% 52 K% 5 b Hg oL TR 2023 4 5 A
Vol.52 No.5 Infrared and Laser Engineering May 2023

FEFITBHEE LR B & M= XEBRR E T

I }‘%{]1,2,3’ SUJ 1@]‘_1,2,3*, _7%‘;!&})%1,2,3, F:i]:\ f%}ll’ % é%1’2’3

(1. PEHAFRERAACEENETEREELRT, Wl RH 610209;
2. PEMFRAELE KR, W KA 610209;
3. P EAFER RS, LR 100049)

W OE: AT REATAAAGIAME S s PERFHA, AT FIA KRR IR P
T BARAZ B0 SRR, — A A R RBR ATk, B, RBR KBS
T Ak BT 5 RSO 0 X R, AR @0k b T R R ey it 257, AR M AR R E B
SRR AT B, F LSRR FHIFEZ R T AL, i B RE 2o K, FERET AT
I 2 64 B 18] X 18] St 4% AR R 04 R, B E ARG 4: A B 0 B35 25 HL R, R T AT R By v ok T 2,
EEBERDEG P A BALE R AME; UG, 8 ad A 1E AR R AR B B F 00 AT R, AR AR B
4936 B 13 B, ARE TY{E ik Fe Chen SLok, ERAKHBIEN G A EH P, S5 LTHYH 1455
REDNT 6MHz B, TRMHFTIREEVHEINT 20%; EEAHESBARRIEEHR T, S FREL
508 MHz JE B A, T3 Fk AT A AR TR R K FT R LA 0017 . T ARAEREREN, Tk
SRR B T AR fo E A B AR 69 WK S5 3 B BT 09 B ROR .

KA ETHIGHETR; Bk F,
FESHES: TNISS

0 35l

AR, O T LABHIR B O A Gt 2 2 S B0k i
PE B AR Y e R ORI, B T DG A
(Geiger-Mode Avalanche Photodiodes, GM-APD) #l i}
[B]AH 5& B F I R (Time-Correlated Single-Photon
Counting, TCSPC) 4t F T+ E0O6 3k 1A B 58 4
F IFTEM IR M 2 . 1 B B R AT &R ) SR
PR SFUAT 2 7z R 5 A e R I A A L
BASG T RN 2 — b AL AR,y T A0 B 5 Ak
TS S50 AR AR ABE 24 1) I T LA 3 e S K R B ) 3
FroRAb o SR TCSPC £ AL 3% 79t 7 9 i 1] 75
B8 2 A BRI 5T 1] i O 8Os 2R AT 2, B
150 2 o3 €2 = W S I B ORID N 51 €778 N E R AT
A B S FIHEOE TR ik B A ps & Y I [H]
73 AN w5 0 PR R AR, T DAY A T AT

[l

ks B ER:2022-09-21;  1&1T HHA:2022-12-02

B2 R BR
YHEAFRERS: A DOI:

REAE T
10.3788/IRLA20220682

Wiy 17, 0 G 55 [l 90 15 5 4% 00 4080 L AT A A )
FEPE, (EALIE R T 8L S H AR R AR 5
S MBERC R, (] 5 A3 v R 2 K R SRR
B 51k A I 561U, . KB R SR R A O
Ja 1) B A5, AR5 06 A e T R G RN R R
Wi, i 249 28 58 B OR PR DN PR RE A B2 T IRk, WS
] 7R 55 IR A 1 57 4 w6 T EOROL R K A RAR
B EE,

AR (0] 902 0 1 B30 0 e, — L8 0] [ 9 6 4 o
TR S 1 ) 8 0 B30 1 4 1 1O, sk 8 Ty 3k i o R
NG AT 18I AR A i g oz R P, 345 B H AR Y
TRIE PR, (ER B X B 2K A5 B O, a4k 215
KA FFHRTE . Kirmani 5542 HE 5500 7%, A
PP A5 0 25 [ AR S, A fil A8 e e 3 9 55 — 4>
b A IR G| RER AR DR S PSR ER N 5

PERE M £, £, B, FEANIOE RO A EER B 7 H R BFT.
SIRGBIRAEE) B M- XU, 51, D501, WA 0, ik, RN ROLEH ISR SHOLE F 7 mims .

20220682-1



ISk A2

%54

www.irla.cn

SRR 7R 1 R 2R R B o Chen 55U M 2 R
I [ B AR 45 5 A 38 B B 23 50 19 SO R 5
W, SEBLT MRS RIS A A X b o Rapp FEUY R
AT G  A IR S Tk,  BI A SOt T
TGP O ) IR SR A, 445 5 23 ) ¢ Rl ar i 1R
RUATIRUE, BT T KR EMACR . X LTk R A
HRAE T (0] 1 FF 18] A 5 1 23 B ) S kL, o R dls
9 2 8] SR A O b E 22 A 3 28 D R AT % 0,
JE M P OR T B O, RO R R 2 A K

N T HAREE B AR B ROAG RS B, $2 1 —Fhid
P 5 Mg A | B (9 1 365 0 I 25 S IR TR Al
TERE o T B IE T R A dhs F) R 17 4 1 A 2 1]
SRR, 110 A I E] 1 R/, SE B SO0 TR0
RLSRI, 255 18 3 1 1R 0 7 2 {8 D 8 S A 5 kG 25
W, A3 BN AR A RATIN ] 3 i HOA = A AR 5
56 X T i B8 0 ) DB R ROCR HE AT B UE, 58 LA I H B
A,

1 BREFRMNEE

il GM-APD HUGFHRIZR 454 TCSPC A
EAT 1 55 [ A o B s, (0] 38 ' 7 % H i A,
UERLA R IR IARS A5, ZERT 2 1R 3R (6, ) 19 A [l 9
S Al AR U,

Nijo ~ P(ris(1=2z;/c) +b;)) (1)
o s BOEH R R v b HAR R 2, W TF
B ARARE RS b, A MR (A HA R

AR [T 8 56 —F 78 i e L 1) o A e, B A5
T A R A, RO T B O T B
2, MR ' - 78 A PRI B (8] b3 5 2 335 50 4y
AU, ) 13 TR I I A A 25 S, Y
HAREE B (E Ry Z i, [ s PR BOs A an 151 1 R,
AOLKFRE ST BN R.

N N

N N N
N N N

N N
N N AW
~N N
NN ~N
(a)

Photon counts
e —"

(b)
B RROETHR

Fig.1 Echo photon counts model

2 ETHENMEXENREGITEZE

SCH TR IR T 3 A 20 R e iUk i AN A
AT, 23R 10 7 R ) 7 T 1) A/ N B Bl AL
PRI, TS ORI ). A SE R E R, AnfEl 2(a)
FIi7R o
2.1 BHiE MR E & O K &R FERE

R E (0, 7) SIS ETFAEON N, AT HHE 4L
R,y = (i3, 0} S LT P T TR G2 B3 R
R 545 2K [ e o 7 1 B V) 3 A e o, R T 7R AT g
Z AR R 6 T B 1 [ s A AR 7 S M s 5 R 1) -1
P, MR INEN AT B m A/ N Tk b e
w, BIEFRLrBE, B W= {w t,wot, -+ w7 ) Il R
HA AR [R] 43 B2 06 B 7 R S8 S A0 15 20
T3, IS R R KON, w1 (R ST
JITAENL B, Q& 2(b) FiR .

Y ] 5 BER T, 5 R BT B AR B —
(06 T T Em A, WA Ry 2 55 W 1, 10 5 e AL
B 2, MRURAG R % B[R] o BRI AT B
PRI, 82T R — 5l IFR RSB R
e {7 AT T (U, T 0 BR h RfE . U
B, S5 (A B DR IR e sk oz 4 ek ] X Ji) B
JIT SR A S R o A kg T A T S 1 ] )
R, AR ARG B AE AT B, WA R Tk 02 2
BEARUFS, R EBREE 12 7] 6 &R @7 48
BOBUE 4B, 3 TZ 8 R 3x3 4RIy I 1] 45 B R i it
1 1, W 3 TR . AR L s SR R A
KT 5, MY KA 2 5x5, HEW R LM %
AR ZR I R] BT E P RO AR D J5 2 1 A 3L T 3 B
I, 58 MUE 5 06 7 E s i HLER I, B R BRI TS
St R

202206822



s Gk A2

%5 www.irla.cn
(a)
. Adaptive time Sliding Adaptive
B
[ cgmn } window window mean filtering End
®) |jm———————————- ..
‘ | The correlation
I Time width | characteristic of time
I initialization |('
|
| 1 :
| Find the location and
|
| number of the maximum I
| hoton counts (N,,)
p d l
|

The correlation ) )
characteristic of space Invalid pixel Median filtering
r . S — I T——— -
|
| Create a neighborhood | r
: data set (nxn) |
, |
| 1 |
I n=n+2 Invalid pixels’ : Valid pixel
: number: N, |
| |
[ J !
| Yes '
I |
| |
| No !
| |
| Neighborhood 1
| time interval |
|
| TR T S
The time window of

maximum photon counts

2 (a) BARTRE; (b) HIA]E 1A 3

Fig.2 (a) Overall flow chart; (b) Adaptive selection of the time window

22 EFEOKRZEEH A EE

R BT RN AW, TZ T AR 1R
2 () P WOt 1 B B ke (1,2, 0}, 0
Kl 3(b) iR, FHOGFIHEURZ R DAL E

Nwind = {tn : t]( < t:fj < t:f‘j + WwindT} (2)

SRR T PN [T 5 B A IS R R T e, By
AR R AT ]

FIBTAEAR (0, j) B mxn BRI 9 (n — B HL 3 0
), Ty AR P BT BE SR /N T T 5 B
T, 2, Ty Rz AR = 00 RAT I, )2z, Ik
WAR R AR S
Ty Ty =T < T

T;;= ) 3)
1%) |Ti|:1//g1t _ Tzn/ed > T[{I;r

202206823



ISk A2

%54

www.irla.cn

The time interval
(@) Jm— /' (b)
|

» (=1, 1)

> (i-1,))

=

> (iC1,j-1) L

=

> (4,j+1) Neighborhood time interval ¢
> (1,))
s (i j— g Sliding wind.
> (i, j-1) é ing window
> (i+1,/+1) gl . /
o i
=| i
> (it1,)) :
5 (i+1, j-1) The counts of initial histogram ¢

3 RS (3x3). (a) SBIBATR BT AYERF ] IX[7; (b) AIRAC A S Bf 7 X 17 Bk st 7 Pl Pou o e -3 -4

Fig.3 Neighborhood data set (3x3). (a) The time interval of the maximum counts of each pixel in the neighborhood; (b) The time interval of the

neighborhood data set and the corresponding photon counts in the original histogram

23 BHENMHYERE

X8 py LA 20 R AT B 0 4541 R AT IR L BEAT A
TN EEBE, X AAFAEA UG 5T IR R A 1l
FHE 33 ARG ER i Ik 1] (A7 AR, 2 S s dl
S TR AT AE A R I 8] 45 6L, DU 4R S5 R 28 48 [,
HEFRBARE. fn, TR AT i E
TRVARZ = T /2, BRI A S tH AR L A B B 45 8

3 HERESHR

3.1 FEXR

X% N FRAS BAREAT BRI, R AR %
WA IR B AR AL, KRG R AR AR & R LT
AR, FREI E bR R B E B AR B RS R R AR AR
ek, b T I UE TR A LTRSS TR, ST X
REEAR BB Hiw, & HA BT EMRL
W, [ HWE 4(a) FrR B HOIEAE AT BT 4. %8R
D25 FE RS [B] ()52 1), SR FH S48 9% O vk 4 B IR A
A3 A G , I8 i i M R S Y KO, AR R
A5 A [ W P i B 7 1] 98 KA, SCHk [14) 2 2R
15 BRI HERR I, AH DG S EOL 3% 1.

TE 1 -6 R I B 8] PN, 7 B2 0 1 - 2 [l % 4
H M, WG 56T MR 5% T M, U] GM-APD
PRI 5 7= H 19 - S0 R e 5K -

N, =n(M,+M,) =nM,, 4)
BAYR K PRI ME AR P Sy

Pps = [1—e™] (5)

1 + Ndead
P Noeaa WAL TR N BT

Altitude/m

73.12573'130

73.120
- 730157777 1 1O)
73.110 Loﬁg\mde

(®) 4 000

3500 1 M=In(1-Pyg(14N,,,))n—M,=13.8
3000
2500
2000

Photon counts

1500
1000
500 r

0

0 0.5 1.0 1.5 2.0 2.5 3.0

Time bin x10*

4 (a) FRUGHIE; (b) JETHEITE A (M=10000. R 2 MHz)
Fig.4 (a) The original terrain; (b) Photon statistical histogram (4=10000
and 2 MHz noise)

20220682—4



54

s Gk A2

www.irla.cn % 52 %

x1

data

ELRHREGENEE

Tab.1 The main parameters of the simulated echo

SH

TP A AR, Wl 5 s, Horb e S Wik
{1 I ) 23 B 3l W={27, 47,87}, W67 1 K/ h2r,
fifi FH #4117 1% 2% (Mean Square Error, MSE) 7§ & ¥ 5

Parameter

Initial time resolution (7)/ps
Detection time (At)/ms
Dead time (77)/ns
Photon detection efficiency (7)

Number of pulses accumulated (M)

Zia A @), A 6) Mt rait B EfTHE
SEJEZ) N 2 MHz,
10 000 4>, &5 5N 4(b) Tz, B, A4~ bk b 1 ]
6 TF%% (Photons per Pulse, PPP) %)/ 13.8,,

BT HCH, Lt

32 FEERSH

TEA B LI P R4 il
0.2, 2, 3.5, 6 MHz [ I 75
20143, 13.8, 14.6 fl 14.1, 2

AR, 3 S N g
, lﬁliﬂi%ﬂwﬁ:% PPP /K F-
X Fb AR A ) W 7 5

Value ife, 1D

0 MSEZ2)=—- 3" S 2~z ©

0.5 N s

30 ML S B4 A5 R LA e 240 R 58 7E 0.2 ~

2.8% 6 MHz Z [i], fr #& 8 :24 E}itﬂiﬂﬁf/ n,u\,%ﬁﬂﬁ'%

20 PR EERE N, B R 25 M 0.04 BEANE 051, B HAb )T
TR T MY (R 34 0 15 25 B/, U A ik MR S R

R B B RO . MR 7 0.2~3.5 MHz 2 [i]
B, WE(E I B R TR 22 N 0.11 3K = 1.30, HAE
(7] — Mg P SR BT, A SR I A T s 22, Y M
P T 3.5 MHz i, R RE @R J1 o Chen SILTERE
SR FEAR T 2 MHz B, 5 3 830k ) A BSOCR FE A A
T, ARG R R R i, A R ASCR SURR B, ZERE S
JE 5 T 3 MHz B JCv: i 32 350 HOY @ (R B 78

o 7 DR I AR [ IF,  4 530 1 AL {75 A Chen ;%;%5&

kB H

N = [14-15 H N =111 2 4 M= > = S T
FER, A FHUE(E 1 . Chen B350 Fn i 42 53004 43 Sl ik TTHE BRI TR ZE LT 2/ 20%. 7 HLALKR
(a) (b) (© @
10
4
E g g £
3 2 3 3
E E E 2?2
Peak = 2 & £
5 5\5"“ <5
Ly VNS 2 B0 g, Ve 20 Lo, NN P /’é
O”gz‘/l,d;\ 5 ”//0’/520 &m iz, 5‘ RS ’/520 ‘;Cm 4y, d‘>‘ as // <0 “ge\m
@] Lon Lov
MSE=0.11 MSE=0.46 MSE=1.30 MSE=\
520 _ 520
£ s00 £ 500
Chen % 480 S 480
2 460 = 460
< 4420 < 448
5 )
5‘: B 55
57 g0 /2 53 /g
L“%, o \““ 207 /,;eo ) gy, ;\5 # )3/7? 7 Zem
Lon ¥ Lo
MSE=0.05 MSE=0.08
520 520
£ 500 £ 500
Proposed 2 480 2 480
2 460 2 460
< 448 < 448\\
s =7, V50 2 =3, >,
> /)j 5 e %7 /;J 50 /;5’30
‘i, A\U

é’ll, g

55

=% 5

Lo, \55 2 7 oy B\ 5 3

'75/,1 B My /’5 0 éc\&\ e d;j as® P /’J % el
9 Lon oo

@]

a\27 80
Oy - 5\5:\5A
K

sl
J// /,Jsg
ov

MSE=0.04 MSE=0.05 MSE=0.30 MSE=0.51

Pl 5 ANTm] W ik B I 25 Sk T AR YT [ . (a) BR75 2 0.2 MHz, 14.3 PPP; (b) M7 2 MHz, 13.8 PPP; (c) 7% 3.5 MHz, 14.6 PPP; (d) M
>4 6 MHz, 14.1 PPP
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Abstract:

Objective Photon-counting lidar has the characteristics of high sensitivity and high time resolution. It can solve
the application limitations and technical problems in traditional linear detection within a certain range, and the
advantage is more obvious in long-distance detection. There are important applications in topographic mapping,
autonomous driving, environmental monitoring, etc. However, when using single photon detection technology,
the influence of background noise becomes non-negligible while the detection sensitivity is improved to single
photon level. The arrival of noise photons in the active region of the Geiger mode avalanche photodiode detector
may also trigger response. Therefore, in addition to the effective information for target imaging, the weak echo
also carries a large amount of noise data. The noise photon count in the echo data is closely related to the size of
the background noise. Although the narrowband filter module in the hardware system helps to reduce the
interference of the background noise, the noise count generated in strong noise environment still restricts the
improvement of image reconstruction quality. In order to realize the efficient extraction of target information in a
large number of echo data and strong noise environment, an adaptive spatial-temporal correlation depth estimation
algorithm is proposed.

Methods The designed algorithm mainly completes filtering and depth estimation through three steps (Fig.2).
Firstly, the algorithm analyses the photon statistical differences in the time domain based on the relationship
between signal photons and noise photons in the echo data and laser pulse width, and reconstructs histogram with

different time resolution adaptively. The size of the time window is adjusted adaptively to find the time interval
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where the signal photon is located based on the reconstructed histogram and the spatial correlation of neighboring
pixels' photon counts data (Fig.2-3). This will significantly reduce the amount of subsequent processed data by
only extracting the photon counts in the time window. Secondly, estimating the time information for each pixel by
using the sliding window based on the extracted echo photon data. Finally, the flight time of each pixel can be
obtained by adaptive mean filtering, and the corresponding distance information is solved. Mean Square Error
(MSE) is used as the evaluation criterion of the algorithm effect.

Results and Discussions The simulation results of undulating terrain detection show that when the number of
signal photons per pulse is about 14, compared with the Chen algorithm and the peak method, which lose the
reconstruction ability when the noise intensity is higher than 3 MHz and 3.5 MHz respectively, the proposed
algorithm can not only reconstruct the terrain information in the range of 6 MHz noise intensity, but also reduce
the mean square error by at least about 20% (Fig.5). In the indoor static target imaging experiment, when the
noise intensity is in the range of 5.08 MHz, the maximum mean square error of the proposed algorithm for target
reconstruction is 0.017, and the imaging effect is obviously better than the other two methods (Fig.8). The
experimental results show that the proposed algorithm has a good filtering effect on the echo data of undulating
terrain and laboratory static target under strong noise.

Conclusions In this study, an adaptive spatial-temporal correlation depth estimation method for strong noise data
is designed by analyzing the temporal characteristics and spatial correlation of echo photon data. This method not
only solves the problem of extracting signal photons when there are multiple maximum values or no single peak
in the histogram, but also greatly reduces the amount of data and computational complexity. By processing the
echo data of simulated terrain detection, and comparing with the peak method and the distance estimation method
based on multi-scale time resolution proposed by Chen et al., the feasibility of the proposed algorithm in the
filtering of photon counting data is preliminarily verified. Then, the superiority of the proposed algorithm in
strong noise interference target detection is further verified based on indoor imaging experiments. With the
increase of noise interference, the reconstruction effect of the proposed algorithm is more obvious than that of the
other two methods. The proposed algorithm is suitable for processing the echo data of strong noise environment
detection, and does not need to use the noise intensity as a priori information, which provides a new data

processing idea for target reconstruction.

Key words: photon-counting lidar;  strong noise;  spatial-temporal correlation;  depth estimation
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