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Abstract — Precision agriculture systems enabled by passive,
wireless, subsurface soil sensors can provide high resolution data
on soil conditions and increase crop yield. These frequency-coded
sensor nodes are composed of an antenna, acoustic resonator
and capacitive soil moisture sensor. Here, a high performance
Al0.7Sc0.3N Lamb-wave resonator (LWR) for operation in the
902-928 MHz industrial, scientific, medical (ISM) band is
fabricated. Its figure of merit is 37% larger than state-of-the-art
LWR at similar frequency. The LWR is integrated with a
capacitive moisture sensor and its frequency tuning capabilities
are demonstrated. A sensitivity of 65 kHz at interrogation ranges
of up to 150 m is determined.

Keywords — acoustic resonators, Lamb-wave resonators,
Internet of Things.

I. INTRODUCTION

Current agricultural practices rely on data from few,
sparse soil samples gathered from different locations. Often,
fields are too large to gain precise, local knowledge of soil
properties. Precision agriculture systems enabled by internet
of things (IoT) technologies, through high spatial resolution
monitoring of field conditions, can facilitate more efficient
deployment of agriculture resources and result in higher crop
yield [1]. Inexpensive, passive, and mostly biodegradable
sub-surface soil sensor nodes are essential to the deployment of
such systems. The 902-928 MHz industrial, scientific, medical
(ISM) band offers good penetration of radio-frequency (RF)
signals in soil while still enabling relatively small antennas,
making it ideal for this application [1].

Chip-based radio-frequency identification (RFID) methods
for passive wireless sensing rely on the tuning of resonant
antennas. Sensor node communication range is limited by
the tank quality factor (Q). These antenna-chip sensor
nodes are, essentially, parallel inductor-capacitor (LC) tanks
[2]–[4]. They have Q factors on order of 100, and typical
communication distances up to 10 m [5]. Their employment in
the 902 MHz ISM band for frequency-coded tagging is further
complicated by the limited ISM bandwidth. The sensor tag
resonant frequency (f0) would be pulled out of the band by a
relatively small change in sensor capacitance.

Chipless RFID passive wireless sensor nodes with a
theoretical interrogation distance of up to 40 m have been
demonstrated [6]. These communication ranges are obtained
at 2.4 GHz using RF cavities with a Q of 1000. These

cavities, while ideal for building structural health monitoring,
are prohibitively large (≈ 706 cm3) for precision agriculture.

Integrated acoustics offers a promising option for
miniaturized high Q devices. Significant research has been
reported on surface acoustic wave (SAW) passive sensor nodes
[7]–[11]. These sensors use interdigitated transducers to launch
a SAW into a delay line, before the SAW is reconverted into an
electrical signal. Changes in measurand are calculated through
changes in acoustic velocity (measured as a change in f0
or time-of-flight) obtained from the delay line. The presence
of this delay line inevitably introduces loss, limiting sensor
communication range [9].

When using acoustic resonators to measure frequency
shifts at long range, high figure of merit (FOM) (Qm × k2t ) is
critical. The maximal frequency shift of the system is directly
proportional to the electromechanical coupling coefficient
(k2t ) of the resonator, while sensor sensitivity (or minimum
detectable frequency shift ∆fmin) improves with Q:

∆fmin =
3
√
3f0

8 ·Qs · SNR
(1)

where SNR is the signal-to-noise ratio at the RF receiver
[6]. Relatively new piezoelectric materials, such as scandium
alloyed AlN, have enhanced k2t , allowing small changes
in sensor capacitance to produce relatively large shifts in
resonator-sensor f0. High Q Lamb-wave acoustic resonators
(LWR) have been fabricated with these novel materials
[12]–[17], making them well suited for frequency-coded
passive wireless sensing. Their small size (<0.5 mm2) in the
900 MHz ISM band makes them ideal for precision agriculture.

This work introduces a novel passive wireless soil moisture
sensor node, enabled by the use of a state-of-the-art LWR
in the 900 MHz ISM band. A LWR for operation in the
ISM band is reported with a record FOM compared to other
LWR operating at similar frequency. We demonstrate its
frequency tuning capabilities by interfacing the LWR with a
biodegradable capacitive soil moisture sensor [18].

II. SENSOR NODE DESIGN

The sensor node is designed to be interrogated by an RF
transceiver. A multi-frequency signal is sent by the base station
and received by the sensor node antenna. This signal excites
the resonator, which causes it to strongly vibrate at its resonant
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frequency, storing RF energy in the mechanical vibrations of
the resonator. Owing to the high Q of the resonator, the energy
is stored long enough for the ambient reflections of the chirp
to dissipate [6]. The resonator releases the electrical signal at
f0. This signal is then transmitted by the sensor antenna and
its frequency is recorded at the base station [19].

Because the sensor capacitance varies with soil properties,
changes in sensor capacitance alter the f0 of the resonator.
Thus, calculating the frequency of the re-radiated signal allows
the acquisition of information about soil properties.

Using Keysight Advanced Design System (ADS), the
sensor node equivalent circuit shown in Figure 1a, with
the LWR represented as a modified Butterworth Van Dyke
(mBVD) model, was built. In order to maximize sensitivity
and communication range, the energy reradiated by the antenna
(i.e. the energy dissipated by Rrad in Fig. 1a) after interrogation
should be maximized. The impact of motional (Rm) and
radiation (Rrad) resistance was investigated. With Cv , R0 and
Rs shorted, the Rrad/Rm ratio was varied for a resonator
with f0 = 902MHz, Qm = 1000 and k2t = 9.87%. The
power dissipated by the antenna was integrated over a period
of 3τ , where τ = 2Qm/(2πf0). The antenna converts the
received electromagnetic signal into a voltage (Vg) between its
terminals. Vg is modeled as a voltage source applied between
the leftmost node in Fig. 1a and ground. Because Vg is
proportional to the square root of its radiation resistance, it
was set to

√
Rrad. The results of this simulation are shown in

Fig. 1b. From this plot, peak re-radiated energy occurs when
Rrad/Rm = 2.1, with ranges from 1.5 to 3.2 re-radiating more
than 95% of peak value. Resonator motional impedance is
related to f0, k2t and Qm in the following way:

Rm =
1

2πf0K2QmC0
(2)

where C0 is the shunt capacitance of the resonator and
k2t = π2K2/8. A motional impedance of 10Ω is selected, as
C0 remains large enough to offer flexibility in LWR design,
while its Qs remains robust in the presence of small series
resistances. Furthermore, Rm = 10Ω sets antenna radiation
resistance between 15 and 32 Ω, allowing for a relatively small
antenna in the 900 MHz ISM band.

A. Lamb-Wave Resonator Design

We designed a double-patterned (top and bottom)
interdigitated electrode LWR for a motional impedance of 10Ω
in a process with 380 nm thick Al0.7Sc0.3N, and 100 nm thick
AlCu electrodes. Fig. 2a illustrates how electrical potential
and stress field are distributed in the LWR. The LWR
exploits the enhanced d31 coefficient of AlScN and excites
the lowest symmetric (S0) mode. The resonant frequency
is lithographically designed, as illustrated in Fig. 2a. The
fabricated LWR (Fig. 2b), is composed of six electrodes with
a 4.82 µm pitch and an area of 1914.7 µm2.

We selected thick AlCu electrodes because the high
conductivity of AlCu allows for low electrode resistance
while its small Young’s modulus (E) allows for, in LWRs,

(a)

(b)

Fig. 1. (a) Sensor node equivalent circuit (b) Impact of Rrad/Rm on energy
radiated by sensor node (Erad)

(a)

(b)

Fig. 2. (a) double-patterned LWR with stress field illustrated (b) Image of
the fabricated LWR device

better k2t compared to metals with larger E, such as Mo. In
LWRs the electrodes are located at the points of maximum
stress, unlike in bulk-acoustic wave (BAW) resonators, where
they are located in the points of maximum displacement.
Thus, high acoustic impedance electrodes in BAW devices
allow for a more uniform and larger stress field throughout
the piezoelectric material and enhance k2t [20]. However,
using these same high stiffness materials in LWR, where the
electrodes are located at the locations of maximum stress,
reduces the stress in the piezoelectric material and degrades
the resonator k2t .
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Fig. 3. Admittance of the LWR device with fp=923 MHz and mBVD model
fit and parameter values

Fig. 4. Comparison of FOM with previous work on AlScN LWRs.

III. RESULTS

The LWR was fabricated in a commercial shuttle run
and measured using a vector network analyzer (VNA). The
VNA was calibrated using a short-open-load-through (SOLT)
method on a standardized calibration set before data was
collected. The device measurement was fit to a mBVD model
using ADS. The measured and mBVD model of the admittance
of the device are shown in Fig. 3. The device has a f0 =
894.42MHz, a measured Qs of 894, and fitted k2t and Qm of
7.9% and 900 respectively. The device FOM was calculated
using the mBVD model and was found to be 71.53. Fig. 4
compares this device performance with other works. At 71.53,
the FOM of the device is 37.5% larger than the FOM of the
LWR closest in frequency (f0 = 801.4 MHz, FOM = 52 [17]).

The fabricated LWR was integrated with a soil moisture
sensor in ADS. The sensor responds to both relative humidity
(RH) in air and soil moisture. Sensor capacitance increases
by 0.46 pF when RH increases from 33% to 78% [18]
and by 4.9 pF when loamy sand soil moisture θg (θg =
mh2O/mdrysoil) varies from 0% to 25%. The measured sensor
responses were connected in series with the measured LWR
and a frequency sweep from 875-945 MHz was realized.
The resulting admittance (Y21) of the LWR-sensor node is
shown in Figure 5 for RH and Figure 6 for soil moisture.
Because of the LWR’s large k2t , the 45% change in RH
generated a 1.4 MHz shift in f0, while the 25% increase in

Fig. 5. Admittance of the LWR-sensor node for 3 different RH, the f0 of the
tank varies with RH

Fig. 6. Admittance of the LWR-sensor node in loamy sand for 3 different
moisture levels, the f0 of the tank decreases with soil moisture

soil moisture generated a 6.21 MHz shift in f0. While the
f0 of the LWR-sensor node is shifted up from 894.42 MHz
to 898-899.4 MHz and 895.5-901.71 MHz for RH and soil
moisture respectively, it remains slightly below the 900 MHz
ISM band. This problem is easily remedied in a future
fabrication cycle by slightly decreasing the pitch of the LWR
electrodes.

By inserting Qs=894 and f0=894.42 MHz into equation
1, and assuming a RF receiver SNR of 10, the minimum
detectable frequency shift would be 64 kHz, approximately a
2.1% change in RH or less than 0.5% change in soil moisture
for loamy sand. Thus, this resonator-sensor system can be used
to detect small changes in soil moisture.

The maximum communication range of the system (Rmax)
can be estimated by adjusting Friis’s transmission equation into
the following form:

Rmax =
λ

4π
4

√
IL · PtG2

tG
2
s

Pmin
(3)

where λ is the wavelength of the signal, Pt is the power
transmitted by the RF transceiver, Gt and Gs are transciever
and sensor node antenna gain. IL is sensor insertion loss and
Pmin is the transceiver minimum detectable signal [6].

Pmin = SNR · kT0 ·B · F (4)
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Fig. 7. Communication range as a function of sensor interrogation time

where k is Boltzmann’s constant, temperature in Kelvin is
T0, and F and B are respectively transceiver noise figure
and bandwidth. From ADS, for antenna Rrad = 21Ω, we
obtain sensor node IL = −13 dB. Using values from NI
B200mini software defined radio data sheet, we set F =8 dB
and B = 56MHz. Assuming Pt = 1W, Gt = 6 dBi, Gs =
0 dBi, a minimum required receiver SNR of 10 dB, and room
temperature conditions, the maximal communication range for
a single interrogation cycle is 8.5 m. However, by repeatedly
pinging the sensor, we can increase interrogation time and
effectively decrease the bandwidth of the transceiver [19].
From ADS simulations, sensor ringup time is approximately
400 ns, and sensor ringdown time is 650 ns. By taking
this time into account for each interrogation cycle, Fig. 7
shows expected communication range as a function of total
interrogation time. This boosts Rmax significantly, with 150 m
of communication range (through air) achievable with 30 ms
of repeated interrogation cycles.

IV. CONCLUSION

This work presented the design of a passive, wireless,
subsurface soil sensor node enabled by a state-of-the-art LWR
for operation in the 900 MHz ISM band. A 10Ω double
patterned LWR was designed and fabricated in a commercial
shuttle run. The fabricated Al0.7Sc0.3N LWR has a FOM
37.5% larger than other AlScN LWR at similar frequency. This
LWR was integrated with a biodegradable moisture sensor.
The sensor’s ability to tune the resonator-sensor f0 with a
sensitivity of <0.5% soil moisture (∆f0 = 65 kHz) was
demonstrated. We illustrated how communication ranges up
to 150 m at this sensitivity could be achieved.
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