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ABSTRACT

This paper discusses a novel hybrid optical architecture that employs a high diffraction
efficiency Digital Micromirror Device (DMD) for beam steering in a Time-of-Flight (ToF)
LIDAR. By synchronizing the laser pulse to the dynamic tilt movement of the micromirrors, light
can be diffracted and steered into one of the multiple diffraction orders with high diffraction
efficiency. The proposed lidar architecture utilizes two synchronized DMDs with a two-
dimensional Multi-Pixel Photon Counter (MPPC) to diffractively steer and transmit the laser beam
as well as to steer the lidar receiver's Field of View (FOV) over the diffraction orders of the blazed
grating formed by the micromirrors of DMD.

The experimental results demonstrate that the proposed lidar architecture expands the FOV
7 times larger than the original FOV, achieving an FOV of 35 degrees in the horizontal direction
and 5 degrees in the vertical direction while retaining angular resolution of 0.22 degrees which
corresponds to the instantaneous FOV of the MPPC detector. The system can capture up to 7
diffraction orders of LIDAR images without sacrificing image resolution, and the Arduino Due
microcontroller used in the system enables a high frame rate of 10kHz.

The diffractive lidar image quality and lidar system crosstalk tests demonstrate the system's
ability to accurately capture lidar images without being impacted by ambient light. Additionally,
the paper proposes a diffractive image steering method to expand the FOV of the lidar system by
sequentially steering the receiver FOV over multiple diffraction orders and employing an image
stitching process to create a real-time wide FOV lidar image.

The proposed hybrid optical architecture offers a solution for expanding the FOV of a lidar

system, which has significant applications in autonomous driving, robotics, and 3D imaging.



CHAPTER 1 | INTRODUCTION

1.1 Application of Lidar System

Lidar (Light Detection and Ranging) is a remote sensing technique that uses laser light to
measure distances of objects. It has become an essential tool in various fields, including surveying,

mapping, autonomous vehicles, and atmospheric research [1], shown in Figure 1.

Figure 1. Lidar application in atmospheric measurement, revealing what the human eye cannot see [1].

One of the application areas of lidar is, as shown in Figure 2, the Autonomous Driving
Assistance Systems (ADAS) to assist drivers in various levels. ADAS relies on a range of sensors
and cameras to help drivers operate their vehicles safely and efficiently. Among these sensors,
lidar technology plays an important role in providing accurate and reliable information about the
vehicle's surroundings. The depth information and the real-world 3D mapping data captured by
lidar are combined with data from other sensors, such as cameras and radar, to create a
comprehensive picture of the vehicle's surroundings. By utilizing lidar technology, ADAS systems

provide drivers with real-time information about potential hazards, such as other vehicles,



pedestrians, and obstacles in the road. This can help drivers avoid accidents, maintain safe
distances from other vehicles, and stay within their lane. In addition to enhancing safety, Lidar
technology also enables ADAS systems to provide features such as adaptive cruise control,
automatic emergency braking, and lane departure warning. These features work together to create
a more intuitive and comfortable driving experience, giving drivers greater control and confidence

on the road.
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Figure 2. ADAS applications with multiple sensors such as lidar, radar, camera, and ultrasound [2].

Wide field of view (FOV), high angular resolution (< 0.1 degrees), and fast scanning rate
(> 30 fps), and large detection range of lidar system are needed for automotive object detection in
ADAS in a 3-dimensional space . A long-range lidar detects returning photons from objects located
at several hundreds of meters with a limited FOV. In contrast, short-range lidar detects objects
approaching from the sides of the vehicle with a large FOV, i.e., 90 degrees in horizontal direction.

Such application specific 3D sensing volume defines lidar optical architecture which is



predominantly governed by radiometry of lidar system [3 $]. For example, a long range lidar

secures enough returning photons reflected from objects takes a critical role because it scales with
5 . . . .
:—.E;Gwhere R is the distance of the object away from the detector. To recover the fall off signal at

a distance object, a large aperture for the receiver is needed. There, trade-offs come in selection of

scanning modalities along with selection of sensors, such as single detector for a point-and-shoot

lidar, and 1- or 2-dimensional array sensor for flash scanning lidar [6]. In basic ADAS applications

such as lane departure warning and collision avoidance, the following ILGDU VHK&VRUTV
performance parameters are required for a lidar system to be suitable for ADAS applications:

a. Range: Lidar sensors for ADAS must be able to accurately detect and measure objects
at a distance of at least a few hundred meters to provide sufficient time for the vehicle
to react to potential hazards.

b. Field of View: A wide field of view is required to cover the entire road ahead and
surrounding areas. The system should be able to detect objects in all weather and
lighting conditions.

c. Accuracy: The accuracy of the lidar sensor is crucial in ADAS applications, as it
determines the system § ability to detect and track objects, measure distances, and
estimate object velocities.

d. Resolution: The resolution of a lidar sensor is the ability to accurately distinguish and
identify small objects and features within the scanned area. High resolution is essential
for detecting pedestrians, cyclists, and other vulnerable road users.

e. Reliability: The lidar sensor must be robust and reliable, capable of operating in harsh

environmental conditions, and able to function in different driving scenarios.



1.2 Operation Principle of Lidar Technology

Figure 3 illustrates the process of obtaining velocity or range information using a light
source generated by a waveform generator (typically a laser, either single or multiple) [7]. The
light beam passes through the transmitter (Tx) optics and its aperture before travelling through a
medium (usually the atmosphere) to reach the target. The reflected beam from the target then
passes through the receiver (Rx) optics and its aperture before travelling through a filter to the
detector. The Tx aperture may be the same as or different from the Rx aperture. In the diagram,
the Tx optical processes are represented by blue, the Rx optical processes by red, and the electrical
processes by green. The transmit processes begin with the waveform generator and end at the
target, while the receive processes begin at the target and end at the detector. During the transmit
optical processes, a local oscillator (LO) signal is required to measure the full field in the pupil
plane instead of just the intensity needed to beat the return signal. The receive process, on the other

hand, involves the return signal travelling from the target to the detector.
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Figure 3. LIDAR Conceptual diagram [7].



1.3 Limitation of Current Lidar Systems

Short-range measurement is a major limitation of current Lidar systems, and it requires a
trade-off between the field of view (FOV) and the signal-to-noise ratio (SNR). The SNR is
determined by the signal current ( B and the noise current ( ), and is an important consideration
in imaging systems, as shown in Eq. (1). Designing a Lidar with a narrow FOV that covers a larger
entrance pupil area can improve the SNR, but this requires a mechanical mechanism like a gimbal
to scan a larger FOV. Such mechanisms can decrease reliability, limit the scan rate, and ultimately
degrade the system image quality, as shown in Figure 4. Averaging can sometimes be used to
improve SNR, but it is only effective for slow-moving objects. Another alternative is to use a wide

FOV and a high-quality detector to enhance the SNR.

B
g8

504L

@

One potential solution to address these limitations is to use a non-moving scanner for Lidar

system with a large FOV. This can be achieved by implementing a non-mechanical beam steering
mechanism, such as an optical phased array (OPA). Another approach to improve long-range
measurement is to use frequency-modulated continuous wave (FMCW) Lidar, which is briefly

introduced in Section 1.4.
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Figure 4. Lidar imagingp RLQW FORXG FUHDWH Glpka\Prénd 2RRGBW8QH /LGDUTV $

1.4 Types of Lidar Systems
The range finding methods involve FMCW (Frequency Modulated Continuous Wave),
AMCW (Amplitude Modulated Continuous Wave) that employs modulation of frequency and
amplitude of CW laser, as well as direct and indirect ToF (Time of Flight) lidar that employs pulsed
laser source [9]. There are 3 frequently used lidar systems:
a. Time-of-flight (TOF) Lidar: In this type of Lidar, a laser pulse is emitted and the time it
takes for the pulse to bounce back from an object is measured to determine its distance.
TOF Lidar is commonly used in autonomous vehicles, robotics, and mapping applications.
Figure 5 is an example model for TOF Lidar system, depicting a flash lidar that uniformly
illuminates the target area with a pulsed laser beam. This can be achieved by using an
optical diffuser or a predefined light pattern. The radiance of light on the target includes
both direct and global components, which may result from inter-surface reflections or light

scattering through a medium like fog or cloud.
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Figure 5. Time-of-flight (TOF) lidar system based on a flash lidar operation model [10].

The principle of detection in the ToF Lidar technology is based on the interaction
between a laser pulse and the target object. The detection principle in Lidar technology
involves the transmission of a laser pulse from a Lidar sensor towards a target object. The
laser pulse interacts with the target, and some of the light is scattered back towards the
sensor. The Lidar sensor measures the time-of-flight of the laser pulse, which is the time it
takes for the pulse to travel to the target and back to the sensor. This time-of-flight
measurement allows the Lidar sensor to determine the distance to the target. In Figure 6,
there is a block diagram illustrating the components of a TOF distance measurement
system. This device comprises a transmitter laser that emits pulses lasting between 5 to 50
nanoseconds, a receiver channel featuring an avalanche photodiode (APD), automatic gain
control (AGC), timing discriminators, and amplifiers. The laser § emitted light initiates the
measurement unit for time intervals, while the reflected light brings it to a halt. The time

interval measured is directly proportional to the distance between the device and the target.
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Figure 6. Block diagram of TOF laser range finder [9].

Frequency-Modulated Continuous-Wave (FMCW) Lidar: This type of Lidar uses a
continuous-wave laser that is modulated with a frequency sweep. The distance to an object
is determined by measuring the phase shift of the returned signal. FMCW Lidar is capable
of measuring both distance and velocity and is used in applications such as automotive
safety and security. Figure 7 shows a demonstration of the imaging outcome and target

image example utilizing an FMCW lidar [11].

Figure 7. The FMCW lidar on autonomous vehicle shows the lidar point map (upper) compared to the targets
(lower) [11].
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C.

Amplitude-Modulated Continuous-Wave (AMCW) Lidar: In AMCW Lidar, a continuous-
wave laser is modulated with an amplitude waveform, and the distance to an object is
determined by measuring the phase difference between the emitted and reflected signals.
The transmitted optical power carries an intensity pattern, specifically a linear radio
frequency chirp, which encodes information. AMCW Lidar is frequently used in
applications such as environmental sensing and remote sensing. In Figure 8, the phase shift
on the RF chirp is encoded by the free-space path, and this can be accurately detected by
measuring the intermediate frequency obtained by mixing the received intensity signal with
a non-delayed electronic version of the chirp [12]. The range of AMCW systems can be
limited by multiple factors. The optical link budget can limit the maximum range of
AMCW. Additionally, the maximum range of the RF-chirp system can also be restricted
by the highest frequency detectable by the receiver. To extend the maximum range, the

period of the RF-chirp can be adjusted, but this comes at the cost of longer acquisition time.

Laser Source

Range Detector

Figure 8. Schematic for amplitude-modulated continuous-wave lidar [12].
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1.5 Lidar Beam Steering

Lidar is similar to radar in its principle but instead of radio waves, it uses laser light to
create a 3D map of the environment. One of the key components of a lidar system is the beam
steering mechanism, which controls the direction of the laser beam. Lidar beam steering is a critical
part of the lidar system because it determines the accuracy, resolution, and speed of the 3D point
cloud data that is generated. There are some very common types of lidar beam steering that being
used in industry:

a. Mechanical Scanning: Mechanical scanning is the most common type of lidar beam
steering mechanism. It uses a rotating mirror or prism to scan the laser beam across the
field of view. The mirror or prism rotates at a high speed, typically between 5-20 Hz, to
cover the entire field of view. The laser beam is directed onto the mirror or prism and then
scanned across the field of view, as shown in Figure 9. Mechanical scanning is relatively
inexpensive and can provide high-resolution 3D maps. However, it has several
disadvantages. Firstly, it is prone to mechanical wear and tear, which can affect the
accuracy and reliability of the system. Secondly, it is limited in its scanning speed and field

of view, which makes it unsuitable for high-speed applications.
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Figure 9. Traditional 2D lidar mechanical steering mechanism [13].
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b. MEMS (Micro-Electro-Mechanical Systems) Scanning: MEMS scanning is a newer
technology that uses micro-mirrors to scan the laser beam. The mirrors are made of silicon
and are typically less than 1 mm in size. MEMS scanning can achieve very high scanning
speed, up to several tens of kHz, and has a large field of view. MEMS scanning is more
reliable and less prone to wear and tear than mechanical scanning. For example, in Figure
10, a resonance MEMS mirror with kHz sampling was utilized to achieve beam steering
with an optically expanded field of view of 20 UHowever, the resonance MEMS mirrors
have relatively small mirror diameters (approximately 1 to 4 mm) and produce a relatively
small output beam diameter. Furthermore, optical expansion of the FOV decreases the
output beam diameter [14]. This small output beam diameter can limit the output pulse
energy, thus restricting the maximum range of the system due to laser safety requirements.
Moreover, the limited receiver collection area of a resonance MEMS mirror makes it
unsuitable for use in a lidar system with a common-path design, where the transmitter and
receiver share the same optical path. Unfortunately, a resonance MEMS mirror cannot
simultaneously provide a large FOV and a large area because of the inverse relationship
between the mirror ¥ size and its angular throw and scan speed.

. . MEMS
g@d Ranging Laser Ranging Mirror
: i Laser ' ! 3

MEMS
Mirror —

Receiver
without Lens

Receiver without Lens

Figure 10. A laser range finder module integrated with a MEMS device and a 3D-printed optical cell [15].
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C.

Optical Phased Arrays: Optical phased arrays use an array of small laser emitters, typically
a grating antenna to generate a beam that can be steered electronically. Each grating
antenna in the array can be turned in phase of the laser light. The phase tilt over the area of
the array is controlled to steer the beam in a particular direction. Optical phased arrays have
several advantages over mechanical and MEMS scanning. OPA is a Photonics Integrated
Circuit (PIC) fabricated by leveraging semiconductor fabrication process. This OPA is a
solid-state device that potentially is very reliable. The pitch of array can be smaller than
the half wavelength, consequently, OPA has a wider field of view and less side-lobe effect.
However, major challenges of OPA include, accuracy and speed of phase control over
thousand antennas which is limited by thermal phase control, fill factor of antenna is small
to accommodate phase shifter with each of the antennas that limits coupling efficiency
when OPA is used as a receiver. Those challenges keep the optical phased arrays still in
the development stage and are not yet commercially available. They are also more
expensive than mechanical and MEMS scanning. In Figure 11, an example of OPA is
depicted [16]. The device can scan a laser beam both horizontally and vertically. It consists
of a Bragg reflector, a power splitter, a phase modulator array, and a beam concentrator,
all fabricated on a single chip. The horizontal scanning is achieved by controlling the phase
distribution of the waveguide array through the polymeric phase modulator array, while
the vertical scanning is obtained by tuning the wavelength of the integrated tunable laser

and external diffraction grating.
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Figure 11. Schematic diagram of the waveguide-based optical phase array beam scanner [16].

d. Non-mechanical scanning Beam Steering: Non-mechanical scanning beam steering uses a
stationary laser that is directed onto a beam steering device, such as a liquid crystal on
silicon (LCOS) or a digital micromirror device (DMD). The beam is then steered by
electronically controlling the element fV D P S O LW X G HNd»-@hésharithl Sdabing H
beam steering has several advantages over mechanical and OPA based scanning techniques
in terms of maturity of the technology, reliability by non-moving or MEMS based moving
component, large aperture size. The major challenge of applying non-mechanical scanning

beam steering to lidar application is limited scanning FOV due to the large array pitch

18



compared to wavelength. Diffractive beam steering with large pixel pitch array limits

diffraction angle up to several degrees.

1.6 Development of Lidar Technology

Recently, a new illumination scheme employing nano second laser pulses was proposed to
steer beam into multiple directions by using Texas Instruments Digital Micromirror Device (DMD)
[17]. It enables steering of beam and image into multiple directions than just two on- and off-
directions. DMD is first triggered to actuate all the micromirrors from off-state to on-state. While
mirrors are in motion, nanosecond pulse illuminates the micromirrors. Due to the three orders of
magnitude difference in the time scale, the dynamic movement of micromirrors between the off-
state and on-VWDWH LV HIIHFWLYHO\ 3IJURJHQ"™ VR WKDW WKH WUDC
blazed grating condition that enables high efficiency beam and image steering into multiple
directions at each time of mirror motion after rest of mirrors. With the DMD, the FOV, aperture
size and scan rate trade-off was addressed by combining two kinds of MEMS devices, a MEMS
resonant mirror and DMD [18]. The system employs MEMS resonant mirror and DMD for
transmitter. Fine steering within a narrow FOV (5 degrees) is employed by MEMS resonant mirror
while DMD steers the FOV of MEMS resonant mirror over FOV of 35 degrees. In this manner,
collimated laser is steered over 35 degrees with resolution of 0.5 degrees. For a receiver a single
APD detector and receiver DMD covers the 35 degree FOV. The lidar system employs only
MEMS devices (MEMS-resonant mirror and DMD).

In this thesis, we introduce, to the best knowledge of the authors, the first wide FOV
MEMS-based all-solid-state lidar by high technology readiness level (TRL) components, Texas
Instruments DMD and a u t H u tpixels Multi Pixel Photon Counter (MPPC) array by Hamamatsu.

A solid-state silicon photomultiplier (SiPM), also called MPPC, has been introduced to infrared

19



lidar application [19,20]. An MPPC pixel with the microcell size of 100um consists of an array of
Avalanche Photo Diode (APD) operating in a Geiger mode with a quenching resistor. For lidar
application, the 2-dimensional array of MPPC provides about 10% of photon detection efficiency
at 905nm, which is suitable for lidar sensors. However, the number of pixel counts of the 2D MPPC
array is rather modest at this point, around 1-2k pixels. With a pixel pitch of 25um, the device area
is on the order of 1-2mm, which is relatively small compared to the regular complementary metal-
oxide semiconductor (CMOS) image sensor. Suppose 2D MPPC array image sensor is used for a
flash lidar with 0.1 degrees resolution, the total FOV is limited to 1-2 degrees with 1-2k pixel
counts.

The aforementioned MEMS-DMD lidar architecture is leveraged for lidar system by
employing 2-dimensional SiPM in lieu of single APD detector for a receiver. Transmitter optics,
pulse laser and DMD employs flood illumination within a FOV of 2-D SiPM receiver. The
illumination region is steered by DMD. Receiver employs fine and 2-dimensional scanning of the
receiver FOV that eliminates MEMS-resonant mirror for transmitter, and simplifies the transmitter
optics. At the same time, narrow FOV of SiPM array was overcome by steering of the receiver
FOV by receiver DMD in a synchronous manner to the transmitter DMD. In section 2, we
overview the optical architecture of the solid-state lidar while addressing the principle of
diffractive FOV steering for direct Time-of-flight (ToF) measurement. In section 3, experimental
results of the performance of the DMD-MPPC lidar, i.e., angular resolution, distance resolution,
and cross talks are addressed. In section 4, we discuss the potential as well as the limitations of the

proposed approach and address future research direction followed by the conclusion section.
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CHAPTER 2 | OPTICAL ARCHITECTURE

2.1 Beam Steering by Digital Micromirror Device

Digital Micromirror Device (DMD) has been widely used as a reflective display panel for
projection displays. The DMD employs an array of electrostatically actuated mirrors to spatially
modulate light. The micromirror element tilts along its rotation axis in GS t between the on-state
and off-state. The on-state micromirrors redirect the light to the pupil of projection lens, while off-
state micromirrors redirect the light outside of the pupil. In this manner, illumination light is
spatially modulated in a pixelated manner to form an image at projection screen [21]. Since the
transition of micromirrors from off-state to on-state takes very short time around several
microseconds, thanks to law of inertia of micromirrors. The frame rate of DMD exceeds several
tens of kHz that enables a pulse width modulation of light for full colored RGB display by
synchronizing the pattern to sequential LED RGB illumination. For over the decades, DMDs have
been used as a binary light modulation device to steer light into one of the two directions.

Recently, a new illumination scheme employing nano second laser pulses was proposed to
steer beam into multiple directions [17]. It enables steering of beam and image into multiple
directions than just two on- and off-directions. DMD is first triggered to actuate all the
micromirrors from off-state to on-state. Typically, micromirrors are actuated after several
hundreds of microseconds. While mirrors are in motion, nanosecond pulse illuminates the
micromirrors. Due to the three orders of magnitude deference of time scale, the dynamic movement
of micromirrors between the off-state and on-VWDWH LV HIIHFWLYHO\ 3IURJHQ VR
states of micromirrors satisfies blazed grating condition that enables high efficiency beam and
image steering into multiple directions. In Figure 12, laser beam steering by DMD at 905nm is

presented. The grating equation ( | L @EBBN=RR &I =R AH BaLCLP
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LE TBHRLIL > H =¥ AC)HHKows that at an angle of incidence of 45 degrees, the DMD
(DLP7000, Texas Instruments) with a 13.68um DMD pixel pitch supports 7 diffraction orders (-
2" to +4") that span over 35 degrees. With appropriate delay time to actuate the mirror transition,
beam is steered into one of the 7 diffraction orders while satisfying the blazed diffraction condition

having high diffraction efficiency.

S Grating Equaion:

mA

-2nd 322 sin(#;) — sin(6,,) = —
1t 4.04 6; — 6, = 2y
Diffraction Angles vs 7 Diffraction Orders

Oth 461 (DLP7000, p=13.68um, A=905nm, 8i=45°)
il 5.14 5

2094 BN5T56

SN EN508

4th 6.54

-2 -1 0 1 2 3 4
Diffraction Orders

Figure 12. Diffraction orders and delay time of 905nm pulse laser beam steering.
2.2 Multi-Pixel Photon Counter (MPPC) as a Lidar detector
The Hamamatsu multi-pixel photon counter (MPPC) is a silicon photomultiplier (SiPM)
operating in Geiger mode, designed for photon counting in low light applications. It features a
32x32 array of Avalanche Photodiodes (APDs) with a physical fill-factor of 36.4% and a photon
detection efficiency of ~10% at a wavelength of 905nm. Additionally, it is equipped with an
integrated Time-to-Digital Converter (TDC) on each pixel, providing a 312.5ps LSB and 9.3cm

spatial resolution. This 2D photon counting image sensor is an excellent solution for a wide range
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of applications that require high sensitivity and spatial resolution. Figure 13 shows the size of the
effective photosensitive area of each channel is 100x100 pm?. The setting for the threshold voltage
is crucial in determining the activation of the TDC by photons. To detect a single photon, it is
recommended to set the threshold voltage between the baseline level and one photon level. The
default threshold voltage on the evaluation board is set at 0.5 photon level. To control the threshold
voltage, we can apply a 0.8V to 1.25V voltage with a 10mA current limit to MPPC module. As
this is a voltage bias line, the current consumption is almost negligible.

One of the most promising applications of the Hamamatsu MPPC is in the field of lidar
systems measuring distances and create high-resolution 3D maps of the surrounding environment.
In a lidar system, the MPPC can be used as a photon detector to measure the time-of-flight of laser
pulses, which can then be used to calculate the distance to objects in the environment. The
Hamamatsu MPPC's high sensitivity and spatial resolution make it an ideal choice for lidar
applications. The integrated TDC on each pixel allows for precise timing measurements, which
are critical for accurate distance calculations. The 2D photon counting image sensor also enables
the creation of high-resolution 3D maps of the environment. The threshold voltage for MPPC
determines the number of photons that activate the TDC. With its small size and low power

consumption, the MPPC can be easily integrated into compact lidar systems.
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Figure 13. 2D MPPC photon counting image sensor (S15013-0125NP-01, Hamamatsu) [22].
2.3 Measurement Timing Window of MPPC
In Figure 14, the MPPC timing chart shows the photon counting process in one
measurement cycle. The measurement data is in HEX format and can be converted to DEC format.
The system has 4.042us trigger timing, 200ns measurement window, and 95.621us data read
period when it operates at 10kHz. The period of time to digital converter (TDC) measurement is
changeable to better fit the lidar application. For example, if the lidar system is used to detect the

objects up to 20 meters away, we can increase the readout time X land decrease the readout time

w to make the color scale range wider, which can offer accurate depth information of lidar image.
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Figure 14. MPPC measurement timing chart in 10 kHz.

2.4 Preliminary System Setup — MPPC Lidar

At the very beginning of the diffractive MPPC lidar development, we used a small DMD
chip (DLP4500, Texas Instruments) to test if the system can ideally capture the lidar images with
the help of DMD. A DLP4500 was placed 5 inches away from the detector (Figure 15) without
synchronizing with the trigger pulse of the MPPC module. It was simply triggered by a function
generator with a relatively low frequency (around 2Hz). A letter card 3/° ZDV S4D hdhéd @&
front of the system, however, could not be detected directly by the MPPC. A buffer layer was
inserted to make sure there is no photons coming directly back to the MPPC. We want to confirm
whether the MPPC is capable of capturing lidar images indirectly by configuring the system to not
directly focus on the target. The 905nm pulsed laser were illuminating the targets while a mirror

was reflecting photons to DLP4500. When the DMD turns on, the MPPC can detect the target and
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generate a lidar image of the letter card. When the DMD turns off, the photons would be redirected
outside the optical axis of the detector, which looks like the aperture of the system being closed
while the system still working. Through this initial test, we have confirmed that the DMD-MPPC

design has the ability to detect lidar images without generating excessive noise data.

Figure 15. Diffractive Lidar testing with a DLP4500.

2.5 MPPC Lidar with DLP7000 and Arduino

Figure 16 shows that the MPPC lidar system was constructed using a 905nm pulsed laser
diode and a 0.7-inch DLP7000 DMD from Texas Instruments. The MPPC module activates the
pulsed laser to illuminate the target, while the DMD is managed by a D4100 EVM and triggered
by an Arduino microcontroller, which generates the micromirror pulses for forming the blazed
JUDWLQJV 7KH 033& OLGDU KD YthD905 lseDaadlth MPRQ ohdxfigGHQFH |
at 10kHz, allowing it to capture 5 diffraction orders (-2™~2" R| OLGDU LPDJHV ZLWKLQ

FOV.
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Figure 16. MPPC lidar with DLP7000 system setup.

2.6 Applying Function Generator to Effectively Trigger Arduino

To ensure successful triggering of the DMD by the Arduino microcontroller, we employed
the burst mode in the RIGOL function generator. This allowed us to increase the pulse width of
the MPPC pulse from 100ns to 10us, enabling the Arduino to capture the signal more effectively.

The Burst mode in the RIGOL function generator allows us to generate a specific number
of cycles of a waveform at a higher frequency than the normal frequency of the waveform. In burst
mode, we can set the number of cycles (N=1) in the burst, the frequency of the burst (10kHz), and
the interval between bursts to customize the burst to for the DMD-MPPC lidar system. With the
gated burst mode, we can trigger the burst using an external signal from the MPPC, which is useful

for synchronizing the burst with the Arduino microcontroller.
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2.7 Arduino Due and Buffer Circuit Design

In order to regulate the timing of the transition of the DMD micromirror array, we
constructed a circuit that utilizes a buffer IC and an Arduino microcontroller (Arduino Due). This
circuit receives a trigger from the MPPC and generates pulses with twice the frequency for the
DMD.

Arduino Due is a microcontroller board based on the Atmel SAM3X8E ARM Cortex-M3
CPU [23]. It is the first Arduino board based on a 32-bit ARM core microcontroller. It has a 84
MHz clock, 54 digital input/output pins, 12 analog inputs, 4 UARTs (Hardware Serial Ports), an
USB OTG (On-The-Go) capable connection, 2 DAC (Digital to Analog), 2 TWI (Two-Wire
Interface), a power jack, a reset button and an erase button. The Due operates at a voltage of 3.3V
and can reach a clock speed of up to 84 MHz, allowing for a NOP of 11.9 ns. In Arduino, NOP
stands for "No Operation". It is a simple instruction that does nothing and is often used as a
placeholder in code to create a delay or to align instructions. The NOP instruction takes up one
clock cycle and can be useful in situations where precise timing is required. The board is also
capable of running at 3.3V or 5V, depending on the voltage applied to the pin. The Arduino Due
is a powerful board that can be used for a variety of projects that require more processing power
and memory than traditional Arduino boards. It is commonly used in robotics, automation, data
acquisition, and other applications that require high-speed processing and data transfer. We utilize
the capabilities of the Arduino microcontroller to receive the trigger signal from the MPPC at DP3,
adjust it to produce pulses with twice the frequency, and transmit it through DP10 to activate the
transition of the DLP7000 micromirrors (Figure 17).

Buffer IC, also known as a buffer amplifier, is an integrated circuit that is used to isolate

one circuit from another. It is designed to provide a high-impedance input and a low-impedance
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output, which helps to prevent signal loss or distortion when connecting one circuit to another.
Here, we employed quadruple bus buffer gates (SN74AHCT125, Texas Instruments) to furnish a
low impedance output for the DMD in order to prevent signal bouncing. The buffer chip
necessitates powering through the 14™ port (V) with 3.3V and grounding via a pullup resistor
with the 1% port (10E) to maintain the gate open. The trigger output from the arduino Due DP10
is directed to the 2" port of the buffer chip (1A), which is then output from the 3™ port of the
buffer chip (1Y). The signal will serve the purpose of controlling the micromirror array for both

diffractive laser beam steering and lidar FOV steering.

3 SN74AHCT125
Quadruple Bus Buffer Gates

4.7 kQ Pullup Resistor . s brocade: Hlatucibeiias ‘ DP10: Output to DMD
---------- \ X ! T i
1
Arduino input  <—7A[|2 1
Buffer IC output «—1Y [|3 12[] 4A
20E [|4 nflay
2A[ls 10[) 30E
2v[le flaa P | e
GND [J7 8flay

NUBbhEEWWW

mmmmmmmmmmmmm

Figure 17. Arduino Due and circuit board setup.
2.8 Arduino Microcontroller Programming
The code depicted in Figure 18 is based on the C++ programming language and is designed
to enable the Arduino to receive trigger output from the MPPC and create new pulses for the DMD
micromirror transition.
First, in the I"#!1$%&'(#)*  function, the signal is detected by using +,-,./'0#/+)* , an
Arduino function that reads the state of a digital input pin and returns either 1231)4* or 567)8* .
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This function is commonly used in Arduino projects to read the state of switches, buttons, and

other digital sensors. The 9:,-;,<= is the number of the digital input pin assigned for catching
the MPPC trigger.
Second, the /../I"2<.#::&>.)* function is utilized and set up to check the digital input

state during every cycle of the microcontroller. This is an Arduino function used to set up an
interrupt service routine (ISR) to be called when a specific type of external interrupt occurs. The
function takes three arguments: the interrupt pin number (the MPPC trigger), the ISR function to
be called (the I"#!$%&'(#)*  function), and the mode of the interrupt (1231)4* for triggering
the DMD). When an external event occurs that matches the specified interrupt mode, the ISR
function will be called immediately, interrupting the main program flow. This can be useful for
reacting to time-critical events, such as sensor readings or button presses, without having to
constantly poll for changes in the input signal. The complete code can be found in APPENDIX B

| C++ CODE FOR ARDUINO DUE.

"5 %68 &() (*+",-./&/"$%01"23345"0-6,-6"67&"82893.(,, (*+" - /&I !
"HE%! &'(&)*+,-(  JO !

1 %$1$23,4(3%.5%*6/1  77189:8/0 !

My 5<=$>>$21.  @A!

(6. &"): % (:<.&/"= " 86" (*'10>8/ |

"#$%! -(2+> ./0 !

I >$?5#%(.;5;C'DEF*EF/A !

I >$?5#%(.5**6CI19G*EF/A |

Il 3223&'9?72(HH+>2.9%$1$23,*$?F#922(HH+>2.5**6/CI& (&)*+,-(C!89:8/A !
1 %(3l. @JIJA!

Figure 18. Arduino code for receiving the MPPC trigger signal and enabling DMD transition.
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2.9 Solid-state DMD-MPPC Lidar

A recent study showcased the use of a high diffraction efficiency DMD for discrete beam
steering in a ToF lidar application [17]. When transitioning between on and off states, the
micromirrors of the DMD tilt dynamically from -12 to +12 degrees, with a transitional period of
microseconds, while the pulse length of the laser used for the ToF lidar is in nanoseconds. By
synchronizing the laser pulse to the dynamic tilt movement of the micromirrors, it is possible to
diffract light with high efficiency and steer the beam into 7 and 10 diffraction orders at a
wavelength of 905nm and 532nm, respectively, with an angular throw of 24 degrees. Each of the
diffraction orders accommodates around 5-6 degrees of horizontal sub-FOVs at 905nm, which is
typically used for a ToF lidar. The proposed hybrid optical architecture utilizes two synchronized
DMDs with a two-dimensional MPPC to diffractively steer the laser beam pattern as well as lidar
system FOV over the diffraction orders of the blazed grating formed by the micromirrors. This
enables efficient beam steering with wide FOV and controllable lidar FOV steering with high
spatial resolution.

In Figure 19 (a), a schematically depicts a lidar system is employing FOV steering for
transmitter and receiver by DMDs. The internal clock of the MPPC triggers the 905nm pulsed
laser diode with 100ns pulse width and illuminating the transmitter DMD (TxDMD) that steers
illumination beam. The TxXDMD is placed 2 inches in front of the laser diode with &jsd vw?
incident angle. The direction of the micromirror transitioning is parallel to the direction of laser
beam steering, which is created by the temporal control of micromirror flipping in the x-y plane
of surface. The steered laser beam patterns hit the targets which reflected photons back to the
system. The receiver DMD (RxDMD) is responsible for FOV steering, a lidar image steering

process corresponding to the same diffraction orders as TxDMD, and collecting photons for the
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time-to-digital converter (TDC) in the MPPC to process the region of interest (ROI) depth
information.

The lidar scanning manner is depicted in Figure 19 (b). First, 905nm laser is triggered by
the MPPC. It starts the timing of time-of-flight measurement. The first pulse hits the TxDMD at
the -2 diffraction order, detects the object distance, and returns to RxDMD at the same diffraction
order (-2"¥). An MPPC (S15013-0125NP-01, Hamamatsu Photonics) with 32x32 channels and
312.5 picoseconds of time-of-arrival resolution captures the pulse and produce a single frame of -
27 order of lidar image. In the next cycle, the Arduino microcontroller received the same MPPC
trigger being sent to 905nm laser, and generated a delay time specifically for the -1+ diffraction
order. The TxDMD and RxDMD are now responsible for the -1 order of laser beam steering and
-1+t order of lidar FOV steering, respectively. When the MPPC finishes the TDC processing of -1+
order of lidar image, it would send the trigger for the next cycle of detection to Arduino generating
a delay time for O™ order lidar steering. By running the loop of 7 iterations for ToF detection, the
system is capable of sequentially capturing diffractive lidar images from -2 to 4" orders of targets
located in ROI. The system FOV is expanded 7tmHYV ODUJHU WKDQ RULJLQDO )29
field of view. The diffractive FOV expansion is theoretically proved in Fig. 2 and experimentally

verified in section 3.
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Figure 19. (a) High TRL lidar architecture employing two DMDs with a 905nm pulsed laser diode and the
MPPC lidar module. (b) The FOV steering was achieved by a time-multiplexing manner with the DMD
trigger delay pulses generated from Arduino microcontroller.

DMD (DLP7000, Texas Instrument) with L L s uk z A pixel pitch forms a blazed grating
when the micromirror array is tilted between on- VW D W H 4ateP QB8 ROEHSFigMHG LQ
20 (a). With the help of nanosecond pulse illumination and fine timing control of laser trigger, the
DMD surface can instantaneously be reshaped to a new blazed grating with micromirror tilt angle
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By the diffraction grating equation in Eq. (2), the orders of laser beam steering O and lidar

FOV steering Jcan be deduced as 7 (from -2" to 4% ) based on the incidence angle gL vw [
source input wavelength & L {rwJ |, grating spacing = L %4 L The diffraction order specific
output angle & is restricted by two times of mirror tilted angle, meaning that the system span-over
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angle (angle of minimum diffraction order &, ,fmaximum order &, ,) could not be larger than

Ut &, 5 a)as shown in Eq. (3). In Figure 20 (b), the diverging laser beam will be sequentially
steered to seven diffraction orders to illuminate the targets by controlling the trigger timing of
TxDMD. Meanwhile, the corresponding diffractive photon counting images (PCI) from -2"¢ to 4
orders are also steered back, simultaneously, to a 32x32 MPPC by temporally synchronized
RxDMD. By this hybrid technique of lidar FOV steering, the system FOV increases by the order
of 7 without cutting off any reflected and diffractive photons.

In Figure 20 (c), the plot of MPPC lidar steering angles as a function of DMD diffraction
orders shows the nonlinearity change of lidar system FOV. The red curve shows the lidar
diffraction angle and the blue error bar depicts the receiver FOV for each diffraction. The MPPC
with a 50mm f/1.3 camera lens has a FOV around 5 degrees. By inputting the same incident angle
(gL vwiDQG WKH UHFHLYHU )29 *  UQ)&IIWRe Mlakstteddd Bnylel QJ HT X |
for 7 diffraction orders can be acquired with the corresponding FOV at each order. As the
diffraction order goes lower to -2" order, the system FOV is expanded to 8 degrees, which is 60%
wider than the 0™ order lidar diffraction. On the contrary, it is only 24% less in receiver FOV as
the diffraction order goes higher. The system resolution can be calculated by the Eq. (4) in image
space. With the MPPC effective photosensitive channel size DL srr A and the camera focal
length BL will , the system resolution is calculated as r & s lwhich meets the requirement of
system resolving power for automotive lidar application [5]. One may notice that there are still
gaps between each order, which can ideally be improved by using a camera lens with shorter focal

length to make a continuous lidar image steering.
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Figure 20. (a) DLP7000 micromirror array layout. (b) Diffractive laser beam steering and lidar FOV
steering of 7 diffraction orders. (c) Lidar steering angle as a function of diffraction orders.

2.10 Duo DMD Integration for Lidar System

In Figure 21, we set up the MPPC lidar system with a 905nm pulsed laser diode and two
DMDs synchronized. The Arduino Due are programmed to detect the trigger output signal and
generate twice the frequency to flip and reset the DMD. The original single FOV is around 5
degrees when the DMD been turned off. With the DMD is on, the system FOV is expanded to 35
degrees which is 7 times wider than the original FOV. The DMD-MPPC lidar system is able to
capture up to 7 diffraction orders of lidar images without sacrificing image resolution and still
operating at relatively higher speed (10kHz) than the mechanical lidar scanning system (1-2kHz)
[24]. Since the detector of the system is a 2-dimensional ToF lidar receiver, the full FOV can reach

U LQ KRULIRQWDO GLUHFWLRQ DQG U LQ YHUWLFDO GLUHF\
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- Lidar System Specification Value
o Agi‘f
RxDMD H System Field of view (FOV) 35°%5° (HxV)
7 & | 7
|. ‘ R PN = System Measurement Rate 10 kHz
* @ 4 m ; 905nm pulse laser . 4
3 g == P - ,?_ - 4 MPPC Measurement Window 200 ns
S .
MPPC Number of Channels 32%32ch
“< ke > Effective Photosensitive Area 100%x100 um/ch
Single FOV ~5° a8
R Photon Detection Efficiency ~10% (x=905nm)
FOV ~3
o - TDC Time Resolution 333 ps
DMD Array Diffraction Efficiency 86%
DLP7000 Micromirror Array 1024x768
DLP7000 Micromirror Pitch 13.68 um

Figure 21 (a) The lidar system by utilizing DMD, MPPC, and Arduino. (b) System specification table of
lidar system.

The system block diagram in Figure 22 well explains the entire system workflow and the
connection between each component. The master chip in this lidar system is the MPPC module. It
triggers the pulsed laser and the function generator as well. When the pulsed laser gets trigger
signal, it shoots out a short nanosecond laser pulse hitting the transmitter DMD (TxDMD) who is
responsible for the laser beam steering to span over the target area. The photons steered by TxDMD
are reflected back to the receiver DMD (RxDMD) and captured by MPPC. The RxDMD is
responsible for the lidar image steering, which can support up to 7 diffraction orders under 905nm
laser illumination utilizing the blazed grating feature of the micromirror of RxDMD.

The MPPC also send one trigger to function generator in each cycle. Because the pulse
length of the MPPC trigger output is too short (around 100ns) to be detected precisely by the
Arduino microcontroller, so we apply a RIGOL function generator in Burst mode to generate a
wider pulse and then send it to an Arduino Due (a 32-bit ARM core microcontroller with a 84
MHz clock speed). The Arduino Due is programmed to output two times the frequency as pulse

laser and synchronize the TxDMD and RxDMD. The laptop in the system is used to connect the
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MPPC with the Hamamatsu GUI and set up the basic clock speed FPGA parameter to display the

proper real-time lidar images.
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Figure 22. System Block Diagram of DMD-MPPC Lidar. The photons are projected on the transmitter
DMD (Tx), collected by the receiver DMD (Rx), and received by MPPC module to capture the lidar
images.

2.11 Pulse Technique with Arduino Due

Timing control is critical toward the DMD-MPPC lidar system. Figure 23 demonstrates
how the system works with all the pulses being used by each component in the system. The MPPC
trigger output operates at 10kHz with a 100ns pulse width. When we start capturing the lidar
images, this trigger will be sent to the pulsed laser to trigger a 8ns short pulse illumination under
the same frequency. In order to shoot out the laser while the micromirrors are transitioning, we
intentionally delay the pulse generated by the function generator to the next cycle, which means
that if the laser pulse is at the n cycle, the trigger from the function generator will be at the (n+1)"
cycle. This 10us pulse is going to trigger the Arduino Due to generate twice the frequency as itself
to trigger the DMD. The first pulse from Arduino Due is going to flip the entire micromirrors of
DMD, and the second pulse is for the DMD reset. The reason for this time-multiplexing design is

that the system requires a highly repeatable mirror transition process to secure the lidar image
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being captured precisely by the MPPC. In each cycle, the DMD will be reset to the original position
and wait for the next trigger from MPPC.

There is a global delay, a short period between the DMD receiving a trigger and the DMD
actually started flipping, around 5ps for DLP7000 with a D4100EVM. Considering the global
delay and the timing for micromirror transitioning, we programmed the Arduino Due
microcontroller with the no-operation command (NOP) to well control the timing of micromirror
transition. One NOP in Arduino Due is 12.5ns (1/80MHz), which is quite enough for
distinguishing each order within 7 diffraction orders. The system FOV steered by DMD starts with
the 2" laser pulse, so that DMD and the nanosecond laser is precisely synchronized to DMD while
just sacrificing the 1% pulse over the entire series of ToF measurement which has no or negligible
effect for ToF image formation. The better the system provides the correct timing to shoot out the
laser pulse and illuminate the DMD, the higher efficiency of lidar images can be captured by

MPPC module.

10kHzZ *{|< 100ns pulse

MPPC Trigger Output

mmm)> n cycle

905nm Pulsed Laser

mmm)> (n+1) cycle

—»§< 8ns pulse
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] 1
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Function Generator —
|
—
! 1
R W W—
1 1
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| |
R
ON ' .
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DMD Mirror Position OFF 1« »e» 010 2ps to vary steered beam angle
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Figure 23. Timing diagram of DMD-MPPC lidar image steering.
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CHAPTER 3 | EXPERIMENTAL RESULTS

3.1 Lidar Image Processing by Python

The TDC data from the MPPC is outputted in Hex format as a text file. Each row of data
contains the distance information and coordinates of each MPPC pixel, with the last 8 digits
representing this information. The first 2 digits indicate the vertical coordinate (y-axis), the second
2 digits indicate the horizontal coordinate (x-axis), and the last 4 digits represent the TDC data,
which is the ToF distance in nanoseconds. To convert the data set in the GUI into a data array for
lidar image processing, we have programmed a Python code (Figure 24). This code transfers the
data array into a lidar image with a scalebar to clearly display the captured image. The <&?>@and
?/>'A'\B modules were used in the program. The complete code can be found in APPENDIX

D | PYTHON CODE FOR LIDAR IMAGE PROCESSING.

Hamamatsu GUI Preview Screenshot Time-to-Digital-Convert (TDC) data in HEX format

0x000001B7 s
0x000101B9

0x000201B8 ;

0x000301B6

0x000401BS

Output tXt flle 0x000501 B8

0x000601B7
0x000701BC
0x000801B5
0x000901B3

0x000A01B7
0x000B01BS
0x000C01BY
0x000DO1BA

0x000E01BY
0x000F01B9

RTINS

Image Processing Python Code (Spyder)

Lidar Image (frame No.200)

uesa ol [+ |
106 . - x LAY
» 1

: 3¢ |

102 Images Output

R
98

EEEEE

0 5 10 15 20 25 30
x-pixels

Figure 24. Lidar image processing by Python 3.8.
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3.2 Maximum Distance Test

The letter targets in Figure 25 (a) and their corresponding MPPC lidar images in Figure 25
(b) are presented as below. The targets were placed 100cm in front of the lidar receiver and
captured by the MPPC array. The colors in ToF lidar images represent the depth information of
the target which is half of the light travel distance from transmitter to receiver. If the object appears
more red in lidar image, it is closer to the detector than the object appears more blue. With the
clear contour of the targets showing in lidar images, the MPPC provides a powerful time-of-flight
detection with an angular resolution around 0.11 degrees. A real-time 2-dimensional silicon
photomultiplier saves a lot of time to generate the lidar images than a raster scanning MEMS lidar
system [18,25].

To test the spatial limitation of the MPPC lidar system, the maximum distance test was
performed with a desk lamp as a target, shown in Figure 25 (c). The blue background in lidar
images shows that there is nothing but one target in the test field. When the target was located 10
meters away from the system, it was still well captured by the MPPC with the correct depth
information. Due to the lab space limit, however, the maximum range in this test is 20 meters. In
fact, the MPPC is capable of detecting the target located up to 50 meters with lower threshold

voltage and longer focal length of camera lens.
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Figure 25. (a) Camera image and (b) real-time lidar image of alphabet cards over 100cm detection range.
(c) Time of Flight maximum distance test from 1m to 20m.

3.3 Diffractive Lidar Image Quality Test

The diffractive image quality testing was performed with 2 different targets placed at
100cm away from the lidar detector (Figure 26). For target 1, a square cardboard was used in the
testing. The 0 order lidar image comes with higher intensity than all the other orders, which means
there are more returning photons coming back in 0™ order than the rest of it. It is because the DMD
has a layer of cover glass on it to prevent the damage of the micromirrors array. However, the anti-
reflective coating of the cover glass on this DLP7000 was designed for visible wavelength (400-
700nm), which means that there are not only the diffracted photons from the micromirrors but also
the reflected photons from the cover glass collected and captured by the MPPC. Thus, it makes the
0™ order lidar image slightly different than the other results. This effect can be improved by
swapping out the cover glass with an infrared coating glass or increasing the threshold voltage for

the MPPC.
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For target 2, an alphabet card, the middle space of the target can be used to calculate the
angular resolution of the system. For the -2"¥ and -1 order of the lidar images from both targets,
there is a little distortion compared to the positive orders. Due to the 45 degrees incident angle and
the diffraction limit of a blazed grating formed by the DMD, WKH V\VWHP GLGQYW SHUIR
RQ WKH KRUL]JRQWDO SKRWRQ FROOHFWLRMPEX e ¢hip ZRQTW |
edge of the lidar images of target 2 shows that even the diffractive lidar images still have the same
ability as regular lidar images to represent the depth information of the real world without

sacrificing the image resolution.

-2" order -1st order 0t order 1st order 2"d order 3rd order 4 order

Target 2 -2" order -1st order

- ol

Figure 26. Diffractive lidar images of 7 diffrac

tion orders captured By MPPC with DMD imagei steeing method.

3.4 Lidar System Crosstalk Test

The diffractive image steering architecture is proved in the lidar image quality test. Herein,
the system performance is validated by the image crosstalk testing. In Figure 27, the diamond
shape 905nm laser beam spots are formed by illuminating the laser pulse onto the transmitter
DLP7000 (TxDMD) with the 45 Unicromirror hinge-axis-of-rotation perpendicular to the table.
An infrared camera was used to sequentially capture the 7 diffraction orders of laser patterns. The
receiver DLP7000 (RxDMD) is synchronized with the TxXDMD and controlled by an Arduino Due.

When the TxDMD steers the light to the specific orders, the RxDMD will follow it and steer the
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image to the corresponding orders. The purpose of synchronizing 2 DMD together with Arduino
Due is to assure that the receiver FOV can be highly overlapped with transmitter FOV to maximize

the diffraction efficiency of the lidar images.

Diffraction Orders of TxDMD
_2nd _1st oth 1st 2nd 3rd 4th

Diffraction Orders of RxDMD
_2nd -1st oth 1st 2nd 3rd 4th

Figure 27. Lidar system crosstalk testing setup. 905nm laser beam steering (left) achieved by transmitter
DLP7000 (TxDMD) is used to detect the target located at the 7 diffraction orders of receiver DLP7000
(RxDMD). The MPPC collects the corresponding orders of photons and generates the ToF lidar images.

The result of lidar image crosstalk testing is shown below (Figure 28). An alphabet paper
FDUG zZzDV XVHG DV D WDUJHW LQ WKLV W Hsystm pbrioEmatkt W O L J K
because a 905nm band-pass filter is installed in the MPPC detector array. The horizontal axis is
the diffraction orders of transmitter and receiver FOV while the vertical axis is the target placed at

different orders of location. The diagonal result of this table shows that the lidar images are
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captured accurately by the MPPC with a high signal-to-noise ratio (SNR). On the 4™ column of
Tx & Rx FOV, the SNR is slightly higher than the rest of the images since the system is close to
the wall on the right side, which reflected a little more photons back to the MPPC. This issue will
be solved if the system is tested in an outdoor field. On the 0™ row, target was placed at the normal
incidence of DMD where Tx & Rx FOV were looking, it showed that the system got all 7
diffraction orders of images with a relatively lower SNR on the 0™ orders of DMD. As we
mentioned previously, the reflection from cover glass of DMD at wavelength of 905nm is high,
about 20%, since the anti-reflective thin film coating of the DMD we used is designed for visible
wavelength [26]. It reflects more photons to the MPPC at 0" order than all the other diffraction
orders. This leads to stronger intensity as well as lower angular resolution of lidar images. Other
than that, even though the cover glass presents, all the rest of the results showing blue backgrounds

indicate that the DMD-033& OLGDU V\VWHP ZRQfW KDYH DQ\ FURVVWDO

Orders of Transmitter & Receiver FOV

-1 st

oth

1st

2nd

Orders of Target Location

3rd

4th

TE B

Figure 28. Diffractive DMD-MPPC lidar images crosstalk testing with RxDMD & TxDMD synced.
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CHAPTER 4 | DISCUSSION

Without the diffractive FOV expansion, elemental FOV of the lidar image is, wWH wdegrees,
which is limited by focal length of the lens and detector area of the 2D MPPC array while keeping
angular resolution of 0.11 degrees. The elemental FOV of the lidar receiver is sequentially steered
over 7 diffraction orders. In this manner, the system FOV in horizontal direction is increased to 35
degrees. All the receiver FOV can be calculated by the grating equation with the receiver looking
DW D '0' VHW DV U GHJU Hrigive 20QuF " RHUBMH WD QDO H) OQ GDU VWH
ZDV SUHVHQWHG ZLWK * U)29 L H U IXO0O0 ILHOX RI YLHZ
RUGHU WKH VDPH VL]H Rl WKH 033& QRZ LV ORRNLQJ DW U
system FOV. Because the same number of photons goes through the RxDMD and is steered into
the detector, therefore, the lidar image at -2" is compressed horizontally. On the contrary, the lidar
image at 3" order is expanded horizontally due to the diffractive effect made by RxDMD. The
GHWHFWRU LV ORRNLQJ DW U )29 ZKL FX!drdér. Bhis| thelvittP DO O HU
of the target in 3™ lidar image is almost half of the width of the target in -2" lidar image. This
nonlinear image deformation is getting less and less when the diffraction orders go up, which also

well explain the results of lidar image crosstalk testing in Figure 288.

45



Lidar Steering Angles vs Diffraction Orders
(DLP7000, p=13.68um, A=905nm, 6i=45°)

—4- Lidar Steering Angles & Reciever FOV

70

63.4 + 4.0°

(e)}
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Figure 29. Lidar steering angles with receiver FOV as a function of diffraction orders of DMD.

To acquire a wide single frame of the MPPC lidar image with correct depth information,
the image stitching process was proposed to support the diffractive image steering method. There
are 2 targets located in front of the DMD-MPPC detector. In Figure 30 (a), when the letter A is
closer than the letter U, it appears redder in lidar image, compared to a farther letter U who appears
greener, vice versa (Figure 30 (c)). If those 2 targets are at the same distance in front of the detector,
the colors of targets in lidar image would be more even (Figure 30 (b)). The image stitching shows
the capability of making a real-time wide FOV lidar image by the DMD-MPPC lidar system. In
long term, this process can be simplified and automated by programming the FPGA time-to-digital

converter pipeline as well as applying a well post-processing lidar image algorithm.
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Figure 30. Diffractive MPPC lidar image stitching result of (a) letter A is cloer to the detector, (c
is closer to the detector, and (b) both letters are at the same distance.
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CHAPTER 5 | CONCLUSION

This thesis presents an introduction and discussion of the lidar system and its applications.
Chapter 1 introduces Lidar technology, including its principles, types, and beam steering, and
discusses the development and application of LIDAR technology in various fields. Chapter 2
focuses on the optical architecture of LIDAR, covering topics such as beam steering by the DMD,
MPPC as a Lidar detector, measurement timing window of MPPC, and the setup of an MPPC
Lidar system with DLP7000 and Arduino. The chapter also explains how to use function
generators and buffer circuits to trigger Arduino and program the Arduino microcontroller.
Chapter 3 presents the experimental results, including lidar image processing by Python, maximum
distance test, diffractive lidar image quality test, and lidar system crosstalk test. The results show
the effectiveness of the developed Lidar system in different scenarios. Finally, Chapter 4 discusses
the results and their implications, including the challenges and limitations of the developed Lidar
system.

The application of the diffractive expansion of the field of view (FOV) of a time-of-flight
(ToF) lidar receiver has been experimentally demonstrated. The limited FOV of the 2-dimensional
array of the Multi Pixel Photon Counter (MPPC) is enhanced by a factor of seven without
sacrificing the resolution in ToF lidar imaging. This is made possible through the diffractive FOV
expansion enabled by nanosecond pulsed illumination of the digital micromirror device (DMD)
while its micromirrors are in motion. The new nanosecond laser illumination turns the DMD into
an FOV expander, without modifying the existing ToF lidar system. The time-multiplexing
technique of making a DMD a diffraction blazed grating is verified and applied to the MPPC lidar
system through maximum distance testing and the lidar image crosstalk testing of all the diffraction

orders. By using an image stitching method, the FOV of the MPPC lidar image can theoretically
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EH H[SDQGHG WR D |X Gtithe WtBouRdny nidchhr@alUndving elements in the
system. The new lidar FOV steering technology is believed to open a new pathway to the

development and application of solid-state lidar.
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APPENDIX C |
PYTHON CODE FOR GRATING CALCULATION
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APPENDIX D |
PYTHON CODE FOR LIDAR IMAGE PROCESSING
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APPENDIXE |
DMD-MPPC LIDAR SYSTEM SOP

DMD-MPPC Lidar System Lavout
| e
)
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»-905nrh Palsed Laser :r.&,,\" ?
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Lidar Svystem Operation

1. Use the attached USB3.0 cable to connect to the MPPC Interface board. Connect the
USB cable to your PC (USB3.0 port restricted).

!
-~
#

x 3
o

2. Turn on the power supply with 3 channels outputting the correct




e e

3. Turn on the function generator and change the ttin g to Burst mode.

Type
NCycle, [

|| = E ool
wESle u9000
- !
e | B socoe)
et e A —— ay — o 3

4. Use the oscilloscope to double-check all the pulses output correctly.

"‘ CLTID MS05104 com cociomcore ﬂw - ]
Ch1: MPPC trigger

C [Funétion Generé_t.or
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*Supporting Information

1. Arduino Due Setup

{ms) Programming Port

§ g P

g mp| Native USB Port

Y i

) 4 Réset Button
DP10: Trigger output [

2. Buffer IC Layout
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