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ABSTRACT: Wind turbine blades are prone to icing in low-temperature environments, which affects the efficiency and safety of wind
power generation. Microwave de-icing technology, with its high efficiency, non-contact, and rapid response characteristics, has become
an important method for addressing the issue of blade icing. This paper focuses on the antenna design for a microwave de-icing system
for wind turbine blades. Based on microstrip patch antennas, a low-side lobe, a high-gain array antenna was designed, operating at a
frequency of 2.45 GHz with a maximum gain of 13.9 dB, with side lobe levels of —22.3 dB. An experimental system was established,
and an infrared thermal imager was used to measure heating results, verifying temperature increases under different absorptive materials,
heating times, heating powers, and radiation distances, laying the foundation for de-icing applications.

1. INTRODUCTION

s the global energy crisis and environmental issues con-

tinue to escalate, wind energy utilization has emerged as
one of the most critical forms of renewable energy in the world
today [1-3]. Approximately one-quarter of the world’s wind
turbines are located in cold regions [4], where they face severe
icing issues [5]. Compared to warmer regions, colder environ-
ments have higher air density, and the available wind energy in
cold climates can increase by approximately 10% [6]. There-
fore, efficient de-icing technology for wind turbine blades is
crucial for ensuring the safety and economic viability of wind
power generation systems.

Currently, there is no mature, effective, and widely applica-
ble de-icing technology for wind turbine blades. Existing meth-
ods include superhydrophobic material de-icing [7-9], hot air
de-icing [10], electric heating de-icing [11], electric pulse de-
icing, and ultrasonic de-icing [12]. Superhydrophobic materi-
als are susceptible to vibration, radiation, and chemical corro-
sion, which can cause the hydrophobic layer to deteriorate [13].
Hot air de-icing can increase thermal resistance due to increased
material thickness, requiring higher power output, which leads
to increased energy consumption, blade weight gain, and re-
duced economic efficiency [14]. Electric heating film technol-
ogy has high maintenance costs and is prone to damage from
environmental factors [15]. Ultrasonic de-icing requires sep-
arate calibration for wind turbines from different manufactur-
ers and models [16]. Electric pulse de-icing has limited cover-
age, making complete de-icing difficult and leaving significant
residue [17].

Microwave heating, as an active de-icing method, has the ad-
vantages of uniform energy distribution, low energy consump-
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tion, easy maintenance, and immunity to lightning interfer-
ence [18, 19]. General Electric (GE) established a microwave
laboratory and conducted de-icing experiments using 2.45 GHz
microwaves. In 2021, Luo et al. [20] developed a wind turbine
blade de-icing device combining microwave and ultrasound,
but it requires the turbine to be shut down for operation. Since
icing primarily occurs at the blade tips in a confined space,
this device leads to increased blade weight and additional vi-
bration issues. Microstrip antennas have characteristics such
as low profile, small size, light weight, and controllable beam
direction, allowing them to be embedded within the blade to
effectively reduce additional mass. In 2020, Yang et al. [21]
designed a microwave directional heating system based on mi-
crostrip antennas, aiming to achieve directional heating in dif-
ferent regions of the cavity by controlling the microwave phase.
In 2021, Li et al. [22] designed a multi-frequency multiplexed
microstrip antenna, activating different antennas through fre-
quency selection to control the heating region and heating ef-
fect.

This paper designs a high-gain, low-side-lobe microstrip ar-
ray antenna. The microstrip antenna is tested in combina-
tion with actual absorptive coatings to verify the temperature
rise under different absorptive materials, heating times, heating
powers, and radiation distances.

2. BASIC THEORY

2.1. Principle of Microwave Heating

According to non-equilibrium thermodynamics, the thermal
energy balance equation during the heating process is expressed
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as [23]:

dr
where p is the density of the medium, C,, the specific heat ca-
pacity of the medium, 7' the material temperature, ¢ the heat-
ing time, k the thermal conductivity of the medium, and Py
the power density of the electromagnetic energy loss within the
material, also known as the heating power. Furthermore, based
on Maxwell’s equations, the calculations under a harmonic al-
ternating external field can be performed according to the fol-
lowing equations [16]:

Pr = 2megel. f tan 6. E? + 2mpopl. f tan 8, H?

=V . (kVT)+ Pr (1)

2
E is the electric field strength; 1 is the microwave frequency; H
is the magnetic field strength; € represents the permittivity of
free space; tand. = €/ /e, is the dielectric loss factor, where
el and €!/ are the real and imaginary parts of the relative per-
mittivity, respectively; pg is the magnetic permeability of free
space; p. and ! are the real and imaginary parts of the rel-
ative complex magnetic permeability, respectively, where the
former characterizes the ability of the material to store mag-
netic field energy, while the latter characterizes the ability to
convert magnetic field energy into thermal energy. Moreover,
tand,, = p//p. is defined as the magnetic loss factor, reflect-
ing the attenuation of magnetic field energy in the material.

Equations (1) and (2) indicate that microwaves cause the
temperature of the heated material to rise by inducing high-
frequency oscillation of dipole molecules within the material,
thereby generating “internal friction heat” [24].

2.2. Principle of Microwave De-Icing

The microwave de-icing process is essentially a de-icing tech-
nology based on electromagnetic wave heating. The blades are
primarily composed of glass fiber and epoxy resin composite
materials, which have a low dielectric loss tangent and poor
microwave absorption capacity [25]. Microwaves penetrate the
blade casing and directly act on the ice layer adhering to its sur-
face. However, ice has a low microwave absorption rate, with
a dielectric loss constant of approximately 0.001 compared to
liquid water [26], resulting in low efficiency in absorbing mi-
crowave energy and converting it into thermal energy, thereby
limiting the effectiveness of microwave de-icing [27, 28].

To improve microwave de-icing efficiency, an absorption
coating with a high dielectric loss factor is applied to the blade
surface, enabling it to effectively absorb microwaves and con-
vert them into thermal energy, thereby enhancing its ability to
heat ice layers. The principle is shown in Fig. 1, where the mi-
crowave absorption coating achieves efficient de-icing through
radiative heating.

3. ANTENNA DESIGN

3.1. Array Antenna Design and Simulation

Feeding methods for microstrip array antennas include series
feeding and parallel feeding. Parallel feeding results in signif-
icant transmission line losses. Considering the narrow layout
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FIGURE 1. Microwave de-icing principle.

of the blade tips, a 1 x 8 series-fed antenna was designed to
achieve high gain, low sidelobes, and compact dimensions. Its
single feed line eliminates the need for a power-divider net-
work, yielding a compact, low-loss design with minimal inser-
tion loss [29]. Gain can be linearly increased by adding ele-
ments to achieve precise directivity.

The antenna is designed using an FR4 substrate with a di-
electric constant £, = 4.4 and a thickness of h = 2 mm. Elec-
tromagnetic simulation design was performed using CST, and
the width # and length L of the individual rectangular patch
elements are determined by the following equation [30].

1 2
2fr/logo V er +1
1

B 2fr\/5ejf\/ Ho€o

—0.824h <(Eeff +0.3)(F + 0.264)) “

W =

3)

(e — 0.258) (Y +0.8)

where f, is the resonant frequency, ¢, the dielectric constant
of the substrate, and 4 the substrate thickness. When W/h is
greater than 1, the effective dielectric constant can be calculated
using the following formula [29]:

er+1

er—1
Eeff = 5 +

—1/2
{1 + 12h} )

w

In a series-fed microstrip antenna array, the width of each
patch element is proportional to its equivalent admittance,
which in turn is proportional to the input power of the patch ele-
ment. The Taylor distribution achieves a balance between main
lobe width and side lobe suppression by controlling the first n
side lobes to have equal amplitudes and satisfy the specified
side lobe level (SLL). By adjusting the width of each patch, the
power amplitude of the excitation can be controlled, ensuring
that the power distribution of the elements conforms to a Taylor
distribution [31].

Assuming that the number of array elements is 8 and that
the side lobe level is —25 dB, the current excitation amplitude
ratio of the array antenna based on the Taylor distribution is
Wyt Wa : Wyt Wy =1:0.85:0.59 :0.39 [32]. To

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 164, 89-95, 2026

PIER C

»ll«

i

FIGURE 2. Antenna dimensions. The dimensions are (W1 = 13.4, Wo = 18.5, W3 = 29.0, W4 = 36.3, L = 28.5, Lo = 27.3, Wy = 3.9,

Sw = 2.3, 5; = 3, (Units: mm)).
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FIGURE 3. Parameter sweeps on antenna dimensions.
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FIGURE 4. Return loss of the proposed antenna.

increase bandwidth and facilitate impedance matching, an E-
shaped patch series-fed antenna is adopted.

First, calculate W, and Lo based on Equations (3) and (4).
From the ratio, W5 to W, can be derived. The method for cal-
culating L is identical. The initial length Lo = X,/2, and W)
is the 50 Q) feeder width. The E-type patch antenna facilitates a
reduction in feedline length.

The antenna dimensions are shown in Fig. 2, and the antenna
is subjected to optimization analysis. As shown in Fig. 3, a pa-
rameter sweep analysis was conducted on the antenna width
W, length L, insertion length S;, and insertion width S,,. The
W of the antenna unit has little effect on the resonance fre-
quency of the antenna, while the L of the antenna unit has a
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FIGURE 5. Normalized far-field of the antenna at 2.45 GHz.

significant impact. As L increases, the resonance frequency de-
creases. Changes in the .S, cause a slight shift in the resonance
frequency, and as the .S; increases, the resonance frequency de-
creases.

The measured S7; and far-field radiation pattern of the fabri-
cated antenna are shown in Fig. 4 and Fig. 5, respectively. The
measured and simulated S7; values are both centered around
2.45GHz. The measured gain of the directional pattern is
14.7 dB, which is 0.8 dB lower than the simulated value. The
measured gain is 13.9 dB, and the directional pattern is basically
consistent. The overall shape of the radiation pattern remains
consistent with the simulation.
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FIGURE 8. Absorbent coating.

4. MICROWAVE RADIATION HEATING EXPERIMENT

To verify the radiation heating performance of the antenna
on the absorptive layer and prevent radiation to humans, the
heating experiment of the wave-absorbing coating under mi-
crowave radiation is carried out in the metal shielding cav-
ity,as shown in Fig. 6 used in the temperature measurement,
the model of Fluke VT06.

The distance between the antenna and the coating is d, and
they are placed parallel to each other and radiate vertically, as
shown in Fig. 7. In Section 4.1, d remains at 60 mm.

As shown in Fig. 8, the carbon black and CNT/SiC absorp-
tive coatings both have a concentration of 10%, and relative
permittivities are 10 and 8.57, respectively and a thickness ¢ of
0.3 mm.

4.1. Temperature Rise Experiments with Different Wave-
Absorbing Coatings

The actual temperature rise measurement results are shown in
Fig. 9 and Fig. 10.

As can be seen from Fig. 11, the temperature rise of the wave-
absorbing coatings under the same radiation time condition is
significantly enhanced with the increase in the input power.
For example, at a radiation time of 30 min, the input power in-
creases from 20 W to 50 W, corresponding to an increase in tem-
perature rise from 15.6°C to 31.8°C, an increase of more than
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100%. This trend indicates that the wave-absorbing coating ex-
hibits stronger energy absorption and conversion capabilities
under high-power microwave radiation, further demonstrating
its potential advantages in microwave heating applications.

Under the same input power condition, the temperature rise
shows an increasing trend with the growth of radiation time.
Under the input power of 50 W, the temperature rise increases
from 19.7°C at 10 min to 31.8°C at 30 min. In addition, the in-
crease in temperature shows a certain nonlinear characteristic
at different time stages, which is related to the material’s wave
absorption rate, specific heat capacity, and thermal radiation
effect.

As can be seen from Fig. 12, under the same radiation time,
the temperature increase and temperature increase rate of the
carbon black coating are lower than those of the CNT/SiC com-
posite coating. The temperature rise of the CNT/SiC composite
coating is 31.8°C and that of the carbon black coating is 28°C
under 30 min and 50 W conditions.

4.2. Warming Experiments with Different Microwave Radiation
Distances

There is an inverse square decay relationship between the
power density p of microwaves and the propagation distance
d [33]. Therefore, when the radiation distance d increases, the
energy density of microwaves reaching the surface of the coat-
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FIGURE 10. Temperature measurement results of carbon black composite coating.
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FIGURE 11. Temperature rise of CNT/SiC composite coatings.

ing decreases significantly, and the absorbed energy decreases,
thus reducing the rate of temperature rise.

The experimental results shown in Fig. 13 indicate that at
short distances (30 mm), the microwaves mainly act on the
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FIGURE 12. Temperature rise of carbon black coatings.

coating by direct radiation, which makes the energy transfer
more concentrated and efficiently heats the material. Ata larger
distance (90 mm), microwave may reduce the energy density
due to scattering, bypassing and environmental losses, so that
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FIGURE 13. Temperature rise of CNT/SiC composite coatings with
different microwave radiation distances.

the absorption efficiency of the coating decreases, and the tem-
perature rise effect becomes poor. The electromagnetic waves
radiated by the antenna are absorbed by the absorptive coating,
which leads to heating the coating for 30 minutes.

5. CONCLUSION

In summary, this paper designs a microstrip array antenna for
de-icing wind turbine blades, featuring high gain and low side
lobes, combined with an absorptive coating. Experimental ver-
ification confirms the radiation effectiveness of the absorptive
coating. Experimental results show that under the same radi-
ation time conditions, the temperature rise of the absorptive
coating significantly increases with increasing input power and
decreases with increasing distance. Additionally, different ab-
sorptive coatings have varying effects on temperature rise.
Further experiments should be conducted within the blades,
and phase-shifting techniques can be employed to achieve beam
control. Additionally, due to the power capacity limitations of
the dielectric substrate, the microwave de-icing antenna in this
paper has certain limitations in terms of maximum power.
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