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ABSTRACT In order to study the dynamic signature from a wind farm composed of massive wind turbines,
a high-frequency model of electromagnetic scattering is developed by combining a shooting and bouncing
ray and the array synthesis technique. With the help of image theory and some modifications, the ground
effects due to a dielectric rough ground are accounted whereas without modeling physically the infinite
ground. Thus, the proposed method can be used to effectively simulate the massive required scattering data
under a minimal computational cost for the Doppler analysis of the full-size rotating wind turbines and radar
imaging of a wind farm.

INDEX TERMS Doppler effect, SAR imaging, shooting and bouncing rays, image theory, wind farm.

I. INTRODUCTION
Wind power is certainly one of the most economical and
sustainable energy resources with increasing globally at a rate
of about 20 percent annually. Its installations interfere with
existing electronic equipment for surveillance, navigation,
communications, etc. [1], [2]. The blade flash of rotating tur-
bine can interfere with radar detection of moving targets and
give rise to cross-range artifacts in high-resolution synthetic
aperture radar (SAR) imaging. It is therefore an emerging
issue to assess electromagnetic environment impacts of wind
farm.

As for the assessment of the wind farm, in aspect of com-
mercial cost and convenience, electromagnetic (EM) simu-
lation has more advantages than the EM measurement. Due
to the tremendous amount of computational costs associ-
ated with the large structure of wind turbine and farm, the
full-wave solutions, such as multilevel fast multipole algo-
rithm (MLFMA) [3], can become impractical and intractable.
Existing simulation cases mainly focused on the scaled
model [4], [5] or on the simplified free-space model [6], [7]
discussed this problem of wind turbine on a flat (not rough)
ground. Meanwhile, instead of the single wind turbine, none
of publications has discussed the EM simulation technique

for the wind farm problem composed of massive wind
turbines.

Different from the previous methods, this paper aims to
assess the scattering properties of a wind farm on dielectric
rough surface, such as an offshore wind farm on sea surface.
An efficient high-frequency model is developed to analyze
the electromagnetic scattering from massive wind turbines.
It can not only account the ground effects whereas without
modeling the infinite ground, but also simulate the scattering
of the massive turbines to avoid the exhausting efforts of
integrated simulation of wind farm. Therefore, this model
is an effective tool to investigate dynamic signature from a
wind farm. Then, based on the proposed method, the mas-
sive scattering data are produced and then used to analyze
the dynamic signature of rotating turbines according to the
signal processing. This work benefits to study the scattering
mechanism and further to explore the mitigation interference
techniques.

II. THE PROPOSED METHOD
For this kind of composite target-ground problem, the high-
frequency approximation has better potential to simulate it
with reasonable accuracy while providing physical insights.
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A. TURBINE ELEMENT ON GROUND
The multiple bounces of the EM wave between the sur-
faces of turbine as well as between turbine and ground
are handled by shooting and bouncing rays (SBR) [8].
However, the main scattering contributions are from the four
components as shown in Fig. 1, called as the ‘four-path’
model [9], [10]. Since the axis of turbine is almost vertical,
the ray-bounces between the turbine and its below-ground are
limited, except these four paths, other scattering components
are ignored [11]. On the other hand, it is not practical to
physically model the nearly infinite rough ground surface.
Otherwise, an enormous number of rays are required to cap-
ture all the multiple bounces between ground and turbine,
which drastically increases memory requirement and CPU
time.

FIGURE 1. Four scattering components from a wind turbine in the
presence of ground.

FIGURE 2. Image theory for the four scattering components. (a) Imaged
induced electric current. (b) Imaged incident plane wave.

The four components can be obtained with the help of two
images: an imaged induced electric current and an imaged
incident plane wave as illustrated in Fig. 2. Firstly, the ground
is considered as the perfectly electrically conducting (PEC)
flat plane. The original incident magnetic field at source point
r
′

is H(r
′

)= ĥie−jkk̂i·r
′

, where ĥi is the polarization direction,
k is the wavenumber, k̂i(kx, ky, kz) is the direction of incident
wave determined by the incident angle (θ,ϕ). If the original
induced current on the turbine is J(jx, jy, jz), then its imaged
electric current is J′(j

′

x, j
′

y, j
′

z), j
′

x = −jx, j
′

y = −jy, j
′

z = jz.
In Fig. 2(a), the induced electric current J1 and its imaged

current J
′

1 correspond to the first and second scattering com-
ponents in the Fig. 1.

For the imaged incident plane wave due to the plane,
the imaged incident wave vector is k̂

′

i(k
′

x, k
′

y, k
′

z), k
′

x =

kx, k
′

y = ky, k
′

z = −kz in Fig. 2(b), the induced electric

current J2 and its imaged current J
′

2 correspond to the third
and fourth scattering components in the Fig. 1.

Then, to handle the rough dielectric ground, the two afore-
mentioned images have to be modified by the factor 0 for
dielectric case and the coefficient ρs for rough case.
For the imaged electric current:

J
′

= 0·ρs · J
(
−jx,−jy, jz

)
(1)

For the imaged incident plane wave:

H
′ (
r
′
)
= 0·ρs·ĥie−jkk̂

′

i ·r
′

(2)

where ρs is determined by [12]

ρs =

{
exp

[
−2 (2πτ)2

]
0 ≤ τ ≤ 0.1

0.812537/
[
1+ (2πτ)2

]
τ > 0.1

(3)

where τ = σh cos θ/λ, λ is EM wavelength, σh is the stan-
dard deviation of the ground surface elevation. In addition,
the parameter 0 in (1) and (2) is given by

0HH =

√
εr − sin2 θ − cos θ√
εr − sin2 θ + cos θ

(4.a)

0vv =
εr cos θ −

√
εr − sin2 θ

εr cos θ +
√
εr − sin2 θ

(4.b)

where εr is the relative dielectric constant of ground,
HH and VV donate horizontal-horizontal (HH) polarization
and vertical-vertical (VV) polarization, respectively. And θ
is the scattering (or incident) angle for 0 in (1) (or (2)).
The modified factor is related to the EM polarizations and
incident/scattering angles.

Compared with the path 1 in the Fig. 1, the phase delays for
other three paths have been automatically accounted into the
above two image processes. With these treatments, only the
ray tubes illuminating the wind turbine are required and the
physical modeling of the ground is avoided. There are only
two ray-tracing processes to obtain four components. The
target-ground problem is then transferred to the free-space
problem. Thus, the memory consumption is almost same as
the case of the target in free space, and the CPU time is about
twice that of the free-space problem.

B. ARRAY OF TURBINES
Since the wind farm is an array of turbines, it is important
to analyse the overall scattering from this array. Generally,
the spacing between two adjacent turbines is very large versus
EM wavelength (more than thousands of lambda). The large
spacing leads to be reasonable to ignore the EM coupling
among turbines. For a wind farm composed of M∗N wind
turbines and its arbitrary location rmn of the mn-th turbine
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element, based on the antenna array synthesis [13], the total
scattered field is computed by

E
total
s (r) = Es (r) ·

(
6M

m=16
N
n=1e

jk
(
r̂−k̂i

)
·rmn

)
(5)

r̂ denotes the scattering direction. The former and latter terms
in (5) are turbine element scattering and array factor, respec-
tively. Therefore, the proposed method only needs to model
the single turbine at different rotation status and different
incident angles, which can avoid the exhausting efforts of
integrated simulation of turbine array. So, it can minimize the
required computational resources.

The quasi-static electromagnetic simulation is used to
obtain the scattering data of the dynamic wind turbine driven
by a certain wind speed. Since themaximum linear velocity of
rotating blades is much smaller than light speed, the scattered
field generated from wind turbine at a moment is similar to
the ones generated from the motionless targets which dwell at
its trajectory. Finally, the time-varying returns are obtained at
the different moments with different random states of blades.

FIGURE 3. A generic wind turbine.

To assess the accuracy and efficiency of this method,
a generic real-size three-blade wind turbine (Web link to
access: https://grabcad.com/library/wind-turbine–4/files) on
a ground is modelled and its parameters are shown in Fig. 3.
The proposed method is applied to simulate the bi-static
scattering of this turbine on the flat dielectric ground plane
with εr = 4.6− j0.01, at incident angle (45◦, 0◦) at 100MHz
frequency. Fig. 4 shows that there is fairly good agreement
between the bi-static scattering results obtained by the pro-
posed method and half-space MLFMA by a commercial
software FEKO [14] in xoz cut, where FEKO-MLFMA can
provide the rigorous reference data. It is observed that the
proposed method is sufficient to capture most of the key
EM signatures of the large-scale wind turbine. It is no doubt
that the more accurate results can be obtained at higher
frequencies.

To minimize computation time without any loss in model
fidelity, we used only 2145 triangular facets for the model
in our method while 149,742 facets were used for the model
in FEKO-MLFMA. The computational costs are as follows:
FEKO-MLFMA used 1.14GigaBytes (GB) of peak RAM
and took 5.8 hours. Instead, the proposed method used
4.3MegaBytes (MB) and 0.3 minutes for this target-ground
composite scattering problem whereas the costs of 4.3MB
and 0.17minutes for an isolated wind turbine without ground.

FIGURE 4. Comparison of bi-static scattering of a wind turbine on a
dielectric ground. (a) HH polarization. (b) VV polarization.

III. NUMERICAL RESULTS
The simulation is extended to some realistic cases. Supposed
that a rectangle wind farm composed of 48 (M= 8, N= 6)
equidistant wind turbines on a dielectric rough ground with
the relative dielectric constant εr= 4.6− j0.01, and the stan-
dard deviation of ground σh = 0.01m, where the turbine loca-
tion is rmn = [(m− 1)Rx, (n− 1)Ry, 0], the turbine spacing
is assumed to be Rx in x direction and Ry in y direction. The
EM wave is working at 3GHz (S-band).

A. DOPPLER FEATURE ANALYSIS
We study the Doppler features [15], [16] of EM scattering
from a full-size wind turbine with rotating blades in the
presence of ground. For instance, the wind turbine rotates at
12rpm which gives a maximum blade tip speed of 56.7m/s.
The blade rotation driven by wind could cause a significant
change in scattered fields. To perform the dynamic simula-
tion, the backscattered data are collected for each snapshot
of the turbine blades, in 0.02◦ increments, over the duration
of 2.5 seconds. For different snapshot, the turbine is recon-
structed by the two part of static tower and rotating blades.
It is noted that the three-blade turbine is a 120◦ symmetry of
the structure, and it includes one complete evolution of the
turbine blades.

The data are simulated by the proposed method, and then
the Doppler spectrograms processed by using the short-time
Fourier transform with a time window of 0.0356seconds
(128 sampling points) for the rotation rate of 12rpm.

The presence of ground introduces complexity to the
returned signal due to the target-ground interactions in
addition to the direct return to the target. The turbine is
assumed to be at a 90◦yaw angle with respect to the radar.
Simulations are performed to investigate the time-varying
Doppler features that arise from target-ground interactions.
The strong zero-Doppler features are from the static tower.
With ground interactions, new Doppler tracks in addition to
the strong flashes and weak tip halos are expected in the
time-dependent Doppler spectrum, as shown in Fig. 5(a).
Because of the different thicknesses of two sides of blades,
the spectrum energy of moving towards the source is stronger
than that of moving backwards the source. And the tracks
that arise from ground effects are identified and interpreted
in Fig. 5(b). The spectrums caused by multipath between
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FIGURE 5. Ground effects under the incidence of 60◦, HH polarization.
(a) Without ground. (b) With ground.

turbine and ground occur in time after the direct flash (path 1)
due to propagation path delays. And the bounce (path 2) from
ground to turbine is identical with the bounce from turbine to
ground (path 3). Meanwhile, the high-order bounce (path 4)
gives rise to weak flash. These phenomena are coincident
with the results of some experiments in [4].

FIGURE 6. Spectrograms of rotating turbine. (a) θ = 60◦, VV polarization.
(b) θ = 45◦, HH polarization. (c) θ = 45◦, VV polarization.

Next, we generated more simulations at two incidences.
The maximum Doppler from the moving wind turbines are
theoretically 1.13kHz. From the Fig. 6, it is found that the
ground effects are very weak and the scattering of path 1
is dominant for the result of VV polarization at 60◦ inci-
dence. The physical mechanism can be explained as follows:
since the VV polarized EM wave is transmitted through a
dielectric ground with no reflection at a particular angle,
called as Brewster angle, it means that the contributions of
paths 2∼4 are very weak. For the ground of εr= 4.6− j0.01,
the reflection ratio is very small near 63o incidence. And this
phenomenon does not occur in the case of VV polarization
at 45◦. From these spectrograms, the rotating turbine blades
can interfere with the EM detection of moving targets, and
ground effects make it more sophisticated.

Next, we generated the SAR image from a dynamic wind
farm, the incident is from at edge-on direction. The sensor

TABLE 1. Basic radar parameters.

and wind farm parameters are listed in Table 1. The duration
of radar data collection is about 3.33seconds. For a dynamic
turbine with a random initial status, it includes 1600 individ-
ual time snapshots during this duration and corresponds to a
rotation of 0.15◦ per time step. Each snapshot of pre-defined
rotating portion can generate 2500 backscattering data at
different frequencies within radar bandwidth. For this farm,
each turbine has its individual initial status. So, the radar
database for the wind turbine at a range of frequencies and
angles were simulated and stored by our proposed method.
Once the database was computed for one turbine, the returns
from all the wind turbines were combined coherently to form
the total radar return from the wind farm according to the (5).
Finally, the EM simulation from the wind farm was post-
processed using a SAR imaging algorithm [17], [18].

FIGURE 7. SAR image of a wind farm. (a)-(c) HH polarization,
(d) VV polarization. (a) θ = 45◦, stationary turbines. (b) θ = 45◦, dynamic
turbines. (c) θ = 60◦, dynamic turbines. (d) θ = 60◦, dynamic turbines.

Firstly, an example SAR image of the stationary scene is
show in Fig. 7(a), where the blades are supposed to be static
(or: quasi-static). The wind turbines are stationary there are
no artifacts generated from them in the SAR image.

Secondly, we study the dynamic signature of rotating
blades. The moving blades generate Doppler features, lead-
ing to cross-range artifacts in the SAR image of the scene,
as shown in Fig. 7(b)-(d). There artifacts run along the cross
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range dimension and can extend beyond the physical location
of the wind farm in the SAR images. The Doppler from
the wind turbines blades depends on the position of the
blades and as the wind turbines blades rotate these artifacts
keep changing in amplitude. In addition, the moving blades
may give rise to cross-range artifacts in high-resolution SAR
imaging. The VV polarized wave can reduce the interference
effect from ground and avoid artifact in SAR, and HH wave
is more serve. Generally, it will affect the detection of the
interesting targets, such as car and ship. Especially for the
target located within the cross-range location of the wind
turbine would be affected since it would be quite difficult
to discern the target from the rapidly changing wind turbine
artifacts.

Even the computational cost varies from different incident
angles and the states of wind turbine, the RAM and CPU
time for single incidence at S-band are about 51MB, and
6.1 minutes, respectively. It takes about 38hours to generate
all backscattering data required on a LINUX platform with
Intel R©CoreTM E5-4650 2.70GHz processors (32 Cores).
Therefore, it shows that the proposed method has a potential
to solve the EM scattering problem of wind farm.

IV. CONCULUSIONS
An effective high-frequency model has been developed to
analyze the EM scattering problem from a wind farm com-
posed of massive turbines, and capture the most scattering
signatures of wind farm with very low computational costs.
Because of the limitation of usage of the image theory, this
model fails to solve the more complex case if its underlying
ground is an irregular surface. However, the proposed method
is well-suited for simple estimation of a wind farm on a flat or
randomly rough surface, such as a typical sea wind farm sce-
nario. Understanding the features of the clutter is a first step
towards mitigation measures. Therefore, this work is useful
to assess the impacts and mitigate wind farm interference to
other electronic systems.
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