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Inkjet-printed invisible antenna facilitates
next-generation wireless communication
Pai-Yen Chen1,* and L. Jay Guo2,*
1Department of Electrical and Computer Engineering, University of Illinois Chicago, Chicago, IL 60607, USA
2Department of Electrical Engineering and Computer Science, University of Michigan, Ann Arbor, MI 48109, USA

*Correspondence: pychen@uic.edu (P.-Y.C.), guo@umich.edu (L.J.G.)

https://doi.org/10.1016/j.device.2024.100289

Invisible (optically transparent) antennas are promising technologies due to their widespread applications,
ranging from 5G/6G communications using synthetic glass antennas to vehicular communications to cube
satellites that can integrate transparent antennas with photovoltaic panels. In a recent issue of Cell Reports
Physical Science, Glinsek and co-workers showcased the use of digital inkjet printing for fabricating conduc-
tive ITO as cost-effective transparent antennas with improved radiation efficiency.

The fifth-generation (5G) and beyond-

fifth-generation (B5G) wireless communi-

cation networks are envisioned to pro-

vide ubiquitous connectivity, enhanced

coverage, ultra-reliable low latency, and

high data rates to meet societal and in-

dustrial needs.1–4 Furthermore, 5G and

B5G technologies unleash the potential

of machine-to-machine communication

and the Internet of Things (IoT) to build

an ecosystem where networks can pro-

vide instantaneous connectivity for bil-

lions of connected devices. However,

one challenge to the wide deployment of

such a level of connectivity is that tradi-

tional antennas used in the current

communication systems are often large

and intrusive. The exponential growth in

demand for IoT devices, gateways, and

other wireless modules, alongside aes-

thetics requirements and cost consider-

ations, has driven engineers to research

invisible or less visually intrusive antenna

systems that can be used in access points

and signal repeaters embedded into ex-

isting urban infrastructure without spoiling

the aesthetic appearance of the environ-

ment and architectures. Particularly,

‘‘optically transparent’’ antennas, which

can be seamlessly integrated with win-

dows, windshields, solar cells, and

display panels (e.g., antenna-on-display

technology3), are foreseen to maximize

the usage of such surface area and,

therefore, facilitate the 5G and B5G

vision and promise of connecting virtually

everything.

Historically, the transparent antenna

was first deployed on solar panels of small

satellites with limited surface area, such

as CubeSats. Since then, a variety of

transparent or semi-transparent antennas

based on different materials, such as

metal meshes, metal nanowire networks,

transparent conductive oxides (TCOs),

and doped thin metal films,1–4 have been

actively studied. Transparent radio-fre-

quency (RF) and microwave antennas

based on wide-band-gap conductive ox-

ides doped with indium are extensively

exploited; among them, indium tin oxide

(ITO) is the most widely used TCO mate-

rial, which has been reported to have

high optical transmittance (an average

transmittance of 85% in the visible spec-

trum), low resistivity (on the order of

10�4 U $ cm), and good environmental

stability.5 These desirable properties

render ITO a promising material platform

for transparent electrodes and intercon-

nects in invisible electronic devices. It

should be pointed out that ITO films,

particularly those fabricated by sputtering

or spin-coating techniques, also have

several inherent drawbacks, such as brit-

tleness, scarcity of indium, and uniformity

over a large area.

Recently, in Cell Reports Physical Sci-

ence, Sebastjan Glinsek and co-workers

have demonstrated a digital inkjet

printing technology for the low-cost

fabrication of ITO-based transparent

antennas on a fused silica substrate.6

Programmable inkjet printing (Figure 1A)

allows for direct patterning and low-waste

deposition of materials, resulting in signif-

icant manufacturing cost savings. This

material-efficient manufacturing process

consumes six times less material than

subtractive processes, such as the photo-

lithographic patterning and etching tech-

nique. Moreover, this work exploits a

combustion-based synthesis method for

the preparation of ITOwith increased con-

ductivity. This method can effectively

decrease the required annealing temper-

ature to 400�C (compatible with majority

commercial glasses) by taking advantage

of the highly exothermic reaction between

the fuel (acetylacetone) and the oxidizer

(indium nitrate). The inkjet-printable inks

consist of ethylene glycol added to 2-me-

thoxyethanol-based solutions. To achieve

the required conductance for the antenna

structures, up to 30 layers were printed,

with a total thickness of 120 nm. This ink-

jet-printed ITO exhibits a high visible light

transmittance of 87%, an electrical con-

ductivity of 1,280 ± 90 S cm�1 (or sheet

resistance of 65 ± 5 U/,), and a Haake’s

figure of merit (FOM) of 4.9 3 10�3 U�1.

The FOM is comparable to the state of

the art and approximately half the value

reported for a high-quality spin-coated

ITO.7 Such results may be attributed

to the combination of fuel- and oxidant-

assisted strong exothermic reactions in

the combustion synthesis and the multi-

layer annealing process, which lead to

improved crystallinity, enhanced removal

of organic residues, and increased crys-

tallite size.

The researchers exploited the drop-on-

demand inkjet printing technique to

manufacture a meander line-shaped

patch antenna based on ITO (Figure 1A).

This microstrip antenna with a size of
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41.5 3 5.4 mm2 can resonate at 2.4 GHz

and provide Bluetooth transmission/

reception connectivity at a distance of

up to 10m, with a received signal strength

indicator above �80 dBm. Although this

is still lower than that obtained using an

opaque copper antenna on the flame-

retardant (FR), woven glass-fabric rein-

forced epoxy composite (FR-4) substrate

(�71 dBm), it is an encouraging result

hinting at conceivable technology for ap-

plications in short-range IoT communica-

tions. This research also demonstrated an

autonomous self-powered communica-

tion system powered by a solar panel

placed beneath the inkjet-printed trans-

parent antenna. With a proper power

management system, the harvested solar

energy was used to switch on the sen-

sors, themicrocontroller, and the commu-

nication module, as well as wirelessly

transmit the data to a portable reader

such as a smartphone.

The wireless sensor system developed

by Glinsek and co-workers is applicable

in various real-world wireless communi-

cations and sensing systems that require

massive deployment of unobtrusive

antennas (Figures 1B and 1C). There are

plenty of opportunities for continued

research in this area. Realization of the

holistic sixth-generation (6G) vision,

including significantly improved coverage

and ultra-low latency, is enabled by

massive multiple-input multiple-output

(mMIMO) with a large-scale antenna array

at the base station and intelligent reflec-

tive surfaces (IRSs) formed by arrays of

reconfigurable radiating elements.8 In

this regard, transparent and even autono-

mous self-powered IRSs and mMIMO,

which can be invisibly integrated into ur-

ban infrastructures, may offer a promising

pathway for future 6G communication.

Scalable, adaptive manufacturing of

large-area transparent antennas and ar-

rays would pose both new challenges

and opportunities. Rapid, low-cost roll-

to-roll manufacturing or arrayed printing

may be viable solutions. Another impor-

tant open challenge is to simultaneously

engineer the optical transparency and

electrical conductivity that influences the

antenna’s radiation efficiency. There is al-

ways a paradox or trade-off between

TCOs’ optical and electrical properties,

as increasing the film thickness increases

their electrical conductance (which is

desirable) but simultaneously reduces

the optical transparency (which is unde-

sirable) due to the increased optical path

length and, hence, light absorption. In

addition, several factors, including scal-

ability, cost, and residual stress (e.g.,

thermal, interfacial, and growth stresses),

in films fundamentally limit the thickness,

uniformity, and performance of TCO films.

So far, TCOs fabricated by inkjet-printing,

sputtering, and chemical deposition

methods generally have a submicron

thickness, well below the material’s

skin depth, yielding a relatively large

sheet resistance and, therefore, lower

radiation efficiency and gain compared

to a traditional opaque antenna made

primarily of copper. Recently developed

multi-layered film structures (e.g., dielec-

tric-metal-dielectric nanocomposites9,10)

capable of achieving broadband resonant

transmission and optical index/imped-

ance matching are another promising

route to boost the optical transparency

without sacrificing the electrical conduc-

tance of the metal film protected by the

dielectric coatings. In this aspect, inter-

disciplinary research involving optical,

Figure 1. Optically transparent antennas for the next-generation communication systems
(A) Schematic of digital inkjet printing for simultaneous deposition and direct writing of ITO-based
transparent antenna patterns with minimal material waste.
(B) Transparent antenna integrated with a rectifier for RF energy harvesting, IoT, and passive wake-up
radio applications.
(C) Autonomous self-powered transmitter/receiver consisting of a transparent radome that provides
beamshaping and protection functions (top), amicrostrip patch antenna (middle), and a photovoltaic panel
(bottom).
Reproduced from Ha et al.4
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electrical, and material engineering, as

well as innovative antenna design, is

essential for improving Haake’s FOM,

antenna gain, cost, and reliability.
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