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Fig. 3. The curves of time-correlated single photon single-photon signal and its six reconstruction algorithms: (a) Original signal;
(b) theoretical output signal; (c) Hilbert envelope; (d) EMD; (e) CEEMDAN; (f) Haar wavelet; (g) VMD; (h) proposed method.
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J7iEXTE 3(b) A5 ST Ab B, Y 5 (AR AE
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BORAR 22, TCRHE 5 S T 8, eNTeE
SRHMEARE T IRAA (55 22, H A iE0E
feTHE, SRRSO ™ E. X EH T EMD
CEEMDAN J 582 F G5 A B St RHE, 78
A 3L X 5 AR B R A TR 00 43 PR ISR AH G A
HF I AR I 2N A5 S AT A SO e K
B | M DRI K THE S VPR A R, & 55
H B SRR IR, IS T DA R
P A BV UK Sl 1 53l 7 1

& 3(f) AR Haar /NEFKHIE (Haar wavlet,
Haar WT) J5 Xt 4615 5 A T H @A SCR E. F
H5E 3(a) #EFTXF L, AT 0L AU — i TR
R LR AR S A, (R A B S AT,
SRAZ BRSNS s, E SR {5 IR S B
AR, G5 BB R AR TR K.

K 3(g) AT VMD kb i g s UL A
TR sRAR 1 WRSCR I, RIS hy 5. KL
5 3(a) #EF7XF LG, AT UL 7 AT LAAR G- 3 R
B L F S BT AL, (5 S ORISR A AE I
WA AR, A5 5 Y I (E BEALAS [ . A 7 4k
TR Z WL EE.

[ 3(h) A SCHTHR H i AR A RS R O
B EEHCR A, B 5K 3(a) #EATXT LG, ATRAA
AT EAML LR TIAPAME RS (5200, TEA 08E
KA BRI O N ARSR 0T ARG [ (55, B
—MESWIRICAREE AR R, WA/, f550
H5E 3(a) RIS IE(E A B IR ZETE FiR 6 Fhr
L.

R T2 6 I T IR B EROR, R
M TR 2% (root mean square error, RMSE),
4 X 1R 25 (mean absolute error, MAE) Fl1
XFFR A 35 28 %F 43 b iR 25 (symmetric mean
absolute percentage error, SMAPE) X = F i H]
RZETFM PR K LA 28X 6 iy ik E b ok A
SIS B B AR E. X = Mfsbre R 50
G A H R ZE VN TR bR, HR M (5 S i E

T, AN FEAR G SCik [14,15,25) HERA (1,
PR AR SR FH X = R PE A 48 Aok f Ak ik 6 Fhel
AketEee. THEAKI (23) X—(25) . 6 Ff
Jrik K 3(b) PRSEPR UGS, LA 3(a)
WOLER IS K AHOUE SR/ IS HAE, 435k
UM | P2 R ae R HAAECh (26) X))
N LR R S (1 (E S = V= 2 [ /T =
RMSE, MAE #il SMAPE {8, 255 W4 1.

F 16 MRERE SRS
Table 1.  Performance comparison among proposed method

and previously published methods.

SEPHE m#HYE RMSE/ns MAE/ns SMAPE/%

ARICHE 1.779 1.167 1.156
VMD 2.415 2.167 2.100
Haar WT 3.829 3.000 2.959
U
EMD 4.242 3.667 3.599
CEEMDAN  5.147 4.167 3.599
Hilbert 4% 4.143 3.167 3.104
ARICHE 1.528 1.333 1.056
VMD 1.969 1.417 1.115
. HaarWT 2.369 2.250 1.096
A
EMD 8.539 6.333 5.060
CEEMDAN  8.150 6.000 4.740
Hilbertfl%%  10.00 5.333 4.469
ARICHE 1.414 1.000 0.855
VMD 1.826 1.667 1.402
o Haar WT 2.3811 2.000 1.694
S g
EMD 4.143 3.500 2.962
CEEMDAN  4.163 3.667 3.107
Hilbertfu2%  4.282 3.667 3.140
BRSSOl
1 m
RMSE = | — > (4 — %), (23)

i=1
St g 5 A, g R
o R B AR R
FHLAHIERIE AR

1 & _
MAE = — > lyi — wil. (24)
i=1

XIFRA YRS 1T 73 AR ZE T AN

lyi — Uil
lyil + |5:l) /2

100% ~—
SMAPE =
DOy

i=1

(25)
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T FERG

(27)

AR R E THES K
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Afa] R A S8, IFR A ik 6 Fhog ikt B E Sk
AT 2Me, AT HOXE. ARSI ge b, I A B O I s
FEECH 407.27 1%, WO R ST Y2 R 270 oW, B
Ak v o S RE R R 270 £, BEISOG R B Ab 1Y
850 nm ¥ Bt ¥ 5t M 5 OF ¥ T R Ry 40.61 pW,
SPAD #RIMAFHIHCE T — = WA ECH 380.99 1)
U, %5 Thorlab NE40 B-B. % 3.1 Fih
5 B B e 1) R I R B A 5 R AR AR A5 5 o B
WeHE, >k H RMSE 1E i st M RE A FE 5.

P T 4 ] UL AR SCHE ) O iR B A T Ay
5 Mk, HEE R RIAH R TS S 5l
WER, iR 2 /N, Hikoy VMD, Haar WT, Hibert
f14%, CEEMDAN, EMD. i Tl fy it KT
ARG SWTPR, B BRI R 8, s
B RS R TAERUE SIS E. X 6 FEIk
KF|—E BRI R, RERURY Sk B, H
o Hibert 345 . CEEMDAN , EMD 3% =5 v RJI
R R TR, HERENLBE Sh PSRRI, TSR AR
SCHRATEEE, WA AU AR i s, LA

3.2

{5 SR Z BN B WS, FENLE sh iz A 080N,
2 BFU EA F] 10 s B, 175 H AR E Y RMSE
15R22°4 0.408 ns.

s Hilbert{i4% Haar WT
—o— ATr ik —— EMD
—— VMD

—%— CEEMDAN

RMSEiR% /ns
Iy

1 2 3 4 5 6 7 8 9
SR /s
4 6 FhJRAER TR BT ] Tk M RE X Y
Fig. 4. The line chart of the results comparison among pro-
posed method and previously published methods.

F2HWMT 6 MORRFILENTHEFER L, 2L
Pl A & 4 BEHS A 10 s BYSEE, XFRDOEF
HAOFBECH 17436 4~

B2 ARSI A H
Table 2. Time consumption comparison among proposed
method and previously published methods.
gk FERT /ms
Hilbert 2% 20
ARSI 50
VMD 1470
Haar WT 75
EMD 1100
CEEMDAN 37060

H13% 2 TR, AR SCR T A Sk T A AR T
K Hilbert €125771%, ML T Haar WT 583k,
BT VMD JkA T RIFEREETE, 2 TAX
T AR AL Sy LT RRAF B, SULAEAE 5 IE%
R RO BRI A TR S PRI, AT BEZ R IE
AU U AP A B b AR RS pR KR, T R
RS T TR

4 £

&

ARSI T ARFRRAS — AOHFAE, TRABISE T A1
KAGEZSIM, A BT XA E AR IS S0 kil |4
I T ARG, AT RERS L4512 HCoJ R B il
WU A AR T, I R 9 ] 5 R 2 i A
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Abstract

The performance of the method of measuring the time-correlated single photon counting signal is the key to
improving the ranging accuracy of single photon light detection and ranging (LiDAR) technique, where noise
elimination is a critically essential step to obtain the characteristics of signal. In this paper, a new method called
elastic variational mode extraction (EVME) is proposed to extract the feature of the reflected photons from
noisy environment. The method takes into account the characteristic of photon counting signal, and improves
variational mode decomposition (VMD) method by adopting a new assumption that the extractive mode signal
should be compact around desired center frequency. The proposed method also uses the elastic net
regularization to solve ill-posed problem instead of Tikhonov regularization mentioned in VMD. Elastic net
regularization takes into account both L2-norm regularization and Ll-norm regularization, which can add an
extra analysis dimension compared with the Tikhonov regularization. The method is validated with real data
which are acquired on condition that average transmitting power is 25 nW while the average background noise
power is 19.51 uW. The root mean square error of the reconstruction accuracy reaches 1.414 ns. Furthermore,
compared with VMD, Haar wavelet, Hibert envelope, empirical mode decomposition (EMD) and complete
ensemble empirical mode decomposition method based on adaptive noise (CEEMDAN) under different

conditions, the proposed method show fast and stable performance under an extreme case.

Keywords: elastic variational mode extraction, time-correlated single photon counting, denoise, feature

extraction
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