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Abstract—Food production is one of the main contributors to
climate change and its impact is set to increase due to population
growth. Smart agriculture aims at providing solutions to reduce
food production and environmental impact while, at the same
time, increasing crop production. This paper proposes a system
based on STDES-BTAGO01 by STMicroelectronics to monitor
in-vivo stem electrical impedance, which is a parameter that has
recently demonstrated its efficacy in assessing information about
plants’ water stress status. The developed system is completely
battery-free and equipped with a wireless communication module
to transmit the acquired data. It is powered by a small amorphous
solar cell and transmits data to a base station exploiting the
Bluetooth Low Energy (BLE) protocol. The system monitors
the needed time to discharge a capacitor through the plant
stem. After this, this span of time is used to compute the
stem electrical impedance. Tests showed reading errors lower
than 15% when dealing with impedance modules up to 180 k(2.
System characteristics (energy self-sufficiency, compactness, and
low-power consumption) make the system implementable in the
fields.

Index Terms—Smart Agriculture, Water Stress, Stem Electri-
cal Impedance, Plants’ Resilience

I. INTRODUCTION

Agricultural activity is one of the main contributors to
climate change. It is responsible for more than a quarter of
the total greenhouse gases emission and around 70% of the
freshwater used worldwide [[1]. Its impact is going to increase
in the near future. Even though the world population growth
rate has declined over the last decades, the number of people
living on the planet is destined to reach more than 10 billion
by the end of this century [2]. Climate change and unwise
agricultural practices are leading to arable land reduction [3]]
and degradation [4], meaning that humanity has to rely on a
reduced amount of arable lands whose yields are decreasing to
feed an increasing world population. Smart agriculture aims to
address this issue by merging farming and engineering knowl-
edge to reduce food production footprint and, at the same
time, increase crop productivity without excessively depleting
the available resources. One of the most common approach
to pursue these objectives is environmental monitoring, which
gathers information by inspecting the environment surrounding
crops [S]-[7] to help farmers make decisions by monitoring
parameters such as temperature and soil humidity or per-
forming weather forecasts. Although this method is widely
implemented, researchers found that it may provide misleading

or incomplete information [8], [9]. Indeed, Garlando et al.
demonstrated that plants might suffer even if subjected to an
optimal environment. In this case, environmental monitoring
sensors may be unable to detect crop issues. In recent years,
to overcome this limit, researchers developed techniques and
devices to inspect crops themselves directly. For example,
evapotranspiration has been inspected with a clip-shaped sen-
sor directly clamped to leaves [[10]. Moreover, stems and
leaves growth rates have been monitored with sensors relying
on a Bragg’s grating [11] and a strain gauge [|12], respectively.
Crops’ water stress status has recently been monitored by
inspecting the variations of the electric potential among plants
and the compound where they are growing [13]]. Another
parameter to assess information regarding this key parameter is
stem electrical impedance [[14]-[16]. It has been demonstrated
that plants’ trunks and stems are electrically conductive [17],
and their impedance variation provide valuable information
regarding crops’ water stress status [8[]. This work presents
a novel approach to inspect a plant’s electrical impedance
by exploiting the system proposed by La Rosa et al. [18]
based on the energy-autonomous and battery-free wireless sen-
sor platform with Bluetooth Low Energy (BLE) connectivity
STDES-BTAGOI provided by STMicroelectronics.

The paper is organized as follows: Section [lI| describes the
implemented experimental setup, Sections [[II|and [[V] show and
analyze the results obtained during experiments, while section
[Vl concludes the article.

II. EXPERIMENTAL SETUP

The purpose of the system is to measure the electrical
resistance of the plant stem for very low frequencies, ideally
performing the measurement in direct current (0 Hz).

The system embeds uniquely off-the-shelf devices mounted
on a Printed Circuit Board (PCB). It consists of a
STDES-TBAGO!1 board that embeds a Microcontroller Unit
(MCU), in particular a STM32L0 by STMicroelectronics,
a BLE module (BLUENRG-M2SP by STMicroelectron-
ics) [19], an amorphous silicon solar cell (AM-1606C by
Panasonic [20]), and a pass transistor (a SiP32432 by Vishay
Siliconix). This latter has been chosen since it is turned on
when a low input voltage is applied to its control pin. Fig. [I]
shows the circuit connections and setup.
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Fig. 1. Circuit schematics. Ry is the resistance under test, Cstorage i a
440 uF storage capacitance, Vg g_7 x E is the control signal used to select if
the BLE works in receiving mode (when pulled down) or transmitting mode
(when pulled up), and Ve is the voltage used to power the BLE module
and the resistance under test.

The embedded MCU ensures a wide range of supply voltage
and input/output voltage that it can handle. They span from a
minimum of 1.8 V to a maximum of 3.6 V. The system relies
only on the internal LDO (Low-Dropout) regulator integrated
into the MCU to minimize the power consumption, reduce the
Bill Of Material (BOM), and optimize the system footprint.
Therefore, no external voltage regulator or power management
system are used to supply the remaining part of the circuit
from the photovoltaic cell. Indeed, the whole system works
with unregulated and time-varying supply voltage.

The measurement routine comprises the following three
phases: Charging Phase, Measurement Phase, and Transmis-
sion Phase. The two latter ones are alternated cyclically in
sequence.

e Charging Phase: the energy provided by the solar cell
charges a 440pF storage capacitor Csiorgge Up tO a
voltage value V}, equal to 3 V. During this phase, the
MCU is in ultra-low power Stop Mode, the BLE module
is off and unbiased, and the pass transistor is off.

e Measurement Phase: this phase starts when the voltage
Vstor reaches the voltage value Vj and the MCU is
woken up by an interrupt generated by the Power Voltage
Detector (PVD). Since the pass transistor is piloted by the
VerLEe TxE signal it is turned on during this phase, and
the BLE module is configured in receiver mode (RX).
This configuration increases the overall MCU current
consumption Iy;cy so that Injcy > I, (Where I,
is the current provided by the solar cell) and it allows
the storage capacitor to discharge. The storage capacitor
Cistorage discharges both through the MCU and the
resistance under test R, until the voltage Vg4, reaches
the value V; equal to 2.6 V. The R, value is indirectly
evaluated by measuring the time t,,.,s that takes the
storage capacitance to discharge from the voltage value
V3, to the voltage value V.

o Transmission Phase: the time t,,.,s, previously measured
by the MCU, is transmitted via BLE protocol to a Base
Station (BS). During this phase, the pass transistor is off,

the MCU wakes up in run mode and it powers the BLE
module in trasmitting mode.

Fig. [2] shows the timing evolution of the measurement
routine.
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Fig. 2. Measurement timing schematics. Vgjye and Ve g_nRrsT low levels
are equal to OV while when they are high they are equal to Vstor.

The MCU measures the time t,,.,s by activating
the Ultra-Low-Power Timer (LPTIM) with a resolution of
3.45ms. This choice allows the lowest power consumption
while the MCU performs the resistance measurement.

III. MEASUREMENTS AND RESULTS

The time t,,cqs can be evaluated as in Eq. (I):

3
tmeas = Req . Cstorage -In (VE) (1)

where R, is the equivalent resistance that effectively dis-
charges the Csiorqge capacitor during the measurement phase,
and the voltages Vg, and Vi, are short-circuited through
the high side transistor of a General Purpose Input Output
(GPIO) circuit of the MCU with a negligible on resistance
(= 180m2) compared to the R,; resistance to be measured.
Therefore the equivalent resistance R, can be expressed as

in Eq. (@):
Req = Rut”Rsys (2)

Rgys considers the impedance due to the MCU and BLE
circuitry. As a first order approximation R, can be expressed

by Eq. (3):

Vi, +V 1
Ryys ~ ht Vi

3)

2 Inicu — Ipy

As shown by Eq. (3), R,ys depends on two quantities that
can not be known a priori. The current ;o consumed by
the MCU can be estimated, but its instantaneous value is
unknown, and the photo-current I,,, is highly dependent on
the environmental light. Therefore, to take into account these
effects, equation (I)) can be rewritten as Eq. (d):

Vi
tmeas - Cstorage : (RutHRsys) : ZTL <V]}) (4)
l

System input resistance, the parameter that takes into ac-
count the instantaneous MCU current consumption and solar



cell charging effect, has been compensated by performing
multiple measurements with a stable light source (the same
used for the other measurements) and without a load connected
to the pass transistor: [2,; — 0o and R.q = R4y,. Therefore,
the relation holding between the resistance R,; and the
discharging time t,,,c45 can be expressed by Eq. (3):

toc : tmeas
Ru=A4A- ®)

Cstorage : (toc - tmeas)

Where ¢, is the average time needed for discharging the
capacitor with R,; — oo (compensating the system resistance
contribution), A is a parameter extracted through the calibra-
tion of the system, to compensate the solar cell charging effect,
and t,,.qs 1S the measured discharging time. This parameter
was found to be dependent on the measured time ¢,,.,s and
toc as expressed in Eq, (6).

34.5
A=
221.6 — 2.2 - ((tmeas/toc) — 39)
Exploiting equation [ the results reported in Fig. [3| have

been obtained. Results refer to measurements carried on with
ceramic resistances.

(a.u.) (6)
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Fig. 3. R+ measurement in the range from 02 to 1000kS2. The green line
represents the nominal resistance value, the blue line represents the resistance
evaluated with the system, and the red line represents the absolute reading
error.

IV. DATA ANALYSIS

The experimental results reported in Fig. [3| show that low
resistance values are read more precisely than higher ones and
that it is not possible to distinguish values higher than 180k{2.
The main source of error is due to the system resistance
Rys. Its contribution is responsible for the 200 k(2 limitation.
Despite the compensation discussed in Section the system
resistance is still present in every measurement. When the
resistance under test is significantly higher than the system
resistance, the equivalent resistance of Eq. [2] is not affected
by R,:. It will result being equal to the system resistance.

Therefore, higher resistance values will be masked because of
they are in parallel with the system resistance R, . Another
error source is the one responsible, for example, for the higher
relative error during the 240k(2 reading with respect to the
330k? reading despite the latter has a higher value. The
discharging time is read with an MCU able to discern finite
amounts of elapsed timer periods only (3.45 ms). Therefore,
the system’s performance deteriorates when the needed time to
discharge the capacitor between V}, and V] falls between two
consecutive timer periods. However, R,; lower than 200 k{2
have been read with a maximum relative error of 13%, while
the ones between 180k(2 and 400k} with a relative error up
to 80% mainly due to the time discretization error. A higher
resistance reading error overcomes the 100% relative error.
Fig. {] shows the device performance for resistance lower than
180k€). This detection limit should not be an issue when
dealing with plants. In fact, studies regarding in-vivo stem
electrical impedance have shown that at low frequencies its
modulus is in the order of few tens of k2 [8]].
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Fig. 4. R, measurement in the range from 02 to 180kS2. The green line
represents the nominal resistance value, the blue line represents the resistance
evaluated with the system, and the red line represents the relative reading
error.

V. CONCLUSIONS

This work paves the way towards a novel approach to
inspect in-vivo plant stem electrical impedance in DC. The
developed system to perform measurement is energetically
autonomous and battery-free. It embeds the BLE wireless com-
munication protocol to transmit data to a base unit where they
are collected and analyzed. System characteristics offer the
possibility of substituting complex, expensive, and hard-to-use
systems used to perform in-vivo stem electrical impedance
measurements. Preliminary results involving ceramic resis-
tances show excellent accuracy when dealing with impedance
modules lower than 180k{2 with a maximum relative error of
13%. Future works will aim at improving the overall reading
accuracy by decreasing the timer period used to monitor
the storage capacitor discharging time and by improving the



management of the R,y and I, contributions by performing
an open-circuit supercapacitor discharge before every stem
impedance measurement.
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