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Abstract: The Layered magnetoelectric composite antennas, formed by combining magnetostrictive and piezoelectric
materials, have emerged as a design paradigm for bulk acoustic wave (BAW) magnetoelectric antennas. This paper
proposes a design scheme for a layered magnetoelectric antenna based on FeGaB magnetostrictive material and ZnO
piezoelectric material. This design aims to leverage the excellent magnetostrictive properties of FeGaB and the favorable
piezoelectric characteristics of ZnO to reduce transmission energy loss through effective coupling at the interlayer
interfaces, thereby achieving efficient energy transmission and signal reception in the low-frequency band. Experimental
simulations were conducted using COMSOL software, the results indicate that, compared to traditional single-component
piezoelectric antennas, the FeGaB/ZnO magnetoelectric composite antenna exhibits smaller dimensions within the low-
frequency operating range below 1 GHz. This effectively reduces the overall volume of the antenna, meeting the
application requirements of miniaturized, low-power wireless communication devices.This design approach provides
valuable insights for the development of miniaturized antennas in the low-frequency band. abstract should be a concise
single paragraph, ranging from 200 to 400 words, and should not include any reference citations or footnotes. For research
articles, it should provide a brief overview of the background, objective, method, result and conclusion of your article
before the main body. In case report, abstract should include background, case presentation and conclusion. It is important
to ensure that the abstract presents an objective representation of the article, avoiding the inclusion of results that are not
substantiated in the main text and refraining from exaggerating the main conclusions.
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1 Introduction

With advances in technology and the growing demand
for communication in certain scenarios, traditional
electromagnetic antennas face challenges such as large size
and low radiation efficiency when operating at low
frequencies, making it difficult to meet the development

needs of portable and miniaturized communication devices.

Consequently, the development of compact, high-
performance low-frequency antennas has become one of

the current research hotspots in the field of antenna
technology. Acoustic-wave antennas offer a novel method
of generating electromagnetic waves. Their operating
principle is based on “multi-physics coupling effects
between magnetic, acoustic, and electric fields” rather than
traditional  electromagnetic resonance. Through a
composite structure consisting of piezoelectric and
magnetostrictive layers, electromagnetic and acoustic
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energy can be converted into one another [1]. This
breakthrough overcomes the fundamental limitations of
power-supply-based antennas. The 2-2-type layered
magnetoelectric composite antenna offers the advantages
of easy integration and simple processing and design [2].

In 1983, R.F. Milsom crew proposes a sound wave
resonator using zinc oxide as the piezoelectric layer,
equipped with a silicon substrate and upper and lower
electrodes, and demonstrates that performance is optimal
when the ratio of the silicon substrate thickness to the total
thickness is 0.25 [3]. In 2022, J. R. Li crew suggests that
the performance of the magnetostrictive layer in a bulk
acoustic wave (BAW) antenna is optimal when it is stacked
with the piezoelectric layer at equal thicknesses [4].
Currently, research on layered magnetoelectric composite
antennas is limited and focuses primarily on verifying the
performance of specific material combinations, lacking
systematic studies on the transition from piezoelectric to
magnetoelectric structures. FeGaB, as a high-performance
magnetostrictive material, possesses a  high
magnetostrictive  coefficient and good mechanical
toughness [5], while ZnO piezoelectric material features
stable piezoelectric response and excellent compatibility
[6]. The layered composite of these two materials is
expected to further enhance magnetoelectric coupling
efficiency [7]. Based on this, this paper utilizes COMSOL
Multiphysics 6.3 software to focus on the design
methodology of layered FeGaB-ZnO magnetoelectric
antennas, simulating both ZnO piezoelectric antennas and
FeGaB/ZnO bulk acoustic wave (BAW) antennas, with
experimental results consistent with the expected design.
Through theoretical analysis and experimental verification
of parameter tuning for each functional layer, this study
aims to address key challenges in miniaturized antenna
design and provide a feasible technical pathway for their
practical application.

2 Antenna Design

2.1 ZnO Piezoelectric Antenna

According to the theoretical model of acoustic excitation
antennas using piezoelectric crystals, when an alternating
voltage is applied across the two ends of a piezoelectric
material to create an alternating electric field, the centers of
positive and negative charges within the non-
centrosymmetric unit cell of the piezoelectric crystal shift.
This causes the unit cell to deform, ultimately resulting in
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macroscopic deformation [8].

At the same time, because piezoelectric crystals are
dielectrics, there are essentially no free charges within
them; the local movement of bound charges causes the unit
cell to transform into an electric dipole whose orientation
varies with the frequency of the electric field, thereby
forming an electric dipole moment and generating a certain
degree of electric polarization. When polarization occurs
within the crystal, the polarized charges act as a source of
electric field, generating a displacement vector and
displacement  current density, thereby radiating
electromagnetic waves outward [9]. Accordingly, by
placing electrodes at both ends of the piezoelectric material
to create an electric field, we can excite the deformation of
the piezoelectric layer and radiate electromagnetic waves
outward, ultimately forming a piezoelectric antenna;
furthermore, to meet practical engineering requirements, a
substrate is added. Based on the layered piezoelectric
antenna model, the paper proposes an equation relating the
thickness of the piezoelectric resonator to its operating
frequency and constituent materials [10]. Using this
relationship between the piezoelectric layer thickness and
parameters such as material and operating frequency, we
can determine the antenna thickness with 433 MHz in the
ISM band as the operating frequency. In this paper, ZnO is
selected as the material for the piezoelectric layer.
Substituting the basic material parameters into the layer
thickness formula:

1 |E

F=or P (1)

Here, f is the operating frequency, h is the thickness of
the piezoelectric layer, E is the Young's modulus, o is the
density of the piezoelectric material.

The thickness of the piezoelectric layer is determined to
be 6.9um. Aluminum electrode layers are then added above
and below the piezoelectric layer to supply power to it. To
minimize the impact of the electrode layers on the antenna,
their thickness must be significantly smaller than that of the
piezoelectric layer; in this experiment, a thickness
approximately 10 times smaller is selected, resulting in an
electrode thickness of 0.1um for both the top and bottom
layers.Based on the optimal thickness ratio formula for
ZnO piezoelectric antennas with a silicon substrate, the
silicon substrate thickness is determined to be 2.3um.
However, since the silicon substrate is a rigid, heavy load
that will further lower the overall resonant frequency of the
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piezoelectric antenna and this cannot be simply corrected
using the equivalent thickness formula. Further refinement
is required based on feedback from simulation experiments
[11]. In this experiment, we approached the target
frequency band by incrementally reducing the piezoelectric
layer thickness derived from the thickness formula by
0.1micron each time, recalculating the substrate thickness
based on the new piezoelectric layer thickness, until the
antenna’ s main mode frequency fell within the target band.
The piezoelectric antenna has a length of 200um. From top
to bottom, it consists of a 0.1um Al top electrode, a 6um
ZnO piezoelectric layer, a 0.1um Al bottom electrode, and
a 2um silicon substrate. The ZnO piezoelectric antenna
model is shown in Figure 1.

ZnO (6um) Al (0.1um)

Si (2um)

Figure 1 Model of ZnO piezoelectric antenna

2.2 Layered FeGaB/ZnO
Magnetoelectric Composite Antenna

For the FeGaB/ZnO composite antenna section, a ZnO
piezoelectric antenna is used as the base, with a
magnetostrictive layer placed on top of it. FeGaB was

selected as the material for the magnetostrictive layer. The
layers were stacked using the optimal configuration with a
1:1 thickness ratio between the piezoelectric and
magnetostrictive layers [12]. In two-dimensional
simulations, since the materials are in very close contact,
interfacial coupling effects must also be taken into account.
According to the sound intensity reflection coefficient
formula in the field of acoustics [13]:

2
R (ZZ—Zl @
Zo+271

Here, Z1 and Z2 are the acoustic impedances of the two
media.

Calculate the acoustic impedance using the formula:
Z=pxV 3)

where p is the density of the material and V is the
Longitudinal wave velocity.

FeGaB is a composite thin-film material, and its
longitudinal wave velocity must be calculated using the
following formula [14]:

Ve | E@=V)
TN pa(lrv)(-2v) 4)

Here, v is the Poisson's ratio of the FeGaB material, E is the
Youngn's modulus of the FeGaB material, and p; is the density
of the FeGaB material.

The material parameters are listed in the table below:

Table 1 Material Properties

Material Young's modulus (Pa) Poisson’s ratio Density (kg/m3% Longitudinal wave velocity
FeGaB 101 <10° 0.3 7870 --
Zn0O 138x10° 0.33 5680 6000

Calculations yield the acoustic impedance of ZnO as
Zzno =34,080,000Rayl. The longitudinal wave velocity of
FeGaB is Vrecaz™=4,156 m/s, and calculations show that its
acoustic impedance is Zgecas = 32,707,720 Rayl. Based on
the above formula, the acoustic reflection coefficient is R
~ (0.000422, which is approximately 0.0422%. This
indicates that the acoustic impedances of the two materials
are very close, resulting in minimal acoustic intensity
reflection loss at the interface; the vast majority of sound
waves can be transmitted, demonstrating excellent
interface coupling performance [15]. The FeGaB/ZnO
magnetoelectric composite antenna model is shown in
Figure 2. From top to bottom, the layers consist of a 6um

iron gallium boride (FeGaB) layer, a 0.1um Al top
electrode, a 6um ZnO piezoelectric layer, a 0.1um Al
bottom electrode, and a 2um silicon substrate.

FeGaB (6pm)+——

Al (0.1pm)
ZnO (6um)

Si (2um)

Figure 2 Antenna model of FeGaB/ZnO magnetoelectric composite
material
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3 Simulation Experiments

When simulating piezoelectric antennas  using
COMSOL Multiphysics 6.3, only the electric field needs to
be coupled; for acoustic wave antennas, the magnetic field
must also be coupled. During the simulation, the
appropriate physical properties must be assigned to each
material layer. For the piezoelectric layer, the elastic matrix,
piezoelectric matrix, and dielectric matrix must be set. For
the magnetostrictive layer, key parameters such as the
magnetostrictive  coefficient, elastic modulus, and
magnetic permeability must be defined; these can also be
specified when selecting the materials for each layer. Since
the layered structure has a small thickness but relatively
large lateral dimensions, a fine mesh is used in the
thickness direction to accurately capture the reflection and
transmission behavior of sound waves at the interfaces,
while the mesh size can be appropriately increased in the
lateral direction to reduce computational load. For this
experiment, rectangular meshes are selected, with the
maximum mesh element size not exceeding 1/10 of the
minimum wavelength, ensuring simulation accuracy and
computational efficiency.

Add frequency-domain and characteristic frequency
studies to analyze the mode diagrams, potential and electric
field maps, stress distribution maps, and key performance
metrics such as Q-factor and S-parameters for the two
antennas at different frequencies. In the frequency-domain
analysis, a frequency range encompassing the operating
frequency is defined, and the admittance plot is examined
using large steps to quickly determine the antenna’s center
operating frequency; this also provides a precise frequency
range for the characteristic frequency study, thereby
reducing the number of experiments required [16].

4 Experimental Results

4.1 ZnO Piezoelectric Antenna

As shown in Figure 3, which depicts the principal mode
diagram of the piezoelectric antenna, the antenna's center
operating frequency is 440.8 MHz, consistent with the
dashed line admittance curve shown in Figure 4. The
absolute value of admittance curve forms a sharp main
resonance peak at 440.8 MHz, with a peak admittance of
0.2731 S, corresponding to the main operating mode of the
piezoelectric transducer. At this point, the antenna's
equivalent impedance is at its lowest and energy coupling
efficiency is at its highest, making it the antenna's core
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operating frequency. The admittance decays rapidly on
both sides of the main peak, accompanied by weak
secondary peaks near 444 MHz and 449 MHz and a deep
valley at 453MHz, corresponding to higher-order parasitic
piezoelectric modes and anti-resonance  points,
respectively. The overall curve exhibits typical high-Q
piezoelectric resonance characteristics, indicating that this
zinc oxide piezoelectric antenna possesses excellent
frequency selectivity and a concentrated energy response
near 440.8 MHz while the secondary peaks and troughs
also reflect the multimodal vibration characteristics of the
piezoelectric material, providing a clear reference for
subsequent matching network design and spurious mode
suppression.

Characteristic frequency=440.82+0.23431i MHz Surface: Displacement magnitude
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Figure 4 The frequency quality factor and absolute value of
admittance of ZnO piezoelectric antenna

The solid line shows the frequency quality factor plot for
the piezoelectric antenna; at a frequency of 440.8 MHz, the
Q-factor is 938.65.
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Figure 5 shows the S-parameter plot of the piezoelectric
antenna. The curve clearly reflects the port matching
performance of the zinc oxide piezoelectric antenna. A
deep trough of -12.387 dB appears at 443.4 MHz,
corresponding to the antenna's main operating resonance
point. At this point, port reflection power is significantly
reduced, and the efficiency of energy transfer to the
antenna's vibrating structure is markedly improved.
Reflection loss reaches its optimal value at 443.4 MHz. A

Global: S parameter, dB (dB)

S parameter, dB (dB)

5 450
freq (MHz)

shallow valley of approximately -3 dB appears near 448
MHz, corresponding to the parasitic sub-modes of the
piezoelectric antenna.After 450 MHz, the S-parameters
gradually approach 0 dB, indicating that port reflection
significantly increases and matching performance rapidly
declines as the frequency deviates from the resonance point.
The overall curve exhibits the typical matching
characteristics of a narrowband piezoelectric antenna.

s parameter, dB]

455

Figure 5 S-parameter curves for ZnO piezoelectric antennas

4.2 FeGaB-ZnO Composite Antenna

Figure 6 shows the principal mode diagram of the
composite antenna, with the principal mode occurring at
436.79 MHz.

Characteristic frequency=436.79+0.23092i MHz Surface: Displacement magnitude
um . - . - ‘

20

-15|

Figure 6 Mode shapes of FeGaB-ZnO composite antenna

The absolute value of admittance which is the dashed

line in figure 7 clearly illustrates the acoustic resonance
characteristics of the bulk acoustic wave magnetoelectric
antenna; the curve exhibits a multi-peak distribution, with
the main peak located at approximately 436.8 MHz, with
an admittance of 0.274S. This is the device's main
resonance mode; at this frequency, the bulk acoustic waves
excited by the zinc oxide piezoelectric layer form standing
waves within the structure, resulting in the strongest
electromechanical coupling and the highest energy
conversion efficiency. The secondary resonance peaks
appearing to the right of the main peak are caused by
higher-order acoustic modes of the structure, parasitic
modes induced by acoustic impedance mismatches
between different material layers, or stray resonances
resulting from substrate acoustic wave reflection coupling.
These reflect the complex propagation and coupling
behavior of acoustic waves within the multilayer composite
structure, while the overall trend of the curve on the
logarithmic axis illustrates the distribution of the device's
electromechanical coupling strength and loss at different
frequencies. The high admittance near the main peak
corresponds to low impedance and strong coupling, while
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the admittance in the low- and high-frequency bands far
from the resonance peak is significantly reduced,
corresponding to weak electromechanical responses in the
device's non-resonant state. This result indicates that the
antenna exhibits optimal magnetoelectric transduction and
operational performance near 436.8MHz. The operating

Design of a Layered FeGaB/ZnO Magnetoelectric Composite Antenna

frequency band of this FeGaB-ZnO bulk acoustic wave
antenna differs little from that of a ZnO piezoelectric
antenna, which demonstrates that acoustic wave
transmission involves minimal loss and that the two
materials, FeGaB and ZnO, exhibit good matching
performance.
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Figure 7 The frequency quality factor and absolute value of admittance of FeGaB-ZnO composite antenna

The solid line in Figure 7 shows that the frequency
quality factor of this bulk acoustic wave antenna reaches
940.75 at 436.8 MHz, which is the highest Q-value in the
main resonance mode across the entire frequency band,
indicating that energy loss is minimal at this frequency
point and that resonance stability and signal selectivity are
optimal.

As shown in Table 2, the Q-factor of the FeGaB-ZnO

composite antenna is slightly higher than that of the ZnO
piezoelectric antenna. At the main mode resonance
frequency, the FeGaB-ZnO composite antenna is closer to
the expected frequency of 433MHz.The corresponding
peak admittance of the composite antenna is slightly higher,
indicating that the composite antenna exhibits lower loss in
acoustic wave transmission at the main operating
frequency.

Table 2 Comparison of Antenna Performance Parameters

Natural frequency of Peak admittance of the main

Antenna Type Master Mold Q-value the main mold mold
ZnO piezoelectric antenna 938.65 440.8 MHz 0.2731S
FeGaB-ZnO Composite Antenna 940.75 436.8 MHz 0.2743S

5 Conclusions

This paper proposes a method for designing FeGaB-ZnO
composite antennas using two-dimensional simulations in
COMSOL Multiphysics 6.3. The design process begins by
determining the primary operating frequency band to
establish the thickness of the ZnO piezoelectric antenna,
followed by the integration of a suitable FeGaB
magnetostrictive layer to form a layered FeGaB-ZnO
magnetoelectric antenna. This design scheme combines 2D
simulation with experimental debugging to achieve the
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precise design of layered magnetoelectric antennas,
providing a feasible path for the miniaturization and high-
performance development of bulk acoustic wave
magnetoelectric antennas. Its excellent chemical stability
and electromechanical coupling characteristics offer broad
application prospects in fields such as low-power loT
communication, wireless sensor nodes, and portable
medical devices. In the future, the thickness ratio of the
layered structure can be further optimized, new
combinations of magnetostrictive materials can be
explored, or temperature compensation mechanisms can be
introduced to enhance the antenna's stability and
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adaptability in complex environments, thereby advancing
the practical engineering applications of magnetoelectric
antenna technology.
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