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o714 & Apo]=9] ZHME £/1.8¢1 AE 4.4 mm ©o|t}. 4 (3.9)=

Mg skeke] /1.8 & f/#°] diel dEkd 23k 4 (3.8)9 &¢

ZpolE A vl 13 3.33 ol dE 4 Sl

A4 #;rﬁ'! _-SI:I_ 1—l| Sk



(j1ex1d) aouaiayip in|g
v o . o v 9 v o W
o [{e] 1] (e} < < (2] (2] o
| L 1 |

[ T B N NI R | o
o
[ [
(M)
—
S
h= L O
e ~
Q
®©
15
(3]
o
e
x
L n n - o
ke,
o
4]
a
£
Q
Ce
=9 m©
7]
nm | | |
o o
c E
- ©
=
o2
Jm [ | - <
(|
= ]
T T T T T 1T 1 1 1 -

o] o Tl (] Te] o ] o w0 o
<t <t o o (9] o~ -— —

(9%) @inuade Jabie| 0y paledwo? Alsuayul 1ybiT

F/# for smaller aperture

gzl ko] &8 AR

—
o

% 3.3 f/#2] Wk st

7= 9

= A &

Aol

ze 3 =9

3

[e)
= &

3.3

A=

f/4.0%1

o

el
RES

o5t

o
T

2w g7t

Aol of

=0

g7 e A

on
&
ol
Nm

on

= P A = B S

Hol 5%

zirp AH O ZHEEH ZA7})

zirp’F BT ©]i= zipp BkO]

A9 Hage

T
5

t2=2 Ag 54 7t

Y 3]

=139
=

ol

=A7HA e A

0] 1=
PN

45



olujgttt, SHAITE o3 zpp kol tiste]l Agle] mE &8 &S YErd
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Defocus blur (pixel)
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1% 3.5 zppoll Wi Ha AR g =219 71&7]

o] AoA AAs FeA Y IetugE Fstd % 3.1 2t}
¥ 3.1 FsHA A~ debal g
s}2}a] H s
olulA] A FEH 1/2.7 21X
ojulz] AlA = FHD (1920 x 1080)
s}7} 45°
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718 EAZE A=2RE XAl EHW ojm A= 1
EA7F ol HolA H=d olel wid 17t A (3.6)o= EdhE o]
WA k7] wEel Matlabs olgstol EA7H4] A7t F7Fe w o]
f/#o] e Eefeol thsh AlEdleo]lde a8kl

HA B AVIA &2 TG omAE BERA AAsk=T,
3.240A Ak ojm A Al Ade o5 HHO A= 1920 X
1080°] =i 3MxE veRdE 0FE 2559 @ 5 AN 255%
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tlo
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3} 3t 2 X 1 m9
AA 2} EA et AT o] EAF ou)x| Ao W= 7= A
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A7)N L& Al Al Aol fi= 27 g, pi oluA AAe
A 7|2 7] E 1/2.7 1A% FHDw& AFSStEZ 3 pmol™ ze=
W= A Abole] A, L& o]n]x] Al @al EAY Aok,
ofulx MM Wa EFAE BN ALM 00 FYH WL
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T4 3.6 FER =F% (a) Aol 10 m skell = we] ojnA], (b)
Aol 50 m kel 3l wWje] ofv]A]

= =

5 m¥E 55 m7hA 1 m ©9E EAE YAAZ olujx|o] IEHE

ol g3t EHE FA Ah olwl AA St A= FE e 7
A 7H-AIQRE FEE AFESTE [78]. B o|v[ A= Ee HA

2 A (convoluation) 3Fo] IS

I'(z)=I(2)* h(x, y) (3.11)
[+ 2971 HA] &2 ouAola I A, xE/Me Z7]e et

Ee7b | omAoly hxy)e 7H-AE @R 4 (3.12) 8 2L

49 .-':l'-\._! _";-':_1-|: =]



ASAQE B o FE A (313)F @o] ik ol fde YEd 4

Ak [79].
1 (_xzﬂzzz)
h(x,y)= L (3.12)
| 1 z 1
o= c= 1 -1 s
2\/5 2\/5( z (Zgp—-f)N (3.13)

EdE omxE AFAJ] oz xdsr] 9l Diagonal
Laplacian (LAPD) AARAE AFE-s9ith LAPD= olu|x| 9] 7}=, M=,

iz ool HA o RIS Tl dvid =7 HA=A

4
0=>11(z)*M,] (3.14)
n=l1

M, =[-1 2 -]

| 0 0 -1
M,=—| 0 2 0
2 */5_—1 0 0
1‘—1 0 O]
M,=—| 0 2 0
3 \/5_0 0 -1]
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I9 3.8% gk hxesiet {2l W= 5u, AeAd A AE

CMOS Image Sensor (CIS)E %o St} g Fo]7] fsfiA =
Bz eEdl=s AYs "Wy d=z AAsjor kv FHDH &
AAE wol= Aok buf o] Fe] d=rh Feste] AAl A= v
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IR filter
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T(?nr;)g infinity 7.63 13.30 9.60 16.50
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ojulz] AlA 1/2.7 ¢1x — 152
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3} 7} 450 45.23° 0.51
=3 Ag 8 mm 8.04 mm 0.53
1.8, 1.83, 1.55,
t/# 4.0 4.02 0.54

=0 ASS HrlsteE HAER F 37HAE 23 stk WA

Modulation Transfer Function (MTF) A& %3 @129 e
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a2 Sine| s e
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A2 Wy d YEET g YEET d gEET
d= A& 960 xm 793 xm 1900 #m
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A= el 55 = B
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Anodic Bonding

Cavity patterning on Si

|

DRIE

|

Anodic Bonding

[

Thermal Reflow

|

grinding

2 Cr/Au Deposition
© © & PR Patterning
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% 35 49 HEET ¥
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B . e
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Silicon etching
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Anodic bonding
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Reflow temp.

V

blown glass

= I/etched cavity X ( - 1) (3 1 6)

Anodic bonding temp.
21 (3.16)¢] FHE A:=9] A1 (h), HAF (@), A F5(1) 2
FolZ tiAlskd 2 (3.17)3% o] vekd = Q.

Reflow temp.

lh3+%r2h:r2T><( - (3.17)

Anodic bonding temp.

[
o
o
o
s
o

=

of
o,

= HERd Zlojth. dl=9] AIE
A st Ay ¥Ed F3E AA @ok PR 1 mm T
T AgE dolHE AREFT fE dolve AyEd vl
AW AATE 7HA = borosilicate glass (BSG) & AFE3FSI . gl
&= W7l 98 300 nme] &FvlEe FASHY] AR e

3= mfA3E ¥HE & deep reactive ion etching (DRIE) & it} o] &

gt Eel Ae@s ge Jlwe ¥E ggac. ol

Z (chuck) @] &%+ 400C, 713 Aol A9k 800 VE 7F8tH 10%

5

©

28 stk Y ® 719 850CE ¥ HYX(furnace)
Qb 30 w9 & HEES ¥4= AA WA= FHIE o] H
of d=o wE%s FFsHA s7] fsked CMP (Chemical

Mechanical Planarization) & %3] 3t}
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Glass M S
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Anodic bonding

[

Thermal reflow

CMP
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b

a4 3.12 eEd=9] ¥4

99 3138 A $Ee dolo] wE Axe) =

measurement (Olympus, STM6)E o]&3le] =H3s Ayo|r}.

Aol FF Zolo HFS HLEMo] 550 pum (AA HH 552.3

pm), =A0] 600 pm (HA B+ 601.8 pm), Aol 650 pm

(AA H 657.36 xm), Aol 700 gm (A HH 705.88 p¢m)

S5 2E Qi 71A9 Byt 9 27]
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dl 3.44 | 3.52(1.20]1.33| 2.20 | 0.90 4.80 5.00
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= I E o o
475 | 4.31 infinity infinity 9.60 9.60
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Abstract

Yumee Kim
Department of Electrical Engineering
and Computer Science

The Graduate School

Seoul National University

Recently, autonomous car 1is rapidly developing with the
distance sensing technology. There is LIDAR, radar, stereo vision,
and algorithm—based monovision cameras, but these sensors are
bulk or expensive. That’s why these sensors are not yet popularly
used in many vehicles for autonomous car. To overcome these
major problems, this study provides the image and distance
information at the same time by implementing the distance sensor
by simply inserting a tunable aperture in front of the same size
camera as dash cam.

The distance sensor of this study consists of the tunable
aperture with /1.8 and f/4.0 and the camera module with focal
length of 8 mm, field of view of 45°, and FHD resolution. When a

driving voltage is applied to the tunable aperture, the tunable
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aperture changes according to the voltage. The camera module
assembled with the tunable aperture can obtain two images with two
different depth of field. Depth of field difference between two
images Increases linearly with distance, and this is confirmed
through simulation and experiment. The distance information can be
extracted through the difference in the depth of field of images.
Additionally, the deep learning algorithm such as detector algorithm
and depth map algorithm can increase the accuracy of the distance.
When the detector algorithm was applied, the average error is
0.826 m in the 50 m range when the vehicle was stopped during the
day. In the case of depth map algorithm, the error of the object area
in the 70 m range during the day is 0.619 m in the stationary
situation and 1.000 m in the driving situation. The image taken at
night has an error of 5.470 m for the object area in the 40 m range.
The distance sensor system can measure the distances in real time
of 30 fps at low power by tunable aperture based on LCD method
for low operating voltage of 2.64 V and fast response time of 10.59
ms,

The distance sensor improves the distance accuracy by using
two apertures instead of just one aperture in a single camera. This
sensor has the same size as a dashboard camera with a 1/2.7 inch

image sensor by using small variable aperture of 10 x 10 x 1.8 mm®
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by semiconductor fabrication and display fabrication, which 1is
realized to reduce the overall distance sensor size and improve
fabrication accuracy. Also, the price is much lower than existing
distance sensors, and the FHD camera is used to improve image
quality. Since the tunable aperture operates in one layer, it can
reduce optical aberration resulting from misalignment. The sensor
could be highly reliable due to no moving mechanical parts. Unlike
the distance sensors using other apertures such as coded aperture,
aperture using color filter, and dual aperture using visible and
infrared filter, clear image is obtained without recovery process.
The distance sensor is applied to autonomous vehicles for
collision avoidance warning, blind spot detection, pedestrian
detection, and parking assistance. It is also suitable to the other
applications such as robots, drones, mobile cameras, gaming

industry and the Internet of Things.

Keywords : Distance sensor based on camera, Automotive vision
sensor, Miniaturized tunable aperture, Tunable aperture
using LCD, Depth from Defocus, FHD camera
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