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ABSTRACT 
Magnetoelectric (ME) antennas exhibit ultra-compact sizes 

comparable to acoustic wavelength and enhanced radiation 
performance on a ground plane compared to conventional electrical 
antennas, showing great potential in IoT, 5G, and biomedical 
applications. This study first utilizes parallel and series FBAR ME 
antenna array topology to achieve a profound gain and radiation 
efficiency enhancement without degrading impedance matching and 
quality factor of ME resonators. Notably, 10 dBi gain enhancement 
is achieved in the 3×3 FBAR ME array by increasing the array 
element number, realizing a high gain of −17.3 dBi. We also 
demonstrate ground plane immunity and 3-dB gain enhancement on 
ground planes with different shapes. The demonstrated FBAR ME 
antenna arrays are outstanding platform-independent ultra-compact 
high-gain conformal antenna candidates for wireless 
communication, wireless power transfer, and portable electronic and 
biomedical devices. 
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INTRODUCTION 

In recent decades, the escalating demand for compact, low-
profile, and high-gain antennas has been driven by the proliferation 
of applications such as Internet-of-Things (IoTs), 5th generation 
(5G) wireless systems, and implantable medical devices [1-3]. In 
contrast to conventional electrical antennas typically larger than 
one-tenth of the electromagnetic wavelength (λEM), magnetoelectric 
(ME) antennas operate on electromechanical resonance and exhibit 
sizes comparable to the acoustic wavelength, which is 5 orders of 
magnitude smaller than λEM [4]. Utilizing magnetic currents for 
radiation, ME antennas display immunity to detuned antenna 
impedance and enhanced performance on surfaces like metallic 
planes or the human body [5]. 

Noteworthy advancements in ultrahigh-frequency (UHF) thin-
film bulk acoustic resonator (FBAR) and solid-mounted resonator 
(SMR) ME antennas have yielded ultra-small designs with 1-2 
orders of magnitude miniaturization over state-of-the-art compact 
antennas [6, 7]. Recent breakthroughs, including self-biased and 
passive dual-band UHF ME antennas employing three parallel ME 
resonators, have garnered significant attention in the biomedical 
community due to their high magnetic field sensitivity and 
exceptional wireless power transfer efficiency [8]. 

However, despite the successful demonstration of high-
performance single UHF ME antennas and very low-frequency 
(VLF) ME antenna arrays [9], the experimental implementation of 
a UHF ME antenna array remains unexplored. Here we present the 
experimental demonstration of FBAR ME antenna arrays with seven 
distinct topologies, achieving a remarkable 10 dBi gain 
enhancement compared to a single ME antenna without degrading 
impedance matching and quality factor of the ME resonator. 
Notably, this marks the first demonstration of a UHF FBAR ME 
antenna array, distinguishing itself from [6-8] in array topology and 
from [9] in UHF ME antenna array elements. The impedance of the 

ME antenna array tends to increase with the number of elements in 
series and decrease with elements in parallel. Leveraging these 
insights, we propose that augmenting the number of elements in 
series, incorporating ME resonators with varying anchor widths in 
parallel, and ensuring impedance alignment at 50 Ω during the 
resonant frequency yield a compact and energy-efficient FBAR ME 
antenna array with exceptionally high gain and broad frequency 
bandwidth. This breakthrough presents compelling opportunities in 
the realms of multiband or wideband UHF wireless communication, 
wireless power transfer, and portable electronic and biomedical 
devices.  

Furthermore, the ground plane immunity of FBAR ME 
antennas is also demonstrated experimentally, leading to 3-dB gain 
enhancement mounted on a ground plane and strong 
adaptability/flexibility to ground planes with different shapes. These 
advantageous characteristics make FBAR ME antennas excellent 
for portable implantable biomedical devices and other application 
scenarios involving ground planes. 

 
MICRO-NANO FABRICATION OF FBAR ME 
ANTENNA ARRAY 

We experimentally demonstrated the 7 ME antenna arrays with 
different numbers of serial and parallel ME resonator disks. The 
array topology includes 1×1, 1×2, 1×3, 2×2, 3×2, 2×3 and 3×3. The 
optical images of 1×1, 1×3, 2×2, and 3×3 FBAR ME antenna arrays 
are shown in Figure 1. The schematic and scanning electron 
microscopy (SEM) image of a 1×1 ME antenna is shown in Figure 

 
Figure 1: Optical images of 4 released FBAR ME antenna 
arrays with different number of ME disks. 

 
Figure 2: (a) Schematics of FBAR ME antenna. (b) Scanning 
Electron Microscopy (SEM) image of FBAR ME antenna with 
ground-signal-ground (GSG) pads. 
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2. Starting from a high-resistivity (> 10000 Ωꞏcm) Si wafer, we 
formed bottom electrodes by sputter-depositing and lift-off 
patterning a 50-nm-thick Pt film. Subsequently, a 500 nm AlN film 
was sputter-deposited, and vias were etched through H3PO4. The 
AlN resonant nano-plate was defined through Inductively Coupled 
Plasma (ICP) Cl2 etching. A 100 nm thick gold (Au) film was 
evaporated and lifted off to create the top electrode. A 500 nm thick 
FeGaB/Al2O3 multilayer was then deposited by magnetron 
sputtering, followed by lift-off patterning. Ultimately, the structure 
was released through XeF2 isotropic etching of the silicon substrate 
to ensure a strong thickness mode acoustic resonance. The resonator 
was patterned to be a 200 µm disk and the geometry of the Au top 
electrode was designed for GSG probe feeding and S parameter 
measurements. The detailed fabrication process can be found in [6]. 

 
GROUND PLANE IMMUNITY DEMONSTRATION  

 To investigate the resilience to ground plane effects of strain-
mediated thin-film bulk acoustic resonator (FBAR) magnetoelectric 
(ME) antennas, we assessed their antenna gains in the presence of 
variously sized metallic substrates. Our experimental setup involved 
positioning five square copper ground planes (GPs) beneath an 
FBAR ME antenna chip. These GPs varied in size, with side lengths 
increasing from 1 to 7.5 cm as the GP label number progressed from 
1 to 5. The antenna, characterized by a resonance frequency of 1.953 
GHz and a bandwidth of 8.4 MHz, was examined for gain 
fluctuations attributable to these underlying platforms. 

To ensure precise gain measurements, particularly considering 
the diminutive scale of ME antennas, a 2 cm × 2 cm plastic substrate 
matching the thickness of the GPs was used as a reference. Notably, 
as illustrated in Figure 3, the antenna's input impedance remained 
constant across different GPs, while its gain showed a significant 
increase of 3.5 dB. This increase is remarkable given the minimal 
impact of GP size on the gain enhancement, likely due to the 
antenna's compact size with a diameter of merely 200 μm. 

This gain improvement of 3 dB is a direct consequence of the 
FeGaB/SiO2 magnetic stack's role in enhancing our ME antenna's 
performance. We attribute the demonstrated ground plane immunity 
and gain enhancement to the generation of in-phase magnetic image 
currents, contrasting with the out-of-phase imaging currents from 
conductive electric currents typically employed in conventional 
antennas. The magnetic current dynamics within the stack stem from 
oscillations in magnetization and corresponding flux dynamics, 
driven by magnetoelectric coupling and the electromechanical 
resonance of the piezoelectric layer. 

Our findings underscore the substantial promise of FBAR ME 

antennas, utilizing ME coupling in magnetostrictive/piezoelectric 
composites, for applications in portable and implantable biomedical 
devices, among other scenarios where ground planes are involved. 

 
GAIN AND RADIATION PATTERN 

The investigation into the performance of seven 
magnetoelectric (ME) antenna arrays, each configured with varying 
serial and parallel arrangements of ME resonator disks, has yielded 
significant insights, as detailed in Figure 4. All arrays operate within 
a narrow frequency range of 2.51 to 2.53 GHz, demonstrating 
effective control over the thickness vibration modes of individual 
ME resonator disks. With the incremental addition of resonator 
disks, there is a corresponding increase in antenna gain, reaching a 
peak of −17.3 dBi in the 3×3 FBAR ME array configuration, as 
depicted in Figure 4(g)-(h). The nonlinear relationship between the 
number of array elements and antenna gain is likely due to 
alterations in input impedance and resultant impedance mismatches 
as more resonator disks are incorporated. The gain enhancement and 
considerable changes in the array's impedance are supported by the 
increases in the S21 parameter and significant shifts in the S11 
parameter relative to the number of elements, respectively. 

The radiation patterns of both the 3×3 ME and dipole ME 
antenna arrays [10] are presented in Figure 5. The ME antenna gain 

 
Figure 3: Demonstration of ground plane immunity and 3-dB 
gain enhancement of FBAR ME antenna. (a) Return loss curves 
(S11) of ME FBAR of resonance frequency (f0) of 1.953 GHz and 
bandwidth (BW) of 8.4 MHz mounted on different sizes of 
ground planes. (b) Transmission curves (S21) of ME FBAR 
antenna mounted on different ground planes. GP 1: 1 cm× 1 
cm. GP 2: 2 cm× 2 cm. GP 3: 3 cm× 3 cm. GP 4: 4 cm× 4 cm. 
GP 5: 7.5 cm× 7.5 cm. None: 2 cm× 2 cm plastic substrate. 

 

 

 

 
Figure 4: S parameters and gain of FBAR ME antenna arrays. 
(a) #1: 1 × 1. (b) #2: 1 × 2. (c) #3: 1 × 3. (d) #4: 2 × 2. (e) #5: 
3× 2. (f) #6: 2 × 3. (g) #7: 3×3. (h) Gain enhancement of FBAR 
ME antenna array. The insets show the mask designs. 
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measured at various angles aligns well with the theoretical magnetic 
dipole radiation pattern [6]. Unlike conventional electrical antenna 
arrays, ME antenna arrays enhance radiation efficiency without 
notably affecting directivity. They maintain the characteristics of a 
magnetic dipole source owing to their overall dimensions 
significantly smaller than one-quarter of the electromagnetic 
wavelength. The FBAR ME antenna array particularly benefits from 
consistent impedance matching via n×n topology, given each 
element is tuned to optimal MBVD parameters and 50 ohms input 
impedance for good impedance matching. This characteristic allows 
for the assembly of a compact, high-performance antenna array with 
good impedance matching. Besides, the aforementioned ground 
plane immunity and 3-dB gain enhancement when mounted on a 
ground plane make the array particularly suitable for wearable and 
biomedical applications. 

Further insights are provided in Figure 6(a)-(c), which 
summarizes the impedance, resistance, and reactance of the seven 
arrays. Resistance predominantly determines the impedance's 
magnitude and shape, with minimal impact from reactance. The 
impedance trends indicate an increase in the number of elements 
aligned serially along the anchor length, as shown in the group of 
1×1(#1), 1×2(#2), and the group of 1×3(#3) 3×2(#5) and 3×3(#7). 
In addition, a decrease with elements added in parallel across the 
anchor width was shown in the group of 1×3(#3), 2×3(#6), and 
3×3(#7) as well as the group of 1×2(#2), 2×2(#4) and 3×2(#5). This 
analysis suggests that optimizing the number of elements in series, 
varying anchor widths in parallel configurations, and ensuring 
impedance matching at the resonant frequency can yield a compact, 
energy-efficient FBAR ME antenna array. This approach holds 
significant potential for enhancing gain and broadening frequency 
bandwidth, paving the way for advancements in multiband or 
wideband UHF wireless communication, wireless power transfer, 
and portable electronic and biomedical devices. 

 
EQUIVALENT CIRCUIT ANALYSIS 

The FBAR ME antenna array is conceptualized as networks of 
MBVD circuits of ME resonators arranged in series and parallel, as 
illustrated in Figure 6(g). The equivalent MBVD model of the ME 
antenna array is detailed in Figure 6(h). Variations in model 
parameters across different array sizes and configurations are 
graphically represented in Figures 6(d)-(f).  

As the array configuration expands from a 1×1 to a 1×3, there 
is an observed increase in equivalent mechanical resistance Rm,eq, 
electrode resistance Rs3,eq, and motional inductance Lm,eq, while 
static plate capacitance C0,eq and motional capacitance Cm,eq tend to 
decrease. This behavior aligns with the series connection of MBVD 
circuits. However, when the array size increases beyond four 
elements, a notable shift occurs: Rm,eq, Rs3,eq and Lm,eq decrease, and 
C0,eq and Cm,eq increase. This unexpected trend suggests a deviation 
from the initial predictions which assume uniform MBVD 

 
Figure 5: Comparison of radiation pattern of 3×3 ME antenna 
array and 3×3 patch antenna array [10]. The measured data 
(black dots) are fitted to the ME antenna array radiation pattern 
(red curve). The radiation pattern of the ME antenna array is 
similar to a single ME antenna [6] , where the gain is enhanced 
but the directivity does not change. However, the directivity 
changes for the 3×3 patch antenna array compared with the 
single patch antenna. 

 

 
Figure 6: Impedance and equivalent MBVD model parameters 
as a function of array element number and array topology (a) 
Impedance plots of all ME antenna arrays. (b) Real part of 
impedance plots of all ME antenna arrays. (c) Imaginary part 
of impedance plots of all ME antenna arrays. (d) Motional 
resistance Rm,eq (acoustic loss) and electrode resistance Rs3,eq 
(electrode parasitic ohmic loss). (e) Motional inductance Lm,eq. 
(f) Static plate capacitance C0,eq and motional capacitance 
Cm,eq. (g) Series and parallel circuit demonstration of nx×ny 
FBAR ME antenna array (h) Equivalent MBVD model of nx×ny 
FBAR ME antenna array. ME antenna array ID: #1: 1 × 1. #2: 
1 × 2. #3:  1 × 3. #4: 2 × 2. #5: 3× 2. #6: 2 × 3. #7: 3 × 3. 

b)

a) (g)

(h)
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parameters of ME resonator elements throughout the array. It 
highlights the need for stringent control in the micro-nano 
fabrication process to maintain consistent MBVD parameters of ME 
resonator units within and among arrays, crucial for designing and 
achieving superior high-gain ME antenna arrays. 

To explore the relationship between antenna gain and input 
impedance, Table 1 presents these metrics as they vary with the 
number of array elements and array topology. As the element count 
rises from 1 to 3, the magnitude of the reflection coefficient 
increases due to a rise in input impedance, leading to suboptimal 
impedance matching and a consequent decrease in power input for 
radiation. This reduction slows the enhancement of antenna gain 
with the array element number. Further increases in array size (from 
4 to 6 and then to 9 elements) result in compromised impedance, 
which negates the gains achieved from increasing the number of 
elements, ultimately stabilizing the antenna gain at −17.3 dBi. 
Optimizing the array topology to ensure a 50-ohm input impedance 
for efficient impedance matching, while also increasing the array 
element number, is crucial for developing high-performance ME 
antenna arrays suitable for wireless communication, wireless power 
transfer, and biomedical applications. 

 
CONCLUSION 

In this study, we experimentally demonstrated FBAR ME 
antenna arrays with series and parallel topologies and realized 
significantly enhanced gain and radiation efficiency. The micro-
fabricated seven array topologies—1×1, 1×2, 1×3, 2×2, 3×2, 2×3, 
and 3×3 displayed resonant frequencies between 2.51 and 2.53 GHz, 
illustrating precise control over the thickness vibration modes of the 
individual ME resonator disks. A significant 10 dBi gain increase 
was found in the 3×3 FBAR ME array, which achieved a maximum 
antenna gain of −17.3 dBi. The relationship between gain 
enhancement and the number of elements was nonlinear, likely due 
to the variations in input impedance and subsequent impedance 
mismatches as more resonator disks were added. Notably, the 
impedance of the ME antenna array increased with the addition of 
elements in series and decreased when elements were added in 
parallel. 

Unlike traditional electrical antenna arrays, the ME antenna 
array enhances radiation efficiency without significantly impacting 
directivity, owing to its ultra-compact dimensions far smaller than 
one-quarter of an electromagnetic wavelength. By strategically 
selecting the number of series and parallel elements and ensuring a 
50 Ω impedance at the resonant frequency, the FBAR ME antenna 
array can achieve exceptionally high gain, superior radiation 
efficiency, and broad frequency bandwidth. This opens promising 
avenues for its use in multiband or wideband UHF wireless 

communication, wireless power transfer, and portable electronic and 
biomedical devices. 

Additionally, the demonstrated ground plane immunity and 3-
dB gain enhancement of the FBAR ME antenna mounted on various 
ground plane shapes establishes it as an excellent choice for a 
platform-independent, conformal antenna suitable for portable 
implantable biomedical devices and other applications that require 
compatibility with diverse ground plane configurations. 
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Table 1: Relation among antenna gain, element number, and 
input impedance for ME antenna arrays 

ME 
antenna 

array 
topology 

Array 
elemen

t 
numbe

r 

Input 
impedance 

(ohm) at the 
highest 

transmission 
S21 

|S11|(dB)  Antenna 
gain 
(dBi) 

1×1 1 44.48−2.33i −23.9 −28.9 
1×2 2 82.56−11.43i −11.72 −23.2 
1×3 3 110.11−7.43i −8.45 −20.9 
2×2 4 71.98−10.19i −14.07 −18.3 
3×2 6 26.34−8.14i −9.74 −19.1 
2×3 6 51.38−2.88i −30.03 −17.3 
3×3 9 35.93−8.26i −14.47 −17.3 
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