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1. Introduction

% MEMS ScannerS &% % £% (Semiconductor in Motion)

= AJfH0| MYZS TSt 0]2{7L L O YA 20| Kol ek =H Jts
= Si wafer0 MEMS(2%|0|= YteH|) +XE X &5t XA LBS (Laser Beam Scanner) 7+
= AYSIE B3 U YA (053}, M) U o> Ao MItASE HE

= 3D vision (LiDAR), AR display, biomedical imaging&82| LBS 7|& S8

Si scanner chip Schematic of laser beam scanning (3D LiDAR)

Detector

Packaged scanners

Laser Beam
Scanner
(LBS)

* MEMS: MicroFlectroMechanical Systems)
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1. Introduction

s+ How Does a Laser Scanner Relate to 5G Network?

1G (1980~): analogue voice comm. N ‘Gigclytes Y macnine to
2G (1990~): digital voice comm. T o > @7 2gnne
3G (2000~): mobile internet comm.
4G (2010~): LTE mobile comm.
- 20G bps, 10 ms/280mm

5G (2020~):

- high speed: 50-fold, 1T bps

- low latency: 1/40, 0.25ms/7mm

6G?

- Qualcomm expects the 5G
related products & service market
to reach 14 T$ and to create new

22 million job openings by 2035. - - TTT—
- 48 B$ by 2030 in Korea < e

https.//www.etsi.org/technologies/5g
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1. Introduction

< LiDAR: 2/7/2/ 3D Ranging

= 2740 HLES IS 0j2{7F 2T of YA YO K| W =F Tts
= 2Kt A7 2 HARE S MK 2(5H0] 3XHA O|0|X|§ = XHEF Y LIDARS| A AT

Au mirror

T

#»  Leaf

3D LiDAR image

-
€

spring Laser > Signal »
(. driver processing
T \
oxide anchor
substrate + :
Fixed Drive
electrode electrode |—| L _l |—| I_
Measurement N
target
detector

« LiDAR: Light Detection And Ranging
+ MEMS: MicroElectroMechanical System

MEMS scanner
(fast axis)

1. Introduction

= Platf
atform Drone

- Autonomous
- Avoidance

i

Automobile
- Autonomous
- AR HUD

S

" System 3D Vision ||
- High speed (kHz)

- High resolution

LiDAR " AR Display
- High resolution - Compact
- Low power - Outdoor use

N\

|

= Module
- Small
- High-speed
- Low power

* MEMS : MicroElectroMechanical Systems
LiDAR : Light Detection and Ranging
AR : Artificial Intelligence
HUD :Head-Up Display

MEMS Scanner
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1. Introduction

% Global Ecosystem of Automotive LiDAR (2027~)

» LiDAR M& T A|%]Ql Automotive LIDARS| Global *EfA|of| =gt (L u}

= 20229 WeMEMS 2714 H|E L&
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PARTICIPATING COMPAN!ES and ORGANIZATIONS
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Automotive LIDAR 2021 - Conference and Exhibition
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2. MEMS Technology

e 3P E si ol 0] DjMTEE XZSHo] LBS (X 0lE B A) 7+
AHIE S de HY (us3 ngk) W o> Makol Mo XMItAHE Its
RSt/ AOLEZE MM /actuatorOf A LIDAR, AR, biomedical € Optics on a chip 22 27H

* MEMS: MicroElectroMechanical System

Laser, 3 Fresnel lens, beam splitter, 45° mirror

UV exposure

1
i
1

Photomask |
. Photoresist ("R)
+— Si substrate '

‘Posmve PR
|

Develop

Si MEMS mirror chip

L

Negative

Optical table

Si MEMS ' .

1
Etching "7~ X Deposifion

Packaged

1]

N
< MEMS fabrication based micro/nano process >

/\M= 2025

optical chip
< Optical system on a chip >
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Smart Camera Rear GPS Interior Windshield
Remote Park Assist Camera/ Wipers
Driver
Blind Spot Detection/ Monitoring Seat Belt — Rain Sensor

Tension

Surround View
Side Impact
Assist
Hazard Lights  Fuel Level = Indoor/Outdoor

Temperature Sensor

P Oil Sensor MEMS scanner for
Electroni D Speedometer/ Water Coolant autonomous LiDAR
lectronic Tachometer/ Te
Stability Control “ NN e 2 Odometer [emperature

Ultrasonic
Parking Sensor

#——————— Oxygen Sensor

#—— Anti Thief Sensor

Ignition \

W —F—— Accelerometer
Wheel Speed ?

#— Radar Sensor

Fog Lights Emergency Brake
System and
Tyre Pressure Cross Traffic  Adaptive Cruise
Monitor Head Lights Assist Control

https://neighborwebs;. ized/2282155/global i s-market-2020-by-key-players-growth-industry-trend lysis-and-forecast-to-2026/

y
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2. MEMS Technology

< MEMS in Smartphones

Antenna switching
Silicon timing for XO / TCXO / 32kHz clock
Touchscreen

More microphones
Microspeaker

Auto-focus

9-axis combo

(accelerometers, gyroscopes)
Pressure + Humidity +Temp combo
Gas / biochemical sensors
IR/ UV sensors

LiDAR

Ultrasonic sensor
Radiation sensor

MEMS mirrors (pico projector)
Energy harvesting

https://www.slideshare.net/Yole_Developp ol -f bilejune2013reportsample
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3. Fundamentals of Las

% Analog vs. Digital (continuous vs. discrete)

Analog actuator Digital actuator
input : analog input : digital
output  :analog output  : digital

Displ. [um]
Displ. [um]

Input voltage [V] Input voltage [V]

Discrete actuator
input : digital
output  : discrete

-
M
s

stability
low power

low voltage
compatibilit

Displ. [um]

4
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3. Fundamentals of Las

% Positioning vs. Scanning

positioning
(vector scan)

digital micromirror

for projection display tilt micromirror for OXC

(2-axis)

Scanning Bulkemhedgri\-e
) <
)

Reinforoement
rim

ToAR

micro scanner micro scanner
for display & LiDAR barcode reader
(2-axis) (1-axis)
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3. Fundamentals of Lase

» Resonant vs. Quasi-static

1) Peak value (r=1) Xpeac =1/ 28 R 1
2) Rolloff  (r=1,C=1) 2000g,(1/2)=20 x(-0.301) =-6[dB] E JI—rPr+ R0
3) Decay (r >>1) 20 log,, (r2) = -40 log,, (10/1) = -40 [dB] r= oo,
C =25 c/c
Quasi- | | Resonant 2Vkem "
static :
6 P —_—
E 0 348 roll-off |
1
1 |
i 20 | —|~6dB-solkeft Zl}dB.l'Del:ade ]
: ...... - j..l ___.I s e d
i .o L
i = -40dB/Decade ‘I/
-60
-&0
0.4 0.5 i0 15 240 F 3 3.0 -3 -7 -1 (1} 3 4
LQQU'f"..d‘E]
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[GIST]

[errorcle]

N rcrored sruchures

[ Er————

I suspended siructures

I /chored siuctures

16th IEEE Int. MEMS Conf. (2003)
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3. Fundamentals of Lase

< Amplification vs. Non-amplification

- quasi-static (geometrical)
- dynamic

Inside
“arsion bar k2

Mirror.

Actuator plate

Anchor

Y Cutside
torsicn kar k1

Selt-assembied 7
Vertical comb

16th IEEE Int. MEMS Conf. (2003)

/\M= 2025

The 13t Int. Conf. on Solid-state Sensors, Actuators
and Microsystems, Seoul, Korea (2005)

Oscillation with two DOFs

WD wemems

3. Fundamentals of Lasf

% Linear vs. Non-linear (stiffness/damping)

- large deflection (calculated)

Frequency Response

mx + cx + kx = f(t) g
3
o’x b, ox =
L — o’ x+ax’ g
o’ m, ot " =
F .
== cos(a)t+cI>) 5
m,, g
-90
Et.w 3 )
o = >0 8| e Linear §
m, & o Nonlinear -
a -180
7 8 9 10 kHz

- parametric oscillation
(simulated)
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3. Fundamentals of Lasf B

% Position Sensing of Scanning Mirrors

Usage

- Start / end signal
- Monitoring

- Feedback control

Methodologies
- Optical

- Capacitive

- Piezoelectric

- Piezoresistive

Parameters

- Accuracy (stability)
- Fabrication

- Circuitry

/\M= 2025

KEYSIGHT

[ WeMEMS, 2024 ]

Sensor-embedded
MEMS Scanner

DS0-X 40204, MYS7451163, 07.20.2017402615: Fri Jun 03 17:11:25 2022
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4. Scanning Configurati

% LiDAR Ranging Methods

Pulsed Time of Flight
e W) H,, {
(| . fy

Pulsed Time of Flight (ToF) is a direct
measurement of the time of flight of light
from the emitter to the sceneand then to
the photodetector.

This technique allows measurement of
several reflections.

It relies heavily on Time to Digital
converters (TDC) which transform the
pulsearrival timing into digital signals.

yYOLE

/\M= 2025

Phase Shift Frequency Modulation
3 ! Tansmitedsigd Frequency t=2R/c
1 ' Reflectsd signal
i NN 2
Tramniter ﬁ 3 /w.mms AF %
> gl
time
A IS F
l 7 v 7
Receiver ‘a ’,
| ) ’
1 ~-
Y
o F=2V
o B T=11F

In phase shift time of flight, continuous

waves are used,and the time of flight is
measured as a phase difference.

The use of continuous waves allows for
heterodyne detection which is much

more sensitive than direct detection.

However, the maximum range is limited
by phase wrapping.

In frequency modulation, a continuous
wave is modulated in frequency and the
time of flight is measured as a frequency
difference.

As with phase shift, continuous waves
allow for heterodyne detection. Moreover,
radial yelocity can be easily measured.

However,a highly coherent sourceis
needed to use heterodyne detection.

WD wemems




4. Scanning Configurat

% Scanning Mechanism and Resulting Pattern

Oscillating mirror \

KN

/ Rotating polygon —\ /

Palmer scancx. \‘ / Fibre scanper /\\

/

— 2025 WD wemems
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4. Scanning Configurat

% Categorization of LIDAR Components

LiDAR

Image acquisition is performed
]
[

‘ by scanning the whole system,

or a part thereof,
rangefinders in construction I !

or by using an array of sensors.
N 1
speedometers for law enforcement Beaf_“ Fixed
steering beams
1

[
=

1
P ——

1
S I 1 Optical-phased| Sequential
mechanical l MEMS 1 SLAM flash
e

<
D
Y-
o

1
- — an array of lasers is
Turntable Micro- M Liquid sequentially activated
mirror crystal
Galvano | [Py passing through a prism
7 (deflection angle changes)
recently used
Risley / | EEETES Kerr effect
prisms [<]>1i(=9 (reported in academia)
s

WD wemems
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4. Scanning Configurati

« Technology Tree of MEMS Scanning Mirrors

: silicon on insulator

: angular vertical comb

double silicon on insulator

staggered vertical comb
optical Coherence Tomography

DU Configuration Methodology  Process/Control
e S - o /

1. Applications (iR 35 Vision) (rober ey s

Medical image (" ocT, biopsy AvC
) SVC
icro di Entertainment i
Micro display ( nte g;gnllaen ) oCT

e |
Gimbaled - >
[ 2-axis scan | 4 L ¢

Gimbal-I
N

2.2 Actuation Voltage drive . Electrostatic Comb-drive 1 svc )
Pi lectric ( Gap-closing AVC )

Current drive Magnetic/ Y

Thermal /

PZE, PZR

Capacitive

3.2 Driving

Lissajous / Raster
scan

( Resonant/ QS

Open control

Vector scan

Quasi-static (QS)

Closed control )

/A\M= 2025
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4. Scanning Configuratio

v Laser Beam Scanning Solution for LIDAR

Laser diodes Sending optics il Sing|e laser
2D scan(MEMS)
single detector

scannel

2D MEMS

r

p

(or array)

Sending optics

Array of
hotodetectors

Receiving optics

Single laser
No scan (Flash)
2D detector

Palygon miror

J
1D MEMS scanner

- . Signal
Receiving optics Photodetector : i
pracessing .

L préigezgilng
Single Iaser-l [ Verticy . Multi-laser
W(MEMS hybrid) | iD scan(MEMS)
i 1D detector / 2D detector
L o] .V cyl. lens
g

Ceiver OPtics

1D MEMS scanner

/\M= 2025
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4. Scanning Configurat

« Schematic of optical phased array (OPA)

Phase-delay for beam steering Beam profiles of OPA
(@) /] ® e
w “ 1
\ 9 oy
\ «
FOV FOV
/ o .
p) = FWIIM
X 3
Q‘/ FWHM . ¢
Optical Beam Splitters  Phase Modulator Array — Optical Antenna Array Farfield Farfield
! : o /7
Step motion of a MEMS mirror (WeMEMS 2025) ©) J
PO
8 w0 4}
~== Targeted waveform B )
6 Optimized output | 15 ® ) Fov
4 10 /
Shaped input v
= 2 S S\)‘/ FWIIM
g h s
] = [
5 i
(SIS g Farficld
-4 =10
-5 ~15 * OPA can be combined
-8 e with a MEMS discrete mirror
o 1000 2000 3000 4000 5000 .
Point for 2D scanning

— 2025 WD wemems

4. Scanning Configurati

& AFIBI0fAf MEMS Scanner Z[= L8 7/Z 7= H/ il

Sequentially ‘s& Sequentially ‘%

by column by pixel

Entire FoV ‘%&

simultaneously

IDTechEx

Safet NIR Wavelength 1
SWIR Wavelength 1
Object Detection Range _

Field-of-View (FOV)
Signal-to-Noise Ratio
Speed(freq Module Size

3 2
8
= 5
R
= 3
[}
3
-
L

Stability(T/V)| = Robustness
Cost Unit Price: 2019
Target Price: 2030

Lifetime Product Lifetime
r§-g-g;_5_|7_-_-_-_-} Technology Readiness
.
rr—— i Grading +9 +7 +4 i
T

WD wemems

12



5. Performance of MEm:

% LiDAR & % 27/{9/ 7T

MEMS scanner’} EFEHSts D& 59| vertical Z0| Cf3t 252 7242 307 LBt |

|

Horizontal

.
r
NYOLE - ff H -
1\YOL “in i
TR - e e
s :
i
Velodyne Velodyne Velodyne: {
- UDAR LDAR UDAR  f
ibeoy [
E
Model Scala | Alpha Prime  Velarray Velabit E InnevizOne Hydra
Application  ADAS/Maa$ MaaS ADAS ADAS ADAS R&D
Channels # I 128 = = : MEMS NA
I3
Range (m) 80 220 E
(reflectivity) (6.3%) (10%) NA 100 E
4 E
Poinesfrequency 14500 4,800,000 NA NA i
(pts/sec) [
!
3
3
K

Price ($) 632 NA

Status Onsale On sale

INN@VIZ | LUMINAR Lecosrtech

\On sale On sale

Leddar Pixell

On sale

(©ntinental$

HFLI [0v
ADAS
MEMS Flash
205 Short-range

0%}

18,000,000 120,000

60

NA
On sale 2020

/\M= 2025
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7
L X4

LiDARS/ £t2i3} 2 71

» 7|E BEE A

op
rot

b 2 LIDARE XFE XS0 dX] (20204 XA
= Si MEMS 7|2t9| 2% LIDARE 50| HX| (20234 HH

= AE2FY 282 MYBE RITt H7tASt (20274 7t4 < $500)

<1200 cm3 : A3} H|2f)
<125 cmd)

2022

Logistics
$3.5B
$3,500

Low
price

Adapted from LIDAR Conf. Detroit USA

/\M= 2025

2024

Autonom.
$6B
$1,200

2027

Mobility
$11B
$500

Updated from Yole

WD wemems
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5. Performance of MEMS

«» Actuation Forces in MEMS

Actuation Electromagnetic

Electrothermal

Configuration

Lorentz force

MaterlZ  Deformed
\\ amorph.

e
™

Magresic force

Tosonter Loz force

Hamamatsu.com

IMaterial 1

-y Undefemed
s

JMM Vol.22 (11) 2012

Piezoelectric material
i Silicon diaphragm

I 2 Y “+U

i —Ground
i

%—’=—§ I 'U
Ground

Nanotechnol: Val.24 {45) 2013

MEMS/NEMS Handbook (2008) I

Mechanism * Lorentz force » Thermal expansion J * Piezoelectric effect |« Electrostatic force o
Electrical source| « Current » Current [ «Voltage + Voltage ;
Response| * Fast * Slow + Fastest » Fast L
Scanning angle| * Large e Large * Large « Moderate i
Actuation voltage| * Low * Low *Low + High 1
Actuation current| « High * High *Low ¢« Lowest 1
Power consumption| * High * High "”i- Medium _i_- Lowest 1
Thermal stability| « Low * Low * High | * High 1
Sensor integration| « Complex » Complex E- Simple » Moderate i
Fab complexity| « High * Medium » Complex + Simple i

— 2025
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5. Performance of MEMS

5
=
-
|
.
-1

% Scanning 7/=9/ &X £

X/

293 8 MItARt= K25 LiDARS| E+ =4
= Si 7|t A/ HHE A 7| 20| Ms/7HH0 N R

(IE 271 2E29| 21| ~ 50%)
(7], &=, 1, 2t H)

Rotating motor
Assembly (current)

Magnet
assembly (current;

——
e
——————

-
o
MicroVision

.
W=
Maradin '), 4

Power consumption

EMI

Stability

Price

X
A
Mech. shock/lifetime X
X
X
A

Developing cost

X B > [X< X< [ > |0 >

Piezo/Electrostatic
integrated (voltage)

/\M= 2025
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5. Performance of MEM'

«» Commercial Products: MEMS Scanners

Magnetic / Piezoelectric \

Maradin
(Israel)

Mirrorcle QS (USA)

MicroVision
(USA)

RS

Hamamatsu WeMEMS (Korea, 2023)
(Japan) %MEMS QR2 (Korea, 20@ sensor-embedded/integrated

/\M= 2025 WD wemems

5. Performance of MEM:

10— : .

Bopt' D [deg - mm]

Frequency [kHz]
[ Electrostatic <> Electromagnetic O Piezoelectric

JMEMS, VOL. 23, NO. 2, APRIL 2014
WD wemems
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5. Performance of MEMS

** Reliability Data

Resonant MEMS scanners

Performance parameters Specifications Data | Demo
WeMEMS product (2025) s . T
Model: RS1ELC-351029 Features Embedded sensor Yes v v
Drive frequency (at 25°C) 2,890 Hz (0.4%) v v
Scan Angle (optical) > 32 deg (+0.5%) v v
Mirror size (elliptic) 3.5x5.8 mm? v v
mirror material Protected Au \
Performance

wavelength range 870~1550 nm v

reflection coeff. (mirror) 97~99% v

warpage (radius) ~25m v
AR window Yes v \
Trace to retrace wobble < 1 x10-3 deg v v
Feedback with mirror sensor Yes v v
.. |Thermal stability 100 ppm/°C v Y
Relisbility temperature range -30°C~90°C v v
vibration Immunity 37~45 dB v v
shock resistance > 1000G v
Power consumption (driver) 0.12 W v v

Lifetime > 5 years v
. Packaging (PCB connector) 20 pins (?) v v

Misc. . "

Dimensions: LxWxH [mm] 20 x 18 x 8.3 v v
Weight 369 v v

Delivery 2~3 weeks v

/A\MZ 2025 U wemems

6. Reliability Evaluatio

P
P

< IS WTE0| A= MEMS 271

= Rando

m & (rms 2.3 m/s2)2| 20| A= LEFOIM TS HFH S FF
= QIO F2F2 -45 dB O[5t O, FF2Zf 30° O A 0.15° (3

Power Spectral Density (rms 2.3 m/s?)

Amplitude [dB]

PSD|mis?) Hz
=
:
1
-

°

N
3

FS
8

8

@
3

8

0 1000 2000 3000 4000

5000 6000 7000 8000 9000 10000

Frequency [Hz]

o 500 1000 1500 2000
Frequency(Hz]

s HEd 1 -45dB = 1/200
=82 734 :30°
S A

(¢

:30° x (1/200) = 0.15°
28 74:03°)

/\M= 2025
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6. Reliability Evaluation

% Phase Stability w.r.t Temperature

A#€> Q=M E

Phase Driving Frequency Temperature
soas n
N
" soi2s
®
m s0i00
. .
= %
& -
= e
& L 2
I R L S S SR S S ER H
b 4 g
z $ :
=3 &
5 w©
2 s
" W
30 SN A AR T
" -
- _—

0 20 4 60 80 100 120 10 160 0 20 4 6 8 100 120 140 160 0 20 4 60 80 100 120 140 160

Time [s] Time [s] Time [s]

/\M= 2025 WD wemems
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6. Reliability Evaluation

s Temperature Stability: Comparison to Other Companies

Controllability [ Product in competition ] [WeMEMS, 2024]
*= Scanangle : 13° @ 3°scan < 0.025° @ 32°
* Phase : N/A < £0.09° (eq. 0.025° in angle @ 6°/min

Test setup for feedback control

/\M= 2025 WD wemems
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7. Applications of MEM.

% Two-axis Scanning: Raster vs. Lissajous

Raster scan: (WeMEMS, 2024)
= Line-by-line two-axis scanning ensuring
uniform coverage

= optimized for stable and consistent
accuracy in motion

Lissajous scan: (WeMEMS, 2025)
= Dynamic high-frequency sinusoidal

scanning for high resolution

= Stability even under challenging

operational conditions.

— 2025
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7. Applications of MEM.

« 3D Vision: Dynamic binary light source

» Binary code-based structured light scan (SLS) for high accuracy 3D vision
= Scanning is based on high-speed MEMS scanners ( > 3 kHz, frame rate > 300 Hz)
= Applications: product inspection, patient monitoring, dynamic measurement

- 3D vision using high-speed MEMS scanner for high accuracy 3D vision
- Binary-code structured light scan (binary bit n=10, WeMEMS 2024)

|
i

/\M= 2025
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7. Applications of MEM.

% 3D Vision: High frame rate

= 3D Vision System (WeMEMS, 2025)
* based on high-speed MEMS scanner and camera

/\M= 2025

(Video clip)

WD wemems
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