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Abstract

For the development of a compact and low power system using IoT, biomedical and wearable
applications, antenna based technologies for energy harvesting and wireless power transmission
(WPT) have grown very significant. This review revisits improvements in antenna technologies
achieved through fabrication and substrate materials and considering low cost FR4 as well as
specialised flexible and textile integration substrates. The role of advanced manufacturing methods,
such as PCB based designs, inkjet printing, and additive techniques, is discussed so as to enable
compact, efficient, and conformal antenna structures. Both the common as well as the emerging
approaches used in the energy harvesting and WPT are explored in this paper, that is, the
broadband and multiband designs, which are crucial for the optimization of performance across
different environments. This review attempts to give a present status of the studies, on
implementing energy efficiency, substrate performance, and integration and the new tendencies on
flexible antenna systems and the hybrid fabrication. Further research could concentrate on
developing materials for the next generation, customized for specific applications antenna
capability.

Keywords: energy harvesting antennas; wireless power transmission; FR4 substrate; flexible
antennas; advanced fabrication techniques; multi-band antenna design; PCB planar techniques

1. Introduction

With today’ advanced technological space, it is necessary to provide efficient, wireless,
autonomous power solutions even more than needed. The reign of wired power supplies and
replaceable batteries will not do well due to the proliferation of the Internet of Things (IoT), wearable
electronics, and biomedical implants, as well as smart sensing systems. Energy harvesting antennas
and wireless power transmission (WPT) systems are the transformational technologies in this context.
Apart from the ability to minimise the constraints of wired connections, these systems are likely to
have long-term operation of low-power electronic devices without routine maintenance or battery
replacement.

Specifically, energy harvesting antennas are important in those types of applications, in which
it is not possible or convenient to replace batteries manually, as in remote environmental sensors,
implantable medical devices, and industrial monitoring systems. Then these antennas can convert
ambient electromagnetic energy into usable electrical power, so they can operate autonomously.
Similarly, wireless power transmission technologies are becoming popular in diverse applications
such as smartphone charging, electric vehicles, biomedical devices, and smart textiles. It also provides
flexibility to design, reduction of clutter, and improvement in user experience by delivering the
power wirelessly.

Due to the limitation of direct physical connection or passive battery as a power delivery system,
their system longevity and mobility are typically limited. Also, traditional antennas were developed
mainly for communication purposes and had a small energy harvesting capacity [1]. New
technological developments have brought into being multifunctional antennas that possess
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communication and power-harvesting features. The innovations are the result of the integration of
advanced materials and design to improve performance and adaptability.

FR4, flexible polymers, and textile-based materials served as some of the emerging solutions to
use specialized substrates in order to design antennas. Lightweight, conformal, and low-cost
manufacturing can be achieved on these substrates because they are suitable for manufacturing
wearable and portable electronics [2]. In addition, the performance of antennas has been significantly
improved, and the manufacturing complexity is low by advanced fabrication techniques such as
inkjet printing, screen printing, additive manufacturing, and laser machining [3]. There are a number
of PCB-based and planar antennas, as well as textile-integrated and flexible antenna formulations,
which have enabled WPT to be incorporated into varied environments and form factors [4]. These
advancements are also capable of providing broadband and multi-band operation, which is
increasingly important owing to the high demand for efficient and versatile power transfer.

Energy harvesting antennas are able to catch ambient radio frequency (RF) signals through
rectification circuits in order to produce electrical energy from the ambient RF signal. Finally, wireless
power transmission systems operate in either the near-field (inductive or capacitive coupling) or the
far-field (radiative transfer) with an energy source and a receiver without direct contact. These
technologies, compared with traditional methods, provide multiple advantages such as reduced
maintenance, better reliability, allowance for better mobility, and environmental greenness.
Nevertheless, energy conversion efficiency is low, alignment sensitivity and substrate losses are big
problems, especially with the most commonly used material, FR4, to be taken for large-scale
adoption.

The state and the potential of future energy harvesting and wireless power transmission
antennas are explored by this review. This includes in depth discussion on energy harvesting
antennas constructed on FR4 as well as other specialized substrates, and flexible designs for textile
integrated systems. The review also introduces state of the art of wireless power transmission,
including multi band and planar PCB, PCB and application specific implementation. The results lead
to a critical analysis of existing literatures, trends in the research domain, and open challenges to
present future directions and research opportunities of interest in this field. Figure 1.

Substrate
Materials

Manufacturing
Methods

— i
Inkjet printing
Applications

RF Energy Harvesting

FR4 Material

Design
Approaches

Figure 1. Advancements in Antenna Technologies for Flexible Energy Harvesting and Wireless Power

Transmission Systems.
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2. Energy Harvesting

2.1. Antennas Using FR4 Substrate

In a research, the design of split ring resonator shaped monopole antenna, working as an
antenna at various circular polarization frequencies in a low cost FR4 substrate as well as a multiband
rectifier circuit coupled to this antenna is proposed using HFSS ver. 15. The circular polarization of
the antenna with an antenna size 15 x 35 mm?, thus allows usage of the antenna at any orientation for
RF energy harvesting. Consequently, the matching bandwidth falls in the range of 2 GHz to 10 GHz
with notches of 2.5 GHz to 3.5 GHz, which would effectively cover most of the wireless
communication frequencies locally at —10 dB. Applying such mechanisms to a single-stage voltage
doubler rectifier (VDR) connected to the RF input, this research converts the RF input into a DC
signal, over the rapid, broadband of 2GHz to 10GHz, with improved efficiency, and in a compact
package of 9.2 x 20 mm? Due to its low power application, such as an IoT sensor, the ADS has
optimized its matching circuit for the maximum DC output voltage of 0.94 V and 60.4% power
conversion efficiency at -5 dBm input signal. A split ring-based metamaterial technique of
introducing a tilted split ring absorber having compact size resonating at LTE2350, WiFi2450, and
LTE2600 bands gives an achieved return loss of —15dB, -28dB, and —27dB, respectively. The
absorption characteristics are improved [5]. Then it is further developed as a compact microstrip
circular patch (CMCP) on FR4 substrate with a wide impedance bandwidth of 2.94 GHz (2.06-5.0
GHz) and more than 86% (95.4% measured at 2.45 GHz) of radiation efficiency and gain of 2.38 dBi
at 2.45 GHz for use as an ambient RF energy harvesting technology for use in ISM (2.4 GHz), IMT
(2.45 GHz), WiMAX (2.5 GHz) and satellite communication (2.5 GHz) applications [6]. Ultimately, a
circular slot antenna that covers a wide band for RF signal harvesting in GSM1800, UMTS 2100, Wi-
Fi 2450, and LTE 2600 is designed. Moreover, a circular ring radiating component (CRC) with slot
and defected ground structure (DGS) is also provided to increase gain, and an impedance bandwidth
of 1.510-1.590 GHz and a gain of up to 4.34 dBi is achieved [7]. In terms of manufacturing techniques,
this design represents a smart solution in terms of the use of materials and resources at a low cost
while being able to achieve an optimum performance of antenna performance and efficiency over
various applications. Figure 2
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Figure 2. Overview of 3D Printing Techniques. (A) Fused Deposition Modelling (FDM): (a) Schematic showing
filament extrusion through a heated nozzle, (b) Real-time FDM printing of a polymeric structure. (B) Selective
Laser Sintering (SLS): (a) Laser sintering pattern on powder bed, (b) Final printed object partially embedded in
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powder.(C) Vat Photopolymerization Techniques: Comparison between (left) Digital Light Processing (DLP)
and (right) Stereolithography (SLA), both using UV light to cure liquid resin layer-by-layer. (D) (a) PolyJet
printing using model and support materials with UV curing, (b) Binder Jetting using an inkjet printhead to

deposit liquid binder onto a powder bed [3].

2.2. Specialized Substrates

Wide dual bands were obtained when multiple radiating branches were combined with etching
a C-shaped slot with constant compact dimensions of 7.9x7.7x1.27 mm3. However, in this case, the
problem refers to the fact that the simulated bandwidths of the antenna’s impedance are between
0.67-1.05 GHz (approx. 44.2%), 2.11-2.96 GHz (33.5%), with peak gains dBi of approx. -28.9 dBi and
-29.5 dBi, respectively [8]. To solve this, a circularly polarized (CP) high-gain hexagonal antenna
array at 5.8 GHz was developed. However, both the X-shaped aperture coupling feed structure and
frequency selective surface (FSS) are employed to maximize 12.7dBi per element and coverage of 360
degrees azimuth plane without any circuitry [9]. However, the structure of the design may be
restricted to a defined, given operational frequency range. A top layer of lossy nickel (Ni), a dielectric
SUS8 layer and a bottom layer of lossy gold (Au) were designed for a UWB antenna to have a strong
impedance match with an average absorption of 84.5% from 25 to 800 THz to serve the purpose of
energy harvesting, THz, and broadband signal transmission [10]. Based on a CP ME dipole antenna
with a complementary source technology, a CP complementary antenna array is proposed that can
overcome possible bandwidth constraints in the millimeter (mm) wave frequency. The RFEH
application is attributable to the overlapping bandwidth up to 33.87—43.15 GHz between the AR and
impedance bandwidths, which was accorded in this design, given that the AR and impedance
bandwidths are 24.8% and 25.7% centred at 25.2 GHz and 23.8 GHz, respectively, with the mean gain
of 8.7 + 1.6 dBic over the band. Hence, the antenna is desirable for mm Wave RFEH applications
where the energy harvesting efficiency is increased, and a low-profile antenna with good
performance is achieved [11]. Antennas made with a novel layer-by-layer approach of precise
material and complementary sources integration were fabricated to enhance the efficiency of the

antenna and its performance over a wide frequency band. Figure 3.

Figure 3. Analysis of a Wireless Power Transfer System.(A) Fabricated antenna prototypes: (a) Circular
microstrip patch antenna, and (b) Rectangular ground plane configuration with corresponding top views.(B)
Antenna performance: Variation of radiation efficiency (%) and realized gain (dB) with frequency from 2 to 5
GHz.(C) Impact of impedance matching network (IMN) on RF-to-DC conversion: (a) Efficiency vs. input power

(Pin) with and without IMN, (b) Output voltage and power versus Pin.(D) Circuit-level simulation schematic
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using harmonic balance and parameter sweep to evaluate power conversion performance.(E) Equivalent circuit
model of the rectenna showing RF front-end elements including matching, filtering, and rectification

components[6].

2.3. Advanced Fabrication Techniques

In a research, an ultrawide band (UWB) metamaterial (MTM) antenna structure is used as the
form of ultrasound band (UWB) Hilbert metamaterial antenna structure for RF energy harvesting on
an organic substrate. In the low-profile design, a rectangular MTM array for a wearable system has
been proposed. The antenna is mounted on a prepared INP substrate based on indium-nickel oxide
and Palm fibre (INP) polymerized Palm fiber substrate, using the ground plane of square
electromagnetic band gap (EBG) defects. It is tested using the fifteen INP substrate samples using a
T resonator transmission line technique printed on an FR4 substrate. By means of this technique,
relative permittivity (er) and permeability (ur) can be obtained from two resonators with different
characteristic impedances to obtain substrate property controllability for microwave device products
manufacturing. The fabricated antenna is based on silver nanoparticle (SNP) printout. Also, with the
gain peaks at 3.5, 4.2, 5.4 and 6 GHz, the UWB response is brought out from 3 to 10 GHz in the useful
bands for IoT, 5G and WiMAX networks. The conversion efficiency of the RF harvesting has also been
experimentally inferred to be independent of the bending of the structure [12]. The Chand-Bali nano
antenna has good performance compared to a moderate-gain UWB Hilbert-shaped MTM nano
antenna by virtue of two elliptically shaped metallic patches for coupling to both polarizations. It is
built upon a gold ground plane with TiO2 insulator to increase efficiency to a metal-insulator-metal
(MIM) structure. The ability to rectify for efficient energy harvesting is also improved by placing a
titanium patch. A ring slot covered frequency band from 2.1-3.2 GHz and 5-7.5 GHz, which is
verified by HESS ver. 15 simulation, a circular patch monopole was first designed. Consequently, it
offers improved impedance matching and efficient RF energy harvesting from ambient sources of
energy [13]. To solve the limitation of the ambient source, a hybrid solar and wireless energy
harvesting system integrating rectifiers, a solar panel, and a tree-shaped antenna is made by
enhancing a Chand-Bali antenna. Four 3D printed antennas do not impact the solar input and
improve the RF harvested energy. In the laboratory, researchers evaluate the maximum power of the
rectenna at 52.6% at 8 dBm RF power, and the maximum power of the solar panel is 7.3 mW. At the
same time, it has a maximum gain of 6.0 dBi over a frequency range of 2.39 to 2.52 GHz. For 8§ dBm
input, 68.7% conversion efficiency for the RF-to-DC in the rectifier is reported [14]. The circular
polarized metamaterial stacked antenna with the simple design of a circular stacked patch, branch
line coupler, and energy harvesting unit is used to handle the complexity of the hybrid system. It has
a 2-layer structure and offers 2-3 dB gain improvement over antennas with a similar number as
Circular Split Ring Resonators (CSRR). The antenna operates over the frequency range of 2.4 GHz to
2.9 GHz with 87% efficiency, 20% bandwidth, gain of 7.9dBi. This includes autonomous operation to
harvest energy into RF to DC power with rectifying diode inclusion, rechargeable battery, and ideal
selection for IoT and medical applications [15].Figure 4.
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Figure 4. Design, Configuration, and Performance Evaluation of a Multiband Rectenna for Wireless Power
Harvesting.(A) Schematic layout and dimensional details of the multiband antenna structure fabricated on a
Rogers 3210 substrate, showing patch, feed, ground, and SMA connector placement.(B) Antenna design
evolution: (a) basic patch, (b) initial slot addition, (c) further slot development, and (d) final optimized design
for multiband operation.(C) Simulated radiation patterns of the antenna in two principal planes: (a) xoz-plane
and (b) yoz-plane, demonstrating directional behavior.(D) Fabricated rectifier circuit using the HSMS 2852
Schottky diode with impedance matching network(E) Performance comparison showing simulated and

measured RF-to-DC conversion efficiency and output voltage as a function of input power levels[8].

2.4. Common Substrates and Techniques

A study proposes a meander line antenna as a structure to capture the ambient RF signals, which
is in particular intended for deployments in RFID tags. This design has the advantage of being
lightweight, compact, and very conformal, with good efficiency and small BW. It also improves
performance by comparison with RF ICs [16]. The antenna used is a meander line antenna, and
although it has to be with an EM4325 RF IC, the source impedance of the antenna. The UHF RFID tag
antenna was designed and optimized using a high-performance 3D electromagnetic (EM) analysis
software, CST 2019. Design, research, and optimal design of various EM components and systems
were done in this software. In order to tackle the complex impedance of the meander line antenna
with the plug in RF chip and the requirement to get an accurately matched impedance in order to
optimize the attenuation at 919 MHz (close to UHF RFID 915 MHz band), a new system to feed the
Wireless Sensor Network (WSN) with RF Energy Harvesting (RF EH) was proposed. Secondly, at
fixed average power values (between 400 and 1000 W), values of power delivery to multiple target
video cards are fed to the system, which in effect points back to the very first challenge that this
system has created, of an impedance matching network. To minimize the relay antenna distance
performance over, the system is realized on a Teflon glass substrate with a relative permittivity of 2.1
and a thickness of 0.67 mm. However, the design of the compact multi-band meander line antenna
with more frequency adaptability and better performance is made using CST software. The reported
device ranges over the communication bands of GSM-1800, UMTS, LTE-2.3, LTE-2.6, and in the form
of a compact and efficient solution to power up DC output voltage and increase system operational
range [17]. To overcome size and efficiency problems, a compact triple band triangular patch antenna

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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for RF energy harvesting in IoT devices is proposed with a structure of three superposed triangular
patch resonators so as to have higher surface current density and higher radiation efficiency. At the
same time, it is demonstrated that the electric and magnetic field concentrations of this antenna are
excellent in comparison with the previously mentioned circular and rectangular patches, and thus it
is believed to be a potential candidate for RF energy harvesting tasks. Moreover, the antenna is
omnidirectional and multi-slot with an efficient performance and a broad frequency adaptability [18].
Finally, scientists have proposed a transient type thermal energy harvester (TEH) to enhance the
strengths of TEH to overcome the above limitations of the static TEH by using diurnal cycle
temperature fluctuations. This intelligent integration allows the antenna to serve as a heatsink, and
the device is optimized with respect to both RF and thermal energy harvesting. The heatsink antenna
is designed for the multi-source ambient energy harvester, and it has an improved radiation
efficiency, enhanced radiation efficiency, and heat dissipation [19]. The other solution is the
application of Teflon glass and smart heating integration with heatsinks, which is a strategic solution
to solve impedance matching, energy efficiency, multi-band adaptability issues, and leads to very
effective RF energy harvesting solutions in various applications. Figure 5.
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Figure 5. Design and Performance of a Circularly Polarized Compact Antenna System with Energy Harvesting
Capabilities.(A) Schematic diagram of the proposed antenna system: (a) Complementary Split Ring Resonator
(CSRR) unit cell, (b) circularly polarized antenna design, and (c) radiator incorporating 18 CSRR elements
integrated with a rectifying energy harvesting circuit.(B) Simulated and measured reflection coefficient (511)
performance of the antenna across the 2.4-2.9 GHz frequency range, showing strong agreement and effective
impedance matching.(C) Simulated radiation pattern showing gain and directivity at broadside (6 = 0°), with a
peak directivity of approximately 7.89 dBi and radiation efficiency of 86.94%.(D) Block-level integration of the
energy harvesting and wireless power transmission system including matching networks, rectifier, switch,
amplifier, compact battery, and receiver.(E) Fabricated prototype: (a) fully integrated circular polarized antenna
with CSRR-based radiator and energy harvesting unit, and (b) zoomed-in view of the etched CSRR structure
with a diameter of 11.4 mm[15].
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2.5. Diverse Applications and Techniques

A novel hybrid antenna for simultaneous RF energy harvesting (RF EH) and dedicated wireless
power transfer (WPT) was proposed. The integration of an omnidirectional antenna element
(GSM1800, UMTS2100, ISM2400/5800, 5G3500, WLAN bands) and a 2.4GHz dual polarization high-
gain directional patch array element was incorporated. At the null of the omnidirectional beams in
the WPT band (ISM - 2400), directional beams are located, and a pair of spatially complementary
beams is created. It facilitates omnidirectional beams to pick up ambient RF energy from low
elevation space to run low power circuits, as well as directional beams to pick up RF energy from a
dedicated source to energize high power circuits. However, this approach could face difficulty in
achieving consistent performance for all bands. Moreover, the hybrid antenna presents a spatially
complementary feature that allows low mutual couplings between ports to keep the operation of both
WPT and RF EH independent. To overcome this challenge, the proposed circularly polarized (CP)
broadband rectenna enables the sensing nodes of smart cities to harvest radio frequency (RF) energy
efficiently in the 5.8 GHz Wi-Fi band (5.725-5.875 GHz) or Wi-Fi 6E band (5.925-7.125 GHz) [20].
Figure 6.
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Figure 6. Hybrid Energy Harvesting and RF Rectenna Design for Enhanced Power Conversion Efficiency.(A)
Block diagram of a hybrid energy harvesting system integrating solar and RF energy sources, with MPPT
control, rectification, filtering, and storage units.(B) (a) Proposed U-shaped microstrip antenna layout with
dimensional parameters, (b) corresponding substrate layout for fabrication.(C) Schematic of the RF rectifier
circuit layout with labeled passive components (capacitors, inductors, and diodes) and geometrical
parameters.(D) Simulated and measured Power Conversion Efficiency (PCE) vs. input RF power (Pin),
highlighting peak PCE near 20 dBm input power.(H) Measured PCE of the integrated hybrid system across
varying input power levels, showing maximum efficiency above 85%; inset image shows the experimental test

setup for validation[16].

An antenna derived from a semi-cylindrical dielectric resonator energised from a microstrip feed
is improved in bandwidth, gain, and CP characteristics. The major disadvantage of the applications
that need broad angular coverage is that its performance cannot cover all frequency bands. In order
to overcome this, a radial array rectenna with a dual purpose is presented to enable Radio Frequency
(RF) energy harvesting based Internet of Things (IoT) nodes orientation sensing with angular
misalignment tolerance [21]. An azimuthally radial placement of eight rectenna elements is used to
enhance the stability of the rectenna to energy harvesting RF energy from the entire 360° angular
region with which it is enclosed. The energy harvesting capability of the design would vary
depending on the orientation of the energy. The proposed microstrip coupled antenna (MCA) at 5.8
GHz has an efficient, high-gain structure with the use of the Frequency Selective Surface (FSS) to add
to the increased gain of the antenna from 8 dBi to 12.7 dBi [22]. Under this design, researchers
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obtained full 360-degree coverage for full illumination of the hexagonal element pattern and
substantial element gain (12.7 dBi). It exhibits consistent performance without any other circuitry
and, therefore, is highly suitable for wireless power transfer (WPT) and other applications that find
angular alignment difficult [9]. These designs have a high innovation level in fabrication technique
and are power efficient; therefore, they can be used as a potential for more advanced RF applications.
Table 1

Table 1. Comparative Overview of Antenna Designs and Techniques for Energy Harvesting Applications.
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3. Wireless Power Transmission

3.1. PCB and Planar Techniques

For the WPT (Wireless Power Transfer) system, the antenna used consists of a two-dimensional

continuous aperture antenna placed on the ceiling. The system further consists of a small

omnidirectional radiating element inside the x-z plane. Consequently, the radiating elements are

arranged in such a manner that the mutual coupling and obstruction between all and any radiating

element are kept to a minimum while minimizing loss of energy from the transmitting end to the

receiving end. A power-dividing rectenna system taking advantage of the strong Line of Sight (LoS)

properties of the mmWave frequency band [25] was proposed which is integrated with circular patch

antenna using coupled stacked substrate with 10 way radial power divider. This compact printed

rectenna circuit also offers improved efficiency and impedance matching that is precisely achieved,

while being capable of handling high power levels [26]. A rectangular patch antenna with dual-band

resonance was proposed in order to increase versatility and efficiency [27].Figure 7.
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Figure 7. Design, and Performance Evaluation of a Compact Circularly Polarized Antenna Array with
Metasurface Integration.(A) Configuration of the proposed unit cell: (a) Front and side views of the
metasurface-based antenna element with detailed structural parameters, (b) mirrored layout variant for
polarization control.(B) Parametric analysis showing: (a) transmission coefficient vs. frequency, (b) electric field
distribution, (c) reflection coefficient (S11), and (d) axial ratio, for varying structural parameter.(C) Comparison
of simulated and measured RHCP gain and radiation efficiency across four operating frequency bands.(D)
Simulated performance: (a) Reflection coefficient, (b) axial ratio over frequency, (c-d) RHCP gain patterns across
azimuth and elevation planes.(E) Comparison of simulated and measured reflection coefficients for various

prototypes across multiple frequency bands, confirming strong agreement and broadband performance[28].

The concrete parameters are specified according to their contributions and features suitable for
wireless power transfer applications with working frequencies of 900 MHz and 1450 MHz,
respectively, and with maximum Power Conversion Efficiencies (PCE) of 53% and 54% in various
load and input power ranges, respectively. Series-fed antennas on Taconic RF-35 dielectric substrate
are adopted to achieve such applications to improve compactness and eliminate radiation loss [27],
which improves the gain by 1.88 dB at 0.9 GHz and 2.6 dB at 1.45 GHz and radiation efficiency by
82.3 % and 90.6 % respectively, making them a strong choice for wireless communication. These
antennas are efficient in beam tilting and robust. These techniques are therefore appropriate for
wireless power transmission, radar and communication systems [28], and it increases efficiency,
flexibility, and functionality sweet spot for any application to formulate advanced wireless power
transmission systems application.

3.2. Textile-Integrated and Flexible Antennas

In a work, a fully woven textile integrated 2.4 GHz rectangular patch was designed with
truncated corners as a radiating element for wireless power transfer applications, and demonstrated
that the resulting rectenna has enhanced the first few modes that come in pairs, driven by the even
and odd fields, resulting in circular polarization. It was fed into the T-match structure with
impedance control without additional networks. Single-diode rectifier topology is used for
integration with the antenna, and it simplifies the integration process. The co-simulation is
performed, and the impedance of the rectifier and antenna were matched to maximize the power
transfer [29]. This provides high compatibility and comes with 45% efficiency. The directional button
antenna with AMC cells attached to and fed by an all-fabric microstrip line is used to further improve
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the structure as a monopole radiator. To achieve the improvement in matching, lowering of the
height, and elimination of back radiation for improved on-body wireless power transfer, it uses the
TP1020 and FR4 substrates with 180° phase difference and 1.07 GHz bandwidth [30]. Additionally, a
planar-spiral LIC-antenna was built with a wire width of 1.0 mm, 5,000 bending cycles mechanical
durability, conductivity of (1.71x106 S/m), and without performance degradation. With WPT, NFC,
and WIPT support, WPT achieves high radiation efficiency (88%) and peak gain of 6.1 dBi, which
makes it a good, cost—efficient way of providing an effective solution for wearable electronics and
IoT [31]. At last, the antenna is a planar octagonal loop with 3 x 3 ring-shaped FSS at 2.40 GHz for
body isolation. It has a 2.70 mm thickness and a flexible PDMS substrate that is silver epoxy and
EGaln printed or conductively written onto tattoo paper. The performance of loops and stubs is the
same in terms of matching loops and stubs, excluding impedance, and the stabilized performance
when deformed; the high radiation efficiency, up to 75.5 % lower SAR value, compatible with low
power devices, leads to practical, highly arranged everyday wearable electronics [32]. To improve
the conductivity, flexibility, and mechanical durability of the antennas, along with increasing the
electrical efficiency, reducing cost, and achieving big reconfigurability for wearables, advanced
fabrication techniques such as laser direct writing and novel substrate material were integrated.
Figure 8.
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Figure 8. Design and Performance Analysis of a Dual-Antenna Wireless Power Transfer and Communication
System with AMC Integration for Biomedical Applications.(A) Structural views of the proposed monopole
antenna with Artificial Magnetic Conductor (AMC) backing: (a-b) 3D and side perspectives, (c) top view with
dimensional layout, (d) exploded view showing AMC tile arrangement.(B) Human body modeling for antenna
placement: (a) cross-section of arm model showing muscle, fat, and skin layers; (b) antenna placement on the
arm with a 138 mm separation between WPT and communication antennas.(C) Geometry of a single AMC unit
cell (left) and its periodic 3x3 array (right) for enhancing radiation characteristics.(D) Simulated and measured
performance: (a) Reflection coefficient (S11) comparison between standalone WPT antenna and dual-antenna
system, (b) transmission coefficient (521) comparison showing low coupling.(E) Radiation pattern analysis in the
presence of a human arm model: (a—b) co-polar and cross-polar gains in different planes, with and without the

AMC surface, confirming robust radiation and isolation performance[30].
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3.3. Advanced Manufacturing and Innovative Designs

Radio Frequency Energy Harvesting (RFEH) and Wireless Power Transfer (WPT) power is
provided by low-power devices. The key to the extent to which this depends on, antenna design. One
of the innovative designs is a cube 3D antenna based on the quasi-Yagi antenna (QYA) design and
optimized for operation at 915 MHz. As detailed in [33], the wireless power transfer (PTE) efficiency
of implantable medical devices can be increased by using a receiving rectenna with multidirectional
reception in order to gain an efficient rate of capturing different amounts of dedicated and ambient
energy. The mechanical antenna of this rectenna is a magneto-electric (ME) heterostructure and an
RF inductive coil. Consequently, this design enhances the PTE from 2.8159%, which is greater than
attained by a single ME antenna or an inductive coil alone. In addition, a novel 24 GHz beam-
steerable multimode WPT system is also designed to improve the efficiency and is especially useful
for wireless biomedical devices [34]. Further, this system introduces a new FoM for cost efficiency
and spatial coverage. It includes an 8 x 8 phased aray transmitter and 5 x 5 high gain angle deflection
planar rectennas which reduce the need for precise placement [35]. In addition, a polarization-
insensitive rectenna based on an MS was developed, overcoming the polarization mismatch issues
with WPT systems at 5.8 GHz. A meandered groove is included in the MS element to suppress second
harmonic generation, and a maximum conversion efficiency of 66% is achieved with resistive load of
500 Q. The antenna design allows for any polarization scenario, and with this new rectenna design,
it provides a promising opportunity for efficient WPT [36].The fabrication techniques used in these
antenna designs significantly enhance their efficiency, directionality, and for various applications in
wireless power transfer.

3.4. Wireless Power Transfer for Specialized Applications

This WPT system is realized on the ceiling with a special type of antenna. It is made up of
perhaps many small omnidirectional antennas in a two-dimensional grid. They carefully place these
antennas so they don’t interfere with each other and maximize the energy transmission. They are
good with the Line of Sight (LoS) characteristics of the mmWave frequency band. The system setup
allows for the transmission of power wirelessly to multiple receivers, reduces the chance that signals
get blocked, like in offices or homes, while the system is compact for biomedical applications with an
implantable Rx and Tx antenna [25]. They are tuned to work at 1.71 GHz. The Rx antenna is formed
by a meander-line slotted radiator and a ‘C’ shaped slot in the ground plane, both of them in a
biocompatible structure. A small, impedance-matched and environment-constant antenna design for
the ASW-Tx is evaluated using two Taconic TLY-5 substrates for problems from misalignment and
environment change [37]. There is an anti-symmetric wing plane in the excitation plane located
beneath. These features render these antennas adaptable to angular misalignment so as to increase
current intensity and provide stable power transfer efficiency in the actual real-life biomedical
implant situation [38], while the antennas for the applications with Ultra wideband (UWB)
performance are 4x4 Phased Array (PA) antennas. On the link, 16 single patch antennas with
optimized beams for 7.5-8.5 GHz were observed. However, the setup has several advantages, such
as high gain, wide bandwidth, and effective beam steering, which are appropriate for far field
impulse radio UWB wireless power transfer applications [39].

3.5. Broadband and Multi-Band Antenna Designs

A wideband DCP radiation, low-profile, and low-cost antenna is proposed. Competitive
performance along with the use of a shared subarray aperture across both circularly polarized (CP)
states is also explored as part of the design. Five patch elements form basic structure; first state is CP1
that is realized using a central patch and second state was CP2, which can be demonstrated with four
surrounding patches. Sequential rotation with polarization purity obtained in a low axial ratio and
cross polarization with large-scale arrays [40]. A study then also presents a tightly coupled dipole
array (TCDA) antenna for low cost and lightweight that includes a simple H-plane scanning booster
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(HSB) layer for consistent E and H plane scanning and uses a novel 1:4 differential feed network.
However, this design nevertheless overcomes the limitation [41] for the scanning performance, which
offers +50° wide range scanning with low cross-polarisation levels below -30.5 dB. Additionally, the
wireless power transfer for a microstrip patch antenna array utilizes high directivity and highly
efficient beam steering, with a TX antenna gain of 9.8 dBi and efficiency of 68.07%. In RX, a quarter-
wave transformer is used to increase the efficiency of energy delivery and therefore the optimal
reception from 9° to 54° [42]. Finally, the techniques of cutting angle at the patch corners of the
proposed wide band monopole antenna design and modifying the feed line have been applied to
enhance the impedance bandwidth of the proposed wide band monopole antenna design. In
addition, its bandwidth is 506 MHz, operating from 0.554 to 1.06 GHz, and consequently, it has
proved suitable for UHF-RFID systems with an enhanced bandwidth of the impedance, improvement
of matching and coupling [43]. Generating the designs involves a strategic use of shared apertures,
sequential rotation, and optimized feed networks that enhance polarisation purity, bandwidth,
and/or beam steering capabilities. Table 2

Table 2. Comparative Overview of Antenna Designs and Techniques for Wireless Power Transfer.

Frequency Gain Return Impedance Substrat Application

Title Summary Techniques Bands Loss Matching o s Ref
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. substrate, - - . for high harvesting [26]
Rectenna witha10- specified specified specified 17 (er =
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Series-Fed polarization transmission 5.77-5.88 . bandwidth: Taconic transmission
6.2 dB -10 dB 28
Antennas  (CP) on lines, GHz ic 10 581585 RF-35 ,radar, L0
Taconic RF-  truncated GHz communicati
35 substrate.  corners on systems
3x3 ring-
Pl
octaar:rfal shaped FSS, High
Tattoo- loo agnterma PDMS radia%fion Not Reduced Wearable
Polymer P substrate,  2.40 GHz .. ... ; SARvalues PDMS . [45]
for on-body . efficienc specified o electronics
Antenna . silver epoxy, by 75.5%
WPT in the . y
. EGaln liquid
Wi-Fi range.
metal
Lightweight,
low-cost
Tightly TCDA H—pla.ne Wide and
Coupled antenna for scanning Low . .
. . 4.3:1 consistent Wireless
Dipole wireless booster . . Cross- . Not
impedance 13.73 dBi . .. scanning - power  [41]
Array power  (HSB), 1-to-4 bandwidth polarizatio ranee of specified transfer
(TCDA) transfer with differential n: -30.5 dB &
. +50°
Antenna improved H- feed network
plane
scanning.
Dual-band Rectangular Max DC
rectenna patch output
ircuit f 1 :
Compact C:r:;glteszr a\fl(jﬁr;nzl ;03;?;;\6} PCE: 53% Wireless
Printed e doubler%VD) 900 MHz, g0 " Not (900MHz), Rogers 100
Rectenna _ © Y 1450 MHZ specified 54% (1450 RO4003 P
Circuit transfer at circuit, MHz), MHz) transfer
900 MHz  impedance 552V
and 1450  matching (1450
MHz. circuit MHz)
24-GHz  8x8 phased-
Milli -
illimeter  beam arra.y Wireless
-Wave steerable  transmitter, Beam power
Wireless multinode 5x5 high-gain 24 GHz Nf)t. Nf)t. steering . transfer,  [35]
Power WPT system  angle- specified specified ... specified _, j
. . capability biomedical
Transfer withanew deflection L.
) applications
System  figure of planar
merit (FoM). rectennas
LIC- Flexible, Laser direct Not . Not High Not Wearable
. ... - 6.1 dBi " .o i . 31]
Antenna high- writing specified specified radiation specified electronics,
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conductivity ~ (LDW), efficiency: IoT, smart
planar-spiral programmabl 88% devices

antenna e design
using LDW
technique.
Antennas  U-shaped Wireless
with circular bends, Axial ratio power
Series-Fed polarization transmission 5.77-5.88 bandwidth: Taconic transmission
6.2 dBi -10 dB 28
Antennas  (CP) on lines, GHz 1 5.81-5.85  RF-35 , radar, [28]
Taconic RF-  truncated GHz communicati
35 substrate.  corners on systems
3x3 ring-
Pl
octaar;?al shaped FSS, High
Tattoo- loo agnterma PDMS radi;iion Not Reduced Wearable
Polymer P substrate,  2.40 GHz .. ... . SAR values PDMS . [32]
for on-body . efficienc specified electronics
Antenna . silver epoxy, by 75.5%
WPT in the . y
. EGaln liquid
Wi-Fi range.
metal
100%
Wearable Design of a C(?t(t)o/n
R . wearable  AMC cells,
Directional directional  monopole substrate
Button P . ,nickel-  On-body
button antenna, Achieves .
Antenna . . 5.47-6.11 Not Not copper  wireless
antenna for microstrip - o 180° phase . [30]
for . GHz  specified specified . conducti  power
. power line feed, difference
Wireless . ve transfer
transfer on textile .
Power the human  materials textile,
Transfer F4ABTM
body.
substrate
Taconic TLY-
Antenna 5 substrates,
ASW-Tx de51gn.w1th anti- . Optimal .
Antenna anti- symmetric current Taconic
i i P 11: - TLY-5 Bi ical
Design for :v}irI? meitarrliz m‘;vnrigic 1.95 GHz S (le\cIiC)ftied ezlg le directions substraSte ilzlmf;ritcj [38]
Biomedical &P .g p matched to P
dipole,
Implants . . . 50Q) source
biomedical impedance
implants.  matching
network
. Monopole Enhanced
Wide- antenna Peak impedance
Band with Cutting ains: -38.4 dB at barf)dwi dth
Monopole enhanced angles, 0.554-1.06 5 © 868 MHz, . ”  Not  UHF-RFID
. S 2.82 dBi improved " . [43]
Antenna impedance modified feed =~ GHz and 2.95 -25.3 dB at matchin specified applications
for UHF- bandwidth line i 915 MHz A 8
RFID  for UHF- ! anl,
RFID. couping
Metasurface-
Polarizatio  based Octagonal fmproved .
n- rectenna . . . Wireless
. . metal ring, Maximu Not rectifier Not
Insensitive design for 5.8 GHz - . - power  [36]
o meandered m: 66% specified efficiency specified
Rectenna polarization roove by 1%-4% transfer
for WPT insensitivity & y e
in WPT.
Wirel Desi f
freless . JeSIgn otd microstrip Quarter-
Power WPT system . . Indoor
. patch TX:4.4 wave  Microstri .
Transfer with beam . Not wireless
. antenna 2.4GHz dBi, RX: ... , transformer p patch [42]
System  steering for . specified . power
. . array, ESP-32 4 dBi for optimal antenna
with Beam  indoor . transfer
. . module, matching
Steering settings.
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charge-pump
rectifier

4. Conclusion

This review provides an overview of recent progress in antenna-based energy harvesting and
wireless power transmission (WPT) by providing an importance for such compact, wireless enabling,
and low-maintenance systems in IoT, biomedical devices, and wearables. These technologies are
more flexible and sustainable than traditional wired or battery-powered ones. FR4 substrates are used
for cost-effective implementation, and specialized and flexible substrates are utilized for supporting
diverse or specific application designs. In addition, the planar, textile-integrated, and conformal
antennas that have been made possible through advanced fabrication techniques, which include PCB-
based, ink-jet printing, and additive manufacturing, improve functionality and integration. The
review also summarized key elements such as broadband and multi-band operation, as well as the
material property to antenna performance interaction responsible for efficient power harvesting and
transfer. Although significant progress has been made, the problem of energy conversion efficiency
is still affected by losses, implying minimal loss and scalability, especially for flexible and wearable
formats. Now, the directions of current research include improving the materials, improving the
design process, and merging new hybrid solutions to solve these limitations. Similar to advanced
substrates, support for FR4 materials remains, but new approaches for design become possible with
the study of new substrates. The future work should look into combining traditional with emerging
materials, improving the fabrication precision, and tailoring the antenna structure for real-world
conditions. With a small portion of the field developed, performance can be improved, applications
can be further extended, and demand for smart, wireless energy systems can be met.
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