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Abstract— This work presents an RFID-based autonomous
leaf-compatible temperature sensing system for precision
agriculture. The wireless transponders are based on the
EM4325 chip by EM Microelectronic, which features an
integrated temperature sensor. The chip is made to operate
in semi-active mode and the required energy is supplied by a
flexible commercial solar cell. The antenna is manufactured
on a PLA substrate by adopting the adhesive copper tape
technology and the layout is optimized to obtain a compact
transponder, suitable for being applied to leaves. A field test
demonstrates that the sensors can be successfully deployed
to monitor leaf temperature and, through the analysis of the
leaf-to-air temperature differential, they can be used to check
the water stress status of crops.

Index Terms— 10T, leaf temperature, leaf-to-air tempera-
ture difference, PLA substrate, precision agriculture, RFID
sensors, smart objects, temperature sensors, wireless net-
works

I. INTRODUCTION

According to the Food and Agriculture Organization
of the United Nations estimates, food production needs
to rise by 60% with respect to the average production
analyzed from 2005 to 2007 to sustain the growth of the
world population, estimated around 9 billions by 2050
[1]. At the same time, though, the globally cultivated
area will increase only to a negligible extent, meaning
that improving agricultural productivity while protecting
environment is becoming of crucial importance both to
reduce malnutrition and to avoid that Earth’s land, air and
water will be irreparably damaged.

Precision agriculture is among the most effective means
currently available to reach the afore mentioned goals. The
basic principle of precision agriculture consists of deploy-
ing distributed telecommunications and sensing systems to
gain awareness of the condition of land and crops at local
level and determine real-time the most suitable actions
(such as irrigation, soil preparation and harvesting) for
each specific area, so as to improve productivity, while
reducing resource waste and production costs.

Due to the large land extension and the variety of
parameters to be monitored, a large number of sensors
need to be deployed. Wireless technologies, such as RFID
transponders, are preferred for their reduced installation
and maintenance costs [2]. Therefore, it is foreseen that a
huge number of electronic nodes will be abandoned in the
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environment. A reduction of their environmental impact is
thus mandatory to avoid the inherent pollution risks [3],[4].

This work presents an RFID-based temperature sensing
system for precision agriculture relying on ecofriendly
transponders. Sec. II is dedicated to the analysis of the
system at design level, while Sec. III reports the discussion
on the preliminary experimental results.

II. SYSTEM DESIGN

The aim of the present work is to implement a wireless
temperature sensing system which can enable precision
irrigation management of crops. Its working principle is
described in Fig. 1. Some of the temperature sensor nodes
are placed in direct contact with the leaves of the crops to
monitor the temperature of the plant, while other sensors
are placed in air. Both types of sensors must be placed
in the same environmental conditions, avoiding exposure
to direct solar radiation. As explained in [5], when the
plant is correctly hydrated its temperature is lower than
the air temperature due to the transpiration phenomenon.
Consequently, from the leaf-air temperature gradient the
water deficit of the plant can be determined, thus making
it possible to provide irrigation only when needed.
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Fig. 1: Scheme of the proposed sensing system.
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In the present contribution, the adopted wireless sensing
nodes are based on the EM4325 chip by EM Microelec-
tronic [6]. The chip is a Class 3 Generation 2 (Gen2)
integrated circuit that is compliant with ISO/IEC 18000-63,
ISO/IEC 18000-64 (TOTAL), and EPCTM Class 1 Gener-
ation 2. The tag supports both battery-assisted and passive
operating modes and features an integrated temperature
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sensor with an operating range from —40°C to +60°C
and a resolution of 0.25°C.
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Fig. 2: Microstrip T-resonantor on PLA: (a) photo of the proto-
type and (b) experimental results.

Given the sensors have to be placed into direct contact
with leaves, flexible and lightweight circuits need to be
designed. To this purpose, a 0.29 mm-thick polylactic acid
(PLA) layer is chosen as the substrate. PLA is a com-
postable thermoplastic polymer derived from renewable
resources, such as corn starch, which is transparent and
features limited dielectric loss at microwave frequencies,
thus combining low-environmental impact and good elec-
tromagnetic performance. The material is firstly electro-
magnetically characterized around the operating frequency
of the chip (i.e., 865.7 — 867.5 MHz) with the T-resonator
method. The metal traces of the microstrip resonant circuit
are manufactured on the PLA substrate with the copper
laminate technology [7]. This process uses standard photo-
lithography to obtain the desired patterns from a piece of
copper adhesive tape; the obtained metal traces are then
stuck on the PLA substrate by using a sacrificial layer.
By introducing compostable substrates, the compostabil-
ity, and thus the disposability, of the tags is thoroughly
increased. In fact, the only non-compostable parts of the
tags are the distributed metallic traces and the ICs, which
represent a small portion of the volume and mass of the
circuit. The metallic lines with the lumped components
can be easily detached and can be processed as traditional
electronic waste, while the substrate can be treated as
organic waste, thereby drastically reducing the amount
of electronic waste. In the future, the compostability of
the circuit could be further enhanced by adopting organic
conductive traces and improving the compostability of ICs
[8].

The resonator realized with the described process is
shown in Fig. 2 (a). The circuit is electromagnetically
simulated within CST Microwave Studio and both per-
mittivity €, and loss tangent tand of the substrate are
varied to achieve agreement between the simulated and
measured transmission coefficient around the resonance
peak, as shown in Fig. 2(b). The agreement is obtained

for €, = 2.55 and tand = 0.009. Such values include
the effect of both the PLA layer and the glue interposed
between each metal trace and the PLA.

To extend the read-range of the system, the transponders
are designed so that the chip works in semi-active mode.
The additional energy required by the chip is provided
through flexible solar cells. That way, there is no need for
periodical maintenance and battery disposal. The antenna
is designed so that its input impedance is matched to the in-
put impedance of the chip (Z.pip = 7.4—5122)). A planar
dipole is adopted and the design is optimized within CST
Microwave Studio; the matching is achieved by adding a
T-magic network, while compactness is pursued by folding
the antenna arms and adding capacitive tip loadings. The
layout of the complete leaf-temperature sensor is illustrated
in Fig. 3(a). Fig. 3(b) shows the simulated input matching
coefficient between the antenna and the chip, which is
below —15dB in the band of interest. The antenna is
linearly polarized and features a maximum gain of about
1.6 dBi.
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Fig. 3: Proposed transponder on PLA: (a) layout and (b) antenna
input reflection coefficient.

III. EXPERIMENTAL RESULTS

The complete transponder is shown in Fig. 4 and fea-
tures a weight lower than 3g. The lumped components
are connected to the copper traces through conductive
epoxy (soldering is avoided due to the low glass tran-
sition temperature of PLA). For this preliminary study,
commercial flexible solar cells are adopted. The FlexRB-
15-4015 model from Ribes Tech srl is chosen. Given each
square solar cell provides an open-circuit voltage of about
0.7V, four cells are connected in series. That way, a
maximum voltage of about 2.8V is obtained. In semi-
active mode the chip requires a current of 6 uA. For an
irradiance higher than 800 lux (compatible with outdoor
diurnal applications), the arranged cells are measured to
be able to supply both the required current and voltage
(i.e., voltage higher than 1.8 V). As a future development,
given the PLA substrate is transparent, solar cells could
be ink-jet printed directly on it, thereby resulting in an
integrated solution.
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Fig. 4: Photo of the complete transponder on PLA.

The reader utilized to interrogate the tags is the Thing-
Magic Nano - RAIN RFID. Such device is compact and
low cost, although characterized by a limited sensitivity
(minimum received power —60dBm). The reader is pro-
grammed with Arduino, which, in turn, is managed by a
personal computer.
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Fig. 5: Test of the read-out distance of the system: (a) experi-
mental setup and (b) measurement results.

Firstly, the maximum read range of the system is mea-
sured. The transmitted power EIRP is set to 23 dBm, the
tag-to-reader distance is varied and the Received Signal
Strength Indicator (RSSI) is monitored. A maximum read-
out distance of 2.8 m is obtained, limited by the reader
sensitivity (the estimated available power at the input of
the chip at 2.8m is about —16.6dBm, while the chip
sensitivity in battery-assisted mode is equal to —31 dBm).
Consequently, if needed, the read range of the system can
be improved by adopting a more sensitive reader. In fact,
multiple readers need to be placed at a regular distance
on the field to guarantee homogeneous coverage of the
crops. Their number can be reduced by improving their
sensitivity, involving a trade-off between unit cost of the
reader and number of readers to be deployed.

Then, the manufactured leaf temperature sensors are
adopted in a field test, as shown in Fig. 6(a). Pumpkin
plants are chosen for the experiment. Some of the plants
are watered the same day of the experiment (group 1),
while others were irrigated the day before (group 2).
Given the measurement is taken in the late afternoon
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Fig. 6: Test of the read-out distance of the system: (a) experi-
mental setup and (b) measurement results.

(from 17:00 to 18:00), group 2 is expected to be under
drought stress, while group 1 should still be hydrated,
although on the verge of requiring new irrigation. One
of the sensors is used to monitor the air temperature
(reference), while the others are utilized to monitor the
temperature of the leaves for the two groups. It is worth
mentioning that by increasing the number of leaf sensors
for each plant and averaging the obtained measurements
the impact of environmental variability can be mitigated.
Fig. 6(b) shows the measurement results. The leaf-to-air
temperature difference for group 1 is —1.25°C on average,
whereas it is around —0.33°C for group 2.

These values are in line with the ones reported in [9],
where corn leaves, monitored with an infrared thermome-
ter, were considered hydrated for leaf-to-air temperature
difference in the range [—4, —1] °C. Therefore, the pro-
posed system can be used in automated irrigation systems
for precision agriculture.

IV. CONCLUSION

Leaf-compatible wireless sensors based on the RFID
technology have been proposed. The sensors are based on
the EM4325 UHF chip and are intended to measure the
leaf-to-air temperature differential, so as to monitor the
water stress level of plants. The sensors, equipped with
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flexible solar cells, can be interrogated up to a distance of
2.8 m and, being manufactured on a flexible PLA substrate,
feature low environmental impact. A field test demon-
strated that the proposed sensors are able to discriminate
water level variations in plants, thereby demonstrating their
suitability for precision farming.
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