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CHALLENGES IN NOISE REMOVAL FROM DOPPLER SPECTRA
ACQUIRED BY A CONTINUOUS-WAVE LIDAR
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ABSTRACT

This paper is focused on the required post processing of
Doppler spectra, acquired from a continuous-wave coher-
ent lidar at high sampling rates (400 Hz) and under rapid
scanning of the laser beam. In particular, the necessary
steps followed for extracting the wind speed from such
Doppler spectra are presented. A method for determining
the background noise spectrum without interrupting the
transmission of the laser beam is described. Moreover,
the dependency between the determination of the thresh-
old of a Doppler spectrum with low signal-to-noise ratios
and the characteristics of the wind flow are investigated
and a systematic approach for removing the noise is out-
lined. The suggested post processing procedures are ap-
plied to two sample time series acquired by a short-range
WindScanner during one second each.

1. INTRODUCTION

Ground based laser radar measurements of the wind in the
atmospheric boundary layer have been around for some
decades Fyjii & Fukuchi [2005]. Recently they have been
started to be routinely used in the wind energy indus-
try for resource assessment through the implementation
of the Velocity Azimuth Display (VAD) technique for
retrieving the mean horizontal wind profile Emeis et al.
[2007]. This technique relies on an assumption of homo-
geneity of the wind flow over the scanned area, which,
however, breaks down in complex flows.

In order to address this issue, the former Risg National
Laboratory for Sustainable Energy, now known as the
Department of Wind Energy at the Technical Univer-
sity of Denmark (DTU), is developing the method of
using three coordinated continuous-wave (cw) coherent
Doppler laser radars with steerable beams for measure-
ments of the 3D wind and turbulence field in complex ter-
rains and complex flows in the vicinity of wind turbines,
buildings, and escarpments Mikkelsen et al. [2008].

The DTU short-range (10 m - 150 m) WindScanner is
based on a modified commercially available ZephIR cw
coherent wind lidar operating at the wavelength of 1.5
pm Karlsson et al. [2000], developed by QinetiQ and
manufactured by Natural Power. The modified version
can stream out averaged Doppler spectra at rates of up
to about 400 Hz and it is equipped with an acousto-optic
modulator (AOM), which provides the possibility to mea-
sure the sign of the Doppler shift. Although the short av-
eraging time allows the measurement of high-frequency
turbulent fluctuations of the wind speed, it produces spec-

tra with higher variance in the spectral estimation. Thus,
it is necessary to alleviate the background spectral noise
in each individual estimated spectra prior to the applica-
tion of a frequency estimator for determining the corre-
sponding Doppler shift. In this study the influence of the
proper spectral normalization, thresholding and Doppler
shift frequency estimation is investigated.

2. ANALYSIS
2.1.

The short-range WindScanner data acquisition unit has
a sampling rate of 100 MHz and applies a 512-point
Discrete Fourier Transform (DFT) to create one laser
Doppler spectrum. Subsequently a number of these spec-
tra are averaged in order to reduce the variations of the
spectral noise and produce a Doppler spectrum where the
Doppler shift could be estimated more accurately. The
minimum number of spectra to be averaged is 500 cor-
responding to a streaming rate of approximately 400 Hz.
Each Doppler spectrum, in the form of a one-sided spec-
trum, is represented in 256 frequency bins, with a spectral
resolution of 0.195 MHz corresponding to 0.152 ms™*
per bin. By employing a AOM, the Doppler frequency
shift corresponding to a wind speed of 0 ms~" is shifted
by 27 MHz, corresponding to the frequency bin 139. The
first 10 bins of a spectrum are zeroed out due to the pres-
ence of the laser’s inherent RIN noise. An example of a
spectrum acquired from the short range WindScanner is
presented in the Figure 1.
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Figure 1: An example of a Doppler spectrum obtained from
averaging 500 spectra obtained in 2.5 ms seconds.

The low spectral peaks appearing between the frequency
bins 180 and 200 represent the Doppler shift due to wind
while spikes appearing in the first 10 bins as well as
around bin 139, are due to RIN noise and oscillator noise
leakage around the 27 MHz, respectively.



2.2. Spectrum normalization

The standard approach to obtain the background spec-
trum used for flattening the Doppler spectra is to close
the laser beam shutter and calculate the spectrum from
the corresponding detector signals. However, under some
circumstances during the operation of the short-range
WindScanner, fluctuations in the spectral values in the
frequency area around the AOM frequency, i.e., 27 MHz,
were observed. This can result in a reduced resolution of
the minimum detectable radial wind speed, due to over-
estimation of the background noise.

Therefore, an approach to model the background noise
spectrum for each individual measured spectrum was im-
plemented. The concept takes advantage of the rapid
scanning of the coherent laser beam. The steering of the
laser beam in different directions results in the variation
of the projection of the wind speed to the line-of-sight of
the laser beam and thus altering the magnitude of the de-
tected wind speed. In that context, a good estimate of the
true background spectrum was approached through the
calculation of the median value per frequency bin of the
Doppler spectra acquired over a long period.

Two typical background spectra obtained from the me-
dian values of spectra acquired over 60 seconds are pre-
sented in Figure 2. The two background spectra corre-
spond to data sets acquired in different turbulent wind
conditions.
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Figure 2: A background spectrum obtained from 60 seconds
for two data sets with different Doppler spectra characteristics
(blue: narrow Doppler spectra and purple: wide Doppler spec-
tra).

2.3. Threshold estimation

Following the noise flattening it is necessary to determine
a threshold level value which defines the limit, above
which a Doppler spectrum is considered to be caused by
the wind speed. In Figures 7 and 8 two sample spec-
tra corresponding to different wind fluctuations (turbu-
lent wind - wide spectrum and non-turbulent wind - nar-
row spectrum, respectively) after flattening the noise are
presented. It can be observed that the measured wind
Doppler spectra are characterized by high spectral vari-
ance. Therefore, the determination of the correct thresh-
old is essential in order to remove the spectral noise fluc-
tuations. Usually the calculation of the threshold is based

on the mean value () plus a number of standard devi-
ation (o) of the Doppler spectrum in a frequency range
where no wind speed signals are anticipated.

Due to the non-existence of a reference sensor, providing
wind speed data at the sampling rates of 400 Hz, a val-
idation of the determination of the appropriate threshold
is attempted by calculating the mean of the absolute dif-
ferences between consecutive values of the wind speed
retrieved using the median frequency estimator. For each
of the two cases presented above, a non-integer incremen-
tation of the number of standard deviations added to the
mean was carried out, in the interval between 0 and 5 in
steps of 0.1. In both cases, the same tendency is observed
where the mean absolute difference is reaching a min-
imum and subsequently increases almost exponentially,
as a function of the number of standard deviations added
to the mean for the definition of the threshold, as can be
seen in Figures 3 and 4.

The suggested number of standard deviations is not the
same for the two data sets, indicating that a systematic
approach for the determination of the threshold should
take into account the shape of the Doppler spectra relative
to the variations of the spectral noise level.
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Figure 3: Mean absolute difference of consecutive wind speeds
vs. spectra threshold level in the case of a data set with narrow
spectra.
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Figure 4: Mean absolute difference of consecutive wind speeds
vs. spectra threshold level in the case of a data set with wide
spectra.

2.4. Doppler shift frequency estimators

So far, during the analysis of the Doppler spectra acquired
by a short range WindScanner, three different methods
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Figure 5: Time series (~400 Hz) of the radial wind speed calculated using med frequency estimator over a set of narrow Doppler

spectra.
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Figure 6: Time series (~400 Hz) of the radial wind speed calculated using med frequency estimator over a set of wide Doppler

spectra.

for estimating the corresponding Doppler shift have been
tested. The first is based on the location of the maximum
value of the Doppler spectrum (denoted as max), the sec-
ond is based on a centroid function (denoted as cen), and
the third is based on the location of the median value of
the Doppler spectrum (denoted as med).
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Figure 7: Example of a wide spectrum found in the time series
presented in Figure 6.

It is observed that the max method is close to the med in
the event of a narrow spectrum, as seen in Figure 8. How-
ever, in the case of a wide spectrum the maximum value
of the Doppler spectrum does not necessarily correspond
to the most representative wind speed Doppler frequency

shift shown in Figure 7.

Moreover, in both spectra presented in Figures 7 and 8 the
cen appears to deviate significantly from the frequency
region were most of the Doppler energy is observed. This
can be attributed to the influence of the frequency estima-
tor’s inabbility to fully threshold the noise spikes. There-
fore, the med method, being more stable and less subject
to noise presence than the max and cen, is selected as the
Doppler frequency estimator of choice during the analy-
sis of the data acquired by a short-range WindScanner.
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Figure 8: Example of a narrow spectrum found in the time series
presented in Figure 5.



3. WIND SPEED TIME SERIES
3.1. Different threshold levels

Wind speed time series corresponding to measurements
acquired over one second are presented in Figures 5
and 6. The wind speeds were calculated based on the
application of the med frequency estimator over the com-
plete Doppler spectra for three different values of the
threshold.

Two different levels of the threshold were defined by the
corresponding number of standard deviations where the
minimum absolute difference in Figures 3 and 4 was ob-
served. Moreover, one more threshold level was selected
where both time series present relatively large differences
between consecutive estimated wind speed values.

In both cases the selection of a large threshold level
(0 + 40) may lead to the removal of the whole Doppler
spectrum resulting in wind speeds equal to 0 ms ™~ (blank
spectra). On the other hand, there are cases where the
overestimation of the threshold is removing low intensity
fluctuations and subsequently pushes the median estima-
tion of the Doppler spectrum away from the true wind
speed. Furthermore, the over-thresholding is more detri-
mental in the case of wide Doppler spectra in comparison
to the case of narrow Doppler spectra. Thus, the resultant
velocity time series exhibits more drastic variations (e.g.,
notches) as shown in Figure 6.

4. DISCUSSION AND CONCLUSIONS

In this paper the first measured wind speed time series
acquired at 400 Hz from a short-range WindScanner is
presented. A method for characterizing the background
noise spectrum is described, which offers the possibility
to take into account the variations of the noise close to the
AOM frequency, i.e. 27 MHz, where the zero Doppler
frequency is represented. The major advantage of this
method is that it provides the possibility of estimating the
background noise spectrum without interrupting the op-
eration of the short-range WindScanner.

Prior to the frequency estimation, it is necessary to apply
an appropriate thresholding of the spectra. It has been
observed that no universal definition of the threshold is
appropriate for the different applications, which calls for
further investigations in order to refine the method for es-
timation of the threshold level.

Although it has been shown that the median frequency
estimator is more stable and trustworthy than the centroid
and maximum frequency estimators, there might still be
more to gain in a further study by applying for instance
the maximum likelihood (ML) or minimum mean square
error (mmse) estimators.
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