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Abstract: With the rapid development of single-photon detectors and technologies, single-photon LiDAR with
photon-level sensitivity has become a popular research topic. It plays an increasingly important role in fields such
as remote sensing and mapping, intelligent driving, and consumer electronics. This paper focuses on LiDAR
technologies and systems employing single-photon avalanche diode detectors, introducing three single-photon
LiDAR detection principles: pulse accumulation, coding modulation and chirp modulation. Considering the
importance of detectors and algorithms, it outlines the current development status of single-photon detectors and
typical processing algorithms. It also reviews the applications and typical systems of single-photon LiDAR in long-
distance detection, complex scene sensing, satellite/airborne remote sensing and mapping, intelligent driving
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navigation and obstacle avoidance, and 3D sensing in consumer electronics. Lastly, the paper analyzes the future

development trends and forecasts the potential challenges of single-photon LiDAR technology in detectors,

algorithms, systems, and application domains.

Keywords: light detection and ranging; signal processing; photon counting; single-photon avalanche diode
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single photon photodetector, USPD)"™, iZ#$F523 T
25 45%@1550 nm PRI . 78 200 K B, W 55
% )& (noise equivalent power, NEP) i5 %] 1.39x10 "*
WHz",

BiE CMOS % 2k S ik T L bk & B, Si
SPAD #RIZS 1 B HEMACR & . SEXE A il
Bl S AR R AR TR RS A D ) R KR
2018 4, VG R £ AW HLAF 5% i A R TR 4 K 24 S5 0F
FEHUR NI T 32x32 5 64x64 Si SPAD - 4
FIBEMART, 2020 4, B3 REGRHE T4k 5 H
AAEREA T AL FEMF A T 1024x1000 Si SPAD #2114

0
350 450 550 650 750 850 950
Wavelength/nm

B{6 (a)Tatw 4% T/ REA, (b)SiSPAD #4#A PDE MKk Kk T g &)
Fig. 6 (a) Working principle diagram of avalanche photodiode®™; (b) The typical PDE variation curve of Si SPAD with wavelength®®”
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FIERI R, PG F Ry B2 T 5 g, (0
{8 PDE 1V} 3.6%@520 nm. 2021 4F, %ML XA A
T 2072x1548 Si SPAD 4 - 1 (4 51 510 &5 U7, 0 {H
PDE 27} & 69.4%@510 nm, ZZARM a5 MR R
LT ST TDC THES LK, A3 B T 5280 e i
FAT PRI O =R

P21 G5 TUEAER Si SPAD HRIN #8 1y f 1k e Al
HEEMRRRE AR, HflE T2 bRE CMOS. CIS
(CMOS image sensor) Fll BCD (bipolar-CMOS-DMOS)
=R, B LA, MR AT, A E A
SPAD #5ll #% 1A I 52 W {8 PDE ¥ fin . DCR &K .
AU X B[] RO B /N & SR R E . S 4, RIE) CMOS
T Z Xt SPAD P4 8 /™= 4= W 2 &2, i 4n CIS A1
BCD T. 20X 4 = R0 5% 1 5 {5 PDE 1 DCR 48 b5
AR, SRR, X SPAD IS A5t %
U ) AR . AIRTIFRERS 3 HER R SR
3.1.2 InGaAs/InP SPAD Wz

InGaAs/InP SPAD F % T/ T 1100 nm | 1700
nm BIELTAMEBE . InGaAs MBHELA HIEW L. HE
RBL K AR RS InP DUECARRR S, R H AT
SN B RS AF RI B A R 2 — o IZES R T
ODFET PR — R X A XA K
AN IR K e[ s B D= A R B I 25 Y
ORI AT Y H 3 A i R i G A
TR, 2014 47, SLE I HE /R 8 K% Tan
BAKE: InP 540 A InAlAs 7 R 55 5 F5 35 X 0 44 87
A5 M %51 PDE 1£ 260 K F1 290 K 43 JE T 43 71
IKF 21% M1 10%. {H InAlAs FHORHE T 7 X 5% 20
WER, FEOZSERITECRE S . 2018 4F, #i[E
B R K2 Seo 5 NAEAGHE 2 5] AZA4 InGaAs 1T

B X 385, f# 5 InGaAs/InP SPAD Yt F £ 1l %k %
P TR, (AHE 2SR R A K
BT 2E, WOTBCRIE I =AM . 2021 4,
KK 22 B TR Signorelli 25 A$2H T HA 10 um
125 pum P AP AS[R] L4219 InGaAs/InP SPAD #£3 #%
A, 78225 KK, 10 pm 125 pm #8444 DCR 435
A 1 keps Fl 4 keps, FEAEAIRIEBARA & R m 6T
BEMRLR

bR 7 bk, B AR AL Al ARk e
BRI ST, W6 2 #5009 InGaAs/InP SPAD
PRIZS o 2020 47, rp Rk A B AR 20 2415 A BA7E
R 5 RGBS G HL A -4 R R R AR il
A EFRIBCSCRAXS 3 R 20% , TAEREE A 253 K
I, SPAD RN 40%@1550 nm, 5 iHER
i 14.5 keps. 2023 4, 5 PO HLF R B 5% T 4 K fgt
NG T InGaAs SPAD 5 B3 E 4540 B3, il
TS B A T AR, R T 24w [ Py 4
FE A5 T AR O T & R BRI X B T 9%
% InGaAs SPAD ¥R %% M5 47 7 225, 2 H A
ik, HEERAHEERFR IO LT 64x64.
256x64 {4 ZHMY InGaAs/InP SPAD #5280,

¢ 2 BIR T ITAESK InGaAs/InP SPAD I &5 4
FritRMEE SR, RTHA T ARG, M S
FEE, InGaAs/InP #004% R SRIGAIXT %, RIS
TR B m T Si SPAD ##F, TEIERREHI TR,
BRIt 41, InGaAs/InP SPAD [R3FIMIZL . FE X I} E]
HE PP R S bRt AF A T2 /), AL, st
PO AR S RS 254 DA i — 25 4 5 R A
F42& InGaAs/InP SPAD RYF Z & JEJ7 1] .

A1 Si SPAD £ % t4 AT R AT T A4
Table 1 Recent progress and important parameters of Si SPAD detectors
Reference Technology Year  Size/um  Timing jitter/ps  Dead time/ns AP/% DCR/cps Peak PDE
[38] 65 nm standard CMOS 2018 20 7.8 100 <10 2800 8%@470 nm
[39] 65 nm standard CMOS 2021 10 139 35 233 23.8@420 nm
[40] 130 nm CIS 2019 23.78 127 50 25% @465 nm
[36] 180 nm CIS 2020 9.4 0.4 26.7%@520 nm
[41] 180 nm CIS 2021 50 16 50 <3 0.23 55%@480 nm
[42] 110 nm CIS 2023 10 68 0.15 12.6 73%@440 nm
[43] 160 nm BCD 2021 10/20/30 75 0.9/1.9 0.14/0.09 0.19 64%@490 nm
[44] 55 nm BCD 2021 8.8 52 0.97 0.97 0.1 629%@530 nm
[45] 55 nm BCD 2023 14.4 55 2500 0 38.2 89.4%@450 nm
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% 2 InGaAs/InP SPAD £ % 4 5% #F it J fo & 2 A ik
Table 2 Recent progress and important parameters of InGaAs/InP SPAD detectors

Reference Year Size/um Timing Jitter .Dead AP/% DCR/cps Peak PDE
Ips time/ns
[52] 2018 <100 2 <2 - 10%@1060 nm
[50] 2020 88 5.5 3k@253 K 40%@1550 nm
[53] 2021 - 70 45 20k@225 K 50%@1550 nm
[54] 2022 20 43.8k@247 K 55.4%@1550 nm
[59] 2022 25 9.09k@223 K 25.72%@1550 nm
[49] 2022 10 159 1k@225 K 33%@1064 nm
[56] 2023 - 44 20 1.4 21%@1550 nm

3.2 BXFREEEARIER

FEHOETF RO TR IR LR Y, SE T RARI R
JEA R THRIAE T 4T, EM RS e T2
RO E RO TR A M S 2R, JE ok TR
MR BENLYE, THXTHARG S G, HZSEmERN
EAL, AR USRS ORI R G ] B
e, DABRTR SPL100 MBI, 5] 7 7R 7%= i fE
F MR AR R

R P B TR T U R O B T A
PAMEFS [FIRES o (2S5 1 20 T B T-5i N 7
B 25 R R RS S W oA ke, Wik 7R EISAE
BRI ASY, L BT 2R THeR @ ik
DA G-t R B 5 /B F I 45 1F IR H AR IR
FERESS, — i, Iyl AR e S
SRR 225, WSS BRI 50 ARG
P ARG E SRR IR, M e AR
SRR A5 T

2014 47, SEEFRA L T44BE Kirmani S A$EH T
ENTREY . ZRGEAE MR R TR E AR
HT, FIHGRRBIN RS, SCl T AOE Tl

AR A H AR TR S RO R B Ry
TR, rOoy) MHRRSTR, t(x,y) LT T
BHA, S, B, TAPM3oR AN GG . BT
FBKAR AR, WZESIATESS & APk RN 2] E 6T
AL
Poln(x,y) = k1 = Po(x,y) - [1 = Py(x,0)] , ®)
Hodr, Py (e, ) BB IK A RES | 25 i ik ol ) 4R
R, HIK R Py (x,y) = eS80l Tl HAE L AE
B R kAT F R Gy >1, HIL
r(x,y) = 1/n(x,y)o HAELPREGIREF, Mg ™5
THATE G TR, P T RS A X AH 2R
BF T AT R A 7 220 TR e, AITTIERR T
JUT T s g R S5 L Bda, gl Aers
SYIENIAL, SEBRT VR L IR (1 RN — A Y . S
WAIER, 20T DL E R mO T IR R, 4k
SyFla), 4R RGNS . 2016 4F, T [ 2 A1
W, SEE PR BT 2£BE Shin 25 )08 2145 5 4
] S ARy B AR, s ok T A T T R TR
i
2017 4F, SE[EE R Rapp 4 A\ 1288

Single photon LIDAR(SPL): Unfiltered 3D point cloud

Single photon LIDAR(SPL): Postproc 3D point cloud

City of vienna,3 district, Scanner: Leica SPL100

City of vienna, 3" district, Scanner: Leica SPL100

B 7 SPL100 #3422 H 5 & = % Ra0R B
Fig. 7 Point cloud before and after data processing for the SPL100
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Y UA (unmixing algorithm) 365", HAZ L AE T X g
FAHE ST B . FET HARG AR B A A1
IR SR ER,, R EE BTN, UAGIA
T RIS FBAZ TG . X EAMERZR A a) 4 B 4
T8 g, #5811 PGS B0 i 8 0 i o v
FVERNIES, B RBETE R, RSB S %A
IR Z ARG ARSI T IR ORI, T 2061550 2
I (B AR SR LA AR S I 1 MRS SRR S, 7E
TR A A S AR (AR A i E AR EE)
RIAT AR AR H AR S5 58 70, y) FIR AR B 2 (x, )

k(x,y)— N.B,
P(x,y) = max(L,O) )
NS
k(x.y)
N : 27(x,
Z(x,y) = argmax Zlogs[t(x,y)l— M] ,  (10)
2 ))el0zmn) 4 ¢

K kot FEE, NERRBOLIRIIREL,
AR TR, SHESCTFHRATE, B TR
T FTIGE, s OFTRBOCEIKITHIE o

2019 4F, i [ERE B VG 2O 2 B DL A 5 BT
Chen %% A\ #2 1 T OPEN3DR (optimized based non-
local3D restoration) .72, 3 1o 7 X 37 7 2 B4 IR
SRR ARG A UGS, RN 2 ik Aok
fift, FFHAE R RRAE SE B S5t S SR AN = 425 (] 45
M E . 2022 4, H ERMEROR KB KR RIBA
& b T A T W K A ) RO O TR IR I LR B

H Ground truth n

PPP
0.9 ~100

0.3
PPP &
c [IRA ~10
0.5
-+ Pixelwise FFT
£ 0.4 | —== Our approach
Ho3
=
0.2
L PPP
0.1 Fw — ~5
0 1 1 I_ 1 1 1 1 1 1 |

0 10 20 30 40 50 60 70 80 90 100
Signal photons per pixel

Pixelwise FFT

RMSE 0.09 m

RMSE 0.34 m

RMSE 0.43 m

TR Z 5 A P AR TR R A B R R SR IR A T
IR A7 73 E AR AR TR BE & B A . Seso
Wi, M THRG0) FFT 5k, EORROG T HI &R
T 1045, BARCRMNE 8 iR, 2023 4F, EE
TR K2 Lee 4 AN$2H T —Fh ICHIIZRAT £ 35
HeTF UG UMEAL B AR (collaborative photon processing
for active single-photon imaging, CASPI)'”. i@ it}
F s Sl 8 b 0 JR AR SR AR G, CASPI
FORBEMEAEAR H BA PRSP E RIS T AT S il
YsfR B

FET B )7 B RE NS TE 22 R Bk A (8 U A%
PFN O 8 WU AT 55, (ELH S AR R G A
N LN IR At ey SN (1] S SRS ¥ =
B E I HARYH KT, MM Bt 55|
AR GF =G AR . MGG I, BT IREE
522 B PO B E I 4 BT S R TR B I B0
MBI 225, eI 1 SEANOL TS i BUSS8CR
ARG, C ARSI Z
—o Hrr, U BIBh M2 i i AR 25 2
— S R A T RO R A R, A R
SBURSCAE rh 255 WMURL BT SRR AN AL BE 3 20 R AIE
2018 4%, Lindell 55 A 15 UCH Al 28 W 25 5| A BROIGT i
AR, AP U BISE AT SR T R 4s )
FE, WUE TR A IEIZ AU A AT, K] 9 R

Proposed w/o TV

(@,_

Proposed w/ TV

(Eg

RMSE 0.05 m

¥

RMSE 0.06 m

RMSE 0.06 m

RMSE 0.13 m

RMSE 0.09 m

RMSE 0.23 m

B 8 wREuskiflH] kT O T ke I E AR AT, (a) BARH T “Art” #9ak IR B,
(b) R &4 F AR Bk AR, (¢) TR ke b F R 8 %
Fig. 8 Imaging algorithm effect diagrams of chirp modulated single-photon LIDAR"". (a) Accurate depth map of the target scene “Art”;
(b) Performance comparisons of different methods with various conditions; (c) Photon efficiency of different approaches
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Log-matched filter

_—
06 20
Depth/m

vyt

"X Photon counts

Proposed CNN CNN with guided upsampling

Depth map

Depth map

A 9 Lindell 5 A3% % H ik R A

Fig. 9 Reconstruction results of the method proposed by Lindell et al®!

Tz BAR B RR . 2022 4F, At TR A
Zhao % )GEL 5| ATER AHLEI", 78 UNet Y5ERE I,
XA ADAG (attention-directed attention gate) Z5 A4 3K
TR 2 S R S AH DG

i U RIZE R4, At I8 0 28 W 45 19 7 it a2
BNz, 2020 4, PEPFAHOR K Peng 5 A
FET R AR R ADCHE , T T —Fh B iR
W2, I ik I A RO AR U ALES R SR G SRR
E, SEEEWT, %07k AT A O RO 1.
fE W L 0.01 Ay B i 45 1 MR H s = 4E 5 B .
2022 4, WiVTEE T K% Yang S5 A3 H T —FPHE R
il & 71 (non-local sparse attention, NLSA) Zif#%
P2 0 45 AR B = M5 B, X N 45 AR REAS LA A
70.014 s AYALBE R SEP B g 5. AT, FE TR
B2 2] WA R R R T USRS, (BRI A I
It RE S PRAR, AN AR EE AR IS A RN 5 BRI
AR IR L | MELMRSAS TR S, b,
BREERGIA T S 20, AR H%ER

99°40'0"E  99°50'0"

'E 100°10'0"E

37°20'0'N

37°10'0"N

AR B AT BT Bk

33 BRAFHNELRERNA
3.3.1 mHEE B

HETHOCTR IR RS | o YRR AR Sl L
I8 HE B P U B A R . 2012 4F, PURSE:
AR Y ERAIE T T 5 BB X 3T Gm-APD 4400 25 14 WH mik
PG T IR AT T b, s B,
KRS EN 6.4 W BHEIESXF 2 km &b B Arik
FHEI, 2017 4F, Bi%G FURF K2 Pawlikowska %A
FIFH B InGaAs/InP SPAD #EIM 2§ 1550 nm Ye£T i
Jeas, TEOGEF YR 10 mW &, K
6T RN B B 4R JEE] 10 km LA 10 2018 4F, 4B 7R
Uil S K 2 52 ot TR 4 R B 5 0 R B R i A
(100 ns, 103 ns, 107 ns) MIEICHKIT, W RGHEKAE
BRI B $E T3 165 km™ . #£ TCSPC B[] 43 HER N
64 ps, FRELLERETEEFEIZ R 224 ps 19 55T 5L
TR 21 km M BE A SIS S0E, RORAIEL 10 Fs .

n 500 . . . ; T

——100 ns
———103 ns i

400

Photon counts

% o . o
.i’i 1 Qinghai lake S
3 0 20 40 60 80 100
99°400"E 99°50'0"E 100°00'0"E 100°10'0"E Time/ns
B 10 21 km 23 & AT RAAMGLE R, () RIEBAREHA 5L ERE T 05 E;
(b) FrkE=mktFAZA

Fig. 10 Results of single photon for long-distance detection at 21 km™. (a) Photograph of targets and its location in the map;
(b) Histogram of return photons from the target
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2020 4F, HEREEEOR R AR BRI T
—FP SO B A 50 B W AR R 5 PO IR
MARE, FH 1550 nm PR EEIR, 266 TFEEE
MRAEB T (EE R 1~ 66T, EiAEan T
BEAHM 3D BRI, WEA RG PR T
2%, £ 82 km MY IE B I SE I T A (] 43 BE R L K
5.5 cm MIHTR RS0, 2021 4F, %A\ XA T —
PSR R O TP RO TR IR R A, BRRG RS
FUAZRCR A 11 FR . % FROGE RS 5
THRBUREAR , B48535%F 1550 nm OGRSB4 5
B 95%, FFHE ARSI i I O LU RS SR A8 S R S
FE R GRS S 2 Rl g PR )3, (iAo
TR BEGAR] 0.4 kHz ify, WD T4 50 7%, H%
&, URGABRENE SRR 044 AT,
SEPE T X 201.5 km Ab HARE) =445 .

23 MG T OGO E IR IR BRI AR

Y A FI' &
q: el

Lens Col

7
201.5'km s

Photograph

Lindell et al. 2018

RIEBCR ARG S WPATLIE, T SPAD
PRI e 55 Bt R R ), i mw
G AR A O A R AT S B P R AR . A e T
1550 nm OGS B MRS | RE A ELAR D5 17
REJIHER , IR BT MR TR SE B B R 1 3 L
BT, HOLTHOLE A& T BRI e T
AT — P TN DO (0 P o e D R A
S SR TR 28 AR B R K P A 5 Ak B v LA i v 1 A
AOTEIREL s Behh, AT5i FR U0 2975 o TR0 TE IA
(25 ) 43R Bt A RO R I R G
BRSSO THOE TR IS EIZ SR AR
KIETT I
3.3.2 ERGEHRBRB
TESEPRBLIR X037 5 B PR B B 8T 55 3
LB E AT T, BIAK T SRR . %5
AR A 25 KA 2 A IR SO O R Ik i 45

o -

.,) .t--

.

e

400 300
200
300 400

200 O

3D profile

B 11 201.5 km L35 & L5 FIEM R LGB mMEE R, (2) 201.5 km &35 & A FIHEMNAM A %; (b) BAFE A,
(c) Lindell P73 Fik s R (d) =4 T4 5
Fig. 11 Imaging system and results of single photon for long-distance detection at 201.5 km"". (a) Imaging system for long-distance detection
at 201.5 km; (b) Photograph of the target; (c) Results of the algorithm proposed by Lindell; (d) Reconstructed 3D profile
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% 3 SPAD #tE A AR FE B IR 64 R A vt B Ao ALK

Table 3 Recent progress and important parameters of SPAD LiDAR in long-range detection

Reference  Year System Dis/tke::ce Wavelength/nm  Power/mW Array Mode FOV/urad PDE/% A’;:::re

[74] 2013  Pulse accumulation 4.5 1550 <0.6 64 x 64 flash 3800 26

[75] 2014 Random coding 1.77 1550 63800 50

(peak)

[69] 2017 Pulse accumulation 10.5 1550 10 - scan 28 ~30 210
[76] 2017 Pulse accumulation 2.5 532 3 100*1 scan 24750 ~36.8 95
[70] 2018  Pulse accumulation 21 1550 0.5 - scan 80 ~3.58 130
[71] 2020 Pulse accumulation 8.2 1550 120 128 x 128  scan 223 35 279
[73] 2020 Pulse accumulation 45 1550 120 11 scan 223 15

[11] 2021 Pulse accumulation 201.5 1550 600 11 scan 11.2 19.3 280
[77] 2023 Pulse accumulation 13.8 1550 300 - scan

iy AN, ERXREE R s R T, el L
BRSO EESZE BirY, WA R TFIR
DB A SR AR D [, AR AP A% ) A 1 33 5%
WL AT EEE, A EE 5 T R,
FEXT S R Gt Sk AT Sy ol R s A Ak T
TR (SRR G TR K, [RIRE A RGN 1Y
BTk T AN PR -

TR AR s DA FH RO 28 i /KA T 1 g
RSO TES , BROG T IOG TR IR A sk [ SR AL
TR R R TR BT, FERAS 1)
RIS I P A 18 S5 7 AR A X A 5 e b
PRI N — RS M IR 5 5 iR FE A2 fK Y SPAD 7K
THRIMME SRR, SR HE SZBAGE ) KB 1 56
Wz —. 2015 4%, [R5 PURF K% Maccarone 55
KBGO T R H TR PRI, 2019 4F, %
A BAJET 192x128 () SPAD K451, R H 670 nm i K

SPAD
detector
array

1 R R koI, 7R FIT#R 0.4 mW(IHE7K)~8 mW
(MK AR, 2R 6.7 AR B A K R ShEe s
EArpiig™, HRGLEMIME 12 Jr. 2020 45,
IR} 2= Bt A B ARB ST FX P AT BASR T — B IE K
N AL 1R % (range walk error, RWE) #9771,
ZITIE T LA 32k BOK T 5 SRS+, Jf
FET SRR AME: RWE, A48 &6 0ot
THIRAIK T =45 i . 20234F, S iE FUARR
2% Maccarone ¢ A\ X 3EF SPAD [451i% i1 T —FiET
HOETF R AR M 2= ASUK T AL, Hbes
TETEMAAF T SEPRZ 3 m KT H s =445 3 E
FIHE A, WIATTIL 10 FPS.

XFEL R T HEEMS, 201945, S
Hii UK 2 Tobin 28 AZET InGaAs/InP SPAD #4S,
ST O EEARAL KGR L SRR SR 2 R i
TG 24 m =4EEBRUR, FoA BUR S AL

0.5 meters

— Optical fiber
— Electrical

=== Free-space
optical path

B 12

Target distance in water=1.70 meters

KT F TR R Gt

Fig. 12 A single photon system for underwater detection”
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Fig. 13 (a) Comparison of imaging results with smog®";
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FEH BAIET 64x64 142 K 19 InGaAs SPAD 15 % 4 41
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(b) The single photon imaging system with 64x64 InGaAs SPAD detectors
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Lucy FikA W&o, IR 2 /3 B3R M 15 cm
PERE] 6 om, ZEME TR AR BRI BT
PEBI AR 2R G5, 2017 4F, 3 [ B B L4 K 24 Y
Halimi 55 AN £ b4 HAR =i St T L21+TV 5
N R SR IR IO G TR, RIHE A 2
IR R R 25 [ A OG5 A28 IE L5
AR EAE, LT 22 B AR 0B RHRED . 2023 47,
H R B S TR I AR SR AT AR T —Fp LT
W 2R 2] 2 )2 B bR L5 % PCE-Net™, sE ikt
L S BT AR R S B AR T B, AT
ST 22 BARERER, BERSERmE 14 Fos,
3.3.3 BEBARERNS

FT B ARFIHLER A BRI 2 OGO TR IR Y
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Fig. 14 The reconstruction results of the PCE-Ne
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FESCIE T, RO THOC R R KRR B2
S TIFRE R 532 nm OGS A R I
RYc; TEARETT I, TR 288 A S M RERY PMT 450U
TAIT, DIBUARL. DFE A R E™, 2018
4, EEEZMEMKA NASA) L4TH) ICESat-2 11
BT R THOCTIA RS ATLAS, HRGLH
MR 15 BR™. %R G R BOCE N
10 kHz, FRYHS Kb RESE R 400 W, HAEEY 532
nm FOLR R IL R KR ZEERE )T, 7RSI X,
ZRRRFBEZEKT 30 m &, HMREMKT 1 m,
AL, NASA KOG R A HIE 2 (LIDAR surface
topography, LIST) i35k T — % M40 3R 48 1
TS 2011 4F, LIST ilid ALk WITHAE, JFEL T
SPAD 1 Sl #5  FH Fsk iy nl 4 7

FEEIP, ARZRIMYE R 2 SRR A B X AL 2k ot
FHWOLHE IR T —RIIME5E TAE. 2016 47, %Ik
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Fig. 15 ATLAS system architecture and results for glacier height measurement by ATLAS®. (a) ATLAS system architecture;
(b) Results for glacier height measurement by ATLAS

240037-15



A FH, 45, GH T2, 2024, 51(3): 240037

https://doi.org/10.12086/0ee.2024.240037

B 16 #&F SPL100 5 #kiaysbdpiz &5, (a) 4+ SPL100 #%; (b) SPL100 4%
Fig. 16 The Leica SPL100 system and terrain features acquired by the SPL100"".
(a) The Leica SPL100 system; (b) Results reconstructed by the SPL100
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Table 4 Single-photon LiDAR products of partial companies

Company Year Product FOV Distance/m Power/W Frame
Ouster 2020 ES2 26°(H) x 13°(V) 200 12~18 10~30
Ouster 2020 0S2 360°(H) x 22.5°(V) 200 18~24 20

[ oyiiE s 2020 V14330 73°(H) x 58°(V) 15 30
IBEO 2021 Ibeonext 11.2°(H) x 5.6°(V) 140
Sense Photonics 2021 MultiRange™ 200

SRR AR 2022 LDSatellite 120°(H) x 75°(V) 30 <10 10~25

TR A 2022 RS-LiDAR-E1 120°(H) x 90°(V) 30 10~30

RIERHE 2023 ET25 120°(H) x 25°(V) 250 12 10/20

SolidVue 2023 ES 200

— R 2023 ZVISION EZ6 120°(H) x 20°(V) 180 <15

Eh 2023 250 20

RUPeT 2023 ADS6311 ToF 120°(H) x 90°(V) 30 3 20
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Fig. 17 (a) Performance metrics and imaging results of ZVISION EZ6; (b) The result of 3D imaging by iPhone 12 Pro
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Development status and trends of single-photon
LiDAR technology

Zhao Yuyang'’, Zhou Pengfei'’, Xie Tianpeng'’, Jiang Chenghao', Jiang Yan', Zhao
Zhengwei', Zhu Jingguo"*
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Principle of pulse accumulation single photon detection

Overview: LiDAR (Light Detection and Ranging) is an active remote sensing technology that can accurately and
quickly acquire the three-dimensional spatial information of objects. Compared with traditional linear-mode LiDAR,
single-photon LiDAR, especially those based on Single-Photon Avalanche Diodes (SPAD), represents an emerging
technology with high temporal resolution, high sensitivity, and ease of integration. Due to its unique technological
advantages in capturing weak signals and high-precision 3D imaging, it is widely applied in military, aerospace, and
autonomous driving fields. In recent years, the continuous development of SPAD detectors has driven the vigorous
development and rapid performance improvement of various single-photon LiDAR systems. Furthermore, the single-
photon imaging algorithm has evolved from single-point signal processing to array image reconstruction. By exploring
the spatiotemporal correlation between pixels, it can accurately restore the depth information carried by weak signals
from high background noise. The introduction of deep-learning-based approaches with single-photon imaging prior
knowledge has also become one of the current research hotspots. Meanwhile, thanks to powerful imaging algorithms,
advanced optomechanical structures, and efficient system designs, they have significantly improved detection accuracy
and speed and promoted the application scope of single-photon imaging systems from traditional satellite and airborne
applications to vehicle-mounted and consumer electronics fields.

This article focuses on LiDAR technology based on SPAD. Starting from the basic principles, it introduces single-
photon LiDAR technology and three typical technical systems, including pulse accumulation time-of-flight technology,
coded modulation time-of-flight technology, and chirp modulation coherent detection technology. Based on this, the
article highlights SPAD detectors, illustrates the research progress of Si SPAD and InGaAs/InP SPAD, and discusses
classical imaging algorithms and typical prior assumptions. Moreover, this review looks back on the current
development of single-photon LiDAR in long-distance detection, complex scene sensing, satellite/airborne mapping
remote sensing, intelligent driving navigation and obstacle avoidance, and consumer electronics 3D perception,
organizing typical systems in different application fields and platforms. Finally, based on current research hotspots and
pain points, this article summarizes the main development trends of single-photon detection technology in detectors,
imaging algorithms, system integration, and application fields. Of course, single-photon LiDAR also faces challenges
such as distance ambiguity and pile-up effects. Therefore, in the design of single-photon LiDAR systems, adopting the
concept of computational imaging based on application needs and jointly optimizing the system architecture, optical
transmission and reception system, and 3D imaging algorithms might be a beneficial approach. It is hoped that this
paper can provide some references for readers to understand the development and design of single-photon LiDAR
systems.

Zhao Y Y, Zhou P F, Xie T P, et al. Development status and trends of single-photon LiDAR technology[J]. Opto-Electron
Eng, 2024, 51(3): 240037; DOI: 10.12086/0ee.2024.240037
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