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Tab.1 Device performance parameters of coherent

Doppler lidar
Index Parameter
Pulse wavelength/nm 1550
Pulse energy/pJ 150
Pulse width/ns 300
Pulse repetition frequency/kHz 10
Radial range resolution/m 30
Radial measuring range/m 60-4000
Accuracy of wind speed/m-s™ <0.1
Power consumption/W 200
Scanner positioning accuracy/(°) <0.1
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Fig.1 Flow chart of two background noise removal algorithms
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Fig.4 Flow chart of linear prediction spectrum estimation algorithm
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Fig.5 Comparison diagram of interpolation spectrum estimation

algorithm before and after processing (2022-05-09 15:03:36-

detection distance bin: 14700 m)
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Fig.6 Signal processing flow of integrated algorithm of power spectrum

frequency shift estimation
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Tab.2 Equipment technical parameters of ultrasonic

anemometer Vaisala WMT?700

Index Parameter

Wind speed measurement range/m-s " 0-40
Accuracy of wind speed/m-s ™ +0.1
Wind speed resolution/m's™ 0.01
Response time/ms 250

Wind direction measurement range/(°) 0-360
Accuracy of wind direction/(°) +2
Wind direction resolution/(°) 0.01

(a) (b
B 7 (a) =444 8k v A T 25 91 HOG & I8 Leice Wind3D6000;
(b) R PR EAY Vaisala WMT700
Fig.7 (a) 3D scanning pulsed coherent Doppler lidar Leice Wind3D6000;

(b) Ultrasonic anemometer Vaisala WMT700
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Fig.8 Comparison diagram of wind speed evaluation results of two

frequency shift estimation models in a fixed scanning direction
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Fig.9 Comparison of the effective detection range of the two frequency

shift estimation models in each pitch angle scanning direction
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Fig.10 (a) Distribution of the mean absolute wind speed with the detection distance under the two frequency shift estimation models; (b) Distribution of

the wind speed standard deviation with the detection distance under the two frequency shift estimation models
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Fig.11 Variation of the spatial autocorrelation function of wind speed
retrieved by two frequency shift estimation models with the

detection range
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Fig.13 Schematic diagram of 3D vector wind field and RHI scanning

plane
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Fig.14 Schematic representation of wind speed vector decomposition on

the RHI scan plane
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Fig.15 Correlation analysis of lidar near-field observation data and ultrasonic anemometer data. (a) The obtained radial wind speed retrieved by applying

the maximum likelihood discrete spectrum peak estimation algorithm; (b) The obtained radial wind speed retrieved using the proposed power

spectrum analysis method
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Fig.16 Correlation analysis of lidar far-field observation data and ultrasonic anemometer data. (a) The obtained radial wind speed retrieved by applying

the maximum likelihood discrete spectrum peak estimation algorithm; (b) The obtained radial wind speed retrieved using the proposed power

spectrum analysis method

034 m/s. Zi b, DUBE A XUGE T 2R AE
2%, L W, 3 F ML DSP Al 55 7% i 15 XUk
J 25 5 30 3 L Ik 2 LA T AR, X o
T Al 2 o M 125 3 0 R, A i) XU 1) LU X 508k v o R

WA FE, 535505 Z R 228 KT = A5 bR
2% o BIAEESAWIN 2500 R, B PO R AR ]
AR5 859, 7 MR LUBLAIR, 7 % e iy 56 4 LA
e B IE AT, B {5 W L YRR AR, ML DSP ffi it

20230216-11



ISk A2

% 1147

www.irla.cn

% 52 %

A 2 R R AL T i SRR R, TS G A T
TR B R 2 AR

FHELT ML DSP i35k, I 2 9 ) 2435 43
Mo Ja, Kk 45 5 5 18 75 WG i Wy & 5 B B 42
Fto H5E0AH He, S WG 5ol 5 2 % 54 1)
B A R L RGH R O 22 2 O 25 2 5 L PO —
B, WYEFE R R KT
323 HiRiER MO

SCHRRIE HEAT T SE B R 224007, B FEEH L1k
SR v B AT A R B T RO AT K i
S S} 25 S M AT B AR, R RO E AR
A TR B P A AR R PR R A R R R
B M KA IREE R, XT3 B 1k XU UL 1 B fr) 4
AR (k2 L RN TR NG e 2 R R Y e 2
—E W R BRAE

12 T LU LI S 6 e T A [ R ) A
THOEE A% 4 AT DBS 22 9% o0 35 4 1 S I 5 a0 .
A 35 A O TR A B 1 S, DBS 23 SR il
NI AR 2019 4F 3 H 26 H 4B Bl B A
JEE (1 B B] -1 2 -5 B A A WL 17 i o 2l R R
T BE A AT G TR AR IR AR L A3 A0 43 s O, &l 18
JiR o

3

2000 ER]
E£1500¢ 82
z ’ S E
51000 | 0" £
2 500} Il 052 8

T iy K |03

0 — 158

.QQ AR IR .QQ .QQ RSP >

Pl 17 2 E UL BE I s 2 A THI (I TR -5 B2 -5 %) [
Fig.17 Time-height-intensity (THI) plot of the spatial and temporal

distribution of vertical wind speed
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Fig.18 Statistical box plot of vertical airflow velocity distribution
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Fig.19 Temporal distribution of effective detection range of lidar in

wind field measurement
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Abstract:

Objective In the data processing of wind field detection by coherent Doppler lidar, the Doppler frequency shift
is extracted as the target for wind speed calculation, and the accuracy of Doppler frequency estimation directly
affects the performance of wind field detection by coherent Doppler lidar. The accuracy of wind measurement is
greatly affected by the interference of noise clutter, weakness of reflection signal, and wind field inhomogeneity,
thus limiting the detection performance of the system, resulting in wind speed estimation outliers and detection
range faults. The existing research on the power spectrum analysis method lacks the targeted research and multi-
angle optimization attempts under the key technical limitations of weak signals. Therefore, effective peak retrieval
of the power spectrum plays a decisive role in achieving accurate inversion of the wind field under the application
limitation. Therefore, a power spectrum analysis method is proposed to improve the accuracy and detection

performance of coherent Doppler lidar wind speed retrieval.

Methods In order to improve the peak detection accuracy of the target signal under weak signal conditions and
obtain the accurate frequency estimation of signal spectrum for wind speed inversion, the optimization of the
frequency shift estimation algorithm and peak detection are explored. Specific optimization measures include the
smoothing processing of the original power spectrum baseline: background noise removal algorithm (Fig.1-2), the
resolution enhancement peak detection algorithm for the target signal (Fig.3), and the quality assessment of peak
retrieval to achieve frequency estimation correction (Fig.4-5). A power spectrum analysis method based on
nonlinear least squares noise fitting, combining linear prediction spectrum estimation and derivative enhancement

algorithm is proposed (Fig.6).

Results and Discussions The commonly used maximum likelihood discrete spectrum peak estimation
algorithm based on Fast Fourier Transform and the proposed frequency estimation synthesis algorithm are
respectively applied to the measured radial wind speed data of coherent Doppler lidar, and the performance of the
frequency estimation synthesis algorithm is evaluated. After applying the proposed algorithm, the stability of
wind speed measurement has been significantly improved, the wind speed measurement error on several far-field
distance bins has been effectively reduced, and the effective detection distance of wind speed has been effectively
improved in all scanning directions. Through the statistical analysis of the autocorrelation coefficient, the

temporal correlation and spatial correlation of the wind speed estimation are verified (Fig.10-11). The results
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show that the wind speed data obtained by the proposed power spectrum analysis method maintains good spatio-
temporal continuity and spatial autocorrelation characteristics. The inversion results of lidar were compared with
the reference results of the ultrasonic anemometer under spatio-temporal matching (Fig.15-16), and the
effectiveness of the proposed power spectrum analysis method for improving the detection performance of

coherent Doppler lidar was verified.

Conclusions On the basis of Fast Fourier Transform, a power spectrum analysis method based on nonlinear
least squares noise fitting, combining linear prediction spectrum estimation and derivative enhancement algorithm
is proposed. The algorithm has the characteristics of high noise suppressing effect, great recognition ability of
weak signal, and high accuracy of wind speed estimation. The results of temporal and spatial correlation analysis
of wind speed data show that the proposed power spectrum analysis method has better stability of wind speed
estimation, and the effective wind field detection distance is increased by 73.13% compared with the ML DSP
algorithm. The comparison results with the ultrasonic anemometer show that the proposed algorithm has high
recognition accuracy in the case of weak signal. The standard deviation between the wind speed results and the
ultrasonic anemometer is reduced by 0.23 m/s compared with the ML DSP algorithm, and the BIAS rate is
reduced by 0.3 m/s, effectively improving the accuracy of Doppler frequency estimation in the low SNR range.
Key words: coherent Doppler lidar; Doppler frequency estimation; weak signal recognition; peak
retrieval
Funding projects: National Natural Science Foundation of China (42106182, 61975191, 41905022); Shandong
Natural Science Foundation Youth Project (ZR2021QDO052); Joint Research Project of
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