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ABSTRACT

A 400MHz magnetoelectric (ME) Lamb wave antenna design to function in the medical implant communication service band is proposed.
The antenna employs a heterostructure of piezoelectric and magnetostrictive membranes to acoustically excite standing shear bulk wave and
radiate as a magnetic dipole. Multiphysics finite element analysis simulations are performed for transmission and reception modes. In these
simulations, three aspects are investigated: piezoelectricity, micromagnetic precession, and magnetic dipole radiation. An experimental
demonstration of the antenna is also conducted and shows mechanical resonance with a Q-factor of 500 and ME coupling. These results
indicate that the design can be operated in zero-order antisymmetric (A0) mode as a tunable oscillator or sensor. This ME approach provides
a solution to the miniaturization problem of traditional current-based implantable antennas.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0151937

In recent years, the field of implantable medical devices has seen
a trend toward the development of compact antennas that operate at a
frequency around 400MHz for real-time communication through tis-
sue. Conventional antennas rely on electromagnetic resonance, which
limits their size to the free space wavelength of the signal they are
intended to transmit. To address this limitation, electrically small
antennas (ESAs) smaller than k/10 have been proposed as a solution
for reducing the size.1–3 However, ESAs still face challenges, such as
sensitivity to ground plane effects and decreased radiation efficiency,
particularly in electrically lossy environments, such as the human
body.4 To overcome these challenges, magnetoelectric (ME) antennas
have been proposed.5–10

ME antennas employs a piezoelectric layer to achieve acoustic
resonance and a magnetostrictive layer to radiate as a magnetic dipole.
The smaller wavelength of acoustic resonance11–13 allows for easier
miniaturization, while the magnetic dipole provides lower signal decay
rate in electrically lossy media compared to electric dipoles. Several
studies have demonstrated the ability of ME antennas to create signifi-
cant magnetization changes in small form factors and outperform
electric antennas.14–23

The initial stage for designing a ME antenna involves performing
structural analysis to determine the resonance mode required for the
desired frequency. There are various classifications of piezoelectric res-
onators. Three commonly discussed types of thin-film resonators are
those based on surface acoustic waves (SAWs),24 bulk acoustic waves
(BAWs),25 and thin-film bulk acoustic wave resonators (FBARs).26

SAWs primarily confine acoustic energy to the devices’ surface but
suffer from energy loss to the substrate. BAWs and FBARs have a high
quality factor, but they typically operate in the thickness-excited S1
mode in the GHz range above the medical implant communication
service (MICS) band (402–405MHz), since their resonant frequency is
determined by the membrane thickness. Recently, a configuration
called a laterally excited bulk wave resonator (XBAR)27–31 has been
implemented. This design utilizes Lamb waves that propagate in a thin
film plate with periodic electrodes on top, similar to a SAW device.
This design reduces the frequency dependence on the membrane
thickness-to-wavelength ratio and provides more compatibility with
complementary metal-oxide-semiconductor (CMOS) technology.30

In the GHz region, XBARs demonstrate high phase velocity and
strong piezoelectric coupling in the higher-order wave modes.29,32
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In the MICS band, XBARs can carry more energy in A0 mode and,
thus, induce larger strain. Additionally, they do not require distributed
reflectors to confine acoustic energy, as it is naturally confined by the
piezo/air interface at the bottom surface of the membrane.

In this work, a 400MHz XBAR ME antenna design is proposed.
The resonator utilizes a heterostructure of magnetostrictive and piezo-
electric membranes. Finite element method (FEM) simulation is car-
ried out for both transmission and reception modes in the A0 mode.
Three models based on distinct physics are conducted in sequence,
with results of one used as input for the next: piezoelectricity, micro-
magnetics, and magnetic dipole radiation. The decoupling has been
empirically shown to sustain a satisfactory level of accuracy.33 The
radiation from the piezoelectric substrate and wires, considered as par-
asitic effects, are also considered. The strain-mediated switching pro-
cess follows the equations below.

In a transmission mode, the piezoelectric thin film behavior
under an applied voltage is first investigated. The model assumes lin-
ear piezoelectricity and electrostatics

e ¼ sErþ dtE; (1)

D ¼ drþ erE; (2)

where e is the strain, r is the stress, D is the electric displacement, E is
the electric field, d is the direct piezoelectric coupling matrix and the
superscript t stands for its transposition, sE is the compliance matrix
under a constant electric field, and er is the permittivity under a con-
stant stress field.

The piezoelectric strain induces a standing Lamb wave, which is
an elastic wave that propagates in the piezoelectric thin film. It can be
described using the sinusoidal solutions to these wave equations that
satisfy the stress-free boundary conditions at top and bottom surfaces,34

n ¼ Axfx zð Þei xt�kxð Þ; (3)

f ¼ Azfz zð Þei xt�kxð Þ; (4)

where x is the angular frequency, and k is the wave number. The
wavelength is 2p=k and the frequency is x=2p. The amplitude A and
the displacement functions f depend on wave propagation direction x,
plate thickness direction z, and time t only.

The piezoelectric strain is then transferred to the magnetoelastic
layer, causing a reorientation of the magnetization. The precessional
magnetization dynamics are governed by the Landau–Lifshitz–Gilbert
(LLG) equation,

@m
@t
¼ �l0c m�Heffð Þ þ aG m� @m

@t

� �
; (5)

wherem is the normalized magnetization, l0 is the vacuum permittiv-
ity, c is the gyromagnetic ratio, aG is the Gilbert damping parameter,
andHeff is the effective magnetic field.

The reorientation of magnetization emits radiation as a magnetic
dipole. The radial component of the induced magnetic field at a spe-
cific distance is expressed as follows:

Hr ¼ j
km0 cos h
2pr2

1þ 1
jkr

� �
e�jkr ; (6)

where m0 is the total magnetic dipole moment, r is the distance from
the magnetic dipole.

In a reception mode, a sinusoidal magnetic field is imparted as an
input, and the electromagnetic (EM) fields are initially computed in
air and solid. The governing equation provided below is utilized, under
the presumption that the resultant radiation from the magnetic mate-
rial, the piezoelectric layer, and the transmission line is negligible,33

r� l�1r� Að Þ ¼ � jxr� x2e
� �

A; (7)

where A is the vector potential, r is the conductivity, l is the permit-
tivity, and e is the permittivity.

The magnetostriction of the magnetoelastic material under the
applied field described above is given as follows:

eme ¼
3
2

ks
M2

s
dev M �Mð Þ; (8)

where ks is the saturation magnetostriction and Ms is the saturation
magnetization. The operator dev is the derivative of magnetization
tensor product. The calculated magnetostrictive strain induces defor-
mation of the piezoelectric layer, which can then be converted into an
output voltage signal based on the piezoelectric equations discussed
above [Eqs. (1) and (2)]. The antenna design process is aided by the
use of these models.

The XBAR ME antenna is a substrate-released structure consist-
ing of a continuous 100-nm-thick Pt bottom electrode, a 1-lm-thick
AlN piezoelectric layer, twenty 1-lm-thick Al top electrodes, and
twenty 500-nm-thick FeGaB magnetic strips as shown in Fig. 1(a).
The width of both the Al and FeGaB strips is 5.4lm, which is a quar-
ter wavelength at 400MHz. The addition of a bottom electrode allows
for an out-of-plane E-field to enhance the longitudinal wave (LW),
providing stronger electromechanical coupling compared to classical
interdigital transducers (IDTs) without the bottom electrode. This
configuration also has less technological complexity compared to the
IDT/over-floating configuration with a bottom electrode and both
positive and negative top voltage ports. The use of etching vias at the
central region of the device enables the removal of the underlying sili-
con substrate, resulting in the release of the membrane. This process
eliminates mechanical substrate clamping and enhances the resonant
strain produced in the AlN. The device works by applying out-of-
plane E-field along the crystalline AlN c axis to produce a standing
Lamb wave. This results in the lateral excitation of strain in both the
AlN film and the FeGaB strips. The FeGaB strips’ magnetization is,
thus, reoriented and acts as a magnetic radiation source. Coherent
magnetization switching is ensured by arranging of FeGaB strips
between Al strips, maintaining in-phase strain relative to one another.
The side view of the device is shown in Fig. 1(b). The strips width
direction is defined as the x axis and the out-of-plane direction is
defined as the z axis. The AlN film’s x axis strain distribution upon
applying voltage on top electrodes is shown in Fig. 1(c).

In transmission mode, a 3D finite element analysis (FEA) model
in COMSOL Multiphysics is performed to predict the mechanical res-
onance response of the XBAR ME antenna. The analysis solves for
electrostatics and solid mechanics only. The system includes the reso-
nator, transmission line, and explicitly modeled etching vias and cavity
geometries, as depicted in the inset of Fig. 2(b). The resonator is com-
prised of an AlN layer, bottom Pt electrode, top Al electrodes, and
FeGaB magnetic strips, as previously described. The analysis also con-
siders mechanical and dielectric loss. A constant input power of 1 mW
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is applied at one side of the Al transmission line via a terminal bound-
ary condition, representing the input from the GSG probe. This results
in the generation of a standing Lamb wave within the region covered
by electrodes, which is absorbed by the perfectly matched layers at the
sides and bottom.

Figure 2(a) depicts the simulated impedance curve that has been
adjusted to match the experimentally measured impedance, using
fitted parameters for Young’s modulus, mechanical damping, and
dielectric loss. A magnified representation of the A0 mode shape is
presented in the inset. It should be noted that the resonant frequency
may deviate from the intended 400MHz due to material properties
and inconsistencies in microfabrication. The average strain in the

FeGaB strips is also computed in the frequency domain. As illustrated
in Fig. 2(b), the average strain in the strip width direction (x axis) pre-
vails at resonance, corresponding to the LW propagation direction.
The device as well as the fitted model exhibit a high quality factor of
500 compared to the conventional value of 100 for typical SAW struc-
tures.35 The resulting strain is then utilized as the input for the subse-
quent micromagnetic simulation.

The strain at resonance is utilized in the micromagnetic model to
determine the magnetization change. The Landau–Lifshitz–Gilbert
(LLG) equation is employed to calculate the effective magnetic field,
which encompasses the magnetoelastic field and other fields, including
the demagnetization, Zeeman, and exchange field. The micromagnetic

FIG. 2. (a) Simulated and measured impedance of the XBAR ME antenna, and the inset shows the A0 mode Lamb wave. (b) Simulated average strain in FeGaB strips, and
the inset shows the strain distribution. (c) Simulated magnetization precession in time domain under applied AC voltage, and the inset shows the magnetization change.
(d) Simulated induced magnetic field strength, and the inset shows the radiation pattern of a magnetic dipole.

FIG. 1. (a) XBAR ME antenna diagram, not drawn to actual scale. (b) Cross-sectional view of device. (c) Strain distribution of A0 mode Lamb wave.
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model is essential as previous studies have reported that at high fre-
quencies, the speed of sound-limited domain wall motion cannot keep
pace with the dynamic strain’s changing speed.24 To optimize the
computational efficiency, a 5.4� 5.4lm2 portion of a single
5.4� 1000lmmagnetic strip is modeled, with periodic boundary con-
ditions applied at the top and bottom to account for the shape anisot-
ropy caused by the high aspect ratio of the strips. In the model, the
magnetization is initially set in an arbitrary direction but rapidly reor-
ients along the long axis (y axis) due to structure’s shape anisotropy. A
saturating bias magnetic field is then applied at 45� to align all mag-
netic domains, as 45� was determined to be the maximum coupling
angle for efficient strain-magnetization interaction.36 After all the
domains are aligned, the bias field magnitude is reduced to half its
strength to avoid pinning of the magnetization during device opera-
tion. The previously calculated dynamic strain is then applied along
the x axis, resulting in magnetization oscillation. The results, depicted
in Fig. 2(c), demonstrate a coherent 10% coherent magnetization rota-
tion in each cycle, with the inset showing the different magnetization
states in each cycle.

The magnetization change calculated from the micromagnetic
model is utilized as the input in a FEM magnetic dipole model to pre-
dict the radiated magnetic field. The total magnetic moment can be
determined by the FeGaB volume and the 10% magnetization rotation.
The resulting radial component of the magnetic field is plotted against
distance in Fig. 2(d), with the inset showing the radiation pattern for a
magnetic dipole oriented along the y axis. The magnetic flux density
signal strength exceeds 1 lT at a distance of 5mm from the device
under test (DUT) and falls below the 1 nT detectable limit at a distance
of 5 cm, thus preventing information leakage in medical applications.
It is worth noting that each structure, defined as a single antenna ele-
ment, contains twenty FeGaB strips. It is important to note that the
signal strength described above is generated by 100 elements function-
ing as an antenna array. The number of elements can be adjusted
according to produce a detectable signal above the ambient noise
threshold within a specified distance range.

The XBAR configuration lacks a continuous top metallic thin
film, resulting in a diminished shielding effect against electric fields
compared to the FBAR configuration. Consequently, the piezoelectric
layer and wires in the device radiate as electric dipoles, which are con-
sidered parasitic as they do not produce the intended magnetic signal.
To comprehensively evaluate the radiation, we use a FEM model to
analyze the radiation pattern. Our model includes contributions from
FeGaB strips as a magnetic dipole pointing along the y axis, the AlN
layer as an electric dipole pointing along the z axis, and explicitly mod-
eled wires. We separate and combine the contributions from each
component of a single element and present the resulting field values in
Table I. Our analysis indicates that the radiation from the magnetic
dipole dominates in the near field, as shown in bold in the table.

In the reception mode, a reversed process is implemented in
which a 2D FEM model is constructed to incorporate all relevant
physical phenomena. This model is employed to simulate magneto-
striction in FeGaB and the induced voltage in AlN, under the input of
a spatially uniform, sinusoidal H field in the surrounding air. The con-
stitutive equations are solved using a segregated approach. Specifically,
Maxwell’s equations are initially used to determine the global E and H
fields, while neglecting radiation from the DUT. After that, the magne-
toelastic strain in the FeGaB strips is calculated, followed by the
induced voltage on Al electrodes by temporally assuming electrostatic
conditions to solve for piezoelectricity in the solid.

To achieve an accurate reception mode model of the magnetiza-
tion and magnetostriction of the device, the magnetic properties of
FeGaB are experimentally measured. The results of the magnetic char-
acterization of FeGaB using vibrating sample magnetometry (VSM)
and beam bending magnetostriction are presented in Figs. 3(a) and
3(b). The data indicate that the material exhibits an easy axis with a
low coercivity of 1Oe and a high saturation magnetization of
1050 emu/cc. In addition, the saturation magnetostriction reaches
60 ppm, and the piezomagnetic coefficient is 4 ppm/Oe. Notably, the
400MHz XBARME antenna operates in the linear region for both fer-
romagnetic and magnetoelastic materials.37

With these parameters, the simulated strain distribution at reso-
nance in FeGaB strips and the out-of-plane E-field distribution in the
AlN layer are shown in Fig. 3(c), demonstrating good agreement with
the transmission mode model. Finally, Fig. 3(d) displays the induced
ME voltage detected on the Al electrodes.

In order to validate the previously discussed modeling results, we
fabricated a proof-of-concept antenna using traditional microfabrica-
tion techniques consisting of four distinct layers. The first layer is a
100-nm-thick Pt layer deposited on a 4-inch Si wafer, which serves as
the bottom electrode. Then, a 1-lm-thick AlN film is then deposited
as the piezoelectric material. Next, vias are wet-etched to expose the
electrical ground contacts. Next, a 1-lm-thick Al layer is deposited
and patterned as the top electrodes. After that, a 500-nm-thick FeGaB
film with SiO2 interlayers to prevent eddy currents is deposited and
patterned as the magnetostrictive material. The deposition is per-
formed with a in-plane bias magnetic field at 45� to align the magnetic
domains and induce the easy axis for magnetization. Finally, the struc-
ture is released from the silicon substrate by a Cl2-based inductively
coupled plasma (ICP) etch, followed by a XeF2 dry etch to chemically
remove the Si beneath the antenna. The optical micrograph and
zoomed-in picture of the device are shown in Fig. 4(a).

The S11 reflection coefficient of a single element is measured uti-
lizing a 10 dBm input power applied to the GSG probe. The results,
presented in Fig. 4(c), display a �13 dB mechanical resonance at
420MHz. The deviation from the theoretical resonant frequency of
400MHz can be attributed to variations in the microfabrication

TABLE I. Radiation of antenna components at 2 cm (V/m for electric field, A/m for magnetic field).

400 MHz E (2,0,0) H (2,0,0) E (0,2,0) H (0,2,0) E (0,0,2) H (0,0,2)

Al wires 3.1� 10�4 2.1� 10�7 3.4� 10�4 2.3� 10�7 7.3� 10�4 2.2� 10�8

FeGaB strips 7.3� 10�3 1.1� 10�4 2.6� 10�5 2.3 3 1024 7.3� 10�3 1.1� 10�4

AlN layer 4.0� 10�4 1.8� 10�7 3.8� 10�4 1.8� 10�7 8.1� 10�4 1.5� 10�9

Combined 3.8� 10�2 9.7� 10�5 4.8� 10�2 2.2� 10�4 3.3� 10�2 1.2� 10�5
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process. It is observed that the curve shifts in response to different DC
magnetic bias fields by external magnets, which is a manifestation of
the DE effect,38 where the bias magnetic field modifies the Young’s
modulus of the FeGaB strips. These results demonstrate the device’s
ME coupling and the resonance frequency’s tunability.

The transmission coefficient S21 of a single element is measured
utilizing a probe station. The input power of 30 dBm is applied to port
one after amplification, which is connected to the GSG pad. Port two
was connected to a magnetic probe positioned on top of the device at
approximately 5mm. The experimental setup is depicted in Fig. 4(b).

FIG. 4. (a) Optical micrograph of the device. (b) Image of the test setup with the XBAR ME antenna transmitting and the log antenna receiving. (c) Measured S11 of the device
at various bias magnetic fields. (d) Measured S21 of the device at various bias magnetic fields.

FIG. 3. (a) FeGaB magnetic hysteresis loop measured by VSM. (b) FeGaB magnetostriction curve measured by beam bending. (c) Simulated electric field distribution in AlN
and strain distribution in Al electrodes and FeGaB strips. (d) Simulated induced voltage on Al top electrodes.
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As shown in Fig. 4(d), the detected magnetic field strength reaches its
maximum at the resonance frequency. The results also indicate a shift
in the S21 curve under varying bias DC magnetic fields, which again
can be attributed to the DE effect. This demonstrates the device’s abil-
ity to radiate detectable magnetic signals with tunability. Efforts in pre-
vious studies have aimed to eliminate parasitic effects and isolate the
magnetic signal.7,12,26,33 However, such efforts are beyond the scope of
this investigation.

In conclusion, we present a 400MHz XBAR ME antenna that
operates at acoustic resonance for use in implantable device communi-
cation systems. The size of the element, 400� 1000lm2, is orders of
magnitude smaller than conventional antennas. In the transmission
mode, we analyze three aspects of the FEM simulation: piezoelectricity,
micromagnetics, and magnetic dipole radiation, while considering par-
asitic effects from the piezoelectric substrate and wire. In reception
mode, we employ an integrated FEM model with a segregated solver
to investigate the device’s behavior. The final fabricated device demon-
strates mechanical resonance with a Q-factor of 500 and ME coupling
through S11 and S21 measurements. The device displays promise for
compact antenna design and the possibility of array arrangements to
maximize radiated power.
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