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Abstract—Information about the root system architecture of
plants is of great value in modern crop science. However, there
is a dearth of tools that can provide field-scale measurements of
below-ground parameters in a non-destructive and non-invasive
fashion. In this paper, we propose a multi-modal, non-contact
thermoacoustic sensing system to address this measurement gap
and discuss various system design aspects in the context of below-
ground sensing. We also demonstrate the first thermoacoustic
images of plant material (potatoes) in a soil medium, with
the use of highly sensitive capacitive micromachined ultrasound
transducers enabling non-contact detection and cm-scale image
resolution. Finally, we show high correlation (adj. R*> = 0.95)
between the measured biomass content and the reconstructed
thermoacoustic images of the potato tubers.

Index Terms—Below-ground sensing, capacitive microma-
chined ultrasonic transducer, CMUT, non-contact, phenotyping,
ultrasound, thermoacoustics

I. INTRODUCTION

OPULATION growth, resource depletion, and climate
change pose an increasing threat to global food security,
with a significant increase in crop production and efficiency
needed to meet growing food demands [1]. Plant phenotyping
[2], which refers to the quantification of a crop’s anatomical,
physiological, biochemical and ontogenetical properties, is one
of most important tools that can be leveraged to tackle these
challenges. Phenotyping technologies have tremendous utility
for crop breeding, providing a data-driven means to identify
plant cultivars with desirable characteristics such as higher
yield, drought and disease resistance, and improved nutrient
profiles [3]. Precision agriculture also utilizes such tools for
intelligent crop management, better irrigation scheduling, and
targeted fertilizer use to improve resource efficiency [4].
Satellite and drone based remote-sensing systems deploying
spectral, optical and thermal sensors are already widely used
for high-throughput, field-based phenotyping of above-ground
traits [5]. However, there is a dearth of tools that can provide
high-throughput, non-destructive, and field-based phenotyping
of below-ground traits [6]. Filling this measurement gap would
enable plant breeders and biologists to develop new root-
focused cultivars with improved root system architectures
which could be the impetus for a second Green Revolution
that helps overcome the critical challenges we face today [7].
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Fig. 1. Conceptual view of proposed non-contact thermoacoustic below-

ground sensing system along with the multi-modal design and sensing knobs

The opaque nature of soil along with the complex, hetero-
geneous below-ground environment makes the development of
in-situ below-ground sensing technologies far more challeng-
ing than their above-ground counterparts. Most root pheno-
typing technologies that are deployed today are either high-
resolution, non-destructive approaches that only work well in
controlled settings or low-throughput field-based approaches
that are invasive, labor-intensive, and often destructive [6].
Thus, there are ongoing efforts to develop a high-throughput
field-based root phenotyping system that can provide non-
destructive, dynamic measurements of below-ground traits [8].

Towards that end, we propose a non-contact thermoacoustic
(NCTA) sensing system that addresses many of the above
challenges. It relies on the thermoacoustic (TA) effect, wherein
microwave illumination results in differential heating and in-
turn generates acoustic or ultrasonic (US) pressure waves
at interfaces with dielectric contrast [9]. In this applica-
tion, as conceptually illustrated in Fig. la, TA waves are
generated at root-soil interfaces, with non-contact detection
using highly sensitive air-coupled Capacitive Micromachined
Ultrasound Transducers (CMUTs) [10], paving the way for
high-throughput, autonomous sensing at large spatial scales.
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The multi-modal nature of the system enables decoupling of
the excitation and detection mechanisms and provides many
degrees-of-freedom for system design as well as opportunities
to sense a variety of below-ground traits.

Section II of the paper presents an overview of these design
knobs that are instrumental in making the NCTA system a
versatile tool that can be effectively deployed for sensing the
challenging, heterogeneous below-ground field environment.
While prior work [11] has shown the generation of one-
dimensional TA signals from synthesized root phantoms in
soil, this paper demonstrates the first experimentally captured
and reconstructed TA images of plant material embedded in a
soil medium in Section III. Specifically, as a proof of concept
demonstration of this novel TA imaging system, we focus on
the imaging of relatively large (cm-scale) potato tubers as a
preliminary milestone, while still achieving better resolution
than current state-of-the-art non-invasive below-ground imag-
ing systems [12]. Finally, in Section IV we also demonstrate
mapping of thermoacoustic data to a parameter of interest,
specifically extracting information from the reconstructed TA
images and mapping it to ground-truth biomass content as an
example application of our proposed sensing system.

II. SYSTEM DESIGN
A. Microwave Excitation Unit

Thermoacoustic Physics. The generation and propagation
of acoustic signals via the TA effect is governed by the wave
equation [13]:

, 107 B Oh(r1)
(V _vfﬁhf?)p(r’t)__cpat7 (D

where vy is the speed-of-sound, p(r,t) is the acoustic pressure
at position r and time ¢, 8 and C), are the thermal expansion
coefficient and specific heat capacity of the absorbing medium,
and h(r,t) is the heating function defined as the EM power
absorbed per unit volume. The microwave excitation source,
and hence the absorbed EM energy, is modulated at a desired
US frequency, in order to generate a TA pressure signal that
can be captured using a matched US transducer [9].
Microwave Design Knobs. As seen from (1), the generated
TA signals depend on the heating function which is governed
by the microwave excitation unit. The choice of microwave
frequency plays a major role in the generation of the TA
signal via the dielectric contrast, specifically via differences
in the dielectric loss factor or complex permittivity between
the root and soil at the chosen frequency [11], [14], [15].
Moreover, it also directly controls the penetration depth of
the system, since EM attenuation in soil is greater at higher
frequencies. Ground Penetrating Radar (GPR) systems are the
closest counterpart to the proposed NCTA system but suffer
from a fundamental tradeoff between image resolution and
penetration depth through the operating frequency, and can
only operate reliably in certain soil types [16]. However, the
decoupling of the excitation and detection mechanisms in the
proposed NCTA system ensures that the image resolution is
completely independent of the microwave frequency, enabling
the optimal microwave frequency to be chosen purely based

on soil type, the required dielectric contrast between root and
soil, and penetration depth as shown schematically in Fig. 1b.

Microwave Sensing Knobs. Microwave applicator arrays,
especially with recent advances in silicon and GaN devices
enabling the use of portable high-power microwave sources
[17], can be used to efficiently beamform energy to desired
depths in soil and spatially steer beams for targeted excitation.
Moreover, spectroscopic approaches that measure the TA
signals at different microwave frequencies can be used as a
sensing knob to identify parameters of interest like soil clay
composition [18] and soil water content [19].

Microwave Transmitter. In this work, based on available
high-power microwave sources as well as prior work demon-
strating sufficient contrast at GHz frequencies for a broad
range of applications [9], [11], we choose to operate at a
microwave frequency of 2.4 GHz with a 1 kW peak power
(average power < 5 W) for a proof-of-concept demonstration.
An open-ended waveguide, placed in contact with the soil, is
used to provide the microwave excitation to the sample used
in the imaging experiments. Future iterations of the system
could also use non-contact applicator arrays [12].

B. Ultrasound Detection Unit

Non-Contact Detection. To enable field-scale sensing and
overcome the challenge of achieving good mechanical cou-
pling at the irregular soil surface, we operate instead at a
standoff in air by using highly sensitive air-coupled CMUTs
[10]. The CMUTs are instrumental in overcoming the prop-
agation losses in soil as well as the large interface loss as
the TA signal travels from the soil to air in the absence of
any coupling media [9]. Further, since the CMUTs are silicon
compatible devices, they can easily be fabricated at scale as
well as interfaced with supporting electronics [20], [21].

Ultrasound Design Knobs. The sensitivity, bandwidth
(BW) and operating frequency of the chosen CMUT directly
govern the image resolution and SNR (or penetration depth)
as shown schematically in Fig. lc. Like other MEMS based
devices, the CMUTs have an inherent sensitivity-BW tradeoff,
which we explore experimentally via the use of different
CMUT designs in our imaging experiments.

Ultrasound Sensing Knobs. The hybrid nature of the
systems adds additional ultrasonic sensing knobs to the NCTA
system as shown in Fig. le. One such knob leverages the
dependence of the speed of sound on soil moisture content
[22] to create soil moisture profiles [23]. An ultrasonic de-
tection mechanism also results in the proposed NCTA system
outperforming GPR systems in terms of resolution as sound
travels much slower than EM waves, with smaller acoustic
wavelengths allowing us to resolve finer targets. Image recon-
struction algorithms applied on the collected TA data can thus
be used to reconstruct relatively high-fidelity below-ground
images and map to properties of interest as experimentally
detailed in the following sections.

Ultrasound Receivers. We choose three different CMUT
designs [10], [24], [25] in this work. The cross sections and
impedance models of the CMUTs are shown in Fig. 2a-c.
Fig. 2a shows a CMUT with a vacuum gap between the
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Fig. 2. Three different CMUT designs fabricated and used in this work: vacuum CMUT, vented CMUT without trenches, and vented CMUT with trenches
and their (a), (b), (c) Cross-sectional view and impedance model; (d), (e), (f) Measured impedance magnitude; (g), (h), (i) Measured impedance angle; (j),
(k), (1) Measured open-circuit sensitivity, bandwidth and minimum detectable pressure.

plate and substrate, designed to maximize sensitivity. Fig. 2b-
¢ show CMUTs wherein damping mechanisms are introduced
by etching vias and trenches in the substrate, to widen the
CMUT BW for improved imaging resolution, albeit at the cost
of some reduction in sensitivity.

Fig. 2d-i show the measured impedance profiles of the
CMUT designs. The impedance models inform the design of
noise-optimal interfacing electronics for each CMUT using
well-known circuit design principles [26]. While most immer-
sion CMUT devices use current-sensing front-ends [27], the
low acoustic impedance of air (which often translates to low
CMUT resistance) makes it more power and noise efficient
to use a voltage amplifying analog front-end (AFE) for some
air-coupled CMUTs [20]. We thus use a programmable two-
stage voltage amplifying (100-1000 V/V') AFE and on-board
filtering to interface with the vacuum CMUT and the vented
CMUT with trenches. On the other hand, the relatively high
impedance of the vented CMUT without trenches (Fig. 2b,
e, h) makes it more noise-optimal to use a current sensing
AFE and we thus interface it with a programmable resistive
feedback trans-impedance amplifier (gain of 15M-1GQ).

We also conduct pitch-catch experiments in air with a
calibrated microphone (GRAS 40 DP) to characterize each
CMUT’s open-circuit sensitivity (V,.), bandwidth (BW) as
well as minimum detectable pressure (MDP) as seen in Fig.
2j-1. The vacuum CMUT has ~10x higher sensitivity than
the vented CMUTSs, while the vented CMUT with trenches
has nearly 10x wider BW than the vacaum CMUT. Note that
the vacuum CMUT and vented CMUT with trenches operate at
the parallel resonance frequency (f,) where the electromechan-
ical voltage is maximized, while the vented CMUT without
trenches operates at its series resonance frequency (fs) where
the electromechanical current is maximized.

III. TUBER CROP IMAGING

Tuber crops have most of their economic potential stored
underground and hence are a favorable candidate to demon-
strate the imaging capabilities of our NCTA system. Specif-
ically, we choose to image potato (Solanum tuberosum L.)
crops since they are the world’s most important non-grain food
crop [28]. Moreover, potato production currently requires large
quantities of water and fertilizer [29], with potato crops being
susceptible to disease [30] and facing diminishing yields due to
climate change [31] — inefficiencies which could be mitigated
by using root phenotyping tools as described in Section I.

A conceptual view of the imaging setup is shown in Fig.
3a. Potato cultivars were harvested and then placed in a 40 cm
deep container of Potting Mix (PRO-MIX HP, Premier Tech
Horticulture), at depths varying from 10 — 20 c¢m, with mi-
crowave excitation applied through an open-ended waveguide.
The CMUT, placed at a 20 cm standoff in air is scanned
across a 30 ecm swath of soil using a motorized linear stage to
synthesize a wide aperture and improve image resolution [9].
The captured A-scan data from across the aperture is then fed
into a piece-wise SAR based imaging reconstruction algorithm
[9], [32] to reconstruct TA images of the potato tubers.

Fig. 3b-d show ground truth-images of the tubers before
they were inserted into the soil, with Fig. 3e-g showing the
corresponding reconstructed TA images that match well with
the ground-truth, achieving cm-scale image resolution, and
outperforming state-of-the-art GPR systems [12]. They also
demonstrate the tradeoffs involved in using the three different
CMUT designs: the vacuum CMUT could image potatoes at
the largest depths, the vented CMUT with trenches offered
the best resolution, and the vented CMUT without trenches
provided a balance between achievable depth and resolution.
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Fig. 3. (a) Experimental setup for non-contact thermoacoustic imaging of potato tubers embedded in soil; (b), (c), (d) Ground-Truth images of potato tubers;

(e), (), (g) Corresponding reconstructed thermoacoustic images.
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images; (b) Correlation between extracted pixel count and fresh weight of the imaged potatoes, which serves as a proxy for biomass content.

IV. BIOMASS MAPPING

In addition to end-to-end imaging, phenotyping systems
can also be used to extract information about other traits of
interest like root system architecture (depth, width, number
of roots), soil (moisture, texture, composition), nutrient, and
environmental parameters. Such quantitative information is
sought after by plant breeders and geneticists to study the
impact of genotype, environment, and management (GxExM)
interactions on the plant cultivars being investigated [33].
Providing actionable, quantitative insights is also important
to enable adoption of such technologies in spheres like small-
scale farming, that have traditionally lagged behind in adopting
such digital solutions [34].

As an example of obtaining such quantitative data, we
use the reconstructed TA images to extract information about
the potato biomass content. Continuous monitoring of root

biomass could be useful for a number of applications, includ-
ing but not limited to: identifying the optimal time for harvest,
studying and rectifying spatial variations in plant growth in
different areas of the field, choosing cultivars with desired
traits, and improving resource efficiency via targeted use of
fertilizers and intelligent irrigation scheduling depending upon
plant growth stage.

In order to map the captured TA images (n = 32) to root
biomass, we process the reconstructed images as shown in Fig.
4a. The image processing steps involved include thresholding,
edge detection, hole filling, smoothening and filtering to re-
move noise and artifacts to create a binary image of the potato
tuber. We then extract the number of white pixels from the
processed binary image and correlate that to the fresh weight
of the potatoes as measured when they were first harvested.
As Fig. 4b shows, a strong correlation exists between the
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reconstructed, processed TA image and the fresh weight of
the potatoes which serves as a proxy for biomass content.

V. CONCLUSION

In this work, we demonstrated the first experimental ther-
moacoustic images of plant material buried in soil, captured
in a completely non-invasive and non-destructive manner. The
images matched well with the ground-truth and extracted
parameters showed strong correlation to root biomass. We also
discussed the many degrees-of-freedom available due to the
hybrid nature of the NCTA system as well as experimentally
investigated the tradeoffs involved in using ultrasound sensors
with different sensitivities and bandwidths.

Future work will seek to further improve the proposed
system by deploying CMUT arrays instead of single elements
and improving image resolution by using multi-frequency
CMUTs [20]. Dynamic measurements of live plants, with finer
root structures [23] will also be conducted in a variety of soil
types. Additional below-ground parameters of interest will be
extracted and mapped to captured thermoacoustic signals and
images. Finally, the system will be deployed for below-ground
imaging of root system architectures in the field.
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