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Fig. 1. Working principle of non-line-of-sight imaging and gate control.
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Fig. 2. Detection performance of gated SPAD: (a) Echo signal information in free mode; (b) echo signal information for the third

signal in gated mode.
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Fig. 3. Schematic diagram of intermediate echo signal suppression settings: (a) Schematic diagram of the intermediates echo signal;

(b), (c) conventional methods; (d) triangulation method.
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Fig. 4. Signal processing procedure for the interface echo signal: (a) Echo signal acquired using gated SPAD at a certain point;

(b) result after cyclic shift of the echo signal; (¢) result of processing the left half of the signal; (d) result of processing the right half

of the signal.
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Fig. 5. Schematic diagram of the change of echo position at
each point of the scanning surface.

044202-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 74, No. 4 (2025) 044202

(b) (1, 1)

(M, 1)

Ko HimaAEMaERESrER (o) AMBEIIRER;

(1, N) (o) (1, 1) (1, N)
® -
(M, N) (M, 1) (M, N)

(b), (c) FIFFAE SR A B AR B

Fig. 6. Schematic diagram of the position of each scan point on the scanning surface: (a) Schematic diagram of the scanning array;

(b), (c) schematic diagram of calculating each scanning point using characteristic points.

PRI, AR SO —Ff 38 T T4 Rk, DA
FAR DB 4 DTSR RAE AL, SEIITA $3 4 A
WIS BOTA. 5EE R, A S07E
HFEHAT— B B R A, RIS 4 4
TS 5, I B R 55 R R, Hil
T A5 s A B HE R BN E 6 iR, dEF TR
SR BE R SRS, 238 M x N BRI
=, MR B Rk, RS InIE 6(a)
FiR, R 4 AT AR 8 SN 4 i 1) 7 2
W 6(b), (c) Fiz.

it 1A 38 0 114 T B A T A A A
I SO B RN R AR B Xk
M x NP, gAML FRARAEL A
BT AR TR A A T R R A (1, 1)
sp(1,N), sp(M, 1), spy(M,N), HF/rTm RIS A E
se(1,1), se(1,N), se(M,1), se(M,N), H4riimlik
WA 50 (1,1), sm(1, N), (M, 1), sm(M,N).
WA (6, 7), i ARSI SUP 2L, 5
s TPE i=1,2,--- M, j=1,2,---, N
THT ] 30 R A5 A7 B s (4, ) PO AT R A5 A7 s (4, 1)
HHEAAN
sp(M,1) — sp(1,1)

o0, 1) = sp(1, 1) + 2= DG 1), (6)
55 AT SN E s (1, N) IEAXH
suli M) =y (1, N4 2NN gy 7y

T A5 (5, ) 140 T R A 5 s (i, 5)

AN

Sb(i, N) — Sb(’L', 1)
N -1

Sb(Lj) = Sb(i7 ].) +

é\

G-=1. ()

(-1/(M—-1)=a, (G-1)/(N-1)=b

DU 55 (4, 7) T T [l A A s (4, §) PT LAER
2|
sp(i,7) = (1 —a)(1 —b)sp(1,1) + (1 — a)bsp(1, N)
+a(l —b)sy(M,1) + absy(M,N).  (9)
[F)BE, FH (4, ) o I 128 R se (4, )
HEAH N
Se(i,7) = (1 —a)(1 —b)se(1,1) + (1 — a)bse(1, N)
+a(l —b)se(M,1) + abse(M,N). (10)

A (4, 5) TP T (B A & s (i, 5) T
YN
S$m(3,J) = (1 —a)(1 —b)sm(1,1) + (1 — a)bsm(1, N)
+a(l —b)sy(M,1) 4 absyn(M, N). (11)
A (6, 5) DA RN SEE w5y HEEARN
w(i, ) = mod|[se(i,j) — sv(i,7),5]. (12)
IR A5 (7, 5) 1145 SPAD S8 8 R AT
kse(iyj), BEPE K [S —w(i, j)].
L5 b, AT A IS T R R A A T AR H
PR AR EAN SR AT
1) 145 SPAD 19 [ P Ak i 1] 454
RS 4 AT AR
2) M E R A, Al A 35 T T4 28
R, RE (3) 2—(5) I A KRR R
S
3) i FIRRHAE ST TR SR T A
s, MR (8) X—(11) T A
T HESELG
4) MYE A R RTS8, B I
15 SPAD S5, RAEFTA 1SR [T A5
5) A 948 2L 09 AR5, 58 Al 4k
HFRUZ.
3 07 T4 A i B A T AR AL B AR SRR
HENE 7 Fs.

044202-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 4 (2025) 044202

~, B 9(a) AREEGES; B 9Db), () Ml BT

3 14 SPAD 5 T4 W ST S B R 2 T 0(d) =
51 THEG FsE LA T S A7 T LR

FILE B 1 FI4E 2 B Sl R (]
R BB R R BT AT
B ST SPAD S [ (25 (2 W8 L BB " : ’ ’

SRR A TR, 52,
PR T I 8 PRSI0 RS, RAM LA S e e
1530 nm ﬁ%%% (y]% 375 HIW, Hﬂ(Yq‘ﬁfE 70 pS, 2% 1 KH?‘T%EPJI E’TLLEE/‘JXd‘tE

Table 1.  Comparison of the results of different method.
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Fig. 7. Schematic diagram of the adaptive gate control algorithm.
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Fig. 8. Actual system setup: (a) Confocal non-line-of-sight imaging system based on SPAD; (b) constructed non-line-of-sight ima-
ging scene.
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Fig. 9. Schematic diagram of the actual suppression of the intermediary signal: (a) Actual collection of intermediates echo signals;

(b), (c) conventional approach; (d) triangulation method.
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Fig. 10. Suppression results of intermediate surface echo signal: (a) Echo signal for the intermediate interface midpoint; (b) result of

identifying the echo signal of an intermediary surface at a certain point; (c¢) target echo signal after suppressing the intermediate in-

terface echo signal.
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Fig. 11. Results of the adaptive gated control algorithm: (a) Calculated position and width of the interface echo signal at the top-
left vertex; (b) calculated position and width of the interface echo signal at the top-right vertex; (c) calculated position and width of

the interface echo signal at the bottom-left vertex; (d) calculated position and width of the interface echo signal at the bottom-right

vertex; (e) comparison of adaptive algorithm results and direct calculation results; (f) detailed plot of the calculated results.
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Fig. 12. Effect of single echo on the target signal: (a)-(c) Schematic diagram of the moving gate position; (d) echo signal diagram

without suppressing the single echo; (e) diagram of the echo signal with half of the single echo suppressed; (f) diagram of the echo

signal with the single echo completely suppressed.
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Table 4. Impact of primary echo on the target

echo signal.
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Fig. 13. Impact of gated SPAD on target echo signals: (a) Hidden target 5 echo signal in free-running mode; (b) hidden target

5 echo signal in gated mode; (c¢) hidden target T echo signal in free-running mode; (d) hidden target T echo signal in gated mode.
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Table 5. Impact of gated single-photon avalanche diode on the target echo signal.
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time consumption across different methods.
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Fig. 14. Comparison of different mode reconstruction results: (a) Reconstruction result under free mode; (b) reconstruction result

without suppressing the first echo with fixed gate width; (c) reconstruction result with fixed gate width suppressing the first echo;

(d) reconstruction result using the proposed adaptive gate control algorithm in this paper.
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Table 8.  Reconstruction quality comparison of different objects.
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Table 8 (continued). Reconstruction quality comparison of different objects.
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Fig. 15. Reconstruction results using different methods: (a) BP algorithm; (b) F-K algorithm; (¢) V-W algorithm; (d) LCT
algorithm; (e) adaptive LCT algorithm in this work.
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Abstract

Non-line-of-sight (NLOS) imaging is an emerging optical imaging technique used for detecting hidden
targets outside the line of sight. Due to multiple diffuse reflections, the signal echoes are weak, and gated single-
photon avalanche diode (SPAD) plays a pivotal role in signal detection under low signal-to-noise ratio (SNR)
conditions. However, when gated SPAD is used for detecting a target signal, existing methods often depend on
prior information to preset the gate width, which cannot fully mitigate non-target signal interference or signal
loss. Additionally, these methods encountered some problems such as large data acquisition volumes and
lengthy processing times. To address these challenges, an adaptive gating algorithm is proposed in this work
based on the principle of maximizing the distance from the vertex of a triangle to its base. The algorithm
possesses advantages of the linear variation in scan point positions and the echo information from specific
feature points. It can automatically identify echo signals and compute their widths without additional prior
information or manual intervention. This method reduces the amount of data collected, improves processing
efficiency, and has other benefits. Moreover, a confocal NLOS imaging system based on gated SPAD is
developed to validate the proposed algorithm. The work further quantitatively evaluates the enhancement of
target signal detection and image quality achieved by gated SPAD, and compares its imaging performance with
leading NLOS image reconstruction algorithms. Experimental results demonstrate that the adaptive gating
algorithm can effectively identify echo signals, facilitate automatic adjustment of gating parameters, and
significantly improve target imaging quality while reducing data acquisition volume and enhancing processing
efficiency.

Keywords: non-line-of-sight imaging, adaptive gating, signal-to-noise ratio
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