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ABSTRACT

DEVELOPMENT OF A COMPACT LIGHT DETECTION AND
RANGING MODULE

NG KOK LEONG

Recent advancements in laser and detector technology have made it possible to
create a compact Light Detection and Ranging, LiDAR system that is highly
accurate and operates on low power. LIDAR systems consist of a laser source,
photodetector, signal processor, and data processor. This research explores the
potential of replacing the LiDAR Lite commercial unit's laser source with a
smaller semiconductor laser. To achieve this, a complete prototype was
developed using a miniature semiconductor laser called Vertical Cavity Surface
Emitting Laser, VCSEL. The system was integrated with an Arduino UNO
microcontroller and 3D-printed brackets. The laser used in the prototype is
specifically characterized to meet the LiDAR system's requirements for laser
power, wavelength, and beam shape. Testing was conducted in several stages to
ensure the prototype's functionality. The data collected by the LiDAR prototype
was analysed and presented as a Point Cloud, showing the position of points in

X, Y, and Z coordinates. The system aims to provide a basis for future work.
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CHAPTER 1

INTRODUCTION

Light Detection and Ranging, or commonly known as LiDAR, is a remote
sensing technology that uses light in the form of a pulsed to estimate and
measure distance by illuminating a target and analysing the reflected light
(Takeuchi et al., 1986; Campbell et al., 2002). The time it takes for the light
pulse to travel to the target and back to the LIDAR system is measured by a
photodetector. This time is directly proportional to the distance between the
system and the object. This principle is commonly referred to as Time of Flight
(TOF), and it allows for the calculation of distance based on the time taken for

the pulse to travel back and forth.

The history of LIiDAR technology can be traced back to the invention of
laser in the early 1960s. It was first contributed to the application of
meteorology, such as the measurement of gases, clouds, and aerosols
(Wandinger, 2005). In 1971, the usage of laser altimeter to probe moon surface
during the Apollo 15 mission triggered the attention of public about the
accuracy and usefulness of the LIDAR system (Goyer and Watson, 1963; Liu
et al., 2018). The high acquisition rate in spatial and temporal resolutions,
powerful distance measurement capability, and the possibility of observing
ambient atmospheric conditions have made the LIDAR instruments become the

mainstream technology in airborne, meteorological, and terrestrial applications



for the past decades (Wandinger, 2005). For example, the prediction of range
between aircraft to the target object, terrestrial vegetation, agriculture mapping,
measurement of ozone fluxes, and so on (Nelson, 2013). Besides, due to the
usage of ‘laser’, the amplitude backscatter reflectance energy in LIDAR
instruments can be translated into useful information. This allows a greater
opportunity for LIDAR in various research such as remote sensing on physical

objects, feature classification and security surveillance system.

The advent of Industrial Revolution 4.0 has ushered in a new
technological revolution in electronic-based sensors, with LIiDAR leading the
way. LiDAR technology is increasingly popular and widely applied to the next
generation products such as in autonomous driving and also security industries.
According to an analysis by Tommy, the autonomous car market in 2021 was
valued at 22.22 billion US dollars and the market is predicted to reach 75.95
billion US dollars with a Compound Annual Growth Rate, CAGR of 22.75% in
2027 (Tommy Mi, 2022). LiDAR technology plays a critical role in enabling
self-driving capabilities in autonomous vehicles. By detecting surroundings
time in a fraction of a second and combining and used of powerful algorithm in
software, the environment surrounding the vehicle can be mapped digitally
(Levinson et al., 2011). Hence, enabling the vehicle to be driven automatically
and avoid obstacles by using the digital map obtained via the LiDAR technique.
This is why the LIDAR market, valued at 1.32 billion US dollars in 2018, is
expected to increase to 6.71 billion US dollars, with a CAGR of 22.7% by 2026,

according to Tommy's analysis.



A LIDAR instrument principally consists of a laser, a scanner, and
specialized GPS receiver systems (Dethe, Shevatkar and Bijwe, 2011). The
laser system usually occupied the largest space in the instrument since it is
composed of laser and optical components (Bagley et al., 1998). Literature
surveys reveal that most of the laser systems used are solid-state based (Lin and
Liu, 2004). It required a dedicated chiller for the cooling purpose (Bagley et al.,
1998). These characteristics and conditions in the laser system subsequently
caused the commercial LiDAR instruments to be bulky in size, inefficient, and
expensive to operate (Aho et al., 2017; Fersch, Weigel and Koelpin, 2017; Jeong,
Hwang and Matson, 2018). Consequently, the main aim of this research study
is to develop a LIiDAR system that is compact in size and has laser capabilities
equivalent to the solid-state based LIDAR. This eliminates the need for an
external chiller, as air-cooling will be sufficient for the laser system. Besides,
the compact system can be applied not only to road transport vehicles but also
to the small drone/unmanned aerial vehicle (UAV). Moreover, the operation
cost can be further reduced since the power requirement for a compact system
is much lower than the bulky laser system. A LIDAR with high output power
can measure and map surface with greater clarity and reduce the needs for very
sensitive detection method (Ostermeyer et al., 2005). Currently, the available
commercial compact LIDAR system from Velodyne is only capable of low

power operation.

Research question: Bulky LIDAR, can it be scaled down?



This question is addressed through this research topic, evaluating the use of a

new type of compact laser as the light source for the LiDAR.

Recently, semiconductor-based lasers, also known as semiconductor
diode lasers, have played a significant role in the rapid development of laser
technology. They are commonly used as pump sources for Erbium Doped Fiber
Amplifiers (EDFASs) and find applications in a wide range of devices such as
laser printers, barcode scanners, compact disc players, and telecommunication
systems (Feng, Yang and Sun, 2021). Additionally, semiconductor lasers also
have considerable usages in compact fiberized high-power laser systems. Due
to their compactness and maintenance-free characteristics, these fiber lasers are
dominated as the ideal candidate to replace those conventional bulk lasers (Dr.
Rudiger Paschotta, 2022). Moreover, their small footprints and all-fiber solution

properties make them a suitable choice for modern compact products.

This study has chosen the Vertical-cavity surface-emitting laser (VCSEL)
as the light source for the compact LIDAR system. VCSEL is a type of
semiconductor laser diode that emits a laser beam perpendicular to the top
surface and is suitable for LIDAR and sensing applications. The configuration

of the LiDAR setup using VCSEL is as follows:
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Figure 1.1: The configuration of LiDAR based on VCSEL

Arduino

(Computer/
Laptop)

The measurement of a LIDAR system can be collected and organise in the
form of point cloud. As Figure 1.1, a three-dimensional (3D) information can
be obtained by getting the distance measurement information, sensor rotation
angles and also the height data with the support of the Y and Z rotator. The
operation and the data processing of the VCSEL based LiDAR system will be

discussed in the following chapters.

1.1 Objective

The motivations behind this research work can be summarized as follows:

1. To develop a miniature laser module that can scan in 180 degrees in a single
plane based on Light Detection and Ranging (LiDAR) concept.

2. To develop a data acquisition software for displaying the LiDAR

measurement data.



1.2 Thesis Arrangement and Outline

The thesis commences with Chapter One, which provides a brief introduction
to the background of the research work and the motivation behind the use of

VCSEL as a light source for a LIDAR module.

Chapter Two elucidates the fundamental theory and concept behind the LIiDAR
module, including its construction and implementation. Additionally, it reviews
and discusses the current LIiDAR data types and data characteristics in the

literature.

Chapter Three presents a comprehensive discussion on the characteristics of a
VCSEL and the design and construction of a VCSEL-based LiDAR module. It
also covers the setup containing a microcontroller, along with the various testing

and measurement results.

Chapter Four provides a detailed analysis and discussion of the data collected
using the designed LiDAR module. The data is visualized in a user-friendly
interface, with complete flexibility for data processing. This section also

describes the method and data conversion process.

Finally, the last chapter summarizes the conclusions drawn from the research

work and highlights future directions for further research.



CHAPTER 2

LITERATURE REVIEW

In recent years, LIDAR has become a popular piece of technology due to its
precision, high resolution and excellent detection sensitivity. The advantages of
using light instead of radio frequency (RF) is that light source utilizing short
wavelength offers high resolution details and that such system is able to detect
up to small particles in the air. With such high-resolution imaging offered by
LiDAR, it has found useful applications in the field of engineering, meteorology,
erosion and land slide monitoring, military usage and for autonomous vehicle
applications. The deployment of LiDAR system is to be made possible as a
result of the successful development of semiconductor technology. The basic
LiDAR architecture consists a transmitter and a receiver and with the electronic
driving circuits. The transmitter and receiver are normally semiconductor based,

utilizing laser signal in the near-infrared wavelength.

This chapter will have a brief overview of the fundamental science
involved in LiDAR operation. First, the fundamental properties of
semiconductor laser diode are described and then followed up with the principle
of photodiodes. Next, the fundamental principle for LIDAR based on TOF will
be explained. The types of LIDAR system currently available in the market will
be discussed next. Finally, the LIiDAR data format and standard will be

highlighted.



; System
]]l] O Photodetector

Receiver
/L ,-<| Optics

_||Pulsed - _ | Transmitter .
- |Li ht SourceP"" | Optics

> Control —g P

» Processing 'I‘

» DataOut Optical

F 3
F 3

~ 0 =T O~ oo 3 o —

Figure 2.1: Typical architecture of LIDAR system consisting of
semiconductor-based laser source and detector, optics configurations and data

processing system

2.1 Semiconductor Based Laser Diode

One of the most important pieces of technology in laser technology is the
semiconductor lasers. It consists of an active medium and the active medium is
surrounded or sandwiched by n-type and p-type semiconductor materials
(Kondow et al., 1997; Coleman, 2012). Generally, semiconductor lasers are
derived from elements located in the third group (Al, Ga, In) and the fifth group
(N, P, As, Sb) of the periodic table. N-type materials typically come from the
fifth group, which have an available free electron, while p-type materials come
from the third group, which have an empty hole. Since both the n-type and p-
type materials are placed together, the free electron from the n-type material
will fill the empty hole of the p-type material. Electron hole recombination
results in lasing action, releasing energy in the form of optical radiation or
photons at the junction of the materials. The wavelength of the emitted photons

depends on the band-gap energy of the semiconductor materials used



(Yablonovitch and Kane, 1988). Lasing action involves three significant
processes: photon absorption, spontaneous emission, and stimulated emission.
Figure 2.2 illustrates these key processes in a simple two-energy-level diagram
where E1 represents the ground-state energy and E2 represents the excited-state

energy.

I.  Absorption in a semiconductor laser happens when a photon with
enough energy pumps or excites a single electron from the valence band
to the conduction band, where E1 and E2 represent the energy states of
electrons in the valence and conduction bands, respectively. However, if
the energy of the absorbed photon is lower than the energy difference
between the two bands, electron excitation to the conduction band will
not occur.

ii.  Spontaneous emission takes place when an electron in the conduction
band recombines spontaneously with a hole in the valence band,
emitting a photon with energy equivalent to the energy difference
between the two bands.

iii.  Stimulated emission happens when an electron in the conduction band
recombines with a hole in the valence band due to the presence of a
photon with an equivalent band-gap energy. This process results in the

generation of new photons, which are identical to the induced photons.
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Figure 2.2: Physical mechanism of gain in a semiconductor laser involving

absorption, spontaneous emission and stimulated emission.

When a semiconductor laser reaches a thermal equilibrium state, no
lasing activity occurs because the number of electrons in the valence band is
greater than the number of electrons available in the conduction band. In the

event of an incident photon, the photon gets absorbed, eliminating the

10



possibility of stimulated emission. However, if the number of electrons
available in the conduction band is higher than the number of electrons in the
valence band, the stimulated emission process will dominate the absorption
process, leading to lasing or optical gain. This situation, where the electrons in
the conduction band outnumber those in the valence band, is called population
inversion. Population inversion cannot occur unless external energy is fed to the
valence band to excite the electrons to fill the conduction band. Such external
energy comes from the external electrical pumping and is usually known as

forward biasing p-n junction.

Relying solely on the pumping process for optical gain is not enough for
lasing to occur. To achieve substantial lasing power at the output, a resonator
with optical feedback is necessary. Typically, this is accomplished by placing
polished end facets at both ends of the active medium, creating a Fabry-Perot
cavity. The Fabry-Perot cavity has two functions: it determines the direction of
the stimulated emission process and the longitudinal cavity modes (Yamada,
1983). This cavity produces standing waves for multiple frequencies, known as

the longitudinal modes. The frequency mode spacing Av;,, is defined as followed:

Av, = ZnLL
g
c : speed of light
ng refractive index of the active medium
L : length of the active medium

11



Using a longer cavity will result in the longitudinal modes being closely spaced
together, increasing the number of modes within the emission band. However,
this 1s not ideal for communication applications as it can cause dispersion in the
transmitted signal along the fiber. Conversely, using a shorter cavity length
increases the mode spacing while decreasing the number of longitudinal modes

within the emission band.

In addition to longitudinal modes, spatial modes are also present in the
semiconductor laser. These modes refer to the standing wave patterns that occur
perpendicular to the direction of propagation in the cavity. The spatial modes
have an impact on the far-field pattern of the laser emission. As the laser light
exits from the output facet, it is diffracted due to the refractive index difference
between the semiconductor material and the surrounding medium. This
diffraction causes the laser beam to diverge in the far field, with different
divergence angles in the vertical and horizontal directions. When a broad area
laser is used, more spatial modes are excited, and higher-order transverse modes
lead to increased beam divergence. As a result, the far-field pattern appears
elliptical in shape. However, with a ridge waveguide, a smaller divergence angle
is observed, thus resulting in far field pattern to be circular. Laser coupling into
fiber will be more efficient and less loss with a circular pattern compared to

elliptical pattern.

12



One major limitation of the semiconductor laser is the effect of
temperature on the device's performance. It is known that excessive heating to
the semiconductor laser will lead to catastrophic and irreversible damage. The
damage observed at high device temperature is due to an increase in the rate of
defect creation and propagation, which is directly dependent on the device
temperature (Bou Sanayeh et al., 2007). Even through semiconductor laser is
operating slightly below the temperature where the damage threshold, the
lifetime of the laser will be affected. Apart from the damage due to temperature,
laser parameters such as efficiency, wavelength and power stability, spatial

modes and gain of the diode are also influenced by the device temperature.

2.1.1 Vertical-Cavity Surface-Emitting Lasers

A VCSEL is a semiconductor laser that emits a circular output beam
perpendicular to the wafer's surface, making it easy to integrate with other
optical components. It is made up of a semiconductor material sandwiched
between two mirrors that reflect light vertically (Iga, 2000). When an electric
current passes through the device, it emits light from the top surface. Figure 2.3

1llustrate the structure of a VCSEL.

13



Circular
Beam

Figure 2.3: Schematic of VCSEL (Iga, 2021)

Since its invention in the 1980s, VCSELs have become widely used in
data communications, sensing, industrial, and consumer electronics (Michalzik,
2013a). They have several advantages over other types of lasers, such as low
power consumption, narrow beam divergence, and high modulation bandwidth
(Zeng et al., 2017). They are also cost-effective to manufacture in high volume,
making them ideal for mass production in data centres and consumer electronics

(Zhou et al., 2017).

By introducing impurities, a p-n junction is formed in the semiconductor
material situated between the mirrors. When an electric current passes through
the p-n junction, it induces the recombination of electrons and holes, releasing
energy in the form of photons. These photons reflect back and forth between the
mirrors, gradually amplifying in intensity until they are emitted from the top

surface as a coherent and focused light beam. (Iga, 2021).
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VCSELs are highly efficient, consume low power, and have a narrow
beam divergence, making them ideal for fiber-optic communication systems
that transmit signals over long distances (Lavrencik, 2020). They are also
compact and vertically emitted, allowing for easy integration with other optical

components like lenses and detectors.

2.1.2 Edge Emitting Lasers (EELSs)

EELs are a type of semiconductor laser diode that emit light from the edge of
the semiconductor material. The structure of an EELSs typically consists of a thin
layer of semiconductor material sandwiched between two other layers of
different semiconductor material, forming a p-n junction (Song, 2014). Figure

2.4 shows the structure of the EELs.
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Figure 2.4: Schematic of EELs (Iga, 2021)

Passing an electric current through the p-n junction results in the
recombination of electrons and holes, which in turn releases photons. These
photons bounce back and forth between the reflective surfaces at the edges of
the semiconductor material, gaining intensity with each reflection (FindLight,
2019). Finally, the photons that are emitted through one of the reflective
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surfaces form a collimated beam of light that can be used for various
applications. EELs are widely used in various applications such as fiber-optic
communication systems, laser printing, barcode readers, and biomedical

imaging.

EELs are typically more efficient than other types of lasers and can
produce high-quality, collimated beams of light. However, they can be more
difficult to manufacture than other types of lasers, and their output can be
affected by temperature changes and other factors. Additionally, their output
power is limited by the heat generated during operation, which can cause the

laser to overheat and damage the semiconductor material (Paschotta, 2008b).

2.1.3 Comparison of VCSEL and EELs

VCSELs and EELs (Edge Emitting Lasers) are both types of semiconductor
lasers, but they have some differences in their design and performance that can
impact their suitability for different applications. Here are some key differences

between VCSELs and EELs:
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Table 2.1 Differences between VCSEL and EELs

VCSEL EELs
Emitting emit light perpendicular to | emit light parallel to the
Direction the  surface of the | surface
semiconductor wafer
Beam Quality produce a more circular, | produce a narrow, elliptical
symmetrical laser beam | beam of light
with less divergence
Wavelength near-infrared (NIR) range | from the visible spectrum
Range up to the mid-infrared
range
Modulation Speed | high modulation speeds, | Not as fast as VCSEL,
typically ranging from | typically be modulated at
several gigahertz up to | frequencies up to a few
several tens of gigahertz gigahertz
Power Low power consumption, | Higher power
Consumption High efficiency consumption than VCSEL
Cost More expensive than | Less Expensive, due to
EELs, due to high | simpler manufacturing
performance process

Overall, the choice between VCSELs and EELs will depend on the
specific requirements of the application, such as range, precision, speed, power
consumption, and cost. In general, VCSELs are a good choice for LiDAR
applications that require high precision and fast response times, while EELs

may be better suited for applications that require higher power or longer range.
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2.2 Semiconductor Photodetector

The main function of a photodetector is to convert the incoming optical signal
(both pulses and continuous wave) into an electrical signal. Photodetector is
also known as Optical-Electrical Convertor. As for semiconductor
photodetector, they are commonly known as photodiodes and are widely used
in optical communication systems due to its small form factor size, fast
detection and high accuracy. Similar to the semiconductor-based laser diode,
the construction of a semiconductor photodetector also relies on the p-type and
n-type materials. However, unlike the semiconductor laser diode in which the
PN junction is required to be forward-biased, the PN junction of a photodiode
is reverse-biased. This is to ensure minimal current flowing in the diode during

zero input signal.

Two common semiconductor photodetector which are widely used are
known as Positive intrinsic Negative, PIN diode and Avalanche photodiode
(APD). For a PIN diode, an intrinsic layer is normally placed in between the p-
type and n-type materials and is responsible to enhance the quantum efficiency.
As for an APD diode, the bias voltage is normally set to be very high so as to
achieve maximum gain when photon amplification occurs. Figure 2.5 and 2.6

shows the electric field distribution of PIN diode and APD diode.
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Figure 2.5: Diagram of PIN diode with electric field distribution.
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Figure 2.6: Diagram of APD with electric field distribution.
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2.3 LiDAR Concept and Detection Technique

2.3.1 Time of Flight

Time of flight is a fundamental concept in LiDAR systems. It is primarily based
on time measurement for a wave to propagate from the source point to an object
and got reflected back to the origin. Based on the time measurement and the law
of physics, the distance of the object from the source can be calculated and
determined. Various types of travelling waves can be used, but the most
effective and popular will be the light signal, either directly from a laser source

or a LED source. Figure 2.7 illustrated the time of flight concept.
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Figure 2.7: Time of flight concept applied to range measurement.
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LiDAR systems based on TOF have become increasingly popular in
recent years, particularly in the fields of autonomous vehicles, robotics, and
environmental monitoring. TOF LiDAR systems offer several advantages over
other LiDAR systems, including high accuracy, robustness to ambient lighting,

and the ability to measure long distances.

TOF is a critical parameter in the design and performance of LiDAR
systems. The accuracy of TOF measurements depends on several factors,
including the timing resolution of the measurement device, the quality of the
laser source, and the reflectivity of the target object. By optimizing these factors,
LiDAR systems can achieve high accuracy and precision in distance

measurements.

Besides, there has been significant research and development in the field
of LIDAR, with a focus on improving the performance and reducing the cost of
TOF-based systems. According to a review article by Mester et al., 2018,
advances in laser technology, signal processing, and machine learning have led
to significant improvements in the accuracy, speed, and cost-effectiveness of

LiDAR systems based on TOF.

Overall, the concept of TOF is a fundamental principle in LIDAR systems
and plays a critical role in functioning and optimization of these systems.
Advances in laser technology, signal processing, and machine learning are

likely to lead to further improvements in the accuracy and cost-effectiveness of
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TOF-based LiDAR systems, making them an increasingly important tool in

many fields.

2.3.2 Coherent and Incoherent LiDAR

Coherent and incoherent LiDAR are two different techniques used in LiDAR
remote sensing technology that uses laser pulses to measure distances and
generate 3D representations of objects and environments. Both coherent and

incoherent LiDAR have their unique characteristics and applications.

Coherent LiDAR systems use lasers that produce a continuous wave
(CW) or a pulse with a narrow linewidth and a well-defined phase. The laser
beam is then modulated in some way, such as by frequency shifting, to encode
information about the distance and velocity of the targets in the
environment(Menzies, 1985; Photonics Report, 2022). Coherent LiDAR can
achieve high spatial resolution and range accuracy, but can be more complex

and expensive than incoherent LiDAR.

Incoherent LiDAR systems use lasers that produce a pulse with a
broader linewidth and less well-defined phase than a coherent laser. The
reflected light from the pulse is detected and the time delay between the emitted
pulse and the detected signal is used to determine the distance to the
target(Menzies, 1985; Photonics Report, 2022). Incoherent LiDAR systems are

typically simpler and less expensive than coherent LiDAR, but may have lower
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range resolution and accuracy.

In general, coherent LiDAR is well-suited for applications that require
high accuracy and precision, such as atmospheric remote sensing or long-range
detection and tracking of objects. Incoherent LiDAR, on the other hand, is well-
suited for applications that require simplicity, low cost, and relatively short

range, such as automotive safety systems or robot navigation.
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2.4 Types of LiDAR

2.4.1 Mechanical Scanning LiDAR

Mechanical LiDAR, also known as scanning LiDAR, is one of the earliest and
well-established types of LIDAR systems. It operates by using a rotating mirror
or prism to scan a laser beam across the target area. The reflected light is then
detected by a sensor, typically a photodetector, and this data is utilized to
construct a detailed 3D image of the scanned environment. Mechanical LIDAR
systems are known for their precision and longer detection ranges (Royo and

Ballesta-Garcia, 2019).

In a mechanical LiDAR system, the rotating mirror or prism plays a
crucial role in deflecting the laser beam across the target area. By measuring the
angle of deflection and the time delay between the emission of the laser pulse
and the detection of the reflected light, the distance to the objects in the area can
be accurately calculated. This scanning process enables the generation of a

comprehensive 3D map of the entire target region.

One of the primary advantages of mechanical LiDAR systems is their
high resolution and accuracy. They excel in capturing detailed information,
making them suitable for various applications such as surveying, mapping, and
remote sensing. Additionally, mechanical LiDAR can perform effectively in

adverse environmental conditions, including rain, fog, and snow.
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However, mechanical LiDAR systems have certain drawbacks. They
tend to be larger, more complex, and relatively expensive compared to solid-
state LIDAR systems (Chung, Abediasl and Hashemi, 2017). Their mechanical
components also make them more prone to wear and mechanical failures,
requiring regular maintenance. As solid-state LiDAR technology has rapidly
advanced, mechanical LiDAR is gradually being replaced by more compact,

reliable, and cost-effective solid-state LIDAR systems.

The example of the current commercially available mechanical LiDAR
system is Velodyne HDL-64E, as shown in figure 2.8. It is a mechanical LIDAR
system with a rotating assembly that spans approximately 406mm (16 inches)
in diameter and 254mm (10 inches) in height. Based on the data specification,
HDL-64E ofters high accuracy, capable of capturing precise 3D point cloud data
with distance accuracy within 2cm, making it suitable for applications such as
object detection and navigation. The system's 64 laser beams provide a 360-
degree field of view, generating a dense point cloud that can be visualized using
specialized software for detailed environmental mapping and analysis, aiding in

identifying objects and surfaces based on intensity or distance (Lidar, 2016).

Figure 2.8: HDL-64E (Lidar, 2016)
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Despite the shift towards solid-state LiDAR, mechanical LiDAR still
finds valuable applications in specific scenarios that demand high precision and
accuracy. As the LiDAR technology continues to evolve, a diverse range of
industries will benefit from the continued advancements in both mechanical and
solid-state LiDAR systems, ensuring improved data collection and analysis

capabilities for various fields and applications.

2.4.2 Solid-State LiDAR

Solid-state LIDAR is a cutting-edge LiDAR technology that overcomes several
limitations associated with traditional mechanical scanning LiDAR systems. It
achieves this by using solid-state components like solid-state diode lasers (SSL)
and photodetectors to emit and receive laser pulses. The development of solid-
state LIDAR is driven by the need to address challenges related to cost, size,
reliability, and complexity often encountered in mechanical scanning LiDAR

systems (Lépez, Mahony and Kim, 2020).

In contrast to mechanical LIDAR systems that rely on moving parts to
scan the environment, solid-state LIDAR systems utilize electronic scanning
mechanisms, such as microelectromechanical systems (MEMS), to create a 3D
map of the surrounding environment. While solid-state LiDAR offers numerous
advantages, its field-of-view (FOV) coverage is typically limited to around 90
to 120 degrees, which may not meet the requirements of certain applications

(Davis et al., 2016). To expand the coverage area and cater to specific
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application needs, it may be necessary to combine two or more solid-state

LiDAR sensors.

The Leddar VVu8 is a solid-state LIDAR module designed by LeddarTech,
a leading player in LiDAR technology innovation. Compact and versatile, the
Leddar Vu8 module offers capabilities for object detection and ranging in a
variety of applications. Figure 2.9 shows a medium range Leddar VVu8 sensor
with dimensions of approximately 49.6mm in width, 35.9mm in length and
70mm in height, the Leddar Vu8 is engineered to fit seamlessly into diverse
environments. It can achieve the measurement with accuracy of +5cm and
precision of £6mm (LeddarTech, 2023). In 2022, Christian Hagstedt and
Sebastian Jonsson reported the design of a solid-state LIDAR system by using
Leddar VVu8 as the LIDAR sensor for the system. The overall dimension for the
LiDAR system is approximately 180mm in length, 90mm in width and height

is 95mm. Figure 2.10 shows the designed solid-state LiIDARsystem.

47.3-496 mm

43.6 mm 35.9 mm

Figure 2.9: Dimensions for medium Leddar Vu8 solid-state LiDAR

configuration (LeddarTech, 2023)
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Figure 2.10: Fully assembled solid-state LIDAR system by integrate Leddar

Vu8 solid-state LIDAR sensor (Hagstedt and Jonsson, 2022)

One particular advancement within solid-state LIDAR technology is
high-power solid-state LIDAR. These systems employ a combination of high-
power lasers, high-speed scanning mechanisms, and advanced optics to achieve
long-range, high-resolution sensing capabilities. As a result, high-power solid-
state LIDAR finds ideal applications in fields like autonomous vehicles and

drones, where extended sensing range is crucial for safe and efficient operation.

However, it is essential to consider some trade-offs associated with
high-power solid-state LIDAR systems. They tend to be more expensive and
complex compared to standard solid-state LIDAR systems due to the advanced
components required for high-power operation. Additionally, high-power
systems demand more power, which can pose challenges in certain applications
where power efficiency is critical. Some high-power solid-state LIDAR systems
may even necessitate a chiller to cool the laser diodes, particularly when
operating at high power levels. This cooling is crucial to maintain the
temperature of the diodes within a specified operating range, ensuring reliable

performance and preventing damage to the components (Bagley et al., 1998).
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2.4.3 Fiber-based LiDAR

The availability of compact, fiberized high-power laser systems is rapidly
gaining popularity in the field of laser-based products. These fiber lasers offer
a maintenance-free and compact alternative to bulky conventional lasers,
making them an ideal candidate for replacing outdated laser technologies
(Kameyama et al., 2007). With their small footprints and all-fiber solutions,

they are particularly well-suited for modern compact products (Ong et al., 2013).

Fiber-based LIiDAR has emerged as a superior technology compared to
solid-state and mechanical LiDAR in various aspects. One of its notable
advantages is the longer detection ranges it can achieve. This can be attributed
to the use of optical fibers, which efficiently transmit and maintain laser signals
over extended distances, allowing for enhanced range capabilities. Additionally,
fiber-based LiDAR provides high spatial resolution, enabling the detection of

smaller objects and enabling detailed environmental mapping.

The flexibility offered by optical fibers is another significant advantage
of fiber-based LiDAR. It allows for easier integration into different designs and
installation scenarios, providing greater adaptability to diverse applications.
Moreover, these LIDAR systems boast a compact and lightweight design,
making them easy to install on various platforms, including vehicles, drones,

and other mobile devices.
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The reliability of fiber-based LIiDAR systems is further enhanced by
their fewer moving parts. Unlike mechanical LiDAR systems, which involve
rotating components that may be prone to wear and mechanical failures, fiber-
based LiDAR's design minimizes such risks. As a result, these systems require

less maintenance and offer a more dependable solution for continuous operation.

Figure 2.11 showcases a setup utilizing a fiber-based laser, which can
be upgraded to support high-power operations through a pulsed-based fiber

laser system.
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Figure 2.11: the configuration of LIDAR based on fiber laser

PULSED LASER

Such an upgraded module has extensive applications, including advanced
surveying and environmental monitoring (e.g., haze, forest fires, pollution
monitoring) (Lee, Wei and Guo, 2017). Furthermore, fiber-based LiDAR is
finding increasing importance in the development of autonomous cars and self-
driving vehicles, where precise and long-range sensing is crucial for safe

navigation and obstacle detection.



Next, the various data formats for the LiDAR are discussed. The data
collected from the LiDAR hardware will need to be converted to the appropriate
formats to enable the data to be analysed. Analysis of the LIDAR data can use
widely available third-party software such as ArcGIS, an open-source software
which will be introduce in the next part (Singh and Bawa, 2016; Szewranski et

al., 2017; Koo, Chun and Griffith, 2018).

31



2.5 LiDAR Data Analysis & Visualise Tools

2.5.1 Point Cloud Library (PCL)

Point Cloud Library (PCL) is an open-source software library written in C++
that provides a modular architecture and a rich set of algorithms for processing
3D point cloud data. Point clouds represent 3D surfaces of physical objects or
environments and can be obtained from a variety of sources, such as 3D

scanning or LIDAR (Rusu and Cousins, 2011).

PCL's algorithms enable developers to perform operations on point
clouds such as filtering, feature extraction, registration, segmentation, and
surface reconstruction (Rusu and Cousins, 2011). The library is compatible with
many 3D sensors and supports a variety of file formats for reading and writing

point cloud data.

PCL is used in various applications, including robotics, autonomous
driving, augmented reality, and 3D modelling. For example, PCL can help a
robot navigate its environment by identifying obstacles and planning safe paths,
or it can be used to create 3D models of buildings for architectural or
engineering purposes. Overall, PCL is a powerful and popular tool for working

with 3D point cloud data.
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2.5.2 ArcGIS

ArcGIS is a Geographic Information System (GIS) software platform that
provides a suite of tools and applications for managing, analysing, and
visualizing spatial data (Booth and Mitchell, 2001). Among its features are tools
for point cloud processing that allow users to work with point cloud data from
different sources and import it in various formats, including LAS, LAZ, and
ASCII. Once imported, the data can be filtered and classified based on criteria
like elevation, intensity, or colour, and users can extract specific features such

as buildings or trees.

In addition, ArcGIS includes tools for visualizing point cloud data in 3D
views and orthoimage, giving users the ability to explore and analyse data from
multiple angles and perspectives. The software also provides an extensive range
of tools for spatial analysis, data management, and visualization, including
proximity analysis, network analysis, and spatial statistics (Li, Hodgson and Li,
2018). Users can visualize spatial data in various formats like interactive maps,

3D scenes, and dashboards.

Overall, ArcGIS is a comprehensive GIS software platform that allows
professionals to integrate and analyse spatial data from diverse sources, perform
complex spatial analysis, and visualize results in various formats. It is a valuable
tool for professionals who rely on spatial data to make informed decisions.

However, a license is required to use the software for point cloud processing.
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2.6 LIDAR Data Format

As LiDAR technology advances, larger LIDAR datasets require proper data
handling techniques. Selecting the appropriate data format for translating
between various software and ensuring compatibility is essential for effectively
managing these datasets. The most prevalent LiDAR data formats are LAS,
LAZ, ASCII, XYZ, and E57, which are utilized to store point cloud data
containing GPS coordinates, RGB colour values, and point classification. LAS
and LAZ are binary formats that offer high compression for efficient storage
and sharing, while ASCII and XYZ are text-based formats that can be easily
edited, but may result in larger file sizes (Winiwarter et al., 2022). E57 is
specifically designed for 3D imaging data, including LiDAR data, and provides
high compression for easy sharing across different software platforms (Im, Baek
and Lee, 2016). Another commonly used format for storing LiDAR data is PCD
(Point Cloud Data), which is prevalent in the robotics and autonomous vehicle
industries due to its ability to efficiently store large point clouds with various
attributes such as RGB colour values, point normal, and curvature (Wu et al.,
2021). It is essential to consider the specific requirements of each application

and select the appropriate LIDAR data format accordingly.
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2.6.1 LAS (LiDAR Data Exchange Format)

LAS is a binary file format used to store LiDAR point cloud data obtained from
airborne LIDAR systems. It is a specialized format designed to handle large

amounts of point cloud data (ASPRS, 2019; Rock Academy, 2023).

A LAS dataset is a collection of LAS files that are associated with a
specific LIDAR survey. It may consist of one or more LAS files covering a
specific geographic region or area. The organization of the LAS dataset may
vary depending on the project requirements, but it generally contains metadata
such as project information, geographic location, data quality, and data
processing parameters. The LAS dataset may also include different levels of
point cloud data, such as raw point clouds, filtered point clouds, and point
clouds classified into different categories based on terrain, vegetation, or man-

made objects (ArcMap, 2023).

The LAS file format consists of two parts: the header and the point
records. The header contains information about the LAS file, such as the format
version, the number of points in the file, the scale factor for the X, Y, and Z
coordinates, and other information about the LiDAR survey. The point records
section of the LAS file contains the individual LIDAR measurements, each
represented by a point record that includes the X, Y, and Z coordinates of the
point, the intensity value, and the classification code. The LAS format also
supports various data compression techniques to reduce the file size while

preserving the accuracy of the data (Isenburg, 2013; ASPRS, 2019).
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Table 2.2: LAS Public Header Block (ASPRS, 2019)

Item Format Size Required
FileSignature(“LASF”) char[4] 4bytes yes
FileSourcelD unsignedshort 2bytes yes
GlobalEncoding unsignedshort 2bytes yes
ProjectID-GUIDDatal unsignedlong 4bytes
ProjectID-GUIDData2 unsignedshort 2bytes
ProjectID-GUIDData3 unsignedshort 2bytes
ProjectID-GUIDData4 unsignedchar[8] 8bytes
VersionMajor unsignedchar 1byte yes
VersionMinor unsignedchar 1byte yes
Systemldentifier char[32] 32bytes | yes
GeneratingSoftware char[32] 32bytes | yes
FileCreationDayofYear unsignedshort 2bytes yes
FileCreationYear unsignedshort 2bytes yes
HeaderSize unsignedshort 2bytes yes
OffsettoPointData unsignedlong 4bytes yes
NumberofVariableLengthRecords unsignedlong 4bytes yes
PointDataRecordFormat unsignedchar 1byte yes
PointDataRecordLength unsignedshort 2bytes yes
LegacyNumberofPointRecords unsignedlong 4bytes yes
LegacyNumberofPointbyReturn unsignedlong[5] 20bytes | yes
XScaleFactor double 8bytes yes
YScaleFactor double 8bytes yes
ZScaleFactor double 8bytes yes
XOffset double 8bytes yes
YOffset double 8bytes yes
ZOffset double 8bytes yes
MaxX double 8bytes yes
MaxY double 8bytes yes
MaxZ double 8bytes yes
MinX double 8bytes yes
MinY double 8bytes yes
Minz double 8bytes yes
StartofWaveformDataPacketRecord | unsignedlonglong 8bytes yes
StartofFirstExtendedVariable

LengthRecord unsignedlonglong 8bytes yes
NumberofExtendedVariable

LengthRecords unsignedlong 4bytes yes
NumberofPointRecords unsignedlonglong 8bytes yes
NumberofPointsbyReturn unsignedlonglong[15] | 120bytes | yes
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Table 2.3: LAS Point Data Record Format 0 (ASPRS, 2019)

Item Format Size Required
X long 4 bytes | yes
Y long 4 bytes | yes
Z long 4 bytes | yes
Intensity unsigned short | 2 bytes | no
Return Number 3 bits (bits 0-2) | 6 bytes | yes
Number of Returns (Given Pulse) 3 bits (bits 3-5) | 3 bits | yes
Scan Direction Flag 1 bit (bit6) 1 bit yes
Edge of Flight Line 1 bit (bit 7) 1 bit yes
Classification unsigned char | 1 byte | yes
Scan Angle Rank (-90 to +90) Left

Side signed char 1 byte | yes
User Data unsigned char | 1 byte | no
Point Source ID unsigned short | 2 bytes | yes
Minimum PDRF Size 20 bytes

2.6.2 PCD (Point Cloud Data) Format

PCD format is a file format for storing 3D point cloud data in a structured
manner. It was developed by the PCL project and has become a widely adopted

standard for storing and processing point cloud data.

The PCD format supports both ASCII and binary encoding, and can
store a variety of information for each point, such as position, colour, intensity,
and normal vectors (Point Cloud Library, 2023). This makes it a very flexible
and versatile file format for storing 3D data from a variety of sources, including

LiDAR, structured light scanners, and RGB-D cameras (Kim and Cho, 2020).
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The structure of a PCD file is defined by a header that contains metadata
about the point cloud, such as the number of points, the point type, and the
dimensions of the point cloud (Point Cloud Library, 2023). The header is
followed by the actual data, which is stored as a series of point records. Each
point record contains the data for a single point, including its coordinates and
any associated attributes. Figure 2.12 shows the typical example of a PCD data

header and Table 2.4 describe the components in the header.

Figure 2.12: PCD Header in Fixed Order

Table 2.4: Description of PCD data header.

Header Components Description

VERSION Specifies the version of the PCD file
format being used.

FIELDS Defines the attribute fields of each point
in the point cloud.

SIZE Indicates the size (in bytes) of each
attribute.

TYPE Specifies the data type of each attribute.

COUNT Indicates the number of elements per
attribute.

WIDTH Denotes the number of points in each
row of the point cloud.

HEIGHT Represents the number of rows in the
point cloud. For unorganized point
clouds, this value is typically set to 1.

VIEWPOINT Specifies the viewpoint of the camera
used to capture the point cloud.

POINTS Indicates the total number of points in
the point cloud.

DATA Specifies the format of the point data.
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One of the benefits of the PCD format is that it is widely supported by
software packages in the point cloud processing community, including the Point
Cloud Library (PCL), CloudCompare, and MeshLab (mmolero, 2022). This
makes it easy to exchange point cloud data between different software packages

and to work with point cloud data across different applications.

In addition to its flexibility and ease of use, the PCD format also has a
relatively small file size compared to other formats, making it well suited for
storing and transferring large point clouds. Overall, the PCD format is a
powerful tool for storing and processing point cloud data, and is a key
component of many applications in fields such as robotics, computer vision, and

3D scanning (Chickerur and Joshi, 2015).

2.6.3 Comparison between PCD and LAS Format

Table 2.5 highlights the major features that distinguish PCD and LAS formats.
LAS is an industry standard designed to facilitate LIDAR data exchange
between vendors and is often used in workflows for terrain and mosaic datasets.
LAS files are typically bundled in sets that complement these workflows. On
the other hand, PCD is focused on user-friendliness and provides easy
accessibility to point cloud data through its support for ASCII data types that
can be directly plotted. PCD also offers flexibility in terms of its usage within

the Point Cloud Library (PCL) ecosystem.
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Table 2.5: PCD vs LAS file format

neighbour operation

Specification | PCD LAS

Data Structure | Organized point cloud | Bundle of LAS files build
datasets in row and column | from group of LiDAR data,
structure, improves | eg: GPS, IMU etc
efficiency of  nearest

Data Type ASCII or Binary | Binary (Little Endian)
(mmap/munmap)

Features n-D histograms for feature | Scalable dataset that enables
descriptors, full control of | quick statistical analysis
file
format

Display Point cloud Surface or point cloud

Types of | Airborne and terrestrial Airborne and terrestrial

LiDAR

Storage File system File system

Location

Analysis Use with PCL engine Use with LAS dataset tools,

eg: LAS file viewer, Qt
Reader, ArcGIS,

CloudCompare
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CHAPTER 3

LiDAR HARDWARE SETUP AND CHARACTERISATIONS

3.1 Introduction to VCSEL

The VCSEL is a type of semiconductor laser diode that emits light vertically
from its top surface, rather than from the side edge like traditional edge-emitting
lasers (EELs) (Kaplan, 2007). Compared to EELs, VCSELs offer several
advantages such as lower threshold current, higher efficiency, and easy
integration with other optical components (Koyama, 2006; Larsson and
Gustavsson, 2013). The laser light in a VCSEL propagates or emits in the
vertical direction of the surface of the semiconductor wafer, whereas in EELs,
the light is emitted in the direction along the wafer surface of the semiconductor
chip, and the laser beam is usually reflected or coupled out at a cleaved edge

(Koch and Hofmann, 2018).
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Figure 3.1: Schematic layer structure and operating principle of a VCSEL
(Michalzik, 2013b)
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Figure 3.1 depicts the standard structure of a VCSEL, which consists of
three main components: the active layers, n-type substrate, and p-type substrate
(Bragg reflector). The active region, which is responsible for generating laser
light, consists of one or a few quantum wells (QWSs) sandwiched between the
n-type and p-type Bragg reflector mirrors that are parallel to the wafer surface,
forming a laser resonator (Zhang et al., 2018). The bottom n-type Bragg
reflector has a low refractive index to achieve high reflectivity, while the top p-
type reflector has a lower reflectivity, allowing some lasing light to escape from
the device and reflecting some light back to the quantum well (Weigl etal., 1997,
Seurin et al., 2009). This bouncing of photons between the top and bottom
reflectors causes them to combine and emit the recombination energy as light,
resulting in the formation of the laser in the quantum well. This is the typical

lasing mechanism in all lasers (Michalzik, 2013b).

Lasing Window
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Figure 3.2: Schematic diagram of 910nm VCSEL cross-sectional structure

(Zhang et al., 2018)

VCSELSs can generate wavelengths ranging from 650 to 1300nm using
the active region, or quantum well, typically made of gallium arsenide (GaAs)

and aluminium gallium arsenide (AlGaAs). The quantum well comprises two
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thick AlGaAs layers sandwiching a very thin GaAs layer, which restricts
electron movement in the vertical Z direction and increases lasing efficiency
through quantum confinement. The GaAs-AlGaAs system is preferred in
VCSEL fabrication due to the minimal lattice constant changes when the
material's composition changes, allowing for the formation of multiple lattice-
matched epilayers on a GaAs substrate. Additionally, the increased Al fraction
affects the refractive index of AlGaAs, enabling the formation of an efficient
Bragg reflector with fewer layers than other materials. At high Al
concentrations, an oxide layer can form from AlGaAs, limiting the current needs

in a VCSEL and allowing for a very low threshold current.
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Figure 3.3: Cross-sectional view of an oxidized GaAs VCSEL (Weigl et al.,

1997)

VCSELs are emerging as the top light source technology for next-
generation 3D sensing and mapping applications, capable of replacing
traditional laser sources such as LEDs or edge-emitting laser diodes. This is due
to their vertical lasing characteristic, which makes them easier to handle during

fabrication. In the fabrication process of VCSEL, a single step epitaxy process
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is used where a distributed Bragg reflector (DBR) mirror is formed on the
substrate. This is followed by the formation of a multiple-quantum-well (MQW)
structure with current confinement, and then another layer of DBR mirror. A
layer of metal contact is placed on the surface of the top layer DBR mirror to
provide currents for both DBR mirrors. Millions of VCSELSs can be fabricated
and fully tested and analysed on a single wafer before dicing into chips, which
allows for quality problems to be identified earlier and reduces fabrication costs

compared to edge-emitting laser diodes.

The design and structure of individual VCSELSs allow for their scalability
into densely packed arrays containing tens to thousands of VCSELSs on a single
chip, despite their limited size (10 um emitting diameter) and lower output
power (10 mW). This configuration, known as a VCSEL array, is suitable for
high-power applications. VCSELSs provide a circular light beam with lower
divergence angle (about 20° full width at 1/e2 points), making it easier to couple
or collimate to an optical fiber and shape the emission pattern (Moench et al.,
2019). Additionally, VCSELs can be surface mountable components (SMT),
combining the features of an LED with those of a laser. Their surface emission
is nearly identical to the photodetector geometry, which allows for easier
alignment and assembly than edge-emitting laser diodes. The vertical output
beam also makes VCSELs ideal for parallel optical interconnection and

communication.
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3.2 VCSEL for LiDAR application

The development of VCSEL lasers has opened up a new area of laser
applications, making it possible to incorporate lasers into smartphones, vehicles,
households, and industries. Manufacturers of smart or automated devices are
increasingly adding features to map 3D environments for identification,
guidance, navigation, and augmented and virtual reality (AR/VR), and VCSELS
could be the new sensors that these devices need. VCSELS provide precise data
measurements of the distance to objects, thereby creating 3D visualization data

and maps (Moench et al., 2018).

VCSELs are well-suited to a wide range of applications, from proximity
sensing in smartphones to medium-range detection of people and objects within
a few meters, as well as long-range LiDAR systems in autonomous vehicles that
can determine small objects placed more than a hundred meters ahead. VCSELS
are semiconductor-based lasers that offer a good quality beam, high accuracy
detection, and compact size, making them an ideal laser source for 3D sensing

illumination (rpmc, 2023).

In this approach, the distance is determined by analysing the time it takes
for light to travel from a laser source, reflect off an object's surface, and be
detected by a sensor. There are two types of TOF systems: direct (DTOF) and
indirect (iTOF). DTOF systems use laser pulses and sensitive detectors, such as
single-photon avalanche diodes (SPADs), to measure the time it takes for the

pulse to travel. On the other hand, iTOF systems measure the phase difference
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between the emitted and received pulse trains and can be found on camera chips,

providing approximately QVGA lateral resolution (Moench et al., 2018).

The main limitation of the TOF technique is the interruption of photons
emitted or produced by artificial light sources and the sun (Sun et al., 2016). A
spectral filter is placed in front of the sensor to overcome this issue, which is
centered on the laser wavelength. The narrower the laser spectrum, the narrower

the bandwidth provided (Paschotta, 2008a).

Figure 3.4: Setup of a LIDAR Sensor with scanning rotation of 180 degree

Figure 3.4 show the prototype of the testing LIDAR sensor with integrate
a VCSEL as its light source. The VCSEL unit that is to be used in this LIDAR
setup is PLA5506-940. From the test report, it will produce a maximum output

power of 300mW when it is driven with current of 500mA (Trumpf, 2021).
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3.3 VCSEL Laser Characterization

First, the VCSEL laser is undergoing characterization based on measurements

of Power-Current and Voltage-Current.

Amplified
detector

Integrating
sphere

VCSEL

@

Figure 3.5: VCSEL Laser Measurement Setup

Using the setup depicted in Figure 3.5, the VCSEL laser is measured by
first employing the integrating sphere for power measurement. By serving as a
diffuser, the integrating sphere maintains the optical power and guides it to the

detector, enabling precise measurement of the VCSEL's optical power.

In order to power up a VCSEL, a driver board is necessary to generate
short electrical pulses in voltage and then convert them to current. The driver
board is capable of controlling the current to produce the desired output power
of the VCSEL. Current measurements were taken from 0A to 1.5A. Figures 3.6
and 3.7 illustrate the power and voltage measurements of the VCSEL laser at
different currents under continuous wave (CW) conditions in room temperature.
The VCSEL's threshold current is about 0.1mA at 1.5V, where an output is

detected.
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In Figure 3.6, the VCSEL shows a characteristic output power roll-off
(indicated by the orange line) as the input current increases. This is due to the
heat generated by the VCSEL as the current increases. The high temperature
generated by the VCSEL causes the output power to rapidly and unstably drop
as it continuously powers up. Therefore, the operating current for the VCSEL is

limited to below 0.5A, resulting in a maximum output power of 0.3W.

Power-Current Characteristic of VCSEL PLA5506-940
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Figure 3.6: Power-Current Characteristic of VCSEL PLA5506-940
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\Voltage-Current Characteristic of VCSEL PLA5506-940
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Figure 3.7: Voltage-Current Characteristic of VCSEL PLA5506-940

The oscilloscope trace of the electrical pulse from the driver and the
optical pulse generated from the VCSEL is presented in Figure 3.8. However,
there are bandwidth limitations to the optical pulse generated due to the limited

receiver bandwidth.

49



|

Optical

Electrical
(inverted)

1] 5 ("L
= @ = 2 500

@D @=:ove) @camm

Figure 3.8: Electrical Pulse and Optical Pulse Generated from VCSEL, pulse

width 10us, repetition rate 100kHz.

The steep rise and fall time of the electrical pulse can be transformed into
a square optical pulse at the output of the VCSEL laser. However, it is important
to note that the capacitive effect on the electrical driving circuits can cause
bandwidth limitations, resulting in slower rise times on the optical pulse.

Despite this, a satisfactory optical pulse signal can still be achieved.
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3.4 Implementation of VCSEL in LiDAR Setup

In this LIDAR setup, a VCSEL unit is implemented in the LIDAR Lite unit. It
will be mounted to a servo motor and a stepper motor to form a 3D LIiDAR
configuration. In this case, the VCSEL is used as the laser light source and a
photodetector in LIDAR Lite is used to receive and detect the scattered light.
An Arduino microcontroller is used as a control unit to send signal in the form
of pulses and to receive the returning signal from the LiDAR unit. Then, the
returning signal is sent to a computer for further processing and convert it to
form a data string which is then able to visualised in point cloud mapping. The
Arduino microcontroller is also responsible for controlling the turning or
rotation of a servo motor and stepper motor. The illustration of the entire setup

is as shown in the Figure 3.9 below.
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Figure 3.9: The configuration of LiDAR based on VCSEL
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The Build of Material (BOM) for this experimental setup is listed in table 3.1

below.

Table 3.1 BOM list for LIDAR Setup

No | Item Quantity

1 | LiDAR Lite (VCSEL installed) |1

2 Arduino Uno microcontroller 1

3 MG995 Servo motor 1

4 | Linear guide with stepper motor | 1

5 | A4988 stepper motor driver 1
6 | 100uF capacitor 1
7 1kQ resistor 1
8 12V 2A power supply 1
9 | DCjack 1
10 | Breadboard 1

11 | Jumper wires

12 | USB ato b cable 1

13 | Computer / Laptop 1

Arduino Uno is an open-source microcontroller board which is the first
release of USB-based Arduino board at 2010 with equipped a preprogramed
bootloader ATmega328P on the board. The board is provided with 14 digital
pins and 6 analogue pins which can programmed with Arduino Integrated
Development Environment (IDE) software for setting them either input or

output (I/O) using an USB cable. Six of the 14 digital I/O pins able to provide
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Pulse Width Modulation (PWM) output. This allowed us to control the motors
in this project by providing the pulse and frequency needed. Besides, the
Arduino Uno board consists a power output of 5V and 3.3V output pins by
reference to the ground pin. The Arduino Uno Board can power up by
connecting a supply of 7 to 20V to the DC jack or connecting a 5V USB to the

USB connector (Badamasi, 2014; Arduino, 2023).

Figure 3.10: Arduino Uno Microcontroller (Arduino, 2023)

The following section will discuss on the construction of 3D scanning LIiDAR,
step by step from a simple setup of fixed distance measurement LiDAR to a
rotating LIDAR with scanning range of 180-degree and lastly a 3D scanning

LiDAR which is able to collect data in the form of x, y and z coordinates.

53



3.4.1 Measurement of Distance

With the characterization work done on VCSEL as a laser source in section 3.3,
the next step is to characterize the LIDAR performance in terms of a single point
distance measurement. The device is modified by using a VCSEL unit as the
light source and the receiver module of the LiDAR Lite, a commercially
available unit and placed in front of a target. The LiDAR device is connected to
an Arduino microcontroller using PWM mode for signal data transfer. The
returned signal from the LiDAR will be transferred to the Arduino
microcontroller for processing before transferring to PC via a USB connection.
The Figure 3.11 below shows the distance measurement setup of the LiDAR

sensor and Arduino UNO to a surface of an object.

Figure 3.11: Setup of VCSEL integrate into receiver module of the LIDAR

Lite for distance measurement.
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Figure 3.12: Graph of collecting 100 measurements by fixed the distance of

LiDAR at 30cm from surface of an object

Plot of 100 distance measurement points by setting the
LiDAR sensor 60cm from object
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Figure 3.13: Graph of collecting 100 measurements by fixed the distance of

LiDAR at 60cm from surface of an object

Figure 3.12 and 3.13 shows two sets of data which collecting 100 measurements
continuously by setting the position of LiDAR sensor at different distance,
30cm and 60cm from an object. From the graph plot, we can observe that the
LiDAR sensor able to measure at more stable condition by placing it at further

distance to an object although it has an error of £2cm.
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3.4.2 Data Collection for a Single Plane

Then, the LIiDAR device is mounted on a servo motor for measuring the distance
of a surface at every degree the servo motor turns. The device will receive the
distance measurement readings continuously as it is rotated (0-180 degrees). In
this case, we have both the distance measurement and rotation angle data at

every degree rotation.

Figure 3.14: Setup of LiDAR unit mount on servo motor.

Unfortunately, the measurement recorded in angles or polar form is unable to
support and understand by most software. Thus, the data needs to be converted
to cartesian form or in this case the XY coordinates. Figure 3.15 shows the setup
of the LiDAR to scan a space build by using pallet woods and Figure 3.16 shows

the plot of measurement data in graph.
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Figure 3.15: Scanning of LiDAR rotate 180-degree with servo motor

Plot of LiDAR scanner scan for 180 degree
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Figure 3.16: Plot of scanning LiDAR turning 180-degree in the platform build

by pallet woods.

The result in Figure 3.16 is done with an averaging of 10 points. From the plot,
it resembles the shape of the inner pallet woods. The average value of 10 was
selected as it gives the best measurement and the shortest acquisition time.
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3.4.3 Setup for a 3-dimension Scanning (3D) LiDAR

In order to achieve 3D measurement, additional axis in the z-direction has to be
added in the current LIDAR setup. This is done by mounting it on a linear slider
with stepper motor that will move the LiDAR device in z- direction (up and
down). The continuous measurement of distance from LiDAR to the surfaces at
different scanning angles (180-degree rotation by the servo motor), and the
vertical data collected will provide a map of point clouds of the environment.

The setup is as shown in Figure 3.17 below.

Figure 3.17: Setup of a 3D LiDAR with 3D printed holder.
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In Figure 3.18, the LiDAR Lite (modified with VCSEL as light source) was
mounted on a 3D printed frame, while the MG995 servo motor was also
mounted onto the frame with the LiDAR sensor attached to its rotor. Then,
another 3D printed bracket is used to connect between the servo motor and the
linear slider. Lastly, a 3D printed base is printed to hold the linear slider stand

vertically.
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Figure 3.18: 3D model for the LiDAR setup

Figure 3.19 illustrate the connection between the components. The LiDAR unit
is power up with 5V and GND pin and the signal is controlled by the PWM
mode pin. The PWM mode pin of the LiDAR unit is connected to one side of
1kQ resistor and the same side is connected to pin 3 of Arduino uno as the
monitor pin for detecting the returned signal triggered by the trigger pin which
is pin 2 of the Arduino uno (connect by the other side of 1kQ resistor). The
MG955 servo motor also have three pin terminals which are signal, power and
ground pins. The signal pin is connected to pin 10 (as PWM output) of the
Arduino uno and the power and ground pins is connected to 5V and GND pins

of the Arduino uno.
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Then, the linear slider stepper motor needs a stepper motor driver and

external power supply to activate. An A4988 stepper motor driver is used. The

Arduino uno pin 8 and pin 9 is connected to the DIR and STEP pin of the stepper

motor driver. The DIR pin is used to control direction of the stepper motor by

setting the pin either high or low, while the STEP pin is used to control the

turning steps of the stepper motor. In our case, the STEP pin is receiving a

number of pulses to control the moving distance of the slider block. The more

pulses are applied to the STEP pin the longer the moving distance.
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Figure 3.19: Connections of the components

The overall dimension of the system is approximately 70mm in width,

100mm in length and 220mm in height. The volume of the designed LiDAR

system is 2135% smaller than Velodyne HDL-64E mechanical LiDAR. The

results from the scanning LiDAR can be plotted on the LiDAR visualizer. This

will be discussed in detail in Chapter 4.
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CHAPTER 4

LiDAR SOFTWARE AND IMAGING

Point cloud is a type of 3D data representation that consists of a large number
of points in 3D space. Each point in the point cloud represents a specific location
in space and is defined by its X, y, and z coordinates. The points can be of
different sizes and colours, and they can be organized in a variety of ways, such
as in a grid or in a more unstructured pattern. Point clouds are often used in
applications such as 3D modelling, surveying, and robotics. They are
particularly useful in situations where a high level of accuracy and detail is
required. For example, point clouds can be used to create 3D models of
buildings, bridges, and other structures, allowing architects, engineers, and
construction workers to better understand the layout and dimensions of these

objects. Figure 4.1 shows an example point cloud of an environment.

Figure 4.1: Point cloud of an environment (Ng, Lim and Teh, 2020)
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One of the advantages of point clouds is that they can be easily captured
using a variety of sensors, such as LiDAR or photogrammetry systems. These
sensors emit light or take photographs to capture data about the environment,
and the resulting data can be processed to generate a point cloud. The accuracy
and level of detail of the point cloud depend on the resolution of the sensor and

the quality of the data processing algorithms.

To visualize and analyse point clouds, specialized software is often used.
This software can help to manipulate and filter the point cloud data, as well as
generate visualizations that make it easier to understand and interpret the data.
In this chapter, there are three main components discussed that can be combined
to collect, convert and visualise the point cloud data measured by using the

modified LIDAR hardware which discussed in the previous chapter, chapter 3.

The first component is the sketch for the Arduino Uno microcontroller,
which is used to control the LiDAR hardware and collect data from sensors. The
Arduino Uno is a popular microcontroller board that is often used in projects
that involve collecting and analysing data. A sketch is created to provide a
program that can be uploaded to the microcontroller to gather data from the
LiDAR sensor. The collected data is then stored in a text file which can be

processed further.
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The second component is a conversion tool that can be used to convert
the text file to .pcd file format. The .pcd format is commonly used for point
cloud data and is supported by many visualization tools. The conversion tool
takes the text file as input and generates a .pcd file that can be used for further

analysis and visualization.

The third component is a visualizing tool that can be used to show the
point cloud. The visualizing tool takes the .pcd file as input and generates a
visual representation of the data. This tool helps to analyse the data and identify

any patterns or trends that may be present.

In combination, these three components provide a complete solution for
collecting, converting and visualizing of point cloud data. This process can be
applied to a wide range of projects and applications, from environmental
monitoring to industrial automation. By using the Arduino Uno microcontroller,
a conversion tool and a visualizing tool, it is possible to collect and analyse data

in a variety of settings and draw insights that can inform decision-making.
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4.1 Collection of Point Cloud Data

The idea of the project is to construct a system that is compatible to the modified
LiDAR hardware and able to perform basic point cloud visualization using PCL.
The collection of point cloud data is needed. A laptop was used to process the
data collected from the LiDAR hardware. The laptop was connected to the
Arduino microcontroller. The LIDAR unit was mounted on the 3D printed
frame, as show in Figure 3.18 and attached with servo and stepper motor are
connected to the Arduino microcontroller. Figure 4.2 shows the illustration of

the interface between the components.

Computer

Serial

I “Communication

Arduino Uno Microcontroller

1/0Pin |

v v

!
i

[ [
LiDAR Lite Servo Motor Stepper Motor
(with VCSEL) Rotator Slider

Figure 4.2: Illustration of the interface between the components
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There are three main steps involved for the raw point cloud data
collection. First, the signal pin from the microcontroller is triggered, which
sends out a signal to the LiDAR sensor. Second, the microcontroller calculates
the time it takes for the return signal to be detected by the sensor. This time
calculation is based on the principle of TOF, which measures the time it takes
for a signal to travel to an object and back. Finally, the received signal is
converted to distance, using a simple formula that takes into account the speed
of the signal and the time it took to travel to and from the object. This distance

data is collected, arranged and recorded in a text file.
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Figure 4.3: Flow Chart of Arduino sketch to perform 3D scanning

Figure 4.3 show the overall flow chart of Arduino sketch collecting point cloud

data. The sketch starts with defining variables and pins that will be used in the

program. This is important because it tells the program which pins on the

microcontroller are connected to the LiDAR sensor, servo, and stepper motor.

Without this information, the program wouldn't know how to communicate with

these components. Next, the program sets the serial port baud rate to 115200.

This is the rate at which data is transmitted between the microcontroller and the

computer. It's important to set this rate correctly so that the program can
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effectively communicate with the computer. Then, the connection pins are
defined to be either input or output. The purpose of this setting is to determines
which pins are used for sending and receiving signals between the
microcontroller and other components. After all of the connections was
completely defined, the sensor trigger pin was set to low, which means that it
will continuously read data from the sensor. This is to ensures that the program
is constantly receiving data from the sensor. Before the LiDAR start scanning
and recording the measurement, the servo motor position is checked to ensure
it is at position 0. If it is, the program proceeds to the next step. If it isn't, the
program will turn the servo motor to position 0. This is important because it
ensures that the program starts taking measurements from a known position.
Once the servo is at position 0, the program will count the duration of the pulse
it receives from the LiDAR sensor. At the same position, 10 measurement data
is recorded and add up, and its average is calculated. The averaging of the data
is performed to ensures that the program is receiving accurate and consistent
data from the sensor. The averaging will be performed on each degree the servo
motor turns. This allows the program to take measurements at every angles it
turns and create a more detailed map of the surrounding environment. When the
servo reaches 180 degrees, it will return to 0. This allows the program to take
measurements in a complete 180-degree sweep. Then the stepper slider will
move up and continue scanning of the other plane. The steps will repeat until
the slider reaches the maximum distance and will reset and move down to the

original position.
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4.1.1 Data Conversion from Polar to Cartesian Form

At the beginning, the data was recorded in polar form which is the distance and
angles. However, to represent and process the data in most applications, it is
usually more convenient to convert the polar coordinates to Cartesian
coordinates. This is because most algorithms and software packages for
processing 3D point clouds are designed to work with Cartesian coordinates. To
convert from polar to Cartesian coordinates, the distance and angle
measurements for each point in the point cloud are used to calculate the x, vy,
and z coordinates of the point relative to the origin of the LiDAR scanner. This
results in a set of 3D points that can be used to create a high-resolution 3D map
of the scanned environment, or to perform other types of analyses and

processing.

In the LiDAR setup proposed, there are just 2 components needed to
convert from polar coordinate to cartesian form, which is x coordinate and y
coordinate, as the z position for the setup is set to move by a constant distance,
Smm. The distance measured by the LiDAR sensor represented as » and the
turning angle of the servo motor represented as 6. The conversion is as Figure

4.4 below.
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Figure 4.4: Conversion of polar form to cartesian form

4.1.2 Arrangement of Data

Every measurement data and angles are arranged and recorded in a text file. The

arrangement is as Figure 4.5 below:

70.00 0.00 ©
68.99 1.20 ©
69.96 2.44 ©
68.91 3.61 ©
69.83 4.88 @
69.73 6.10 ©
69.62 7.32 ©
68.49 8.41 ©
68.33 9.60 ©

69.14 10.95 ©

Figure 4.5: 10 Sample of LiDAR raw data recorded

The first column is X coordinate data. The second column is Y coordinate data.
The last column is Z coordinate data. All recorded data is in cm. The data is
arranged by its category and separated by a space delimiter. The delimiter is
used to separate or mark the boundaries between different pieces of data. This
is important to allows the conversion tools, which will describe in next part to
parse and extract the individual pieces of data within the file, and to manipulate

or process them.
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4.1.3 Averaging of Data

An average is calculated for each degree that the servo turns. This is to increase
the precision and accuracy of data by reducing the effect of outliers or extreme
values that may skew the overall results. By smoothing out the fluctuations and
reducing the impact of individual measurement errors, averaging can provide a
more accurate and consistent estimate of the map of the surrounding
environment. Figure 4.6 below is the environment built to scan and analyse the

point cloud data.

A

Figure 4.6: Testing of 3D LiDAR scanning

Figure 4.7 and 4.8 shows the point cloud data of scanning a single plane,
one complete servo rotation, 180°; while, Figure 4.9 and 4.10 shows the top
view 3D point cloud of a scanned environment. By comparing the figures, it is
very obvious to see that the point cloud of performing averaging of 10
measurement is look tidier and closer to the actual environment. The point cloud
without performing averaging have some extreme values that makes the point
cloud noisy and irregular. The outliers and extreme value will make the point
cloud is challenging to identify patterns and relationships.
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Figure 4.7: Top view of point cloud scanning a single plane without Figure 4.8: Top view of point cloud scanning a single plane with

performing averaging performing averaging of 10 measurements
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Figure 4.9: Top view of 3D Point Cloud scanning without performing  Figure 4.10: Top view of 3D point cloud scanning with performing

averaging averaging of 10 measurements

72



4.1.4 Measurement Speed

The time to complete a measurement is depends on the averaging points. The
more the points of averaging, the longer the time taken to complete a scanning.
Table 4.1 below shows the time taken to complete the scanning with and without

performing the averaging of a single plane.

Table 4.1: The time taken for completing a single plane scanning with and

without performing averaging.

Points of averaging Time taken to complete a scanning, s
0 6
5 21
10 41
15 61
20 81
25 100
30 121

73



4.1.5 Accuracy of the LIDAR Scanner

LiDAR is a remote sensing technology that uses laser light to measure distances
to objects. Investigating LIDAR measurements could involve understanding the
principles behind how LiDAR works, its applications, and its limitations. To
conduct a controlled measurement, it would be necessary to build an area or
target. In this research, the target was made of a wood-based material. This
involved constructing a panel or structure using wood panels. The panel or
structure would then be used as the target for the LIDAR measurements. Figure

4.11 shows the constructed structure of the wood panels.

Figure 4.11: Setup and actual dimensions for measurement of point cloud

74



One of the principles behind how LiDAR works is TOF. TOF is a
method of determining the distance between an object and the LiDAR sensor
by measuring the time it takes for a laser pulse to travel from the sensor to the
object and back. The laser pulse is emitted by the LiDAR sensor and bounces
off the object, and the time it takes for the pulse to return to the sensor is
measured. Since the speed of light is constant, the distance between the LiDAR
sensor and the object can be calculated based on the time it takes for the laser

pulse to travel to the object and back, using the following formula:

Speed of light X Time of flight
2

Distance,d =

where the speed of light is approximately 3 X 108 m/s, and the Time of flight
is the time taken for the laser pulse to travel from the LiDAR sensor to the object

and back. This is the basic principle behind TOF-based LiDAR measurements.

To ensure accurate measurements, the light source used in LiDAR
systems must be carefully calibrated. For example, if the laser pulse width is too
long, the LIDAR will have reduced range resolution, while if the pulse width is
too short, the LiDAR will have reduced signal-to-noise ratio. Therefore, the
LiDAR system used VCSEL laser is calibrated with pulse widths of 10 us/cm,
which enables to achieve high-resolution and high-accuracy measurements over

long ranges.
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The point cloud in Figure 4.12 below shows the shape and boundary of
the structure clearly. However, it is difficult to determine the exact dimensions
from the image alone. Therefore, a more detailed analysis is necessary to

accurately measure the dimensions of the structure.

Figure 4.12: Point Cloud of the controlled measurement structure

The analysis can be performed using the edge points, which are easily
identifiable on the graph. The edge points and the distances needed to determine
them are labelled on Figure 4.13. To calculate the distance between two points

on the graph, the following formula can be used:

Distance,d = \/(xz —x1)+ (2 —¥1)
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where (xq,y;) and (x,,y,) are the coordinates of the two points being
measured. By using this formula and the known scale of the graph, the

dimensions of the structure can be accurately determined.

180 degree scanning of LIiDAR

140
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“........M...s
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Figure 4.13: Measurement of the controlled structure
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Table 4.2: Comparison of controlled structure dimension of actual structure and point cloud measurement

Actual Structure

Measurement from Point Cloud

Dimensions L Distance B = 84cm N Distance B = 103.02cm
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According to Table 4.2, the distance and the area of the actual structure and the
point cloud measurement is calculated. The measurements for distance A and
distance D were ignored for the comparison due to about 10-degree tilt of the
LiDAR sensor and affect the measurement. By comparing the measurements
for distance B and distance C, the distance measured by the LIDAR sensor for
the point cloud was longer than the actual measured distance. However, the 10-
degree tilt of the LIDAR sensor will not affect the area calculation. The area
calculated shows the measurement from the point cloud is bigger and have a
percentage different of 9.93% compared to the actual structure. There are two
possible causes for this occurrence. Firstly, this could be due to the presence of
wood surfaces, which can affect LIDAR measurements. Wood surfaces can
cause errors in LIDAR measurements as they can absorb, reflect, and scatter
laser pulses. The amount of energy absorbed or reflected by the wood surface
depends on several factors, including the type of wood, its surface condition,
density, and moisture content (Sandak and Tanaka, 2003; Rose, 2018; Besseau
et al., 2020). This can result in incorrect distance measurements or incomplete
data capture, leading to potential errors in the resulting point cloud. Secondly,
the error may be caused by the averaging calculation of the measurements.
Some of the outliers and extreme values are farther than the actual distance, and

they are included in the average value, causing the point distance to increase.
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4.2 Point Cloud Data Conversion

Compeatibility is always the main challenge when ensuring that a processing
system accepts correct input data. Some of the point cloud data formats recorded
in azimuth are not supported by most software. Therefore, a converter is needed
for visualization software that can process several file formats. The converter
must be capable of processing multiple file formats to provide flexibility for
users, and it should be designed to perform conversions in a simple, intuitive
manner that doesn't confuse the user. This is particularly important because
users may be unfamiliar with different file formats and may not have technical
expertise. Therefore, the converter should be user-friendly and have a simple
interface. In addition to converting files, the converter should also have the
flexibility to accept files recorded in either cartesian or polar coordinates. This
will enable users to work with a wide range of point cloud data, regardless of
how it was originally recorded. Once the software is designed, a dataset can be

created and analysed using the software's visualization tools.
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4.2.1 Conversion tool program flow

»{ Get file from directory —3» ﬁ._rrange data po_lnt
with tab seperation
NO
Prompt user for xyz. Get total _numberof
asc, txt. csv file points
# YES .L
Separate strings from Identify number of Set header 'size’,
specified separators: columns ‘type’ and "count’ in 3
s, i, column format

4 columns Build PCD header

Check file format

detected? with "build Text
fumction
NO YES Set header 'size’, Save file in

‘type" and ‘count’ in 4
column format

1t file detected? application directory

with .pcd format

Figure 4.14: Flow chart of conversion .txt file to .pcd file

Figure 4.14 shows the flow chart of the conversion program designed for
converting data from a text file. The user is prompted to input a .txt file, which
the program then processes and converts to .pcd format. At the start of the
application, it will retrieve the input file from a designated directory. If the file
is not found, the application will filter for error code and prompt the user to
provide the necessary input. The program will then read strings from the input
file using I/O functions and separate them by comparing with a pre-defined
array of separators (e.g.,'", "\t',|', "\s', \r', and ."). The code will check if the input

file is in .txt format, and if true, it will detect the number of points and columns
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in the file. Depending on the number of columns detected (3 or 4), the program
will build the header type 'size', 'type', and count accordingly. Lastly, the

program will save the file in .pcd format.

4.2.2 User Interface Operating Flow

The conversion tool aims to simplify the conversion process and prevent
confusion for users. To convert a .txt file to a .pcd file, the following steps are
required:
1. Locate the directory of the .txt file.
2. Optionally, select the checkbox to indicate whether cartesian to polar
conversion is required.
3. Click the 'Convert' button.
4. Check the converted .pcd file in the application directory by opening it
with Notepad.
By following these steps, users can easily convert the .txt files to .pcd files

without any confusion.

PCD Converter v3.1

: Convert |

Figure 4.15: User interface of PCD conversion tool
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Convert
success?
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Figure 4.16: User interface design flow for PCD conversion tool

4.2.3 PCD Conversion Results

When working with data in a .txt file format, it is important to ensure that the
data is separated correctly to allow for easy analysis and processing. In this
regard, a space-delimited format is used. The converter will identify separator

according to matching characters, in this case ‘\s’ is matched, where each data
point is separated by a space. To convert this format into a .pcd file, the
converter will automatically identify the separator and separate the data
accordingly. Once the data has been identified, it can be used directly to build

the header for the .pcd file by using the number of points and columns.
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Figure 4.17: Conversion from .txt file (left) to .pcd file (right)

From the conversion, the header of a .pcd file is created. The definition of the

created header is described in the Table 4.3 below:

Table 4.3: Header description for the converted .pcd file

Header Field | Description

VERSION The version of the Point Cloud Library used is version 0.7

FIELDS The data is listed in ‘x’, ‘y’ and ‘z’, which represent the 3D spatial
coordinates of each point

SIZE The size of each field in a row is 4-byte long, the size would be 4 * 3 =
12 bytes

TYPE The data type for each field is float type, F

COUNT The number of elements in each field. x, y, and z would each have a
single instance count of 1.

WIDTH The number of rows of the data is 181.

HEIGHT It is set to 1. each point in the file is represented as a one-dimensional
array

VIEWPOINT | The default value of viewpoint is set.

POINTS The total number of points in the file is 181. (WIDTH *HEIGHT)

DATA The data type of the point cloud data is stored as ASCII
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4.3 Visualisation of Point Clouds

A Windows Forms application was developed using the C# programming
language. This program allows users to load and display point clouds in PCD or
XYZ format. There are two viewing options: a 2D mode with image overlay
and a 3D mode that offers complete rotation of the point cloud. The program
uses the Point3D class to represent individual points in 3D space, with each
point defined by its X, Y, and Z coordinates. This application can be a useful

tool for visualizing a complex 3D data set.

¥ PCD Visualization = o e

Load PCD Reset 3D Viewer Setting

Figure 4.18: 2D viewing of point cloud overlay on image
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Figure 4.19: 3D viewing of point cloud

The purpose of the LoadPointCloud() function is to read the contents of
a PCD file and generate a list of Point3D objects based on the data. The method
initializes an empty list of points and proceeds to read the file using a
StreamReader. The file's contents are read line by line via a while loop, and each
line is split into an array of strings using the Split method. The delimiters are
space, tab, newline, or carriage return characters. The string array is then used
to extract the x, y, and z coordinates, which are stored in their respective
variables. A new Point3D object is then created using these coordinate values,
and it is added to the list of points. Finally, the method returns the list of points,
allowing the caller to manipulate and use the point cloud data as needed. This

method is a vital component of the application, as it provides a means of
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importing and working with external point cloud data. Its efficient and thorough
implementation is crucial to ensuring the accuracy and reliability of the

program's functionality.

The DisplayPointCloud() function serves to generate a bitmap image
and depict each point of the point cloud as a small circle on the image. The
method first clears any existing points from the picture box by setting the Image
property to null. It then creates a new Bitmap object with the size of the picture
box. An overlay image from a file is loaded, and the position and size of the
overlay image are calculated based on the picture box's dimensions. A Graphics
object is used to draw the overlay image onto the bitmap. Next, the center point
of the picture box is calculated, and each point in the point cloud is represented
by a small circle drawn using a Graphics object. The x and y coordinates of each
point are obtained from the Point3D object, and their values are utilized to
determine the circle's position on the bitmap. Finally, the bitmap is set as the
Image property of the picture box so that it can be displayed on the form.
Additionally, the application loads an overlay image from a file and uses it as a
background image for the point cloud visualization. The DisplayPointCloud()
function is a critical aspect of the program as it allows for the point cloud to be
visualized in a meaningful way. Its implementation is efficient and thorough,

ensuring that the point cloud data is accurately represented on the bitmap image.

As for the 3D viewing, OpenGL API is being used to render the 3D point
clouds. In order to utilize OpenGL API in this program, an open-source library

is being used and it is known as OpenTK library (Open TK, 2021). OpenTK
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provides OpenGL bindings and other related functionality such as window

creation and input handling.

In the method named ShowPointCloudOpenGL(), it adds a new 3D
model representing a point cloud to an existing list of models in an OpenGL
control. If specified, it also removes any existing models from the control. This
enables the user to display a point cloud using OpenGL graphics. The method
takes two parameters: a PointCloud object named myP, which represents the
point cloud to be displayed, and a boolean named removeOthers, which
determines whether to remove any other models that are currently displayed in
the OpenGL control. If removeOthers is true, the method first removes all
models from the OpenGL control using the RemoveAllModels method. Then, a
new Model object named myModel is created, and its PointCloud property is
set to myP. The myModel object represents the point cloud as a 3D model.
Finally, the myModel object is added to the GLrender list of the OpenGL control
using the AddModel method. The GLrender list is responsible for rendering all

models in the OpenGL control.

In summary, this application allows users to easily load, visualize, and
manipulate point cloud data, making it a useful tool for various applications
such as 3D modeling, robotics, and computer vision. The use of OpenGL and
the OpenTK library adds powerful 3D visualization capabilities to the

application.
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CHAPTER 5

CONCLUSION AND RECOMMENDATION

5.1 Conclusion

LiDAR, which stands for Light Detection and Ranging, is a remote sensing
technology that uses laser pulses to measure distances and create precise 3D
maps or models of objects, environments, or landscapes. LiDAR works by
emitting rapid laser pulses and measuring the time it takes for the light to reflect
off of objects and return to the sensor. This information is used to create a
detailed point cloud or digital elevation model of the scanned area, which can
be further processed to extract various features such as terrain elevation,
vegetation density, building height, and more. LiDAR technology has numerous
applications in fields such as surveying, geology, archaeology, forestry, urban

planning, autonomous vehicles, and robotics.

In conclusion, the research work has successfully characterized the
VCSEL laser and developed a compact LiDAR module that can perform single
point distance measurement, 2D measurement, and 3D measurement with the
addition of a servo motor for three-dimensional scanning. The innovative PCD
visualizer enables the conversion of LiDAR data into Point Cloud Data, which
can be visualized in a 3D visualizer, allowing for meaningful analysis and

interpretation.
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One of the main advantages of the designed compact LiDAR module is
its size. The size of the VCSEL LiDAR sensor is 20mm in width, 48mm in
length and 40mm in height, which its volume is only approximately 30% of the
Leddar Vu8 solid-state LIDAR sensor reported in section 2.4.2 and the overall
system size is on par with the solid-state LiDAR system. By focusing on
reducing the size of both the laser and optical components, the created system
is smaller than existing LiDAR systems on the market. This compact size allows
for easy attachment to small drones or unmanned aerial vehicles (UAVS),
expanding the potential applications of LiDAR technology in fields such as

surveying, construction, and agriculture.

In addition, the accuracy of the VCSEL LIDAR sensor is significantly
improved than the Leddar Vu8 solid-state LIDAR sensor where the VCSEL
LiDAR have the accuracy of +2cm and Leddar Vu8 solid-state LIDAR have an
accuracy of £5cm. Furthermore, the laser system has been designed to operate
on low power, which reduces operation costs and makes it more
environmentally friendly. This innovative approach to LiDAR technology
reflects its commitment to advancing the field and addressing real-world

challenges.
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5.2 Recommendation

To improve the functionality and potential applications of the LIDAR module,

1t 1s recommended to:

1. Increase the VCSEL laser power to enable longer range sweeps to be
obtained. This will expand the range of the LIDAR module and make it

more versatile for a wider range of applications.

2. Implement a stepper motor to accurately obtain angle sweeps for a more
precise 3D visualization. This will improve the accuracy and quality of

the 3D visualization, making it more useful for various applications.

3. Implement object recognition algorithms, such as human and object
detection, based on the 3D visualization including distance detection.
This will enable the LiIDAR module to detect and identify objects in its

environment, making it more useful for safety and security applications.

By implementing these recommendations, an ultra-compact LIDAR module can

be further developed that is suitable for various applications, including self-

driving automotive and self-moving carts/trolleys.
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APPENDICES

Appendix A: Coding for Arduino Microcontroller

Hinclude <Servo.h>
Servo myservo; // create servo object to control a servo

/Define variables

int pos = 0;

int 1= 0;

int m = 0;

int avgPoint = 1;

unsigned long pulseWidth;
unsigned long totDistance = 0;
unsigned long avgDistance = 0;
float xPos;

float yPos;

float zPos = 0;

float P1=3.1416;

/ Define pin connections

const int triggerPin = 2; // Set pin 2 as Lidar lite trigger pin
const int monitorPin = 3; // Set pin 3 as Lidar lite monitor pin
const int servoPin = 10; // Set pin 10 as servo motor pwm pin
const int dirPin = 8;  // Set pin 8 as stepper motor direction pin
const int stepPin = 9; // Set pin 9 as stepper motor pulse pin

void setup()
Serial.begin(115200); // Start serial communications
myservo.attach(servoPin); // attaches the servo on pin 6 to the servo object

/I Declare pins as Inputs & Outputs

pinMode(triggerPin, OUTPUT); // Set pin 2 (trigger pin) as output
digitalWrite(triggerPin, LOW); // Set trigger LOW for continuous read
pinMode(monitorPin, INPUT); // Set pin 3 (monitor pin) as input
pinMode(dirPin, OUTPUT);  // Set pin 8 (stepper direction) as output
pinMode(stepPin, OUTPUT);  // Set pin 9 (stepper pulse) as output

void loop()
{
if (pos == 0)
{
myservo.write(pos);/ tell servo to go to position in variable 'pos’
delay(500);
h

/[ Reset the seyvo and maove up
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if (pos == 181)
{
pos = 0; // Reset pos
myservo.write(pos);/ tell servo to go to position in variable 'pos’
delay(500);
m++; /l m increament
MoveUp(); // Move up by 5mm

/I Reset z position
if (m == 25)
{
m = 0; /l Reset m
MoveDown(); // Move down to starting position

}
}

myservo.write(pos); // tell servo to go to position in variable 'pos’
delay(15);

pulseWidth = pulseIn(monitorPin, HIGH); // Count how long the pulse is
high in microseconds

/I If reading not zero, calculate distance
if(pulseWidth != 0)
{
pulseWidth = pulseWidth / 10; // 10usec = 1 cm of distance
H

it+; //1iincreament
totDistance = totDistance + pulseWidth; // Continue adding the readings

/[ Calculate the average reading
if (i == avgPoint)
{

avgDistance = totDistance / avgPoint; // Divide the total distance by thd
number of points

xPos = avgDistance * cos(pos*(Pi/180)); // Convert and get the x-coordinatg
Serial.print(xPos); /l Print the x-coordinate
Serial.print(" ");

yPos = avgDistance * sin(pos*(Pi/180)); // Convert and get the y-coordinatg
Serial.print(yPos); // Print the y-coordinate
Serial.print(" ");

zPos =m * 0.5; /l 5mm for every moving, z-coordinate
Serial.println(zPos); // Print the z-coordinate
1=0; /I Reset 1
totDistance = 0; // Reset average distance
pos++; /I pos increament
}
void MoveUp()
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/I Set motor direction
digitalWrite(dirPin, LOW);

/I Start motor

for(int d = 0; d < 79; d++)

{
digitalWrite(stepPin, HIGH);
delayMicroseconds(4000);
digitalWrite(stepPin, LOW);
delayMicroseconds(4000);

H

delay(1000); // Wait 1 second

void MoveDown()

/I Set motor direction
digitalWrite(dirPin, HIGH);

// Start motor

for(int d = 0; d < 1975; d++)

{
digitalWrite(stepPin, HIGH);
delayMicroseconds(4000);
digitalWrite(stepPin, LOW);
delayMicroseconds(4000);

H

delay(1000); // Wait 1 second
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