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Abstract: A cell-ratio constant false-alarm rate (CR-CFAR) method for detecting the Doppler
frequency shift is proposed to improve the accuracy of velocity measured by coherent Doppler wind
lidar (CWL) in low signal-to-noise ratio (SNR) environments. The method analyzes the spectrum to
solve issues of weak signal submergence in noise encountered in the widely used periodogram method.
This characteristic is that the signal region slope is larger than the noise region slope in the frequency
spectrum. We combined the ratio and CFAR to propose the CR-CFAR method. The peak area is
discriminated from the spectrum using this method. By removing background noise, the peak signal is
obtained along with the Doppler shift. To verify the CR-CFAR method, a campaign experiment using
both CWL and a commercial Doppler lidar was performed in Hami, China (42◦32′ N, 94◦03′ E) during
1–7 June 2016. The results showed that the proposed method significantly improved the reliability of
CWL data under low SNR conditions. The height—at which both horizontal wind speed correlativity
and horizontal wind direction correlativity exceeded 0.99—increased by 65 m. The relative deviation
of the horizontal wind speed at 120 m decreased from 40.37% to 11.04%. We used the CR-CFAR
method to analyze continuous data. A greater number of wind field characteristics were obtained
during observation compared to those obtained using the common wind field inversion method.

Keywords: coherent Doppler wind lidar; signal-to-noise ratio (SNR); cell-ratio constant false alarm
rate (CR-CFAR)

1. Introduction

The wind field is the direct consequence of wind energy resources. Wind field resource assessment
is critical for optimizing wind turbine parameters. Currently, wind field evaluations are predominantly
based on wind tower data. Measurement from the wind tower is relatively accurate and has been
recognized as an industry standard. However, wind towers require considerable labor and material
resources for regular maintenance. If wind resources near a wind turbine are individually assessed
by a wind tower in a wind plant, long test cycles and low testing efficiencies are unavoidable [1–3].
The double-edge technique for Doppler lidar has favorable application prospects in the wind field [4].
Comparing with direct detection Doppler lidar, CWL or upconversion Doppler lidar has its own
advantages in stability [5,6]. CWL likewise has satisfactory application potential on account of its high
accuracy compared to the wind cup anemometer; moreover, it can easily obtain two-dimensional or
three-dimensional wind field information.
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Significant progress on all-fiber coherent Doppler lidar has been made in recent years [7]. In 2007,
Kameyama et al. developed an all-fiber coherent Doppler lidar in which the pulse width at a wavelength
of 1.5 µm is variable and the range resolution is 150 m [8]. In 2009, LEOSPHERE developed
a commercial wind lidar that can determine the wind field in near real time [9,10]. A continuous laser
is used in the lidar, and the detection range and resolution are 200 m and 7 m, respectively.

In principle, a pulse laser is preferred for detecting the wind field. In previous work, the present
authors focused on developing CWL using pulse laser to industrialize it. Meanwhile, an all-fiber
coherent Doppler wind lidar was proposed by Diao et al. in 2014 with a measurement range of 3 km and
0.2 m/s accuracy [11]. In addition, Bu et al. presented campaign observation using a proposed CWL
and sounding balloon in 2015. The measurement results from CWL were compared with sounding-
and pilot-balloon measurements. The stability and reliability of that CWL were proven [12].

The emitted light of the CWL interacts with atmospheric aerosol particles and the echo signals
received by the telescope carrying the Doppler frequency shift. The wind information is thereby
obtained. Doppler frequency shift discrimination is the most important step in data processing of
CWL lidars because inversion of wind data relies on the Doppler frequency shift. Currently, several
Doppler frequency extraction algorithms are widely used in CWL systems. These algorithms include
the complete synchronization digital frequency meter, Burg algorithm for the autoregressive (AR)
model, modified covariance method for the AR model, fast Fourier transform (FFT), FFT and center of
gravity (COG) method, and spectrum zoom with spectrum correction [13].

FFT is also called the periodogram maximum (PM). Estimation of the Doppler shift under a high
SNR condition using this method is unbiased. For a certain SNR, the frequency correction accuracy
obtained is high owing to the combination of FFT and COG. It is widely used on account of its
accuracy and convenient calculations. The disadvantage of FFT is that the correction accuracy is easily
affected by the SNR level, and the calibration precision is poor under low SNR conditions. Hence, the
estimation of the Doppler shift is biased in the above case [14].

A complete synchronization digital frequency meter can effectively eliminate technical errors of
+1. It can be simultaneously used for full-band measurements. However, it is sensitive to noise and
cannot be used for measurements at a low SNR [15]. Methods for the AR model have high frequency
resolution; nonetheless, the estimation quality is affected by the model order [16,17]. Spectrum zoom
with spectrum correction can effectively reduce the error in signal processing; however, the complex
algorithm makes the method unsuitable for online wind information inversion [18].

In this paper, a cell-ratio constant false-alarm rate (CR-CFAR) method based on the FFT method is
proposed to solve the corruption of weak signals by noise. Results showed that CR-CFAR can assist
in accurately filtering the small signal peak to improve the detection accuracy of CWL at a low SNR.
The calculations in the algorithm are not large; moreover, CR-CFAR meets the needs of the presently
proposed CWL.

2. System and Method

2.1. Proposed CWL System

In general, the maximum detection range required by a wind farm in the vertical direction is
less than 300 m because the wind turbine height is normally less than 100 m. Considering wind
field detection requirements, we developed a 50-m blind-area coherent Doppler wind lidar with
an adjustable height ranging from 50 m to 290 m. The system structure of this lidar is shown in Figure 1.
It consists of three parts: the optical transceiver system, heterodyne detection unit, and signal sampling
and processing system. The CWL uses a laser with a master oscillator power amplifier (MOPA) and
seed injection technique to obtain a 1.54-µm 10-kHz pulse laser.

We compressed the laser pulse width to 200 ns and utilized an output pulse energy of 10 µJ
to minimize the blind area. The light emitted by the seed laser was divided into two parts: a local
oscillator light and an outgoing light. The frequency of the outgoing light was changed to 120 MHz
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by an acousto-optic modulator (AOM). The outgoing light entered circulator 1 after multi-stage
amplification. Then, by means of circulator 2, it entered the telescope with a diameter of 75 mm.
The Doppler frequency shift caused by light-sight wind speed was superimposed on the echo signal
light. After mixing the local oscillator signal and echo signal from circulator 3, the heterodyne signal
was detected by using the balanced detector.

Electrical amplification and analog-to-digital conversion (ADC) were employed before the Fourier
transform to obtain the power spectrum. In principle, the line of sight speed was directly obtained
from the power spectrum. A wedge-scanning mirror was used to direct the laser in different directions.
After wind speed measurements in different lines of sight, the wind field information was obtained.
The main parameters of the CWL are shown in Table 1.
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Table 1. Main technical parameters of the CWL.

Parameter CWL

Wavelength 1.540 µm
Pulse Repletion Frequency 10 kHz

Intermediate Frequency 120 MHz
Sampling Rate 400 MS/s

Scanning Bearing Number 8
Range Resolution 15 m (typically)

Zenith Angle 28◦

2.2. Signal and Processing Method

The proposed coherent Doppler wind lidar operates in velocity azimuth display (VAD) mode [19].
The fixed zenith angle is set as ϕ, where ϕ is 28◦. Conical scanning of eight symmetric directions can
provide more accurate wind information. The velocity detected in each direction is called the line of
sight velocity (VLOS). The specific CWL data flow processes are outlined as follows:

• Data packets after 2048-point FFT are downloaded from a data acquisition card.
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• To obtain the power spectrum, data fetching, format conversion, power descent, etc. are then
completed by the host computer.

• Last, the Doppler frequency shift in the line of sight at different heights is estimated by combining
the reduced noise, maximum method, and COG.

The relationship between the Doppler frequency shift and line of sight wind speed can be
expressed by the following formula [20]:

VDoppler =
2
λ
∗VLOS (1)

where VDoppler represents the Doppler frequency shift in the line of sight, and λ is the wavelength.
Finally, according to the characteristics of the velocity azimuth display method (VAD), the real wind
field is calculated using the Levenberg–Marquardt method [21–23]. Thus, it is evident that the
frequency shift detection is the foundation of CWL and the accuracy of wind field detection is directly
affected by the detection accuracy of the frequency shift.

2.3. Doppler Frequency Shift Detection Method

The maximum method is defined as the determination of the maximum value in the power
spectrum detected frequency band. The 25-MHz region near the center frequency was chosen
as the detected frequency band in the proposed system. However, there can be more than one
maximum value in the band on account of signal instability. Some points near the real maximum value
cause interference owing to the frequency resolution, amplifier limitations, and some other system
errors. This will eventually lead to the conclusion that the maximum method cannot meet the high
precision requirements.

Figure 2 shows the power spectrum at 85 m at 03:00 on 21 May 2016. From the power spectrum
in the figure, it is clear that the maximum value cannot be correctly highlighted. In COG, the energy
center of some points near the peak value is used instead of the maximum value. The signal range
used in COG is 1.5 MHz near the center frequency of the proposed system. According to Equation (2),
both the Doppler frequency shift and VLOS can be calculated from the COG value.
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Figure 2. Power spectrum at 85 m using the center of gravity method based on the maximum
value method.
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VGLOS =
2
λ
∗

 Fs

N
∗

M0 +

x+P2
∑

i=x−P1

i ∗ Ai

x+P2
∑

i=x−P1

Ai

− 2

− fAOM

 (2)

VGLOS is the line of sight velocity from COG, λ represents the wavelength, Fs is the sampling rate,
and N denotes the number of sampling points. The maximum value corresponding to the number of
power points is denoted as x. P1 represents the points on the left side by filtering 1.5 MHz near point x,
and P2 is the corresponding right part. In addition, Ai is the ith intensity in the FFT power spectrum.
The fixed compensation of the point position is M0 and fAOM is the modulated medium frequency.

3. CR-CFAR Method

3.1. Existing Method Limitations in Low SNR Environment

Using COG to estimate the Doppler shift is certainly an unbiased estimation method in high
SNR situations [24]. However, when SNR is very low, the estimation becomes biased. In Figure 3, the
power spectrum is obtained, for example, at 03:00 on 21 May 2016. According to the meteorological
record, the weather is clear and windy. The local wind field in this condition should be continuous
and smooth according to the meteorological measurement. The curve in Figure 3a represents the SNR
variation with different range gates [25,26].
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Figure 3. Spectrum distribution at different heights: (a) SNR at different distances; (b) frequency
spectrum at 85 m; (c) frequency spectrum at 150 m; and (d) frequency spectrum at 180 m.

Compared with the local existing commercial wind lidar, the proposed CWL shows a nonlinear
relationship between the measuring height and number of gates, as shown in Table 2. It is obvious
from Figure 3a that the SNR at the 15th range gate (−28.56 dB) is higher than the ones at the 20th range
gate (−28.69 dB) and 22nd range gate (−28.95 dB). Figure 3b shows that, when the SNR is high, the
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Doppler frequency shift estimation is unbiased. The 960 spectral points on the horizontal coordinate
correspond to the actual 200-MHz bandwidth. The first peak after 120 MHz is easily discriminated
because the signal peak is intense, whereas the other nearby peaks are relatively small. Hence, the
Doppler frequency shift using COG is precise in this situation. The SNR in Figure 3d has the same level
as that in Figure 3c. The first peak after 120 MHz is slightly higher than the first peak before 120 MHz.

In Figure 3c, the first peak after 120 MHz can be separated from the detection area using COG.
In Figure 3d, the first peak before 120 MHz will be selected if COG is used because it is larger. In this
case, the difference between the selected peak position and the real one is approximately 20 MHz.
The difference between VGLOS and VLOS is 15.625 m/s according to Equation (1). In the case of low
SNR, the wind speed from COG is incorrect because random errors in the detecting process will
adversely affect wind signals when the SNR is low.

Table 2. Relationship between the gate and height.

Gate Height

10 40 m
11 50 m
13 70 m
15 85 m
16 100 m
18 120 m
20 150 m
22 180 m

3.2. CR-CFAR for Spectral Analysis

The pulse signal detection method typically includes a binary hypothesis test model, and the
observed result has either signal H1 or noise H0 [27]. According to the Neyman–Pearson criterion,
a maximum detection probability is usually assumed. Thus, the false alarm probability can be
maintained at a certain value [28].

As with a cell-average constant false-alarm rate (CA-CFAR) in the frequency detection [29], the
proposed CR-CFAR was designed according to the characteristic of the signal peak in the frequency
domain. This characteristic is that the signal region slope is larger than the noise region slope in the
frequency spectrum. The ratio can be expressed by the absolute value of the difference of the adjacent
data in the frequency spectrum because of the certain frequency interval. Usually, the lidar noise can
be regarded as Gaussian white noise after the limit of the band [30]. The squares of the absolute values
after FFT are subjected to exponential distribution [27]. Moreover, the absolute values of the difference
of the adjacent data are subjected to exponential distribution. Thus, 1000 Monte Carlo experiments
were conducted with 99% confidence, and 991 time values were subjected to exponential distribution.
The probability distribution function can be expressed as follows [31]:

F(x) = 1− e−
x
η , x ≥ 0 (3)

where η is the average power of the background noise.

Pf a = 1− F(x) = e−
x
η (4)

If Pf a is a constant false alarm probability, Pf a can be given by Equation (4). Taking x = T into
Equation (4), the equation can be given as:

T = −η·In(Pf a) (5)

where T is the noise threshold coefficient.
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The statistical characteristics of the background noise can be estimated using the ratio of the
adjacent cells. The CR-CFAR model is shown in Figure 4. Input signal xi is sent to a delay line
consisting of (L + 1) cells. |dD| is the unit to be detected. The L − 1 units on the left side of |dD|
are reference units. Summation of all |di| values is in the reference cell. We obtain the background
estimated mean û of the detection unit after the sum is divided by L − 1. The detection threshold can
be described as U0 = T ∗ û. The detection threshold in the frequency domain can be described as:{

H1, UD ≥ U0

H0, UD < U0
(6)

where û is the estimated background noise, and T represents the threshold weighted coefficient.
The calculation formula is described as:

û =
1

L− 1

L

∑
i=2
|di| (7)

where L is the reference window. In this paper, 50 is used as the reference window. The threshold-weighted
coefficient, T, is from Equation (5), and Pf a is 0.3 in this system [32].
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Figure 4. Model of the CR-CFAR method.

The specific CR-CFAR method process is outlined below:

• Read the spectrum points and corresponding frequency xi from the sampling system.
• Estimate background noise û according to the reference window that has been set.
• Calculate the threshold using the threshold-weighted coefficient.
• Compare UD with U0 to detect whether the current frequency contains the peak signal.
• The range between the two ends of the signal is defined as the peak area.
• The maximum method or COG is applied to the peak area to determine the peak of the Doppler

frequency shift.

We used 1000 detection data items, respectively, with CR-CFAR and the widely used CA-CFAR.
Figure 5 shows the statistical probability detection with the change of SNR. If a 90% detection
probability is used as the system performance evaluation criterion, the minimum detection SNR
(−33.3 dB) using CR-CFAR is less than the minimum detection SNR (−32 dB) using CA-CFAR, as
shown in Figure 5.



Atmosphere 2016, 7, 165 8 of 17

Eight lines of sight exist in CWL. In one scanning period, the unadjacent four directions of the
eight are selected in this paper to show the advantage; specifically, directions 2, 4, 6 and 8, as shown in
Figure 6. The red curve indicates the line of sight wind speed after CR-CFAR (the new method), and
the blue curve is that after COG (the former method). The lidar detection area can be divided into a
high SNR area that is from tenth to eighteenth gates (more than approximately−29 dB) and a low SNR
area that is gates after 19th one (less than approximately −29 dB). The line of sight velocity after COG
is basically similar to the line of sight velocity after CR-CFAR from tenth to eighteenth gates, which is
shown in the four parts of Figure 6. However, some line of sight velocity values from CR-CFAR are,
unlike their counterparts after COG, even greater than 10 m/s, such as the points at 20th gate and
22nd gate in the Figure 6d. The wind speed continuity is obviously improved by CR-CFAR, which is
in accordance with the actual situation of minimally vacillating wind in the wind field.
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Figure 5. Performance comparison of CA-CFAR and CR-CFAR.
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Figure 6. Line of sight wind speed at different directions. Line of sight wind speed in: (a) direction 2;
(b) direction 4; (c) direction 6; and (d) direction 8.

4. Experimental Results and Discussion

To verify the application of CR-CFAR in CWL, an observation experiment was performed
from 1 June to 7 June 2016 using the proposed CWL and a commercial lidar. The experiment was
conducted in the town of Camel in southeast Hami, Xinjiang, China (94◦03′ E, 42◦32′ N). The region has
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a typical temperate continental arid climate, and the annual average temperature is 9.8 ◦C. The annual
precipitation is 33.8 mm.

The wind farm is located in Gobi near Camel. The distance from CWL to the east of the wind
turbine is approximately 250 m. There are no high buildings or trees near the shelter. CWL lies to the
north of the commercial lidar at approximately 1 m, as shown in Figure 7. It is worth mentioning that
the electricity was off from 15:50 on 3 June to 10:40 on 4 June on account of a power failure during
wind turbine maintenance.

The commercial lidar uses the Doppler beam swinging scanning method of [33]. The wind speed
accuracy was shown to be ±0.1 m/s and the wind direction accuracy was ±1◦. However, in other
studies, the error value floats in proximity to the given accuracy value.
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Figure 7. Geographical location and instrument layout.

4.1. CR-CFAR Method Analysis

Figure 8 represents the power spectrum in the second line of sight (northeast direction) at 03:00 on
21 May 2016. The original power line of the 12th range gate is described in Figure 8a, and the estimated
signal area is between point 471 and point 571. In addition, (471,521) and (535,570) are determined
from the range between points 353 and 600 by the CR-CFAR method, as shown in Figure 8b. To avoid
errors in the method, the range between points 471 and 570 is chosen as the signal area after CR-CFAR.
This is almost identical to the peak of the original spectrum estimation.
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Figure 8. (a) Frequency spectrum at gate 12 with the background; and (b) frequency spectrum at gate
12 without the background.
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Figure 9 describes the relationship between the SNR and the signal point area retrieved by the
CR-CFAR method. The blue curve indicates that the SNR decreases as the height increases. The red
curve represents the signal point area, which has a tendency to decrease with the increase in altitude.
The consistency between the two curves shows that the proposed method is reasonable and effective.
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4.2. Wind Information Inversion Using CR-CFAR

4.2.1. Horizontal Wind Speed

To further verify the stability of the CR-CFAR, we analyzed the horizontal wind speed.
The correlation between the horizontal wind speed after COG and that of the commercial lidar
was simultaneously compared with the correlation between the horizontal wind speed after CR-CFAR
and that of the commercial lidar. The method and steps of VAD synthesis of the horizontal wind speed
can be found in Reference [18]. Figure 10 shows a comparison of the wind field detected by the CWL
and the commercial lidar at 120 m in the test period.

Figure 10a,b is associated with COG. The relative deviations of the horizontal wind speed from
00:00 to 05:50 on 3 June, 10:20 to 18:40 on 4 June and 03:20 on 6 June to 23:50 on 7 June are greater than
40.37%. The correlation is only 0.8939, and the slope of the linear regression equation is 0.98.
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Figure 10. Horizontal wind speed at 120 m: (a) horizontal wind speed after COG; (b) correlation
between the horizontal wind speed after COG and that of the commercial lidar; (c) horizontal wind
speed after CR-CFAR; and (d) correlation between the horizontal wind speed after CR-CFAR and that
of the commercial lidar.

Figure 10c,d is related to the CR-CFAR. The relative deviations after the proposed method is
applied are 16.32%, 6%, and 6.27% during the three periods mentioned above. It is noteworthy that the
new average relative deviation from all measured data (11.04%) is much lower than 40.37%. The new
correlation of all measured data is 0.9966, which is increased by 11.49% compared with the previous
one. The slope of the linear regression equation is 1.00.
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4.2.2. Horizontal Wind Direction

Figure 11 shows a comparison of the horizontal wind direction at 120 m during the test period.
Figure 11a,b is associated with COG. The horizontal wind direction moves clockwise from east to west
and then vacillates in the near-east direction on 6 June. The absolute deviation of the horizontal wind
direction is 4.3585◦ and the correlation coefficient is 0.9899. Particularly, the absolute deviation of the
horizontal wind direction is approximately 10.6362 on 6 June.
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Figure 11. Horizontal wind direction at 120 m: (a) horizontal wind direction after COG; (b) correlation
between the horizontal wind direction after COG and that of the commercial lidar; (c) horizontal wind
direction after CR-CFAR; and (d) correlation between the horizontal wind direction after CR-CFAR
and that of the commercial lidar.
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Figure 11c,d is related to the CR-CFAR method and evidently indicate that the extent of agreement
of the horizontal wind direction on 6 June is higher than that of the commercial lidar. The absolute
deviation of the horizontal wind direction is reduced to 2.7235◦, which is much smaller than that
after COG. Moreover, the absolute deviation of the horizontal wind direction during the campaign
observation is 1.9382◦, and the correlation coefficient is 0.9986.

4.2.3. Correlations between the CWL and Commercial Lidar

Table 3 shows the correlations of the horizontal wind speed and horizontal wind direction at
different heights using COG and CR-CFAR. By using COG, the wind speed correlations are more than
0.99 below the height of 85 m. However, this correlation gradually decreases to approximately 0.5
from the height of 100 m. At the same time, the correlation of the horizontal wind direction between
50 m and 100 m is more than 0.99; however, it rapidly decreases to approximately 0.9 as the height
increases. This result shows that the wind field estimation after 100 m is not very accurate. The reason
for the short detecting distance using COG is that the echo signal is relatively small on account of the
dry climate and lower concentration of aerosol particles in the air.

Table 3. Correlations of horizontal wind speed and direction with the commercial lidar at different heights.

Height (m)

Horizontal Wind
Velocity

Correlation
Based on COG

Horizontal Wind
Velocity

Correlation Based
on CR-CFAR

Horizontal Wind
Direction

Correlation
Based on COG

Horizontal Wind
Direction

Correlation Based
on CR-CFAR

50 0.9969 0.9970 0.9994 0.9994
70 0.9989 0.9990 0.9988 0.9989
85 0.9959 0.9983 0.9989 0.9992

100 0.9787 0.9979 0.9967 0.9988
120 0.8938 0.9966 0.9899 0.9986
150 0.6335 0.9924 0.9563 0.9972
180 0.4065 0.9817 0.9156 0.9953
210 0.3448 0.9592 0.9027 0.9775
240 0.3663 0.9518 0.9313 0.9888
270 0.4657 0.9443 0.9046 0.9798
290 0.5007 0.9541 0.9032 0.9577

The correlation of the horizontal wind speed can be increased to 0.99 from 50 m to 150 m using
CR-CFAR. The maximum height at which the horizontal wind direction correlations are more than 0.99
can reach 180 m, which means the effective detection range increases by 65 m. It is worth mentioning
that the detection ability of the commercial lidar at a low SNR is somewhat limited in this study.
Therefore, the correlations at the height from 210 m to 290 m are relatively low (0.94 to 0.98).

4.3. Characteristics of Continuous Wind Field during Observation

Figure 12 presents the sequence diagrams of the horizontal wind speed during the experimental
period. Figure 12a,b shows the variations of horizontal wind velocity with time using COG and
CR-CFAR, respectively. From this figure, it is evident that the horizontal wind speeds after COG or
CR-CFAR for a height less than 85 m are consistent. However, the wind field information above 85 m
is not precisely detected using the COG method.

For example, the period between 05:00 and 10:00 on 7 June is marked as “C” in Figure 12a. In this
period, there are very few aerosol particles in the atmosphere and the visibility is high. The CWL
collected relatively smaller echo signals of the atmosphere. Although the meteorological records show
that the wind speed is predominantly greater than 14 m/s in the mentioned period, the COG inversion
result is slightly different. The period with a high wind speed is shorter than it should be. Therefore,
the horizontal wind speed is more reliable by using the CR-CFAR method.
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Figure 12. Horizontal wind speed of CWL. Horizontal wind velocity: (a) inverted from COG;
(b) inverted from CR-CFAR; (c) during sandstorm A inverted from COG; and (d) during sandstorm A
inverted from CR-CFAR.
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In addition, two sandstorms were observed and are shown as time segments, sandstorm A and
sandstorm B, in Figure 12. In this paper, A is used as an example. Figure 12c,d shows COG and
CR-CFAR, respectively. A sand dust storm began at 18:50 and ended at 19:50 on 1 June. The wind
speed rapidly increased at the beginning of the storm; however, the wind speed decreased more slowly
in the end when the air contained a large amount of sand and dust aerosol [34].

The brief start time and the yellow portion in Figure 12c,d show the consistency during this time.
The end of the sandstorm using the CR-CFAR method is more uniform, which can be proven by the
contrast between the red area of the upper-right corner of the dust storm center in Figure 12d and the
corresponding yellow portion in Figure 12c. The center of the sand dust storm shown as a black part
in Figure 12d was approximately 30 min using CR-CFAR, whereas in Figure 12c, it was approximately
10 min using COG. All of these observations show that more wind characteristics can be obtained from
the inversion results using CR-CFAR than from COG.

4.4. Error of CR-CFAR during Observation

The velocity deviation against the SNR during the whole experiment is displayed in Figure 13.
The blue curve indicates the horizontal wind speed deviation obtained using COG, and the red curve
is that obtained using CR-CFAR. For an SNR of −30 dB and lower, the horizontal wind velocity
deviation obtained by using CR-CFAR is significantly smaller than that of the horizontal wind speed
represented by the blue curve. For the case of an SNR of −28 dB and higher, the wind speed deviation
is larger. Table 4 shows the CWL error at different heights compared with that of the commercial lidar.
The horizontal wind speed deviation is less than 0.11 m/s, the deviation direction is less than 0.53◦,
and the standard deviation difference is less than 0.23. Especially for 85 m and 100 m, the velocity
deviation values (0.0268 and 0.0194) are so small that the CWL and commercial lidar have similar
detection ability.
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Figure 13. Horizontal wind speed deviation against SNR.

Table 4. Error of CWL using CR-CFAR at different heights.

Height (m) Velocity Deviation (m/s) Direction of Deviation (◦) Difference of Standard Deviation

70 −0.1102 −0.0179 −0.0140
85 0.0268 0.2295 0.0408

100 0.0194 0.3820 0.0147
120 0.1088 0.5382 0.2296
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5. Conclusions

In summary, the conventional COG method cannot produce unbiased estimates at a low SNR
when analyzing CWL spectra. In this paper, a CR-CFAR is proposed as a spectral analysis method for
unbiased estimation. Based on CFAR, the method is used to analyze the spectrum to solve the issue
of weak signal discrimination in the widely used wind speed inversion method. We applied the new
method to inversions of the wind field for one week. Comparisons between winds from CR-CFAR
and COG were made using campaign observation data, which are indicated for practical CR-CFAR
spectrum analyses, especially at a low SNR.

The results showed that the wind speed correlations using CR-CFAR at different altitudes were
significantly improved compared to those for COG. The height at which the horizontal wind speed
correlation was more than 0.99 changed from the original value of 85 m to 150 m. The relative deviation
of the horizontal wind speed at 120 m decreased from the original 40.37% to 11.04%. The height at
which the horizontal wind direction correlation was more than 0.99 changed from the original 100 m to
180 m. Through analysis of the continuous wind field, the derivation of the wind field in the sandstorm
center was more accurate—and more wind characteristics were obtained—by using CR-CFAR. It can
thus be concluded that CR-CFAR can be applied to CWL to improve the wind field inversion accuracy,
which is expected to benefit future CWL applications.
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