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Abstract— This article introduces a practical approach to
wirelessly charge underground Internet of things (UloT) for soil
monitoring using ultra high frequency (UHF) radio energy. In
the proposed system, UloT nodes do not require batteries or any
aboveground attachments (e.g., solar panel). Instead, they harvest
915 MHz radio energy emitted from an unmanned aerial vehicle
(UAV) for semi-perpetual operation. The UloT nodes utilize the
harvested energy to measure soil parameters and transmit data
back to the UAV using ZigBee protocol. After collecting the data
from UloTs, the UAV uploads it to a cloud server for online
soil quality analysis. The system has been optimized for efficient
operation, with a UAV transmit power as low as 2 watts. Startup,
drive, and power management circuits have been designed to
ensure reliable operation of UloT nodes, even with low incident
energy. According to experimental results, the developed RF-
UloT system can successfully power up and transmit more than
1 kilobyte of data within 10 seconds of wireless charging, followed
by an additional 1.7 kilobytes of data every 1.6 seconds thereafter.

Index Terms—Radio energy charging, underground Internet
of things (UIoT), soil monitoring for industrial agriculture.

I. INTRODUCTION

Soil is the foundation of agriculture and forestry, both of
which are essential for humanity. The health of the soil is
critical as it directly impacts food production and terrestrial
ecosystems. Unfortunately, soil health is vulnerable to degra-
dation due to agricultural and industrial activities, such as poor
farm management and pollutant emissions [1].

To promote the sustainability and productivity of industrial
agriculture, long-term monitoring of soil conditions, including
moisture, pH value, and nutrition, is crucial. Traditional ap-
proaches to collecting soil samples for laboratory measurement
are time-consuming and labor-intensive [2]. The application
of remote sensing techniques for soil moisture mapping has
experienced substantial growth in recent years [3]. Never-
theless, many soil properties, such as pH, conductivity, and
organic matter, cannot be accurately assessed through non-
contact measurements [4].

Underground Internet of things (UIoT) is emerging as a
promising technique for long-term, scalable, and automated in
situ soil monitoring. However, current soil sensors predomi-
nantly depend on solar energy or battery power [5], [6]. Solar-
powered sensors necessitate aboveground deployment, inter-
fering with tillage or crop harvesting, while battery-powered
sensors demand frequent battery replacements. Identifying
sustainable and scalable power sources for underground IoT
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devices remains a significant challenge hindering the adop-
tion of soil sensors. To facilitate large-scale soil monitoring
networks, battery-free and aboveground attachment-free soil
sensors are desired.

The above goal can be realized by developing Radio Fre-
quency charging-enabled underground IoT (RF-UloT). We
envision a system that leverages Unmanned Aerial Vehicles
(UAVs) to remotely power UloT devices. As illustrated in
Fig. 1, the RF-UloT nodes do not have batteries or any
aboveground attachments, such as solar panels. The UAYV,
equipped with an ultra high frequency (UHF) RF transmitter,
navigates the field and remotely charges the RF-UloTs. The
underground nodes utilize the harvested RF energy to sense
the environment and transmit sensing results to the UAV. Upon
gathering data from RF-UloTs, the UAV forwards it to a cloud
server via the internet for real-time soil quality analysis. Com-
pared to unmanned ground vehicle (UGV), UAVs offer faster
and more versatile operation, unrestricted by topographical
features, enabling large-scale soil monitoring. Consequently,
UAVs are chosen to serve as both mobile energy sources and
data mules for RF-UIoTs.

Figure 1: UAV remotely charging RF-UloTs that do not have batteries
or any aboveground attachments (i.e., solar panel).

In recent decades, harvesting weak radio energy in the
UHF band has been widely explored in both industry and
academia [7], [8]. However, current applications of RF energy
harvesting primarily focus on airborne scenarios, where har-
vesters capture ambient RF energy emitted from TV towers
or cellular base stations to power ultra-low-power wireless
devices [9], [10]. The concept of utilizing UHF radio wave
to charge underground IoT devices is introduced in [11] and
[12]. A proof-of-concept demonstration is presented in [13],
employing the Powercast P2110-EVAL-01 energy harvester.

A. Limitations of Today’s Approach

According to our experiment results, the existing RF energy
harvesters [11]-[13] can not be directly applied to practical
underground IoT applications due to the following challenges:

1) Dropping supply voltage: Due to the limited energy
storage capacity of RF-UIoT nodes (e.g., 1 mF capacitor)



resulted from low RF harvesting rates, the voltage of the
energy storage, which also serves as the RF-UloT’s supply
voltage, may experience a significant drop during startup,
sensing, and transmission processes. In contrast to the constant
voltage and current during startup observed in lithium battery-
powered UloT, RF-UIoT nodes exhibit substantial supply
voltage and system current reduction, as shown in Fig. 2.
Without a specialized charging control circuit, current RF-
UIoT cannot reliably start up'. To address this issue, we will
design a startup circuit compatible with existing RF energy
harvesters.
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Figure 2: Dropping supply voltage during Startup process.

2) High signal attenuation in soil: The propagation attenua-
tion of radio waves is considerably higher in the soil compared
to air. Consequently, the transmit power of the UAV should
be sufficiently high to ensure that radio waves can reach
sensor nodes embedded in the soil. However, limitations in
the UAV’s energy supply and payload necessitate an efficient
energy emission strategy for improved charging efficacy. To
overcome this challenge, we will propose a pulse charging
strategy for RF-UIoT in Section II.

3) Dynamic energy consumption: Apart from the startup
process, other energy-intensive operations, such as commu-
nication, can also lead to a substantial supply voltage drop,
resulting in dynamic energy consumption. This issue is unique
to RF-UloT and is not present in battery-powered devices.
Motivated by this distinct phenomenon, we will analyze the
power consumption of RF-UloT during startup, transmission,
and sensing processes in Section III.

B. Contributions of This Work

We built a RF-UloT prototype using off-the-shelf RF energy
harvester and wireless board, and custom-designed startup,
drive and power management circuits. Experimental results
demonstrate that the RF transmitter’s power consumption can
be as low as 2W to wirelessly charge sensor nodes at a
minimum depth of 15 cm underground in the 915 MHz
frequency band. Each RF-UloT employs a 1 mF aluminum
electrolytic capacitor for energy storage. The UAV is capable
of powering up the RF-UIoT with 10 seconds of wireless
charging. Upon activation, the node can perform at least 100
soil property measurements and subsequently transmit over 1
KB of sensed data to the UAV at a rate of 1 Mbps using
the ZigBee protocol. In scenarios requiring continuous data
transmission, the RF-UloT can transmit an additional 1.7 KB

'Our experimental results indicate that incident power must exceed 6.1 dBm
to power the wireless board using the Powercast P1110B energy harvester,
rendering it impractical for real underground applications.

of data following 1.6 seconds of energy harvesting, or 2.9 KB
of data every 3 seconds.

The major contributions of this article lie in the following
aspects:

a)  We develop startup & drive circuits to enable RF-UloT
reliably startups at low incident energy. Our proposed
startup and drive circuits achieve an 8.1 dBm improve-
ment (-2 dBm with the circuits compared to 6.1 dBm
without them).

b)  We propose a pulse charging strategy enhance the charge
efficiency. Pulse charging experiments are conducted
with varying incident power, pulse width, and duty
cycles. According to experiment results, the charging
time can be reduced from 15s to 10s when utilizing
a 5% duty cycle.

c¢)  We analyze the dynamic power consumption of RF-UloT
and design a power management module to improve
energy efficiency. With the power management circuit in
place, RF-UIoT can dynamically adjust data transmission
and sleep timings according to the residual energy of
battery and communication workload.

d) A system integration test is performed using the custom-
designed startup, drive, and power management circuits,
Powercast TX91503 energy source, Powercast P1110B
harvester, and Microchip ATmega256RFR2 wireless
board. All proposed solutions (e.g., startup, drive, and
power management) except pulse charging are verified
in the system integration test. Furthermore, we evaluate
pulse charging, startup, drive, and power management
components separately in controllable lab experiments
in order to evaluate their performance.

The rest of the article is organized as follows. In Section II,
we conduct experiments to measure the strength of radio
energy in the soil. The power consumption of sensor nodes is
analyzed in Section III. In Section IV, we introduce the circuit
design to make RF-UIoT operate reliable in real applications.
We introduce the related work in Section V and conclude this
article in Section VI

II. REMOTELY-POWERING UIOT USING UAV

This section validates the feasibility of charging under-
ground sensor nodes via UHF radio waves. We begin by
measuring the strength of radio energy in soil. Subsequently, a
pulse charging strategy is proposed to efficiently power nodes
in deeper deployments (greater than 30 cm) without negatively
impacting the UAV’s battery life.

A. Feasibility of using UAV to Wirelessly Charge UloT

In this article, we choose 915 MHz radio energy to charge
RF-UIoT. Compared with the 433 MHz frequency band com-
monly used for underground wireless communication [14],
[15], the propagation attenuation of radio waves with higher
frequencies in the soil is larger, but the size of the receiving
antenna can be significantly reduced, which is attractive for
large-scale deployment.



To understand the strength of RF energy in the soil, we used
a Powercast TX91503 transmitter carried by a DJI Matrice
600 Pro drone to emit 915 MHz continuous wave through a
patch antenna. The power consumption of the RF transmitter
was 2W and the antenna gain was 8dBi. The effective
isotropic radiated power (EIRP) of the transmitter was 36 dBm
(3 W). The drone used a real-time kinematic positioning (RTK)
system for accurate localization and attitude adjustment. In
the experiment, the volumetric water content (VWC) and the
electrical conductivity (EC) were measured using the BlueLab
soil meter; other in-situ soil sample properties was tested in
the laboratory. The key parameters of the soil® are listed in
Table I.

Table I: In-situ soil sample properties

VwC EC
40%

Sand
36%

Sample depth Texture Clay Silt

80 mS/m 11% 53%

15cm Silt loam

The experimental scene is demonstrated in Fig.3(a), where a
remotely controllable mini winch connected the drone and the
TX91503 transmitter to flexibly adjust the distance between
the transmitter and the ground. In the experiment, the flight
attitude of drone was 1.6 m and the TX91503 transmitter was
hung approximately 4cm above the ground to achieve the
best charging performance. The average wind speed during
the experiment was 11 mph.
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Figure 3: Radio energy in the soil. (a) Experimental setup. (b)
Intensities of received energy, where h,, is the buried depth.

In Fig. 3(b), we show the strength of RF energy received
by sensor nodes buried in different depths of the soil, where
an omnidirectional patch antenna with 0dBi gain was used
to receive energy. From the figure, it can be observed that
the average intensity of the received energy can reach 2dBm
and -5dBm for nodes buried 15cm and 30cm underground,
respectively. In addition, due to the disturbance of wind, the
attitude of the drone and the hanging height of the transmit
antenna fluctuate. As a result, the received energy strength was
not constant but varied over time.

According to the literature review, the sensitivities of most
RF energy harvesters are higher than -10dBm [7]. Therefore,
it is feasible to wirelessly charge nodes buried 15cm or even
deeper in the soil through UAVs.

>The impact of soil type and soil moisture on the propagation of RF
energy in soil can refer to the Aboveground-to-underground (AG2UG) channel
models in the literature [16], [17].

B. Pulse Charging Strategy

The energy harvesting rate of RF-UIoT is determined by the
intensity of incident energy. To reduce the charging time, the
UAV can increase the transmit power, which requires more
energy supply and a larger heat sink. However, the UAV’s
battery life and payload are limited. To not compromise the
coverage of the UAV for large-scale data collection, we can
use modulated pulse train to improve the charge efficiency.
Specifically, instead of emitting a continuous wave, the trans-
mitter broadcasts pulse train modulated by 915 MHz carrier
signal.

In the experiment, we simply use a square wave as the
envelope of the pulse energy. This is because the pulse width
used in the experiment (> 10ms) is much longer than the
carrier signal period (1.1ns at 915 MHz). If the pulse width
is short, a sinc function should be used as the envelope to
prevent energy leakage from sidelobes of the modulated pulse
in the spectrum.
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Figure 4: Pulse Charing with 1 mF capacitor. (a) Different duty cycles
and EIPRs. (b) Different pulse widths.

In Fig. 4, we study the impact of the pulse pattern on the
charging rate. In the experiment, we used a Powercast P1110B
harvester’ to receive RF energy [19]. When the incident
power is between -2dBm and 10 dBm, the energy conversion
efficiency of the harvester varies from 55% and 65%. The
node is buried 15cm in the soil and store the received energy
in a 1 mF aluminum electrolytic capacitor. Several different
pulse trains are constructed by varying the incident power,
pulse width, and duty cycle. The total energy consumed by
the UAV broadcasting different pulse trains is exactly the same
because we will increase the transmit power and decrease the
duty cycle of the pulse train at the same time.

In Fig. 4(a), the pulse width is fixed at 100 ms. As can be
observed from the figure, the use of a high power but low
duty cycle pulse train can significantly increases the charging
rate. For example, when the EIPR of the RF transmitter is
31.3dBm (1.35W) and the duty cycle of the pulse train is
100% (continuous wave), the strength of the energy received
by UloT nodes is around -1.5dBm (i.e., 0.708 mW). In this

3Compared to Powercast P2110B, P1110B has lower sensitivity but higher
energy efficiency [18], [19]. In our application scenario, the input power
is expected to be between 0dBm and 15dBm with pulse charging. The
sensitivity of energy harvester is not a concern. Therefore, we choose to use
P1110B harvester for higher energy conversion efficiency.



case, it takes the transmitter 15s to charge the capacitor to
2.4 V. However, the charging time is reduced by 5s when the
transmitter’s EIPR is increased to 44.3dBm (26.9 W) and the
duty cycle is decreased to 5%. Next, we briefly analyze this
observation.

According to [20], an RF energy harvester with an energy
storage capacitor can be modeled as an RC circuit connected
to a direct current (DC) power supply. As the incident power
increases, the resistor’s resistance decreases, while the output
voltage of the DC power supply raises. In this case, the time
constant of the RC circuit (the product of resistance and
capacitance) is inversely proportional to the received energy
intensity. Therefore, using a high-power, low-duty-cycle pulse
train can charge the RF-UloT faster than a low-power, high-
duty-cycle one, despite the same energy consumption for
transmitting both trains.

In Fig. 4(b), we fix the EIPR of the RF transmitter and
the duty cycle of the pulse train to 43dB (20 W) and 6.7%,
respectively, and then evaluate the effect of pulse width on
the RF-UIoT charging rate. As shown in the figure, the pulse
width does not affect the charging rate. However, transmitting
short pulses can greatly reduce heat dissipation requirements,
thereby reducing the size and weight of the transmitter to
increase the battery life of the UAV.

Note that when the same charging pattern (e.g., energy
intensity, duty cycle, etc.) is used, the time to charge the capac-
itor to a given voltage is linearly proportional to the capacity of
capacitor. We used 1 mF capacitor for demonstration purpose.
Similar conclusion can be drawn to capacitors of different
capacities.

III. POWER CONSUMPTION ANALYSIS FOR RF-UIOT

In this section, we analyze the power consumption of
underground sensor nodes in different modes. The results
obtained in this section will be used to design a dedicated
control circuit to maximize the energy harvesting efficiency
and energy utilization of RF-UloT nodes.

In this article, we choose the Microchip ATmega256RFR2
microcontroller (MCU) as the backbone of our underground
node [21]. The selected MCU has an integrated 2.4 G wireless
module that supports IEEE 802.15.4 Zigbee protocol. In the
deep sleep mode, the quiescent current of the MCU is only
650 nA. Therefore, we just focus on the energy consumption
on startup, data sampling, and wireless transmission.

A. Startup Energy Consumption

Startup is one of the most energy consuming processes
in RF-UlIoT that will cause significant voltage drop. Fig. 5
evaluates the effect of supply voltage and clock frequency on
current and energy consumed by MCU startup. In Fig.5(a), the
MCU clock frequency was fixed at 1 MHz. As shown in the
figure, as the supply voltage grew, the startup current greatly
increased. Specifically, when the supply voltage was 2.76 'V,
the average startup current was only 5.4 mA. However, when
the supply voltage increased to 3.25V, the current increased
by 307% to 22 mA.

~

3.25V

——o— 250 KHz

Startup energy consumption (mJ)

0 0.05 0.1 2.8 3 3.2
Time (s) Supply Voltage (V)

Figure 5: Energy consumed to start the IoT node. (a) Current
waveforms at 1 MHz clock rate. (b) Energy consumptions in different
conditions.

In Fig.5(b), we examine the impact of the clock rate and the
supply voltage of the MCU on the energy consumption during
startup, which is the integral of startup current multiplied by
the supply voltage over time. As can be observed from the
figure, when the supply voltage was 2.7 V, the MCU consumed
only 1.1 mJ to power up. However, once the voltage increased
to 3.2V, the energy consumption rapidly increased to 6mlJ,
which was five times higher than the previous case. Also, using
a high clock frequency to drive the MCU can slightly reduce
energy consumption at startup, especially when the supply
voltage is high. For instance, when the supply voltage is 3.2V,
if we increase the clock frequency of the MCU from 250 kHz
to 16 MHz, the energy consumption can decrease from 6 mJ
to 5.6 mJ.

B. Transmission Energy Consumption

The energy consumption on data transmission is sensitive
to both MCU clock frequency and transmission power. In
Fig. 6, we present the current waveforms as the MCU sends
data at different settings. In the experiment, the MAC service
data unit (MSDU) payload was 105 octets, the supply voltage
was 2V, and the data rate was fixed at 250 kbps. As shown
in the figure, the waveform can be divided into two stages:
(a) Transmission preparation, and (b) data transmission. Let
T, and T} be the durations of the preparation stage and the
transmission stage, respectively. T}, contains the time to push
the transceiver into transmit mode, which includes ramping
up the voltage regulator and initializing the phase-locked loop
(PLL). T} consists of the time to send the protocol headers
and MSDU payload.

From Fig. 6, we have three major observations. First, the
clock rate and the transmit power does not affect the current
consumption in the first stage. However, the preparation time
is proportional to the MCU clock frequency. Specifically,
when the clock rate is reduced from 1 MHz to 250kHz, the
preparation time increases from 2.8 ms to 9.6 ms.

Second, the clock frequency does not affect the transmission
time. However, at a given transmit power, the current con-
sumption in the second stage is not constant but is affected by
the clock frequency. Specifically, when the clock frequency
is 250kHz and the transmit power is 3.5dBm, the average
current during data transmission is only 15.1 mA. However, at
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Figure 6: Current waveforms of the underground node during data
transmission.

the same transmit power, if the clock rate is set to 16 MHz,
the current consumption increases to 18.4 mA.

Third, at a given clock rate, the current consumption in the
second stage increases nonlinearly with the increase of the
transmit power. Specifically, when the clock rate is fixed at
1 MHz, the current consumption is 8.4 mA to send data at
-16.5dBm (22 uW). If we increase the transmit power one
hundred time to 3.5dBm (2.2 mW), the current consumption
only increases by 1.8 times to 15.1 mA.

Table II: E; change with f..

fe MHz) | 0.125 | 0.25 0.5 1 2 4 8 16
E; (uh)f 330 228 178 154 150 144 150 154

TIn this experiment, the supply voltage is 2V, the MSDU payload is
105 octets, the transmit power is 3.5dBm, and the data rate is 250 kbps.

According to the above observations, when the clock fre-
quency is low, more energy is required to prepare for transmis-
sion but less energy is required for sending data. Therefore,
given the transmit power and data rate, there is an optimal
clock frequency that minimizes the energy consumption in
data transmission. To verify this, let f. and E; denote the
clock frequency and energy consumption of sending a data
packet, respectively. We measure F; at different f.. As listed
in Table II, F; does not decrease monotonically with f., but
reaches a minimum value at a clock frequency of 4 MHz.

In addition to the clock frequency, the supply voltage also
affects the energy consumption of sending data. Accord-
ing to experimental results, the current consumption during
preparation and data transmission is affected by the supply
voltage. However, energy is the integral of current multiplied
by voltage over time. As a result, the energy consumption
increases linearly with supply voltage.

C. Sampling Energy Consumption

In Fig. 7, we measure the energy consumption of the
MCU to sample the data through a 10-bit analogue to digital
converter (ADC). The ADC clock frequency is half the MCU
clock frequency. It can be observed from Fig.7(a) that the cur-
rent of ADC sampling includes two phases: (a) ADC warmup
with duration T;,. (b) Data convention with duration 7. As
shown in the figure, increasing the MCU clock frequency
only slightly reduces T,,, but can significantly shorten 7y,
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Figure 7: ADC energy consumption. (a) Current waveforms of ADC
with different clock frequencies and number of samples. (b) Energy
consumption of ADC with different clock frequencies and supply
voltage.

thereby reducing the energy consumption of data sampling.
The reasons are analyzed below.

The first phase contains the time to power up the analog
voltage regulator and that to start ADC. The former is a
constant, which is about 110 pus measured in our experiments;
the latter defaults to 84 ADC clock cycles, which are 42 us
and 10.5 us at 4MHz and 16 MHz MCU clock frequencies,
respectively. Therefore, using a high clock frequency to drive
the MCU does not reduce 1, much.

The second phase includes the ADC startup delay, data
conversion time, and tracking time, which are 2 CPU clock
cycles, 11 ADC clock cycles, and 2 ADC clock cycles,
respectively. Accordingly, the length of T is 14 clock cycles
multiplied by the number of samples. Given the number of
samples, T increases linearly with the MCU clock frequency.
As shown in Fig. 7(a), if the ADC samples 40 times, T are
about 350 us and 87.5 us at 4 MHz and 16 MHz MCU clock
frequencies, respectively.

In addition to the clock frequency, the supply voltage also
affects the energy consumption of the ADC. As depicted in
Fig. 7(b), if the MCU clock frequency is 4 MHz and the
supply voltage is 2V, the ADC spends 7.4 uJ of energy for
40 samples. For the same clock frequency and number of
samples, if the supply voltage is increased to 3.5V, the energy
consumption increases to 14.7 uJ, almost doubling.

D. Summary

The startup process generally consumes much more energy
than transmitting data or sensing. Take the low-power Mi-
crochip ATmega256RFR2 node as an example, the startup at
2.7V, transmitting 105 octets data, and sampling 40 times
consume 1.1mJ, 144 pJ, and 7.4 pJ, respectively. The high
startup energy consumption will significantly drive down the
supply voltage of RF-UIoT, causing startup failure when the
ATmega256RFR2 board is directly connected to the RF energy
harvester. Therefore, a dedicated control circuit is required to
reliably activate the underground UloT node with the thin RF
energy, which will be introduced in the next section.

IV. CIRCUIT DESIGN FOR RF-UIOT

In this section, we design a dedicated control circuit for RF-
UloT based on the observations discussed in previous sections.



It allows the node to efficiently utilize the energy harvested
from the UAV for reliable startup, sensing and communication.

A. Startup Circuit

Before introducing the details of the control circuit, we need
to first clarify that the MCU cannot be directly connected to
the energy storage capacitor; otherwise, it will automatically
enter the startup procedure when the capacitor’s voltage rises
to a threshold, which is 1.8 V for ATmega256RFR2. However,
as described in Section II-A, the average energy harvesting
rate of RF-UIoT is less than 1.6mW (2dBm), which is
much lower than the power consumption (9mW at 1.8V
supply voltage) required for startup. As a result, the MCU
will continuously consume the received energy but never be
successfully activated.

To solve the above problem, we use a Schmitt trigger as
the startup circuit, which turns on at V,,, and turns off at
Vo . With a high V,,,, the startup process of the MCU can be
properly delayed, allowing the capacitor to accumulate enough
energy to activate the system. With a low V¢, the MCU can
fully utilize the energy stored in the capacitor until the voltage
drops to 1.8 V.

As shown in Fig. 8, let V. be the supply voltage provided
by the energy storage capacitor Cs. Unlike battery-powered
devices, the V.. of RF-UloT varies quickly with the energy
harvesting process and node activities. Therefore, the fixed
reference voltage required by conventional Schmitt triggers
is unavailable in our application. To this end, we use the
capacitor C; and diode D; to create a dynamic reference
voltage at the inverting input of the comparator CP;. At the
non-inverting input, resistors R; and Ry form a voltage divider
network to generate a comparison signal.

When V. is small, V is lower than V_, and the output
voltage of CP; is 0. As V. rises, V increases linearly with
V... At the same time, V_ also increases but slower than
V. because of the nonlinear relationship between the forward
voltage and the forward current of the diode. When V. reaches
3V, the output of CP; is toggled since V. catches up with
V_. In this case, the feedback resistor R, is connected with
R; in parallel, and Ry obtains more voltages from the divider
network. Consequently, when V.. drops to 3V, the Schmitt
trigger can retain its output until the supply voltage is further
reduced to 0.9 V, in which the D;’s forward voltage catches
up with V.

Regarding the startup circuit, we emphasize two points. First
of all, the capacitor C; cannot be replaced by a resistor used
in a regular diode-based reference. This is because the startup
circuit is connected to the driver, which will dissipate a large
amount of energy at the instant Schmitt trigger is turned on.
As a result, if C; is replaced by a resistor, V.. will drop
sharply, which has a probability of accidentally turning off the
startup circuit. In contrast, C; can serve as a voltage regulator,
which can temporarily stabilize V; and V_ for a short time
to improve the reliability of the circuit.

Second, the forward voltage of the diode decreases linearly
with increasing temperature, making it easy to compensate
for the temperature via a negative temperature coefficient

(NTC) thermistor Ry. According to the experimental results,
R4 should be 10kS2 when the ambient temperature is 25°C,
and needs to be decreased by 1k for every 5°C increment
in temperature.

With the help of the startup circuit, the Powercast P1110B
harvester is able to reliably power up ATmega256RFR2 wire-
less board at low incident energy (i.e., -2dBm). By contrast,
when the harvester is directly connected to ATmega256RFR?2
without a startup circuit, a high energy density (i.e., 6.1 dBm)
is required to reliably start the MCU.

B. Drive Circuit

The comparator may not generate enough sinking/sourcing
current to directly drive a non-capacitive load, especially if the
supply voltage is low and the load current is high. Moreover,
the current consumption of the MCU in different modes varies
greatly. Hence, a driver is needed to regulate the current
according to the state of the MCU.

As shown in Fig.8, the NPN transistor T, is used to build the
driver. Denote the voltage between the collector and emitter of
T, as V... Let V,,, be the supply voltage of the MCU, where
Vin=Vee—Vee and V,;, must be greater than 1.8 V for reliable
operation. In order to improve energy utilization, V.. should
be low to reduce the voltage loss of the transistor, so that the
minimum V.. can approach 1.8 V. To achieve this goal, we
choose the transistor NSS30071, whose V. is less than 0.1V
at 1 mA base current and 100 mA collector current [22].

To drive RF-UloT efficiently, the most challenging part is
how to handle the high dynamic range of the MCU’s current
while minimizing system power consumption. Specifically, in
deep sleep mode, the MCU’s current consumption is only
650 nA. Therefore, pushing a small current at the base of T, is
sufficient to drive the MCU. In this situation, a large resistor
can be added between the startup circuit and T, to limit the
current flowing through the base and emitter of T,, thereby
reducing power consumption in sleep mode. In contrast, when
the MCU starts up or sends data, as described in Section III,
the current consumption could be over 20 mA, which is four
orders of magnitude higher than the previous case. As a result,
the base current at T, must be increased so that more current
can flow through the collector to appropriately drive the MCU.
Thus, it is necessary to reduce the resistance of the resistor
between the startup circuit and T».

The above analysis indicates that the resistance between
the startup circuit and T, needs to be dynamically adjusted
according to the states of the MCU. When the MCU is
in deep sleep, the resistance should be large to reduce the
power consumption of the driver. When the MCU starts up
or transmits data, the resistance should be small to provide
enough drive current for the MCU.

To achieve the above goal, two resistors, R3 and Rs, are
added between the output of CP; and T,. As shown in Fig. §,
the resistance of Rz (220k(2) is much larger than Rs (1k2).
Next, we introduce how to short R3 at the right time to adjust
the drive current of the MCU for reliable startup and data
transmission.
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Figure 8: Control circuit of RF-UloT.

1) Startup Driver: To provide MCU sufficient drive current
for a successful startup, a diode D, and a capacitor C, are
connected with Rj in parallel. At the instant the startup circuit
is turned on, the output of CP; (V,,; in Fig. 8) immediately
rises from O to V.. At this time, the resistance of C, is low
and D, is turned on, thus shorting Rs3. In this case, only Rs
is connected into the circuit. Therefore, T, can obtain a large
current at the base to start the MCU. When C; is fully changed,
D; is turned off and Rj is automatically connected back to the
circuit. As a result, the base current of T, decreases to save
this energy.

The capacitance of C, must be moderate. If the capacitance
is too large, the base current will remain high for a long
time after the MCU is started, resulting in unnecessary energy
consumption. However, if the capacitance is too small, the
base current will drop for a short time, which may not be
long enough for the MCU to complete the startup process. In
order to successfully boot the system without wasting energy,
the duration of high current at the base of T, should be
approximately equal to the start time of the MCU, which is
95 ms described in Section III-A.

25 — - — - 100uF - Experiment 25 i
100uF - Theoretical 183;1;;2252?
-------- 47uF - Experlment "“l‘ without capacitor
2 47uF - Theoretical 2
. — — 10uF - Experiment |
< | 10uF - Theoretical < |
E15 o 15
= i) N I
[ IR k] |
5 1 S
o I[ > |
| |
os| | 0s 1
| ke
0 op M= ks
0 0.05 0.1 0 0.05 0.1
Time (s) Time (s)

(a) (b)

Figure 9: Performance improvement with capacitor C, during MCU
startup. (a) I, of Ts. (b) Vee of To.

In Fig. 9, we show how C, affects the performance of the
startup driver. In the figure, the startup circuit is turned on
when V. rises to 3 V at time 0. Let [, be the base current at the
collector of T,. From Fig.9 (a), it can be observed that using a
large C, can significantly extend the duration of high [, which
allows the T, to work in the saturation region for a while. In
this case, there is only a small voltage drop between the emitter
and collector of the transistor when the MCU starts up. By

contrast, if C, is small, I will reduce quickly. Consequently,
T, gradually enters the unsaturated region, resulting in a small
drive current and large V.. when the MCU starts up.

As depicted in Fig. 9(b), if C, is 100 uF, V.. can be
maintained at a small value (less than 30 mV) throughout the
MCU startup process (from time 0 to 95 ms). However, if we
reduce C, to 10 uF, V.. can be small at first, but gradually
increases as [, in Fig. 9(a) drops below 0.2 mA. Finally, if C,
is removed, V. will be high, causing insufficient drive current
to successfully boot the MCU.

We can use a first-order non-homogeneous differential equa-
tion to describe I, as a function of time and C,. Let I,
represent the MCU startup current, which is not a constant
by affected by the supply voltage. According to Fig. 5, the
relationship between I, and V.. can be approximated by an
exponential function:

I, = aePVee, (1)

where «=5.8%x107% and $=2.5. In (1), V.. is not constant
but drops rapidly over time as the MCU consumes the energy
stored in C; for startup.

According to (1) and the capacitor energy formula, it can
be obtained the following equation set

B(t) = SOVA(D)

I;(t) = aeﬂvﬂc(t), )
B0 =50 - [ Vet
0

where E(t) is the energy stored in Cg at time ¢. In (2), the
solution of V.(t) is

Vee(t) = —% In (e‘w + %ﬂ t)7 3)

where V) = 3V is the initial voltage of Cs, i.e., V.. at time 0.

At time t, denote the currents flow through R3 and C; by
Iy(t) and I (¢), respectively. Let V () and Q(t) be the voltage
and charge on C; at time t, respectively. Assume the forward
voltage of D, and base-emitter voltage of T, are Vy and Vj.,
respectively. According to the capacitor energy formula, we
can write the following differential equations to calculate the



I, with respect to time:

L(t)=Iy(t)+1i(t), Io(t)Rs=Vy+ %z)
EO="90, vt = RORs+ B4V 1,

4)
where Vy and V. are both 0.7V for 1N4148 diode and
NSS30071 transistor.

From (4), we can obtain a first-order non-homogeneous
differential equation of Q(¢):

dQ(t) Rs+Rs Rs
d¢ R3CQ R3

where Q(0) = 0 and V_.(t) is given in (3). Through derivation,
the solution of (5) can be written as follows:

5
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According to (6), it can be obtained that
O]
I(t) = R + RaCs + C ©))

Substituting (6) into (9), we can get the analytical expression
of I, with respect to time.

In Fig. 9(a), we show the results calculated with (9). From
the figure, it can be observed that the theoretical result matches
the experiment very well when Cy =100 uF. However, as Cs
decreases, the analytical solution of I;(¢) are gradually away
from the measurements. This is reasonable because if (5 is
small, I will not be able to stay high for long. Once I}, drops
below 0.2 mA, I, will be much less than that described in the
second equation of (2) as the current flow through the collector
of T, is limited by I,. Consequently, the supply voltage will
decrease much slower with time than that expressed in (3),
thereby delaying the drop of based current at T».

2) Transmission and Sampling Driver: As introduced in
Section III, at 16 MHz clock rate and 3.5dBm transmission
power, the current consumption of the MCU sending packet
and sampling data can be as high as 18.4 mA and 28.4 mA,
respectively. Therefore, during data transmission and ADC
sampling, R3 should be shorted to provide the MCU sufficient
drive current. However, the mechanism designed to temporally
short R3 for MCU startup cannot be applied here as C; is fully
charged by the startup circuit.

To solve the above problem, an NPN transistor T; is
connected across the resistor Rj, as shown in Fig. 8. After
a successful startup, the MCU can use a general-purpose in-

t

9

0

put/output (GPIO) pin to turn on/off T}, and then dynamically
adjust the drive current. Specifically, before transmission and
sampling, the MCU first sets PE3 (one of the GPIO pins)
high, which turns on T; to short Rs. In this case, a large I,
is generated to drive the MCU for sensing and data sending.
After transmission and ADC sampling, PE3 is toggled, thus
turning off T; to reduce power consumption.
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Figure 10: Performance improvement with transistor T and control
signal PE3 for data transmission. (a) V.. of T, without T;. (b) V.
of T, with Ty.

In Fig. 10, we show how T, affects the performance of the
transmission driver. In the figure, the supply voltage, MSDU
payload, and MCU clock frequency are 4V, 105 octets, and
4 MHz, respectively. As illustrated in the figure, without T,
the base current at T, is insufficient to drive the MCU for
data transmission. As a result, T enters the unsaturated region,
resulting in a large V.. For example, V.. can reach 1.1 V when
the MCU transmits at 3.5dBm and 500kbps. In this case,
if the V.. is lower than 2.9V, the MCU that requires 1.8V
supply voltage will not transmit properly. In contrast, if the
T, is turned on during data transmission, V.. can be reduced
by 92.7% to 80 mV. In this situation, the MCU can send data
even if V. is below 1.9V, which significantly improves the
energy utilization.

C. Power Management Circuit

As analyzed in Section III, the energy consumption for
MCU startup, transmission and sampling is proportional to
the supply voltage. To save energy while reducing the charging
time, a power management circuit is needed so that RF-UloT
nodes can operate appropriately with a low supply voltage.

The design of our power management circuit can be found
in Fig. 8, which consists of a comparator CP,, resistors Rg to
Rjp, a diode D3, and a capacitor Cs. In the circuit, R¢ and Ry
form a voltage divider circuit. Before each data transmission,
the MCU will measure the voltage on Ry to calculate V.. If
V.. is below a threshold, so called the sleep voltage, the MCU
will halt the operation and switches to deep sleep model.

In deep sleep, the power consumption of RF-UloT is much
lower than the energy harvesting rate. According to measure-
ments, the former is less than 100 W at 2V supply voltage,
while the latter is higher than 1 mW at 2 dBm incident power.
Therefore, after a certain time, V.. will be restored. When V.



reaches a preset threshold, the voltage at the non-inverting
input of CP, becomes higher than that at the inverting input.
The current supply voltage is called the wake-up voltage. At
this time, the output of CP, generates a rising edge, which can
be used as an external interrupt signal INT2 to wake up the
MCU. Increasing Ry can reduce the wake-up voltage, and vice
versa. Reducing the resistance of Ry can increase the wake-up
voltage.

Similar to the startup circuit, the dynamic reference voltage
created by Ry and Dj; varies with temperature because the
diode’s forward voltage decreases linearly with temperature.
Hence, we use the NTC thermistor Ry to compensate for
temperature changes in a dynamic environment. According to
the experimental results, if the wake-up voltage is set to 3V,
when the ambient temperature is 25°C, R, should be 780k(2,
and needs to be decreased by 60kS2 for every 5°C increment
in temperature.

Here, we define the unit charging time as the time it takes to
charge the RF-UIoT for each packet transmission. In Fig. 11,
the unit charging time of different power management strate-
gies is evaluated, where the wake-up voltage can be calculated
by adding the voltage increment to the sleep voltage. In the
experiment, the intensity of radio energy received by the RF-
UloT node is 2dBm. The MCU clock frequency, wireless
transmission power, data rate, and MSDU payload are 8§ MHz,
3.5dBm, 1 Mbps, and 105 octets, respectively. Before sending
each data packet, the ADC samples 10 times for environmental
monitoring.
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Figure 11: Performance with power management strategies.

As shown in Fig. 11, for strategies that continuously send the
same amount of packets, the one using a low wake-up voltage
can significantly reduce the unit charging time. Specifically,
as introduced in Section. III-B, the energy consumption of
the MCU for data transmission is proportional to the supply
voltage. Therefore, sending data at low supply voltage can
improve the energy efficiency. For example, if set the sleep
voltage and wake-up voltage to 2.3V and 2.45V, respectively,
it takes the RF transmitter only 0.71s to charge the RF-UloT
node, and then the node can successfully transmit 7 data
packets before sleeping. With this strategy, the unit charging
time is 101 ms. In contrast, if the sleep voltage and wake-
up voltage are increased by 0.9V, the transmitter needs to
charge the node 1.13s to send 7 packets. In this case, the
unit charging time is increased to 161 ms, 1.6 times over the
previous strategy.

In addition, from Fig. 11 it can be observed that if the
sleep voltage is the same, the strategy with higher wake-up
voltage can continuously send more packets to reduce the unit
charging time because it reduces the frequency of waking up
nodes. Using the strategies with 3.2V sleep voltage as an
example, if the wake-up voltage is set to 3.8V, the transmitter
needs 4.2 s to charge the node. However, with this strategy, the
node only needs to be awaken once and then can continuously
send 29 packets before sleeping. In this case, the unit charging
time is 145ms. However, if the wake-up voltage is set to
3.35V, although it takes only 1.13s to change the node, the
number of packets that the node can sent is also reduced to
7. In this case, the node needs to be awaken 5 times to send
29 packets. As a result, the unit charging time increases to
161 ms, 10% higher than the previous strategy.

According to the above analysis, in order to reduce the unit
charging time, the power management circuit should use low
sleep voltage and high wake-up voltage, so that the RF-UloT
node can continuously transmit as much data as possible every
time it wakes up.

D. RF-UloT System Integration Test

We conducted RF-UIoT system integration test in the lab
environment. The experiment setup is shown in Fig. 12 (a).
In the figure, the Agilent 8648A signal generator produces
915MHz CW at 2dBm to charge the P1110B energy har-
vester. The Agilent MSO6032 oscilloscope is used to monitor
the supply voltage and the INT2 interrupt generated by the
comparator CP, in the control circuit. The Keysight CX3324
current analyzer tracks the current waveform of the MCU,
while multimeters measure the output of the comparator CP,
and the voltage drop between the collector and emitter of the
transistor T».

Vee and V,,; in Fig. 12(b) are indications to the supply
voltage of P1110B harvester and output voltage provided
to the MCU, respectively. With 2dBm input power, V.. is
charged to 1.8V in 3 seconds. Note that the MCU will
automatically startup if without the Startup circuit but will
never be successfully activated due to the significant voltage
drop during startup. With our Startup circuit, V.. is charged to
3.2V at t; (i.e., in about 10 seconds). The startup process takes
about 100 ms. After successfully power-up at to, it transmits
1 kilobyte of data between 5 and t3 (i.e., transmission power is
3.5dBm, payload is 105 octets). Due to the dropping voltage,
MCU enters the deep sleep model at time 3 (i.e., Vo =
2.3V) to save energy. With 1.6seconds of further charging,
the MCU reactivates at t4 when V.. reaches wake-up voltage
and transmits 1.7 kilobyte of data before sleeping at ¢5. The
startup voltage and the wake-up voltage can be adjusted by
changing R, and R, shown in Fig. 8, respectively. We can
adjust the sleeping threshold by programing MCU.

E. Discussions

In practical applications, the RF-UloT node will enter deep
sleep mode when the UAV moves out of range in order
to conserve energy for soil sensing in the absence of an
external power source. The RF-UIoT can wake up to measure
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Figure 12: RF-UloT system integration test and voltage waveform.

soil parameters until the harvested energy is depleted. In the
subsequent charging cycle, the latest sensing results, along
with the recorded historical data, will be transmitted to UAV.

The operational duration of an RF-UloT node within a
single charging cycle is influenced by several factors, such
as the capacity of the supercapacitor, the power consump-
tion of the RF-UloT in deep sleep mode, and the sensing
frequency. For instance, the ATmega256RFR2 wireless board
demonstrates very low power consumption (as low as 0.5 uA)
in deep sleep mode. According to our present design, the RF-
UloT is anticipated to function for several hours after being
charged to 3.3 V. Enhancing the supercapacitor’s capacity or
utilizing a Microchip eXtreme low-power (XLP) MCU with
sleep currents as low as 9nA [23] could further prolong the
RF-UlIoT’s operation to multiple days after the UAV departs
the area. In such scenarios, a weekly UAV flight frequency
of once or twice can sustain daily soil sensing activities. To
attain a higher temporal resolution, the UAV flight frequency
can be effortlessly increased to a daily basis. RF-UIoT offers
user-customizable temporal resolution, which presents a sub-
stantial advantage compared to the fixed temporal resolution
of satellite remote sensing.

Utilizing drones to gather soil sensing data from RF-UloTs
is considerably more cost-effective than traditional laboratory
soil measurements and provides greater flexibility and efficacy
compared to remote sensing. Consequently, UAV remotely-
powered RF-UIoT emerges as a promising solution for deliver-
ing long-term, scalable, and automated in situ soil monitoring.

V. RELATED WORK

RF energy harvesting circuit design: In the area of energy
harvesting system design, previous research has primarily
focused on how to efficiently harvest RF energy (i.e., en-
ergy harvester circuit design) [7], [24]-[26]. By optimizing
circuit design, RF harvesters can achieve energy conversion
efficiencies of up to 70%, with input sensitivity as high as
-35dBm [25]. While these harvesters employ different design
strategies, they share a common issue when directly connected
to IoT boards. Specifically, the IoT board will enter its startup
procedure once the capacitor voltage reaches a threshold.
However, due to the low average energy harvesting rate relative
to the power consumption required for startup, the IoT board
will continually consume energy received from the harvester
without ever successfully activating. This challenge motivated
us to develop a startup circuit for RF energy harvesting-
powered IoT devices.

RF energy harvesting powered wireless communications:
One focus of this research area is on optimal transmission
strategy design aiming to maximize the efficiently utilize
the harvested energy [27], [28]. The optimal transmission
power is adjusted based on the fluctuation of incident RF
energy through solving a nonlinear optimization problem.
The performance evaluation of transmission strategies rely on
theoretical analysis and simulations since real implementation
is not feasible due to a lot of practical limitations. Different
from these existing software-based transmission control, we
develop hardware-based power management circuits that can
operates when MCU is OFF.

Powering underground sensors: The combination of
rechargeable battery and solar panel is the most popular power
solution and is widely used in the commercial soil sensing
products [5]. However, its aboveground components would
cause interference to tillage and planting operations and signif-
icantly limit the spatial resolution of deployment. The battery-
only nodes buried in soil can provide non-disruptive sensing.
However, due to limited battery capacity, temporal resolution
or longevity must be sacrificed to avoid frequent battery
replacement. Magnetic induction (MI) is another promising
method to powering UloTs [29]-[31]. However, MI-based
wireless charging requires large coil antennas and precise coil
alignment [31], making it less attractive for large-scale deploy-
ments and mobile applications. [11]-[13] proposed to use RF
energy to charge underground nodes. However, the dropping
supply voltage, the high energy attenuation in soil and the
dynamic energy consumption introduce a lot of challenges
making it feasible in practice. This motivates us to develop
startup, drive and power management circuits for RF-UloTs.

Underground wireless communications: Underground
wireless communications have been widely used in under-
ground mines, pipeline monitoring, and agriculture applica-
tions. Existing research has been focusing on underground
signal propagation modeling [16], [17], with the main design
goals being to improve the communication range and maxi-
mize the transmission rate. Underground communication is not
the focus of this paper. We used a commercial Microchip AT-
mega256RFR2 ZigBee board for communications. However,



the proposed RF-UIoT prototype can be easily extended to
other communication techniques (e.g., LoRa, BLE, etc.).

VI. CONCLUSION

In this article, we developed an RF-UloT for long-term,
scalable and automated in-situ soil monitoring. The RF-UloT
nodes, buried in soils, can harvest 915 MHz radio energy
radiated from UAV for sensing and wireless communica-
tions. Our experimental results demonstrated that with an
RF transmitter of 36 dBm EIPR and 40% soil moisture, RF-
UloT nodes buried 15cm deep can receive an average of
2dBm in radio energy. To enhance energy efficiency and
ensure reliable operation, we designed a control circuit to
drive the node and manage the harvested energy. This control
circuit significantly extends the harvesting range of RF-UloT
with mobile energy sources or allows it to be buried deeper
than current solutions. We built a prototype RF-UloT node
using off-the-shelf components. Our tests show that after 10
seconds of wireless charging with 2 dBm input power, the node
successfully starts up, transmitting more than 1 kilobyte of
data at 3.5 dBm transmission power, followed by an additional
1.7 kilobytes of data with every 1.6 seconds further charging.
The RF-UloT system has the potential to revolutionize the way
soil monitoring and industrial agriculture are conducted by
eliminating the need for batteries or aboveground attachments,
thereby increasing efficiency and reducing costs.
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