buttenl

Figure 3.5- NI myR10-1900 Hardware Block Diagram

3.2 Wireless Communication Protocols- Wi-Fi

As mentioned earlier, the NI myRIO-1900 comes with a built-in Wi-Fi shield. For
projects that require a quick connection between the device and the Internet, Wi-Fi is
the ideal protocol. Therefore, NI myRIO is chosen in this project because of embedded
in Wi-Fi which can be used for fast data transfer and has the ability to process large
amounts of data. The main features of Wi-Fi are shown in Table 3.8. In principle, Wi-Fi
is a Wireless Local Area Network (WLAN) technology created in the IEEE 802.11
standard. Wi-Fi essentially uses an infrastructure network that also supports ad hoc
networks in infrastructure mode [35]. The range of Wi-Fi depends on the version of Wi-
Fi, it is larger in open spaces than in rooms with walls or other interfering objects [36].
For example, IEEE 802.11a has a range of 120 meters, while IEEE 802.11b has a range
of up to 300 meters. The advantages and disadvantages of the Wi-Fi protocol are
described in Table 3.9.
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Table 3.8- Main Features of Wi-Fi

Feature Wi-Fi
IEEE standard IEEE 802.11
Max Signal Rate 54 Mbps
2.4 GHz;
Frequency
5 GHz
Range 250 m
Unlimited (ad hoc);
Nodes ( )

2007 (infrastructure)
Typical Power Consumption 100 - 350 mA
Complexity High

Table 3.9- Advantages and Disadvantages of the Wi-Fi Protocol

Advantages Disadvantages
- Decent coverage and outreach and can penetrate
walls and other obstacles on the way
- Adding or removing devices from a Wi-Fi
network is a simple process

- High energy consumption
- Radio waves in the network may interfere
with other equipment

3.3 Implementation of Hardware Platform

At first, the implement of the hardware platform is based on 1VS-162. The main
equipment of the hardware platform is shown in Fig. 3.6.

- oV Power Wi-Fi Q
Beat Signal
ADC PC

Figure 3.6- Equipment of Hardware Platform

Transmitted Signal

Received Signal”

In this case, NI myR10-1900 supplies electricity to microwave Doppler radar sensor
IVS-162 and has the function of ADC. To sample the IF signal of IVS-162 and transmit
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it to PC, it is important to configure parameters of the radar sensor by using NI myRI10-
1900.

3.3.1 Data Acquisition

The acquisition of the IF signal is the first step of signal processing. It refers to
converting the analog IF signal output from the 1VS-162 radar sensor into the digital
signal. The signal acquisition has a basic parameter - the sampling frequency.

In theory, the higher the sampling frequency, the more accurately the acquired digital
signal recovers its analog signal. However, too high sampling frequency has two
disadvantages, one is subject to the limitations of the actual ADC device. Second, the
larger the amount of data sampled in a certain period of time, the higher the requirements
for the storage and processing of the digital signal processor. According to the Nyquist
sampling theorem, when the sampling frequency is greater than twice the highest
frequency of the signal, the digital signal obtained can completely recover its analog
signal. Therefore, considering some non-ideal characteristics of the actual system,
engineering applications generally select the sampling frequency to be 3-5 times the
highest frequency of the signal [37].

Since the positioning system requires a fast response time to the target, the data
acquisition and data analysis time of the radar is also needed to be fast, so it is necessary
to use high-speed data acquisition and high-speed data processing for the beat signal.
The block diagram of the data acquisition system is shown in Fig. 3.7.

Sampling
Beat Signal Data .
— ADC EE— Cachlng — T
Analog Signal 3
O
. D
Sampling A
Control =
=
External

Control Module = 8
Clock Read-Write o

Control

Figure 3.7- Data Acquisition System Diagram
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3.3.2 Generation of Sawtooth Wave Signal

The sawtooth wave generator that used in this project is the DDS Function Signal
Generator as shown in Fig. 3.8. The specifications of the DDS Function Signal

Generator is shown in follows,

Table 3.10- Specifications of DDS Function Signal Generator
Specifications of DDS Function Signal Generator:

Lightweight and compact, it can reduce the size and weight of the positioning
system;

Use the 1602 LCD menu to easily view the set parameters;
Intuitive keyboard, the power automatically restore the last used configuration;

Signal amplitude of the offset amount can be adjusted separately by two
potentiometers;

Can achieve sawtooth wave, triangle wave, sine wave and so on easily, and
frequency range is between 1Hz to 65534Hz;

Operating voltage is only DC 9V.

There, NI myRI0O-1900, as shown in Fig. 3.8, is only used to adjust the voltage of the
signal generator. The test result is shown in Fig. 3.9.

Figure 3.8- DDS Function Signal Generator and Adjust Output voltage
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Waveform Graph Voltage

5

4.5+

4-]

3.5

3-

2.5

2-

Amplitude

1.5

1-

0.5

0-]

0.5+

-1 T [ [ [ [ T [ [ [ [ 1
o 0.002 0.004 0.006 0.008 001 0012 0014 0016 0018 0.02
Time

Figure 3.9- Result of Sawtooth Wave with 5V and 500Hz

Form Figure 3.9, it can be observed that the DDS Function Signal Generator can
generate stability sawtooth wave with 5V voltage and a period of 500Hz.

3.3.3 The Connection Method of SP25

Since the SP25 requires TTL to USB serial port adapted to read the message
generated by SP25, the TX and RX pins of myRIO-1900 are selected to be cross-
connected with the TX and RX pins of SP25, as shown in Fig. 3.10.

O O

DCsv 3

‘

:

(i.\IDE :

]USB ™ O g

& " SP25
USB TO TTL

o) O

Figure 3.10- Connection of SP25 ports

The power of the SP25 is also supported by NI myRIO. If all the configuration is

successful, the message can be read by the PC.
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3.4 Developed Software

3.4.1 Description of LabVIEW software

LabVIEW is a program development environment from National Instruments (NI).
The most important reason for its widespread use is that it uses a graphical editing
language ‘G’ to write programs, and the resulting programs are in the form of block
diagrams. LabVIEW uses data flow programming. The data flow between nodes in the
block diagram determines the execution order of Vs and functions. V1 refers to a virtual
instrument and is a program module of LabVIEW.

LabVIEW software is at the heart of the NI design platform and is ideal for
developing measurement or control systems. Like C and BASIC, LabVIEW has a large
database that can perform any programming task, including data acquisition, GPIB,
serial port control, data analysis, data display, and data storage. In addition, LabVIEW
also has traditional program debugging tools, such as displaying the results of data and
its subroutines (subV1) in an animated form, setting breakpoints, single-stepping, etc.,

to facilitate program debugging.

LabVIEW controls have many panels like traditional instruments (such as
oscilloscopes, multimeters) that can be used to create highly visualized user interfaces.
The user interface is referred to as the ‘front panel'. Users can use icons and wires to
control the controls on the front panel as needed. This is the graphics source code - the

'G' code. Also known as block diagram code.
3.4.2 NI myRI10-1900 Required Software

There are several additional software required for NI myRIO-1900 as shown in Table
3.11. The NI MAX can be used to configure the network and operating status of my RIO.
LabVIEW Development System, Real-Time Module and myRIO ToolKit are necessary
modules for creating myRIO Project. The project needs to call the script of ‘m’ file
written by MATLAB in LabVIEW, so MathScript RT was installed. Similarly, if the
user doesn’t need to call the MATLAB script in myRIO Project, it is not necessary to
download MathScript RT.
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Table 3.11- Required Software of myRIO-1900

NI MAX
LabVIEW Development System
LabVIEW Real-Time Module
LabVIEW myRIO Toolkit
MathScript RT

o B~ W N -

3.4.3 MATLAB software

MATLAB (from MathWorks) is an advanced technical computing language and
interactive environment for algorithm development, data visualization, data analysis,

and numerical computing.

The reason why this thesis selected MATLAB for signal noise was that it has an
appropriate wavelet processing library and the algorithm used has undergone various
optimization and fault-tolerant processing. Normally, the user can use it instead of the
underlying programming language. With the same computational requirements, the
amount of work required to program with MATLAB is greatly reduced.

In this project, MATLAB is used to implement some more complex algorithms, and
it is embedded in LabVIEW software using MATLAB script functionalities.
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Chapter 4. Beat Signal of Microwave Radar

Sensor Denoising

4.1 Noise Sources

The echo of the target is always in a certain clutter, and the task of the target detection
is to extract the target signal from the clutter. In order to improve the detection capability
of the target, the necessary clutter processing should be performed before the target
detection. The task of clutter processing is to reduce the clutter power, improve the SNR
and find the probability of the target as high as possible.

4.1.1 SNR

The SNR is the ratio of signal (meaningful information) to noise (unwanted signal)
in an electronic device or electronic system. The signal refers to the electronic signal
that needs to be processed outside the device. The noise is the irregular extra signal (or
information) that does not exist in the original signal, and the noise does not change as
original signal changes [38].

The SNR is expressed as the ratio of the average power of the signal to the average
power of the noise, that is,

Psignal

SNR = (4-1)

Pnoise

If the signal and noise are measured at the same impedance, the SNR can be obtained

by calculating the square of the amplitude ratio,

A
SNR = (M)z (4-2)

Anoise

Where A is the Root Mean Square (RMS) amplitude, for example, RMS voltage.

The signals are often expressed using the logarithmic decibel scale. Based upon the

definition of decibel, signal and noise may be expressed in decibels (dB) as,

Psignal,dB = 10log;o (Psignal) (4-3)

In addition,
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Pnoise,dB =10 loglO(Pnoise) (4'4)

In a similar manner, SNR can be expressed in decibels as,

Psignal
)

SNRdB = 1010g10( (4-5)

Pnoise
However, when the signal and noise are measured in volts (V) or amperes (A), which

are measures of amplitude, they must first be squared to obtain a quantity proportional
to power, as shown below,

A A
SNRgs = 10logy (22 ]2 = 20og,o (22" (4-6)

Anoise noise

4.1.2 Noise Sources Analysis

When the positioning system based on microwave radar sensor works in the actual
environment, it will encounter a variety of interferences, such as from the reflected echo
from a non-target (for example overhead cranes), the noise generated for the rain and
the wind, and the noise from multipath interference and the radar itself. The echo
received by the received antenna of microwave Doppler must have various noise and
clutter. Therefore, in the process starting from when the signal is transmitted until it is
received, noise could enter the microwave radar from each component.

The noise here can be classified into two types according to their source, the external
noise and the internal noise [39]. The external noise is incited by external interference
factors and noise signals enter the components of radar through the receiving antenna.
The internal noise mainly includes weather interference and industrial interference. Both
the external noise and internal noise in the radar system can as described to the
undulating noise. As a common type of noise, it is necessary to filter noise in time-
domain analysis and frequency domain analysis. The entire noise signal is random, and
the amplitude and phase are always changing in a random manner, although its
waveform is continuous in the time domain. In the actual analysis, it often regarded as
Gaussian noise. It is well known that the power spectral density of Gaussian white noise
is uniformly distributed, and its amplitude is subject to a Gaussian distribution. If the
SNR is low, the following situation may occur: the amplitude of the noise signal is much
higher than the maximum value be pre-set, but at this point, the system treats it as a

target, which produces a false target. Therefore, it is necessary to perform denoising
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processing on the beat signal, and after filtering and denoising, a purer beat signal can
be obtained. In the next section, the wavelet transform will be selected to process noise
in the beat signal.

4.2 Theory of Wavelet Transform

A wavelet is simply a small wave that has a tool for the analysis of transient,
nonstationary or time-varying phenomena. Discrete Wavelet Transform (DWT) was
used to materialize the noise filtering algorithm.

4.2.1 Discrete Wavelet Transform

When reconstructing a signal using the wavelet transform, it is necessary to discretize
the wavelet and use a discretized wavelet transform.

As usually, the discretized formula of the scale parameter a and the translation

parameter b are a= a; and b= ka{,'b0 respectively. In practice, the most

commonly used is dyadic wavelet, that is, the parameters are a, =2, b, = 1. And
discretized wavelet can be expressed as,

Wik(t) = z%zp(zft —k),jkez (4-7)

So, the Discrete Wavelet Transform (DWT) is [40],
+00
G = WG = [ Oy @ae (4-9)
There, c; is the coefficient of DWT.

4.2.2 Mallat Algorithm

French scientist S.Mallat introduced the multi-resolution analysis theory in the field
of computer vision into wavelet analysis and derived the corresponding fast algorithm
in 1987, that is, Mallat algorithm [41]. The role of the Mallat algorithm in the multi-
resolution analysis is similar to the role of the FFT algorithm in Fourier analysis.

Assuming that {V]} is the integrated multiresolution analysis, ¢ and i are
corresponding scale function and wavelet function respectively, and f €V, (J; is a

fixed integer). So,
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f®) =4, = z Cr kP k() (4-9)

k

Here, f(t) can be decomposed into the component A; .,f(t) in V; . and the
component D; ,1f(t) in W) ,q,

f@®)=A; f(t) = A5, 1f () + Dy 1 f () (410)
Among them,
Ap s f() = Z Cr 41k Py, +1,k (1) (4-11)
X
Dy 1f(t) = Z Ay r11¥), 41k (0) (4-12)
I

And D, ,, is called the mapping of W, .;space.

Because of,
<@LmPn+1k >= I (4-13)
<@mW¥y+1k >= Im-2k (4-14)
So,
Cli+1k = Z Em—chjl,m (4-15)
m
djs1pe = Z Im-2kCjm (4-16)
m

Introducing operators H and G,

(Ho)k = Z Em—zkam (4-17)

(Go)i = Z Im-2kAm (4-18)

So formulas (4-19) and (4-20) can be expressed as,
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Cp1 = Hey, (4-19)
dj 41 = Gey,y (4-20)
Similarly,
F(6) = A, F(©) + Z Dif(6) (4-21)
j=j1+1
Among them,
Ajf(t) = Z CikPjk (t) (4_22)
k
Dif () = Z dj s jre (L) (4-23)
k
That is,
Cj+1 = HC] .
i = gy 1=+ 1k =1 (4-24)

The formula (4-24) is the famous tower decomposition algorithm of Mallat. It can
also call A;f(t) asthe continuous approximation of f(t) at resolution 27, Dif(t) is
the continuous detail of f(t) at resolution 2/. And the corresponding series ¢j and
d; are discrete approximations and discrete details respectively. The decomposition
flow chart of the Mallat algorithm as shown in Fig.4.1.

_H, _H H.

C, - C,
Figure 4.1- Signal Decomposition Flow Chart of Mallat Algorithm

Corresponding to the Mallat tower decomposition algorithm, the following
reconstruction algorithm can be obtained.
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Cik = z hk—amCjrim + z Ir-2mAjt1,m (4-25)
m m
Let H* and G* are the adjoint operators of H and G, respectively.

(Ha) = ) haomim (4-26)

(Ga) = Z Ik-2mm (4-27)

m

So the formula (4-25) can be written as,
Cj = H*Cj+1 + G*dj+1 ] =]2 - 11'“1]1 (4-28)

The signal reconstruction flowchart of the Mallat algorithm is shown in Fig. 4.2,

H*

H* H*
Co, — C, G, C,
AN
G* G*
2

H*

-—— -

C C,
\ dl\ d d3\ d, A

Figure 4.2- Signal Reconstruction Flow Chart of Mallat Algorithm
4.3 Threshold Denoising

Assume the following observed signal is,

fk) = s(k) +n(k) (4-29)

Here, s(k) is the pure signal, n(k) is the additive random noise. The wavelet
transform of observed signal is,

w(k) = 0(k) + z(k) (4-30)

In the formula, w, 6, and z are the wavelet coefficients of the observed signal, the

pure signal, and the noise signal, respectively.
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The wavelet denoising method is to set a threshold (obtained by prior knowledge).
The wavelet coefficient larger than the threshold is considered to be generated by the
signal. The wavelet coefficient smaller than the threshold is considered to be generated
by noise. Deleting the coefficient generated by noise is the purpose of denoising.

The method of wavelet threshold denoising includes the following three steps:

(1) Calculate the wavelet transform of the observed signal contained with noise.
Select the appropriate wavelet and wavelet decomposition layer j, and decompose
the observed signal to the j layer to obtain the corresponding wavelet
decomposition coefficient.

(2) The wavelet coefficients obtained by the decomposition are processed by the
threshold to obtain the estimated values of the pure signal wavelet coefficients.

(3) Perform an inverse wavelet transform on these estimated values to obtain a

reconstructed signal.

4.3.1 Mother Wavelets

In Table 4.1 [42], there are common wavelets that can support DWT and suit for
actual signal denoising. Figure 4.3 shows the characteristic of wavelets. N is the
vanishing moment of wavelet.

Table 4.1- Wavelets

Name Representation Orthogonality = Symmetry

Haar haar \ v
Daubechies dbN V Approximate
Coiflets coifN V Approximate
Symlets symN V Approximate
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Figure 4.3- Wavelets

To verify which mother wavelet is suitable, in Part 4.4, the simulation results will
help to choose the most satisfying mother wavelet in this project.

4.3.2 Decomposition Layer J

In wavelet decomposition, the larger the number of J decomposition layer, the more
distinct the characteristics of noise and signal performance, and the better the separation
of the two; on the other hand, the reconstructed signal distortion will be larger in a certain
extent. It will also affect the effect of denoising. In the real application, it must pay
special attention to the contradiction between noise and signal, then choose a suitable

layer decomposition.

Wavelet decomposition layers are selected from 3-5 in the situation of IF signal
denoising [43-44].

4.3.3 Threshold A

The first step of threshold denoising based on wavelet transform is to determine the
appropriate threshold because the choice of threshold directly affects the quality of

denoising.

Assuming that noisy signal f(t) in scale of 1 to m (1<m<J) acquires the summary
of wavelet coefficient is n through wavelet decomposition. J is the Binary scale

parameter, the standard deviation of additional noise is &, so the universal threshold is,
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A=gc /zzn(zvj) (4-31)

There, j is present decomposition layer, N; is the length of wavelet coefficient, o
is standard deviation of signal, and ¢ needs to estimate from the noisy signal,

o = median(|d, ;|)/0.6475 (4-32)

The principle of this method is, N; standard Gaussian variables have the

j
characteristic of independent identical distribution, the probability that the maximum

value is less than A tendsto 1 as N increases.

If the measured signal contains independent and identical distributed noise, after
wavelet transform, the wavelet coefficients of the noise part are also independently and
identically distributed. If the noise with independent and identical distribution is
decomposed by wavelet, its coefficient sequence length N is large. According to the
above theory, the probability that the maximum value of the wavelet coefficients is less
than A approaches 1, that is, there has a threshold A4, such that all wavelet coefficients
of the sequence are smaller than A. With the increasing of the decomposition layer
number, the length of the wavelet coefficients is shorter. According to the calculation
formula of A, the threshold is also smaller. Therefore, threshold can be set simply in the
case that the noise has the characteristic of independent and identical distribution to
achieve denoising.

4.3.4 Hard Threshold Function and Soft Threshold Function

There are two methods can achieve threshold processing generally, hard threshold
estimation and soft threshold estimation, their estimation formulas can be expressed as

follows,
;A |di] =2
sk { 0,]|djx| <0 (4-33)
dl, = {Sign(dj.k) “(ldjucl = 2), |dju| 2 2 (4-38)
Ik 0,]d;x| <2

The formula (4.33) is hard threshold estimation function, (4.34) is soft threshold
estimation function. In above two formulas, d;, is wavelet transform coefficient of

noisy observation signal, 4 is threshold, d;, is wavelet transform estimation value of
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pure signal. The hard threshold function and soft threshold function of estimation
wavelet coefficient are shown in Fig.4.4.

wavelet coefficient after threshold

Figure 4.4- Hard Threshold Function and Soft Threshold Function

Denoising Function
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Soft Threshold Function

-A 0 A
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4.3.5 Adapted Threshold Function

In the previous section, this paper discussed soft and hard threshold denoising

methods. Although these two methods are widely used in practice, they all have some

shortcomings [45]. The hard threshold is discontinuous in the whole wavelet domain

and there are interrupted points in the place of +A, as shown in Figure 4.4. So the signal

f'(k) which has been reconstructed by d;, may appear some oscillation. In the soft

thresholding function, there is a constant deviation between d;, and d;, when

|dj,k| > A. This will causes a deviation between the reconstructed signal f'(k) and the

real signal [46].

wavelet coefficient after threshold

Figure 4.5- Adapted Threshold Function and Compering with Classic Functions
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Thus, an adapted threshold function is proposed in this thesis. And this function as
shown in Fig. 4.5.

3 - thr(j)

(.
| sign(dji)(|d;e| - —), |dje| 2 2

dj. = { Gy’ (4-35)
\

3+e
0,|d;x] <2

From Figure 4.5, it can be seen obviously that the adapted threshold function has
improved compared with the hard threshold function and the soft threshold function in
terms of hopping and fixed difference. The flow chart of wavelet denoising based on the
adapted threshold function is shown in Fig. 4.6.

Beat Signal s(k)

|
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Beat Signal s’ (k)

Figure 4.6- The Flow Chart of Wavelet Denoising based on Adapted Threshold Function
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The procedure of wavelet denoising based on the adapted threshold function is shown

in the Figure 4.7. The simulation experiments were conducted by MATLAB. After

verifying the effectiveness of the proposed algorithm, in order to achieve it in NI myRIO

which is using LabVIEW, the wavelet denoising is called as LabVIEW Script.

b N TR [ Sy T L ]

bt [N ) QR =Sy o R L I

R N T T R
L IV R )

P S
P =

Figure 4.7 — Implemented MATLAB Script of Wavelet Denoising with Adapted Threshold

MNAME="symB&";

lew=4;

[C L=wavedecY, lev, NAME);
a=appcoef{CLNAME,lev):

tcoef(C,L,3):
tcoef(C,L,2):
dd=detcoef(C L1}
lengthl=lengthi{d1};
length2=length(d2);
length3=length(d3);
lengthd=lengthi{d4);
thri=median(abs(d1},2)/0.6475*(2*log(length 1)) (1/2);
thra=median(abs(d2],2)/0.5475*(2*lag(length2)) "~ (1/2);
thr3=median(abs(d3],2)/0.6475*(2*log(length3)) " (1/2);
thrd=median(abs(d4),2)/0.6475*(2*log(lengthd)) "~ (1/2);
for i1=1:1:length1

if absid1(i1))==thr1

d1(i1)=sign(d1{i1))*(abs(d1(1))-thrl fexp((d1(i1])-thr1)"3]);

else d101)=0:

end
end

for i2=1:1:length2
if abs(d2(i2))==thr2
d2(i2)=sign{d2(i2))*(abs(d2(i2))-thr2/exp((d2(i2)-thr2) " 3));
else d202)=0:
end

end
for i3=1:1:length3
if abs(d3(i3))==thr3
d3(i3)=sign{d3(i3))*(abs(d3(i3))-thr3/exp((d3(i3)-thr3)" 3));
else d3(i3)=0;
end
end
for id=1:1:lengthd
if abs(d4(i4))==thrd
d4(id)=sign{d4(i4))*(abs(d4(i4))-thrd/exp((d4(id)-thrd) " 3]);
else d4(id)=0:
end
end
h=[a d1 d2 d3 d4]:
p=waverec(h,L, NAME]);

Function
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4.4 Simulation Results

The simulations were carried out in MATLAB. Assuming that a pure beat signal,
which sample time 3ms, sample frequency 50kHz, modulated frequency 500Hz, as
shown in Fig 4.8, and set SNR to 25dB, 20dB, and 15dB respectively. Fig. 4.9 and Fig.
4.10 are the examples of wavelet denoising by using a hard threshold function, a soft
threshold function and the adapted threshold function respectively, in addition, the

wavelet using in this example is ‘Sym6’.

46

s

pure beat sig nal

nmsy 3|gn al(SNR= 25d B]

[ 5]

|r|||||||
|H|l|||||||||

amplitude®
M

-

=

amplitude®

[~

ra

-

H“M f

il

w'uv

A

=

0 1 2 3 0 1 2 3
. noisysignatIESSNRﬂO;I;E; . nmsymgnatl-:SSNR 15:1(;0
34 ﬂ 3
ENI M )\ 3
© @ EII
DV waL i ¢
0 1 2 3 0 1 2 3
ts %102 ts %102

Figure 4.8- Beat signal and noisy beat signal

é—lard Denoising(Original SNR=25dB}) 2Soﬂ Den0|5|ng(0r|g|naISNR 25dB)

g ) Y |||{"" T I||I|I| lf |'{'ﬂ ll“ - , IIf|||'||||lll'. N N N Iﬂl A N \
= | = |
EDJU"""') Ilu"l"' 2, L A 'I'”'J“"J'U'u";u'
o 1 2 3 o 1 2 3
ts %1072 ts %1073
E|_-Ie}14rd Denmsmg([)nglanlSNR 20dB)280ﬂ Den0|5|ng(0r|g|naISNR 20dB)
_ﬂ-; I|/I|II ||‘| II'| |II I||I |Inl| I _a-; F[|||f|| {II '|||H||n|| I\ III| IﬂlI |”||P
£z IJHJl IJ||| Il |||||||I| | )"'J" = ||'| / IflI '|}I|UI|| V' Uf [
o o
] 1 2 3 ] 1 2 3
t's %1073 t's %1072
é—lard Denmsmg(OngmaISNR 15dB)280ﬂ Den0|5|ng(0rlg|naISNR-1SdB)
[1§] 4 |'| f ” @ | r‘
Ez HH 'u“/ |||'||'|"|||'|“|||p'||II Ez"l}" {”l'/' |||"|| II'|||'n||||ﬂ'
SRR s
§o §o
] 1 2 3 ] 1 2 3
/s %103 s %1073

Figure 4.9- Hard Threshold Denoising and Soft Threshold Denoising



Chapter 4. Beat Signal of Microwave Radar Sensor Denoising
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Figure 4.10- Adapted Threshold Denoising

For a more intuitive view of the denoising results, use a table to represent the SNR of
the different decomposition layers and wavelet. Table 4.2 is the results of wavelet
denoising based on hard threshold function, Table 4.3 is the results of wavelet denoising
based on soft threshold function and Table 4.4 is the results of wavelet denoising based
on adapted threshold function.

Table 4.2- Wavelet Denoising based on Hard Threshold Function

wave Level Level Level Level Level Level Level Level Level
N

let =3 =4 =5 =3 =4 =5 =3 =4 =5

haar 1957 1367  7.87 1927 1364 787 1856 1353  7.83
1 3230 2418 1369 2917 2377 1367 2464 2281 1359
2 3469 3127 2064 3029 2958 2051 2442 2691 2012

coif

) 3 gyr 3490 3240 2330 g 2067 3022 2307 g 2429 2759 2249
4 =25 3510 3286 2432 20 3046 3035 2410 15 2529 2681 2343
5 3506 3393 2423 3029 3094 2407 2513 2730 2349

L 3221 2377 1358 2872 2336 1356 2468 2230 1348

N 3 3455 2927 1729 2985 2794 1728 2464 2562 17.02
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SNR

=25

3491

34.45

34.89

35.24

34.58

3211

34.83

35.57

34.97

30.99

31.23

32.15

32.09

32.88

23.75

30.87

32.25

32.86

20.32

21.82

23.45

24.06

24.01

13.56

20.18

23.54

2454

29.99

29.88

29.97

30.37

30.08

28.46

30.11

29.80

30.03

29.22

29.64

29.65

29.98

30.46

23.35

29.11

30.05

30.83

20.21

22.60

23.26

23.84

24.04

13.54

20.08

23.37

2434

24.96

2461

24.63

24.94

25.00

24.49

2457

24.78

24.72

Table 4.3- Wavelet Denoising based on Soft Threshold Function

Level

19.23

32.30

34.69

35.11

35.09

35.06

3221

34.68

3491

34.70

34.98

.28

34.58

Level

13.67

24.18

31.34

32.40

32.85

33.70

23.77

29.27

31.00

31.36

32.20

32.18

33.04

Level

7.87

13.69

20.64

23.29

24.26

24.38

13.58

17.29

20.33

22.80

23.49

24.05

2422

SNR

=20

Level

=3

19.27

29.17

30.29

29.67

30.40

30.29

29.09

30.61

30.11

29.96

29.97

30.37

30.09

Level

13.64

23.77

29.58

30.41

3091

31.26

23.42

28.30

29.34

29.85

30.19

30.13

30.68

Level

7.87

13.67

20.54

23.05

24.12

24.17

13.56

17.28

20.26

22.68

23.30

23.84

24.08

SNR

=15

Level

=3

18.56

25.03

24.42

24.62

25.29

25.13

24.68

2481

24.96

24.82

24.96

25.19

2443

26.22

25.67

26.55

26.50

26.20

2231

26.11

26.23

27.06

Level

13.55

22.81

26.91

27.59

26.87

27.56

22.34

25.76

26.22

26.18

26.87

26.76

26.79

19.97

22.15

2271

23.22

23.26

13.50

19.81

2271

23.61

Level

7.83

13.59

20.21

2258

23.43

23.67

13.48

17.03

20.02

2227

22.85

23.22

23.38
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Table 4.4- Wavelet Denoising based on Adapted Threshold Function

SNR

=25

3211

35.06

35.38

34.97

Level

=3

19.57

32.99

35.35

35.58

35.95

35.82

32.53

35.89

35.63

35.97

35.55

3591

36.08

32.49

35.76

35.87

35.62

23.75

30.87

32.37

32.86

Level

=4

13.67

24.18

31.34

32.40

33.34

34.36

2381

29.39

31.19

31.80

32.60

3249

33.28

23.79

31.04

3245

33.07

13.57

20.17

23.55

24.57

Level

=5

7.85

13.70

20.67

2344

2432

24.44

13.58

17.32

20.37

22.85

23.50

24.09

2433

13.58

20.19

23.60

2461

SNR

=20

28.68

30.34

30.37

30.03

Level

19.31

29.87

30.86

30.64

30.95

31.05

29.26

30.62

30.21

30.38

30.30

30.92

30.71

2951

30.73

31.01

30.75

23.40

29.28

30.52

30.83

Level

14.35

24.35

30.47

30.42

31.26

31.72

2351

28.59

30.08

30.13

30.79

30.97

31.09

23.55

29.79

30.65

31.30

13.55

20.08

23.42

24.38

Level

8.14

14.08

20.96

23.35

24.73

24.24

13.97

17.60

20.30

22.79

23.37

23.96

24.78

13.97

21.12

24.55

2547

SNR

=15

24.74

24.74

24.78

24.65

Level

=3

18.75

25.62

25.33

25.80

25.75

25.64

25.37

25.57

25.62

26.73

26.28

25.74

25.26

25.17

25.49

25.80

25.66

2257

26.45

26.84

27.06

Level

=4

13.55

2281

26.91

27.59

27.06

28.06

22.90

26.48

27.06

2791

27.83

27.48

28.27

22.80

2741

27.62

27.74

13.50

19.87

22.70

23.75

Level

7.83

13.62

20.48

23.02

23.75

23.94

13.50

17.20

20.11

22.37

23.00

2351

23.83

13.50

19.99

23.03

24.96
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Taking the noisy signal with SNR=20 as an example, the SNR after wavelet
denoising based on hard threshold function, soft threshold function and adapted
threshold function respectively are extracted and compered with each other. The result
is shown in Fig. 4.11, Fig. 4.12 and Fig. 4.13.

Wavelet Denoising of 3 Decomposition Levels
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Figure 4.11- Wavelet Denoising of 3 Decomposition Levels

Wavelet Denoising of 4 Decomposition Levels
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Figure 4.12- Wavelet Denoising of 4 Decomposition Levels
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Wavelet Denoising of 5 Decomposition Levels
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Figure 4.13- Wavelet Denoising of 5 Decomposition Levels

From above figures, it can be seen clearly that the adapted threshold function
compared with the hard threshold function denoising and soft threshold function
denoising has been improved. Therefore, the proposed adapted threshold function
denoising is feasible and can be selected for positioning system. Then choose the
appropriate decomposition layers according to the SNR after wavelet denoising based
on adapted threshold function. Fig. 4.14, Fig. 4.15 and Fig. 4.16 show the comparison
of different decomposition layers under the original SNR of 25, 20 and 15 respectively.

Original SNR=25
a0
35 N e
30
25 / \/"-
20

15
10

SNR

e 3 Lzvels 4 Levels 3 Levels

Figure 4.14- Wavelet Denoising based on Adapted Threshold Function of Original SNR=25
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Original SNR=20
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Figure 4.15- Wavelet Denoising based on Adapted Threshold Function of Original SNR=20
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Figure 4.16- Wavelet Denoising based on Adapted Threshold Function of Original SNR=15

From Fig. 4.14, Fig. 4.15 and Fig. 4.16, it can be seen that when the number of
decomposition layers is 3 or 4, the SNR is high and the reduction degree of useful signal
is ideal. However, 4 layer decomposition exhibits better reduction degree than the 3
layer decomposition, because the higher number of decomposition has a better
elimination on noise, but there is a higher possibility of distortion. Therefore, this project

uses 4 decomposition levels, and the wavelet is ‘Sym6’.
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Chapter 5. Range and Velocity Detection

Chapter 5. Range and Velocity Detection

The range detection and velocity detection of the target expressed by AGV, using
microwave radar is an important part of the whole positioning system. The technologies
and experimental verification were conducted by microwave radar sensor 1VVS-162.

5.1 Detection Principle

It can be known from the Chapter 2 that FMCW is appropriate to detect range and
velocity at the same time. The IF signal received by the received antenna is an echo that
the transmitted signal reflects through the spatial propagation and encounters the target.
Ideally, the received signal is a transmitted signal with a certain delay, and the delay is
related with the propagation speed of the signal in the medium and the distance of target
and antenna.

The task of signal processing is to analyze the IF signal obtained by filtering the high-
frequency part through the low pass filter. After filtering the noise by using wavelet
denoising with the adapted threshold function as mentioned in Chapter 4, the IF signal
is processed to calculate the distance of the transmitting antenna-target-receiving
antenna.

5.1.1 Static Target

For a static scenario, static microwave Doppler radar and static target, for a
transmitted signal which is modulated by Sawtooth wave with the period of t,, = 1/f,,.
The bandwidth AF depends on the modulated signal, and its central point is the
transmitted center frequency fj.

The equation of IF signal S, (t) is [47],

Sp(t) =k);a;a.cos(2m (ZAF * fn %) t+9;) (5-1)
So the range of target i can be expressed as,
_C fpi
= SAF fm (5'3)

There, @; can be expressed as,
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21,
0; = 2mf = (54

Therefore, the phase @; of IF signal is only related with the differential frequency
and the time delay of the transmitted signal and received signal.

5.1.2 Range Resolution

Range resolution is defined as the ability of microwave Doppler radar to distinguish
two rather near targets. From (5-1), frequency component is proportional to range of
target i. In this case, assuming that range resolution is equal to frequency resolution.

1
6f =—=fm (5-5)

tm

The frequency is related to the range resolution, so the range resolution ér is,

c
20F - f,  2AF (5-6)

or = 8f

As it can be observed from (5-6), the minimum detection range of microwave
Doppler radar only depends on band width AF. Range resolution can be changed by
adjusting the AF. The higher range resolution can be obtained by increasing the
bandwidth.

5.1.3 Moving Target

When detecting the moving target by using microwave Doppler radar which is
modulated by Sawtooth wave, the radial velocity causes the FMCW to produce the
Doppler shift. Assuming that the direction of the moving target away from the
microwave radar is positive, according to the Doppler shift, the IF signal S,(t) is
represented as,

i Uri
Sy(t) =k Z a; a,icos(2m (ZAF * fn - + 2f, T) t+0; (5-7)
L

Where, f, is the center frequency of the transmitted signal. For each specific target
iy foi 1S,

Vyi

for = 28F - fyn 2+ 2f, (59

c
The velocity of the moving target can be expressed as,
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c: fdoppler
vV=————— (5-9)
2fo
In addition, the main expression of phase @; is the same as (5-4),
Zri
D; = 21fy - (5-10)

5.2 Range Measurement Algorithm

521FFT

From above description, the range and velocity of the target is contained in IF signal.
The purpose of spectrum analysis is to extract the range and velocity information
contained in IF signal. Among the many spectrum analysis algorithms, Fast Fourier
Transform (FFT) is one of the most widely used methods, because this method is mature
in theory, easy to implement, high in reliability, and strong in real-time. The FFT is not
a new spectrum analysis method, it is a fast calculation algorithm for Discrete Fourier

Transform (DFT). DFT is appropriate for analyzing the spectrum of discrete signals.

The DFT is a discrete form of continuous Fourier transform, and the continuous time
Fourier transform (or spectrum) of the analog signal x(t) can be expressed as [48],

X(w) = f+oox(t)e‘j‘“tdt (5-11)

There, x(t)is sampled as x(nT), T is sampling interval. The Fourier transform of
discrete signal x(nT) can be described as,

N-1

X(k) = Z (W™, k = 0,1, N — 1 (5-12)

n=0

Where, Wy = e /2%/N_The phase factor Wy has periodicity and symmetry, that is,

Symmetry: Wit/ = —wk (5-13)
Periodicity: WitN = wik (5-14)
The (5-12) is N-point DFT, N represents the length of the DFT and should satisfy
N =M.

According to equation (5-12), calculating N-size discrete Fourier transform once

needs (N — 1) complex addition and N complex multiplication. Calculating M-size

55



Chapter 5. Range and \elocity Detection

DFT calculation, it needs to calculate M(M — 1) complex addition and M? complex
multiplication. It means that when using 1024-point DFT for sequence, that is, N=1024,
the calculation of complex addition and complex multiplication is about 1 million times,
which will seriously affect the real-time and performance of the system.

The emergence of FFT makes up for this deficiency of DFT. The FFT firstly divides
the N-point sequence x(n) into two sub-sequences x;(r) and x,(r) of N/2 points
according to the parity rule, then DFT is applied for x;(r) and x,(r) respectively,

Noq
2
N
X, (k) = Z G (OWE = DFTLG DLk = 01,5 -1 (519
r=0 2
N

-1

N
X, () = Z (WY = DFT[x,M k=01, 5—1 (10
r=0 2
According to the characteristic of Wy = e~/2™/N the DFT after the first split can be

divided into,
X(k) = X, (k) + W¥X,(k), k = 0,1, % -1 (5-17)
X(k + g) =X, (k) —WkX,(k),k=0,1,- % -1 (5-18)
From (5-17) and (5-18), it can be observed that there have public items X, (k), W
and X, (k). Therefore, the (5-17) and (5-18) can be applied to butterfly computation.
Then, after a number of splits, the calculation of an N-point DFT requires 2(%)2 + % =
w ~ N; (N = 1) times complex multiplication and N(g— 1) +2% = N2/2 times

complex addition. Compared to processing directly with DFT, the amount of

computation is reduced by half after only one decomposition.
5.2.2 Meaningful of refine the spectrum

From the perspective of spectrum analysis, the discrete spectrum of the IF signal is
obtained by calculating the difference frequency in a finite time range, so the distance
resolution of the radar not only depends on the distance resolution affected by the
bandwidth AF but depends on the sampling interval on the spectrum.

The fence effect is generated because the result of the N-point FFT is limited to N

sample points, and the spectral value between the two-point sampling interval is
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indistinguishable. Therefore, the target distance obtained by the discrete spectrum is also
discontinuous and discrete. The estimated distance is a certain AR integer relationship
with the distance resolution, but the actual distance is not necessarily an integer multiple
of the distance resolution. The fence effect has a bad impact on the accuracy of the radar
system. In order to ensure the accuracy of the positioning, it is necessary to find ways to
improve the accuracy of the radar.

As mentioned above, increasing the number of sampling points of the FFT will
inevitably increase the computational complexity of the FFT, that is, increases the
operation time, thereby reducing the real-time performance of the system. Therefore,
when the FFT is used to process the radar signal, the real-time performance of the radar
is contradictory to the accuracy of the ranging. The traditional FFT needed to be

improved to resolve this contradiction.

In this project, the algorithm which is FFT combined with Chirp-Z Transform (CZT)
is proposed. It is well known that the DFT can be seen as a uniform sampling of the
signal along the unit circle on the Z-domain, but in practical applications, not the
spectrum on the entire unit circle is meaningful. CZT can be used to calculate the
transformation on any curve on the unit circle [49]. Therefore, the FFT and CZT joint
algorithm is a method of ‘from coarse to fine’ of the spectrum, that is, the frequency

estimation is divided into two steps of coarse estimation and fine estimation.

S,

Figure 5.1- The description of FFT and CZT joint algorithm

For example, as shown in Fig. 5.1, the coarse estimation is applied to find the location
of the spectrum peak in the circular arc S; to S,. Then CTZ is used to estimate the
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accurate frequency within the interval [S;,S,]. It can be observed clearly that 4-point
FFT and 4-point CZT joint algorithm can achieve the estimated frequency accuracy as
same as 16-point FFT. It is futile to subdivide outside of the arc S; to S, which will
add unnecessary computation. So theoretically FFT and CZT joint algorithm can reduce
the amount of computation while maintaining the same accuracy.

5.2.3 Chirp-Z Transform

In order to better understand CZT, its definition and calculation method is described
in detail. The Z transformation of the sequence x(n) is [50],

+00
X(z) = Z x(n)z™ (5-19)
n=0
Let z be sampled at z,
z, =AW ¥ k=01,--,M—1 (5-20)

There, M is the number of points to analyze the complex spectrum, A and W are
arbitrary complex numbers, which can be expressed as follows,
A= Aygel% (5-21)
W = Wye /%o (5-22)
Where A is the complex starting point of sampling contour, W is the ratio of points
on sampling contour, A, is the vector radius of the sampling starting point, W, control
contour to bend inward or outward. If W, > 1, the helical line inwardly contracts; if
W, < 1, the helical line outwardly stretches, if A, = W, = 1, the transformation path
of CZT is a section of arc on the unit circle. 6, is the phase angle of the initial sample
point, ¢, isthe angular frequency difference of adjacent sample points.

For a sequence x(n) of length N, the CZT of M point on unit circle can be expressed
as,

N-1
X(z) = Z x()AWH e = 0,1, -, M — 1 (5-23)

n=0
Similar to DFT if calculating (5-23) directly, it needs N - M complex multiplications
and (N —1)-M complex additions. If M, N is large, the computational complexity is

very large, which limits the computational speed.

Rabiner et al. [51] used the relation to change the product of powers into sums, that
is,
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nk =[n?+k? - (n—k)?]/2 (5-24)
The CZT then computes M transform points from a time series of N points, where M
and N are arbitrary. M transform points of CZT for weighting the input samples by
ATwWn2, performing an (N+M) point convolution and weighting the resulting M
points by Wk*/2 k = 0,1,---M — 1, so, there has,

N-1

K2 n? o —(e=n)?
X(z) =W Z[x(n)A‘"W W~z ,k=01,-,M—-1 (5-25)
n=0
Order,
n2
gn) = x(MAW?Z (5-26)
h(n) =Wz (5-27)
Hence,

K2 R K2
X(z) =Wz z gk —n) = Wz [g(k) * h(k), k = 0,1, M —1  (5-28)
n=0

From (5-28), it can be concluded that the Z transformation of z, points can be
obtained by solving the linear convolution of g(k) and h(k), then multiplying by we.

5.2.4 The Procedure of FFT and CZT Joint Algorithm

In the real application in the positioning system, the specific implementation method
has four steps, the chart flow as shown as Fig. 5.2.
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Figure 5.2- The Flow Chart of FFT and CZT Joint Algorithm

(1) The beat signal is calculated by N-point FFT, and the maximum amplitude point
K (peak point) is found, then calculating the corresponding frequency value f ;

(2) The frequency values f; and f,. of two adjacent points (K-1) and (K+1) is
calculated,;

(3) Maximum value K,,,, and corresponding frequency value frxmaer Can be

calculated by using M-point CZT during frequency interval [f;, f];

(4) The range information of target can be acquired from fx,4x Which
corresponding to peak point K’.
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The program of FFT and CZT joint algorithm is shown in Figure 5.3. The algorithm
is implemented in LabVIEW.
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Figure 5.3 - The LabVIEW Program of FFT and CZT Joint Algorithm
5.3 Velocity Calculation Method

The idea of speed calculation is, the transmission time of the radar signal is shorter
than the movement time of the target. Therefore, it can be assumed that the range and
radial velocity remain constant on all slopes [52-55]. Moreover, the Doppler shift will
result in a constant phase change in the ranging frequency, which can be exhibited in
one period of a single ramp, as shown in Figure 5.4. Therefore, the distance-speed map

can be obtained by extracting the frequency and phase using the 2D-FFT processing.
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Frequency
‘ Transmitting Time

Kk Ramp Index

Figure 5.4- Beat Signal for a Single Moving Target in Ramp Index Domain

The Doppler shift of the signal can be found by observing the spectrum of the signal
over K consecutive periods (K -T). To calculate velocity value, the FFT algorithm is
applied to the outputs of the first FFT. Fig. 5.5 describes this process,

(1) The row-wise FFT is taken on the time samples;
(2) The column-wise FFT is taken on the output of the first FFT;

(3) After two dimensional FFT processing, the range-Doppler map which contains

range and velocity information of the target can be obtained.

The 2D FFT program of LabVIEW can be seen in Figure 5.6. In this project, the
MATLAB Script is used to transform 1D IF signal to 2D signal according to period T.
However, according to user requirement, only LabVIEW can also achieve this purpose.

Range-Doppler Map

Row-wise FFT Column-wise FFT

Pulse

Pulse
Velocit

Time Samples/ \ Range '/ \ Range /

Figure 5.5- Principle of 2D FFT
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Figure 5.6 - The LabVIEW Program of 2D FFT

5.4 Validation

5.4.1 Parameters and Experimental Setup

From Chapter 2, the maximum velocity of the AGV is 21.6km/h. In addition,
considering the actual experimental environment, the maximum range that the radar can
detect is 30m. The maximum difference frequency generated by the range is fye10y =
8333.33Hz. And the maximum Doppler shift generated by the velocity is fooppier =
962.5Hz. So for single AGV, the total difference frequency that can be generated is the
sum of fueiay aNd fpoppier, Which is 9295.83Hz.

Hence, the parameters of microwave radar sensor 1VS-162 can be set as Table 5.1,

Table 5.1- Parameters of Microwave Radar
Supply Voltage Vee 5V
Modulated Frequency f,,  500Hz
Modulated Voltage 1}, 5V
Bandwidth AF 125MHz
Sampling Frequency  f;  50kHz

Range Resolution 6r  1.25m

The experimental equipment is shown in Fig. 5.7.
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Figure 5.7- The System Prototype

The laboratory environment is shown in Fig.5.8. The measurement setup is tested in
an open courtyard, the target is a metal board as an alternative to a real AGV for their
similar materials. The whole system is placed about 1.7 meters above ground to avoid
the interference from ground clutter.

Figure 5.8- Experimental Setup

5.4.2 Experimental Results

Taking into account the limitations of experimental microwave Doppler radar
performance, six tests were conducted for the static target, the ranges were 3m, 4m, 5m,
6m, 9m, 11m respectively. In tests, the target is a metal plate. Experimental results only

verify the accuracy of ranging.
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A 500Hz Butterworth high-pass filter was set to filter low-frequency noise such as

modulated signal leakage in the beat signal. The wavelet denoising with adapted

threshold function was used to filter high-frequency White Gaussian noise. The DWT

used ‘sym6’ as wavelet basis function, the level of wavelet decomposition was 4.

In Fig. 5.9 is presented with the measured beat signal and the beat signal after wavelet

denoising of target ranges of 6m and 11m. Comparing the signals can be underlined the

capabilities of wavelet denoising with adapted threshold function applied algorithm that

reduce the White Gaussian noise and improve the SNR of the beat signal.
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Figure 5.9- Measured Beat Signal and Denoising Beat Signal of 6m (Left) and 11m (Right) Range

After the noise was filtered out, the FFT and CZT joint algorithm is applied for the

more pure beat signal to acquire the difference frequency of target mentioned above.
The FFT size is chosen as 1024, and the CZT size is 256. The reason for choosing 256-

size CZT is the range resolution can reach 0.9mm because of 0.38 Hz frequency

resolution. Larger CZT size can also lead to poor real-time performance. Using 1024-

point FFT to acquire spectrum.
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Fig.5.10 describes the FFT spectrum of 6m-range, that is, the distance between radar
and target is 6m. There is a peak of 51st point. The frequency of the 50th point is
2441.13Hz and the 52nd point is 2538.64Hz. Processing frequency interval [2441.13,
2538.64] by using 256-point CZT.

FFT and CIT Joint Algorithem I |
500
400
T"."_ ey
s { [
il M s,
2440 2450 2450 2470 2480 2490 2500 2510 2520 253

0 2540 2530

Figure 5.11- CZT Spectrum for 6m
CZT spectrum as shown in Fig.5.11. The 153rd point is the peak of CZT.

The results of the FFT and CZT joint algorithm of 11m as shown in Fig.5.12.
Similarly, the 94th point is a peak of FFT and the frequency interval of 93rd points and
95th points is [4541.02, 4638.67]. Within this interval, the 106th point is a peak after
256-point CZT.
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Figure 5.12- FFT and CZT joint Algorithm: FFT Spectrum and CZT Spectrum for 11m
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From Fig.5.10, Fig.5.11, and Fig.5.12, it is easy to observe that different ranges of
target produce different peak locations in the spectrum after 1024-point FFT. Therefore
the frequency interval needed to use 256-point CZT to refine has a significant difference.
According to differential frequencies, the ranges can be calculated. The experimental
results can be seen in Table 5.2. The result is the mean obtained by repeating 20 times
under the same method and experimental conditions.

Table 5.2- Range Measurement Experimental Results

I\VS-162
Real Range Result SP25 Result
(m) " Result® Resultd® (m)
m m
m ™
TiSt 3.00 2.93 2.97 2.99 3.02
TZSt 4.00 3.82 3.89 3.95 3.93
TZSt 5.00 4.80 4.94 5.01 4.97
TZSt 6.00 5.86 5.97 5.99 6.05
TZSt 9.00 9.30 9.24 9.17 8.85
Test
6 11.00 1125  11.02  10.99 11.03

2 Range only based on FFT
b Range based on FFT and CZT Joint Algorithm, without Wavelet Denoisin
“Range based on Wavelet Threshold Denoising and FFT and CZT Joint Algorithm

From the above table we can observe that all the values of Result 2 are closer to the
real range than Result 1, and the errors of Result 2 are 1%, 2.75%, 1.2%, 0.5%, 2.67%,
and 0.18% respectively. Because the spectrum after CZT reduces the fence effect, a more
accurate frequency corresponding to the target can be obtained. Therefore the FFT and
CZT Joint Algorithm is feasible in the short-range detection system of FMCW Doppler
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radar. For most optimization results as shown in Result 3, the errors of range detection
accuracy go down to 0.33%, 1.25%, 0.2%, 0.17%, 1.88% and 0.09% respectively. And
correspond to the application of wavelet denoising based on adapted threshold function
and FFT and CZT joint algorithm at the same time to calculate the range of the target,
finally has a satisfactory effect.

In addition, the errors from microwave radar system SP25 are 0.67%, 1.75%, 0.6%,
0.83%, 1.67%, 0.27% respectively. Therefore, comparing the two sets of results
generated from two types of radar, they have roughly similar errors. Both range detection
accuracy of 1VS-162 and SP25 satisfy the requirement of AGV aid positioning in the
port.

And five tests were conducted for moving target only to verify the effectiveness of

the detected velocity.
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Figure 5.13- The Result 1 with Range is 20m and Velocity is 10m/s of Target
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Figure 5.14- The Result 2 with Range is 20m and Velocity is 5m/s of Target
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Figure 5.15- The Result 3 with Range is 11m and Velocity is 6m/s of Target

Figure 5.13, Figure 5.14 and Figure 5.15 are the results after 2D FFT. The X-axis
(Distance (m)) represents the distance of the target, the Y-axis (Velocity (m/s)) is the
velocity of the target. By using 2D FFT to extract the difference frequency and phase of
the radar signal, the distance and velocity of the target are presented as blue dots in the

resulting graph. The specific values are shown in Table 5.3.

Table 5.3- Velocity Measurement Experimental Results

I\VS-162 SP25

Real Real
Distance  Velocity Detected Detected Detected Detected
(m) (m/s) Distance  Velocity Distance  Velocity
(m) (m/s) (m) (mfs)
T‘iSt 20.00 10.00 10.82 10.40 19.98 10.08
TZSt 20.00 5.00 20.14 5.05 19.98 5.10
T§St 11.00 6.00 11.02 5.87 10.99 6.07
TZSt 8.00 6.00 8.07 6.14 8.01 5.93
TZSt 6.00 3.00 6.01 3.12 5.97 3.06
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From Table 5.3, it can be inferred that the 2D FFT achieves good accuracy for speed
estimation. In addition, the results of microwave Doppler radar system SP25 are shown
in Table 5.3. Comparing the errors of the two types of radars, it can be found that both
have accurate detection results.
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Chapter 6. Positioning Method

According to the validation in Chapter 5, the 1VVS-162 and SP25 both have accurate
detection results. The positioning system of this project consists of two microwave radar
systems SP25s and two NI myRI10-1900s. This is because, as mentioned in Chapter 3,
the message generated by SP25 contains the range and velocity information directly, and
the horizontal of full-beam width (@-3dB) is 100" which is more suitable for AGV
positioning. However, the horizontal of full-beam width (@-3dB) of 1VS-162 is only
45°, which does not satisfy the design concept of the positioning system. Hence the
positioning system consisting of two SP25s and two NI myRIO is the final step in the
whole technology chain.

6.1 Reading Target Information

In order to read target information generated from microwave radar system SP25, it

IS necessary to parse the message from SP25.

e b o)
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#-p_ LEDD
[ ) ML
7 @
~ z
UART B>
Characters Rez—- 5 Y EHE
String = I ]
»ﬁ = (il =+ 0
E EH=ys
o>
i
FEEAL + A)

Figure 6.1- Main Program for Reading Target Information of SP25
As described in Chapter 3, after successfully connecting the TX and RX of SP25 with
the TX and RX of myRIO, the message can be transmitted to PC via myRIO. The reading
program is achieved in one myRIO Project, the programming language is LabVIEW, as
shown in Figure 6.1.

To ensure that the message would not be lost, 20 milliseconds of Wait are selected to
meet the S0Hz data update rate. In addition, the ‘For’ loop is set in this program to read
the complete 14-bit message from the start sequence (OXAAAA) to terminating sequence
(0x5555). The front panel of the reading program and example of the message is shown

in Fig. 6.2.
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String

[ Velocity
AAAA OADG 0112 0000 0000 0000 5555 p -
AAAR OBOY 0102 0000 0000 0000 5555 0.4

AAAA OCO7 017E 002B 2D02 C48F 5555 .

AAAA OAOB 0113 0000 0000 D000 5555 Range
AAAA OBOV 0103 0000 D000 D000 5555 [
AAAA OCO7 017D 002B 2D02 C38F 5555

. Stop

Figure 6.2- The Test of Single SP25 Microwave Radar System
6.2 Positioning Algorithm and Communication Method

In order to detect AGV in a defined area, a simple positioning algorithm is selected,
as shown in Figure 6.3.
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Figure 6.3- Main Positioning Method

It means, that in order for the area to be tested, two radar systems should be fixed in
two corners of the area. The direction of the radar antenna is the same as the angle
bisector, which can ensure cover for all the detected area. According to the real-time
ranges ry, r, and velocity v,, v,, the positioning information can be calculated from
the triangle principle. The positioning coordinate [X, Y] can be calculated from the
below equations,
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2 2 2

i —15 +R
X=——"——— 6-1
>R (6-1)

P —1f +R?
Y = \/TIZ — (L)z (6-2)

2R

The velocity of the target (AGV) is,

Vo = /vf + v3 (6-3)

According to analysis, the real target (AGV) velocity is related to the sign of velocity
components v; and v,. The ‘+’ sign of v; of radar 1 detected indicates that the target
is moving away from the radar, the ‘-’ sign is the target is approaching the radar. The
v, isassameas v,.Inorderto more clearly represent the direction of the target (AGV)
movement, a velocity-based quadrant was established. If v; > 0, no matter the sign of
v, s, the real velocity direction of the target (AGV) is,

T v,
0= 7 + arctanv—l, Oe[—m, ] (6-4)

If v; < 0, no matter the sign of v, is, the real velocity direction of the target (AGV)

3 U,
0 =— T + arctanv—l, Oe[—m, ] (6-5)

After designing the positioning algorithm, the communication between myRIO to
myRI0O, myRIO to PC is necessary. As a description in Chapter 3, NI myRI0-1900 can
connect with Wi-Fi, and also be a Wi-Fi gateway. When the myRIOs and the PC are
under the same Wi-Fi environment, the communication between several myR10s which
under the same ‘myRIO Project’ can use ‘Shared Variables’ and Wi-Fi. In addition, the
communication between myRIO and PC is using Wi-Fi. This advantage makes myRI10-
1900 more popular in practical applications, such as a quadrotor UAV [56], a real-time
radiation monitoring system [57], and the mobile robot [58]. The whole system is based
on two NI myRI0O-1900, as shown in Fig. 6.4. One named ‘myRIO 38’, the other named
‘myRIO 55°. The Project ‘New Project’ is built under ‘myRIO 38’, as shown in Fig. 6.5.
Then the ‘myRIO 55 is searched and added in this Project. The ‘myRIO 55’ has self-
starting and radar (Radar 1) signal processing function, then send both the range and
velocity values to the ‘myRIO 38’ by shared variables ‘Range01’ and ‘Velocity02’. At
the same time, the ‘myRIO 38’ processes another radar (Radar 2) signal and calculates
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values of range and velocity for the target (AGV), at the same time receives the

information from the ‘myRIO 55’ by Wi-Fi.

Radar 1 _Range and Velocity Information

VSbared \

“able [ vyi.Fi
Wi-Fi

Radar 2—Range and Velacity Information

Figure 6.4- Positioning System
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Figure 6.5- NI myRIO Project
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6.3 Path of the AGV

In the actual port, the AGV needs to remain working at most of the time. Therefore
it is necessary to track the real-time path of the AGV. When an AGV appears in the
microwave Doppler radar detected area, each positioning coordinate constitutes the path
of the AGV. Considering that how to extract the path of AGV from fixed quay cranes in
actual ports and eliminate positioning errors in experiments, several works have been
done. Several activities have been done in order to extract the path of the AGV from
fixed cranes in actual ports and to eliminate positioning errors in experiments.

6.3.1 Positioning Error

For example, an AGV entered the radar detected area in a straight line, as shown in

Fig. 6.6. The positioning errors have several reasons,

(1) Target misjudgment. The presence of known machines, such as overhead cranes
and other non-AGYV targets in the radar area causes the incoherence of detection

points.

(2) Missing positioning information. The main reason for missing positioning
information is, one radar detected target but another detected known machines.
However, these two range values can’t generate positioning information
according to the positioning algorithm. Another reason is the loss of information
due to system delay. In general, if the system is in a good Wi-Fi environment, the
probability of the second reason affecting the system is small.

(3) Locate different targets. The reason is the same as (2).
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Figure 6.6 - The Errors in Actual Test
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6.3.2 Positioning Error Handling

In order to remove the interference of known machines in the environment, these
machines can be utilized as static features, and their distance from the antenna does not
change over time. Therefore, for the interference of static objects, the positioning system
needs to be fixedly placed in the space to be tested before the positioning, thereby all
known machines positions appearing in the space to be tested are recorded.

In addition, in order to accurately track the trajectory of the target AGV, it is
necessary to correct the error positioning information as described in Chapter 6.3.1.

The processing of path detection as shown in Fig. 6.7. The [X,, Y;] is the positioning
information of time t. If there a new location [X;, Y;] appears in the system at time t, it
can be considered that the AGV appearing in the radar area. In order to remove the
wrong location from all locations, it is necessary to process positioning information one

by one. fipaate i the update frequency of positioning values.

In particular, before AGV began operating, the positioning system was put in the
detected area. The system recorded the detected several locations which can be seen as
the location of the known machines to ensure non-AGV location information would not
affect the real AGV path. Set a threshold, if each new location information was smaller
than the known location information, the positioning system would remain the dormant
state. If not, the system began to record each information at time t. At first, the
[X:41, Yirq] at time t+1 was compared with [X;, Y;] at time t, the threshold here was
Vmax/ fupaata - 1T the distance between [X.,;,Y;4,] and [X,, Y] was smaller than
Umax/ fupaata, DOth location values can be recorded by the system. If not, calculating
the distance between [X;,Y;] attimetand [X;,,, Y;;,] attime t+2, the threshold was
set 0 2 X Upmax/fupdata - |f the distance was smaller than 2 X vpay/fupdata » the
positioning system saved [X;Y;] and [X;.q,Y:41], at the same time, gave up

[X:+1, Yee1], 1T NOt, the positioning system gave up [X,, Y;] and began to compare from
[Xt+1' Yt+1]'
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Figure 6.7- The Flow Chart of Path Generation
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6.4 Experiment and Result

6.4.1 AGV Experimental Setup

The laboratory environment is the same as Chapter 5. All the positioning setups were
tested in an open courtyard. To make the laboratory environment more similar to the real
port, the target was a mobile vehicle, which can also drive on a prescribed trajectory like
AGV. In addition, the area was 5 x 5m? which was 8 times smaller than the actual
area from the quayside to the storage yard.

The whole positioning system was put as shown in Fig. 6.8. The microwave radar
system 1 is set at the origin of coordinate, and it can be seen as [0, 0]. The other
microwave system was set at the coordinate of [0, 5]. Each radar system contained a
microwave radar system SP25, NI myRIO-1900 and a tripod. To verify the maximum
horizontal angle of the detected area and the accuracy of experimental results, each radar

system was placed 45 degrees in the same direction of the angle bisector definition.

Figure 6.8- Laboratory Environment

6.4.2 Results

At first, the AGV was fixed in the area to detect the accuracy of stationary object
positioning. In actual ports, this step can be also used to test environment when there has
not any AGV operate, in addition, the software can record the position information and
identify AGV to ensure that the AGV path will not go wrong.
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The two experiments to detect the fixed target were performed, and their actual

coordinates were [2, 2] and [4.3] respectively. Fig. 6.9 and Fig. 6.11 are the results of

positioning information of [2, 2] and [4, 3]. The results selected 20 consecutive points

from the positioning information and displayed in the figure. In addition, Figure 6.10

and Figure 6.12 are positioning errors. The errors can be calculated according to the

equation & = \/(X —Xp)? + (Y —Yy)?, there, [X, Y] was the detected point from the
system, [X,,Y,] was the real position of the target.
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Figure 6.10- The Absolute Error of Positioning Result at Point [2, 2]
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Figure 6.9- The Positioning Result at Point [2, 2]
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Figure 6.11- The Positioning Result at Point [4, 3]
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Figure 6.12- The Absolute Error of Positioning Result at Point [4, 3]

Form Figure 6.10 and Figure 6.12, it can be seen easily that the errors are between 2%

to 15%, which satisfied the positioning requirements basically.

The next set of experiments was that a metal box, which can be thought about a
known machine, was fixed in the detected area. The coordinate of the box was [3.5, 3.5].
AGV moved at a constant speed v=1m/s parallel to the X-axis from coordinates [1, 3].
The results without error processing as shown in Figure 6.13, the fixed metal box was
easily distinguished from the AGV path.
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XY Graph
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From Figure 6.14 it can be observed, the method of error processing was useful for

AGV path.
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The last experiments were that the target moves in a rectangular path at the uniform
velocity, and the results were shown in Fig. 6.15 and Fig. 6.16. The simulated AGV
moved according to designed trajectory A with a speed of 5m/s. And the simulated AGV
moved according to designed trajectory B with a speed of 2m/s.
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Figure 6.15- Positioning a Rectangular Path A
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According to calculating, in the port-like environment, when the AGV speed was
5m/s, the absolute error was 11.89%. And when the AGV speed was 2m/s, the absolute
error was about 15.71%, which can verify that the above algorithms were useful. In
addition, it is feasible to use microwave Doppler radar for port AGV positioning.

83



Chapter 7. Conclusions and Future Work

Chapter 7. Conclusions and Future Work

7.1 Conclusions

An AGV positioning system based on microwave Doppler radar for the port
including the hardware and software were designed and implemented, represent the
reached goals of this thesis.

The system is designed as an alternative choice for the existing UHF RFID
technology, which is more low cost and labor-saving. The system capabilities were
tested and obtained real-time positioning information for AGV. The results can be
displayed in the interface based on LabVIEW and monitored by the port management
who can dispatch the AGV in time. Thus, the operation efficiency of the port would not
be affected by the hostile environment (night, foggy et.al) or period of the RFID tags
maintenance.

In order to achieve the light and portability of equipment, NI myRI10-1900 is used as
a power source and ADC of microwave Doppler radar. Secondly, because of its built-in
Wi-Fi, the wireless communication between myRIO and myRIO, myRIO and PC can

be realized.

To achieve the goal of positioning, it is important to acquire distance and velocity
information of the AGV in the detected area. Therefore, at first, proposed the wavelet
denoising based on the adapted threshold function to filter unwanted noise and extract a
more pure radar signal. Then considering that the fence effect brought by FFT and under
the situation that will not affect the real-time performance of the whole system, FFT and
CZT joint algorithm is selected to calculate the range value of AGV. In addition, 2D
FFT is used to get the velocity value. The experimental results of using a microwave
radar sensor can verify the validity of the above methods.

According to the parameters of the microwave Doppler radar system, an accurate
positioning algorithm for AGV is proposed. The related tests were conducted and the

system effectiveness is verified by analyzing the errors of the experimental results.

To summarize, the AGV positioning system based on microwave Doppler radar for
the port is a novel idea and the results prove that microwave Doppler radar can be widely

applied to the ports in the future.
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7.2 Contributions

The Dissertation’s main contributions are:

= Design and implementation of wireless AGV positioning system based on
microwave Doppler radar for the port;

= A practical approach regarding filtering for radar signal based on wavelet
denoising;

=  The development and implementation of range and velocity detection for
AGV by using spectrum zoom, which can not only improve accuracy but
also improve the real-time performance of the whole system;

= Development of a real-time system and appropriate GUI for positioning
information display.

The developed work and initial results were included in the article and the poster in
Appendix A, which were accepted and presented at the IEEE ISSI 2019 international
conference, August 29-30, Lisbon, Portugal. The article will be published in IEEE
Xplorer.

Lin Ma, Octavian Adrian Postolache, Haiqing Yao and Yongsheng Yang, “Short-
Range Detection Scheme based on Microwave Doppler Radar and Wavelet Denoising
with Adapted Threshold Function”, ISSI 2019, Lisbon Portugal 2" International

Symposium on Sensing and Instrumentation in 10T Era.
7.3 Future Work

Despite being a fairly complete system, improvements can still be made, both
software and hardware. Further testing of the system also may be performed in different

situations, such as the more dark or cloudy environment.

The system only implements a single target ranging and it is not suitable for complex
environments that have two or more targets. In future work, the target recognition from

a known environment will be considered.

It is necessary to implement a central switch to turn on / off all equipment at the same

time, which will save energy and be more convenient for the worker in the port.
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In the real port environment, depending only on the communication of Wi-Fi will not
satisfy the range of detected area, the other communication protocol such as 4G or others
will be considered.
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Article: Short-Range Detection Scheme of FMCW Doppler Radar based on
Wavelet Denoising with Adapted Threshold Function. This article has been accepted
and presented at IEEE ISSI 2019 international conference, August 29-30, Lisbon,

Portugal and will be published in IEEEXplorer.
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Abstract—Range  detection is the key to solve
localization, tracking, navigation and other applications.
Several solutions, such as LIDAR range sensor, is
commonly used to achieve range detection. Considering
that the microwave Doppler radar has the advantages of
being unaffected by humidity, temperature and light
variation, so it is more suitable for complex environment.
The paper proposed a Frequency Modulated Continuous
Wave (FMCW) Doppler radar system to perform short
range detection of the target. Several methods were
considered to extract the range information. According to
the principle of FMCW radar, beat signal can be analyzed.
Due to the complexity of the working environment, the
beat signal contains various noise jamming. In order to
eliminate noise contained in the beat signal, wavelet
denoising method with the adapted threshold function
was considered. In the frequency domain analysis,
traditional FFT causes fence effects. FFT and CZT joint
algorithm is proposed to suppress the influence of fence
effects and improves real-time performance. The
experimental results based on above methods are
included in the paper.

Keywords—IMCW radar, microwave Doppler radar, range
detection, wavelet denoising, CTZ

I.  INTRODUCTION

Microwave Doppler radar is extensively applied in
military applications and civil aviation. Compared with
LIDAR range sensor, the microwave Doppler radar is suitable
for complex environmental conditions (day and night, fog,
rain and snow), because that the microwave has longer
wavelength than other electromagnetic waves, such as
infrared rays, so microwave has better penetration.
Microwave Doppler radar provides robust target range
information even in degraded visual conditions [1]. It can also
operate from -20 to +60 degrees Celsius and its power is only
175mW. Therefore, microwave Doppler radar is favored by
researchers. There are a lot of measurement systems based on
microwave Doppler radar reported in the literature.
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Siska Aulia etal. [2] proposed a method for range detection
of static targets based on Fast Fourier Transform (FFT).
M.O.Monod et al. [3] used a new intertwined linear waveform
principle to detect range, therefore got excellent resolution and
accuracy. Wei Liu et al. [4] used millimeter-wave radar
combined with flight control unit to control altitude of
Unmanned Air Vehicle (UAV) and the results indicated that
the accuracy of radar sensor satisfied the main requirements.
Volker Winkler et al. [5] achieved different range resolutions
by generating different slope of modulated frequency. Hao-
Hsien Ko etal [6] proposed a modified method of range
detection based on curve fitting through analyzed output
signal of FMCW mixer, and range resolution improving by 20
times. Eugin Hyun et.al [7] proposed the method of target
detection using FMCW radar. The power spectral density of
the up- and down- beat frequency is used to suppress the ghost
target and detect the lost target. Faiza Al et.al [8] reported a
2-D range processing method for Frequency-Modulated
Continuous-Wave (FMCW) radar signal, the use of this
method is suitable for detection of moving target. Stephan
Max et.al [9] used phase assessment to detect target, even
under the circumstance of strong noise and clutter. Mario
Pauli etal [10] presented a signal processing method that
combined frequency evaluation with phase evaluation of
FMCW radar Intermediate Frequency (IF) signals, and the
accurate location information indicated that the algorithm was
effective.

In this paper, the range measurement using microwave
doppler radar was considered. Therefore, the beat signal
which contained range information, obtained from 24GHz K-
Band microwave Doppler radar sensor IVS-162 (from
InnoSenT) was processed to extract the range information}
The first part introduces the advantages of microwave Doppler
radar and the related works. The second part describes the
measurement principles of microwave Doppler radar and
FMCW for radar. The third part includes the Digital Signal
Processing (DSP) of beat signal about Discrete Wavelet
Transform (DWT) to denoising with the adapted threshold
function. Next part presents FFT and CZT joint algorithm to
thinning difference frequency. The content of last part is
hardware description, and the experimental results followed
by conclusions.
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II.  FMCW RADAR

The FMCW radar can simultaneously measure the range,
velocity, and motion direction of one or more targets. The
frequency band of the FMCW radar is selected according to
the actual application. For example, 24GHz-77GHz [11-12] is
used in vehicle field, and the maximum detection range can
reach to 200m [ 13]; the FMCW radar of 1GHz-12GHz is used
in snow depth [14], its accuracy is up to 1.6cm; in addition,
the frequency of 2.4GHz-24GHz is used to monitor weak
variations such as respiratory conditions [15]. In this paper,
24GHz FMCW radar is used to detect the target about 3 meters
to 20 meters.

A. Microwave Doppler Radar - Hardware

Microwave Doppler radar transmits signal by using one
antenna, the other antenna receives reflected signal after signal
meets obstacles. Fig.1 shows the Radio Frequency (RF) front
end of microwave Doppler radar receiver. The Voltage
Controlled Oscillator (VCO) receives modulated signal and
outputs signals of different frequencies. After directional
coupling, most of the signals are transmitted through the
transmitted antenna, another small part is divided into two
parts and output to the mixer as the local oscillator signal. The
signal of the Q channel needs to be phase shifted by 90°
before mixing. The obtained mixed signal is subjected to
filtering and amplifying processing, and finally two
Intermediate Frequency (IF) signals of IF1 and IF2 are
obtained. The distance can be calculated according to the IF
signal, that is, beat signal.
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At most research domain, FMCW microwave Doppler
radar is used to acquire the distance (range) between the radar
and target characterized by high electrical conductivity.
Therefore, the range can be calculated considering the time
delay between transmitted and received signal.

B. FMCW Doppler Radar Measurement Method

For a static test scenario (static radar and static target), the
transmitted signal which is modulated by Sawtooth wave has
the period oft,, = 1/f,, as is presented in Fig2. The
bandwidth AF depends on the modulated signal, and its
central point is the transmitted center frequency f;.

Range 7; can be expressed as time delay between
transmitted signal and received signal, that is,

At =2r;/c (N

Among them, cis the light speed. Beat signal S,(t)are
represented as [16],

S,(0) = k Z a, aricos(2m (20F - f, %) t+0, o)

Where, a; is the amplitude of transmitted signal, a,;
and @;are amplitude and phase of received signal, & is
mixed coefficient. From (2), beat signal Sj,(¢t) 1s the sum of
frequency component f,; and @; phase from targeti. For
each specific target i, fu;,

r.
for = 2AF 'fm;[ (3)
So the range of targetj can be expressed as,
- foi
1= 4
YU2AF - fy @
Jfrequency
—— transmitted
---.-  received
S i
AaF L - - i
time
At=2rlc .
[ LEVE,

Fig.2 FMCW Principle

C. Range Measurement Resolution

Range resolution is defined as the ability to distinguish
two rather near objects. From (4), frequency component is
proportional to range of target i. In this case, assuming that
range resolution is equal to frequency resolution, which is
related to range resolution,

8 == fn )
m

So the range resolution 8r 1s,

¢ _ ¢
2AF - f,, ~ 2AF ©)

It can be observed in (6), the minimum detection range of
radar only depends on bandwidth AF. Range resolution can
be changed by adjusting the bandwidth. Higher range
resolution can be obtained by increasing the bandwidth.

8r = &f

IlI. THE SIGNAL PROCESSING OF NOISE

A. Noise Analysis of Beat Signal

Noise sources of FMCW radar mainly have internal
systematic noise and external environmental noise. When the
receiver and transmitter working simultaneously, the noise
which is generated by the leakage of transmitted signal will
cause the received signal to submerge in the leakage signal.
Therefore, internal systematic noise normally refers to the
leakage of modulated signal and is low frequency signal
compared with useful beat signal. Generally, the high-pass
filter is adopted to handling internal systematic noise, it can be
effectively suppressed. External environmental noise usually
contains thermal of antenna and industrial interference.
Therefore, all the useful signal is submerged in the non-
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stationary and random noise. This part of noise expressed as
White Gaussian noise.

B. Discrete Wavelet Transform

The Wavelet Transform (WT) is suitable for analyzing
abrupt signal and non-stationary signal. In addition, WT has
the characteristics of multi-resolution analysis and bandpass
filter, and can be implemented by fast algorithm, so it is often
used for filtering and denoising. The WT uses a mother
wavelet function with fast decay and oscillation. Stretching
and translating the mother wavelet to get a set of wavelet basis
functions. The basic idea of wavelet transform is to use
wavelet basis functions to represent or approximate the signal.
When processing noisy signal using WT, it is necessary to
discretize the wavelet and use the Discrete Wavelet Transform
(DWT). The DWT is a batch method, which can analyse a
finite-length time-domain signal at different frequency bands
and different resolutions by successive decomposition into
coarse approximation and detail information [17].

The Fig.3 indicates DWT decomposition process of the
discrete-time signal (X). Among them, ¢; is the detailed
coefficients and d; is the approximation coefficients. In
return, approximate coefficients information is low frequency
component, detailed coefficients information is high-
frequency component. At the end of decomposition, no matter
what decomposition levels it is, there has a wavelet
decomposition tree, each layer has two branches, one is detail
and another is approximation which has their own coefficients.
Formula (7) is an example of 4-layer decomposition,

X=d+d,+d,+d, +c, (7)

O N

Nt

Fig.3 The Decomposition Process of DWT
Discrete beat noisy signal of FMCW radar is expressed by,

Xi = Sbi + n; (8)

Where, X; is measured signal including with white noise,

Spi 1s useful beat signal to extract range information, n; is

white noise, / is sampling order. However the white Gaussian

noise is not continue in the time domain, therefore the wavelet

coefficients have strong randomness after DWT, that is, the

coefficients corresponding to the noise still satisfy the
Gaussian distribution.

The processes of DWT are, at first, choose a suitable
mother wavelet. There have common mother wavelets which
can support DWT and suit for actual signal denoising, as
showed in Table 1,

TABLE L COMMON MOTHER WAVELET
[ Name [ Haar | Daubechies | Coiflets | Symlets |
| Representation | haar | dbz | coifz | symZ

Wavelet basis functions are formed by scaling and
translating transforms based on mother wavelets. Fig.4
presents examples of common wavelet basis function that are
characterized by orthogonality.

Fig.4 Examples of Wavcelet Basis Function

In this case, wavelet basis function ‘sym6’ is considered
according to [21], which can acquire maximum Signal-to-
Noise Ratio (SNR) for FMCW radar signal.

Next step is to determine the number of decomposition
layers J. In general, the larger Jis, the easier it is to distinguish
between signal and noise, and the better the denoising effect,
but the larger the reconstruction error. FMCW beat signal is
usually decomposed into 3-5 levels [18-19]. In the j level, the
formula (9) is used to calculated wavelet coefficients of c¢;
and d; by orthogonal DWT [20],

10
(T Zc/—l.nhu—lk

n=-x

.
i ZC,—I.I.ngk

Where, hand g are orthogonal filter banks to each other.
Gjx is the k™ detailed coefficient, d;is the k" approximate
coefficient. And k = 1,2, ,K.

©

C. Wavelet denoising method with adapted threshold
Jfunction
The key step is to sclect the appropriate threshold. Each
wavelet coefficient d;; is compared with threshold thr(j).
The threshold is,

thr() = ¢ /ln(K]-) (10)

Where,  is present decomposition level, K; is the/ level
length of wavelet coefficients, & is standard deviation of
signal, and & needs to estimate from the noisy beat signal by
using formula (11),

& = median(|d; . [)/0.6745 an

Each d;; compares with thr(j) according to formula
(12) to filter the Gaussian white noise in measured noisy beat
signal.

3-thr( j) )

= )

[ 4, k| =

sen(d,)(d, |-
d, = 3+ \mru) (12)

0.ld, | < thr(j)

Finally, the signal S’ is reconstructed, and the
reconstructed signal is the denoised signal. The flow chart of
wavelet denoising based on the adapted threshold function is
shown in Fig.5.
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Fig.5 The Flow Chart of Wavelet Denoising based on Adapted Threshold
Function

IV. FFT AND CZT JOINT ALGORITHM

Usually the DSP of beat signals requires FFT as a spectrum
analyser. FFT is a fast calculation algorithm for Discrete
Fourier Transform (DFT), transforms the time domain
sampling of the beat signal into the frequency domain
sampling to extract difference signal which contained range
information. The spectrum of beat signal by using FFT
produces sampling interval AR,

fs

AR:M (13)

Where, f; is sampling frequency, M is sampling points of
FFT.

The fence effect is due to M-point FFT is limited to M
sample points, and the spectral value between the two-point
sampling interval is indistinguishable. The fence effect
produces an error Ar for the distance, can cause a magnitude
loss of the spectral line corresponding to a target [21].
According to formula (4), the Ar can be calculated by,

Af=AR— &
2:AF . f,

Although increasing the points of FFT (normally, the
sampling points number is 2", for example, 1024) can be
used to decrease the Ar, but computation time will increase,
resulting in real-time processing not be allowed.

In practical applications, only a certain segment of the
discrete spectrum in the beat signal contains target
information, so it is vain to refine all the spectrum. The CZT
is an improvement of a Z-Transform [22], it can be used to
calculate the transformation on any curve on the unit circle
[23]. For i -point length time signal S(i) , the CZT of length
N-point is defined as,

(18)

X(z,) = CZT[S(D)] - g
. o (15)
=) S(zi= Y SOA W
PRCED)

=0
Where, A = Agef% , W = W,e /%0, 6, is the onset
angular frequency, ¢, is the sampling interval. When 4, =
W, = 1, it sample on the unit circle, formula (15) change to,

-1
X@) = ) x el @+ @] (16)

i=0

There 0, = 2nf./fs, @, = 2nf,/(Nf;). Among them,
fi is the starting frequency of analytical spectrum, f; is the
length of analytical spectrum. Thus the frequency resolution
of CZT is AF' = f; /N.

The process of FFT and CZT joint algorithm is shown in
Fig.6. Firstly, the beat signal is processed by M - point FFT.
From spectrum, the m" point is the peak corresponding to the
target. The frequency of m™ point can be calculated by
relation (17),

foen = f—4 m (19)

The frequency values f,,_; and f,,,, of two adjacent
point (m—1) and (m+ 1) is calculated. The maximum
value m'*" and corresponding frequency value f,en can
be counted by using N-point CZT during frequency interval
fi = [fm-1,fins1] which need to refine. The range
information of target can be acquired form f, /e and
relation (4).

Beat Signal §'

M-point FFT

Point m-1

|

Frequency fm:

Frequency 1

Frequency interval [, fme1]
N-point CZT
Peak Point m*
Fig.6 The Flow Chart of FFT and CZT Joint Algorithm

Theoretically, the FFT and CZT joint algorithm can not
only improve the calculation accuracy, but also improve the
real-time processing performance of whole the system [24-25].

V. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Experimental Setup
5V

Iransmitted l Beat ADC )
Signal Signal LU
]

162 g

Sigaal ¥ Frequeney NImy RIO
Target Modulated 1., St

§ Processing
Continuous

Wave

Fig.7 Laboratory Experimental sctup block diagram
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The hardware platform is shown in Fig.7. The arbitrary
waveform generation module is used to generate Sawtooth
waveform with modulation frequency of 500Hz. 1VS-162
radar sensor transmits FMCW to target and generates beat
signal. The beat signal transmits to the PC through Wi-Fi by
using NI my RIO 1900. And the function of my RIO 1900 also
has Analog-to-Digital (ADC). The experimental equipment is
shown in Fig.8. And the main technical parameters are shown
in Table 2.

TABLE IL. FMCW DOPPLER RADAR CHARACTERISTICS
Supply Voltage Ve 5.0V
Lransititiied fi 24.000-24.125GHz
Frequency
Bandwidth AF 125MHz
Modulation Voltage Vi 5.0V
Modulation
Frequency fm 500Kz
Full Beam Width @ - azimuth 450
3dB elevation 38
Sampling Frequency f 5% 10*Hz
Range Resolution [ 1.2m
Maximum Range Ry 20m

The laboratory environment as shown in Fig.9. The
measurement setup is tested in an open courtyard, and the
target is a metal board, which has a stronger reflection of
microwave. The whole system is placed about 1.7 meters
above ground to avoid the interference from ground clutter.

Fig.9 Range measurement Experimental setup

B. Experimental Results

Six tests were conducted, the ranges were 3m, 4m, 5m, 6m,

9m, 11m respectively. In tests, the target is a metal plate.

A 500Hz Butterworth high-pass filter was set to filter low-
frequency noise such as modulated signal leakage in the beat
signal. The wavelet denoising with adapted threshold function
was used to filter high-frequency White Gaussian noise. The
DWT used ‘sym6’ as wavelet basis function, the level of
wavelet decomposition was 4.

In Fig.10 is presented the measured beat signal and the beat
signal after wavelet denoising of target ranges of 6m and 11m.
Comparing the signals can be underlined the capabilities of
wavelet denoising with adapted threshold function applied

algorithm that reduce the White Gaussian noise and improve
the SNR of beat signal.

Fig.10 Mcasured Beat Signal and Denoising Beat Signal of 6m (Left) and
11m (Right) Range

After the noise was filtered out, the FFT and CZT joint
algorithm is applied for the purer beat signal to acquire
difference frequency of target which mentioned above. The
FFT size is chosen as 1024, and CZT size is 256. The reason
for 256-point CZT size is the fence effect has been reduced to
0.38Hz, the corresponding range accuracy can reach 0.9mm
that is satisfying short-range detection. Larger CZT size can
also lead to poor real-time performance. Using 1024-point
FFT to acquire spectrum.

E
M| "'“‘,"I"’H.'.

Fig.11 FFT Spectrum which the radar-target range is 6m

Fig.11 describes the FFT spectrum of 6m-range, that is,
the distance between radar and target is 6m. There is a peak of
51stpoint. The frequency of 50th point is 2441.13Hz and 52nd
point is 2538.64Hz. Processing frequency interval [2441.13,
2538.64] by using 256-point CZT.

e g

Fig.12 CZT Spectrum for a radar-target range of 6m

CZT spectrum as shown in Fig.12. The 153" point is the
peak of CZT.

The results of FFT and CZT joint algorithm of 11m as
shown in Fig.13. Similarly, 94" point is a peak of FFT and
frequency interval of 93" points and 95™ points is [4541.02,
4638.67]. Within this interval, 106" point is a peak after 256-
point CZT.

From Fig.11, Fig.12 and Fig.13, it is easy to observe that
different ranges of target produce different peak locations in
spectrum after 1024-point FFT. Therefore, the frequency
interval needed to use 256-point CZT to refine has significant
difference. According to formula (4), the range can be
calculated. The experimental results can be seen in Table I11.
In the Table ITT can observed that all the values of Result 2 are
closer to the real range than result 1, and the errors of Result
2 are 1%, 2.75%, 1.2%, 0.5%, 2.67% and 0.18% respectively.
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Fig.13 FFT and CZT joint Algorithm: FFT Spectrum and CZT Spectrum of
m

TABLE II1. RANGE MEASUREMENT EXPERIMENTAL RESULTS
Real Result | Result | Result
Range 1* 2b 3
(m) (m) (m) (m)
Test 1 3.00 293 2.97 2.99
Test 2 4.00 3.82 3.89 3.95
Test 3 5.00 4.80 4.94 5.01
Test4 6.00 5.86 5.97 5.99
Tests 9.00 9.30 9.24 9.17
Test 6 11.00 11.25 11.02 10.99

“ Range only based on FFT
" Range based on FFT and CZT Joint Algorithm, without Wavelet Denoisin

© Range based on Wavelet Threshold Denoising and FFTand CZT Joint Algorithm

Because the spectrum after CZT reduces the fence effect,
a more accurate frequency corresponding to the target can be
identified. Therefore, the FFT and CZT Joint Algorithm 1s
feasible in short-range detection system of FMCW Doppler
radar. The most optimization results as shown in Result 3, the
errors of range detection accuracy go down to 0.33%, 1.25%,
0.2%, 0.17%, 1.88% and 0.09% respectively. And correspond
to the application of wavelet denoising based on adapted
threshold function and FFT and CZT joint algorithm at the
same time to calculate range of target, finally has a satisfactory
effect.

VI. CONCLUSION

In this paper, a short-range ranging scheme based on
wavelet denoising for FMCW microwave radar is designed.
The adapted threshold function of DWT is proposed to
process noisy beat signal. To improve real-time performance
and ranging accuracy of system, FFT and CZT joint algorithm
is applied in range calculating. The experimental results verify
the feasibility of the above methods.

The scheme only implements single target ranging and it
is not suitable for complex environments which have two or
more targets. In the future work, the target recognition from
known environment will be considered.
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This manual aims to describe feature of the system. Chapter I describes the
hardware configuration and program of microwave Doppler radar sensor IVS-162.
Chapter II explains the communication and the algorithm program of microwave radar

system Nano SP25.
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Chapter 1 —1VS-162

All technologies are based on the function of microwave Doppler radar sensor

IVS-162, those are distance detection and speed detection.

2.1 Configuration

After connecting the PINs of the IVS-165 and the analog input interface of
myRIO according to the regulations, as shown m Figure 1.1, it is necessary to set the

corresponding sampling frequency for the radar signal.

e
— < Selected
3 [l Available
, 20| E Not Used
oo 0 0 O 0 00 | [elNl>
z Z =z = =z z z Z
vue © 0] [T} [CEENCINT]

Figure 1.1- The Analog Input Interface of AI0

Use the Time Loop i myRIO Project, as shown in Figure 1.1, when the system
needs multirate timing capabilities, precise timing, feedback on loop execution, timing
characteristic that change dynamically, or several levels of execution priority.
Therefore the Time Loop can use for set sampling frequency, and the Period is set as

20us to satisfy 50kHz of sampling frequency.

Loop Timing Seurce Loop Timing Attributes
Select an Internal Timing Source Period Priority
Source Type 20 S us 10 2
1 kHz Clock ~ -
T Advanced Timing
7 kHz <absolute time> Deadine Timeout (ms)
1 MHz <absolute time> -1 s - &
Synchronize to Scan Engine S
1 kbz <reset at structure start> v Offset / Phase
0 T us 152935388
Source name
1Mz Processor Assignment
Mode
- Automatic v
Frame Timing Source
This structure does not have multiple frames. To add Action on Late Iterations

multiple frames, right click on the border of the loop
and select one of the “Add Frame™ menu items.

iscard missed periods

sintain original phase

OK Cancel Help

Figure 1.2- The Time Loop
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2.2 Filtering

In general, microwave Doppler radar signals contain noise interference. Thus the
filtering program is important, as shown i Figure 1.3. The Filtering can process
low-frequency noise. And in Filtering Configuration, the Filtering Type is Highpass,

the Cutotf Frequency is 100Hz, the Topology is Butterworth and its Order 1s 3.

NAME="sym6';
2 lev=4;

8 d4=[1,2,3,4];
[« length1=length(d1);
b — » 0 length2=length(d2);
Filtering length3=length(d3);
g Signal 2 lengthd=length(d4);
Filtered Signal +e=={Ei i) (1 3 thr1=median(abs(d1),2)/0
thr2=median(abs(d2),2)/0

Figure 1.3- Noise Filtering

The characteristics of high-frequency noise have mutability and instability, the
MATLAB Script is used in LabVIEW to achieve wavelet denoising with the adapted

threshold function, and the complete program 1is.
NAME="sym6;

Lev=4.

[C.L]=wavedec (Y.Lev,.NAME),

a=appcoef (C.L.NAME lev);

d1=detcoef (C.L.4),

d2=detcoef (C.L.3),

d3=detcoef (C.L.2),

dd=detcoef (C,L.1).

lengthl=length (d1);

length2=length (d2);

length3=length (d3);

lengthd=length (d4);
thrl=median(abs(dl).2)/0.6475*(2*log(lengthl))"(1/2),
thr2=median(abs(d2).2)/0.6475*(2*log(length2))"(1/2);

(93]
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thr3=median(abs(d3).2)/0.6475*(2*log(length3)) (1
thrd=median(abs(d4).2)/0.6475%(2*log(length4)) (1
for i1=1:1:lengthl
if abs(dl(il))>=thrl
dI(il)=sign(d1(il))*(abs(d1(il))-thrl/exp((d1(il)-thrl)"3)):
else  dl(il)=0;

end

9 o
o7 oY

o
~
-

end
for i2=1:1:length2
if abs(d2(i2))-=thr2
d2(i2)=s1gn(d2(12))*(abs(d2(12))-thr2/exp((d2(i2)-thr2)" 3)):
else  d2(i2)=0;
end
end
for i3=1:1:length3
if abs(d3(i3))>=thr3
d3(i3)=sign(d3(i3))*(abs(d3(i3))-thr3/exp((d3(i3)-thr3) " 3)):
else  d3(i13)=0;

.

end

end

for 14=1:1:length4
if  abs(d4(i4))-=thr4
d4(id)=sign(d4(i4))*(abs(d4(i4))-thrd/exp((d4(i4)-thr4) " 3)):
else  d4(i4)=0;

end

o
—~
=

end
h=[a dl d2 d3 d4]
p=waverec (h.L.NAME);
The meanings of the functions called from the wavelet library of MATLAB are
shown in Table 1.1.
Table 1.1- The Part of Wavelet Library
wavedee  1-D wavelet decomposition
appeoef  1-D approximation coefficients
detcoef 1-D detail coefficients
waveree 1-D wavelet reconstruction
Because the MATLAB Script needs one or more graphical Input and Output,

therefore the Input is Y and the Output is p, their data type are both 1-D Arrange.
4
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2.3 Frequency Estimate Algorithm

The program uses a sequential structure as a whole to meet different processing
time needs. In the Figure 1.4 1s the LabVIEW program about FFT and CZT joint

algorithm, which can calculate the AGV distance. The signal source 1s “p’ that is the

output of wavelet denoising.

Locations
o] |

Range
{ hos

2]

a2 o> x> CZTPoints
g -

Thiging Fréuency I

[s0}

G
Sampling| Frequency] 1> i

B>1t

Figure 1.4- The LabVIEW Program of FFT and CZT Joint Algorithm

The design thought is, at first, the system detects the frequency peak location of
FFT spectrum, then according to the above location, the frequency interval of radar
signal can be found. At last, the CZT 1s used in this frequency mterval.

In the Figure 1.5 is the LabVIEW program about 2D FFT, which can calculate the
AGV speed.

0000000000000 000000000000000000000000000000000

%6modulated frequency
bsampling frequency 2DFFT

T=1/fs; %modulated period ‘mr
s=(Fs/fs); H

x=floor(x):
fori=1:1:x

O bW =

~

o]

for j=1:1:s
Y(0=X(s*(-1)+));
end

o w

h
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Figure 1.5- The LabVIEW Program of 2D FFT Algorithm

Since the algorithm can only process 2D signals, first convert the 1D signal into a
2D signal according to the sampling time. The MATLAB Script is used to convert
because of its clear. The input « is the length of radar signal, X is the radar signal. And
the output 1" is 2D radar signal. The X-axis of 2D radar signal is fast time, the Y-axis 18

slow time.

H
Visible ltems »
Help
E Examples
il Description and Tip...

Breakpoint »
Transforms Palette »
Create »
Replace »

Replace with SubVI Contents...

Select Type » Automatic

Real FFT
SubVI Node Setup... Complex FET
Find All Instances 2D Complex FFT

Open Front Panel
Open Polymorphic VI

Explore...
Figure 1.6- Select Type for FFT in LabVIEW
As shown in Figure 1.6, in LabVIEW, FFT Control can select different types

according to different requirements of users.
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Chapter 2 — SP25

2.1 Configuration

Since SP25 requires TTL to USB conversion, myRIO's TX and RX interfaces are

used.
— Selected
B Available
30128 24 20 16 EY12 10 Not Used
0o 0 0 oFoxoo [_[eiNlo
z Z =z =z 4 4 = &
v o Q Q o o 0 o
Figure 2.1- The TX and RX Interface
Table 2.1- The Configuration of myRIO
Node Name UART
Channel A/UART(ASRLI1::INSTR)
Mode Read (Read all available)
Communication
Baud rate 115200
Data bite 8
Parity None
Stop bits 1.0
2.2 Message Reading
The LabVIEW of message reading is shown in Figure 2.2.
= . o
o 12 ®
w | ]
=l -
B
o f Hixadicimal
m ‘ )
BT T
J B iy
o

vz

Figure 2.2- The Program of SP25 Message Reading

The idea of the design process is,
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(1) Because the SP25 data update rate is 50Hz, in order to ensure that the
message 18 not dropped when reading the message, set the 20ms Timer to the
system.

(2) Convert the hexadecimal of the message to decimal by using *String To Byte
Array’:

(3) Search for the decimal starting sequence “170” of the message to ensure that
the system can read the correct distance and speed sequence locations:

(4) Calculate the actual distance and speed values according to the equation.
Range=(RangeHValue*256+Rangel. Value)*0.01 2-1)
Verloeity=(VerlHValue*256+VerlValue)*0.05-35 2-2)

(5) The actual distance and speed values are set as shared variables for another

myRIO-1900 to read via Wi-Fi and process the data.

2.3 Data Fusion

According to the positioning algorithm, the positioning system needs two distance

values and two speed values of AGV generated from two different myRIO-1900,

therefore the system needs data fusion. The LabVIEW program for positioning

algorithm is shown in Figure 2.3.
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iz
ETrue Vh
False |
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=
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bhiz]
False ~ Velocityl
—_r = ej"c‘ty B> AGV Speed
el = o
bz
b B R
— I
vl el
) Stop
> LEDO @
0 P LED1

=]
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Figure 2.3- The LabVEW Program of System Data Fusion

It means, for the area to be tested, two radar systems should be fixed in tow corners
of the area. The direction of the radar antenna is the same as the angle bisector
definition, which can ensure cover all the detected area. According to the real-time
ranges 1y, 1, and velocity vy, v,. the positioning coordinate [V, Y] can be
calculated from below equations,

7.2 _ TZ + RZ
X="1— 2; (2-3)

1 —r2 4+ R?

Y= |- (———) (e)

Because the velocity detected by the radar is straight with respect to the direction of

the antenna. The velocity of the target (AGV) 1s,

vy = /vf +v2 (2-5)

In addition, the real target (AGV) velocity is related to the sign of velocity
components v; and v,. The direction of the target (AGV) movement can be

described as follows:

If v; >0, no matter the sign of v, is, the real velocity direction of the target

(AGV) is,

9 =11 arctan2 6 '
=7 arc anv—l, e[ —mm] (2-6)

If v; <0. no matter the sign of v, 1s, the real velocity direction of the target
(AGV) 1s,

37 vy
8 =— —+arctan—,0¢| — m,m| (2-7)
4 vy

24 Errors Handling

The goal of this section is to improve the noise in the path.
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> ]
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Figure 2.4- The LabVIEW Program of Error Handling
The meaning of this program is,
(1) Read the shared variables [X, Y] generated from positioning system;
(2) Detect the position [X,Y,] at time 0, the position [X{,Y,]at time 1 and the

position [X,,Y;] at time 2, determine if the distance between them is within

the specitied threshold;

(3)If a point is outside the range of depreciation, it is removed from the

generated path.
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