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Table 1 Parameters of pulsed lasers applied in typical single-photon LiDAR
Institution Year Type Performance
A: 850 nmj;
317 . . E.: 6 pJ@~1 MHz;
Heriot-Watt University™" 1997 Q-switched diode - ,pJNM) pS; ’
M*<1.3
A: 532 nm;
E.: 2 pJ@3,8 kHz;
NASAL 2002 Q-switched microchip H@ z
r: <<l ns;
M*<1.3
Massachusetts Institute of . . . A: 532 nm;
Technology"*"! 2007 Q-switched microchip P, (average): 0.25 W
A: 1560 nm;
Heriot-Watt University-*] 2013 Mode-locked fiber laser P, (average): 2 mW@50 MHz;
r: <l ps
B A: 1550 nm;
Heriot-Watt University™* 2014 Er’" -doped fiber laser E,: 4 pJ@125 kHz;
r: 0.8 ps
A: 1550 nm;
Heriot-Watt University-**] 2017 Er'" -doped fiber laser P (average): 10 mW@125 kHz;
7: 0.8 ns
University of Science and A: 1550 nm;
ety enee o 2020 Er’" ~doped fiber laser P, (average) : 120 mW@100 kHz;
Technology of China"*" -
t: 0.5 ns
University of Science and A: 1550 nm;
Sy OF elenee o 2021 Er'" -doped fiber laser P, (average) : 600 mW@500 kHz;
Technology of China e 0.6 ns

3.2 WENE

WU TCSPC A% & g8 KR8] 4y otk 5
LRGP RS, Hod R AOB M 5 TRy, B
ANTEAE A 22 B [R) R, BB A5 6 AN I8 7 050k Sl o B 1 2 A
TORUEAS R BT g 5. B AL IRl S T OE R S
RS EEM K 5 s . RO I & 1Y i % A BE AT DL

— FLARUE—Z AT GR35 I 6] [A] 25 . RE 68 fR Ik & 5 A9 8% %
AN SZ A 04 R R T S B e A L A D' e i
Gy o TR B i) B A R A I A R
SRS AN, 2020 4R, E R EOR R Li 5T R
— P BT HOE T IR RGO T MRS AL E AR T %
BT ) A LA R SR M A

transceiver part

collimator lens

s (o

target

—

=

filter coupler lens

<l> lens
==

! fiber filter

|

hoidoss o i -»

| scanning control

E Ilimat

! collimator

1

: =]
1

| PC

! control signal

H fiber

1.,
‘ oo
TCSPC
module

&l 5

SPD

R STl B T O R R R GRS

Fig. 5 Schematic of typical coaxial single-photon LiDAR system
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Fig. 6 3D imaging results of LIDAR at 900 m distance with different single pixel acquisition time. (a) Photograph of building;

(b)—(f) median filtering results of depth image with different single pixel acquisition time; (g)—(k) TV regularization

results of depth image with different single pixel acquisition time
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Fig. 8 Representative achievements in single-photon LiDAR
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Fig. 9 Experiment of 1 km altitude terrain probe
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Fig. 11 10 km 3D imaging single-photon LiDAR system. (a) System structure; (b) experiment of 10.5 km hillside target imaging
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Fig. 12 Long range single-photon LiDAR 3D imaging results over 45 km
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Fig. 13 Long-range target at 21.6 km imaged in daylight and at night
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Fig. 14 Ranging results of targets 100 km away from LiDAR based on SNSPD array. (a) Detection result of clouds 106 km

away in daylight; (b) detection result of mountains 180 km away at night
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Fig. 15 Schematic diagram of LiDAR system with imaging range of 200 km
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Fig. 16 Reconstruction imaging result of 126 km mountain target. (a) Photograph; (b) result in literature for comparison;

(¢) result by Li et al. %
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F 2 A ToF i BF B 50 T O & A M Re Xt L
Table 2 Performance of typical ToF-based long-range single-photon LiDARs

Detector parameters
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(countses )
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niversity
Delft Universit
2018 [°T N mrcmmy] SPAD array@637 nm ~ 33.7 195 - 50 1.4 Ranging
of Technology
University of Science
2020 and Technology SPAD@1550 nm 35 880 - 8.2x10° 55 Imaging
of China“*
University of Science
2021 and Technology SPAD@1550 nm 19.3 100 180 2.015X10° 35 Imaging

of China"*"!
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Review of Advances in Single-Photon LiDAR
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Abstract

Significance Single-photon LiDAR is widely combined with emerging imaging technology fields such as low-light
detection, ultra-long-range detection, artificial intelligence (AI), and computational imaging, producing remarkable
research results. Conventional linear detection LiDAR can be divided into different categories of scanning detection, direct
detection, coherent detection and non-scanning detection. LiDAR systems based on the time-of-flight (ToF) technique are
capable of ranging detection of remote targets by directly interpreting the time difference between the outbound and
return laser pulses. Initially, researchers tended to achieve long ranging distance by increasing the laser output power and
the aperture of transceiver system. Adopting these methods, the weight and power consumption of the LiDAR system are
further increased. Besides, the pursuit of high signal-to-noise ratio (SNR) echo signals in conventional LiDAR resulted in
low system frequency and weak detection ability of dynamic targets. In long-distance ranging, conventional LiDAR
systems were susceptible to extreme conditions such as dust and fog weather and lost effectiveness.

With the advancement of single-photon detector (SPD) and precision electronic-timing technology, LiDAR based on
time-correlated single photon counting (TCSPC) appeared, which has become a new way to solve the above problems.
Compared with the conventional LiDAR systems, TCSPC LiDAR systems have the characteristics of higher sensitivity,
higher depth accuracy, shorter acquisition time and higher photon efficiency. By time accumulation of the single echo and
photon statistics, TCSPC LiDAR does not rely on single pulse measurement results, so that it does not emphasize on high
SNR of single detection pulse and high laser power. TCSPC LiDAR with the detection sensitivity reaching the single-
photon level is called single-photon LiDAR. In the single-photon LiDAR system, only one photon can be detected and
tagged, which achieves the theoretical detection limit. This new photon statistics scheme emphasizes on the full
employment of the limited echo photon information, thus improving the photon utilization rate while maintaining high
sensitivity. In improving working distance and detection efficiency of the LiDAR system, TCSPC has incomparable
advantages over the traditional technology.

Many corresponding advances have been achieved in single-photon LiDAR systems, but they still face a series of
challenges in noise suppression and performance improvement such as working range and depth accuracy. This review
aims to act as an introduction to the topics of ToF-based single-photon LiDAR for the general reader and to provide a brief
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introduction to the current technologies available.

Progress The process of accumulating discrete echoes in single-photon LiDAR can be regarded as targets acquisition
through laser pulses, which means that a few echo photons contain abundant target information. Firstly, the ToF ranging
method, TCSPC technique and fundamental principle of single-photon LiDAR are summarized. Then, the single-photon
LiDAR system components are introduced, including the laser, optical transceiver system, single-photon detector, TCSPC
module, and the control and data processing unit. Performances of lasers applied in typical single-photon LiDAR are listed
(Table 1). The main abilities of single-photon LiDAR are ranging distance and detection accuracy. In order to achieve
high-precision long-distance three-dimensional imaging of single-photon LiDAR, one method is to optimize the hardware
part. The traditional way is to promote transmission laser power and increase the efficiency of optical transceiver system
by expanding the receiving aperture and suppressing the noise of the optical transceiver structure. The main parameters of
single-photon detectors include dark count rates (DCRs), dead time and detection efficiency.

Image reconstruction algorithms were designed for solving the case of low echo photons in single-photon LiDAR. For
example, the first-photon imaging algorithm was adopted to improve the utilization efficiency of echo photons. According
to the detection probability model of echo photons in the first-photon imaging algorithm, the spatial structure and
reflectivity of the three-dimensional scene are acquired, and the target information is fully reconstructed with high
quality. Before imaging depth recovery, noise suppressed or removed cannot be neglected. Mainstream algorithms, such
as sparse Poisson intensity reconstruction algorithm (SPIRAL), optimize the regularization term in different scenes to
achieve the optimal reconstructed image. In the end, the main development history of single-photon LiDAR is introduced
(Fig. 8), and the technical applications of single-photon LiDAR in long-distance detection imaging and autonomous
vehicles are discussed. At present, the farthest imaging and ranging working distance of single-photon LiDAR has been
expanded from sub-kilometer level (2013) to 200 km (2021), and the imaging accuracy has reached millimeter level from
sub-decimeter level. It should also be pointed out that the single-photon LiDAR was developed in the direction of real-time
target recognition. Single-photon LiDARs are capable of dynamic targets tracking and transient images recording, which is
expected to be applied in the field of autonomous vehicles and space fragment monitoring.

Conclusion and Prospects Single-photon LiDAR has gained extensive attention and produced remarkable research in
long-range detection imaging because of its single-photon detection and tagging ability. At present, the research on single-
photon LiDAR mainly demonstrates the imaging principle and reconstruction algorithm in the laboratory, and more
research is needed to verify the effect and adaptability of few-photon algorithms in the actual environment. In summary,
single-photon LiDAR still needs in-depth and detailed explorations to further promote the system performance and optimize
new reconstruction algorithms.

Key words imaging systems; LiDAR; time-correlated single-photon counting; single photon; long-range detection
imaging; autonomous vehicles
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