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Investigation toward the low-cost and high specification LiDAR
based on the LiDAR equation
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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.
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A EZEHEZEE LT, 200mERIZL ) 1 HITO5HT 2L NTH Y, b EAWLEELTEE
ZB. —MRENIHRD Y ¥ TV TH ) REEERIRICH =77, A% 1 FAOEMI R AR & < mdiRific
R Thob. 7ULAZEHRY (20) & SR LIRS LEIRICRERZ BET L, Bl
27 VA ZERTHEZET2HXTHY, —EICHEEOMAFEH T 2 720 @diRGcm . —HT
1 #F D720 DZED/NE SHAGHEEIIHRDYDH ), 222 BROT VAL X ) EESBHILT 2 7
ANy MDD ZEAF Y Y LAFAIY (K 2() 1, ZEHBZIEL LARETHRELY—204%H
B TRdEATL2b0THY, E—-22F v+ 2/ L L TRdEs, MRl TREZ I NTHs. 2
KICERSRE T VA ZEHRXOPHMRLTREFTRS.
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WEHROMEZ K 3RS, SV ABFRI2AVERBIECHCLNTED, SV ARONEY F Tol
IR LG E A SMWE AT D THS. CW (Continuout Waves) ZF KA TIE, IERIEOMELH %
T 7 LIRS L, WS Z R LT O 72 B0 5 O 2 25 & i L, AHZED S
AT 5. IEEEORM I EICH UMD U5 DT, il 27 1243 2 BREEC X 0 SHTT6E 70 R A
HiPAAULE 5. FMCW (Frequency Modulated Continuous Waves) J3XNTlE, EEETF v —FE5TERI N
7MW 5. BEDEEBE L T ONF Yy — T B L ERF v — T B 0RE R EY I ¥
YL DMINT 5. CORBEEE, SR ERIT 5. —#RIC, v 2B (K 3(a) FREMENE
Wi &, kAT X (X 3(0b)) FFEHEE - SRS EEbTn5E2D, ZoHEIZ>»W T
A4 =B EHWTHBRT S, FMCW 38 (K3(c)) 1dERARMWIC, F v — T REBHPA O Tt %
LIFMIEZ FEO /WA TREZT 5D EEMTH 55, IEFEICFEET 5 & FHIEEEEICEE L CldBak 3 5 Mk
KIEAFT 5. FMCW RIS L TRk 3 23 —L ¥ PRIV SR B 2 L A% 00,
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TIA: Transimpedance amplifier)

3.3 EZEHN

BRZEHROMANE K 4 18, EEREHRY (K4G) IEMHSNEEBREL, BEDEE HE
BT 2 Ths, ae—Lr FERP(M40b) &, EERFEESREILETH Y, —HEEELE
LTERMBICNGYANRET L. iz u—h e LTHEDLE ae—L » Mk CRhES A Y ARw L
ANTRYA ) LTESERINT 5. EEBRET ISR Y ¥ 7OV T B S A7 (kT X MELS
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S— Circulator
Divider Modulator o
Laser H Modulator ‘ Laser
| = e o
Tj‘};‘%"— i, ’,«'Lo’cal Received
Signal processor _" ’ < o e =
(TOF or phase analysis) ~ [--——————— B el Coupler [

Signal processor
(TOF or frequency
analysis)

Direct detection
(Analogue or Photon counting)

(a)
X4 x2fE) AR () RS,

"'~C_9herent‘.déiection

(b)
(b) T—L > k)

M<K, ZEEEFWY IS VORTA) Yy b ThHb. —F, ae—Lr bFREIZERESEL, 220
Ky 7T — BRI X 2 BERM S FEHTE, SOIFHBWIIERLOBELZZITIZ WA v Md
L. ), BEDED ) bRIETE 2030 — A VREHET2HA7ZTTHY, () RREDS Tk Loty
P L) ZEWRTA TS EBEEEMET, Gi) BOTHZFHAL TV S 2ORLIDEEDP AL E,
BEDTA) Y PAFAET B, TO20, HFHmERIGELT 2 DWLHE R HDITMA, RlDLERE R
FALEEL72ODEFRHER EDTINBUEE R DLy —AN% . T2, [A405 3005580 5ihmikd
KA A MEDN—FAHEG. TROED ML —FF 712200 Th, 45— RIS EHBRT 5.

4. A4 H4—FEX

CZITIE, ARLOFHETHDITA T —HERTOWTHIT B, KPRz #6225 1 Vidi
FOMBAUTE LEZ, AL LTKEfM-> TXEHIL 72w, —BW7% T4 ¥ —HEAE2 K 5 1280
WRT. T4 ¥ —HRERIE B, ZEE5® SNR (Signal to Noise Rario : 55X B MiFE L) #515E T

55DTHHY. BEICHEE R 2BV, B5Yay NS, u—A ki ay NS WROL
va vy NS, BEERY 3 v M, BRNESME L, 2L ORGP FEET L0088 TH), b E

MRERICZE T 5 Z ERERTRICBVWTRETH S, 72,
BAFHTHY, ZE 37— (hoPR) |

Vav MESEAPHFAETLIOL T4 5=
BT % SNR OHGHRAPHFIET L. K00 h5 X912,

-

Shot noise limit
(Theoretical limit of SNR for the
received optical power of Pg)

\,-\

/
<l UPR\\

Direct-detected signal
of scattered light

Beat signal of
scattered and local lights
\

General LIDAR equation

SNR=

B et bbbt E R stel=+ it et

+2e:1g-M2**-R|-B+i2-B

- ~ -

Shot noise of
scattered light

Shot noise of local light

Shot noise of

Thermal noise of
background light

TIA

* Equation for calculation of SNR h
* Many kinds of noise '
* “Shot noise limit” does exist 7
* Many parameter but not so difficult, X
but many additional and related equations, Qjm
further many parameters are required R
for the exact SNR calculation in
Py

: Local light power [W]

: Planck’s constant [J s]

: Electrical charge [q]

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

: Optical frequency [Hz]

: Excess noise factor

: Dark current [A]

: Transimpedance gain [Q]

: Receiving bandwidth [Hz]

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

5 94 77— hEXOFHK
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Received optical power pT

PT 7TD2 N
: Atmospheric transmission

R N P 4L2 s Ne p : Target reflectivity

nS :System efficiency

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

Coupling efficiency
1 Direct-detection

Ne = 0.4 Coherent-detection
2
14 (1= (22 4 (2
Lro) \42L 25,
L : Distance [m] Leo : Beam focusing distance [m]
D : Receiving aperture diameter [m] A : Wavelength [m]
SO : Transverse coherent length [m] -> Index for refractive turbulence

3
5/3 5

So(L) = [2.91k2f C2(2) (1—%) dR
0

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

Background light power

nD?
PB =]'T7Ttan29R <AL

J :Background raddiance [W/m”2/um/sr]
BR  : Receiver field of vier [rad]
AN : Optical filter bandwidth[um]

Receiver field of view

d
Or = 2tan~!—— d :Element size of
F photodetector[m]

Focal length of optics
Lr=FD F
Ranging precision
(for CW modulation method)
c 1

N P —
4z f,, vV2SNR

: F number

c :Speed of light [m/s]
fm : Modulation frequency [Hz]

Equivalent input noise current density

/ oL Imaging rate
. ~  4kT e, \? e, \? 7~ J@.
log =(llnt+—+|5) +|=5) . in ™ 2 ) N
eq \’ n Ry (R[.) <Zin Il —a’L(Cp+ Cs+ Cp+ Cy/2) fR — fPN
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 ¥ —JifeICBb B B OF X

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

L, T34 5 —HERICIZZEOBEERXTDH Y, THSEERIZBVTESIZE L DT X —F HELE
5 INLDON, NTA—FE—ETRLAZLDZR6IIRT. INbHDRIFFIC, EE/T A —7 Ol

BREREZ->TED, BIZIXZERNNT -2 REL LAFEZEROZE (MhoD) 2KEL L2V,
HERDEBEOERDDHIVUIZEHOARESHIREZ 2T 5T L <2 ET 5. F72ae—L v MR TE,
ZAE GHIEIROEE L EP I N5 HEUAO ZWIEAD 5 OFKEW) La—h v BTy 7Y E—L) Off
BRI L ARINESENORTVHFIEL, COBRTEEETLILENH L. S HICREAMEEH (Kho
C2) X B ZEROWHINEDEEL EBPLELE 2L, RETHWATLEHFRADOAY v b - F X1 v b
FIN5DYLURIZEDBLDTH S,

5. EARDX Y bk - FAYY MIEATE M I —FREXHIPSDER

51 &EHR

G4 T =R EDE, FRGEHFKDOAY Y b - F Ay V2ERT L. FHAOELZICEL, X%&
DT 2510 IR T. FRICIE, #FHRORSE BHEF I ORTREN R REE R HbOETHBRL T 5.
2WITCAER T RIIZH T =251 FTIHEDTE D720 E  BIERIE I 25, 1 852 Layahl
LaWoWiEL — 2B (7). #BEo—FITiE, 128X 128 MzETOWIRL — MI2Hz IZHIBR X T
WY TULAZEFRI R TEHEORIEH TR TH ) EmdRiGIE L THBY, 256X256 Wiz L — b
30 Hz THUE L 2B WG XN T bY. —J, ZHST =B NBOHETFI5E S Nh 5 0 TREBREKI
BEARITH Y, 2o, BREERGEOZOZEMIOZKE T2 L0520 FHOFIRE &1L ) ZEHE
MBRESNS (K8). #2113 Lk o mE#EGFHs Rl — bt 30Hz) Ti&, BEFIZ4EICREE LT
5. F7, ZBROT VAL VERAEHET, SRFVORELHAILLELBICIATIATOT A v
MR TV T LA OETEIWEZNEIEETRGOF v 7255 EIEEL 25 L, SRR
F—=Y Y ZICBIARMARDBELRT V. ZEAFY VL AKHRIE, KEVWZHRETEH S ETA
WHIBZERTE, BEY—2%2/PMEWAF ¥ F (FIZMEMS (Micro-Electro-Mechanical Systems) C it
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Received optical power Imaging rate ,f-
P DZ\‘ | P/
Pgr= W “K-p- 21z s Mc fr N

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 54 5—5RRIcETCER QURTERAR) LA MREH

Received optical power . Receiver field of view
Py D% o
— - 0, = 2t =T : i
PR _(___\‘. K - p- 4L2 ‘s N¢ R an ZLF d :Element size [m]
\_”

Focal length of optics

2T, 1 - F-
kl_’El‘:'\Ei)_’ F :F-number

«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)

ot -> Limited field of view
250 . . )

50 100 150 200 250 X

Puel
M8 T4 5 —HRRIHICEE (TLAZEAR) L REmEHY
Received optical power Receiver field of view
(d

P f(Dz' Op = 2tan™! Z\ILd : Element size [m]

Pp = = M ‘K-p- 412 ‘MNs - MNc “F Focal length of optics
Lg =FD
Highi |mag|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, 2
®ﬁﬁ’ﬁ%OMmmmwéﬁ%@#%%énfwé”.ttLllO;TTio R TPREN L

k) BilERERE (WP Cp) WREL, ZhIHEWI A ALRV ERAPGEET S, COERBA V575 %
mwTHA%A%ﬂ&Té:kf@ﬁﬁééﬁ,Eﬁf%5@ﬁ$~%%ﬁf%étbﬂﬁﬁﬁﬁcw%
FHRICBRESND. BT 5LB) CWEZHFH RIS EEHNE AL e OFRENES. 2 0iE % #f
BT BNV AMOZEAF v Y LAFRIBERLTBY, SVA - CWEHOHM ATERE 2o T
5.
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What'’s the impact of large size photodetector?

* Configuration of TIA * Equivalentinput noise current density

Phuogi , x}¢u4vq’(ny
nesrolodide . eq Jin - T\ .
TN ] : \ Rr Rr - Zin

n //

NS
6= .
R) ! Post amp. - JjwL

Zin ~ 5 L g
1 - m'l_)(t:p_} Cs+Cp+Cy/2)

Large size photodetector
-> Large capacitance
-> Increased noise
-> Possible noise reduction
using an inductor, but (Can be reduced for one frequency)
It’s for only one frequency
-> Works only for
CW modulation method
(does not work for
pulsed method) b
Wide FOV optics and photo detector -> Good for short-range and

Noise level of TIA

*+ Wide FOV of 30 deg high-precision imaging, .
using large photodetector but not good for H
with 13mm long long-range imaging -,

* High scanning speed of 1kHz/line
using small MEMS scanner

M10 947 —HRRIHETEE (ZEAF YV LAHR (0T%))Y

5.2 ZHRFX

BT ROVAGIEEE, WEERSEICET A2 P L—FF 72K 11IRT. 94 ¥ —FHRRCBVT, AW
WEFREZ ST — O HFEICHAI L, M5B EIEO—FIZ B4 5. W UFEE®RE/ ST —T
%Ktwa,A»Zﬁﬁ@%ﬁ—ﬁ@vaF#iﬁﬁﬁ@%ﬁ(ké’&@?xvvb’%é’kk&
D, REEREICBWTE SV ATAPENTH S (RIS T 5 &, EEBRETAOYEI1C FRlid S
XFELH, ae—Vvy MROGERETRSVZNNT —O—FlZWF L 2D DTEMCW I —L v b
ﬁﬁuﬁﬁﬁﬁﬁﬁ%%OwaﬁﬁkHLSNR&&é)-#ﬁf,ﬂﬁ%ﬁﬁ%bfu,ﬂwxﬁﬁfu

Pulse modulation CW modulation
Pros Pros
+ Higher peak power in the same average power » Narrowing receiving bandwidth
to the inverse of measurement rate
Cons Cons
+ Requirement of wider receiving bandwidth * Lower peak power compared with
_ corresponding toshort pulse width _ _ _ _ _ _ _ _ that in pulse medulation_ _ _ _ _ _ _ _
For long-range imaging
ne > mooeneooe
[hv (FR)M R}, ! Pros of higher peak power for pulse modulation ;
SNR = i2(B ! is superior to cons of wider receiving bandwidth !
n N2/ L L e e L]
For highly-precise imagin T T
guy-p ging ' CW modulation:
Ranging precision CV;’ modulation) : . yplimited improvement of precision !
C i P . |
Y e i with increasing SNR :
4nf o, ;ZSNR' ' Pulse modulation:
o ! - Limited improvement by pulse width

B 47— CEE (LR —F47)
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7OV ZMED WL TREARRNFE LD HIR SN2 D16 L, CW 25753013 SNR 2 w5 < & %13 EJHBLAY IS HE L
WESELOT, HHHE - SRSV TEREVPEMLEEbh TS

5.3 #EZEHN

L2E AL, ae—L Y PHRICEBREZEZAY Y b - FTRA) vy VE2ELTL, ae—L v b
HRDOAY v NI 12 1RTEBY, a—A T —%2 K& (EHORBKRNICIE 5 mW RifR) 752
LTy ay METHRAOEBDPHENES TH ) ZERENEH NI EIZH L. K13 ITRT & B D il
MNCRAIOE 7 1 V5 #EHLTHBY, WREOEELIZTZTRw. Zhid, ae—L vy M hAsu—
INHETHTLEZZTZHERLTVEILITERLTWS. ELIEKRLTYARWD, ZOTHED
FHAICEY Fy 79— 7 F2FHTE, HEPWORELFNTE25BEEDLDH L. LLr LT
Vo hHBALTBY, INOEDPK 4L I6IRENTWAS, FTRI4ITRT LIS, EZREL LN

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

-

[ne(PR"'\/z.PR PLo )M RL _Lf/nPR\\\

= 1
2Me” b B+2_'PLO -M2+X.R, . B+2M \ hvB K
- _: ______________ ~ - s
e +2e T MEHER; Brak:
Shot noise of Iocal light
Local light acts as energy seeder

to received optical signal * Easy realization of “shot noise limit” by keeping
Creutator local power light (in general, not so much)
e _‘ == « No requirementof APD, PD (x=0) is better

SNR=

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

.........

- Coui:ler T

(TOF or frequency =7 Detector | ?

analysis) “Loherent detection

‘ Signal processor

M2 ae—Ly bHROAY b (Vay MESRROEI) 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

Intensity Wavelength width e _is_d_Et_eftfd_ a_n_d_in_te_g:a_te_d _____________ N
extracted by E i
Detected coherent detection ! Intermediate frequency !
ienal <1GHz | < i
SIgnd | Local light Received light i
[ S W S —————— 4
(( E II | Background Iights

1X1079 Hz >> 2X10714 Hz Frequency

(Intermediate frequency) (Optical frequency)

i+ Coherent detection performs i
“Direct down-conversion from optical to intermediate frequencies” and
i “Extraction of components which can interfere with local light”. i
i » This means equivalent optical filter with “extremely narrow bandwidth”
i+ Also means very low optical interference between sensors |

13 ae—L ¥ bHRCBT 2 EREOFEIMET 23]
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Very weak for misalignment...

Without beam scanning Fast beam scanning
______ Width of
I transmitting/receiving T~ -
______ beam (diffraction limit) ~— -
* Requirement for beams with diffraction limit S~ - ;,““‘/FOV
quality "
» 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—Lr MERIIBIT 26T OB T 530

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

Received optical power

Po=Pr-K-p- T2 p
s . . «—_ 4 1
R T p 412 Nsifc }
'~
Detection efficiency 0.4
Nec = 2
L\?* (nD? D \?
1 + 1- F 4/1[‘ + z’S ™ Cn2 :Refractive index structure
N 9, constant [mA(-2/3)]
L :Distance[m] Lio  :Beam focusing distance [m] koo Wavenunlb_e; ------ -~
D  :Receiving aperture diameter [m] A : Wavelength [m] /' 5/3\\ _%
SO : Transverse coherent length [m] -> Index for refractive turbulence /L 2 R \
Sp(L) = 2.911({'[ G@(1-7) dr
0 /
_ Circulator . N ,’I
Laser H Divider Modulator =g — /~~‘~_ —————— -
0 == * Integrated effect with range

.+"Local Received

S Refractive turbulence

& L

% - Coupler T

Signal processor i

(TOF or frequency Detector
analysis) "-{phereng__de‘tection

15 ae—L Y bHRICBITARGIES T BT 5358

RADE — 2 EARKD H5NTE Y E—AEIH, SIS, REFITHRROE—-LTH D12
b ST ZEHEPEFITHEVI EZERLTVS. L2 > T, BFICEFRICBETh s, 26
WA X ¥ T 5 ERZEMONMAREEDP SZBRPKT TS, BIZIEA A=Y 27 Th AGHZ A
T—Dr—ATH5HH, 20E/secc DAF ¥ VEEIZBWCHEE 10 km B2 B 2 2E0EIELL L
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Unstable detected power ...
Received optical power
,/'\| D
\Pri=Pr-K-p-7275-7sNc

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

Schematic of speckle effect Probability density function of detected signal power
T Probability . .
Negative * Negative exponential
exponential distribution owing to “speckle

distribution effect” and very large
fluctuation

Detected power

Target plane
(Crowd of point sources
on the random surface)

Receiving pfane

* Summation of signal from point
sources with random phase

+ Signal extraction by coupling with
local light
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Interference Signal Influence of | Influence of
between 8! background refractive

Imaging Imaging Ranging

Tmnsr-mt Modulation Imaging range fate precision sensors Sty light turbulence
/Receive
2D scanning Long Low Middle Middle High Low Low
Pulse Array receiving Short High Middle Middle High Low Low
Direct
detection i i High i i i
Scanless receiver Middle (Middle) Middle Middle High Large Low
cw Scanless receiver Short High High Middle High Middle Low
(Middle) 8 8
. . . Extremely .
Pulse 2D scanning Middle Low Middle Low Low low Middle
Coherent
FMCW 2D scanning Middle Low Middle Low Low Ext:‘:xely Middle
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