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Tablel Performance parameters of typical SPD

Detection Dark Dead o Maximum Working Afterpulse
SPD type o ) Time jitter - References
efficiency count time count rate  temperature probability
InGaAs/InP 10%@1 550 nm 950 cps 600 ns 200 ps 1.6 MHz 223K 18% [47][48]
UCSPD 20% @1 548 nm 300 cps  50ns 350 ps 15 MHz 300 K 0.3% [15][49]
SNSPD 32%@1 572 nm 100 cps 0 ~50 ps 20 MHz 2.3K 0 [50]
93% @1 550 nm 1 cps 0 ~150 ps 25 MHz 120 mK 0 [51]
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Fig.1 Schematic of the H,O DIAL system'"
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Fig.2 UCSPD single-photon detection system. (a) Photograph of the UCSPD instrument; (b) Schematic diagram of the optical
path structure of the UCSPD""
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Fig.3 Comparison detection results of APD and UCSPD systems. (a) Evolution curves of the backscattered signal versus

distance z after on and off distance calibration; (b) Curves of the signal-to—noise ratio (the ratio of the average signal

amplitude {P) to its standard deviation o,) versus distance; (¢) Comparison results of the DAOD measured at different

distances 2™
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Fig.4 Schematic diagram of the CO, hybrid lidar system™*!
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Fig.5 The optical system of the CO,.CH, and H,0 DIAL/IPDA lidar"""
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Fig.8 Schematic diagram of the experimental setup for mode-programmable comb spectroscopy'"'”
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with inset (bottom right) showing the internal structure of the programmable grating filter "’
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Table 2 Application of single-photon detection technology in various remote sensing mechanisms for gas detection

. o Spectral Spatial Temporal .
Detection principle . . . Target gas Detection error References
resolution  resolution resolution
500 m 5 min CO, <2% (5.2km) [95]
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7SI 5 SR b o AR VR R L5 T A A R SRS b R AR DL SR L 5 R S 56 R £ R L AT R R A T
3 BREERE
25405 R N AMIT STk L 3 1AM B T BOR R 1R GELL AN A IR IR A S Rl IR 2 R U AN

PR IR 0T, S BT DR R U F R ) K A B R S RN 4 2 Sl R R L B R R R i A
I o A AR P A IR A B R T B B B A R Ol A5 ) I [ AR I R PR RS
EEEMB RIS FSTURRINBEOUE X RZERIE R NI D RERMIRZE 2S8Rk
R AR BT E MRS B ER 22 5 3) IR 2 0T K H0 2 15 30 2 2 B 1 119 i 22 5 4) R AL IR 912 22 5 5) B
B[] P9, PR Bk A A8 A 5 R A 15 227 TSR B0 TR R 4, T LA AR X O 8% D SR A 75 5K, 2R T ik e
AE i /IMEH SR A ADB SR OGS 80 B SR O & B S0 R AR e R AR E

TR ) XS ™ s 0 3t 2 A v R W ) 3 DD SR, R Tl 22 e R i B 5 U TGS IR A o O R

R 7 4 B S BRI 1 A O 1 R B R AR AT SR A A T A He A ) A R AR SRR B I ROR

5 5 Tk ot ABE 5 ATS T 240 26 R D00 45 B4R D0 AR R, S B v R AU R G A A /N B AL 2 A B O JiE B R A i e T
0] 2 ) 5 E ) R G ARE VR E T B IR . R BEOR K, 3T £1 A O 7 BRI 7 AR A UM I BN T A A e T AL
N PUAS T T R TR -

1) 3 B 7 RN B AR ) SOMR T BGHOL B I8 ORE RE R RO TR F RO ko BE B R BT B
FEUE S 1 OE T PRI A TR A . R, O T A BB ], R R ﬁf¥ﬂﬂ%§ﬁﬁﬂij¢1+7£&$o

2) IR T &, 5 B4R v AR 8 i B U FNRR E PR o R, B0 T AR R IO B 0k Ak 7 T R G iE AR
RS R B o SR F 6 7 4R A DG 3R T T R A SR T A2 20w a5 R R AR EOL AR AR A R

0555210-14



31

Dy A 3 LU A BT SR R RO T s O (R i)

C

WHE . AR, SNSPD FIUCSPD F By (9 5 2% J5 FIVES S A A7) 2 o o fift o (9 PR I, LA A7 0AS Ry, PR 17 ik 28 4
MESHY Tz WM o InGaAs/InP SPD BBk MELE T A Wr AL b1 BRI T 24548 (it 327 B H MR e Ty i, DAAR
L EE A YERE . TR MR RN R AR T ROR (R R AT ECR R OT IR R R RO 1 0 8 2 O TR Ik 1R
SR FRARGE K
3) HOL T BRI HOL 8 I8 e 2 UM R BRI b — P R e . T, 2 R DN AT LA R O 3 X L
2 DR Y B S I — AP A T R o 2 HE S O IO R IR M — SR I 1) 22 21 23 AR TR I
RN K e i ke 22 B AR AT RN AR B P05 5 S ORI 22 06 38 o il 5 2 G BB R
)P AL AN B (3~5 pm  8~12 pm ) B AW Z A LU 21 A0 FTRT L6 i B on = 5, AU > TR X
I BE 11 % WS 58 S A, BT 42 iy T 3 I B i B L TR, SRR i1 AR R SR R 4 R B v 2T AR B
HE— 20 S T H AR SR BRI RE J7 o 3K 75 BT KB 8O OE IR A HOL T R IR R R B AT SEO6IE JH I
FEL B v 2L AN O &% L LA B AE T 21 A0l B AT e AR A% A ARG T K R AR S Dk e A BTG TR DN AR o X8t
TR B FEROHe E— 20 52 THBOG TR IR Tl 2 4 Wi BRIE 75 Gl By 47 B 2 A B o 552 5388 1) 1o D o {1
S % Uk
[1] WU Hao, WANG Yingyu, SUN Shiyi, et al. Performance bounds of ranging precision in SPAD-based dTOF lidar[J].
Sensors, 2025, 25 (19): 6184.
[2] LI Haochen, ZHENG Kaiming, GE Rui, et al. Noise-tolerant lidar approaching the standard quantum-limited precision
[J]. Light: Science & Applications, 2025, 14 (1) 138.
[3] DENG Yuwang, LIU Jun, XIAO Hailong, et al. Developments in atmospheric remote sensing lidar based on single-photon
detection[J]. Laser & Optoelectronics Progress, 2025, 62 (10): 1000002.
ABFEIE , X4, HilEde, & 5T FO6 7 R I HOR B R AR BOOE R R R R IUIR[T]. B0t 5t i 7R it g, 2025,
62 (10) : 1000002.
[4] YUAN Jinlong, SU Lian, XIA Haiyun, et al. Microburst, windshear, gust front, and vortex detection in mega airport
using a single coherent Doppler wind lidar[ J]. Remote Sensing, 2022, 14 (7): 1626.
[5] WEI Tianwen, XIA Haiyun, WU Kenan, et al. Dark/bright band of melting layer detected by coherent Doppler lidar and
micro rain radar[ J]. Optics Express, 2022, 30 (3): 3654-3664.
[6] YUAN Jinlong, XIA Haiyun, WEI Tianwen, et al. Identifying cloud, precipitation, windshear, and turbulence by deep
analysis of power spectrum of coherent Doppler wind lidar[ J]. Optics Express, 2020, 28 (25): 37406-37418.
[7] XIA Haiyun, CHEN Yixiang, YUAN Jinlong, et al. Windshear detection in rain using a 30 km radius coherent Doppler
wind Lidar at mega airport in Plateau[ J]. Remote Sensing, 2024, 16 (5): 924.
[8] SU Lian, LU Chunsong, YUAN Jinlong, et al. Measurement report: the promotion of low-level jet and thermal-effect on
development of deep convective boundary layer at the southern edge of the Taklimakan Desert[J]. Atmospheric Chemistry
and Physics, 2024, 24: 10947-10963.
[9] CHEN Anning, YUAN Jinlong, YANG Haoyu, et al. Identification and forecasting of low-level wind shear based on long
range Doppler wind lidar[ J]. Atmospheric Research, 2026, 330: 108558.
[10] TANG Dawei, LI Zhekai, XIA Haiyun. Clustering of weak fluorescence spectra from bioaerosol in air using laser-induced
fluorescence lidar[ J]. Optics Express, 2025, 33 (12): 24396-24412.
[11] JIANG Pu, XIA Haiyun, HU Jiadong, et al. Estimation of atmospheric refractive index structure constant using an
InGaAs/InP single-photon detector[ J]. Optics Letters, 2023, 48 (23): 6104.
[12] SHANGGUAN Mingjia, XIA Haiyun, WANG Chong, et al. Dual-frequency Doppler lidar for wind detection with a
superconducting nanowire single-photon detector[ J]. Optics Letters, 2017, 42 (18): 3541.
[13] QIU Jiawei, XIA Haiyun, SHANGGUAN Mingjia, et al. Micro—pulse polarization lidar at 1.5 um using a single
superconducting nanowire single-photon detector[ J]. Optics Letters, 2017, 42 (21): 4454,
[14] LI Manyi, WU Yunbin, YUAN lJinlong, et al. Stratospheric aerosol lidar with a 300 pm diameter superconducting
nanowire single—photon detector at 1 064 nm[J]. Optics Express, 2023, 31 (2): 2768.
[15] XIA Haiyun, GUO Shentu, SHANGGUAN Mingjia, et al. Long-range micro—pulse aerosol lidar at 15 pm with an
upconversion single—photon detector[ J]. Optics Letters, 2015, 40 (7): 1579.
[16] SHANGGUAN Mingjia, XIA Haiyun, WANG Chong, et al. All-fiber upconversion high spectral resolution wind lidar
using a Fabry—Perot interferometer[ J]. Optics Express, 2016, 24 (17): 19322.
[17] GIBSON A J, THOMAS L. Ultraviolet laser sounding of the troposphere and lower stratosphere [J]. Nature, 1975,
256 (5518): 561-563.
[18] MEGIE G, ALLAINJY, CHANIN M L, et al. Vertical profile of stratospheric ozone by lidar sounding from the ground
[J]. Nature, 1977, 270 (5635): 329-331.

0555210-15



¥ %

[19]

[20]

[21]

[22]

[34]

[35]

[36]

[37]

[38]

[39]

WU Yonghua, YU Guming, HU Huanling, et al. D, stimulated raman scattering pumped by fourth harmonic Nd: YAG
laser and its application in laser radar[J]. Chinese Journal of Lasers, 2000, 27 (9): 824-827.

SRS, b, BIWEE L AF . Nd: YAG PUAESOE I8 SUS BR800 KRR TR s T ey i R L] b RO,
2000, 27 (9): 824-827.

MCDERMID I S, BEYERLE G, HANER D A, et al. Redesign and improved performance of the tropospheric ozone
lidar at the Jet Propulsion Laboratory Table Mountain Facility[ J]. Applied Optics, 2002, 41 (36) : 7550.

SULLIVAN J T, MCGEE T J, SUMNICHT G K, et al. A mobile differential absorption lidar to measure sub—hourly
fluctuation of tropospheric ozone profiles in the Baltimore-~Washington, D. C. region [J]. Atmospheric Measurement
Techniques, 2014, 7 (10) : 3529-3548.

GRANADOS-MUNOZ M J, LEBLANC T. Tropospheric ozone seasonal and long-term variability as seen by lidar and
surface measurements at the JPL-Table Mountain Facility, California[J]. Atmospheric Chemistry and Physics, 2016,
16 (14): 9299-9319.

DE YOUNG R, CARRION W, GANOE R, et al. Langley mobile ozone lidar: ozone and aerosol atmospheric profiling
for air quality research[ J]. Applied Optics, 2017, 56 (3): 721.

ZHAO Yirui, CAO Nianwen, JIA Pengcheng, et al. Simultaneous observation of ozone and aerosol via ultraviolet multi—
wavelength lidar[ J]. Laser &. Optoelectronics Progress, 2022, 59 (16): 1601001.

B, W&, PIMAR, & AN Z P A BOL R Ik 0 RER A R D I AT S [T, ot 5ot 7o b, 2022,
59 (16): 1601001.

ZHAO Xiansong, YU Chao, WANG Chong, et al. Differential absorption ozone lidar with 4H-SiC single-photon
detectors[J]. Applied Physics Letters, 2024, 125 (21): 211103.

J1 Jie, XIE Chenbo, CHEN Jianfeng, et al. A selective review of ozone differential absorption lidar systems[J]. Optics &.
Laser Technology, 2026, 195: 114603.

MELFIS H, LAWRENCE J D, MCCORMICK M P. Observation of raman scattering by water vapor in the atmosphere
[J]. Applied Physics Letters, 1969, 15 (9): 295-297.

WHITEMAN D N, MELFI S H, FERRARE R A. Raman lidar system for the measurement of water vapor and aerosols
in the Earth’s atmosphere[ J]. Applied Optics, 1992, 31 (16): 3068.

ANSMANN A, RIEBESELL M, WANDINGER U, et al. Combined raman elastic—backscatter lidar for vertical
profiling of moisture, aerosol extinction, backscatter, and lidar ratio[ J]. Applied Physics B, 1992, 55 (1): 18-28.
SHAEFER J, SCHREMS O, BEYERLE G, et al. Modular and mobile multipurpose lidar system for observation of
tropospheric and stratospheric aerosols[ C]. Lidar Techniques for Remote Sensing I1: Vol. 2581. SPIE, 1995: 128-136.
GOLDSMITH J E M, BLAIR F H, BISSON S E, et al. Turn-key Raman lidar for profiling atmospheric water vapor,
clouds, and aerosols[J]. Applied Optics, 1998, 37 (21): 4979.

SHERLOCK V, GARNIER A, HAUCHECORNE A, et al. Implementation and validation of a Raman lidar
measurement of middle and upper tropospheric water vapor[ J]. Applied Optics, 1999, 38 (27): 5838.

BEHRENDT A, NAKAMURA T, ONISHI M, et al. Combined Raman lidar for the measurement of atmospheric
temperature, water vapor, particle extinction coefficient, and particle backscatter coefficient [J]. Applied Optics, 2002,
41 (36): 7657-7666.

SAKAI T, NAGAI T, NAKAZATO M, et al. Raman lidar measurement of water vapor and ice clouds associated with
Asian dust layer over Tsukuba, Japan[J]. Geophysical Research Letters, 2004, 31 (6): 2003GL.019332.

LEBLANC T, MCDERMID IS, WALSH T D. Ground-based water vapor raman lidar measurements up to the upper
troposphere and lower stratosphere for long—term monitoring [ J]. Atmospheric Measurement Techniques, 2012, 5 (1) :
17-36.

WANG Yufeng, GAO Fei, ZHU Chengxuan, et al. Raman lidar for atmospheric temperature, humidity and aerosols up
to troposphere height[ J]. Acta Optica Sinica, 2015, 35 (3): 0328004.

E R, &, KRR, SR N R O ARORE R E A AR I R B O RIS R [T] A, 2015 (3) ¢
0328004

CHU Yufei, LIU Dong, WU Decheng, et al. Algorithm of retrieving boundary layer height based on raman lidar water
vapor data[ J]. Chinese Journal of Lasers, 2020, 47 (12): 1204009.

R, XUZR, SRR, 4% . BT 2 MOLE KRB R 0 B2 R B RS (T ] T EOE, 2020, 47 (12) : 12040009.
LIU Fuchao, YI Fan, HE Yun, et al. Spectrally resolved raman lidar to measure backscatter spectra of atmospheric three-
phase water and fluorescent aerosols simultaneously: instrument, methodology, and preliminary results [J]. IEEE
Transactions on Geoscience and Remote Sensing, 2022, 60: 1-13.

HUANG Yisen, BU Lingbing, YANG Bin, et al. Retrieval and validation of atmospheric boundary layer height based on
temperature and humidity raman lidar[ J]. Laser & Optoelectronics Progress, 2025, 62 (21): 2101002.

WP, MO, B, 5T IRMEH S WOLE A OE KR AGA R R M E MBS RIEL ). B0t 5ot TRk,

0555210-16



31

Dy A 3 LU A BT SR R RO T s O (R i)

C

[59]

[60]

[61]

2025 (21): 2101002.

HU Shunxing, CHEN Yafeng, LIU Qiuwu, et al. Differential absorption lidar system for background atmospheric so, and
no, measurements| J]. Chinese Journal of Lasers, 2018, 45 (9): 0911009.

WA, R, IR, A% . 22 20 IOOHOG 37 18 RGN 530SO, MNOLLT]L A E 0L, 2018, 45 (9): 0911009.
FREDRIKSSON K, GALLE B, NYSTROM K, et al. Mobile lidar system for environmental probing [J]. Applied
Optics, 1981, 20 (24): 4181.

DU Zhenhui, ZHANG Shuai, LI Jinyi, et al. Mid-infrared tunable laser—based broadband fingerprint absorption
spectroscopy for trace gas sensing: a review[J]. Applied Sciences. 2019, 9 (2):338.

KIZILKAN E. Advanced silicon and SWIR single-photon avalanche diodes: design, simulation, and characterization[ D ].
Lausanne: Ecole Polytechnique Federale de Lausanne, 2024.

VANDEVENDER A P, KWIAT P G. High efficiency single photon detection via frequency up—conversion[J]. Journal of
Modern Optics, 2004, 51 (9-10): 1433-1445.

TSMAN G NGOL, OKUNEV O, CHULKOVA G, et al. Picosecond superconducting single—photon optical detector
[J]. Applied Physics Letters, 2001, 79 (6): 705-707.

YUE Bin, YU Saifen, LLI Mangyi, et al. Local-scale horizontal CO, flux estimation incorporating differential absorption
lidar and coherent doppler wind lidar[ J]. Remote Sensing, 2022, 14 (20): 5150

YU Chao, SHANGGUAN Mingjia, XIA Haiyun, et al. Fully integrated free-running InGaAs/InP single-photon
detector for accurate lidar applications[ J]. Optics Express, 2017, 25 (13): 14611-14620.

YU Chao, QIU Jiawei, XIA Haiyun, et al. Compact and lightweight 1.5pm lidar with a multi-mode fiber coupling free—
running InGaAs/InP single—photon detector[J]. Review of Scientific Instruments, 2018, 89 (10): 103106.

XIA Haiyun, SHANGGUAN Mingjia, WANG Chong, et al. Micro—pulse upconversion Doppler lidar for wind and
visibility detection in the atmospheric boundary layer[ J]. Optics Letters, 2016, 41 (22): 5218-5221.

YU Saifen, ZHANG Zhen, XIA Haiyun, et al. Photon-counting distributed free—space spectroscopy[J]. Light Science &-
Applications, 2021, 10: 212.

MARSILIF, VERMA V B, STERN J A, et al. Detecting single infrared photons with 93% system efficiency[ J]. Nature
Photonics, 2013, 7 (3): 210-214.

ABSHIRE J B, RAMANATHAN A K, RIRIS H, et al. Airborne measurements of CO, column concentrations made
with a pulsed IPDA lidar using a multiple-wavelength-locked laser and HgCdTe APD detector [J]. Atmospheric
Measurement Techniques, 2018, 11: 2001-2025.

SUN X, ABSHIRE J B, RAMANATHAN A, et al. Retrieval algorithm for the column CO, mixing ratio from pulsed
multi-wavelength lidar measurements[ J]. Atmospheric Measurement Techniques, 2021, 14: 3909-3922.

MAO J, ABSHIRE J B, KAWA S R, et al. Airborne lidar measurements of atmospheric CO, column concentrations to
cloud tops made during the 2017 ASCENDS/ABoVE campaign[J]. Atmospheric Measurement Techniques, 2024, 17:
1061-1074.

WANG J S, KAWA S R, ELUSZKIEWICZ J, et al. A regional CO, observing system simulation experiment for the
ASCENDS satellite mission[J]. Atmospheric Chemistry and Physics, 2014, 14: 12897-12914.

EHRET G, BOUSQUET P, PIERANGELO C, et al. MERLIN: a French-German space lidar mission dedicated to
atmospheric methane[J]. Remote Sensing, 2017, 9 (10): 1052.

PIERANGELO C, MILLET B, ESTEVE F, et al. Merlin (methane remote sensing lidar mission) : an overview [ C].
EPJ Web of Conferences, 2016, 119: 26001.

AMEDIEK A, EHRET G, FIX A, et al. CHARM-F—a new airborne integrated—path differential-absorption lidar for
carbon dioxide and methane observations: measurement performance and quantification of strong point source emissions
[J]. Applied Optics, 2017, 56 (18): 5182-5197.

FIX A, BUDENBENDER C, WIRTH M, et al. Optical parametric oscillators and amplifiers for airborne and spaceborne
active remote sensing of CO, and CH,[C]. Lidar technologies, techniques, and measurements for atmospheric remote
sensing VII, 2011, 8182: 28-37.

DI Huige, LI Xiao, HUA Dengxin, et al. Research status and progress of lidar for atmosphere in China[J]. Microw Opt
Technol Lett, 2021, 63: 2129-2134.

CHEN Weibiao, LIU Jigiao, HOU Xia, et al. Lidar technology for atmosphere environment monitoring satellite [ J].
Aerospace Shanghai (Chinese &. English), 2023, 40 (3): 13-20.

PRIUER , XULERT, f682, &5 RS DR RO R IBEARIT] BEATR (h3E30), 2023, 40 (3): 13-20.

FAN Chuncan, CHEN Cheng, LIU Jiqiao, et al. Preliminary analysis of global column-averaged CO, concentration data
from the spaceborne aerosol and carbon dioxide detection lidar onboard AEMS [J]. Optics Express, 2024 , 32 (12) .
21870-21886

ZHANG Hongyuan, HAN Ge, CHEN Weibiao, et al. Validation Method for Spaceborne IPDA LIDAR XCO, Products via

0555210-17



¥ %

[74]

[75]

TCCONL[J]. IEEE Journal of Selected Topics in Applied Earth Observations and Remote Sensing, 2024, 17: 16984-16992.
LIN Hongze, WU Kaihua, ZHANG Ting, et al. Remote sensing of vehicle emitted carbon oxides employing wavelength
modulation spectroscopy and a segment modulation method [J]. Microwave and Optical Technology Letters, 2023,
65 (7): 1162-1168.

CHENG Yuan, YU lJiheng, KONG Zheng, et al. Diode-laser based field deployable continuous-wave differential
absorption lidar for atmospheric NO, monitoring[ J]. Optics and Lasers in Engineering, 2024, 181: 108344.

YU Jiheng, CHENG Yuan, KONG Zheng, et al. Broadband continuous—wave differential absorption lidar for atmospheric
remote sensing of water vapor[ J]. Optics Express, 2024, 32 (3): 3046-3061.

GONG Wei, XIANG Chengzhi, MAO Feiyue, et al. Wavelet modulus maxima method for on-line wavelength location of
pulsed lidar in CO, differential absorption lidar detection[ J]. Photonics Research, 2016, 4 (2): 020074.

YANG Keyi, HAN Ge, MAO Huiqin, et al. High-resolution XCH, anomaly detection method using GF-5 AHSI payload
[J]. Journal of Atmospheric and Environmental Optics, 2022, 17 (6): 670-678.

HAN Ge, HUANG Yiyang, SHI Tiangi, et al. Quantifying CO, emissions of power plants with Aerosols and Carbon
Dioxide Lidar onboard DQ-1[J]. Remote Sensing of Environment, 2024, 313: 114368.

YANG Keyi, HAN Ge, HE Hu, et al. Analysis of temporal variations in oilfield methane emissions based on multi—source
domestic hyperspectral satellites[ J]. National Remote Sensing Bulletin, 2026, 30 (3): 623-634.

WANG Shuaibo, JU Ke, CHEN Sijie, et al. Performance evaluation of spaceborne integrated path differential absorption
lidar for carbon dioxide detection at 1572 nm[J]. Remote Sensing, 2020, 12 (16): 2570.

WANG Shuaibo, XU Wentao, CHEN Sijie, et al. Synergistic monitoring of PM2.5 and CO, based on active and passive
remote sensing fusion during the 2022 Beijing Winter Olympics[J]. Applied Optics, 2024, 63 (5): 1231-1240.

WANG Shuaibo, CHENG Chonghui, CHEN Sijie, et al. Development of China's atmospheric environment monitoring
satellite CO, IPDA lidar retrieval algorithm based on airborne campaigns[ J]. Remote Sensing of Environment, 2024, 315:
114473.

CHENG Chonghui, LIU Dong, WANG Shuaibo, et al. Estimating strong point CO, emissions by combining spaceborne
IPDA lidar and HSRL[J]. Remote Sensing of Environment, 2025, 328: 114898.

HU Shunxing, HU Huanling, WU Yonghua, et al. L625 differential absorption lidar system for tropospheric ozone
measurements[ J]. Acta Optica Sinica, 2004, 24 (5): 597-601.

WAL, WIS, ROKAE, A 1625 22 3 W OO B Xk R0 X2 SR [T ] 27274, 2004, 24 (5): 597-601.

LIU Qiuwu, CHEN Yafeng, WANG lJie, et al. Detection of atmospheric NO, concentration by differential absorption
lidar based on dye lasers[ J]. Acta Optica Sinica, 2017, 37 (4): 0428004.

MA Hui, LIU Dong, LI Wenfeng, et al. A rapid and accurate optimizing algorithm for IPDA lidar data inversion[J].
Spectroscopy and Spectral Analysis, 2018, 38 (4): 1014-1018.

TIAN Xiaomin, MA Hui, LIU Dong, et al. Optimized weighting function for IPDA lidar concerning the lower layer CO,
concentration fluctuation[ J]. Journal of Quantitative Spectroscopy &. Radiative Transfer, 2019, 224: 120-124.

XING Chenzhi, LIU Cheng, WANG Shanshan, et al. Observations of the vertical distributions of summertime
atmospheric pollutants and the corresponding ozone production in Shanghai, China [J]. Atmospheric Chemistry and
Physics, 2017, 17: 14275-14289.

ZHANG Chengxin, LIU Cheng, CHAN Ka Lok, et al. First observation of tropospheric nitrogen dioxide from the
Environmental Trace Gases Monitoring Instrument onboard the GaoFen—5 satellite[J]. Light Science and Applications,
2020, 9: 66.

YUAN Tian, LIU Cheng, SUN Youwen, et al. Satellite observations reveal a large CO emission discrepancy from
industrial point sources over China[ J]. Geophysical Research Letters, 2022, 49: 097312.

ZHAO Fei, LIU Cheng, HU Qihou, et al. High spatial resolution ozone profiles retrieved from the first chinese ultraviolet
- visible hyperspectral satellite instrument[J]. Engineering, 2024, 32: 106-115.

YU Daihao, XIA Qiuwei, YU Saifen, et al. Elucidating CO, accumulation and dispersion in a semi—enclosed bay industrial
park using Lidar and WRF-GHG modelling[ J/OL]. EGU sphere [ preprint], 2026. https://doi.org/10.5194/egusphere-
2025-6470.

YU Saifen, YU Daihao, XIA Qiuwei, et al. Spatiotemporal characteristics of atmospheric CO, under the influence of
different industrial emission sources using lidar remote sensing in Nanping, China[J]. Journal of Environmental Sciences,
2026, 159: 490-501.

HAN Haobin, WU Kenan, GUO Kexin, et al. All-fiber IPDA lidar for CH, leakage monitoring using InGaAs/InP single-
photon detector[ J]. Optics Express, 2024, 32 (21): 37155-37166.

GUO Kexin, HAN Haobin, LI Zhekai, et al. Simultaneous multi-gas detection using IPDA lidar with InGaAs/InP single-
photon detector[J]. Optics and Laser Technology, 2026, 199: 115012.

WANG Qin, FARHAN M, BU Lingbing, et al. Monitoring of atmospheric carbon dioxide over a desert site using

0555210-18



31

Dy A 3 LU A BT SR R RO T s O (R i)

C

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]
[110]

[111]

[112]

airborne and ground measurements[ J]. Remote Sensing, 2022, 14 (20) : 5224.
ZHANG Xuanye, ZHANG Miaomiao, BU Lingbing, et al. Simulation and error analysis of methane detection globally
using spaceborne IPDA lidar[ J]. Remote Sensing, 2023, 15 (13): 3239.
MAO Zhihua, ZHANG Yang, BU Lingbing, et al. Measurement of CO, column concentration above cloud tops with a
spaceborne IPDA lidar[J]. Geophysical Research Letters, 2024, 51: e2024G1.1133009.
LI Jiakun, XiongDUN, JIN Minglei, et al. Design of wide-band gas leak infrared imaging detection system[J]. Infrared
and Laser Engineering, 2014, 43 (6): 1966-1971.
R, WUME, U, S ST B 2D AR GG I R SB[ T]. AN S WOL TR, 2014, 43 (6): 1966-1971.
YUAN Pan, TAN Zhuyan, ZHANG Xu, et al. Research on infrared imaging detection and differential spectrum filtering
detection methods for industrial gas leakage[ J]. Infrared and Laser Engineering, 2022, 51 (8): 202107.
Wang Minghe, SHENG Dian, YUAN Pan, et al. Infrared imaging detection for hazardous gas leakage using background
information and improved YOLO networks[J]. Remote Sensing, 2025, 17 (6): 1030.
ARGALL P S, SICA R. Lidar: atmospheric sounding Introduction—sciencedirect [J]. Encyclopedia of Atmospheric
Sciences (Second Edition), 2015, 262-269.
MEI Liang, XU Ning, SONG Jiaming, et al. Research progress on temperature and humidity differential absorption lidar
technology (invited) [J]. Acta Optica Sinica, 2025, 45 (18): 1801002.
Mg, ther, REEEL, % TR 22 2 WOBGHOE F IR BOR DR 0E e CRe) [T]. S 24l , 2025, 45 (18): 1801002.
SAKAIZAWA D, NAGASAWA C, NAGAI T, etal. Development of a 1.6 pm differential absorption lidar with a quasi-
phase-matching optical parametric oscillator and photon—counting detector for the vertical CO, profile[ J]. Applied Optics,
2009, 48 (4): 748-757.
SPULER S M, REPASKY K S, MORLEY B, et al. Field-deployable diode-laser-based differential absorption lidar
(DIAL) for profiling water vapor[J]. Atmospheric Measurement Techniques, 2015, 8 (3): 1073-1087.
WAGNER G A, PLUSQUELLIC D F. Multi-frequency differential absorption lidar system for remote sensing of CO,
and H,O near 1.6 pm[J]. Optics Express, 2018, 26 (15): 19420-19434.
MENG L, FIX A, WIRTH M, et al. Upconversion detector for range-resolved DIAL measurement of atmospheric CH,
[J]. Optics Express, 2018, 26 (4): 3850-3860.
YUE Bin, YU Saifen, DONG Jingjing, et al. Measurement methods and progress of greenhouse gas flux[J]. Acta Optica
Sinica, 2023, 43 (18): 259-271.
T, RFEIF, TR, AF IR E A By ik kR [T, oA, 2023, 43 (18) 1 259-271.
STROUD J R, WAGNER G A, PLUSQUELLIC D F. Multi-frequency differential absorption lidar (DIAL) system
for aerosol and cloud retrievals of CO,/H,O and CH,/H,O[J]. Remote Sensing, 2023, 15 (23): 5595.
SHANGGUAN Mingjia, LIN Simin, GUO Xianghui, et al. High-range-resolution and long-distance CO, profiling
using a single-photon differential absorption lidar[ J]. Optics Letters, 2026, 51 (1): 137-140.
ZHU Tao, XUE Boyang, LI Hui, et al. Spatiotemporal detection of the carbon dioxide using a compact differential
absorption lidar[J]. Microwave and Optical Technology Letters, 2025, 67: ¢70184.
ABSHIRE J B, RAMANATHAN A, RIRIS H, et al. Airborne measurements of CO, column concentration and range
using a pulsed direct-detection IPDA lidar[ J]. Remote Sensing, 2014, 6 (1): 443-469.
HAN Ge, SHI Tianqi, MA Xin, et al. Obtaining gradients of XCO, in atmosphere using the constrained linear least—
squares technique and multi-wavelength IPDA lidar[J]. Remote Sensing, 2020, 12 (15): 2395.
CHENG Chonghui, LIU Dong, WANG Shuaibo, et al. Estimating strong point CO, emissions by combining spaceborne
IPDA lidar and HSRL[J]. Remote Sensing of Environment, 2025, 328: 114898.
Al X, PEREZ-SERRANO A, QUATREVALET M, et al. Analysis of a random modulation single photon counting
differential absorption lidar system for space-borne atmospheric CO, sensing [J]. Optics Express, 2016, 24 (18) :
21119-33.
QUATREVALET M, Al X, PEREZ-SERRANO A, et al. Atmospheric CO, sensing with a random modulation
continuous wave integrated path differential absorption lidar [J]. IEEE Journal of Selected Topics in Quantum
Electronics, 2017, 23 (2): 157-167.
RIEKER G, GIORGETTA F, SWANN W, et al. Frequency-comb-based remote sensing of greenhouse gases over
kilometer air paths[ J]. Optica, 2014, 1 (5): 290-298.
HORIUCHI N. On-chip dual-comb source[ J]. Nature Photonics, 2018, 4 (3): e1701858.
LOMSADZE B, CUNDIFF ST. Frequency combs enable rapid and high-resolution multidimensional coherent
spectroscopyl J]. Science, 2017, 357 (6358): 1389-1391.
GIORGETTA F, PEISCHL J, HERMAN D, et al. Open—path dual-comb spectroscopy for multispecies trace gas
detection in the 4.5-5 pm spectral region[J]. Laser & Photonics Reviews, 2021, 15 (9): 2000583.
HERMAN D, WEERASEKARA C, HUTCHERSOSN L, et al. Precise multispecies agricultural gas flux determined

0555210-19



P/ R 4

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

using broadband open—path dual-comb spectroscopy[ J]. Science Advances, 2021, 7 (14): eabe9765.

WESTBERG J, TENG C, CHEN Y, et al. Urban open—air chemical sensing using a mobile quantum cascade laser dual-
comb spectrometer[ J]. APL Photonics, 2023, 8: 120803.

PATINO ROSAS W, CEZARD N. Greenhouse gas monitoring using an IPDA lidar based on a dual-comb spectrometer
[J]. Optics Express, 2024, 32 (8): 13614-13627.

ZHONG Wei, LIU Yingyu, YIN Qin, et al. Broadband photon—counting dual-comb spectroscopy with attowatt
sensitivity over turbulent optical paths[J]. Light: Science & Applications, 2025, 14: 293.

ZHU Dongxu, WAN Zhuoren, MA Xiaoshuai, et al. Mode—programmable comb spectroscopy enabling non—cooperative
computational sensing with single photon sensitivity [ J/OL]. arXiv: 2511.16365, (2025). https://doi. org/10.48550/
arXiv.2511.16365.

RIRIS H, NUMATA K, LIS, et al. Airborne measurements of atmospheric methane column abundance using a pulsed
integrated—path differential absorption lidar[ J]. Applied Optics, 2012, 51 (34): 8296-8305.

ABSHIRE J, RIRIS H, WEAVER C, et al. Airborne measurements of CO, column absorption and range using a pulsed
direct-detection integrated path differential absorption lidar[ J]. Applied Optics, 2013, 52 (19) : 4446-4461.

RIRIS H, RODRIGUEZ M, ALLAN G, et al. Pulsed airborne lidar measurements of atmospheric optical depth using
the oxygen a—band at 765 nm[J]. Applied Optics, 2013, 52 (25): 6369-6382.

RIRIS H, RODRIGUEZ M, MAO J, et al. Airborne demonstration of atmospheric oxygen optical depth measurements
with an integrated path differential absorption lidar[ J]. Optics Express, 2017, 25 (23): 29307-29327.

WAGNER G, PLUSQUELLIC D. Ground-based, integrated path differential absorption lidar measurement of CO,,
CH,, and H,O near 1.6 um[J]. Applied Optics, 2016, 55 (23) : 6292-6310.

TITCHENER J, MILLINGTON-SMITH D, GOLDSACK C, et al. Single photon lidar gas imagers for practical and
widespread continuous methane monitoring[ J]. Applied Energy, 2022, 306: 118086.

ZHU Shouzheng, LIU Shijie, TANG Guoliang, et al. Simulation evaluation of a single—photon laser methane remote
sensor for leakage rate monitoring[ J]. Optics Express, 2024, 32 (7): 10962-10978.

ZHU Shouzheng, LIU XU, ZHANG Yangyang, et al. Calibration and enhancement of an intensity—coded NIR laser
single—photon system for quantitative methane leak monitoring[ J]. Optics Express, 2026, 34: 1931-1945.

SMITH R, CARDOSO A, MORLAND I, et al. Remote methane sensing using single-photon PPLN-waveguide
upconversion lidar[ J]. Optics Express, 2025, 33 (13): 28177-28188.

HAN Haobin, GUO Kexin, YI Li, et al. Remote sensing of flammable and toxic gases via IPDA lidar with InGaAs/InP
single—photon detector over C+L band[J]. Optics Express, 2025, 33 (18): 38828-38840.

YU Saifen, ZHANG Zhen, XIA Haiyun. Simultaneous remote sensing of HD"O/H.,"O profile using differential
absorption lidar: a feasibility analysis[ J]. Remote Sensing, 2026, 18 (2): 221.

YU Saifen, ZHANG Zhen, XIA Haiyun. Sensitivity analysis of simultaneous remote sensing of carbon dioxide and water
vapor isotope using LIDAR[J]. Acta Optica Sinica, 2025, 45 (6): 0601007.

ARIEIY, Bk, B 2 WOGER AR B AR T AR AR IR RO A SBR[ D). S22, 2025, 45 (6): 0601007.
WALSH B, LEE H, BARNES N. Mid infrared lasers for remote sensing applications [J]. Journal of Luminescence,
2016, 169: 400-405.

ZHENG Chuantao, HUANG Jiangiang, YE Weilin, et al. Demonstration of a portable near-infrared CH, detection
sensor based on tunable diode laser absorption spectroscopy[ J]. Infrared Physics &. Technology, 2013, 61: 306-312.

Near-infrared Single—photon Lidar for Gas Remote Sensing:
Technologies and Applications (Invited)

YI Li"*, HAN Haobin"**, LI Zhekai'"**, XU Keyi"*, HU Jiadong"*®, YU Saifen"?,
ZHANG Zhen"**, XIA Haiyun'*’
(1 School of Atmospheric Physics, Nanjing University of Information Science and Technology,
Nanjing 210044, China)

(2 State Key Laboratory of Climate System Prediction and Risk Management, NUIST, Nanjing 210044, China)

(3 Institute of Lidar Technology, GuangZai Co. Ltd., Hangzhou 310005, China)

Abstract: The near—infrared spectral range serves as a distinctive absorption region for various greenhouse

and pollutant gases, offering advantages such as high atmospheric transmittance and low background noise.
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Despite these benefits, traditional detectors are limited in their sensitivity within this wavelength range.
The integration of single-photon detection technology presents a promising solution to overcome the
challenges associated with detecting weak echo signals, thereby enhancing system detection range and
precision. Current technologies and applications of near—infrared single—photon lidar for gas remote sensing
are classified and compared.

This review focuses on the relationship between detector characteristics, lidar detection mechanisms,
and practical gas sensing performance, with emphasis on the applicability of different technical routes under
atmospheric and industrial monitoring conditions. This review compares the main types of near—infrared
single-photon  detectors, including photomultiplier tubes, single-photon avalanche diodes,
superconducting nanowire single-photon detectors, and upconversion single-photon detectors. The
comparison 1s conducted in terms of key performance metrics, including quantum efficiency, dark count
rate, timing resolution, and system integration complexity, since these parameters directly influence lidar
sensitivity and retrieval accuracy under weak-return conditions. We evaluate these metrics to determine
each detector’s advantages and suitable applications in gas remote sensing. The review also divides existing
gas remote sensing lidar systems into three types based on their detection mechanisms: differential
absorption lidar, integrated path absorption lidar, and differential absorption spectroscopy lidar. The
classification is further refined according to implementation details, with integrated path absorption lidar
being subdivided into integrated path differential absorption, integrated path dual-comb spectroscopy, and
integrated path scanning absorption spectroscopy. The review framework therefore combines detector-level
comparison with retrieval-principle classification, enabling a structured assessment of near—infrared single—
photon gas sensing systems reported in the literature.

Photomultiplier tubes exhibit mature photon—counting capability and stable timing performance in
visible wavelengths, but their direct response in the near-infrared spectral region remains limited. InGaAs/
InP single-photon avalanche diodes are ideal for room—temperature fiber-integrated systems because of
their compact structure, relatively low operating requirements, and compatibility with communication—
band optical components, although their performance is affected by dark counts and afterpulse effects under
high count-rate operation. Superconducting nanowire single—photon detectors provide optimal detection
efficiency under cryogenic conditions and demonstrate advantages including extremely low dark count
rates, high timing precision, and broad spectral response, making them suitable for long-range and ultra—
weak signal detection. Upconversion single-photon detectors enable low-noise visible-light detection of
near—infrared signals through frequency upconversion. By converting near—infrared photons into visible
wavelengths through nonlinear optical processes, upconversion single-photon detectors combine the low—
noise characteristics of visible single-photon detectors with the spectral advantages of near—infrared lidar
systems. Their performance is closely related to pump laser stability, conversion efficiency, and optical
coupling conditions. In addition to detector efficiency, practical lidar performance is also influenced by dead
time, maximum photon—counting rate, optical alignment stability, and thermal control conditions.
Therefore, the applicability of different detector technologies depends not only on laboratory detection
capability but also on overall system integration requirements and measurement scenarios. With these
detector characteristics as the basis, the lidar architectures themselves can then be compared in terms of
how effectively they translate single-photon sensitivity into measurable gas information. Differential
absorption lidar uses atmospheric backscatter echoes to obtain gas concentration profiles, making it suitable
for concentration profiling. Integrated path absorption lidar measures concentration through reflection from
hard targets, making it suitable for satellite, airborne, and leakage monitoring on the ground. Differential
absorption spectroscopy lidar combines distance and spectral resolution, representing an advanced approach
for multi—component, high—precision remote sensing. Representative systems, performance metrics, and
applicable scenarios for each lidar technology are analyzed in detail. This review indicates that the adoption
of single—photon detection not only improves sensitivity but also reduces transmitter power requirements
and promotes the development of compact and portable lidar systems. In addition, the literature shows that
single—photon differential absorption lidar has been used for range-resolved profiling of CO,, CH,, and
H,O under weak-backscatter conditions; integrated path differential absorption has supported column
measurements and is less sensitive to footprint mismatch in moving—platform observations; integrated path
dual-comb spectroscopy has extended photon-counting remote sensing to broadband path-integrated
spectroscopy over kilometer—scale paths; and integrated path scanning absorption spectroscopy has shown
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particular value in leakage monitoring and multi—gas discrimination under strong background-light
conditions. Differential absorption spectroscopy lidar further demonstrates the feasibility of simultaneous
range-resolved and spectrally resolved retrievals, including cases involving overlapping absorption features
such as CO, and HDO. However, several limitations remain evident across existing systems, including
detector noise accumulation, limited dynamic range, spectral interference in multi-component detection,
and the requirement for long signal integration times under ultra-weak signal conditions.

In conclusion, near-infrared single-photon detection technology has significantly advanced gas remote
sensing towards higher sensitivity, multi-component detection, and miniaturization. However, challenges
remain, including dark counts and afterpulse suppression in room—temperature detectors, crosstalk and data
fusion in multi-gas simultaneous detection, and system stability for long—term field deployment. Future
research should focus on extending into the mid-infrared range to exploit stronger molecular absorption
lines, developing high—photon—counting-rate detectors to improve dynamic range, and advancing
integrated photonics architectures for compact, low—power, field-deployable multi-gas monitoring
systems.
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