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ABSTRACT

OPTICAL SYSTEM DESIGN, INTEGRATION AND TESTING OF A 2D
SCANNING LIDAR

Cerit, Kiibra
Master of Science, Physics
Supervisor: Assoc. Prof. Dr. Alpan BEK

January 2022, 102 pages

In this thesis, optical system design, integration and testing of a compact LIDAR
system with 270 degree field-of-view that based on time of flight principle is
developed by Rekrom Optoelectronics. This system can identify objects and measure

distances up to 100 m away.

LIDAR has become a much needed and used technology in various fields. The most
important of these areas are robotic systems, autonomous vehicles and unmanned
aerial, land and sea platforms navigation and environmental awareness. The main
reason that the LIDAR has become preferred technology is that it is much faster in
the aspect of environmental awareness whereas being able to easily provide the
distance information of the objects. LIDAR can provide high-resolution vision by
generating millions of data points in real-time. This creates a precise map of the ever-
changing surroundings that allow the objects to be recognized and categorized. And
thanks to the advent and adoption of solid-state technology, the cost of these high-
resolution sensors has also been considerably reduced, making them a perfect fit for

a wide range of technologies.

Keywords: LIDAR, Light Detection and Ranging, Scanning LIDAR, Proximity

Sensor
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2 BOYUTLU TARAMALI LIDAR OPTIiK SISTEM TASARIMI, URETIMi
VE TESTI

Cerit, Kiibra
Yiksek Lisans, Fizik
Tez Yoneticisi: Assoc.Prof. Dr. Alpan Bek

Ocak 2022, 102 sayfa

Bu tezde, Rekrom Optoelektronik tarafindan, ugus siiresi prensibine dayali, 270
derecelik goriis alanina sahip kompakt bir LIDAR sisteminin optik sistem tasarimi,
entegrasyonu ve testi calismalar1 gergeklestirilmistir. Bu triin nesneleri 100 m

menzil igerisinde tanimlayabilir.

LIDAR, cesitli alanlarda ¢ok ihtiyag duyulan ve kullanilan bir teknoloji haline
gelmistir. Bu alanlarin en 6nemlileri robotik sistemler, otonom araglar ve insansiz
hava, kara ve deniz platformlar1 navigasyon ve ¢evre bilincidir. LIDAR'In tercih
edilen bir teknoloji haline gelmesinin temel nedeni, nesnelerin mesafe bilgilerini
kolaylikla saglayabilmesi ve ¢evre bilinci agisindan ¢ok daha hizli olmasidir.
LIDAR, ger¢ek hayatta milyonlarca veri noktasi iireterek yiiksek ¢oziiniirliiklii goriis
saglayabilir. Bu, nesnelerin taninmasina ve siniflandirilmasina izin veren siirekli
degisen cevrenin kesin bir haritasin1 olusturur. Kat1 hal teknolojisinin gelisi ve
benimsenmesi sayesinde, bu yiiksek ¢ozilniirliiklii sensorlerin maliyeti de dnemli
Olclide azaltilarak onlar1 ¢ok ¢esitli teknolojiler icin miitkemmel bir uyum haline

getirmistir.

Anahtar Kelimeler: LIDAR, Isik Algilama ve Mesafe Olgme, Taramali LIDAR,

Yaklagim Sensorii

Vi



To my dear mom

vii



ACKNOWLEDGMENTS

I would like to thank to my supervisor Assoc. Prof. Dr. Alpan Bek for his support,

advice, and encouragement throughout the research.

I would also like to thank Assoc. Prof. Dr. Serhat Cakir who is one of the most valuable
professor of the physics department of METU and always supports me under all

circumstances.

I would also like to thank my colleagues especially Mustafa Kara, Baris Evran and

my General Manager Altug Ucgar for his support and guidance in my study.

| would also like to thank my former colleagues Parisa Sharif, Muammer Kozan,

Arash Badamchi, and Ercan Karag6z for their moral support and endless patience.

I’m also grateful to my friends Asli Papurcu, Onur Sevim, Elif Ekebas, Selen Yiiksel,

and Melis Gelgeg for helping me to overcome obstacles in my life during this study.

| would also like to thank my family for their love and support throughout all my
life.

This work is funded by Rekrom Optoelectronics.

viii



TABLE OF CONTENTS

ABSTRACT . r e v
OZ oo vi
ACKNOWLEDGMENTS ... Vi
TABLE OF CONTENTS ...ttt iX
LIST OF TABLES ... ..ot et Xii
LIST OF FIGURES ...t Xiii
LIST OF ABBREVIATIONS ... .o XVi
CHAPTERS
1 INTRODUCTION ..ot 1
1.1  Measurement Techniques With Light............c.cccoooiiiiiiiii e, 2
1.1.1  Optical TrianguUIALIoN .........cccooiiiiieiieierse e 2
1.1.2  Phase Change ... 4
1.1.3  Time Of FHGNT ..cooiiiiii e 5
1.1.4  Comparison of Various Distance Measurement Techniques.............. 6
1.2 LIDAR TYPES ..oeeoeeeeeeeoeeeeeee e eeee e eeeeeeee e eeeee e 7
1.3 General Optical Definitions ..........cccoeieiiiiieieieeee s 10
1.3.1  Beam DIVEIgENCE......cccoiiiiiieiiiieeeie e 10
1.3.2  SPOtDIAQram ...c..ocviiieiece et 11
2 LASER POWER CALCULATIONS ... 13
2.1 SoUrce (TranSMILEr) .....cceeivieiie i 14



5

2.1.1  ReCtangular PUISE ........c.coviieiicce e 14

2.1.2  GAUSSIAN PUISE ..ot 15
2.1.3  Negative Parabolic PUISE..........ccccoeiiiiiiececce e 15
2.1.4  Types of TranSMitter LaSErS........ccccevvereeiieieerieiieseesieeeeseesie e 17
2.2 AtMOSPNEriC TranSMISSION ........ciieieierieiieriesie e 19
2.2.1  Elder — Strong - Langer Method............cccoeiiiinininiiineeeeee, 24
2.3  Target (Energy Density and Reflected from Target) ........cccooevvervrnnnnnn 26
2.3.1  Intersection Areas in SYMMELriC CaSe ......ccccoovvervenirineninieieeennns 27
2.3.2  Intersection Areas in ASYMMELriC CaSe .......ccoceverererinerinisieeennns 31
2.3.3  REFIECION TYPES...cciiiiieiiiieieierie e 35
2.4 Detector PErfOrmMAanCE ........cccoiiiiiieieeese e 39
2.4.1  Responsivity and Quantum EffiCiency .........cccccovvviiviiiciiccciie, 40
2.4.2  NEP.c s 41
2.5  Optical Power Calculation Algorithm/Laser Reflection Simulator.......... 41
2.5. 1 INPUEFOIMMS L.oiiiiiiiiiiie e 42
2.5.2  ANAIYSIS FOIMS ...c.viiiiiiiccecc et 48
OPTICAL SYSTEM DESIGN .....ooiiiiiiiieie e 55
3.1 Transmitter Optical DESIGN........cccovviiiiiriiiiiesie e 55
3.2 Receiver OptiCal DESIGN .......cccoiiiiiieierieie e 65
OTHER SYSTEM COMPONENTS .....ooiiiiiieiie e 69
4.1 EIECtroNniC DESIGN......coiiiiiiieiieieieie ettt 69
4.2 MechaniCal DESIGN .......ccoiiiiiieieieiie st 71
4.3 SOTIWAIE DESIGN .. eiitiiiiiiiiiieiieieie ettt 72
TESTING AND ANALYSIS ..o s 73



5.1  Transmitter Optical Performance..........cccocvevviieiiieie s 73

5.1.1 Optical Components Effects on POWETr ..........c.cccoeveiiievvciievieiecn, 80

5.1.2  Beam Divergence, Profile........c.cccoooiiiiiiiiiiiiice e 81

5.2  Back FOCal LeNgth ......ccooieiieice e 84

5.3 ReCeiVer PErfOrMANCE ......ccoiviieiiiiieieeee e 86

6 CONCLUSION ... .ottt 89
APPENDICES

A DATASHEET ..o 95

REFERENCES ... .o 97

Xi



LIST OF TABLES

TABLES

Table 2.1 Wavelength Regions of Atmospheric Windows ...........cccocvevereenenennnens 22
Table 2.2 Types of Atmospheric SCattering ........ccccoevveveiieere i 23
Table 2.3 Mass of Water Vapor in Saturated Air...........cccooveveeieiieenieeieseese e 25
Table 2.4 Constants for Atmospheric WiNndOWS............ccoveiereiinencninisieeeeeeen, 26
Table 2.5 TranSmiItters Properties. ... ..o 50
Table 2.6 RECEIVEIS PrOPEITIES .....c..eiveiieciiieesie et 51
Table 2.7 AL — V1 Pair PerformMance .........ccccoveiiiiniininieiese e 52
Table 3.1 Spot Size and Beam Divergence of the Design..........ccoceevvvrviinnnienen, 62
Table 5.1 Repetition Rate— Average OUtpUt POWET .........cccevviieiieninieneeesee i 74
Table 5.2 Operating Voltage — Average Output POWEr ..........ccevveveiiieieciieiieenen 77
Table 5.3 Pulse Width — Average OULPUL POWEN ..........cccociveiiviieiicieciccece e 78
Table 5.4 Effect of Optical Components on Output POWET ............c.ccocvvviinrneenen. 81
Table 5.5 Beam Divergence RESUIES .........coooeviiiiiiiiieeeee e 84

xii



LIST OF FIGURES

FIGURES

Figure 1.1. The Schematic Diagram of Optical Triangulation (adapted from [10]). 3
Figure 1.2. A Schematic of Phase Change Method .............ccocviiiiiiieicicninee 4
Figure 1.3. The Schematic Diagram of TOF .........cccoiiiiiiiiiiiieeec e 5
FIgUre 1.4. LIDAR TYPES ..uvecieeitieeestee sttt st ste et et te e taesae e sta e anaesnaeneanee e 7
Figure 1.5. Scanning Methods [19]......ccccoviieiiiiiiicce e 8
Figure 1.6. Schematic of Beam DIVEIgENCE .......cccoveiieiiiriiiiiiiieieieseese e 10
Figure 1.7. SPOt DIAGIAM .......ciiiiiieieiteie sttt 11
Figure 2.1. Pulse Shapes (adapted from [25]).....ccccceveiieiiiiiiieiese e 16
Figure 2.2. EEL SCheMALIC..........ccceiiiieiicie e 17
Figure 2.3. VCSEL SCNEMALIC.........ooveiiiiiiiiiiesieee e 18
Figure 2.4. Transmittance at Sea Level ... 21
Figure 2.5. Intersection of the Target and SPOt.........cccccoveveiiciieie i 28
Figure 2.6. Intersection of the Target and SPot..........ccccvevviieiieie i 28
Figure 2.7. Intersection of the Target and SPOt..........ccooceviiiriiinieicier s 29
Figure 2.8. Intersection of the Target and SPOt..........ccocoriiiiiiiiieicie s 29
Figure 2.9. Intersection of the Target and SPOt..........cccccveveiieiieieiic e 30
Figure 2.10. Intersection of the target and SPOL..........cccccveviiieiicie i 31
Figure 2.11. Intersection of the Target and SPOt...........ccccocveveiieii i 31
Figure 2.12. Intersection of the Target and SPOt...........ccooviiriiiiiiicier s 32
Figure 2.13. Intersection of the Target and SPOt...........ccoovviriiiiniiieiere s 32
Figure 2.14. Intersection of the Target and SPOt...........cccccceeveiieii i 33
Figure 2.15. Intersection of the Target and SPOt...........ccccocvvveiieiicic i 33
Figure 2.16. Intersection of the Target and SPOt..........cccoovviriiiiiiicieie s 34
Figure 2.17. Intersection of the Target and SPOt...........ccoovvireriniiieiere s 34
Figure 2.18. Intersection of the Target and SPOt.............cccevveiiieiie e 35
Figure 2.19. RefleCtion TYPES.....ccuviiiiiiccie et 36
Figure 2.20. Reflection GEOMELIY .......cooiiiiiiiiieieie e 37

Xiii



Figure 2.21. PRONG MOEL .........ccveiiecece e 39
Figure 2.22. Main Form of The Software.........c.cccovevieiiiie i 42
FIQUIe 2.23. SOUICE FOIM ..ot 43
Figure 2.24. Source AtmOSPhere FOIM ..o 44
Figure 2.25. Target FOIMM........coiiiee e 45
Figure 2.26. Receiver Atmosphere FOIM ........ccooviieieeie e 46
Figure 2.27. RECEIVEN FOIM ..ot 47
Figure 2.28. Target Analysis FOrM.......ccoooiiiiiiiiiiiiecee e 48
Figure 2.29. Sensor ANalySiS FOMM ........ccciiiiiieecc e 49
Figure 2.30. Photocurrent — Beam Divergence Graph ..........ccccovveveeivevesievnennene 53
Figure 3.1. NSC Fast AXiS SIMUIALION ... 56
Figure 3.2. NSC Slow AXiS SIMUIALION.........cociiiiiiiiiiceee e 56
Figure 3.3. Detector View of Laser DIOUEe ..........ccceeveveeieiie e 57
Figure 3.4. Detector View of ASpheric DeSIigN .......cccccveveivieiieie e 58
Figure 3.5. Fast (Left) and Slow (Right) Axis of Laser Diode...........c.ccoceeeveienennn, 58
Figure 3.6. Effect of the First Lens on Fast AXIS ........ccooeeiineninene s, 59
Figure 3.7. Effect of the First Lens on SIOW AXIS........cccccviveiieieiieiecie e 60
Figure 3.8. DEteCtOr VIBW ......cociuieiicic ettt 60
Figure 3.9. Fast AXiS View Of the DESIGN ........cccovriiiriiieieie e 61
Figure 3.10. Slow AXis View Of the DeSIgN..........cocviirriieieienese e 61
Figure 3.11. Detector View Of the DeSign........ccccvvieiecie i 62
Figure 3.12. Z Position of First Lens — Beam Divergence Graph.............ccccoveueenne. 63
Figure 3.13. Z Position of Second Lens — Beam Divergence Graph .........cccccccve..e. 63
Figure 3.14. First Lens Aperture - Beam Power Graph .........ccccocooeevvniniiinniciennn, 64
Figure 3.15. First Lens Aperture - Beam Power Graph ............cccoeevveieiicvinenee 64
Figure 3.16. Receiver Optical DESIgN ......ccecveiieiieiieceee e 65
Figure 3.17. Spot Diagram 0Of the RECEIVEN .........cccooiiieiiiiicie e 66
Figure 3.18. Transmitter - RECEIVEr DESION .....ccoiviiririiieieie e 67
Figure 3.19. SCANNING SYSIEIM .....oiiiiiiie it 67
Figure 3.20. Transmission Graph of the WIindow ............cccccovviiiieiiiiii e 68

Xiv



Figure 4.1. TranSmItter PCB ........ccoooiiie e 69

Figure 4.2. RECEIVEI PCB ......oo ot 70
Figure 4.3. Optomechanical DESIgN..........ccviiriiieieieiee e 71
Figure 4.4. Software INErface ..o 72
Figure 5.1, TransSmitter PCB .........cooiiiieiic e 74
Figure 5.2. Average Output Power — Repetition Rate Graph ..........c.ccccoeevvieieennnne 75
Figure 5.3. Average Output Power — Repetition Rate Graph ...........ccccooeeveiinnnnns 76
Figure 5.4. Average Output Power — Operating Voltage Graph.............cccccooninnne 77
Figure 5.5. Average Output Power — Operating Voltage Graph............ccccccevvennnne 78
Figure 5.6. Average Output Power — Pulse Width Graph...........cccccccvvveviiiieieennnne 79
Figure 5.7. Average Output Power — Pulse Width Graph...........ccccooviiiiininnnnns 79
Figure 5.8. Set — Up for OUEPUL POWET ........ociiiiiiiiieeeseseeee e 80
Figure 5.9. Set — Up for Beam DIVEIQENCE...........ccveieiieiieieceesesie e see e 82
Figure 5.10. SPOt SAMPIE.....coi i 82
Figure 5.11. Spot Size — Target Distance Graph ...........ccccoovvvievininiineneee 83
Figure 5.12. BFL St - UD ..ocuoiiiiiiieee e 85
Figure 5.13. Back Focal Length — Receiver Signal Graph ...........cccccovveviiiieieennne 86
Figure 5.14. Electronic Signal SEt-UP ........cccveiveiieiiiie i 87
Figure 5.15. Signal Power — Target Range Graph ..........cccooovvviiieienencnenesens 87
FIQUre 6.1, TSt IMAGE ....voiveiieiiieiiiiee e 90
Figure 6.2. The Architectural Drawing..........ccccovveieiieiiene e 91
Figure 6.3. The Point Cloud Data ...........ccccoveieiieiieiie e 92
Figure 6.4. The Image of LIDAR .......cccoiiiiiiiiieee e 93

XV



LIDAR

CCD

ToF

FoV

OPA

MEMS

EEL

VCSEL

LED

NIR

NEP

SNR

APD

PCB

LASER

LIST OF ABBREVIATIONS

: LIght Detection And Ranging

: Charge Coupled Device

: Time of Flight

: Field of View

: Optical Phase Array

: MicroElectroMechanical Systems
: Edge Emitting Laser

: Vertical Cavity Surface Emitting Laser
: Light Emitting Diode

: Near InfraRed

: Noise Equivalent Power

: Signal to Noise Ratio

: Avalanche Photo Diode

. InfraRed

: Printed Circuit Board

: Light Amplification by Stimulated Emission of

Radiation

XVi



CHAPTER 1

INTRODUCTION

In this work, a two - dimensional scanning LIDAR has been developed. One of the
most up-to-date technology topics is LIDAR.

LIDAR is a distance measument technology. The earliest use of LIDAR was in the
field of meterology in the early 1960s [1]. It was quickly adopted in agricultural and
archaeology research [2]. It can assist distinguish plant types and assess their growth
statuses on agricultural robots and agricultural aircraft [3]. In archaeology, LIDAR
is also highly beneficial. It can assist in the rapid and low-cost creation of a high-
resolution dataset. The LIDAR information is simple to incorporate into a
Geographic Information System and may be utilized for municipal statics and

planning, as well as archeological site searches [4].

LIDAR has become more important in autonomous vehicles, such as self-driving
automobiles, automated guided vehicles, and unmanned aerial vehicles (UAVS), in
recent years. It can be used by autonomous vehicles to identify and avoid obstacles,
recognize and track objects, and perform simultaneous localization and mapping
(SLAM) [5] [6] [7]. The need for LIDAR is continuously expanding due to the

advent of self-driving technology.

When a laser is used as a transmitter and a photodiode is used as a receiver, a circuit
is used to count the time between the laser rays leaving the source, striking an object,
and returning to the diode. The speed of light is used to calculate the distance of the
object from the system. A two-dimensional picture can be created by collecting
numerous points inside a given range of view. A dedicated laser power calculation
scheme and a corresponding software is developed. Using this software, the
components to be used in the system are selected. Optical system design of receivers

and transmitters are built on a commercially available ray-tracing simulation tool.



Other system components (electronic, mechanical and software) design is also
developed. Eventually, following the completion of the designs, the system is

integrated and the performance of the system is evaluated.

11 Measurement Techniques with Light

There are mainly three techniques to measure distance with light. These are optical
triangulation, phase change, and time of flight. The most fundamental and important
difference between these three methods, while pulsed laser source is used in time of
flight and optical triangulation technique, continuous-wave source is used in phase

change method [8]. In the following section, these methods are described.

111 Optical Triangulation

Optical triangulation is an outdated method for determining object distance. This
method has been used around the year 600 BC by the Greek mathematician Thales
of Miletus in measuring the height of the Giza pyramids and determining the distance
to a ship that was in the sea [9]. Laser triangulation is the other name for it. The
displacement information of optical signals is converted to electrical signals using
this approach.

The basic triangulation sketch with a single laser is shown in Figure 1.1. A typical
direct laser triangulation optical system includes a laser transmitter, convergent and
receiving lenses, a CCD linear array sensor, and a signal processing circuit [10].
Assume that the sensor's light spot irradiates on the surface of the measured item at
position A, and that point B on the CCD imaging position is a reflecting spot. The
displacement of the spot on the CCD image point is x' if the position of point Al

changes and the movement distance is X.
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Figure 1.1. The Schematic Diagram of Optical Triangulation (adapted from [10])

The linear array of the CCD device, the laser transmitter axis, and the lens acceptance
optical axis are all on the same plane. The measuring principle is as follows: the laser
produces a parallel light beam that the condenser lens focuses on the object's surface.
Due to diffuse reflection, the laser beam is then received by an imaging lens at a
different angle and then on the sensitive surface where a spot forms. The location of
the spot on the sensor varies when the position of the laser point changes due to the
displacement of the object. The position of the laser point x on the surface of the
measured object may be computed using the position of the spot x" by using the
following trigonometric sine theorem:

B L x'sin® (1)
X = Usind —x'sin(@ + )

In the formula, x is the object's movement distance, and x’ is the image point's
movement distance; © is the angle between the incident beam and the receiving lens's
axis; @’ is the angle between the surface of the photosensitive CCD receiving lens's

axis; L is the receiving lens's object distance, which is the distance between point A



and receiver lens; L' is the distance between the surface of the photosensitive CCD

receiving lens's axis.

The triangulation method is frequently used in a range of industrial applications. The
length of the measurement varies from a few millimeters to several meters. This
technique suffers from the missing part problem, which means that the receiver

cannot always see what the source beam is lighting.

112 Phase Change

In this method, distance is calculated by a sinusoidal signal sent to the target. The
phase difference between the reference signal and the target is measured by detecting
the reflected laser energy on the target. A diagram of the phase change technique is

shown in Figure 1.2.

T
» Transmitter a
,
g
e
Receiver t
d
A4
Mixer
Oscillator

Figure 1.2. A Schematic of Phase Change Method



The phase difference in a system with a modulation frequency of f;, a target distance
of d, and an ambient refraction index of n may be computed using the equation
below [11].

AG = 47mf0d/c (2)

The following equation expresses the relationship between the target distance and

the phase difference.

d = CM/A,nnfo (3)

113 Time of Flight

In a variety of LIDAR applications, ToF (Time of Flight) has become a significant
depth-sensing method [12]. ToF laser distance measurement technique based on
semiconductor pulsed laser diodes. Laser diodes provide a steady, long-life, and high
repetition rate pulse. As compared to alternative methods that use a continuous laser

source, accurate and quick distance measurements may be achieved.

In this method, a high precision counter is used to measure the time between the

transmitted and received of a laser pulse, as seen in Figure 1.3.

_ T
Transmitter \‘ 3
-

. / :
Receiver e
t

Counter

Figure 1.3. The Schematic Diagram of ToF



Typically, measuring begins with the laser pulse's emission and ends with the first
detected photon. The receiver collects pulses from the laser source after they have
reflected from the target. The laser pulse travels twice the distance between the
source and the target. The laser travels at the speed of light, therefore calculating the

distance to the target is as simple as applying the following formula:

c.t
d=—— (4)
In the formula, d is the distance between the transmitter and target, t is the total time

of flight of the laser pulse, and c is the speed of light in the medium.

114 Comparison of Various Distance Measurement Techniques

Three techniques that are mentioned above are analyzed. When comparing accuracy,
it can be seen that the optical triangulation technique's accuracy reduces as the
distance rises. At distances of less than 10 meters, this approach allows for precise
measurements. In the case of ToF technique, this situation is the opposite. This

technique can measure large distances with great precision.

For objects with high surface reflectivity, distance measuring with an accuracy of a
few millimeters can be obtained using the phase change approach. However, there is
a significant performance decrease on surfaces with poor reflectivity. The phase
difference measurement accuracy is correlated with the signal-to-noise (SNR), hence
the phase change method is often utilized at distances of a few millimeters to ten

meters.
In addition to these, the ToF technique allows us real — time image creation.

As a result of all these comparisons, it has been determined that the TOF approach
will be used in the LIDAR that will be developed.



12 LIDAR Types

According to how they scan the laser beam, LIDAR may be classified. LIDARS are

divided into two as scanning and non — scanning as shown in the Figure 1.4 [13].

LIDAR
/ \
Scanning Non - Scanning
/ \
Mechanical Non — Mechanical Flash LIDAR
Scanners Scanners
7\ |
MEMS Optomechanical OPA

Figure 1.4. LIDAR Types

Flash LIDAR is the most widely used non-scanning LIDAR type [12]. In this type
of LIDAR, the laser source illuminates the whole FoV while an array of
photodetectors at the same time takes up the ToF information of individual pixels in
the FoV [13] [14]. Because each pixel of the photodetector array gets just a small
fraction of the returned laser light, the signal-to-noise ratio which limits the distance
measuring range or needs high laser power is poor [12] [15]. In addition to this, there

iS N0 moving parts.

Non — mechanical scanning systems are also called solid-state scanners because there
is no moving parts [15]. Optical phased arrays are a type of solid-state beam steering
technology that allows optical beams to be steered non-mechanically [16]. The laser

power is divided into an array of transmitters, each with its own phase control. A



laser beam may be created and guided by dynamically altering the relative phase

shifts among the transmitters [17].

Mechanical Scanning LIDAR is also divided into two: MEMS scanners and
optomechanical scanners. MEMS mirrors can steer, modify, and switch light as well
as regulate phase. Only the small mirror plate (with a diameter of 1-7 mm) of the
MEMS device moves in the design of a MEMS mirror-based LIDAR, while the rest
of the system components remain immobile. They are also called quasi-static-state
LIDAR.

The most prevalent form of LIDAR scanner is the optomechanical scanner [18]. The
scanning methods used in LIDARs differ depending on the changes such as flight

route, flight speed, scanned geography, and target, as seen in Figure 1.5.

/ 0$cig mirror \ ( Rotating polygon \ / ‘ Palmer st:a0 \ Fibre scanicr Q\\

ff‘

Figure 1.5. Scanning Methods [19]

The oscillating mirror scanning technique is based on the single axis scanning
principle. Scanning on a second axis can only be achieved with the direction of
movement of a moving platform. For this reason, mounting this type of mechanism
on a moving platform is essential for the system to scan in two axes. The biggest
advantage of the oscillating mirror scanning technique is to focus on the desired area

by changing the scanning angle and oscillation speed of the mirror used.

The rotating polygon scanning technique is scanning by rotating the mirrors arrayed
on the surfaces of a polygon on a single axis. As in the oscillating mirror technique,

the second axis is scanning in the direction of movement of the platform. The



disadvantage is that the scan angle is fixed as it is determined by the surface

dimensions of the polygon.

Quasi scanning technique has a nonlinear scanning model. The angled mirror or
mirrors cause the laser beam to produce an ellipse-like shape. This pattern allows the
laser to scan certain areas of the surface twice. It is generally used for mapping areas
with dense vegetation and searching for an object in forested terrain. The feature of
scanning the same area twice reduces the occupancy rate in the scanned scene by
overlapping the laser point clouds. Since the size of the scanning axis depends on the
angle of the mirror, it can scan independently of the movement direction of the

platform.

The fiber scanning method consists of two fiber bundles, a laser transmitter, and a
receiver. The number of arrayed fibers at the laser emitting end of the fiber bundle
determines an axis of the scanned area and is constant. The other axis is determined
by an oscillating mirror depending on the oscillation angle. This gives the ability to
scan in both axes independent of the movement direction of the platform, like quasi

scanning in fiber scanning method.

It should be stated that the most important design parameter in LIDAR design is the
appropriate choice of the applied laser and its power which includes analytical
approaches to the illumination pattern on the target, the target reflectance, and the
signal-to-noise expected from the detector side. Hence, | dedicate the second chapter
to discuss the details grounding the choice of the laser power. In the third chapter, |
present optical system design. In the fourth chapter, | present other system
components such as control electronics, mechanical frame and software. In the fifth
chapter, | present the test results and performance benchmarks. In the last chapter, |

conclude with my discussions of the 2D LIDAR system as a whole.



1.3  General Optical Definitions

131 Beam Divergence

After exiting the source, laser beams expand and propagate. The amount of this
expansion in angles is expressed in terms of the beam divergence [20]. This behavior
is exemplified in Figure 1.6.

Target
Figure 1.6. Schematic of Beam Divergence

As seen in the figure, the beam exits the source with the diameter d and reaches the
diameter D after exceeding the distance R. The amount of expansion in diameter is
denoted by 6. This angle known as beam divergence, and it is calculated by

measuring the spot diameter and using equation that is given below:

_d
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1.3.2 Spot Diagram

The rays coming from a dimensionless point transform into a two-dimensional shape
after passing through the optical system [21]. This shape and size (geometric
diameter) give information about the optical performance of the system. The spot

diagram of an exemplary optical system is given in Figure 1.7.
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Figure 1.7. Spot Diagram

Spot diagram gives us the RMS radius value. RMS radius is the best representation
of infinitely many rays. Therefore, if the RMS radius is within the airy disc, then the

represented system must be successfully focused.

Diffraction at the edge of a circular aperture produces an airy disc pattern, which
consists of a center core of light surrounded by concentric rings of gradually

decreasing intensity.
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CHAPTER 2

LASER POWER CALCULATIONS

For laser systems, the most difficult part of evaluating their performance is
determining how much optical power is available at the receiver's aperture [24].
Under certain conditions and against a given target, a laser range equation is used to
calculate how much power will be received by the laser beam. For performance
analysis of these systems, special situations such as atmospheric propagation,

reflection characteristics of the target, and detection performance must be evaluated.

A laser beam is generally weakened as it travels through the atmosphere.
Furthermore, the beam is frequently widened, defocused, and even diverted from its
initial propagation path. When operating at a specific wavelength, the output power
and atmospheric conditions determine the degree of attenuation and beam distortion.
The effects have a linear behavior when the output power is low. Absorption,
scattering, and atmospheric turbulence are examples of these linear effects.
However, if the power is large enough, additional effects emerge, which are
characterized by non-linear interactions such as thermal blooming, kinetic cooling,
bleaching and atmospheric breakdown [25]. Regardless of the situation, atmospheric
factors can have a major impact on the beam's effectiveness.

Another essential part of the laser system performance evaluation is the
understanding of target reflection characteristics. It is possible to define a reflection
characteristic of the surface in two different ways: by using the specular component
and the diffuse component [26]. The energy reflected away from the surface at an
opposite angle of incidence is known as the specular component. On the other hand,
diffusive or Lambertian energy reflects in all directions with highest along normal to
the target surface and decreases as a function of cosine of the angle off normal to

target surface.
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The general laser range equation is given below [27]:

4P, Ay mD* (6)

P

In the formula, Py is the signal power at the receiver (W), P, is the transmitter pulse
power (W), 6, angular beam divergence of transmitted beam (rad), R is the range
between LIDAR and the target (m), p;, is the target surface reflectance, A;, is the
target surface area (m?), £2,,. is the solid angle of dispersed radiation (steradian), D is
the diameter of circular receiver aperture (m), Ty, IS the atmospheric transmission

and T, is the optical transmission.

In this chapter, laser systems performance analysis is discussed in terms of system
requirements, air propagation and target reflection characteristics, as well as some
basic theoretical background.

2.1  Source (Transmitter)

The form of the pulse delivered to the target surface is determined by the power
generated by the laser source. The three widely used pulse models are Gaussian,
square and negative parabolic [25].

2.1.1 Rectangular Pulse

The simplest waveform model is the rectangular pulse shape [25].The rectangular
pulse model simulates laser pulses by using an approximation of their real form. The
quantity of energy per unit time in this model provided by,

— Et t
P.(t) = - X rect (Ft) (7

w
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where P, is the power of the laser pulse as a function of time, E, is the amplitude of
the pulse in joules, t is the duration in seconds, and p,, is the pulse width from edge

to edge in seconds.

212 Gaussian Pulse

The Gaussian pulse shape is the first nonrectangular pulse shape, and its function is
the same as that of a normally distributed random variable's probability density
function [25]:

“t* (8)

E —_t
¢ eZO'WZ

P(t) =

w
The width of the Gaussian pulse shape in seconds is represented by o,, in this
equation. Gaussian pulse model gives a more realistic representation of the power
than the rectangular pulse because transmitter power is a constant function of time.
The Gaussian model has one weak point: when the pulse power continues endlessly
in the negative direction, it is not zero, even though it is extremely close [29]. This

contrasts with the case when the laser pulse strength is zero prior to firing.

2.1.3 Negative Parabolic Pulse

In this model, the laser power is represented as a negative parabola in time. The
negative parabola model, the pulse is expressed by the following equation [25]:

2
P.(t) = ;i <1 - %) rect(i) ®)

w w pW

where p,, is the pulse width. This function's scaling ensures that the pulse's energy

is equal to the variable E,.
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The negative parabolic pulse model overcomes the Gaussian model’s problem of
power dissipation in the negative direction. In the model, the pulse power is zero
while approaching to infinity in a negative direction. In contrast, this model does not
accurately represent the trend (tendency) that the real pulse power exhibits when it
approaches infinity in a positive direction. In Figure 2.1, these three pulse models

are compared.
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Figure 2.1. Pulse Shapes (adapted from [25])

In the figure, each pulse has a total of 1 J of energy and a total width of 6 ns [25]. As
shown in the figure, negative parabolic pulse has the highest power under same

circumstances.
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2.1.4 Types of Transmitter Lasers

In this part of the thesis, market research was conducted for the source to be used in
the product. First, theoretical knowledge was obtained about the light sources used
in LIDAR systems, and then a comparison has been made.

Mainly, there are two types of diode laser. They are EEL (Edge — Emitting Laser)
and VCSEL (Vertical Cavity Surface Emitting Laser).

The original semiconductor laser concept and a mature technology that has been
utilized for decades is the edge-emitting laser. As shown in the Figure 2.2, light
propagates in a waveguide structure parallel to the semiconductor surface and is

emitted from the edges of the semiconductor chip [26].

p-Contact Stripe

Active Region

Waveguide

Figure 2.2. EEL Schematic

In this structure, this chip operates as a cavity mirror. High gain is achieved thanks
to the active zone varying between micrometers and millimeters. Thus, high output

power can be achieved.
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Comparison to the edge emitting laser, VCSEL is a new technology [27]. As shown
in the Figure 2.3, In the vertical cavity surface emitting lasers, light propagates

perpendicular to the semiconductor surface.

p-Contact

Oxide Aperture Bra(gngefI§<):tor
2 : p-dope

Active Region

Bragg Reflector

n-doped
Substrate ped)

(n-doped)

n-Contact

Figure 2.3. VCSEL Schematic

The vertical cavity is obtained by two brag reflectors that have different refractive
indices materials. Gain is provided by electrically pumped quantum wells or
quantum dots located in the active region between the monolithically grown
semiconductor mirror, leading to single — longitudinal mode operation [31].
Confining both current and optical field by oxide apertures enables operation in
single — transverse mode, making the VCSEL compact and efficient source of laser

emission with excellent beam quality [31].

There are some advantages of VCSEL when comparing to the EEL. The biggest
advantage of VCSEL is that can be tested in wafer level [32]. A finished wafer may
be checked in a wafer probe machine, which uses microscopic electrical probes to
contact each device and apply current. If it's excellent, it can be measured using a

camera. As a result, excellent devices may be recognized before the wafer is sliced,
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and poor ones can be tagged for disposal automatically. This eliminates the need to
dice and mount a VCSEL in order to test it, saving time and money. The other
advantage of VCSEL is output beam quality. Although the beam is homogeneous,
the beam divergences are larger than the emitting laser.

Although VCSEL seems has many advantages, it was decided to use EEL in this
project because VCSEL is an emerging technology. Edge emitting lasers dominate
the market because of the maturity of the technology, high power & cost efficient.

2.2  Atmospheric Transmission

Characterizing and modeling the effects of linear and non-linear air propagation on
laser beams has been the subject of several studies. Only a basic introduction to the
principles of laser beam propagation is given in the next paragraphs, with a focus on

the processes that impact peak irradiance at the target.

The Beer's Law describes the attenuation of laser radiation in the atmosphere [22]:

T= 0 = e (10)

In the equation, t is the transmittance, y is the attenuation coefficient, and z is the

length of the transmission path. If the attenuation coefficient varies with the path,

T = e Joy(@az (11)

Molecular absorption, molecular scattering, aerosol absorption, and aerosol
scattering are the four processes that define the attenuation coefficient [29]. Then the

coefficient is:

Y= an+tPmtas+ P, (12)
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where a is the absorption coefficient, f denotes the scattering coefficient, and m and
a denote the molecular and aerosol processes, respectively. The wavelength of the

laser light affects the coefficients in the equation.

Sometimes it's easier to talk about absorption and scattering in terms of the individual

particles' absorption and scattering cross sections (a and s, respectively):

a= o4N, (13)

B = 05N (14)

In these equations, the concentrations of absorbers and scatterers are represented by

N, and N, respectively.

The atmosphere includes finely distributed solid and liquid particles (of ice, dust,
aromatic and organic substances) that range in size from a cluster of a few molecules
to particles with a radius of roughly 20 um in the absence of precipitation. Larger
particles stay in the air for a short period and are only detected near to their sources.
The term "aerosol" refers to a colloidal system in which a continuous medium (in
this example, air) is used to disperse solid or liquid particles. The size, chemical
content, and concentration of aerosol particles all effect the attenuation coefficients.
These particles are often thought to be homogenous spheres with two parameters:
radius and index of refraction. The index of refraction is complicated in general.

Thus, it can be written as;

ﬁ=n—ik=n<1—i§):n(1_i,€) (15)

In the equation, n is the real part and k is the imaginary part. k = k/n is the extinction

coefficient. The absorption is calculated using the imaginary component. The
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absorption constant is referred to as k that is related to the absorption coefficient

alpha.

o= 47tfk/c (16)

where c is the speed of light in a vacuum and f is the incoming radiation’s frequency.
The main atmospheric absorbers for the wavelength range of higher interest in laser
beam propagation (the visible area to about 15 um) include water, carbon dioxide,
and ozone molecules. Because these molecules preferentially absorb radiation by
altering vibrational and rotational energy levels, attenuation occurs. Nitrogen (N2)
and oxygen (02), the two most abundant gases in the earth's atmosphere, are
homonuclear, which means they don't have an electric dipole moment and hence
don't have molecular absorption bands. Figure 2.4 depicts the air spectral
transmittance (percentage) measured along a horizontal path of 1820 meters at sea
level [30].
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Figure 2.4. Transmittance at Sea Level
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In the upper portion of the image, the chemical responsible for each absorption band
is displayed. The most important absorbing molecules are undoubtedly H,O and
CO,. This is also true for the height range between sea level and roughly 12
kilometers. The concentration of H,O varies between 103 and 1% depending on
weather conditions, altitude, and geographic location. The concentration of 2 CO

varies between 0.03 and 0.04 percent.

Other absorbing molecules found in the atmosphere are methane (CH,), with a
concentration of around1.5 x 10 percent; nitrous oxide (N, 0 ), with a concentration
of around 3.5 x 10" percent; carbon monoxide (CO) with a typical concentration of
2 x 107 percent; and ozone ( 05 ), with a concentration as large as 10 percent at an
altitude of around 30 km. Ozone concentrations around sea level are quite low. The
wavelength intervals in Figure 2.4 where the transmittance is quite high are referred

to as "atmospheric windows."

The laser wavelength must fall well inside one of these windows for effective energy
transfer. Within a wavelength range of 0.72 to 15.00 um, there are a total of eight

such windows.

Table 2.1 Wavelength Regions of Atmospheric Windows

Window Number Window Boundaries (um)
| 0.72 0.94
I 0.94 1.13
Il 1.13 1.38
v 1.38 1.90
\Y 1.90 2.70
VI 2.70 4.30
VII 4.30 6.00
VIl 6.00 15.00
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The scattering coefficient B is also affected by the incident radiation's frequency, as
well as the scattering particle's index of refraction and radius. Forced oscillations of
the bound and free charges within the sphere are produced by the incident
electromagnetic wave, which is considered to be a plane wave in a particular
polarization state. These oscillating charges generate secondary fields both within
and outside the sphere. The vector sum of the primary (plane wave) and secondary
fields is the resultant field at any location. Following the determination of the
resulting field, the scattering cross section is calculated using the following formula
[31]:

total power scattered by the scatterer a7
Os

" magnitude of time — averaged incident poynting vector

There is no energy loss in the scattering process, simply a directional redistribution,
which might result in a considerable drop in beam intensity over long route lengths.
The kind of scattering is determined, as shown in Table 2.2, by the physical size of
the scatterer [36]. Rayleigh scattering occurs when air molecules with a diameter of
several angstrom units collide, whereas Mie scattering occurs when aerosols collide.
Furthermore, diffraction theory better describes the scattering process when the

scatterers are quite big, such as water droplets observed in fog, clouds, rain, or snow.

Table 2.2 Types of Atmospheric Scattering

Type of Scattering Size of Scatterer

Rayleigh Scattering Larger than electron but smaller than A
Mie Scattering Comparable in size to A

Non-selective Scattering Much larger than A
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2.2.1 Elder — Strong - Langer Method

Elder and Strong [32] proposed and Langer refined a simple technique that yielded
approximate values of the absorption coefficient. Their method is especially valuable
since it allows them to relate the atmospheric transmission of the ith window to the
relative humidity. Variability in transmission are thought to be driven by changes in
the water content of the air. Variations in H,O concentration induce changes in
absorption, while changes in the size and quantity of droplets of water with humidity
cause shifts in the scattered component. This is a reasonable guess since the influence
of other atmospheric components on the transmittance of a particular atmospheric
window is relatively constant. It is common to describe the number of H,0
molecules encountered by the light beam in terms of the number of precipitable
millimeters of water in the route. The amount of precipitable water is defined as the
depth of the layer of water created if all of the water molecules along the propagation
route were condensed in a container with the same cross-sectional area as the beam.
A cubic meter of air with an absolute humidity of gram per m® will produce

condensed water across a 1 m? area with a depth of:

w'= 103p (18)

w' is the precipitable water, which is measured in millimeters per meter of route

length. For a z-meter-long path, the equation becomes

w= 10"3p=xz (19)

w denotes the total amount of water that can be precipitated in millimeters. The
density of water vapor, denoted by p, may be calculated by multiplying the relevant
number in Table 2.3 by the relative humidity (RH).
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Table 2.3 Mass of Water Vapor in Saturated Air

Temperature

(°C) 0 1 2 3 4 5 6 7 8 9

-20 0.89 0.81 0.74 0.67 0.61 0.65
-10 2.15 1.98 1.81 1.66 1.2 1.40 1.28 1.18 1.08 0.98

-0 4.84 4.47 4.13 3.81 3.52 3.24 2.99 2.75 2.54 2.34
0 4.84 5.18 554 5.92 6.33 6.76 7.22 7.70 8.22 8.76
10 9.33 9.94 | 1057 | 11.25 | 11.96 | 12.71 | 13.50 | 14.34 | 1522 | 16.17

20 17.22 18.14 | 19.22 | 20.36 | 21.55 | 22.80 | 24.11 | 2549 | 27.00 | 2845
30 30.04 31.70 | 3345 | 35.28 | 37.19 | 39.19

The following equation [33] which is useful for computer code implementations, can

be used to get similar numerical results:

_iapgg RH252200-23716) . T (20)
p= 8 =5~ exp( T ' 37316

In the equation, the relative humidity (as a percentage) is RH, while the absolute
temperature is T (K). For every given value of the precipitable water content, the
Elder Strong technique may be used to determine the absorptive transmittance T, for

the ith window.

Ty = e 4 forw < w; (21)
(22)

W.
Tei = ki (Wl)ﬁi,for w> w;

The values of these constants that is in the equations for atmospheric windows are
listed in Table 2.4.
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Table 2.4 Constants for Atmospheric Windows

Constants
A; k; B w;
Window

| 0.0305 0.800 0.112 54

Il 0.0363 0.765 0.134 54

] 0.1303 0.830 0.093 2.0
1\ 0.211 0.802 0.111 1.1

\ 0.350 0.814 0.1035 0.35
Vi 0.373 0.827 0.095 0.26
Vi 0.598 0.784 0.122 0.165

These equations and tables can be used to calculate the absorptive transmittance (Tai)

of laser beam wavelengths that fall inside certain atmospheric windows.

2.3  Target (Energy Density and Reflected from Target)

The light beam emitted from the transmitter, creates a spot on the target located at a
certain distance. At the distance, this spot has optical power. Two situations should
be considered at this point. Firstly, since the power coming out of the source is under
influence of atmospheric effects, decrease occurs when it reaches the target.
Secondly, there must be an intersection area, taking into account whether the spot is
larger or smaller than the target.

Usually, since the target desired to be detected in laser systems is obvious, the
dimensions of the target are known. The dimensions and shape of the spot formed at
the target distance depend on the symmetric and asymmetric propagation of the
transmitter. In symmetric propagation, beam divergence of vertical and horizontal
directions are equal. In this case, spot becomes circular. In asymmetric propagation,

vertical and horizontal beam divergences are not equal, so spot becomes ellipse.
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In symmetric case, spot diameter can be calculated by using relation given below;

D=d+2 tan(e/z) R, (23)

Variable in the equations (23), (24) and (25) are explained in the section 1.3.1.

In asymmetric case, vertical and horizontal spot diameter can be obtained by using

relation given below;

D, = d, + 2tan (%/,) R, (24)

D, =d, + 2tan (Qy/z) R, (25)

For both cases, how to find the intersection areas in scenarios where the target is

rectangular and circular is examined in the following headings.

2.3.1 Intersection Areas in Symmetric Case

In this section, spot is assumed to be circular. The cases where the target is circular
and rectangular evaluated separately. In the following equations and figures, D; is

target diameter and Dy is the spot diameter.

23.1.1 Circular Target

The case where the spot diameter is larger than the target diameter is shown in the

Figure 2.5.
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Figure 2.5. Intersection of the Target and Spot
In this situation, intersection area is target area itself. This area can be calculated by
using
2 26
T[Dt /4 (26)

Aintersection =

The other case where the spot diameter is smaller than the target diameter is also

illustrated in Figure 2.6.

Figure 2.6. Intersection of the Target and Spot

As seen in the figure, spot area itself is the intersection area. Using the equation

given below is used to calculate this area.

D.2 27
Aintersection = T ° /4_ ( )
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2.3.1.2  Rectangular Target

In the scenario where the transmitter is symmetric and the target is rectangular,

four different situations were examined;

o 1t Vpr+ dHprr<t;

Figure 2.7. Intersection of the Target and Spot

In the figure, H is the height and W is the width of the target. The spot covers the
target and the intersection area is target area itself given in the below equation

Aintersection = WH (28)

o If Dy<HandDs, < W ;

Figure 2.8. Intersection of the Target and Spot
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As seen in the figure, target area covers the spot area. Intersection area is spot area

and it is given
Dy? 29
Aintersection = T ° /4 (29)
e If Dy<HandD; =>W ;
Figure 2.9. Intersection of the Target and Spot
Dy? . 30
Aptersection = ° /4 (2(7[/2 - 9) + sin(20) (30)
= w 31
0 = Acos( /Ds) (31)

e If Dy>HandD; <W;
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Figure 2.10. Intersection of the target and spot

D.* . 32
Aintersection = ° /4 (2(7‘[/2 - 9) + Sln(29) ( )

0= Acos(H/DS) (33)

2.3.2 Intersection Areas in Asymmetric Case

In this section, spot is assumed to be elliptical. The cases where the target is circular
and rectangular evaluated separately. In the following equations and figures, D, is

target diameter, Dy, is the horizontal and D, is the vertical spot diameter.

2.3.2.1  Circular Target

e IfDy > Dyand Dy, = Dy ;

Figure 2.11. Intersection of the Target and Spot
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D,? (34)
Aintersection = (" /4)
e IfDy < Dyand Dy, < Dy
Figure 2.12. Intersection of the Target and Spot
D,.D 35
Apntersection = T( * sy/4) (35)
e If D, < Deand D, < Dy ;
Figure 2.13. Intersection of the Target and Spot
(36)

2 2 /(th - szz)
Aintersection = szDsy (Dsy - Dt )( )

(Dsy* = Dsx’*)
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e If Dy, < Dyand Dy < Dgy;

Figure 2.14. Intersection of the Target and Spot

’(th - Dsyz) (37)
Dsy (szz - th)( )

Aintersection = Dsx

2.3.2.2  Rectangular Target

W, *,.H; *_j.
* W%/, +7/p, <L

Figure 2.15. Intersection of the Target and Spot
Aintersection = WH (38)

e IfDsyy <HandDs <W;
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Figure 2.16. Intersection of the Target and Spot

D, D 39
Aintersection = (" sy/4) (39)
e If Dy >HandDs, <W ;
sz DS ¢
Figure 2.17. Intersection of the Target and Spot
L= Dy [1=(T/p )
(40)

1-H?
( D 2)
Aintersection = (Hsz) + (Hsz) = 2
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e If Dy, > W and Dy, < H;

Figure 2.18. Intersection of the Target and Spot

L= Dsy\/l - /p, )

(41)

a-w
Dsx”)
Aintersection = (W * Dsy) + (W * Dsy) 2

Finally, optic power at the target can be found with the help of intersection areas of

the spot and the target.

A. . 42
Ptarget = Ptransmitter Tal ( intersection /Aspot) ( )

2.3.3 Reflection Types

Laser light scatters and propagates according to the same set of principles that apply
to radio frequency waves, namely, Maxwell's equations and boundary conditions
[39]. Laser light, on the other hand, has such a short wavelength that even tiny
particles and molecules can act as major scatterers. Target surfaces are often quite

rough at laser wavelengths, and as a result, the diffuse reflection component
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commonly dominates. In reality, in many situations, the laser cross section may lack
a large specular component. However, strong specular reflections and retro-
reflections from specific target surfaces have been seen on occasion. Diffuse and

specular reflections are shown in Figure 2.19.

Incident beam Specular reflection Incident beam

Diffuse reflection

Figure 2.19. Reflection Types

In specular reflection, the beam is reflected from the target with its angle of
incidence, while in diffuse reflection, reflection occurs in all directions independent
of the incident angle. In addition, the total scattering pattern generated by a complex
target illuminated by a laser beam is strongly influenced by the illumination

incidence angle.

When looking at the diffuse reflection component, the highest amount of reflected
energy is reflected at a 90° (normal) angle to the surface, and the energy goes down

as a function of the cosine of the angle away from the surface normal.

A perfectly diffused surface distributes incident light evenly in all directions. The
intensity (W/m?) of diffusely reflected light for such a "perfect" surface is given by
[22];

Iy = likycos0 (43)

Where I; is the intensity of the light source at the target, and © is the angle formed

by the surface normal and line draw from the surface lit point to the light source.
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The diffuse reflectivity, denoted by the constant k, is determined by the type of the
material and the wavelength of the incoming light. Equation (44) may alternatively

be represented as a vector:

where L and N are the vectors shown in Figure 2.20.

N
A

(Source direction) {(Specular direction)

L R

(Viewer direction)

Figure 2.20. Reflection Geometry

Any reflection from a realistic surface should be regarded as the sum of a specular
and diffuse component. The presence of these two components has been
demonstrated empirically and is not a result of the model used. The surface
roughness is an important surface characteristic to model. The incoming radiation is
reflected in a single direction by a completely flat surface. A rough surface scatters
incident radiation in all directions, although certain directions may have more
reflected energy than others. This behavior is affected by the wavelength of the

radiation; a smooth surface for some wavelengths may be rough for others.

Metal that has been oxidized or unpolished, for example, is smooth for radio waves
but rough for NIR. Depending on whether or not they are polished, metals can be
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diffuse or specular reflectors in the NIR. As a result, reflection is affected by both
the material and its surface characteristics. A grazing angle of the incoming laser
source is another element in reflection. The entity of the total reflected signal, as well
as the two reflection components, may be determined using this method.

As a result, a "realistic" reflection model should include some combination of a
perfect diffuse reflector and a perfect specular surface to represent the target surface.
The Phong model [34] is one of the early and still popular models. This model may
be used to match the findings of experimental bi-directional reflectivity
measurements as well as for computer simulations. The bi-directional spectral

reflectivity is calculated using the Phong model as follows:
p'5 = kairr + Kspec cOSP™ (45)

where, kg;rr is the percentage of energy diffusely reflected and k. is the

percentage specularly reflected. The model may be expressed in terms of the unit
vectors related to the geometry of the point in the figure above.

I = Ii[kg cos(@) + kg cos®™ |+ A (46)

I= Llky (L.N) + kg (RV)"] + A (47)

Where kg is the specular reflection coefficient, n is the index that determines the
dimensions of the specular highlight, and A is an extra component that accounts for

sunlight reflection at the wavelength.

Figure 2.21 depicts the change in light intensity at a computed point P on a surface.
A profile of the intensity variation is presented. The length of V from P to its junction
with the profile determines the intensity at P. The diffuse term contributes to the
semicircular section of the profile. For various values of the index n, the specular

section of the profile is displayed.
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Figure 2.21. Phong Model

2.4 Detector Performance

The optical power collected in the receiver may be due to diffuse reflection only,
specular reflection only, or the sum of both. This relationship is given in the equation

below:
PR=PRS+PRD (48)
In the relation, Py is the total power that reaches the receiver, Pg_ is the specular

power and Py, is the diffuse power. In this section, the power reaching the receiver

due to both types of reflection is examined separately.

First, the power reaching the receiver due to diffuse reflection was studied. As in the
calculation of the power generated on the target, there must first be a power that
reaches the distance where the receiver is located. This power can be calculated using

equation below:

PRD’ = Pr kg To (49)
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In the equation, P, " is the power that reaches the distance where the receiver is, P,
is the power at the target, k, is the diffuse reflection coefficient and finally T,, is

the atmospheric transmission between the target and the receiver.

After that, to find the power at the receiver, it is need to calculate the intersection
area of the receiver and the spot due to diffuse reflection. The intersection area is

calculated by using

Aintersection = min (receiver area, dif fuse spot area) (50)

Finally, the optical power at the receiver due to diffuse reflection is

PRD — PRD ! (Aintersect/ ) (51)

Spotgiffuse

24.1 Responsivity and Quantum Efficiency

The responsivity of a photodiode is a measure of its light sensitivity and is defined

as the photocurrent to incoming light power ratio at a specific wavelength [41]:

Rl - IP/P (52)

where, I, is the photocurrent and P is the optical power that reaches the detector,

The portion of incoming photons that contribute to photocurrent is known as

quantum efficiency. It is related to responsivity:
— R, hc (53)
Q-E.= Ry"/),

Where h is the Plank constant in J.s, ¢ is the speed of light in m/s, q is the electron

charge in C and R, is the responsivity in A/W.

40



24.2 NEP

Photodetector sensitivity is a useful, though not essential, statistic for quantifying
and comparing a photodetector's performance with that of other detectors. It is,
nevertheless, difficult to define and verify. The NEP is a key metric for measuring
the sensitivity of a photodetector or the power provided by a noise source [43]. The
most commonly used definition for NEP is the following: The input signal power
that results in a signal-to-noise ratio of 1 in a 1 Hz output bandwidth [35]. The NEP
of a detector expresses the device's sensitivity and is indicated in Watts per square
root of Hertz (W/Hz). The NEP essentially indicates the minimal detectable power
per square root bandwidth of a particular detector; in other words, it is a measure of
the weakest optical signal that can be detected. As a result, it is preferable to have as
low a NEP value as feasible, because a low NEP value equates to a lower noise level
and hence a more sensitive detector. Because the detector's responsivity is
wavelength dependent, the Noise Equivalent Power is also wavelength dependent.

The following formula may be used to compute the NEP:
I 54
NEP = '™/p. (54)

In the equation, R; is the responsivity in A/W and I,, is the total noise of the detector.

NEP values can vary from 101! W/ T for large active area photodiodes down to

10715 W/m for small active area [36].

25 Laser Reflection Simulator

In order to do both component selection and performance evaluation in laser systems,
optical power calculation algorithm has been developed. The information from the
three components (transmitter, target, and receiver), as well as the atmospheric

conditions, must be taken into consideration when calculating the power coming out
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of the transmitter and reaching the receiver. The software created based on this basic

approach is given in the following figure.

asl LYE - O x

Laser Reflection Simulator (LRS)

Source Source
Source # Optics # o 1

Target
i h Reciever Reciever
Reciever Optics h Atmosphere d
Source Target Reciever )
Analysis Analysis Analysis Settings

Figure 2.22. Main Form of The Software

As shown in the figure, the interface allows user to provide the design parameters in
the order of path of the light: Source, Source Atmosphere, Target, Receiver
Atmosphere, Receiver. After completing the input of the parameters, with the help
of analysis forms, simulation results can be obtained. In this section, the steps of the
design process with “Laser Reflection Simulator” will be demonstrated.

25.1 Input Forms

These forms provide the necessary interface for users to determine design
parameters. Each form has its own library that consists of off the shelf component
information. User may also define a custom component by providing information

manually. In addition to this, each input parameter is supplemented with an
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explanatory image to guide users. The designer may use the input forms in any order
however there is a suggested order that is shown with arrows in Figure 2.21.

Moreover, the designer may go back to previous forms to make revisions.

When the suggested order is followed, the design would start with the source form,
Figure 2.23.

o/

Source Name:

New Open Save

Pulsed Continous Wave

Peak Power 1.20e02 w v
Wavelenght 9.05e02 pm v

Symmetric Propagation Asymmetric Propagation

Beam Divergence X EALIER1 mrad |V

Diameter X 1.00e01 imm v
Beam Divergence Y |25.00e00 imrad |v
Diameter Y 1.00e01 imm v

Figure 2.23. Source Form

As can be seen in the figure, the first part of the form allows user to interact with off
the shelf component library. It is possible to save the custom source to the library to
be used in later simulations. There are two source options with respect to wave types:
pulsed and continuous. In the example, 905 nm pulsed laser source with 120 W

power is designed. Laser propagation may be symmetric or asymmetric. In the
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figure, it can be seen that asymmetric propagation is chosen and horizontal beam
divergence is selected, thus the supplementary image of beam divergence is
displayed on the bottom section of the form. By clicking the “next” button on this
form or the source atmosphere button on the main form, “source atmosphere” can be

reached, Figure 2.24.

a5l Source Atmosphere — O X
Atmosphere Name:
New Open Save

Atmosphere Info.
[[] Place the receiver at the source location.

Range 1000 m v
Angle [-30 x v
Transmittance % NV

Couple the source and the receiver atmosphere.

Atmosphere Model |US Standarts s
Aerosol Model Desert Extinciton v

Previous Next

Figure 2.24. Source Atmosphere Form

The top section of the form is similar in all input forms. In this form, the distance
between the source and the target is inputted as “Range”. The angle between the
normals of source and the target is inputted as “Angle”. Finally, the effect of the

atmospheric transmittance is modelled with the “Transmittance” input. The user may
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either input the transmittance value manually or use Modtran’s atmosphere and

aerosol model to be calculated automatically.

Most designs require the source and receiver to be positioned in a single unit. For
these cases, coupling the position and/or atmosphere is provided. In the figure that
is displayed in the bottom section of this form, source, target and receiver is
represented with red, green and blue colors respectively. Whereas the “previous”

button leads to source form, the “next” button leads to target form, Figure 2.25.

o) Target — O X
Target Name

New Open Save
Maternial
Material Selection: Kullanici Tarumi v

Diffuse Coefficient 3.00e-01
Specular Coefficient 7.00e-01 ‘

Spherical Rectengular

Width 1.00e01 m v
Height 2.00e01 m v
Area 00e0 m'2 |v

Previous Target Analysis Next

Figure 2.25. Target Form
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The reflective properties of various materials are provided within the software, yet
diffuse and specular coefficients can be edited manually. Currently, the software
allows spherical and rectangular target shapes. In the example demonstrated in the
figure, a rectangular target with area 200 m? is defined that reflects specular
dominantly. From this form, the user may directly reach “source atmosphere”, target

analysis and receiver atmosphere, Figure 2.26.

s Reciever Atmosphere  — O X

Atmosphere Name:

New Open Save

Atmosphere Info.

[] Place the receiver at the source location.

Range ‘ 1000 m v
Angle ‘ -40 . v
A v

Couple the source and the receiver atmosphere.

I GER MG C I S Standarts v
Desert Extinciton v

Previous Next

Figure 2.26. Receiver Atmosphere Form

Similar to the source atmosphere, the distance between target and receiver, the angle
between target and receiver normals are required. In the example demonstrated, due

to the fact that the source and receiver atmospheres were coupled in the “source
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atmosphere” form previously, there is no need to individually model the atmosphere
affect.

The last of the input forms is for the receiver.

ol Reciever - O X
Reciever Name:

New Open Save

Photodiode Camera Powemmeter

Responsivity 30e-0 AW v
Quantum . v
Hficiency ‘ 75.73 , %
Noise Equivalent ) v
Power (NEP) » 6.00e01 W/Hz
Detectivity 1.67e-02 WHzW v
Spherical Rectengular
Diameter 4.50e01 mm v
Area %e-0 m*2 v
07 Spectral Response
08 . /—-"‘N\
0s ¢ 4
§O ) /
£ | \
§0 2 ,/ \
o
0300 400 500 C!&O.“mth (a'(‘)g“ @00 1000 1100

Previous Reciever Analysis

Figure 2.27. Receiver Form

Receiver is categorized into three types: photodiode, camera and power meter. For
the extend of this thesis, only photodiodes are examined; therefore, the software
currently only works with the photodiode option. In order to model a photodiode,
responsivity or quantum efficiency and NEP or detectivity input must be provided.

Additionally, the sensor geometry is inputted.
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2.5.2 Analysis Forms

There are three analysis forms: source, target and receiver. Source analysis is used
to determine the peak power of cont. Wave laser. For the extend of this thesis, this
analysis is excluded on account of the fact that only pulsed lasers are considered in

the design.

The second analysis form is for the target, Figure 2.28.

o) Target Analysis — O =

Calculate Save

Spot Analsysis Results Spot/Target Image

Laser Spot " \f

Laser Spot t

Height 2500l 'm

baserSpol 47702 |m2 ¥ X
Target Front p v

Suface Area 20002 m"2

Intersection ot

(Reflection) 14402 |[m"2

Area

Power Analysis Results Reflection Image

Power at t

Power at the et
Target 51301 |W

Specular e | TE -
Reflected 35%01 |W o
Power ,,,T,.'ft
Diffuse “ oy
Reflected 15401 |W

Power

Previous Mext

Figure 2.28. Target Analysis Form

The results for the target anaylsis is seperated into two sections. In the first section,
the geometrical analysis is done to determine laser spot size , target and intersection

area as explained in section 2.3. As can be seen on the right of the numerical outputs,
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the results are also visualized for the ease of interpretation. The second half of the
form, the results of the power analysis can be observed. On the picture box next to

the power analysis, the reflection model is drawn as explained in section 2.2.1.

Finally, the most important results are placed in the receiver analysis form,Figure
2.29.

o' Sensor Analysis — O *
S
Power Results
Incident Specular Power 7 he-04 W W
Incident Diffuse Power W W
Incident Optical Power 25903 W e
Produced Photocument 1.58e-03 A w
SNR 25%-03 “
Current; |,
—>
Light
Previous Meat

Figure 2.29. Sensor Analysis Form

The specular and diffuse optical powers reaching the receiver is calculated
individually, which is combined to determine photocurrent. With the help of the
detectivity, SNR is also calculated. All these results that allows us to evaluate the

performance of the design are provided in this form.

49



Thanks to this software, the performance of each combination of possible receivers
and transmitters that will be determined by market research is easily and quickly

determined.

By completing the essential market research for the project, it has been determined
that three distinct transmitters may be suitable. These components' electronic
characteristics and requirements have been used in electronic and optical design

research.

After determining the possible transmitters and receivers, a sample scenario was
calculated by assuming an extended target with a reflection coefficient of 0.1 at a
distance of 40 m in order to provide input to the optical design. The characteristics
of the transmitters used are given in Table 2.5 and the characteristics of the receivers

are given in Table 2.6.

Table 2.5 Transmitters Properties

Peak Power | Beam Div. Aperture
(W) ©) (nm)
V1 75 9X25 200X10
V2 30 10X25 75X15
V3 80 12X20 235X10
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Table 2.6 Receivers Properties

Type Active érea Responsivity
(mm?) (A/W)
Al Pin Diode 42 0.60
A2 Pin Diode 13 0.56
A3 Pin Diode 5 0.62
Ad APD 19.6 0.20
A5 Pin Diode 5 0.58

Optical power reaching the receiver was calculated by using the algorithm with
different beam divergence values for each transmitter-receiver pair. By using these
optical power results and the sensitivity values of the receivers, the photocurrent
generated in the receivers was obtained. The results generated for the A1 numbered

Receiver and V1 numbered Transmitter pair are given in Table 2.7.
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Table 2.7 A1 — V1 Pair Performance

Beam Power at Receiver | Photo Current
Divergence (W) (A)
9x25 (°) 1.18E-06 7.08E-07
9x25 (mrad) 2.79E-04 1.67E-04
15x15 (mrad) 2.79E-04 1.67E-04
10x10 (mrad) 6.27E-04 3.76E-04
9x9 (mrad) 7.74E-04 4.64E-04
8x8 (mrad) 9.79E-04 5.87E-04
7X7 (mrad) 1.28E-03 7.68E-04
6x6 (mrad) 1.74E-03 1.04E-03
5x5 (mrad) 2.51E-03 1.51E-03
4x4 mrad 3.91E-03 2.35E-03
3x3 (mrad) 6.96E-03 4.18E-03
2x2 (mrad) 1.56E-02 9.36E-03
1x1 (mrad) 6.25E-02 3.75E-02

The results obtained from all receiver — transmitter pairs are given in Figure 2.30.
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Beam Divergence (mrad)
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A5-V2 AS-V3
1,0E-03

1,0E-04

Photocurrent (A)

1,0E-05

Figure 2.30. Photocurrent — Beam Divergence Graph

When the graph is examined, it is seen that the amount of light reaching the receiver
and therefore the current on the sensor increases with the decrease of the beam

divergence value.
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CHAPTER 3

OPTICAL SYSTEM DESIGN

In LIDAR systems, the laser must be guided at the target with the least amount of
energy loss possible. Likewise, the light reflected from the target must be gathered
by the receiver. In this section, it is aimed to make a transmitter - receiver design in
which the laser will have the smallest divergence angle and all the rays returning

from the target will be collected in the receiver.

Depending on the requirements determined from laser beam geometry, detector size,
and so on, special optical design is necessary. Even though off — the — shelf optical
components may be less expensive, custom design optical components are frequently
employed to fulfil system requirements. Commercial optical system design software
was used to develop and analyze optical components. This software can execute ray
tracing in two separate modes: sequential and non-sequential. The user defines the
ray tracing sequence in sequential mode by defining the order of surfaces. The
surface ordering has no effect on ray tracing in non-sequential mode. In the Optical
design software's sequential mode, it is not feasible to replicate a direct laser diode
source due to the astigmatic light characteristic. Therefore, transmitter design was
done in non sequential mode. On the other hand, receiver design was made using

sequential mode.

3.1  Transmitter Optical Design

The laser beam coming out of the laser diode is highly divergent. The beam
divergences of laser that is used in this study are 10° and 25° respectively horizontal
and vertical. The NSC (Non-Sequential) simulation of this laser at fast and slow axis

is given in the Figure 3.1 and Figure 3.2 respectively.
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1 50 mm

Figure 3.1. NSC Fast Axis Simulation

e

1 50 mm

Figure 3.2. NSC Slow Axis Simulation

The shape of the spot that forms on the detector is given in the Figure 3.3.
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Figure 3.3. Detector View of Laser Diode

As can be seen in the figure, these light rays must be collimated at fast and slow axes.
Fast axis represents the large beam divergence and the slow axis represents the small

beam divergence when compared to another axis [37].

In the literature, there are two main methods to collimating laser diode, The first
method is using a single aspheric lens. Aspheric lenses can collimate diode in only

one axis as shown in the Figure 3.4.
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Figure 3.4. Detector View of Aspheric Design

The fact that aspheric lenses are axisymmetric causes this result. In addition to this,
aspherical lenses are expensive and hard to manufacture. It is difficult to measure the
aspheric parameters after manufacturing. Thus, this method is not preferred.

The second widely used method is cylindrical lenses [38]. This method is usually
used to turn an elliptical spot into a circular one. In this design, there are two
cylindrical lenses. One of these lenses acts on the fast axis, while the other acts on

the slow axis as shown in the Figure 3.5.

-1 ) 5,(."'-<El | o

Figure 3.5. Fast (Left) and Slow (Right) Axis of Laser Diode
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In the figure, © represent the beam divergence of laser and © represents the aperture
of the lens. The equation used to find the focal length of cylindrical lens is given

equation (55).

& (55)
— 2
4 /tan(%)

The equation given above is used to find the focal length of the lens positioned close
to the laser (acting on the fast axis). It has been mentioned before that the fast axis
angle of the laser is 25°. Considering a lens with an optical aperture of 4 mm, the
focal length is found to be 8.12 mm when the above formula is used. After the
theoretical focal lengths of the lenses were found, the system was optimized, and the

best Z positions of these lenses were found.

The effect of the first lens is shown in the Figure 3.6.

——t——+— 20 mm

Figure 3.6. Effect of the First Lens on Fast Axis

As can be seen from the figure, this lens affects the fast axis. This lens does not affect

the slow axis. the slow axis view is given in the Figure 3.7.
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} 1 20 mm

Figure 3.7. Effect of the First Lens on Slow Axis

The detector viewer after the first lens is added to design is given in the Figure 3.8.
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Figure 3.8. Detector View

As seen in the figure, the spot in the direction of the fast axis has reduced, as

predicted.
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After determining the best location of the first lens in the Z direction (optical axis),

the second cylindrical lens is included in the system. Fast axis and slow axis view of

the design is shown in the Figure 3.9 and Figure 3.10 respectively.

1 20 mm

Figure 3.9. Fast Axis View of the Design

Figure 3.10. Slow Axis View of the Design
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The image of the spot formed on the detector is given by Figure 3.11.
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Figure 3.11. Detector View of the Design

Because of the astigmatic nature of the laser diode, generating a circular beam by

reducing the divergence angles of the two axes may not achievable.

The spot sizes and beam divergence values measured at different distances are given
in the Table 3.1.

Table 3.1 Spot Size and Beam Divergence of the Design

DE?;[]?:)C ¢ Spot Size (mm) Divergence (degree) Divergence (mrad)
Horizontal | Vertical | Horizontal | Vertical | Horizontal | Vertical
1000 14.87 10.22
2000 29.34 18.05 0.8 0.4 14.5 7.8
5000 72.17 42.42 0.8 0.5 14.3 8.1
10000 142.8 84.04 0.8 0.5 14.1 8.3

After the completion of the transmitter design, the analysis was performed. In these

analyses, the effects of the optical parameters used in the transmitter design on the
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beam divergence and beam power (the light that can be delivered to the target) were

examined. The analyzes are given below, respectively;

e The effect of the position of the first lens on the Z axis on the beam
divergence on the Y axis,

Change in Beam Divergence

Z Position of First Lens (mm)

Figure 3.12. Z Position of First Lens — Beam Divergence Graph

e The effect of the position of the second lens on the Z axis on the beam

divergence on the X axis,

Change in Beam Divergence

Z Position of First Lens (mm)

Figure 3.13. Z Position of Second Lens — Beam Divergence Graph
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The effect of the aperture of the first lens on the beam power,

Beam Power

Aperture of First Lens

Figure 3.14. First Lens Aperture - Beam Power Graph

The effect of the aperture of the second lens on the beam power,

T T T T T T T T T

Beam Power

Aperture of Second Lens

Figure 3.15. First Lens Aperture - Beam Power Graph
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The analyzes carried out helped to find the manufacturing and integration
tolerances of the lenses used, as well as to find the smallest beam divergence

values that can be obtained with the current design.

3.2 Receiver Optical Design

The detector size is a critical parameter for the optical design of the receiver. In this
study, APD with a diameter of 500 microns was used. Considering an optical system
with a receiver and transmitter, the field of view of the receiver should be at least up
to the transmitter beam divergence. At this point, considering that there is a moving
part to scan, the need for the receiver's field of view to be between two and five times
the beam divergence of the transmitter has been evaluated. Aspheric condenser lens

was used in the receiver optical design, Figure 3.16.

i 20 mm

Figure 3.16. Receiver Optical Design

The most important tool for evaluating receiver design is the spot diagram. Spot

Diagram of the receiver is given in the Figure 3.7.
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As mentioned in the 1.3.2, the RMS radius is important to understand whether the

system is focused or not [48]. As shown in the figure, RMS radius is smaller than

Figure 3.17. Spot Diagram of the Receiver

the airy radius, so the system is well focused.

Another important issue is the distance and the angle between transmitter and the
receiver. The transmitter and the receiver are located as close as the mechanical
structure allows. It has been evaluated that the optical axes of the transmitter and the
receiver should be positioned parallel to each other due to the long (>10m)

measurement distance and close positioning.

The designed model of the receiver is given in Figure 3.18.
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Figure 3.18. Transmitter - Receiver Design

After the completion of the Receiver and Transmitter optical designs, mirror
dimensions and placement studies have been started for the scanning system. The
scanning system is a 45° angle placed on the transceiver it is based on 360° rotation

of the mirror. The scanning model is given in the Figure 3.19.

Figure 3.19. Scanning System
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The window seen in the figure that separates the scanning mechanism from the
external environment also acts as a filter. The transmission graph of this window is

given in the Figure 3.20.
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Figure 3.20. Transmission Graph of the Window
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CHAPTER 4

OTHER SYSTEM COMPONENTS

In this section, electronic, mechanical and software design studies are explained.
These studies were made by my valuable colleagues who are experts in their fields

in Rekrom Optoelectronics.

4.1  Electronic Design

For the laser source to be driven at different parameters and powers, a special driver
circuit design has been made for the system, Figure 4.1. Pulsed lasers have repetition
rate restrictions. Due to this limitation, the pulse repetition rate should be reduced as
the width of the barbe signal is increased. The transmitter board can drive a laser

with a wavelength of 905 nm with pulse signals up to 20 kHz.

Figure 4.1. Transmitter PCB

To read the signal formed on the light sensing unit (photodetector) in the system, a
special circuit design has been made that includes various amplifier and rectifier
electronic components, as well as a microcontroller and counter unit, Figure 4.2. A
simple component with an operating repetition rate of 100 MHz is used as a
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microcontroller. The microcontroller manages the communication protocols as well

as the control of the counter unit.

Figure 4.2. Receiver PCB

A counter circuit has been pre-designed in LIDAR, which can calculate time of flight
of the laser, suitable for the transmitter and receiver circuits. In this design, a
customized Time-to-Digital Converter (TDC) is used that can calculate the time
difference between the two outgoing and incoming signals in picosecond resolution
and transmit it to the microcontroller as a digital number. The first step in the process
is for the TDC to ignite the laser source and thus start the counter. After the echo
signal reflected from the target falls on the photodetector, it is amplified and
converted into a digital signal with the comparator. The counting process ends with

the digital signal being sent to the TDC and the counter is stopped.

In order to transfer the data produced by LIDAR to the computer environment, the
necessary communication circuit has been pre-designed. RS485 is used as the
communication protocol. As of now, in case of real-time communication and data
transfer, the system can operate at 10 kHz. At this point, it is seen that the component

that limits the speed is the low-cost microcontroller unit.
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4.2 Mechanical Design

After the completion of the optical design studies, the design of the optomechanical
structure was started in order to integrate the optics and electro-optical components.
Optomechanical design started with the transfer of the optical model obtained as a
result of the optical design studies to the mechanical design program. Considering
the scope of the project, time, and budget constraints, it was decided to make the

optomechanical production with a three-dimensional printer.

Apart from optical components, the placement of electronic circuit boards and the
need for a shell to protect them against external factors have also shaped the
optomechanical design. First of all, a suitable integration interface has been designed
on optomechanics for the integration of electronic cards. Then, the necessary
interfaces are designed so that the receiver - transmitter can be integrated into the
shell. After the completion of the design, the production of the parts was carried out
and the integrations were made. The resulting optomechanical structure is given in
the Figure 4.3.

Transmitter Optics

____— Receiver Optic

Transmitter )
Receiver

Transmitter PCB Receiver PCB

Figure 4.3. Optomechanical Design
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4.3  Software Design

A user interface is built to visualize LIDAR outputs. This interface is written in C++
using open source libraries such as OpenGL, IMGUI, GLFW and GLM. C++ has
been preferred because both the language is compiled and the interface is embedded

in the OpenGL library.

It would be useful to briefly mention the functions of the open source libraries used.
OpenGL is a visualization library used in many applications around the world. It
provides convenience as it provides the user with the opportunity to program a
"Graphic Processing Unit" (Eng. Graphics Processing Unit, GPU) and can perform
mathematical operations very quickly. Second, IMGUI is a user interface library
built on OpenGL. Thanks to IMGUI, changes can be made quickly in the interface.
GLFW is a modern windowing library that allows OpenGL and IMGUI to be
visualized on the same screen. Finally, matrix and vector operations are optimized
in the GLM library. This optimization greatly speeds up operations when using
OpenGL, as matrix operations must be used to create any point. The uses of OpenGL,
GLFW and IMGUI in the interface are given in Figure 4.4.

Figure 4.4. Software Interface
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CHAPTER 5

TESTING AND ANALYSIS

After the design and integration studies were completed, the testing process was

initiated to evaluate the system performance.

5.1  Transmitter Optical Performance

As described in “optical power calculation algorithm” part, as a result of the market
research, it was evaluated that three different pulsed wave lasers would be suitable.
The tests started with the V1 laser with a peak power of 75 W, and it was decided to
continue with a laser with a higher peak power (120 W) and the same optical

properties (aperture, beam divergence, etc.) since there was a problem in its supply.

The selected pulsed laser was driven with the development board, the visual of which
is given in Figure 5.1. The development board made it possible to set different
repetition rate, operating voltage, and pulse width values. Photodiode power sensor,

known to measure average power, was used to measure output power in the tests.
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Figure 5.1. Transmitter PCB

First, the variation of the average output power with respect to repetition rate was

investigated. In this controlled test, the repetition rate and average output power

values measured by selecting the operating voltage of 50 V and a pulse width of 100

ns are given in Table 1.

Table 5.1 Repetition Rate— Average Output Power

Repetition Rate (kHz) Average Output Power (mW)
5 6.85
10 15.56
20 28.77
30 42.82
40 55.65
50 70.70
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When the table is examined, it is seen that as the repetition rate increases, the
average output power of the laser increases accordingly. This test was repeated for
various operating voltages and then various pulse widths to obtain the graphs in
Figure 5.2 and Figure 5.3.
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Figure 5.2. Average Output Power — Repetition Rate Graph

75



200

180 50 ns

160 250 ns
—_ 140 100 ns
2
= 120
Q
2 100
[a
5
2 80
5
o 60
Q
&
o 40
>
P4

20

0

0 10 20 30 40 50 60

Frequency (kHz)

Figure 5.3. Average Output Power — Repetition Rate Graph

Figures shows the repetition rate dependent variation of the average power for
various operating voltages and various pulse widths. When the graphs are examined,
it is seen that the average output power increases linearly with the frequency,
independent of the operating voltage and pulse width.

Secondly, cases where the operating voltage is variable are examined. It is necessary
to measure the average output power of the laser at different operating currents. This
test could not be performed because there is a current limitation in the transmitter
electronic board. The test was carried out at different operating voltages by
increasing the highest current that the electronic board can output. In this test, the
repetition rate was selected as 30 kHz and the pulse width was kept constant by
choosing 100 ns, and the operating voltage and average output power values are
given in Table 5.2.
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Table 5.2 Operating Voltage — Average Output Power

Operating Voltage (V) Average Output Power (mW)
30 22.53
40 32.68
50 42.82
60 52.40

When the table is examined, it is seen that as the operating voltage increases, the
average output power of the laser increases accordingly. This test was performed
with various pulse widths followed by various repetition rate values. Outputs are
given in Figure 5.4 and Figure 5.5.

100
—&— 30 kHz

90
10 kHz
80

70
60

50 kHz

50
40
30
20
10

Average Output Power (mW)

28 33 38 43 48 53 58 63
Operating Voltage(V)

Figure 5.4. Average Output Power — Operating VVoltage Graph
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Figure shows the variation of average power with operating voltage for various
repetition rates and various pulse widths. When the graphs are examined, it is seen
that the average output power increases linearly with the operating frequency,
independent of the repetition rate and pulse width. Finally, the cases where the pulse
width is kept variable by choosing a repetition rate of 30 kHz and an operating

voltage of 50 V are discussed. The results are given in Table 5.3.

Table 5.3 Pulse Width — Average Output Power

Pulse Width (ns) Average Output Power (mW)
50 24.18
100 42.82
150 59.37
200 90.90
250 113.3
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In this case, it is seen that the average output power of the laser increases as the
operating voltage increases. This test was repeated with various operating voltages
followed by various repetition rates. Result graphs are given in Figure 5.6 and Figure
5.7.
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Figure 5.6. Average Output Power — Pulse Width Graph
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Figure 5.7. Average Output Power — Pulse Width Graph
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When Figure is examined, it is seen that the average output power of the transmitter

is linearly related to all three variables.

511 Optical Components Effects on Power

As detailed in the optical design section, two cylindrical lenses are used as the
transmitter optics. In addition to these, there is a window that separates the scanning
mechanism from the outside environment and acts as a filter. After the laser beams
exit the source, they interact with the first lens, the second lens and the window,
respectively. The test setup is given in Figure 5.8.

- Photodiode

Figure 5.8. Set — Up for Output Power

When Figure 5.8 is examined, only the effect of the transmitter lenses on the left and
the effect of the transmitter lenses and the window on the right are examined
together. In this test, the laser was performed with a repetition rate of 5 kHz, an
operating voltage of 35 V, and a pulse width of 250 ns. Only the average output
power values of laser, laser + lens and laser + lens + window configurations were

measured and the obtained values are given in Table 5.4,
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Table 5.4 Effect of Optical Components on Output Power

Average Output Attenuation (%)
Power (mW)
Laser 10.43 -
Laser + Lenses 7.83 24.9
Laser + Lenses + 6.81 34.7
Window

When the table is examined, it is seen that the lenses reduce the average output power
of the laser by about 25% and the window by 10%. Please note that 25% decrease
particularly high attenuation. Because the beam divergence of the laser is so wide,
some of it is scattered before it reaches the lens. In the case where only the output
power of the laser is measured, since the photodiode is placed almost at the output
of the laser, all of the rays are collected. As a result of this test, it was seen that the

window effect coincides with the transmittance values given in the data sheet.

51.2 Beam Divergence, Profile

In this test, the spot diameter was measured at different distances to calculate the
beam divergence of the transmitter. The test setup in which the spot diameter was

measured is given in Figure 5.9.
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Figure 5.9. Set — Up for Beam Divergence

As seen in the figure, set up consist of transmitter pcb, transmitter, optics, Raspberry
Pi camera, metric paper coated target and a ruler to measure the target distance. Light
beam coming out of the transmitter were dropped on the target and the image was
taken with the help of the camera. Spot diameters were calculated by processing

images at different distances. The sample spot image is given in the Figure 5.10.

Figure 5.10. Spot Sample
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Spot as defined as the area formed by pixels equal to or brighter than half the
luminance of the brightest cell. After the horizontal and vertical diameters of this

area were found in cell type, the radii were converted to mm.

The best fit line of these data is plotted is given in the Figure 5.11.
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Figure 5.11. Spot Size — Target Distance Graph

In the graph, blue line represents the horizontal spot size, orange line represents the
vertical spot size taken from the test. Grey line and yellow line are horizontal spot

size and vertical spot size respectively taken from the optical design software.

When the graph is examined, it is seen that the horizontal and vertical spot diameters
increase as the distance increases. Since this increase is expected to be linear, the
best fit line was drawn. By taking the arctan values of these slopes, the beam

divergences were calculated.

The beam divergence values calculated from the test and the optical design software

image data are given in the table.
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Table 5.5 Beam Divergence Results

Mrad Degree
Optical Optical
Test Design Test Design
Software Software
Horizontal Spot 32.76 16.70 1.88 0.96
Vertical Spot 20.53 8.44 1.18 0.48

5.2 Back Focal Length

As in all optical systems, precise positioning of the light sensor and optical elements
is important in this system. If the photosensor active surface is not placed in the focus
of the receiver optics, the light may not reach the receiver or may not trigger the
active surface because they do not come at the right angle. This situation causes the
receiver to not be able to generate enough signal and therefore not to be able to
measure correctly. In order to avoid these problems, the receiver back focal length

(BFL) should be determined. The test setup is given in Figure 5.12.
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Figure 5.12. BFL Set - Up

As seen in the figure, the set up consist of receiver PCB, receiver, receiver optics and
micrometer. The receiver optic can be moved precisely with the micrometer. In this
test, the effect of micrometer movement on the receiver signal was investigated by
placing the target at different distances. The data in the table are the average signal

values received from the receiver in mV.

First, the target was placed at a distance and then the receiver back focal length was
increased sensitively starting from 22,12 mm, and the size of the receiver signal was

measured with an oscilloscope. The graph of these data is given in Figure 5.13.

85



Receiver Signal

BFL

Figure 5.13. Back Focal Length — Receiver Signal Graph

When the figure is examined, it is seen that the receiver signal decreases significantly
when the back focal length is above 23.5 mm, regardless of the target distance. As a
result of this test, it was evaluated that the ideal receiver back focal length should be

between 22.12 and 23.12, and input was provided to the integration process.

53 Receiver Performance

In LIDAR systems, the power of the beam reflected from the target varies depending
on the distance. The signal strength generated at the receiver decreases with the
square of the distance. To confirm this information, a distance dependent receiver

signal test was performed. The test setup is given in Figure 5.14.
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Figure 5.14. Electronic Signal Set-up

A sufficiently large target was used during the test. This test was repeated by adding

a window and the effect of the window on the receiver signal was determined.

500

450

I
o
o

—8— Without Window

w
v
o

With Window

Signal Power (mV)
= = (¥} =) w
o w o w o
o o o o o

v
o

o

0 50 100 150 200 250 300 350
Target Range (cm)

Figure 5.15. Signal Power — Target Range Graph

Regardless of the window, the receiver signal had an inverse square relationship with
distance, as expected. It has been observed that the average signal power loss is
16.89% when a window is added to the system.
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CHAPTER 6

CONCLUSION

LIDARs have a wide range of applications thanks to advances in laser technology,
including obstacle identification, road environment monitoring, atmospheric remote
sensing and meteorology, speed measures, and proximity detection. LIDARS have
become more small and inexpensive thanks to advances in semiconductor laser and
photodetector technology. However, there is definitely room for development,
particularly in terms of system architecture. Optical,mechanical, optomechanical

design, and software development are all required for the construction of an LIDAR.

The LIDAR obtained in this study was successfully integrated and operated. As
mentioned in the test chapter, obstacle detection up to 13 meters in indoor area has
been successfully performed. Since the measurement resolution of the electronic
circuit is 3 cm, the tests were measured with an accuracy of 6 cm. After that, outdoor

tests were carried out and obstacle detection was carried out successfully.

Laser power calculations made in this study are an important topic. In particular,
very detailed calculations were made on the intersection area of the target and the
laser spot. Identifying these intersection areas is important to determine the optical
power coming into the receiver. Optical power reaching the receiver affects the
resolution and detectivity performance. If the power reaching the receiver remains
below a certain level, it will not trigger the receiver. In this case, the signal cannot

be received from the target and the object cannot be detected.

The range of the LIDAR varies according to the reflection coefficients of the targets.
The range of the LIDAR obtained in this study is 50 m at 10% reflectivity and up to
110 meters at 90% reflectivity. In this study, a laser with 120 mW pulse output power
was used. The maximum range of the LIDAR can be increased by using a higher

power laser.
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Commercial optical system design software was used to simulate the laser diode
based on its astigmatic properties. Thanks to custom-designed cylindrical lens pairs,
divergence angles of 1.88° and 1.18° were attained. A circular beam could not be
obtained because the aperture of the diode is rectangular. Larger budgets and more

complex optical components are needed to achieve smaller beam divergence.

This product can be used in many areas. It can be used in people and product
counting, autonomous devices, especially in the fields of industrial safety. In

addition, this product can work integrated with cameras.

Point cloud data was created by running LIDAR, whose prototype was completed,

in an office environment where there are different obstacles such as people, board,

plants and walls. The related image is given in Figure 6.1

Figure 6.1. Test Image

The architectural drawing and the generated point cloud data are given in the

Figure 6.2 and Figure 6.3 respectively.
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Figure 6.2. The Architectural Drawing
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Figure 6.3. The Point Cloud Data

In the Figure 6.3, LIDAR is at the center of the point cloud data. The red lines in the
picture show the actual distance data of the objects. There are some differences
between the actual distances of the objects and the LIDAR data. The reason for this
difference; Some of the beams emanating from the laser reach the target earlier.
Since these rays return to the receiver earlier, these rays dominate. Therefore, there

may be differences in the position measurements of the objects.

The image of the LIDAR that developed in this work is shown in Figure 6.4.
Technical datasheet is given in the Appendix A.
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Figure 6.4. The Image of LIDAR
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A. DATASHEET

Laser Class

Laser

Min. Operating Range
Max. Operating Range

Field of View
Heater
Interface

Enclosure Rating

Protection Class

Amb. Opt. Temperature
Operating Voltage
Weight

False Alarm Prevention

APPENDICES
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1 (EC 60825-1:2014)

IR (905 nm)

4m

50 m (@ %10 Reflection)
110 m (@ %90 Reflection)
270° (Adjustable)

25 W

TCP/IP and RS 485

IP 67 (TS 3033 EN 60529)
Il {EN 50178 (1997,10))
40°C ~ +60°C

12 VvDC

550 g

Fog. Rain, Snow Correction
Atmospheric Filtration
Background Learning

Pollution warning
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