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Abstract—This paper introduces an innovative Low-Power
Wide-Area Network (LP-WAN) node, which integrates in a
unique board a leaf wetness sensor (LWS), a microcontroller,
a LoRa radio and a Planar Inverted-F Antenna (PIFA). Unlike
the majority of traditional setups, where the node is an entity
independent from the sensing unit (or units), connected to the
node by external cables, our solution is more compact and highly
resistant to possible damages. Moreover, it redefines the concept
of weather station by using solely a capacitive leaf wetness sensor,
which allows the leaf wetness duration (LWD) computation, piv-
otal for predicting and preventing several diseases like powdery
mildew and downy mildew. The whole board was optimized by
means of CST Studio simulations, including antenna simulations.
After board realization, tests were done in anechoic chamber
to prove the RF performance. The node configuration allows
deployments within the crops, in any operational conditions,
enhancing its portability, reducing its footprint, and simplifying
installation. Initial results demonstrate adequate radio-frequency
performance, compared to nodes with external antennas. Future
works will explore energy consumption patterns over time and
validate long-term packaging durability.

Index Terms—Leaf wetness sensor, wireless sensor network,
IoT, printed antennas, smart farming.

I. INTRODUCTION

Traditional weather stations consist of multiple sensing units
that measure several environmental parameters; the sensors
are connected to a central node, usually a data logger or a
wireless sensor network node. Among measured parameters,
the most important one is the leaf wetness duration (LWD) [1],
which is sufficient to model fungal infections, permitting the
introduction of decision support systems (DSS) to predict and
prevent diseases [2, 3], such as powdery mildew and downy
mildew.

In recent years, advancements in sensor technology have
led to the development of innovative leaf wetness sensors
capable to provide precise and real-time data about wetness
duration within crops. This allows for timely prevention and
optimized irrigation practices. Additionally, they contribute
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Fig. 1. Previous configuration for the WSN and LWS

to the implementation of sustainable agricultural practices
by minimizing the use of water and pesticides, reducing the
environmental impact.

Our research group [4] has been active for several years
in the design and development of leaf wetness sensors and
has proposed different solutions. Formerly, we proposed a
microwave-based method [5], which was very precise but
not suitable for Internet-of-Things (IoT) applications. More
recently, we introduced a novel configuration applicable to
low-power and low-cost leaf wetness sensors [6].

Very recently [7] we presented a complete design solution
for an innovative capacitive leaf wetness sensor, which can
be used as sensing unit by any wireless node, as shown in
Fig. 1. In particular, a reading method based on a capacitance-
to-digital converter (CDC), i.e. FDC2112 [8], allows to lower
both production costs and power consumption. Tests over



months in the fields have demonstrated adequate and reliable
performance, being able to detect wetness in several condi-
tions, even when traditional indirect methods fail, i.e. the one
based on the dew point calculation [9], especially in case of
rainfalls or significant evapotranspiration.

Periodic calibrations in laboratory demonstrated the absence
of significant drift in the measurements over time. The LWS
was connected to a custom wireless sensor node (WSN) based
on a microcontroller unit and a LoRa radio in the 868 MHz
frequency band, exploiting its long-range capabilities, suitable
in rural environments where the LTE coverage is limited.

Despite the several advantages, some unresolved issues
remained:

• the sensing subsystem, containing the sensor and its
reading circuit, is a separate entity from the node and
requires a wired connection;

• the wire connecting the LWS and the node can be
damaged by animals, accidental human intervention or
weather events;

• the majority of commercial nodes implement an external
antenna that can be damaged during maintenance opera-
tions, i.e. the battery replacement.

To face these drawbacks, we designed a simpler structure
capable to integrate all components in a single board: the
LWS, the microcontroller, the radio, the antenna and the power
management, without the need of any external wires. To this
purpose, the sensor and the antenna were designed together on
the same board, that hosts also the microcontroller, the radio
and the battery. This approach enhances portability, reduces
footprint, and eliminates the requirement for an additional
commercial external antenna.

II. SENSOR DESIGN

The capacitive leaf wetness sensor was designed according
to the method published in [7], as a two-sided, four-layer
printed circuit board (PCB), where both the upper and lower
layers feature a quasi-circular pattern of alternate strips, as
shown in Fig. 2, while the two intermediate layers have
floating ground planes for separation. This setup forms two
distributed capacitances, one on the top and one on the bottom
layer, which vary depending on the surrounding medium’s
dielectric constant ϵr.

Through an analytical formulation fully described in [7], the
sensor capacitance is predicted as a function of all the different
physical parameters of the grounded coplanar waveguides
(Fig. 3), such as the thickness of the electrodes (w), the
distance between two adjacent electrodes (s), the number
of electrodes, the type of dielectric medium and the PCB
manufacturing parameters.

The simulation results were considered to dimension the
conditioning circuit of the LC resonator of the FDC2112,
that is in parallel with the sensor capacitance. In order to
optimize the sensor excitation frequency range (10 kHz - 10
MHz), we computed the capacitance obtained for the case of
wet surface, corresponding to the minimum frequency, and
the dry case, corresponding to the maximum frequency. In
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Fig. 3. Coplanar waveguide model for both leaf sides (modified from [7])

these conditions, we chose Lc = 10mH and Cc = 15pF
for the conditioning circuit, which ensured to always get a
read capacitance value within the FDC2112 sensing range.
The output of the CDC is, therefore, Ctot = Cc + Csens,
where Cc is the capacitance value of the LC conditioning
circuit and Csens is the sensor capacitance. This final value
was then converted into a leaf surface wetness (in percentage),
through a calibration procedure, realized by measuring the
sensor capacitance at known values of leaf wetness percentage.

III. ANTENNA DESIGN

To maximize the compactness and ergonomics of the device,
a planar antenna was designed on the very same board hosting
the sensing units and the active components. For an effective
choice, a planar inverted-F antenna (PIFA) was selected.

Various authors have investigated antenna integration in
wireless sensor networks for diverse purposes, in particular
microstrip patch antennas [10] for short-range applications
or chip antennas [11] with insufficient operational coverage.
For instance, in [12], an integrated antenna solution within an
agricultural WSN was proposed. This demonstrated improved
WSN performance through an ad-hoc integrated antenna,



Fig. 4. Planar inverted-F antenna

based on a bowtie-shaped folded dipole (BSFD). Another
work [13] detailed the development of a fully autonomous
LoRa WSN with antennas in substrate integrated waveguides,
specifically designed for human wearable applications, which
differ from the rural context we are addressing. Despite the
proposed solution is very effective for the specific application,
it cannot work for an integration with a capacitive leaf wetness
sensor board. Other authors explored research on integrating
antennas with solar panels [14], or for RFID-enabled sensors
[15].

PCB antennas were considered also by authors in [16], to
provide an integrated wireless sensor node equipped with a
Sigfox chip. A planar inverted-F antenna was used to enable
RF energy harvesting of a wireless powered sensor node
[17]. A flexible wireless sensor node was integrated with a
meandered antenna for body area networks at 2.4 GHz [18].

Chip antennas available off the shelf, like the Linx ANT-
868-uSP410, were discarded due to poor radiative capabilities,
at least 7 dB less than the printed alternatives.

The methodology we have adopted to design the antenna
consists in designing and simulating a PIFA with CST Studio,
inserting in the model all PCB components, together with
the sensing unit; after, the device was tested in an anechoic
chamber for radiation pattern, resonant frequency, gain, and
radiated power.

Design and dimensions for the selected antenna are pre-
sented in Fig. 4 and TABLE I. TABLE II compares the
simulations results and tests in anechoic chamber (Fig. 5) for
the selected topology of our PCB, proving the consistency
of the antenna’s behavior. The resulting radiation pattern is
shown in Fig. 6, with a resonant frequency of 865mH and
maximum gain of −1.02 dBi. The ability to easily tune the
antenna’s input impedance by simply modifying the geometry
of the short circuit stub, the relatively good omnidirectional
radiation pattern and the opportunity to deploy components
below the ground plane, confirm the antenna suitability for
the desired application.

IV. BOARD INTEGRATION

The PCB for the proposed sensor node was drawn using
Altium Designer and manufactured by Eurocircuits. The fi-

TABLE I
DIMENSIONS OF PCB INVERTED-F ANTENNA

Parameter Dimension (mm)
X 74
Y 87.5
L1 20.25
L2 28.34
L3 18.90
L4 3.97
W 0.8

TABLE II
COMPARISON BETWEEN SIMULATIONS RESULTS AND TESTS IN ANECHOIC

CHAMBER FOR THE INVERTED-F ANTENNA

Test Freq
(MHz)

S11min

(dB)
BW−10dB

(MHz)
Zin
(Ω)

GMax
(dBi)

Simul 867.6 -45.3 844-893 50.2 -
Chamber 869.5 -18.0 839-914 - -1.02

nal PCB stack-up includes 4 conductive layers with board
thickness 1.536mm with a separation of 0.36mm in prepreg
between outermost layers and 0.71mm in FR-4 between
innermost layers. Fig. 7 shows the bottom layer of the final
PCB.

The design features a single System on a Chip (SoC),
i.e. the Murata Module 1SJ [19], which embeds both MCU
(STM32L0 by STMicroelectronics) and LoRa radio (SX1262
by Semtech [20]).

The current solution involves power supply via a coin
battery CR2450, which has a capacity of 540 mAh and a
maximum continuous discharge current of 3 mA. Preliminary
analyses indicate an operational lifespan of approximately
three months. While this duration is sufficient to accommodate
a broad spectrum of agricultural applications, our objective
is to extend the battery life to five months. We are working
towards this goal, possibly by reducing the measurement
frequency or by using different measurement times throughout
the day. This battery can be easily changed thanks to a new

Fig. 5. Inverted F antenna tested in anechoic chamber



Fig. 6. Radiation pattern cuts: a) ϕ = 0, b) ϕ = 90, and c) θ = 90

Fig. 7. Monolithic leaf PCB

3D printed box for the packaging, which can be opened when
needed, while formerly, the PCB of the LWS was encapsulated
into the box through resin to protect the circuit inside.

The PCB was also coated to protect the strips from at-
mospheric events or mechanical damages and inserted in a
protective box, as shown in Fig. 8. As detailed in [7], the
protective conformal coating has a negligible impact on sensor
sensitivity, since its dielectric constant is comparable to that
of the solder mask.

Additionally, including the MCU in the same PCB as the
FDC2112 allows for further low-power optimizations through
firmware.

V. RESULTS

The sensor node with integrated antenna was installed in the
field along with a legacy station using a separate capacitive leaf
wetness sensor and an external antenna, with the purpose to
test the performance of the integrated solution.

In Fig. 9 a comparison for the signal-noise-ratio (SNR)
and received signal strength indicator (RSSI) is reported. The
resulting average SNR and RSSI are shown in TABLE III.
The higher value of SNR proves the better performance of
our PCB antenna with respect to the commercial dipole.

TABLE III
AVERAGE SIGNAL CHARACTERISTICS COMPARISON BETWEEN

INTEGRATED AND EXTERNAL ANTENNA

Antenna Avg. SNR
(dB)

Avg. RSSI
(dBm)

Integrated 10.20 -90.7
External 5.33 -93.6

Fig. 8. Prototype of LWS

Fig. 9. RSSI and SNR comparison between integrated and external antenna

VI. CONCLUSION

An LP-WAN node featuring an integrated leaf wetness
sensing unit has been proposed for an extremely compact,
movable, ergonomic solution. Results demonstrated a better
performance and space minimization.

This allowed to eliminate any external wire avoiding possi-
ble breaks and random damages. The integration of the node
antenna on board has improved the robustness of the device.

Future steps to validate our solution include a long-term
test on the field to prove the weatherproofness over time of
the new package and energy consumption.
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