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Fig.1 Atmospheric temperature detection principle based on two-stage
FPI and multi-mode laser. (a) Separation of Mie signals by FPI-1;
(b) Temperature measurement using FPI-2 transmission and

reflection signals
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Tab.1 Parameters of multi-mode temperature lidar system based on two-stage FPI
Parameter Value Parameter Value
Wavelength 355 nm Filter peak transmission >60%
Laser mode number 5 Laser energy/pulse 400 mJ
Laser mode linewidth 90 MHz Laser mode interval 7.2 GHz
Telescope/scanner aperture 25 cm Laser repetition frequency 30 Hz
Optical efficiency >85% Field of view 0.1 mrad
FPI free spectral range 7.2 GHz FPE-1 and FPE-2 separation 3.6 GHz
FWHM of FPI-1, FPI-2 0.8 GHz Defect finesse of FPI 24
Effective reflectivity of FPI 0.707 Loss coefficient of FPI 0.2%
Actual reflectivity of FPI 0.725 Detector quantum efficiency 23%
Solar filter bandwidth 0.5 nm Detector dark count 100 CPS

BE AR 22, AT VAR, AR R 2R e L,
U T 22 AR /1N, 7E 2 km DA SE A AT LZ B R
115 24 Avpgg =5 MHz, Avy,=2.5 MHz i, i 3 I & ff
ZE7E 4 km 1 9 km (5 JE AL 35 B (E, 4 51k 092K
H10.71 K5 2 Avpge=Avy= 2.5 MHz i, i 5 0 4 fi 2%
£ 4 km F1 9 km & B 4L 73 51 R 026 K f1 02K,
ROEMIE R WARFERAGFMHT, hVCHE 52
B R 2 T R X N o O e O AR 25 S R
Ko Ui, B NLECR2EA 2 BARAE R H 2, K] 9(a) F
Pl 9(b) 43 5l 45 th T FR AR 5 M P | A ) L R T 15 2
IS ) ST BO AR X0 5 15 2 (e/Ryp) B 120 £ 14972 AL B
2. MIE 9(a) T LLFE 2 7E 0~20 km 5 YL L, 11K
1 G TR0 £ 38 38 00 3 22 43 /N F 37 K R3S Ko AR

20

18 L & ---- Avp=5.0 MHz; Av,,=2.5 MHz
16 | —— Avp,=2.5 MHz; Av,=2.5 MHz
14

Altitude/km
=

0 0.1 0203 04 0.5 0.6 07 08 09 1.0
Temperature bias/K

Pl 8 GG & 22 OB 15 2 5 2 A B D0 i 22 I 5 2 AR AL 1) 7 L
JERek

Fig.8 Simulation profile of temperature measurement deviation varying

with altitude due to matching and locking errors

& 9(b) A LA Hi: 7E 0~20 km 75 £ 70 Fl, 14 K% e ]
() Je ) 05 bl AR 6 I 3R 22 4 BN T 0.40% F
0.38%. G I RGAE H K5 0 35 1T LRAIE 4L 5
1250 RS B

20 -
18 H@ e

16 L Nighttime
---- Daytime

14
12+
10 |

Altitude/km

(= S
T

0 05 10 15 20 25 30 35 40
Temperature error/K

18 1©®)
Nighttime
---- Daytime

Altitude/km
=

0 0.10% 0.20% 0.30% 0.40%
Backscatter ratio relative error

P 9 55 M 5 R ) 2 000 D 2 B s BRI D LR R . () TR
JEE; (b) J I LE

Fig.9 Simulation profile of parameter measurement error due to signal

noise varying with altitude. (a) Temperature; (b) Backscatter ratio

20220573-7



ISk A2

www.irla.cn

SR TR T 2 HBROE R ER FPI Y =
S 2 B it R BB R O TR B R o FEA T T
N B %) Sl A R P BRI AR AR, S T — R 5
WA, ALHE IR B R O iR 2 A B
FER I : 0l AR DT L 5% PRI, 22 LI R A5 4L T
%Aimlhmﬁmvﬂ-ﬁﬁwﬁmﬁﬁé—ﬁo

— LA BT T AR DG 15 25 RN 1R 2 5 |k Y T
m' iﬂﬁ'ﬂ o AT AR s N i 2 2 R ph AR DT RC
TR G 25 U HUH H R 2 4505 DG it R 2% A4 e
220 5 MHz B, I8 B U R 22 0 0.2 K J5 U
PO, ) 5t O 25 0 B K o O DR UE AR 2 I B2 U 60K
J&, UL iR 22 FIBE R 220 205/NF 5 MHz il 10 MHz,
Bl ot ML 40 T R G A o T R LA B
FLAE SRR AE 0~20 km =5 G BB, BEIH& B &
SSRGS I B S BEE N 30 m@ 0~12 km Al
60 m@12~20 km, )73 HEF K 1 min B, B TR
{14 000 T O B A MR R 1 4 TR IR R N R 2
T 1) BRSPS L ARSI £ 15 22 43 501l /N T 3.7 KAl 0.40%,
AT IR TIZ BRI

S 3k

[11 Li Yajuan, Song Shalei, Li Faquan, et al. High-precision

measurements of lower atmospheric temperature based on pure

rotational Raman lidar [J]. Chinese Journal of Geophysics,
2015, 58(7): 2294-2305. (in Chinese)

[2] Di Huige, Hua Dengxin. Research status and progress of lidar
for atmosphere in China (Invited) [J]. Infrared and Laser
Engineering, 2021, 50(3): 20210032. (in Chinese)

[31 Yan Zhaoai, Hu Xiong, Guo Wenjie, et al. Near space Doppler
lidar techniques and applications (Invited) [J]. Infrared and
Laser Engineering, 2021, 50(3): 20210100. (in Chinese)

[4] Bosenberg J. Ground-based differential absorption lidar for
water-vaper and temperature profiling: Methodology [J]. Appl
Opt, 1998, 37(18): 3845-3860.

[S] HuaD X, Kobayashi T. Ultraviolet Rayleigh-Mie lidar by use of

a multicavity Fabry-Perot filter for accurate temperature

profiling of the troposphere [J]. Appl Opt, 2005, 44(30): 6474-

[10]

(1]

[12]

[13]

[14]

[15]

[16]

20220573-8

6478.

Liu Z S, Bi D C, Song X Q, et al. Iodine-filter-based high
spectral  resolution lidar for atmospheric temperature
measurements [J]. Opt Lett, 2009, 34(18): 2712-2714.

Xu Bingqing, Han Yan, Xu Wenjing, et al. Design and
simulation of Raman lidar with small field of view for
atmospheric temperature and humidity detection [J]. Infrared
and Laser Engineering, 2021, 50(9): 20200410. (in Chinese)
Wang Qing, Gao Chunqing. Research progress on eye-safe all-
solid-state single-frequency lasers [J]. Chinese Journal of
Lasers, 2021, 48(5): 0501004. (in Chinese)

Gao Jian, Zhou Anran, Sun Dongsong, et al. An identification
method of seed laser injection in Doppler lidar [J]. Infrared and
Laser Engineering, 2018, 47(2): 0230001. (in Chinese)

Cheng Zhongtao, Liu Dong, Liu Chong, et al. Multi-
longitudinal-mode high-spectral-resolution lidar [J]. Acta Optica
Sinica, 2017, 37(4): 0401001. (in Chinese)

Gao Fei, Nan Hengshuai, Huang Bo, et al. Technical realization
and system simulation of ultraviolet multi-mode high-spectral-
resolution lidar for measuring atmospheric aerosols [J]. Acta
Physica Sinica, 2018, 67(3): 030701. (in Chinese)

Jin Y, Sugimoto N, Ristori P, et al. Measurement method of high
spectral resolution lidar with a multimode laser and a scanning
Mach-Zehnder interferometer [J]. Appl Opt, 2017, 56(21): 5990-
5995.

Bruneau D, Blouzon F, Spatazza J, et al. Direct-detection wind
lidar operating with a multimode laser [J]. Appl Opt, 2013,
52(20): 4941-4949.

Shen Fahua, Yu Aiai, Dong Jihui, et al. Dual-frequency quad-
edge frequency discrimination photoelectric detection technique
based on single fabry-perot etalon [J]. Acta Optica Sinica, 2014,
34(3): 0312005. (in Chinese)

Shen F, Zhuang P, Shi W, et al. Fabry-Perot etalon based
ultraviolet high-spectral-resolution lidar for tropospheric
temperature and aerosol measurement [J]. Appl Phys B, 2018,
124(7): 138.

Shen F, Xie C, Qiu C, et al. Fabry-Perot etalon based ultraviolet
tri-frequency high-spectral-resolution lidar for wind, temperature

and aerosol measurements from 0.2 to 35 km altitude [J]. Appl

Opt, 2018, 57(31): 9328-9340.


https://doi.org/10.6038/cjg20150708
https://doi.org/10.3788/IRLA20210032
https://doi.org/10.3788/IRLA20210032
https://doi.org/10.3788/IRLA20210100
https://doi.org/10.3788/IRLA20210100
https://doi.org/10.1364/AO.37.003845
https://doi.org/10.1364/AO.37.003845
https://doi.org/10.1364/AO.44.006474
https://doi.org/10.1364/OL.34.002712
https://doi.org/10.3788/IRLA20200410
https://doi.org/10.3788/IRLA20200410
https://doi.org/10.3788/CJL202148.0501004
https://doi.org/10.3788/CJL202148.0501004
https://doi.org/10.3788/IRLA201847.0230001
https://doi.org/10.3788/IRLA201847.0230001
https://doi.org/10.3788/AOS201737.0401001
https://doi.org/10.3788/AOS201737.0401001
https://doi.org/10.7498/aps.67.20172036
https://doi.org/10.7498/aps.67.20172036
https://doi.org/10.1364/AO.56.005990
https://doi.org/10.1364/AO.52.004941
https://doi.org/10.3788/AOS201434.0312005
https://doi.org/10.1007/s00340-018-7003-0
https://doi.org/10.1364/AO.57.009328
https://doi.org/10.1364/AO.57.009328

s Gk A2

% 5 www.irla.cn % 52 %

Multi-longitudinal mode temperature lidar technology based on

two-stage Fabry-Perot interferometer

Shen Fahua'?, Li Xuekang'?, Zhu Jiangyue'?, Xie Chenbo’, Wang Bangxin’,
Yang Liangliang'?, Zhou Hui'?, Xu Hua'?

(1. Jiangsu Province Intelligent Optoelectronic Devices and Measurement-Control Engineering Research Center, Department of Physics and
Electronic Engineering, Yancheng Teachers University, Yancheng 224007, China;
2. Jiangsu Province Atmospheric Detection Lidar Technology Civil-Military Integration Innovation Platform, Yancheng 224007, China;

3. Key Laboratory of Atmospheric Optics, Anhui Institute of Optics and Fine Mechanics, Chinese Academy of Sciences, Hefei 230031, China)

Abstract:

Objective The high spectral resolution lidar (HSRL) based on Rayleigh scattering spectroscopy is currently one
of the most effective equipment for remote sensing of atmospheric temperature below 20 km. Traditional HSRL
for temperature measurement requires a single longitudinal mode laser source, which leads to the defects of high
system cost, poor environmental adaptability and low laser energy utilization. Therefore, it is of great scientific
significance and practical application value to study atmospheric temperature detection technology with high
detection accuracy, high spatial and temporal resolution, strong environmental adaptability and low cost. For this
purpose, the HSRL with multi-longitudinal mode (MLM) laser, i.e. MLM-HSRL technology based on two-stage
Fabry-Perot interferometer (FPI) for temperature measurement is proposed and studied.

Methods The temperature detection principle of MLM-HSRL based on two-stage FPI is analyzed (Fig.1). The
theoretical model of temperature detection is constructed accordingly, and the measurement error formulas of
temperature and backscatter ratio are derived. The frequency matching and locking conditions are studied, and the
temperature measurement deviation caused by frequency matching error and locking error is analyzed. The
frequency matching calibration method and steps based on the combination of FPI cavity length coarse scanning
and fine scanning are presented (Fig.5-6). The MLM-HSRL system parameters (Tab.1) are designed, and its
detection performance is simulated using the 1976 USA atmospheric model and simulated cumulus and cirrus
clouds.

Results and Discussions The frequency matching condition is that the longitudinal mode interval of the MLM
laser is an integer multiple of the free spectral spacing of the two-stage FPI. When this condition is satisfied, the
MLM temperature measurement is equivalent to the superposition of each single longitudinal mode (SLM)
temperature measurement. The analysis results show that the larger the backscatter ratio is, the greater the
temperature measurement deviation caused by the same frequency matching error and locking error is; the
frequency matching error has a great impact on temperature measurement; the frequency matching error and
locking error should be less than 5 MHz and 10 MHz, respectively (Fig.4). The simulation results of MLM-HSRL
detection performance show that in the altitude of 0-20 km, the temperature measurement deviation caused by the
frequency matching error and locking error is usually very small, and it can be neglected above 2 km; If there are
clouds, dust, etc., this deviation will be larger at the corresponding altitude (Fig.8); When the vertical resolution is

30 m at 0-12 km and 60 m at 12-20 km, and the time resolution is 1 min, the temperature measurement errors
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caused by noise during the day and night are below 3.7 K and 3.5 K, respectively, and the backscatter ratio
relative measurement errors are below 0.40% and 0.38%, respectively (Fig.9).
Conclusions A MLM-HSRL technology for temperature measurement based on two-stage Fabry-Perot
interferometer (FPI) is proposed and studied. This technology requires that the longitudinal mode spacing of the
laser source is matched with the free spectral spacing of the two-stage FPI, and the center frequency of each
longitudinal mode is locked at the peak of the periodic spectrum of the first stage FPI. When the frequency
matching condition is satisfied, the MLM temperature measurement is equivalent to the superposition of each
SLM temperature measurement. The frequency matching error and locking error will cause additional temperature
measurement error, and they should be less than 5 MHz and 10 MHz, respectively, in order to ensure the accuracy
of the low-altitude atmospheric temperature measurement, which can be achieved through frequency matching
calibration. The simulation results show that the MLM-HSRL system based on this technology is capable of
measuring temperature and backscatter ratio at the altitudes up to 20 km with high accuracy in all weather. These
conclusions fully demonstrate the feasibility of this technology.
Key words: lidar;  atmospheric temperature;  multi-mode pulse laser; ~ Fabry-Perot interferometer;
Rayleigh scattering
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