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Introduction of Special Issue on LiDARs for Industrial Applications

Takao Kobayashi
1031-6, Higashiyama, Gotenba, Shizuoka 412-0024

(Received September 5, 2022)

This issue features on Lidars for industrial applications. Historical developments of industrial Lidars in
Japan are reviewed from the viewpoint of originality, excellence, versatility, low cost etc. of the principle
and method.

F—U— N IA5—, EEILH
Key Words: Lidar, Industrial Application
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Preface to Special Issue on LiDARs for Industrial Applications

Yoshihito Hirano

Mitsubishi Electric Corporation,
2-7-3, Marunouchi, Chiyoda-ku, Tokyo 100-8310

(Received August 26, 2022; revised August 31, 2022; accepted September 7, 2022)

In recent years, the industrial applications of LiDARs, such as 3D modeling in “Society 5.0” and
“Metaverse”, are progressing. This paper describes the overview of the special issue on “LiDARs for
Industrial Applications”. In the special feature, the following four commentary papers are picked up; 1.
Advanced optical measurements using optical frequency comb interferometry, 2. Trends in automotive
LiDARs, 3. Investigation toward the low-cost and high specification LiDAR based on the LiDAR equa-
tion, 4. Smart monitoring using LIDAR and further development for autonomous mobility.

EXSAZM 4 —HESICKET

T4, I4 ¥ —OEFRINH, FICZ0 3D WERERET L L LTOIHPEEEHTTwE. Ly
b CLIDAR # MR 5 &, ZDOMEiE L L THE R @ Light Detection and Ranging (GEMH & Il o i,
Laser Imaging Detection and Ranging (L — B {§HH & M) s nd L HCho7. D 3 KT
(3D) BEAZHEICT Y I MET S T4 ¥ —13, Society 5.0 TD T 4 I HIVZER & A N—=RIZTY 7V
VA YELTHRTLIE TR, A N-RCBIFL)V TV EIDETNVEMETLIZODOY -V ELT,
HRHRIZE > TATR R DELR Y DDOH 5.

AV AT RE T, IRHPH 2R HRE SRR, SR, U7 VS A AR L wE v
FGA Y —MREANDERLE T o TWAE, 7272, 2D DOEi§% —ETRETE A7 A 50 X912 3D Wiz R
BB LRESHTIERY. T4 57 =%, V=¥ ki L—FbRkZEGhyR, Bl
LENPOHBKEN, L= —a L Twa i (BTN WK TERE L7t 580 RAT R
(TOF: Time of Flight) #*5WAE CoORBZ5HIT 2B ETH L. 2 TiE, HEEFHIO L O X LISBo#
SR TV O TEKEMRICIZE SR RRERGHISLELSL 2D, —BNLVARO T4 ¥—DE, F
IBW=15cmBEPHRETH L. 2070, REODLERFOFTI I NI L MR ETEREINL LI %
100 um DU F OREZ I3 R 2 TS LEE 2 5. 72, HOORE Y OBRE4AKD 3D gz W3 %
i, V=¥ —xmEE - KFHIENER L A BRI, ASoMELIE#EL L23D 7—%
CHEET 2 UENH L. ZOWE, WROBGREL 7L —24 L — b OIS T 2 050 HEERHU AT E
a0, FIAREDABEEE T A ¥ —o—F1VTid, FRMMEHK D QVGA (Quarter Video Graphic Array
320%240 M%), 7L —2aL—bh 100 & LT 1IBHICKH 77 HEIE 25, Zhid, R R ORI, 22/
M ZAEDN S VRERD A A =3 ¥ ZFRDOLRGEHI T 4 5 — O—F CHEEHIIE KA 4« §HY Th 5 2
EEREZDE, RERLE—2EE, B, BUGT— 5 OmlE% 1210 T VERESER SR, W)
RN 7 EOBHBAPEADSDIEL 2 b, K52, T4V —OIHNESRICON, ZOBEMEL A~ — |
74 v, HEH, Ry b, Fo—rhllhl), SRS TE, AAEAE, gL, B EIRC

©2022 Laser Radar Society of Japan 68



e
#ie LRSJ dmmmmy

P 5 Laser Radar Society of Japan L —Ht >3 %8s
e ————

L—Wt v v rEaat 3% 25 (2022)

7B s b IHE > T 5.

SROESTIX, ThOEEZ ATV REEISH T A ¥ —I1CBET 5 1 O ERX L 4 fFofEH
AEERAT S, WYL, RERE ) OERKICE230T, THEORNIEERICBTLLT
O VoS AEEHIZ B E L72/ANILS 4 ¥ —OBREIZOWTTH 5. BRZEHTOZ7Ta YL (V7 by —
7y b)) @ 3D AL, REAENZ P OICRE L CELAREREOMD Y HEL, T2, SRR AN
BREOEM - dFE L o 228 LB A I S KRR, 0T —HHTWEEE ). Zhlito4
L, RFROEFICH T A ¥ —HESMBESVHEL: (REh2ED) 74 I F—0NE,
LBAZRHALFETH Y, ECVMAHEEY ON—FF =7y M) 23DERLT S5 5 —ICBT5LDT
HhH. INHIZOWTUTIHICHEANT 5.

RO OMFLEY T, BR)XTIA DESIHRIC, ROBEFEEZ AR L LwhRe LTObaaz v
7o R EE e BB ETI, AREHINC O W TIRATES . BHICH BR722s, —BICHWON L7V AL —H =T
O TOF FEEEFHI D54, ns LT & 7OV ZMEDE L 7o TL 5 L BB E R BRRDIE THIR S TL 5.
a2, —EOREWITHEE D RREDL OV A & R BEEET R E OBIRO A7 IOV SRS A
BoTVEHEPLMHENTVLAY, TITHAINLFRIL, ZokaszBEGLTHZE (NFuy A
YHE) $AZET, REERERESOANRT MVIEN O HEEEZFHIT 5 b 0T, BACROIG SR % fiF
WL, REME FiomBll), &E (umA—7%), E®EFH (~kHz) ZWhige T 2mN AT TH
5. E—LERLHMAGDELILT, TNETATRELESTZEHOL Y Y Ve EOBMBIVIROK®E ) T
VE A LEHIEEE L LCORHPEATY S, I A2 HwziHilg, StoRmistE 2 Aacim & 2 45K
LT, HhoHMmEE, EECHIHRTE L0 THS.

BoFHOMBLREITIR, $TFAL 2V —FHOBRIKIC, ZOMEINLE VA ZHMELS 3D T
A7 —OMBEERELTVWLHEIET A F =122V, TORBOBERNSLS5HOERTTE, UYL AHME
RZFIWHC LN EINEZ GO THETEL . FFICa 2 P RRESEEN 2 &% &tk LW IERE R IS
T25720074 5= OVT, BUROEMN 2 — 2 EEFEAAT L2000, BHENLE—2ER
FEEFZVEFRBREIZIT TOLE L DF LV MlAZ b ) 23 {GHEVTBY, & b33k
DIAT =R F v —RFEDO= 2 — AR [\ S NKROGRE DHOBEIICH L ERE 2 A D, FEMIIEAR
FSCICEESD DS, G E LT VCSEL 7 L A, =t#t& LT SPADs (Single Photon Avalanche Diodes) 7 L A1,
Y'— 24 & LT Metasurface, OPA (Optical Phased Array), FPSA (Focal Plane Switch Array) 72 &, 84K
Hiiz X 2 /4L - ERE - BRI S ROBBEO I XL b L HHZ S

EEFHOMBHE TR, SEBEEGR) ORILKIS, EEH T A ¥ —CEthie (SR - B - B
)TN IAL) LRI A M EBTHIEH7) BRI REBNE TA 5 —HEKITH R THITH
. FRICKRMMIKD 3D 94 ¥ —%, FEEETH LGN, L2, #2EhRmIchTcrfiL
T4 T —=HBRR L EFTENENORER - M2 BHECTW S, T4 5 =B ICHIRAR D % is D ¥H
WKIEDHLAATHEH, HMREIZLSTHIA ¥V —HFHI BT 2T REPEOEIR AL LNETH S
DT, RIF—FmE NI,

AEEORBOMHLHEY TI1E, T LERFOREEIC, BROMETA F—2 ity H iy b
T—=7I2L 53D ZEHOAT—E=F ) Y TOHNE, TFIVINIAL MELIE=SYY 77— 2R
L72EE Y 7 4 OBEEBHELICOWTHHTEL . FITHEARONL8EAS > 7 72 HWTY TV £ A1
Lty H Ry VT =7 2 BETLHEOMP T A ¥ —F— 5 ORI L 2 BEFROWHI HER, £HLL
T8 HBTHERHEN 2 EOEHEICHRHT A E UG, Av—FNE=F) VXTI EHWZELY
7 A4 BHEEEO IR R 2 E2 /i, ENXAVBELZFHLTY TVI A L7 4 VANVERET VS
W A4 AL L CTHHT 2 72008, Y 7 4 1259 Society 5.0 D & F EF RYHTHW LTV L
EEZON, FA Y —OEESHICRITIIATREHEME RS .

B, L=ty P v rEEoEELHIA ¥—RERHES (MEEE) TI&, SEELERL L
TWAEHET A 5 —Hili (54 5—HTNA R, 94 F5—FX, 94 F5—IHE) BT+ 4 &3
F—Z B L TEREOBERICFVDOGEEZRIEL T TFETH D, AIEHHHE 2.
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Development of Mie scattering lidar for measuring aerosols
in indoor factory environment

Nobuyuki Sanari!, Youhei Itayal, Morihisa Yokokawa', Yoshitaka Jin *2, Nobuo Sugimotoz,

and Tomoaki Nishizawa?

ISibata Scientific Technology LTD., 1-1-62 Nakane, Soka, Saitama 340-0005
’National Institute for Environmental Studies, 16-2 Onogawa, Tsukuba, Ibaraki 305-8506

(Received June 10, 2022; revised August 13, 2022; accepted September 15, 2022)

A prototype lidar for measuring the spatial distribution of suspended particulate matter (aerosol) in
indoor factory workplaces was built and evaluated in a laboratory. The lidar is a Mie scattering lidar
using a third harmonic laser-diode pumped Nd:YAG laser (355 nm). The transmitter and receiver were
composed on an optical breadboard and manually scanned on a tripod. The lidar data were recorded
together with the angular data from a gyro sensor, and the aerosol distribution was displayed in nearly
real-time. The sensitivity was evaluated by measuring the distribution of smoke from incense sticks
placed in the laboratory. Based on the results, the possibility of downsizing the lidar system was dis-
cussed. Also, a method was studied to display the aerosol distribution in a 3D space in combination with
a small hard-target LIDAR commercially available.

F—7— FIBEEHN, 945 —, =T7uvn, BLA
Key Words: Environmental measurement, Lidar, Aerosols, Dust

1. FLC®IC

BHERT (Z7 VL) OEEIENEEORED—>TH YYD, AiEOKEES %8 T3S A TIE AR
BOWHPENI LS, T7OVVOANENOREEEZIET 2 ECREOFNAEETH LY. %
72, TTUYVIVOZEMGAEMET S LT, MARLELAF GRS &1L 2RESENRE T LT o2 L
DISHADRETH 5. TAE, WECHEY ON—FF =7y ) OVAEEEZFITLI94 85— (Wbwb
LiDAR) DAL HWVOENDL X S>> TWAED, BENEEOZTU YL (V7 =7 v ) OFHIlIZOW
TiE, W OPOHEBPIBH 500, BRATEHENERL TV AEVEITHS, HlZIE QiubY
i, EHEEO PM25 ZET A7, ML ==, A A=V VT hATERSI2FTA T =V AT L%
BZE L7 ficd, EHEMT 7OV LV ENET S 54 ¥ —0klE LT, Ceolato H® 13 JHH i F% P THE X
H2Z TR NT N — L& R - S RRECTETE2NNA R T4 v 7745 —%HB LTS,
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Shiina” 13 LED 236G E L7/l S 4 ¥ —2B% L, Eli#E (~100m) O 710V VR o H s
L7z, TRETEELIE, 70V Vo5 MizllEsT s 74 ¥ —0OEETRoT&7. W7 V7 ORALT
TaYVER Ay b7 =2 (AD-Net) ®HEBhHEHERR AR 2 HET A ¥ — oL Binfbi &% F
I TELDY, EHHOT T O VOS2 FRICHHINTEL LI o4 ¥ —REE2HET LI L 5 —
Py bo—ok LT3,

KL TIE, HENEREOI T O VATET S X ) R IHORPEES L LB 527 9 ) )V idi
ORI BWET L5 4 F—OREIZOVTHET 5. 2 TIHMEREEICR S TRELY T 5 720,
HOLBE B~ R LRESMMiZET S, HREL27a VL, HEea—4, F
ANVIAL, BEMOWRMST (ay b TIANRE) TRELZHLAGZEZBREL TS, BNIEEY
DTV IVOFHITILEE B CAFPHOONL D, GAizitET 52 EBLETH D55 H AR
DAV IA—Ta yHPHEICLEL LI BRREDDY, EETEHNTEL T F—~OWFEIKEV. 22
TiE, HICHT 2R8NS VEA L —F— (CPEAL —%— (LD) il N&:YAG L —% — D=
FdkE (355nm)) AL L T HEBRI AT AERMEL, BT T OV EHWAZFERIC L) RN Z
fTo7z. TORRICHESNT, 74 ¥ —EBEO/NULOTREORE 21T-72. 72, DYy EXY7HO
T/ LIDAR E#lA G DR T, 3D ZH oM T 7 0V Vit Fomd 5 FEICOWTORE 217 - 7-.

2. 714 Z—REDHAIE

AMELBEHAI 7T VEHIIS 4 =98> 257 2070y 7 W% Fig. 1 \ORY. $72, E4HH% Table 1
WRY. EEBRVATATHLLORBOD AL 2> T ah. GHIE LD s =5k Nd:YAG L —
P— GERT7 4 F=27 ZAL11038-13) VSV AIZARIVF—=300u, #YIEL 100Hz) %7z ZEOFIE
25 mm THEFWHEE TRA L2, 94 ¥ —RZEHE, BFET Ly FR— FRICHEEL, ST
FETKRE, |MERF v X Z2f7o7z. 74 ¥ —%FE5 (1000 57—%, FHUEEE 1Sm5) 37Y9 %04
B A 3—7 (Teledyne LeCroy WaveSurfer 10) (8 bit, 10 Gsps) Tit#kl, * Y0 Aa—7FETI10> 3 v b
FALZHBTE YU AI—7ONEHDD ISR L, T—FIE - 77— WA I v ¥ a— & (2% LRl
FRL72. BENZ 7OV VORNTIE, BEHOWMEIRES L7 O VIVEGELICIERTHEWICKR 2 Wo T, BEH
DBEDPZEHE P LMD L9 ICEZEE — 20N EHE L. B2 S O#E 2 ZEHE 2 555 72
W, EZEORMBOEEHEZIRY (22T 150mm & L), ZER%BEMICH 50 mrad 7207 I T

Beam __|, D Receiver
expander "-\ telescope

™~
Gyro sensor

J o

Laser

Lidar signal Trigger

A 4 \ 4

Data acquisition
system

Fig. 1 Block diagram of the experimental indoor lidar.
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Table 1 ~ Specification of the experimental indoor lidar.

Transmitter

Laser Hamamatsu L11038-13
Wavelength (nm) 355

Pulse energy (pnJ) 300

Pulse repetition (Hz) 100

Pulse width (ns) ~1.0

Transmitted beam

diameter (mm) 10
Transmitted beam 05
divergence (mrad) '
Receiver

Diameter (mm) 25
Field-of-view (mrad) 100
Optical filter 10
bandwidth (nm) '
Neutral density filter

optical density at 355 2.5
nm

Detector Photomultiplier tube (Licel PM-HV-R9880)

Data acquisition
8 bit digital oscilloscope

T ient
ransient recorder (Teledyne LeCroy WaveSurfer 10)

Sampling rate (Gsps) 10

Gyro sensor

Sensor Yoctopuce Yocto-3D
Sensitivity (deg) 0.1
Precision (deg) 0.1

W5, EEOMRETIE, A5 —5R83mOMEICN—Fy =7y MeRBEL, ZEZEEOME %
L7 F7, ZEHETZIEC (100mrad) $52 & THEEMEASDESHZETELLIICILTVS. K
VATATEIA =R 2mOBEENPSDITA T —RBE5E2ZETAIENMETH L. T4 5 —HllE
OFE CHifg - BEA) E7Ly FR=FRIGEELZY vy A0y TRHIL, 945 —7—% Lk
WCTF—FIUE - T Y 2 — Y ICRDAAT. T4 5 —FERY AT LA DOEE% Fig. 2 IR,
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D, WEOMIXZRKHERMNISRL IR L. 94 7 —lEIR, ZWEORZERE FHTRKEBLI O
EEICW - K VIFTILTIT o7z, FEITH 2O THRIEEIEZ—ETIE RV, Ix A0ty 0o 15%k
FECHMA - BEAT— I PMESNLDT, Iy ¥a—F L TInT 2 RETRE A% HBTX 3.

TA Y =T = PO 7 VERBEEZULTOHETHEEL:. T, 94579 20T rotkd
ZERRET B, RICHEE 2 FHIELZ TR, MERHBGEUREICIAT 222K 5. WEiEliTcd s 0
T, BHoREIEHTEx5. Bk #HEETRIEATTOLA) —#HELLZ 7Y VO I —HELOFIT
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M OFEERTIRAK 17 ug/m?) 1220V, W2 #BHERET2O LA ) —BEK DG 25172 fi & B L AGT D
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Receiver

Gyro sensor

Digital oscilloscope

Near-real-time
display

Fig. 2 Photographs of the experimental indoor lidar system. (Top) Transmitter
receiver system, (bottom) data acquisition and analysis system.

Incense smoke

Air cleaner .
at ~5 m from the lidar

In-situ dust monitor
(Sibata LD-5R)

Manually scanned on
a tripod

Lidar

Fig. 3 Setup (top view) for the indoor lidar test experiment.
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F—GETREINDI VAT LAERTHS. pREFBESKTTIHELFO 1 L 23ZhFhTay v
o KA TS ERY. TIZFA ¥ = ol r FTORKABEBRET, BPHEET L0 2HFLE LT
5. ZZTIE, EHBECTHAHZORKEBFITILTHILNTES., Ty VERBEZENT L7720
&, 945 —TF =B EBERE AR L, B UAGTE KT 2LEDH D, AT, BEOM
PEWZ )=V Az 70 V7 ) —LREL, T70V 7Y —BE5LOMEREZFHETSLI LT,
B il L 7z

ﬁmw=&[xv) 4

X0 @

22T, X3 7uevnr)—EFEEEET. B, 2 Xtox (/X () EE&EEHEELE VA1) —Hk
GLg HGELO . (B #ELL) Th 5.
WRBEOS M (r) X 3) RNDOX I BT ENET 5.

M (r) = Cmppi (1) (3)

C IS, Cup FBERET, MLARIEIAF—DRIKIZL YRD/Z. T7 0V VOERREEH 15 ng/
m* DL EZEFEHFMETZ T OV T ) O 21, ThbLEHIHELIIERN 2 TH-o72 355mm DL
A ) —BEL OB SR EIER 7.5%10 P m T lse T TH B O T, ERIEE 15 ug/m? IS 5 I — LR
AR 75%x10 P m e T TH B, ThbD, BAHBEURKR—T 7 v V)V EEEERERE Cus
12 2.0x105 (pg/m®)/(m~'se™!) &5,

4. BREEBR

WO IC XV ESN T Oy VO 454 % Fig. 4 \Z78 . Fig. 4 (a) 2KFAF* ~, Fig. 4 (b) 1&
Fig. 4 (a) DRI 7\EAF ¥ ThHbH, ERIREEELHT— AT —VTERLTWS. Fig. 4 (a) 12
MBEOME, B UAFOMEZR L. Fig.4 (b) OMBIIKFEAF X Y OROMEZFET. BEOMWIZH

2020/05/27 14:37:13 2020/05/27 14:40:49

7’ -

6 - =

51 5
T T
= 4
- cleaner

3

24 dust ;i

monitor incense
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0 r T r
-4 -2 0 2 4

Mass concentration [ug/m?]

X[m]

Fig. 4 Spatial distributions of aerosol mass concentration obtained from the horizontal and vertical scan
measurements. (a) Plan Position Indicator (PPI) scan and (b) Range Height Indicator (RHI) scan.
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FEONED S LR GINIEH > T 5. RWERS TRERK 40 pg/m® TH o7z, B LAGTOMETORERE
B 150g/m’ TH o7z, EHEEOIEF ITRVE T IIEHOBIIC L 200 TH L. ZERELL/LT
WAHIZHPHD ST, BHOHELIIRECHEIN TS, 2B, ZOFEBRTREIT OV IVORELDHE Y %
BELRNVERDIIICZERIIND 7405 BT 4 Nvs) ZHWCHE L. BEROESIE AD £k
DLy IVRBZTHAILTVWLAZ TV ERRT2HUEREN

IT7 OV NG5 BNEM OB THIEICIERT 272012, "—FF¥ ="y bD3D <Yy ¥V 72119
LiDAR L LT, M—OF— ¥ O T T O ViEESM i 2 ERT L ENEHTHS. 22T
X, 1 ¥ 7o LIDAR (L515) Z W TEBRE® 3D 7= #5HIlL, Z0 3D ZHoficz 7))Ly
i FoRd 5 HEEMRF L7, Fig 5 ICFig 4 1R LAAF Y VIliZFRLz—Bl% LT, 3D 7F—F D
DAty % I DAl & R AE, HAELVIIMTHCTOAiZ 5 2 LATE 50T, W& E ONEMGRLZ &% H
BECHEIR T 272 DICHHTH 5. B, L5I1SZESHEAIELZI 7OV VIIIEKENHE L, 3D 77— 4121
FOREN TV,

140
120
- 100

FBO

- 60

40
y [m] 2 1 o -2 I

Fig. 5 Example of 3D indication combining the aerosol lidar data (color scale) and the 3D mapping data
from a commercial LiDAR (black points). The aerosol lidar data are the same as in Fig. 4. Brown
areas indicate strong scattering from the wall and the floor measured by the aerosol lidar.

[w]z
Mass concentration [ug/m?3]
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EDir A, UEOZENLENI TRV LT A F—TIL, FlziE, EEY—2DHOMEG KNI —F
Y=y M%7 TT—A MEFII% 5 &) ZHEICERENLETHS. Leho>T, FELE— 2R
ZEHEBIEEVILETH L. 2 —IS, 799y a54 85— GEEY—2%KTT, JKWHED
TA T —A A=V ERFAIICZET S HR) TERENOZ 7OV VHIEIRE LW AN SN, WENR
THAHITUY VML) GEHEICON—FY =7y 355 L) &, N—F7y—7 v MoikELE &
L EHEABOF O T TV VERINC T 5 W hEED 5 5.

AFFRICBWCTRELLTA =12k ), BENTRAESELBEL 7O VS5 REETHETE S S
EOHERRENTS. EBOY—7 v PELTHEELTWS LS CIIEESBE LEwEEEs Y
DT, MY AT AP THICHENTEREEZONS. BEL TV LHEREETIIT 7 0V IVREDRE A ng/
m*~¥ mg/m* TH 5720, SHOEBROr — A FE FREOBREE VWX L. TO—J)T, BIEOERY
AT MEIEBHF 03% OND 7 4 V7 =12k ) ZEXERET 2805 F o AR TH D, T 72 e5 80 %E
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L BIEMBK T ORMNTH D, ZNITE T, SR T-RWEL $2 2 EKERMMTE 2R H
5. F72, MELESHOUEA CREICZETAIVNFAY T4 v 254 ¥ =R EHwCZ 7 a VT
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NTEBLLEEZONS. 5|2, ¥hBEHNETAZLEICE T, SO 7OV VR F (b AHEO W
T, TIRF v, iR E) OGHENETAWREEDLZEZ SN LY. ZhbiconTiy, 4%, WE
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Advanced optical measurements using optical frequency comb interferometry

Kazuhiro Imai ™!, Mark Jablonski', and Motonobu Kourogi'

'XTIA Ltd., IS Building 2F, 3-32-42 Higashishinagawa, Shinagawa-ku, Tokyo 140-0002
(Received June 7, 2022; revised July 13, 2022; accepted July 29, 2022)

Optical frequency comb technology bridges the gap between the optical domain and the microwave
domain. The optical frequency comb enables rapid and precise ranging based on time-of-flight measure-
ments in the optical band with interferometric analysis in the microwave band. In this paper, we intro-
duce high-precision absolute distance and profile measurement systems using electro-optic modula-
tor-based optical frequency combs. The accuracy and the reproducibility of the measurements are better
than 1 um. The repetition rate of the measurements is 500 kHz within the ambiguity-free measurement
range and 1 kHz for longer distances.

F—T—Ftaa, THEL ENEEEEN BIRERN, 72 7ov a L EERH

Key Words: Optical comb, Interferometer, Absolute distance meter, Profile Measurement, Dual comb ranging

1. IIC®HIC

T DRATHREHIEE (Time of Flight: TOF) 12 X 2 BiBERHINIE R S @I L 72 319 2 5HB: T 5 2%,
B R OTIRFIRD D 5 7200 7 = 2 MY OWERHGMRE, L7213~ A 7104 — VOB HIE L ER T 5
CLRWEETH L. WMEPTRINLYEG, —BRIVIEERLENL —F—DRRe gL T L —H—
THRIPHVONE., BHZ2HO L - - RIIEOES 2B TEH - 72METHH DT, FEBIPRER S
SBEDERHELRY AL OREZ T 5. WESEY £ TOMMIZALT 2002 e Tike L
THRAETICERT 5720, Wl G 0B %2 2E g Iz RO o0 5b. UL, Br»SELo
Rl e UCHMEZ RO 2720, SGHGERTR (CFE SRS LETH 5 % EFEM LOREDRD 5.

KL bu=7 AOWSERHIESER L TWw 5 2 TH RZZICERE % TOF BEEFHIAE S Tld e wa
EOERIZ L — W —Hffr & T R EAMR OMRHEICH 5. L —F—HMsOREBORE I 2 KL, X)L
WIFBTREZRETEZWR D L H)ITELLL TV L0 LT, LD HIE2 2ITHEBORELRE 712X
ZHTHNETZ TIIHRA DT DN, L72h o TR 2 6Pl 2 SIS 2 7230 12U i JE 5%
Gt 2 AL B¢ AL A, BE T A B ETH S,

W 23— D SHBILEE TIEO, MR S W22 BER OB 5 & 7% BHTH DY, By 215
EDBRGEIR S TOFAANVY LI > TEY, I AN Ok A 2 aHlA T3 % 4 LTRSS
FATES, fardo Ly bu=2s 2 EEAROMIEL & LRI 2 &E 2 - T 72, R0t a
DE~ A 7 OPT O TR 2 BRI L — B R MR T 2 20 SN Ba Atk s L —
W — R EGHNZ 2005 4 —NOVBEEEIZ S D % 3o 128 TH 575, g AMEEAN OFEEICI ) B
AETIREERH - BB OMIET T CT—RINICHHIN TV L TR TH 5.
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HT BIRANRY FVHERO R W T IR & 2 XY M VAROILAS ) (ZHES 2 B w2 s
LTWw57:%, TOF HEEEHIIC b #EMEA D 5. ha sz THstomALE ZROLE LTHHT 5 &ta A
DNFAERNZ FEO I R 0 BE 2 $H 7% D3 5 1 I A BT M C O MBA e L 7 > T, =&, ®HFE O TOF
PEEETAT T REL 2 B, Z CTIIARA 2ot T A58 O T H EHllaF N O A AR L 72 AL 4L
RO T L LT LT EHZ LR, RIRFHRNIZ O W TR 5.

2. ¥IOLRES

Figure 1(a) (3MREW 2 BLXOLALR I 258485 TH 2 7 7 7 ) ~u—"LEF LS (FP-EOM) O
Wi 2R g, 77 7 ) Xa = RGNS AAHER G A SN TS, AT L — 5 — 73 & R B EDs
—FH L 72 RE TR O HH A XY M VK (Free Spectral Range: FSR) DHEKf5 1 — 33 2 2T W54 £,
DEFEBTEMMEREFICGZ 5 L, BRI NI RIRGZAEET 2B L BRE ORI —HT 5.
B IRO ek 2 L AT 5 W, mEIFE U TESOCFEEME 2T 572 DRVERIPEONS.
Fig. 1(0) @AM AT PVOZALZRLTB Y, H—JUEE y O AGHEA OBy, HIE £, 0% A4 F
NV FBEARCERSA TSNS, HREEZRE A S RITHU “i'f::J INOLIING ;@b 245
P BZHZENTESL., —RNRAAHLRETIEIN Y VBB OREIIE C72MEZILDORE VAN |
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Fig. 1 (a) Operation principle of Fabry-Perot Electro-Optic modulator (FP-EOM).
(b) Drawings of input (left) and output (right) spectrums, (c) FP-EOM
module, (d) Top view of new chip design. The optical cavity is between the
high reflection (HR) coated (highlighted in green) chip facet ends, (e)
Cross section of the new chip design.
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V&7 %A FP-EOM TR ORI FIC L DIF LR AR MVBIRE 5. BERIAIZIZHE D R LM
fn DHXNWVAFNITH B, 72720, MAHZIRAZE I O RN TR EE B O @S W EiR S RW SRz A 2 &
WZhe L C AT BASR U CRRRE, AR BN B 7z 2 B G v AR O — RN 3 HAZ
mhshs.

C ORI 1970 ERISKKF OIS 1T L 5 TRV AF B E LTRESNZDDTH LY. £
N% 1990 SRR THEUTEARF OB 5 AR LT a 25848 & L OUREROFHIN A LY.
F 413 Fig. 1(c) O & 5 1GEE TH W 515 LiINbO; JGE IR R AIZE T2 OHM % I L CREE M A AR jE
BT 7 ANE T T A MABIE D 2 — VEEED TN 22 BEALL72Y . IR Fig. 1) 0 & 5 12k
SEI I DS TR & A7 FEAR OO 3 T VA S BT 3 T — D R S e R o TR Y, IRENCHE
IR, 72 Fig 1(e) SR L7 ZE e o X 9 2 2 68 - TR L CORElkkIcER
FEPTEREEED, HALVHEGEHNRT 1/2~1/3 D RE/8T —CTEHREI§T 24BN E o 2584E8 0 5
FL TS, IR0 FSR ITHEEMMIC K > T 25GHZ ICRE SN S, BIfENREIL 1.55 um T, R
Wk 25 GHz, A-XZ MVIE 10 THz L LD 2 #3855 %,

Bt 2 a 2B8EHFRKOPTARZ MVIBIZERT DL, 1 32759 —=TDANRY E2FHFOE— FHAL —
PF—HROMREPBELNFEEN R E Ll > CTnab. HOESIRAFROCRBEMNE 2 SRR - B EBus I
FE— FEML—F =TGP FHENDLZ DL, L Lo 22 MEMoEMSICBHTZ 2%
A2WE, BTHz OFEANRN Y THZ LY bu=7 R L OPAED R EERIGEHATE 5 % 51 XEA
IR R L 22 5. F7-5HEREE, 3 AT ANOHARARREEBI TOFM 22 EBLOLFEH G
OFOHEAEO RS, BWOERARE, NIEE & o 72 FEEAI2E) <

3. ®aLFSHEt

31 # B

JeT ADHEER L ATAHLEN 2 BAUE TICEBR L, ARZ FVIRIEO ARG % b 72 5 T HMASEa 4 F
WEtTH 507, Figure 2 I ZFOWIKERT. 1 BOL—F— N By oMhrGEsh AoEL
Fer AP T 256 4:8% (OFCG1, OFCG2) I[CAHENTWA. OFCGl, OFCG2 1ZZN-ZNHlERZICIH
WanzWihoh ZRmICHEE SN2 M NT 5. B IRO L —F—KFE2HHLTED,
AR NIVHAIE 15 kHz DUF, FERIER 1554.94 nm, MK 20mW TH 5. Y — MEEEATBOE L ) %8
FBZEDUREEATOY A IO L § 5720, OFCG2 Hl DRI B AR 7 7 #4FA L

*Light source *Interferometer
!"'I'Q'E"':"\ ,"'%&h"‘l measur_'ing
A% fm ! o : object
LASER —N\— OFCG1 — / E ]
[ s TN
Freq. ’ i : i :
fa | shitter fmtAf | 2 | . e T
| RN EIAN
OFCG2 [\jIr”“~~-’j
PD A A A
«Signal processor . 1 PD
45@@?%@.“-_1 2
ADC/FPGA | _ _ _ _ _ _|_____ |

Target signal

Fig.2 Optical comb interferometer. LASER: Narrow linewidth laser diode; v, Freq.
shifter: Acousto-optic frequency shifter; f,, OFCG1: Optical frequency comb gen-
erator (objective light; f,;,), OFCG2: Optical frequency comb generator (reference
light; i, + Af), PD1: Photo detector (reference interferometer: REF), PD2: Photo
detector (target interferometer: TAR). Signal processor includes A/D converters
(ADC) and a field-programmable gate array device (FPGA). T},: Group Delay
difference between OFCG1 and OFCG2. T: Group delay due to the round trip
between the interferometer and a measuring object.
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T OFCG2 ~D AJICO W% £,(=40 MHz) 72179 5 LT\ 4. OFCGI, OFCG2 % BRE)3 2 255 B Ik 4%
FENENS, & futAf TEREINTVEY, £, 0525GCGHzH TH DD LT AFIZ500kHz TH Y, f, LIt
RCRWEEGE Af HBHTE I/ Z W, OFCG1, OFCG2 i3 Z N Z il o—E8 % Bt 3 2 St i g3 & 40 [l %
BN SN TEY, LIRFEEA L — - FEEIEET % &) 2l ThhTn 5. F ik, o)
BWERDPAE SN TWT, St 2 M EWHENETH S COMBI H1)12510mW LT, ZHOLTH 5
COMB2 I3 3 mW DL FICHTEE S hTw b

63 AFHEHE ST E S EH Tt 2 A T2 THEENTW5. PDI, PD2 ZZENE
NOTHFOXRBREBRTH S, WKEO—ERIZPDIICATT S, B IZEES SR SN s, JKaHk
FETFHEHIE SN TPD2ICA S, BT 2 DR PTG E T O FEFN—3K T 2 o OV 25 TH
L. WEXMZEEE T PDL THRIBEE N A0V 2 & IR L T PD2 TR S5 Y670 Z I BERAE & 72
FEE SV A DR AHENRE TS, ﬁ%@&ﬁi&mﬁ%ﬁ%%ﬂ®%ﬁ%m%§ﬁétb@wﬁﬂwz
&2 & WfE S 5 1T & D REH] 43R Bk SNZev. B2 A T#ETId PDL, PD2 ORI TG Z B IE &
ﬁmﬁb%f,%h%h%ﬁt~ﬁ16%%k@#@ﬁ%ﬁb$%%%kLT@&T%:&T%@@%%%
ML T, Wikt e SRR MES DT ER R > TB Y, BT B L 20854 HED
MME —FMRHTES. BT 22 BELT2LTHENIAS T TORERMZ (T),) &, PDI, PD2 2t
WTH5D. PD2OTWEFITIE, EOBEERE I 2 TR R & 155 % R & ZHOE)S
ZWREAHETL2HMO% (1) &b Z20FREFRESLEL=y bOTFa s /FV N
(AD) ZHag:TTF ¥ ¥ WIEHICEH X, Field Programmable Gate Array (FPGA) TERM O 7Y L AL
ERCTHETHOMMHEI KD LN,

oA FHEFHIEI e —L Y A MEZ T 7 4 — (Optical coherence tomography: OCT) FIZBHFE & 7z
Y 2 BARICHE A OW R EZMA 72 DO TH S, FHIIIIREA 2063 2564 )7 500 L C alAE 2 I #E
AWHRETH D WEF D 5510, B— FEAM L —F—F 7% &2 BOME L7263 206 TRk FHE
A BT 5121E, V=W —FIRET— FEMY & U O W 5 % [R50 woks B AR 5 2 AL 228
HBH. FFICHDELEERICOWTE 2 A0 ) R LUEERICOT 2h k% 5 2 5 2 & LR Ao
WALASKD 5N 5 208G EAE . FP-EOM IZ—HA D L — ¥ — i & AR RO H§ 02 R 7% 5 85
DN LEEKT B0, BRERMVAHRNZTbE L THTFHROBRTL - LHREREZIIEEN
B AHHEE AR T 2R R D B, B 2 GHERS L) B L 2o — Mot A2 AT E B,

3.2 FHESRKEHK

Figure 3 1362 & TR EZET. NEI 20U HERD» OB -E—FESTHE. Fv
V7B E N=+2 R FE TOREBES 720 RREN TS, Wikt 2IEo N kE— FRERKIEZEN
ENV+Nf,, v+ N, +A)TH D, NIKE— FHETHBESOEERIEy £, ICBERR L fL+NAFTH
D, REZEEBEEG S NIRETHRIBE A, 25 GHz O FIFE TR THz O JE G IRIZIEA TWiz b

N=-2 N=-1 N=0 N=+1 N=+2
¢ COMB1
‘ ‘% (OBJ)
H Vi i : ’
fe2af A St At fer2af)
' COMB2 '
‘ ‘ . fmt+Af (REF)
v+fa Frequenc§

Fig.3 Schematic drawings of the beat signal frequencies in the optical comb interferometer.
Carrier frequencies (N=0) and sidebands up to second order (N=+2) are shown. fy,:
frequency separation of COMBI for object light, f,,+ Af: frequency separation of
COMB2 for reference light. f,: shift frequency at the acousto-optic frequency shifter.

82



e LRSJ '.‘-%‘

</ )  Laser Radar Society of Japan Iz—"ft///ﬁ—"‘]ax

—~—————

L=ty v v rail 0 3 295 (2022)

I A %840 MHz % Huls & 3% 500 kHz BIRR O 2 23K F W45 510 2, 100 MHz F21E O BSUE 5 821

FEND., ZOMOMAEHEIIEIEEAD 25 GHz YL LI 7% ) BB 0 sl & 7 5. THES 368
W ADSKEER U 7 AVAHE N ASE R O MM R EE TIRAE S D, N IRTBME 5 O AL AHELIE PDI I © 272 (v +
Nf) Tia, PD2 B 20 (v+Nf,) (T + 1) &7 ), SETRHBEEBCHAI L 72X TH 5. 55 0NHEHSK TPDL &
PD2 DAIARZE & IREAEAEE 2 KD B T & X o TSV ZADMAIEN 27f, T A S b, MIBROFHEBICE
b, ANBEEZHOLIZANRT FVIER 1~2THz 23 BB FEEOL 7 4 v TTHEZOZ A ) 7T AD
PRERD ) BAERE—FEBREL TV, WHROLO LI £, 2525 GHz Of, 20 RETONHT A
THIITEA R DOVAFIIE 1 THz O & i 5.

3.3 THEFER

Figure 4 3 T¥ME 5 R EBBOBAIN TS 5. Fig. 4(a) IFZHOL/ OV AW O TR, (0) 1ZWHAIE v 2
BROWHEHRERL T L. SHROCEWECOM TER Y K LEBEES DT 2ICR R o Tn B 72075V ADJ
WZhbTDRTRDH 5. AFH 500 kHz DEi6r, 2us(=Tp) 12 1 HOEE TG E SBEON IV A DE
%)W %, Fig. 4(c)IZHEZR ) DIMOFERT ZBORIR TR LTV A, WHLE ZROUICIIEKEY 7 412
£ % 40 MHz OJHRE AN G- Z 5N TWD. KOV ZAHER ) & 9 KA O AEHEFRIC 40 MHz O 9 7 1) Ik
AR S, HE SRV TR SN 8T — O L 72 ERAS I S s, Kk
G372 % FL % & Fig. 4(d) D@ OV ZRETA 2 us 121 AR S NS, 2T HE TR RE )
bz & THETORARINE ) FADN—ZT RO L) ITREIEREINTHUME NS, KV ADE
L% T, THETORERINOEE Ar LT 5E, |Atl= (/AT &7 5. f,=25GHz, Af=500kHz D¥;
A, ZHREWEEO— T 40 ps OZAL T HAE 5 O — ] 2 ps D2 L & L T 50,000 B IR S U CHEI
N5, AMDOFFIZAFBLOS, OFFIMATFT 5.

T,=1 /(f,+Af) N2 N- NN
2=

o HAAH L
(b) 1 m\\A nA ﬁl n ﬁ ﬁ“ ﬁ “

N-2 N-1 N N+1

(c) I L
Te=1/Af

S

Fig.4 Schematic drawings of the beat signal generation in the optical comb interferometer.
(a) Reference light pulses (COMB2) at a repetition rate of f,, + Af and period of T
=1/(f,+ Af). (b) Object light pulses (COMBI1) at a repetition rate of f,, and
period of T;=1/f,,. (c) The blue color gradient rectangle shows the durations of
overlap between the reference light pulse and the object light pulse. (d) The beat
signal waveform emitted from the photo detector after low-pass filtering.

Figure 5 (&R O—BITH 5. () IEPDI SN ESNESREZWEE, GIEPD22biiliEns
WEGFZTHIETH 5. ZRET O Tp M3 2 WEE 5 DEN Ar 2 S 2 E W 0 -3 K LAN  FREEAS
RKOOLNL, BEUETIIEIMES THh 2 BRET LMERFS % 7 — ) TAH U CHEBEEURNTIC X b 2%
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05

Voltage[V]
o

05

o ——p—————————————
(b) At TAR

04

WWWWWWWWNMMWWWWWWWWWWWM

Voltage[V]
o

04 [

-0.8
Time[0.5 us/div.]

Fig. 5 Beat signal waveforms in the optical comb interferometer. (a) The reference beat signal from
PD1 in the reference interferometer. (b) The target beat signal from PD2 in the target inter-
ferometer. Ty is a period of the beat signals (2 us). At is a delay of the target beat signal.

2aAfAL B3R, FNE 2af, T LA Z TWHRICOBILEREM T 2KD 5. ZFE5 25 GHz O PR EIFH
6mm THY, TOWEIZL LN EE (ambiguity-free measurement range, LLF L,) Z &IN5, 1 B
FHICIZZOHFANOEMP S ONLOHRTHSH. NI AHEMFHICHT 25 E 1 ZEMEREZ Y Y B2 %
BOHENENOMAMZEHIL, N5 OMED S L, DGO FH L Tt gz R 5.

3.4 BRENMESHLERS

Figure 6 X FP-EOM BREIE 538/ LMK DMK CTH 5. RIFGFHIEO 720 OBIES, WESRICOWTIERKE
BRWThsb, TLidihir | GLREIFERGE 4GP INTBY, ERBEHLEIEREOIF T 72X
HRENE 5 2 A3 5. ERIRE O R IEE PO & 24 GHz, RIFEIELF O % F1~F4 1X 1 GHz i T 1 GHz,
1.010 GHz, 1.0005 GHz, 1.0105GHz T& 5. TXTO5RLFHIE —DOBEIEIREL (0OCXO0, 10 MHz) 12f7
MHAMENTWS, EREEOMDIZ 220125# 3N, TAV L= EZALTIFHOLOKR— MIAS.
BRI ENENTA VL =5 2 Hh L CTA4AT2HIIORF AL v FICHERSIND. RFAAL v FIi
500 kHz BN 72 2 DO Z @ INL T, ZNENIFHDIFR—MICANT S, 24GHz & 1 GHz 7 D
B E D HEHER SN REB IO ) B 25GHz DO HRNY K827 4 V% (BPE) T HLTHaL
AR T 5.

3 A TFEHFHIETE T O 2 LI OENEZRD TV D720, BRENMEF IR O AANMES 255 HIS BE
OWRR % G2 5. JHEERAC X W EREMES 2 L5 % & 3l § 2 SRS O MAIMES A58 3 2 Tl O
FHEERCTHE SN, SN RERIEEOR EARAD 5. WEEORBIEREE TIIMHES KLELET

2nfnT + ¢ (AL, T) = 2nAfAL +{$) (1) — ¢1 (11 + At + T)} — {2 (1)) — 2 (11 + AD)} (1)

ERTIENTEDL. HHBMETORAEMRLZ 1 L L, At Z2HEICLZNER ORI TH
B, FBHy INONHMES 2 KT HO%E ¢(Ar, D EFE L. ¢,(0), ¢(0)1dZF N #F COMBI, COMB2 %
BRB) 3 25 5RO AHMES 2 3. ¢, (1), ¢ () ZIRAHI O 24 GHz F8¥#ir & 2 B39 | GHz F8 4t O AHME S
Ga(t), 51 (1), oo (1) TET & ¢4 (1) DI I NT,

¢ (AL T) ={pp (t1) — dp1 (t1 + At + T)}~{pp2 (1) — ¢p2 (11 + AD}H{pa (1 + AL) — pa (1) + At +T)} (2)
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Fm1
BPF —Il

Reference .
oscillator Main |
(10MHz)  oscillator

@ ----- >®— Power \fsolators Frequency
Fo | divider mixers

Lo RF Fm2
Sub _ (%)— BPF ——H

oscillators  10lators RF switch e A

C ‘ FO: 24GHz
‘r E3 | F1: 1GHz
F2: 1.010GHz

F3: 1.0005GHz
F4: 1.0105GHz

Fig. 6 Schematic of the modulation signal generation unit. Amplifiers and attenuators for ampli-
tude adjustments are not shown. BPF: 25 GHz Bandpass filters, FO: Frequency of the main
oscillator, F1-F4: Frequencies of the sub oscillators.

B ¢a), dp1(0), dpr (DIZTLNIHT L 72 58 3REE DA AMIMER T B o TIAETEIREE~ O AL [ AT A2
BOWTEMHETHL. ZNENRMEZOITLIIEHEDOIETH L. KEEPKEWIZ LT ZROMBIRL
KONEFHNE S D XA B, 651 (1), ¢p () DREHFEZZNEN AM+T R A TH D, ¢p(0) OBEHZEZ T
TH5bH. TP ESEX M2 HET 2BMTHoT, FHEI0m ELTHRH 33 ns BETH B DITHA,
AT HE T ORMECORNFIHTH VKK 1us 1242 5. fH L2 BIREGOMHIMED % Table 1 1R,
F 7%y MEWEE 100 kHz O AHMES 1E 1 GHz 45 56 3% 2% T — 143 dBc/Hz, 24 GHz # D 5&4%%% T — 110 dBc/
Hz £ %2> Tw5b, WV HMETOKRE W24 GHz BRBZIF IV 7ORBEFTLLTBLIETED
PEARMES S Ac IHBIE S BHINE S0 & 2 E T VI IR o TV A,

Table 1 Typical SSB phase noise of oscillators used in the optical
comb interferometer.

SSB phase noise [dBc/Hz|
Offset frequency 10kHz 100kHz 1MHz

F0 (24GHz) -107 -110 -125
F1~F4 (~1GHz)  -123 -143 -160

4. EHEIREE

Figure 7 \3M GO BRB)F W 25 GHz 1251 2063 2 T 0 3HRS B 2 2577, SE R 2 us Tl
10 B EUS L2 BT — 2 D oRtH LT 7 VO FRTH L. 7—F MBI 2 ps ITHEE S
TWab7, #HifEdT s 2us MBOBEKT— 7 2 PFHLTRVEABOT—% &A% L, BEKKER 72 <
T = WE SN T V572D L EHRAMIE - L Twa. () 1l 24 mm & 27 mm 2B 58
HMERBEOMBEZ 7Oy P LAKTH S, 24mm i Ar=0 OIREE, 27 mm (| Ar]=1 us DIREI G
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Fig. 7 Precision of the distance measurement. (a) Allan deviation versus averaging time.
Distances are []: 24 mm and 2 : 27 mm. (b) Allan deviation versus distance.
@ . averaging time 2 ps; A , averaging time 1 ms.

L. BHUOAEELL, BB 2 us I2BWT 0.3 pm R, B [ ms ORFICB L2 20nm Th o7z 5
M IEPERE 27 mm DOSRADIZ ) BFHIDOIX 5D E AR E V. 100 ms~1s H72 ) DAERIZT 7 ¥ 53 i
R 27— 7 D3 Z & RMESFT OIR) R 22 5B R LT O ETH 5.

Figure 7 (b) (&I BidE & ASEE OBIMRZ /R LT\ 5. NI ERRE, #EHiZT 7 » 080T R TH 5. 7Hll
JINE A O piAs 2 ps, ZAOKNA 1 ms ThAH. THHETORIEEFHIEL 2 us T 0.2 um & 0.3 um O,
FHEM 1 ms Tl 20nmm BETH -7z, HEES2m THFHEY 2us T04um LFTH 5. EHEEICE W
TIEPEEL, (56 mm) OFMIT|A| OBERICEGLETT 7 Y orHMEOMmAR, BAO#Y R LABN 55
BEhoTwnad, F, REMIZIET I VHHoB/MEPSKEL Z2EIMbADNL. ZRENTHETD
BN A ARAE T 2 BISEIRG O MARMEY, WAOCORATIRG ] T \ZHAE 3 5 3R O VATHE S OB A &£
TWbEEZTVS.

5. EBREt

BEIEFER T RO T 2 FEFHEEOW Y FHEZ X - TREEHREY ZRCEFETE 5L, o o
FFCIREORAVEN SN TV A, LT AHEERHIERRAR LU ) B2 20 BBOHEEZEHIL, 2h
S OFXHMEA S L, DK OMEEZ F I U R BEREZ RO Tn 5. BFRIREF O Fo & REIE ke O
W FI~F4 DM THRAETE 5 4DOFPE, 25GHz, 25.010 GHz, 25.0005 GHz, 25.0105 GHz T
COMBI1 # EiE)4 %. COMB2 I3 % (2 COMBI ll & 500 kHz &\ O JF I B CHRE S 5. BRE)JE i oo 4
10MHz TH 15m £ T, X527 500kHz TH300m £ TOMEIENTE L. B0 B2 EN -
B, RAOFED X, ZHIRB OB Z 212 L, M inEz R 27201283 2RHIZY ) B2 L E 50
H2EZHTH 1Ims THDH, BHEMIHED KLY 1kHz O 7TV 8 4 A5HISTTRETH 5.
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Fig. 8 Measurement error of Optical comb absolute distance meter (ADM) . Averaging time for
distance measurements is 100 ms. Distance error shows the difference between an optical
comb ADM and a standard laser interferometer at National Institute of Advanced Industrial
Science and Technology (AIST).

Figure 8 (36 7 & Wil 5T 2 FEEFMA AN ZERT O F b ¥ 2 VICF B AA TN RS L O B %
fTo7#RThHs. THEHI IO -2 %2EE, KAHMETHLY hay 7Ly B L7 FEtHo
Y — APRITHE 1/ O2RTH 3.6 mm TH A, HEEAS R VIZEE - AFOIKRIC L) G EREIMET L
72, 90m Z M2 CREEEARICE VIERMEE 2o/ 2 A T2 ITHY - 72, Fig. 8 DRI L —
PF—WEIROWEMA SN 2AHEFtOMEBEZ Z L IWETH 5. a2 liEihd L —F—lERE
NRTEDICFHIIE N TS, HREICHE L CRREDOHIESK & R ARSI, HWHREOKE 31X
Im®»H720 0086 um FEETH -7, 10mBEEFETIEREITBLZ 1um DI E >TEY, 90m Lo
PREECH IR Tum BETH 5 2 L AR S N7z, 5F-M L 72 BT o BRI # S L7z 0CX0 o5tk
JABBOBEFEE 1x107 ThHose. FAHEMIEICHEE L2 BRiE~10 S REOAHEIS & S
a2, ZhLLEEOEREEZHND.

6. FAREHAIZS

6.1 # K

FT ATFWRIE AF ¥ FIC L 2BHEHEOELZMAG DL 02962 ARG TH 5. Figure 9
(a) IZZONBIEEZRT. BETL—F -V —2% 2%y Y L%25 L, OB ORE S04 2 KdDT=W
TIRIRZRT WS, £, D325 GHz D6y, L, AN T 28 S8 6 mm % 2 204 % 51§ % & FHllHE R
BES L, oMV ETATLE). KREFGOFHNISHIS T 2720, GHUKESBRIEZ % 255, 28
I GHz TL, 5% 150 mm & 2 20 I L7z £, 251 GHz o358, FHlloIE s> X1, f, 2725 GHz ®
Wit I LR 10 B0 um TH 5.
HWENGWIZEDETFZ IO DL ) ITHBEDOAF ¥y F 2L TWD. E— AEAED 100 um T 1 il
90 mm MFEDHRFAF ¥ F L EMA T — I E2MAEDEZL0, 40mm A 2HEFAF v F T —AEE
60 um % BT 5 S40, EFTY TA5mm A TE — AEED 22 um ThH 5 BREINO M5 £\ O E%R
X TH D, L0 IFHBRMKERHMENREEZTBY, EI2f, 251 GHz DRFHEMARDLET V5.
EDAX ¥ F LT Lty M)y 7 RERDPHCSLNTEY 2% X F A 5 @RI > TEEISHEN
C— 2232559105 Tna. MY — AH#E8% 90 FEHT D 115 3 7 — % [l S & CHFENT % %
ZHINICAF Y VT AHEER S0 L HMTY AL I 57— 2MAGDETHENEZFHIT 2 %% % L
BIRPELTVD. LV A, AFYFRAT—VHFEIGENTLEARIHLTE, FXxYTL—a 2L 54
EZToTwWAh. 4V I74 v oee LTHBT25A 03 AT — Y DAL o RS % T3 o % fi 350 L
THGEBEIZHEE) L 7-5H2M TS, T A VRl EE DS 5 —T7 24 AZFEHL TR E2 21 TE
Wz Flr, ZRIEWIRT — % £7213 OK/NG HIEh R 2 3. FRERN 2 WER X, S40 D4, HEkk
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(b)

Fig.9 (a) Optical Comb 3D profile measurement system (L90), (b) Scanning
heads. (Left) 1.90, (Middle) M5, (Right) S40.

40 mm X 40 mm O, WEY v F 50 um, P4 DLEMT 8.6 F, L0 OHyé, #EAE 90 mm X 200 mm D
HPH, WEE Y F 100 um, FIE 4 DOFRAET27.6 B TH%.

6.2 EIER

AT VoA, JHERL TOF 71 X 7 7% ¥Rk 4 % 6 A A=W GTEHIBAR 3 L o0 H 2 T a A Tk %
M Z25Hll oz i, SERKOCEHBETH L. HEHIW 2 \26F RO EHKE TIEBHEE (Working
distance) # K& ENT, BEVWROKRLAXOHEIZIR G FHIITE 4. Figure 10(a) I A4 TIT > 72 HEHL T
YT DY) =Ny FOMRBEEOIKMES TH S, fH LBIREHIZGRIE L0 Y A7 A TH 5.

AZ : 10pm AZ : 5um AZ :2um AZ :1um |_2

[ 18um 8um 3um 1pm oum |

Fig. 10  (a) Measurement example of cylinder head using 1.90 system. (b) Measurement
example of a step master using S40 system. Color bar shows the height along
Z-axis. (c) The cross section of the step master measurement example (b) at the
1 um step.
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FE SN S IRBEE TR 2 I L CARZ R CTE 5. MBEEAROM 1 & LEIC B\ TR R 2208
00lcc #8159 B L dH 5. Figure 10(b) 1F S40 ¥ A F LI X BB~ X 7 ORMILIREIEBI TH 5. Figure
10() B~ A 7 e R OB 1 um H5 OBHIK % /R 3. 1um OB ZEF THEICHHTE VWD I L
Vb,

FALRHERTIED 505, AARETIWEHIERNE (BUEO & TR 7B 7E 7 iAE © QST) TG
HE T O B R ) o Ao B I ERD T b N, b MBS H S hTw Y. gt
RDFMN O P FHHA AR THED 1A EE 72 5 0.02 mm ORFEEAGER S 7z,

FEZRICEHINC I 2 R BT B A%, BEWIN T X N7 IR RI D X 9 1212 AR D 70\ 58 FE 7 P S i
BRLFHILR T WHRTH S, BER, 75 AF v 27 % EOEIEUINOLE IR O SV AR
%. FHAERZEZ R 5 372D ZIE KT 2 5 O FIHE 2 BIRWICHUS § 5 & 9 &M 2 E L EV D 5. HEIHIK
SHADS A, X L7250 SR & < e T & 229 B IO K & ZRERNIZ S Er B O woT
WErslE L., TR 2 TRESORMSE—HEE»S O EE LT VT) AATHD20, £E
Pt % S8 2 BBUIR O P WA R T Tl 2 R & KT S/ 2 LU % LIEREDK E & 2055
%. 3 AFWEHT OCT OFHAM & U TIRE S NAHMAIEIZ 2 o T % O THRESE OE#TTT
WEBICETIND. WENRRLNBILALDHIZIIET 205 OTERIUSHEREO EAE TN 5.

7. FEHERE

BROGFERADE a2 2588 & T DT 206 v 2 BUEERE, TRIREHIERIC O WC, B R B & 5 B
ZiA L7z RATREMENN (TOF) % B & § % 5eae et & LCid, SEMmEAR O EERE 2 FIH§
PERTTA L EARTHPE LRI E L Cwa. FHUEBIME L IEMES A% 1 um T, &M (L) D
WOEHINZ 500 kHz O#E D & LHEBTHET SIS, REEETHH 1 kHz THETE 5. 63 2 TRIREHIE
FFEEAR TORN, ROIEEHEE, mSEh 7 — G, SRHERZEORRZALTEY, ABHEEED
HORBSER . RN LSO A > 74 Y HERETOMHADIHEE > T b.

HORBLER it XGRS TG T & 2 WM IR 2 BRI & 7 o TRIEZADERMRA AT L T 2 BIA
L. 7RO R LI ML IR IR WCERH 2 25 57204774 Y ORESMY TiHrbh bl &
D725 72, T ZHAMI X 2 ZROCTERGHNEFHIRS L & s 2 W45 2 L&k ) T b iE 2 %
HL, MAEADLZHEETL2LOLHFL TS, 4K, IV —BoEZLHEOM L, ABHHRR DS
O - REORh, BUREECHE R EE 2RI 2 s HHPHOYE R 7% EHTRETH 5.

FEHefl - FERR T ORK = UOTIREHING, MA AL T <, INTAFEE D 1) 112 & A nfiifiE % 52
HTES. M7 ZADOGHICUEAN ZEAT L2 & TG & ERRDEIRD SN L. FIEMIIC X
DARREOKT, AETROMFINCID DL S, J —UVYBEE % XX 763 ZHMAIL e Fg s
M, BREE - REY - HANOAMERICHEKT 2L I HA—HTHRCFRT LI L 2o T 5.
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Trends in automotive LiDARs
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Paradigm Laser Research, 7-7-35 Kanai, Machida, Tokyo 195-0072
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A brief overview on the market and technology trends in automotive 3D LiDARs is given. Emphasis is
placed on semi-solid-state LiDARs and all solid-state LIDARs toward advanced passenger cars with con-
ditional driving automation of Level 3 or high driving automation of Level 4. Several recent examples of
passenger cars equipped with LiDARs and automotive LiDARs adopted for passenger cars are shown in
tables. Recent development trends on non-mechanical-scanning-type, all solid-state LiDARs are also
briefly explained.

F—U—F:I4 5=, Bk 3K, B, ER
Key Words: LiDAR, Automotive, 3-Dimension, Trends, Scanning

1. IC®HIC

3WILTA F =&, W RATRV— 5 —TILIN K725 5 AT 21 4 OYIRDTLIRSL BB R O R Bk
Rl AdUCitRBT 22 LICELTBY, HERERFEHt v —HICL > THEOE V=1l h b EEZD
nTwna,

KE DARPA (EIBGmSEmFZeatmi)m) O FMEIC LY 2005 SEICA T 7 FIHEN—T 2 WEIZBWTEI N
7HBGEATICE T % 3 VXTI, 2KILT A ¥ — (SICK LMS-291) % 5 fl#%#& L 7= Stanford K5 H B
5L Stanley 2SR L 72250, RAEIC, 64 AP L — % — 2 B L 72 360° HEH K 64 ¥ — 2 0 3 KT T
A & — % Velodyne tH 12 X VIS SN, TOHF IR LT, TNICEEZMZ 725 %HE % Velodyne
HDL-64E 3L L 72, KE DARPA DEMICE D, AV 7+ V=7 IMOZEEREMIZIB T 2007 FI2EM S
N7 2 85 L 72 HEE T 2 » X (Urban Challenge) T, /% L 7= Tartan Racing (Carnegie Mellon K
Zr GMtt & DA F — L) KO 2L & 7 5 7z Stanford Racing 77— A 2 &®, A& 12 F— 2 0 HBEfEE
DERBIZZ O HLD-64E i X T2,

2009 4E121E, Google fESHEEIF OIS T — A Z B EICIE 8720, INPRBRICHELS XY ¥
7 L7 Waymo #E~EF6E L 72, 2009 4E D Google (2B 1T % F— 2 58RI, Waymo #0258 T O#E
ATHBEE, 2020 4F 1 H1213 2,000 = AV (83,200 15 km) (ZE LT Z&d, FHIE 2018 SEICAETO
HEATHEE 1,000 T~ A VEERLTBY, b3h 1 FETRETHREL 5 S8/ ML, 2020 057
YO N30 J7 A OFRT Chandler 12C, HEJERIEICL S5 7 Y —HF - 22 L T2,

TIK. Wiggers: Waymo's autonomous cars have driven 20 million miles on public roads, Jan. 6, 2020, https://venturebeat.
com/2020/01/06/waymos-autonomous-cars-have-driven-20-million-miles-on-public-roads/  (Accessed 2022.6.6)
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Waymo 10 HEREIREORRICIE, 2O S HMARBICL A L BbNb < IVF E— L4 360° hElEl 5 A 57—
Bl hTns ™

2022 4E 6 HICiE, THETREICHALVI Y75 Y A THBEREOREETRBEZT>TE 7
GM #42F @ Cruise #1725, £ OREEITERBIAMICIHG S, KA TRBOTL 2D, FR»HEEN
BONIERDY 7 —BTEIRARAERRIBTEL I LI 5720 Wit A#&E#EHL, Chevrolet Bolt &
W) ETIVOBEBRHBFEEAN—ZAIZLTEY, ZOHBEEEDREMIZIE, Velodyne HDL-64E & ) 1E 47
DNE R, 360° BEMITLOD T 4 7 — A5 5 EAREHER ST ™

N0 H B E I, RS E ToEMBLEYN - C AL LT, BRICEEICHH SN TWA. Nuro
D% 3 A OFREY — A HEEIRH R3 &, EEK 27kg T TRETE, F7246.7C F TOMZ
RS5.6CETOHMDSRETH Y, RAETHEX 72km/h TTOHTRTHSD. ZORES—ECAHHD)
TEERH O B O 7 &R EIIARHTH 243, /I 360° FERTIO T 4 =2 ERERI N TN 5.

H B ERL L O AT & 2 KREREFE~OF G, BRI X 2 A rkn b, 2B, RE R &
2X D, BEHI13LFMIET S THAD &, 2013 4E1C Molgan Stanley 112 & 0 G X2y, 2 oG
I, 2022 FEHF TILIELEHBERDSSEBTE, 2023 £ 5 13582 HEERO L KN A S TH
59 LFMENTVzR, HBikT2TL <, ZOREHBERONFRTFMIEN % ) BB TH 722 LAY
"o,

Velodyne HDL-64E 1%, 3 RKICT — & BUFMERE R 20 o 7228, BEEDT 13 kg YLEEH L, OMitgA 8 I
FUVRREE LD TR TH > 72720, HEREIREOW R O/-DI21E, T4 57— /N - K li& L2820 T d
5 EEZ 5, 2016 1213 Velodyne #1133l 7E v GEEEAE 200 m THH & 600 g D/NEL 7 360° gl H 5 4 4 —
VLP-32A Z BAZE L, BBy R o KA e I 13 AliA% 2 2 M AR BEAR IR L 72 il 500 NV To#ftAsH]
BTHDERELEY. ZOXIAHEROT, 2016 FEEHFE T, HRH T4 ¥ —Haliom¥Ez HIFL T,
L DAY =T v THRENBAL, BlZI1EOPA (Optical Phased Array) FEMFOBFEICE D, A AL A4
BEAR S £ 7 —2EBITE, mERECIE 250 FVO/NITEAGiZERK T 1 57— 22T X 2 HtErd 5 &
BTV 72 Quanergy FEOEAMIEIE, —FF, 159 FLVEFHixh-2 b dHbY.

360° fEMIL 7 4 & —1%, WM T A5 —ThV, BEREESICE 2 HEGOMERHEELSS S & v )ik
BHB 5 720, SRR 2 SEEE L, ARG O BlEE > MEMS 2 ORERE) & - Ot %2 £ A
5 RIS 4 7 —%, WEEE L R WEREKEL T 4 57— OREERILL Tw 5.

O L) EERR T A 5 —ROEEAEI T 47—, WAL TE, SVAL—F—%Hn»
%% 4 VL7 b ToF (Time of Flight) 6 ONZZEH L 7285t % > 5 FMCW  (Frequency-Modulated Continuous
Wave) M O° RMCW (Random-Modulation Continuous Wave) 72 EDFE BB I N TS, L —F—f
FH12B L Ci, EEL (Edge-Emitting Laser), VCSEL (Vertical Cavity Surface Emitting Lasers), 7 7 f /¥ L —
=T LOLMPIHAEN TS, L == RICHL TIE, NIR (Near Infrared) 3% 905 nm 7 &
%, SWIR (Short-Wave Infrared) 3H® 1,550 nm % EARA SN T 5. T2, EHELFAICOWTIE, 2KkT
B, TRICEREL VRILT Ty V2O, 2RILT Ty a2k EOMFRMIRBENTWS. F7206M
HMEHICDOWTIE, pin 74 M ¥ 44— 1%, APD (Avalanche Photodiode), SPAD (Single-Photon Avalanche
Photodiode), Si-PM (Silicon Photomultipliers) 7% D4 D DPFHENTWE. INHLOMAEEITL S

2R. Amadeo: Google’s Waymo invests in LIDAR technology, cuts costs by 90 percent. Waymo is developing hardware and soft-
ware to make the self-driving car a reality, Jan. 10, 2017, https://arstechnica.com/cars/2017/01/googles-waymo-invests-in-
LiDAR-technology-cuts-costs-by-90-percent/  (Accessed 2022.6.7)

3J. Oliva: GM’s Cruise is the first driverless taxi operating in a major US city. A fleet of 30 Chevrolet Bolt taxis will be operating
in San Francisco, California, June 04, 2022, https://www.motorl.com/news/590053/gm-cruise-driverless-taxi-california/
(Accessed 2022.6.6)

™A. Krush: Why making driverless cars is hard - and why you may have to wait indefinitely for them, May 23, 2019, https://
www.objectstyle.com/machine-learning/state-of-driverless-car-software-2019  (Accessed 2022.6.6)

M. Gauthier: Nuro introduces third-gen autonomous delivery vehicle, features sleekier styling and external air bag, Jan. 12,
2022, https://www.carscoops.com/2022/01/nuro-introduces-third-gen-autonomous-delivery-vehicle-features-sleeker-styling-
and-external-air-bag/  (Accessed 2022.6.6)
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TA T RO BRI Z R T T —F DY, TNOEMET Tu—FICLHHERT A F—I1Zon
T, TRNETIEEL OBBHBZEN TV BT,

360° fEla BB 5 4 7 — 13 HM A2 VIR L THB Y, Ry 7 ¥ —HPeMmEEY - A R
=R EEBRIN TV L 00, fiitk, FHaLOIME G EOBIN,PS, KEEEINTWS HERHFEHE
ANOERIIWPETH AL EZONLDT, T T 360° TERBEMA T 4 & —1CBT23HBIIE &, FHE
IS 4 & — R OEFBRIS £ 57— 12 %8> T, 25 OB & OB L CHHT 5

2. T4 4—Di5EmE

21 BEEHZEOHE T

HEIHEAD T 4 ¥ — ORI, AEEEEOLNVICL->TRAY, HEEEEO L XU EL L 51T
ETA T —HERBDHINT 20 E2 61 50T, FTHBEREOHSEIMICOWVTZOMEZ LR L
TBLLEND 5.

HEEZE O L ~OViE, [FESHAE ISO/SAE PAS 22736 (SAE 13016 & [A4F) TEH LN TWS Y. Zhic
T, Lo HEEEEZ L, LAV 1 RS, LoV 2 I HERERE, LoV 3 ST EEY
L, LNV 4 BEHBER, LAV S 2 HEhEEE, ThD. FIA NI X BN E LY
HFRELRV2UTTHY, LARVIPETREYATAICIBAEMRPLENSL. LRLVITIE, YATLADD
DIAERIZH LT, FIAN=DWYIHIET L EPUETH L. L)V 4 TR, FFeftiticsun
T, VAT ADLETOMRIEY A7 #Efid 5. LNVS5 TR, WICYATADRETOREEY A7 &2 i$
5.

Waymo #I, Gruise #1:, Argo fl, Aurora fh3IC X 20 R Y 7 ¥ =W EHO TR —, B RKbI v o
FORIEE, WELRDY LAV 4 TORHILEZHIEL TIrbNTWw 5%, BEORFHBEA —H—I2L5H
EAFRMEOFMEHEIAT Yy 7Ty TRTHY, LRLV2, LARL3IZEHALTOLNL 4, E52IFLAR
V5 OHEEROFEBE HIEL TV 5.

Z M % Tik ADAS (Advanced Driver Assitance System) (¥, JoE B LRI AT A LFRENTBY, FF
AN—DOFNEE LT HHREE LTHEDST SN TEBY), ADAS 2R3 28T L~V 1 RO LRV 212
YT LHEEZLNTVS, L L, LCEEHKE ISO/SAE PAS 22736 @ 5.2 JEiRFFE O 3 (Note 3)
IZXUE, ADAS &) HFEIA# 2 NE 2 &8 O THINIE RN T 2179 OIZ#ES TR v E LT, ADAS
EWVI)HFEICOWTRERD LR ENTWARW, L7225 T, ADAS LX) 4, ADAS LNV 5 & \wvo 72KH]
AHBE L THREETII AW 2 ZTld, Yole Development £}z UF Woodside Capital Partners 1 5 77 o i
FEOMHBNC R 55T, BRY 7 —L EORMMAEE XY 572012, HEMTHEIZOWTIZ, ADAS ¥
EIFRZLIZT S, o T, LA 4 L RO HEEIREZIE, LAV 4 DL RO HE KUY ADAS FLAE £
NDHZTEIZHRDH, LV 4 YLD Y —DfliE O T EMARRIZ RO T, LAV 4 D EoEHEE R
BRLTTICHMEINTVEHD0, L)L 4Ll ED ADAS AR FE SN TIRERD 2% B2 5 HNI,
PHRVBICELLDETFNENS.

WA LI, 20184E12, KE - 7V VFMIZBWT, ¥ 7 ¥ —&MirA o QEhEiEs 81T, T
RBEFEEOANERICXY, HEFEELLZ L™, 2020121, 20 FHMOIEKERIET 5720
2, ZHOGEFHBEEEOETREBEZ PR L2222 8I2X D, LAV 5 oesHEEEZ HIE L 728)
TP L, WFELRMZWM L EDRITEMREZR LX)V 4 1I2R%E L 7253812 AV (Autonomous Vehi-
cle) ERDY T MLz, LAV S OREHBERE OIS KIE, #422035 FELEE 022 D KR DD
LEZLRTWE Y,

"®Anonymous: Mobility experience (MX) concepts, https://tech.toyota-boshoku.com/global/innovation-design/mx-concepts.
html  (Accessed 2022.6.7)

TAnonymous: The automotive LiDAR market, April 2018, Yole Development and Woodside Capital Partners, https://
d19j0qt0x55bap.cloudfront.net/production/onboardings/5e5421415aaa397b552399b4/documents/file/ Yole_ WCP-LiDAR-
Report_April-2018-FINAL.pdf  (Accessed 2022.6.7)

Anonymous: Uber’s self-driving operator charged over fatal crash, Sep. 16, 2020, https://www.bbc.com/news/technology-
54175359  (Accessed 2022.6.7)
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0 AL A S LT 2019 4E 1 AR S vz BB 0L FIIC T 2B i L g, BE)
TR O R B OM N, 2030 FELLRTHIEIETH D, 2030 FELFEO VT NHADEIIBNTILE L3 D
FUONEL, FRUBIIBGEABDSEFIMO, 2040 I B EHEIOET L EDT & 2020 4EI2HEK
L7zaurMic k28 aEBICAND L, HEREREOS R RO LD 25 ICETERS W
MDD B, LA L, BT 5 X912, BEEsECORMBOMEETHZ ERE L& TToL Y
3 O HEYERRAT 2020 SEA 5 2022 SEISHUT T, HA, FA Y, hmEZETHRIMLEN/20, FIZLAXL3
D ADAS HIFIZ, T4 F—ERoOB XA, WIMN, HAR, PEEZET 2021 FLREICDOPITHRILL T 5.
D7z, 2022 4F1x, ADAS BNTHIL T 4 ¥ — OEEICFE & AR LRNICR Y 2O 5.

2.2 HEF T A—OHiHTE
221 R&RIZA Z—DOhizEm

2022 4 5 HIZ4 ~ 9 A4 » CThfit S 1172 EPIC Online Meeting on LiDAR Miniaturization & & L 723G 1281
% Yole Development #:12 & % F 4 =i ORZIZHET 5 7L ¥ V&R 2L UL, 2019 4F4 5 2026 4F F
TOIA T =TI\ T, H#&N (ADAS, Robotic Cars, Logistics, Smart infrastructure, Manufacturing, Wind,
Topography) (2, ZTNZNE LE R PBEROFERERO T — I BHMENTwE. ThiZ i, 2021 4F
5 2026 AF AT TOHERGE EE O CAGR (EFHRES) &, TN, 94%, 32%, 19%, 38%,
4%, 2%, 6% THY, T4 ¥ —DOEMEDOKIE LE D CAGR 1£23% TH 5. 2021 H£IBIT 50 L,
2002 FVTHY, HEBORE RS (BAHG FV) 1§, ZhE8s, 146, 195, 78, 307, 45, 1,146 T
HDH. TIHIH LT, 20254E BT HH5E EEE, 4359 FVvThY, HEWoR s GER FV)
X, ZNZFM 1,387, 470, 403, 252, 352, 48, 1447 TH5h. 72, 2026 FEI2BIT A H5E LEE, 57.18 &
FVTHY, o EE (EAEH V) &, FhF2318, 575, 466, 466, 395, 379, 49, 1,534
Tdhb. 2021 F£12B1F % Topography (MIEEFEDWE) HOL = 713572% L &L, by Ty =27 THEHD,
2026 4E121E, ADAS HLHZASY =7 405% &%), by Tv T ERoTwA.

T/, LR UVEVERNCI UL, 2021 FE200 5 2026 FFI20T TOH BRI MM AEO CAGR 1X, ThEh
108%, 52%, 37%, 32%, 10%, 5%, 9% CT&H 5. 2021 FEICB 2RI ERIZ 37T EETH Y, JHEBIN
et (MATA) & ERFh 143, 27, 55, 60, 67, 0372, 18 THAH. ZHIZH LT, 2025 EI2BT
LT AEUE 37.68 BETH , HEMNMMW AR (HALTH) &, £hZh 3110, 150, 225, 157, 99
0452, 26 TH5b. F7z, 2026 FEIZBT 2R AT 6457 BATH Y, HENMmER ETE) &,
ZNEN 5,599, 216, 266, 238, 110, 0.475, 29 TH 5. ADAS B, 2020 4FELLATIZ I A2 /NE <,
HAF AN —ZATO v 7 ¥ = 713 Manufacturing (3&) HTdh o 7275, ADAS HiIJIZ CAGR 23 & & T
KEWD, 2021 SFIIEHITEBDO Y = TH38.6% &), My Ty o7 lholz 20254 KU 2026 4
BB I BN —ATO ADAS O Y = 7%, FNEN825%, 86.7% THA . LA, ADAS H
F B OF Robotic cars HHD 7 4 ¥ — O Hifili (FALT Fv) ZEHRELTARIZE A, 2021 £ TIEENRE10.59,
54 ThHoz. Tz, 2025 F BT LN S HEMNOHEAM (EALT FL) &, FhEh 0446, 3.133 ThH
b, F7z, 2026 FIIBIT B ENSHEN O AN (BALT FV) &, ENZFN 0414, 2.662 ThH 5. ADAS
i ) OF Robotic cast HHD I 4 #—1%, WIN KT A MEAHER L TW5b725, ADAS FHIZAT$ % Robotic
cars 1 9 4 & — O MG OMIRE LI, 2021 421389 9.2, F 72 2025 4E [ U8 2026 SE X F N EI7.02, 643 TH
%. Robotic cars HHT7 4 #—DIII)HN ADAS BHH I 4 ¥ — L ) K3 A MEDSBEEICHESL D OO, ZOHM
1, 2026 4FEICB VT H ADAS FHICHAR TR L LT )V RMiTh s Z L2550 5.

Yole Development #1: & Woodside Capital Partners #Li, 2018 4F 4 H 23R CTHIM T 4 ¥ —miH I L Tk
HLZT 207V E CERITIE, 2016 4E00 5 2032 £ F TORMICIOWT, ADAS HiH % UF Robotic cars
IZoWT, W EHE LB EHOEREBO T — 7 FH LLIBAESR TS, ZhiZkhiR, #lziE
ADAS HLH @ 2021 4F, 2025 4 L 0 2026 £ o W48 (FALE T Fv) 13, £hZh 176, 1,535, 2,532°C
H 5D DITH LT, Robotic cars H 0 2021 4F, 2025 4F ] T 2026 SE O M &8 (BALH T M) 1k, Zhven

A. Debray: LIDAR market overview, EPIC Online Technology Meeting on LiDAR Miniaturization, May 9, 2022, https://epic-
assoc.com/wp-content/uploads/2021/12/ Alexis-Debray-Yole-Developpment.pdf ~ (Accessed 2022.6.8)
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1,614, 4,655, 5,075 £ 7% > TH Y, Robotic cars HDIMFHHREDIZH) DX ADAS HHOZFN LD 0% ) K&
BRI EFUEINR TV LS hs,. ZOTLEYERTIZLE, ADAS HH o M4
Robotic cars FH O w48 % #& T E % D% 2029 4ETH 5.

Hif 3k L 72 Yole development £t 2022 4E 5 H D 7 L ¥ V&P & 2021 EO MM &2 B L TAH B &,
ADAS B O I &%, 2018 4E P L 72 I & D 0483 f5TH 5 DI L T, Robotic cars D H
MEHIL, AL 009fE%EoTHEY, TRETIX TSN T ANHBEARIEICH ML TLES22
L D355 H 5. Robotics car O M & E O FRASKIEIZH/N LU -8 HIZ, Bl L, 7y =&
Ao HBREREREIGET, ETRBEEEORTEEICLY, REFHRESBAE LA E® R, 20204121
IR FMOWKREIET 272012, ZROGEPHEEREOETHBREZPI L2 &2 EI12X), LY
5OEEHEEEY HIE LB XM L2 L lIL b DEEZHN5.

Strategy Analytics #1:12 X 2T 4 ¥ — 12T 22021 49 H 7 HHFFOLE— 9121k, 92 1<A
N OSEHEE A B EER S v VR KRB DA E TS SRR R O R 6 b DL O KRB SR BRALL 7
ey 20 AR O LB AT R MREE 5 4 47— D 2018 4E7A* 5 2028 4E F TR EEH I o Hifif &5
BoFHridifshcnsg, S, #l2iE 2021 4, 20254, KO 2026 E0BIMEE (HALT
) IZ2onTit, EhZF1188, 3,025 5,111 &7%->Twh. IIHDfl%, Hizk L7z Yole Development 1

12X 520245 HOFLE VERT ICREIMEI N T W72 ADAS IO 2021 48, 2025 4E, o UF 2026 4E 0 Hif
ﬁ&(ﬁu%@,%h%hm&3na55w&whbf&6&,mﬁﬁﬁ M9 W FillciE, £hi3
EREBHEN RN LG D

F3k U 7= Strategy Analytics #1: L — M2 X AU, s o A0 b v 71E, 2026 4 F TREON
TH DD, 2027 FLREIEHEN Ny T2 b L P EINTWS. 2K, 2028 FO# I A E1Z 9,707

BTHHH, FEOHIE > = 71, #E 30.0%, KM 293%, NAFTA (ALK 3 7 E) 23.8%, HA
9.76%, Wi 6.97%, Z DMk 0.06%, BENEFNTFIMENTVWES

HENCBIT S T4 5 —BROEHRE 4~ 7 — %/FT@$LT&ét HEFECRRSI N7 a r%T
1%, Frost & Sullivan {LD L AR — b & Ml c e L7254 = HBIC T 2B 20 £ AbNR5. L
P LEAMOELDEZE L KR — MEIEITH 5720, BHFIIU2o THEHRIOLZLEHELDOEDLE2MH%
W, BEEEEHRIC R 528, HESRTS A 57— X —H —TdH 5 Neurvision 071 711012 XL X, Frost & Sullivan
i, 2025128 S T4 F—OMRTHELHEBIZ 1354 6 F)V, 2019 2005 2025 4 F TOEFEYEERIT
64.5%, ZDHH 2025 EOTEOWIGEHEBIZBIE RV THLEFHLTVE. IA5DT A 5 —IF,
WHOIEAIZ, WEMEHAZEMORAERLEATWS EEZ LN, Hidb L7 Yole Development £ 2022 4
SHOZLE VBRI S T W72 2025 FEI2B T 2 BB T 4 77— O MATEE 43.59 8 KL & ik
L Tk b &, Frost & Sullivan #7237 L 72 [F4E O i 35 BB, Yole development #1257l L 72 15 ¥ Bl
3 ETHL I EDGN05E. FEE YA RTERA R PFERMAEL, THHLHDKE DO Frost & Sullivan ft:
WL B TFHUEDIZ ) ZIFA TS DH S HNZ N,

FHATAF =1L TEL D7 a7 %%k LT\ 5 Patience Consulting £ Rangwala KO FH~<IZ L
X7 ADAS B, AV (HEBERHE), KON v 71T O TAM (Total Available Market) 2B L CTHifi L€
WABTHHAEL R — ML 2 W OIS, 2025 EA% 106 8 KV, 2030 0% 310 Fv o 2
EooF 7 2025 FFICIE LN RULNRVADHENESHITR, LRVAD Ty 79357 TR I NG &
HESNTBY, 457 —oflitgid, HEE 154720 1,300 FveisZl, 7220304121, LANL3
ROV 4DFEDP 20 GHE, VRVAO NGy 2B 4FHAHMEN, HBHE1GH200T 45—l
Held 1,400 FIVICHR B 2 E R ENFBRSENT WS, 20254E LD 2030 DTS VHBE 1 AH2Y) DI A
i % HBAE, LAXVIOHIDSEEDIA V-2 0EETHLXRXVADHEDOENET S
72HOTHHELTVES

"%Neuvision, Inc: Insight on LiDAR industry chain, March 18, 2021, https://www.neuvition.com/media/blog/LiDAR-industry-
chain.html  (Accessed 2022.6.8)

11, Rangwala: LiDAR: Lighting the path to vehicle autonomy. Automotive LiDAR is a brutal but exciting business, and there
will be big winners, just like there were in the fiber optics boom-and-bust period 20 years ago, March 1, 2021, https://spie.
org/news/photonics-focus/marapr-2021/LiDAR-lighting-the-path-to-vehicle-autonomy?SSO=1  (Accessed 2022.6.8)
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SAF—DF 4 FIL, BREEEDOHEL X OEROBIERIZ LI2X 5T, (L—H¥F =ik 360° g5l
D) B, (V=W —REIEEEZDS, NS TY — 2 O M5 2 M ERT 5) EEER, K&
ORI BR B 2 2 B E 2 VEEAEID 3 ¥ £ TICRKRELS G TE S, ¥—20ERIC MEMS (Micro
Electro Mechanical Systems) % % MEMS E&R T {4 ¥ —1%, MEMS D BREEBAMED TH/NTH S Z &
Po, EEAEMT A ¥ —ORFIZEDDLLEVIEZ L, MNEIZwo TS MEMS ([ZIZRERAHFEAET 5
DT, FEERIAF—IZEGDDEV) ZHBY)DEZDHZDT, MEMS EEM T [ ¥ —DALEDIIFIC
BHEENLETH L. SRS 4 5y —I12iF, C—rERBELLl 6w IIv 254 —L, OPA
(Optical Phased Array) 72 E DWW R TERIZE D A S L A — A% EBET 5 4 5 L 2R A T A
FTAT—=ENDHDH. ANV ANMFNERTEICIE, %BT5X9I120PADENICHHEBOEETELED %
A, L0 HATHGEMCHET 2@mICBVTIE, A A L ARFESETRONMZ XML, Fh
b%—5 LT OPA OHiliEL AT T LIZT 5.

A7k L 72 Yole Development #1: & Woodside Capital Partners f1: & %, 2018 4 4 HIZH[F THEFE T [ ¥ —1iH5
WCELTHE L7 LE VBRI, PREAES 4 55— 2 GARERRK T (¥ — L 2RfRS 1 57—
2530 C, 2016 4EA 5 2032 4RI HF T D, ADAS HJH % UF Robotic car 1D 7 A 7 — O WA U T B 5L
WZoWT, FEREBEZTFUMLT0E. COTLEYERIZBW TR, MEMS EEM T 4 ¥ —1%, 2EHRE
SAF—DOFEEICHDTWD, I I UL, Robotic car HIZDWTIE, FIZIE, 2025 £ 1281 5 4B
KIA T —ROEFERMT 45— (X HVARFNEEREEZA LZERNI A ¥R T7TFy 254
F—) o bE WATEH V) &, FhENn4582, 13 THYH, EEAMS 4 5 —D Y 7% 1.6% Kiil
Thh. 20324 ITDVTIE, FNEFNG6719, 1492 THY, EEAKET A ¥ —D Y =713 182% FREZF T
BELETFHMENTWS, —J5, ADAS HEHIZOWTIE, BI21E, 2025 EICB T B M5 1 ¥ — R
AR S 4 =5 L QA EHR FV) &, ZnFh 1312, 223 TH Y, EFRARNS A y—nv 71
¥ 15% THAH. Zoftiid, FAEIZBIT S Robotic car HERARI T £ ¥ —d ¥ = 7IZHART, 10 f555K X
W 72, 2032 4F 12DV TIE, ADAS I O &M T 4 ¥ — RO EREERI T 4 ¥ —% ke (BAH R
V) i, FRENR2068, 7550 THY, EEEMS Ay —DT 27 I3H85% I CETEEILLDE TR
NnNTnwb.

ABI Research 113, 2l N2 Wl I A A~ — 714 R, Uil EeotvFa) 51 —H, THA
HETOMRMEER L EOEEMN R EIHHEINDETA 5 —% 10T 54 ¥ —LMEDT, 0T 54 5% —RJRO°
BT 47— DOFE 2 LRI 2020 2> 5 2030 SE 2T TOEXBERZ FHL TV S, ZhiCk
g, BT A4 75— DI ) PEBR—ZATOREEIFH D OO, 2020 £205 2030 4EF T, HIZTI0T 54
T—DIE) BEBNR—ZATERMSTEY, 2030 4ETIE, FRITA ¥ =13 1295 GHELDICH LT, ToT J
A7 =12 1598 HHARIC LA LEFUML TS,

F oML, BHKT A ¥ —12on T, BS54 45—, MEMS EEREIR 7 Iy v alls (55— R
DA N L ZADOWFENERFREARE T £ 57— T, 250 2020 5205 2030 FEI2HTF TOEBRELD
ERMERZ TFWL TV D, Fig. 112, THHHET A ¥ — OERIERZRT'Y. Fig. 112513 2 B
(Mechanical) 74 ¥ —121%, &@TORFEAKE T 4 F—nEHEThTw5b, ik, BENLEBOERE T A
T =1 A L AR AT ROEARR (Solid State) T4 ¥ —TH V), M/heHh 4 X TH-THEMKN L
BRBYE %2 & A 72 MEMS BRI 5 4 7 —%, @il COMBIIAMELT Ty 254 F—1%, WMk
A7 =L A H L ANFEREETRERRS 45— OB ET 2EENRIA T —ThbEEZTWH
5. WA S 15— MEMS EEMZ2&E) OV 27V SA 5y —D v 27 20O TBZ A,
12025 4S5 2026 FEICHIT TORPEEINT WS, AH L ABFERTRERMS £ 54— (FE LT
FMCW /X5 4 % —) 1%, i ToOND L5 RelAT2026 SEEHEZZ 5NLTE Y, 2026 FELLEDETFI
BERIILZDENDOD, ZOY 7122030412 % > TH MEMS EEM T4 ¥ =R T7Fv a5
F— S b MHEMEDTDITA F =123 RIEEVWEZZONTWAS., 5B, AL ANRFERERTR
ARl S £ & —DREREBANR— A TEBA T 1 5 —1CIZIZB WD L DIF 2029 FEEHEEZ S5NTW 5,
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Fig. 1 Installed base of automotive LiDAR sensors world markets from 2020 to 2030'0)
(© ABI Research).

3. EH I H—DHIK

3.1 TREREADOSA F—EHIKR

Table 112, 74 ¥ —ZEWL-AFHEME WM 7 v 720 KRy 72 —EFOMMABEIIREL) ow
LOPDFFNZOVTD, EWLI2T A4 5 — O L BB ZICET 2 ~E2RT. Rlido(f 5 —%%
LB ZH L Cnbed, ZROHTRTEMMELZLOTIEZWI L, RUERENT 4 57—
BIZOWT, HPH XA - =25 LS AT AI L 3H TV VDT, MrOEMEGEATZA VY —% v F
TBREMBLIAREZL DT DD TH S 720, WBNFICFHENIEEINTEY, 2425FT LA
WABOEIPIE L W EI DG hEhnEtny 2 ezBli) LTBL.

Table 1 121%, HEJHE X —h — 20 OB RSN T2, HEE X — 7 —FoEMATUL, FE 11
o R4 w3, kE3H, HA24, 2 z—Fr 1 #THY, FEOEBE X —H —KHBEE WIS
V. 7, A —EERLUAEME, EENICERKABE (BEV) %W X) THhb. Table 1 IZEEHS 1
7294 7 —OfHEADE, 360° FEMB O T 4 57— RO A A L ZENEE T XEEAEE S £ 57—
7% ADAS IR S NI R Y7250, ZhFEFTHEZ A, ADAS HFICRRH I N5 14 ¥ —1T,
WIENLFERS 4 =Kl (BRI A F—DIBD) 75932545 —DARTH 5.

2017 4F1C Audi 3HEFHZJEERT T, Valeo ## 5 £ 4 — Scala 1 #FEH L 72 LNV 3 OEREZ A5 5 ADAS
HFASZRIT LA, TAMOMEENRH Y, TOHLIESL T4 F—%23 WL 72 ADAS BN %7 >
72712,

LA L, 2021 SELIBEIE, LRV 2 ZEEALLZL NV 2+ %, XD EER LNV 3 OBREE A L7 ADAS
B e CEEINDL L) IThoTz. ADASHIZIEZ DLy — (B A7, L—F— BEkLI -1
E) BEBEN T2, Tesla ttUANDEL S OHBIHE X — 7 — 1%, EEFEZ LNV 3D EOEEOFH
21k, 94 ¥ —OBBIZIFIZBAELEZ TS EEDNS. Yole Development £ D L F — 11712 X hig,
2021 AR5 3 PUREIIIE T, HBJEIAT O 7 4 7 —FEICH b > T ERIT 60 L EH 225, ZDH b
BRI BB BL52 )8 H X — 7 — (OEM: Original Equipment Manufacturer) (ZERH S725 4 ¥ —+10d 14 #1H 5
EoZ k. HEMELTRIRS N7z (Design win) HEUZ 29k 575, T OHEAN—ZADHERT 1 H°
Valeo #1: (28%), 2 £ #% Robosense #1: (10%), 3 fi »% Luminar #t, Livox #f, Denso %, Continental 1,
Cepton 1 (%5 7%) % & TH 5.

3.2 BREFEHTA I —DBEARXKUELRLH
Table 212, TN E TICHROFEHFISHEH S NP HEWARE o 2 EHE SN 7 A4 & — ORI

2] Yoshida and M. D. P. Emilio: Audi A8 with Level 3 self-drive and LiDAR technology, May 21, 2020, https://www.eeweb.
com/audi-a8-with-level-3-self-drive-and-lidar-technology/  (Accessed 2022.6.13)
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Table 1 Examples of ADAS passenger cars equipped with LiDARs
Probable . Presumptive, Number of
Car LiDAR X
start year of Brand, Model LiDAR model LiDAR type LiDARs
manufacturer manufacturer
production and features per car
Audi Mirror scanning
2017 A8 Valeo Scala 1 1
(Germany) (4 layers)
Mercedes Benz Mirror scanning
2021 S class Valeo Scala 2 1
(Germany) (16 layers)
Honda Mirror scanning
2021 Legend Valeo Scala 1 5
(Japan) (4 layers)
Denso (Front Lidar) Mirror scanning 1
Toyota (Range 200 m)
2021 Lexus LS
(Japan) 3D flash lidar
i ?
Continental (HFL110 ?) (Range 20 m) 3
Lucid , MEMS scanning
2021 Air Robosense M1 1
(USA) (Range 150m)
Xpeng . Non-repetitive
2021 P5 Livox HAP 2
(China) mechanical scanning
NIO X Mirror scanning
2022 ET7 and ETH Innovusion Falcon 1
(China) (A :1550 nm)
BMW . . . MEMS scanning
2022 iX Innoviz-Magna Innovizone 1
(Germany) (Range 150 m)
SAIC . . Mirror scanning
2022 R Auto ES33 Luminar Iris 1
(China) (A :1550 nm)
BAIC ARCFOX Alpha S . Mirror scanning
2022 Huawei (96 beam) 3
(China) Huawei HI Version (Range 150 m)
GAC MEMS scanning
2022 Aion LX Plus Robosense RS-LiDAR-M1 3
(China) (Range 150m)
WM Motor MEMS scanning
2022 M7 Robosense RS-LiDAR-M1 3
(China) (Range 150m)
Xpeng i MEMS scanning
2022 G9 Robosense RS-LiDAR-M1 2
(China) (Range 150m)
Changan Automobile . Mirror scanning
2022 AVITA 11 Huawei (96 beam) 3
(China) (Range 150 m)
Volvo . . Mirror scanning
2022 Embla Luminar Iris 1
(Sweden) (A :1550 nm)
3
Great Wall Motor . . 2D VCSEL arrays
2022 ? Wey Mocha ibeo-ZF ibeoNET (Long range 1,
(China) (Sequential flash) .
Medium 2)
Li Auto X Hybrid solid-state
2022 L9 Hesai AT 128 1
(China) (128 VCSEL arrays)
Faraday Future "MEMS-like"
2022 FF91 Velodyne H800 2
(USA) solid-state lidar
Generfal Motors Nine different . ( Vista X90, Micro-motion
2023 Cepton-Koito Unkown
(USA) models to be modified)  tecnhnogy (MMT)
Hesai AT 128 Hybrid solid-state 2
Geely Aut ti
2023 eely Automotive Lotus Eletre (128 VCSEL arrays)

(China)

MEMS scanning

Robosense RS-LiDAR-M1 (Range 150m)

98



L—¥rry v reasik

e LRSJ

- o
P 5_5 Laser Radar Society of Japan
g

7
(]

L—¥&

.
-

k-

—~—————

55 3 %5 2 77 (2022)

Table 2 Presumed operating principles and representative specifications of 3D LiDARs adopted for ADAS cars

LiDAR Presumed Layers (channels) Angular Range (m)
FOV (H x V) Frame rate Wavelength
Provider scanning in equivalent or resolution for 10%
) (degree) ) (fps) (nm)
& Model methodology 2D-pixel layout (degree) reflection
Horizontal:
X X 16 per scan 100
Valeo Rotating-mirror-based X . . 0.125° for £15° (inner)
16+16 interlaced 130° x 10 @50% True 25 905
SCALA 2 1D mechanical scanning . 0.25° for outer lobes .
per scan pair . . positive rate
Vertical: 0.6
Livox (Risley-prism-based) Equivalen to . . . .
120° x 25 up to 0.16° x 0.2 150 20 (905 ?)
HAP non-repetitive scanning 144 lines
Cepton Micro-motion " N . . .
i Unspecified 90° x 25 up to 0.13° x0.13 up to 200 up to 40 905
Vista X90 technology (MMT)
X Precision 2 axis scanner 640 lines/s . X
Luminar . H: 120° Horizontal:  Min. 0.05°
X using low-mass motor Software . i X . 250 1~30 1,550
Iris i ) V: 0~26 Vertical: Min. 0.05
scanned mirrors configurable
2D-mirror scanning . . R Within ROI'T region:
. . X 1500 lines/s 120° x 25 ) . .
Innovusion (using a rotating X Min: 0.05° x 0.05
Software ROl size: 250 10 1,550
Falcon polygon mirror and a ) R N Outside region: 0.18° x
. . configurable 40° x 4.8
1D scanning mirror ?) 0.24°
= (~250) Uniform FOV
Unspecified
Innoviz X X . . . . (Dependent on 10 fps
X 2D-MEMS scanning (Equivalent to 115° x 25 0.1° x 0.1 o 3 905
Innovizone X within ROI'T or  FOV with ROI T
250 lines?)
not, etc.) 15 fps
Unspecified . .
Robosense . . 0.2° x 0.2
X 2D-MEMS scanning (Equivalent to 120° x 25 120 10 905
RS-LiDAR-M1 ) (Average)
125 lines?)
. Combination of 1D-mirror X
Huawei X . . Undisclosed
scanning and micro- 96 beams 120° x 25° 0.25° x 0.26° 150 Undisclosed
(96 beam) ) (9xx nm?)
MEMS 2D-scanning ?
Hesai Rotating-mirror-based 128 Frame rate ?
esal
AT128 1D mechanical scanning  (Overall resolution: 120° x 25.4° 0.1° x 0.2° 200 (1.53 million 905
with 128 VCSEL 1D array 1200 x128) poins/s)
Undisclosed 0.1° ~0.25° ?
MLA ( Micro-Lidar Array 120° x16° ? . 1707 Undisclosed
Velodyne . (8 channel 905 nm o Undisclosed o o
achitecture) L (Specifications are P (Specifications (Specifications 905
H800 ’ . edge emitting . (Specifications are o .
(Details are undisclosed) preliminary) . are preliminary)  are preliminary)
lasers are used ) preliminary)
Long range: Long range:
Flash Pure-electric
) ) 11.2° x5.6° (7° )* 0.09° (0.04° )**x 0.07° Typical 25
Ibeo Using 128 x 80 VCSEL sequential row Long range: 150
Short range: Short range: (Fully 885
IbeoNext 2D array scan 120 channel (Short range: 40)
. . 60° x30° (37.5° ) * 0.47° (0.23° )**x 0.38° programmable)
(All-solid-state) in parallel ) . )
* non-uniform resolution ** interlaced
C | Flash 128 x 32 u fied <507
ontinenta as X nspecifie
‘ _ 1200 x30° nspectie (Reflectivity 25 1,064
HFL110 (All-solid-state) (4096) pixels (0.94° x1.07° ?7) o
not specified)
T ROI: Region of Interest
N PN S > N — — N S S S = N —
W ZN S OEEHTAROCHMOMELZ IR, T4 5 —OBMAR R EEBERLEE T XOFEMZ &3 7 4

F—RA—H—DH YO ICEHBENTO RV ERLIELIES D, F7-,
TECLIIFLIZEEIND 2D, 47— % v ML A2 EHIRRRET MR L I L 2 BME Mk LT, &

DHATEBEDVRIZED T LDZODTH BN,

A= =Dt N—T 5 Ty

FLRABOETH, BFEICBWT, ERBICIELVWORrE

BAnonymous : L — % — L — ¥ — (LiDAR) Iris, https://www.cornestech.co.jp/tech/products/products_luminar_lidar_
iris/  (Accessed 2022.6.13)
4Neuvision, Inc.: Luminar's LiDAR is tested by Tesla?, June 3, 2021, https://www.neuvition.com/media/blog/tesla-testing-

luminars-lidar.html

(Accessed 2022.6.13)
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IMEZGHhOHRNVEVN) ZE2BITY LTHEL. F2IE, Luminar #EE 5 4 ¥ — Iris OB 25 A S Tw
BR—AR= ETIE [KEBEA 120°, WEAEM 26° D2 RICAF Y ¥ I 7 =2l &) ililsd
BB H kA S O MEFOEH ZRRTHAL E, MHPIZE) T W) HENEG TR TV L5
Blkd 57-0T, Al bd 1Mo —2ERR, K ITYREEIFHSNTOULTREESH LS. —)
A& =%y MRECI L, EZICMEMS 3 7=V HNRTwEEWIFEXRAALH LT L L,
AALDOEL DR =2 R=V 12, WEEE I A FONT VA0S EZ T, (Hl0) BEdeokkIs—%H
W2 2 OB OEEIIRETH L LLWEINTVWEDOT, <4 ED MEMS EFIFFRH IR TV
WZ LN THA DT, 4B, Huawei D 96 ¥ —2 D5 4 ¥ — (NEJH 0T, #HAIZAH) 1200w
T, WALBMIEEI S —PHWONTWAEEW) HXRAANH L — TN, WS 4 5 —I128§
24y —%v F LOREROFGwTIE, FFEERT 4 ¥ —I34EE 10 THEDE, il idaER: 200 v
DFZHIELTWS L) itiie &I, AL ER D012, LA L 72 MEMS2 RItER KO
FA Y —OPRAEBOERKT 4 ¥ —ICFT TICRAEN TV B ILENRVERNTVEHEZRAADL RSN
AN Zofw, FAEERS 4 5 —I2id, BIELEIC 2 RICELRITIC MEMS 3 5 =20 5N Tw AT
WAEZE DI DbNLED, EBEATLTCOT A TF Y VX BRERIIBES TR,

ik L 72 Yole Development £ L K — 72 ki, HiR & L THRIR S M7z Design win 29 £E DA
AT = 7%, MR 66%, MEMS ERFTR17%, 75 v ¥ 2R 10%, AW 7% T 5. Table 2 IZFLHK
L7205 4 5—=122o0nC, EXFRNL 272 HRTHRDLE, EWK 50% MEMS FX33% 75 v
Ya iR 1% otz B, T TR, Huawei thD 96 E— 2D F 4 ¥ —1F, MEMS EE SR TH A9
LA L7 72, Velodyne #h D 5 4 % — H800 1, M2 SIEEETRAPHRIN TV RVH OO,
MEMS B OEFEFRPRHENTwEEEZ SR IO T 7T R /oho720T, 22T
OO T 4 ¥ —1x MEMS OHiIFEICED TEEY A THOY = 7 2 5HH L 72,

% 72, L7t Yole Development #: L R — 72 kAU, HkH & L TIRIRE N7 Design win 29 12D W
TOWEENY = 7B LTI, 905nm A%69%, 1,550 nm %% 14%, 1,064 nm %% 7%, 885 nm 2% 3%, ASHAAS
7% & LCTWwW5h. Table 2 IRt L7z 124D 54 F—i2onT, RO T 2FHLTASLE, 905mm
58%, 1,550 nm 17%, 1,064 nm 8%, 885nm 8%, A 8% L7Zz-72. T I T, Livox D7 4 ¥ — HAP D
FldBZ5<905nm THAH) & L7z, T/, Huawei (D 8 ¥ —2 D5 4 F—12oWnTid, MHHEEICH
FTAHERDPEL Ao S L o720T, HHEREIAHE L.

4. EHEARMALEERT A X—ORFEIRR

4.1 REKLEHGHS 1 F—DTER

TV RIREREAT 4 5 —1%, BN - 2EETEREHVRVWERKTI A 5¥—ThoT, H»D
AFx VEREECALEVT Iy v aTdA4 85— LbDTH L. HEHAT A ¥ —I12i%, B0
WEPREL, OB — WPV ELELDZEH 7Ty 2 ikDIA F— 3@ I VDT, [M5h
DEEMEL TATZTA T =035 KRR EEAT A F—IZssbLweEbh s, kit EE AT A
F—12id, 1RTERV L2 KTEDOETFHAF v HRE%ZH L7 VCSEL 7 LA D2 HW 27V v (75 v
va) 4T —WOAAMETREREZ A L7262 7 L A4 (OPA: Optical Phased Array ) 222 2 OF L
Y AMEMEICHE L7, 74— ANVTL—Y AL vF T LA (FPSA : Focal Plane Switch Array) A3 F 1

TI5M. Weed: Sensor (y) overload: Making sense of lidar, https://www.luminartech.com/sensory-overload-making-sense-of-lidar/
(Accessed 2022.6.13)

165, Chen: Huawei LiDAR preview, Dec. 10, 2020, https://schen583.medium.com/huawei-lidar-preview-922dd2d72828
(Accessed 2022.6.13)

17 Anonymous: J. Huawei takes action: Releases high-performance automotive-grade lidar with an annual output of 100,000 sets
(in Chinese), Dec. 26, 2020, https://www.vzkoo.com/read/16c5debdd2694b24d41d1823700b926a.html  (Accessed
2022.6.13)

183, Abuelsamid: Velodyne's $500 Velarray Solid-State Lidar Goes Into Production In 2021 Nov. 13, 2020, https://www.forbes.
com/sites/samabuelsamid/2020/11/13/velodyne-announces-500-velarray-h800-lidar-production-in-2021/?sh=24197b146e8f
(Accessed 2022.6.17)
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%. FPSA %272 ¥ — A A& £, LABS (Lens -Assisted Beam Steering) #: & dIFIZN T2, 2 ¥ #
i (Metasurface) % H\W72E — A EREFEL VWA WAIIEMBE SN TEDY, 215 H)E#MITIE OPA O
HiEICED D RE DS AN \WA, Lumotive L2 L 72 2 ¥ i LCM  (Liquid Crystal Metasurface)
WX RGN, Mo OPAIC X 2R L HART, BEENL L, »OKORED LKNESTH
HIrlik, BRI EZHAHZ TVDE L IICEDLNLEDT, Spector KIZX 5 T4 7 —HEETRDS
FPN24 55T, LCM IZ2WTIE, o> OPA & XHI L T FICHT 5.

42 FIORIV (TFva) 48—

Ouster f1i, 74 850nm @ VCSEL 7 L 4 LI SPADs 7 L A # W72V F Y=L T Ty 254 5 —
0S-1 & & FTTITHIML TS, ZN 5 OKFEERITIE 360° FER BEMAzGER2H VSN TW270 [
0 2022 4F 5 HICHBRSNIHERINT 7 LE VBRI E, FfE, BREREEE 2w
EFEAER T I NVT A F—DF ) — A2 HBERBEHTH L. A2 7id 2022 FHICHMTE 5%, &
FEWX, BV 7N, RO CH v 7V R OFHMi & & 2 72150 2025 SFICh A2 PRELEDOZ L. mEHET &
W% 1 A, BCICHEEH 3 G085 5 B0y M T, £ O ADAS BfEDSili 723 2 L 25T X,
SEHMiIEIE 1 BRI 200 v, 18y P TH 1,000 FVBFESINTWS. %28, DF V) — X Cflif
SN 5 VCSEL D FAT0S-1 & FAICIER 850 nm 2 DA, ZN e b HE 905 nm 2 RO R S
LONEI PR EEREFDT, DF V) — ADOMERDFMIIAPTH 58, 945 —DF—FTHHEE LT
IBM AL Y MNsBFEINTWE2 OT, 274 EEMZ 3 RITCEDOT— 5 045N &K T 4 77—
2025 AFEHICAFREIC R D b0 L HfEZ S LD,

43 LCMEEBERSA 44—

Lumotive 113, ToF 54 #—& LCEMET A, LCM ERXM S L 5 —% 2% 54 ¥— (Meta-Lidar™) & -
O, FomE—5e LT, MENHE 10~20m 25 & L7z, CMOS $:4if & VCSEL $iii % 1% H L 72 Lumotive
M30 DEGIEFEIT- 7272 iz ki, o M30 O FOV (Field of View) &, 120°x90° TH V), 4
AEIL 640x480 TH 5. fLE, ZoHFIFLARLLT, Av— b 74 Y RIEHTFE AR (Augmented Reality)
HoEHEES 44— 030 GUEEE 10m, HEE0S5W) KOHREREEM L30 GUEEEE200m) % #
RANCIMZ T, LM BRI S 4 5 —% 2 ) — (b L 723, L30 o E 2R, AR (<400 cm®), JEH
B (140°x90°), E4fREE (0.1°%0.1°), W7 L —2#ME (>20Hz), %RETHAS. [ito LMCEAR T A
F—1%, EEMAMRCZEMIZ, Br2oR 0r 5749 7Ky =Y E2 515 LCM 725, EhEh
U, B2 VSR TV 5219 [Wito LCM &, 0.13 um OB 2 CMOS 38k 7 1+ 2 % v T
ByEXNTB ™, BERICIZT A MERICKE 2R EZRIET 20 RIS,

O LCM ERAE T £ =128V Tk, BELLL LAMICE 2 ERIZ 1 RITCHAOATHY, Zhiil
XY HHAZOWTE, MIROE =20 FEH VS —HM7 7 v ¥ alXd, $50id 1 RKILO VCSEL 7
LA ZMWE 1 REETHEELTREDHEMAERXAMORA TV L0 TR AVALIEESN S, 2B
HMOFREDORFICIE, T4 57 —OHAYL R OEREL R EOHNT, SR E 0225 LCM F To ¥ —
AFYNY—HELT, BEEREZHVDLEIICLZLDORY, LCM O A4 v F ¥ 7 EfEREHIZ 25 ps 12

T19G. M. Akselrod: Optics for automotive lidar: Metasurface beam steering enables solid-state, high-performance lidar, https://
www.laserfocusworld.com/print/content/14036818  (Accessed 2022.6.15).

A Pacala: YNV FE—LTF v TaT45—=DL <A Nov s, 2018, chrome-extension://efaidnbmnnnibpcajpegl
clefindmkaj/https://www.opt-techno.com/opt-ouster/pdf/how-multi-beam-flash-lidar-works.pdf ~ (Accessed 2022.6.15)

2Quster: Ouster Investor Presentation, May 2022, https://s27.q4cdn.com/377532724/files/doc_presentation/2022/06/May-
2022-Investor-Presentation-(3)_re.pdf (Accessed 2022.6.15)

2L umotive: Lumotive unveils Meta-Lidar™ platform—Industry’s smallest, solid-state, all silicon, scalable 3D sensing solution,
Sept. 6, 2021, https://lumotive.reportablenews.com/pr/lumotive-unveils-meta-lidar-platform-industry-s-smallest-solid-state-all-
silicon-scalable-3d-sensing-solution ~ (Accessed 2022.6.15)

23 umotive: Products (Lumotive M30, Lumotive U30 and Lumotive L30), https://www.lumotive.com/products, (Accessed
2022.6.15)
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B L B0 20T, ¥ — AOERIRAT v TIRISITF AV, LCM OEAAEREIE 1L L TW B I L —HF—
Y- 2% %ZELT, LCM OEEFME ZERT 5 HIICB T 2T — 7 2 RECET 5 X)L
EAHAD R, LOM ROBRZEEERIC L 2B HEAL D S5 LoOMIES 2 HAE % fif 72 LCM Bi#ic
IV —a%ERTLHRY 2L, BIREVCHAEICOPETI TV,

4.3 OPAEEHSA 44—

OPA RIS £ 7 — Tl H HFEH A —H—IF, BAED L 5 Quanergy tHEDOATH 5. L)l
HEX TR LB T A4 ¥ — PRI EB SN2 D0 L B I h T2, WELICHEHBHIA ¥ —0
TBREIZFEI L T, BIER—2X=Y ETRASIN TS, K905 nm & v 7z, OPA A4
AR S 4 4 — S3-2NSI-S00 D Wil ik, KA 10% OWEHROEA, K Tm, #HEH50°x4° TH
D, MEEEEAYE C, OB MASN. AL, 202245 2, OPAEEM T4 ¥ — 833 — 2D
T A MIBWT, RAMEHHE250m 2SEB L2 L R LA™, HBARG MR L, WD
F—Z I L CRRERAE R, IRPZTTRD E EOREDORELIMASE XIUSEH RERS [ 5 —
PEHT L2002 AEHTH L. FEFHETOEBRA OPA EER T 1 ¥ —1F, FMCW FRTld %4 <
ToF R TH» ) Lbhsb. LarL, EOXIRIATOOPAVHCOENTVLEONEHRENTED
¥, [A4:D OPA DFEMIZAWTH 5.

128 RO FEE W M D 1 RITTT L A ZH 7z OPA T, 1,350 nm~1,630 nm D JE WIS R EE L —
HF— L OHAFITED, 140°%X1923° DFOV 2 AT % 2 WILEANEHR L TWEY, EEY—LADIEHD
X, 0.021°%X0.1° TH 5. ThEHCT, KHHE 0% OB RO ERIH LT, FMCW HRIZT, i
5100 m ¥ TOHBENEATTHNI0 . SPHEIGEEK S 4 70 1 RITLT L A 272 OPA TlE, EikikH
OHAT 7 ORI L 5 €= 2ERIT 1 IRITCOERETH 5720, 2RITOEEXFEHT 5121, JLiEHO
WRERS 2 EOFESLETH Y, HE1,550m 25T SWIRKTIE Va2 vy 74+ b= 2% AL
3 Y87 BT R IR NIRRT L — 3 — IR EBLT SR VW AY, PR 905 nm % & & NIR 38UH
DRI REZE L —F —RHEOMBEIP R VB LW oL Bbh b, FEEEHKO 2 RITT7 L1 ZHwiz
OPA TlE, TNETITRAR 64 X448 BED 2 RICERLAZFEHLTBLT, 2RILT LA & H W/ FiE
WK OPA IZFEHITRVEZEZ SN LD, F72, JEEEEICIE, RS E LI BEN b 5720, Hill
NHEV—=F =% ZTENETHALL, FMCW XD A EE =7 T =L D ToF XD T4 57—
AOFHEW KR OPA D@ HIIBIFEN TR W E b s,

4.4 FPSA? (LABS™) FEZEHSA 45—

FPSAZ (B LABS?) 1Z, OPA L0 4 32827 N TH Y, AWMk 4~ O TR AR AWE R 4 T #l
BLRTWVOT, EMCW HRDOEREARE S 4 ¥ —H D 2 RKICERIZIE, OPA LD HHELTWEIDEEZ
LNTW5,

FPSA D A A4 v F v ZETFIZIE, v Y = v ¥ —T i MZI (Mach-Zehnder Interferometer) % OF
MEMS 7 EAH W 5 TWw 5232 pointcloud #t1d, MZM (Mach-Zehnder Modulator) % v C, 512 (32
xX16) ¥Z7 vz Lz RBERZIe—L Y MRET VA 2L, FHHET4mW O L —F—HWnT,
FMCW HRIZE D HEBE 7S m FTO3RITA A — 3 ¥ FEBEIT-7230. 1RIE, FYF VI A TR,
20 AAYE T VRO EREMZR T4 ¥ — RS FEHTE LR HL LD L.

INFTHEZAH, AL v F U TEFELTMIUZHCZZHDLD L, MEMS % Vw7213 9 A E RO
2IRILE v —DEBLTVDEY, MEMS 7 L4 2 A4 v F ¥ ZFETFITHW 128128 (16,384) ¥ 7t
V@D FPSA M T 4 #—Tlx, FOV A570°x70°C, 7 FL ¥ ¥ 75k (Addressing Resolution) 0.6°X%0.6° 2%
BoOENTWE, FUFLT 7 RAZIBAA=TJ Y IHRUTRETHY, T LY ¥ ZFOREEEITY 7 MH?
LEHRTHD. L—HF—i2mW ZH T, FMCW K3UC X 28 10m $TO3KILT A ¥ —FEEFRDAT

4Quanergy: Quanergy delivers industry -first 250 meter range for OPA-based solid state LIDAR, May 10, 2022, https://
quanergy.com/wp-content/uploads/2019/12/S3-2-Solid-State-LiDAR-for-Industrial-Applications_QPN-96-00087.pdf
(Accessed 2022.6.15)
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b7z,

FMCW K R OHE T [ ¥ — %I L T b 3L, Aevafl, Mobileye £, Aurora ¥, GM L4 F ®
Strobe 17 L4 BB 5705, FNOLDORENLED LI %54 TOE = LEEFXEHH LTV 200Eh, £
NHDORFEIIBITDLAF ¥ F—ORFEOIRICET 2 ABEHS Y72 52w, 22787 b FMCW 3K
EERR S 4 7 —Hoka R, SFRBEEE W2 OPA X ) b FPSA VAR TH A ) L BbI DM,
FPSA O FEHIC X 2 LM CHhOEMERE 2 B FMCW 54 ¥ =23 EH]T 201k, F225R00ETHY,
52025 FEUHITOREOEBIIH LV OTE R LB Db,
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Investigation toward the low-cost and high specification LiDAR
based on the LiDAR equation

Shumpei Kameyama

Mitsubishi Electric Corporation, 5-1-1 Ofuna, Kamakura, Kanagawa 247-8501
(Received June 15, 2022; revised August 3, 2022; accepted August 15, 2022)

Investigation toward the high-performance and low-cost LiDAR is performed based on the LiDAR equa-
tion. The LiDAR methods are categorized regarding the imaging method, ranging method, and trans-
ceiver method. The performances of the methods are compared using the LiDAR equation, from the
view points of measurable range, imaging rate, ranging precision, and so on.

=T NIy T4 TR
Key Words: Lidar, Lidar equation

1. IIC®HIC

WAE, EERBIIBIT LIV —BRAERKPEHZFETH Y, k2 OFEASINTEAMEREIIMZ, 1T
HEML, BAES, SSICEHBEREMITRETHA LI V=2 SINL L 12ko7"Y, 82, A
BB TR Z I A PAOER D E L, V=Y % EOMam g2 & 7  EURERIMERE
DODEBDPLETH Y, WHHIZEKDOZWT 4 F—F&itakooh s, ZoOEITIE, %15 SN (SNR:
Signal-to-Noise Ratio) Z&t%H 3564 ¥ —HBEAEZRXR—ZA L LTHMEREEZRDDDOVPERTH S, T4
F—HRRICE LTI, BAECL B ORALHAEEN TV LN £ D8T X — 7 A ED
Lo ThBY, FRFEMRLEL L EMEEIICHTTE, RNOBFVEFENERE L EZ 2 505, 22Tk, #E
¥MI4 y—omEtkit, Ko A MEZE&HICE X, CoFERARMT TS ¥F—iIBAR—-ATOEL LT
. KON, L=t Py R fomERe AL I — TllE L2 BEAHONE D S8 LT
FLOLDOTHAL. B, LBOREIS, KL TIEAMRILHETL 3 EBGEINLmENZVERD
N5, ZHIELV—T, RELFHEOFTPHTITHBIHEAMI S WEHELL, T IR Tidtizr —id
W9, ETRIHEAWICHIRL T, WHANERLEOMF LR T T2 L2 AL, DR CHMRIEL
TOO—WP BT R HET 5.

2. EXRASA4—DEtgbeld?

HERTA ¥ —L VI LS EHRTLIL WLV, 1 BTRRLMELE DS OFETIE, TR
HAEETAIAA—I VI IAT—BHENLYY, A A=V 754 ¥ —ORBRAMZK 117, L—3
Fem T EWICIET L, BEDLEZET L. XZERBONOAERR 2 S5  CoOMEE% 33 2 25,
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-a§\°“ L Wide angle
Low-cost

’
Scanning Long-range 2

7 4
I +7 Transmitted light ['

Scattered light

Range (& Speed) information
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’
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Q
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<
ER
\ B,
3
A W W . ¥ A\ VA
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W W W W LY O VO . . 3
\
T\\ N
N
5
Lz

’
High precision

B1 AxXA=Y 7745 -0k

C—LAEHT LI ETHEY 0L MBI, IR Wo 3 RuIREFHIT 5 00 EARERTH S, 2
DT A F— ORI, SfRHiPH, WiRak, WAL, WRE5Wee B LORGEE (VTvy
A2M%), THD AXA=I VT ITA4FT=IZbALRFAMPEIEL, W5, WEHHR, #2EH 1
KNENL., REDRETE, BEEHELTAA—I U IZIA4F—ICREL- LT, TOI4 ¥ —12BF54%
MR EFTH L2, R S bicimr s 4 ¥ —HERIEDEEE %2179,

3. Z14—FK

3.1 #wE&EHFR
WGHAOFHZ M 2 1R, MTIR, BHEDOIA 5 —2 & HTR0FEFAL LTRLTWS. 22T
IFEHR N, BB EERT 5 PR LTolRERT. 2kuEEHRY (H26) 13, #EE-

Laser sensor ]\

Laser transmitter

Pulse monitor Water sealing container

Polygon
scanner 1 Transmitling
H ! pulse
8 532 nm
Sl — .
‘Q Piilsed Jiges Pump controller

L[ Encoder 3 =
iming , z
controller TOF data - -
~ L _aroaray
i per s A
ks | i
' Intensity E i
i il Pinhole data E LS
Dome lens Optical filter o

Range imaging &

>
<= Transmitted laser light pe \ 3-D reconstruction/

Received signal

(@) (b)

== MEMS scanner Scanner driver
1
1
1
1
| Laser H Laser driver

Modulation

A\

Divider

17
)
@

ignal

LC-resonant Phase
amplifier Received detector
signal
. A \l}:n il 7 ()
V4 ~ Photodiode Angle

| Y
| Signal processer |

(©
B2 WigHRORMEE () 2UWTEEEHRY, 0 7LAZREARY, (© ZEAFY Y LAHRY)
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A EZEHEZEE LT, 200mERIZL D 1 HITORHT 2L NTH Y, b EAWREELTLEE
. —HIIHERATY ¥ T Th ) REEBERIZICIC —T, 2 F ¥ FAOBMI AR & < EHIRIC
R Thob. 7ULAZEHRY (20) & SEPIH LIRS LEIRICRE R BET L, Bl
27 VA ZERTHIEZET2HXTHY, —EICHEEOMBAFEH T 2 720 @diRgcm <. —HT
1 #F D720 DZED/NE CHIGHBEEZIIHRDY D ), oZBEROT VAL X ) EESBHLS 2 7
ANy MDD, ZEAF Y Y LAFAIY (K 2() 1, ZEHBZIEL LAREBTEELY—204%H
B TRdEATL250THY, E—-22F v F 2/ L L TRdEsR, MRl TRZ T NTHE. 2
KICERSRET VA ZEHRXOPHMLLTREFTRS.

3.2 HEAN
WEHROBEZ K 3RS, SV ZABFRI24AVERBIELHACLNTED, V2RO EY F Tol
IR &G E A SMWE AT D THS. CW (Continuout Waves) ZF KA TIE, IERIEOMELH %
T 7R LIRS L, WS Z R LT N2 IEIRAE 5 O 2 25 & i L, AHZED S B
AT 5. IEEEORM I EICH U2 T 5 0T, il 27 143 2 B X 0 SHITT6E 70 R A
HiPAA UL E A, FMCW (Frequency Modulated Continuous Waves) J3XNTlE, EEETF v —FE5TERI 1
7 E WG 5. BEDEEBE L T ONF Yy =T B L ERF v — TRy 0RE EY I ¥
WKLY T 5. CoOMEEGELOHBEZFHIT 2. — &Iz, v 2 AR (K3() (ZREHENEE
&, LB N (X 3(0b) I EHEE - RN EEDR TV DY, ZOBHIZOWT
A4 =B EHWTHBRT S, FMCW 38 (K3(c)) 1dERARMWIC, F v — T REHA O Tt %
LIFMIEZ FEDO /SN ATEZT 5D LM TH 54, IEFEICFEET 5 & FHIEEEEICEE L T3kl 3 A Mk
KIS 5. FMCW HRICH L TRk 3 23 —L ¥ b AXDHV SR B 2 L A% 00,
J_I_ NN\

Photo [::

Photo

detector,,., detector,,
5 E J—I_ A(p oc At N T
I
—
At
(a) (b)

Photo
detector

(@]
X3 AR (@) sV, (b) W X, () FMCW A%,

TIA: Transimpedance amplifier)

3.3 EZEHN

EZEHROBARZ K 4 17y, EERELTR (M4() BERSNEZEEL, BEDEZ T
BT 55 THD. ae—L >y FERP (K4b) &, RELREHRBVFLETH Y, —HenEle
L CERMBIKEW~NEET L. hzu—snte LTidELDEE ae—L v M (FEF AL YRV LI
ANTEYA VB LCRESERINT 2. EERE S RIIHER Y v 7V T D A (KT A Ml
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e Circulator
Transmittes
Divider Modulator
Laser H Modulator ‘ [ Laser m—)
‘ — Ll G
Y“‘g%ej‘ e _.7Local Received
Signal processor  _£! petector == ««ﬂfx'"’ I
(TOF or phase analysis) ~ [--———— . R e I Coupler T.
I : Signal processor | i
Direct detection CrOF o frequency :‘
(Analogue or Photon counting) analysis) ~Coherent detection

(a) (b)
M4 EZAEHABA () BEHRESX () 2e—1 ¥ M)

M<K, ZEEEFWY IS VORTA) Yy b ThHb. —F, ae—Lr bFREIZERESEL, 220
Ky 79— X 2 BERM S FEHTE, SOIFHBWICERLOBELZITIZ VA v Md
L. ), BEDED ) bRIETE 2030 — A VR EHET2HA7ZTTHY, () RREDS Tk oty
P L) ZEWRTA TN EBEDOEEMET, Gi) BOTHZFHAL TV S 2ORLIDEEDSI AL E,
BEDTA) Y PAFAET B, TD20, I ERIGELT 2 DLHEE R HDITMA, BlDLERE %
FILEEL72ODEFRHER EDTINBUEE LB — AN\, T2, 4053005580 5hihmikd
KA A MEDN—FAHEW. TROED ML —FF 712200 Th, 45— Rk EHBBT 5.

4. A4 H4—FEX

CITIE, KREHXOFEETHBE T4 ¥ —HBRRUTOWTEHIT B, AP 2 8HT 5 A5 4 VIdEH
BOMFEWT D EEZ, RAL LTREMH > TREFRP L. — %54 57— HEXZ K 5 128
RS, 94 F—HERE—#MIZ, 21E1E %5 ® SNR (Signal to Noise Rario : 1§50 MG ) % 5HE 5
250THHY. FIHEEH (5 I0BWT, E5Yay MEE, u—a kY 3y MY, ROt
Ta v M, BEERY 3 v MY, BRIEEMSTE, 2L ORSPHET 2000 THY, chbz
MRS E T 5 2 EAREFHEICBOWTRETH L. T2, Yay MVESHEAWFET L0554 ¥ —
BAEEETHY, ZE097— (Kho PR) 128175 SNR OHGRANLLET 5. L5505 X912,

Shot noise limit

Direct-detected signal Beat signal of (Theoretical limit of SNR for the
of scattered light scattered and local lights . .
- . received optical power of Pg)
General LiDAR equation *
Al TS T 2 FEREN
E ‘P / . 7l
SNR= [hV(PR + ZPRPLOM] Ry <l UPR‘|
~ne? ne? ne? = hvp!
ZW'PR'MZ-HC'RL'B"'ZW'PLO'M2+x'RL'B+2W'PB'M2+x'RL'B \ /I
T o il S mm—mCgpmm e m - ———mm - A
T M2¥X R, .B+i2. e
Shot noise of Shot noise of local light ‘__-,'-—?—e‘ LaM Ry B+—ln —B: ——————
scattered light - Te-ll

Shot noise of

Thermal noise of
background light

TIA

* Equation for calculation of SNR

* Many kinds of noise

*  “Shot noise limit” does exist e

* Many parameter but not so difficult, : Excess noise factor
but many additional and related equations, | > r=ill

further many parameters are required R :Transimpedance gain [C]

. B :Receiving bandwidth [Hz]
for the exact SNR calculation

» :Equivalent input noise current density [A/VHz]
Ps : Background light power [W]

: Planck’s constant [J 5]

: Electrical charge [q]

: Boltzmann’s constant [J/K]
: Quantum efficiency

X ocg x>

5 947 —lEXOFMHK
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Received optical power oT

Pr nD? N
PR =—-K. p- -7 Ng*MN¢ K  :Atmospheric transmission
N 4], P : Target reflectivity

nS :System efficiency

: Transmitted lase power [W]
: Number of receiving pixels

Coupling efficiency
1 Direct-detection

_ 0.4 Coherent-detection
Me = > >
2 2
v+ (1-0) () +(s;)
FO 0
L : Distance [m] Lro : Beam focusing distance [m]
D  :Receiving aperture diameter [m] A : Wavelength [m]

SO : Transverse coherent length [m] -> Index for refractive turbulence

So(L) = [2.91!{2 fL C2(2) (1 —%)5/3 dR]_S
0

Cn2 : Refractive index structure constant [m#(-2/3)]
k  :Wavenumber z: Altitude [m]

Equivalent input noise current density

Background light power
2

D )
Pg =j-—4 wtan® Og - AL
J :Background raddiance [W/m”2/um/sr]

OR  : Receiver field of vier [rad]
AN : Optical filter bandwidth[um]

Receiver field of view

Op = 2tan~1 —— d :Element size of
F photodetector[m]

Focal length of optics
Ly =FD F
Ranging precision
(for CW modulation method)
Az ¢ 1
“ 7 4xf, V2SNR'
¢ :Speed of light [m/s]

fm : Modulation frequency [Hz]

Imaging rate

: F number

. /.1 T en\? e, 2 7~ JjwL 3
igqg = V Iy A Ry t (RT t z.)" " =@’ L(Cp+ Cg+ Cp + Cyy/2) fa = fPN N
CP : Capacitance of photodetector [F] F
CS :Input terminal capacitance of TIA [F] NF :Pixel number

CD :Input differential capacitance of TIA [F] fp : Measurement rate for 1 pixel [Hz]
CM : Common mode capacitance of TIA [F]

T : Operating temperature  [K]
en : Equivalentinput noise
voltage density [V/VHz]

6 T4 ¥ —JifeICB b B B OF X

T4 =TiRREL K DNRT A= FHHET 5 b OOMANHE TEBENTBVE LW DT R, 7

72, o054 5 —RBRRCEBELLOEERYT DY, CHOEERIZTBVWTESIZEL L DINT A — 7 HBELE
T5., INHDNX, NTA—=FE—ETRLZLDER6IIRT. INH0RUTFIZ, EE/RT X —F O

BREHREZ2->THBY, BIZIZZEXNNT—2KEL LATREZERIIE (KMhoD) 2K&EL LW,
WFERDOEBTFOERSH T ZEHAENFIRE 2T AT L v AE 8T 5. /-0 —L v MR TE,
ZEN LR OES EREP SN HERO KRS 5 ORMW) La—An (7T E—L0) Off
BRI LBZMMETENOKTIMFEL, CORTE2ERTLLENDH L. S HICKAMEEHR (Mbo
C,H) WX ZREHOWENADEBELLZEPVEL 2D, RETHMTLEHFADOX Y v b - F21) v b
BINsDILURIZEBIDTHAS.

5. BARDXY Y k- FXUY MIETB A HI—FEXADPODER

51 &EHR

G4 T = FRRRNCEDE, FRGEHFKDAY Yy b - F Ay V2ERT L. FHAOELZICEL, X%&
DT 2510 IR T. FRICIE, FHRORSE BHEF R TREN RGBSR HbOETHBRL T 5.
2WTCAER T RIIZH T =251 FTIHEDTE D720 E  BHERIE I 25, 1 852 Layahl
LawzofigL — s 252w (K7). #BEo—FITiE, 128128 HE TOWIEL — MI2Hz IZHIRE T
WY TULAZEFRE—RTEHEORIEH TR TH ) mdRiGIE L THBY, 256X256 Wiz L — b
30 Hz THUE L 2B WG XN T v b2, —J, 2HST =SB NBOHETFI5E S Nh 5 0 TREBRGKI
BAFITHY, o, REERGEO-OZERIOZKE T4 E0ER0 FHEOHIRZ LX) ZEHE
MBRESNS (K8). #l21F Lk o mE#EGFHs Rl — bt 30Hz) Ti&, BEFIZ4EICREE LT
5. F7, ZBROT VAL VERAEHET, SRFVORELHRILLELBICIATIATOT A v
MR TV T LA OFETEOWMINEEETRGHOF v T2 R WA EEIE L 25 L, RN/ <y
=V ZICBIARMARLREELRTV. ZEAFY VL ALRIE, KEVERETEH VLI ETA
WHIBZERTE, BEY—2%2/NEWAF v F (FIZMEMS (Micro-Electro-Mechanical Systems) C i
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Received optical power Imaging rate -~
P Df' f _“\fpi" N
Pp = W "K-p- 2z s e R Ng

Long-range and wide FOV imaging is possible but ...

« All power is focused in one element (N=1)
-> Advantage for long-range imaging
Wide angle imaging is possible without any degraded
performance
Large receiving aperture for long-range imaging
-> Large and heavy scanner makes
scanning speed lower
-> Limited imaging rate

B7 545 —hRRIcETCER QURERAR) L AEMREH

Received optical power Receiver field of view

Po=-—-K-p- - . O = 2tan™ 1—"- d :Element size [m]
R N p 412 Ms - Tc zLF

Focal length of optics

- Y
(LP“J':'\Fk):' F:F-number
St AR e

«Received power is divided into N elements
-> Disadvantage for long-range imaging
+Large receiving aperture is required
-> But the focal length becomes large

owing to
the limitation of F-number (>0.7)

20 -> Limited field of view
250 :

50 100 1% 200 250 *

Pixel
M8 FA47—HRRICHEIEBE (TLAZEHR) & REHRGEH?
Received optical power Receiver field of view __
\d/

Pr ltDz' Op = 2tan™! -2—}':-(1 : Element size [m]

Pg I.’,r K-p- 4L2 “Ns - Ne “F Focal length of optics
High i |r|1ag|ng rate without array receiver is possible!! f

F :F-number

* Received power is focused on one element
+Large receiving aperture is combined with
large FOV by using photodetector
with large element size
-> High imaging rate
with simple configuration
using a single rceiver

B9 54 7—HRRHEICER (ZEAFY Y LAFR) LAFIEH

AF v L, BBV - P HFFTOY TN ENYTES (K9). I4 Vg TiEdH 5205,
@ﬁﬁ’ﬁ%omMmmwéﬁ%@ﬁﬁ%éhfwé”.ttLllO;TT;o R TPRENT L

XD RilERE (X Cp) AREL, IV A LRV EAPFEET L. ZOLA3A V50 5%
FAWTTIA ZRAI L §5 2 L TRETE 2%, RIMTEX 200K WK TH 5720 A Ccw £
HRICRESNSG, Bk T5EB) CW AR TR RFSMNEAHL Ve OREIKRL. Z OMEZ
R BNV AMDZEAF Y VL AFRISELLTEY, NIV A - CWEHOTEW R E %5 Tw
5.
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What’s the impact of large size photodetector?

* Configuration of TIA

Phustodiode

Fost amp.

Large size photodetector
-> Large capacitance
-> Increased noise

- Traseisting eqrtics

High sspect ratio phitndeizcier

using an inductor, but

-> Possible noise reduction

:: +4A—I+
[ TR,

€y

* Equivalentinput noise current density
(%) - ()
JaL

|- ,,;J;f:ng';_ 3} Cs+ Cp 4

€y

ieq = =
A )__’___J(Zi“

\

Zin R

Cul2)

Noise level of TIA

(Can be reduced for one frequency)

Laserbeem

It’s for only one frequency
-> Works only for

CW modulation method

(does not work for

pulsed method)

-> Good for short-range and
high-precision imaging,
but not good for
long-range imaging

R ving optic:

Wide FOV optics and photo detector
* Wide FOV of 30 deg
using large photodetector
with 13mm long
* High scanning speed of 1kHz/line
using small MEMS scanner

B10 T4 57 —HBERICHEICERE (ZEAFv Y LALR (00%))Y

5.2 ZHRFX

BT ROVAGIEEE, WEERSEICET A P L—FF 72K 11IRT. 94 ¥ —HRRTBWT, AW
WREFHAEZ T —OAFICHAIL, HERSEZEAIIEO—FIZIFT 5. F UEEEE ST —T
EZIYAE, NVAHTROBE=202) v FPRZEWHIEZIACELZ2E0FA) y MIhbsrZ b
D, REEREICBWTE SV ATAPENTH S (RIS T 5 &, EEBRETAOYEI1C FRlid S
XFELH, ae—Vvy MROGERETRSVZNNT —O—FlZWF LR ZDTEMCW I —L v b
YN E’?ﬁ%ﬁ%ﬁﬁ%%ozwxﬁiﬁklﬁjb SNR &7 %). T, WEEREICE LT, SV 2R TIR

Pulse modulation CW modulation

Pros
* Narrowing receiving bandwidth
to the inverse of measurement rate
Cons Cons
* Requirement of wider receiving bandwidth * Lower peak power compared with
corresponding to short puise width that in pulse modulation

Pros
+ Higher peak power in the same average power

SNR = v
%\5/

CW modulation:

- Unlimited improvement of precision
with increasing SNR

Pulse modulation:

- Limited improvement by pulse width

74y —=JifRicEodER (ERTAbL—F+7)

For highly-precise imaging

Ranging precision (CW modulation)
¢ 1

- 4Efm ; Z\SNB\)

£

X 11
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7OV AMED L TIEARRNFE LD HIR SN2 D10 L, CW 2575301 SNR 2 w5 < & %13 EIBLAY IS HE L
WESELOT, HHHE - SRS TIIREPEMLE STV,

5.3 EZEHR

EEZBHFRNCELTE, -V Yy PFRCFEREZEZAY v b - TAY) Y 2E%ET L, Ie—L b
HRDOAY v NI 12 1RTEBY, =AU T—%2 K& (EHORBRNICIE 5 mW RifR) T4
LTy ay METHRAOEBSHENES TH ) ZERENEH NI EIZH L. K13 ITRT & B D il
PNSHBETIOE 7 4 Wy 2 EBLLTB Y, BRtoEE2 131320 4ewv. 2, ae—L v b hFXsu—
ANFETFHTLESETEZHREML TV LICERNLTWS., SSHICERLTWERW, ZoTEko
FHCEY Fy 79 —HEE 7 b2 FHTE, WEYORELZFNTEL2LBELELH L. L LT R
Vy PAALTEBY, INOHDPK 4S5 I6ITRENT VS, FTRI4ITRT LI, EZEF L b

. X P . i Beat signal of local light and received optical signal
Easy realization of “shot noise limit

E — : .—.-‘:_'_ ,/ '\.\

SNR= hv(PR+ * : L MPR
1% B+21°%.p, o-M2+3.R, B 42152 P 5 o\ B
R STy TLOTT LT T Ay B L2 N/

IItw -
+2e-Ig B+4k-
Shot noise of local light
Local light acts as energy seeder

to received optical signal » Easy realization of “shot noise limit” by keeping
local power light (in general, not so much)
==+ = Norequirementof APD, PD (x=0) is better

* Coherent detection is equivalent to
“Noiseless optical amplification to shot noise limit :
by utilizing the energy of local light”

Circulator
itted

signal processor |
(TOF or frequency
analysis)

M2 ae—Ly bHROAY v b (Vay MESREOEI) BT 238

No influence of background light!!
Wavelength width narrowed by optical filter
. > 100 GHz even in case of 1 nm filter bandwidth
Schematic of spectrum In direct-detection, all background light within this bandwidth
is detected and integrated

Intensity Wavelength width :
extracted by ! i

Detected coherent detection ! Intermediate frequency '
signal <1GHz E e E

! |

! 1

Local light A, Received light
g P g y
(( ii IIT Background light E
1X10"9 Hz 2X10"14 Hz Frequency
(Intermediate frequency) (Optical frequency)

* Coherent detection performs i
“Direct down-conversion from optical to intermediate frequencies” and
“Extraction of components which can interfere with local light”. !

* This means equivalent optical filter with “extremely narrow bandwidth” i

* Also means very low optical interference between sensors

B13 ab—L ¥ MRS IO BT 2 3]

112



ale LRSJ
g LRSJ dlimmy
{:/__1_:‘5 Laser Radar Society of Japan Iz—i:l‘/':/iz?%

L—Wt v v rEaat 3% 25 (2022)

Very weak for misalignment...

Without beam scanning Fast beam scanning
""" \ Width of
1 transmitting/receiving T~ -
______ beam (diffraction limit) ~~
» Requirement for beams with diffraction limit S~ I,;-"'IFOV
quality v
* Distinct decreasing of detection efficiency even * Decreasing of detection efficiency

with very small misalignment additionally appear caused by lag-angle
« Severerequirement for laser transmitter
regarding beam quality

14 aev—L ¥ bERIZBT 6T ORI T 535

Severe impact of refractive turbulence (like heat haze) ...

Received optical power

27N

D )
PR=PT'K'.D'E'7TS \Uc';

Detection efficienm/ ”0 4

Nec =

2
L\* (nD? D \?
1+(1- F 4L + %'S X Cn2 : Refractive index structure
N (l, constant [m#(-2/3)]
L : Distance [m] Lo  :Beam focusing distance [m] k :Wavenunlb_e; ------ -
D  :Receiving aperture diameter [m] A : Wavelength [m] /' 5/3\\ _%
S0 : Transverse coherent length [m] -> Index for refractive turbulence frb o R \
So(l) = 2.91k?( G@(1-7) R
0 7
Circulator Ny ,/
Laser H Divider Modulator =5 —y ’/‘h"‘. ------ -
C g * Integrated effect with range

. Local Received

Refractive turbulence

. " Coupler T
Signal processor ]
(TOF or frequency "-. Detector

analysis) "'-C_\Ehereng__déiectwcn

5
L

15 ae—L Y bHRICBITARGIES T BT 5350

RADE — 2 EARKD H5NTE Y E—AEIH, SIS, REFITHRROE—-LTH D12
b ST ZEHEPEFITHVI EZERLTVS. Lo T, BFICEFRICBETHh s, 26
WA F ¥ T 5 ERZEMONMAREEDP SZBRPKT TS, BIZIEA A=Y 27 Th AGHZ A
F—Dr—ATHDHN, 20 E/sec DAF v ¥ HEIZBWTHME 10km BIZICBIT 2 ZEERPELLZ L
DEBMICDEFENTREY, A X—V U FI4 5 — 2B 2% v VABRESIIEETHL I LA
%<, bl AEORBEIIVEFIELLEEZONL. E51T, L= RFITRKD ZHPFTRA L X
VOB =L GERIA M EARRE 280 SHICESLESH D, T2 I5ITRTIIHICREIEDS ED
WEEZITIRT L, ORI LGN RRETHVTL 5. BTy gy MESHRAOEDIC
LD ZEEENBNEDORA) v FERLEZD, HENICEZORGAESLEOEELO N —FFT7 LR 5.
FAMI16ITRT LI, ARy 7 VEHELOEEIC L VRT3 B 5 RENKE LT 580 SFICE <
VENRH L. T —L ¥ MBI A6 5 HEOMERRES AL, 175V AT % 2B 0% 8K
BB TH 2720, FEEMIIIMRINEEIZE T & 2R b & (X 16 45 T OMERE LA OB 2
).
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Unstable detected power ...

Received optical power

’f"‘\ D

A
’\ Statistically averaged value, fluctuated by “speckle effect”

Schematic of speckle effect Probability density function of detected signal power
f Probability . .
Negative . N.ega.tlve.expon'entlal
exponential distribution owing to “speckle
distribution effect” and very large
fluctuation
Detected'power

Tar'get plane
(Crowd of point sources
on the random surface)

Receiving pl\ane

* Summation of signal from point
sources with random phase

+ Signal extraction by coupling with
local light

K16 ab—L ¥y MHFRITBITDEARY 7 VRO T 5 3

6. EAXDUBRE EDHESEDEEREILDATEE

SEIORLZZAY Y b FAY Y b2 FL—=FFT7RELTTFLEDADDOERLIIRT. &@TolHAUCB
WOREDEZREHENOL L, BNIEEIRESNTE L, FEHE LTUIBNDEBNZHE»L 20K
F LD, ZFHAOMBEEPSTNENOFRLH L7259, ZoOkEKIEHL T, FHEOFHIIKESH
TWAHIZREINZZV. EOHRICH A v b - FAYw b23H Y, HRELRTRIEEEL . EHT 5
RS & TOERMRRICIMZ, ERIA MLV IREFRS T L E% 5.

GA T —=HREBMCE L BRESNTBY Ho, ZoMitdH TTIA4 5 —HBRROhTRE S0,
LRI E DRI RECH LTS 22T 203UV, fidtE LTid28ldbiFTsl. —>
i, YA R—ADTF N IIT T4 T THE. INT TR YY) T Y DOARITORF R HERIE
WE WA RED D o 7278, TOflAT2% TTHELTEY, ZOHEFEHWEIA ¥ —HiERIEbIEE -
TVwaYW, 9 =213, ZEETEMIET2HRMREREINATEDY, ChbERICET 5. ZEk
ZWIET DB O MBI OBEZ GRS L LENDH L, ZENNT—TRFEL T a vy MEFHERAL Lotk
A BT 2L EZ A LT 5.

#£1 HAPL—=FF7F FErghicTxryy beibHA)

Interference Signal Influence of Influence of
between 8! background refractive

Imaging Imaging Ranging

Tmnsrfm Modulation Imaging A rate LEEET sensors SRRy light turbulence
/Receive
2D scanning Long Low Middle Middle High Low Low
Pulse Array receiving Short High Middle Middle High Low Low
Direct
detection a . High ) . )
Scanless receiver Middle (Middle) Middle Middle High Large Low
cw Scanless receiver Short High High Middle High Middle Low
(Middle) g e
Pulse 2D scanning Middle Low Middle Low Low EXtE:SEIV Middle
Coherent
FMCwW 2D scanning Middle Low Middle Low Low Extlr:‘:vnely Middle
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7. ¥&H

PEFEMIA T - LTA A=V Y7745 —0Etft, Ka X MLz SIcES, ZoFEBUIT T A
=i ANR—ATOEEZITo72. SETHRNIZEBYEHRIRA) v+ - FAY v b2H Y TRk tik
37K, HEZ LRI, ERIA MCHHLENEER O CICHEFHT 2 2 EVEETH L. K
XDOWNED, GHROT 45 —1Etn L e ERICET 52 L 2WfFT 5.

51 FsE

1) M. Imaki, H. Ochimizu, H. Tsuji, S. Kameyama, T. Saito, S. Ishibashi, and H. Yoshida, “Underwater three-dimensional imag-
ing laser sensor with 120-deg wide-scanning angle using the combination of a dome lens and coaxial optics,” Optical Engi-
neering. 56 (3), 031212 (2016).

2) S. Kameyama, A. Hirai, M. Imaki, N. Kotake, H. Tsuji, Y. Nishino, Y. Ito, M. Takabayashi, Y. Tamagawa, M. Nakaji, E.
Ishimura, and Y. Hirano, “Demonstration on range imaging of 256 X 256 pixels and 30 frames per second using short wave-
length infrared pulsed time-of-flight laser sensor with linear array receiver,” Optical Engineering. 56 (3), 031214 (2016).

3) M. Imaki, S. Kameyama, E. Ishimura, M. Nakaji, H. Yoshinaga, and Y. Hirano, “Line scanning time-of-flight laser sensor for
intelligent transport systems, combining wide field-of-view optics of 30 deg, high scanning speed of 0.9 ms/line, and simple
sensor configuration,” Optical Engineering. 56 (3), 031205 (2016).

4) H. Tsuji, M. Imaki, N. Kotake, A. Hirai, M. Nakaji, and S. Kameyama, “Range imaging pulsed laser sensor with two-dimen-
sional scanning of transmitted beam and scanless receiver using high-aspect avalanche photodiode array for eye-safe wave-
length,” Optical Engineering. 56 (3), 031216 (2016).

5) S. Kameyama, M. Imaki, Y. Tamagawa, Y. Akino, A. Hirai, E. Ishimura, and Y. Hirano, “3D imaging LADAR with linear
array devices: laser, detector and ROIC,” Proc. of SPIE, 7382, 102-109 (2009).

6) K. W. Broome, A. M. Carstens, J. R. Hudson, and K. L. Yates, “Demonstration of advanced solid state ladar (DASSL),”
Proc. SPIE, 3065, 148-157 (1997).

7) 0. K. Steinvall and T. Carlsson, “Three-dimensional laser radar modeling,” Proc. of SPIE. 4377, 23-34 (2001).

8) R. H. Rasshofer, M. Spies, and H. Spies, “Influences of weather phenomena on automotive laser radar systems,” Advances in
Radio Science. 9, 49-60 (2010).

9) R. G. Frehlich and M. J. Kavaya, “Coherent laser radar performance for general atmospheric refractive turbulence,” Applied
Optics. 30 (36), 5325-5352 (1991).

10) M. I. Kavaya and P. J. Suni, “Continuous wave coherent laser radar: calculation of measurement location and volume,”
Applied Optics. 30, 2634-2642 (1991).

11) S. Kameyama, T. Ando, K. Asaka, and Y. Hirano, “Semianalytic pulsed coherent laser radar equation for coaxial and aper-
tured systems using nearest Gaussian approximation,” Applied Optics. 49 (27), 5169-5174 (2010).

12) H. Tsuchida, “Frequency-modulated continuous-wave light detection and ranging with sinusoidal frequency modulation and
beat phase detection,” Electronics Letters. 55 (24), 1297-1299 (2019).

13) Y. Ito, M. Imaki, T. Sakimura, T. Yanagisawa, and S. Kameyama, “Enhancement of heterodyne-detection efficiency in wind
sensing coherent Doppler lidar using active alignment of receiving beam for the recovery from misalignment and the lag-an-
gle compensation,” Proc. of Coherent Laser Radar Conference (2022).

14) O. Kumagai, J. Ohmachi, M. Matsumura, S. Yagi, K. Tayu, K. Amagawa, T. Matsukawa, O. Ozawa, D. Hirono, Y. Shinozuka,
R. Homma, K. Mahara, T. Ohyama, Y. Morita, S. Shimada, T. Ueno, A. Matsumoto, Y. Otake, T. Wakano, T. Izawa, “A 189 X
600 back-illuminated stacked SPAD direct time-of-flight depth sensor for automotive LiDAR systems,” Proc. of IEEE Inter-
national Solid-State Circuits Conference, 64, 110-112 (2021).

15) D. Inoue, T. Ichikawa, and H. Matsubara, “LiDAR system with a coin-sized sensor head and an optical preamplifier capable
of detection at 200 m,” Journal of Lightwave Technology. 39 (18), 5715-5721 (2021).

BILEF

1995 =B SAALL, D, HEHlae—L Y b9 45—, EHRNTA 5F—, A A=V V7545 =7
EORFIHES, 2011 AEFHRAIT TG, 2017 4 BAli#Es - 4 2 X—3 3 Y H, 2021 4 RTCA Significant
Contibutor Award %% E, IEEE, Optica, L —Wt ¥ v rs, KFRH.

115



gl LRSJ '.4““

</ 5 )  Laser Radar Society of Japan Iz—"ft///ﬁ—"‘]a"
o}

—~—————

L—Wt v v rEaat 3% 25 (2022)

R EEXCHTTI 44—

LIDAR ZHHW\EAY—NEZADY T &,
BEEEY T NORH

HRg st—

ZUH TR E TR IR (T 135-8548 HURHRILIH X &30 3-7-5)
Smart monitoring using LiDAR and further development for autonomous mobility

Ryoichi Shinkuma

Computer Science and Engineering, Faculty of Engineering,
3-7-5 Toyosu, Koto-ku, Tokyo, 135-8548, Japan

(Received June 11, 2022; revised August 7, 2022; accepted August 23, 2022)

The authors have developed a smart monitoring system that enables reducing risk of traffic accident. In
particular, this article presents the deployment of a sensor network composed of multiple LiDAR units,
which uses machine learning for adaptive transmission control for LiDAR data against the limitation of
bandwidth. As an application of the sensor network, this article also presents the Digital Twin platform
for micro mobility, which improves the safety and the efficiency of self-driving for micro-mobility vehi-
cles by providing the vehicles the spatial information produced from the LiDAR data.

F¥—7—F ! LIDAR, AX—bFE=%) V7, HEELY T4

Key Words: LiDAR, smart monitoring, autonomous mobility

1. ELBIC

N4 ORI IR O FIH R fE 4~ OEBATEI 2 AT 720, WhIRREEELOFETH 5. EHNY T, B
FH—UCAR, h— - NA 73T r7, HEEEKEY 7 ¥ — & \wo 72 MaaS (Mobility as a Service) (1248
KENDB LI, FEY T4 OEFIRKD LN T WD, fEkoffdk, BI, HBHZH.OELZEEY 74
TR, HEET v Yok, & BEIE, BHINOHEHE vo A AMERS 5720, FRSMIEWT, %
FEBEIA 7 — 7 —IIREEINEIIA 7O ELY FAANDZ— AP BRT o TWAE, S5, YA 27BELY
%4®Eﬁ§ﬁmﬁmi,§%n$/b DIHTE LD, ZOZ—=XNHE->TWE, vf70ELY)
7 4 OMWFHEE 2021 412 4811 K RV TH o 72025, 2030 4EF TIZ 1,9803 K PV EBR 5 & FHX
NTwsY, HAETH NIT FIEOBRHHEEL LUP DEHF v 7 A7 —F—L oz JOEL
V74— RABRKEAL LTS, —JF, HERERO MRS X 2021 4£12 9443 Kk F V725 72078,
2030 4F F TITH 18084.4 5K FIVISET 2 L P XN TW2Y . BPETHOPHS /R—Y 3> ¥F 1 DOH
Bh& iz /N A > SEQSENSE O HEZfiiu Ry b7 EHAGEITBPHE RV 2OH 5.

L Ladss, BENC L) Figse, UG, vANVABEGEL V-2 A2 HEL L. EBAETIE, AL
OLFALTH HIZH D ST 9 MU T O HAWFRITE L BN L TV 5D (PR 30 4 1,216 A) Y. /g
HATH OV 25~29 SEDOZSBHFNIEEE BT 99,040 A FEEE 168 N) Th o7z, T/, ElhEiEF I X
DWEHMAHEMEE o TBY, THIEEAThLIZLLDHL. —F, HfMavF 4 VA (COVID-
19) DIEGAEKRICE Y, BAENOEHREAITIRL, £ >3y 2 F BHED S 0FH) 1SR LE L 72 F DK
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ERVAIHPHERLE DLEokBh, BEIIRFEEILOE TH LA, —FHT, BETLIALZWICL
THl, IR, TANAEED) A7 P SFLPRREREEZREE o> TW5D.

2. AN—bhEZRVIVY

21 B ®

. THIFMEHEDO V) 2= a e LT, FHIEFIAT—IEZFY ¥ 7OMNFERIRER S ITH&%E
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Water vapor lidar has made it possible to continuously observe water vapor in the atmosphere and is a
prominent tool for studying the hydrological cycle, cloud formation, and atmospheric convection. How-
ever, a standardized quality control method for managing the accuracy and number of available data has
not been established, as well as a method for determining the appropriate spatial resolution. We propose
a concise, visual framework in which observed data is plotted to determine the uncertainty threshold and
spatial resolution of lidar data. Application of the method to observed data showed that it is effective for
determining the optimum uncertainty threshold and the finest vertical resolution for balancing the accu-
racy and data quantity at every altitude range.

Key Words: Water vapor Raman lidar, Quality Control, Radiosonde, Spatial Resolution

1. Introduction

The radiosonde has been widely used in atmospheric science for measuring water vapor as it provides an accurate
and dependable vertical profile. Despite its effectiveness, however, it is difficult to observe water vapor continuously
because of restrictions on the available frequency of receivers at ground stations. Moreover, it is costly to launch radio-
sondes continuously.

To deal with these shortcomings, lidar (i.e., Light Detection and Ranging) has been introduced for continuous water
vapor observation. Previous studies demonstrated the effectiveness of lidar for measuring the water vapor profile of the
troposphere continuously.H) Subsequently, lidar observation of water vapor has been expected to be utilized for
numerical weather forecasts.”

Despite such success, there are still obstacles to expanding the use of lidar observation. First, a principle of data qual-
ity control needs to be established. Experimental methods for ensuring data accuracy were proposed in previous studies.
For example, Dinoev et al.? used an uncertainty threshold of 10% to choose the optimum vertical resolution varying

between 15 m and 300 m, while Sakai et al.’s case study5>

used an empirical uncertainty threshold of 30% at vertical
resolutions of 75 m and 150 m for data quality control. Both studies intended to make data as accurate as possible, but
they did not aim for balance between accuracy and the number of available data. A too strict uncertainty threshold
results in data that is too sparse. A loose threshold increases the number of measurements; however, it prevents further
analysis by assimilating data into numerical weather models due to large noise levels.

Determining the optimum spatial resolution is another concern. The vertical resolution of lidar measurements needs

to be as fine as possible. However, in practice, it must be coarser at higher altitudes in order to maintain an adequate

©2022 Laser Radar Society of Japan 124



L—Wt v v rEaat 3% 25 (2022)

signal-to-noise ratio. If the resolution is too coarse, the data may not be usable even if it is precise, while data with too
fine of a resolution and a large error will not be applicable to numerical weather modeling.

It is necessary to balance attaining a fine spatial resolution and minimizing the measurement uncertainty. In this
paper, we propose an intuitive and concise method of visualizing resolution and measurement uncertainty to determine
the most optimal balance. In the following section, we demonstrate how our diagram identifies the optimum uncertainty

threshold and vertical resolution using the dataset obtained with the Raman lidar used by Sakai et al.’s case study5>.

2. Data and instrument

2.1 Water vapor Raman lidar
2.1.1 Instrument

The water vapor Raman lidar used in our study was developed by the Meteorological Research Institute (MRI) of
Japan. Details of the lidar system and the results of the comparison with collocated radiosonde, the global navigation
satellite system (GNSS), and objective analysis data are given in Sakai et al. (2019). The lidar utilizes tripled harmon-
ics of a Nd:YAG laser operating at 355 nm with 220 mJ/pulse, a 35-cm diameter Cassegrain telescope, receiving optics,
and a data acquisition system. Raman backscattering is detected from water vapor (407.5 nm) and nitrogen
(386.7 nm), and elastic backscattering from air molecules and particles (355 nm). The signals are acquired with a tran-
sient recorder operating in photon-counting mode (20 MHz) and analog mode (12 bit). The original data resolution in
the temporal and vertical directions was 1 min and 7.5 m, respectively.S) The data analysis procedure for deriving water
vapor mixing ratio (W) and its uncertainty (dW) is given by Sakai et al. (2019). The values of dW are estimated from
the measured photon counts assuming Poisson statistics.”” Note that the value of dW estimated from the observed

photon counts is composed of the error from the precision of the lidar instrument itself®

and the water vapor concentra-
tion in the air varying during the measuring time window (20 min.) (D. N. Whiteman, personal communication, 26

April 2021).

2.1.2 Lidar observation and data

Lidar water vapor was observed from August 2016 to December 2016 in Tsukuba, Japan. We averaged the raw data
every 20 minutes in the temporal direction. For the vertical direction, we averaged the raw data with six different verti-
cal resolutions, 15 m, 75 m, 150 m, 300 m, 600 m, and 900 m, to examine which resolution would balance accuracy

and number of available data at each altitude.

2.2 Radiosonde data

We used two types of radiosondes (RS-11G, Meisei Electric, Co., J apan and RS92, Vaisala, Finland) as reference to
validate the lidar data. The radiosondes were launched twice daily at 08:30 and 20:30 LST and weekly at 14:30 JST
from an aerological observatory located 80 m northeast of the lidar. The temporal resolutions of the measured data were
1 sec for RS-11G and 2 sec for RS92, which correspond to the vertical resolutions of ~6 m and ~12 m, respectively.
For quality control, Global Climate Observing System (GCOS) Reference Upper-Air network (GRUAN) data process-
ing algorithms were applied to the raw data.” The measurement uncertainties of relative humidity by the radiosondes
were reported to be 5% and 3-5% for RS-1 1G® and RS927), respectively.

3. Proposed method

3.1. Balance plot drawing

The value of dW/W represents the relative uncertainty of the measurements, and the conventional quality control
method classifies data on the basis of whether dW/W is greater than or less than 0.3 However, this threshold value is
given empirically and not objectively determined. In addition, the vertical resolution in the conventional method is uni-
form, but in reality, it needs to be adjusted for the observation altitude. Here, we introduce our method for determining
the optimum threshold value of the measurement uncertainty for quality control and spatial resolution. First, we pair the

lidar data with the radiosonde data recorded during the same measurement periods and at the same altitudes. These
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pairs of data are sorted by dW/W values. Then we divide the dataset into sub-datasets on the basis of the altitude

ranges. In other words, the data is in layers corresponding to altitude ranges. In our case study, we divide the data into
500-m layers below an altitude of 2,000 m. Above 2,000 m, we divide the data into 1,000-m layers. Then we use the

root mean square error (RMSE) of the lidar and radiosonde data for the error metric. We introduce ¢ to denote the

threshold value of dW/W and calculate the RMSE values using data with dW/W values below .

ni(g)

RMS E1(9) = \| 5 3 (o (1:9) = djsnie n)’ (1)
1 ]:1

z and ¢ denote altitude and time, respectively. djq, (@) denotes the water vapor mixing ratio measured by lidar with

dW/W less than ¢. d,yuq. denotes the water vapor mixing ratio obtained by radiosonde observation. i is the index of alti-

tude ranges. n (o) is the number of available data whose dW/W are less than ¢.
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Concept of proposed balance plot. (a): Table of dataset for all altitude ranges; lidar and radiosonde data
recorded at the same altitude and time are paired. (b): The paired data are plotted in a scatter chart of RMSE
values between lidar and radiosonde data vs. number of data. The symbols in the scatter chart are colored
according to the color scale for the uncertainty threshold ¢. The dashed black line represents the accuracy lower
bound. A dashed colored line is a regression line that connects the origin of the coordinate and every datum.
(c): The slope of the line corresponds to the ratio of RMSE value to the number of data. The optimum ¢ value
corresponds to the bottom most green star, where the ratio of RMSE value to the number of data is minimum.
(d): Application of proposed method to determine optimum vertical resolution. (e): Vertical resolution data is
plotted and connected with corresponding colored lines. (f): The vertical resolution is determined by comparing
their minimum slope value. The smallest slope value of the 15-m resolution is smaller than that of the other reso-
lutions. Thus, the 15-m resolution should be the optimum vertical resolution in this altitude range.

Fig. 1
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Next, we prepare a scatter chart that takes the number of available data for the horizontal axis and the corresponding
RMSE value for the vertical axis (Fig. 1; hereinafter, “balance plot”). The horizontal dashed line represents the target
accuracy, which our quality control must achieve. The lines were drawn at 1.5 g/kg for daytime and 1.0 g/kg for night-
time in our case study. These accuracy targets are based on the case study in Sakai et al. (2019). Then we plot the n
(¢) and RMSE (¢) in the scatter chart. The trade-off between n (¢) and RMSE () is visualized for every ¢; ¢ ranges
from O to 1 in increments of 0.05. The data in the scatter chart are colored according to the ¢ value. If more data is
available, the corresponding datum is on the right side of the diagram. The data under the dashed line satisfies the target

accuracy.

3.2. Balance plot comprehension

The bottom right most data indicates the most optimal balance of accuracy and amount of data (Fig. 1b). In other
words, the slope of the regression line connecting the origin of the coordinates and the datum is smallest. In order to
uniquely identify which ¢ value yields the smallest slope, we introduce another plot (Fig. Ic). In this plot, we take the
slope of the regression lines for the vertical axis and ¢ value for the horizontal axis. As illustrated by the example in

Fig. lc, we can identify the most optimal balance (the light green star) and the corresponding ¢ value is 0.6.

3.3. Application to spatial resolution comparison

With a slight extension, this chart can also be used to identify the appropriate spatial resolution for all altitude ranges
(Fig. 1d-1f). we prepared paired data with different spatial resolutions (Fig. 1d) and plot the data together with those
of other spatial resolutions (Fig. le). The slopes of the regression lines are also shown for each vertical resolution as in
Fig. 1c. The vertical resolution that contains the bottom most data is the optimum vertical resolution, which is the 15-m
resolution (denoted with blue lines) in this plot. We will apply this chart to the observed data to identify the optimal

resolution and threshold value in Section 4.
4. Case study

We applied our method to the dataset during daytime and nighttime separately to determine the optimum values
because the measurement altitude ranges of the Raman lidar differed depending on time of day. The range was usually
between 200 m and 1,000-2,000 m during the day and between 200 m and 5,000-6,000 m at night in cloud free condi-
tions. Daytime was from 6 a.m. to 6 p.m. local time, and the other twelve hours were nighttime. For the daytime dataset,
we examined data for every 500-m altitude range below 2,000 m (experiment 1). For the nighttime dataset, we exam-
ined data for every 500-m altitude range below 2,000 m. From 2,000 m up to 8,000 m, we examined data for every

1,000-m altitude range (experiment 2).

4.1 Experiment 1: Daytime data

Fig. 2 shows the balance plot for daytime data for every 500 m up to 2,000 m. The corresponding dW/W is colored
according to the color scale on the right hand side. The colored lines show the RMSE for each spatial resolution of the
data. Fig. 3 shows the ratio of RMSE value to the number of available data for every dW/W in increments of 0.05. The
minimum of the ratio is highlighted with a red dot as long as it satisfies the target accuracy. Fig. 4 is the balance plot in
which the optimum thresholds for the vertical resolutions are highlighted with red dots.

Fig. 4a shows that a spatial resolution of 15 m is the most effective below the altitude of 500 m because it has the
most available data and is sufficiently accurate. However, above 500 m, it is no longer accurate enough and the number
of available data is not necessarily beneficial. Between 500 m and 1,000 m, the plot shows that 75 m is the ideal resolu-
tion as it yields one and a half times as many data as the 150-m resolution does. Above 1,000 m, there is very little data
that is sufficiently accurate. We cannot say for certain what threshold of dW/W is the optimum and which spatial reso-
lution is appropriate for that altitude. The optimum thresholds of uncertainty and spatial resolution for daytime data are

summarized in Table 1.

127



V=Wt v v rgank 83458 2 5 (2022)

(a) Altitude 0-500 (m) (b) Altitude 500-1000 (m)
3.0 0s 30 05
25 04
2.0 JEpp—
i — 03
g 15
[« 4 02
10
05 01
0.0 .0 00
0 500 1000 1500 2000 2500 3000 3500 4000 0 100 200 300 400 500 600 700 800
Number of data Number of data
(c) Altitude 1000-1500 (m) (d) Altitude 1500-2000 (m)
3.0 s 30 1 05
I
04 I 04
I
w 03 --_4 03
v
9y
-4 02 02
01 01
0.0+ T T 0o 00 T T T 00
0 20 40 60 80 100 0 10 20 30 40 50
Number of data Number of data

=== 15m —— 75m —— 150 m 300 m =—— 600 m —— 900 m

Fig. 2 Balance plot of daytime data analysis at every 500 m up to 2,000 m. The circles represent the threshold of dW/W
corresponding to the color scale on the right side of the figure. The spatial resolution is denoted by the colored lines
(e.g., the solid orange line denotes 75-m vertical resolution) .
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Fig. 3 Horizontal axis denotes the value of dW/W and the vertical axis is the ratio of RMSE value to the number of avail-
able data. The red dots indicate the minimum of every vertical resolution as long as the accuracy lower bound is sat-
isfied.
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Table 1
in daytime data.

Optimal spatial resolution and threshold balance for every altitude range

Altitude Range (m) Vertical Resolution (m)

Threshold ¢ (dW/W)

0-500 (m)
500-1000 (m)
1000-1500 (m)
1500-2000 (m)

15
75
15
600

0.2
0.2
0.15
0.25

4.2 Experiment 2: Nighttime data

Table 2 summarizes the optimal ¢ values and spatial resolutions for the nighttime data. Below an altitude of 1,000 m,

55 3 %5 2 77 (2022)

50

900 m

the 15-m vertical resolution data is optimal in terms of accuracy and amount of available data (Fig. 5a-b, Fig. 6a-b).

The 15-m resolution is also effective in the altitude range between 1,000 m and 1,500 m. Above 1,500 m, the 75-m reso-

Table 2 Optimal spatial resolution and uncertainty threshold balance for every

altitude range in nighttime data.

Altitude Range (m) Vertical Resolution (m)

Threshold ¢ (dW/W)

0-500 (m)
500-1000 (m)
1000-1500 (m
1500-2000 (m
2000-3000 (m
3000-4000 (m
4000-5000 (m

)
)
)
)
)
5000-6000 (m)

15
15
15
75
75
150
300
600

0.1
0.1
0.15
0.2
0.15
0.25
0.4
0.45
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Fig. 6 Plots in Fig. 3 for nighttime data up to 8,000-m altitude. The most balanced cases in each resolution are highlighted
with red dots.
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Fig. 7 Plots in Fig. 5 with optimum locations indicated with red dots for every vertical resolution.
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lution outperforms the 15-m resolution (Fig. 6d). It requires a smaller uncertainty threshold than the empirical thresh-
old, 0.3, to keep the RMSE value below the target accuracy. Between 2,000 m and 3,000 m, the 150-m resolution data is
almost comparable in accuracy and amount of available data to those of the 75-m resolution data (Fig. 7e). The 150-m
resolution yields more data than the 75-m resolution does in the 3,000-4,000-m altitude range (Fig. 7f). One layer
above (4,000-5,000 m), the 300-m resolution data provides more available data than the 150-m resolution (Fig. 7g).
At the next layer (5,000-6,000 m), the graph shows that the data of 300-m and 600-m resolutions are comparable (Fig.

7h) . Above 6,000 m, we cannot conclude the optimal vertical resolution because the observation is limited (Fig. 5i-j).
5. Discussion

5.1 Optimum thresholds and spatial resolution

As seen in Fig. 2 and 5, the curves generally have a characteristic J-shape. The RMSE value is nearly constant as the
number of available data increases as long as ¢ is low. By increasing the ¢ value, it reaches a tipping point, at which the
accuracy suddenly decreases (RMSE value sharply increases). The J-shaped curves illustrate the trade-off between
accuracy and the number of available data. The corner of the J-shaped curve indicates the most balanced situation. The
most balanced spatial resolutions and corresponding uncertainty thresholds are summarized in Tables 1 and 2.

In addition, the optimum vertical resolution becomes coarser as the altitude increases (Tables 1 and 2). This indi-
cates the trade-off between altitude and vertical resolution. In addition, judging from the decreasing number of available
data (Fig. 5), the measurement limitation of our instruments may be 6,000 m. In other words, the characteristics of the
instrument can be visualized by the balance plot.

Finally, we can see relatively larger (looser) uncertainty thresholds above 3,000 m at night (Table 2). We used the
uniform target accuracy (RMSE< 1.0 g/kg) at all altitudes despite the fact that the amount of water vapor decreases as
altitude increases. We will have to reflect this effect in the target accuracy in practice. However, the desirable accuracy
target depends on the surroundings of the observation sites and the subsequent applications. It is beyond the scope of
this paper. Nevertheless, our proposed framework can be adjusted to any target accuracy and will work robustly as

demonstrated in the case study.

5.2 Comparison with conventional method

The conventional quality control method in Sakai et al. (2019) was based on empirical evidence. It yielded data of
uncertainty, dW/W, of less than 0.3 with 75-m resolution below 1,000m altitude and 150-m resolution above that. Our
experiments show that the conventional method did not achieve the accuracy lower bound, particularly in daytime (Fig.
3). In contrast, our method requires a slightly smaller uncertainty threshold (Table 1). Furthermore, our diagram indi-
cates that a finer spatial resolution, 15 m, is available in low altitude ranges. The number of available data increases due
to the finer spatial resolution in addition to the strict threshold (Fig. 4). Specifically, the 15-m resolution is suitable
below an altitude of 500 m during the daytime and below 1500 m at night. The empirical vertical resolution, 150 m, is
less effective than the 75-m resolution below 3,000 m. From these results, we can conclude that the optimum thresholds
and vertical resolution determined by our method improve the quality of data more effectively than the conventional

method.

5.3 Suggestions and implications

We propose two extensions of our method. The first is an application in the temporal direction. In practice, the desir-
able temporal resolution depends on the subsequent numerical weather models. Ideally, an optimum temporal resolution
can be identified by simply replacing vertical resolutions with temporal resolutions. Tradeoffs of data observed with dif-
ferent spatial and temporal resolutions can also be compared and optimized. However, we need to keep in mind that
results from temporal resolutions shorter or longer than 20-minutes should be evaluated by more frequent radiosonde
observation. Another extension is using a different error metric because our method is compatible with other error met-
rics such as the mean absolute error.

Given that the amount of water vapor in the air varies with region and season, whether the same threshold is applica-
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ble to observed data in different regions (or seasons) is a reasonable concern. Because the amount of data we used in
this study is limited, it is difficult to assess exact issues that arise from the difference in seasons. However, previous
studies have provided insight into this concern. Yoshida et al.? conducted their observation in Nagasaki (western
Japan) using the lidar instruments and empirical quality control method identical to those of Sakai et al. Even though
the study area in Yoshida et al. was geographically distant from that of Sakai et al.’s, the results did not suffer from any
significant quality control problems that arise in the conventional method. This indicates that rather than regional varia-
tion, the characteristics of lidar instruments may have more impact on measurement quality. The characteristics of lidar
instruments, such as the power of the laser, area of the receiver telescope, and the detector’s sensitivity, can vary greatly.
Thus, differences in instruments should be assessed prior to lidar observation. By using the balance plot to show data
obtained from parallel observation with two lidar instruments, we can visually identify and compare the performance of

instruments. Our proposed diagram is robust and can potentially be expanded for lidar data quality control.
6. Concluding remarks

We devised a diagram that handles multiple information in a 2D plot to visualize the contradictory demands of accu-
racy and number of available data for lidar water vapor measurement. The optimum vertical resolution is also deter-
mined by using the diagram for comparison. A case study with real data shows the trade-off between the optimum verti-
cal resolution and available data at various altitude ranges. The trade-off reflects the characteristics of our lidar
instrument. This suggests our balance plot is useful for comparing the performance of lidar instruments. Lastly, we

demonstrated that our robust and expansive balance plot can improve the quality control of geophysical data.
Acknowledgements

We are grateful to Dr. Naoto Yokoya and Dr. Tatsumi Uezato for their valuable discussion on our study. We used
radiosonde data measured by the Japan Meteorological Agency. The high resolution radiosonde data were provided by
Mr. Shunsuke Hoshino at Aerological Observatory (current affiliation is numerical prediction division, information

infrastructure department of Japan Meteorological Agency).

References

1) D. N. Whiteman, K. Rush, S. Rabenhorst, W. Welch, M. Cadirola, G. Mclntire, R. Felicita, A. Mariana, V. Demetrius, C.
Rasheen, V. Igor, F. Ricardo, M. Bernd, S. Bernhard, L. Thierry, M. Stuart, and H. Vomel, “Airborne and ground-based mea-
surements using a high-performance Raman lidar,” Journal of Atmospheric and Oceanic Technology, 27 (11), 1781-1801
(2010). https://doi.org/10.1175/2010JTECHA1391.1

2) T. Dinoev, V. Simeonov, Y. Arshinov, S. Bobrovnikov, P. Ristori, B. Calpini, M. Parlange, and H. Bergh, “Raman lidar for
meteorological observations, RALMO—Part 1: Instrument description,” Atmospheric Measurement Techniques. 6 (5),
1329-1346 (2013).

3) T. Leblanc, I. S. McDermid, and T. D. Walsh, “Ground-based water vapor Raman lidar measurements up to the upper tropo-
sphere and lower stratosphere for long-term monitoring,” Atmospheric Measurement Techniques. 5 (1), 17-36 (2012).

4) V. Wulfmeyer, R. M. Hardesty, D. D. Turner, A. Behrendt, M. P. Cadeddu, P. Di Girolamo, P. Schliissel, J. Van Baelen, and F.
Zus, “A review of the remote sensing of lower tropospheric thermodynamic profiles and its indispensable role for the under-
standing and the simulation of water and energy cycles,” Rev. Geophys. 53, 819-895, doi:10.1002/2014RG000476, 2015.

5) T. Sakai, T. N agai, T. Izumi, S. Yoshida, and Y. Shoji, “Automated compact mobile Raman lidar for water vapor measure-
ment: instrument description and validation by comparison with radiosonde, GNSS, and high-resolution objective analysis,”
Atmospheric Measurement Techniques. 12 (1), 313-326 (2019).

6) D. N. Whiteman, “Examination of the traditional Raman lidar technique. II. Evaluating the ratios for water vapor and aero-
sols,” Applied Optics. 42, 2593-2608 (2003).

7) R.J. Dirksen, M. Sommer, E. J. Immler, D. F. Hurst, R. Kivi, and H. Vomel, “Reference quality upper-air measurements:
GRUAN data processing for the Vaisala RS92 radiosonde,” Atmos. Meas. Tech., 7, 4463-4490, doi:10.5194/amt-7-4463-
2014 (2014).

8) N. Kizu, T. Sugidachi, E. Kobayashi, S. Hoshino, K. Shimizu, R. Maeda, and M. Fujiwara, Technical characteristics and
GRUAN data processing for the Meisei RS-11G and iMS-100 radiosondes, GRUAN Technical document, 5. https://www.
gruan.org/gruan/editor/documents/gruan/GRUAN-TD-5_MeiseiRadiosondes_v1_20180221.pdf, 2018. (Accessed

134



g LRSJ dm

P r)” Laser Radar Society of Japan L —
g

L—Wt v v rEaat 3% 25 (2022)

2022.8.16)

9) S. Yoshida, T. Sakai, T. Nagai, Y. Ikuta, Y. Shoji, H. Seko, and K. Shiraishi, Lidar Observations and Data Assimilation of
Low-Level Moist Inflows Causing Severe Local Rainfall Associated with a Mesoscale Convective System, Monthly Weather
Review. 150 (7), 1781-1798 (2022).

Author Introduction

Corresponding author: Atsushi Takahashi
Doctor of Science, September, 2019, Kyoto University, Kyoto Japan. RIKEN AIP Postdoctoral researcher (2019-present)

135



~ AR
o g | gl LRSJ dmmmm»
% ﬁ 7: J D ‘_%nq _pf-_L.aserRadarSL;ci;«vofJapan Ir"ff?:/iz-ﬁ?'% o
- Ly y ik 3% 2 5 (2022)
PEEANDOEEBEA

L—Htyy r FEAETIR, LYty BT A% - BTt oM BT 5, [
X, TR (Lea—=) ), himx (Lo —)]), BXO [@E] idEs, &H - EXEZMb TR L
TVET. FEMICHETLFHRERLEMFIIONTIE, A5 [FERLLY | ITHBIN TV EMBIES XU
FEFRHE M3V, T2, FHF— 2= (https://laser-sensing.jp/) 2> HHFGHIAE, BMEFEHE L I
YEDODOT 7L = by ru—FHTET. FRikEE20 G ABLT100) oL %-T
WET. EHOEMEBRFELLTVWET.

136



o P T VoS

&, & |laserRadarSocietyoflapan L—Hfivoes
e ————

- L—b Yy Sk 83K 25 (2022)

L—WPe o SRR

TAE31 (2019) 4F 4H10H #ilE
Fnot (2019) 4 TH17TH &GT
A 2 (2020) F10A31H c&&T

(B )

FT1sk ABEE v—Verv o7 Es (LT, RS L)) B L= 7icE
I DGR - Aol B DR F % [ < FBAT D T2 DI RAT T 5 P2 5E~ D B I O
LT A EANRFEHEZTED D,

D
F25 KRFERFEOAME, L—VrRU v rEai (BT, TR Lv)) L35,
(=R

3% AEOMMETEL., AAFEXITHRGEL T2,
2 AREICHHET 2R EFICAARBRLHATGAIII KO LEE T DL
T %,

(FA7R1%)
Fag AL, FERIC2ERITT S,

($B#HFELE)

H55% I SN AT ASOSAFEIZED ONTEARAESOBIZEET I 2D LT 5,
2 REICIE, BRSO OS2 fedd 5,
3 EIE. HHMEOH DREEDORERLLE T D,

E=or:viD)

F6k AREAOERIZOWTIE, FEFITOWTORIBRIZER T 720,
2 TRTCOEHFIL. YUEZLFONELRIIOWTEEZAI LD LTS,
3 EXOFEHIL. TOERICAFROERE LEZHFICRDHDET 5,

(%)
H7% AHOWEIT, WEEERNMMTO,
2 mXiZonTiEde b 24, MREICOWVWTI1ADERE ICL DB EIT),

(v 1075 ))
B8L MEZEESNEMAZHLI-AZ2 b T%HA LT 5,
(B HAH)

FBOg ABL, GLFOEFICEHL, BHEICEHOAHEZRD DL Z LN TE S,
2 EHFAAHOFEMCHOWTIIRRED 5,
3 WMEZESNHOLPEZEE LT FEICHONWTIL, BHAHEE RO,

(GE1EHE)
F105 ARFEICHEEINT-RFEOEEHEIL. A2RET 5,
2 SRR SN A REFICB W T, FEEOTFEN L EREIHEN S 25510, FEEN
TOMER Sy OFEEEE ORI EEZ T TR b LT 5,
3 [FA—DFEMD D WVIINENFERICFE L TH D &R SN 5 5fE 2 AZE L thoFliT
WWEEL THETAZ LI azimdin,

©2022 Laser Radar Society of Japan 137



) Laser Radar Society of Japan Iz—"ft// /7’53;:

—~—————

L=t Yy rEagk B354 2 5 (2022)

(& 1)
FLE  ZORRRISED DRWIRE DI T 5 HHIL, MEZEINED D,

B A
1 ZoOHRIL, ¥ak31 (2019) 4 4H 100 L9 {1734 %,

ER%31 (2019) 4F 4H 108 & - fifT

SFiot (2019) 4 TH17TH &GT 7R 2 HIELE
AF0 2 (2020) #£10HA381H S&GT %94 1 HEEIE

138



S /L' s LRSJ Jams

<ﬁq ) :‘f Laser Radar Seciety of Japan Iz—it‘/:/ k=

——————

v LWy Y L ik 3% 2 5 (2022)

A3 (2021) 44 H 1 BEE - WfT
413 (2021) 49 H 30 HEET
414 (2022) 44 H 1 HELES

1. ik

HAREE 7213352 45 2 L.

2. ERIOMER & 3R

O AREEF—L2R=VI) MBEOF Y FL— b E2Fo 2 u—FL, 7Y 7L — b BT LS
k.

@ FEAPMIWodERD 7 7 A VERITHIE. BHREOMEZNL 20, R=VFS, KLIAHTE
TrffrAsz L.

® [ tf, jpg, PDF OB AD 7 7 A VERINT 2 2 &, BROYE 1 300dpi F7 52 0 i 15 B TR L
TR D T 7 A LV ERINT 52 L.

@ FEIPDFIERO7 74 VEIRNTHZ L.

6 EREUCRFESEDT7 74 VIE, KEEF—LAR=V Iy a—FLAERB 7+ —2%2KAT, K¢
SmEZRE S (Irsjedit_office@laser-sensing.jp) SUICHEHT 5 2 &.

3. mXEORES (H%)

@D 3L : 15,000 F:~30,000 F

@ #H 20,000 FLIA

@ /NEIL © 15,000 FLAN

@ f#B 20,000 FLIA

® HRFBIIHIDTZXThY v VL, BENLRRKE S, O RIOBE T 400 7/ HERE L 2 5.
® FoMINEZTHIIEALZEOHEIREOER LT LI L.

#HY EATY B e LTUE, 2500 R/ R—V k5.

4. FEERE

@© BIYERD 1 R=VIZD&E 2500 HOBEME TS, 72720, FREREREES» SMKEI NI
WU, BERHIBIN L 22w,

@ ##Esy (3. HXEOES] 2R) oBHRICOWTZEELZHNT 5. L, WMERESVAD L
X ZORY) TiEZR W,

* B - FXROHII R,

5. G LR O
wCEOERE, ROMAFF TR T 5 2 &.
i SCEA (F130)
i SOEY (FE30)
FEn (30 GE#EEEIC 292 L)
g3 L OERT (RI30) GESCERS ORI 3AE)
FHL (L) GEEEEIC ZATIL)
i B & OERT (3£30)
B (B3R5, 150 GELA) GRS - it (L E 2 —) - Na 3. 2 oMo J5R )

SECRORCRCECORG)

139



e
#ie LRSJ dmmmmy

P 5 Laser Radar Society of Japan L —Ht >3 %8s
e ————

L=t vy rpank 8 3% 25 (2022)

F—TU—F 4~57—-1F)
F—U—F (FEX) @~57-F)
AL (F130)

A (F130)

7 — & MW EEYE (Data availability) (F130)

7e% (Funding) (FI130)

FIEEAHL O BR  (Disclosure) (F130)

51 SCHk

fHek (RI30)

FHRA (RS0 (%3 300 FLA)
- RFEEINE, FEMANGEZERRCRET A2 L.
- RHUAOFHIL, FEMAHGEZRETOERICIRINT A2 L.
BEHFICE, FEMAOBEIIH ) TEA.
@® FTNTOX, GH, #

X, BE, RIEIALERPICHEAST, o= e LTERT A2 E. 2720, iz, KEOFA
EFTC O W TIditikT 5 2 &

CBEEERNE LCHEREE T 5.
T BUEEROMER, LoK T, 0~@%ELIZTLI L

PR BEE ©®

6. ML Mk

O PR HERUEIZH SN LYE1E, SFOKRICHEE - EEOFME T LD R T L.

@ Mg, sl J&FEAT. ] 2RV, [ 1 1, | 2ZAWS. 2hzh2fArlvws L. (&
B, ZEXMY A MBIURLOEEE, PAo [, [J &L, TOBRICHEI R B, FAA
R=ZAZVDEDANDL Z L. MM ERSIR)

7. ALiIZonwT
O KHEHL “1.7 ko0
@ WREHBL 117 2EE2D
@ ANRHL 1117 REEDD
NI TFTREDOLNIE, FEHEOEEET 5.

8. M, BH, #*
O &ToM, BE, £ KALPTHHETAIL.
@ BBIZFOREFHAMEEZ, Az, 72 z21E

[Fig. 1]
DEHIZ, HELTsI L.
B HMEOHOMES L OHIIE, FHIE LTHEEZHWSZ L.
@ M, BHE, R @GXORRICIEHLIL.
® MEOHH
Bl1) £BLOH (7T —2EATRIPITHAT 254
FDOLE Tablel, Table2, ... Table 10,
M F/EEEDEE Fig. 1, Fig.2, .., Fig. 10
BT —BHEET, KXHTIE R FRTRRZICE LD TERT 5284 | Platel, Plate 2, ..., Plate 10

(Bl 2) ScFEHm OB ... % Fig. 1, Table 1 3 X OF Plate 1 IZ/”7
Fig. 1 Concept of laser sensing systems.

Table 1 Summary of space-based active sensors.

140



9.
@

)

®

@

@ @

® e s

1.
1)
2)

3)

2.
1)
2)
3)

3.
1)
2)
3)
4.
1)
2)

3)

N e
#ie LRSJ dmmmmy

P 5 Laser Radar Society of Japan L —Ht >3 %8s
e ————

L=t vy rpank 8 3% 25 (2022)

5| STk

5 | SCHik o i P
JEHIE U TR OHPHICED 5 Z L.

ClVi (oY wii
RIXHOFLT LA T D) S0 Lo &F 52 MBI CHIHTA 2 &
SIHSCHRY A b o X
FIHSCERY 2 M AEBOERZBZIC L THERT A2 . FEEVEBOLEY, HUlE LTEELEORY
(EFEOWBAIIREA =2 v ) AT LI L. WGP OEFEICOWTIE, CEHB X UHAE S
Frie E CRLELRGEUMNIN LR EHHT A &

MERE A OB
W, PSS RICHSHERE R & TR 2 ) RV T, MR OME % WiV P 2 W HPH CR& L & 1T
o TXWw, FMEERBIIBWT, FSMTKEERNICEETLILrH 5.

BHEDVPAT LIS VIR, WMEREEOHAN TCat—2 Lol E2 RO ENH 5.

v 7HA N EBAT AR, BT A HAE (20208.1) L) IR TAI L

fhEE2D 5 ARG T IS 2 5E DR

G % RO FNEHC T ER T 5 2 L.

B - 3% - BRE2MMOME, SR E2 0503256103, FHEOFETHMIITOEES LUK
HOTRERFLHZ L.

8k SIHCERY) A FDEEH (HFL FF54 V)

HERE
HE, EET MEER. B (), mo—k)ox-Y (# (FE)).

HRUKER, KBCGRES, "L—Ht >y ¥ VERiEo# )" L—¥tr ¥y r¥aas 18 (1), 20-27
(2018).
T. Tokyo and J. Osaka, “How to write LRSJ,” J. Laser Radar Sens. Soc. Japan. 18 (1), 20-27 (2018).

HE, W

(W) ZHH%, &S B FITE (WE)).

WHUKER (i), L—Wt > o v ZHfE, L—9t v v 7R (2018).
T. Tokyo (ed.), Handbook of Laser Sensing, LRSJ Publ. Co. (2018).

HFEHEO—HE I HT 2%6

FEs, (R B, WEYL TN AT (W), Ro—#K ) o=,

RBCKRER, L=t 4" L=t v 7HMEm, RTRORMH (L —H%X > ¥ 7l 2018),
pp- 145-250.

J. Osaka, “Laser Sensor,” in Laser Sensing Handbook, T. Tokyo, ed. (LRSJ Publ. Co., 2018), pp- 145-250.

T O

Heh, FET KA, Wilid, B4, GF (UE)).

WHUKHR, RBRER, "L =%ty 7ok " FEL—¥F -1 =% - YRV A, B E, H
A (2018).

T. Tokyo and J. Osaka, “How to study laser sensing,” in Inter. Symp. on Laser Radar, Tokyo, Japan (2018).

141



5.
1)
2)
3)
6.
1)

2)

3)

7.

3k LRSJ a.' T

N T )
</ )  Laser Radar Society of Japan Iz—"ft///ﬁ—"‘]ax

—~—————

L=y r rEaik o 3N 2 5 (2022)

Py St L

Hoh, BET FawmlEn B (), o) ox—y (GF (HE)).

WHRUKER, KBGRES, “L—Wtr v r 77— OmfJe)is, " H40 BEERL -2 v v 7y VRS
2. 18, 950-953 (2018).

T. Tokyo, and J. Osaka, “How to study laser sensing,” Proc. 40th Inter. Symp. on Laser Sensing. 18, 950-953
(2018).

7

\f,

45 —=%v M A FOGIH

EH%, BEE,” URL (HE%RTszﬂzH H)

WHUOKES, "L =¥t v ¥ 77 =% OB%7) 8" hiips://laser-sensing.jp/gakkaishi.html (Accessed
2019.12.19)

T. Tokyo, “How to study laser sensing,” https://laser-sensing.jp/gakkaishi.html (Accessed 2019.12.19)

(BEHAAHOY AL, FI3CTid [FFAPL, 30Tl [Anonymous] &3 %)

HAFECTOZEFLIH T 5 IEEFIH
e AORRIE, ROFUZZRSH T L TWEUKAR, Sk LIk, R ORE, Aok, HRE—B IDHE—R

142



-_—
QWO ~NO O B~ WN -

A A BB D DB OOOWOWWWWWWWWNDNDNDNDDNDNMNDNDNDDNDNDDN2aA2AaAAaA O A
O OB WN 20 000N WN-20 000 NOODAORERWN_O0OO0ONOOOOG B WN-=-

r b y
4., laserRadarSocietyof lapan L —HE37%n
e ————

L=t vy rpank 8 3% 25 (2022)

(ToTFL— kD)

ZZITAARRESA DL EENT TSN
English title must be written in this style

ARERHET, o 2, TER A3
WPy 754 (T 123-1234 E7T)
2T (T 123-1234 1350
SR (T 123-1234 1177

Himari Mirai*!, Ren Hikari, and Yuina Atmos’3
'Laser Radar Society of Japan, 1-1 Address, Tokyo 123-1234
2 Laser Radar Society of Japan, 1-1 Address, Tokyo 123-1234
3 Laser Radar Society of Japan, 1-1 Address, Tokyo 123-1234

( Received XXXXXXXX; revised XXXXXXXX; accepted XXXXXXXX ) * EERRABRICOE , COFFERLTTFEV

Author must place the abstract here. Abstracts and keywords are necessary for original paper and review paper. The
abstract should not exceed 150 words and keywords (in noun forms) should not exceed 5 words.

FoD L, SR,
Key Words: Laser, Nonlinear optics, Crystal

1. 1IZL®IZ
FEFRESVERRICES L CIELL FOEBEIEICHE > TSV, 2L, 20T 7L — R CER LB R ZOEE
BHSNDDIT TIEHERA.

2. FSCREE - B EAL TR
2.1 ZAMV

FSCHE B IR SC O NB Z BRI R T ITER LTIV, SUFEUE, FisC:35F LN, #3C: 15
T—RUNEL, BGEEIIERALZRNT TV, RS T EREEXT, M EAVKEOT v 2ERT 24
Wi B 2 OFEL TRV, FISCREITIE ., AEALRNWT IR, REFRONATOBITRKLTELTTE
SV, LRI L TOHRRLTELTTEN,

22 FEHAL

FISCEE A TIIHEE A DOITEAAR—RE AN TESW, BL, #EEADTILFTOHA T EA A~ 2%
ANTIEZEEN, ZOWEEL DAR—RIARILH, B2E R THRERICL T RSV, R4 T4 4%
\ZHREBESCFOAH KL T ELTTE,

2.3 Fls

EBEDEEOLE, FIREHRIZRADRICH L ~EZ AN TSN, "L TIEENSHOLE, HhOEH
DENZ“and”% AR, BH D24 DEAITFD L TH ~ZHIBRL T TV, ZEEOMBNRLRIEAT, %
FLHOETFIZ, 2, 3DINTETHA T TEBIL T RE. 2, BN REOI B LR D41, H
FrELOFFEL TV, (BiETRITEESL CRREiL TR EV. )

3 ER-F—T—F

FHE XA 23, R SCR L OMESLOBA1E, 1500 — R AN O3 SCEE 5 (Abstract) E5{E LI OZESLHR—T
—K &) 2Rk LT EW, F0, SXERNL, CEB LT RAT AT F o7 2T TFE.

143



47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

76

77
78
79
80
81
82
83

L=y r rEaik o 3N 2 5 (2022)

(ToTFL— k)

B, WEEDOLHLENRHNIE, MEZBENOIATAT F oy 7 EH IR LET (BEL ZAMLET TR
rZ 7 bDBDOBE T, 3,000 HFREE) .

4. LT BD DS HIE
4.1 K3

JRANEU TR R4 S0 W E W T RSV, iR — ey v 7 e B LONCEE THlES L
EbDEHNHILN %iu\ﬁ“ N, BARZEIC T4y E AL ORI R L3RRI L L RS TR T
TE. BEEO A A ATRHIRM T 2BHE RS2 03552 1V, 38, {4, M, @iERE ORM AT TF
S,

ARILDOLEE, FRENROROFISCIMSIHH, F30Etimes’2E OIAFAAEL T FEW, Fa, AlF Ay
VAR (FISC: 2AEVAR), o~ (FSC2AH <) T~ LTFEW. ELAT Y a(), %IERCH T
STHEAZHNTFEIV.

42 AL
SCE EH OFSIE, KREEE 1,2, - &LTHRRIZEL, FIEEZ 1.1, 1.2, -+, /NMEHZ L1,
1.1.2, =+ LU TEREDELTFE.

43 FLH
BIFSLARFE BEL, F—sCh TREERHR— LTI E2JRAIE L TSN R EZ AW T RSV, $fie
HNLORIE, Fnge e PAAR—REL T IV, FU v SUFITEED WO ERYsymbol HERIZHE—L T FE
WL, T(H=), @(T74), S 7=), RUBALOp(~=A271), QA A EITSIERELTTFEV.
MEEEAAT T RDOERIL, TRV (IEEE) , FnSC (7 V2L g EE) Z2HEREL £ (1 : Chirped Pulse
Amplification (CPA), T +v—7 /%)L AHHIig(Chirped Pulse Amplification: CPA)) .

4.4 K

BRIZBAXEHOY 7 MEFIHLUTERL T ISV, B (WHEE) 134Uy e, BEE R T (sin, cos
EONTEEL TRV, HATELEEEL O, RORHIEMREETICERITICL TRV, Uikt #Y
YTCTN, BEATICIED G ALk E B U T LU TR,

() BT =ERITIR DI E .

n(x) =n, +5— {(A)l/z +- ¢> (o, }’/U)exp{ nl/z(Y/S)(lt/Is)}} &

5. W, FEBLUR

KZIFFAELTRZE Y7 NCYERL, 8, Sl SR IO A LTI A TEEHEHL TR, XF7+
VM, X (FE30) 1323w 7 5% (Helvetica, Arial) , 13 Times, ¥V % 35X Symbol D HZHELEL £9°. X
Hh o YA X3 HE)FERR TLS mmPA BIZRDINTEREL T RSV, 777 I 3RRIE LT ﬁ%b%)\h
7. RITHE B LR OBFEE DA LL, HEENIANRNTLIEI . OG5 H LTS A1, #i
XOHBITSIHSIRE AT L TRV,

144



84

85

86

87

88
89

90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109

(ToFL— k)

e

L=t vy rpank 8 3% 25 (2022)

Fig. 1 Image of future Japanese space-based DWL. ©TMU

Table 1 Specifications of future Japanese space-based CDWL and observation requirements.

Attribution Concept

Altitude (km) <300

Off-nadir angle (deg) 35

Laser transmitter Optical fber Solid-state

Wavelength (um) 1.5 2

Number of looks lor2

Pulse repetition rate (Hz) 150 30x2

Energy per pulse (mJ) 50 90

Telescope diameter (m) 0.6

Telescope type Off-axis

Detector InGaAs PD

Target horizontal resolution (km) 50

Target vertical resolution (km) (Vector wind error (m/s))
Altitude 0-3 (km) 0.5 1
Altitude 3-8 (km) 1 2

Altitude 8-20 (km) 2 4

(BE) X (B /7aTiEg) h7—%HERLET IT7—I29 2720 OB#EE I A,
BIE SISO TSR DBRIE, SCBE Tl Figure 374 AV, U TIEFig. +8Fb meLET. 2k
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(D) ELTFEV, 7272 L Arbitrary unitld“arb. unit”& L C F &V (“a. w.”lFatomic unit) . X O FIIILIAD
HRILFEL, EEHEMNOFEORITIZEAAR—2E AT TSN (B 10 nm, 10 fs, 10 V). 72721, EEH
REDFEHFDRNTIIAR—RZANIRNT TS (1 10°, 10°C, $10).
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