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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 introducesMetaSoil, 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 % accuracywith±10%moisture level precision in single-layered
sensing, at depth of 1mmeter. 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.

CCS Concepts
• Computer systems organization → Embedded and cyber-
physical systems; • Networks→Mobile networks.
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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 aWi-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,

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 ’2 = 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:

• We design and fabricate a completely passive, wireless soil
moisture sensing platform using 3D printable dielectricmmWave
metamaterial sensor.

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

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

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

• 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.

(a) Radar reflection compared to air or
metal sheet.

(b) Soil resonant frequency with varied
moisture levels.

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 =-layered grating shows the following wave
propagation characteristics:

MB4=B>A = M1
interfaceMdelayM
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where MB4=B>A is the whole dielectric structure’s wave network
matrix,"1

8=C4A 5 024
represents the geometric wave propagation be-

havior for layer 1, and"34;0~ represents the time delay pattern. As
the RF signal propagates through the structure, each layer’s wave
network matrix is multiplied by the next layer’s wave network ma-
trix. Each wave network matrixM is a 2x2 matrix that represents
the reflection and transmission of the RF signal at the boundary of
the dielectric material.
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⊗ is the Kronecker tensor product, )D and ’D are the Fresnel trans-
mission and reflection coefficients:
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D can be substituted with either G or ~ referring to G or ~ axis
polarization, respectively. C and � are the amplitude and phase
modulations that a layer applies to incoming RF signal.
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