ﬁ Sensors

Review

Efficient Integration of Ultra-low Power Techniques and Energy
Harvesting in Self-Sufficient Devices: A Comprehensive
Overview of Current Progress and Future Directions

Rocco Citroni, Fabio Mangini and Fabrizio Frezza *

Citation: Citroni, R.; Mangini, F.;
Frezza, F. Efficient Integration of
Ultra-low Power Techniques and
Energy Harvesting in Self-Sufficient
Devices: A Comprehensive
Overview of Current Progress and
Future Directions. Sensors 2024, 24,
4471. https://doi.org/10.3390/
524144471

Academic Editors: Giovanni Pau,
Dimitrios Georgakopoulos

and Paolo Ferrari

Received: 25 May 2024
Revised: 26 June 2024

Accepted: 27 June 2024
Published: 10 July 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution  (CC  BY) license
(https://creativecommons.org/license

s/by/4.0/).

Department of Information Engineering, Electronics and Telecommunications, “Sapienza” University of Rome,
00184 Rome, Italy; rocco.citroni@uniromal.it (R.C.); fabio.mangini@uniromal.it (F.M.)
* Correspondence: fabrizio.frezza@uniromal.it

Abstract: Compact, energy-efficient, and autonomous wireless sensor nodes offer incredible
versatility for various applications across different environments. Although these devices transmit
and receive real-time data, efficient energy storage (ES) is crucial for their operation, especially in
remote or hard-to-reach locations. Rechargeable batteries are commonly used, although they often
have limited storage capacity. To address this, ultra-low-power design techniques (ULPDT) can be
implemented to reduce energy consumption and prolong battery life. The Energy Harvesting
Technique (EHT) enables perpetual operation in an eco-friendly manner, but may not fully replace
batteries due to its intermittent nature and limited power generation. To ensure uninterrupted
power supply, devices such as ES and power management unit (PMU) are needed. This review
focuses on the importance of minimizing power consumption and maximizing energy efficiency to
improve the autonomy and longevity of these sensor nodes. It examines current advancements,
challenges, and future direction in ULPDT, ES, PMU, wireless communication protocols, and EHT
to develop and implement robust and eco-friendly technology solutions for practical and long-
lasting use in real-world scenarios.

Keywords: Internet of Things (IoT); ultra-low-power design techniques (ULPDT); micro energy
harvesting techniques (MEHT); power management unit (PMU); energy storage (ES); ultra-low
power wireless communication protocol for IoT (ULP WCP)

1. Introduction

The Internet of Things (IoT) is a network that links physical objects equipped with
sensors, software, and wireless communication technologies to facilitate seamless and
efficient communication. These wireless sensor nodes gather and transmit data within a
wireless sensor network (WSN). A typical communication scenario for a WSN is reported
in Figure 1. Communication within the network can be single-hop (transmitting data
directly to a base station or sink for collection and processing, then sending them to a
gateway and a remote server after) or multi-hop (the nodes relay data through
neighboring nodes before reaching the base station). The multi-hop method expands
network coverage and overcomes the range limitations of individual sensor nodes [1].

Figure 2 shows a basic loT-wireless sensor node structure, comprising four primary
components: a sensing unit for data acquisition, a processing unit for local data
processing, a wireless communication unit for data transmission, and an energy storage
unit (typically a rechargeable battery/supercapacitor with limited energy capacity) for
powering the sensor nodes. A power management unit (PMU) regulates and distributes
power within each block of the sensor node, and an energy harvesting transducer converts
ambient energy sources into electrical energy.
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Figure 1. A typical WSN architecture.
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Figure 2. Generic [oT-wireless sensor node block diagram combined with energy harvesting.

Today, batteries are the main energy source for sensor nodes, operating within a
limited energy budget. Despite advancements in recent years, battery technology remains
inefficient, with issues such as short lifespan, long recharge times, limited capacity, high-
current pulses, and leakage. These factors influence performance and longevity.
Recharging or replacing batteries in a hostile environment with numerous nodes is a
significant challenge, requiring operational readiness for extended periods. ULPDT is
utilized to optimize hardware, communication protocols, and data processing algorithms,
reducing energy consumption and extending sensor node operation without frequent
battery changes. Table 1 demonstrates that battery life in commercial sensor nodes is
influenced by communication and processing subsystems. A continuous power supply is
essential during active mode for data transmission and processing, while sufficient power

is needed during inactive mode for passively sensing its environment.
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Table 1. Typical power requirements of some sensor nodes.

IRIS [2] MicaZ [3] IMote2 [4] SunSpot[5] Waspmote [6] WiSMote [7]
Radio standard  802.15.4/ZigBee  802.15.4/ZigBee 802.15.4 802.15.4 8212;35(;:/ 802.15.4/ZigBee/6LoWPAN
. Marvell Atmel ATmega
Microcontroller ~ ATmega 1281 ATMEGA 128 PXA271 ARM 920 T 1281 MSP430F5437
Sleep 8 UA 15 pA 390 uA 33 uA 55 uA 12 pA
Processing 8 mA 8 mA 31-53 mA 104 mA 15 mA 22 mA
Receive 16 mA 19.7 mA 44 mA 40 mA 30 mA 18.5 mA
Transmit 15 mA 17.4 mA 44 mA 40 mA 30 mA 18.5 mA
Idle - - - 24 mA - 1.6 mA
Supply 2.7-33V 2.7V 32V 45-55V 3.3-42V 22-36V
Average — 2.8 mW 12 mW - — -

ULPDT may not always be sufficient to extend battery life in all applications.
Combining ULPDT with EHT can provide a more efficient solution. EHT involves
capturing ambient energy and converting it into direct current (DC) using harvesters. This
DC can power sensor nodes directly, eliminating the need for traditional batteries or be
stored for later use. EH enables the use of sensor nodes in various environments and can
extend network lifetime while reducing maintenance costs. In Figure 2, a sensor node
equipped with EHT generates a new network called an energy harvesting wireless sensor
network (EHWSN). Table 2 compares energy sources in the ambient, showing potential
for efficient utilization within the 10 pW to 100 mW range, [8] aligning with the typical
power requirements in Table 1. Despite benefits like inexhaustible sources and minimal
environmental impact, EH poses challenges due to intermittent and unpredictable energy
sources, as indicated in two situations [8,9]:

(@) If power consumption is lower than harvested power, EH can completely replace
battery power. In this case, the sensor node may operate continuously and EH
completely replaces the use of battery power, as illustrated in Figure 3a.

(b) If power consumption is higher, a buffer is needed to ensure continuous operation
during times without power generation. EH can extend battery life and the enable
perpetual operation of WSN, as illustrated in Figure 3b [8,9].

!

[ a
Energy Harvesting
Subsystem

Storage

Energy Harvesting
Subsystem

(a) (b)

Figure 3. Typical architecture of an energy harvesting wireless sensor network (EHWSN). (a) EH
without storage. (b) EH with storage.

In the following sections, we will focus on techniques for energy saving combined
with methods for producing power through energy harvesting, as well as effective
strategies for managing and storing power efficiently.
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Table 2. Compares of some energy sources available in the ambient.

Reference Energy Source Method Merit Power Density  Efficiency Weakness Applications
5-100 mW/cm? Expensive, light not steadily Biometric, agriculture,
Light . . (Outdoor) 30% available, Maximum Power monitoring, ZNE
[10-12] Enegrgy Photovoltaic Predictable, Mature 0.5-1000 uW/cm? 15% Point Tracking (MPPT) is building, ingoor and
(Indoor) needed. portable devices
Continuously available, can Efficiency decreases with Sensor, nuclear, wirelessly
[13] Radio-frequency energy = Rectenna carry and process information = 0.01-0.3 uW/cm? £50% distance, impedance ’ !
simultaneously matching is needed powering
Thermal radiation is
emitted by objects at Limited conversion
moderate temperatures, efficiency, thermal losses, ~Energy harvesting, thermal
[14] typically within the range Rectenna Continuous available, waste 60 mW/cm? 1% narrow bandwidth, imaging, remote sensing,

of 300 to 4000 K. This also
encompasses the radiation
emitted by the Earth’s
surface.

heat can be used

challenges in design and
fabrication, impedance
matching needed

communications,
spectroscopy
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Organization of This Review

The paper is organized as follows: Section 2 explores existing techniques to minimize
energy consumption in WSNs, including ultra-low-power design methodologies. Section 3
explores protocols for WSNs based on range, data rate, and specific use cases. Section 4
discusses power management techniques in WSNs and the relative challenges, as well as
future directions. Section 5 reviews research on energy storage devices like rechargeable
batteries and supercapacitors for continuous operation. Section 6 covers recent advances
in harvesters based on electromagnetic fields, including working principles and materials.
In addition, this paper highlights ongoing research challenges and provides insights into
potential future directions for each harvester. Section 7 concludes the paper.

2. Investigation and Implementation of Ultra-Low-Power Design Technique (ULPDT)
Applied for EHWSN

These techniques are particularly important in applications or scenarios where
battery life or energy efficiency is critical. The trend towards smaller sensors leads to
compact batteries being able to power them, but with limited energy capacity. ULPDT
methods are used to reduce power consumption at different device levels (circuit design,
system architecture, software algorithms, and power management), allowing you to
extend the functionality of the device and reduce battery charging.

2.1. Operation States and Consumption Levels of a Typical Sensor Node

A sensor node in a network has three operational modes: sleep, wake-up, and active.
Sleep mode conserves energy by minimizing power consumption and suspending
functions, while the device does not transmit or receive data. Wake-up mode prepares the
device to acquire or process data, acting as a transition state. Active mode is the most
power-intensive, as the device actively transmits and receives data. Managing the
transition between modes maximizes energy efficiency and extends the device’s lifespan,
enabling effective performance in different environments. Figure 4 shows the operational
modes for a generic sensor node. At a basic level, power consumption can be defined as
the sum of the following factors [15]:

Total power consumed = Active mode power + Standby (sleep) mode power + Wake-up power

Sensing consumes less energy than communication in active mode, allowing the
system to conserve energy during sleep mode for use in the more energy-demanding
active mode (Table 3). ULPDT is mainly used to reduce energy consumption in
communication subsystems during active operation, aiming to enhance efficiency and
reduce overall power usage.

Table 3. Operation states and consumption levels of a typical sensor node for EH-WSN [16,17].

State
Module Operation Classifier Consumption
RX (RF) Active Tens of mA
Communication TX (RF) Active Tens of mA
Sleep Inactive UA
Processing Active Hundreds of uAMHz"!
Computation Memory access Active mA
Sleep Inactive UA
Sampling Active pHA —hundreds of mA
Sensing Warm-up Active uA—hundreds of mA

Sleep Inactive uA
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-E wake-up mode active mode active mode
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Figure 4. Different operational modes (sleep, wake-up and active mode) for a generic sensor node.

2.2. Identifying Sources of Power Dissipation in Circuits

This section offers a detailed explanation of ULPDT, with a specific emphasis on
minimizing power usage within circuits. Power dissipation within circuits can be broken
down into three main categories: dynamic, short-circuit, and static power dissipation, as
outlined in Equation (1) [18-43].

P = PDynamic + Psc + Pstaric (1)

Dynamic power dissipation is the power consumed when a complementary metal
oxide semiconductor (CMOS) circuit switches between logic states. In active mode, this
phenomenon is modeled by Equation (2) and is evident during the charging and
discharging of capacitive loads in the circuit (Figure 5) [18].

Pswitching = aCy, VZpp fsw (2)

where a is the switching activity of the gate, defined as the probability of the circuit node
transitioning from 0 to 1, C; is the output load of the gate, Vpp is the supply voltage, and
fsw is the clock frequency.

Push Phase Pull Phase
Integrated Circuit Integrated Circuit
VDD VDD
PMOS PMOS
Internal k gﬁ:f;: Internal
Signal [~ | Output pin Signal Output pin

NMOS

Current
Sink

.

@
=
o
(2]

Figure 5. Dynamic power consumption for an inverter CMOS during the charging and discharging C.
The green arrow indicates the charging process through the PMOS transistor. The red arrow
indicates the discharge process through the NMOS transistor.
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During time T, the load charges and discharges T-fs;, times. Short-circuit dissipation
occurs when both the positive-channel metal-oxide semiconductor (PMOS) and negative-
channel metal-oxide semiconductor (NMOS) transistors conduct simultaneously, creating a
temporary short circuit between V;; and the ground, highlighted in Figure 6 with red arrow.

I"-.-’cld
| PMOS Elsc

Vin Vout
| NMOS

L

L

Figure 6. Short-circuit current path in an inverter CMOS during transients.

The phenomenon indicated in Figure 6 is modeled by the following Equation (3) [18—43]:

Py = tsVaalsef = CVzddf 3)

where t;. represents the time in which both devices are conducting, I is the direct-path
current and P, is the short-circuit power dissipation. Short-circuit dissipation is
eliminated if NMOS and PMOS are never ON simultaneously, verifying the condition
Vaa < Vepn + |VTHp| (threshold voltage, commonly abbreviated as Vth for NMOS and
PMOS, respectively). In CMOS technology, static power dissipation, represented as Ps;g¢ic,
occurs when transistors are in a non-switching state, such as sleep mode. While the static
power consumption in active mode is relatively low, it significantly increases in sleep mode.
The main component of Py is leakage current. The equation for this phenomenon is
[18-43]:

Pstatic = Vop - ILeakage (4)

where Ijeqrqge €presents the total leakage current. This static power dissipation is
primarily due to the three main currents reported in Figure 7. Subthreshold leakage
current flowing through OFF transistors, gate leakage current across the gate dielectric,
and junction leakage current through a reverse-biased semiconductor junction all play a
significant role in static power consumption. Equation (4) can be written as [18-43]:

Pleak = Psub + Pgate + Pjunc = VDDIsub + VDDIgate + |Vbs|1j (5)

where Py, Pggre and Py, represent the subthreshold, gate, and junction leakage
power consumption, respectively. Similarly, Isyp , Igate , and I; represent the
subthreshold, gate, and junction leakage currents. Vpp and Vjs denote the supply and
body bias voltages, respectively. Subthreshold leakage current in CMOS occurs when
transistors operate in the subthreshold region, with gate-source voltage below the
threshold needed to turn on the transistor (Vs < Vpy).

Gate leakage current in CMOS occurs when electric current flows through the gate
insulator of a transistor, even when the gate-source voltage is zero. This leakage current
becomes more significant as transistors shrink and gate insulators become thinner. It is
primarily caused by two mechanisms: Direct Tunneling (DT) and Fowler-Nordheim
Tunneling (FNT) [44]. Direct tunneling is critical at lower voltages and with thin oxides,
while Fowler-Nordheim tunneling is prominent at high voltages and with a moderate
oxide thickness. Junction leakage current in CMOS is a small amount of current that flows
between the source and drain terminals of a transistor, even when it is turned off. This type of
leakage current occurs when the source and drain junctions of the transistor are reverse-bi-
ased.
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Figure 7. Leakage power components in an inverter CMOS (for Vs = 0 V).

Dynamic Power Reduction Approach

Dynamic power reduction utilizes techniques such as dynamic voltage scaling (DVS),
dynamic frequency scaling (DFS), minimized switched capacitance, and reduced a, to
decrease the power usage of CMOS transistors without compromising performance. Table
4 lists the pros and drawbacks of each technique for effective power reduction [18—43].

Table 4. Dynamic power reduction approach.

Pros Drawbacks
Supply voltage scaling Voo scaling YDD = scaling Pswitching s'calil?g Vb = lower circuit speed (decreasing
quadratically circuit performance)

Frequency Scaling fsw

scaling fcioa = lower circuit speed (decreasing

scaling fciok = scaling Pswitching linearly ~,
circuit performance)

Minimization of switched
capacitance Ct (small

transistors, short wires, smaller dissipation;

fan-out)

Potential degradation of signal quality;
limited flexibility for system modifications or
upgrades

Scaling C = scaling Pswitching and heat

Switching activity a

Extremely low switching activity a = increased
propagation delays;

Lower switching activity a = more o1 ..
extremely low switching activity o =

energy-efficient;
lower switching activity o = reduced
Electromagnetic Interference (EMI)

instability and issues like signal crosstalk in the
circuit;

optimizing switching activity a = careful
design considerations

2.3. Static Power Reduction Techniques

A strategic method called static power reduction is used to decrease the power
consumption in CMOS transistors within the steady state (all ON or all OFF). This method
integrates various techniques into a CMOS circuit to reduce leakage current, some of
which are reported as follows. Clock gating is a technique that involves selectively
disabling the clock signal to unused or idle registers and clock trees within the design.

This helps to reduce power consumption and improves the overall efficiency in
digital circuits. Power gating is a technique that selectively shuts off power to inactive or
idle blocks in the design, effectively reducing both static and dynamic power consumption
by eliminating leakage current in these areas. Voltage scaling is a method that involves
reducing the operating voltage of a design in order to decrease power consumption. While
this can result in an energy-efficient system, it may also influence performance. Therefore,
it is essential to closely monitor and manage the voltage scaling to ensure that the design
still meets its performance requirements. Sleep modes involve putting the design into a
low-power state when it is idle or not in use. This can help reduce static power
consumption by disabling or reducing power to certain blocks or components of the
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design. Using multiple threshold voltages for different parts of the design can help reduce
static power consumption by optimizing voltage levels for different power modes or
operating conditions. In Reverse Body Biasing (RBB), a voltage is applied to the body
terminal of the transistor to change its threshold voltage. By adjusting this voltage, the
transistor can operate at different speeds or power consumption levels. Duty cycling is a
technique used to save power by periodically turning on and off a transmitter. Multiple
sources of voltage (Vpp) is used to power different functional blocks at different voltages,
optimizing performance and power consumption. This technique is useful in eliminating
both static and dynamic power dissipation. Transistor stacking involves vertically
stacking multiple transistors within a single semiconductor device to increase
functionality and performance while minimizing size. It also improves power
consumption, heat dissipation, and overall performance by reducing parasitic capacitance
and resistance [18—43].

2.4. Software and System-Level Optimizations

Software and system-level optimizations refer to the various techniques and
strategies used to improve the performance, efficiency, and overall functionality of
software programs and systems. These optimizations can involve rewriting code,
configuring settings, utilizing specific algorithms, and implementing best practices to
ensure the software or system runs smoothly and efficiently.

2.5. Logic and Architecture-Level Optimizations

Optimizing logic and architecture at the logic level is crucial given the increasing
complexity of modern digital devices. During optimization, the focus shifts to
functionality and gate sizing within fixed technology parameters. Constrained power
optimization aims to reduce power consumption without influencing the critical path
length. Techniques like “path equalization” align signal paths in logic networks to
minimize spurious switching activity. Adjusting gate sizes on fast paths can optimize
power consumption by balancing propagation delays. Additional strategies at the gate
level include re-factoring, remapping, and pin swapping. At the architecture level,
techniques such as clock gating help conserve power by stopping inactive units, though
this may potentially affect overall system performance [18—43].

3. Exploring Efficient Wireless Protocols for Low Power Connectivity: A Comparative
Analysis

Energy-saving protocols have been created to improve sensor node functionality and
optimize performance across different distances. We compare energy-efficient wireless
protocols for both terrestrial and non-terrestrial connectivity, focusing on key parameters
for each type. Our goal is to help designers choose the best protocol to maximize battery
life in various applications.

3.1. Energy Saving Protocol (ESP) for EHWSN

Reliable and secure connectivity among sensor nodes is imperative in network
protocols for streamlined data transfer and effective communication. Energy-efficient
protocols play a crucial role in extending the network’s lifespan by reducing the need for
frequent battery replacement. This section delves into some promising energy-efficient
protocols for sensor nodes and their effects on network efficiency and scalability. Key
parameters for evaluating protocols include power consumption, distance coverage, data
coding efficiency, complexity, and rates. Figure 8 illustrates terrestrial and non-terrestrial
connectivity in terms of power consumption versus range, with bubble size representing data
throughput.
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Figure 8. Power consumption vs. range for common communication protocols.

Integrating Terrestrial and Non-Terrestrial Protocols (ITA NTP) offers seamless
connectivity utilizing a variety of protocols, including short- and long-range wireless
communication, advanced cellular technologies (2G, 3G, 4G, 5G, and future 6G), and
satellite communication. More information on each type is available in the following
sections. The article outlines eight different types of short-range wireless communication
technology [45].

3.1.1. Bluetooth

Bluetooth technology allows for wireless communication between sensor nodes over
short distances. It has continued to evolve through various generations, from version 2.0
to the latest 5.3, incorporating features such as low energy (LE) with the introduction of
version 4.0. These protocols utilize radio waves to transmit data within a range of
approximately 10 m for most devices. However, the range can vary depending on the
specific Bluetooth version and the surrounding environment. The latest Bluetooth version,
Bluetooth 5, has an extended range of up to 240 m under ideal conditions. One notable
aspect of this technology is the secure connection it establishes between devices,
guaranteeing data protection through encryption. Key technical parameters for various
versions of Bluetooth and Bluetooth Low Energy (BLE) can be found in Table 5 [46-50].

Table 5. Comparison of Bluetooth versions.

Specifications Bluetooth Classic BR/EDR ! BLE
Bluetooth 4.x Bluetooth 5

Radio freq. (MHz) 2400 to 2483.5 2400 to 2483.5 2400 to 2483.5
Channels 79 (1 MHz) 40 (2 MHz) 40 (2 MHz)
Distance (m) Up to 100 Up to 100 Up to 200
Latency (ms) 100 <6 <6
Data rate (Mbps) 1,2,3 1 0.5,0.125,1,2
Max active nodes 8 Unlimited Unlimited
Massage size Up to 358 31 255
(bytes)
Max payload 1021 37,255 255
(bytes)
Peak current (mA) <30 <15 <15

1 Bluetooth Basic Rate/Enhanced Data Rate (BR/EDR).
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3.1.2. Ultra-Wideband (UWB)

UWB technology utilizes minimal energy to transmit large amounts of data over
short distances. It functions in the frequency range of 3.1~10.6 GHz, reducing interference
and facilitating high-bandwidth communication. UWB splits its frequency band into
numerous wide channels, allowing for data rates ranging from 53 Mbits/s to 480 Mbits/s.
In contrast to conventional spread spectrum technologies, UWB'’s transmission mode does
not disrupt narrowband or carrier transmissions in the same frequency band [46-50].

3.1.3. Wi-Fi (Wireless Fidelity)

Wi-Fi represents a popular wireless communication technology based on the IEEE
802.11 series standard. It is commonly used for local area networks (LANs) with a
standard range of up to 100 m and high throughput, making it interoperable with nearby
base stations. Wi-Fi has evolved through various generations, such as 802.11b, 802.11a,
802.11g, 802.11n, 802.11ac, 802.11ah, 802.11ax, and the latest, 802.11be. The technical
parameters for different versions of Wi-Fi can be found in Table 6 [46-50].

Table 6. The evolution of Wi-Fi technology and standards.

Namin Operatin Max Max Data
Amendment Conventii n Year pBan d J Bandwidth Rate PHY Low Latency Low Power
802.11b Wi-Fi 1 1999 5 GHz 22 MHz 11 Mbps DSSS yes yes
802.11a Wi-Fi 2 1999 2.4 GHz 20 MHz 54 Mbps OFDM yes yes
802.11g Wi-Fi 3 2003 2.4 GHz 20 MHz 54 Mbps MIMO-OFDM yes yes
802.11n Wi-Fi 4 2008 2.4/5 GHz 40MHz 600 Mbps OFDM yes yes
256-QAM,
OFDM, DL
802.11ac Wi-Fi 5 2014 5GHz 40MHz  6.39 Gbps MIMO, yes yes
channel
bounding
802.11ah HVZLS; 2017 Sub-1GHz 16MHz 347 Mbps DL-S/{FI]JDAI\//[IiM o e yes
2019  2.4/5GHz, UL/OI;]? 11:/[/[3\;[ o
802.11ax Wi-Fi 6 2020 6 GHz for 160MHz 9.6 Gbps ’ yes yes
(6E)  Wi-Fi6E Channel
Bounding
4096-QAM,
g02.11be  Wi-Fi7 2024 24/5/6GHz 20MHz  40Gbps Coordinated yes yes
OFDMA,
UL/DL MIMO

3.14. ZigBee

ZigBee is a low-power, low-data-rate wireless communication protocol operating on
the IEEE 802.15.4 standard. It is used for small-scale networks, organized in a star or mesh
topology. The protocol enables one central coordinator device to manage communication
with multiple sensor nodes up to 1020 m within the 2.4 GHz band. The technical
parameters can be found in Table 7 [46-50].
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Table 7. ZigBee technology parameters.

Parameters ZigBee
Standard IEEE 802.15.4
Frequency band 868/915 MHz and 2.4 GHz
Modulation type BPSK/OQPSK
Spreading DSSS
Number of RF channels 1,10, and 16
Channel bandwidth 2 MHz
Power consumption in TX mode Low (36.9 mW)
Data rate 20, 40, and 250 kbps
Latency (20-30) ms
Communication range 100 m
Network size 65,000
Cost Low
Security capability 128 bits AES
Network Topologies P2P, tree, star, mesh
Application WPANs, WSNs, and Agriculture
N line-of-sight (LOS) between the sensor node and the
Limitations

coordinator node must be available

3.1.5. Z-Wave

Z-Wave, commonly used for sensor nodes, represents a wireless communications

protocol that operates on a low-power, low-frequency radio band. It utilizes mesh
networking technology, where every device serves as a “node” that communicates with
other devices within the network. Each Z-Wave network can support up to 232 devices,
with a maximum range of 100-300 m for point-to-point communication, ideal for short
messages. The technical parameters can be found in Table 8 [46-50].

Table 8. Z-Wave technology parameters.

Parameters Z-Wave
Standard ITU-T G.9959 (PHY and MAC)
RF Frequency Range 868.42 MHz in Europe, 908.42 MHz in US
Data rate 9.6, 40, 100 Kbps
Maximum Nodes 232
Architecture Master and slave in mesh mode
MAC layer CSMA/CA
. FSK (for 9.6 kbps and 40 kbps),
RF PHY modulation GFSK(with BT =%.6 (for 100 15;1))5)
Coding Manchester (for 9.6 kbps), NRZ (for 40 and 100 kbps)
Distance 30 m in indoors, 100 m the outdoors

3.1.6. IPv6 over Low-Power Wireless Personal Area Networks (6LoWPAN)

IPv6 over Low-Power Wireless Personal Area Networks (6LOWPAN) is an innovative
technology that allows for the utilization of IPv6 on low-power, low-bandwidth wireless
personal area networks. Specifically designed to function on a variety of low-power
wireless technologies, such as IEEE 802.154 and BLE, 6LoWPAN can enable
communication over distances of up to 100 m. A typical 6LoWPAN device may have an
average current consumption of a few tens of uA during normal operation and a sleep
current consumption of a few nA when the device is in a low-power sleep mode. The
technical parameters are reported in Table 9 [51-55].
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Table 9. IPv6 over Low-Power Wireless Personal Area Networks (6LoWPAN) technology parameters.

Standard Network Topology Power

Frequency . . Common
DataR R
Bands ata Rate ange Spreading Security Applications

IEEE
802.15.4

868 MHz
(EU),

915 MHz 10-100 m Monitor and

WPAN Star, Mesh Low 250 kbps Short DSSS  AES-128 Control via

(USA),
2.4 GHz
(Global)

Range Internet

Long-range wireless communication technology is essential in modern society,
allowing for communication over vast distances without the need for physical
infrastructure. Five types of this technology include [51-55].

3.1.7. LoRaWAN (Long-Range Low-Power Wide Area Network)

LoRaWAN is a low-power, wide-area networking protocol designed for the long-
range communication of small amounts of data. It uses a chirp spread spectrum (CSS)
modulation technique to achieve long-range communication while consuming minimal
power. This allows battery-powered sensor nodes to operate for years without needing
replacement. LoORaWAN operates in a star topology with bidirectional communication
between end nodes and gateways—primarily at 900 MHz, 868 MHz, and 400 MHz,
depending on country regulations. It has a line-of-sight range of up to 100 km with two-
way communications, and up to 20 km in typical non-line-of-sight applications. The
technical parameters can be found in Table 10 [51-55].

Table 10. LoRaWAN technology parameters.

Coverage

Payload

Data Rate (Max) Frequency Range Security Transmission Power

15 Km

243 Bytes

<50 kbps 125 kHz AES Encryption 20 dBm

3.1.8. SigFox

SigFox is a global network, which represents an energy-efficient alternative to
traditional cellular networks for sending small amounts of data over long distances. The
network is highly scalable and can support millions of connected devices with minimal
infrastructure. The technical parameters can be found in Table 11 [51-55].

Table 11. SigFox technology parameters.

Data Rate ., Transmission
Coverage Payload (Max) Frequency Range Security Power
13 Km 12 Bytes <100 kbps 868/915 MHz None 13.5 dBm

3.1.9. Narrowband Internet of Things (NB-IoT)

NB-IoT is a low-power wide area network (LPWAN) technology that enables sensor
nodes to communicate over long distances with minimal interference. It operates on
licensed cellular networks and uses a narrowband frequency to transmit small amounts
of data efficiently. This helps in conserving battery life. The technical parameters can be
found in Table 12 [51-55].
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Table 12. Narrowband Internet of Things (NB-IoT) technology parameters.

. Payload Proprietary Deployment
1 B Data R R A Topol
Modulation and ata Rate Range MAC opology Size Aspects Model
. 158.5 kbps
Licensed
(ULn) 1, 125 B (UL), Operator-
PSK 700-9 15km FDMA/OFDMA Full stack
QPS ?&Hgo 106 kbps 1> KM /o 85B(DL) o oNC based
(DL)
1 Uplink (UP); 2 Downlink (DL).
3.1.10. 2G, 3G, 4G LTE, and 5G Networks
The evolution of mobile networks from 2G to 5G has sparked a revolution in the way
we communicate and stay connected. With each generation, there have been significant
improvements in speed, coverage, and the number of connections possible. From the basic
voice services of 2G to the high-definition video streaming capabilities of 4G and 4G LTE,
mobile networks have continuously enhanced the way we interact with technology and
each other (see Table 13). The latest 5G technology boasts ultra-fast data speeds, minimal
latency, and extensive connectivity for the Internet of Things (IoT), leading to
groundbreaking advancements in industries such as healthcare and smart cities [54,55].
Table 13. 4G and 4G LTE technology parameters.
Frequency Maximum Channel . e . s Low
Technology Band Range Data Rate Bandwidth Modulation Scalability Reliability Low Latency Power
LTE-M 1.7-2.1 GHz,
(Rel13 1.9 GHz, 12km 1 Mbps 1.4 MHz BPSK/QPSK Yes Yes Yes Yes
) 2.5-2.7 GHz
LTE-M 1.7-2.1 GHz,
(Rel14) 1.9 GHz, 12km 4 Mbps 5MHz BPSK/QPSK Yes Yes Yes Yes
¢ 2.5-2.7 GHz

Each data transmission protocol has its own set of advantages and disadvantages,
making them suitable for different purposes and applications. It is important to consider
the specific requirements and constraints of a network or system when choosing the
appropriate protocol for data transmission. The analysis in Table 14 shows the progression

from 2G to 5G cellular network technology, with 5G representing a major step forward
[56].

Table 14. Comparison of recent generations of mobile networks.

2G 3G 4G 5G
Year of Introduction 1993 2001 2009 2018
Technology GSM WCDMA LTE, WiMAX MIMO, mmWaves
Access System TDMA, CDMA CDMA CDMA OFDM, BDMA
Switching Type Circuit, packet Circuit, packet Packet Packet
Network PSTN PSTN Packet Network Internet
Internet Service Narrowband Broadband Ultrabroadband = Wireless World Wide Web
Bandwidth 25 MHz 25 MHz 150 MHz 700 MHz (Europe)
Speed 64 Kbps 8 Mbps 300 Mbps 10-30 Gbps
Latency 300-1000 ms 100-500 ms 20-30 ms 1-10 ms
Mobility 60 km 100 km 200 km 500 km
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6G networks promise faster speeds, lower latency, and more reliable connections
compared to 5G. They are expected to support data rates up to 1 Tbit/s and enable new
applications. The technical parameters are indicated in Table 15 [57].

Table 15. A comparative analysis of 6G, 4G, and 5G mobile communication systems.

Parameters 4G 5G 6G
Peak data rate/device 1 Gbps 10 Gbps 1 Tbps
Latency 100 ms 1 ms 0.1 ms
Max. spectral efficiency 15 bps/Hz 30 bps/Hz 100 bps/Hz
Energy efficiency <1000x relative to 5G 1000x relative to 4G >10x relative to 5G
Connection density 2000 devices/km?2 1 million devices/km? >10 million devices/km?2
Coverage percent <70% 80% >99%
Positioning precision Meters precision (50 m) Meters precision (20 m) Centimeter precision
End-to-end reliability 99.9% 99.999% 99.9999%
Receiver sensitivity Around -100 dBm Around -120 dBm <-130 dBm
Mobility support 350 km/h 500 km/h >1000 km/h
Satellite integration No No Fully
Al No Partial Fully
Autonomous vehicle No Partial Fully
Extended Reality No Partial Fully
Haptic Communication No Partial Fully
THz communication No Limited Widely
Service level Video VR, AR Tactile
Architecture MIMO Massive MIMO Intelligent surface
Max. frequency 6 GHz 90 GHz 10 THz

3.1.11. Satellite Communication and Integration of Low Earth Orbit (LEO) Satellite

with 5G

Satellite communication is a versatile method of transmitting data, voice, and video

signals through artificial objects placed into orbit around the Earth. These artificial objects,
known as satellites, are equipped with transponders that receive and amplify signals from
ground stations before retransmitting them to another ground station. The two main types
of communication satellites are geostationary satellites (GEO) and Low Earth Orbit (LEO)
satellites. GEO satellites remain fixed above a specific point on the Earth’s surface,
approximately 35,786 km above it, while LEO satellites orbit closer to the Earth,
approximately 2000 km, providing faster communication and lower latency. The technical
parameters are reported in Table 16, highlighting the advantages and disadvantages of GEO
and LEO satellites, respectively. One of the most significant developments in technology today
is the merging of LEO satellites with 5G technology, which is revolutionizing internet
connectivity by delivering high-speed, low-latency services to remote and underserved
regions [58].
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Table 16. Essential parameters of satellite constellations: a comprehensive overview [57].

Parameter GEO LEO
Altitude 36,000 km 500 to 1200 km
Coverage area Vast Narrow
Downhr‘lk and uplink Slow Fast
rate (signal speed)
Ground station spacing Distant Local
Antenna Stationary Complex tracking and terrestrial network
Band
Frequency band (4-8 GHz), Ku-band (12-18 GHz), and Ka-band (26.5-40 GHz) L-band (1-2 GHz)
. . 100 Mbps for traditional LEO;
Capacity uplink 10-50 Mbps 1 Gbps for advanced LEO
Capacity downlink 100-500 Mbps 500 Mbps for traditional LEO;

10 Gbps for advanced LEO
Latency 550 ms 25-50 ms

e Global coverage for communication and monitoring;
e  High data transmission rates for high-speed internet; e  Lower latency and faster communication speeds compared to GEO
e  Stable and continuous coverage over a specific geographic area; satellites;
Advantages . Used for telecommunication, weather forecasting, navigation, and military ® Coverage in areas without traditional communication networks;
surveillance; e  Easy deployment and repositioning for adaptation to changing needs;
e  Easily accessible signals for remote and rural areas with small ground e  Cost-effective construction and launch compared to GEO satellites.
antennas.
o1 . o . LEO satellites h horter lif , lasti d 5-7 ;
e  Building and launching GEO satellites is expensive; * satel1res ave @ sorter [iespar, fastng aroun years
. . . . . . e LEO satellites have limited bandwidth compared to geostationary
e  The high orbit altitude of GEO satellites causes signal delays, affecting . . .
. . . satellites, leading to slower speeds and lower data capacity;
real-time communication services; . . . e
. . . o . e  LEO satellites require more frequent maintenance and repositioning,
. GEO satellites can be affected by signal interference, like jamming and . . -
Disadvantages increasing operational costs;

solar flares, which disrupt communication services;

e GEO satellites have limited bandwidth capacity, which can be a
bottleneck for high-demand services;

e GEO satellites are limited in coverage due to fixed orbital positions.

e  LEO satellites need constant signal handoffs as they move, causing
potential interruptions and delays;

e  LEO satellites have less coverage than geostationary satellites, potentially
necessitating a higher quantity of satellites for complete global coverage.
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4. Optimizing Energy Efficiency: Key Concepts for Power Management Unit

To ensure the optimal functionality of sensor nodes, it is essential to integrate an
energy harvester. This integration will create a seamless system that allows for continuous
operation, ultimately maximizing efficiency and sustainability. It is important to keep in
mind that the energy harvested may be intermittent and unpredictable. Therefore, it is
crucial to guarantee that the harvested energy exceeds the system’s requirements, even in
the face of constraints such as limited potential and low conversion efficiency. For this
reason, a power management unit (PMU) is necessary for efficiently regulating power
from variable sources and adapting to varying loads.

4.1. Mechanisms Proposed for Managing the Dynamics of EH: Energy-Neutral, Power-Neutral,
and Intermittent Computing

In WSN applications, energy consumption during sensing is often underestimated
compared to communication. Studies have shown that the power consumed during sleep
mode can be significant, even with a very low duty cycle (less than 0.1%). Sleep mode may
not always be the most efficient choice, as certain components still draw power for
extended periods. On the other hand, active mode requires more power for data
processing but for shorter durations. The efficient management of static and dynamic
power is crucial for maximizing battery life. Various mechanisms, including energy-
neutral, power-neutral, and intermittent computing, have been proposed in the literature
to address the fluctuating levels of energy availability. Energy-neutral operation (ENO)
involves consuming energy only when there is surplus energy from the harvesting source,
aiming to maintain a balance between consumption and generation to maximize battery life.
Power-neutral operation (PNO) focuses on matching power consumption with power
generation to prevent imbalances that can affect system stability. However, in areas with
limited resources, ENO and PNO may not be suitable, which can lead to disruptions and
shutdowns. Intermittent computing (IC) is a power-saving technique that preserves system
state during low energy levels, minimizing power consumption without interrupting
regular operation [59-62]. The ultra-low power management unit (ULPMU) plays a key
role in operating efficiently near the ENO state to maintain a balance between
consumption and generation.

4.2. Maximizing Energy Efficiency: General Concept for PMU

A PMU helps regulate power levels from a harvester to maintain a consistent supply
to a sensor node during operational status changes (sleep, wake-up, active mode, or
shutdown). It balances power generation, load requirements, and operational status to
extend the node’s lifetime. Figure 9 shows a generic wireless sensor node combined with
EH. The PMU block is engineered to deliver consistent power input to the battery,
ensuring stability and reliable performance, but this also includes controlling the power
supply to the sensor, processor, transceiver, protocols, and memory, to ensure the optimal
use of power and maximize the node’s battery life. In the context of communication
protocols, the PMU and communication protocol must work together to optimize power
usage during data transmission and reception, and coverage optimization strategies.
Table 17 [1,8] shows some of the specific functions of a PMU within a wireless sensor node.

Figure 10 indicates a commercial ultra-low power management unit (ULPMU),
simulated using LTspice XVII. This circuit includes an energy source, a full-wave bridge
rectifier circuit, a DC-DC converter circuit, and a battery charging circuit, indicated with
Cs8.
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Table 17. Specific functions of a PMU within a wireless sensor node.

Functions

Descriptions

Monitoring and managing the

battery level

The PMU monitors the battery level of the node to maintain optimal power supply

Power gating

The PMU controls power supply to node components, turning them on or off to
save power

Sleep modes

PMU can optimize power usage by putting the node into low-power sleep modes
when not in use, thus conserving battery life.

Voltage regulation

PMU regulates node component voltage to ensure optimal operation and reduce
power wastage

Power optimization

PMU uses power-saving algorithms and techniques like duty cycling and voltage

scaling to optimize node power consumption.

Sensor Unit

Sensing Computing Communication
S Unit

-

AD MCU Protocols ||_| Transceiver

I

Energy
Power Managment & Energy Prediction | "
‘ l I g | Harvester
Enerﬂ Storage Energy Storage .......................
Power Unit
Figure 9. Generic wireless sensor node combined with EH.
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Figure 10. Electric circuit of a commercial ultra-low power management unit (ULPMU).

tran 10ms

A generic harvester such as Radio Frequency (RF) or Infrared (IR) on the left side of
Figure 10 generates alternating current (AC) output voltage, which needs to be converted
to DC using an AC-DC converter stage. Energy harvesters typically have output voltages
below 1 V. In this scenario, it is essential to use a rectenna array to simulate an external
power source, V1, due to the insufficient output power and low voltage levels of a single
rectenna. Typically, the single rectenna provides a few fW and uV. The Schottky diodes
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(D1, D2, D3, D4) are commonly used in rectifying bridge circuits due to their low forward
voltage drop of 0.3~0.4 V. In addition, Schottky diodes are known for their faster recovery
time and superior switching speed, making them the perfect choice for high-speed
switching applications. Solar cells, thermoelectric generators, and pyroelectric generators
produce a fluctuating DC output voltage. To efficiently utilize this energy source, a DC-
DC converter, with an adjustable conversion factor and a controller, is necessary to
maintain the appropriate bias for the storage. The energy collected by the harvester is
transmitted to the storage unit through PMU, which is regulated by a microcontroller
inside LTC3105 and LT1512. The microcontroller is equipped with various components,
such as an analog-to-digital converter (ADC), a general-purpose input and output device
(GPIO), and a digital-to-analog converter (DAC). The primary function of a DC-DC
converter is to maintain a consistent output voltage that aligns with the requirements of
the energy storage input (capacitor, supercapacitor, or rechargeable battery). Ultimately,
among the wide array of DC-DC converters discussed in the literature, the LTC3105 and
LTC3018 step-up converters emerge as the most efficient choices [8,16,62,63].

These converters have demonstrated exceptional performance in ensuring a stable
output voltage even in the face of input voltage fluctuations. Particularly noteworthy is
the LTC3018 converter’s capability to function with inputs as low as 20 mV. A detailed
comparison of these two leading commercial DC-DC converters can be found in Table 18.
To ensure the continuous operation of the wireless sensor node during high peak
electricity demands, a storage element (capacitor C8) should be designed to effectively
store the excess power accumulated over time [64—66].

Table 18. Comparison between LTC3108, LTC3105.

DC-DC Converter

Minimum Vin Maximum Vin Vout MPPC/MPPT

LTC3108

20 mV 500 mV 235Vto5V No

LTC3105

250 mV (start-up mode)

5V 33V Yes

225 mV (regime mode)

5. Maximizing Sustainability and Reliability with Efficient Energy Storage Solutions

Energy Harvesting (EH) is indicated as a possible alternative to traditional battery-
powered devices, offering numerous advantages described in the specific section.
However, EH also exhibits a notable limitation due to the unpredictable and sporadic
nature of energy sources, which makes continuous energy generation unsuitable for
sensor nodes. Table 19 lists energy source types with detailed definitions [16].

Table 19. Example of energy sources available in the environment.

Energy Source Types

Description

Uncontrolled but predictable

Although unpredictable, renewable energy can be accurately planned out, allowing
us to anticipate its availability within a certain margin of error.

Uncontrolled and unpredictable

Unpredictable and inconsistent, this energy source is difficult to regulate or manage
due to its natural variability and intermittent availability.

Fully controllable

Energy can be generated when desired

Partially controllable

This energy source shows some level of control over the output, but is not fully
controllable or predictable.

Table 20 provides an overview of various energy sources and their characteristics
investigated in this review [1].
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Table 20. Characteristics of some energy sources.

Energy Source  Predictable = Unpredictable Controllable Non-Controllable

Solar N N
RF v v
Thermal N v
Pyroelectric v v

A sensor node must be designed to operate indefinitely by consuming power within
the limits of the harvester’s capabilities, as reported in Equation (6) [65,66].

EGT) = [ [P(,0) — PG, 0)]dt 6)

In Equation (6), E represents energy generated by the harvester, P;(i,t) and P.(i, t)
represent power quantities. P(i,t), represents the power generated by energy harvester,
whereas P.(i,t) represents the power consumed by a generic sensor node i during the
interval of (t, to). Therefore, the designer’s goal is to ensure that a sensor node equipped
with a non-ideal energy storage device works near ENO. This condition is verified by
applying Equation (7) [65,66].

By +1 f, [P(8) — P.(O)]dt — [[[P.(t) — P(D)]dt — [ Prearedt = BV te[0, ) @)

In Equation (7), B, represents the initial energy stored in the ideal energy buffer, B
represents the energy buffer, n represents the charging efficiency of the storage
component, which is always less than one, and Py, represents the energy lost associated
with leakage.

5.1. Battery Options: Non-Rechargeable vs. Rechargeable

Energy storage (ES) is critical for efficient energy management, storing excess energy
during low demand and releasing it during high demand. This section examines different
ES technologies, applications, benefits, challenges, and their impact on the future of
energy, as reported in Figure 11 [67].

Power Density (W/

100 ] : 5 : .
10-2 10! 10° 101 102 103 10%

[ Energy Density (Wh/Kg)

Figure 11. The Ragone plots for various energy storage devices. Reprinted with permission from
ref. [68].

Batteries and fuel cells are both devices that produce electricity through chemical
reactions, although they function on distinct operating principles. A battery stores and
releases electrical energy through a chemical reaction with an electrolyte, using electrodes
and a separator to prevent direct contact. During charging, electrons are taken by the
anode and released by the cathode, creating a voltage difference. The separator acts as a
barrier to prevent short circuits, while still allowing ions to flow freely for chemical
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reactions to occur. On the contrary, a fuel cell functions by transforming chemical energy
from a fuel into electricity through an ongoing chemical reaction with an oxidizing agent.
Batteries are categorized into primary (non-rechargeable) and secondary (rechargeable)
types. Non-rechargeable batteries, such as alkaline and zinc-carbon, need to be replaced
when they are depleted. Both battery types are ideal for low-power devices, such as
microsensors, that have a consumption of less than 50 uW [8]. Rechargeable batteries have
superior energy density and can be used repeatedly, but their lifespan is limited by factors
like temperature and charge cycles [1,60,62,68,69]. Table 21 reports the key parameters
associated with rechargeable and non-rechargeable Batteries [10].

Table 21. Detailed comparison of rechargeable and non-rechargeable batteries’ technology and
characteristics.

. Specific
Type Rated Voltage Capacity (Ah) Tempera;ture Cycllr-lg EI;Iergy
v) Range (°C) Capacity (Wh/ke)
Lead-Acid 2 13 -20-60 500-1000 30-50
MnO:Li 3 0.03-5 —20-60 10002000 280
Li poly- 3 0.025-5 ~20-60 - 100-250
carbon
LiSOCl2 3.6 0.025-40 -40-85 - 350
LiO:2S 3 0.025-40 -60-85 - 500-700
NiCd 1.2 1.1 -40-70 10,000-20,000 50-60
NiMH 1.2 25 -20-40 1000-20,000 60-70
Li-Ion 3.6 0.74 -30-45 1000-100,000 75-200
MnO: 1.65 0.617 -20-60 - 300-610

Lead-acid batteries (rechargeable) generate electrical energy through a chemical
reaction between lead and sulfuric acid. They are durable and affordable, but have a lower
energy density than lithium-ion batteries. They require frequent maintenance and emit
harmful gases.

The non-rechargeable manganese dioxide lithium (MnO:Li) battery uses manganese
dioxide (MnO2) as the cathode material. This type of battery offers high energy density
and stability, but the voltage decreases over time. The rechargeable Li-polymer battery
features a polymer electrolyte, making it safe and flexible. However, it has a limited
voltage range and is sensitive to heat. The non-rechargeable lithium thionyl chloride
(LiSOCl) battery with high capacity, low self-discharge rates, and a voltage of 3.6 V, is
indicated for extreme temperatures. It offers outstanding energy density and longevity
but must be disposed of properly. The lithium sulfide (LiO2S) battery represents a next-
gen rechargeable battery, with high energy density and eco-friendly components.
However, this type of battery has a limited lifespan, potential for overheating, and high
manufacturing costs. Nickel-Cadmium (NiCd) battery is efficient and rechargeable, with
along cycle life. However, this type of battery has low energy density, memory effect, and
cadmium toxicity, being replaced by lithium-ion batteries. Nickel-metal hydride (NiMH)
batteries are rechargeable with high energy density, long cycle life, and low self-discharge
rate. The rechargeable lithium-ion (Li-lon) battery is known for its high energy density,
long lifespan, and lightweight design, making it a popular choice for portable electronics.
MnOQO: batteries, also known as manganese dioxide batteries, are a type of primary (non-
rechargeable) battery that utilizes manganese dioxide as the cathode material. The MnO:
battery typically has a longer shelf life and higher energy density compared to other types
of primary batteries. It is also known for its stable voltage output and relatively low cost
[70]. Figure 12 indicates some of the current commercial batteries reported in Table 21.
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Figure 12. Some current commercial batteries are selected considering parameters such as specific

energy density and volumetric energy density. Reprinted with permission from ref. [69].

Table 22 reports an overview of the latest battery generations, highlighting their key

features and specifications for convenient comparison, as well as the recent advancements
[70,71].

Table 22. The latest innovations in the field of battery technologies.

Implementation Date/Forecast

Battery Generation Technology/Electrode Active Materials Cell Chemistry/Type Market Deployment

Cathode: NFP, NCA, LCO'! Lo
Gen 1 Anode: Carbone/Graphite Lithium-Ton 1991

Cathode: NMC111, LMO2?2 o

Gen 2a Anode: Carbone/Graphite Lithium-Ton 1994
Cathode: NMC532, NMC622 3 o

Gen 2b Anode: Carbone/Graphite Lithium-Ton 2005
Cathode: NMC622, NMC 811 4 o

Gen 3a Anode: Graphite + 5/10% Si Lithium-Ion 2020

Cathode: High Energy NMC, High
Gen 3b Voltage Spinel —5 V Optimized Lithium-Ion 2025
Anode: Silicon/Carbon

Cathode: NMC

Gen 4a Anode: Silicon/Carbon Solid State Lithium-Ion 2025
Solid Electrolyte
Cathode: NMC
Gen 4b Anode: Lithium metal Solid State Lithium-Metal >2025
Solid Electrolyte
Cathode: High Energy NMC, High
Gen 4c Voltage .Spmel Advanced Solid State 2030
Anode: Lithium metal
Solid Electrolyte
LiO2 Li-Air/Metal-Air Metal-Air
Li-Sulphur LiS
Gen5 New ion-based systepms (Na, Mg, Zn or New ion-based insertion >2080
Al) chemistries

I NFP (Lithium Nickel Fluorophosphate), a promising cathode material for lithium-ion batteries,
which has high energy density and stability. NCA (Lithium Nickel Cobalt Aluminum Oxide) is
known for its high energy density and thermal stability. LCO (Lithium Cobalt Oxide), known for its
energy density and power output; 2 NMC111 and LMO: are both cathode materials for lithium-ion
batteries. NMC111 (nickel manganese cobalt oxide), with a balanced mix of nickel, manganese, and
cobalt, offers a good combination of energy density, power density, and cycle life. It is commonly
used in high-performance batteries. On the other hand, LMO: (lithium manganese oxide) is known
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for its stability, safety, and cost-effectiveness. 3 NMC532 refers to a cathode material composed of 5
parts nickel, 3 parts manganese and 2 parts cobalt to make NMC532, which may have slightly lower
thermal stability. * NMC 811 (Nickel Manganese Cobalt) provides a good balance of energy density,
power density, and thermal stability. NMC622 offers higher energy density.

5.2. Maximizing Efficiency: The Role of Capacitors and Supercapacitors in Energy Storage
5.2.1. Capacitors

Although batteries and capacitors are both energy storage devices, they differ in
construction, characteristics, and applications. Capacitors, indicated in Figure 13, function
by storing electrical energy through the establishment of an electric field E between two
plates separated by a dielectric material. When a voltage source is connected to a
capacitor, current flows into the capacitor to charge it. The capacitor stores electrical
energy as potential energy, with the amount directly proportional to the voltage and
capacitance. When connected to a load, the capacitor discharges its energy, similar to a
small rechargeable battery. For EH application, the energy is rectified and increased in
voltage via boost converter DC-DC before being stored for later use. Table 23 [72] reports
a comparison between batteries and capacitors based on temperature sensitivity,
charging/discharging speed, and voltage output. These data are essential for determining
the compatibility and performance of these energy storage devices in various applications.
The information provided in Table 24 indicates that batteries are most appropriate for
situations that require a continuous and reliable power source, while capacitors are better
suited for applications where quick energy bursts and rapid energy transfer are necessary.
For instance, capacitors are ideal for transmitting periodic data during active modes, such
as in TX/RX burst transmission [72].
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Figure 13. Basic structure and working principle of capacitor.

Table 23. Comparison between batteries and capacitors based on temperature sensitivity,
charging/discharging speed, and voltage output.

Capacitor

Battery

Electric field for storage

The chemical reaction for storage

Submissive component

Active component

Energy density is low

Energy density is high

Charging/discharging is fast

Charging/discharging is slow

Provides unstable voltage

Provides constant voltage

Operating temperature range is -3 °C to +125 °C 20 °C to 30 °C during charging and 15 °C to 25 °C during discharging

Higher cost

Low cost

Contrived of metal sheets

Contrived of metals, chemicals
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Table 24. Basic parameters of supercapacitors.

Supercapacitor Life Cycle (-) Spe(c;\f;}:/ig;: T8y Operating Temperature (°C) Cell Voltage (V)
Maxwell PC10 500,000 14 -40-70 2.50
Maxwell BCAP0350 500,000 5.1 -40-70 2.50
Green-cap EDLC >100,000 1.47 -40-60 2.70
EDLC SC 1,000,000 3-5 -40-65 2.70
Pseudo SC 100,000 10 -40-65 2.3-2.8
Hybrid SC 500,000 180 -40-65 2.3-2.8

5.2.2. Supercapacitors

Supercapacitors, also known as ultra-capacitors, are advanced types of capacitors
that have a higher energy storage capacity compared to traditional capacitors. This is
achieved using both electrostatic and electrochemical processes, making them a powerful
and efficient energy storage solution. As in Figure 14, they can be divided into electric
double-layer capacitors (EDLCs), pseudo capacitors (PCs), and hybrid supercapacitors
(HSCs). Supercapacitors serve as a crucial intermediary between batteries and capacitors,
making them ideal for applications that require the rapid delivery of power for short
durations, typically ranging from seconds to minutes. Rechargeable batteries, on the other
hand, excel at storing larger amounts of energy over longer periods. In Figure 15a, an
EDLC stores energy through the separation of charge at the interface between a thinner
electrolyte dielectric and a high-surface-area electrode. This double-layer formation
allows for high capacitance and fast charging/discharging rates. In Figure 15b, PC, on the
other hand, relies on reversible redox reactions at the electrode—electrolyte interface to
store energy. This mechanism allows for a higher energy density than EDLCs, however,
this comes at a sacrifice in speed. In Figure 15¢, HSC combines the best of both worlds,
utilizing both EDCL and PC to achieve a balance between energy and power density. By
optimizing the electrode materials and electrolyte composition, HSCs can deliver high-
energy storage capacity while still maintaining rapid charge/discharge capabilities. These
advanced ES technologies offer promising solutions for applications requiring high power
output, rapid response times, and long cycle life. Their different working principles make
them ideal candidates for various applications. A comparative analysis of different ES
devices is provided in Table 25 [73].

Double Layer Capacitor
(Electrostatical storage)

PsendoCapacitor
(Electrochemical storage)

Supercapacitor

Hybrid Capacitor
(Electrostatical and Electrochemical
storage)

Figure 14. Tree of supercapacitor types.
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Figure 15. Schematic structure of supercapacitor types; (a) EDLC; (b) PC; (c) hybrid.

Table 25. Comparison of batteries, fuel cells, capacitors and supercapacitors.

Property Batteries Fuel Cells Capacitors Supercapacitors
Weight 1g—>10kg 20 g—>5kg 1g-10g 1g-230g
Operating temperature 20 to 65 °C 25 to0 90 °C -20 to 100 °C -40 to 85 °C
Operating voltage 1.254.2V 0.6V 6-800 V 2327V
Power density 0.005-0.4 KW/Kg  0.001-0.1 KW/Kg  0.25-10.0 KW/Kg 10-120 KW/Kg
Energy density 8 to 600 Wh/Kg 300 to 3 Wh/Kg  0.01 to 0.05 Wh/Kg 1-10 Wh/Kg
Pulse load ~5A ~150 mA/cm?2 ~1000 A ~100 A
Life cycle UnIiSIS{i(igg }é;cles >100,000 cycles 1500-10,000 h 150-1500 cycles
Capacitance - - 10 pF-2.2 mF 100 mF-1500 F
Charge/discharge time 1-10 h 10-300 h Plc'os.e conds— Millisecond —seconds
milliseconds
Columbic efficiency 70-85% - About 100% Up to 99%

Charge method

Current and voltage - the terminal, i.e.,

The voltage across
& The voltage across the terminal,

i.e., from a batter
from a battery y

Supercapacitors, as outlined in Table 25, offer numerous advantages over traditional
batteries, including higher power density, faster charging and discharging rates, better
performance in low temperatures, and a longer cycle life. However, they do come with
certain limitations, such as higher cost and lower voltage ratings. The issue of lower
voltage ratings can be addressed by using a DC-DC converter, though this may result in
additional power consumption. In comparison, batteries are more cost-effective, have a
higher energy density, and a lower self-discharge rate. Table 26 [71,73] provides a concise
overview of the key strengths and weaknesses of the energy storage systems discussed in
this section. The field of supercapacitors is rapidly evolving, with ongoing efforts focused
on enhancing their performance. Table 24 presents the main parameters for these
components, obtained from the literature [73-80].

Table 27 provides a comprehensive overview of various supercapacitors, highlighting
their unique electrodes and electrolytes, as well as their energy and power densities [81].
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Table 26. Technical comparison of various energy storage technologies.

Energy Storage Type Energy Density (Wh/kg) Advantages Disadvantages References
e  Technologically matured; Short cycle life;
e  Low material cost; Low energy/power density;
. e No memory effect; Significant charging time;
Lead acid 25-50 ; . . (81]
e  Low self-discharge rate; Environmentally unfriendly;
e Investment costs are relatively modest; Poor low-temperature properties;
e  Ease of maintenance. Not as reliable.
¢ Long life; Disposal issues due to cadmium toxicity;
NiCd 40-75 e Recyclable; High memory effect; [82]
e  Wide temperature range. High cost.
e Environmentally friendly; s/ervme life rfeleces if deeply discharged;
NiMH 70-100 e Long life cycle; eTy expensive; [83]
e High operating temperature range. Memory eff.ect;
Poor recycling.
e Nearly 100% round-trip energy storage efficiency;
e  Very high energy/power density;
e  Relatively fast charging; High investment costs;
Lidlon 150-350 . L(?ng cycle. life; Compl.icated charge management; [84]
e  Highly reliable; Safety issues due to thermal runaway;
e Low self-discharge; Susceptible to damage at high voltages.
¢ No memory effect;
e Lightweight.
Capacitors 0.01-0.05 e High power dfensi?y; Low energy clen‘sity; [85]
e No charging circuit needed. Voltage proportional to the stored energy.
Very high self-discharge rate;
¢  Wide working temperature range (—40-60 °C); High cost;
e Quick charging time; Requires complex electronic control;
Supercapacitors 25 e  High charge/discharge cycle efficiency; Low cell voltage; [86]

e  Eco-friendly;
e  High number of charge and discharge cycles, virtually
an unlimited number of times.

Voltage varies with the energy stored;
Low energy density;

Higher leakage current;

Large size.
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Table 27. Performance of supercapacitors with various configurations, based on data extracted from articles published between 2020 and 2023.

Energy Density Power Density

Device Configuration Electrolyte Electrode Type Publication Year = Reference

(Wh/kg) (W/kg)
WO3-WS2-MWCNT/Ni foam// 86 848
3M KOH (+) PC//EDLC (-) 2023 [87]
AC/Ni foam 24 11,828
Ni-Co-Mg MOF/MoS2/Ni foam// 1M KOH (+) PC//EDLC (-) 107.32 1350 2023 [88]
AC/Ni foam
3 M H2504
199 450
NH4MnPO4@Graphene 3MH2504+0.025M () PC//EDLC () 2022 [89]
QD/Graphite//rGO/Graphite 311 450
(KI/VOSOs)
Ni3(PO4)2-MWCNTs/Ni foam// ~ 94.4 340
AC/Ni foam (+) PC//EDLC () 180 10,200 2022 [90]
Mn-V-5n oxyhydroxide/Ni foam// . 70.6 1372.4
N-carbon/Ni foam I MKOH (+) PC//EDLC () 17.1 18,861.3 2022 [91]
NH4OH-ZIF/Ni foam//GO/Ni foam 6 M KOH (+) PC//EDLC (-) 4.16 20,000 2022 [92]
34.68 13,600
Co0S-Co3(PO4)2/Ni foam//AC/Ni foam 1M KOH (+) PC//EDLC (-) 63.93 850 2021 [93]
Fe304@N-carbon-rGO/Ni foam// 6 M KOH (+) PC//EDLC () 46 750 2021 [94]
rGO/Ni foam 10 7500
MWCNT-NiMnPO4/Ni foam// 2 M KOH (+) PC//EDLC () 698 78 2020 [95]
AC/Ni foam 43 5780
graphitic carbon nitride o 1996
. . 99
(g-C3N4)-BiVO4/Graphite 3.5 M KOH (+) PC//PC (-) 79 16,200 2020 [96]
paper (symmetric)
Zn-Carbon cloths//S/P doped carbon 0.5 M K2504 270 185
PC//PC (- 202 7
(8/p-C)/graphite rod 1 M KBr B FGECE) 181 9300 020 [57,98]

EDLC — electrical double-layer capacitive type; PC — pseudo capacitive type.
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5.3. New Trends in Energy Storage

The current trend in storage technology is moving towards advanced metal-air and
solid-state batteries, which offer enhanced performance and increased longevity. These
batteries show minimal degradation, low leakage, high energy density, and reliable
operation in extreme temperatures [99].

5.3.1. Metal-Air Batteries (MABs)

MABSs [100,101] operate on the principle of generating electricity through the reaction
of a metal with oxygen from the air. These batteries typically consist of a metal anode such
as zinc or lithium, a cathode made of porous carbon, and an electrolyte that allows ions to
move between the anode and cathode, as seen in Figure 16. When the battery is
discharged, the metal anode oxidizes and releases electrons, which flow through an
external circuit to power a device. At the same time, oxygen from the air reacts with the
metal ions at the cathode, producing oxide ions that combine with the electrons to form
water or another byproduct. During the charging process, the metal ions at the anode are
reduced back to their elemental form, while oxygen is released from the cathode. This
cycle can be repeated multiple times, allowing the battery to be recharged and reused.
Various electrolyte types—aqueous (protic), nonaqueous (aprotic), hybrid, and solid-
state—can be used in these batteries. Lithium (Li), sodium (Na), and potassium (K) anode
batteries are stable in non-aqueous systems, while magnesium (Mg), aluminum (Al), iron
(Fe), and zinc (Zn) anode batteries are stable in aqueous environments and typically
employ a hydrophobic protective layer to prevent electrolyte leakage. When the anode
reacts with oxygen, electricity is generated. These batteries offer an exceptional energy
density that outperforms traditional Li-ion batteries by 3-30 times, positioning them as a
highly viable option for a dependable and enduring power supply.

Py
Discharge k;_[./

0006300
o~
Metal .' g 'b
Jons. =
— Liquid
okconod
o2

(Electralyte)

Three-phase rone,

Metal Electrolyte Air
Anode

Cathode

(a) (b)

Figure 16. The schematic representation of metal-air batteries (a,b). Reprinted with permission from
ref. [74].

These batteries have several advantages and disadvantages compared to traditional
lithium-ion batteries some of them are reported in Table 28.

Table 28. Advantages and disadvantages of metal-air batteries (MAB).

Advantages Disadvantages
High energy density Limited cycle life
Long range Slow recharge rate
Low cost Limited power output
Rechargeable Corrosion

Environmentally friendly Limited availability
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Table 29 provides an overview of recent advancements in six types of high-energy
density MABs, each with a brief description. The aluminum-air (Al-air) battery uses
aluminum as anode and oxygen as cathode, offering high energy density and a
lightweight design. However, it has a short cycle life and is challenging to recharge. The
calcium-air (Ca-air) battery demonstrates potential as a rechargeable battery utilizing
calcium and oxygen, with the promise of achieving high energy density. Nevertheless,
continued development is essential to improve efficiency and extend its lifespan. The
magnesium-air (Mg-air) battery utilizes magnesium and oxygen, offering high energy
density and lightness. However, further improvements are required to enhance its cycle
life and efficiency. The iron-air (Fe-air) battery utilizes iron and oxygen, offering high
energy density and lightness. However, it is still in the early stages of development, facing
challenges with cycle life and efficiency. Lithium-air (Li-air) batteries utilize lithium
metal and oxygen, offering incredible energy density potential. However, despite their
promise, this battery is still in the research phase, encountering obstacles such as limited
cycle life, low efficiency, and instability. Zinc-air (Zn-air) batteries utilize zinc with
oxygen to generate electricity, are highly energy-dense but non-rechargeable, and have a
short shelf life. Despite early development stages, they show potential for future energy
storage with further research needed to overcome limitations and improve practicality for
wider use [100,101]

Table 29. Recent advances in six types of high energy density MABs.

Open Circuit Potential Energy Density

Metal Oxygen (Volts) (Whkg) Energy Density (Wh/L)
Al-air 2.71 4116 14,100
Ca-air 3.10 2980 9960
Mg-air 3.08 3991 12,200
Fe-air 1.35 763 1431
Li-air 2.96 3458 6102
Zn—air 1.68 1054 5960

5.3.2. Thin Film Batteries (TFBs)

Thin-film batteries (TFBs) represent advanced rechargeable solid-state batteries
constructed using multiple thin layers of materials deposited on a substrate. These layers
serve as the electrodes, electrolyte, and current collectors of the battery. The current
collectors, typically composed of metals or conductive materials, are essential for
collecting and conducting the current within the battery. Figure 17 provides a visual
representation of the basic construction of a TFB [102].

Passivation Layer

Anode Current Collector

=

Cathode Cuorrent Collactor

Figure 17. TFB basic construction.
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The working principle of a thin film battery involves the movement of ions between
the electrodes through the electrolyte to generate electrical energy. When a thin film
battery is charged, ions are extracted from one electrode and migrate through the
electrolyte to the other electrode, where they are deposited. This process creates an electric
potential difference between the electrodes, which can be used to power external devices.
During discharge, the ions are released from the electrodes and travel back through the
electrolyte, generating an electrical current. A basic process of charging/discharging the
battery schematic is detailed in Figure 18. The electrode/electrolyte interfaces are
intimately connected, with a thin electrolyte layer enabling rapid charging and
discharging. Additionally, the electrode material is densely packed and streamlined,
resulting in increased energy densities, minimal self-discharge (<1% per year), and an
extended cycle life.

d/ Electon Flow |
Charging

Cathode

Current Flow

& @ o @ @

I ~® ee® ® ©

i B @@ @% o
Electrolyte

Electron Flow

DiSCharging Current Flow |

Figure 18. Basic process of charging/discharging battery schematic.

Table 30 [103] offers a comprehensive summary of the most recent developments in
TEB technology, including advancements in current collectors, electrodes, and electrolyte
materials.

Table 30. The latest advancements in advanced materials utilized for TFB technology, including
current collectors, electrodes, and electrolyte materials.

Current Collectors Electrode Electrolyte Voltage Window Reference
Au Cathode 1 M LiClO4 in PC! 3-5 [104]
1 M LiPFs in EC/DMC 2 3-4.4
Ag Cathode IMLICIO: in PC 337 [105]
1 M LiPFs in EC/DMC
Al Cathode 1 M LiClO4 in PC 1.5-5.5 [106]
1 M LiPFs in EC/DMC 1.5-5
Ni Cathode 1 M LiPFs in EC/DMC 345 [107]
Stainless steel Cathode 1 M LiPFe in EC/DMC 3-4.5 [108]
Stainless steel Cathode 1 M LiPFs in EC/DMC 1.5-5.5 [109]
Cr Cathode/anode 1 M LiPFe in EC/DMC 04 [110]
Ti Cathode/anode 1 M LiPFe in EC/DMC 04 [111]
TiN Cathode/anode 1 M LiPFs in EC/DMC 0-4.12 [112]
Carbon fiber paper Cathode/anode 1 M LiPFs in EC/DMC 1.5-3 [113]

Stainless steel Cathode/anode 1 M LiPFs in EC/DMC 2-34 [114]
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Fe anode 1 M LiPFs in EC/DMC 0-3.2 [115]
Cu anode 1 M LiPFs in EC/DMC 0-3 [116]

! Lithium perchlorate (LiClO4) in propylene carbonate (PC) is a common electrolyte solution able to
improve the conductivity and stability of the battery; 2 A 1 M LiPF6 in EC/DMC solution contains
lithium hexafluorophosphate dissolved in ethylene carbonate (EC) and dimethyl carbonate (DMC),
commonly used as an electrolyte in lithium-ion batteries for ion movement between cathode and
anode during charge and discharge.

TFBs are known for their high energy density and ability to deliver a powerful
output, making them ideal for applications that need a compact energy solution.
Compared to traditional batteries, TFBs have a significantly longer lifespan and exhibit
greater resistance to degradation over time. When combined with EHT technology, TFBs
can operate even more efficiently, maximizing their performance and longevity. It is
crucial to consider factors like energy density, power output, lifespan, and cost when
selecting a battery type to ensure optimal performance for your specific needs.

6. Enhancing WSN Performance through Energy Harvesting Techniques (EHT)

A sensor node typically uses rechargeable batteries as the main energy source when
powering sensor nodes. However, rechargeable batteries show limitations, due to factors
such as limited power capacity, leakage, power loss at higher temperatures, and short
high-current pulses. To extend the WSN's lifetime in remote areas, new sensor nodes are
equipped with harvesters, which opportunistically acquire small amounts of energy
within the immediate surroundings where these sensor nodes have been placed. Sensor
nodes that support EH generate a new class of WSNs, referred to as Energy-Harvesting
WSNs (EH-WSNSs). By integrating a sensor node with a harvester, this enables the battery
to be recharged indefinitely, ensuring a continuous power supply. The goal of EHT is to
enable a sensor node to operate continuously without the need to replace the on-board
battery. This is achievable when the sensor node is strategically designed to work in the
proximity of ENO. Despite the benefits of EHT, challenges such as fluctuations,
intermittence, low energy harvest, source unavailability, and low harvester efficiency
must be addressed. Table 31 reports the detailed exploration of energy sources, harvester
technologies, and material properties for efficient energy conversion. Hybrid EH systems
and potential future research paths for sustainable integrated technology development
are also highlighted. This section aims to bridge theoretical concepts with practical
applications in EH-WSNs for environmental monitoring.

Table 31. Compare the power densities of different sources and discuss their respective advantages
and disadvantages.

Energy Source  Technology Power Density Advantages Disadvantages APP Ilcaflon
Domain
10-1 2 Envi
PV cell 0-100 mW/cm High output voltage . . nv1r.onIT1ent
(outdoor) . Unavailable at night monitoring,
Solar [114] Low fabrication costs
<100 uW/cm? . Non-controllable healthcare,
) Predictable .
(indoor) agriculture
Rectenna Available %nywhere, Distance dependent .
RF [115] Ca 0.01-0.1 uW/cm? anytime Low power densit Environment
1-10 mW/cm? Predictable OW power density monitoring
Interference
Controllable
Sustainable and reliable Low power densit Environment
MID-IR [15] 60 mW/cm? Available p .. y monitoring,
Low efficiency
Controllable healthcare,
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6.1. Radiant Energy

Radiant energy, also known as electromagnetic radiation, is a form of energy that
travels through space in the form of waves. This ubiquitous energy emitted by sources
like the Sun, and Earth, as well as human-made sources, plays a crucial role in providing
light, heat, and power to numerous devices and technologies. In this section, we will delve
into the different types of radiant energy, discuss their unique properties, and highlight
their significance for environmental monitoring purposes.

6.1.1. Solar Cell EH-WSN

Solar cells (SCs) operate by converting sunlight into electricity through the
generation and separation of charge carriers within a material that is responsive to the
photovoltaic effect (PVE), a physical process that enables the conversion of light into
electrical energy. In Figure 19, a SC is formed by the combination of two unique layers,
the P-type layer and the N-type layer, which combined create a junction known as the P-
N junction. The P-type layer contains an abundance of positively charged holes (lack of
electrons), while the N-type layer contains an excess of negatively charged electrons.
When sunlight impacts on the SC surface, the photons with energy (hv) greater than that
of the semiconductor’s bandgap Eg (hv > Eg) transfer energy to the electrons in the N-type
layer and create electron-hole pairs as highlighted in Figure 20. Due to the built-in electric
field at the P-N junction, the electrons are pushed towards the N-type layer, while the
holes move towards the P-type layer. This separation of charges creates a voltage
difference between the two layers. An external circuit is created by connecting electrical
contacts to the P-type and N-type layers, enabling the generation of a voltage difference
[116].

In Figure 21, a SC represents a basic building block, which is then combined with
other cells to form a module. Multiple modules are assembled to create a solar array. This
array generates direct current (DC) to power sensor nodes without the need for extra
circuitry to convert alternating current (AC) to DC. The PMU consists of a Maximum
Power Point Tracking (MPPT) circuit, a buck-boost converter, and a battery charger. PMU
aims to provide stable and efficient charging and discharging rates to the storage element
while accommodating the load from the WSN.

Metal Contart
Negative contact

N-type semiconduetor

Depletion region

P-type semiconductor

Metal Contact

/"-',:"- v Pasitive contact
Y " Recombination
[ =positive charge

O Electrov=negative charge

Figure 19. Principles of operation of a solar cell constituted by a single P-N junction.
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Figure 20. Bandgap structure of a P-N junction and the absorption process of photons.
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Figure 21. The proposed ULPD-WSN system diagram. Reprinted with permission from ref. [117].

The use of a MPPT [118] controller is crucial in optimizing the performance of SCs
under varying irradiance and temperature conditions, ensuring they operate at their
maximum power point Py,,. Furthermore, given the intermittent nature of solar energy,
the inclusion of an energy storage system is essential to store excess energy for use during
periods of low sunlight. Additionally, implementing a DC-DC converter is necessary to
match the voltage output of the solar panels to the required voltage of the batteries,
ensuring efficient and effective energy storage. On the other hand, the WSN includes a
microcontroller unit (MCU), a sensor module, and a communication module, all working
together to encode and transfer sensor data seamlessly. As reported in Table 31, solar
power shows the highest power density in outdoor conditions, which makes it a top choice
for sensor nodes. However, its power density may decrease when clouds eventually cover the
cells or when the sensor is placed in indoor conditions. In outdoor conditions, solar cells can
be integrated into outdoor lighting and security cameras, as in Figure 22a,b, and other

equipment, providing a reliable and independent source of power.
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(a)

(b)

Figure 22. Solar cells integrated into outdoor lighting (a) and security cameras (b).

The Shockley—Queisser limit sets the maximum efficiency 1 of a SC at around 30%.
However, SCs with multiple layers of P-N junctions have the potential to surpass this
limit, theoretically reaching efficiencies of up to 86.8%. Table 32 provides a description of
the most important parameters V,., /s, and FF useful to increase solar cell efficiency.

Table 32. Key parameters and their descriptions.

Full Name Designation Description
Efficiency or power It indicates how much energy can be extracted from sunlight by a single
conversion efficiency (PCE) 1 P-N junction
. It indicates the maximum voltage that a solar cell can generate under
Open-Circuit Voltage Voc . . J 8
illumination
Short-Circuit Current Isc It rePresents the maximum current that a solar cell can produce under full
sunlight exposure
Fill Factor FF FF represents how efficiently a solar cell converts sunlight into electricity
Maximum Power Point Pmax Pmanx represents the maximum electrical power output that a solar cell can
generate
Voltage at Maximum Vi The voltage at which the solar cell operates to produce the maximum
Power PP power output.
Current at Maximum Im The current at which the solar cell operates to produce the maximum
Power PP power output.
A higher Rsh value signifies reduced leakage current and enhanced
Shunt Resistance Rsh 8 & 8
efficiency.
Series Resistance Rs Lower Rs values lead to better performance.

6.1.2. Evolution of SCs: From First to Third Generation

Currently, SCs are categorized into three generations based on the materials and
technologies. Table 33 [116] offers an overview of the materials commonly utilized in SCs,
highlighting their respective benefits, limitations, and comparative efficiencies. Despite
significant advancements in SC technology, the current efficiency level remains below the
theoretical Shockley—Queisser limit. The first-generation cells include monocrystalline,
polycrystalline, and thin film silicon. The second generation includes a-5i, CdTe, CdS, CIS,
and CIGS technologies. Third-generation cells use organic semiconductors, quantum dots,
quantum wells, and perovskites to achieve high efficiency at a low cost, potentially
exceeding the Shockley—Queisser limit. Single-crystalline silicon (c-Si) is known for high
efficiency and stable performance, while microcrystalline silicon (mc-Si) offers a lower-
cost alternative with good efficiency, though less stability. Thin-film silicon (tf-Si) is
flexible and lightweight, suitable for weight and portability-sensitive applications.
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Amorphous silicon (a-5i) is cost-effective and easy to produce, but generally has lower
efficiency compared to c-Si and mc-5i. In Table 34, each type of silicon-based solar cells
has unique advantages, making them suitable for different applications and scenarios.

Table 33. Overview of the materials commonly utilized in SCs, highlighting their respective benefits,

limitations, and comparative efficiencies.

Material Sub-Material n Advantages Problems
(1) (c-Si) technology is too expensive
for large-scale operation [122].
(2) (c-Si) modules have a weak
interaction with light, as Si is an
(1) Monocrystalline solar cell is indirect bandgap semiconductor
generally used due to its high- [120].
Single crystal  20% [119] efficiency level as compared to (3) Any form of dust or moisture on
the multi-crystalline cell [120]. the Si solar module would break
(2) Occupies a small space [121]. the whole circuit or cause a
dramatic loss in power unless an
effective cleaning technique is
developed to clean the solar
panels [117,123,124,125].
(1) Less efficiency than the
. o Cost-effective as compared to the monocrystalline module as it is
cSi Polycrystal - 16% [126] monocrystalline module [120]. made of impure Si [126].
(2) Occupies a larger area [121].
(1) Much cheaper than (Si-c) (1) Lower efficiency than the mono-
. o technology [127]. crystalline and poly-crystalline
a-Si 11.3% [127] 2) Produceg}i,n a range of sizes so}llar cells [128].p e
and shapes [120]. (2) Long-term instability [129].
(1) Good match with the solar (1) Approximately less efficiency than
spectrum to obtain energy at the c-Si solar cell [129].
CdTe/CdS  18.3% [130] shorter wavelengths compared (2) Te is an extremely rare element
to Si modules [130]. [130].
(2) Cadmium is abundant [131]. (3) Cd is toxic [131].
(1) CIGS have a high efficiency
that is similar to that of (c-5i)
PV cells.
(2) Less expensive, as CIGS can
ThinFilms  CIS/CIGS ~ 22.8%[132]  osorblightusingonly =202.5, o4 o) o ources are limited [134],
mm layer thickness, which
decreases the use of raw
materials.
(3) Easy to fabricate compared to (c
Si)-based PV cells [133].
(1) High resistivity to heat damage
[136]. (1) Gais an expensive material
CaAs Over 30% (2) High absorption coefficient, as because of its low abundance
[135] GaAs is a direct bandgap [138].
material [137]. (2) Asis highly toxic [139].
(3) The highest PCE [135].
Organic Flexibility and versatility; Low carrier mobility;
Semiconduc 18%  Low-cost production; Sensitivity to environmental factors;
tors Tunable properties; Limited device lifetime;
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Large-area fabrication

Narrow operational temperature range;
Limited energy levels and bandgaps

Size-tunable properties;

Toxicity concerns;

High quantum yield; Cost:
Quantum 20% Broad abS(')r.ptlon spectra; Limited device lifetime;
Dots Good stability; o . .
- oL s Difficulty in large-area deposition;
Compeatibility with different .
Complexity
substrates
Bandgap engineering;
gap engih & Complexity of fabrication;
Improved carrier confinement; . .
40-50% - . . Strain-related issues:
Quantum . Efficient light emission; e
(only in e . L Temperature sensitivity
Wells Compatibility with existing .
laboratory) . . Narrowband emission
semiconductor technologies; .
. .. Sensitivity to defects
High quantum efficiency
High light absorption; . s
gh g P Environmental stability;
Tunable bandgap; . .
Soluti bilit Toxic materials;
ion pr ility;
Perovskite 24% OIHON processablitty; Performance and reproducibility;

High charge carrier mobility;
Versatility;
High efficiency

Limited device lifetime;
Scalability issues

Table 34. Main characteristics of SCs based on Si [119].

Material Structure S, cm? Jsc, mA/cm? FF, % Efficiency
c-Si 4.00 40.9 82.7 24.0
c-Si 45.7 39.4 78.1 21.6
c-Si 22.1 41.6 80.3 23.4
mc-Si 1.00 36.5 80.4 18.6
mc-Si 100 36.4 77.7 17.2
tf-Si 240 274 76.5 12.2
tf-Si 4.04 379 81.1 21.1
a-Si:H 1.06 16.66 71.7 10.3
a-Si:H 0.99 17.46 70.4 10.9
a-Si:H 1.0 194 74.1 12.7
a-Si:H 1.08 18.8 70.1 115
ITO/c-Si/a-Si 1.0 394 79.0 20.0
a-Si:H 1.0 19.13 70.0 12.0
a-Si:H 1.0 18.4 725 12.3
a-Si/a-Si/a-SiGe 7.3 73.0 12.4
a-Si:H 1.0 194 74.1 12.7
a-C/a-SiML/a-SiC/a-Si 1.0 19.6 71.8 13.2
a-C/a-Si/a-SiC/a-Si 1.0 19.8 73.3 13.2
1TO/a-Si:H/a-SiGe:H 0.28 11.72 65.8 12.5
a-Si/k-Si 0.03 16.2 63.0 15.0
a-SiC/a-Si 1.0 8.16 71.2 10.2
a-Si/a-Si 1.0 9.03 74.1 12.0
a-SiC/a-SiGe/a-SiGe 1.0 7.9 68.5 12.4
a-Si/a-Si/a-siGe 1.0 7.66 70.1 13.7
p'a'&O:I;/ :aP'IS“H/ T 10 18.8 74.0 12,5
ITO/a-Si:H/Si:H/a-siGe 0.27 6.96 70 12.4
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a-Si:H/a-Si:H/a-SiGe:H  1.00 7.9 68.5 124
. 16.4 72.0 10.3
a-5i/CulnSe2 17.4 68.0 53

. . 10.4 76.0 7.25

a-5i/me-5i 302 79.2 13.75

In Table 35, the second generation of solar cells represents a significant advancement
in technology, providing higher efficiency, enhanced performance, and reduced
production costs when compared to first-generation solar cells.

Table 35. Main characteristics of SCs based on CdTe [140-143].

Material Structure S, cm? Jsc, mA/cm? FF% Efficiency%
ss/ITO/CAS/CdTc//Cu/Au 0.191 20.10 69.4 11.0
ss/Sn02/CdS/CdTe 0.824 20.66 74.0 12.8
$s/Sn02/CdS/CdTe 0.313 24.98 62.7 12.3
$s/SnO2/CdS/CdTe 0.3 26.18 61.4 12.7
5s/SnO2/CdS/HgTeGa 1.022 21.9 65.7 10.6
MgF2/ss/SnO2/CdS//CdTe/C/Ag 1.047 25.09 74.5 15.8
ss/Sn02/CdS/CdTe/Ni 1.068 20.93 69.6 11.2
ss/Sn02/CdS/CdTe 0.08 22.1 66.0 10.9
MgF2/ss/SnO2/CdS/CdTe 1.115 20.9 74.6 12.9
Ss/Sn02/CdS/CdTe/Cu/Au 0.114 17.61 72.8 10.4
CdTe 12.7

The SCs highlighted in Table 36 [140-145] are part of the third generation of SCs’
technology. These sophisticated SCs use advanced materials to improve energy
conversion efficiency, while simultaneously reducing manufacturing costs. Figure 23
reports an overview of different generations of SCs: 1st generation, 2nd generation
(commercial thin films), and 3rd generation (emerging thin films).

1% Generation 2" Generation 3" Generation

A
4 A N N A 2\

D - Organic

n - Organic

HTL
Ag

Figure 23. Overview of different generations of solar cells: 1st generation, 2nd generation
(commercial thin films), and 3rd generation (emerging thin films). Reprinted with permission from
ref. [144].
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Table 36. Performance attained by various configurations of Perovskite Solar Cells (PSC) with progressive years.

PCE (%) Voc (V) Jsc (mA/cm?) FF Device Configuration Year Reference
7.11 0.63 18.61 0.606 FTO/PCBM/CsSnosGeosls/Spiro-OMeTAD/Au 2019 [146]
7.37 0.73 15.8 0.64 Au/TiO2/m-TiO2/MASno25Pb0.75/Spiro-OMeTAD/Au 2014 [147]
7.66 0.97 11.1 7.66 ITO/ZnO/MASnls/spiro-OMeTAD/Au 2015 [148]

9 0.52 24.1 0.71 ITO/PEDOT:PSS/FASnls/CeoBCP/Ag 2017 [149]
9.2 0.61 21.2 0.72 ITO/PEDOT:PSS/GAxF Ao.ssxSnls—1% EDAI2/Ceo (20 nm)/BCP/Ag 2018 [150]
9.8 0.76 19.1 0.66 ITO/PEDOT:PSS/MAPbo.ssSno.sls-yCly/PCaBM/Ag 2014 [151]
10.2 0.72 19.2 0.73 FTO/TiO2/N719 Dye/Perovskite/ZnO 2012 [152]
12.1 0.78 20.65 0.75 ITO/PEDOT: PSS/MASnosPbo.alsxBri/PCBM/Ag 2017 [153]

13.24 0.84 20.32 0.78 FTO/PEDOT PSS/EAo0.ssED Ao.01Snls/CeoBCP/Au 2020 [154]
14.06 0.79 22.8 0.78 ITO/PEDOTPSS/MAosF AosPbo.zsSno.2sls/PCei BM/Ceo/ Ag 2016 [155]
10.2 0.7 21.9 0.66 ITO/PEDOT:PSS/FASn0.5Pb0.513/C60 BCP/Ag 2016 [156]
14.1 0.74 26.1 0.71 ITO/PEDOT:PSS/C60 BCP/Ag 2016 [157]
15.08 0.79 26.86 0.70 ITO/PEDOT:PSS/(CHsNH3)o4 HC(INH2)2]0.6Sn0.6Pboals/Ceo/BCP/Ag 2016 [158]
17.55 1.03 21.9 0.78 ITO/PEDOT:PSS/MAPbo.ssIno.i51sClois/PCs1 BM/Bphen/Ag 2016 [159]
18 1.02 224 0.78 FTO/SnO2/Cso.16F AosiPb(lo.ssBro.12)s/Spiro-OMeTAD/Au [160]
19.1 1.01 224 0.78 FTO/Poly-TPD/0.15 mol% Als+-doped CH3NH3PbI3/PCBM/BCP/Ag 2016 [161]
223 1.71 24.1 0.81 ITO/PTAA/Cs0.05(F A0.92M A0.08)0.95Pb(10.92B 0.08)3/Ceo/BCP/Cu 2020 [162]

23 1.16 24 0.82 Glass/ITO/PTAA/(Cso.05(F As/MAI)o.osPb(losBro.1)s)/PCBM/BCP/Ag 2021 [163]
23.7 1.16 24.16 0.84 Glass/ITO/PTAA/PEAI/(Csoos(FAs/MAT)ossPb(losBro.1)s)/PEAI/PCBM/BCP/Ag 2021 [164]
24.6 1.05 25.5 0.83 FTO/SnO2/(FAPDbI3)095(MAPDbBr3)00s/P3HT/Au 2023 [165]
24.8 1.16 26.35 0.8 FTO/c-TiO2/m-TiO:/FAPbls/Spiro-OMeTAD/Au 2020 [166]
25.4 1.19 25.09 0.84 FTO/SnO2/MAPbBrs/HTL/back contact 2021 [167]
25.5 1.18 25.74 0.83 FTO/SnO:-Cl/FAPbIs/Spiro-OMETAD/Au 2021 [168]
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RF radiating source

6.1.3. Challenges and Future Directions for Emerging SCs Technologies

SCs represent a technology with great promise; however, challenges such as
restricted efficiency, high manufacturing costs, and durability concerns must be
addressed in order to effectively enhance SC technologies. To overcome these obstacles, it is
crucial to explore innovative materials like perovskites, which show promise in boosting the
efficiency of solar cells, as well as to adopt new fabrication methods and manufacturing
processes [110].

6.2. Radio Frequency (RF)-EHWSN

With the rapid growth of wireless technologies, the wireless power density is
increasing due to various electromagnetic sources like mobile base stations, TV towers,
and Wi-Fi routers. Using RF energy to power small sensor nodes that can operate on just
microwatts of power has become popular to save costs and replace batteries. For this
reason, signals from various sources, especially in urban areas, can be converted into
electricity using a rectenna (rectifying antenna). This component efficiently converts RF
signals into usable DC power. In Figure 24, the architectural design of a rectenna can be
divided into distinct parts [110].

RF wireless energy harvester

Transmitting (T) antenna

Base station

Transmitting Energy
distance storage
drr
_______ . | |
Free space LALL
SRR :n_n\m.'sion Power Load
. ==+ circwit & —— managment —* (j.e. sensor
voltage unit (PMU) node)
Receiving (R) multiplier
antenna

Figure 24. Schematic blocks of a radiofrequency energy harvesting system. It includes an antenna,
a matching circuit, a rectifier, a voltage multiplier, a power management unit, an energy storage
unit, and a load.

The antenna is essential to the rectenna, receiving radiofrequency signals when it is
resonant at the wavelength of the electromagnetic wave. A matching network ensures
impedance alignment with rectifying circuitry to prevent signal reflection. The rectifying
circuitry converts AC radiofrequency signals into DC power. Advanced rectifier options,
like Schottky diodes, tunnel diodes, and spin diodes, offer high efficiency with low
incident power levels. Schottky diodes are preferred for RF energy harvesting due to their
low threshold voltage and junction capacitance, enabling efficient operation at RF
frequencies. Researchers are studying materials like graphene to improve rectification and
efficiency, with Metal-insulator-graphene (MIG) [168] diodes achieving over 90%
efficiency at 170 GHz. A filtering network is applied to smooth out any ripple or residual
AC component in the rectified output. A PMU control ensures a consistent power supply,
extending the battery lifetime. The PMU includes a DC-to-DC charge pump that steps up
lower voltages from the battery to power device components. Energy storage components
like capacitors or rechargeable batteries store the converted DC power for later use, ensuring
a stable power supply for a sensor node. Energy densities can vary from 0.01 pW/cm? to 100
UW/cm?, and in some cases, where a dedicated RF transmitter is available, the RF power
density can reach 300 pW/cm?. The efficiency of each block is crucial for the overall power
conversion efficiency of an RE-EHWSN. Therefore, all elements play an equally important
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role in achieving optimal performance [169]. To optimize overall efficiency, it is crucial to
carefully evaluate the placement of the RF transmitter, as well as the distance and
orientation between the harvester and the RF transmitter, and ensure that the receiving
antenna is accurately aligned and matched about beam pointing and polarization. The
different power densities of RF bands can be found in Table 37.

Table 37. The power density of different RF bands.

Source Conditions Frequency Power Density Efficiency
DTV 470-610 MHz 0.89 nW/cm? +50%
GSM (MT) 880-915 MHz 0.45 nW/cm? +50%
GSM/AG LTE 900 (BT) 920-960 MHz 36 nW/cm? +50%
RE (ﬁ‘;g;age) GSM/AG LTE 1800 (MT)  1710-1785 MHz 0.5 n'W/cm? +50%
GSM 1800 (BT) 1805-1880 MHz 84 nW/cm? +50%
3G (MT) 1710-1785 MHz 0.46 n'W/cm? +50%
3G (BT) 2110-2170 MHz 12 nW/em? +50%
Wi-Fi 2.4-2.5GHz 0.18 n'W/cm? +50%
4G LTE 2600 2500-2690 0.3 mW/cm?-0.000767 mW/m? +50%

The near field and far field, reported in Figure 25, are regions of the electromagnetic
(EM) field around a transmitting antenna. These categories differ in the way they transfer
energy across distances. Near-field sources work at close distances, usually within a few
wavelengths of the transmitter, while far-field sources transmit energy over greater distances.

Rayleigh Region Fresnel Region Fraunhofer Region
Reactive ! Radiative | Radiating
cear Fi ! Near Field ! ;

Near Field | ear rie 1 Far Field
1 |
1 1
1 |
1 1
1 |
1 1
o ! : |
D3 1 Ry=12. D_ |
Antenna B =0 62\}7 : =2 :
1 ]
1 |
Distance R 1 Distance R0 !
| 1

Figure 25. Near-field and far-field regions for an antenna.

Electromagnetic induction and magnetic resonance are frequently utilized in near-
field applications to generate electricity and power devices located within close proximity
to each other. In reference [171,172], near-field RF-EH is detailed as taking unintentional
RF energy ranging from 10 kHz to 1 GHz, and converting it into usable energy within a
railway environment. By utilizing a metamaterial with a broad frequency range of 350
MHz and an 8.5 kQ) load, it was possible to achieve a remarkable energy transfer efficiency
of up to 84%. In far-field applications, antennas can receive RF signals and convert them
into power through rectifier circuits. However, the power received by omnidirectional
antennas decreases with distance, limiting the amount of energy available for harvesting.
RF energy harvesters are more effective in urban and suburban areas, where there are
abundant energy sources in close proximity to RF sources. Figures 26-28 show some ex-
amples of RF EH.
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Dual-polarized Omnidirectional

______________

Rectenna

Receiving antenna

Figure 26. Image showing the setups for powering the sensor node using an RF generator (left) and
a monopole antenna (right) for the RF harvester input. Reprinted with permission from ref. [173].
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Figure 27. Image showing the setups for powering a load using a rectenna array designed at 2.45
GHz (left) and a fabricated rectenna array (right). Reprinted with permission from ref. [174].

Figure 28. Module for smart environmental sensing (RAMSES) for agriculture IoT sensor. Reprinted
with permission from ref. [175].

Challenges and Future Directions for Emerging RE-EHWSN Technologies

While RF-EH technology has made significant advancements in recent years, there

are still several practical challenges that must be overcome. One major challenge is the
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limited range and efficiency of RF harvesters, which can limit the power supply of sensor
nodes in real-world scenarios. The variability in RF signal strengths and frequencies
across different locations also adds complexity to EH efforts. Furthermore, the integration
of RF-EH with existing WSN infrastructure and traditional protocols poses another
significant challenge that needs to be addressed. Future research directions for RF-
EHWSN include improving the efficiency, optimizing antenna design and placement,
developing novel materials with improved RF energy absorption properties, developing
adaptive EH algorithms and protocols, exploring alternative energy sources for WSNs,
and exploring new energy storage solutions that can better meet the power requirements
of sensor networks. Table 38 provides an overview of RF-EHWSN design and
implementations [110].
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Table 38. Comparative analysis of existing circuits for the RFE-EHWSN.

Max Circuit Size Max Gain Max Harvested
Ref. Frequency (GHz) Conversion Pin (dBm) . DC Output Substrate Distance (m) Diode Type
. . (mm?3) (dBi)
Efficiency (%) Voltage (v)
[176] 24 80 40 x40 x 1.6 4.9 7.8 6.82 FR-4 1.5 Schottky CMOS
H -2852
[177] 2.45 20 249x8.6x1.6 -20 0.8 0.097 FR-4 0.9 SMS-285
Schottky
1.05@1.5 m; 1. H -2862
[178] 2.45 - 160 x 130 x 0.55 —40to 0 5 05@1.5 m; Cordura fabric > SMS-286
l@2 m 2 Schottky
[179] 3.1-8 69 6.3x13x0.8 -10 3.2 - FR-4 0.5 SMS 7630
[180] 1.975-4.744 88.58 40x45x1.6 0 43 10.703 FR-4 2 HSMS5 2708
Schottky
[181] 0.91-2.55 68 165 x 165 x 0.8 -10 5t08.3 0.243 FR-4 - HSMS-285C
Roger
[182] 1.7-3 60 178 x 148 x 0.813 - 9.902 3.7 RO4003C 0.75 SMS7630
[183] 24 50 63.7x45.6x1.6  -10to17 5.3 3 FR-4 1-2.5 HSMS 2850 and SMS7630
[184] 2.1 and 3.3 76.3 31 x18x1 4t016 - - F4B - HSMS286
[185] 24 69.3 4x11.7x1.6 5.2 5.9 3.5 RO4003C - SMS7630
[186] 2.45 19.5-44.6 150 x 80 x 4 -9.48 8.53 - RO4003 - SMS7630
59%@ 2.45; 2.6@2.45;
[187] 2.45 and 3.6 1% @3.6 44 x24.5 x 0.06 2 L6@3.6 - Rogers R04003 0.65 SMS-7630
0.516 in parallel RT/duroid
[188] 22 50 71x71x1.6 29 7.46 1,087 in series 5880 Rogers 1 SMS7621
HSMS286C
1 . S5 x2 . -1 4. 7 R 1.2
[189] 0.909 88 99.5 x 26 x 0.508 0 6 ogers 5880 SMS7630
[190] 20-26.5 70 32.6x16 x4 27 8 6.5 Textile 0.12 MAA4E-1319
[191] 0.915-2.4 80 115x15x14 -7 2.3 1.8 Textile 4.2 BAT15-04R
[192] 0.83 63 - -10 1.7 0.65 Felt 0.89 SMS7630-0791f
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6.3. Infrared-Frequency Rectifying Antenna

Contrary to solar energy, which can be limited by weather factors like clouds and
rain, as well as the absence of sunlight at night, infrared radiation (MID-IR around 10 um,
28.3 THz) is consistently available 24/7. Signals from various infrared sources can be
converted into electricity using a rectenna (rectifying antenna) or an Infrared-frequency
Rectifying Antenna (IRA), a type of antenna that, combined with an ultra-high-speed
diode, converts infrared radiation into direct current (DC). This section offers a
comprehensive overview on specific aspects, and advancements on IRA. The research
focuses on quantum tunneling in both single insulator and multi-insulator diodes, ballistic
transport as well as antennas at the nanoscale, current challenges, and future prospects.
The working principle of an IRA involves capturing infrared radiation with an antenna,
and converting it into electrical energy through rectification. This energy is subsequently
utilized to power sensor nodes. The main components of an IRA in Figure 29 include an
antenna, a rectifier, and a load [193-197].

Incident Radiation

™
\_______./

\__________,—’

Load

DC current

Figure 29. A basic architecture of a typical THz rectenna.

One of the significant advantages of using IRAs is their capability to capture energy
from a wide range of ambient infrared sources, such as sunlight, waste heat from
household appliances, Earth’s surface, and even body heat. When the size of the antenna
is specifically designed to capture the MID-IR electromagnetic wave (EMW) in resonance
condition, a flow of electrons known as Surface plasmon polaritons (SPPs) propagate
along the interface between the metal and dielectric material. SPPs rapidly decay as the
distance from the metal surface increases. This plasmonic signal creates an alternating
current (AC) signal on the antenna surface, which is rectified through an ultra-fast diode
(planar or geometric) generating a DC current. In the THz range, a diode requires a short
response time (approximately 10715 s RC time constant). One possible solution is to create
a diode that activates when it reaches the open circuit voltage of the antenna, effectively
improving power efficiency. A low-pass filter (LPF), is used in EH applications to stabilize
the rectifier's output voltage and ensure consistent DC voltage. A DC-DC converter is
necessary to adjust voltage levels from the LPF for a storage device like a rechargeable
battery. An optimal impedance match between the antenna and diode is key for efficient
rectenna conversion. Planar and geometric diodes achieve the same function of allowing
current to flow in one direction while blocking it in the other direction. For planar diodes,
Metal-insulator-metal (MIM) and Metal Multi-Insulator Metal (MI"M, n represents the
number of ultrathin insulator layers) play a crucial role in converting MID-IR
electromagnetic radiation into electrical power. MIMs work by allowing electrons to
tunnel through a thin insulating layer between two different metal layers, producing a
nonlinear current-voltage characteristic. This makes MIM diodes ideal for high-frequency
applications. The insulating layer acts as a barrier, controlling the flow of current in one
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direction while blocking it in the other. In MIM technology, as shown in Figure 30, anten-
nas use the same metal material, except for the contacts at the tip, which are made from a
different material. This generates an asymmetry between the materials, enhancing the rec-
tification process [193-197]. The passage of electrons through the insulating layer creates
current flow in the device, which can be regulated by the open circuit voltage at the an-
tenna ends to capture and convert energy more effectively. Optimizing MIM rectifier per-
formance involves adjusting insulating layer thickness, material properties, and electrode
metals. Tables 39 and 40 display the figures of merit (FOM) for the MIM/MInM diodes,
including asymmetry (Asym), nonlinearity (NL), responsivity (S), current density (JON),
turn-on voltage (TOV), and zero-bias resistance (ZBR). These parameters are crucial for
evaluating the performance of MIM/MI*M diodes. In recent years, there has been signifi-
cant progress in the development of MIM diodes for THz rectennas.

The theoretical conversion efficiency of this technology surpasses the limit set by
Shockley—Queisser (S&Q) [198-204]. However, although there have been notable advance-
ments in antennas and diode rectifiers, there are still several technological challenges that
need to be overcome at 28.3 THz. The antenna design, materials utilized, and the rectifi-
cation technology implemented determine the improvement of the IRA. Researchers have
made several efforts to improve the efficiency and performance of MIM diodes for THz
rectennas. Table 39 reports recent advancements in the field of MIM diode for THz recten-
nas, opening new possibilities in practical applications [198-204].

Table 39. Summary of recent achievements in the field of MIM diode for THz rectennas.

. Cut-Off Fre- . Zero Bias
-1
Material quency Thickness Jon Asym NL S (V) S (V1)
Cu (100 nm)-CuO-Au
CuO (0.7 nm)
2 - - -
(100 nm) 00045 i) 28.3THz 0 oo 6 4
[199]
Ti-TiOz-Al (21,287 um?) . . .
[205-208] Upto150 THz TiO2(9nm) 10" A/cm 6.5 18
Ti-TiO2-Pt (21,287 um?) , . .
[205-208] Upto150 THz  TiO2(9 nm) 100 A/cm’ 15 15
Nb/Nb20s/Pt [205,206] Up to 150 THz Nb20s (15 nm) - 1500 4 20 -
Nb/Nb20s/Cu [205,206]] Up to 150 THz Nb20s5(15 nm) - 1500 8 20 -
Nb/Nb20s/Ag [205,206] Up to 150 THz Nb20s(15 nm) - 1500 8 20 -
Nb/Nb20s/Au [205,206] Up to 150 THz Nb20s5(15 nm) - 1500 8 20 -
Al20s3 (1.4 nm)
Au/ALOs/Pt [205-210] Up to 28.3 THz Au/Pt (100 nm) - - 6 - 10
Ni-NiO-Ag (3.1 x10* .
um?) [211] Upto343THz NiO (6 nm) - 5 3 8.5 5.8
Pt-SiCls-(CHz)17-CHs -Ti SiCls-(CHz)17-
(100 ) [217] Upto150THz  Jpy oot o - 117.8 6.8 20.8 8.0
Nb/TiO2/Pt [213] Upto30THz  TiO2(13 nm) - 80 3.5 - -
Nb20s (15 nm) 1 % 10-10
Nb/Nb20s/Ni [213]  Up to 150 THz Nb/Ni (90-100 Aemm? 396.5 7.1 8.5 -
nm) ¢
Nb20s (15 nm)
Nb/ szc;;i? /AU 40150 THz - Nb/Au (90-100 - 1430.8 8.0 7.0 -
nm)
SrTiOs 5% 10
(STO)/AL05/SrTiOs Up toRF Aem? - - - -

(STO) [215]
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Cu-CuO-Cu (2 x 2 um?) CuO (2 nm)
2161 Upto150THz £ o’ o 4.497
110 6 9
for for for
ALOs (6 nm) AP-CVD AP-CVD
PYALOYAI[217]  Upto 150 THz po by i - I 0 AP-2(;VD -
for for
PEALD PEALD [°F PEALD
AL-ALOrAu [218] Upto60 THz Al/Au (65nm) 4.0 pA/em? - - 14.46 -
-4
ALALOsCr [219]  Upto283THz 2B nm) - 2x10 . 31 . .

Al/Cr (100 nm) A/cm?

On the other hand, MI"M diodes represent an advanced version of MIM rectifiers
(Figure 31), where multiple insulating layers, incorporated between the metal electrodes,
enhance the rectification efficiency and frequency response of the diode. The observed
advantages over MIM are low leakage current, high breakdown voltage, and low operat-
ing voltage. The careful selection of insulators with extremely narrow bandgaps ensures
that only electrons possessing a specific energy level can successfully tunnel through. This
leads to a significantly enhanced rectification ratio. In addition, the metals used for con-
tacts can be of the same nature, as long as the electron affinities of the insulators are dif-
ferent. Table 40 reports recent achievements in the field of Metal Multi-Insulator Metal
(MI"M) diodes for THz rectennas.

PMMAL .} PMMA —
MMA g MIA

Si/5i02 Sifsio2

FMMA
MMz -

sifsio2

Signal A = SE9
Photn o = 364

= o

Figure 30. The fabrication process of nanoantennas and the rectenna device. Panel (a) highlights a
SEM image of the nanoantenna array created using EBL. Panel (b) outlines the overlap fabrication
steps: (i) creation of the first antenna arm, (ii) exposure of the second arm using electronic beam
layer (EBL), (iii) removal of exposed resist with methyl isobutyl ketone (MIBK) and Isopropyl alco-
hol (IPA) developer mixture (ratio 1:5:3), (iv) deposition of 0.7 nm of oxide through atomic layer
deposition (ALD), (v) sputtering of the second arm, (vi) completion of device after liftoff process
with acetone. Panel (c) displays a SEM image of the fabricated overlap, while panel (d) presents a
SEM image of the antenna-integrated diode. Reprinted with permission from ref. [219,220].
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A0pm
E——

Figure 31. (a) MI?M fabricated on a silica substrate Si, where the metal pads, Pt and Ti, are over-
lapped for an area of 900 pm?, and (b) cross-sectional view of the diode part, obtained by TEM.
Reprinted with permission from ref. [199].

Table 40. Summary of recent achievements in the field of Metal Multi-Insulator Metal (MI"M) diodes
for THz rectennas.

Zero Bias

Resi
S (V) esistance

Material Cut-Off Frequency  Jon Asym NL S (V)

W/NDb20:5 (3 nm)/Ta20s (1
nm)/W [221]
W/Nb20s (1 nm)/Ta20s (1
nm)/W [221]

Up to 150 THz

- 11
- 11

Cr (60 nm)/TiO2 (1.5 nm)/AlOs
(1.5 nm)/Ti (60 nm) [222]

Cr (60 nm)/TiO2(0.75 nm)/Al20s

(0.75 nm)/TiO2(0.75 nm)/AL2Os
(0.75 nm)/Ti (60 nm) [222]

Up to 150 THz

Al (60 nm)/Ta20s (3-6
nm)/Al20s (1 nm)/Al (60 nm)
[223]

Al (60 nm)/Nb20s (3-6
nm)/Al203 (1 nm)/Al (60 nm)
[223]

Up to 150 THz

102A/m?2

18

7.5 9

Co/C030: (1.1 nm)/TiO2 (1.05
nm)/Ti [224]

Up to 30 THz

10° A/cm?

22

18 KQ

Ti/TiOz (1 nm)/ZnO (0.5 nm)/Al
[225]

Up to 17.4 THz

1.6

312Q

Cr/Cr205 (2 nm)/HfO2 (2
nm)/AlOs (2 nm),Cr
[224-226]
Cr/Cr20s3 (2 nm)/ALOs (2
nm)/HfO:2 (2 nm)/Cr [226]

Up to 30 THz

Pt (70 nm)/TiO2 (2 nm)/TiO14
(0.6 nm)/Ti (50 nm) [219]

Up to 30 THz

4.2 x 106
A/m?

7.3

Cr (100 nm)/Cr20s (3 nm)/Al20s
(3 nm)/Ag (100 nm) [227]

Up to 30 THz

3 mA/cm?

>280

Cr (100 nm)/ALOs (2 nm)/HfO:
(2 nm)/Cr [228]

Up to 30 THz

70 pA/cm?

9

10 4.8
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ZCAN (ZrCuAINi 150
nm)/HfO:2 (5 nm)/ALOs (3 Up to 30 THz - >10 >5 - - -
nm)/Al (150 nm) [229]
Pt (150 nm)/HfO2 (1.5 nm)/TiO2

- 4 -
(15 nm)/Ti (150 nm) [230,231] Up to 30 THz 10 >5.5 2x10 0.1 MQ
Pt (150 nm)/Al2Os (1.5 nm)/TiO:2 .
(15 nm)/Ti (150 nm) [230,231] Up to 30 THz - 17 >5.5 2x10 - 0.1 MQ
Ni (150 nm)/NiO (1.5 nm)/ZnO Up to 30 THz ) 16 i ) ) )

(1.5 nm)/Cr (150 nm) [232]

Graphene-based geometric diodes (GGD) are a promising technology for THz recten-
nas due to their high electron mobility, excellent thermal conductivity, and flexibility. In
a graphene-based geometric diode, a graphene nanoribbon is precisely patterned into a
specific geometric shape, such as a zigzag or armchair structure, as shown in Figure 32.
This unique design introduces a bandgap into the graphene material [233].

V=0 v=YV, V=0
7 457

45°; V=V,

45°".

(@) (b)

Figure 32. (a) Relevant dimensions of an inverse-arrowhead diode; and (b) a Z-diode. Reprinted
with permission from ref. [233].

The functionality of the diode relies on the asymmetrical tunneling process through
the openings in the graphene sheet. When the MID-IR radiation is incident on the gra-
phene surface, the electrons in the graphene sheet are excited and can move through the
openings of width d,,, as shown in Figure 32a,b. This results in a selective flow of current
in one direction while restricting it in the opposite direction, leading to a rectification ef-
fect. Table 41 reports recent achievements in the field of graphene-based geometric diodes
for THz rectennas.

Table 41. Summary of recent achievements in the field of graphene-based geometric diodes for THz

rectennas.
Operating Maximum Zero-Bias Zero-Bias
Diode Configuration Nanoantenna  Frequency Responsivity Responsivity Resistance
(THz) (V) (V) (9)

Exfoliated monolayer gra- metal bowtie 15
phene-based arrowhead- 28.3 0.2for Vbs=15V 0.18 for Vbs=0V 13K
. nm Cr/40 nm Au
shaped diode [234]

Exfoliated monolayer gra-

metal bowtie 15

phene-based arrowhead- Up to 160 0.8for Vps=04V 0.3 for Vbs=0V 19K
. nm Cr/40 nm Au
shaped diode [235]
Exfoliated monolayer gra- 11\ otie 15 0.2 for Vos (V) = 1.4
B S = 1.
phene-based arrowhead- 28.3 i 0.12 for Vbs=0V 3K
nm Cr/40 nm Au \Y%

shaped diode [236]
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(CVD) monolayer graphene- metal bowtie Ti
3 f =0. qf =
based arrowhead-shaped di- (10 nm)/Au (40 28.3 03 for Vos (V) =05 0.1 for Vs (V) =0 5K
\Y% \Y%
ode [237] nm)

Z-shaped graphene geomet-
ric diodes [233]

- 283 2.4 for Vo (V) =05V - -

6.3.1. Challenges and Future Directions in the Field of Antennas

Designing antennas for the MID-IR frequency range presents challenges due to
unique spectrum characteristics. Special materials and design considerations are needed
for efficient reception, which are still being explored. One main challenge is finding suit-
able materials that operate efficiently at these frequencies, as many traditional materials
have high losses in the MID-IR range. Innovative antenna designs and optimization tech-
niques are necessary to achieve high efficiency. Advanced nanofabrication techniques are
required for creating miniaturized antennas in the THz range. Integrating THz antennas
with diode rectifiers is essential for a functional rectenna system, but impedance matching
remains a challenge. Surface reflection and scattering can result in losses, emphasizing the
need to minimize radiation leakage and ohmic resistance. Future directions for THz anten-
nas include exploring new materials like metamaterials, plasmonic materials, and graphene
to enhance performance. Researchers are exploring new antenna shapes capable of captur-
ing the MID-IR signal more easily. Advances in fabrication techniques, such as additive
manufacturing, nanolithography, atomic layer deposition (ALD) and 3D printing, are ena-
bling the development of complex and miniaturized antennas for the MID-IR frequency
range. These techniques allow for precise control over antenna geometry, resulting in im-
proved performance and efficiency [238-241].

6.3.2. Challenges and Future Directions in the Field of THz Diode

Currently, most THz diodes operate up to the MID-IR frequency. One of the main
challenges in the field of THz diodes is to push the operating frequencies to higher limits.
Another challenge is to improve the efficiency of THz diodes, which is currently less than
1% [198]. This includes reducing power consumption, increasing output power, and max-
imizing the conversion efficiency of electrical power into THz radiation. Some potential
areas of development and research include exploring different materials and material
combinations for the diode layers to improve conductivity, bandgap, and electron
transport properties, which can lead to higher energy conversion efficiencies. Improving
the interface between the metal and insulator layers can help reduce leakage current, im-
prove charge carrier injection, and enhance overall device performance. Integration and
fabrication techniques for THz diodes often involve complex processes, such as depositing
ultra-thin insulator layers, precise electrode patterning, and atomic layer deposition
(ALD). Achieving excellent alignment between multiple layers is also important. Devel-
oping reliable and scalable fabrication techniques is crucial for consistent performance
and enabling large-scale production [242,243].

6.3.3. Implementing Machine Learning in Emerging EHT

Machine Learning (ML) for emerging energy harvesters is a topic that involves using
artificial intelligence algorithms to optimize the efficiency and performance of EH devices
[244]. ML algorithms can be used to analyze data from energy harvesters and make pre-
dictions or recommendations to improve their energy conversion efficiency. In particular,
ML can be used to optimize the placement of solar panels to maximize sunlight exposure,
or to adjust the operating parameters of a thermoelectric generator (TEG) based on real-time
environmental conditions. In addition, ML can help to identify new materials and design strat-
egies for EH devices that can further increase their performance and reliability.
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ML algorithms in EH have various other applications, such as predicting energy
source availability, managing harvested energy, and predicting energy intensity, as de-
tailed in the survey in [245]. Predicting energy source availability is a key use of ML tech-
niques in energy collection. In a research study, linear regression and artificial neural net-
works (ANN) were used to identify and switch between expected and unexpected radio
frequency (RF) energy sources in order to enhance energy harvesting (EH) by adjusting
the wake-up and sleep schedule as needed [246]. AdaEM [247] employs ML to forecast
user behaviors, energy consumption trends, and the availability of energy sources for
managing power in wearable devices. A proof-of-concept study revealed longer intervals
between recharging by utilizing energy harvested from light and movement. ML has the
potential to uncover innovative materials suitable for diverse thermoelectric energy har-
vesting devices [248]. Various ML algorithms, including linear regression, support vector
machine, random forest, and decision tree, were utilized in a study [249] to forecast the
presence of RF energy at different points within a WSN. Specifically, the linear regression
model established a threshold within the RF frequency band, ranging from 1805 to 1880
MHz, to determine when to activate the energy harvester or switch to sleep mode for op-
timal efficiency [250]. EH is commonly employed in wearable and assistive devices to
power them, with the additional integration of ML techniques to enhance their capabili-
ties. The study in [251] presented the use of supervised ML methods to predict harvestable
energy from indoor lights. The model incorporates spectral information to accurately clas-
sify energy sources, demonstrating its ability to predict energy output for GaAs solar cells
with a mean absolute error of less than 5%. Another study in [252] demonstrated a dis-
tributed ML framework where connected devices collect energy from the environment.
Various ML algorithms have been explored to improve MPPT performance, including
techniques for solar energy harvesters [253-257] and TEGs [258]. However, the computa-
tional demands of ML pose a challenge, leading to increased energy consumption. There-
fore, the implementation of ML techniques in EH-WSNss devices is still in its early stages.
Finally, ML can be also used for dynamic power management in sensor nodes to predict
and optimize power consumption. By predicting power consumption, it can adjust power
settings dynamically to optimize energy efficiency. Optimization algorithms take into ac-
count current workload and performance requirements to adjust power levels in real-
time. Anomaly detection ML algorithms can identify and address inefficient or malfunc-
tioning components in a system by detecting anomalies in power consumption. This op-
timization helps reduce energy waste and improve system performance. Adaptive control
ML algorithms continuously monitor and adjust power settings based on changing system
conditions to optimize power consumption in real-time.

6.3.4. Hybrid Energy Harvesting

Hybrid Energy Harvesting (HEH) combines various energy sources, such as solar,
RF, IR, etc., to produce a higher electrical output. By leveraging the strengths of each en-
ergy source, HEH systems are able to operate more efficiently and effectively, making
them ideal for a wide range of applications, including remote sensing, environmental
monitoring, and IoT devices. For instance, while SCs only utilize a fraction of the incoming
light, the photons that fall outside the material bandgap are typically lost as heat. By inte-
grating thermoelectric or infrared techniques with photovoltaic systems, it is possible to
capture a higher percentage of the incoming energy, boosting the overall power output
[259]. The study in [260] demonstrated the mathematical modeling and numerical analysis
of heat transfer and temperature distribution for the calculation of PV-TEG hybrid energy
generation. It was found that a theoretical energy efficiency of 23% is achievable in PV-
TEGs, which is higher than that of single energy harvesters. The system can achieve a
power conversion efficiency of 16.3% by utilizing a 15 °C temperature gradient in a TEG
combined with a Photovoltaic (PV) system [261]. HEH presents a promising solution by
combining the advantages of various energy harvesting techniques. On the other hand,
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this approach introduces complexity in designing the coupling interface and power con-
ditioning circuit. The difficulties associated with the coupling effect between Triboelectric
Nano Generator (TENG)-Thermoelectric Generator (TEG) and TENG-Photovoltaic (PV)
systems were explored for a metal-semiconductor interface in [262]. This paper [263] de-
scribes the creation of a hybrid RF-Solar EH unit that utilizes both RF waves from the GSM
900 band and solar power. The hybrid system efficiently captures RF waves and solar en-
ergy to enhance the power generation capability and improve the tagging distance of the
EM4325-based active Radio-Frequency Identification (RFID) tag operating at 919 MHz.
Demonstrations have indicated the successful utilization of multi-source energy harvest-
ers [264] for powering various electronic devices and sensors in real-world applications.

7. Conclusions

EHWSNSs are becoming increasingly important in various applications, revolutioniz-
ing data collection and decision-making processes. To the best of our knowledge, only 30
papers have comprehensively detailed a completely self-sustainable technology focused
on micro-scale energy systems. This paper reviews the advancements enabling the per-
petual operation of EHWSNSs. Despite efforts to reduce energy consumption, the energy
required for continuous operation remains high. Various energy-saving techniques were
explored, with strengths and weaknesses identified. PMU and DC-DC boost converters
play a crucial role in maximizing efficiency. Advanced ES solutions are being researched
to ensure continuous operation. Different protocols are compared for energy efficiency,
with harvesters explored for unlimited EHWSN lifetime. One potential future research
direction to enhance EHWSNs’ efficiency is to develop techniques that can utilize multiple
energy sources simultaneously. By combining different types of energy harvesters,
EHWSNSs could increase overall energy generation and storage capabilities, improving
longevity and sustainability. Open issues and future research directions are being ad-
dressed to enhance efficiency and longevity. Today’s technology may not be sufficient,
but potential paths towards efficiency are discussed.
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The following abbreviations are used in this manuscript:

ES Energy Storage

ULPDT Ultra-Low-Power Design Techniques

EHT Energy Harvesting Technique

PMU Power Management Unit

IoT Internet of Things

ULP WCP Ultra-Low Power Wireless Communication Protocol
WSN Wireless Sensor Network

DC Direct Current

DVS Dynamic Voltage Scaling

DFS Dynamic Frequency Scaling

RBB Reverse Body Biasing
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DT

FNT

EMI

ESP

ITA NTP
QAM
UL/DL MIMO
OFDMA
BPSK/OQPSK
WPANSs
6LoWPAN
LoRaWAN
CSSs
NB-IoT
LPWAN
GSM
WCDMA
TDMA
LTE

GPIO
DAC
MPPC/MPPT
MnO:2Li
MnO:2
LiSOCl2
LiO2S
NiCd
NiMH
Li-Ion
EDLCs
PCs

HSCs
MAB

Li

Na

K

n

Voc

Isc

FF

Pmax
Vmpp

Impp
Rsh

c-Si
mc-Si
tf-Si
a-Si
MIG
IRA
IPA
SEM
GGD
TEG
ML
EHWSN

Direct Tunneling

Fowler-Nordheim Tunneling
Electromagnetic Interference

Energy Saving Protocol

Integrating Terrestrial and Non-Terrestrial Protocols
Quadrature amplitude modulation
Uplink/Downlink MIMO

Orthogonal frequency-division multiple access
Binary Phase Shift Keying/Offset Quadrature Phase Shift Keying
Wireless Personal Area Networks

IPv6 over Low-Power Wireless Personal Area Networks
Long Range Low Power Wide Area Network
Chirp Spread Spectrum

Narrowband Internet of Things

Low Power Wide Area Network

Global System for Mobile Communications
Wideband Code Division Multiple Access
Time Division Multiple Access

Long Term Evolution

General-Purpose Input and Output Device
Digital-to-Analog Converter

Maximum Power Point Control/Tracking
Manganese dioxide lithium

Manganese Dioxide

Lithium Thionyl Chloride

Lithium sulfite

Nickel-Cadmium

Nickel-metal hydride

Lithium-ion

Electric Double-Layer Capacitors

Pseudo Capacitors

Hybrid Supercapacitors

Metal-air batteries

Lithium

Sodium

Potassium

Efficiency

Open-Circuit Voltage

Short-Circuit Current

Fill Factor

Maximum Power Point

Voltage at Maximum Power

Current at Maximum Power

Shunt Resistance

Series Resistance

Single-crystalline silicon

microcrystalline Silicon

Thin-film silicon

Amorphous silicon
Metal-insulator—graphene
Infrared-frequency Rectifying Antenna
Isopropyl Alcohol

Scanning Electron Microscope
Graphene-based geometric diodes
Thermoelectric energy generators

Machine Learning

Energy Harvesting Wireless Sensor Network
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EH

X

RX
PMOS
NMOS
CMOS
DIBL
BLE
LE
BR/EDR
UWB
Wi-Fi
LANs
DSSS
MIMO-OFDM
LOS
CSMA/CA
FSK
GFSK
RF
BDMA
PSTN
GEO
LEO
ENO
PNO
IC
ULPMU
IR
ADC
Mg

Al

Fe

Zn
Al-air
Ca—air
Mg-air
Fe-air
Li-air
Zn—air
TFBs
SC
PVE
Eg

AC
MCU
EMW
SPPs
LPF
MIM
MI"M
FOM
Asym
NL

S

TOV
ZBR

Energy Harvesting

Transmitter

Receiver

Positive-Channel Metal-Oxide Semiconductor
Negative-Channel Metal-Oxide Semiconductor
Complementary Metal-Oxide-Semiconductor
Drain-Induced Barrier Lowering

Bluetooth Low Energy

Low Energy

Bluetooth Basic Rate/Enhanced Data Rate
Ultra-Wideband

Wireless Fidelity

Local Area Networks

Direct Sequence Spread Spectrum
Multiple-input, multiple-output orthogonal frequency-division multiplexing
Line-Of-Sight

Carrier Sense Multiple Access with Collision Avoidance
Frequency-Shift Keying

Gaussian Frequency Shift Keying

Radio Frequency

Big Data Management and Analytics

Public Switched Telephone Network
Geostationary Satellites Orbit

Low Earth Orbit

Energy-neutral operation

Power-neutral operation

Intermittent computing

Ultra-low power management unit

Infrared

Analog-to-Digital Converter

Magnesium

Aluminum

Iron

Zinc

Aluminum-air

Calcium-—air

Magnesium-air

Iron-air

Lithium-air

Zinc-air

Thin-film batteries

Solar Cell

Photovoltaic Effect

bandgap

Alternating Current

Microcontroller Unit

Electromagnetic Wave

Surface plasmon polaritons

Low-Pass Filter

Metal-insulator-metal

Metal Multi-Insulator Metal, n represents the number of ultrathin insulator layers
Figures of Merit

Asymmetry

nonlinearity

Responsivity

Turn-on Voltage

Zero-Bias Resistance
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ALD Atomic Layer Deposition
S&Q Shockley—Queisser
EBL Electronic Beam Layer
MIBK Methyl Isobutyl ketone
ANN Artificial Neural Networks
HEH Hybrid Energy Harvesting
RFID Radio-Frequency Identification
UHF Ultra-high frequency
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