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Abstract. With the increase in low-power electronics applications such as
the Internet of Things (IoT), wireless sensor networks, and wearable
electronics, there is an increasing demand for renewable energy sources that
go beyond conventional battery systems. In this context, radio frequency
energy harvesting (RFEH) is emerging as a viable technology that allows
for the harvesting of ambient electromagnetic energy with conversion into
usable electrical energy. This review discusses the state-of-the-art in the area
of energy harvesting antennas, including their design methodologies,
performance metrics, and implementation issues. It reviews various antenna
configurations applicable to energy harvesting, such as wideband,
multiband, and fractal antennas and their integration with rectifying systems
to form complete rectenna systems. Much progress has been made on
various technical issues, including impedance matching methodologies,
device performance improvements through optimization and miniaturization
techniques for harvesting systems. Further, in the area of metamaterials,
intelligent systems and hybrid energy harvesting technologies are emerging
as possible solutions to the problems highlighted in this review of the
available literature. The purpose of this review is to provide an account of
most of the significant papers that have been published recently and to
elucidate the current progress in this area, as well as to highlight persistent
problems and possible future approaches for the development of efficient
energy harvesting antennas for low-power devices.

1 Introduction

The swift progression of low-power electronics and wireless communication technologies
has accelerated the proliferation of compact, low-power electronic devices for applications
as diverse as environmental monitoring and implantable biomedical devices. There are
significant limitations to conventional power sources, especially batteries, because of their
limited lifespan, environmental nuisance, and management and replacement issues, which
are formidable obstacles to their future development. These limitations give rise to
considerable research interest in alternative sources of energy, which can provide a
sustainable, maintenance-free power source for such low-power electronic devices [1].
Energy collection technologies have been developed as viable alternatives by means of
harvesting ambient energy generally derived from such sources as solar radiation, thermal
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gradients, vibrational energy, and electromagnetic radiation. Within this group, radio
frequency energy harvesting (RFEH) has significant advantages due to the pervasive cause
of radio frequency power signals in urban and indoor situations generated by mobile phone
networks, Wi-Fi routers, radio broadcasting, and television broadcasting. It is the case that
other ambient energy sources are temporal in nature and dependent on the environment, and
thus, this form of energy is much more stable and predictable, which renders it particularly
advantageous for applications that will confidently require continuity of operation [2].

The energy harvesting antenna is the principal component in any RF energy harvesting
system, serving as the primary interface through which ambient electromagnetic waves are
harvested. Inherently, the antenna design is filled with unique engineering challenges, since
this class of antennas must simultaneously satisfy contradictory requirements for small
physical dimensions, increased efficiency, increased bandwidth, and stable impedance
characteristics through multiple frequency bands. The antenna must also be incorporated
effectively into a rectifying circuit to construct a complete rectenna (rectifying antenna)
system, which will convert the harvested RF energy to usable DC power. Fig. 1 [3].

Research Publications in Energy Harvesting Technologies (2015-2025)
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Fig. 1. Schematic timeline highlighting milestone improvements in ambient-RF rectenna research from
2015 to 2025

This timeline illustrates how the field has progressed from single-band, lab-scale prototypes
to multiband, high-efficiency rectennas with built-in power management. The three axes on
which improvement has taken place are: broader antenna bandwidth, higher rectifier
conversion efficiency at lower input power levels, and real power management unit
functionality (cold-start, MPPT). The following technical sections are set out in this context.
This literature survey attempts to provide a comprehensive survey of recent developments in
energy harvesting antenna design for powering low power consumption devices. Several
antenna topologies, performance improvement techniques, and integration approaches noted
in the scientific literature recently are examined. This survey also discusses emerging
applications and arrives at a current perception of the difficulties and future avenues of
research in this rapidly changing field. By bringing together material from diverse sources
the present survey will serve as an important reference for those involved in research and
engineering work towards the achievement of self-sustaining, battery-free electronic systems.
The way the architecture separates the RF front-end (Antenna + Matching) from the Rectifier
and PMU, as shown in Fig. 2, is presented. Important design levers are polarization handling,
harmonic termination, and cold-start behavior of the PMU.

Fig. 2 decomposes the complete harvesting chain and the principal interfaces yielding losses;
the need for co-design of antennas and rectifiers (impedances, harmonics) is stressed together
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with the system-level processing interfaces where PMU functions such as energy gating, and
cold-start are implemented. The reference framework for component-level discussions

throughout the paper.
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Fig. 2. RF Energy Harvesting System Architecture — End-to-end RF energy-harvesting (rectenna)
architecture showing antenna, matching, rectifier, power management, storage, and load

1.1 Fundamental Principles of RF Energy Harvesting

The concept behind the radio frequency energy harvesting technology is to convert the
electromagnetic energy available in the surroundings into usable electrical energy. This is
done by picking up RF signals with a receiving antenna, processing the received signal
through impedance matching networks, and converting the alternating current (AC) to direct
current (DC) by means of rectifier circuits. In order to design efficient energy harvesting
systems, it is important to have a good understanding of the basic principles that govern this
energy conversion process [4].

The method of energy transfer in RF energy harvesting systems is given by the Friis
transmission equation, where the relationship between the amount of power B.,received by
the harvesting antenna and the amount of power transmitted by the source (P, ):

A’ 2
By = Py Gy Gry (47‘[D) )

where G, and G,, G-itis the gain of the antennas of the transmitter and receiver respectively,
A is the wavelength, and D is the distance between the transmitter and the receiver. This
equation highlights the essential values that influence the amount of power available for
harvesting, emphasizing the great importance of antenna gain and frequency of operation in
the design process Fig. 3. shown in the last chapter states that ambient RF surveys usually
report -30 to -10 dBm of incident powers at points near strong base stations, the indoor Wi-
Fi bands often being below -20 dBm at the antenna plane. The figure gives perspective to the
expected values of harvestable power.

The graph illustrates how the available power for harvesting varies with distance from the
location of harvesting and frequency. It shows that sub-GHz bands are those usually in
practice available with higher initial powers and more suited to harvesting, while indoor Wi-
Fi bands may be almost invariably lower. The diagram here will encourage band choices and
the matching of these for practical applications. The level of RF powers to be harvested from
ambient powers is different for every environment and frequency band. Recent measurements
in different environments, for example, urban environments, indoor environments, and
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basement areas, have indicated that the maximum power levels harvested occur in those
bands below 1 GHz and more particularly those used for GSM-900, GSM-1800
communications, where received values of -15.3 dBm have been measured in some
conditions. This knowledge has led the designers of the antenna to seek frequencies in these
bands that will be suited for energy harvesting. The curve is shown in Fig. 4 the

% propagation dependence. For a given EIRP and receiver gain, the received power falls off

rapidly with distance for power harvesting to be carried out. The higher frequencies
experience a greater loss of free-space power, and higher-gain antennas are needed or a lesser
range in application [5, 6].
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Fig. 3. Ambient RF Power Density Distribution — Measured/typical ambient RF power-density
distribution across environments and bands; highlights sub-GHz dominance in many locales
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Fig. 4. Friis Transmission Equation - Received Power vs Distance — Received power versus distance

under free-space path loss using the Friis equation; illustrates how frequency and antenna gains shape
RF harvestability
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The figure provides a visual representation of the(rlz) relationship between distance from the

source and how quickly the RF energy available from the surrounding environment
decreases, based on the respective frequencies. It further supports the need for slightly larger,
more directive antenna systems to collect enough energy for practical use, in addition to less
directional antennas with smaller dimensions to collect more than what would otherwise be
captured using a larger directional antenna system (antenna gain). As mentioned in the
previous section, the goal of these systems will ultimately determine what configurations of
antenna(s) will need to be used. It is important to note that the lowest levels of sensitivity for
the rectification devices (rectifiers/PMU's) that will need to be utilized to harvest the RF
energy can vary depending on where the RF energy was collected, and typically include
sensitive output voltages and/or currents required to create an electrical output needed to
engage with the energy harvesting systems that utilize them. Complete RF energy harvesting
systems consist of several essential components that need to be interfaced correctly to
optimize the efficiency of the systems (Table 1):

- Receiving Antennas — antennas that collect and intercept ambient RF energy from
the surrounding world. The characteristics of receiving antennas include Antenna Gain,
Antenna Efficiency (Radiation), Bandwidth, and Antenna Polarization [7-9];

- Impedance Matched Network (IMN) — A component that provides the maximum
amount of power transferred from the receiving antenna to the input of the rectifier, and
minimizes impedance mismatches between the receiving antenna and the rectifier, resulting
in an efficient harvest of energy [10];

- Rectifier Circuit — The rectifier circuit (currently) used to harvest RF energy. Most
rectifier circuits will incorporate Schottky-type diodes due to their low forward bias voltages
and fast-switching capabilities to convert incoming AC RF energy into DC power. The most
commonly used configurations for rectifier circuits to harvest RF energy are the voltage
doubler configuration, the Dickson charge pump configuration, and the Greinacher multiplier
configuration [11].

- Power Management: Helpful in conserving the harvested power and controlling the
charging of capacitors or batteries for stable DC power to the consumer load [12].

Table 1. Key Components of an RF Energy Harvesting System — Summary of the core RF
energy-harvesting subsystems with typical metrics and implementations

Component Primary Key Performance Common
Function Parameters Implementation
Receiving Antenna Captures Gain, efficiency, Microstrip patch, fractal,
ambient RF bandwidth, polarization slot antennas
signals
Impedance Maximizes Return loss, bandwidth, L-match, n-match,
Matching Network power transfer quality factor transmission line matches
Rectifier Circuit Converts RF to Conversion efficiency, Schottky diodes, voltage
DC power sensitivity, output voltage multipliers
Power Regulates and Storage efficiency, Supercapacitors, thin-film
Management stores energy quiescent current batteries

This Section outlines the main sub-units of the antenna, matching circuit, rectifier, and power
management of their prime function as well as the critical performance metrics and
representative implementations. When considering design scope, these four sub-units serve
as a checklist of sorts because each has its own set of levers (e.g., the polarization of antennas
and the harmonic terminations of rectifiers) that impact overall system efficiency. Overall
system efficiency (1;0¢4;)1s the product of the efficiencies of each component:

Ntotal = Nantenna X nmatching X nrectifier X Npmu-
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This multiplicative relationship underscores the importance of optimizing each subsystem
rather than focusing exclusively on a single component. Even an antenna with exceptional
performance will yield poor results if integrated with an inefficient rectifier or improper
impedance matching [13].

1.2 Antenna Design Approaches for Energy Harvesting

When designing antennas for energy harvesting purposes, it’s necessary to consider several
criteria. The different antenna designs may have different advantages depending on the
application scenario. In this section, various strategies for designing antennas are reviewed
as found in recent articles. Refer to Figure 5: These antennas are built with Arrays and
Metasurfaces, allowing for a greater Amplification and/or Aperture, while using Fractal
Elements assists in multi-band operation within a reduced Size. Conversely, slots will enable
a greater Bandwidth than areas with multiple elements. The trade-offs between these various
categories of antennas are illustrated in the Figure supplied. Fig. 5, presents comparative
graphic maps where each topology is efficient: slots for wide bandwidth, fractals for compact
multi-banding, arrays for higher gain, and metasurfaces for field shaping and miniaturization.
It prepares the reader for the forthcoming sections on topology-specific matching and rectifier

integration.
Antenna Type Characteristics: Bandwidth vs Gain vs Efficiency
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Fig. 5. Performance Comparison of Antenna Topologies — Comparative performance summary of
antenna topologies (patch, slot, fractal, array, meta surface) relevant to harvesting efficiency

1.2.1 Wideband Antenna Designs

Wideband antennas seek to obtain energy from a broad range of frequencies and thereby
maximize the amount of energy harvestable in the ambient environment. This configuration
is particularly useful when a variety of RF sources are present in the surrounding medium,
operating at selective frequency ranges. The major advantage of the wideband configurations
is the ability to harvest instantaneously energy from a number of sources without the
requirement of a multiplicity of antennas specifically for each source. The total power
harvested is thus increased significantly, while the number of antennas and corresponding
complexity are decreased. Wideband antennas operate with a lower quality factor (Q) than
narrowband antennas, thus presenting problems of coaxial or other matching in devices with
wide bandwidths, which are two attributes that are in conflict with one another. The antennas
of Fig. 6 - Fig. 8 show that arrays and meta-surfaces give higher gain or aperture, fractals
give a multimode operation with compact sizes, and slots give wide bandwidth, all showing



EPJ Web of Conferences 376, 06002 (2026) https://doi.org/10.1051/epjcont/202637606002
ICRAMEN 2026

different trade-offs, while the figure compares these different configurations. Thus, Figure-6
shows that wideband slots may provide acceptable impedance and gain and usable gain over
large portions of the spectrum, which enables harvesting from a multiplicity of sources
without the requirement of a multiplicity of antennas. The matching problems at the edges of
narrow bands are also indicated, informing issues concerned with the design functionality

[7].

Iterative Patch Antenna Geometry Evolution
Panel 1: Initial Patch Geometry Panel 2: First Iteration—
(Single Resonance) Dual Resonances

Panel 4: Third Iteration—
Multiple Resonances and Wider
Bandwidth

Panel 3: Second Iteration—
Quad Resonances

Fig. 6. Illustrative return loss (S 11) and realized gain versus frequency for a representative wideband
slot design covering 2—8 GHz; markers indicate operating sub-bands used in harvesting scenarios

In Fig. 7, is shown contrast in the increase in the effective aperture (and therefore
captured power) is shown by using Arrays and meta-surfaces, particularly when connected
to sources that are directional or further away. Also, address the trade-off between complexity

and size for higher amounts of harvestable power.
Return Loss vs Frequency — Resonances Emerge with Iteration
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Fig. 7. Theoretical results for planar arrays and metasurfaces, as shown in the concept's gain versus
frequency/aperture plots, illustrate the Metasurface's higher levels of aperture efficiency and beam
steering from the frequencies of interest versus that of the Planar Array to achieve the same directed
beam from the frequency of the desired source

In Fig. 8, this is an explanation of how the self-similar geometry of fractal antennas has
resulted in multiple resonances and area conservation. This means that fractal antennas will
provide more spectral coverage for ambient energy harvesting within the constraints of
wearable and embedded devices (i.e., form factors).
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Return Loss vs Frequency Across Patch Antenna lterations
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Fig. 8. The performance of an antenna is compared based on the efficiency of harvesting ambient
energy. Each antenna type (patch, slot, fractal, array, metasurface) is described in relation to the order
of magnitude of efficiency for ambient energy harvesting

The representative Antenna family analysis of Table 2 provides a comparison of the
following two characteristics across all 12 bands for the antenna families: 1) Normalised
Size, 2) Gain/Efficiency, 3) Complexity, 4) Cost Relative to each other. Matrix comparing
representative antenna topologies versus bands, size, gain/efficiency, complexity, and cost
factors (Table 2).

Table 2. Advanced Antenna Design Comparison Matrix

Desion Tvpe Frequency Bands Size Gain Efficiency | Comple Cost
gn 1yp Covered (023 | (dBi) (%) xity Factor
Microstrip Single band 0.25 4-6 85-92 Low 1.0x
Patch
W‘g‘f:f‘nd 2-8 GHz continuous | 0.35 35 7585 | Medium | 1.2x
Multi-band 0.9/1 .8/.2.4/5.2 GHz 018 47 30-90 High 1.5x
Fractal discrete
Metamaterial | Multiple bands with 1 o1 ¢ o 88-95 Very 2.0x
enhancement High
Rec";’lggura Tunable 1-6 GHz 0.3 3-6 70-82 High 2.5%

Wideband slots allow you to trade off quality factor for coverage, whereas fractal antennas
enable you to create compact multi-band antennas. With metasurfaces and reconfigurable
antennas we can also expand our capabilities beyond just size, but they require additional
complexity, material, and/or manufacturing costs (Fig. 9). Every topology has its advantages
and disadvantages; for example, some topologies allow you to lower the number of
components needed to achieve a specific output voltage or sensitivity compared to other
topologies. That is, voltage doublers produce higher output voltages at lower input pin levels
compared to voltage doublers; however, they require greater amounts of loss. More over,
multi-stage voltage multipliers are more expensive and suffer higher losses than voltage
doublers, so this chart highlights the point when to choose between a simple voltage doubler
and multi-stage voltage multipliers [11].
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Fig. 9. Rectifier Circuit Topologies Evolution — Canonical rectifier topologies (single-diode, voltage
doubler, Dickson/Cockcroft-Walton multipliers) and their operating regimes

1.2.2 Multi-band and Fractal Antennas

Multi-band antennas have emerged as a potential alternative design to wide bandwidth energy
harvesting, as they are designed to consume energy that is present in only specific, discrete
frequencies where there is significant ambient energy. Multi-band antenna designs
incorporate several resonant elements and resonant circuits that are tuned to specific
frequencies, such as GSM-900, GSM-1800, Wi-Fi, and 5G. One example is the development
of a dual-band rectenna for 0.9 and 1.8 GHz. This rectenna exhibits greater than 70%
conversion from RF to DC power due to the optimization of the antenna's geometry and the
rectifier circuit specifically for these two frequencies. Additionally, fractal antenna designs
are gaining significant interest for multi-band energy harvesting because of their self-
similarity and space filling characteristics. Fractal antennas utilize geometric recursion to
create an infinite number of resonant frequencies with increasingly compact dimensions.
Finally, recent work has led to the creation of a novel multi-band fractal slot antenna that
utilizes the properties of two distinct fractals to enhance the performance of multiple multi-
band fractal slot antennas. The performance attributes of these antennas include high
radiation efficiencies and stable gains, making them excellent candidates for implementation
in ITS and wearable devices. The principal advantage of multi-band and fractal antennas is
they are capable of demonstrating better quality factors at each of the operational frequencies,
so enabling better impedance matching and possibly larger conversion efficiencies derived
from use of this sort of method rather than from broadband designs. Multi-band operation
nebulizes required more complex matching networks due to the number of bands to be
matched [14].

1.2.3 Comparative Analysis of Antenna Topologies

The choice of suitable antenna topology requires a careful assessment of the requirements of
the target application and the environmental conditions. Wideband designs are favored in
areas with various RF sources, while multi-band and fractal antennas are more effective
where there are specific frequency bands with high power density [15]. Where directional
capabilities and high gain are required, antenna arrays give better performance, but reflect

their increased physical size, as seen in Table 3.



EPJ Web of Conferences 376, 06002 (2026)

https://doi.org/10.1051/epjconf/202637606002

ICRAMEN 2026
Table 3. Comparison of Energy Harvesting Antenna Topologies
Antenna Bandwidth Advantages Limitations Typical
Type Characteristics Applications
Wideband | 3.1 GHz or more Captures diverse Lower quality 10T sensors;
ambient sources; factor; Complex Environmental
Simple structure impedance monitoring
matching
Multi-band Discrete High Q at target Requires multiple Wireless sensor
frequency bands frequencies; Better | resonant elements networks; Smart
efficiency infrastructure
Fractal Multiple discrete | Compact size; Self- Complex design Wearable devices;
bands similar properties process ITS
Antenna Varies with High gain; Larger physical Dedicated wireless
Arrays element design Directional size power transfer
capability

Table 3 maps topology to bandwidth characteristics, advantages, limitations, and typical
applications. It is a quick reference to choose between wideband (diverse sources),
multi-band/fractal (known hot bands), and arrays (directional, higher-gain scenarios).

The selection of an appropriate antenna topology involves careful consideration of the target
application requirements and environmental conditions. Wideband designs excel in
environments with diverse RF sources, while multi-band and fractal antennas offer superior
performance when specific frequency bands with high power density are identified. In
scenarios where directional capability and high gain are prioritized, antenna arrays provide
enhanced performance despite their larger physical footprint [16]. Research has recently
focused on reconfigurable antennas capable of changing their operational modes depending
on the ambient RF environment. These designs implement RF switching or varactor diodes
to change resonant frequency, polarization, or radiation pattern based on the environmental
conditions at hand and therefore improve energy harvesting efficiency under changing
spectral conditions [3].

2 Rectifier Circuits and Impedance Matching Techniques

To enable the efficient reception of Rainfall Energy or RF and convert it into usable Direct
Current (DC) power, an efficient rectification circuit is required along with optimal
impedance matching between the transmitter (i.e., the antenna) and the rectifying circuit. This
document provides an overview of circuit topologies and optimization techniques commonly
used in relation to RF Energy Harvesting Systems.

2.1 Rectifier Topologies

Rectifier systems for harvesters have grown from basic single diode systems to advanced
multi-stage designs that will run on smaller levels of input power than what is typically
needed to power a rectifier. Typically, the Schottky diode is used as the basic building block
for various types of rectifiers because of its low forward supply voltage (typically 150 to 300
mV) and rapid turn-on response speed required for optimal efficiency operation at microwave
frequencies [17]. Voltage doubling circuits have become widely used due to their balance
between circuit complexity and efficiency, both of which provide a means to obtain higher
voltage without significantly increasing the complexity of the circuit. Voltage doubling
circuits also exhibit over 60% efficiency when operating from a 15 dBm input power level
in dual-band applications; for example, 1.95 GHz and 2.5 GHz. The voltage doubler circuits'
balance in their configuration allows for effective rejection of even-order harmonics,

10
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obviating the need for additional filtering components [18]. Applications that require a
significant increase in voltage output typically utilize multistage rectifier circuits based on
the designs of Dickson charge pumps or Cockcroft—Walton multipliers. These circuits
employ a series of diode-capacitor stages, which are stacked on top of each other and have a
voltage-multiplying effect directly proportional to the number of stages they contain.
Research has indicated that it is possible to obtain output voltages from these multi-stage
circuits that will sufficiently power low-power microcontrollers and sensory nodes, even
when these devices receive very low levels of input power [19]. Fig. 10 shows a close-up
view of one of the circuits that help relate the abstract names of topology to practical
topologies of circuits (the point where impedance control will most strongly affect the
efficiency of converting power). It also prepares the reader for an upcoming discussion on
matching networks by identifying common nodes and paths (harmonic paths) between the
circuit's topology and the impedance control points within the circuit's harmonic paths and
nodes.

Complexity Progression Across Rectifier Designs
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Fig.10. Rectifier Circuit Topologies Evolution

Fig. 11, illustrate how each topology exhibits a characteristic “efficiency dome,”
peaking at an optimum input power and degrading at very low/high levels. The visual guides
topology selection for ambient versus intentional-WPT regimes.
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There are several trade-offs between the different types of rectifiers, which include circuit
complexity, conversion efficiencies, and operational bandwidths. The simplest rectifier
topology is a single-diode rectifier, where there is only one diode. However, single-diode
rectifiers will only produce a limited output voltage. Designers usually prefer to implement
a multistage rectifier design which is capable of producing higher voltage amplifications;
however, this increases the amount of components that need to be used along with the need
for coordinating component values in the design process to ensure that all of the components
are consistent in their performance and to eliminate loss and inefficiencies caused by physical
losses within the circuits making up each stage of the multistage rectifier network [20].

2.2 The impedance Matching Networks

Matching networks are a crucial aspect of poorly configured antennas. They help optimize
the power transfer from an antenna to the rectifier circuit by adjusting the complex loads
provided the rectifiers which varying based on the frequency and input power levels of the
system (Fig. 12). Therefore, good matching of impedances can allow a system to have
increased efficiency of 20 to 30% or higher compared to an inefficiently matched system,
especially when there are very low levels of input power because most of the losses occur in
this area. There have been many different types of networks studied for impedance matching,
including L-networks, n-networks, T-networks, and multiple section transformers. Although
L-networks are the easiest to construct using only two circuit elements, the trade-off is limited
design flexibility. On the other hand, a four-section matching network will be much more
effective for Dual-band rectennas due to its ability to maintain high efficiencies for Multiple
frequency bands and input power level ranges [21]. Since rectifiers have non-linearity and
are power-dependent, they create difficulty in constant impedance matching. The efficiency
in the range of matching can be increased by using impedance compression networks and
multi-section matching. A rectifier's impedance is dependent on frequency and input power;
it therefore may require a broad frequency band or power adaptive match. Impedance
compression and harmonic termination are presented as solutions for increasing the range of
efficiency available from rectifiers by occupying a larger area of the frequency/power curve.

L-Section n-Section T-Section Multi-section
An i :

Simple Better harmonic Good for complex Wideband,
narrowband rejection impedances complex design
Complexity Better harmonic Good for Wideband,

Low Medium compleximpedances complex design

Fig. 12. Impedance Matching Network Configurations — Representative impedance-matching networks
(L/n/T and multi-section transformers) used to maximize RF-to-DC power transfer

Dealing with various input levels of power, it was recently discovered through research
studies that Impedance Compression Networks (ICN) provide constant input impedances.
These methods support efficient rectification by reducing the Non-Linear Characteristics of
the Rectifier Circuits, which are caused by changing levels of incident power input. The
techniques enable efficient conversion levels to exceed 50% throughout the wide range of
input power levels, that is, beyond 6.7 dBm. This marks an astounding improvement as
compared to the efficiency of Conventional Matching Networks [22]. Recent advancements
in matching networks have been achieved by leveraging sophisticated optimization

12
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techniques developed to address multiple factors at the same time, including component
values, quality factors, and harmonic terminations. By employing these computational
capabilities, designers can create matching networks that optimize both maximum power
transfer at the fundamental frequency while also managing the harmonic frequencies in a
strategic manner, thereby increasing the efficiency of rectification [23]. Table 4 summarizes
the most important trade-offs when designing rectennas, to help select candidate rectenna
topologies for specific intended input power levels or frequency ranges (bandwidths), which
you may then fine-tune through a process of co-design of both the circuit operation and EM
behaviour of the rectenna circuitry. When looking to select rectifier topologies, you should
examine Table 4 to find the most appropriate rectifier family based on the expected efficiency
of operation, the maximum available output voltage that may be obtained from the rectifier
circuit, the circuit complexity of the rectifier topologies, and the expected levels of power
conversion efficiency that may be achieved from the selected rectifier.

Table 4. Comparison of Rectifier Topologies for RF Energy Harvesting — Benchmarking of rectifier
families by efficiency, voltage, complexity, and recommended use cases

Rectifier Type Typical Output Complexity | Optimal Application
Efficiency Voltage
Single Diode 40-60% Low Low High input power
scenarios
Voltage Doubler 60-75% Moderate Moderate Medium power
applications
Dickson Charge 50-70% High High Ultra-low power
Pump applications
Greinacher 45-65% High High High voltage
Multiplier requirements

The different topologies provide tradeoffs between the number of components and output
voltage, as well as their sensitivity. Low-Pin performance can be improved through the use
of voltage doublers, while higher output voltages could be achieved through the use of multi-
stage multipliers with increased losses associated with their use. As illustrated in Fig. 13,
enhanced matching can help result in flattening of efficiency across a larger dynamic range,
thereby leading to improved robustness. Furthermore, Fig. 13 ties circuit techniques to
system-level stability.

Rectifier Topology Efficiency vs Input Power
(shaded = optimal operating zone)

Single dioce
Veltage doubler
80t — 4-stage charge pump
8-stage multiplier
~72% @ -15 dbm
70+ ~68% & ~5 6B

=55% @ ~10 dBm

RF-to-DC Conversion Efficiency (%)

=30 -20 -10 [ 10 20
Input Power (dBm)

Fig. 13. Rectifier Efficiency vs Input Power Characteristics
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Table 5 provides more granular comparisons—including peak-efficiency points, low-power
behavior, component counts, and cost factors—across several stages. This is used to select a
topology tailored to input-power regime and output-voltage needs, then refine with
impedance-aware matching.

Table 5. Rectifier Performance Optimization Matrix

Parameter Single Diode Voltage 4-Stage 6-Stage
Doubler Dickson Greinacher
Peak Efficiency 55% - 10 72% - 15 dBm 68% -5 dBm 65% - 0 dBm
dBm
Low-Power Poor Moderate Good Excellent
Operation
Output Voltage Low (1-2V) | Medium (2-4V) High (4-6V) Very High (6-12V)
Complexity Low Medium High Very High
Component Count 3-5 6-8 12-15 18-22
Cost Factor 1.0x 1.3x 1.8x 2.5x
Best Application High power | General purpose | Low power IoT | High voltage apps

Fig.14 distills design heuristics: when minimal parts and cost prevail, single-diode
designs suffice; where sensitivity or voltage headroom dominates, multi-stage options are
justified. It complements the tabulated benchmarks.

Rectifier Topology Performance Curve

70 Parameter
—e— Peak Efficiency (%)
Output Voltage (V)
60 —e— Compenent Count
—e— Cost Factor (x)
20
10

——
ol *

Single Dicde Voltage Doubler 4-Stage Dickson 6-Stage Greinacher

Fig. 14. Rectifier Performance Optimization Matrix

3. System Integration and Performance Metrics

The successful implementation of an energy harvesting system requires careful integration
of components into a cohesive rectenna system. This section examines the strategies for
combining antennas with rectifying circuits and discusses the key metrics for evaluating
system performance.

3.1 Co-Design Methodologies

When designing an Antenna and its associated Rectifier circuits, the conventional method of
optimizing each separately typically results in suboptimal combined performance, as there
are many interaction effects between the individual components. Co-design methodologies
provide for the simultaneous optimization of both the Antenna and Rectifier as a single
integrated system. The method of co-design will take into account mutual coupling effects,
parasitic elements, and interconnection losses, which are often neglected in separate design
efforts [24]. One prominent example of co-design is the creation of compact rectennas built
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on one substrate, where the antenna components are designed with the rectifying circuits to
reduce transmission loss and enhance the compatibility of both together electromagnetically.
The efficacy of integrated designs has been significantly greater than that of traditionally
designed equipment in terms of overall system efficiency, as demonstrated in the figure. The
x-axis and y-axis measurements, along with the test parameters, should be reported
definitively in the figure legend after finalizing the figure. The iterative design process shown
in Fig. 15 helps to mitigate sub-optimal siloed product designs by providing feedback (e.g.,
co-simulation of EM circuits) and measurement checkpoints to improve end-to-end system
operational capabilities [25].

Rectenna Co-Design Process

START

Define Specifications

« Power Requirements
« Frequency Bands
« Size Constraints

v

Initial Antenna Design

» Geometry Selection
» Material Cholce
« Simulation (EM)

.

Initial Rectifier Design

« Topology Selection
« Diode Selection
« Simulation (Circuit)

v

Joint Optimization Loop

« Impedance
Co-simulation

« Harmonic Analysis

« Efficiency Calculation|

» Performance Vailda-

Performance
Met?

Final System
Characterization

Fabrication
& Testing

Parameter
Adjustment

Fig.15. Co-Design Methodology Flowchart

The hybrid integration strategy is to combine the existing technologies of RF energy
harvesting with other ambient energy harvesting technologies. In this case, systems that
utilize both RF and solar energy harvesting technologies are developing new systems that are
able to gather from the individual limitations of their ambient energy harvesting technologies
and also collect from alternative ambient energy sources including thermal and vibrational
energy harvesting. This allows hybrid systems to overcome some of the limitations associated
with RF energy harvesting and enables total energy capture that is many times the total
energy that single-source powered systems can provide. An example is shown in Fig. 16,
where the RF provides a baseline trickle, while the intermittent and higher-power solar
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energy enables sufficient storage to refill the batteries by hybridization. Thus, the use of
hybrid energy harvesting systems in various environments will increase reliability based on
hybridizing the user needs and energy generation from all ambient energy harvesting methods
available [26].

RF SOLAR VIBRATION
ENERGY ENERGY ENERGY
HARVESTING HARVESTING HARVESTING
1
« Multi-band « PV Cells | | « Piezoelectric

Antenna « Maximum Materials
« Rectifier Power Track. « MEMS Devices

* DC-DC Conv. + AC-DC Conw.

l l

!

4
POWER MANAGEMENT UNIT
« Priority Power Selection
« Maximum Power Point Trracking (MPPT)
« Voltage Regulation
« Energy Storage Control
« Load Management
|
ENERGY STORAGE

« Supercapacitors

« Thin-film Batteries

« Hybrid Storage

!
LOAD DEVICES
* Wireless Sensors
+ loT Devices
+ Wearable Electronics
« Medical Implants

Fig. 16. Hybrid Energy Harvesting System Architecture — End-to-end RF energy-harvesting (rectenna)
architecture showing antenna, matching, rectifier, power management, storage, and load

3.2 Performance Metrics and Evaluation

Energy harvesting systems can be assessed through various measurements, each of which
informs about a system's efficiency and applicability:

- Power Conversion Efficiency (PCE) — This is defined as the ratio of DC output
power to RF input power, expressed as a percentage. The PCE of a rectifier is the most
important measure of its performance. The latest generation of rectifiers typically exhibits
PCEs in the range of 60%-86% when optimal levels of input power are applied, but PCE's
drop substantially when lower levels of input power are present [27];

- Bandwidth — This is defined by how much of the frequency spectrum can be
effectively operated within the context of performance characteristics. This metric reflects
the overall flexibility or adaptability of a harvesting system to operate effectively through
various RF spectral profiles under different conditions found in nature [28];

- Sensitivity — This is the minimum RF input power level that a harvesting system
requires to produce a useful DC output voltage. The latest generation of rectifiers has been
successfully demonstrated to operate efficiently with input RF power down to levels of -20
dBm to -30 dBm, thus harvesting from the weakest ambient signals [29];

- Output Voltage and Power — The potential use of any harvesting system will always
be based on the system's capacity to provide enough voltage and power to support the
operation of any targeted device(s). The normal outputs for popular rectenna-type harvesting
systems are within the ranges of 1V-5V and power levels from microwatts to milliwatts,
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which are ideal for powering low-power MCUs and communicating devices; e.g., sensors,
communication devices, etc. [30].

In Table 6, from various bands and antenna typologies, the highest reported efficiency, and
the intended uses of the antennas are grouped collectively by band-type (analysis results [27-
30]). The table assists in establishing practical benchmarks by which to conduct an analysis
of a design. Examples of this are the Dual Band GSM vs 2.4/5.8 GHz ISM antennas. Some
examples may not contain exact measurable data; however, there are enough of these entries
to allow comparison and to derive reasonable expectations for designs based on terms like
Class A/B/DC, etc.

Table 6. Performance Comparison of Representative Rectenna Systems

Reference Frequency | Antenna Max Input Application
Bands Type Efficiency Power Focus
Level
Hesham et al. Multiple Fractal slot | High radiation N/A ITS,
bands efficiency Wearables
Advancements in 2.4/5.8 Various Fractal highest Varied General
Antenna GHz efficiency comparison
Dual-band 0.9/1.8 Dual-band 70% Not General
GHz antenna specified purpose
RF Energy- Multiple Multi- Over 70% Not IoT
Harvesting bands band specified applications
Techniques

Fig. 17 helps align design targets with standard test setups (e.g., anechoic chamber, VNA,
power meter). It provides a practical checklist for reporting and comparing rectenna
performance.

RF Energy Harvesting System Metrics: Ranges by Category

Temperature Range

Angular Coverage

Operating Range
Owerall Efficiency M —
Qutput Power
Qutput Voltage
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PCE
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Bandwidth —

Gain —

Radiaticn Efficiency M

=50 o 50 100 150 200 250 300 350
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Fig. 17. Comprehensive Performance Metrics Dashboard
Table 7 consolidates antenna, rectifier, and system-level metrics with measurement methods

and (where applicable) standards reference (e.g., IEEE Std 149). Use this when planning
experiments and reporting results to ensure completeness and comparability.
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Table 7. Comprehensive Performance Metrics Dashboard — Consolidated antenna/rectifier/system
metrics and test methods aligning with IEEE 149 and common lab practice

Metric Parameter Typical Measurement Industry

Category Range Method Standard
Radiation 70-95% Wheeler Cap IEEE Std 149

Efficiency
Antenna Gain 2-8 dBi Anechoic Chamber IEEE Std 149
1 - 0,
Metries Bandwidth 1-40% VNA Measurement | TEEE Std 149
fractional
Return Loss <-10 dB VNA Measurement IEEE Std 149
PCE (Pg\fz&f{e)r Conv. 40-85% Power Meter Custom Setup
Rectifier Sensitivity _3%1?11;10 Signal Generator Custom Setup
Metrics Output Voltage 1-12V DC Multimeter N/A
Output Power u \IZ\;VIOO Power Meter Custom Setup
Overall Efficiency 15-60% End-to-end Custom Setup
measurement
System Operating Range 1-1 308_3n16f(:)ters F1ei)d t’fe:;mg N/A
Metrics Angular Coverage ate IEEE Std 149
degrees Measurement
Temperature Range | -40 to +85 °C Environmental MIL-STD-810
Chamber

In evaluating system performance, practical implementation factors must also be taken into
consideration, for instance, angular coverage, tolerance to polarization mismatches, and
environmental robustness. These factors are ultimately what account for the actual practical
utility of energy harvesting systems when implementation is required in real-world
conditions that extend beyond a controlled laboratory environment [31].

4 Emerging Applications and Considerations for Application

The efficacy of energy harvesting antenna technologies has led to their usage in many
applications. This section examines the most promising areas for practical application and
discusses the associated considerations for real-world implementation.

4.1 Performance Metrics and Evaluation

Wireless sensor networks (WSNs) are one of the dominant applications of RF energy
harvesting technology. The widespread implementation of IoT devices in such applications
as smart agriculture, industrial monitoring and smart cities has generated a vast network of
low-power devices needing a sustainable, maintenance-free form of power. Energy
harvesting antennas permit these devices to operate autonomously by scavenging the ambient
RF energy from surrounding base stations (GSM), Wi-Fi routers, other RF sources, etc. [32].
By recent measures, a full-battery free wireless sensor node operating on ambient RF energy
harvesting has been demonstrated. Such systems usually operate some form of power
management circuitry for the storage of harvested energy in capacitors until a sufficient
voltage is attained to run brief periods of sensor measurement and data transmission. This
intermittent operational mode allows these systems to operate effectively within the restricted
power that is available from ambient RF sources [12]. Fig. 18 shows overlaying device
requirements with realistic harvested power, which shows which applications can be served
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without batteries and which require infinite or hybrid harvesters. It is the means of system-

level discussion.
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Fig. 18. Application-Specific Power Requirements Map
4.2 Wearable Electronics and Biomedical Devices

Advances in the field of energy harvesting antenna technology have aided the advancement
of wearable electronics. Wearable electronic devices are traditionally limited by the size of
the device's battery and the need to frequently recharge the battery, therefore creating an
interruption in device usage while the battery is replaced. By utilizing RF energy harvesting
methods, users can continue to use their devices uninterrupted and simultaneously have their
devices powered while it is in use. The implantable medical device (IMD) sector has also
been positively affected by the technology; examples of devices in this category include
pacemakers, neural recorders, and drug delivery systems. RF energy harvesting will enable
the transcutaneous Ly delivery of power to these devices, significantly reducing the need for
the repetition of surgical procedures to change batteries. The latest developments in this area
are miniaturized rectennas that have been developed to operate efficiently at biomedical
frequency bands and demonstrate exceptional conversion efficiencies [33, 34]. The Fig. 19
illustrates mechanical and biocompatibility constraints unique to on-body use. It motivates
design for stable resonance under bending and safe specific absorption rate limits.
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Fig. 19. Application-Specific Power Requirements Map
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4.3 Smart Infrastructure and Environmental Monitoring

The use of energy harvesting in the smart infrastructure industry has allowed for the creation
of a variety of applications that utilize RF energy to provide power to the sensors located
within them. With these new applications, we can now use this technology to support sensor
networks in ways where traditional power sources would be too inconvenient (or
prohibitively expensive) to install. Specifically, fractal antenna-based energy harvesters for
use in ITS applications have been developed to capture the ambient RF energy that exists in
the vicinity of the traffic sensors used to monitor the condition of drivers, the environment,
and the infrastructure component [35]. In designing energy harvesting systems for
deployment in smart infrastructure, particular thought should be given to the availability of
RF in the surrounding area and to the potential site-specific variables affecting the RF
characteristics. The location of an energy harvesting system is a major factor in determining
the level of performance it will achieve, depending upon the proximity of the system to active
RF sources, the degree of attenuation caused by physical structures (e.g., buildings) that may
be present, and any local regulatory requirements that may apply to the use of energy
harvesting. As a result, prior to deploying an energy harvesting system, it is common practice
to conduct a range of spectral surveys to assess the characteristics of the RF in the
surrounding area, and to use this information to design the energy harvesting system to
achieve maximum performance based upon the conditions present at the installation site. Fig.
20 provides value to this conclusion and should be interpreted with respect to the specific
measurement units, axis scales, and conditions under which the measurements were made.
The purpose of Figure 20 is to provide a means for quickly and easily determining the initial
design parameters needed for design of the energy harvesting system based upon what is
available in the environment, including frequency bands, the size of the antenna aperture, and
the limitations placed on transmitted and received power levels by the governing regulations
[36].

Normalized Requirement Demand (higher = more demandiq%)

Medical Implants

0.8
Wearable Sensors 1.00

loT Smart Tags 0.6

Environmental Monitoring 0.4
Industrial loT

0.2
Smart Agriculture

0.0

o0 o g«\c\e“d o™

Fig. 20. Application-Specific Design Requirements Matrix

Fig. 21 illustrates the relative prevalence and preference of different frequency bands
across various application domains in RF energy harvesting. The intensity scale (0.0 to 1.0)
represents the normalized presence level of each frequency band within specific application
categories.
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Frequency Preference Presence Matrix
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Fig. 21. Frequency Preference Presence Matrix for RF Energy Harvesting Applications

Band selection is based on propagation characteristics, antenna sizes, regulations, and
data rates. At 402 MHz, implants benefit from deep tissue accessibility and the protected
allocation under the Medical Implant Communication Service. Several implant links also
utilize around 900 MHz if practically available, either through regulation or having a big
economic benefit. Nine hundred megahertz affords better distance and wall penetration with
moderate antennas, making it a workhorse for wearables and smart tags, along with
agricultural sensors (good budgets with sporadic installations). At 2.4 GHz, devices are
extensively available and through systems using commercially available ra-di-os are globally
available, though for wearables and tags and industrial IoT environments where speed or
dense population matters, body losses are higher than sub-GHz frequencies. The 5.8 GHz
frequencies are better in industrial applications where capacity and channel reuse are utilized
(distance limitations, smaller antennas). This chart is not a classification by performance but
an easy design guide. The final determination as to what band is to be used should depend on
jurisdictional limits concerning (e.g., FCC/ETSI duty-cycle limitations), interference surveys
where available, and generally, energy-harvesting goal and required quality-of-service
charts.

5 Challenges and Future Research Directions

Despite significant advances in energy harvesting antenna technology, several
challenges remain that limit widespread commercial adoption. This section identifies key
limitations and explores promising research directions that may address these challenges in
the future.

5.1 Current Challenges and Limitations

The low power density of ambient sources of RF energy represents the primary
challenge for energy harvesting systems. Even in urban settings replete with RF power
sources, the normal ambient power density does not exceed 1uW/cm? and results in
microwave levels of power available for harvesting in properly sized antennas. This
circumstance limits applications to ultra-low power devices where the average power
consumption is in the microwatt to milliwatt range [37]. The power available from RF
sources or energy harvesting devices represents a significant challenge, as even when
harvesting efficiency is high, substantial power losses occur with increasing distance from
the RF transmitter. According to the Friis transmission equation, the received power
decreases proportionally with the square of the distance, which fundamentally constrains the
effective operational range of RF energy harvesting systems. This relationship requires a
careful alignment of the RF source and energy harvesting devices placed or built with higher
gain antennas so as to accommodate for the path loss [38]. Another problem, due to the
variable frequency components unique to all environments, is the necessity for frequency
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effects on the energy harvesting devices to be designed in a universally effective way. The
spectral contents from the RF power sources vary drastically in urban environments from
suburban environments from rural environments. This means they must either be designed to
work particularly effectively in one environment or be designed as an adaptive RF energy
harvester that would accommodate successfully all available environments that necessitate
addition in some manner. Additionally, many RF sources vary in effective availability as to
instantaneous use of signals which further decreases the average power available for
harvesting [27]. The comments contained in Fig. 22 give a summary of the reasons the design
of rectennas requires multi-disciplined optimization. It also frames the following roadmap
items that are offered in the solution of the given limitations that have been noted.

Challenge Assess:

Fig.22. RF Energy Harvesting Challenges Radar Chart

Implementation challenges include the difficulties of miniaturization, especially at low
frequencies where antenna size is inversely proportional to frequency, the difficulties of
combining multiple harvesters, and government restrictions on transmit levels and
frequencies, which affect the available ambient energy for harvesting [39].

5.2 Promising Research Directions

Emerging research trends in antenna technology show promise for addressing both the
limitations of existing technologies and expanding the capabilities of energy-harvesting
antennas. Metamaterials is a new type that has been developed and has shown great potential
for increasing the efficiency with which antennas convert stored energy into mechanical
work, without increasing the size of the actual device itself. Antennas based on metamaterial
technology exhibit a distinctive way of interacting with electromagnetic waves (the
electromagnetic spectrum). By manipulating, capturing, and focusing incoming energy
within the antenna, metamaterials will improve the overall conversion of power from radio-
frequency (RF) signals entering the antenna. Some recent demonstrations have included a
metamaterial-based rectenna that drastically improves the power conversion process by
amplifying and concentrating incoming RF signals [39]. Fig. 23 indicates a suitable method
to apply complexity, recommending it only be used when such complexity yields a significant
increase in either the sensitivity or bandwidth of a signal. Additional complexities not
yielding a significant increase can typically be omitted from the system design due to
diminishing returns (e.g., increased costs without concomitant increases in performance).
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Fig. 23. RF Energy Harvesting Challenges Radar Chart

Due to the increasing use of Al in Optimization for the next several years, more complex and
extensive parameter searches will be conducted more quickly due to Al's ability to predict
antenna geometries, matching network parameters, and configurations automatically as a
result of training on Data based on user applications and environmental conditions [40, 41].
The research conducted by Lima et al. on an Al-based framework for energy optimization
for autonomous IoT networks demonstrated the ability to adapt and optimize energy use
dynamically in response to RF energy sources. The developed Al-based framework resulted
in improved energy utilization efficiency [42]. Included in Fig. 24 is the 'design effort' axis,
which indicates a possible future use of Al for the evaluation of Design Efforts within the
context of high-dimensional complicated Design Spaces, particularly for wideband and
hybrid designs.
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Fig. 24. Efficiency vs Complexity Trade-off Analysis

Simultaneous wireless information and power transfer (SWIPT) is a technique that enables
wireless networks to send power and data to an end device (client device) simultaneously. It
applies to 5G and future 6G networks because it allows base stations to potentially provide
IoT devices with connectivity and a power supply through devices. Research into this area is
focusing primarily on waveform development, resource allocation, and receiver design in
order to optimize both the communication and power transfer capabilities of the client-end
device [3]. The combination of radio-frequency (RF) energy harvesting techniques and other
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forms of ambient energy sources, such as solar, thermal, and vibration-based sources, allows
for a more reliable hybrid energy harvesting system that mitigates the inherent limitations of
a standalone RF energy harvester. Hybrid systems leverage the complementary nature of
multiple energy sources; for example, using RF energy as a continuous baseline source while
augmenting higher-power intermittent sources such as solar energy to enable higher-volume
energy output. As shown in Fig. 25, various prototypes of hybrid energy harvesting systems
can be categorized to help identify additional environmental tests, manufacturability, and
reliability tests that are still required to achieve a real-world implementation [43].

TRL of (2020-2030)

TRL Level

2020 2022 2024 2026 2028 2030
Year

Fig. 25. Technology Readiness Level (TRL) Progression

With the recent advancements in manufacturing technology, including inkjet printing and
flexible electronics, it is now possible to create inexpensive and conformable energy
harvesting systems that are compatible with multiple surfaces and shapes. Additionally, these
technologies provide the ability to create large area energy harvesting surfaces, as well as
antennas constructed in a way that matches the form of their surrounding environment and
still has the ability to harvest energy [44]. Fig. 26 ties to manufacturing advances enabling
low-cost, conformal harvesters.
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Fig. 26. Examples of inkjet-printed and flexible-substrate rectennas with notes on sheet resistance,
conductivity, and bending durability

In fig. 27, highlights the timeline that converts the challenges into actionable research themes

and expected maturation windows, aligning academic and industrial priorities. This roadmap
outlines materials, schemes, and system-level directions for practical energy harvesting.
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Fig. 27. The roadmap of current and future research 2024-2030

6 Conclusion

This literature evaluation aims to review the development of technology for collecting
energy from ambient RF sources used to charge small electronic devices (low PSC devices)
using radio antennas in recent years. The technological evolution over time is described as
having progressed from simple single-band antenna designs, to many complex multi-band,
wideband, and/or reconfigurable antenna systems, capable of effectively harvesting RF
energy from the environment across much of the electromagnetic spectrum. An optimized
energy-harvesting system must be designed using a "system-level approach," considering all
components of a receiver, including the antenna(s) and rectifier circuit(s) through to the
delivered DC power. A focus on effective co-design of both the antenna and rectifier circuits,
coupled with careful tuning of the matching impedance and managing harmonic frequencies,
is critical to achieving an efficient energy-harvesting system. Innovative technologies, such
as the application of metamaterials, the incorporation of advanced fractal geometries, and Al-
assisted optimization techniques, are bringing about substantial performance improvements
for energy-harvesting systems. Fig. 28 presents an illustrative timeline showing technological
advances made in the development of antennas, rectifier circuits, power management units,
and integrated systems from the early to the present day.

RF Energy Harvesting — 2010-2030 Pill-Bar Timeling
Early Research Phase
-40%
Single-band rdctennas + Basic impedance matching + 30-40% efficiency

Development Phase

45-60%
Multl-band systems « Advanced matching networks = Hybrld harvesting concepts » 45-60%
efficiency

Optimization Phase

-75%
Al optimized designs » Metamaterial integration « Standardization efforts » 60-75%
efficier

Maturation Phase (Projected)

75-85%
THz energy harvesting » 6G Integration » Mass production = 75-85% efficiency

Time -

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
Year

Fig.28. Technology Evolution Timeline
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While there has been significant advancement in the area of RF energy harvesting
technology, the low level of efficiency from the ambient RF spectrum and the need for
reliable operation in a variety of different types of environmental conditions present ongoing
challenges. The trend toward hybrid harvesters, the new development of simultaneous
wireless information and power transfer (SWIPT) technologies, and the increasing use of
advanced materials represent research avenues that will help address the shortcomings of
current technologies, as well as broaden the range of possible applications for energy
harvesting antenna technologies. The growing demand for battery-free electronic systems
(i.e., IoT, wearables and medical devices) will drive the continued development of energy
harvesting antenna technology, which will ultimately enable the next generation of electronic
devices. The trend towards smaller and smaller low-power electronic devices, combined with
increased efficiency in energy harvesting, will lead to expanded opportunities for this
innovative technology to contribute to the creation of a more sustainable world through
increased connectivity.
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