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Fig. 1. The schematic diagram of photon counting LiDAR:
(a) Description of the imaging system; (b) description of the
three dimensional echo.
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Fig. 2. The schematic diagram of adaptive information ex-
tracting: (a) Schematic diagram of the summing process on
the spatial domain, where @ stands for summing opera-
tion; (b) description of the feature parameters; (c) the dis-

tribution interval of the target.
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Art %%, JSF Ny x N x T3 51296 x 144 x 4096

Recyclel it 2% K]

55224 % 256 x 4096 L {f F A KA H AR A X [H]
IS 42 W TR R B YA (ATt
WS Y SEBE BN 16 ps). Recycle 5t Art 5%
12 2% E ULE 3, Ho s T A B bRfs B
AU i EARB AT (5 B, A SCHAD = 1 R i 25 21
W JER. BT FRA T EIEA R ST
MR I BE ), Recycle %5t 5 Art 545
T 34y, H PPP 5 SBR AR, HAK W)
SHILHE 1.

4.2 SKNEHEIREN
HFEHERENRGE ARG FEBRLE 1, ZR%
B EZ AR RS 52500 T WOk ER % H Pico-
Quant LDH-D-C-850 BUHOLAY, BB R 850 nm, =
510 MHz, 2455 A SO CTIR LA 100 pW;
TCSPC 1y#Y-5 A PicoQuant PicoHarp 300, 354
Jr A 3 s A A 9 BE DRy 16 ps. R 2% Sy Y S
EXCELITASDTSSPCM-AQRH-16-FC #JSPAD,
PR35 40%@850 nm, W% <20 cps.
B 85 85 KOWA LM25 HC, #1484y
17.8 mm; 7 1@ JEPE A K5 & Semrock FF01-850,
WA + 10 nm. 1F 4 PAEIFR, S8 Hish
S R GE T H AR SAE IR, LAy [ 3

Art¥ s

5.28

5404 (m)

3 EGESHRE. KN Recycle 52 % K, HEN Art S %K

Fig. 3. The reference image of the simulation scene. The reference image of Recycle scene and Art scene is shown in left and right

respectively.
#£ 1 AFEZET AGNR Bk pEaext
Table 1. The noise reduction performance of AGNR algorithm under different scenarios.
Recycle Art VAT SR
Recyclel Recycle2 Recycle3 Artl Art2 Art3 W S L PRI S EE2 RIS AL]
PPP 0.951 6.226 12.727 0.833 4.664 11.553 3.020 30.044 150.144
SBR 0.581 0.127 0.031 0.013 0.114 0.014 0.106 0.104 0.104
SBR’ 6.435 1.431 0.363 0.222 1.931 0.250 2.049 2.050 2.029
NRR 11.076 11.268 11.710 17.077 16.939 17.857 19.330 19.712 19.510
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PRV T 17 O AR ECFL IR, 505 WA AR, %3
SIS HEWE 4P AERPTR, 2% R R E
T 2021 4F 6 H BRI, AR 0 BB 0.5 s,
B R ST 64 x 64 x 4096 & 4 [F) 42 EANERER T
5 Bbfs By, FEASCE L i EE. N
B R IRIREE, R B RS REEE T
A LI 20, PRI A O AR, ELTZE SR %
BUASIN T 2084 LA B (- BRI s vl 2, 2% =T
W8 7N Thorlab NE10 B-B, 5225 5 5898 2 it
551 16.1%.

A S sl S

YA S R S

6.02
(121)

5.90

B4 S5 2% B SR 2 B RS kYR S
P, A P IR Y S 3 s SR )

Fig. 4. The reference image and the physical map of the
measured scene (i.e. supporting rod scene). The left image is
the reference image of the supporting rod scene, and the

right image is the physical map of the supporting rod scene.

SCEC AR Rk RGER A, B R] A A
0.5 s, (HRET 2021 4F 6 HE K, HEEEH
— PSR L 2R, PR R K B TS A
PRI RAE S AR 5 s A FHOB L
A 850 nm ZH 1 pW, T &S ZAT 4 100 pW,
2618 IR R DR B I T SOEMTIR. %k
I FOLT R I BT, %R NE10B-B 1Y
Feif 3N T NE3OB-B IR ERIN G, 405 )5 58
M2k Ryl 2R 510 0.25%, Rk A5 %
KB AN B, #4E TCSPC (1 TAEHLI, KA &
FERSF [) T A [ 38t 25040 o] 3 2 A 17 412 DA D s 5
TR B ASCHRICT RAF RS 5, 50 5 250 ms
4 1] 38 5t FH Tk, O PPP 5 SBR L3 1, JL
H T SR 17 PR SJAE 27 L “IRITT SR 37 430
X BAEHE] R 5, 50 5 250 ms Y [ B . A
Dy AR, T SO <R SR R R B S .

4.3 IBWERSW
4.3.1 AGNR H &It fe 047
AFSLEY =R PPP 5 SBR Wk 1 g, &

SBR 7R 280t [ i A B4R UG Y SBR, Jf i€ X
W 75 I EE (noise reduction ratio, NRR) i SBR’
15 SBR. 19 AL BF LRI IVIACT, BV
PPP SBR’

AxTy RR=GpRe

MR 10l %, [l —3 5 NRR 22 55808
AR5 E] NRR 22 540K, & F 202 AR
SZIA BRI ARG I 22 UK, SRR 5
X 8] ¢ 1Y B JE Ta AN], #ETTE AL T NRR AR 22
5, RGBT AGNR BN AR B
i W ABAE R — 3 s, TR T R ST
NRR 245 = HAT AT A EE N R B AGNR 5532
YIREAS FRE MBS IR H BR oA XA 1E R R
B JE7E PPP< 1H SBR< 183 & (41 Recyclel
5 Artl) 1 NRR BTk 388 i’ E B IZ ik A
AR AR T RN A IR RE ), UG T SR 45
EETIEIE
432 BRZHLEERIN

Bl 5 5E 6 5345 T 5 3 5 ki 5 F
BT AR PR E AR, T EA SRS
FET P R S0 L0 e b B8, HAZ A DTN R T 8
55, DR RO R e 22, )2 L 1 B A i L I
BRI T (U0 Recyclel 5 Artl). AGCC Bk
Xf T HAT — € A RO, B0 Recyclel 5
Recycle2 HraR 32 W ms 40T AR H A% 7045 3 il
WIR R 15 B3] T EARRAGT, IF B G%
(BRI ORI T —E i3I
1B Art1 375 ) /s 7E R AR ELIR A5 B 8 1) 17 10 T
U AGCC B O AN 2 DL S8 1 ey o et i) o
P E e D TR AGCC B3k i a3k A7 4k
B, PR HCRE A% 1 2 5 T AR R, JCHR T Art2
5 Art3 G BA BT RO, B T m 4%
AR EEE (40 Recyclel 5 Artl) 7598 ME LL ik 5]
A NEIEE R, UA BEM TR =Mk A
BT, 1207 20 T A 137 S RERS E H B
i A EEE R, T HR R p H R
{H7E Recyclel 55 Art1 35 Hoxd F &5 M Al 11
TRZEAXT K. OPN3DR BIEMRIER S UA 251,
XF T BT S SRR B AR B 5 U RS B B
P EERE ), (H i TR R R T T AR5 %
KA, PR PRHEA A — 5 R B BRSO

SBR’ = (13)
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Recycle 1

Recycle 2

Recycle 3

OPN3DR

& 5  Recycle 375 B g 45 5t L &

Fig. 5. The comparison of the restoration result of different algorithms under Recycle scene.

Art 1

85.52

Art 2

Art 3

5.045.285-52 5.045'285.52
(m) (m)

AGCC YREDEI

OPN3DR

B 6 Art 35 @45 1T

Fig. 6. The comparison of the restoration result of different algorithms under Art scene.

Jefelits, B 7 45 T BT AR SR Y
SR T =4, BEASCENE Lk E A
HFr{5 R, 1 AGCC 5k BARA FrdGEH H AR S
SIS WO o (B B 5 3k AL < 3208 37 8
i MARERRECAW A AR UA 5 OPN3DR
SOEWRAL TR =R 50k, 78 <P SR 27 45 <
TSR 37 bl LIRS F AR FE S, 59
TS 1 AR A AN AT, X FEUR P
PGSBS, A 264 T m] Bt A i Rl At X
B

H T WA R 58 7 R, 8 L
{5 M [t (rconstruction signal-to-noise ratio,
SNR)P 40 F:

[1X1[°

RSNR=101g (—A
X — X|]?

) , X C(tr), (14)

K| - PR 2908, X5 X RIFRSHEIGR
HfE @K%, RSNR AN dB.

2 G T A g s b R R 1S RO R
B9 RSNR. #H LT HAHKRRA %, AGCC HIETERT
Y, XTEE B 5 R S R B RSNR ¥4 8
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ENPS AGCC VP R UA OPN3DR
5
2
i
=
6.14
o
=
#
=
’ 6.
@
2
i
’H6.14
7 VAT ST A R LA
Fig. 7. The comparison of the result of different algorithms under supporting rod scene.
F 2 ARFEEFERAARGR T RSNR XL (H07: dB)
Table 2.  The RSNR of different reconstruction algorithms under different scenarios (in dB).
. Recycle Art P S e
Y5t TENXTE — — —
Recyclel Recycle2 Recycle3 Artl Art2 Art3 WAL PSR PR SEES
T BB —9.743 —8.533 —8.231  —15.597 —10.482 —10.848 —4.932 —3.023 —1.338
RTHRE —4.101  —0.908 —3.691  —21.453 —3.504 —8.024 4.533 4.687 4.698
AGCC BB 11.524 17.961 17.577 12.862 19.789 19.633 22.352 24.751 26.369
RAPRE 0.114 6.433 6.062 —17.806 4.175 3.457 5.324 7.504 7.731
e BB 13.954 22.304 21.881 18.552 27.340 26.903 24.389 25.909 26.788
&)
AR E 5.844 12.608 12.284 2.316 10.584 10.261 8.383 9.500 9.571
A HEEE 20768 21.318  21.321 20.519  24.761  24.764 28.588 28.741 29.199
U
AT E 3.304 16.755 18.760 5.513 10.034 11.122 7.926 9.677 9.890
OPN3DR BB 20.075 21.430 21.172 22.767 27.453 27.397 25.726 26.801 28.298
ORI 11093 15812 15.380 8.910 10.448  10.255 7.915 8.979 9.004

KIGHETE, AR T 2 1 BT R/R X SBR 11
FEFHRCR. M EIEI A SRR T AGCC Fk,
HAE—LE(E MR LB 1 3 5 rh AR 21 1 AR R A Y
50, UL T2 B B — e MR RE ), e
i 55 W AT TR L ) 2 A T KRR R ] UA 5
OPN3DR. UA il OPN3DR 5% T A 5 2
AEAS BB RSNR, H 3 # 77— & FL P (%
RAE SRR, DR UL AR FB 4016 B0 T R REAS B A 5 11
RSNR. v UA 76 SIS rh 34945 31 T S5 dr i 4h
3, 1M OPN3DR BLAE Art W il by
AT T HAFAIZE R, AW UA #8/NRSF MR B Ak 2
O5 B B R AL, 1 OPN3DR 574 g% 5 i
T bR IR R ER T Y(E . UA 5ik5 OPN-

3DR B LY R AGNR Bk SERE_E ik fTab B
it 5 AGCC WXt Hunl LU AN EIR I T 5
I, it AGCC 5 1M 5653 gk 1 45 SR
ELIFT 455 AGNR S5 Bt 21 (1) A E .
RBEER AT AR 3 F i, M
BAHLE CPU A i9-10900X, NAFEH 32 G. i TR
U NN i NS N A S SC RN N E DO
M AGCC Bk T A B HAZME R 5 Tita
AR, HALAE A B ARME B 310 4 DI, PRt e
FHI )28 R BAH DAL B 10%, FEAMABL T A7k
PR . I I D ik i B D AGCC B3k
FEI 5 TP (B8 B R A BRI 22 F0, PRt v T
AGCC FkRFERT, F BT AR A4 i ] o A
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#3

NI RIS AT ] (SALL: D)

Table 3.  The processing time of different reconstruction algorithms (in seconds).
.- Recycle Art YA e
Recyclel Recycle2 Recycle3 Artl Art2 Art3 TS HEL VA 52 JEE2 WS HES
HAHRK 0.679 0.690 0.711 2.663  2.693  2.720 0.273 0.260 0.286
AGCC 0.085 0.085 0.085 0.220 0.224  0.218 0.023 0.024 0.024
EE 0.095 0.096 0.096 0235 0239  0.234 0.035 0.035 0.036
UA 6.290 7.759 10.787 20.335 13.517  19.832 4.320 5.073 8.711
OPN3DR 1.422 1.344 1.986 5.464 5.518 5.228 0.145 0.228 0.724
FHSE 7 ¥R BT P E] . OPNSDR 8k 0 T #2 71 i% F4 YN R RERT

PERE, X B AT T A SR, BIARR T =
HREMT 2, E T RTINS, HL ) s Ax
W22 UA Bk BARCR A T IR TR 72K,
EI TR A AR s, DR e B e s P e T HL
AbERL S A 0 H AR, T OPN3DR 5
UA B25 5023 T AGNR BE 5 i E S5 300,
PA] M A AR B a2 1 s ] 5 AGNR Bykiz
FFEFAlZ A 1 AGCC Bk B [a) i #E £ 24 p
T AGNR HiE# 4y, B EBUE 22 7R/, K
WA LG — R AGNR B 3 AER1E 9 AGCC
A AERT.

ZE TR, A SCHE B AGNR Bk 0] UK IR
O [l M | BRAS T SRR TR AL g
AL, S it H AR B R —. [
HHZ kiR 0 SR G AL B 2 T s i ME . 55—
Jr i, MR AP T R 4R A R T
BRIAER, Horp i {80 ke Re A IR, &
B Ar M AR A = I O, UA HERE R AHE X5
EIRELR , HAH S, OPN3DR AN F T
T SR, LA TEREAH X AT

Shy bk B AR SR FH B R RUBE 14 7308 A5 20 00 46
A BEME ) 3£ 4 36T RSNR Flizs 170 6] E 7w
T UENE 5 RS REXT . A AT AR 2
RO PT LAAS 38 o g o 9 B S R E PR AR S
(R A S s s | DR e Bl AN TR 2 i) I i
RE A GIAMS S8 T R RE R T
W, —Jr i, T2 R g M 2R g8
PHFERT AT 3. 2ROk, 2 RIE TR mARR
T+ T BB E% A9 RSNR, {H 5 R E % 5 RSNR
TREE Z, HAERTAXS B 1 gE T S 37 5
T A ZR A HERE AL, 5 R BIAR SC I A KR
ZAFR AR BE ST, DR e R R B B I ) 25
RETE 4.

Table 4.
the way of filtering.

The comparison of the performance and

N Rl ERE Bt
175 ST 5 5] 3
ik IR poNR RSNR B
. ZREJEN 27441 0.125 0.785
I S L o
BN 25.726  7.915 0.145
. ZRIEJEN 29273 1.218 0.772
5 S AE2 o
BRI 26.801  8.979 0.228
. ZREEEN  30.552  7.030 0.781
VA ST JEES o
WRRUEIENE  28.298  9.004 0.724
5 & i

AR RGBSR AR TG 7 3 B 5
PLIREEE T AGNR 553k, iG] 11 38 1 A
[ 38 h RN T4 B AT R 43 A0 1 DX, TR R
W T Mo EU 1 [T R ORI T 55 A 1 I A [ 1]
BEARA X G JE B AT T X LA, Hoh UA
%5 OPN3DR Bk R 5707 18 T EUR A2 6]
AR, DAL IHOGT 5 U5 M P P ) s )
19 T HFZER. SR2E AR, 76 PPP {ih 3.020,
SBR Y4 0.106 24T, £ AGNR ik ik
FH, SBR AHHEL T I 45 MU 42 T 1 19.330 % BEES
B RSNR AH L T BAH G LR T 27.284 dB,
16 A & N5 BRI SERE R Fl OPN3DR 1%
5 UA B k5 vl b B A 56 5k $2 7 30.658 F
33.520 dB. UiBAFEM AR BT ELAR M U AR AR I 254 T
AR AGNR B 2RI H b s o i = 2 (5
B CHEP IR, SR ER E dRA AT ZEXT B AR5
S X B A TR Bk — 25 ) P PR 1 23 Tl
BRI A o

AL AGNR BRI T iR R 5
(1) B bRk RE ) 5 s I AR ), AR B GALEE S
B ARSI 10 B ARE B & AT, i B
VIR A | 321 7S () i R R o DR I A Sk g 5
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S BERT F s o0 A DX ]ORN, ATl S N T T
FUARRT I L, O 4 J5 2 i S i R AR A
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Noise reduction and 3D image restoration of single photon
counting LiDAR using adaptive gating”
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Abstract

Single photon LiDAR is considered as one of the most important tools in acquiring target information with
high accuracy under extreme imaging conditions, as it offers single photon sensitivity and picosecond timing
resolution. However, such technique sense the scene with the photons reflected by the target, thus resulting in
severe degradation of image in presence of strong noise. Range gating with high-speed electronics is an effective
way to suppress the noise, unfortunately, such technique suffers from manually selecting the parameters and
limited gating width. This paper presents a target information extracting and image restoration method under
large observation window, which first obtain the depth distribution of the target and extract the information
within the range by analyzing the model of signal and noise, then further improve the image quality by
adopting advanced image restoration algorithm and henceforth shows better results than those denoising
method that purely relying on hardware. In the experiment, photon-per-pixel (PPP) was as low as 3.020 and
signal-to-background ratio (SBR) was as low as 0.106, the proposed method is able to improve SBR, with a
factor of 19.330. Compared to classical algorithm named cross correlation, the reconstruction signal to noise
ratio (RSNR) increased 33.520dB by further cooperating with advanced image restoration algorithm, thus

improved the ability of sensing accurate target information under extreme cases.

Keywords: Single photon imagingl, Photon counting LiDAR2, Noise reduction3d, Image restoration4
PACS: 42.30.Va, 42.30.Wb, 87.63.Im, 87.63.1t DOI: 10.7498/aps.71.20211697
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