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In this study, the optimal detection range performance of a LiDAR system employing coaxial optics is analyzed. On
analyzing laser beam diameter, beam divergence angle, light-receiving area, and receiving light intensity, the
optimal detection range was exhibited when the collimator focal length was 6.5 mm, the laser-beam divergence
angle was 1.23 mrad, and the hole of the receiving mirror was 1.4 mm. Furthermore, the maximum deviation of

the optical scan angles with respect to the mechanical angles of the polygon mirror and the MEMS mirror were
analyzed as -0.99° and +4.54° in the x-axis and y-axis directions, respectively.

1. Introduction

Many companies such as Volvo, Audi, Volkswagen, and Hyundai
Motors use expensive laser imaging, detection, and ranging (LiDAR)
systems in addition to cameras for autonomous driving because there is a
limit to recognizing a surrounding environment using only camera image
information. The reliability of autonomous driving can be improved by
acquiring 3D image information using LiDAR sensors [1, 2]. To design a
vehicle-mounted LiDAR system, the operation mechanisms of its core
parts need to be selected considering the embedding. The laser light
source should be selected considering the scanning performance, the
machine design; the driving environment of the vehicle, and the optical
path; the characteristics of the laser light detection. The designs of the
optical driving part should be based on detection of wide angles.

Solid-state LiDARs using micro-electro-mechanical-system (MEMS)
mirrors or vertical-cavity surface-emitting lasers have more advantages
than rotating LiDARs in terms of embedding and the operation mecha-
nisms of key components [3, 4]. To use a MEMS mirror in a LiDAR, the
performance of the single crystal silicon torsional bars in the chip unit,
fatigue and durability of the spring, and vibration and shock absorption
performance of the MEMS-mirror packaging unit must all be satisfactory
[5, 6, 7]. Most commercially available MEMS mirrors have diameters
from 1 mm to 3 mm and resonant frequencies varying from several
kilohertz to 30 kHz. In MEMS mirrors, the resonant frequency decreases
as the diameter increases. In other words, simultaneously increasing the
resonant frequency and diameter of a MEMS mirror is difficult [8, 9, 10].
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Concerning scanning performance, a 1550-nm laser beam is not only
more effective than a 905-nm laser beam for atmospheric transmission
and solar noise but also safer for the eyes [11, 12, 13]. Among various
laser sources, a fiber laser can improve the detection range of a LiDAR
because it can obtain a peak power of several kilowatts higher than that
of a laser diode. A fiber laser can be used to design a collimator having a
small laser beam diameter and beam divergence angle because a fiber
laser exhibits a good beam-quality-factor (MZ) of 1.5 or less. These ad-
vantages can contribute to improvements in the spatial resolution of a
LiDAR. In optical fiber lasers, output energy decreases with pulse repe-
tition rate. However, the LiDAR resolution can be controlled because a
repetition rate of several megahertz can be obtained. To ensure the
reliability of a LiDAR system when operated on rough terrains for a long
time, structural analysis and thermal analysis results should be applied
considering the temperature, humidity, vibration, and impact of the
target outdoor operating environment in the machine design.

In an optical-driver design for wide-angle detection and scanning, the
LiDAR system generally comprises polygon mirrors or prisms to scan
wide angles of more than 100° in the horizontal direction. Additionally, a
MEMS mirror is used to scan more than 20° in the vertical direction. In a
LiDAR system in which the transmitter and receiver units are separated,
the position of the laser spot received by the photodetector moves ac-
cording to the scan angle of the LiDAR system. A photodetector having a
wide detection surface or an array-type photodetector must be used to
detect a mobile laser spot. A wide photodetector with an effective
diameter of 3 mm or more has a rising time of several tens of nanoseconds
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or more. Therefore, the detection range of the LiDAR system decreases
when the response time for a laser pulse with a width of 1 ns increases.
Using an array detector is unfavorable because the fill factor is lowered
due to the array pitch, resulting in optical loss. This degradation in per-
formance of the LiDAR system can be solved by using coaxial optic fibers
having the same optical axis as the transmitter and receiver. When co-
axial optics is employed, a single element photodetector with a small
effective diameter can be used because the spot position of the received
light does not move even when the scan angle of the LiDAR system is
changed. Furthermore, the single-element photodetector can improve
the detection range performance because it has a short response time of 1
ns or less. Coaxial optics has the advantage of being able to transmit and
receive signals in a wide area. However, it is necessary to design an
optimal LiDAR system because the detection range performance of a
LiDAR system varies depending on the diameter and divergence angle of
the laser beam output from the laser collimator and the light receiving
area of the receiver.

This study analyzed the laser beam diameter, beam divergence angle,
and light receiving area of coaxial optic fibers according to collimator
design by combining the factors that are considered while designing a
vehicle-mounted LiDAR system. Moreover, the detection range perfor-
mance of the LiDAR system was optimized by analyzing the received
laser-light intensity reflected from the target. In addition, the deviation of
the optical scan angle with respect to the mechanical angle of a polygon
mirror and MEMS mirror was analyzed.

2. Composition of the LiDAR system

Figure 1 shows the configuration diagram of the LiDAR system. The
laser beam output from the fiber laser passes through the hole of the
receiving mirror. Next, it is reflected by the MEMS mirror and polygon
mirror. The target is irradiated by the laser beam at a scan frequency of
15 Hz, horizontal angular resolution of 0.1°, and vertical angular
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Figure 1. Configuration of the LiDAR system applying coaxial optics.
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Table 1. Collimator specifications.

No. EFL 1 side radius of 2 side radius of Thickness ~ Material
curvature curvature

Case 4.5 Infinity -2.25 mm 2.5 mm NBK7

1 mm

Case 6.5 Infinity -3.25 mm 2.5 mm NBK7

2 mm

Case 8.5 Infinity -4.26 mm 2.5 mm NBK7

8 mm

(a)
1.25 mm
LiDAR Collimator Focal Length 4.5 mm Scale: 20.00
(b)
1.47 mm
LiDAR Collimator Focal Length 6.5 mm Scale: 17.00
(©)
1.92 mm
LiDAR Collimator Focal Length 8.5 mm Scale: 13.00

Figure 2. Collimator layouts under three different focal lengths; (a) EFL 4.5
mm, (b) EFL 6.5 mm, (c) EFL 8.5 mm.

resolution of 0.4°. The laser beam reflected from the target is reflected
onto the outer parts of the pentagonal polygon mirror, except on its hole,
one dimensional (1D) MEMS mirror, and receiving mirror and is focused
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Figure 3. Beam diameter for target distance by focal distance of collimator.

onto the photodetector through an optical system. The amount of light
received from the target and directed to the focusing optical system is the
difference of the amount of light through the hole-area of the receiving
mirror from the amount of light reflected on the effective area of the
MEMS mirror.

The specifications of each component for detection range analysis are
as follows. Considering atmospheric transmittance, the wavelength of the
fiber laser was 1550 nm. Considering the detection range, the laser beam
quality factor was 1.2, the output energy was 1.5 pJ; considering the scan
frequency of the LiDAR system, the pulse repetition rate was 1.62 MHz,
and the pulse width was 1.0 ns. The amplified signal from an optical fiber
amplifier is transferred to a transmission optical fiber with a core
diameter of 8 pm and a numerical aperture of 0.1. The MEMS mirror
performs 1-D scans in the vertical direction. The optical vertical scan
angle was 30°. Considering the scan frequency, the effective diameter
and resonance frequency of the MEMS mirror were 3 mm and 10.8 kHz
(= 72°/50° x 15 Hz x 1000 points/2), respectively, and its reflectance
was more than 95% at 1550 nm, the laser wavelength. The pentagonal
polygon mirror rotates three times per second in the horizontal direction;
its optical horizontal scan angle was 100°, and the duty rate of the
effective optical scan angle with respect to the mechanical rotation angle
was 69.4%. The single-chip photodetector used was an InGaAs avalanche
photodiode, which has high responsivity in the wavelength band of 1550
nm. It had an active diameter of 75 pm, a bandwidth of more than 2 GHz,
and a minimum detectable signal of less than 20 nW [14], based on the
noise of the photodetector and signal processing board. The detection
range of a LiDAR system can be increased or decreased depending on
atmospheric conditions and component performance. The extinction
coefficient was set to 1.0 x 10 ** m™2® at 0.196 km™! under clear
weather conditions, taking into account the ground operating conditions
for the refractive index structure [15]. Here, the refractive index

Table 2. Parameters of the detection-range calculation.

Description Symbol Value

Laser energy per pulse Epuise 1.5puJ

Laser pulse width At 1ns

Laser efficiency Ty 0.95

Laser wavelength A 1550 nm
Extinction coefficient a 0.057 km !
Target hemispherical reflectivity P 0.8

Laser jitter 5 50 mrad
Refractive index structure constant @2 4x10"14 m2/3
Receiver efficiency TR 0.8
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Figure 4. Received power against the target range by focal length of collimator.

structure is a parameter representing atmospheric turbulence, which
causes the laser beam to wander and the beam diameter at the target and
divergence angle of the laser beam to increase. Hence, it affects the
detection range performance. The target reflectance was 80%, and the
target size analyzed was in a range in which the length of one side of a
square target was between 0.10 m and 1.58 m.

3. Analysis

3.1. Optimization of detection range performance of the LiDAR system
according to collimator design

We used Code V, a commercial optical design software, to create the
layout of the collimator. While designing the collimator, the height of the
object plane was set to 8 pm, the same as the core diameter of the
transmission optical fiber. The angle of the beam emitted from the cross
section of the optical fiber was set to 0.1 NA, which was equal to the
numerical aperture of the optical fiber. An aspherical surface was intro-
duced on both surfaces of each lens.

Three cases of collimator effective focal lengths (EFLs) were analyzed:
4.5 mm, 6.5 mm, and 8.5 mm. Considering the diameter of the laser beam
10 mm away from the collimator, three hole-diameters of the receiving
mirror was analyzed: 1.0 mm, 1.4 mm, and 1.8 mm.

As the focal length of the collimator increased, the diameter of the
laser beam emitted from the collimator also increased. Therefore, the
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Figure 5. Maximum detection range by target area for each collimator.
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mrad is shown in Figure 2(b). A collimator with an EFL of 8.5 mm and the
total divergence angle of 0.94 mrad is shown in Figure 2(c).
A plot of the beam diameter, for each focal length, with respect to the
target range is shown in Figure 3. For a collimator with an EFL of 4.5 mm,
1D the laser-beam diameter was 0.92 mm at a distance of 10 mm from the
MEMS collimator. In other words, the hole of the receiving mirror needed to be
1.0 mm. Excluding atmospheric effects, the beam diameter was 300 mm
at a target range of 167 m. For a target size of 0.3 x 0.3 m, laser beam
splitting occurred at a target range of 167 m or more. With a 6.5-mm EFL
collimator, the diameter of the laser beam at the receiving mirror was
1.31 mm,; hence, the required diameter of the hole of the receiving mirror
was 1.31 mm. With an 8.5-mm EFL collimator, the required diameter of
the hole of the receiving mirror was 1.8 mm. For collimators with EFLs of
6.5 mm and 8.5 mm, laser beam splitting occurred over target ranges of
241 m and 315 m, respectively, for a target size of 0.3 x 0.3 m.
The detection range is calculated as below [16].

/ collimator with an EFL of 6.5 mm and the total divergence angle of 1.23

Polygon

mirror mirror

Received E !
‘Pulse
; mirror Pre = < e TTX> exp (—aR)p / .
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Figure 6. Light path diagram of the laser beam.
where Epyse represents laser output energy, At represents laser pulse

hole of the receiving mirror became larger, and lesser area received the width, 7y represents the transmissivity of the transmitting part of the
light from the target. In contrast, as the focal length of the collimator optical system, a represents the atmospheric air extinction coefficient
increased, the divergence angle of the laser beam decreased, the power between the LiDAR and the target, R represents the distance between the
per unit area irradiated to the target increased, and the probability of LiDAR and the target, p represents the target reflectivity, and H and W
light loss due to target-splitting effects decreased. represent the height and width of the footprint, respectively. Dry repre-

The specifications of the collimators are listed in Table 1. The diam- sents the diameter of the entrance pupil of the LiDAR, and 7g, represents
eter and divergence angle of the laser output beam from the collimator the transmissivity of the receiving part of optical system. The jitter of the
are described in detail in Figure 2. A collimator with an EFL of 45 mm  LiDAR is expressed as § = &, + & + &7, where 6, represents the laser
and the total divergence angle of 1.78 mrad is shown in Figure 2(a). A beam divergence, §; represents the jitter of the transmitter, and §; =
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Figure 7. Laser spots at the target for the scan angles of the LiDAR system.
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16/5
3.98/(1/4)% S(Cﬁ)é/ °R " /R. Here, 1 is the laser wavelength, and CZ is

the refractive index structure function. The parameters of the detection-
range calculation are listed in Table 2.

A plot of the LiDAR received power with respect to the target range
for each EFL of the collimator is shown in Figure 4. The received power
was calculated using Eq. (1) with a target size of 1.5 m x 1.5 m. At a
target range of 50 m, when the EFLs were 4.5 mm, 6.5 mm and 8.5 mm,
the received light intensities of the LiDAR system were 730.0 nW, 650.6
nW and 544.5 nW, respectively. Hence, the collimator with an EFL of 4.5
mm facilitated the highest received light intensity. At a target range of
226.5 m, the LiDAR system with EFLs of 4.5 mm and 6.5 mm exhibited a
received light intensity of 28.9 nW; when the EFL was 8.5 mm, the
received light intensity was 24.5 nW. At a target range of 300 m, the
received light intensities of LiDAR system were 12.8 nW, 14.8 nW, and
13.3 nW when the EFLs were 4.5 mm, 6.5 mm, and 8.5 mm, respectively.
Therefore, the collimator with an EFL of 6.5 mm facilitated the highest
received light intensity. In the near target range of 50 m, the beam loss of
the receiving mirror, rather than the beam loss at the target, affected the
received light intensity due to the divergence angle. Analysis results
show that as the target range increased to more than 200 m, the diver-
gence angle of the laser beam affected the received light intensity. To
determine the optimal EFL, the detection range of LiDAR system ac-
cording to the target size was analyzed.

A plot of the maximum detection range of the LiDAR system with
respect to the target area and collimator is shown in Figure 5. The target
shape was assumed to be square. When the length of one side of the target
was increased from 0.10 m to 1.58 m, the maximum target area was 2.5
m?. When the target area was 0.81 m? or less, the received signal was the
highest when the collimator with a focal length of 8.5 mm was used. For a
target area of 0.81 m? or more, the received signal was the highest when
the collimator with a focal length of 6.5 mm was used. The detection
range calculation results according to the target area can be analyzed as
follows. The beam reflected from the target was reflected by the polygon
mirror, the MEMS mirror, and the receiving mirror; next, it was received
by the detector. If the target is small, reducing the beam divergence angle
is effective even if light loss due to the hole of the receiving mirror is
taken into account. If the target is large, reducing the light loss due to the
hole of the receiving mirror is effective even if the beam divergence angle
is large. However, when the collimator with an effective focal length of
4.5 mm was used, the light loss was considerable because the beam size
at the target was larger than the target size. When various target sizes
were analyzed, it was found that the most suitable collimator for the
LiDAR system with coaxial optics had a focal length of 6.5 mm. The
detection range was analyzed to be 267.2 m when the area of the target
was 2.25 m? with the collimator with an effective focal length of 6.5 mm.

3.2. Deviations of optical scan angle with respect to the mechanical angles
of polygon and MEMS mirrors

The pitch axis and yaw axis coordinates of the laser spot on the target
according to changes in the mechanical angle of the MEMS and polygon
mirrors were analyzed using Light Tools, a commercial software appli-
cation. In Figure 6, the path of a laser beam as it irradiates a target after
reflection from the MEMS and polygon mirrors is illustrated.

The laser spots at the target for the pitch and yaw angles of the LIDAR
system is shown in Figure 7. For calculating the spot position, coordinate
signs were defined as positive for clockwise and upward directions and
negative for counterclockwise and downward directions, based on the
0° of both yaw axis and pitch axis. A laser spot at —50° on the yaw axis and
15° on the pitch axis is shown in Figure 7(a); a laser spot at 0° on the yaw
axis and 15° on the pitch axis is shown in Figure 7(b); a laser spot at 50° on
the yaw axis and 15° on the pitch axis is shown in Figure 7(c); alaser spot at
—50° on the yaw axis and 0° on the pitch axis is shown in Figure 7(d); a
laser spot at 0° on the yaw axis and 0° on the pitch axis is shown in Fig-
ure 7(e); alaser spot at 50° on the yaw axis and 0° on the pitch axis is shown
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in Figure 7(f); a laser spot at —50° on the yaw axis and at —15°on the pitch
axis is shown in Figure 7(g); a laser spot at 0° on the yaw axis and at
—15°0n the pitch axis is shown in Figure 7(h); alaser spot at 50° on the yaw
axis and at —15°on the pitch axis is shown in Figure 7(i). As shown in
Figure 7, when the pitch axis was 0°, the laser spot did not deviate even
when the angle on the yaw axis was changed. However, the spot deviated
when the pitch axis was either 15° or —15°. This phenomenon was caused
by the deviation of the reflection position of the laser as the scan angle of
the polygon mirror varied and the roll axis error, generated due to the
combined effects of the tilt of the MEMS mirror in the pitch axis and
rotation of the laser beam reflected from the polygon mirror in the yaw
axis. This is quantitatively explained in detail in Figure 8.

The deviation of the pitch angle of the MEMS mirror is shown Figure 8
when the yaw angle of the polygon mirror was —50°. As shown in
Figure 8(a), as the pitch angle of the MEMS mirror changed from —15° to
0°, the deviation in the x-axis direction changed from —0.98° to 0°. As the
angle of the MEMS mirror changed from 0° to +15°, the deviation again
changed from 0° to —0.98°. As shown in Figure 8(b), as the angle of the
MEMS mirror changed from +15° to —15°, the deviation in the y-axis
direction changed from —4.45° to +4.45°. In all cases, deviation tended
to occur in the negative direction according to the change in the pitch
angle of the MEMS mirror even at angles 0° and +50° on the yaw axis.
This can also be seen in Figure 7. This angular deviation caused a position
error, which should be compensated as much as possible by controlling
the polygon and MEMS mirrors. The deviation values according to the
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Figure 8. Deviations of x-axis (a) and y-axis (b) according to the pitch angle at
the yaw angle of -50°.



D.-L. Kim et al.

Table 3. Deviations of x-axis and y-axis for yaw and pitch angles.

Yaw -50° 0° +50°

Pitch X-axis y-axis X-axis y-axis X-axis y-axis
115 -0.98° -4.45° -0.98° -4.45° -0.98° -4.45°
10° -0.44° -2.95° -0.44° -2.95° -0.44° -2.95°
53 -0.11° -1.47° -0.11° -1.47° -0.11° -1.47°
0° 0.00° 0.00° 0.00° 0.00° 0.00° 0.00°
-5° -0.11° 1.47° -0.11° 1.47° -0.11° 1.47°
-10° -0.44° 2.95° -0.44° 2.95° -0.44° 2.95°
-15° -0.98° 4.45° -0.99° 4.54° -0.98° 4.45°

changes in the yaw angle of the polygon mirror and the pitch angle of the
MEMS mirror are listed in Table 3.

4. Conclusions

In this study, the optimal detection range performance of a LiDAR
system with coaxial optics, on the basis of the laser beam diameter, beam
divergence angle, light receiving area, and received laser-light intensity
was analyzed. The LiDAR system showed an optimal performance when
the focal length of the collimator was 6.5 mm, the beam divergence angle
was 1.23 mrad, and the hole of the receiving mirror was 1.4 mm. The
detection range was analyzed to be 267.2 m when the area of the target
was 2.25 m2. The deviation of the optical scan angle with respect to the
changes in the mechanical angle of the polygon and MEMS mirrors was
analyzed. As the pitch axis changed from +15° to —15°, the x-axis de-
viation was -0.99° at the maximum, and the y-axis deviation ranged from
-4.45° to +4.54°. Further research on angular deviation compensation is
necessary to improve the reliability of a LIDAR system in the future.
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