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Abstract

Opver the past decade, acoustically-actuated magnetoelectric (ME) antennas have been proposed as chip-
scale radiofrequency (RF) antennas compatible with post-Complementary Metal Oxide Semiconductor
(CMOS) fabrication processes. These devices have been reported to exhibit antenna gains far exceeding
those of conventional electromagnetic (EM) antennas with comparable footprint. However, recent
studies have challenged whether this enhanced gain originates from magnetoelastic coupling or from
stray radiation sources, like the electric dipole moment in the piezoelectric film or currents in the
probing pads. We resolve this controversy through a combined analytical, numerical, and experimental
investigation. We model and quantify the radiated power and corresponding gain contributions
from (I) magnetoelastic coupling; (II) the strain-driven, time-varying electric dipole moment in the
piezoelectric layer; and (III) the currents in the probing pads. Our results confirm that the radiation
from magnetoelastic coupling exceeds that of the other sources by several orders of magnitude. In
addition, we explain how to optimize the return loss and the radiated power of ME antennas when
connected to a 50 () source, showing that the optimal operating point is the anti-resonance frequency.
Based on this finding, we investigate the impact of the electromechanical coupling (k?) on gain
and -10 dB fractional bandwidth. To corroborate our simulation results, we design, fabricate, and
characterize the first two Aluminum Scandium Nitride (AlScN) magnetoelectric Bulk Acoustic Wave
(BAW) antennas operating beyond 1.1 GHz. The two prototypes integrate different magnetostrictive
materials (FeGaB and FeCoSiB) and exhibit measured realized gains of -31.8 dB and -29.7 dB, with
-10 dB fractional bandwidths of 1.28% and 1.27% at 2.62 and 3.08 GHz, respectively. The achieved
bandwidths are the highest reported for radiofrequency (RF) ME antennas, owing primarily to the
enhanced piezoelectric coefficients of the AIScN. Benchmarking against control structures (unreleased
FeGaB and FeCoSiB devices) confirms substantially degraded radiation performance in the absence of
a strong magnetoelastic coupling. These results elucidate the working principle of ME antennas and
provide RF designers with a rigorous framework for the design and modeling of acoustically actuated
ME antennas for wireless communication and sensing.

Keywords: bulk acoustic wave technology; magnetoelectric antennas; aluminum scandium nitride

1. Introduction

Chip-scale piezoelectric Bulk Acoustic Wave (BAW) resonators have matured and become ubiqui-
tous across radiofrequency (RF) chains. Aluminum Nitride (AIN) and Aluminum Scandium Nitride
(AlScN) BAW resonators, in particular, have become popular due to their high electromechanical
coupling coefficient (k?) and their compatibility with Complementary Metal Oxide Semiconductor
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(CMOS) fabrication processes [1-3]. BAW devices form the core of RF filters in commercial front-
ends [4] and have recently enabled quartz-less frequency synthesizers for both wireless and wired
communications [5]. In addition, they have been used as chip-scale high-sensitivity sensors for a
variety of parameters, such as acceleration, temperature, and infrared light [6-8].

More recently, several experimental studies have suggested that AIN/AlScN BAW resonators
enable chip-scale antennas with gain levels that cannot be achieved with conventional electromagnetic
(EM) antennas of similar footprint [9-11], since the dimensions of the latter typically scale with the
EM wavelength [12-14]. This discovery has opened exciting possibilities toward fully-integrated
wireless sensor nodes for Internet-of-Things (IoT) applications. In many of the AIN/AIScN devices
developed for this purpose, a magnetostrictive (MS) layer is embedded in the resonator body, and the
reported high gain is attributed to magnetoelastic coupling producing strain-mediated spatiotemporal
modulation of the magnetization in the MS layer [9]. However, this explanation has recently been called
into question. In [15], the authors compare the performance of a BAW magnetoelectric (ME) antenna
with that of a similar control device where the magnetostrictive material is replaced by an aluminum
film. When employed as a transmitting antenna, the BAW ME antenna in [15] showed a minor boost
in the voltage at the receiving horn antenna of merely 0.60 dB compared to the non-magnetic control
device. The bulk of the radiation was thus attributed mainly to the electric dipole moment in the
piezoelectric layer of the resonator. Similarly, in [16], two devices are compared: a BAW ME antenna
employing Nickel (Ni) as the magnetostrictive layer, and a control device where Ni is replaced with
Permalloy, a magnetic material that shows a much weaker magnetoelastic coupling. The intrinsic
gain of the two devices differed by ~ 2 dB, suggesting that the main source of radiation might not be
entirely magnetoelastic in nature. Finally, a new class of acoustically mediated piezoelectric (AMP)
antennas have recently been reported, exhibiting large gains without leveraging magnetostrictive
layers to radiate. Among them, asymmetrically excited Surface Acoustic Wave (SAW) and BAW AMP
antennas [11,17] recently showed gain values comparable to those reported for prior ME counterparts.

To resolve the controversy surrounding the radiation from ME BAW antennas, we modeled,
designed, fabricated, and experimentally characterized two Al 7Sco 3N (hereafter simply referred to as
AlScN) Film Bulk Acoustic-wave Resonator (FBAR, [18]) antennas operating at 2.6 GHz and 3.1 GHz,
each incorporating a different 500 nm-thick laminated MS layer (FeGaB or FeCoSiB, both known for
their large magnetostrictive coefficients [19]). To the best of our knowledge, these are the first reported
AlScN BAW antennas with a 30% Sc-doping, and operating above 1.1 GHz [10]. When driven at
their parallel resonance frequency (f;), these devices achieve measured realized gains of -31.8 dB and
-29.7 dB, and -10 dB fractional bandwidths of 1.28% and 1.27%, respectively. As will be highlighted in
the following sections, this operating point is a key design choice because it maximizes the antennas’
effective aperture, while simultaneously enabling 50 ()-matching despite the relatively high dielectric
permittivity (e, = 14.1) of highly-doped AlScN films [20,21]. Using numerical and analytical models,
we show that the dominant radiation mechanism is indeed magnetoelastic coupling. Specifically, we
find that the power radiated by the equivalent magnetic currents and by the electric currents flowing
through the probing pads is several orders of magnitude lower than the power radiated through
magnetoelastic coupling. From an application perspective, our results pave the way for future wireless
sensor tags using AlScN antennas rather than the much larger printed-circuit-board (PCB) antennas
employed today. This approach supports scalable manufacturing (hence lower cost) and enables new
classes of wireless sensor nodes with extreme degrees of miniaturization.
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Figure 1. a) Model of the proposed bulk acoustic wave (BAW) magnetoelectric (ME) antenna. The inset reports
the cross section of the film bulk acoustic resonator (FBAR)'s released area, which incorporates the MS layer. b)
In-plane and cross-sectional dimensions of the antenna.
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Figure 2. a) Experimentally measured and fitted magnitude of the S1; parameters for the FeGaB and FeCoSiB-
based BAW ME antennas, which we used to extract the loss terms incorporated into the FEM simulations. The
insets report a schematic of the Modified Butterworth-Van Dyke (MBVD) model. b) Experimentally measured
unwrapped phase of the S1; parameters, where we showcase the respective series (fs) and parallel (f,) resonance
frequencies for both devices.

2. Principle of Operation

The antennas reported in this work comprise two parts: (I) an unreleased probing pad structure
and (II) a released FBAR incorporating the MS layer. The probing pads are formed by a 150 nm-thick
Au layer and enable electrical characterization using ground-signal-ground (GSG) probes, while the
released FBAR section is where the mechanical resonance is actuated. The FBAR stack comprises an
80 nm-thick Pt electrode, a 500 nm-thick AlScN layer, and a 500 nm-thick MS layer. In both antennas,
the MS film is deposited as a laminate to mitigate eddy-current losses. A schematic of the complete
structure is shown in Figure 1a, while the in-plane and out-of plane dimensions of the devices are
reported in Figure 1b. We also report the measured magnitude of the experimental S1; parameters of
both fabricated antennas in Figure 2a, together with their Modified Butterworth-Van Dyke (MBVD)
equivalent circuit [22,23]. Figure 2b shows the unwrapped phase of the measured Sq; parameters.

When electrically driven at either their series (f;) or parallel (f,) resonance frequencies, the
two antennas excite an S; Lamb mode via the AIScN ds3 piezoelectric coefficient [24]. This mode
matches closely a pure thickness-extensional (TE) mode[3,25]. In practice, fs and f, correspond to the
frequencies at which the antennas’ Sq1-trends become purely real. We also note that, for both devices,
the minimum value of |S1| occurs at f,, which we found to be a key design strategy to enhance the
gain of ME antennas, as will be explained in Section III-d.
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Figure 4. a) Schematics of the 2D simulation geometry considered in this work. The thickness values T used in the
model are the same listed in Fig 1. b) Illustration of a portion of the mesh used in the simulations, containing 286
uniformly spaced rectangular elements. Only one element along the width direction is used due to the assumption
of a purely TE mode (uniform displacement along the lateral (x) direction).

We identify three main radiation sources for the reported ME antennas, illustrated graphically
in Figure 3: (I) radiation from the strain-driven time-varying magnetic dipole moment of the MS
layer (magnetoelastic contribution); (II) radiation from equivalent magnetic currents along the sides
of the FBAR; (III) radiation from electric currents in the probing pads [15]. In the following sections,
we discuss how to compute and quantify the radiated power and the corresponding intrinsic gain
contribution for each mechanism, using analytical methods or finite element methods (FEM).
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Figure 3. Illustration of the main radiation sources of BAW ME antennas.

2.1. Radiation from magnetoelastic coupling

To quantify the radiated power associated with magnetoelastic coupling, PrI‘a’If and the correspond-
ing intrinsic gain contribution, Gy, we employ two methodologies (“Method 1” and “Method 2”)
within the same FEM simulation framework. In the following, we will first describe the FEM frame-
work and then present the two methods, showing that they yield equivalent Gy vs. frequency
trends.

FEM Simulation Framework
To model our AlScN-based BAW ME antennas, we employ a coupled solid-mechanics/electromagnetics
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FEM model, capturing the conversion of strain into AC magnetization and its associated electromag-
netic fields. Since the device is electrically small over the frequency range of interest [26], we adopt a
quasi-static approximation: displacement currents are neglected and the fields in and near the structure
are computed from the low-frequency Maxwell equations:

V-D=0,
{ @
VxH=]=0E.

These equations are then paired with the conservation of linear momentum for a continuum, relating
stress S and displacement u:
V.S = —pwy, (2)

where p is the mass density and w is the angular frequency.
The system of equations is completed by the piezoelectric and piezomagnetic constitutive rela-
tions [27-29]:
e=spS+d"E, e=syS+dfH, 3)
D = dS + €€, 7E, B =dyrS+ pou,7H.

The first two relations apply to the piezoelectric layer, whereas the latter two describe the magne-
toelastic response of the MS layer. Here, E, D, H, and B are the electric field, electric displacement,
magnetic field, and magnetic flux density, respectively; J is the free current density, ¢ is the electrical
conductivity; € is the strain tensor; sg and sy are the compliance matrices at constant electric and
magnetic field, respectively; d and dy are the piezoelectric and piezomagnetic coupling matrices; €9
and y are the permittivity and permeability of free space; €, and p,; are the relative permittivity
and permeability tensors at constant stress.

Because the in-plane dimensions of the antennas are much larger than their thickness, the displace-
ment field and modal shape are nearly uniform in the azimuthal plane (i.e., we can assume that a pure
thickness-extensional mode is excited [25]). We therefore retain only variations along the out-of-plane
direction (z) and neglect in-plane derivatives [30]. This enables accurate extraction of all relevant
quantities used to compute Gy from a 2D cross-sectional FEM model. To do so, we simulate an
arbitrarily wide cross-section with lateral continuity (periodic) boundary conditions, then post-process
the strain-induced magnetization and fields from the resulting 2D solution. The simulation geometry
and mesh are illustrated in Figure 4. A structured mesh of uniformly spaced rectangular elements is
used, whose density was validated through a convergence study.

To quantify the gain reliably, it is necessary to accurately model the losses in the system, which
originate from three main sources: (1) mechanical dissipation, quantified by the mechanical quality
factor Qy;, (2) dielectric losses in the piezoelectric layer, determined by its loss tangent (tan J), and
(3) ohmic losses due to the finite conductivity of the electrodes. These loss contributions are lumped
into the resistances R;;, Ro, and R of the MBVD equivalent circuit of the BAW resonator [22], and can
be estimated by fitting the experimentally measured reflection coefficient of the devices, as shown in
Figure 2a. The MBVD parameters from the fitting are reported in Table 1.

In the FEM model, mechanical and dielectric dissipation are accounted for by adding an imaginary
term to the elasticity and permittivity matrices:

ce = (1+j/Qm)ck,

€7 — (1 —jtand) e,r. @
The effect of the series resistance R on the overall gain is instead incorporated in post-processing:
GMmE = GMme(Rs = 0) - Gy
— Gug (R, = 0) - —ReZin) (5)

Rs + Re(Zin)’
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Table 1. Extracted MBVD Coefficients

Parameter Unit FeGaB FeCoSiB

K - 10% 10.7%
Qum - 100 100
tand - 0.02 0.025
Ry Q 0.727 0.546
R, Q 16.6 137
Ly nH 448 2.877
Ls nH 0138 0.15
Cn pF 0891 1.006
Co pF 11 11.6
Ro Q 0.115 0.125

where Gyg(Rs = 0) and Zj,, are the gain and the input impedance of the antenna extracted from the
FEM simulation excluding Rs; G, corresponds to the power gain of a two port network with only
the resistance Rs connecting the two ports [31], capturing the reduction in the power delivered to
the antenna caused by ohmic dissipations in Rs. In all simulations, the systems are excited by a 50 ()
source that provides a fixed incident power P;;,., part of which is absorbed, while the remaining part
is reflected back to the source. This results in two distinct definitions of antenna gain, intrinsic and
realized [32]. The intrinsic gain does not take the reflected power into account (or, in other terms,
neglects impedance matching), and is given by the ratio of the radiated power to the absorbed power,
times the directivity:

Ging = D - xad ®)
P, abs

The realized gain instead considers the ratio between the radiated and incident power, thus including
the return loss:

P,
Grealized = D - Pjra:l = Gint - (1 - |Sll’2)- (7)

In the next three sections, we start by considering the intrinsic gain for each radiation source first, then
we will discuss impedance matching and realized gain.

All material parameters used in our simulations are listed in Table 2. We point out that the
Young’s moduli of FeGaB and FeCoSiB are fitted to match the measured resonance frequencies and
electromechanical coupling values of the fabricated devices. This is necessary because the MS layer
is in a remanent magnetization state during operation, which alters its elastic stiffness compared to
the demagnetized state through the AE effect [19,33,34]. Since the magnitude of this shift depends on
the specific magnetic state of the film and is not determined a priori, fitting the Young’s moduli to the
measured response provides a more accurate representation of the actual device behavior.

Method 1: magnetic-dipole (Larmor) formulation

In the first approach to extract Gyg, the MS layer is modeled as an electrically small magnetic
dipole whose moment is obtained directly from the magnetization distribution computed by FEM.
Specifically, for m(t) = Re{mge/“*}, the dipole moment is:

mo = ks [ M(x,y,2)dV = ks [ (B/po~H)aV, (®)
Vs Vms

where Vs is the volume of the MS layer, and k. = 0.9 is a coefficient given by the ratio of the
thickness of the magnetic material to the thickness of the non-magnetic one in the laminated MS stack,
(see section IIL.A detailing the fabrication process). Since the enforced lateral strain uniformity makes
the strain-driven AC magnetization uniform across the in-plane directions, the volume integral in
Equation (8) can be rewritten as

mg = Xkerr AFBAR /T M(z) dz, )
1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

d0i:10.20944/preprints202605.0722.v1


https://doi.org/10.20944/preprints202605.0722.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 May 2026 d0i:10.20944/preprints202605.0722.v1

8 of 27

Table 2. Material Parameters Used in our FEM Simulations

Symbol Quantity Value
Pt
I mass density 21450 kg/m?
E Young’s modulus 168 GPa
v Poisson’s ratio 0.38
AIScN[25,35]
14 mass density 3512 kg/m?
€11, €12, €13 . 332.6, 146.3, 134.3 GPa
tiffn tant:
C3a, Caay Cop o oroanS 2411, 108.1, 92.65 GPa
e33, €31, €15 piezoelectric constants 224, —0.72, —0.32 C/m?
e relative permittivity 14.1
tan o loss tangent 0.025
Qm mechanical quality factor 100
FeGaB[19][34]
0 mass density 7860 kg/m?
E Young’s modulus 160 GPa
v Poisson’s ratio 0.27
ds3 piezomagnetic constant 12 ppm/Oe
FeCoSiB[19][34]
I mass density 7250 kg /m?
E Young’s modulus 150 GPa
v Poisson’s ratio 0.30
ds3 piezomagnetic constant 5 ppm/Oe

where Ay and T are the in-plane area and thickness of the MS layer, respectively. Invoking the small
dipole approximation, the time-averaged radiated power due to magnetoelastic coupling can therefore
be expressed through Larmor’s formula [36]:

PME _ y0w4|m0|2

rad 127tc3 (10)

The factor of 2 in Equation (10) accounts for the presence of the bottom Pt electrode, which acts as a
ground plane. Since the induced magnetic dipole moment in the MS layer is in the plane of the film,
by image theory this is equivalent to having a mirror image of the magnetization beneath the ground
plane of equal magnitude, phase, and direction [32]. As the operating wavelength is much larger than
the distance from the ground plane, the radiated fields generated by the dipole and its mirror image
interfere constructively, doubling the radiated power and confining radiation to the half-space above
the ground plane.

From the calculated Prl\a’[f, the intrinsic gain is extracted as:

Phi Re(Zin)
Paps R5+Re(zin),

Gme =D -nvme - Gp = (1)
where D is the directivity, 7y is the radiation efficiency, and P,y is the power absorbed at the device
terminals (excluding R;). Since radiation is confined to the upper half-space, the directivity is twice
that of an electrically small dipole in free space, i.e. D = 3 [32].

The resulting Gyg vs. frequency curves are shown for both magnetostrictive materials in Figure 5.
Although the intrinsic gain does not take impedance matching into account, for both antennas the gain
peaks at the respective anti-resonance frequency. This is due to the fact that G,, which accounts for
the ohmic dissipation in the overall gain, is the highest at f,,, where the impedance of the resonators
is the largest (thus, where ohmic dissipations in R are the lowest). We note that the FeCoSiB-based
device operates at a higher frequency compared to the FeGaB-based one (3.08 GHz vs. 2.62 GHz) and

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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has a slightly higher k? (10.7% vs. 10%). This is due to the FeCoSiB film having a lower mass density
compared to FeGaB.

Method 2: equivalence-principle formulation

The gain Gyg can also be evaluated using an equivalence-principle formulation. When the distance of
the MS layer from the ground plane is much smaller than the wavelength, the antenna can be modeled
by an equivalent magnetic surface current [37]:

My = —20 x E, (12)

where 1i is the outward unit normal and E is obtained from the FEM solution. The factor of 2 accounts
for the image contribution. Assuming a circular radiating aperture of radius a = D1 /2 (see Figure
la) with uniform excitation over the disk, the far-field can be evaluated analytically using a Green
function formalism in a spherical coordinate system [32][38]:

i1-q2 ,—jkr
Eg(r,0,¢) = ﬂm% sing F(6),
; —jkr
Ey(r,0,¢) = ]ka+ cosBcos¢ F(0), (13)
. 2]y(kasin®)
FO)=E ka sin 0

where k = w/c is the free-space wavenumber, and [; (-) is the Bessel function of the first kind of order
one. The quantity E; denotes the magnitude of the tangential electric-field component on the top

surface of the MS layer.
The time-averaged Poynting vector is then:
(ka®Ee) (. 5 29 2.\ [Ju(kasin8)]?.
— 14
(S) 27072 (sm ¢ + cos“6 cos 47) wasng | (14)
and the radiated power is obtained by numerically integrating over the upper half-space:
2 p/2
PME _ / / (S) - & r2sin 0 dO dep. (15)
0 0

While in the previous section we assumed the maximum directivity to be D = 3, here Eq. 15
allows the directivity to be calculated through its definition:

2
D(o,9) = TS (16)
rad

Its maximum value is D(0 = 71/2,¢ = 0) = 3, consistent with the small dipole approximation made
in the previous section. From Equation (11), we can once again compute Gyg, whose frequency trend
is also reported in Figure 5. This trend agrees with the one obtained using Method 1, confirming the
equivalence of the two methods.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Gy versus frequency, computed using the Larmor (dipole-moment) method and the equivalence-
principle method for the FeGaB-based and FeCoSiB-based BAW ME antennas. We note the equivalence of the
two methods used to model Gyg, which identify a maximum Gyg of -34 dB and -33 dB for FeGaB and FeCoSiB,
respectively.

2.2. Radiation from Equivalent Magnetic Currents

A BAW resonator, even when not loaded with a magnetic material, effectively behaves as a small
electric dipole, and thus radiates electromagnetic waves. The total electric dipole moment is given
by two distinct contributions: one from the charges on the top and bottom electrodes, the other from
the strain-driven electric polarization P = d”E within the piezoelectric material. Both contributions
can be taken into account by treating the resonator as an electrically small microstrip antenna over a
piezoelectric substrate and employing the surface equivalence principle [39]. To do so, we consider an
imaginary cylindrical surface S that encloses the piezoelectric layer; the equivalent magnetic current
density is given by J,, = E x i, where i is the outward surface normal to S. Since E is normal to the
electrodes, which we approximate as perfect electric conductors, J,,, is non-zero only on the lateral
edges of S. Neglecting the fringing fields, the total magnetic current becomes:

T, T
Im:/ dez=/ E x fdz
0 0

. (17)
— (2 ﬁ)/ Eydz = —V(2 x f),
0
where T, is the thickness of the piezoelectric layer, and V is the voltage across the device, which can be
extracted from the same multiphysics FEM model detailed in the previous section. The corresponding
dipole moment is

Po = Arparlnz, (18)
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and its radiated power can be found through Larmor’s formula for an electrically small magnetic
current loop parallel to a ground plane [36]:

w o €0w?[pol

rad — 12713 (19)

The directivity can be assumed to be twice that of a point dipole in free space, D = 3; thus, the
corresponding intrinsic gain component Gy, is given by

P, _ Re(Zin)

Pus Rs+ Re(Zin) !

Gu =D fju-Gp=3- (20)

whose behavior versus frequency is shown in Figure 6 for both antennas.

95 | = FeGaB

f fp, FeCo5iB
FeCoSiB p, FeGaB

-100
-105
-110
E_115

(dB)

G

-120
-125
-130

-135
22 23 24 25 26 27 28 29 3 31 3.2

Frequency (GHz)

Figure 6. G, versus frequency for the FeGaB-based and FeCoSiB-based BAW ME antennas. A maximum G, of
-98 dB and -95 dB is extracted for FeGaB and FeCoSiB, respectively, which is several orders of magnitude lower
than GME

This gain contribution shows a dip at the resonance frequency, where the admittance of the
resonator is highest, and hence the induced voltage is lower, and a peak at the anti-resonance frequency,
where the reverse holds. It is also worth mentioning that the gain profile does not depend on the
magnetic properties of the specific MS layer, as pg depends only on the device area and on the input
voltage, which, for a given input power, is determined by the admittance of the resonator. Thus, the
difference between G, for FeGaB-based and FeCoSiB-based antennas is due only to their different
MBVD parameters. In particular, where the |S11| is minimum, both devices act approximately as 50 ()
loads, and the difference in G, is given by the ratio of their respective anti-resonance frequencies:
3.08%/2.62* ~ 3dB.
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Importantly, we notice that G, sits below —90 dB over the entire frequency range, approximately
60 dB lower than the magnetoelastic gain, proving that this source is not the main gain contribution
for BAW ME antennas.

-—8" Ilrl'l'lrrl'l'rrlITrlIl'I'l'Ier'IlrlTlrrl'I'rrl'I'I'rl'IlTl'Ilr

[ | e— FeGaB fp‘ FelioSi3 1

- FeCoSiB
-85+ f
i p, FeGaB

-90

G (dB)

-95

-100

-105
22 23 24 25 26 27 28 29 3 31 3.2

Frequency (GHz)

Figure 7. G, versus frequency for the FeGaB-based and FeCoSiB-based BAW ME antennas. A maximum G, of
-87 dB and -83 dB is extracted for FeGaB and FeCoSiB, respectively, which is several orders of magnitude lower
than GME

2.3. Radiation from Electrical Currents in the Probing Pads

A portion of the radiated power can arise from the electric current flowing through the probing
pads, as in a conventional EM antenna. This current can be split in three components: a current i
flowing in the signal pad and through the via that connects it to the bottom Pt electrode, and two
identical return currents i, = i3 = i1 /2 flowing on the left and right side of the ground pad, shown
graphically in Figure 3.

Due to the symmetric structure of the pads and of the excitation, the net dipole moment of the current
distribution is zero. Therefore, we anticipate both the radiated power associated with these currents,
P ﬁad’
terms, which radiate more weakly, survive. However, evaluating G, is necessary to quantitatively

and the corresponding gain contribution, G, to be modest since only the higher-order multipole

compare this radiation mechanism with other ones present in BAW ME antennas. To this end, we
use a full-wave electromagnetic solver to simulate the radiation from the current distribution on the
probing pads, considering the same geometry shown in Figure 1a. Since conventional electromagnetic
simulations do not take into account the acoustic behavior of the FBAR, we replace the latter with an
equivalent lumped impedance element between the signal and ground pads, whose element values
are the same as those of the MBVD circuit model (see Table 1). This ensures that the current density on
the pads matches the real scenario, and also ensures that mechanical, dielectric, and ohmic losses are
included all at once when the gain is computed.

The simulated intrinsic gain G, trend versus frequency is shown in Figure 7. For both antennas,
G, peaks at the respective anti-resonance frequency. Similarly to G, the gain component G, is
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independent of the magnetic properties of the MS layer, as they do not affect the current distribution
on the pads. The difference in G, for the FeGaB and FeCoSiB-based antennas is thus only due to their
different admittance profiles. While there is no analytic formula for Py, it is reasonable to assume that
it monotonically increases with frequency, as is the case for PMF and P™ , which would account for
the higher (by ~ 3 dB) peak value of G, of FeCoSiB compared to FeGaB.

As anticipated, G, remains lower than -80 dB across the entire frequency span, leading to the
conclusion that G, is also not the main source of gain for BAW ME antennas.

2.4. Total Realized Gain

In the preceding three sections, the radiated power and the corresponding gain have been
calculated assuming each source to be acting in isolation. In general, when two sources in free space
produce electric fields Eq and Ej, the total field is Eit = E1 + E2 by the superposition principle, and
the Ponyting vector in the far-field is:

_|Bwtl?,  |E1+Eaf?,
— r = r

S
() 210 219

1
=~ (Ey + By +2E; - Ep)i. 1)
219

The total radiated power, obtained by integrating the Poynting vector over a closed spherical surface,
is:

‘2 | 2|2 2E; - Ey
toti%ml s %E . j{ E EA.
Paq 2100 t-dS+ 210 t-dS+ 20 t-dSs
=Py + P+ Pint, (22)

where P; and P, are the powers radiated by the two sources isolated, and P;;; is a term that quantifies
the interference between them. When the surface integral of E; - E; is zero, P,y = 0 and the total
radiated power reduces to the sum of the individual contributions.

In our case, since ng > pm Prca ar the fields associated with the equivalent magnetic currents and

with the pad currents can be as;?fmed to be negligible compared to those arising from magnetoelastic
coupling. Therefore, both their individual radiated powers and the relative interference terms can
thus be assumed to be correspondingly small. Actually, since the magnetic dipole moment mg and the
electric dipole moment py are orthogonal, for them P;,;; = 0 exactly. The interference from the currents
on the probing pads is more difficult to evaluate, since there is no closed-form expression for the electric
field they generate, but can still be neglected due to what has been said above. In conclusion, the total
radiated power and intrinsic gain can be reliably approximated by just the magnetoelastic component:
PPt~ PME — Gior ~ G- (23)
So far, only the intrinsic gain has been considered. To take into account the losses from impedance
mismatch, discussed in the next section and as done in our measurements, we compute and plot the
realized gain as well:

Glef'=d = Gror - (1 |50 ?) (24)

The simulated trend of G/¢#/%? versus frequency is shown in Figure 8 for both the FeGaB-based
and the FeCoSiB-based antennas. As expected, the curves of the total realized gain and the intrinsic
magnetoelastic gain in Figure 5 are nearly equal, due to the magnetoelastic component being dominant
and to the high return loss of the devices across the whole frequency range. Moreover, the peak gain
reaches a value of approximately -35 dB when using FeGaB as the MS and -34 dB when using FeCoSiB,
comparable to the experimentally measured values (see section IIL.B).
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Figure 9. Comparison of the antenna performance for resonance-matching and anti-resonance-matching condi-
tions: (a) return loss; (b) average magnetization magnitude; (c) radiated power versus frequency. Simulation were
performed for the FeCoSiB design when using an input power of 1 uW.
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Figure 8. Total realized gain versus frequency for the FeGaB-based and FeCoSiB-based BAW ME antennas,
obtained by summing the contributions from all three sources described in Sections A to C.

2.5. Impedance Matching

Impedance matching is one of the key issues with conventional electrically-small antennas. When
the linear size of an antenna is much smaller than the operating wavelength, the reactive part of
the impedance dominates over the radiation resistance, rendering a matching network necessary
to obtain maximum power transfer. However, designing one presents several challenges. First,
matching an impedance with a large reactance and low resistance to a reference impedance (most often
Z.ef = 50Q2) requires a network with a high quality factor, which is difficult to obtain with lumped
elements. Secondly, real matching networks can have parasitic resistances comparable or greater than
the radiation resistance of electrically small antennas, further lowering their efficiency.
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Acoustically-actuated antennas overcome these issues by operating at the acoustic resonance,
which, due to the speed of sound being much lower than that of electromagnetic waves, occurs at
much larger frequencies. The motional branch of the resonator can thus effectively work as a matching
network for the antenna. Specifically, impedance matching can be obtained in two ways. The first
is by matching the resonator to Z.,s = 50 () at the mechanical series resonance frequency, given by
ws = 1/+/LCp. At this frequency, the reactances of the motional inductance L,, and capacitance
Cy cancel out, and the mechanical response of the system reaches its maximum amplitude. When
1/wsCy < Ry, the total impedance of the resonator is approximately equal to R,;, which is given
by [40]:

2 1

Ry=———-—,
" 8 WsCOk%Qm

(25)
Since the static capacitance is proportional to the area of the device Appar, the latter can be sized to
give Ry, = 500}, corresponding to

2 1

Co=—r—p
07 8 wk?Q, 500

(26)

An alternative strategy, which has been exploited in this work, is to match the device at its parallel
resonance frequency, or anti-resonance, which is found at w, ~ wsv/1+ Cy,/Cp. In this case, the
reactance of the static branch cancels the reactance of the motional branch, yielding a purely real
impedance. For low loss substrates[41], this is approximately:

8 Quk?
2 wsCo

R, ~ 27)

As in the previous case, the area of the device, and therefore Cy, can be determined to obtain R, = 50 (:

8  Quk?

Co~ 3. 500

(28)
Equations (26, 28) neglect the ohmic and dielectric losses in the resonator, as well as the stray inductance
of the contacting pads. While accurate design requires accounting for these non-idealities, the above
expressions provide useful first-order estimates for device sizing.

To compare the two options, we first note that matching at series resonance maximizes the
mechanical stress in the MS layer, resulting in a larger magnetization response. For a given absorbed
power, the stress at w; is enhanced by approximately a factor of Q,,k? compared to operation at anti-
resonance. However, as evident from (26) and (28), achieving matching at ws requires a value of Cy that
is smaller by a factor of (%ka%)Z relative to that required for matching at wy,. Since Cy o Appag, this
implies that anti-resonance matching leads to devices that must be enlarged by the same factor. Because
the total magnetic moment m scales linearly with both the device area and the stress in the MS layer,
and the radiated power follows P}ﬁ o |m|?, the increased area compensates for the reduced stress.
Overall, the radiated power scales proportionally to ~ Q2 k} in favor of anti-resonance matching.

To validate this analysis, we simulate two devices that differ only in area, chosen to achieve
identical return loss: one matched at resonance and the other at anti-resonance (Figure 9a). We show
results for FeCoSiB only for clarity, as the conclusions are valid independently of the material. As-
suming the same electromechanical parameters obtained from our fitting, Q,, = 100 and k? = 10.7%
(see Table 1), and applying an input power P, = 1 uW, the resonance-matched device reaches an
average magnetization of Mayg ~ 140kA/m, whereas the anti-resonance-matched device achieves
Mayg ~ 16kA/m, as seen in Figure 9b. Despite this reduced magnetization, the larger device area
results in a radiated power approximately 23 dB higher for the anti-resonance case (Figure 9c). There-
fore, although anti-resonance matching reduces the mechanical and magnetic response, we found that
this reduction is largely offset by the increased device size, ultimately leading to improved radiation
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performance. To the best of our knowledge, this trade-off has not been previously recognized in the
literature, and represents a novel design insight for ME antennas. Guided by this finding, we adopted
anti-resonance matching for the AlScN-based BAW ME antennas developed in this work.

2.6. Impact of the Scandium Doping Concentration

The use of heavily Sc-doped AlIScN is motivated by its enhanced piezoelectric coefficients, which
yield a higher k? [42]. Figure 10 shows the simulated variation of k? with increasing Sc-doping
concentration. When there is no doping, i.e. the material is pure AIN, k? = 5%; for 30% doping
concentration, k ~ 11%, consistent with our measured response. Increasing the concentration to 40%
could potentially boost the k? to 17.5%. To understand the role this parameter plays in determining
both the gain and the -10 dB fractional bandwidth of the antenna, we carry out simulations in two
distinct scenarios, using the FeCoSiB antenna as a reference.

20 1 1 1 1 1 1

- 0.8
15 -
- 0.6

=< - 0.4

- 0.2

0 L] L] ] ] ] 0
0 10 20 30 40

Scandium concentration (%)

Figure 10. Electromechanical coupling versus Sc-doping concentration in the AIScN film. The study is performed
assuming the variation in Sc-doping concentration for the FeCoSiB design.

In the first scenario, the Sc-doping concentration is varied while the return loss is held constant
by simultaneously adjusting the device area. From Equation 28, Cy « k%, and since Cy « Aggar, the
device area scales linearly with k7. Because the radiated power scales as A% , ., the gain increases as
(k%)z. The -10 dB fractional bandwidth, however, is set by the FBAR's electromechanical response and
remains largely unaffected by the area adjustment, as shown in Figure 11.

In the second scenario, the Sc-doping concentration is varied while the device area is fixed at its
nominal value Argag = nD% /4, with D1 = 200 um (see Figure 1. In this case, the impedance matching
degrades as k? deviates from its nominal value, worsening the return loss. However, as long as an
acceptable 50 () matching is still achieved, the -10 dB fractional bandwidth increases monotonically
with k?, as illustrated in Figure 12).
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Figure 11. Simulated gain and -10 dB fractional bandwidth versus Sc-doping concentration, with device area ad-
justed to maintain constant return loss. The study is performed assuming the variation in Sc-doping concentration
for the FeCoSiB design.

Together, these two scenarios show that the higher k7 enabled by AlScN simultaneously improves
the gain (when the device is properly sized) and widens the -10 dB fractional bandwidth, making it
the key material advantage of this piezoelectric substrate.
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Figure 12. Simulated return loss and -10 dB fractional bandwidth versus Sc-doping concentration of the AIScN
film, with device area held constant at its nominal value, Apgar = nD% /4, with D1 = 200 um (see Figure 1. The
study is performed assuming the variation in Sc-doping concentration for the FeCoSiB design.
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Figure 13. a) Fabrication process used for the BAW ME antennas built in this work. b, ¢) SEM pictures of
the FeGaB-based (b) and FeCoSiB-based (c) fabricated AlScN-based BAW ME antennas. d) Illustration and e)
picture of the experimental set-up used to characterize the gain of the BAW ME antennas. The device under
test is connected to a VNA with a transmitting antenna with fully characterized gain, and the two antennas are
positioned at a fixed distance of 25 cm.
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3. Fabrication and Measured Results
3.1. Fabrication Process

The fabrication process of the antennas is outlined in Figure 13a. A 10 nm-thick titanium (Ti)
adhesion layer is sputtered on a 500 um-thick high resistivity (HR) silicon wafer. Then, a 80 nm-thick
platinum (Pt) bottom electrode is deposited through RF sputtering, for which we developed a bi-layer
lift-off process to minimize fencing effects along the edges of the bottom electrode [43,44]. The 500 nm-
thick AlScN layer is subsequently deposited through magnetron sputtering. The AIScN deposition
conditions have been optimized on an industrial-grade Evatec® Clusterline 200 in conjunction with a
12-inch alloy casted target. The etch pits and a via are then etched in the piezoelectric film through Ion
Beam Etching (IBE) and wet etch, respectively. Subsequently, a 150 nm-thick Gold (Au) top electrode is
deposited through e-beam evaporation, and the MS layer (a 500 nm-thick FeGaB or FeCoSiB layer)
is then deposited via DC sputtering. To reduce eddy currents that would affect the gain of our
antennas, the MS film is laminated with thin layers of insulating material [45]. In this regard, the MS
layer consists of a stack of ten 45 nm thick FeGaB or FeCoSiB layers, each capped by a 5 nm thick
AlyOs film. In order to pre-orient the magnetic domains and induce a uniaxial in-plane anisotropy,
we applied a 100 Oe in-situ magnetic field perpendicular to the direction of the anchors during the
sputtering deposition [46]. Finally, a 10 nm thick Aluminum capping layer is deposited to protect the
MS stack from XeF;, which was used to release the FBAR structure [46]. To experimentally validate
the role that the acoustic branch plays in the gain enhancement of ME antennas, we also fabricated
and characterized devices identical to the two BAW antennas but left them unreleased. Figures 13b
and c report Scanning Electron Microscope (SEM) picture of the FeGaB-based and FeCoSiB-based
microfabricated released devices, respectively.

3.2. Antenna Measurements

The realized gain of the fabricated devices is characterized in an uncontrolled electromagnetic
environment through direct wafer probing, using a GSG probe with a 150 ym pitch. The S-parameters
are recorded with a Keysight N5221A Vector Network Analyzer (VNA).

The experimental setup for gain extraction is illustrated in Figure 13d,e. A transmitting Vivaldi
antenna (RFSPACE UWB-3) is placed at a fixed distance of 25 cm from the device under test and
connected to port 1 of the VNA, while port 2 is connected to the on-chip receiving antenna via GSG
probes. The antenna’s realized gain is extracted using the gain transfer method [10] [32], in which a
reference antenna of known gain Grer replaces the on-chip antenna:

GMmE = Grer +2010g;((|S21,mE|) — 2010g,(]S21,REF]), (29)

where Sy pE and Sy rgr are the transmission coefficients in linear scale measured with the BAW ME
antenna and the reference antenna in place, respectively.
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Figure 14. Experimentally extracted a) Sy; versus frequency trend for the FeGaB-based released and unreleased
BAW ME antennas. We also report the S1; of both released and unreleased devices, showing that the maximum
value of the Sy; is closely aligned to the f,, of the device. b) Realized gain of the FeGaB-based BAW ME antenna.
A boost in radiation is visible at the f}, of the main mode of the device (2.62 GHz), corresponding to a maximum
gain value of -31.8 dB.
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Figure 15. Experimentally extracted a) Sp1 versus frequency trend for the FeCoSiB-based released and unreleased
BAW ME antennas. We also report the S1; of both released and unreleased devices, showing that the maximum
value of the Syq is closely aligned to the f, of the device. b) Realized gain of the FeCoSiB-based BAW ME antenna.
A boost in radiation is also visible at the f, of the device (3.08 GHz), corresponding to a maximum gain value of

-29.7 dB.
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Figure 16. Experimental Sp; parameters extracted for the unreleased and broken devices for both the FeGaB (top)
and FeCoSiB (bottom) antennas.
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Table 3. Comparison Between Different BAW ME Antennas.
Fractional
. Band- CMOS
Work Material Type TechnologyF(rGeIC}IuZe)ncy ?(;;I)l k? width (_Gll?)vgg) Compati-
(-10 dB, ble
%)

[9] AIN/FeGaB FBAR BAW 2.55 -18 1.13%  0.02%" 31'})7_5 Yes
[47]  AIN/FeGaB SMR BAW 4.97 -25.1 3.58% 0% ot Yes
[48]  LiNbO3/FeGaBAW SAW 0.43 28 tt 0.93%" %gféx No
[10]  AIScN/FeGaBXBAR BAW 0.268 -17.8  42.57%* 0% ot Yes
[10]  AIScN/FeGaBXBAR BAW 0973 347 1.73%*  0.013%" Ol'%féx Yes
[10]  AIScN/FeGaBPFBAR ~ BAW  1.065 329 1.85%*  0.01%" 01‘%5,5 Yes
This  \lScN/FeGaBFBAR ~ BAW 262 -31.8 10% 128% 526 % Yes

work 10
This = lSeN/FeCoSIBBAR ~ BAW 3.08 297 107%  127% 383X Yes
work 10

#-10 dB fractional bandwidth estimated from figures and/or from provided MBVD fitting.

T The return loss is lower than 10 dB, thus not allowing us to quantify the -10 dB fractional bandwidth
and therefore the GBWP (%).

t k2 and MBVD parameters not provided.

* k? computed from provided MBVD parameters.

The extracted Sp; parameters and realized gain values are reported in Figure 14 for the FeGaB-
based BAW ME antenna and in Figure 15 for the FeCoSiB-based antenna, and are compared to their
unreleased counterparts. We measure a maximum gain of -31.8 dB for the FeGaB-based device and
-29.7 dB for the FeCoSiB-based device. As expected, a boost in total gain compared to the unreleased
devices is visible around the minimum of the Sy; values for both antennas, which by design choice
corresponds to the f, of both devices (see Figure 14). In this regard, the maximum gain levels we
extracted for both antennas are in agreement with our FEM simulations shown in Figure 8. Also,
as evident from Figure 14a and Figure 15a, the unreleased devices show no visible peak in the 53
parameter in the vicinity of the parallel resonance frequency of the BAW antennas. This is expected
as the edges of the FBAR are not free to vibrate and therefore prevent the excitation of the TE mode.
We note, however, that the gain vs frequency trends far from f, (see Figures 14b and 15b) do not
match the results obtained with our FEM simulation framework, which predicts a much steeper
decrease in gain (see Figure 8). We attribute this discrepancy primarily to stray radiation and multipath
interference from unshielded scatterers and from the GSG probes [49-51]. To support this claim, we
run an additional experiment where we took two released antennas identical to those characterized
in Figures 14b and 15b. Then, by using DC probes, we broke the FBAR structure for both antennas
and replicate the exact measurements we have run for all configurations described in Figure 14b and
Figure 15b. The broken device effectively behaves as an open circuit, without including any of the
radiation contribution that we examined in our FEM simulation framework. Therefore, it can be
considered a reliable indicator of the minimum S;; floor that can be measured with our setup. As
evident from Figure 16, the Sy; we measured for the broken devices match closely the Sy measured for
the unreleased devices, proving that the out-of-resonance gain characteristics of the reported released
antennas are indeed not determined by the FBAR structure.

Finally, we compare our work with previously reported ME antennas in Table ??. Both our
antennas exhibit k? values equal or higher than 10%, marking a significant improvement over most of
the previously reported post-CMOS-compatible BAW ME antennas [9,10]. This enhanced coupling
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translates into an increase of approximately one order of magnitude in the -10 dB S1; bandwidth of
our BAW ME antennas over previous AIN and AlScN-based counterparts. Specifically, this work
shows -10 dB fractional bandwidths of 1.28% and 1.27% for FeGaB and FeCoSiB, which are the highest
reported for ME antennas to date, and a higher -10 dB Gain Bandwidth product (GBWP).

4. Conclusions

In this work, we report on the design, modeling, and experimental characterization of the first two
AlScN ME antennas with a Sc-doping concentration of 30% and operating above 1.1 GHz, employing
FeGaB and FeCoSiB as magnetostrictive thin films. We describe a comprehensive modeling framework
to quantify the power radiated not only by magnetoelastic coupling, but also from secondary sources,
namely the electric dipole moment in the piezoelectric layer and the currents in the probing pads,
both of which have been hypothesized to play a role in the operation of ME antennas. Our analysis
establishes that magnetoelastic coupling is the dominant radiation mechanism, exceeding all other
sources by several orders of magnitude.

We also provide design guidelines to maximize the radiated power and return loss when in-
terfacing the antenna with a 50 () source. We determine that matching the antenna to 50 () at its
anti-resonance frequency allows to design it with a larger active area, ultimately leading to improved
radiation performance. Having established that, we analyze the role of k? on gain and -10 dB fractional
bandwidth, showing that, when the peak return loss is kept constant by increasing the device area,
the gain increases proportionally to (kf)z, with the -10 dB fractional bandwidth being approximately
constant. Conversely, for a given device area, the -10 dB fractional bandwidth monotonically increases
with k?, provided that the return loss stays sufficiently high.

We conclude with the experimental characterization of the fabricated antennas, achieving realized
gains of -31.8 dB and -29.7 dB at 2.62 GHz and 3.08 GHz for the FeGaB and FeCoSiB-based devices,
respectively, and -10 dB fractional bandwidths of 1.28% and 1.27%. The latter, in particular, are the
highest ones reported for ME antennas to date. Our findings provide a rigorous foundation for
the continued development of AIScN BAW ME antennas, as their compatibility with post-CMOS
fabrication processes makes them strong candidates for the development of next-generation chip-scale
wireless sensing and communication systems.
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