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The development of transparent radio-frequency (RF) electronics has enabled the creation of flexible, lightweight
devices with novel applications. A key driver of this advancement is printed electronic devices, which offer scalable
and environmentally friendly manufacturing methods. This study reviews recent progress in materials, fabri-
cation techniques, and design strategies for transparent RF devices. The review examines critical materials,
including conductive nanoparticle inks, conductive polymers, and emerging nanowire-based materials, and it
assesses their electrical, mechanical, and optical properties. In addition, various printing technologies, such as
inkjet, screen, electrohydrodynamic jet, offset, and roll-to-roll printing, are also evaluated for their ability to
produce high-performance, miniaturised, and transparent RF devices. Current challenges, including the opti-
misation of conductivity, metallisation, transparency, and material durability, are also discussed. Finally, key
application areas (such as antennas, metamaterial absorbers, and frequency-selective surfaces) are explored, with
a focus on balancing transparency and functional performance. Finally, future challenges and opportunities are

highlighted to encourage further research in this rapidly evolving field of transparent RF electronics.

1. Introduction

In recent years, transparent electronics have made rapid progress,
fuelled by breakthroughs in materials science and manufacturing tech-
niques [1-11]. This evolving field encompasses a broad range of devices
and systems designed to maintain functionality while remaining opti-
cally transparent. The growing significance of transparent electronics
stems from their transformative applications across multiple industries,
including consumer electronics, military, aerospace, automotive, wear-
ables, optoelectronic, and emerging energy technologies [1,12-17].
Among these advancements, transparent radio-frequency (RF) technol-
ogy stands out as a particularly promising development. In this context,
RF refers to the frequency range of 3 kHz to 300 GHz [18]. Specifically,
flexible and transparent RF electronics have gained attention for their
ability to integrate seamlessly into various surfaces and devices, which
enables connectivity without compromising aesthetics or functionality.
The rapidly evolving field of wireless communication continually drives
innovation in antenna, metamaterial absorbers (MA), and frequency-
selective surfaces (FSS) technologies. As the demand for ubiquitous
connectivity grows, traditional approaches to designing and fabricating
these components are being redefined. Antennas, which are crucial for
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transmitting and receiving electromagnetic waves, have advanced to
meet modern performance requirements. Among these advancements,
transparent RF antennas stand out for their ability to integrate seam-
lessly into their surroundings. This offers significant advantages in ap-
plications  where  aesthetics, structural integration, and
multifunctionality are key considerations. Similarly, flexible and trans-
parent MA structures that can efficiently absorb electromagnetic waves
at specific frequencies enable lightweight, adaptable solutions for many
designs. FSS, which allows specific frequencies to pass while blocking
others, further enhances these technologies by enabling precise control
over electromagnetic wave propagation. Together, these innovations
offer exciting possibilities for next-generation applications. The concept
of transparency in antennas, MA, and FSS transcends aesthetics. It pre-
sents a practical innovation that addresses several key challenges in
modern electronics. Transparent RF antennas, MA, and FSS are partic-
ularly valuable in applications such as wearable electronics, transparent
displays, automotive systems, and Internet-of-Things (IoT) devices,
where conventional opaque antennas would be impractical or undesir-
able. Integrating transparent antennas into these systems enhances
functionality while maintaining (or even improving) the visual appeal
and ergonomic comfort of the devices.
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Fig. 1 illustrates how a variety of smart-city applications can utilise
this novel type of transparent RF electronics without disrupting the
operations of the existing structures by their implementation. For
example, precisely engineered periodic structures, known as reconfig-
urable intelligent surfaces (RIS), can enhance 5G and next-generation
communication by improving coverage, spectral efficiency, and energy
utilisation [19]. Transparent RIS integrated into windows in buildings,
automobiles, and trains can dynamically adjust signal reflection and
transmission properties based on user positioning, utilising tunable and
switchable devices [20]. Transparent antennas on vehicles can support
multiple connectivity functions, including smartphones, GPS, radio,
television, and other communication devices, while maintaining
aesthetic appeal [21-23]. This technology could also become a standard
feature in self-driving cars, where radar antennas integrated into the
vehicle’s body enhance sensing and navigation capabilities. A trans-
parent FSS, which is a periodic structure that selectively blocks out
undesirable frequency bands while permitting bands of interest to pass
through, is another example [24-27]. Other examples of transparent
radio frequency electronics are RF circuits [28], RF shielding [29-32],
and EM absorbers [33-35].

Transparent substrates are crucial in the field of RF electronics.
Commonly used materials include polyethylene terephthalate (PET),
polyethylene naphthalate (PEN), polyethylene (PE), polytetrafluoro-
ethylene (PTFE), polyimide (PI), polyamide (PA) polycarbonate (PC),
and polydimethylsiloxane (PDMS). These materials are widely used due
to their combination of flexibility, transparency, favourable dielectric
properties, and low-loss tangent (minimal signal loss)[36-41]. Printed
electronics are a leading technology for developing transparent and
flexible RF electronics due to their strong benefits. They are more cost-
effective to manufacture, offer large-area scalability, and require
simpler equipment [42,43] and processes compared to conventional
fabrication techniques such as etching, milling, and photolithography
[23,28,34,44,45].

Moreover, emerging printing processes, such as inkjet printing,
gravure offset, and electrohydrodynamic (EHD) jet printing, can achieve
conductive line resolutions in the micrometre range for width and
nanometre range for thickness. Printable transparent conductive inks
present innovative opportunities for fabricating RF electronics. These
inks, made from materials like silver nanowires (AgNWs) and copper
nanowires [46-50], carbon-based nanomaterials [51-53], and conduc-
tive polymers [54-56], enable the creation of electronic components on
a range of substrates using printing techniques like inkjet or screen
printing. Their unique combination of electrical conductivity and optical
transparency makes them particularly useful for modern RF devices such
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as antennas, sensors, and electromagnetic shielding. In addition, the
ability to print directly onto flexible or unconventional surfaces reduces
manufacturing costs and enhances design flexibility. Current research
aims to enhance conductivity, stability, and adhesion to expand their
applications in advanced RF technologies.

The foundation of transparent RF electronics lies in the development
of suitable materials and fabrication techniques to enable the dual
objective of high transparency and excellent RF performance. This re-
view focuses on the comprehensive landscape of these advancements
and highlights advancements in materials science and engineering that
make these devices a reality. Transparent conductive materials, such as
conductive polymers, nanomaterials like graphene and carbon nano-
tubes, and metallic nanowires, are at the forefront of this paradigm
change. Each material brings its own set of properties and challenges,
which can affect the overall performance of the RF electronic devices.
For example, conductive polymers offer a combination of flexibility,
transparency, and conductivity that makes them suitable for a wide
range of applications. Graphene, with its exceptional electrical proper-
ties and transparency, has been heralded as a revolutionary material in
the field. Similarly, metallic nanowires provide a compelling solution
with their delicate balance of conductivity and transparency. In this
context, this paper also provides a brief overview of the conventional
methods for achieving transparent radio frequency electronics and
presents a wide range of printing technologies, including roll-to-roll,
screen, inkjet, and EHD. This review explores these materials in detail
by comparing their properties and suitability for transparent RF-
electronic-device applications. In addition, the fabrication techniques
used to create flexible and transparent RF electronics devices are equally
important as the materials.

2. Materials and methods
2.1. Transparent substrates

Transparent substrates contribute significantly to the advancement
of RF electronics technology. Flexible and transparent substrates such as
PEN, PE, PI, PET, PTFE, PA, PC, KP, and PDMS provide mechanical
conformability and enable RF devices to be both bendable and stretch-
able [36-41]. These materials can be integrated into curved surfaces and
withstand mechanical stress, while their transparency is essential for
seamless aesthetic integration.

Moreover, these substrates have low dielectric constants and loss
tangents—both properties are crucial to maintaining RF signal integrity.
These properties help reduce signal attenuation, especially at the higher
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Fig. 1. Illustration of examples integrating future RF electronics to establish next-generation infrastructure.
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frequencies utilised in 5G and 6G communication technologies, but also
in high-frequency RF circuits and antennas for wireless communication
systems. In addition, the substrates ensure efficient energy transfer and
consistent RF performance by minimising signal loss. Flexible and
transparent substrates have enabled significant advancements in several
RF applications, including wearable RF devices, transparent antennas,
smart packaging, MA, FSS, and RIS.

2.2. Printed electronics

Printed electronics are a groundbreaking technology with significant
advantages over conventionally fabricated devices. Conventional tech-
niques, such as photolithography, employ a subtractive approach, where
material is selectively removed through processes like etching, cutting,
drilling, and grinding to create the desired patterns [57,58]. This pro-
duction process involves multiple steps, including photoresist coating,
patterning, development, chemical etching, and cleaning [37] — see
Fig. 2. These multi-step procedures are not only time-consuming but also
expensive, partly because many require a cleanroom environment. In
contrast, printing simplifies fabrication into only two steps: printing the
pattern, followed by annealing [38,41,59-70] - see Fig. 2. This inno-
vative approach also enables the production of electronic devices on a
variety of substrates, which unlocks a wide range of new applications
and benefits.

2.2.1. Advantages of conventional fabrication process

Conventional fabrication technologies have significant advantages
over printed circuits. They offer superior electrical performance and
long-term stability, making them ideal for dependable electronic prod-
ucts. These technologies may produce extremely fine and precise fea-
tures, which are required for sophisticated and compact components. A
variety of high-quality materials can be employed, enabling more so-
phisticated and efficient gadget designs. These procedures are well-
established in industry, so they benefit from mature infrastructure,
standardized tools, and great production efficiency. They are also
entirely compatible with silicon-based technology, which simplifies

| coating |
. Ink droplets Patterns%
E—
1 Patterning _
SRt l l l 1 l Annealing

l Developing
|

l Etching
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I Substrate Metal [l Photo-resist [l Mask

Fig. 2. Schematic comparing (a) conventional manufacturing (photolithog-
raphy) with (b) printing (inkjet printing) for antenna production.
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integration with current systems. Furthermore, devices built using
traditional methods can survive high temperatures and mechanical
stress, which is vital for use in difficult situations. Finally, because they
are carried out in controlled surroundings, the likelihood of defects is
reduced, resulting in superior quality and yields.

2.2.2. Advantages of printed electronics

I. Cost efficiency: Printed electronics often require fewer materials
and less energy, which typically results in substantial cost sav-
ings. The additive nature of the process involves depositing ma-
terials only where necessary, i.e., it minimises waste and
maximises resource efficiency. One of the key advantages of
digital, drop-on-demand printing techniques (e.g., inkjet and
direct writing) is that material is deposited only where required,
significantly reducing material wastage. However, this benefit
does not extend to all printing methods; for instance, screen
printing may involve higher material consumption due to the use
of stencils and excess ink.

II. Flexibility and lightweight: Unlike conventional rigid elec-
tronics, printed electronics can be created on flexible substrates
like plastic, paper, and fabric. This flexibility is essential for
developing wearable devices, flexible displays, and smart-
packaging solutions, where the ability to bend and be light-
weight is crucial.

III. Streamlined manufacturing: The production process for prin-
ted electronics can be further simplified using efficient roll-to-roll
techniques for mass production. This method allows for contin-
uous production, which improves efficiency and scalability
compared to the batch processing used in conventional elec-
tronics manufacturing.

IV. Customisation and rapid prototyping: Printed electronics
make it easy to customise designs and perform (quick) changes
without the need for complex tooling. This feature is particularly
valuable for rapid prototyping and small-scale production. It
enables faster innovation cycles and more efficient product
development.

V. Environmentally sustainable: The reduced use of materials and
energy, along with the potential for using biodegradable or
recyclable substrates, enhances the environmental sustainability
of printed electronics. This aspect is increasingly important as
industries strive to reduce their ecological footprint.

2.2.3. Applications of printed electronics

The rapidly growing field of printed electronics offers a promising
approach to manufacturing innovative functional electronic devices. As
illustrated in Fig. 3, printed electronics are widely used, e.g., for
conductive lines and transparent electrodes, energy conversion and
storage devices (e.g., solar cells and batteries), flexible displays,
healthcare devices (biosensors), wearable electronics (smart watches,
health patches), Internet of Things (RFID tags, environmental sensors)
and smart/interactive packaging. Today, printed electronics span a
range of applications (from micro and nanoscale electronic devices to
large-area electronics) encompassing numerous products. Substantial
advances in printing technology have enabled the cost-effective and
high-volume production of electronic devices on flexible substrates like
soft plastics, paper, and textiles. This versatility enables the integration
of printed and flexible electronics into everyday objects and surround-
ings, transforming visionary concepts into reality.

Several printed technologies play a crucial role in developing flexible
and transparent RF electronic applications, and each offers unique
benefits. Screen printing is a cost-effective and straightforward method
where conductive inks are pushed through a patterned stencil onto a
flexible substrate. Hence, this method is suitable for large-area designs
but with limited resolution. Inkjet printing enables high precision by
accurately placing tiny ink droplets on the substrate. This makes it ideal
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Fig. 3. Applications of printed electronics various fields. Reprinted with permission from [71-76](Copyright 2018, Science Advances), (Copyright 2019, Nature
electronics), (Copyright 2016, Scientific Reports), (Copyright 2019, Advanced Functional Materials), (Copyright 2014, Scientific Reports), (Copyright 2016,

Advanced Functional Materials).

for intricate and detailed patterns while minimising material waste.
Gravure printing uses an engraved roller to transfer inks efficiently. It
allows for high resolution and good scalability for large-scale produc-
tion, but it has significant setup costs. Flexographic printing, on the other
hand, relies on flexible relief plates to deposit ink rapidly [77]. There-
fore, it is suitable for roll-to-roll processing, although the achievable
resolution is moderate.

More advanced techniques, such as aerosol jet printing, utilise a fine
mist of conductive material to achieve precise patterning (even on
curved or complex surfaces). EHD jet printing employs electric fields to
generate ultra-fine ink droplets, which enables exceptionally high-
resolution patterns, which are particularly useful for nanoscale de-
signs. Similarly, microcontact printing uses a soft elastomeric stamp to
transfer conductive materials onto substrates to ensure consistent and
delicate patterns across flexible surfaces. Offset printing involves

transferring patterns via an intermediate medium. This method offers
high-speed production of large volumes. Laser-induced forward transfer
(LIFT) uses a laser to deposit materials with exceptional precision, which
minimises material usage. Finally, transfer printing involves placing pre-
patterned films or circuits (such as those that use advanced materials
like graphene or metallic nanowires) onto flexible substrates. The
essential factors (ink viscosity, line width, printing layer thickness, and
printing speed) of these printing methods are summarised in Table 1.
These factors play a critical role in determining the performance, reso-
lution, and efficiency of each technique. Overall, all of these printing
methods provide scalable, cost-efficient, and versatile solutions and
meet the demands of flexible and transparent RF electronics for modern
applications.

Table 1

Key factors of major printing methods.
Printing method Ink viscosity Linewidth  Printing Throughput Cost Scalability ~ Printing Substrate References

(cP) (pm) layerThickness efficiency  (R2R) speed interaction
(pm) (m min™1)
EHD inkjet 1-10* 0.1-0.7 0.001-0.1 Very low Low Limited Slow Non-contact [78-80]
Inkjet (CJC, DOD) 2-100 30-50 0.1-20 Low Moderate Limited 0.02-5 Non-contact [81,82]
Screen printing 500-5000 30-100 3-30 High High Good 0.6-100 Contact [83,84]
Aerosol jet printing 0.7-2500 10-10° 0.01-6 Low- Low Limited 6 Non-contact [85-87]
Moderate
Dispenser/Extruder 10-10° 50-10° 10-200 Low Moderate  Limited 0.6 Non-contact [88-90]
printing

Flexo printing 10-500 30-80 0.17-8 Very high High Excellent 5-180 Contact [77,81]
Gravure offset 500-50000 5-20 0.8-8 High Moderate  Good 1-10 Contact [91]
Gravure printing 100-1100 50-200 0.02-12 Very high High Excellent 0.5-18 Contact [81,92,93]
LIFT — 0.3-10 0.1-1 Very low Low — Slow Non-contact [94-96]
Nanoimprint - 0.005-0.1 0.1-1 Very low Low - <15 Contact [97,98]
Offset printing 30000-110000  20-90 0.6-2 High High Moderate Fast Contact [99]
Reverse offset 0.5-40 1-10 0.05-1 High Moderate Good 0.01-3 Contact [100-103]
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2.2.4. Scalability, Efficiency, and manufacturing considerations of printing
techniques

To enable the practical integration of printed electronics into large-
scale device manufacturing, it is important to assess not only the reso-
lution and compatibility of printing techniques, but also their efficiency,
cost-effectiveness, and scalability. Each printing method offers trade-
offs between performance and production viability. For instance, ink-
jet printing provides high design flexibility and minimal material waste
but suffers from slower throughput and frequent nozzle clogging,
limiting its scalability. In contrast, screen and gravure printing are better
suited for high-speed and large-area production, though they require
higher ink volumes and offer lower resolution. Roll-to-roll (R2R) pro-
cessing, often integrated with screen or gravure methods, significantly
improves production speed and cost-efficiency, making it promising for
commercial applications. However, challenges such as maintaining
pattern precision at high speeds, controlling ink spreading, and ensuring
uniform layer thickness remain. Additionally, process-specific factors
like substrate compatibility, drying or sintering temperature, and ink
rheology must be optimized to maintain both device performance and
structural integrity. A comparative summary of these aspects has been
included in Table 1 on selecting the most suitable printing method based
on application needs, material properties, and production goals.

2.3. Transparent conducting materials for printing technologies

Transparent conductive materials are crucial for printed technolo-
gies in flexible and transparent RF electronic applications. These mate-
rials offer both electrical conductivity and optical transparency, which
makes them ideal for devices like antennas, sensors, and circuits. Indium
Tin Oxide (ITO) is widely used because of its excellent conductivity and
transparency; however, its brittleness and high cost, driven by the
limited supply of indium, make it less suitable for flexible or large-area
applications. In contrast, AQNWs offer low sheet resistance, high trans-
parency, and flexibility, which makes them an excellent choice for ap-
plications requiring bending or stretching. However, challenges such as
junction resistance and susceptibility to oxidation necessitate the use of
protective coatings to enhance their durability and stability. Other
notable materials include carbon nanotubes (CNTs) and graphene, both
of which are lightweight and highly flexible. CNTs provide moderate
levels of conductivity and transparency, which makes them suitable for
stretchable electronics. However, ensuring uniform performance over
large areas can be challenging. Graphene, with its exceptional trans-
parency and mechanical strength, shows great promise for RF applica-
tions but faces limitations due to high sheet resistance and complexity
when it comes to large-scale manufacturing.

Hybrid materials that combine graphene with other components,
such as AgNWs or CNTs, help address these problems and improve
overall performance. Metal meshes (consisting of ultra-thin metallic
grids) offer an excellent balance between low electrical resistance and
high optical transparency. Their exceptional conductivity renders them
suitable for applications demanding low-loss RF performance. However,
producing uniform, fine metal grids at a nanoscale level for transparent
and flexible electronics requires advanced fabrication techniques, which
can increase production costs considerably.

Certain emerging materials, such as conductive polymers, MXenes,
and hybrid systems, also offer unique benefits. Conductive polymers like
PEDOT: PSS are lightweight, printable, and flexible although their lower
conductivity makes them more suitable for low-cost and low-frequency
applications. However, a major limitation of conductive polymers lies in
their long-term operational stability, as they are highly sensitive to
environmental factors such as humidity, UV radiation, and thermal
fluctuations. Their intrinsic electrical conductivity is typically lower
than that of metallic counterparts, often necessitating doping or post-
treatment steps, which add complexity and cost to the fabrication pro-
cess. While these materials are compatible with scalable solution-based
printing methods, maintaining consistent film uniformity over large
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areas especially on substrates with diverse surface properties remains a
significant challenge [54]. MXenes, a family of two-dimensional mate-
rials, exhibit outstanding conductivity and adjustable transparency,
which makes them a promising candidate for advanced RF applications.
However, their long-term stability under different environmental con-
ditions is still unclear. Hybrid materials, such as AgNWs, graphene and
CNTs, and graphene composites, combine the benefits of several mate-
rials to improve conductivity, flexibility, and stability. However, the key
performance factors, such as sheet resistance and transparency, are crit-
ical in determining the suitability of these materials for flexible and
transparent conductive films and are summarised in Table 2. Under-
standing the strengths and limitations of these materials enables re-
searchers to develop effective, innovative solutions for high-
performance RF applications.

2.4. Figure of merit for transparent conductive electrodes

Transparent conductive electrodes (TCEs) are crucial components in
many optoelectronic and radio frequency (RF) systems that require both
excellent optical transparency and low electrical resistance. The figure
of merit (FoM) is a typical measure for evaluating TCE’s overall per-
formance. The basic definition of FoM is the ratio of DC electrical con-
ductivity (opc) to optical conductivity (6ope).

FoM = 22¢

(€8]
Oopt

This equation states that a high-performance TCE should have strong
electrical conductivity while reducing visible light absorption or
reflection. Because these conductivity values are not often directly
measured, researchers frequently depend on simplified FoM formulas
incorporating sheet resistance (R;) and transmittance (T) at a certain
wavelength, usually 550 nm. A widely used practical formulation is
Haacke’s figure of merit,[113,114], which is given by

T10

D¢ = R 2

where, ®r¢ is the FOM, T is the transmittance of the film (measured at
the center of the visible spectrum, i.e. 550 nm), and R; is the sheet
resistance of the film. The transmittance is raised to the tenth power to
account for the fact that an acceptable TCE material should transmit at
least 90 % of the light that passes through it. Alexandra Madeira et al.
[115] demonstrated silver nanowire-based transparent electrodes
achieving a low sheet resistance of 5 Q/sq at 94 % optical transmittance,
representing one of the highest figures of merit reported to date for
scalable nanowire electrodes. As illustrated in Fig. 4, the performance of
these electrodes is compared with other AGQNWs electrodes produced
using scalable deposition methods, along with ITO-coated glass sub-
strates. To facilitate comparison, iso-lines of Haacke’s figure of merit
(T'°/Ry) are also included. These results underscore the exceptional
performance potential of AgNWs networks fabricated through scalable
techniques.

2.5. Metallisation techniques

Following the printing process, sintering is an essential step to
convert the printed conductive inks or pastes into the final design. In this
way, it is possible to achieve the desired electrical properties, mechan-
ical integrity, and surface quality. This technique is particularly critical
for metal nanoparticle inks or pastes because it eliminates organic
contaminants, facilitates the fusion of metal nanoparticles, and en-
hances conductivity. For example, silver nanoparticle inks typically
require post-deposition sintering to achieve high conductivity. While
conventional thermal sintering often occurs at temperatures above
150 °C, recent formulations have enabled lower temperature sintering
(80-120 °C), making them compatible with flexible substrates [116].
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Table 2
Transparent and electrical properties of several transparent conducting films reported in prior studies, featuring materials fabricated using various printing methods.
Transparent conducting film material Printing Sheet resistance [Q sq'] Transmittance [%] Cost Application Priority Reference
technique
Metal NPs Inkjet printing 12 89 (550 nm) Moderate Flexible, transparent devices [104]
(Metal Grids) (PEDOT: PSS/Ag grid) PEDOT:PSS/Ag grid)
Screen printing 0.015 64 Moderate Flexible RF devices [105]
(Ag grid)
CNTs Inkjet printing 156 81 (600) Moderate- Transparent conductive films [106]
High
Graphene Screen printing 1.86 x 10* Sm™* - High — [83]
(conductivity)
Inkjet printing 13k 22 (550 nm) High Transparent conductive films [107]
Metal NWs Screen printing ~0.823 - Moderate Wearable Thin Film Transistors ~ [108]
Gravure printing 10.9 90 (550 nm) Moderate Transparent conductors [109]
(IZO/Ag NWs) (IZO/Ag NWs)
Inkjet printing 8 ~50 (550 nm) Moderate — [110]
Roll-to-Roll (R2R) 8 94 (550 nm) Moderate Transparent electrodes [111]
(graphene/Ag NWs) (graphene/Ag NWs)
PEDOT:PSS Inkjet printing — 89 (525 nm) Low Solar cell [112]
gas to treat the material, and if hydrogen is included, it acts as a reducing
? - - . . . . .
Haacke’s FoM (10 3 Q 1) agent [119,120]. Microwave sintering involves microwaves to heat the
120 90 60 30 material, evaporate organic components, and complete the sintering
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0+ Fird 7 i 1 electrical performance of the conductive patterns, such as those in RF
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'E‘ 9 /,/' - "® electronics. Therefore, employing an efficient and cost-effective sinter-
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30
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Fig. 4. Comparison of sheet resistance and optical transmittance for silver
nanowire-based transparent conductors fabricated via scalable deposition
methods.[115](Copyright 2020, Royal Society of Chemistry).

The sintering standard of metal-nanoparticle inks is affected by com-
ponents like the type of protective agents, the size and structure of the
nanoparticles, and the surface properties of the substrate. For metal-
particle-free inks, sintering decomposes or reduces the metal pre-
cursors and eliminates organic materials, forming the metal and
providing the required conductivity. The final conductivity is deter-
mined by the properties of the precursors, sintering conditions, and re-
sidual organics.

Thermal sintering is the most common method. It is typically done on
a hotplate or in an oven at temperatures ranging from 90 to 200 °C for
five to 60 min. This method is mainly suited for silver-based inks
[38,117]. In contrast, copper-based inks need additional precautions,
such as a protective environment (vacuum or inert gas) or advanced
sintering methods, to avoid oxidation. Alternative sintering methods
have been developed for heat-sensitive flexible substrates like polymer
films or paper. These include photonic sintering, electrical sintering,
plasma sintering, and microwave sintering. Photonic sintering uses light
sources like flash lamps or lasers, where the light’s emission spectrum
matches the material’s absorption spectrum to produce heat for sinter-
ing without damaging the substrate [118]. Plasma sintering uses ionised

substrates influence not only the device design but also the choice of
fabrication process and post-processing steps. Understanding these in-
terdependencies is essential for bridging the gap between material
properties and real-world RF applications. In the following sections, we
explore how these materials and processes are applied in the develop-
ment of transparent antennas, metamaterial absorbers, and frequency-
selective surfaces.

3. Transparent RF electronics using advanced manufacturing
techniques

In the previous sections, we discussed the materials and fabrication

Table 3
Strengths and weaknesses of different sintering methods.
Sintering Strength Weakness
Method
Thermal Low-cost and high- Requires much time and damages the
throughput substates
Photonic Selective sintering High cost
Electrical Short sintering time, Requires contact with the printed
Reduced damage to the patterns
substrate
Plasma Low temperature Low throughput
surface effect
Microwave  Fast volumetric heating Limited penetration depth, local

overheating
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methods for transparent RF electronics. Transparent RF electronics
manufactured using printing technology can be used in a variety of
applications, such as consumer electronics, smart environments, and
wearables, due to their simplicity and low cost. Thanks to these benefits,
numerous studies on transparent RF electronics utilising printed fabri-
cation technology have emerged, and this trend is expected to grow in
the coming years. In this section, we present the latest research and
developments in transparent RF devices, including antennas, FSSs, and
MAs fabricated using printing technology. Next, the limitations of cur-
rent transparent RF devices and future challenges will be discussed.

3.1. Transparent antennas

Antennas are RF components that can transmit and receive electro-
magnetic waves. They are essential for a variety of wireless communi-
cations, including mobile communications, Bluetooth, and near-field
communication (NFC). In recent years, the importance of antennas has
grown as the demand for wireless devices such as smartphones and
wireless earphones continues to increase, as well as the Internet of
Things (IoT) and wearable devices. Among these, transparent antennas
have garnered significant attention due to their versatility and potential
for a wide range of applications, a trend that is expected to continue
growing [124]. Transparent antennas are mainly made of transparent
conductive materials such as ITO, Ag NWs, polymer-based transparent
materials such as PEDOT:PSS, and metal-mesh structures implemented
on the micro-metre scale. The specific design parameters of transparent
antennas are resistance, optical transmittance, dielectric loss, and skin
effect. Resistance and optical transmittance are closely related: for
conductive films such as ITO and Ag NWs, thinner conductors yield
higher optical transparency but also higher resistance [44,56,125].
Conversely, in metal-mesh structures, reducing the mesh-line width in-
creases transparency at the expense of resistance [126-128]. Therefore,
when designing transparent antennas, it is essential to understand the
trade-off between optical transmittance and sheet resistance, since
lower resistance directly improves radiation efficiency. Dielectric loss is
an inherent property of the substrate material and varies with frequency;
selecting a dielectric with low loss tangent at the design frequency
likewise enhances radiation efficiency. The skin effect where high-
frequency currents concentrate near a conductor’s surface introduces
additional losses whenever the conductor thickness is less than the skin
depth. The skin depth § is given by:

6= /—, 3)

where, p is resistivity, f is frequency, and p is permeability. This factor
must be accounted for during design, especially when using ultrathin
transparent conductors. Once the parameters above are defined, we
move on to antenna performance optimization. Performance metrics fall
into three categories: resonance frequency, impedance matching, and
radiation gain. The resonance frequency is given by:

1
27vIC

where, L is the inductance and C is the capacitance of the antenna. As the
pattern’s effective L or C increases, the resonance frequency fp de-
creases, so fo is adjusted by changing the antenna’s electrical length.
Impedance matching essential for maximizing the conversion of input
power into radiated power is typically achieved in patch antennas by
varying the width or length of the radiating patch [129]. Radiation gain
measures the relative power radiated in a given direction, and trans-
parent antennas generally exhibit lower gain than copper-based designs
due to higher sheet resistance and consequently greater ohmic loss. To
realize a practical transparent antenna, these trade-offs are balanced via
systematic parameter sweeps and multi-objective optimization work-
flows so that resonance frequency, impedance matching, and radiation

fo= 4
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gain targets are all met.

Among the transparent antennas studied so far, several designs
leveraging straightforward fabrication processes and cost-effective
printing techniques have been successfully demonstrated. Goliya et al.
fabricated a transparent antenna by screen-printing Ag NW paste onto a
PET substrate [130]. Fig. 5 (a) shows the fabricated transparent bow-tie
antenna. Fig. 5 (b) illustrates the changes in reflection coefficient and
radiation efficiency based on the transparency of the fabricated antenna.
The antenna reached a radiation efficiency of 51.7 % with an optical
transmittance of 85.29 %, and the reflection coefficient was measured to
be below —20 dB at 2.4 GHz. When the same structure was fabricated
using Ag flakes and copper, the radiation efficiencies were 80.8 % and
79 %, respectively. When comparing the fabricated transparent antenna
with one made from silver flakes, a 28.9 % difference in radiation effi-
ciency is observed, which is primarily due to conductive losses by the
high sheet resistance of 8.45 O/sq. Fig. 5(c) shows the reflection coef-
ficient results of the antenna based on the number of screen-printing
cycles. As the number of screen-printing cycles increased, the reflec-
tion coefficient decreased. This is because the resistance decreases with
an increasing number of screen-printing cycles. Fig. 5(d) illustrates a
comparison of the reflection coefficient for the fabricated antenna in
both bent and unbent states. The proposed transparent antenna is stable
enough such that its resonant frequency does not change when bent. The
authors tuned the sheet resistance and optical transmittance by
repeating several screen-printing cycles to achieve optimal antenna
performance. Although the transparent antenna proposed by the authors
exhibited low radiation efficiency, it can be used for transparent RFID
tags in vehicle and aircraft windows. Another study explored the inte-
gration of coating and printing techniques for the development of
transparent antennas. Li et al. developed an Ag NW-based transparent
electrode by integrating spin coating and ink-jet printing [131]. Fig. 5(e)
presents a schematic that summarises the patterning process. The group
first coated Ag NWs evenly using a spin-coating method and inkjet-
printed a polymer material onto the areas to be patterned. Subse-
quently, the Ag NWs outside the polymer region were removed, and the
polymer material was eliminated to complete the patterning process.
The transparent electrode they developed exhibited a sheet resistance
ranging from 7.1 to 36 O/sq and an optical transmittance of 84.2 % to
95.6 %. Fig. 5(f) shows a photograph of the fabricated transparent
monopole antenna and its optical transmittance results. The fabricated
antenna reached an optical transmittance of at least 70 % across the
visible spectrum (400-800 nm) and 86.8 % at 550 nm. Fig. 5(g) displays
the reflection-coefficient-measurement results of the transparent
monopole antenna, which showed a reflection coefficient below —10 dB
for the frequency range of 17.9-40 GHz. Fig. 5(h) shows the stability-test
results of the fabricated transparent monopole antenna. The authors
confirmed that the reflection coefficient remained unchanged when the
antenna was bent to radii of 20 mm and 5 mm, and even after 1,000
bending cycles, its properties were maintained. While direct inkjet
printing of Ag NWs encountered problems such as nozzle clogging and
inconsistent patterning, the authors addressed these challenges by
implementing a coat-and-print method. Another study utilised screen
printing and photonic sintering for transparent antenna research. Li
et al. developed high optical transparency and low-sheet-resistance
electrodes by screen-printing Ag NWs to form patterns, which was fol-
lowed by photonic sintering [50]. The fabricated transparent electrode
exhibited a sheet resistance ranging from 1.1 to 9.2 O/sq and an optical
transmittance of 75.2 % to 92.6 %. As shown in Fig. 5(i), the authors
used the developed transparent electrode to fabricate an Ag-NW-based
transparent fractal antenna. Fig. 5(j) shows the reflection-coefficient-
measurement results of the fabricated antenna, which exhibited a
reflection coefficient below —10 dB in the 1.5-4.8 GHz range, showing a
dual-resonance characteristic. Fig. 5(k) shows the peak-gain measure-
ment results of the fabricated antenna. The trend of the measured an-
tenna gain was consistent with the simulation results. It reached a gain
of over 1 dBi in the 2.3-4.1 GHz band. In addition, as shown in Fig. 5(1),
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the authors evaluated the flexibility and reliability of the antenna. The
reflection coefficient bandwidth remained consistent when the antenna
was bent to radii of 25 mm and 10 mm, and its properties were preserved
even after 100 cycles of bending and unbending. Nitheesh M et al.
developed a composite transparent ink combining Ag NWs and PEDOT:
PSS [132]. The films made with the developed composite transparent
ink showed better thermal stability than Ag NW films. The film printed
once using the direct-writing method had a sheet resistance of 23 O/sq
and an optical transmittance of 86.4 %, while the film printed twice had
a sheet of 6.6 O/sq and an optical transmittance of 77.2 %. As shown in
Fig. 5(m), the authors fabricated a transparent monopole antenna using
the developed composite transparent ink. Fig. 5(n) presents the
reflection-coefficient-measurement results of the fabricated antenna,
which reveals reflection coefficients below —17 dB at 2 GHz and 4.75
GHz. In addition, as shown in Fig. 5(0), the frequency stability of the
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reflection coefficient was preserved when the antenna was bent inward
and outward using radii of 4 cm and 2 cm. Fig. 5(p) illustrates the
change in the centre frequency when the antenna was bent using
different radii. The results demonstrate that the centre frequency
remained stable despite the different bending conditions. Hence, this
antenna is well-suited for applications that require flexibility, such as
wearable devices.

Furthermore, a study that combined Ag NW-based transparent ink
with photonic sintering yielded higher conductivity as well as high op-
tical transmittance. Vaseem et al. developed an Ag NW-based trans-
parent electrode using screen-printing, with a conductivity of 6.25 x 10°
S/m and 83 % optical transmittance [133]. This result represents the
highest conductivity among reported Ag NW transparent electrodes with
high optical transmittance. The authors used the developed transparent
electrode to fabricate a transparent monopole antenna. Fig. 6(a) depicts
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the fabricated transparent monopole antenna. Fig. 6(b) compares the
reflection-coefficient-simulation result with the measured outcomes.
The measurements indicate a reflection coefficient below —10 dB within
the frequency range of approximately 4.2 GHz to 6.7 GHz. Fig. 6(c)
shows the simulated radiation pattern of the proposed antenna—it ex-
hibits omnidirectional characteristics. Another study reported on highly
transparent patch antennas that combined ITO ink with inkjet printing.
Glinsek et al. successfully developed an inkjet-printable ITO ink [134].
The group’s inkjet-printed ITO film exhibited a conductivity of 1,280 S/
cm and an optical transmittance of 87 %. As shown in Fig. 6(e), the
authors fabricated a meander-shaped patch antenna using the developed
transparent electrode. Fig. 6(d) shows the reflection-coefficient-
measurement results of the fabricated antenna. The antenna fabricated
with the developed ink demonstrated a reflection coefficient of
approximately —1 dB at 2.4 GHz, whereas the antenna fabricated with
commercial ITO produced a reflection coefficient of —5 dB. Fig. 6(f)
shows the simulation results of the reflection coefficient based on the
thickness of the ITO layer. It can be observed that as the ITO thickness
increased, the reflection coefficient increased. The authors discovered
that the thin ITO layer caused the high reflection coefficient of the
transparent antenna. The fabricated antenna was used in a low-power
communication module based on the Bluetooth Low-Energy (BLE) pro-
tocol. This successfully demonstrated the transmission of energy level,
light, and temperature data. Their results created new possibilities for
applying transparent antennas to IoT systems. Another study used a
different printing technology to obtain transparent antennas. Li et al.
proposed a transparent planar inverted-F antenna (PIFA) by combining
PEDOT:PSS-based Ag NW ink with aerosol-jet printing [135]. Fig. 6(g)
shows the fabricated transparent planar inverted-F antenna. Fig. 6(h)
shows the reflection coefficient measurement results of the fabricated
antenna, where the green graph represents the antenna on a glass sub-
strate, and the blue graph signifies the antenna on a Delrin substrate.
The measurements show fractional bandwidths (FBW) of 27 % and 30 %
centred at 2.2 GHz and 2.4 GHz, respectively. Fig. 6(i) displays the
simulation results for the directivity, gain, and efficiency of the antenna
that was fabricated on a Delrin substrate. The antenna’s directivity was
found to be 1.9 dBi, the gain was —3.6 dBi, and the radiation efficiency
was 10 %. The authors attributed these results to the increased skin
depth caused by low conductivity (approximately 10°> S/m), which led
to higher antenna losses. Fig. 6(j) shows the measured radiation pattern
of the antenna, which indicates omnidirectional radiation. Although the
gain and radiation efficiency of the fabricated antenna was very low, the
aerosol-jet printing method they used allowed excellent fabrication
resolution, which makes it potentially suitable for mm-wave
applications.

Table 4 compares the performance of transparent antennas fabri-
cated using printing technology. Recent studies on transparent antennas
have predominantly utilised Ag NWs due to their excellent conductivity,
high optical transmittance, and superior flexibility. The majority of
transparent antenna studies using Ag NWs emphasise their flexible
properties [50,130-133]. The antenna types that were predominantly
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studied are dipole and monopole antennas, which feature omnidirec-
tional radiation characteristics. Most operating frequencies have
remained in the microwave range, i.e., the 2.4 GHz or 5 GHz bands.
However, more recently, printing-based transparent antennas operating
in the millimetre-wave range have also been reported. Printing offers
significant benefits, such as reduced cost and simplified fabrication. We
anticipate that research on transparent antennas that utilise printing
technology will continue to grow in the future.

3.2. Transparent frequency-selective surfaces (FSS)

A FSS is an electromagnetic filter that can either block or allow
signals of a specific frequency to pass through. In recent years, the need
for shielding from unwanted electromagnetic waves has increased as
wireless communication occurs in a wide range of frequencies
[136-138]. FSS can meet this need by providing electromagnetic
shielding. Typically, an FSS consists of a metal pattern and a dielectric,
but recently, transparent FSSs, where both the metal pattern and
dielectric are composed of a transparent material, have been reported
[26,139,140]. The reason for the renewed interest is that making FSSs
transparent can benefit a variety of applications. For example, a trans-
parent FSS can be used at home or in car windows and even in incubators
of newborns [38]. FSS designed to block electromagnetic waves require
high insertion loss, whereas those intended to pass waves require low
insertion loss. In general, FSS based on transparent conductive materials
are better suited to blocking applications than to transmission, because
when incident waves traverse the FSS, losses occur both from the high
resistance of the transparent conductor and from the dielectric loss of
the substrate. Therefore, just as with transparent antennas, the design of
transparent FSS must take into account the material’s resistance, optical
transmittance, dielectric loss, and skin effect. From a performance to
optimization perspective, both the resonance frequency and the inser-
tion loss must be optimized, and the transparent conductor’s intrinsic
properties particularly its resistance and optical transparency are key
design drivers.

Moreover, research on transparent FSS based on printing technology
has also been reported. Yang et al. fabricated a transparent FSS by
screen-printing custom Ag NW ink [27]. The group used a previously
studied method of photonic sintering on screen-printed Ag NW patterns
to obtain a sheet resistance of 4 O/sq [47,50]. Fig. 7(a) shows a
photograph of the fabricated transparent FSS. Fig. 7(b) presents the
optical transmittance results, which indicate over 80 % transmittance
across most of the visible region and 81.6 % at 550 nm. Fig. 7(c) displays
the measured transmission coefficient of the fabricated transparent FSS.
The measured results exhibit shielding characteristics below —10 dB at
0.92 GHz and 1.9 GHz. However, the amplitude was 7 dB lower than the
simulation results. The authors analysed the conductor thickness and
surface roughness of the fabricated samples and verified the discrep-
ancies through a post-simulation process that included these factors.
Fig. 7(d) shows the measured transmission coefficient results after the
fabricated transparent FSS was bent or rolled. The FSS demonstrated

Table 4
Antenna performance comparison of optically transparent antennas made using different printing technologies.
Ref. Material Sheet Optical Printing Antenna Centre Gain Radiation
resistance transmittance method type frequency (dB) efficiency
(ohm/sq) (%) (GHz) (%)
[130] Ag NW 8.45 85.29 Screen-printing Bow-tie antenna 2.45 N/A 51.7
[131] Ag NW 7.1 86.8 Ink-jet printing Monopole antenna 31 -1.7 N/A
~1.2
[50] Ag NW 1.1 75.2 Screen-printing Fractal antenna 3.15 1 N/A
[132] Ag NW, PEDOT:PSS 6.6 77.2 Direct writing Monopole antenna 2.02, N/A N/A
4.75
[133] Ag NW 1.7 78 Screen-printing Monopole antenna 5.45 N/A N/A
[134] ITO 6.2 85 Ink-jet printing Meander patch antenna 2.4 —5.26 18
[135] Ag NW, PEDOT:PSS 4 50 Aerosol-jet printing Planar inverted-F antenna 2.4 -3.6 10
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Fig. 7. (a) Fabricated Ag NW-based transparent FSS, (b) measured optical transmittance, (c) measured and simulated transmission coefficient, (d) measured
transmission coefficient of the transparent FSS after bending and rolling. Reprinted with permission from [27] (Copyright 2021, IEEE). (e) Screen-printed transparent
FSS and measurement setup, (f) measured transmission coefficient as a function of angle of incidence, (g) conformal FSS structure designed in the simulation. (h)
Measured transmission coefficient for a conformal FSS structure Reprinted with permission from [141] (Copyright 2023, IEEE). (i) Proposed active FSS unit structure
and fabricated prototype, (j) measured transmission coefficient for TE polarisation at various states and angles of incidence, and (k) measured transmission coef-
ficient for TM polarisation at various states and angles of incidence. Reprinted with permission from [142] (Copyright 2024, IEEE).

good stability, as the measurement results remained unchanged after
bending and rolling. Consequently, the proposed transparent FSS is well-
suited for applications that require shielding in the global system for
mobile communications (GSM) frequency band.

Furthermore, a study investigated transparent FSS using fine
patterning of silver to enhance optical transmittance. King et al. pro-
posed a transparent FSS that was fabricated using screen-printed silver-
flake ink in a mesh pattern. The group demonstrated electromagnetic
shielding properties at 26.7 GHz [141]. The unit cell design underwent a
four-step miniaturisation process, which led to the final mesh structure.
Fig. 7(e) illustrates the fabricated transparent FSS. Fig. 7(f) presents the
measured transmission coefficient of the fabricated FSS. It features
resonance at 26.7 GHz and stable shielding performance across inci-
dence angles ranging from 0° to 60°. The authors also developed a
conformal FSS structure, as shown in Fig. 7(g), and conducted both
simulations and measurements. Fig. 7(h) displays the transmission co-
efficient results for the conformal FSS. It demonstrates resonance at
26.8 GHz, with a negligible deviation in resonant frequency compared to
the flat structure. The fabricated transparent FSS reached 65 % optical
transmittance. The proposed screen-printed transparent FSS can be used
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for applications that require millimetre-wave shielding. In addition to
this research, there has also been work on transparent active FSS (AFSS)
that were fabricated via screen printing. Lai et al. proposed a transparent
AFSS that could be fabricated using screen printing [142]. Fig. 7(i)
shows the unit cell structure of the proposed AFSS and the actual
fabricated AFSS. The group utilised screen printing to print silver ink on
a PET substrate and mounted PIN diodes using conductive silver paste.
Fig. 7(j, k) shows the TE and TM transmission coefficient measurements
of the fabricated AFSS. The fabricated AFSS allows electromagnetic
waves to pass in the ON state and provides shielding in the OFF state.
The bandwidth of the TE mode ranged from 5.43 to 6.26 GHz, while the
TM mode ranged from 5.28 to 6.78 GHz. The bandwidth remained stable
with variations in the angle of incidence. The optical transmittance was
calculated to be 72 %, which corresponds to the area without a pattern.

3.3. Transparent metamaterial absorbers (MA)
An electromagnetic wave absorber is a material that converts the

incident electromagnetic wave into microscopic heat energy using the
material’s own dielectric losses and resistive losses and dissipates it.
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Absorber types include pyramidal absorbers and MAs. MAs, first intro-
duced by Landy in 2006 [143], are characterised by the ability to change
the absorption frequency by changing the permittivity and permeability.
Their strengths are low manufacturing cost, lightweight, and other
functions such as transparency, flexibility, and stretchability. The spe-
cific design parameters of MA are resistance, optical transmittance,
dielectric loss, and skin effect, which are the same as those of antennas
and FSS, but different. Transparent antennas and transparent FSS
required low resistance to minimize ohmic loss generated in transparent
conductive materials, but MA, on the contrary, requires high resistance
to achieve electromagnetic wave absorption performance, as ohmic loss
contributes to absorption performance [144,145]. These characteristics
enable the achievement of both high absorption performance and high
optical transmittance. High dielectric loss also contributes to electro-
magnetic wave absorption performance, providing greater flexibility in
dielectric material selection. Losses caused by the skin effect also
contribute to electromagnetic wave absorption performance, making it
advantageous to utilize thin-film transparent conductive materials such
as ITO or AgNW. From a performance optimization perspective, it is
necessary to form resonance characteristics in the target frequency band
and optimize for low reflection loss. Based on these characteristics,
active research is being conducted on transparent MA for various ap-
plications, such as optical windows [146-148], ultra-high-frequency
radio frequency-identification systems [149], and broadband micro-
wave invisibility of solar panels [150,151].

A number of transparent MA studies that utilise printing have also
been reported. Wu et al. proposed a transparent MA that can be applied
to terahertz devices through EHD printing [152]. As shown in Fig. 8(a),
the group proposed a multilayer absorber structure with a fishnet-grid
top pattern and ITO in the middle layer for impedance matching.
Fig. 8(b) shows the prototype of the absorber fabricated via EHD
printing. The optical transmittance of the fabricated absorber ranged
from 65 % to 78 %. Fig. 8(c) shows the simulation results of the ab-
sorption rate for different line widths of the proposed absorber top
pattern. The simulation results show that the absorption bandwidth
variation with line width was not significant, which suggests that the
proposed structure is tolerance insensitive. Fig. 8(d) shows the measured
absorption results. The simulated and measured results of the proposed
transparent MA appear very similar. The proposed terahertz transparent
MA presented a new method for the design and fabrication of terahertz
absorbers. Another research project involved transparent absorbers
made via screen printing. Li et al. utilised a screen-printable Ag NW ink
and laser treatment to develop a transparent electrode with a very low
sheet resistance of 1.9 O/sq and an optical transmittance of 73 % [47].
The authors used the developed transparent electrode for the design of
the absorber. Fig. 8(e) shows the fabricated transparent absorber. Fig. 8
(f) shows the measured results. The researchers fabricated and measured
a narrowband transparent absorber as well as a broadband transparent
absorber. The broadband transparent absorber had an optical trans-
mittance of 45 % at 550 nm. Fig. 8(g) shows the absorption results of the
fabricated broadband absorber for different bending radii and the ab-
sorption results for different bending cycles (1 to 1000 bending cycles).
The measurement reveals that the absorption rate drops sharply when
the bending radius becomes 23 mm, which is due to the cracks in the Ag
NW pattern, which increases resistance. The authors also performed
repeatability tests on the fabricated absorber for up to 1000 cycles. It can
be seen that the absorption characteristics were effectively maintained
even after 1000 repetitions. Fig. 8(h) shows the strain-test measurement
results of the fabricated absorber. The absorption properties were
measured to be retained at 5-20 % strain, while the absorption prop-
erties were retained in repeatability tests (ranging from 1 to 1000).
These absorbers can be utilised in applications that require flexible,
stretchable properties.

In addition to EHD printing and screen printing, research on trans-
parent MAs utilising ink-jet printing has also been performed. Jeong
et al. proposed a transparent MA obtained via ink-jet printing [153].
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Fig. 8(i) shows the structure of their transparent MA. The optical
transparency was achieved by designing a thin square loop pattern with
a width of 0.2 mm. Fig. 8(j) shows the fabricated transparent MA. It
appears transparent because the printed silver ink area was small. The
authors calculated the transparency by considering the opaque areas
and found that the optical transparency exceeded 90 %. Fig. 8(k) shows
the measurement results of the fabricated MA. The fabricated absorber
exceeded 90 % absorption from 26.8 to 28.2 GHz. The group confirmed
that the transparent MAs can be realised via inkjet printing. In addition,
there have been studies of transparent absorbers that operate in the W-
band and utilise EHD printing. Wu et al. proposed a flexible yet trans-
parent absorber based on EHD printing [154]. Fig. 8(1) shows the
transparent absorber they fabricated. The fabricated absorber is flexible
and transparent enough to see the text behind it. The optical trans-
mittance of the fabricated absorber was measured to be 58.1 %. Fig. 8
(m) shows the reflection coefficient of the fabricated absorber, which
was found to exceed 90 % absorption between 73.5 and 110 GHz. Fig. 8
(n) shows the simulation results for the absorption at different angles of
incidence. The proposed transparent absorber was reported to feature
more than 80 % absorption for angles of incidence ranging from 0 to 45°.
Such an absorber can be utilised in applications that require absorption
in the W-band.

Another study combined Ag NWs with screen printing. Bark et al.
proposed a transparent MA featuring a second-order cross-fractal
pattern designed to achieve absorption in both the C-band and K-band
[38]. Fig. 9(a) shows a photograph of the fabricated transparent MA. An
air gap was created between the two PET films, which not only reduced
the weight but also enhanced the optical transparency. Fig. 9(b) shows
the measured optical transmittance. The optical transmittance of the
fabricated transparent absorber was measured to be about 90 % at 550
nm, while the optical transmittance of the PET film without the pattern
was measured to be about 63 % at 550 nm. Fig. 9(c) shows the measured
absorption of the fabricated MA. The measured absorption of both the C-
band and the K-band was similar to the simulation results. The proposed
transparent MA, featuring a fractal structure, can be integrated into the
windows of stealth aircraft. In addition, studies have explored trans-
parent MAs that incorporate a combination of screen printing and metal
mesh. Choi et al. proposed a transparent MA with absorption properties
within the X-band by utilising screen-printed metal mesh [117]. The
authors designed the top pattern as a second-order fractal structure to
reduce the size of the unit cell compared to conventional metamaterial
patterns, such as square patterns. Fig. 9(d) shows the fabricated trans-
parent MA, while Fig. 9(e) displays the measured optical transmittance.
The substrate with unpatterned PET and a bonding film was measured to
be 84.12 %, while the fabricated absorber was 46.7 %. Fig. 9(f) shows
the obtained absorption of the fabricated absorber. The measured ab-
sorption is 92 % at 8.85 GHz. The difference in absorption between
simulation and measurement is because the ITO film used in the actual
fabrication has a higher sheet resistance than the simulation. Fig. 9(g)
shows the repeatability-test results of the fabricated absorber. After
bending the absorber to a radius of 35 mm and repeating the recovery
process up to 6000 cycles, we can see that the absorption rate remained
above 90 %. Another study effectively utilised the benefits of Ag NWs
and screen-printing. Kim et al. applied the high and low sheet resistance
obtained by controlling the number of screen print cycles to the design
of transparent MAs [41]. As illustrated in Fig. 9(h), the group assigned
high sheet resistance to the square pattern and low sheet resistance to
the cross pattern. As a result, the square pattern has a smooth patterned
absorption trend and the cross pattern has a sharp patterned absorption
trend. The combination of the two patterns with different trends results
in a wider absorption bandwidth. Fig. 9(i) shows the fabricated trans-
parent MA. Fig. 9(j) displays the absorption-measurement results of the
fabricated transparent MA, revealing more than 90 % absorption be-
tween 8.68 and 11.48 GHz. Fig. 9(k) shows the measured optical
transmittance. The substrate, composed of PET and optical clear adhe-
sive (OCA), exhibited a transparency of 86.2 % at 550 nm. In contrast,
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Fig. 8. (a) Proposed transparent MA for terahertz absorption using EHD printing, (b) fabricated prototype, (c) simulated absorption for different line widths, (d)
measured absorption. Reprinted with permission from [152] (Copyright 2019, IEEE). (e) Fabricated transparent MA, (f) measured optical transmittance, (g)
measured absorptivity for different bending radii (top), and bending cycles from 1 to 1000 with a radius of 28 mm (bottom), (h) measured absorptivity results for
different tensile strains (top), and stretching cycles for 10 % strain (bottom). Reproduced with permission from [47] (Copyright 2019, Springer Nature). (i) Proposed
transparent MA structure using ink-jet printing, (j) fabricated prototype, (k) measured absorptivity. Reproduced with permission from [153] (Copyright 2019 by the
authors. Licensee MDPI, Basel, Switzerland). (1) Fabricated transparent MA using EHD printing, (m) measured absorption, and (n) simulated absorption for different
angles of incidence. Reprinted with permission from [154] (Copyright 2020, IEEE).
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Fig. 9. (a) Fabricated transparent MA using Ag NW, (b) measured optical transmittance, (c) measured absorptivity C-band (left), K-band (right). Reproduced with
permission from [38] (Copyright 2024 by the authors. Licensee MDPI, Basel, Switzerland). (d) Screen-printed metal mesh-based transparent MA, (e) measured optical
transmittance, (f) measured absorptivity, (g) measured absorptivity for different bending cycles. Reproduced with permission from [117] (Copyright 2024 by the
authors. Licensee MDPI, Basel, Switzerland). (h) Simulated absorptivity for each pattern in the unit cell, (i) fabricated transparent MA using resistance-gradient
concept, (j) measured absorptivity, (k) measured optical transmittance. Reprinted with permission from [41] (Copyright 2024, Elsevier B. V.). All rights
reserved. (1) Fabricated transparent metafilm for electromagnetic absorption, (m) measured absorptivity, (n) measured radar cross-section of a metafilm sample for
the TE-mode (up), TM-mode (down), and (o) measured absorptivity for different angles of incidence. Reprinted with permission from [155] (Copyright 2024, IEEE).

the proposed absorber demonstrated a transparency of 66.3 % at the
same wavelength. In addition, screen-printed metafilms have been re-
ported. Lim et al. proposed a rollable metafilm absorber based on a
screen-printed metal mesh [155]. The authors constructed both the top
pattern and the ground pattern with metal mesh to achieve optical

transparency. As shown in Fig. 9(1), the fabricated metafilm is both
transparent and “rollable”. Fig. 9(m) displays the measured absorption,
which indicates that the absorption at 9.32 GHz is 93 %. Fig. 9(n) pre-
sents the radar cross-section results measured at 9.18 GHz and 9.24 GHz.
When comparing the reflected wave measurements of the fabricated
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absorber with those of copper, the absorber demonstrated a significant
reduction in reflection: 94.7 % in TE mode and 94.5 % in TM mode.
Fig. 9(o) shows the absorption of the fabricated absorber as the angle of
incidence changes. The absorption of the fabricated absorber exceeded
90 % for all angles of incidence (from 0 to 60°).

The key properties of transparent MA studies using different printing
methods are summarised in Table 5. A range of materials, including Ag
NWs, Ag nanoparticles, and ITO, were used in the design of the trans-
parent MAs because low-sheet resistance and high-sheet-resistance
materials can also be used in the design of the absorbers. In fact, the
used sheet resistance varied from 0.015 O/sq to 200 O/sq. The optical
transmittance ranged from 45 to 78 %, and the patterning method pri-
marily was screen printing. Typically, transparent MAs require fabri-
cation over large areas to facilitate straightforward measurement.
Screen printing is particularly well-suited for this purpose because of its
large-area printing. Unlike transparent antennas, which require very
low sheet resistance, transparent metamaterial absorbers can be
designed with high sheet resistance. This design flexibility is expected to
drive further exploration and innovation in the field.

4. Applications and case studies

Transparent RF electronics, such as antennas, frequency selective
surfaces (FSS), and metasurfaces with diverse functionalities, hold sig-
nificant potential across a wide range of applications, including
communication, military applications, and consumer electronics, as
shown in Table 6. Transparent RF electronics, in particular, have gained
significant attention from researchers due to their unique ability to
maintain aesthetic integrity when integrated with the surrounding
environment or other devices while still demonstrating RF performance
comparable to traditional opaque and bulky RF electronics. This po-
tential for effective utilisation across a wide range of applications has
driven a surge in research interest in the field. Consequently, numerous
studies have explored transparent RF electronics employing not only
printing techniques but also a variety of other manufacturing processes.
These studies highlight the versatility of transparent RF electronics,
showcasing their potential in diverse applications such as communica-
tions, consumer electronics, and wearable technologies.

Unlike the previous sections, this section does not focus on case
studies of RF electronics that were fabricated specifically via printing.
This approach stems from the understanding that transparent RF elec-
tronics (whether produced via screen printing, ITO film, or other
fabrication methods) can offer the same application potential as long as
they achieve both good transparency and excellent RF performance.
Moreover, to comprehensively highlight the broad application potential
of transparent RF electronics, this chapter explores their use cases across
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Table 6
Reported applications of transparent RF electronics.
Type of Applications Ref.
transparent
electronics
Antennas Communication 5G (millimetre wave and [37,156-160]
sub-6 GHz)
communication
Smart city [23]
Indoor mobile [161,162]
communication
Vehicular [163]
communication
THz communication [164,165]
Automobile windows or rear glass [166,169]
Integration with solar cells for CubeSats [170-173]
Display of IoT devices [167,174,175]
Consumer Laptop computers [176]
electronics Smartwatches [1771
Smartphones [178]
Smart glasses [168]
Wearable devices [179-181]
Intelligent health care system [182-184]
RFID technology [185-190]
Wireless energy harvesting [191]
Sensors [192]
FSS Communication Communication- [139,193]
performance
enhancement
Communication security [139,194,195]
RF shielding [27,194,196]
Flexible electronics [27,197]
RCS reductions [198]
THz imaging [199]
Refractive Communication Satellite-to-vehicle [200]
metasurface 021
communication
Transmissive 5G indoor [201]
metasurface communication
Intelligent 120 millimetre-wave [202]
surface communication
EM skin 02I millimetre-wave [203]
communication
Metasurface Radar stealth [38,117,204]
absorber EMI shielding

a broad spectrum of fields without being limited to specific fabrication
techniques. This inclusive perspective seeks to highlight the wide range
of applications made possible by transparent RF electronics, irrespective
of the manufacturing process used.

In order to comprehensively explore various types of applications
and examine numerous research cases for each type of RF electronics
(such as antennas and FSS), the following content is organised into three

Table 5
Key-property comparison of optically transparent MAs fabricated using various printing methods.
Ref. Material Sheet Optical Printing Absorption band (GHz) FBW* Electrical thickness (Aq) Flexible
resistance transmittance method (%)
(ohm/sq) (%)
[152]  Ag grid, ITO 50 (Ag grid), 200, 8 (IT0)  65-78 EHD printing 98-353 1131 0.13 No
[471 Ag NW 51 + 2.4 (Top), 7.5 (GND) 45 Screen-printing 8-12.4 43.1 0.093 Yes
[153] Ag nanoparticle, ITO N/A (Top), N/A Ink-jet printing 26.8-28.2 5 0.05 No
5 (GND)
[154] Ag mesh, ITO 13.4 (Top), 58.1 EHD printing 73.5-110 39.8 0.13 Yes
8 (GND)
[38] Ag NW 5.85 (Top), 63 Screen-printing 6.45, 21.14 (Peak) N/A 0.084 No
8.3 (GND)
[117] Ag nanoparticle, ITO 0.4 (Top), 46.7 Screen-printing 9.02-9.56 5.8 0.043 Yes
45 (GND)
[41] Ag NW 8, 30 (Top), 66.3 Screen-printing 8.68-11.48 27.8 0.045 No
15 (GND)
[155] Ag nanoparticle 0.015 51 Screen-printing 9.2-9.4 2.1 0.028 Yes

@ FBW (fractional bandwidth) is defined as FBW = 2(fy — f1)/(fy + fi), where fi; and f; denote the maximum and minimum frequency of the absorption band,

respectively.
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subsections. Subsections 4.1, 4.2, and 4.3 are dedicated to the wide
range of the possible applications of transparent antennas, transparent
FSS, and other transparent RF electronics, respectively.

4.1. Applications of transparent antennas

Among the diverse range of transparent RF electronics, transparent
antennas stand out for their potential to be effectively integrated into a
wide array of applications. Their unique ability to seamlessly blend into
the surrounding environment while maintaining wireless communica-
tion capabilities makes them particularly promising. However,
achieving both high transparency and good antenna performance
simultaneously remains a significant challenge. Nevertheless, research
that has successfully balanced both high transparency and strong an-
tenna performance has demonstrated the broad applicability of trans-
parent antennas. These antennas are now being effectively utilised in
diverse fields, including 5G and 6G communications, terahertz
communication, vehicle antennas, solar cell integration in small satel-
lites, consumer electronics, the Internet of Things (IoT), RFID, RF energy
harvesting, and intelligent health care. Furthermore, when transparent
antennas are designed with flexible conductors and substrates, they can
be seamlessly integrated into wearable technologies, such as smart
glasses, and further expand their applications.

Several transparent antennas that achieved good performance suit-
able for 5G (millimetre wave and sub-6 GHz) communication systems
have been reported [37,156-160]. For millimetre-wave 5G applications,
in [156], an optically transparent antenna fabricated using AgHT-8,
which covers a wide frequency range (23.92-43.8 GHz), has been pro-
posed as an excellent candidate for 5G communication systems as well as
for wideband code division multiple-access applications. In [157], a
transparent antenna with 85 % transparency and a dual-band operating
frequency range of 24.10 — 27.18 GHz and 33 — 44.13 GHz is proposed
for use as a MIMO antenna in 5G communication systems. The antenna
demonstrates acceptable MIMO/diversity performance and achieves a
diversity gain over 9, an envelope correlation coefficient below 0.1, a
total active reflection coefficient of less than —15 dB, and a mean
effective gain ratio within the standard limit of + 3 dB. In [37], a flexible
MIMO antenna that reached a superior transparency of 93 % based on an
embedded selective electrodeposited Ni dense mesh showed a maximum
gain of 9.6 dBi and a scanning angle of approximately + 75°. In [158],
transparent antenna arrays with over 90 % transparency, fabricated
using Gallium-doped Zinc Oxides, are presented. These arrays exhibit
excellent gain and scanning characteristics. Research on optically
transparent and flexible antennas has further suggested that transparent
antennas could play a key role in realising the smart city concept. By
enabling simultaneous monitoring and management of the communi-
cation network status and usage, transparent antennas offer a promising
solution to address network capacity challenges in smart city environ-
ments. Since these antennas can be seamlessly integrated into urban
environments, such as windows, building facades, and even displays,
without obstructing the view, a greater number of antennas can be
deployed to enhance the communication environment without being
perceptible to the user. The concept of a smart city and the effective
utilisation of optically transparent antennas have been explored in a
thorough review [23]. In addition, optically transparent antennas that
target sub-6 GHz 5G applications and WLAN bands have also been re-
ported [159,160]. Furthermore, researchers have suggested that trans-
parent antennas are especially suitable for indoor mobile applications
thanks to their easy conformability and concealment (through high
transparency) [161,162]. For example, these transparent antennas can
be used with indoor security systems or future transparent communi-
cation devices, such as femtocells [162]. Moreover, transparent an-
tennas designed explicitly for vehicular communication have also been
proposed previously [163]. In addition, transparent antennas for THz
communication have also been investigated in previous studies. In
[164], a transparent U-shaped patch antenna operating at 0.7 THz was
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fabricated using ITO and FTO materials, while in [165], a transparent
patch antenna operating at 0.7 THz was developed based on TasCs
MXene.

In the case studies mentioned above, we reviewed transparent an-
tennas that achieved both high transparency and excellent performance,
which showcased their potential for seamless integration into their
surroundings and excellent suitability for 5G communication systems.
Moving forward, the discussion focuses on specific locations where
transparent antennas can be installed and effectively utilised. A notable
example is the integration of transparent antennas into automobile
windows or rear glass. This approach has the potential to significantly
reduce the space traditionally occupied by bulky, opaque antennas and
offers a streamlined and aesthetically pleasing alternative [166,169]. In
[166], a dual-band transparent inverted-F antenna based on a micro-
metal mesh film was implemented on the rear glass of a real automo-
bile (Hyundai K5), as shown in Fig. 10(a). By utilising the much larger
surface area of the rear glass compared to the constrained available
space on the roof, transparent antennas offer an effective solution to deal
with the inherent space limitations of conventional roof-mounted shark-
fin antennas. In addition, for both bands, the radiation pattern showed a
sufficiently directive pattern outward from the car. In [169], a wideband
transparent armor-embedded antenna was explored, which was specif-
ically designed for terrestrial communication in military vehicles and
operation in the UHF and VHF frequency bands. This design offers
multiple benefits (not only reduced vehicle signature and air drag) as
well as additional antenna protection and improved antenna gain.

One of the promising applications of transparent antennas is their
integration on top of solar cells for CubeSats or small satellites
[170-173]. The key benefits of integrating optically transparent an-
tennas with solar cells are more effective space usage and a reduction in
weight and volume. Small satellites have limited available surface area,
and the majority is occupied by solar cells. Therefore, to efficiently
accommodate all essential components—such as power systems, trans-
ceivers, and sensor circuits—within a limited space, maximising the use
of the satellite’s surface area is critical for small satellites. Transparent
antennas save precious space within the satellite chassis through
seamless integration with these solar panels. In addition, reducing the
volume and weight of satellites is crucial to lowering launch and oper-
ation costs. Integrating antennas with solar panels also helps minimise
the need for additional components, which contributes to overall weight
and volume reduction. In [170], the proposed antenna utilised the cover
glass of a solar cell directly as its substrate. For successful integration
with the solar cell, the antenna must maintain sufficient transmittance to
ensure the solar cell operates effectively. Measurements confirmed that
the antenna achieves a high transmittance of 93 %, which meets this
requirement. Later, transparent antennas based on water-dense dielec-
tric patches [171] and fluorine-doped tin oxide [172,173] were pro-
posed and successfully integrated with solar cells.

Another promising application of transparent antennas is their
seamless integration into IoT device displays. Consumer electronics and
IoT devices require high-speed, stable, wireless communication, which
necessitates efficient and intelligent antennas. However, conventional
antennas integrated within wireless devices suffer from low radiation
efficiencies as they need to be small due to a lack of available space. By
using transparent antennas, the entire display panel can serve as a
radiating surface, which helps overcome the radiation performance
limitations of miniaturised opaque antennas [167,174,175]. In [174],
an optically invisible transverse magnetic-resonant-mode antenna
fabricated based on using transparent conductive polymers, was inte-
grated into organic light-emitting diode (OLED) touch displays. The
antenna demonstrated efficient radiation performance at 2.4 GHz,
which suggests its suitability for integrating effective antenna func-
tionality into monolithic active display panels. In [167], a co-integration
of a transparent antenna with an OLED light source was reported and
experimentally tested. The experimental test showed that the three-layer
antenna reduced the OLED luminance by 25 %. However, as shown in
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Fig. 10. Photographs of actual transparent antennas integrated into various electronic devices: (a) A transparent antenna installed on the rear glass of an automobile.
Reprinted with permission from [166] (Copyright 2019, John Wiley and Sons); (b) An OLED display. Reprinted with permission from [167] (Copyright 2017, IEEE);

(c) Smart glasses. Reproduced with permission from [168] (Copyright 2023, IEEE).

Fig. 10(b), the antenna remained nearly invisible when integrated with
the OLED display. For future work, the authors proposed to enhance co-
integration by moving beyond merely stacking transparent antennas on
the OLED surface and instead utilising specific OLED layers as radiating
elements of the antenna. This approach reduces the number of in-
terfaces, simplifies the fabrication process, minimises transmission los-
ses (to improve antenna efficiency), and maximises optical efficiency.
All these factors help mitigate the associated luminance reduction of the
OLED.

Previous studies on the successful integration with displays suggest
that transparent antennas can be effectively incorporated into many
consumer electronic devices. The transparent antenna can be effectively
used in various types of consumer electronics, such as laptop computers
[176], smart watches [177], smartphones [155], and smart glasses
[156], as it enables wireless connections without obstructing the visual
appeal of the devices. In [176], a flexible and transparent antenna made
using a polyamide substrate and multilayer film (Indium-Zinc-Tin Oxide
(IZTO)/Ag/1ZTO) was combined with a computer laptop. The re-
searchers studied how the electromagnetic radiation changed depending
on the position of the antenna and the angles of the laptop display,
which enabled them to demonstrate its practical applicability. In [178],
a transparent antenna array was reported, dual-polarised meshed
capacitive-fed patch antennas, with the feed section located on the
mobile phone PCB and the radiating patch integrated into the rear glass
of the phone. In [168], the transparent antenna is proposed as a prom-
ising solution to address volume constraints in smart glasses and
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augmented reality glasses, as shown in Fig. 10(c). Furthermore, to
mitigate performance limitations caused by coexistence with optical
features, the edge slot antenna concept has been introduced. This design
effectively reduces the RF loss from lossy optical features.

If the antenna features flexibility in addition to transparency, it can
easily be attached to various curved surfaces, and its application range
can be extended to wearable devices [179-181]. For an antenna to be
effectively integrated into wearable technology, it must have minimal
impact on the human body while transmitting and receiving electro-
magnetic waves through devices that are typically closely attached to
the body. In addition, the antenna’s performance should remain stable
even when integrated into curved or flexible structures, such as wear-
able applications on the head, arms, or joints. In [179], a transparent
and flexible monopole antenna made of multilayer film (IZTO/Ag/IZTO)
for wearable glasses was proposed. Because glasses are typically worn
close to the human head, the researchers analyzed three different
monopole antenna designs, each with a distinct radiation pattern, to
explore ways to reduce electromagnetic field absorption of the human
head. [180] presented a flexible and transparent CP antenna that
demonstrated robustness under bending conditions through experi-
mental testing on a forearm phantom. The authors emphasised that in
wearable applications, where antenna positioning varies due to user
movement, CP is particularly effective in maintaining optimal commu-
nication performance by minimising polarisation mismatch losses.
Transparent and flexible antennas are essential not only for wearable
devices but also for the implementation of intelligent healthcare systems
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that enable real-time wireless monitoring of physiological signals.
[182,183] proposed wearable smart contact lenses equipped with highly
transparent and stretchable sensors capable of continuously and wire-
lessly monitoring glucose and intraocular pressure—Kkey risk indicators
of diabetes and glaucoma, respectively. Both lenses incorporate trans-
parent and flexible antennas: the transparent antenna in [182] was
realized using a graphene-silver nanowire (AgNW) hybrid structure,
while that in [183] was fabricated using one-dimensional, ultralong
silver nanofibers (AgNFs). Furthermore, [184] proposed a transparent
antenna based on silver nanofibers (AgNFs), which is suitable for ap-
plications in artificial electronic skins and human healthcare
monitoring.

With the rapid growth of radio-frequency identification (RFID)
technology, there is an increasing demand for tag antennas that are
unobtrusive to their surroundings and adaptable to various curved
surfaces. Transparent and flexible antennas, which are thin and light-
weight, have been shown to be useful for RFID applications [185-190].
In [186], researchers suggested a specific use scenario for an RFID sys-
tem utilising transparent antennas. A transparent antenna array was
seamlessly integrated into the mirror surface of fitting rooms in apparel
stores while preserving the mirror’s shallow depth and ensuring low
cost. This mirror-integrated antenna array reads RFID tags attached to
clothing when customers try on garments, which provides interactive
information about the selected items. [189] and [190] introduced
transparent antennas with thinner and lighter structures than conven-
tional non-transparent antenna designs, which enhances their suitability
for integration into RFID systems. In [190], the proposed transparent
and flexible antenna is completely encapsulated within the transparent
polymer, which protects the antenna from dust, water, heat, and me-
chanical stress and thereby enhancing practical applicability.

In addition to the previously mentioned applications, transparent
antennas have also been reported in the context of wireless energy
harvesting [191] and sensors [192]. [191] proposed a transparent
metasurface antenna based on Indium Tin Oxide (ITO) for wireless en-
ergy harvesting. The wireless energy-harvesting system reached a
maximum RF-to-DC efficiency of 65 % and maintained a stable DC
output voltage of 3.4 V. The overall RF energy-harvesting efficiency was
14.5 % at an input power level of 0 dBm. In [192], a dodecahedron-
shaped, cost-effective wireless sensor node utilising transparent mesh
antennas that can provide high-resolution air quality data was reported.
Moreover, the smart, transparent antenna, with 87 % optical trans-
parency and mounted on top of solar panels, focuses the emitted radi-
ation toward the communication direction, which reduces
electromagnetic pollution. In addition, the antenna creates a self-
powered node that is 80 % smaller than a comparable planar antenna
array.

4.2. Applications of transparent FSS

Like the transparent antennas described earlier, a transparent FSS
can be seamlessly integrated into windows of buildings or vehicles,
electronic devices, and other surfaces without compromising aesthetics.
By selectively allowing or blocking specific radio frequencies at certain
locations in space, it performs spatial filtering, controlling electromag-
netic wave propagation based on frequency and direction. Possible ap-
plications of the proposed transparent FSS include improving
communication environments [139,193], enhancing communication
security [139,194,195], RF shielding [27,194,196], integrating flexible
electronics [27,197], and reducing radar cross-section (RCS) [198]. In
[27,139,193-196], it was proposed that a transparent FSS, when
attached to window glass, can perform a signal filtering function that
allows only specific frequencies to pass through without reducing the
transparency of the glass. This approach can effectively prevent elec-
tromagnetic pollution from entering the building from the outside while
enhancing information security by blocking indoor communication
signals from leaking outside. In [27], a transparent and flexible single-
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layer, dual-band FSS reflector, which is insensitive to polarisation and
a wide range of angles of incidence, demonstrated its ability to shield
global systems for improved mobile communication (GSM) signals.
These FSSs in [27,197] can also be applied to the curved surfaces of
flexible electronic devices and provide shielding to prevent malfunctions
caused by electromagnetic interference. [198] introduced a compact,
polarisation-insensitive, transparent tri-band tetraskelion-shaped FSS,
which can be used to reduce the Radar Cross Section (RCS). The pro-
posed design exhibited better RCS performance than simple planar
structures. [26] suggested that transparent FSS structures at millimetre-
wave frequencies have potential applications beyond building windows,
including future intelligent vehicles, on-chip RF shielding components,
and windshield sensor devices. In addition, the transparent fss has also
been applied to terahertz (THz) technologies in previous studies. In
[199], an FSS-based transparent window was proposed for broadband
spectroscopic and imaging measurements in the THz frequency range.
The transparent FSS in [199], fabricated by depositing 200 nm-thick
gold on a quartz substrate using photolithography, was demonstrated to
effectively suppress out-of-band signals in a customized measurement
environment.

4.3. Applications of other RF electronic devices

Transparent RF electronics extend beyond transparent antennas and
FSS to include transparent metasurfaces [200,201], intelligent surfaces
[202], electromagnetic skins [203], and metamaterial absorbers
[38,117,204]. These structures, which combine artificial electromag-
netic properties capable of controlling reflection, refraction, and trans-
mission of electromagnetic waves with optical transparency, can be
effectively utilised in many different applications. Examples include
enhancing communication environments and EMI shielding without
obstructing the surrounding environment. In [200], a transparent
refractive metasurface was reported, which was designed to refract
incident waves toward a desired direction with minimal loss. This
straightforward structure, which consists of only two metallic layers,
offers significant potential to enhance satellite-to-vehicle and outdoor-
to-indoor (O2I) communication. In [201], a transparent transmissive
metasurface with wide-angle incidence stability and polarisation
insensitivity was introduced. This innovative metasurface can be
mounted on vehicles or building windows, effectively improving indoor
5G signal coverage at the 3.5 GHz band over a wide range of incident
angles. [202] reported a transparent amplifying intelligent surface that
was designed to refract and amplify incident waves. This architecture
was designed to enhance uplink spectral efficiency in indoor-to-outdoor
(I20) millimetre-wave communication scenarios. In [203], transparent
opportunistic electromagnetic skins were introduced to facilitate
outdoor-to-indoor (0O2I) millimetre-wave wireless communication
through existing windows or glass panels. These EM skins improve O2I
transmission efficiency by enabling refraction along non-Snell di-
rections. In [38,117,204], transparent metamaterial absorbers were
introduced, which were designed to absorb incident waves within spe-
cific frequency bands. These structures are promising candidates for
applications such as radar stealth and EMI shielding when integrated
into windows or glass panels.

4.4. Emerging application for transparent RF electronic devices

This subchapter introduces emerging application areas where
transparent RF electronics have not yet been implemented but hold
strong potential for effective integration in the future. While THz tech-
nology, operating in the 0.1 to 10 THz frequency range, has been applied
to transparent antennas and frequency selective surfaces (FSSs) to a
limited extent, other types of transparent RF devices—such as various
metasurfaces and metasurface absorbers for EMI shielding—have not
yet been explored in this domain. However, through the diverse fabri-
cation methods presented in this paper, a broader range of transparent
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RF devices could be extended to THz communication and THz imaging
applications, offering significant utility. In addition, only transparent
antennas have been applied so far to intelligent health sensing systems
that detect and communicate biosignals and biomarkers in real time.
However, in the case of non-transparent RF devices, electronic skin with
EMI shielding [205], NFC technology [72,206], and metamaterials
[207,208] have been successfully integrated into intelligent health
sensing systems. Wearable intelligent health sensing networks can
benefit greatly from transparency, as it allows devices to be unobtru-
sively attached to any part of the human body without compromising
aesthetics. Therefore, transparent RF electronics beyond anten-
nas—such as transparent FSSs and transparent metamaterials—are also
expected to be effectively utilized in intelligent healthcare applications,
even though they have not yet been explored in this domain.

Transparent RF electronics are also expected to find applications not
only in THz technologies and intelligent healthcare systems, but also in
emerging quantum communication and quantum computing technolo-
gies, which are rapidly advancing. Qubits—the fundamental units of
quantum technologies—can be implemented using various platforms
such as superconducting circuits, ion traps, semiconductor quantum
dots, photons, and Rydberg atoms. Among these, superconducting
qubits have emerged as one of the most promising candidates, as they
support the implementation of fast and high-fidelity single- and two-
qubit logic gates. Controlling and measuring superconducting qubits
typically requires RF signals with high resolution and low noise, oper-
ating in the 4-8 GHz frequency range with bandwidths of several hun-
dred MHz. Accordingly, RF synthesis devices, RF mixing modules, and
related RF electronics are essential for the implementation of quantum
computing systems [209,210]. In the field of quantum communication,
however, photons are considered the most suitable carriers due to their
low propagation loss at room temperature. Recent studies have aimed to
establish microwave-to-optical transduction interfaces that connect
superconducting qubits with photonic qubits [209], which could pave
the way for quantum repeater architectures—one of the key goals in
long-distance quantum communication. This suggests that RF elec-
tronics are not only critical for quantum computing, but also for
enabling scalable quantum communication. While conventional RF
systems for quantum applications have been extensively studied, little
attention has been given to their transparency. By utilizing transparent
RF components, it would be possible to enhance spatial integration
without compromising aesthetics, thereby contributing to the minia-
turization of complex quantum information processors. Despite the lack
of current applications, quantum computing and communication plat-
forms may serve as a compelling application area for transparent RF
electronics.

5. Summary, limitations, challenges

This review emphasizes the key advantages of printed electronics
compared to traditional fabrication methods, particularly in terms of
cost efficiency, design flexibility, scalability, and compatibility with
flexible and transparent substrates factors that are accelerating their use
in transparent RF device development. Advances in functional materials
such as metal nanowires, metal nanoparticles, CNTs, graphene, and
conductive polymers, along with scalable printing techniques like inkjet,
screen, and roll-to-roll printing, enabling the fabrication of compact,
high-performance RF components with enhanced electrical and optical
characteristics. The review also traces the field’s progression from basic
research to more practical and integrable solutions, including trans-
parent antennas, transparent frequency-selective surfaces for smart en-
vironments, and transparent metamaterials. Despite this progress,
challenges such as achieving the right balance between conductivity and
transparency, ensuring material and device stability, and adapting novel
materials for industrial-scale printing remain critical, offering valuable
opportunities for future research. This study also reviews printed elec-
tronics adoption has been limited by a variety of problems, particularly
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in areas like conductivity, metallisation patterning precision, environ-
mental stability challenge, and other critical characteristics specific to
RF applications. Addressing these difficulties is crucial for maximising
the potential of printed RF devices.

One of the primary difficulties printed RF circuits face is achieving
very high electrical conductivity. Conductive inks, which are often made
from silver, copper, carbon nanoparticles, or nanowires, and conductive
polymers primarily determine the performance of RF components. In
addition, printed conductive electrodes have lower conductivity
compared to bulk materials because of organic binders, insufficient
sintering, and layer porosity. In high-frequency applications, slight
variations in conductivity can result in substantial signal losses, which
decreases the efficiency of RF devices. Furthermore, it is still difficult to
maintain good conductivity under varying environmental conditions,
including humidity, oxidation, and temperature fluctuations.

Metallisation (the process of depositing metallic layers) is a key step
in the fabrication of RF electronics, enabling the formation of conductive
lines and components. However, printed conductive electrodes or cir-
cuits often exhibit non-uniformity and porosity, unlike those produced
by traditional methods such as thermal evaporation, sputtering, or
electroplating, which yield dense and uniform structures. Fig. 11. shows
the cross-sectional structures of thermally evaporated and printed
conductive lines [211]. The thermally evaporated conductive lines
exhibited a dense and smooth structure, whereas the printed conductive
lines showed porosity and multiple junctions. Thermal-evaporated lines
had smooth current paths and higher conductivity, while printed
conductive lines featured complex current paths (because of nano-
particles) with lower conductivity. Although copper-based inks are
inexpensive, they are very prone to oxidation, which gradually de-
creases conductivity. Furthermore, sintering methods that can be used to
increase the conductivity of printed metal layers often require high
temperatures, which makes them unsuitable for flexible or low-cost
substrates and increases the complexity of their application.

Accurate patterning is crucial for RF applications because the
component dimensions strongly impact performance. However, printing
methods like screen printing and inkjet printing sometimes cannot
provide the high resolution required for certain sophisticated radio
frequency designs, especially as devices become smaller to meet modern
demands. Problems such as layer misalignment during multi-layer
printing or uneven ink application can result in irregular patterns,
which impact impedance matching and compromise signal integrity.

Evaporated Ag line
Evaporated Ag line

/

Glass substrate
4 um

Fig. 11. FIB cross-sectional images of Ag lines prepared using different
methods: (a) thermally evaporated Ag line, and (b) printed Ag line. Reprinted
with permission from [211] (Copyright 2022, American Chemical Society).
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Furthermore, maintaining constant thickness over very large areas re-
mains problematic, as it results in differences in conductivity and im-
pacts overall performance.

Another problem is the long-term stability of printed conductive
electrodes or circuits. Electromigration, thermomigration, moisture,
humidity, UV exposure, corrosion stability and mechanical stress can
degrade printed materials and decrease both conductivity and device
performance in saline environments. Hence, developing long-lasting
inks and protective coatings is crucial for extending the life of these
printed conductive electrodes or circuits [212,213].

6. Future directions

Over the past five years, many studies have explored transparent RF
devices utilising printing technology. Various printing methods, such as
screen printing, inkjet printing, direct writing, aerosol-jet printing, and
EHD printing, have been employed to develop transparent RF devices
with various structural designs. Research on transparent RF devices
utilising printing technology is expected to continue to increase as some
challenges remain. For example, while several types of successfully
producing transparent antennas using printing technology have been
reported, they showed only low gain. Specifically, they only had a
maximum gain of 1.7 dBi and low radiation efficiency. This shortcoming
is due to the high sheet resistance of the transparent electrodes typically
used with printed structures. Recently, transparent antennas that use a
metal mesh (which is both transparent and features low sheet resistance)
have been reported [214-217]. For example, the authors fabricated a
metal mesh with a linewidth of 5 pm, achieving a sheet resistance of less
than 0.18 Q/sq and an optical transmittance exceeding 60 % [214,215].
On the other hand, the lowest sheet resistance of transparent electrodes
used in transparent-antenna research using printing technology to date
is only 1.1 Q/sq. Therefore, more research is needed to reduce the sheet
resistance while maintaining high optical transmittance when printing is
applied.

Printing RF electronics is already transforming high-frequency ap-
plications using advanced hybrid materials, scalable manufacturing, and
multifunctional design options. To enable even better performance,
research in this field focuses on developing highly conductive inks, such
as MXenes, graphene, metal nanomaterials, nanowires, and conductive
polymers, to reduce resistive losses, as well as low-loss dielectric sub-
strates and printable magnetic components. Advancements in high-
performance printed antennas, including wideband and multiband de-
signs for 5G, 6G, and IoT, are driving the development of next-
generation communication systems. Moreover, transparent and flex-
ible antennas are increasingly significant as they facilitate applications
in wearable electronics, aerospace, and visually appealing technology.
At the same time, efforts are being directed toward improving passive
components such as filters, couplers, and high-Q inductors to increase
RF circuit efficiency. In addition, advancements in energy harvesting
technologies, including printed rectennas and wireless power systems,
aim to power IoT devices and support sustainable electronics.

The combination of passive and active components on flexible sub-
strates has opened new possibilities for printed RF systems. In order to
create wearable and intelligent textile applications, researchers are
aiming to develop fully integrated systems on foil that combine sensors,
antennae, and communication circuits. High-frequency advancements
are focused on millimetre-wave and terahertz technologies for tele-
communications, radar, and high-resolution imaging. Reconfigurable
components for electromagnetic manipulation, such as stimuli-
responsive materials and printed metasurfaces, enable adaptive RF
systems with enhanced functionality. Overall, large-scale production is
becoming more feasible because of scalable manufacturing processes
such as roll-to-roll printing and additive manufacturing, while the
adoption of biodegradable materials supports sustainable practices and
reduces environmental impact. Coupled with IoT integration, design
optimisation, and lightweight solutions for aeronautical and satellite
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communications, printed RF electronics have the potential to transform
industries with innovative, cost-effective, and sustainable solutions.
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