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Abstract

Underground mines are susceptible to occasional roof falls and cave-ins, temporar-

ily destroying the existing wireless communications and telemetry infrastructure.
During this temporary outage, intermittent provision of electrical energy wirelessly

to the already deployed low-power wireless area networks (LPWAN) and Internet

of Things (loT) devices assumes a fundamental requirement. In this article, we propose
and design a long-range far-field radio frequency (RF) wireless power transfer (WPT)
testbed to power LPWAN and loT devices at 35 m in an underground mines facility.
Class AB external power amplifier (PA) was introduced to achieve a long-distance RF
WPT, in the 880 MHz band. Thus, considerably reducing the adverse effects of the high
signal attenuation power loss of about 50 dB. With the aid of a commercially available
off-the-shelf (COTS) TPS61030 boost converter, a 2.5 V/25F supercapacitor was boosted
to provide the energy needed to the Heltec ESP32 system-on-chip (SoC) microcon-
troller unit (MCU). The Heltec ESP32 integrates various components, including a dual-
core CPU, LoRa, Wi-Fi, and Bluetooth radio connectivity modules. Thus, realizing
far-field, loT, and LPWAN battery-free technology in underground mines environment.
This novel research exploited the concept of utilizing supercapacitors for the storage
of harvested energy. To the best of our knowledge, this is the first long-range far-field
WPT testbed specifically designed for underground mines facilities at 880 MHz band. In
this study, we also investigated the impact of using various modulation schemes. The
schemes evaluated were of amplitude modulation (AM), frequency modulation (FM),
and pulse width modulation (PWM). Empirical results indicate that the most suitable
scheme for RF-WPT in the underground mine is FM. In addition, we performed exten-
sive analysis to understand the energy and current consumption profiles of the Heltec
ESP32 LoRa, WiFi, and BLE transceiver using Power Profiler Kit Il under different con-
figurations and scenarios. The experimental results indicate that the WiFi connectivity
is not energy efficient compared to the BLE transceiver.

Keywords: Low-power wireless area networks (LPWAN), loT, Wireless power transfer,
Underground mines wireless network, Radio frequency energy harvesting (RF-EH),
Power amplifier
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1 Introduction

The underground mine operations depend on low power wide area network (LPWAN)
and Internet of Things (IoT) technology for communication and telemetry services dur-
ing emergency situations. At present, the energy requirements of these devices depend
solely on onboard batteries which are limited in capacity and exorbitant from main-
tenance point of view. Consequently, there is a need to develop energy self-sustaining
IoT and LPWAN devices to drive this ecosystem. Although giant strides have been
recorded in the battery life optimization and battery cell efficiency [1] but the battery-
free IoT technology is still in infancy stage of development. Radio frequency wireless
power transfer (RE-WPT) and energy harvesting (EH) are complementary technologies
proposed to drive battery-free IoT and LPWAN processes by providing intermittent
or regular energy supply to IoT and LPWAN devices thus, replacing the use of battery
to energize IoT and LPWAN devices. Despite the numerous advantages of RF-WPT
EH technology, the process is yet to be fully adopted in the IoT and LPWAN ecosys-
tem specifically in underground mine environment [2, 3]. RE-WPT setup has notable
issues; i) marginal received signal power by the EH module because of poor RF density
per area, ii) short transmitting range of WPT transmitters. The challenge becomes more
pronounced in underground mines characterized by highly significant RF signal losses.
In addition, empirical studies indicated that, at every 30 meters in the sub-GHz bands,
there is an additional 50 dB signal loss in underground mines in comparison with other
wireless signal propagation environment [4, 5]. Consequently, to achieve our goal, we
built a custom-made high-powered Class AB external power amplifier (PA) transmitter
capable of transmitting RF power over a long distance in underground mines.

1.1 Overview of harsh RF underground wireless signal propagation environment

The initial attempt of deploying wireless communication in underground mines dates
back to the 1920’ [6, 7]. This pioneer study summarized the underground mining wire-
less environments as: having high RF signal attenuation of about 50 dB comprises of: tilt
angle loss, rough surface loss, ore body loss, and grazing angles losses [8, 9]. To validate
these claims, measurement campaigns have been conducted and are briefly highlighted.
The notable underground mines measurement campaigns that gave these insights
includes the 2.4 GHz and 5.8 GHz Canadian Centre for Minerals and Energy Technology
(CANMET) experimental mines in Val’ d'Or, Canada [10, 11], underground mine gallery
of NORCAT Mine, Sudbury, Ontario Canada [12]. A fundamental study on the actual
propagation of UHF radio waves in coal mine tunnels were investigated in [4].

In a bid to deploy wireless communications in an underground mining facility,
three (3) morphological changes in terms of communication signaling have evolved
namely [9], namely: i) through-the-earth (TTE) signaling for extreme-low-frequency
(ELF)/ very-low-frequency (VLF)/low-frequency (LF) bands, ii) through-the-wire
(TTW) signaling for medium-frequency (MF)/VHF/lower-UHF) (e.g., leaky feeders)
bands and, iii) through-the-air (TTA) signaling for upper-UHF/super-high-frequency
[10]. Amongst the three methods, TTA is the most deployed and currently adopted
by major underground wireless communications equipment vendors such as Becker
Mining Systems, MineSite Technology, Mine Radio Systems, MineCom, Tunnel Radio
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Fig. 2 Underground wireless signal propagation in normal environments

of America and Varis [9]. To ensure the safety of the processes, the National Institute
for Occupational Safety and Health (NIOSH) is providing a state-of-the-art technol-
ogy through regular workshop and tutorials [13, 14].

Evidently, there are severe challenges associated with RF wireless propagation in
underground environment as illustrated in Figs. 1 and 2 respectively.

Figure 1 shows that the radio frequency receiver (RF Rx) can receive wireless sig-
nals with the aid of reflection, diffraction, and refraction. As a result, the received
signal strength indicator (RSSI) is much higher than Fig. 2’s value. Explicitly, it is
easy to deploy ray tracing technique to estimate the received waveform. Ray trac-
ing is the approximate solution of Maxwell’s equation simplified as the sum of free
space waveforms from the transmitter plus the reflected free space waveforms from
each of the reflecting surfaces. It is assumed that all the various waveform compo-
nents will add up constructively to boost the received signal or otherwise. In contrast,
the underground wireless signal propagation environment as depicted in Fig. 2 can
only receive signals via signal reflection. Consequently, there is an absence of wireless
channel gains as witnessed earlier, and ray tracing channel model will perform poorly
as a modelling tool for underground mines environment. Additionally, there is lack
of reflection from ground plain because of the coarse terrain profile of the floor. The
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WPT testbeds as currently implemented cannot thrive in underground mining envi-
ronments considering these unique harsh RF propagation challenges.

Empirical studies conducted previously indicate that the maximum RF-WPT dis-
tance is 10 m in a friendly wireless communications environment [15, 16]. Therefore, to
achieve long distance RE-WPT in underground mines, a radical approach is required,
thus, this is the motivation for this study. Table 1 depicts the already deployed WPT
transmitters for RF-EH purposes in their respective environment. Based on the pleth-
ora of studies highlighted in Table 1, WPT RF-EH has not been implemented in under-
ground mines environment. Besides, the WPT RF stated distance is very minimal and
cannot withstand the harsh RF wireless conditions at the underground mines facilities.
More so, the concept of introducing supercapacitors as RE-EH storage devices is yet to
be explored despite its numerous advantages. In this study, we explored the use of super-

capacitor as a temporary energy storage device for IoT and LPWAN devices.

2 Research contributions
The main innovations and contributions of this article are as follows.

+ For the first time, by using commercial off-the-shelf (COTS) components we
designed and implemented a far-field long range RF WPT testbed in the 880 MHz
band. Specifically, the proposed RF WPT was driven by a class AB power amplifier
(PA) capable of radiating RF power to 30 m in a challenging harsh underground min-
ing wireless environment. Several candidate waveform modulation schemes such as
Amplitude modulation (AM), Frequency modulation (FM) and Pulse Width modu-
lation (PWM) were investigated. It was discovered that FM square wave performs
optimally for WPT. FM, AM and PWM are the most popular radios used in under-
ground mines communication.

+ We explored the feasibility of deploying supercapacitors for storing the harvested
RF energy. Supercapacitors are endowed with attractive features of fast charging
and fast discharging and hence are widely deployed to provide fast burst of energy
in an instantaneous time. In this regard, it has gained momentum in electric vehicle
(EV) where there is need to constantly supply a rapid burst of energy. Three superca-
pacitors were considered namely 5 V/1F, 2.5 V/25F and 2.7/100F. The study adopted
2.5 V/25F supercapacitor because it charges faster than the 2.7/100F supercapacitor

Table 1 Various WPT Transmitters Deployed for RF-EH

Authors WPT Transmitter Type Radio Frequency Band Distance Environment

[3,15] PowerCast TX91501 915 MHz, 2.45 GHz 6,2 m respectively Measurement Lab

[16] Universal Software Radio 915 MHz, 2.45 GHz Tm,10cm Measurement Lab
Peripheral (USRP)

[17] 868 MHz ISM-band LoRaWAN 865 MHz 2m Measurement Lab
radio transceiver

[18] NI- USRP-2952 24 GHz m Measurement Lab

[19] USRP B210 868.1 MHz Not Available Measurement Lab

[20] Signal Generator 24 GHz 0.15m Measurement Lab

[2] Agilent E5061B Signal Genera- 700 MHz, 850 MHz, 900 MHz  Not Available Indoor and Out-

tor door environment
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at the expense of storing lesser energy. This study provides the pathway for the reali-
zation of battery-free IoT and LPWAN technology.

+ Lastly, the 2.5 V/25F was used to energize Heltec ESP32 LoRa WiFi BLE system-
on-chip (SoC) microcontroller unit (MCU) thus realizing far-field IoT technology
in underground mines facility. The Heltech ESP32 MCU is equipped with three (3)
radio transceivers namely: LoRa, WiFi and BLE. to understand the energy and cur-
rent consumption profiles of the Heltec ESP32 LoRa WiFi and BLE transceiver using
Power Profiler Kit II MCU under different configurations.

The rest of the paper is organized as: related work is the focus of Sect. 2. Section 3 dis-
cusses the system model of the experiment. The experimental site and testbed descrip-
tion is presented in Sect. 4. An overview of system-on-chip (SoC) microcontroller unit
(MCU) was presented in Sect. 5. Lastly, the experimental results and discussion are pre-
sented in Section VI.

3 Related studies

The need for an alternative solution to the use of batteries and to deepen the knowledge
in RE-WPT has spurred a lot of research in this field. Studies in RE-WPT are categorized
into three (3) distinct sub-domains as discussed below.

3.1 RF energy sources

In terms of RF energy sources for WPT purposes, the two (2) dominant sources are:
ambient and dedicated RF energy sources. The ambient RF energy source is the RF
energy readily available from the ubiquitous radio transmitters. The notable source
of this energy includes TV transmitters (Digital/Analog), WiFi access points, satel-
lite transponders, mobile communication transceivers, atmospheric RF energy mainly
from lightening and microwave ovens. The ambient RF energy source is characteristi-
cally denoted for their weak signal strength. Often, the signal strength is below —30 dBm
(100 mW) with a density of 40 40 W /cm? at 10 m and hence, it is very difficult to har-
vest but not impossible. Most RF-EH modules are functional only at —15 dBm minimum
RF signal sensitivity. Under such low sensitivity, RE-EH could be achieved either by
designing a single RF-EH tank tuned to a particular frequency or by deploying antenna
array with variable impedance matching network. Previous research [21-23] have dem-
onstrated RF-EH with great results using this scheme to harvest RF energy from digi-
tal terrestrial TV broadcast and cell towers. Nevertheless, a common observation from
ambient RF-EH circuits is that it requires a lot of charge pumps in the form of cascaded
circuit to boost the harvested DC power because of the low sensitivity of the received
signals and there is a trade-off between power conversion efficiency (PCF) and RF input
power [24]. Therefore, the ambient RF-EH is not a reliable source for the underground
mining environments, is not a reliable source.

On the other hand, dedicated RF energy sources have found wider acceptance in
RF-EH research domains because with these sources, the researcher is at liberty to
experiment with different parameters of the transmitter such as transmitter gain [16],
waveform end-to-end efficiency [25], and harvested power estimation [26]. Sources of
dedicated RF power are listed in Table 1. Dedicated RF energy sources will dominate
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the scenarios in which there is a lack of ambient RF energy sources such as underground

mines, caves, water bodies.

3.2 Efficient radio waveforms

Another school of thought has emerged that analyzed RF-EH efficiency from the per-
spective of radio waveform designs as discussed within. It is believed that some wave-
forms perform optimally than others in terms of the RF-EH. The efficiency herein
implies the ability of radio waves to yield more DC energy than the others. Digital wave-
forms have gained traction in RF-EH and are mostly deployed when analog transmit cir-
cuits are impractical. Most of the reported works on RF-EH involving digital TV [21,
22], cellular GSM 900, 1800 [23, 27] and cellular 3rd generation network (3G) fall into
this category [2]. Digital waveforms are easily simulated by using MATLAB, python
scripting language, GNU radio waveform using graphical user interface (GUI) and vec-
tor signal generators. Some of the notable works on RF energy harvesting implementing
digital communication are LoRa signal [19], OFDM [16] and Bluetooth low energy (BLE)
[15]. A study towards choosing the best digital modulation schemes involving phase shift
keying (PSK), quadrature amplitude modulation (QAM) and multisine waveforms has
been performed [25]. The study concluded that QAM and PSK perform better than the
multisine waveforms. Additionally, comparison on the energy efficiency amongst vari-
ous OFDM subchannels were investigated in [16]. And it was reported that as the num-
ber of the subcarriers increases, the amount of RF-EH increases. Most of these studies
have deployed software defined radio (SDR) as their testbed of choice. Similarly, with
P21XXCSR-EVB EH as the energy harvesting board. The major limitation of the above
studies is the deployment of sine wave as the carrier wave. This study practically dem-
onstrates that sine wave is not optimal for energy harvesting because it is a pure wave
unlike square, chirp and saw-tooth wave.

3.3 Rectifier/rectenna circuits design

Even after the adoption of P21XXCSR-EVB EH as the RF-EH module of choice by
most researchers, substantial works on RF-EH designs are still on-going. For instance,
the P21XXCSR-EVB performs optimally at —15 dBm. This implies that any inci-
dent wave below this signal threshold sensitivity may not be harvested. To address
this issue, [24] proposed and designed a passive RE-DC converter for low RF energy
harvesting. The design was able to harvest RF energy at low RF signal of —40 dBm
by exploiting many stages of Dickson and Villard voltage multiplier circuits at the
expense of RE-DC conversion efficiency. [28] explored the use of multi-path energy
routing to improve RF-EH. The impact of receiver antenna orientation of the DC
harvested power has also been investigated and reported. The orientation interest
was restricted to only 0°-60°. RF energy conversion is actualized using diodes for
their passive circuits. Some of the notable diode package models are HMMS-282C,
HMMS-285C [22], SMS-7630-079 [29] and Agilent Design Suite (ADS) as the. sim-
ulation software. A crucial feature of any selected diode is the threshold voltage.
Diodes with lower threshold voltages are desirable because they can harvest RF sig-
nals with low sensitivity values and power loss is minimal. To improve the power con-
version efficiency (PCE) of RF-EH modules, CMOS technology has been explored.
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Unlike diodes that are passive components, i.e., they function in the absence of bat-
tery voltages, CMOS technology is more complex. Furthermore, CMOS technology
demands longer design and fabrication time which results in expensive chip manu-
facturing costs. However, the CMOS devices have exhibited high PCE. The notable
CMOS technology already deployed are the 130 nm CMOS [30, 31], 90 nm CMOS
[32, 33]. Therefore, there is a tradeoft to be considered between CMOS technology
and passive diode package models.

4 System model

The goal of RE-WPT in underground mines is to drive energy self-sustaining wireless
sensor network (WSN) and IoT thus leading to autonomous network platforms. To
achieve this, a system model and overview of solid-state amplifiers are presented in this

section.

4.1 Continuous wave RF energy model

The primary design objective of WPT in underground mines is to minimize the high sig-
nal attenuation loss from the information carrying wireless signal. Without loss of gen-
erality, wireless information carrying signal E;z,, can be modeled as:

E, g, = Asin (ant + @) (1)

A is the baseband signal RF amplitude, sin is the RF carrier wave, ft is the time depend-
ent signaling frequency and @ is the signal phase angle. The signal phase is responsi-
ble for the delay caused by the radiation travelling at the speed of the light. The carrier
waveform is not only restricted to sine wave. Other carrier waveforms are also possible
namely: cos, square, triangle, ramp waves. The information carrying signal has max-
imum power when the value of the amplitude waveform is unity. From the hardware
circuitry perspective, the information carrying signal can be generated via a signal gen-
erator with suitable AC voltage (V) stated as:

Vpeak = % (2)

Vpeak is the peak AC voltage generated from the signal generator and V,,, is the signal
generator peak-to-peak AC voltage. The root-mean-square voltage Vras is desirable and
can be generated as:

Vpeak

Vrms = 7 (3)

The signal power (P) passing through a standard voltage 502 antenna port impedance
is calculated as:

V2
p = -_RMS (4)
5082

Then, the power in dBm:
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p
PdBm =20 IOglo w (5)

Equation (5) simply implies that it is this AC power transmitted over the antenna that
we intend to harvest and convert to DC power. For instance, the V3¢ required to generate
0 dBm of power is 223 mV. The information carrying signal is modulated using any of the
common type of modulation schemes as shown in Fig. 3.

4.2 Far-field RF WPT-EH modeling for underground mines

The building block of far-field RFE WPT-EH modeling is based on free space model. In the
far-field, the electric field and the magnetic field at any given direction is perpendicular to
the another and to the direction of propagation of the transmitting antenna. Note, we can
re-write Eq. (1) as cos27f (t — r/c); r is the separation distance between the transmitter and
the receiver,c = 3 x 10%m/s is the speed of light in vacuum. The received waveform in free
space in the absence of pathloss in an electric far field at location u at time ¢ is stated as [34]:

a(@,(p,f) cos2nf(t —r/c)

r

(6)

Er(f: tr (l”,@,go)) =

where, (r,0, ¢) denotes location u in the space at which the electric field is being meas-
ured, (0,¢) denotes the vertical and horizontal angles from the antenna to point u.
o (9, o.f ) signifies the product of the radiation pattern of the transmitting and receiving
antennas at frequency f in the given direction of (0, ¢); it also contains scaling factor
which accounts for antenna losses. It should be observed that the phase of the elec-
tric field varies with fr/c. It could be seen that as distance increases, the electric field
strength decreases as 7! and the power as square meter in free space wave decreases
by 2. Next, the received power Py at the antenna receiver deployed in an underground
facility can be modeled as:

A \2
Pr = GrGp <4 ) Pipm (7)
Tr

Gr is the gain of the RF energy transmitter, G is the gain of the antenna attached to
the Powercast P21XXCSR-EVB RF power harvester, 4 is the signal wavelength. Due

Types of Modulation Scheme
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Fig. 3 Types of modulation schemes
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to the high RF signal loss in the underground mines, the signals generated in Eq. (5)
is worthless from the perspective of RF-EH. It is lacking sufficient RF power, and it is
not possible to generate DC power at underground mines facility. Thus, there is need to
extend Eq. (5) to encompass external PA component and thus, derive the total transmit-
ted power Pr,,,; expressed in logarithmic scale as:

Protal = Papm + Ppa (8)

Pp, is the power of the external PA measured in dBm influenced by the gain of the PA.
The three important performance parameters for the PA are the gain, the power rat-
ings and power efficiency explained shortly. Hence, the received power at the antenna
receiver is stated as:

2\ 2
Pr = GrGp () Protal )
4mr
The free space pathloss Lp(dBm) between the transmitting antenna and the Powercast
P21XXCSR-EVB is stated as [22]:

Lp(dBm) = 324 + 20 x log (f) + 20log(r) (10)

In the absence of empirical pathloss model for underground mines, the received power
on a logarithmic scale is:

Pr(dB) = Prota1 + Gr + Gr — Lp = EIRP — Lp (11)

Finally, the received power of an RF-EH module in the presence of pathloss measure-
ment is stated as:

Pr(dB) = EIRP — Lpyine (12)

Lpmine is the underground mines facility specific pathloss calculated in decibels. Note,
the goal of this study inot to empirically determine the pathloss at underground mines as
numerous studies have already performed extensive research on this topic as highlighted
earlier. Therefore, RF-EH is feasible in the following conditions:

_ EIRP — Lp min e > Psr‘;:ln
Pr(rt) = { 0 Otherwise (13)

Equation (13) implies that if the received power at a distance in an instantaneous time
PR(r,t) is less than the minimum RE-EH sensitivity P/, then RF-EH is harvesting is
not feasible. Different RF-EH modules have various sensitivity values ranging from —
11 dBm to — 30 dBm [35].

4.3 Solid state amplifier: overview

The success of RF-EH in underground mines depends solely on the solid-state amplifiers
deployed. Important attributes of ideal amplifiers are linearity, signal gain, efficiency, in-
band parasitic frequencies (3d IM products), out-band parasitic frequencies and power
output. However, in real world deployment scenario, there is always a tradeoff in these
attributes depending on the underlying applications. Furthermore, amplifier classes are
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also a key indicator on how the input signal varies in an amplifier circuit when a sinusoi-

dal signal is applied. The main classes of amplifier are class A, B, AB, and C.

i

ii.

iii.

iv.

Class A amplifier: This is a special class of amplifiers with high fidelity at the
expense of low efficiency. Unlike other classes of amplifier, class A amplifier uses
only one (1) switching transistor (Bipolar, FET, IGBT, etc.) in its output design. For
optimal operation of a class A amplifier, it is biased around the Q-point which is
the middle line between its load line. Hence, it is never driven into the cut-off or
saturation regions. This makes it possible for the current to conduct over the full
360 degrees of the input circle. Unfortunately, this amplifier never turns off and it is
not power efficient [36]. It is widely deployed for audio signals.

Class B amplifier: Class B amplifier offers high improvement in terms of power
consumption efficiency over class A amplifier. There is no DC base bias current
involved because the quiescent current is zero resulting in little DC power con-
sumption. The amplifier sacrifices linearity over low power consumption. Secondly,
the amplifier suffers from crossover distortion problems. Unlike the previous class
A amplifier, which uses a single switching transistor in its output design, class B
design deploys two (2) complementary transistors in a push—pull design configura-
tion. This implies that each transistor amplifies only half of the output waveform
[37].

Class AB amplifier: Class AB amplifier combines the attractive qualities of both
class A and class B amplifiers to offer a better service than either of them. It has a
midrange conduction band, and it should be noted that this amplifier introduces
diodes in its design to eliminate the crossover distortion problem inherent in class
B amplifier. The diodes supply the transistors with small bias voltage enabling
each of the transistors to conduct slightly more than the conduction cycle of class
B amplifier. Class AB amplifiers offers higher power efficiency and linearity when
compared with class A and class B amplifiers respectively [38].

Class C amplifier: This class of amplifier offers the greatest efficiency of about 80%
at the expense of linearity. The other amplifiers are generally classified as linear
amplifiers because the output response is directly related to the input trigger. In
contrast to other amplifiers, class C amplifier is heavily biased so that the output
current is zero for more than one half of an input sinusoidal signal cycle with the
transistor idling at its cut-off point[39]. It is difficult to implement because it is
designed using tuned circuits.

5 Methods/experimental
This experiment was performed at underground mining gallery and Missouri S&T’s

Experimental Mines located at Rolla, Missouri in the United States of America.

5.1 The design of the study: underground mines gallery

The underground mines were previously used to mine limestone and dolomite before it

was abandoned and subsequently deployed for experimental and training purposes. The

section of the underground mining gallery layout used in this experiment is highlighted
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Table 2 Utilized hardware and software device/software function

Laptop HP Intel(R) Core (TM) i5-1035G1 CPU @ 1.00 GHz 1.19 GHz, Windows 10

Vector signal generator VSG60A 6 GHz—Signal Hound, VSG60 Signal Generation Software

Transmit antenna 880-960 MHz high gain directional 11 dBi Yagi

Receiver antenna VERT900 vertical antenna omnidirectional, gain 3 dBi

WPT receiver Powercast P21XXCSR-EVB

Power amplifiers (PAs) 880-960 MHz, 35Watt; 860-960 MHz, 18 Watt; 500-1200 MHz, 80 Watt

Oscilloscope KEYSIGHT DSOX1204A, Keysight PathWave BenchVue App

Connectors Laptop to VSGE0A: USB2.0, VSGE0A to PAs: SMA plug male pin To SMA plug
male connector -TNC male connector, WPT receiver to Oscilloscope: jumper
cables

DC power supply 30V/10ADC

in Fig. 4. The layout has rough surfaces, very high humidity, adjacent layouts, and tilted
walls. Additionally, the layouts ceilings are flatter than the floor and have some water
sumps. The total length of the section used was 67 meters comprising 30 meters line of
sight (LoS) and 37 meters non-line of sight (NLoS). The dimensions of the underground
mining drift include a width of 2.5 meters, height of 2.2 meters, depth of 10 meters.

5.2 The experimental settings: testbed design transmitter side
In this subsection, we describe the RF-EH testbed specifically the transmitter side.
While Table 2 illustrates some of the major hardware and software components of the
testbed. Figure 5 depicts the overall testbed deployed in the underground mining facility.
The testbed chain mainly of vector signal generator hardware (VSG60A), the VSG60A
software interface installed on a laptop, external power amplifier mounted on a heatsink,
a high directional antenna and a 30V/10A DC power supply.

i. Equipment Description: Vector Signal Generator Hardware (VSG60A).

The vector signal generator hardware is the Signal Hound VSG60A. It covers RF range
of 50 MHz to 6 GHz with a spectrum bandwidth of 40 MHz [40, 41].This particular
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Fig. 5 The proposed long-range WPT testbed

device has been gaining momentum recently in waveform generator as could be seen
in [42, 43]. Of particular interest is its ability to generate arbitrary in-phase/ quadra-
ture (I/Q) samples. The I/Q sample rate is from 12.5 kSPS to 51.2 MSPS including 30.72
MSPS for LTE.

ii. Equipment Description: VSG60A Software Interface.

The VSG60A is connected to the computer via the USB 3.0 to display the interface. The
software can run smoothly on Windows 10 (32/64-bit) and Ubuntu 18.04 (64-bit). The
device comes with some preprogrammed modulation schemes namely: OFDM, LTE,
AM, FM, Bluetooth LE, QAM, PSK, CW, IEEE 802.11 a-ax etc. Evidently, the VSG60A
can generate a variety of different RF signals and thus satisfy any waveform requirement.

iii. Power Amplifiers.

Since VSG60A is typically a baseband generator lacking any inbuilt signal amplifier,
there is a need to incorporate some external PAs. For this study, we experiment with
three (3) classes of high PAs from different vendors specifically:

Type I, Max 12.6 DC Volts/7A.

860-960 MHz, 35Watt RF power output, 26 dB Gain, class AB amplifier.

Type 11,12 DC Volts/3.3A.

860-960 MHz, 18Watt RF power output, 42 dB Gain, class AB amplifier.

Class B, Max 28 DC Volts/7A.

500-1200 MHz, 80Watt RF power output, 23 dB Gain, class B amplifier.

The role of the PAs is to enhance and amplify the weak signal from the VSG60A which
operates at a dynamic range of —55 dBm to +7 dBm excluding the cable losses. The PAs
are biased using an external 30V/10A DC power supply. Type I and Type II are indica-
tors to distinguish the two (2) class AB PAs used in this work.

iv) High Gain RF Antenna

Antennas play a crucial role in RF signal propagation. The higher the directivity of an
antenna, the higher the gain and vice-versa [44, 45]. Based on this, we experimented
with one (1) type of commercially available 880-960 MHz high gain directional 11 dBi,
Yagi antenna and which can be either vertically or horizontally polarized. For this study,
we deployed vertical polarization. Extra care was taken to align the transmitter and
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receiver to reduce system performance loss that will arise because of misalignment. The
WPT receiver side comprises P21XX PowerHarvester, and digital signal oscilloscope as
shown in Fig. 6.

5.3 Receiver side: powercast P21XXCSR-EVB

P21XXPowerharvester® Chipset Reference Design Evaluation Board [46] . It harvests
RF energy from the testbed and converts it to DC voltage which can be utilized to
power some low energy sensors. e device is capable of harvesting RF energy sources at
the following frequencies: 836.5 MHz, 879.5 MHz, 904 MHz, 1747.5 MHz, 1880 MHz
and 2450 MHz. These frequencies cover GSM-850 uplink, Europe RFID and GSM-850
downlink, ISM USA and GSM-900 uplink, GSM-1800 uplink, GSM-1900 uplink and
WiFi-2.4 GHz. The P21XXPowerharvester® Chipset Reference Design Evaluation Board
has an inbuilt LED load which only comes up in the presence of DC voltage. Table 3
summarizes the key specifications of P21XXPowerharvester® Chipset Reference Design
Evaluation Board components.

6 ESP32 micro controller unit: overview

Since the ESP32 boards are the major drivers of IoT technology owning to the numer-
ous kernels linking the various sensory peripherals over the Internet protocol, it is
important to discuss one of the numerous ESP32 Dev Boards. In this study, we adopted
Heltec ESP32 SoC Dev Board. The board is equipped with three (3) radio connectivity
modules namely Bluetooth Low Energy (BLE) 5.0, Wi-Fi and Long Range (LoRa) radios
respectively.

6.1 Basic functional blocks of ESP32 MCU system-on-chip

The ESP32 SoC MCU mainly consists of various modules, including a dual-core central
processing unit (CPU), Wi-Fi and Bluetooth wireless transceivers, numerous peripher-
als (e.g., GPIO, ADC, PWM), and an ultra-low power coprocessor (ULP) as depicted
in Fig. 7. There are also provisions for security components like secure boot and flash
encryption features. The ESP32 SoC MCU can operate in four (4) main power modes
namely: i) active; ii) modem sleep (ESP32 Light Sleep); iii) deep sleep and iv) hibernation

- P21XX Power Harvester
Tty iﬁd

Breadboard

=y

Y |

Digital Multimeter

Fig.6 WPT receiver side
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Table 3 P21XXPowerharvester description

Component Function

J1-J6 These are antenna ports for selecting the various RF bands 836.5-2450 MHz antenna input

JP1 This is a switch for selecting the capacitor to store the harvested voltage

C1-C3 Capacitors for storing harvested voltage. C2 is user defined capacitor

JP2 Jumper which must align with the selected antenna port. Since the device does not implement a
diplexer, only one RF band will be harvested at a time

JP3-JP5 These are jumpers indicating the various DC voltages that can be obtained after RF-DC conver-
sion. The DC voltages are 1.2V, 0.9V and 0.7 V respectively

S1 S1is a switch for selecting various output voltages from the boost converter. The boost converter
can generate 3.3V,4.2-4.1Voreven 5V

S2 This is a switch for selecting DSET and DOUT which are terminals for measuring the received
signal strength indicator (RSSI) after conversion

S3 Controls the selection of the LED which indicates the presence of DC power and VOUT and GND

terminals for measuring the harvested DC voltage by selecting the MEAS/VCC button
VCAP This is used to measure the harvested energy stored in the capacitor
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Fig.7 ESP32 SoC MCU

modes. In active mode, all the six (6) modules of the ESP32 SoC MCU are operating
maximally. In this mode, the energy consumption of the ESP32 SoC MCU is at its maxi-
mum. The modem sleep or light sleep mode involves shutting down the radio transceiver
modules while waiting for an external trigger such as sensor data or external stimu-
lus. This implies that there are no underlying RF functions momentarily ongoing. The
deep sleep involves shutting down the main ESP32 core, which includes main process-
ing power and memory, resulting in minimal power usage. With this configuration, the
ULP coprocessor is the only active module. The ESP32 SoC MCU waits for an external

Page 14 of 26
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trigger or timer to wake up from deep sleep. Lastly, hibernation is the most power-effi-
cient mode. It’s useful for ultra-low power applications with long sleep periods, such as
remote sensor nodes running on batteries and supercapacitors.

i. ESP32 Core CPU and Memory.

This is the main processor of the chip, integrated with memory. The key components
in this part are microprocessor, cache, static random-access memory (SRAM), joint test
action group (JTAG) and read-only memory (ROM). The ESP32 core CPU and memory
are responsible for undertaking the heavy computational functions of the chip and man-
aging other subunits of the ESP32 MCU SoC.

ii. Radios.

The radio connectivity comprises of several transmitters and receivers designed to
function within the SoC architecture. The module is responsible for the wireless com-
munications functionality of any SoC MCU module. This ESP32 SoC MCU is equipped
with Wi-Fi, BLE 5.0 and LoRa modules. For this study, our focus is on BLE and Wi-Fi
radio connectivity because both are widely deployed for IoT and LPWAN applications.

iii. ULP Coprocessor.

The ultra-low power (ULP) is a dedicated microcontroller core constructed to effec-
tively manage low-power and sensory tasks while the main CPU core is in deep sleep
mode. ULP includes various key components, such as ULP CPU core, memory, sensor
interface, timers, wake-up capabilities.

iv. Real Time Clock.

The real time clock (RTC) module is responsible for providing precise timekeeping and
time-associated tasks. The RTC is specifically designed to monitor time, execute time-
based procedures, and schedule wake-up events. It comprises some of the key compo-
nents, such as RTC memory, power management unit (PMU) and brownout detector.

v. Peripherals.

The peripherals consist of numerous hardware interfaces on the chip permitting the
integration of the core with sensors, external devices, and many more. Some of the main
peripherals are UART, USB On-The-Go (USB OTG), RMT, system timer, pulse coun-
ter, LED PWM, LCD interface, 12S, 12C, camera interface, GPIO, USB Serial/JTAG and

more.

6.2 Heltec ESP32 LoRa WiFi BLE development board

The Heltec ESP32 SoC is a classic IoT dev-board designed and produced by Heltec Auto-
mation. Since its launch in 2017, it has garnered widespread attention by IoT developers
and hobbyists. The newly launched V3 version has the same pin sequence as the V2 ver-
sion and retains Wi-Fi, BLE, LoRa, OLED display, and other functions [47]. The main
features of this ESP32 SoC MCU:

+ Microprocessor: ESP32-S3FN8 (Xtensa® 32-bit LX7 dual-core processor, five-stage
pipeline rack structure, frequency up to 240 MHz).

+ S§X1262 LoRa node chip.

+ Type-C USB interface with a complete voltage regulator, ESD protection, short cir-
cuit protection, RF shielding, and other protection measures.
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+ Onboard SH1.25-2 battery interface, integrated lithium battery management system
(charge and discharge management, overcharge protection, battery power detection,
USB / battery power automatic switching).

+ Onboard 0.96-inch 128 x 64 dot matrix OLED display can be used to display debug-
ging information, battery power, and other relevant information.

+ Integrated WiFi, LoRa, Bluetooth three network connections, onboard Wi-Fi, Blue-
tooth dedicated 2.4 GHz metal spring antenna, reserved IPEX (U.FL) interface for
LoRa use.

+ Integrated CP2102 USB to serial port chip, convenient for program downloading,
and debugging information printing.

+ Support the Arduino development environment.

+ Startup voltage is 3.7 V.

7 Results and discussions

Some selected experimental results obtained from the experimental setup are presented
and discussed. The parameter settings used in this experiment are presented in Table 4.
The result of the harvested energy involving the three (3) different types of modulation
schemes namely AM, FM and PWM is presented. Furthermore, we also present the
results of using different carrier waves. We chose the best modulation scheme to charge
the 2.5V/25F supercapacitor which was eventually deployed to power the Heltec ESP32
SoC MCU. Using the 2.5V/25F supercapacitor, we analyze the energy, power and cur-
rent consumption of the Heltec ESP32 SoC MCU.

7.1 Comparison between the different classes of PAs

Here, we analyze the performance of the three (3) different PAs deployed in this study as
derived from Equ. (8). The PAs can operate from 830 to 880 MHz. Environmental fac-
tors such as underground material properties (e.g., rock conductivity, humidity) weren’t
considered in the study because the impacts of rock conductivity and humidity are well
documented in underground mines environment. Additionally, rock conductivity, both
thermal and electrical, is a complex property influenced by factors like mineral com-
position, porosity, pore water properties, and temperature. The goal of this analysis is
to determine which of the PAs yields the maximum distance from the context of WPT.
The RF power from the VSG60A interface was set to 10 dBm. Since it is obvious that
higher transmit, power will lead to higher WPT range. From the P21XXPowerharvester

Table 4 Experimental parameter variables

Modulation Carrier wave Duty cycle (%) RF power (dBm) Radio Power amplifier
scheme frequency
(MHz)
AM Sine, Square, Ramp, None 0,10 880 Class AB Type |, Class
Triangle AB Type I, Class B
FM Sine, Square, Ramp, None 0,10 880 Class AB Type |, Class
Triangle ABType I, Class B
PWM Square 25,50,75,100 0,10 880 Class AB Type |, Class

AB Type I, Class B

Page 16 of 26



Kelechi et al. J Wireless Com Network (2025) 2026:16 Page 17 of 26

receiver side, we alternate the jumpers between J1 and J2 to correspond to the RF band
under investigation. The JP3 was left at 1.2 Volts. The S1 was set at 4.1-4.2 Volts because
we intended to store the harvested DC energy on a supercapacitor. Moreover, the higher
the DC voltage, the faster the supercapacitor charging rate. Finally, S3 was selected to
measure the harvested DC voltage between the VOUT and GND terminals by selecting
the MEAS/VCC button. Note during this phase, no load i.e. MCU has been connected
and the supercapacitor is not charging yet. Figure 8 shows the WPT over some distance.

From the graph, Class AB Type I delivers the farthest distance of about 40 m at
880 MHz band. Even though Class B amplifier is of a higher RF power, it performed
poorly in comparison to Class AB Type I. Thus, supporting the notion that Class B PA is
not power efficient. This shows that the future of RF energy harvesting lies in Class AB
amplifier despite its RF power ratings. There are several types of carrier waves investi-
gated in the study including square, sine, triangular and cosine waves. FM and AM are
both modulation schemes and are not considered as carrier waves. The major limitation
of using supercapacitor is the self- discharge issue which is also common with Lithium-
ion batteries. It was observed that in extreme cold conditions, the supercapacitor perfor-
mance becomes chaotic because of the non-movement of the electrons and vice versa.
For insights into the self-discharge suppression of electrochemical capacitors progress

and challenges, see [48]

7.2 Performance of AM, FM carrier waveform

Figure 9 depicts the DC voltage when VSG60A interface was set to 10 dBm derived from
Equ. (5), and different carrier waveforms are experimented with. Evidently, FM square
carrier wave yields optimal result from a distance perspective while the ramp carrier
wave is the least attractive waveform for WPT. Hence, there is consistency in FM modu-
lation being better long-range EH-WPT candidate than AM modulation. Additionally,
square carrier wave outperforms other carrier waves studied because it consists of sev-
eral harmonics of the fundamental frequency. The frequency spectrum of square wave
consists of fundamental frequency and series of odd integer harmonics which reduce in

Performance comparison between different classes of PAs
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DC energy harvesting using 10dBm RF power
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Fig. 9 AM, FM DC voltage over distance with 10dBm RF power

amplitude as frequency increases. This implies that the future of EH-WPT will be cen-
tered around FM square carrier waveform.

7.3 Performance of PWM different duty cycle

Leaving the parameter settings unchanged from the WPT P21XXPowerharvester
receiver side, we study the harvestable energy based on different PWM duty cycles of
25%, 50%, 75% and 100% respectively. Figure 10 depicts the DC voltage across a wide
spectrum of PWM duty cycles. Clearly, the 100% duty cycle yields the maximum range
of 30 m. In the 100% duty cycle, the RF chains in the modulator are continuously trans-
mitted. Hence, the reason for the longer distance.

7.4 Performance comparision between AM, FM and PWM

We extended our analyses by comparing the AM, FM or PWM modulation schemes at
880 MHz frequency band. Since most radios currently deploy in underground mines
are based on either AM, FM or PWM. One of the main motivations for this study is
to decipher the most attractive modulation scheme from the WPT range context. Fig-
ure 11 illustrates that the FM modulation scheme yields the farthest harvestable DC
WPT at 35 m when 10dBm RF power was selected. The least range was obtained when
using PWM at 100% duty cycle. This implies that PWM operates only in the Line of
Sight (LoS) region of an underground mines. While, both AM and FM can be deployed
beyond the LoS region. Also, beyond 20 m, PWM signal strength begins to fade out
and lose power. In non-line-of-sight (NLoS) conditions, the type of modulation scheme
deployed becomes inconsequential. The minimum threshold required for RF energy har-
vesting to be effective is —15 dBm while for communication, the signal strength required
is —100 dBm. Hence, NLoS and LoS conditions play pivotal roles.

7.5 Energy replenishment in supercapacitors
We study how effectively the WPT process replenishes energy in three (3) different val-
ues of supercapacitors as depicted in Table 5. We connected the VOUT and GND rails
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Fig. 11 Comparing AM, FM and PWM DC voltage over distance

of the P21XXCSR-EVB to positive and negative terminals of the various supercapacitors
under investigation and measure the rate of voltage charge with the digital oscilloscope.
The supercapacitors were partially discharged and were left with limited residual volt-
ages in millivolts. The rate of the charging of the various supercapacitors were logged
using the Keysight PathWave BenchVue oscilloscope software for remote control, data
logging, and automated testing.

The limitation of the two inbuilt P21XXCSR-EVB capacitors is that their capacitance
values are small and thus have limited energy storage capacity. Consequently, the inbuilt
capacitors cannot be relied upon to store enough energy to energize microcontroller
units for a very long duration. In addition, supercapacitors are widely acclaimed to
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Table 5 Supercapacitors charging performance over distances

Distance 2.5 Volts 25F 2.7 Volts 100F 5.5 Volts 1F
(Meters)

Time (s) Volt Energy Time (s) Volt Energy Time (s) Volt Energy (J)

(mV) ()] (mV) (#)] (mV)

5 120 0.250 171125 120 037 3.125 120 044 0.0968
10 120 0.180 1.12500 120 0.3 1.62 120 0.35 0.06125
15 120 0.100 0.60500 120 0.22 0.5 120 0.24 0.0288
20 120 0.060 0.18000 120 0.12 0.18 120 0.19 0.01805
25 120 0.090 0.08000 120 0.08 0.405 120 0.1 0.005
30 120 0.009 0.00061 120 0.007 0.00405 120 0.01 0.00005
35 120 0.015 0.00005 120 0.002 0.01125 120 0.01 0.00005
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Fig. 12 lllustration of energy harvesting over distance

charge and discharge rapidly. Therefore, providing the needed energy boost for IoT and
WSN operations. The energy stored in joules by the various capacitors is derived using
Eq. (14):

1 2
Uc = 5CV (14)

C is the capacitance of the supercapacitor, V is the supercapacitor voltage. Clearly, it
could be that 5 V/1F supercapacitor has the fastest rate of charging as could be seen
from Table 5 and Fig. 12 respectively. However, the stored energy is minimal and cannot
power the Heltec ESP32 SoC MCU used for this study. From the concept of harvested
energy storage, 2.7 V/100F stores the highest energy as could be seen from Table 5 and
Fig. 13 respectively, however, it takes a lot of time to charge. Hence, we adopted the
2.5 V/25F supercapacitor to power the ESP32 Heltec MCU. Unfortunately, the Heltec
ESP32 SoC MCU deployed for this study has a predetermined startup voltage of 3.7 V.
Consequently, the chosen 2.5 V/25F was not able to power on the Heltec ESP32 SoC
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MCU. This issue was addressed by integrating TPS6109x synchronous boost converter
with 2-A switch. This converter generates a stable output voltage that is either adjusted
by an external resistor divider or fixed internally on the chip. It provides highly efficient
power conversion and can deliver output currents up to 0.5 A at 5 V at a supply voltage
down to 1.8 V.

7.6 Perfomance analysis of heltec ESP 32 WiFi BLE + 2.5 V/25F voltage discharge rate

The ESP32 SoC MCU is the bedrock of IoT technology because it provides enabling con-
nectivity for nodes to be connected to the information superhighway. The Heltec ESP32
SoC MCU was programmed using Arduino integrated development environment (IDE)
under five (5) different scenarios to determine supercapacitor discharge rate, the current
consumption and the energy profiles as shown in Figs. 14, 15 and 16 respectively.

The five (5) different WiFi scenarios include i) the Heltec ESP32 SoC undertak-
ing the role of Access Point (AP) initialization, ii) the AP broadcasting with 5 sec-
onds delay time after initialization, iii) the Heltec ESP32 SoC acting as WiFi station,
wakes up, scan for networks with a 20 seconds delay, iv) the Heltec ESP32 SoC con-
nects to AP and obtain the received signal strength indicator (RSSI) value and, v)
the Heltec ESP32 SoC obtains the ESP32 IP address to setup its communications
link. These processes refer to active mode in MCU SoC configuration. Similarly, the
five (5) different Bluetooth Low Energy (BLE) 5.0 scenarios are i) beacon scanner; ii)
BLE 5.0 extended scan; iii) BLE 5.0 multiple advertising; iv) BLE 5.0 periodic adver-
tising and v) BLE 5.0 periodic scanning. The 2.5V/25F supercapacitor was charged
up to 2.5V and was connected to the TPS6109x synchronous boost converter. The
dropout voltage of the TPS6109x synchronous boost converter is 1.8V. Thus, we
were able to run the Heltec ESP32 SoC MCU for a period even below the minimum
required startup voltage. Average power consumption is the total energy used over a
period, while peak power consumption is the maximum instantaneous power drawn,

often during startup or high-demand periods. In this study, the focus was on average
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2.5 Volts/ 25F supercapacitor discharge cycle
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Fig. 14 The Heltec ESP32 SoC MCU WiFi supercapacitor discharge profile
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Fig. 15 The Heltec ESP32 SoC MCU BLE 5.0 supercapacitor discharge profile

power consumption. As could be seen from Fig. 14 and 16, when the Heltec ESP32
SoC MCU was configured as APs, both during initialization and transmission, the
rate of voltage discharge in volts and current consumption in milliwatts are the
highest. Similarly, the least supercapacitor discharge rate occurs when the Heltec
ESP32 MCU is configured as WiFi stations. From the BLE 5.0 perspective, the peri-
odic advert scenario contributes minimally to the to the supercapacitor discharge
rate while beacon scanner discharges the supercapacitor most rapidly as illustrated
in Fig. 15. Figure 16 depicts the power consumption profile of both the BLE 5.0 and
WiFi transceivers. It could be seen that WiFi radio consumes the most energy in
contrast to BLE 5.0 transceiver module. The different transmission powers of both
WiFi and BLE weren’t compared because naturally, BLE are designed for short range

communication distance and hence their low power consumption attribute.
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Fig. 16 Heltec ESP32 SoC MCU power consumption profile

7.7 The impact of RTC frequencies on current consumption profile

The Heltec ESP32 was programmed in Arduino IDE to enable Bluetooth and disable it
after some milliseconds delay. Then, it will enable and connect to WiFi and disable the
WiFi some delay. Finally, it will enable both Bluetooth and WiFi again, and after some
milliseconds delay, it will disable ESP32 WiFi and Bluetooth. Using power profiler kit
II power measurement tool from Nordic semiconductor, we measured the current con-
sumption of the WiFi and the BLE 5.0 modules in three (3) power modes of i) light sleep;
ii) wake up and iii) active modes respectively as shown in Fig. 17. The Nordic Semicon-
ductor Power Profiler Kit II (PPK2) doesn’t have a specific calibration procedure, but it’s
important to ensure the hardware and software are properly set up and connected for
accurate measurements. We compared the initial behavior of the Nordic Semiconductor
Power Profiler Kit II (PPK2) with a digital oscilloscope before adopting the device. The
profile kit II power measurement was configured as power source meter mode which
implies that the Heltec ESP32 SoC MCU is powered by the profile profiler kit II. The
first scenario is when both the WiFi and BLE5.0 modules are disabled using different
RTC values as shown in Fig. 17. Obviously, when the RTC value is 80 MHz, the least cur-
rent is consumed in contrast to utilizing 240 MHz RTC. Hence, future studies need to
adopt lower values of RTC as a strategy to reduce current consumption by Heltec ESP32
SoC MCU. The issue of RTC frequency scaling system on processing speed performance
and communication latency is well documented. For instance, lower frequencies (e.g.,
80 MHz) has limited timestamp resolution and may introduce timing inaccuracies in
time-sensitive applications. Furthermore, a lower-frequency RTC may increase the
wake-up delay from sleep modes, affecting responsiveness in interrupt-driven systems.
Therefore, in highly latency sensitive networks such as 5G networks and 5G/6G Beyond
networks, lower RTC MCU'’s will be sparsely deployed. From the power profiler, we can
observe the energy consumption of light sleep and wakeup is much lower than other
parts of the code. Based on the experimental results shown in Fig. 17, it is evident that a
higher MCU RTC frequency leads to increased power consumption and reduced energy



Kelechi et al. J Wireless Com Network (2025) 2026:16 Page 24 of 26

Current consumption comparision
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Fig. 17 Baseline current consumption of Heltec ESP32 SoC MCU

efficiency. Power consumption scales proportionally with clock frequency (P o CVZf)
where B, C, V, f denotes power, capacitance, voltage and frequency respectively. When
the RTC frequency is reduced, the dynamic power consumption decreases linearly. Time
sensitive real-time IoT devices such as health monitoring related applications will be
driven by high frequency RTC MCUs at the expense of high energy consumption while
non time sensitive IoT applications including weather observatory IoT devices will be
best served by low RTC frequency scaling. Transient power spikes during module transi-
tions were clearly captured in . Fig. 17.

8 Conclusions

In this paper, we demonstrated that long distance far-field RF energy harvesting is a fea-
sible technology for underground mines IoT deployment for the first time. The long dis-
tance far-field RF energy was achieved by integrating external power amplifier into the
RF energy harvesting circuitry. Out of the three (3) modulation schemes analyzed, FM
is the most promising modulation scheme. Additionally square carrier wave is the most
attractive carrier wave between the FM and AM modulation schemes. Furthermore,
100% duty cycle PWM is the least RF power consuming modulation scheme. The limita-
tion of PWM is that it only operates in the LoS region thus limiting the harvestable RF
energy. It was also established that Class AB amplifiers consume more DC bias current
and power than Class B amplifiers which makes Class AB amplifiers yield longer ranges
in harvestable DC energy. Furthermore, a supercapacitor is sufficient to power Heltec
ESP32 SoC MCU thus making the realization of IoT technology in underground mines
feasible. However, the issue of supercapacitor leakage current needs to be addressed
before deployment. It was apparent that WiFi RF modules consume more current and
energy than BLE 5.0 RF module.

Abbreviations
LPWAN  Low-power wireless area networks
loT Internet of things
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PA Power amplifier

EH Energy harvesting

AM Amplitude modulation

FM Frequency modulation
PWM Pulse width modulation
MCU Micro controller unit
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