L))

Check for
updates

MetaSoil: Passive mmWave Metamaterial Sensor
for Multi-layer Soil Moisture Sensing

Baicheng Chen
University of California San Diego
La Jolla, CA, USA
b3chen@ucsd.edu

Xinyu Zhang
University of California San Diego
La Jolla, CA, USA
xyzhang@ucsd.edu

Abstract

Soil moisture level sensing is essential for enabling smart irriga-
tion, which is crucial for our food security and sustainable agricul-
ture. Existing soil moisture sensing systems face limitations such as
single-layer sensing, limited depth, power supply reliance, and com-
plex calibration. In addition, costly and cumbersome sensor unit
design hinders mass and dense deployment of passive intelligence.
This paper introduces MetaSoil, a soil moisture sensing system that
is calibration-free, continuous, and multi-layered, leveraging a pas-
sive 3D printable mmWave metamaterial. When soil moisture level
changes, our hydrogel patched polylactic acid (PLA) metamaterial
alters resonant frequency in the impinging mmWave signals due
to impedance match offset. Our system eliminates in-soil power
supply dependencies by utilizing the RF resonance of 3D-printed
metamaterial, allowing for deeper placement, and simultaneous
multi-layer sensing. We then integrate a commercial-off-the-shelf
(COTS) mmWave radar to query the metamaterial sensor. With
MetaSoil’s fully passive metamaterial pole, RF signal from far is
redirected towards the sensor unit, bypassing soil’s heavy attenua-
tion effect. Through our extensive evaluation, MetaSoil achieves
98.9 % accuracy with +10% moisture level precision in single-layered
sensing, at depth of 1m meter. It achieves 98.8 % accuracy with +10%
in double layered sensing at same depth with 10cm sensor spacing.
We further examine the robustness of our system with real-world
requirements. Overall, MetaSoil represents a low-cost, durable, and
easily deployable solution that supports remote and continuous soil
moisture monitoring, advancing the scalability and effectiveness of
smart agricultural practices.
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Figure 1: MetaSoil is a passive mmWave metamaterial sensor
aided multi-layer soil moisture level sensing system. With
accessible material and fabrication techniques, MetaSoil can
replace existing smart agriculture soil moisture monitoring
systems with low cost and denser sensor deployment.

1 Introduction

Smart agriculture directly supports food security [5, 23, 38, 59]. By
continuously monitoring soil moisture levels, farmers can avoid
overwatering or underwatering [14, 40], which harms crop pro-
duction. In addition, smart irrigation systems help conserve water
resources, reduce labor costs, and promote sustainable farming
practices. Thus, it is important to develop an efficient and effec-
tive soil moisture sensing mechanism to enable large-scale smart
irrigation.

Traditionally, soil moisture level is sensed with direct current
(DC) capacitance sensors that measure the DC dielectric permittiv-
ity of the soil surrounding the sensor [43]. In recent years, wireless
approaches have been explored that remove cables and attempt
to deploy at a large scale. However, existing systems have their
own limitations. First, [34] proposed a sensor-free configuration
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Figure 2: Traditional soil moisture sensing mechanisms have
obvious deployment limitations. Wired sensors require con-
stant power supply, while its metal probe can corrode over
time. Wireless sensors relying on radio frequency signal
propagation pattern are limited to shallow soil down to
~40cm and losses signal completely at high soil moisture.

that offers an algorithmic approach to multilayered moisture level
detection, yet its applicability is limited to the soil surface due to its
physical attenuation constrains. Similarly, [56] relies on RFID tags
in/on pots that are agile but suffer the same limitation of attenua-
tion when placed underneath a field. Next, [15, 19, 25, 48, 57] buries
sensors/receivers under the soil and measures different ratios of
attenuation. Such a technique requires digging for both placement
and maintenance, and the need of power supplies makes it unpracti-
cal for large scale deployments. Lastly, [31] presents a passive metal
circuit design that can be buried under the soil with a Wi-Fi antenna
extends over the soil surface, but a metal plate is completely in con-
tact with the soil, which can easily be corrupted and contaminated.
Overall, all of the above sensing mechanisms require a calibration
scheme for different soil compositions, which is obfuscating the
real-world usage. In addition, most systems fail to support crop
diversity such as deep-root crops (e.g., grape, olive, and almond),
which requires depth to be extended to 15 ft [55]. Although each of
the work presents their solution to partially solve the problem, their
limitations still hinder the large scale smart agriculture application.

To this end, we present MetaSoil, a i) fully passive, ii) calibra-
tion free, iii) continuous, and iv) multi-layered soil moisture
sensing system based on the 3D printable mmWave metamaterial.
The overall sensing scheme is presented in Fig. 1. To maximize scal-
ability in large scale smart agriculture applications, we completely
remove the power supply constraint by utilizing RF resonance of
3D printed polylactic acid (PLA) metamaterial sensor to direct the
signal downward. With a low-cost and durable metamaterial sensor
[44], we also unlock sensing with multi-layer depths simultane-
ously and push the depth to 1.5m and deeper. We then remove
the calibration process to fit one sensor with any soil moisture
level sensing application by using a low-cost commercial-off-the-
shelf (COTS) hydrogel patch as a moisture holding mediator. A
Frequency Modulated Continuous Wave (FMCW) mmWave radar
is then placed on top to remotely and continuously interrogate the
resonance responses from the metamaterial sensor. This can be
done either manually or through automated machines (e.g., a drone
or mobile robot).

To attain the desired functionalities, MetaSoil is designed to
overcome the following key challenges:

i) Fully passive sensor: soil naturally attenuates the mmWave
signal severely with its moisture content. Such attenuation can be
ambiguous in contrast to background noise and path loss in the
field. To clearly identify soil moisture level with a passive sensor,
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we propose a 3D printed metamaterial sensor design that matches
impedance with the soil and reflects impedance match offset when
soil moisture level changes.

ii) Multivariate soil composition: soil is also highly diverse
in composition. Two samples in the same orchard can have a very
different composition due to topographic variation, rain, and fertil-
ization [42]. This also leads to different impedance characteristics
in the radio frequency (RF) domain, which would require traditional
sensing systems to perform per-site calibration. To eliminate the
need, we present a hydrogel-mediated approach to interface with
soil moisture. Hydrogels are durable polymers that are capable of
repeating the storage and donating of water based on the moisture
level of the soil in contact [16]. We first verify the hydrogel’s wet-
ting and drying moisture level curve compared to that of the soil;
then, we employ adhesive hydrogel to the part of the metamate-
rial sensor where resonance is optimized. As the hydrogel water
content changes, its shape and dielectric value change, causing a
significant resonant frequency shift.

iii) Multi-layer signal attenuation: soil has a much higher
dielectric loss compared to air and PLA material, with multilayer
sensing, the loss will increase exponentially per millimeter of soil.
Instead of having multiple soil layers, we utilize the metamaterial
sensor to resonate at different layers with the soil in contact. Each
layer of the metamaterial can be designed as a sensor layer that
exchanges a small portion of its PLA structure for soil. As the soil
moisture level changes, the resonance of that specific layer will
also change. This allows multiple layers of soil to be sensed simul-
taneously without having to worry top layer of soil attenuating the
bottom layer signal.

iv) Radar signal path optimization: ideally, the radar is per-
fectly perpendicular to the ground, so that the antenna points di-
rectly down to the metamaterial pole. While we want to maximize
the amount of signal from the radar that is passed down the pole
structure, the radar may be moving on the land and have varying
sensing angles. To improve the robustness of the system against
the radar position variation, we design arrays of metaatoms that
process +45° incident waves, with the exit wave directed straight
down the pole. This also has the side benefit of spatial encoding
from the radar received signal such that every interval of incident
angle will generate a unique downstream signal signature. This
enables accurate modeling of the signal model from air all the way
down to the last soil layer being sensed.

We prototype a metasurface sensor in the form of a 10x10x100
cm (LxWxH) long pole using 3D printable PLA material at a total
cost of less than US$20. We conduct experiments in real-world
setup where the metasurface sensor is buried in soil with only
Director protruding. Throughout extensive evaluation, MetaSoil
has proven its accuracy with accuracy of 98.9% in single-layer
moisture level sensing tasks and accuracy of 98.8% in double-layer
moisture level sensing, with +10% precision tolerance. From 0 to 100
% soil moisture level dynamic range, MetaSoil’s prediction achieves
a nearly perfect correlation of R? = 0.98. In addition, MetaSoil’s
performance maintained above 98% when stress was tested on the
sensor depth up to 1m, the distance between the radar and the pole
up to 1.5m, and the angle of inclination of the radar and the pole of
+50°. Furthermore, MetaSoil works robustly with 3 different types
of soil compositions.
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Figure 3: MetaSoil leverages a dielectric resonator and RF
query device to extract soil moisture level under soil surface.
As the hydrogel patch under dielectric resonator changes
its water content along with soil moisture level, the whole
sensor’s resonance varies accordingly.

To this end, we conclude the following contributions:

e We design and fabricate a completely passive, wireless soil

moisture sensing platform using 3D printable dielectric mmWave

metamaterial sensor.

e We unlock calibration-free multilayer sensing on a single
metamaterial sensor.

e We optimize the metamaterial sensor to accept a wide range
of sensing signals from above the ground.

o We develop corresponding signal processing and regression
model for accurate multi-layered soil moisture level detec-
tion.

o We perform extensive evaluations on the accuracy and ro-
bustness of the soil moisture sensing system in real-world
scenarios.

2 Preliminaries

2.1 Soil Dielectric Resonance

Soil composition can be divided into two categories, organic and
inorganic materials [51]. Inorganic material (e.g., sand, silt, clay,
> 90%) of different sizes make up the structure of the soil with
water adhesion, while organic material (e.g., plant, animal remains,
< 10%) [22]. These materials can be modeled as a dielectric layer
with a moisture level directly proportional to their DC dielectric
permittivity [58]. When broadband RF waves illuminate a layer
of soil, portions of the wave are reflected and scattered, while
the remainder penetrate the soil with moisture level-dependent
attenuation, as demonstrated in previous works [25, 34, 56]. In
addition, deep soil can be sensed with the dielectric resonance
method, demonstrated by a DC circuit system [31]. Although soil
does not naturally have an observable high-frequency resonant
point, a resonating structure that brings soil into contact as a layer
in its whole structure can give us the intrinsic property of the soil,
such as permittivity correlated moisture level.

Hypothesis: Different amounts of water within the same soil space
will change the dielectric permittivity of the soil layer, which in turn
alters the amount of energy being reflected, scattered, and passed
through. Different 3D geometry of the resonating structure can
be designed and optimized to focus on a specific layer of material,
which, in turn, maximizes the effect of dielectric permittivity change
on the response signal. Thus, we hypothesize that employing a
passive dielectric resonating structure that assimilates a layer of soil
will allow observation of varying soil moisture levels when illuminated
by wireless signals.
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Figure 4: Evaluation result clearly indicates strong corre-
lation between soil moisture level and its capability to be
sensed remotely with a metamaterial sensor. Dry soil is oven
dried for 2 hours, soaked soil is dry soil at 100% moisture
level, and oversat soil is adding more water to soaked soil
sample.

2.2 RF Dielectric Resonance Modeling

In the past, dielectric material in grating pattern have been explored
to form bianisotropic metamaterial for impedance matching and res-
onance effect [46]. Fundamentally, RF propagation follows Snell’s
law[9], when RF wave arrives a boundary between two materials
with different dielectric permittivity, reflection and refraction of
wave occur based on the ratio of permittivity difference. Leveraging
recent advances in COTS 3D printing systems with micrometers
of precision, we design a metamaterial that bridges RF impedance
for air and soil. An n-layered grating shows the following wave
propagation characteristics:

sensor _ pl 2 n
M - Minterface MdelaYMinterface ” 'MdelaYMinterface

1)
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matrix, M} represents the geometric wave propagation be-
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the reflection and transmission of the RF signal at the boundary of
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Figure 5: MetaSoil dielectric resonator structure for proof
of concept experiment. The translucent parts are replicas of
the structure in the axis perpendicular to wave propagation.

and 7 is free space wave impedance, €, () is the frequency de-
pendent relative effective permittivity for a given layer. ¢q is the
electrical thickness of the layer in terms of wavelength, d is the
physical thickness, ko is the propagation constant in free space.

M
e(@) = ) pem(®) ©)

where €(w) is the frequency dependent dielectric constant for a
layer of dielectric material, given p% of material m. M is the set of
all materials in a given layer. In our application, the n-th layer is
the soil layer, where as the 1st to (n — 1)-th utilizes proportions of
dielectric material and air to achieve various refraction goals.

2.3 Proof of Concept Study

Following the above principle, we first fabricate a dielectric res-
onator design that matches the impedance from air to soil, which
has an € value of 1 and 5, respectively. We utilize 60 GHz high-
frequency RF signal with short wavelength of 5mm. The basic
resonator design has 4 modulation layers and 5 spacer layers that
hold the structure with a total thickness of 2cm. Fig. 5 and Fig. 4(a)
illustrate the 3D geometry of the structure and the work flow, re-
spectively. The result is shown in Fig. 4(a) and Fig. 4(b). A different
moisture level of soil layer is reflected in radars’ return signal, and
further interpolated resonant frequency offset. Under radar sight,
measurements from free space (i.e., substituted with air) and a
strong reflector (e.g., aluminum plate) serve the minimum and max-
imum reflection strength for calibration. To this end, we conclude
that a passive dielectric resonant structure can be used to sense the
soil moisture level of specific layers.

2.4 Hydrogel Mediator

Soil at its dry form with different composition of organic and inor-
ganic material can have various radio frequency dielectric constants
ranging from 3 — 6 [30, 50]. As shown in Fig. 6, different composi-
tions with different grain of particles lead to different sizes of air
holes, which make up different water retention capacities. With
higher moisture level, the average dielectric constant value of the
same soil block is pulled towards ~ 13, which is the dielectric con-
stant of water at the same frequency [39]. To mitigate the need
to calibrate for minimum and maximum dielectric constants, our
MetaSoil system opts for a material-mediated sensing approach
using a water-retaining hydrogel [32]. Given the ability of the hy-
drogel to retain water at a higher rate than soil, it has been used
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Figure 6: Different soil compositions with different physical
texture. Coarser grained soil with larger material such as
tree bark, plant stem, and gravel/pebbles lead to larger air
holes that allow water to pass through easily, which leads to
poorer water retaining capability.

to cure droughts by mixing it with soil [1, 26, 53]. Its water absorb-
ing and donating characteristic is similar to that of the soil, which
allows the plant roots to directly obtain water at a consistent rate
over a longer period of time [32]. As shown in Fig. 7, the moisture
level of the hydrogel and soil is synchronized quickly after drastic
changes in the moisture level such as irrigation. It is also worth
mentioning that the hydrogel inherits the durability and safety
of the polymer material from both plants and humans [2, 16]. To
this end, we have a high-level construction of a completely passive
soil moisture level sensing system using an RF resonant dielectric
sensor with hydrogel mediator.

3 System Overview

MetaSoil is a fully passive mmWave metamaterial sensor-assisted
soil moisture sensing system that uses hydrogel as a mediator. An
end-to-end system overview is shown in Fig. 8.

3.1 MetaSoil Sensor Infrastructure

MetaSoil’s primary physical infrastructure is the passive mmWave
metamaterial sensor that resonates with soil in its surrounding. The
passive metamaterial sensor uses ubiquitous and accessible material
such as PLA that allows rapid prototyping and deployment. The
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Figure 7: Soil and hydrogel have different water adoption and
releasing rates, however, in short period of time (i.e., 1 hour),
the two material’s moisture level synchronizes themselves.
To compensate the difference, MetaSoil interpolates hydrogel
moisture level to soil moisture level.
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Figure 8: MetaSoil remotely queries pole at different depth, performs signal processing, extract soil resonance signature, and
identifies moisture level. mmWave signal passes through the Director, Tunnel, and Sensor to reach targeted soil layer. The
Sensor’s geometric design then resonates with attached hydrogel material, and reflects remaining signal back to the radar
receiver. The received signal then go through a series of signal processing steps to extract soil moisture level at different depths.

metamaterial sensor is a pole-shaped structure that extends from
above the ground to as far as needed under the soil while occupying
only a small volume relative to the farm. The pole consists of a
Director above the ground that manages wave propagation, a
Tunnel that maximizes signal reaching depth, and the Sensor
that resonates with deep soil and responds to the signal embedded
with moisture level. Each component is easy to print and assemble,
highly customizable, and resistant to corrosion.

3.2 MetaSoil Sensing Strategy

MetaSoil utilizes COTS mmWave radar that remotely interrogates
and processes the metamaterial pole’s resonance with different
layers of soil. The radar transmits the FMCW signal with large
bandwidth and captures the reflected signal from the pole for soil
signature decoding. Once the signal is received, the signal extraction
module first performs range bin filtering and noise cancellation,
which searches for the soil resonance signature. Signal processing
techniques are then applied in the time and frequency domains to
extract the resonance pattern. Lastly, a regression-based algorithm
takes the resonance signal pattern as input and outputs each layer’s
moisture level.

4 Sensor Design

In this section, we first explicitly describe design principles and
optimization goals towards the Director, Tunnel, and Sensor compo-
nents on the pole-shaped metamaterial. Then, we detail the remote
mmWave radar’s signal modulation, processing algorithms, and ma-
chine learning model for an end-to-end soil moisture level sensing
workflow.

4.1 MetaSoil Pole

4.1.1  Pole-Director and Sensor. The Director and the Sensor are
two separable pieces of the dielectric metamaterial pole, each com-
prising multiple sensing layers of dielectric grating held together
by spacer layers. The Director guides signal from centimeters pro-
truded above soil surface straight down into the Tunnel, and the
Sensor are buried deep under soil to interact with soil. They are
uniformly designed to guide signal with top layer protruding soil
surface, and bottom layer maximizing resonance on soil sensing
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layers. Fixed size spacers are used to hold different layers together
as layers with different ratios of PLA and air-infill redirect RF signal.

Its worthy to note that soil with different grain size in its com-
position leads to different size of air holes. Larger air holes not
only have higher permittivity for water to flow through, they also
allow more RF energy to pass through, leading to lower reflection
strength. To remove the sensor’s need to calibrate for each type of
soil, we apply hydrogel patches that are low cost and durable to
interact with soil moisture.

A 3D printed illustration of the whole structure is shown in Fig.
9(a). Generally, with increasing complexity in the number of layers,
the structure will provide more degrees of freedom for frequency
selectivity, which leads to finer-grained control in frequency-limited
scenarios. However, after 5 layers of design, the resonant amplitude
is maximized (i.e., the reflection amplitude is minimized) and further
optimization would lead to overfit, as shown in Fig. 9(b). We thus
allocate 5 layers to the Director and 5 layers to the Sensor. The
Tunnel with variable length and no PLA infill is also modeled as a

Signal
Directing Spe

Hydrogel

Al

'V N
W1 Layer
2 Layers
3 Layers

4 Layers
w5 Layers

arrimg

S$11 Amplitude (dB)

Sensor

Director Tunnel Frequency (Ghz)

(a) MetaSoil 3D view on Director, Tun-(b) Marginal resonance amplitude upon
nel, and Sensor design. 5 layers of complexity.

Figure 9: Director/Tunnel/Sensor are fully passive, 3D print-
able components that enables deep soil sensing. The Director
and Sensor both comprise multiple sets of Spacer-Layer pat-
terns for impedance matching and resonance purposes. The
Tunnel has a modular design that extends or shrinks the pole
while maintaining impedance matching. Without any of the
three components, the resonance will not be as effective as
shown in (b).
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Figure 10: HFSS electric field plot heat map that shows strong signal level across air, Director, Tunnel, Sensor, and soil layers.
The simulation extends soil layer until signal completely attenuates which is generally true in farms. In between Layer 1 (L1)
and Layer n (Ln), user can repeat sensing layers to achieve multi-layered sensing. In addition, the modular Tunnel structure
allows user to extend or shrink the pole while maintaining impedance match.

thick layer of air interconnecting the Director and the Sensor. Such
design enables the impedance matching capability of the entire
structure without compromising signal loss along the narrow and
long metamaterial pole.

4.1.2  Pole-Tunnel. Ideally, the pole’s Tunnel is an integral design

that directly links the Director and the Sensor with PLA material.

However, PLA material itself has a dielectric permittivity of around
2.96 and a dielectric loss of around 0.02 [24], which still causes the
mmWave signal to be lossy than air. In simulation, a layer of 2% PLA

infill with 460 mm thickness would lead to ~ 25dB propagation loss.

while a layer of 0% PLA infill (i.e., pure air) would allow the signal
to travel further without significant loss in our application. While
varying the thickness of the tunnel layer, we can optimize the whole
structure to maintain the impedance matched. In addition, repeated
patterns of fine-grained structure in bulk significantly increase
the print time. However, removing the structure introduces a less
controlled signal propagation pattern inside the Tunnel, which
sacrifices SNR. In MetaSoil, we take the trade-off that maximizes
the signal propagation path distance and leave the inside of the
Tunnel completely free of PLA material.
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Figure 11: MetaSoil Director metaatom array unites multiple

discretely optimized metaatoms to collectively form a meta-

material that redirects RF wave propagation direction.
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4.2 Different Incident Angles

The above Director optimizes for maximizing propagation depth
for 0 degree incidental wave, real world sensing deployment might
require more usability with various probing angles. Instead of re-
peating the metaatom across the 2D surface, we design an array
metaatoms that turn incidental wave at angles from 0 to 35 degrees
to 0 degree existing the bottom of Director. The metaatom array
is demonstrated in Fig. 11, and the signal propagation strength is
also shown in Fig. 12. A complete view on signal strength while
propagating from Director to Sensor is shown in Fig. 10.

4.3

We further design the MetaSoil structure to enable simultaneous
multi-layer soil moisture level sensing. At target distances, a large
window (e.g., 1cm) is opened to place the hydrogel on the side; the
window size can be customized to fit different types of hydrogel
available (e.g., patch, prism, beads). As shown in Fig. 13, the hydro-
gel is placed on the bottom layer of the Sensor for a simple single
layer setup, bottom and side for two or more layers. With 60Ghz
mmWave radar’s 5.5GHz bandwidth, the range resolution is 2.7cm,

Multi-layer optimization

Not Optggnized

g
?" S

-90° ~ 90°
20dB
Optingiozed @xiin
o o45° 0dB

Soil )
Pole Top _gpo | 90°

Figure 12: Leveraging metaatoms optimized for various in-
cident angles, MetaSoil’s fully passive Director array gains
20dB signal strength across +45° RF incident angle.
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which gives us fine-grained spatial resolution down the pole. As
shown in Fig. 14, multiple sensing windows show up in the range
spectrum plot, from which we can then extract the S11 curve for
each sensing layer.

5 Signal Design
5.1 Signal Modeling

FMCW mmWave radar with co-located transmitting and receiving
antennas can enable a wide range of smart agricultural sensing
applications [21, 47, 52]. It emits periodic chirps that sweep across
the mmWave band x(¢) and detects the reflected signal y(t):

x(t) = Aged @D +00) (1) = g + tgt
(4

™

N

y(t) = ) anx(t ~ 1)

n

where A(0) and a, are the transmitted power and received power
for nth reflection layer, respectively. In our application, this is as-
sumed to be from the range bin of the Director down to the last
layer of the sensor. j is the imaginary unit, thetag is the signal’s
initial phase, B is the bandwidth, and 7 is the time delay from each
layer.

Single level Multi-level (2) Multi-level (N)
D wmen 1 o
= == Hydrogel = =
o g
— - —
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Figure 13: MetaSoil multi-layer sensing hydrogel placement.
A single sensor can have two sensing layers that are 10cm
apart, while N-layer sensing can be achieved with many sens-
ing layered stacked.
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Figure 14: MetaSoil system optimization to multi-layer sens-
ing. Surface reflection and weak scattering can only sense up
to <40 cm depth due to soil attenuating RF signal. MetaSoil
pole allows multiple layers of soil moisture level to be sensed
simultaneously and continuously.
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Its maximum range can be calculated as the following [29]:

1
O-PtGTXGRszTmeas ¢
dmax = ®)
(4rm) 3SNRypinkTF

where o is the radar cross section of the target object, P; is transmit-
ted power, Grx and Ggrx are transmitting antenna and receiving
antenna gain, respectively. Tineqs is the measurement time, SNRyin
is the minimum signal-to-noise ratio, k is Boltzmann’s constant, F
is noise figure, and T is antenna temperature.
Its range resolution AR is directly proportional to its bandwidth
and angular resolution. AS is defined as the following:
€0

AR = —,
2B

where cy is the speed of light in free space, B is the bandwidth of
the radar TX sweep, D is distance from radar to object, and 0 is the
antenna beam-width. From which the range of detected object is
inferred as:

6
AS = 2Dsin5 9)

_ colAt] _ colAf]
T2 ,dl)
2(gn)
where At is the delay time, Af is the measured frequency differ-
df .
is the

dt

(10)

ence, R is the absolute distance of object from radar, and
frequency shift per unit time.

5.2 Soil Signature Extraction

Once the FMCW mmWave radar receives the combined response,
which occur in units of nanoseconds, we dissect the signal for each
layer of soil, and extract soil signature within each layer. From Eq.
7, we can obtain a single n-th layer response y, assuming line of
sight from the radar to the Director:

Yn = anx(t — 1)

(11)

the signal is then normalized to a min-max scale where minimum
is free-space, and maximum is from a strong reflector. Similar to
Fig. 4(a), in soil sensing application, we use air reflection to model
free-space, and use a thin metal sheet to model strong reflector.
The remaining time domain signal with embedded soil signature
can be transformed into frequency domain with Inverse Fourier
Transform (IFFT):

Y(w) = ay(w)ej“’ (12)
where Y (o) is the extract return signal at the range, ay(®) is the
frequency dependent amplitude response from the soil.

However, this does not translate directly to the S;1(w) resonance
reading that describes the resonance of the soil layer. To extract the
soil resonance, we remove the environment factors by performing
a min-max normalization that removes the radar’s self interference,
as well as background noise[28]:

Y () = Yimin(w)
Ymax (w)

where Y(Aw) is the practical approximation to S11(w) resonance

Y(w) = = 511(w) (13)

reading. The resulting Y () resonance curve with soil moisture
level embedded is a one dimensional array with the size equal to
half of radar’s number of ADC samples per chirp.
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5.3 Regression Model

To extract the exact soil moisture level from the S11 resonance
curve, we employ a simple tree structured regression model that
learns from prior resonance to moisture level mapping. The model
is implemented using scikit-learn RandomForestRegressor library
[37]. The model takes the S11 resonance curve Y(w) as input and
outputs soil moisture level W as follows:

Q
W= Z ¢I{Y(w) € R;} (14)

where wy is the starting frequency, and the Q is the last frequency
of the S11 resonance curve. I[{Y(w) € R;} is an indicator function
that is 1 if Y(w) falls into region R;, and 0 otherwise. c; are the
regression model parameters to solve. The model’s training loss is
defined through a mean square error function as follows:

S
1 .
Luse = 5 ) (i = 90)° (1s)
i=1

where y; is the ground truth moisture level, and §; is the regressed
moisture level from S11 input.

To this end, we have an end-to-end mmWave sensing system
on multi-layers of soil moisture level, with aid from the passive 3D
printable metamaterial pole.

6 Evaluation Setup

6.1 Radar setup

We adopt a COTS FMCW radar [8] with a small form factor, which
can potentially be carried by mobile autonomous devices (e.g., au-
tonomous drones, robots). The radar has 1 TX and 3 RX antennas
arranged in L shape, sweeping the 58-63.5 GHz mmWave band,
corresponding a range resolution of 2.7cm. We mount the radar at a
default distance of 50 cm above the Director top with 0° incidental
angle unless otherwise noted. The director top to sensor bottom
distance is 50 cm, unless otherwise noted.

6.2 Metamaterial Pole fabrication

We fabricate MetaSoil’s Director, Tunnel and Sensor components
using PLA material [4] with a COTS 3D printer[13]. It is worth
to note that all components are fully passive, and do not require
any power supply. As shown in Fig. 9(a), the Director and Sensor
are fixed designs, but the Tunnel is modular, such that the overall
length can be adjusted by adding or removing Tunnel pieces. We
perform tests on a 10cmx10cm surface area Director/Sensor, with
the Director being 2.6cm tall, and the Sensor being 11.4cm tall.
Concatenating 5x20cm Tunnel structure, the overall pole is 114cm.
The Director and Sensor contain metaatoms that are optimized
for 0 to 45 degrees of incident wave at 5 degree intervals. In more
detail, each metaatom in the Director contains 6 spacer layers that
sandwiches 5 modulating layers. The Sensor contains 5 spacer
layers that sandwiches 4 modulating layers. Hydrogel is naturally
adhered to the Sensor’s first modulating layer (side) as well as the
last modulating layer (bottom), allowing multi-layered moisture
level sensing 10cm apart.
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6.2.1 Hydrogel adaptation. Hydrogel are known for their high
water retention capability and durability, and are widely used in
agriculture for soil moisture level sensing [16, 26, 32, 53]. We adopt
a COTS hydrogel patch [3] in the Sensor to remove soil composition
dependency and enhance sensitivity to the moisture level of the
metamaterial. As shown in Fig. 15, the transparent hydrogel patch is
placed on the Sensor’s bottom surface, and the side for multi-layered
sensing. Each patch is 1 square inch in size, ~0.1mm in thickness
when completely dry, and ~3mm in thickness when completely
soaked.

6.2.2 Data Collection. We utilize a commercially available wire-
less soil moisture level sensor [12] based on a capacitive sensor
as shown in the top left of Fig. 15 We then use a programmable
capacitive sensor with Arduino DC circuit with extensible cables
that maps raw capacitive reading onto the COTS moisture level sen-
sor. This enables varied depth ground truth collection. To prevent
water from short-circuiting the device while underground, we tape
around the exposed circuitry. The programmable capacitive mois-
ture level sensor logs a capacitance that is inversely proportional
to the soil moisture level at 1Hz. We perform all data collection and
signal processing with a laptop carrying an 8 core mobile CPU and
3.3 GHz clock. Overall, we collected 32 hours of continuous soil
moisture level sensing data for general soil moisture level evalua-
tion, and 6 hours for each of subsequent experiments requiring a
different setup. We divide all data samples in the same pool into
train/valid/test sets with a 60/20/20 split. The data is then fed into
a RandomForestRegressor [37] to train and perform a soil moisture
reading regression ranging from 0-1. The model predicts soil mois-
ture level based on some deciding factors such as the amplitude of
the given curve at specific frequencies. We set the number of esti-
mators to 7, filling up a 3 layer deep tree structure, which directly
translates into at most 3 frequencies of interest. This minimizes the
computation requirement and the risk of overfitting.

6.2.3 Soil Burying and Irrigation Process. The complete setup is
shown in Fig. 15. Multiple 20 cm long poles with fitter design on

mmWave Radar ‘
Antenna

Ground Trut

. ¥
Capacitance ;
Soil Moisture &
Level Sensor

Director Sensor

Director

Hydrogel
-

Tunnel Spacers
Layers
Tunnel

Sensor

Figure 15: MetaSoil Evaluation setup on natural soil. The
length of the pole assembly (consisting Director-Tunnel-
Sensor components) can be adjusted by adding or removing
one or more of the Tunnel segments.
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two ends can be assembled together to form different length poles.
The ground truth device is connected with same length cables that
extends to sensing depth. The ground truth capacitance reader is
placed 5 cm away from the metamaterial pole in the horizontal
plane to mitigate the interference of the test device. To manipulate
different moisture levels at depth, we manually add 2 Liters of
water in between ground truth device and the metamaterial pole
and have it sink down. To investigate whether the system can work
with different soil, we test it on 3 types of soil (i.e., natural, garden,
moss). As shown in Fig. 6, sample 1 is natural soil where it contains
large air holes and large particles of irregular shape. Sample 2 is
all-purpose garden soil, where it has fewer large particles. Sample 3
is the soil of the peat moss pot that has fine granular soil particles.

6.3 Metrics

To evaluate the sensing performance of a typical soil moisture
level sensing system, we adopt the classical measurement metric
with accuracy and precision tolerance on top of volumetric water
content level. Our ground truth device is a COTS soil moisture level
sensor based on a capacitive sensor, which detects volumetric water
content level. It has a precision tolerance of +10% [12]. Hence we
adopt the same precision tolerance.

count(|ly — g| < P)

N (16)

Accuracy =
where y and § represent ground truth and predicted soil moisture
level, respectively. P is the precision tolerance, N is the total amount
of samples in an experiment.

In addition, to measure the general prediction trend from the
S11 curve to the soil moisture level, we also adopt the correlation
coefficient (R?) for the whole data set. The metrics are defined as
follows:

Z?:l(yi - gi)z
2 (yi—y)?

where 3 is the average of the ground truth dataset. Higher R? value
indicates a better overall prediction trend.

RP=1- (17)

7 Evaluation
7.1 General Evaluation

Following the setup in Sec. 6, we evaluate MetaSoil’s end-to-end
system performance in extrapolating the soil moisture level from
the radar signal.

7.1.1  Single vs Double Layer. We first assess the sensor’s ability to
sense soil moisture level in single layer at a depth of 50 cm. First,
we show the correlation between the extracted S11 curve and soil
moisture level reading in general trend (Fig. 16(a)) and samples
(Fig. 16(b)). Then, we show that over 32 hours of recording, our soil
moisture level reading against ground truth device achieves 98.9%
accuracy for single layer accuracy at 10 % precision, and 98.8% for
double layer accuracy at same precision. The accuracy vs. precision
plot is shown in Fig. 17(a) and Fig. 17(b) for single, and double layer
performance, respectively.
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(a) S11 curve as moisture level increases. (b) Samples from resonant curve relative
to moisture level.

Figure 16: S11 curves show regions strong correlation to
soil moisture level. Samples from resonant curve also shows
strong correlation across the whole S11 resonant spectrum.
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(a) Single layer. (b) Double layer.

Figure 17: Both single level and double level moisture level
sensing with MetaSoil Sensor achieves higher then 98% accu-
racy at £10% precision.

7.2 Dynamic Range

In real world, different soil depth experiences different ranges of
soil moisture. For example, the soil on the surface tends to receive
an overflowing amount of irrigation and dry up faster due to direct
sun contact (0 — 100%range), the soil directly below the surface
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Figure 18: MetaSoil can accurately sense soil moisture level
with dynamic range across 5% to 95%.
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(a) With resonance, R* = 0.98. (b) Without resonance, R? = 0.6.

Figure 19: In comparison, MetaSoil achieve superior soil
moisture level prediction performance with Director and
Sensor co-design, whereas Sensor along under Tunnel suf-
fers from low signal to noise ratio.

level tends to retain some moisture, most of the water runs through
(40 — 80%), and the deeper soil tends to stay longer on the heavily
moist side (50 — 100%). Thus, it is important to test whether the
MetaSoil system is capable of sensing moisture levels in all ranges.
To fit the sensing performance into commercially available devices’
metrics, Fig. 18 shows a soil moisture level confusion matrix per
10% interval on the sensing accuracy. The range does not cover
two ends of the moisture level spectrum due to the difficulty to
completely dry soil or soak soil in natural scenario for a long period
of time. More specifically, Fig. 19(a) shows that the predicted soil
moisture sensor is mostly within the precision tolerance range.
This shows that MetaSoil is suitable for working in any moisture
level range continuously for smart agriculture applications. It is
worthy to mention that the ground truth device has £10% precision,
but it still gives +1% readings, which lead to the wide standard
deviation within +10% precision. With a more accurate ground
truth device, this can be fine tuned. However, we find that trade-off
is unnecessary because crops usually have an optimal soil moisture
range of 20% [6].

7.3 Effectiveness of the Director

To verify that the Director design is working effectively, we replaced
it with a single 2mm thin PLA spacer and ran the simulation in
HESS. As shown in Fig. 20, the RF signal entering from the top

~ |dB(E Field)
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734
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30cm below surface a5
230
104
With %o
. -148
Director I ps
400
§ [Min: -40.000

Figure 20: Without Director, we use a 2mm spacer layer to
cover the top of the metamaterial pole and simulate the sig-
nal propagation, the signal quickly becomes very lossy at
30cm below surface.
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(a) Distance upto 150 cm in air. (b) Angle from +50° in air.

Figure 21: MetaSoil can robustly identify soil moisture level
at various radar distance and angle above the ground.

of the metamaterial pole (i.e., left side in the figure), propagating
through the Tunnel, loses 20-30dB over 30 cm distance compared
to with Director design. This indicates that our Director is a crucial
part of the design, working together with the Tunnel, is effectively
propagating the wave to the Sensor and soil layer underneath.

8 Robustness Evaluation
8.1 Impact of Radar Distance/Angle

With radar potentially mounted on mobile devices such as robots,
autonomous drones and agricultural vehicles, it is important to
evaluate the sensing performance of MetaSoil metamaterial sen-
sor when queried from different distance and angles. As shown in
Fig. 21(a), MetaSoil achieves above 98% accuracy with +10% pre-
cision up to 150 cm radar to Director top distance. It’s R? score is
maintained above 0.98 through all distance evaluations. In addition,
the Director’s implementation on incident angle optimized atoms
make its signal reflection signal strength significantly higher than
the noise floor even at +50°, as shown in Fig. 21(b). The Director’s
design is also symmetric in both azimuth and elevation angles.

8.2 Impact of Sensor Depth

One of the major challenges in soil moisture level sensing is the
difficulty to obtain readings from deep soil. MetaSoil explores soil
moisture level with a sensor buried at depths ranging from 40
to 120 cm, with a 20 cm interval. For each of the experiments,
MetaSoil achieves > 98% accuracy with correlation coefficient R
value higher than 0.99, as shown in Fig. 22(b). Given the modular
Tunnel and customizable Director/Sensor design, one can quickly
prototype a sensor that matches impedance from air above soil
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g o8 g o8
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3 3
§ 96 - § 96
95 95
1 2 3 40 60 80 100 120”
Samples Depth (cm)

(a) Soil composition. (b) Sensor depth.

Figure 22: MetaSoil can robustly identify soil moisture level
with various soil composition and at different Sensor depth.
With additional Tunnel segments, MetaSoil’s under-surface
sensing distance approximates to the radar’s maximum op-
erating distance.
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surface, to soil layer meters underneath. Overall, MetaSoil proves
that it gives reading at different depths with high accuracy.

8.3 Impact of Soil Composition

With hydrogel implementation, MetaSoil aims to eliminate the
tedious sensor moisture level calibration process when tested under
different soil compositions. MetaSoil is tested with three types of
soil with varied particle granularity and water retention capacities.
As shown in Fig. 22(a), MetaSoil achieves an accuracy above 98% in
sensing soil moisture level on top of each soil sample and has a R
score of >0.99. This proves the robustness of MetaSoil on different
types of soil, which implies calibration-free deployment on various
crop specific soil.

8.4 Impact of Radar Parameters

We further test the robustness of the system with varying radar
sensing parameters. The results are shown in Table 1. S11 sample
points are directly half of the radar’s ADC sampling points due to
FFT’s symmetric result without padding. In our evaluation, reducing
the S11 sampling points to 4 does not reduce the performance of the
system. As shown in Fig. 16(a), the trend for resonance amplitude
on the S11 scale is consistent throughout the band. The chirp-per-
frame parameter reflects the duty cycle that the radar performs
while querying the metamaterial pole. With higher chirp rate, noise
gets suppressed and signal stands out. However, applying a lower
chirp rate to only one chirp per frame does not significantly reduce
the sensing accuracy of our system.

9 Discussion and Limitations
9.1 Hydrogel Durability & Chemical Reactivity

Hydrogel is capable of containing water that is 100x its original
weight [26], its bio-based polymer composition is proven non-harm
[7] when blended with soil to amend the water retention capacity
of existing soil. Its low cost, soft, and durable, which can last at
least months in large-scale farms [26]. In addition, the hydrogel can
serve as a pest bait delivery medium that maintains crop health [54].
Overall, hydrogel-based soil sensing shows a promising direction.

9.2 Tunnel Signal Modeling

mmWave signal can be manipulated with 3D printed patterns in-
side the tunnel [45]. For specific depth sensing, the walls inside

l S11 Sample points ‘ Chirps/Frame | Accuracy

512 64 98.8 %
4 64 98.8 %
512 16 98.8 %
512 4 96.1 %
512 1 96.1 %

Table 1: Radar parameter and their corresponding accuracy
at £10% precision. Number of $11 sampling points does not
impact performance, whereas reducing the chirps/frame pa-
rameter reduces chirp SNR.
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the tunnel can be manufactured with an additional design to im-
prove the signal strength and further enhance the robustness of
the system. This will benefit more in multi-layered sensing design
where separation of propagation path for different depths can lead
to significant SNR increase.

9.3 Modular Multi-layer Setup

MetaSoil’s signal path along the tunnel is uniformly designed
to maximize the SNR of the sensing layers. Given enough signal
strength and SNR, a modular design along with tunnel signal mod-
eling can lead to a simpler deployment. However, current setup
requires a new prototype for each sensing depth, and with fur-
ther optimization on the Sensor and Director modeling, it has the
potential to reach a uniform design for all depths.

9.4 Expanding to Soil pH and Nutrient

Advancement in material science have led to various sensing capa-
bilities of hydrogels in circuit design [49]. Such capabilities include
pH, macronutrient, micronutrient, and other physical properties.
However, as shown in Fig. 16(b), the trend of the S11 curve shows a
very significant response change due to the change in soil moisture
level, the change in NPK level at the ppm level can lead to small
amounts of variation, but not as significant as the overall attenua-
tion of the signal due to the presence of water. Temperature caused
sensor reading drift can be corrected with the addition of a temper-
ature sensor, which is commonly done in commercial devices, but
it is not a contribution in this work.

9.5 Cost analysis

The material cost for printing MetaSoil Tunnel with PLA is $4 for
every 20cm of depth,and $2 for a 10cm x 10cm Sensor/Director.
The material cost can be further reduced with mass deployments.
PLA material is suitable for rapid prototyping, whereas Acryloni-
trile Butadiene Styrene (ABS) and carbon fiber enhanced nylon,
can achieve greater temperature and corrosion durability with rel-
atively higher cost. Overall, the cost of a single node made from
thermoplastic is approximately $10 USD for 1-meter deep sens-
ing per location. This includes the structural costs of the Director,
Tunnel, and Sensor, based on 3D printing materials. Due to the
Tunnel’s modular design, the cost increase for additional depth re-
mains economical. The design can be reused at any site. Compared
to other research prototypes and commercial devices with similar
sensing capabilities, MetaSoil offers a low-cost solution, primarily
due to its minimal manufacturing overhead. This makes it ideal for
large-scale deployment in smart agriculture applications.

10 Related Works

10.1 mmWave Metamaterial/Metasurface

mmWave metamaterials have been almost exclusively researched
in wireless communication domain for waveform manipulation
[27, 35]. Active 2D metamaterial (i.e., metasurface) replacing build-
ing walls can perform beam steering for optimizing indoor com-
munication at hardware level[17]. Active metasurface with various
antenna on-chip designs can also serve as a waveguide in a wide
range of outdoor applications [11]. These systems focus on far-field
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System Sensing Modality Reader [ Passive Sensor | Depth | Multi-L [ Capability [ CF [
Demeter[48] LoRa TX+Probe meters X 35cm X M X
[15] LoRa TX+Probe meters X 30cm X M X
SoilCares [57] LoRa TX+IR meters X 20cm X M+NPK X
[19] Wi-Fi+Probe Wired X 15cm X M+S X
CoMEt [34] GHz RF Radar On surface Tagless 38cm v M X
[36] mmWave Radar On surface Tagless Sur face X M X
Soilld [20] IR-UWB Radar meters v 30cm v M X
LTE-Soil-Meter [25] LTE+Probe Wired X 15¢cm X M X
GreenTag [56] RFID+Tag meters v Sur face X M X
SoilTAG [31] Wi-Fi+Tag meters v 75¢cm X M X
MetaSoil mmWave+Metamaterial meters v >1m v M v

Table 2: MetaSoil utilizes passive mmWave sensitive metamaterial sensor that enables over 1m depth of soil moisture level
sensing with multi-layer sensing capability, while the mmWave probe can be meters away. Abbr: IR-infrared sensors, Multi-L:
Multiple layers sensed simultaneously, Capability(M: Moisture level sensing, NPK: Nitrogen, Phosphorus, Potassium level

sensing, S: Salinity). CF: calibration free.

wavefront manipulation, with the goal of focusing on communica-
tion tasks. In the near field, [18] proved that the passive mmWave
metasurface can help steer the beam for imaging on mm-scale metal
reflectors, but with strict lab setup. More closely related to Meta-
Soil, [10, 33] shows mmWave dielectric resonators in the mmWave
band in various sensing applications. However, all these work rely
on some active power source to redirect wave for communication
driven tasks. In [45] and [41], passive dielectric metasurface is used
to reflect the mmWave signal. To our knowledge, MetaSoil is the
first work on a passive mmWave metamaterial sensor focusing on
wireless sensing tasks with the Sensor mostly in none-line-of-sight
to the radar.

10.2 Wireless Soil Sensing

In the past, several categories of wireless sensing systems have been
designed to sense soil moisture level. [36] proposed a mmWave
radar-based soil moisture sensing system that is limited to the sur-
face level. [34] proposed a sensor-free configuration that offers an
algorithmic approach to multilayered moisture level detection, yet
its applicability is limited to the soil surface due to its physical
attenuation limitations. Similarly, [56] relies on RFID tags in/on
pots that are agile but will suffer the same limitation of attenuation
when placed underground. Next, [15, 19, 25, 48, 57] utilized sen-
sors/receivers buried under the soil and measures different ratios
of attenuation, such a technique requires digging for both place-
ment and maintenance, and the need for power supplies makes it
unpractical on a large scale. In [20], UAV onboard IR-UWB radar
is used to sense soil moisture level, with a metal reflector under
soil surface to increase signal to noise ratio. Lastly, [31] presents a
passive metal circuit design that can be buried under the soil with a
Wi-Fi antenna that extends over the surface of the soil. This design
relies on a metal plate that is completely in contact with the soil
and which can easily be corrupted and contaminated. In general,
all of the above sensing mechanisms require a calibration scheme
for different soil compositions, which is obfuscating the real-world
usage. In addition, most systems fail to support crop diversity such
as deep-root crops (e.g., grape, olive, almond, trees), which requires
depth to be extended to 15 ft [55]. Comparison across all metrics
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are shown in Table 2. Although each of the work presents their
solution to partially solve the problem, their limitations still hinder
wide-scale smart agriculture applications.

11 Conclusion

In this paper, we present a fully passive, remote, and 3D-printable
metamaterial sensor that allows soil moisture level sensing at the
multiple levels, namely MetaSoil. MetaSoil completely gets rid
of complex circuit or energy harvesting design, and opts for a
dielectric resonator at mmWave frequency. It uses 3D printable
PLA metamaterial sensor to perform impedance matching from air
above the soil surface, all the way down to deep soil. We studied
different soil resonance behaviors and adopted a hydrogel to serve
as a mediator material that absorbs and donates water from and to
soil/plant root. In addition to metamaterial sensor hardware design
and fabrication, we developed a software framework that provides
an accurate soil moisture level reading compared to commercial-off-
the-shelf capacitance sensors. Extensive experiments demonstrated
the effectiveness of MetaSoil. Furthermore, we discussed future
potential exploration goals for MetaSoil that can better assist smart
agriculture applications. In conclusion, MetaSoil has the potential
to serve future smart agricultural and environmental monitoring
application needs with its accessibility, accuracy, and flexibility.
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