Reviewer 1

Thank you very much for your valuable and intense feedback.

Please find our responses to your comments below.

(Note: Please also find the updated revision of our manuscript attached to this commentary
document where we highlighted all major changes that resulted from the entire 1°* review round.)

(i)
According to your suggestion, have changed the title to "High Spatial and Temporal
Resolution Bistatic Wind Lidar".

(ii)

We agree that details about atmospheric phenomena in the optical propagation path may be
valuable to the reader. Thank you for pointing this out! Accordingly, we have added the
following paragraph:

“Generally, the accuracy of lidar measurements is affected by atmospheric phenomena, as
the effects of absorption, refraction and dispersion become increasingly significant with long-
range measurements. During conditions of haze and only light fog, the laser light is scattered
from an increased number of aerosols within the measurement volume, enhancing the signal
rate. Depending on the particle density, forward scattering along the optical path can cause a
multitude of spurious detections to occur, effectively lowering the measurement data rate
while increasing the measurement uncertainty. Ultimately, during conditions of very heavy
fog, measurement fails completely due to the intense scattering and absorption of the laser
light. Contrastingly, rain affects the measurement only slightly, since raindrop signals can be
easily filtered out due to the significantly different vertical velocity of the raindrops. The
impact of atmospheric refraction is difficult to investigate in practice, but it was calculated to
be negligible with respect to major factors influencing the total measurement uncertainty.
For the signal bandwidths used with the PTB bistatic lidar, the impact of dispersion is
expected to be practically negligible.”

(iii)

We have changed the sentence like this:

"[...], with all units being focused into a spatially highly resolved, ellipsoid-shaped
measurement volume (at a height of 5 m: diameter 300 um, length 2 mm; at a height of 200
m: diameter 12 mm, length 4 m)."

(iv)

Thank you inquiring on this matter. Accordingly, we have added the following sentence in
section 1:

"The detailed evaluation of the measurement uncertainty is currently in progress. Preliminary
results indicate that the measurement uncertainty amounts to less than 1 % at sufficiently
high rates of detected particles."

We have added the following sentence in section 4:

"The preparation of a full measurement uncertainty budget is currently in progress and is
planned to be addressed in a separate paper."

(v)

Unfortunately, due to technical difficulties with the met mast, fog data are not available.
However, we were able to reconstruct the minimum and maximum air temperatures at
heights of 10 m and 187 m. Accordingly, we have changed one of the introductory sentences
to the measurement campaign like this:



"Both the PTB bistatic lidar and the top cup anemometer were measuring at a height of
200~m for about three weeks with air temperatures ranging from -2.1 °Cto 21.1 °Cat a
height of 10 m, and from -2.7 °Cto 17.8 °C at a height of 187 m."

(vi)

We are happy to provide some more context to this first comparative measurement. We
have amended the introduction to the measurement campaign like this:

“Considering the disturbed flow conditions and the distance of about 50 cm between the
ultrasonic anemometer and the PTB bistatic lidar's measurement volume, the comparative
measurements indicated a very good agreement for both wind speed and wind direction.
Orthogonal linear regressions for the 1-minute averages of wind speed and wind direction
yielded Pearson correlation coefficients of 0.982 and 0.905, respectively.”

(vii)
Thank you for pointing this out! We have corrected the x-axis ticks for Figure 8.
Please note that the green curve is already contained in the legend.

(viii)

Following your suggestion, we have added the following sentence:

"The wind tunnel shows a turbulence level of less than 0.35 % for flow speeds ranging from 2
m/s to 30 m/s. At distances from the nozzle below 375 mm, where the measurements take
place, it shows deviations of the flow velocity below 0.15 % / dm."

(ix)

Please find the RMSE values for each regression in Table 1.

(x)

Thank you for pointing this out! Accordingly, we have added the following sentences to the
introductory paragraph to the measurement campaign:

"In order to enable a reasonable comparison, this particular measurement campaign required
the use of filtering operations, removing periods of fog during which the lidar measurements
were significantly impaired.

Furthermore, to enable an evaluation according to IEC 61400-12-1, effects of turbulence due
to the wakes of the nearby wind turbines were filtered out."

"Because of the low detection rate of particles at the measurement height of 200 m, 10-
minute averages are used throughout the following evaluation."
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Abstract: The high-resolution bistatic lidar developed at the Physikalisch-Technische Bunde-
sanstalt (PTB) aims to overcome the limitations of conventional monostatic lidar technology which
is widely used for wind velocity measurements in wind energy and meteorology applications.
Due to the large measurement volume of a combined optical transmitter and receiver tilting in
multiple directions, monostatic lidar generally has poor spatial and temporal resolution. It also
exhibits large measurement uncertainty when operated in inhomogeneous flow, for instance, over
complex terrain. In contrast, PTB’s bistatic lidar uses three dedicated receivers arranged around
a central transmitter, resulting in an exceptionally small measurement volume. The coherent
detection and modulation schemes used allow the detection of backscattered, Doppler shifted
light down to the scale of single aerosols, realising the simultaneous measurement of all three
wind velocity components. This paper outlines design details and the theory of operation of PTB’s
bistatic lidar and provides an overview of selected comparative measurements. The results of these
measurements have shown that the measurement uncertainty of PTB’s bistatic lidar is well within
the measurement uncertainty of traditional cup anemometers, while being fully independent of
its site and traceable to the SI units. This allows its use as a transfer standard for the calibration of
other remote sensing devices. Overall, PTB’s bistatic lidar shows great potential to universally
improve the capability and accuracy of wind velocity measurements, such as for the investigation
of highly dynamic flow processes upstream and in the wake of wind turbines.

Keywords: wind lidar; Doppler lidar; bistatic; metrology; traceability; wind energy; meteorology

1. Introduction

Accurate wind velocity measurements are an essential prerequisite for many ap-
plications in the field of wind energy and meteorology, like wind potential analysis [1],
power curve evaluations of wind turbines [2], and atmospheric turbulence analysis [3].
For example, low measurement uncertainties are especially desired for reliable resource
assessments of projected wind farms because the wind turbine power output scales with
the third power to the wind velocity [4]. Mandatorily, wind met masts with cup and
sonic anemometers are used in these applications [5]. But they have the disadvantage
of being inherently invasive and are thus prone to causing flow distortion effects [6].
Furthermore, taller masts covering hub heights of modern wind turbines are becoming
economically less viable. Accordingly, ground-based wind lidar technology has become
an alternative to wind met masts in the past few years, providing distortion-free remote
measurement of true wind velocity [7,8].

Conventional monostatic wind lidar systems measure the wind velocity component
in the direction of a common transmitting and receiving beam, utilising the Doppler shift
of scattered light from aerosols passing the transmitting laser beam [9]. Monostatic lidar
systems provide reliable results when operated over flat terrain and in undisturbed, that
is, homogeneous flow [10]; however, these systems are not well suited for measurements
over complex terrain. This is because the monostatic measurement principle can lead
to measurement uncertainties in the order of 10 % when operated in inhomogeneous
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flow [11,12]. Figure 1 illustrates this problem of the monostatic measurement principle
resulting from calculating the horizontal velocity based on the difference of varying
radial wind velocities measured at different locations and times within a single measure-
ment cycle. The measurement beam within the measurement cycle is tilted in different
directions around a circle with a height-dependant diameter of up to 100 m. Due to this
dependence of the measurement uncertainty on the flow conditions at the measurement
site, monostatic lidar systems are generally not traceable to SI units. They are thus not
permitted to be used as transfer standards for the calibration of other remote sensing
devices [13].

To overcome the aforementioned limitations and provide accurate and traceable
measurements over any terrain, a bistatic wind lidar system has been developed at PTB.
Figure 2 highlights the difference in operation of both lidar technologies. The conven-
tional monostatic lidar (a) uses a rotating prism above a single combined transmitter and
receiver unit scanning over a conical contour at different locations and times, with the
beam’s measurement volume extending up to 30 m in length [14]. In contrast, the bistatic
PTB lidar (b) uses three dedicated receivers arranged at a radius of 1 m around a central
transmitter, with all units being focused into a spatially highly resolved, ellipsoid-shaped
measurement volume (at a height of 5 m: diameter 300 pm, length 2 mm; at a height of
200 m: diameter 12 mm, length 4 m). This facilitates the simultaneous measurement of
the three-dimensional wind velocity with exceptionally high spatial resolution, down
to the scale of single aerosols. In consequence, the measurement uncertainty is largely
independent of flow conditions at the measurement site.

Generally, the accuracy of lidar measurements is affected by atmospheric phe-
nomena, as the effects of absorption, refraction and dispersion become increasingly
significant with long-range measurements. During conditions of haze and only light fog,
the laser light is scattered from an increased number of aerosols within the measurement
volume, enhancing the signal rate. Depending on the particle density, forward scattering
along the optical path can cause a multitude of spurious detections to occur, effectively
lowering the measurement data rate while increasing the measurement uncertainty.
Ultimately, during conditions of very heavy fog, measurement fails completely due
to the intense scattering and absorption of the laser light. Contrastingly, rain affects
the measurement only slightly, since raindrop signals can be easily filtered out due to
the significantly different vertical velocity of the raindrops. The impact of atmospheric
refraction is difficult to investigate in practice, but it was calculated to be negligible with
respect to major factors influencing the total measurement uncertainty. For the signal
bandwidths used with the PTB bistatic lidar, the impact of dispersion is expected to be
practically negligible.

PTB’s high-resolution bistatic lidar facilitates non-invasive wind velocity measure-
ments at a sampling rate of up to 10 Hz (depending on the weather conditions at the
measurement height) and is fully traceable to the SI units based upon the set-up’s geom-
etry, laser wavelength, and the digital time base used for frequency measurements. The
detailed evaluation of the measurement uncertainty is currently in progress. Preliminary
results indicate that the measurement uncertainty amounts to less than 1 % at sufficiently
high rates of detected particles.
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Figure 1. A monostatic lidar generally introduces a large measurement uncertainty when oper-
ating over complex terrain. This is the result of calculating the horizontal velocity based on the
difference of varying radial wind velocities measured at different locations and times within a
single measurement cycle in which the measurement beam is tilted in different directions.
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Figure 2. (a) A conventional monostatic lidar uses a single combined transmitter and receiver,
resulting in a large measurement volume which needs to be multiplexed spatially and temporally
by sequentially tilting the beam and sampling the wind speed. (b) The PTB bistatic lidar uses three
separate receivers (RX1, RX2, RX3) around a central transmitter (TX), facilitating the simultaneous
measurement of the three wind velocity components with high spatial and temporal resolution.

2. System Description

The PTB high-resolution bistatic lidar is mounted on a custom-designed trailer,
providing increased mobility and suitability for long-term outdoor use. The hinged cover
is closed during field operation but may be opened during development and servicing, as
shown in figure 3. The sensitive optical set-up and the signal processing unit are located
under the cover. To prevent vibrations during transport and operation, the optical set-up
is mechanically decoupled from the trailer using air suspension. Further, to prevent the
mechanical expansion and torsion of the optics carrier aluminium profile, the entire set-
up is climatised to about 20 °C using a 2 kW water-cooling unit. The transmitting laser
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amplifier is encased separately and water-cooled to reduce the excessive heating of the
remaining set-up. Additional fans ensure sufficient air convection, and a dehumidifier
prevents condensation forming on the optical windows inside the cover.

The optical receivers are located at a radius of 1 m around the central transmitter
in order to provide both sufficient backscattered light intensity (quasi-backwards, i.e.
in a quasi-vertical direction) and sufficient resolution for determining the horizontal
wind velocity component. Each receiver includes a servo-driven focus lens and a tilting
mirror, as shown in figure 4. The tilting mirror is driven by a servo-piezo ensemble in
order to provide sufficient resolution for the accurate positioning of the Gaussian beams
at measurement heights of up to 250 m. As the transmitter does not need to be tilted,
it only consists of a focus lens and a fixed mirror. Optically adjusting and focusing all
the receivers and the transmitter into the small measurement volume is achieved by
means of a specially developed scanning algorithm, successively approximating motor
positions based on the received light intensity and measurement height.

The PTB high-resolution bistatic lidar uses coherent detection, processing the in-
terference of the transmitted and backscattered light of aerosols carried along the flow
[15]. While bistatic lidar technology generally poses the problem of low backscattered
signal intensity, the received Doppler spectrum is concentrated into a significantly nar-
rower bandwidth compared to that of conventional monostatic lidar. This is due to
the more uniform motion of aerosols within the small measurement volume, allowing
the detection of Doppler peaks with improved signal-to-noise ratio (SNR) [16]. At the
receiver, the backscattered light of multiple aerosols with slightly different Doppler
frequencies is detected [17]. Correlation techniques are used during signal processing,
ensuring that only Doppler frequencies emitted by the same aerosol are evaluated [18].
The measurement height is first roughly determined by the theoretical height which
is set using the optomechanical actuators, and it is finely determined by means of the
difference in coherent phases of both Doppler shifted modulation peaks; due to the used
modulation scheme the phases are periodic over the beam’s length.

While the vertical wind velocity component directly generates an absolute Doppler
shift to the backscattered light, the horizontal wind velocity component must be com-
puted by means of correlated frequency offsets between all three receiving channels.
Overall, due to the sharp angle between the transmitter beam and the receiver beam, de-
tecting the vertical wind velocity component is orders of magnitude more sensitive than
that of the horizontal wind velocity component [18]. With an average beam diameter of
10 mm between heights of 100 m to 200 m, the average transit time of a particle passing
the measurement volume at a speed of 10 m - s~! amounts to 1 ms. Both the reference
laser’s maximum bandwidth and the frequency resolution of the signal processing were
chosen accordingly.

The optical set-up is constructed using single mode fibre optics internally, as shown
in figure 5. A narrow-bandwidth (< 1 kHz) laser reference of a wavelength of 1550 nm is
modulated using an acousto-optic modulator (AOM), amplified (up to 30 W CW) using
an erbium-doped fibre amplifier (EDFA), and coupled into the transmitter beam optics.
The received light is fed into fibre couplers, where it is coherently mixed (heterodyned)
with the light of the reference laser; the resulting beat frequencies are the Doppler
frequencies, converted down into a lower frequency range. Each optical mixing product
is fed into a balanced photodetector (PD), where it is converted to an electrical signal
that is ready to be processed.

The signal processing is performed in two steps: an FPGA pre-processes the signals
at a high data rate, and a CPU post-processes these signals at a lower data rate. Both
units are contained inside a common MicroTCA system carrier, transferring data via a
high-speed backplane protocol. The FPGA has four analogue-digital converters (ADC)
and four digital-analogue converters (DAC) associated with it, all interfaced using a
fixed-latency protocol to ensure deterministic phase relationships within the coherent
signal chain. The AOM modulation signal is provided using one of the available DACs;
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17 two spectral peaks at 75 MHz + 12.5 MHz are added to the transmitted light intensity.
us These are necessary for determining the Doppler polarity, signal phase and, accordingly,
120 the measurement height by means of spectral signal processing. Three of the ADCs
1o are used for digitising the received signals, as shown in figure 6. The electrical signals
11 from each balanced photodetector are subtracted and digitised using one dedicated
12 ADC sampling at 300 MHz. Using the FPGA, the signal is mixed with a complex valued
13 75 MHz reference signal. The signal is then low-pass filtered and subsampled at a rate
1sa  of 50 MHz. Finally, the signal is transmitted to the CPU, where it is transformed into
s the spectral domain using a fast Fourier transform (FFT) with a block length of 32768
16 samples, taking about 1 ms to complete. Further signal processing, such as filtering and
17 correlating, typically increases the total computing time per sampling block to about
s 7 ms (which is only about 10 % of the theoretically achievable real-time performance).

Figure 3. The PTB high-resolution bistatic lidar is mounted on a custom-designed trailer with a

hinged cover (opened here), under which the optical set-up and the signal processing unit (SPU)
are located.

&

fibre focus lens tilting mirror

Figure 4. Principle of the optomechanical set-up: Each receiver consists of a servo-driven focus
lens and a tilting mirror which is driven by a servo-piezo ensemble in order to provide sufficient
resolution for accurate positioning at measurement heights up to 250 m. As the transmitter does
not need to be tilted, it only consists of a focus lens and a fixed mirror.
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Figure 5. The optical set-up is constructed using fibre optics. A narrow-bandwidth laser reference
is modulated, amplified, and fed into the transmitter beam optics. The light scattered back into
the receiving beam optics is fed into fibre couplers, where it is coherently mixed with the reference
laser’s light. Each optical mixing product is fed into a balanced photodetector, where it is converted
to an electrical signal.

300 MH 50 MH

- : [ - | FFT
PD > ADC X =L ==L 32 kSa
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+ fDoppler + fDoppler
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complex valued
Figure 6. The electrical signals from each balanced photodetector are digitised using one dedicated
ADC sampling at 300 MHz. The signal is then mixed with a complex valued 75 MHz reference
signal, low-pass filtered and subsampled at a rate of 50 MHz. Finally, the signal is transformed
into the spectral domain using an FFT with a block length of 32768 samples.

3. Validation and Characterisation

Since the development of PTB’s high-resolution bistatic lidar started in 2010, several
comparative measurements have been conducted in order to characterise this remote
sensing device over a range of different operating conditions. Some of these measure-
ments are described in the following sections.

3.1. PTB bistatic lidar / ultrasonic anemometer (Vaisala WMT700)

In 2014, the first comparative measurements between the PTB bistatic lidar and a
Vaisala WMT700 ultrasonic anemometer mounted at a height of 10 m were conducted
[19]. Being representative of complex terrain, a common measurement site amidst
several buildings at PTB was chosen.

Considering the disturbed flow conditions and the distance of about 50 cm between
the ultrasonic anemometer and the PTB bistatic lidar’s measurement volume, the com-
parative measurements indicated a very good agreement for both wind speed and wind
direction. Orthogonal linear regressions for the 1-minute averages of wind speed and
wind direction yielded Pearson correlation coefficients of 0.982 and 0.905, respectively.

3.2. PTB bistatic lidar / monostatic lidar (WindCube)

In 2014, two comparative measurements between the PTB bistatic lidar and a mono-
static lidar (WindCube) were conducted over flat terrain at PTB’s antenna testing ground,
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and over complex terrain amidst several buildings at PTB [20]. At each location, both
devices were positioned at a distance of 10 m from each other and set to a measurement
height of 100 m. Over flat terrain, both devices showed a good agreement with devia-
tions below 1 % over a one-hour period of low atmospheric turbulence. However, over
complex terrain, both devices showed significant deviations in the order of 15 %, as it is
to be expected for measurements at different locations in turbulent flow and compared
against conventional monostatic lidar technology.

3.3. PTB bistatic lidar / cup anemometers (135 m wind met mast) / monostatic lidar (WindCube)

In 2015 and 2016, two comparative measurements between the PTB bistatic lidar
and a 135 m met mast equipped with several cup anemometers were conducted at
the Deutsche WindGuard testing ground in Aurich, Germany [21,22]. In 2015, a cup
anemometer mounted on a boom at a height of 100 m was used for reference, and the
PTB bistatic lidar was positioned nearby at a distance of about 1 m. In this situation,
both devices were exposed to the disturbed wake flow of a nearby wind turbine. In 2016,
the cup anemometer at the top of the met mast (135 m) was used for reference and the
PTB bistatic lidar was positioned next to the met mast at a distance of about 3 m. For
this second campaign, monostatic lidar (WindCube) data were also available and was
incorporated into the comparative measurements. Wind velocity data were evaluated
according to IEC 61400-12-1 [5], sorting horizontal wind speeds into discrete bins with
a resolution of 0.5 m - s~ 1. In this context, large error bars generally indicate that few
measurement samples were available in the corresponding wind speed ranges.

Figure 7 shows the deviation between the PTB bistatic lidar and the boom-mounted
anemometer in disturbed flow and for 1-second averaging intervals. Here, the PTB bistatic
lidar shows deviations below 1 % over a large range of wind speeds from 6 m - s~
to 12 m - s~! when averaged over 1-second intervals. Figure 8 and figure 9 show the
deviations between the PTB bistatic lidar and the top anemometer and between the
monostatic lidar (WindCube) and the top anemometer in undisturbed flow for 10-minute
and 1-minute averaging intervals, respectively. In undisturbed flow, for 10-minute aver-
aging intervals and within bins in which at least 10 wind speeds were sampled, the
PTB bistatic lidar’s deviation with respect to the top anemometer reference amounts to
less than 0.5 % (cf. figure 8), which is well within the cup anemometer’s measurement
uncertainty (roughly between +1 % at 4 m -s~! and 0.7 % at 13 m - s~1). Under the
same conditions, the monostatic lidar shows deviations up to —1.5 % (cf. figure 8). In
undisturbed flow and for 1-second averaging intervals, the monostatic lidar shows large
deviations (cf. figure 9). This is because it resorts to interpolation for intervals shorter
than its native sampling interval, which comprises multiple seconds for a single scan.
Contrastingly, under the same conditions, the PTB bistatic lidar’s deviation only increases
significantly beyond 1 % at very low or very high wind speeds. Extensive investigations
and mathematical simulations showed that this is due to the different dynamic responses
of the used sensing devices employed, and also due to the limited correlation of wind
velocities sampled at slightly different locations [21].

Overall, owing to its high spatial and temporal resolution, the PTB bistatic lidar has
been proven to achieve lower measurement uncertainty than conventional lidar systems,
independent of the averaging time.
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Figure 7. Results of the 2016 comparative measurement between the PTB bistatic lidar and a cup
anemometer mounted on a met mast boom at a height of 100 m in disturbed flow at a measurement
height of 100 m, evaluated according to IEC 61400-12-1 using 1-second intervals. The PTB bistatic
lidar exhibits absolute deviations below 1 % over a large range of wind speeds from 6 m - s~! to
12 m-s~!. The PTB bistatic lidar’s deviation only increases significantly beyond 1 % at very low
or very high wind speeds. Extensive investigations and mathematical simulations showed that
this is due to the different dynamic responses of the used sensing devices employed, and also due
to the limited correlation of wind velocities sampled at slightly different locations.

3 T T T T T T T T T T T T 10%°

¢ Deviation PTB lidar / met mast -4 10°
2L ® Deviation WindCube / met mast
—A— Number of samples (PTB:mast) 3 10°
Met mast uncertainty

X J107 38
1t g.
c -
o = 106 <
P :
© 3
S 9]
c I 1‘ 410* ©
[ ° e
o -1 3 3
= } 410° =z

) 4 10?

2Lk aa

— A
;/‘} A\kA 410!
-3 " 1 " u/ 1 " 1 " 1 " 1 100
2 4 6 8 10 12 14

Mean velocity (met mast) / m-s*

Figure 8. Results of the 2016 comparative measurement between the PTB bistatic lidar and the top
anemometer and between the monostatic lidar (WindCube) and the top anemometer in undisturbed
flow at a measurement height of 135 m, evaluated according to IEC 61400-12-1 using 10-minute
intervals. For bins in which at least 10 values were obtained, the PTB bistatic lidar’s deviation is
less than 0.5 %, which is well within the cup anemometer’s measurement uncertainty (roughly
between +1 % at4 m -s~! and +0.7 % at 13 m - s~1). Under the same conditions, the monostatic
lidar shows deviations up to —1.5 %.
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Figure 9. Results of the 2016 comparative measurement between the PTB bistatic lidar and the top
anemometer and between the monostatic lidar (WindCube) and the top anemometer in undisturbed
flow at a measurement height of 135 m, evaluated according to IEC 61400-12-1 using 1-second
intervals. The monostatic lidar shows large deviations, while the PTB bistatic lidar’s deviation
only increases significantly beyond 1 % at very low or very high wind speeds.

3.4. PTB bistatic lidar / LDV in wind tunnel

In 2018, the PTB bistatic lidar was characterised in a wind tunnel at PTB’s Compe-
tence Center for Wind Energy (CCW). Being specifically constructed for the validation
of the PTB bistatic lidar, the wind tunnel is mounted on a platform at a height of 8 m,
allowing the PTB bistatic lidar trailer to be positioned right below it for sensing its
velocity field.

It was shown that the wind tunnel provides a well-defined, homogeneous velocity
field suitable for calibrations. The wind tunnel shows a turbulence level of less than
0.35 % for flow speeds ranging from 2 m - s~ to 30 m - s~ 1. At distances from the nozzle
below 375 mm, where the measurements take place, it shows deviations of the flow
velocity below 0.15 % - dm~! [23].

An LDV (laser Doppler velocimeter) was used as a referenced standard, as these
devices have measurement uncertainties below 0.2 % [13], which is lower than the
measurement uncertainties achievable with cup anemometers (roughly between £0.7 %
and %1 %). Figure 10 shows the deviation of the PTB bistatic lidar to the LDV. These first
validation measurements of wind speeds ranging from4m-s~! to 16 m - s~! showed
an average deviation of 0.37 % between the LDV and the PTB high-resolution bistatic
lidar [24,25].
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Figure 10. Results of the 2018 comparative measurement between the PTB bistatic lidar and an
LDV in a wind tunnel at PTB’s Competence Center for Wind Energy, showing an average deviation
of 0.37 % between both devices. In order to verify that the PTB bistatic lidar is free of any angular
dependence, an additional sample was recorded at 10 m - s~! (shown in pink) after the PTB bistatic
lidar trailer was rotated 90°.

3.5. PTB bistatic lidar / sonic anemometer (CSAT3B) in turbulent flow

In 2019, a comparative measurement between the PTB bistatic lidar and a CSAT3B
ultrasonic anemometer mounted on top of a 30 m mast was conducted over flat terrain
at the site of the Johann Heinrich von Thiinen Institut (the German Federal Research
Institute for Rural Areas, Forestry and Fisheries) in Braunschweig, Germany [3]. At this
height, the PTB bistatic lidar’s measurement volume (diameter d = 2 mm and length
I = 50 mm) is comparable to that of the used sonic anemometer. The PTB bistatic lidar
was positioned 9 m away from the mast, and both devices sampled wind velocity data
at a rate of 10 Hz over a period of about two weeks.

Figure 11 shows the orthogonal linear regressions of the average horizontal wind

. — . . . . ——1/2
velocity component 7, of the fluctuation of the vertical wind velocity component w’w’ / ,

and of the shear stress velocity u,. Table 1 shows the corresponding statistical parameters.
Both devices showed a very good agreement, especially for the fluctuation of the vertical
wind velocity component which shows a mean deviation of only 0.017 m -s~! at an
intercept of —0.009 m - s~ and a slope of 0.989. Also, there is a good agreement for the
average horizontal wind velocity component # with an intercept of 0.044 m -s~! and a
slope of also 0.989. However, at a slope of 0.973, the shear stress velocity u. exhibits a
slightly larger deviation from unity. This is demonstrably due to the angular dependence
inherent to ultrasonic anemometers.

The dynamics of fully developed turbulence in the inertial subrange (an inter-
mediate range of scales within the underlying energy cascade) can be described by
certain similarity laws [26]. Specifically, the ensemble cospectrum (spectrum of the
cross-correlation of two orthogonal velocity components) follows a —7/3 power law
[27]. Figure 12 shows the ensemble cospectra Co,, between the wind velocity compo-
nents 1 and w of the PTB bistatic lidar and the CSAT3B sonic anemometer. The PTB
high-resolution bistatic lidar is in excellent agreement with the theoretical distribution,
showing a drop-off in cospectral power density consistent with the theoretical —7/3
law. However, due to its angular dependence, at higher frequencies the CSAT3B sonic
anemometer deviates significantly from the theoretical distribution.

Opverall, although both the PTB bistatic lidar and the employed ultrasonic anemome-
ter have proven to be well suited for measurements in turbulent flow, the PTB bistatic
lidar is the more favourable option if high precision is desired. This is due to its
distortion-free measurement capability which is free of any angular dependence.
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Table 1. Statistical parameters of the 2019 comparative measurement between the PTB bistatic
lidar and a CSAT3B ultrasonic anemometer mounted on top of a 30 m mast.

a ww’? u
Bias (m - s 1) 0.003  -0.009  -0.009
Mean deviation, RMSE (m -s~1)  0.082 0.017 0.042
Regression: intercept (m - s~ 1) 0.044  -0.009  0.000
Regression: slope 0989  0.989 0.973
Pearson correlation coefficient 0.998 0.998 0.980
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Figure 11. Results of the 2019 comparative measurement between the PTB bistatic lidar and a
CSAT3B ultrasonic anemometer mounted on top of a 30 m mast in turbulent flow, showing orthog-
onal linear regressions of the average horizontal wind velocity component 7, of the fluctuation of

. . . —1/2 .
the vertical wind velocity component w’w’ / , and of the shear stress velocity u.
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Figure 12. Results of the 2019 comparative measurement between the PTB bistatic lidar and a
CSAT3B ultrasonic anemometer mounted on top of a 30 m mast in turbulent flow, showing the
ensemble cospectra Coy,y between the wind velocity components 1 and w (absolute values) of the
PTB bistatic lidar and the CSAT3B sonic anemometer. The dashed line indicates the theoretical
—7/3 power law in the inertial subrange.

3.6. PTB bistatic lidar / cup anemometer (200 m wind met mast)

In 2020, a comparative measurement between the PTB bistatic lidar and a Thies
Clima First Class Advanced cup anemometer mounted on top of a 200 m met mast was
conducted near the summit of the Rodeser Berg near Kassel, Germany. Both the PTB
bistatic lidar and the top cup anemometer were measuring at a height of 200 m for about
three weeks with air temperatures ranging from -2.1 °C to 21.1 °C at a height of 10 m,
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and from -2.7 °C to 17.8 °C at a height of 187 m. Additionally, wind direction data were
obtained from a Thies Clima First Class wind vane mounted on a boom of the wind met
mast at a height of 187 m. In order to enable a reasonable comparison, this particular
measurement campaign required the use of filtering operations, removing periods of
fog during which the lidar measurements were significantly impaired. Furthermore,
to enable an evaluation according to IEC 61400-12-1, effects of turbulence due to the
wakes of the nearby wind turbines were filtered out. Because of the low detection rate of
particles at the measurement height of 200 m, 10-minute averages are used throughout
the following evaluation.

Figure 13 shows the overall measurement site which includes two wind turbines (a
third wind turbine located south-east is not shown). The PTB bistatic lidar trailer was
positioned next to the met mast at a distance of 4.6 m. All angles stated in this section are
referenced to the 0° north direction and counting in a clockwise direction (meteorological
wind direction). Multiple pairs of oppositely mounted booms are located at different
heights on the wind met mast at 145° and 325° angles. The wind turbines are located at
146° and 307° angles.

Figure 14 shows the deviation of the PTB bistatic lidar to the top anemometer
for unfiltered 10-minute averaged wind speeds larger than 4 m - s~!. However, these
unfiltered samples are problematic in two ways. Firstly, large perturbation effects due
to the wake of the nearby wind turbines are visible around 146° and 307° angles, and
secondly, due to the PTB bistatic lidar’s optical measurement principle, fog occasionally
causes large, non-systematic deviations which are clearly visible between 90° and 270°
angles. Thus, to enable a more reasonable comparison, the data were filtered around the
angles corresponding to the wakes of the nearby wind turbines, and periods of fog were
filtered using an upper limit on the backscattered signal amplitude. Figure 15 shows the
deviation between the PTB bistatic lidar and the top anemometer for filtered 10-minute
averages, now indicating a good agreement between both instruments with absolute
deviations below 2.5 %.

Figure 16 shows the deviation between the PTB bistatic lidar and the top anemome-
ter for filtered wind speeds ranging from 4 m - s~ to 19.5 m - s—1. Here, wind velocity
data were evaluated according to IEC 61400-12-1 [5], sorting horizontal wind speeds into
discrete bins with a resolution of 0.5 m - s 1. Again, both the PTB bistatic lidar and the
top anemometer show a good agreement with mean deviations below 0.5 % over a large
range of wind speeds. Figure 17 shows the linear orthogonal regression of the wind
directions measured by the PTB bistatic lidar and the wind vane mounted on the met
mast. With an intercept of 3.736° and a slope of 0.996, both instruments are in excellent
agreement regarding the measured wind direction.

Generally, a directional dependence of wind velocity measurements with respect to
met mast booms has been extensively covered in the literature and is known as the mast
and boom effect. Firstly, this effect causes large deviations in the wind velocity within a
narrow angular range, when the anemometer is located in the lee of the mast. Secondly,
an additional and more or less sinusoidal deviation in the range of 1 % to +2 % (for
lattice towers) is induced over the entire angular range [6,28,29]. In order to mitigate the
mast and boom effect specifically, this comparative measurement was conducted with
respect to the top aneometer located at 200 m, even though there were many periods of
fog at this measurement height.

Overall, the directional effects inherent to the wind met mast’s structure and the
PTB bistatic lidar’s sensitivity to periods of fog necessitated additional filtering of the
data obtained in this particular comparative measurement campaign. Nevertheless, both
the PTB bistatic lidar and the wind met mast’s top anemometer show a good agreement
with mean deviations below 0.5 % over a large range of wind speeds. Furthermore, the
wind directions as measured by the PTB bistatic lidar and the wind vane mounted on
the met mast are in excellent agreement.
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Figure 13. (a) Measurement site including two wind energy turbines located at 146° and 307°
angles (a third wind turbine located south-east is not shown). Around the met mast, the areas
corresponding to the wakes of the nearby wind turbines are highlighted between 100° to 165° and
285° to 330° angles. (b) Slightly larger view of the wind met mast and its orientation with respect
to the measurement site. (c) Met mast with multiple booms mounted at different heights and at

145° and 307° angles.
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Figure 14. Results of the 2020 comparative measurement between the PTB bistatic lidar and a cup
anemometer mounted on top of a 200 m met mast, showing the directional dependence of the
mean deviation between the PTB bistatic lidar and the top anemometer for unfiltered 10-minute
averages. Large perturbation effects due to the wakes of the nearby wind turbines are visible
around angles 146° and 307°. Additionally, fog occasionally causes very large, non-systematic
deviations which are clearly visible between 90° and 270° angles.
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Figure 15. Results of the 2020 comparative measurement between the PTB bistatic lidar and a
cup anemometer mounted on top of a 200 m met mast, showing the directional dependence of
mean deviation between the PTB bistatic lidar and the top anemometer for filtered 10-minute
averages. Perturbation effects due to the wakes of the nearby wind turbines have been reduced by
directional filtering. Also, periods of fog were excluded from the data.
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Figure 16. Results of the 2020 comparative measurement between the PTB bistatic lidar and a
cup anemometer mounted on top of a 200 m met mast, evaluated according to IEC 61400-12-1
using filtered 10-minute averages. Both instruments show good agreement with mean deviations
between +0.25 % and —0.5 % over a large range of wind speeds.
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Figure 17. Results of the 2020 comparative measurement between the PTB bistatic lidar and a cup
anemometer mounted on top of a 200 m met mast, showing the linear orthogonal regression of the
filtered wind directions measured by the PTB bistatic lidar and the wind vane mounted on the
met mast.

4. Conclusions and Outlook

This paper has outlined design details and the theory of operation of PTB’s high-
resolution bistatic lidar. It has also provided an overview of selected comparative
measurements. The comparative measurements between the PTB bistatic lidar and the
cup anemometers mounted on the met masts have shown that the measurement uncer-
tainty of PTB’s bistatic lidar is well within the measurement uncertainty of traditional
cup anemometers (roughly between +1 % at4 m-s~! and £0.7 % at 13 m - s—!) while be-
ing fully independent of its site. The comparative measurement between the PTB bistatic
lidar and an industry-standard ultrasonic anemometer (CSAT3B) in turbulent flow has
shown that the PTB bistatic lidar provides distortion-free measurement capability which
is free of any angular dependence and in excellent agreement with the theoretical —7/3
power law in the inertial subrange.

To summarise, the high-resolution bistatic lidar developed at PTB has been proven
to provide spatially and temporally highly resolved remote measurements of the wind
velocity at heights ranging from 5 m to 200 m over any terrain. Furthermore, it provides
measurement results with exceptionally low measurement uncertainty that are traceable
to the SI units. Thus, it is planned to use the PTB high-resolution bistatic lidar as a
transfer standard for other wind velocity remote sensing devices in the future. The
preparation of a full measurement uncertainty budget is currently in progress and is
planned to be addressed in a separate paper. Overall, the PTB bistatic lidar shows
great potential to universally enhance the capability and accuracy of measurements in
applications, like wind potential analysis, the power curve evaluation of wind turbines
and atmospheric turbulence analysis.

Nevertheless, there is still room for improvement. Adjusting the measurement
height is currently slow, requiring multiple scans over an interval of several minutes.
Therefore, the optomechanical section is being completely reworked. This is moreover be-
ing combined with an improved signal processing unit using the latest radio-frequency
system-on-chip (RFSoC) technology. In the future, this will enable the fast and au-
tonomous selection of measurement heights, allowing the PTB bistatic lidar to perform
wind profile measurements. The improved signal processing will take the performance
closer to real-time, increasing both the spectral resolution and the number of aerosols
detectable per unit of time, which is also a requirement for fast beam alignment.
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Several desirable functionalities and improvements are still missing from the PTB
bistatic lidar at its current stage. Firstly, because of the PTB bistatic lidar’s optical mea-
surement principle, its measurement capability is degraded during weather conditions,
such as precipitation and fog. It is thus desirable to incorporate the automatic detection
and mitigation of these conditions based upon the SNR and other spectral characteristics
of the received Doppler spectra. Secondly, a thorough investigation of the measurement
uncertainty as a function of the SNR and the characteristic distributions of correlated
Doppler peaks for varying meteorological conditions is needed in order to improve
upon the achieved measurement uncertainty by fine-tuning the digital signal processing
chain. These are only some of the aspects that are to be addressed over the course of the
coming years in order to provide a fully autonomous remote sensing device which is
suitable for use as a transfer standard.
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AOM  Acousto-optic modulator

CCW  Competence Center for Wind Energy
DAC  Digital-analogue converter
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