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Abstract—The main challenges in modern agriculture involve
addressing the disruptive environmental effects caused by crop
and livestock production, which are essential for human survival.
Emerging trends point towards a world of pervasive IoT (Internet
of Things) nodes, where low-cost, low-power, and in-vivo plant
sensors can detect abiotic and biotic stresses at the earliest stages.
This paper presents a preliminary study of an integrable, low-
power relaxation oscillator, consisting of a Schmitt trigger in a
feedback loop with the plant’s stem to evaluate its health status.
Simulations have been conducted to compare the energy con-
sumption of this circuit with state-of-the-art electronic sensors,
focusing on energy usage per measurement. The results indicate
that this new solution can sense the plant’s health status with
an energy consumption below 10 uJ per measurement, which is
at least an order of magnitude lower than existing electronic
systems found in the literature.

Index Terms—Impedance Monitoring, Microelectronics, In-
vivo Monitoring, Smart Agriculture, Sustainable Agriculture

I. INTRODUCTION

Agriculture significantly impacts the environment, con-
tributing to climate change and pollution [1]. Sustainable
agriculture balances food production with soil health preser-
vation. Sensors optimize yield and resource conservation.
They monitor abiotic and biotic stresses affecting plants. In
particular, low-cost, low-power sensors enable real-time stress
detection, improving sustainability. There are three noteworthy
research-grade, low-cost, low-power solutions for detecting
plant health. These sensors allow for the observation of
the plant’s interior, enabling the early detection of water or
nutrient abiotic stress before visible symptoms appear, as
well as biotic stress from pests or pathogens before they
spread across the field. The first is the use of an Organic
Electrochemical Transistor (OECT) [2], called bioristor, to
sense ion concentration in plant sap, with a dedicated circuit
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to convert changes in OECT conductance into a measurable
voltage. The second involves performing Electrical Impedance
Spectroscopy (EIS) along a frequency range or an Impedance
Measurement (IM) at a specific frequency applied to a part
of the plant [3]. For instance, commercial integrated circuits
such as the AD5933 (Analog Devices, Wilmington, USA)
can be used, as demonstrated in [4], where this technique
is applied directly to fruit ripening stage evaluation. This
concept can be extended to plant water stress monitoring
by placing two electrodes into the plant stem and perform
an EIS [5] or by measuring stem electrical impedance at
a particular frequency [6]. Lastly, there is the approach of
using a relaxation oscillator in feedback with the plant itself:
the generated square-wave frequency is inversely correlated
to the modulus of the stem’s impedance, as demonstrated
in [7]. This method utilizes a LMC555 (Texas Instruments,
Dallas, USA) integrated circuit: a 555 timer in a relaxation
oscillator configuration, oscillating at tens of kHz where a
relative variation of -15% has been observed from healthy
to water stress condition in a Nicotiana Tabacum cultivar
during the experimental period [7]. This latter solution is
ideal for integration since it does not require complex reading
analog circuits but only a digital element, such as a timer, to
estimate the oscillating frequency generated by the relaxation
oscillator. In addition, its low power consumption enables the
use of battery-powered devices with multi-year lifespans or
energy-autonomous systems without the need for batteries [8],
[9], ensuring long-term operation and minimal maintenance.
However, the commercial integrated circuit used for this sensor
is not specifically designed for this task but it is intended to
be as versatile as possible. Consequently, this paper proposes
a preliminary study on a low-cost and low-power Schmitt
Trigger (ST) in a relaxation oscillator configuration for direct
plant monitoring in climate-smart agriculture applications.

II. PROPOSED DESIGN

The main component of the proposed Relaxation Oscillator
(RO) is the ST. This element is a comparator circuit with
hysteresis, where an analog input signal is converted into a
digital output signal. The Schmitt trigger is typically used in
signal conditioning applications to remove noise from signals
in digital circuits, but it can also be configured in a closed-
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Fig. 1. Relaxation oscillator scheme in a climate-smart agriculture application.

loop feedback system to implement a relaxation oscillator: a
nonlinear electronic oscillator that produces a square wave
signal. When external load-driving capability is required, an
output stage (such as an inverter chain) is added at the output
of the Schmitt trigger. A startup circuit to initiate oscillation
is not needed in a similar way as in a ring oscillator: an odd
number of inverting stages, in the proposed design composed
of an inverting Schmitt trigger and two inverters, allows for a
net phase shift equal to 180°. This configuration is referred to
as the “Analog Element,” (AE) as shown in Fig. 1.

Fig. 1 illustrates a potential application of this design in
a smart agriculture scenario. Consider placing two bio-
compatible electrodes [7] in the stem of a plant, referred to
as the Plant Under Test (PUT). Between the two electrodes,
an unknown plant stem electrical impedance (Z) is present.
One electrode (the yellow triangle in Fig. 1) is connected
to the input (IN) of the Analog Element, with an external
capacitor connected in parallel. The output (OUT) of the
Analog Element is connected to the other electrode inserted in
the plant’s stem. When a supply voltage is provided the output
switches between logic ‘0’ and logic ‘1°. This results in the
charging and discharging of the external capacitor following
an exponential curve. Since the output OUT signal is digital
(so, Vgqg or 0V), the output is a square wave. This signal
frequency can be measured by a timer (or a microcontroller
with a timer peripheral) and it is inversely correlated to the
stem impedance modulus |Z| at the oscillating frequency
[7], [9]. The Analog Element was implemented using a ST
in the Doki¢ topology [10]. This topology uses six MOS
(Metal Oxide Semiconductor) transistors, three PMOS and
three NMOS, to achieve an adjustable hysteresis window
and the typical Schmitt trigger input-output characteristic.
Additionally, an output stage consisting of two inverters is
included to drive external loads, such as the external capacitor,
and the unknown stem electrical impedance modulus (|Z|) of
the PUT. The time constant in charging and discharging the
external capacitor determines the oscillation frequency. Fig. 2
shows the transistor-level topology of the Analog Element.
Transistors M1, M2 and M3 set the upper switching point
where, instead M4, M5, M6 set the lower switching point.

This approach is based on the detailed description provided
in [11]. Finally, M7, M8 and M9, M10 compose, respectively,
the first and second inverter to driving external loads.

IN ouT

Jid

Fig. 2. Transistor-level topology of the Analog Element.

Viq 1s set to 1.8V, which is a typical commercial supply
voltage. Vy,; and Vi, respectively the lower and upper
switching points, are chosen as 0.6V and 1.2V setting the
time of the charging and discharging phases of the external
capacitor. These switching points are chosen to allow for a
fair comparison with respect to the LMC555 supplied at 1.8 V,
as in [7]. The external capacitor is typically in the nF range,
ensuring oscillation frequencies in the tens of kHz with typical
plant impedance modulus values as for example, Nicotiana
Tabacum plants, ranging from tens of k{2 and hundreds of k{2
[6] in, respectively, healthy and heavy drought conditions.
This topology allows for the lower and upper switching points
to be determined based on the ratio of transistor dimensions
as defined in Eq. (1).

2
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where each transistor M, has its W, width of the MOS,
and L, length of the MOS. Vi, and V}p, are, respectively,
the threshold voltages of the NMOS and the PMOS.
Transistors M2 and M4 are used as switches. Moreover, their
size ratios must be equal to or greater than those of the MOS
transistors used for setting the upper and lower thresholds.
Table I lists the key parameters used in the Analog Element.
Table IT shows the geometrical values used in the design of the
Analog Element for each transistor. L, in Table II indicates
that all MOS transistors in the ST have equal length.



TABLE I
MAIN PARAMETERS USED IN THE ANALOG ELEMENT

Variable V4 Vipt  Vspn Vinn Vinp
Value 1.8V 06V 12V 071V =073V
TABLE II

GEOMETRICAL VALUES USED IN THE ANALOG ELEMENT

Variable Value
Ly 1 um
Wy, Wa 1.5 um
W3, We, Wr 1 um
VV47 Ws 1.63 um
Ws 2 um
Wy 10 um
Wio 20 pm

The period of the discharging and charging oscillation time,
respectively ¢ and to, are calculated using the Eq. (2).

Vspn
1 = Rplant +Cezt - 1In V:;z ) )
ts = Rptant - Ceqt - In (gt @
2 = plant ext Vaa—Vaph

where C,;¢ is the external capacitance used and Rpant
is the equivalent resistance of the stem track of the plant.
In the real scenario, a complex impedance Z is present in
the stem track of the plant. In this preliminary study, it is
important the determination of a realistic impedance modulus
range to perform the simulations of the relaxation oscillator
in the desired frequency range (between 10 kHz and 100 kHz).
The idea is not to determine a precise relation between the
stem electrical impedance modulus and the resulting oscil-
lating frequency, but to find a range where the sensitivity,
evaluated as the oscillating frequency variations over time,
is maximised. Therefore, the goal is to exploit the relative
oscillating frequency variation over time to detect abiotic and
biotic stresses in the plant. Thus, the oscillation period ¢, is
as in Eq. (3).

t1 +t2 3)

Since by design t; = to, the resulting signal will be a 50%
duty cycle square wave. Substituting the values from Table I,
we obtain as in Eq. (4).

tose =

tose = 1.386 - Rplant ' Cext (4)

III. RESULTS AND DISCUSSIONS

The designed low-complexity low-power RO needs to be
analysed in terms of relative error with respect to the theoret-
ical computation shown in Section II and required energy for
single measurement. A layout was designed using the Cadence
Virtuoso environment in TSMC180 technology, resulting in a
design of 38.13 um by 17.72 um, giving a total area footprint
of approximately 676 um?. Fig. 3 shows the layout used for
post-layout simulations. Most of this area is due to the output

Fig. 3. Layout of the Analog Element.
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Fig. 4. Oscillation period against test resistance curve considering the

simulated relaxation oscillator with Cez¢=1nF.

stage, composed of two inverter stages, which are necessary
to drive external load capacitances and resistances, such as,
for example, the pins of external chips, a microcontroller, or a
timer. The sizes of the output stage could be adjusted in future
designs according to the driving capability requirements.

A testbench of the relaxation oscillator was implemented,
considering a load capacitance and a load resistance between
a node (IN and OUT) and ground. Their values are 50 pF

;3: Post-layout Relaxation Oscillator (C,,:=1 nF)
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Fig. 5. Energy drawn for a single measurement lasting 100ms against
test resistance curve considering the simulated relaxation oscillator with
Cezt=1nF.



TABLE III
ENERGY CONSUMPTION FOR SINGLE MEASUREMENT

Method Note Avg. Curr/Power Meas. Time Energy per Meas. Reference
CE with Bioristor Large contrib. are c.c. and ADC reported in [12] 2.3mA N.A. N.A. [12]
IM with AD5933 / 50.0 mW 3ms 150.0J [13]
EIS with AD5933 / 50.0mW >3ms >150.0 [13]
FE with LMCS555 Exp. meas. based on system in [9] @1.8V 532.8 uW=714.6 uyW 100 ms 533ul=71.5u This work
FE with Schmitt trigger Post-layout simulations @27 °C@1.8V 13.2uW--89.1 yW 100 ms 1.3uJ=89wW This work

and 1M, respectively, and they are compatible with the
typical values of external chips. The relaxation oscillator
requires an external capacitance (referred to as Cey¢). The
frequency range considered for Nicotiana Tabacum is between
10kHz and 100kHz. These frequencies were selected based
on the noisy behavior of stem impedance below this range
[5] and to improve sensitivity, based on new experiments
on Nicotiana Tabacum. The selected boundaries identify a
good working range and an effective trade-off between low
noise and energy consumption per single measurement. These
choices contribute to the low-cost aspect: such low frequencies
are compatible with larger technology nodes (180 nm), which
are cheaper compared to more advanced ones. As described
in Section II, to emulate the impedance modulus |Z| range
in the plant, a simple set of resistances could be considered.
More advanced models of plant stems could be used, but
for this preliminary study, a simpler model was selected. A
possible range of resistances modeling a plant stem is from
10k2 to 200kS2 [6]. Finally, for the good sensitivity range,
we could consider a capacitance equal to 1nF. Moreover,
replacing a complex model of the plant stem with a resistor
(referred to as Test Resistance I24r¢) could help to focus on
the development of the relaxation oscillator. Fig. 4 shows the
relationship between the considered test resistance expressed
in k{2 and the resulting oscillating period of the square wave
signal OUT in microseconds. A comparison between the
theoretical value described in Section II and the post-layout
simulated value indicates a limited relative percentage error
of less than 12% in all considered test resistance cases. For
this preliminary study, this error can be considered acceptable.
More interesting is the analysis of the energy consumption of
the simulated AE. First, the energy consumption was extracted
in the most realistic case with respect to the state-of-the-art
literature. Fig. 5 illustrates the energy consumption for 100 ms
of oscillation at a frequency depending on the considered test
resistance. A measurement period of 100ms is reasonable
(the period to supply the relaxation oscillator). Tests on Nico-
tiana Tabacum were conducted using the relaxation oscillator
configured with the LMCS555, as described in [9]. A lower
value results in considerable errors due to a non-negligible
start-up time required to charge all parasitic capacitances in
the plant, as well as the need for a minimum number of
samples to compute a simple average of the obtained readings.
Conversely, a higher value would lead to unnecessary energy
waste, reducing the electronic system’s lifetime. To appreciate
the energy impact, Table III shows the energy measurements

for a single measurement on the plant compared to the methods
presented in Section I.

In particular, the Conductance Evaluation (CE) in the bioristor
requires a conditioning circuit to bias the OECT and an active
ADC to sample the voltage. The authors in [12] report an av-
erage of 2.3 mA for the sensor reading measurement time over
an unspecified period; moreover, an energy per measurement
evaluation is not possible. Regarding Impedance Measurement
(IM) using AD5933, [13] reports approximately 150uJ for
impedance modulus and phase for a single frequency. Electri-
cal Impedance Spectroscopy (EIS) is possible with the same
chip, gathering more than one valuable frequency at the cost
of greater energy consumption.

Frequency Evaluation (FE) of a relaxation oscillator based
on the LMCS555 circuit as described in [9] was analyzed,
and an experimental campaign of power consumption was
performed at the same supply voltage used in the simula-
tions (1.8V), estimating the resulting frequency. The result
shows that the energy consumption for 100ms is equal to
53.3uJ+71.5u], generating an oscillating frequency range
of 22.7kHz+196.0kHz using a set of test resistances on
LMCS555 system ranging from 1k to the open circuit condi-
tion (no resistance connected). The power contributions arise
from the presence of biasing currents for comparators, latch
set-reset, and the resistor divider network. These elements
could be avoided in the realization of a simple Schmitt trigger.
Finally, simulations obtained using the proposed relaxation
oscillator, considering a temperature of 27 °C and a voltage
of 1.8V, yielded a range of 13.2uW-=-89.1 uyW. Thus, for a
100 ms measurement, an energy draw of 1.3uJ=-8.9uJ was
observed.

IV. CONCLUSIONS

A preliminary study on a low-power relaxation oscillator for
stem impedance monitoring was conducted. The proposed sys-
tem was compared to research-grade sensors from state-of-the-
art literature on climate-smart agriculture, aiming to directly
evaluate plant health in-vivo. The electronic system consumed
less than 10 uJ per measurement, a significantly lower amount
than other systems. This efficiency is crucial for precision
agriculture, reducing maintenance and costs. As a next step,
an analysis of PVT (Process, Voltage, Temperature) variations
should be completed before prototype chip production. Process
variations, temperature coefficients, and line sensitivity may be
compensated using external digital-based circuitry.
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