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Pulse echo accumulation is commonly employed in coherent Doppler wind LiDAR (light detection and ranging)
under the assumption of steady wind. Here, the measured spectral data are analyzed in the time dimension and frequency
dimension to cope with the temporal wind shear and achieve the optimal accumulation time. A hardware-efficient algorithm
combining the interpolation and cross-correlation is used to enhance the wind retrieval accuracy by reducing the frequency
sampling interval and then reduce the spectral width calculation error. Moreover, the temporal broadening effect and spatial
broadening effect are decoupled according to the strategy we developed.

Keywords: Doppler wind LiDAR, spectral analysis, hardware efficiency, spectrum broadening effects

PACS: 42.68.Wt, 42.79.Qx

1. Introduction

Wind data is important in fields such as environ-
mental monitoring,!!! aviation safety,!>3 wind energy site
selection,*! and weather forecasting.!'>! For example, the nu-
merical meteorological model is composed of fundamental
components, such as wind, humidity, temperature, and pres-
sure, where high-accuracy wind information within the lower
atmosphere is one of the most important parameters.'®7] Li-
DAR (light detection and ranging), a widely used optical re-
mote sensing tool, plays an increasingly important role. 8121
Coherent detection and direct detection are two schemes used

(13

in Doppler LiDAR to obtain wind information.!'! The main

difference between these two methods lies in the extraction of

Doppler frequency shifts. Compared with direct detection, ['4]

coherent detection has the advantages of a high signal-to-noise
ratio, high detection sensitivity, insensitivity to background
sunlight, and superior measurement accuracy.!'>-!7]

To improve the accuracy of wind retrieval, it is necessary
to perform an incoherent accumulation of echo pulses.[!8] It
is commonly assumed that the wind speed remains constant

5.118=201 Tn fact, wind speed may vary with time

21]

in this proces
domain or space domain, leading the spectrum to broaden.
Therefore, the constant-wind assumption is not valid in certain
situations, particularly in the presence of wind shear. Low-
level wind shear, which is characterized by sudden temporal
shift, spatial shift, and high intensity, is a hazardous meteoro-
logical phenomenon. >1??! Global statistics from 1980 to 1996
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recorded 621 significant aviation accidents, 46% of which oc-
curred during landings. Wind shear is a major cause of severe
accidents. The main reason for this is the lack of highly ac-
curate wind data. Therefore, it is imperative to consider the
influence of wind shear on wind retrieval.

To address this issue, we propose a two-dimensional (2D)
spectral analysis method that partially relaxes the constant-
wind assumption and determines the optimal accumulation
time for wind retrieval. Meanwhile, a field-programmable gate
array (FPGA)-compatible algorithm called interpolated cross-
correlation (ICC) is employed in the processing of backscat-
tered spectra, which improves the wind retrieval performance.
By providing a finer digital spectrum shape, this method re-
sults in better spectrum moment accuracy and an extended de-
tection range. Furthermore, we develop a strategy to decouple
the temporal broadening effect and spatial broadening effect
of the spectrum based on the relationship between the spectral
width and accumulation time, facilitating an understanding of
the causes of spectrum broadening.

The rest of this paper is organized as follows. In Sec-
tion 2, the principle of coherent Doppler wind LiDAR and
the interpolated cross-correlation method are reviewed. In
Section 3, the optimal accumulation time of pulse echo sig-
nal is discussed and the strategy that can decouple the tem-
poral broadening effect and spatial broadening effect is pre-
sented. Finally, in Section 4, the conclusions are drawn from
the present study.
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2. Principle of coherent Doppler wind LiDAR
and interpolated cross-correlation method

Figure 1 shows a schematic of the experimental setup for
the coherent Doppler wind LiDAR, which is composed of a
laser, transmit and receive optical path, telescope, heterodyne
detection unit, data acquisition unit, and processing unit.!!”]
The single-frequency laser is operated at a central wavelength
of 1540 nm.

light by using a beam splitter (BS). The seed light is chopped

It is split into local oscillator (LO) and seed

and frequency-shifted by 160 MHz by using an acousto—optic
modulator (AOM) to produce pulsed light with a pulse width

of 400 ns and a repetition frequency of 5 kHz. After being am-
plified by using an erbium-doped fiber amplifier (EDFA), the
laser pulses are transmitted to the circulator and emitted into
the atmosphere through a telescope with an aperture of about
100 mm. Because the system employs a coaxial transceiver,
the telescope also acts as a collector and receives backscat-
tered signals from atmospheric aerosols. The received signal is
combined with LO light by using a 2x2 mixer and detected by
using a balanced detector (BD) with a bandwidth of 350 MHz.
Finally, the received signal is processed by using an analog-to-
digital converter (ADC), FPGA, and personal computer (PC).
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Fig. 1. Schematic diagram of coherent Doppler wind LiDAR experimental setup.

In practical applications, to ensure the calculation speed
of the hardware, the fast Fourier transform (FFT) point num-
ber in the FPGA is typically set to 512 or 1024./>31 When
the sampling rate is high, the consequent high-frequency sam-
pling interval leads the wind retrieval accuracy to deteriorate.
Similarly, if the spectral width is calculated, the correspond-
ing calculation error increases. The zero-padding method can
be used to increase the number of fast FFT points.[>*2> Al-
though it can effectively improve the sampling frequency of
the spectrum, a significant computational load is introduced,
which affects the real-time measurement capability. Data
fitting[?*! and cross-correlation.’?’3%1 are usually used to en-
hance the peak identification capability of signals interfered
by noise. However, nonlinear fitting is often subject to ini-
tial value dependency, and the iterative progress is unfriendly
to the FPGA. Thus, we develop a hardware-efficient cen-
ter frequency retrieval algorithm, which combines the cross-
correlation method and interpolation method. Furthermore, by
reducing the sampling interval in the frequency domain, the
accuracy of the spectral width calculation can be improved,
especially in the scenarios with low signal-to-noise ratio or
narrow spectral width. Then, we use the FFT properties for
interpolation after cross-correlation. This method utilizes high
hardware efficiency.

The cross-correlation in the frequency domain is equiv-
alent to multiplication in the time domain, and interpolation
can be realized with zero padding during the FFT.3!! There-
fore, the ICC algorithm inherits the hardware efficiency of the

FFT algorithm. The reference spectrum used in the cross-

correlation is derived from a pulsed laser. We perform an
FFT on a Gaussian pulse to obtain the corresponding reference
spectrum. Because a Gaussian pulse is a real symmetrical sig-

nal, the reference spectrum is also real and symmetrical.
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Fig. 2. (a) Backscattered spectrum at 4400 m and (b) wind retrieval
results before and after interpolated cross-correlation (ICC).

First, an inverse fast Fourier transform (IFFT) is per-
formed on the backscattered and reference spectra to obtain
their equivalent time-domain signals (ETS). The ETS of the
cross-correlation of spectrum is obtained by multiplying the
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two equivalent time domain signals, namely, the backscat-
tering spectrum and reference spectrum. Finally, the cross-
correlation spectrum is obtained from the magnitude of the
Fourier-transformed ETS, and zero padding is performed in
the last FFT process to realize interpolation. The entire pro-
cess can be expressed by

ETScorr = IFFT [PSDyy] - IFFT [PSDyf] , (D)
PSDxcorr = |FFT [ETsxcorr” 5 (2)

where PSD stands for the power spectral density and the sub-
scripts m, ref, and xcorr refer to the measured signal, reference
signal, and their cross-correlation, respectively. The advantage
of this method in computational complexity is that only one
zero padding is needed on the cumulative spectrum instead of
the echo of each pulse.

To better illustrate the effectiveness of this approach, the
backscattered spectra before and after ICC at a detection dis-
tance of 4400 m are shown in Fig. 2(a) as an example. The fre-
quency sampling intervals before and after ICC are 0.98 MHz
and 0.03 MHz, respectively. It is evident that the signal peak
becomes more prominent and the spectrum becomes smoother
after ICC, which can be beneficial to Doppler frequency shift
and spectral width retrieval. Figure 2(b) presents the wind re-
trieval results before and after ICC, demonstrating that a finer
wind-field structure can be obtained after ICC. In addition,
some wind retrieval fluctuations occur about 4800 m before
the ICC, whereas they do not occur after the ICC. This indi-
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cates that the ICC method can improve detection performance
to a certain extent.

3. Results and discussion

The accumulation time can be optimized by using the ICC
algorithm. Considering the potential temporal or spatial vari-
ability of the wind field, pulse accumulation time should be as
short as possible. However, if the pulse accumulation num-
ber is too small, the signal is seriously disturbed by noise.3?!
Therefore, it is necessary to balance the pulse accumulation
number with the influence of the noise. In order to achieve this
balance, the minimum pulse accumulation number is set as the
basic processing unit. The optimal pulse accumulation time is
then determined by comparing the PSD of the backscattered
spectral®3! with different pulse accumulation numbers.

Specifically, the wind speed at the same detection dis-
tance is retrieved by block averaging when the values of pulse
accumulation number N are 50, 100, 125, and 200 as shown
in Fig. 3. It can be seen from Figs. 3(a) and 3(b) that the
wind retrieval results are inaccurate when N is small. In con-
trast, when N = 125, the wind retrieval results are between
—3.7 m/s and —2.9 m/s, which is relatively reasonable as
shown in Fig. 3(c). When N = 200, the wind retrieval results
are similar to those for N = 125 as shown in Fig. 3(d). There-
fore, we set the minimum pulse accumulation number to 125
for the subsequent analysis.
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Fig. 3. Wind retrieval results at the same detection distance with accumulation number N = 50 (a), 100 (b), 125 (c), and 200 (d).

Figure 4 shows the PSDs of wind speed within the 5000-
m range, corresponding to accumulation time of 0.1 s, 0.25 s,
and 0.5 s, respectively. From Fig. 4 it can follow that the op-

timal accumulation time can be determined for a given range

and atmosphere condition. The variability in wind data is at-
tributed to wind turbulence, which follows Kolmogorov’s law,
and its PSD is directly proportional to f~>/3.134] The log—log
plot of the PSD shows that the fitted wind turbulence slope
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of —1.8 matches the Kolmogorov turbulence slope of —5/3
closely as shown by the solid red lines and dashed purple lines
in Fig. 4. The root mean square (RMS) of the wind speed
measurement error is estimated by integrating the noise at
the lower end of the spectrum. Figure 4(a) shows that the
frequency at which the PSD begins to flatten (i.e., the fre-
quency cutoff) is 3.54 Hz, corresponding to an RMS value
of 0.234 m/s. In other words, when the accumulation time
is less than 0.28 s, the accuracy of the wind speed measure-

ment cannot be improved any more. The accumulation time
shown in Fig. 4(b) is close to the optimal accumulation time,
which minimizes the redundancy and loss of wind informa-
tion. Conversely, the accumulation time in Fig. 4(c) is too
long, resulting in a noticeable loss of wind data. Therefore,
the pulse accumulation time of 0.25 s will be adopted. It is
important to note that the specific scenarios may require case-
by-case analysis to determine the optimal accumulation time
based on measured wind data.
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Fig. 4. Wind PSD at different accumulation time 0.1 s (a), 0.25 s (b), 0.5 s (c).

(a)

Wind speed (m/s)
&

2000 3000 4000

z (m)

0 1000 5000

><10j3

Power spectral density ((m/s)?/(Hz))

~6 —1 —2 0
Wind speed (m/s)

Fig. 5. (a) Radial wind speed varying with distance and (b) backscat-
tered spectra in wind shear region.

Figure 5(a) displays the wind speed measured at a specific
time, where the locations with rapid wind speed changes indi-
cate the phenomenon of wind shear as reflected by large gra-
dients in the wind speed profile. As an example, the backscat-
tered spectra corresponding to the wind data in the red dot-
ted box of Fig. 5(a) are shown in Fig. 5(b). It is obvious that
the position of the spectral peak is shifted and the spectrum

is broadened within 270 m, which indicates the existence of
wind shear. 3]

In order to effectively identify and explore the cause
of wind shear, we propose a decoupling strategy for tempo-
ral/spatial broadening effects3>3! to better understand the
wind shear. As shown in Fig. 6, this strategy relies mainly on
the analysis of the value and trend of the spectral width. The
spectral width is evaluated at different accumulation times,
and the broadening effects are classified through two criteria,
focusing on the minimum value and the trend of the spectral
width. The minimum width criterion is related to the spatial
broadening effect, and the trend criterion is dependent on tem-
poral broadening effect. The two criteria can be explained as
follows.

Figure 7 shows four typical evolution patterns of the spec-
tral widths. The blue curve shows that the spectral width first
decreases and then stabilizes with an increase with accumula-
tion time increasing, and the minimum spectral width is close
to an ideal spectral width, indicating that neither temporal
broadening effect nor spatial broadening effect exists at this
position. The orange curve shows that the spectral width first
decreases and then increases with accumulation time increas-
ing, which reveals that the spectral peak at this position moves
with time. As the accumulation time increases, the spectrum
broadens, indicating a temporal broadening effect. The per-
formance trend of the black curve is the same as that of the
blue curve, except that the minimum spectral width exceeds
the ideal spectral width. In addition, the accumulation time

corresponding to flattening is shorter, indicating that there are
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multiple changes in the wind speed within a distance gate, im-
plying spatial broadening effects. The purple curve indicates
both temporal broadening effect and spatial broadening effect

at this location. Notably, for all four curves, the spectral width

decreases with the increase of accumulation time within 0.1 s.
The main reason for this is that the signal is more seriously af-
fected by noise when the accumulation time is too short; there-

fore, the estimation of spectral width is inaccurate.

Calculate the spectral width for
different accumulation time

l

A: minimum width broadening
B: final trend steady

!

A— B+ A—B—
No Temporal
broadening broadening

|

A+, B+ A+,B—
Spatia.l ’ Temporal and
broadening spatial broadenin

Fig. 6. Flowchart of decoupling of temporal broadening effect and spatial broadening effect.
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Fig. 7. Spectral widths varying with accumulation time.

4. Conclusions

In this work, we analyzed the signal spectrum of a co-
herent Doppler LiDAR and introduced a 2D spectral analysis
method to enhance the retrieval capability of Doppler signals.
An ICC method is proposed to improve the retrieval precision
of the Doppler frequency and spectral width with low compu-
tational load. By relaxing the assumption of wind field stabil-
ity during multi-pulse accumulation, we developed a strategy
to obtain an optimal accumulation time and decouple the tem-
poral broadening effect, and spatial broadening effect of the
wind shear. The proposed method is validated experimentally,

and can have further implications in areas like aviation safety.
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