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Abstract—Radar technology in the millimeter-wave frequency
band offers many interesting features for wind park surveillance,
such as structural monitoring of rotor blades or the detection of
bats and birds in the vicinity of wind turbines (WTs). Currently, the
majority of WTs are affected by shutdown algorithms to minimize
animal fatalities via direct collision with the rotor blades or baro-
trauma effects. The presence of rain is an important parameter
in the definition of those algorithms together with wind speed,
temperature, time of the day, and season of the year. A Ka-band
frequency-modulated continuous-wave radar (33.4–36.0 GHz) in-
stalled at the tower of a 2-MW WT was used during a field study. We
have observed characteristic rain-induced patterns, based on the
range–Doppler algorithm. To better understand those signatures,
we have developed a laboratory experiment and implemented a nu-
merical modeling framework. Experimental and numerical results
for rain detection and classification are presented and discussed
here. Based on this article, a bat- and bird-friendly adaptive WT
control can be developed for improved WT efficiency in periods of
rain and, at the same time, reduced animal mortality.

Index Terms—Atmosphere, millimeter wave radar, radar signal
processing, wind energy.

I. INTRODUCTION

THE expansion of wind energy worldwide is characterized
by a dynamic development [1]. This leads, on one hand,

to an increased amount of electrical energy generated from
renewable resources. On the other hand, high mortality of bats
and birds was recorded [2], [3], primarily due to a direct collision
of the animals with the rotor blades or through barotrauma
effects [4]. Bats are a threatened species in European countries,
such as Germany, particularly for migratory bats that pass wind
turbines (WTs) during their migration flights [5]. European bats
are highly vulnerable as predators of insects, and that is why,
protecting these animals is critically important for a working
ecosystem and public acceptance of wind energy development.

Moreover, the German government forced WT operators
to implement shutdown algorithms for a majority of WTs in

Manuscript received October 15, 2019; revised January 21, 2020; accepted
February 9, 2020. Date of publication March 5, 2020; date of current version
March 20, 2020. This work was supported by the Federal Ministry for Economic
Affairs and Energy under Grant 0324323C. (Corresponding author: Ashkan
Taremi Zadeh.)

The authors are with the Department of Physics, Goethe University Frank-
furt, 60438 Frankfurt, Germany (e-mail: taremizadeh@physik.uni-frankfurt.de;
maelzer@physik.uni-frankfurt.de; jonas.simon@gmx.net; beck.seb@gmx.de;
moll@physik.uni-frankfurt.de; Krozer@physik.uni-frankfurt.de).

Digital Object Identifier 10.1109/JSTARS.2020.2975281

Fig. 1. Illustration of radar-based rain detection in the relevant flight zone of
bats and birds.

Germany, to reduce bat and bird fatalities to a minimum. The
main features of those algorithms are environmental factors,
such as wind speed and temperature, combined with time of the
day and season of the year [6]. More recently, rain has become
an important additional parameter of shutdown algorithms so
that WTs can operate in the presence of rain for increased WT
rentability [7]. The underlying argument is related to the flight
behavior of bats. For example, the authors in [8] discovered that
wet bats must spend twice as much energy as dry ones to stay
aloft. While dry bats burn ten times more energy during flight
than they do at rest, wet bats burn 20 times more energy. In
addition, insects hide in rain making the hunting of insects less
attractive. Moreover, the bat echolocation calls are negatively
affected by strong atmospheric attenuation in the ultrasound
frequency range when the humidity is high [9], [10]. Therefore,
it is valuable to have real-time information about rain and its
intensity in the relevant airspace close to a WT during day
and night (see Fig. 1). We address this problem by numerical
modeling of rainfall and dedicated experimental measurements
in the laboratory. Moreover, results from a 2-MW turbine with
concurrent camera recordings for validation will be presented.
The benefit of this article would be an adaptable WT control
during periods of rain for an improved WT efficiency. An
additional benefit is, on one hand, local weather forecast infor-
mation with very high resolution and additional parameters for
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behavioral models describing the flight routes of migrating bats
and birds.

II. RELATED WORK: WEATHER RADARS

The work presented here is strongly related to weather radars.
Hence, the following section reviews the state-of-the-art: The
basic operation principle is the same for all the weather radar
devices. Differences normally exist in the variation of param-
eters that can be optimized for a particular expected outcome.
Especially, the operating frequency band is of high importance,
because its choice determines the attenuation of the electromag-
netic waves by the atmosphere. Also, the working frequency
determines the possible penetration depth into the precipitation
areas and which objects from this area contribute to a reflection.
Some of these radars are capable of operating in the frequency-
modulated continuous-wave (FMCW) mode, which provides
high-range resolution of clouds and hydrometeors [11].

Doppler weather radars in X- and S-bands are widely used.
These radar systems are coherent on the receiving path and
can measure Doppler frequencies. In addition to the spatial
distribution of the rain intensity, the radial velocity of the rain
is determined on the basis of the Doppler effect. Small-scale
changes in the radial velocity can be indicators of air circula-
tions [12]. A variant is polarimetric Doppler radars that exploit
different polarizations for additional information about the shape
and the type of precipitation [13].

Furthermore, radar systems operating at 35 GHz (Ka-band)
have been used for rain detection and the estimation of rain
intensity. Chandra et al. [14] used a vertically pointing 35-GHz
Doppler radar. The so-called A–R relation was applied for rain
rate estimation at high Doppler velocities (v > 5 m/s), whereas
the Ze–R relationship was used for lower Doppler velocities
(v < 5 m/s). A related system was introduced in [15], where
the authors were able to detect echoes from different targets,
e.g., cloud droplets, rain, or plankton by estimating the Doppler
spectra.

Most of the weather radars mentioned before are not only
large, but also costly. This limits their application in wind parks,
and especially for installations at single WT, as shown in Fig. 1.
In contrast, the proposed millimeter-wave FMCW radar shown
later in Fig. 10 is small, lightweight, and of low cost. It combines
many sensing tasks besides rain detection, e.g., bat and bird
observation, as well as the monitoring of WT blades [16], [17].

III. THEORETICAL BACKGROUND

A. Range–Doppler (RD) Analysis

This article is based on the RD algorithm that is widely used
in radar applications to determine the position and velocity
of moving objects by measuring and processing the Doppler
shift in the received signals [18]–[21]. Therefore, an accurate
measurement of the reflected frequency is required. The shift
between the transmitted frequency and the received frequency
determines the object’s velocity. An object moving toward the
radar leads to a shortening of the wavelength (a positive sign
of radial velocity). Conversely, if the object moves away from

the radar, this process reverses (a negative sign of radial veloc-
ity). According to [22], the relationship between the Doppler
frequency fD and the emitted frequency fTx is given by

fD = fRx − fTx =
2vrfTx

c
(1)

where vr is the velocity of the object toward the radar and c is
the speed of light. To form the RD map, the algorithm computes
a 2-D fast Fourier transform (FFT) of subsequent radar signals
(radargram) to extract the range and Doppler information [23].
Then, we modified the conventional RD algorithm here to elim-
inate strong static targets and compute the 2-D FFT from the
differential radargram representation. The RD map was further
processed to prepare a classification of rain intensities at various
distances. Therefore, the sum of each column of the RD map
RDij(r, vr) was determined as

ηj(r, vr) =

N∑

i=1

RDij(r, vr). (2)

In this equation, index i represents the ith range bin and index
j the jth bin of the radial velocity vr.

B. Modeling Rain

Modeling weather conditions can be very valuable to verify
the consistency of the radar measurements [24], [25]. Typi-
cally, rain follows a Marshall–Palmer raindrop size distribu-
tion [26]. This means that the radar cross-section (RCS) is pro-
portional to the diameter of the rain-drop diameterD. In general,
for stratiform precipitation, this distribution can be expressed
as [26]

ND = N0e
−ΛD (3)

with N0 = 8000 m−3mm−1, Λ = 4.1R−0.21 mm−1, and R be-
ing the rain rate [26]. In this equation, D has the unit mm. Then,
to estimate the number of raindrops, as input for the number of
point targets in the simulation, we integrated (3), which leads
to

N =

∫ ∞

0

N0e
−ΛDdD. (4)

Assuming that raindrops are perfect spheres, a maximum
reflection from the surface was taken into account for the calcu-
lation of the raindrops RCS σRCS

σRCS = π
D

4

2

. (5)

C. Radar Signal Model

The following section describes the radar signal model used
for the numerical simulation. Here, the transmitted signal of an
FMCW radar can be expressed as

st(t) = ej2π(fct+
1
2αt

2) (6)

where fc is the carrier frequency, t is the time, and α = T/B is
the frequency sweep rate. Like the experimental setup, the sweep
time T was chosen as 410 μs and the Bandwidth B = 2.6 GHz.
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Fig. 2. (Left) Photo of the experimental setup. Water is sprayed from the
metal frame toward and away from the radar at different angles. (Right) Rain
distribution.

The received signal is the delayed and attenuated version of the
transmitted signal and can be expressed as [27]

sr(t) =
1

r2
ej2π(fc(t−τ)+ 1

2α(t−τ)2) (7)

where τ is the time delay and r is the propagated distance. Then,
for generating the intermediate frequency signal, we mix the
transmitted and received signals according to [27] as

sIF(t) =
1

r2
ej2π(fcτ+αtτ− 1

2ατ
2). (8)

For moving targets, the time delay τ is not constant anymore
and varies with time. Therefore, assuming a constant radial
velocity vr leads to [27]

τ =
2

c
(R+ vrt) = τ0 +

2

c
vrt. (9)

Here, τ0 is the time delay to the stationary target. Then, the
RCS is quantitatively calculated in 3-D as

σ = lim
r→∞ 4πR2 |Es|2

|Ei|2 (10)

where Es and Ei are the far-field scattered and incident electric
field intensities, respectively [28].

IV. LABORATORY MEASUREMENTS AND RESULTS

A. Description of the Experimental Setup

The laboratory setup, described in the following section, aims
at the experimental analysis of rain under controlled conditions.
Therefore, we designed a metal frame and placed it vertically
in front of the radar, as shown in Figs. 2 and 3. Moreover, a
perforated hose is attached to the top metal bar to spray water
drops (rain) from different angles (see the left part of Fig. 2).
While the angle of rotation θ could be precisely adjusted, the
perforation along the hose has an irregular structure, leading
to a close to reality distribution, shown in the right part of
Fig. 2. Three angles θ = −90◦ (toward the radar), θ = 90◦ (away
from the radar), and θ = 0◦ (vertically down) were selected
for the experiment. The radar system operates in the FMCW
mode in the frequency band from 34.0 to 36.0 GHz. The sweep

Fig. 3. Bird perspective of the experiment showing different distances of the
radar with respect to the metal frame.

time was 410 μs during the laboratory and field measurements.
This results in approximately 1300 measurements per second
that are recorded in the streaming mode using the X3-2M AD
converter from Innovation Integration (Camarillo, CA, USA)
at a sampling frequency of 5 MS/s. The output power of the
radar sensor is about 30 dBm during the field study and 15 dBm
during the laboratory experiments. The antenna gain of the horn
antennas is approximately 24 dBi [17]. The radar was housed in
a weatherproof radome and consisted of one transmitter and
two coherent receivers, while the second receiver was only
installed for verification purposes (results are the same and
not shown in this article). The antennas are horizontally and
linearly polarized. The radar was placed at defined distances in
front of the metal frame, as depicted in Fig. 3. Two cameras
were installed on either side of the radome to validate the radar
measurements. During the experiments, the water flow was
adjusted and measured by a flow meter so that different rain
intensities could be studied. We also used two rain gauges to
determine the rain intensity at ground level. In Fig. 4, the values
of the content of the rain gauges after each measurement were
illustrated.

B. Results

Fig. 5 illustrates the RD analysis for an experiment with
a distance of 5 m and a water flow of 8.5 L/min. The same
characteristic rain-induced pattern can be observed, as shown in
the field at the WT installation (see discussion in the following).
The pattern spreads between 0 and 5 m if we sprayed toward the
radar, and between 5 and 10 m if we sprayed away from it. In the
middle image, the pattern remains between 4.5 and 6 m, which
is due to the width of the water jet. The pattern for θ = 90◦ is
relatively weak, which can be explained by the larger distance
between the metal frame and the radar, attenuation by the rain
and by mirroring effects at the water front, where electromag-
netic waves were reflected toward the ground. This means that
the radar received a signal with a smaller amplitude. The same
pattern also appears when the distance between the radar and the



1030 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 13, 2020

Fig. 4. Content of rain gauge determined after each measurement. In total, 36
measurements were recorded for three water flow levels (2.5, 5.5, and 8.5 L/min),
three distances (5, 7, and 9 m), and three angular positions (θ = −90◦, θ = 0◦,
and θ = 90◦). The horizontal axis represents the water flow and the vertical axis
the mean of the content of both rain gauges. Due to the statistical properties of
rain, the content of each gauge measurement was not the same for same angel
θ. Therefore, the mean was considered in the simulation.

Fig. 5. RD analysis at a distance of 5 m with 8.5 L/min. In (a), the water was
sprayed toward the radar (θ = −90◦). In (b), water was sprayed vertically down
(θ = 0◦). In (c), the water was sprayed away from the radar (θ = 90◦).

metal frame (see Fig. 6) is increased. The only difference is that
increasing the distance leads to a further reduction of amplitude
in the RD map. The water flow has also a significant effect on the
RD map. Fig. 7 reveals, on one hand, a larger distance between
the metal frame and the water jet for an increasing water flow
rate. On the other hand, the amplitude in the RD map changes
accordingly. For a closer examination, the signal projections of
the RD image were considered, which can be seen in Fig. 8.
One can clearly distinguish the intensity by the amplitude of the
signal.

A numerical study was then performed for validation of the
experimental findings. Therefore, we calculated the number of
rain drops using (4) with three different rain rates (see Table I).
The rain rates depicted in Table I, which we measured in the
laboratory experiments, are relatively high compared to natural
rain. The laboratory experiment was limited by the minimum
flow rate of the flow meter so that we were not able to reduce
the rate to smaller values. Each rain-drop was modeled as a

Fig. 6. RD analysis for different distances between radar and metal frame using
θ = −90◦. The image depicted in (a) refers to a distance of 5 m, the image in
(b) to 7 m, and the image in (c) to 9 m. The water intensity was adjusted to
8.5 L/min for all three cases.

Fig. 7. RD analysis of various water flow intensities for θ = −90◦. In
(a), the water intensity was adjusted to 8.5 L/min, in (b) to 5.5 L/min, and
in (c) to 2.5 L/min.

Fig. 8. Projections of the RD map onto the distance axis for the scenario
shown in Fig. 7 with a distance between the radar and the metal frame of 5 m
and θ = −90◦. The investigated flow rates as well as the case without rain can
be clearly distinguished from each other.

TABLE I
NUMBER OF RAINDROPS PER CUBIC METER DEPENDING ON THE RAIN RATE

(R) CALCULATED BY (4)

The rain rate was derived from the rain gauge measurement depicted in Fig. 4.
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Fig. 9. Numerical result using the proposed FMCW signal model for modeling
rain at a distance of 5 m and a rain rate of 165 mm/h. The simulation qualitatively
models the laboratory measurements shown in Fig. 5. In (a), the water was
sprayed toward the radar (θ = −90◦); in (b), water was sprayed vertically down
(θ = 0◦; and in (c), the water was sprayed away from the radar (θ = 90◦).

Fig. 10. Illustration of the radar installation at a 2-MW WT at 95 m above the
ground. Data were saved on a computer inside the WT tower.

point target and its reflectivity weighted by the Marshall–Palmer
distribution. Fig. 9 shows the RD map obtained from simulations
modeling the experiment with a distance of 5 m between the
radar and the metal frame. The characteristic pattern for all
three cases can be qualitatively identified for θ = −90◦, θ = 0◦,
and θ = 90◦, respectively. In the simulation, natural weather
conditions (e.g., weak wind during experiment) were neglected.

V. FIELD INSTALLATION AT A 2-MW WT

Fig. 10 illustrates the radar system installed at the tower of a
2-MW WT about 95 m above the ground. A radar measurement
and two videos have been recorded every 15 min. The first

Fig. 11. RD map for different events at the WT. The picture depicted in
(a) refers to a no-rain event. In (b), it rained moderately and in (c) heavily.
The rain pattern known from laboratory measurements can be recognized here.
Rain can be detected up to a distance of 80 m.

Fig. 12. Projection of the RD map of five data samples for rain and no rain
measured at WT installation.

result is depicted in Fig. 11 and shows RD maps for no-rain,
moderate-rain, and heavy-rain events, where the intensity
was validated by the corresponding video. Compared to the
laboratory results, we qualitatively obtain the same result. In a
next step, we examined the WT data with the same RD method
described before to find out if we can classify different rain
conditions. Fig. 12 illustrates five projections of rain/no-rain
states. The measurement conditions were then manually
validated by the associated camera videos. Qualitatively,
similar curves were observed as before so that the presence of
rain can be easily discriminated from the rain absence condition.

Finally, we performed a classification of measurements for a
total number of 2781 events, where 252 of them were rain events
and 2569 were measured without rain. Therefore, the root mean
square (rms) of the projected signal was determined. The result
is shown in Fig. 13 with a clear difference between the two states.
It must be mentioned that in the recorded data, only relatively
few rain events were present. All of the recorded data used in
this analysis were manually verified by video analysis. These
results can serve as the basis for a more detailed classification
of rainfall intensity in future work.
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Fig. 13. Normalized histogram of rms of rain and no rain data from WT
measurements. We only included video validated data here. In total, we evaluated
2781 events (252 rain events and 2569 no-rain events).

VI. CONCLUSION

This article successfully demonstrated the detection and clas-
sification of rain with a millimeter-wave radar system operating
at 33.4–36.0 GHz. This functionality represents an additional
feature in addition to structural inspection of the WT blades and
detection of bats and birds in the WTs’ near field. Numerical and
experimental results were consistent in terms of characteristic
patterns in the RD maps. This methodology provides real-time
information of rain in the relevant flight zone of endangered
animals with low-cost FMCW radar systems. In the future, a
reliable detection of bats, birds, and precipitation can lead to
an adaptive WT control strategy so that currently implemented
shutdown algorithms leading to revenue losses can be overcome.
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