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Abstract—We consider a broadband bulk acoustic resonator
architecture — the so called High-overtone Bulk Acoustic Res-
onator (HBAR) - as a transducer acting as cooperative target
to a RADAR interrogation unit. Specifically, we consider the
compatibility of such an acoustic device as a passive buried sensor
interrogated through a wireless link by an unmodified Ground-
Penetrating RADAR (GPR). While the comb of modes is detected
as a series of echoes well within the typical interrogation duration
of GPRs, with a spacing between adjacent echoes representative
of the acoustic velocity and hence the physical quantity under in-
vestigation, the poor coupling coefficient of each individual mode
due to the spreading of the piezoelectric transducer coefficient
over many modes reduces the interrogation range with respect to
the acoustic delay line approach. A sensor identification scheme
within the clutter of reflections from dielectric buried interfaces
is proposed.

I. INTRODUCTION

The High-overtone Bulk Acoustic Resonator (HBAR) de-
sign, based on a stack of materials [1], was originally con-
sidered as a solution for increasing the operating frequency
of resonators while keeping a robust mechanical setup and
high quality factor while removing the lithography constraint
associated with patterning electrodes in a surface acoustic wave
approach. Based on a stack of a thin piezoelectric active layer
on top of a low-loss thick substrate, the transfer function of
such a device is intrinsically broadband and characterized by
a comb of modes. The mode spacing is given by the low-loss
substrate thickness, while the envelope is given by the transfer
function of the thin piezoelectric film and characterized by
the overtones which are odd multiples of the fundamental
frequency.

Using HBAR transducers as sensors has been considered
early after the initial design considerations, whether for sensing
physical properties [2], [3] or for gravimetric sensing [4].

II. HBAR AS PASSIVE WIRELESS SENSORS

The use of an HBAR as a wireless sensor is less common
[5] than frequency source applications, and requires different
design considerations: rather than focusing on a high quality
factor which must only be high enough for the resonator
discharge to last longer than the clutter, loading the resonator
requires a significant electro-mechanical coupling. Defined as
the ratio of the acoustic to electrical energy, a high enough

coupling coefficient is needed to load the transducer during a
wireless interrogation following a strategy similar to pulsed-
RADAR probing [6].

Since an HBAR operates by transferring the acoustic
energy from the piezoelectric layer to the thick substrate, the
coupling coefficient of the piezoelectric substrate is transferred
more or less efficiently to the HBAR modes and opens a
design consideration for yielding HBAR transducers most
suitable for wireless probing. The multiple modes of the HBAR
under investigation here (Fig. 1, modes spaced by 4.6 MHz)
distribute the thin film coupling coefficient to all the modes.
Even though 163°-lithium niobate exhibits a strong coupling
of up to K2 = 50 %, distributing this value to all the modes
yields a low coupling for individual modes, explaining the
poor interrogation range [7] with respect to a delay line [8]
designed on a strongly coupled material. Interestingly, in the
particular case of the device characterized in Fig. 1, the sum
of all coupling coefficients defined as K2 ~ ”72 X % with
fr and f, the resonance and anti-resonance respectizfely [9]
reaches 50%, or the material coupling coefficient of the active
piezoelectric layer.

We thus consider two contributions to a figure of merit
of the suitability of an HBAR as passive wireless sensor. On
the one hand the coupling coefficient K defines the efficiency
of the electromagnetic to mechanical conversion — or the
ratio of the incoming electromagnetic energy to the stored
mechanical energy — and should be maximized to improve
the returned power level. The interrogation range is directly
related to this quantity since in the RADAR equation, the
equivalent cross section of the cooperative target is replaced
with K? since the wave is converted from electromagnetic
to mechanical and back to electromagnetic, multiplied by the
internal acoustic losses of the transducer: a drop by a factor
of 10 of the coupling coefficient yields an interrogation range
drop of 3 since the cross section appears as the fourth-root
power in the RADAR equation. On the other hand the quality
factor () defines the ability of the device to store energy
through the ratio of the energy lost for each oscillation period
to the stored energy. The quality factor of each individual
mode should be high enough to clearly separate each mode
contribution and thus prevent the comb of modes to blur in
a continuous envelope in which individual echoes would no
longer be detectable. Hence, the considered figure of merit is
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Fig. 1. Top to bottom: experimental admittance of the HBAR (lithium niobate
on quartz) used in this report, quality factor and coupling coefficient. A figure
of merit K2 x @ is deduced, decreasing with frequency within the frequency
range under investigation.

This observation yields some consideration as to the design
of HBARs for use as passive wireless sensor. High quality
factor, as required for frequency source applications, is no
longer the most significant design factor: for wireless sens-
ing, the incoming electromagnetic energy must be efficiently
converted to a mechanical wave which itself is radiated back to
the interrogation hardware. This electro-mechanical conversion
coefficient K is unequally distributed over the modes as shown
by modelling a lithium niobate (YXI1/163°-rotated cut) atop
corindon (sapphire) stack (Fig. 2. Two cases are investigated:
multitude of closely spaced modes when the low-loss substrate
is thick (800 pm) or a few widely spaced (in the frequency
domain) modes due to a thin substrate (100 pm). In the latter
case, the distribution of the piezoelectric material K2 over a
few modes yields individual mode electro-mechanical coupling
coefficients of a few percents, dropping by a factor of 10
in the case of a dense comb of modes. We hence conclude
with a design tradeoff when manufacturing HBAR transducers
dedicated to wireless sensing: the mode spacing must be low
enough for the time domain echoes (separated by a delay
equal to the inverse of the frequency spacing) to be well
separated, while being large enough to minimize the number of
modes in the piezoelectric layer envelope and hence maximize
the coupling coefficient of each individual mode. We observe
in both cases that the sum of the individual mode electro-
mechanical coefficients yields a value of 47.5%=0.5%, in good
agreement with the electro-mechanical coupling coefficient of
the piezoelectric layer.

Furthermore, operating within the envelope of the fun-
damental mode of the thin piezoelectric layer is best suited
since the piezoelectric thin film coupling coefficient K of
the overtones drops as the overtone number N itself (i.e.
K? drops as N2, or a 9 to 14 dB drop when operating on
N =3 or N = 5 respectively with respect to the fundamental
mode [11]). Hence, rather than operating at high frequency by
using an overtone of the thin piezoelectric layer, the HBAR is
best designed for operating as a wireless transducer by using
a thinner piezoelectric layer so that the investigated modes
remain in the fundamental mode of the active layer (Fig. 3).
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Fig. 2. Simulation of two configurations of HBARs in which a YX1/163¢
lithium niobate layer is located atop a corindon substrate either 800 pm thick
(top) or 100 pm thick (bottom). The thin piezoelectric film thickness defines
the mode envelope while the substrate thickness defines the mode spacing.
Top displays the normalized impedance (Z in blue) and admittance (Y in
red), from which the quality factor (width at half height of the real part of the
admittance) and the electro-mechanical coefficient K2 — proportional to the
distance of the admittance to impedance real parts maxima position. Finally,
a figure of merit Q x K2 is computed.

Using the simulated data displayed on this figure, we have
verified that the sum of the coupling coefficients of the modes
within the envelope of the fundamental mode is 49.9% (close
to the expected 50% of the lithium niobate layer), the sum of
the coupling coefficients of the modes lying within the third
overtone envelope is 3%, close to 49.9/9=5.5%, and the sum
of the coupling coefficients of the modes lying under the fifth
overtone is 0.8%, close to the expected 49.9/25=2%.

III. GPR FOR PROBING PASSIVE COOPERATIVE TARGETS

An alternative to the spectral approach of identifying a
resonance frequency using a reflective frequency-sweep net-
work analyzer to track the operating frequency of a single
mode (FMCW based RADAR strategy) is to operate in the
time domain. A HBAR is best suited for a time domain
analysis since the Fourier transform of a comb of modes in
the frequency domain is a comb of echoes in the time domain.
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Fig. 3. Simulation of the Sy transfer function of an HBAR computed
over a frequency range including the fundamental (0-500 MHz), third (500-
900 MHz) and fifth overtone — on the top graph, the crosses indicate the
position of the modes identified and automatically processed for computing
the quality factor and the coupling coefficient. The fundamental mode of the
piezoelectric layer extends from 0-500 MHz, the third overtone from 500 to
900, and the fifth overtone is above 900 MHz. The quality factor @) and electro-
mechanical coupling coefficient K2 are computed as well as the figure of merit
K? x @, indicating that the only the fundamental mode of the piezoelectric
layer should be considered. Inset of the third-from-top graph: zoom on the
coupling coefficient of the third and fifth overtone of the piezoelectric layer.

A pulsed mode RADAR emitter as used in Ground Pene-
trating RADAR (GPR [12]) application is based on unloading
a capacitor polarized by a high voltage (350 V in a Mala RA-
MAC unshielded-antenna emitter unit) in an avalanche tran-
sistor: the time constant of the resulting pulse is defined by
the antenna reflection coefficient (S7;) minimum. This Si;
minimum is given by the physical antenna dimensions and
the surrounding medium permittivity. Practical use of a GPR
in an environment ranging from ice to snow and water filled
areas induces significant variation in the central frequency of
the pulse spectrum (Fig. 4). In the classical patch-antenna
equivalent permittivity approach, the GPR dipole antenna of

length d operating frequency f = ﬁ depends on the
er(e

ground permittivity &, through e.(eff) = 1/2 x (g, + 1)
with ¢g the electromagnetic velocity in vacuum [13, p.817].
Considering that ¢, € [3..15], the operating range might vary
by up to a factor of 2.

This variable operating frequency is a strong incentive
towards the HBAR thanks to the availability of modes in
nearly one decade of frequency span. The dependence of these
modes with the physical quantity under investigation is still an
open question since the distribution of energy in the various
materials of the stack is dependent on the overtone index. In
order to illustrate this issue, the HBAR presented in Fig. 1
was probed using a GPR fitted with unshielded 200 MHz
antenna (best suited for glacier investigation in this case)
and then 500 MHz antenna (best suited for civil engineering
investigations).

Due to the multitude of modes and hence of the echoes
generated by the HBAR, identifying which echo is due to the
sensor and which echo is due to passive buried interfaces is
mandatory to apply a cross-correlation algorithm and identify
the time delay in order to extract the monitored physical quan-
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Fig. 4. Top: experimental B-scan GPR measurement over an area ranging
from glacier ice (traces 0—100, with a clear interface from the bedrock visible
for echoes delayed from 60 to 0 ns), to the moraine and surface-soaked water
areas around trace 500, yielding the largest permittivity region and hence
lowest operating frequency. Bottom: Fourier transform of the emitted pulse
depending on the monitored region — the number next to the legend refers to
the trace number as observed on the abscissa of the B-scan.
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Fig. 5. Top: experimental B-scan of the HBAR sensor probed using a
200 MHz unshielded antenna, with-without-with... sequences of the HBAR
located under the GPR. Bottom: experimental A-scan time domain reflections
of the HBAR echoes recorded by the GPR.

tity. The classical Kirchhoff migration converts the hyperbolas
observed in the (time, position) B-scans when a point-like re-
flector is detected by a scanning GPR: the hyperbola curvature
is solely defined by the medium permittivity and the depth at
which the target is located. As seen on Fig. 6, the HBAR
delays by the time associated with the propagation duration in
the acoustic transducer, hence shifting the hyperbola later in
the B-scan. The deep hyperbolas are inconsistent with passive
reflectors buried deep underground (in this example multiples
of 200 ns or 26 m assuming a ground relative permittivity of 5)
or would require inconsistent permittivities with respect to the
surrounding environments. Hence, the shape of the hyperbola
is a unique indicator of a HBAR response. Indeed, since the
equation of the reflector depth ¢ as the GPR scans along a
line of abscissa x is ¢?t?> = 22 4 d? when probing a reflector
located at depth d in a medium exhibiting an electromagnetic
velocity ¢, the curvature of the hyperbolas at position z = 0
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so that erroneously identifying a time-delayed echo of the
HBAR would yield an unacceptable estimate of the permit-
tivity, especially so if multiple echoes separated by constant
time delays are observed.
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Fig. 6. Experimental B-scan recorded as the GPR is moved over the HBAR-
sensor located 20 cm in ice. The top-most (red) hyperbola is due to the
reflection on the antenna connected to the transducer. Two echoes, delayed
by 200 ns (for a frequency comb spaced by 5 MHz steps), are identified as
blue and green hyperbolas with the same shape as the initial reflection. Dashed
line: the hyperbola shape if the passive dielectric interface were located at the
indicated depth. Solid line: time translated electromagnetic reflection due to
the acoustic delay: identifying the sensor reflection from passive interfaces is
well defined.

One last unresolved issue is the dependence of the suc-
cessive echo time delays with the physical quantity under
investigation: since the acoustic velocity in the HBAR is
a combination of the acoustic velocity in the piezoelectric
transducer and the low loss substrate, the observed acoustic
velocity depends on the energy distribution in these two layers.
The relative energy distribution in each of these layers is
dependent on the mode number, so that widely different over-
tone numbers might exhibit significant different dependence
to a given physical effect. Hence, the preliminary calibration
between the echo (time) separation and the physical quantity
might be no longer valid if the probing frequency significantly
differs from the frequency of the calibrated modes, a significant
hindrance if the GPR operating frequency varies due to soil
moisture content evolution over time and space.

IV. CONCLUSION

Having demonstrated the use of High-overtone Bulk
Acoustic Resonators as passive cooperative targets suitable
for applications in which the sensor is buried and hence no
longer accessible for maintenance once installed, probed by
a commercially available and unmodified Ground Penetrating
RADAR, we describe design rules for optimizing the HBAR

architecture to increase the interrogation range while keeping
the sensing capability provided by the time delay between suc-
cessive echoes. Maximizing the coupling coefficient requires
operating on the thin piezoelectric film fundamental mode,
while the low-acoustic loss substrate thickness is tuned to
maximize individual mode coupling while keeping the returned
echoes well separated. Identifying the echoes associated with
the buried sensor as opposed to passive reflectors is achieved
through time-domain separation and hyperbola curvature anal-
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