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Abstract: The newly developed research area of inkjet-printed radio frequency (RF) electronics
on cellulose-based and synthetic paper substrates is introduced in this paper. This review paper
presents the electrical properties of the paper substrates, the printed silver nanoparticle-based thin
films, the dielectric layers, and the catalyst-based metallization process. Numerous inkjet-printed
microwave passive/ative systems on paper, such as a printed radio frequency identification (RFID) tag,
an RFID-enabled sensor utilizing carbon nanotubes (CNTs), a substrate-integrated waveguide (SIW),
fully printed vias, an autonomous solar-powered beacon oscillator (active antenna), and artificial
magnetic conductors (AMC), are discussed. The reported technology could potentially act as the
foundation for true “green” low-cost scalable wireless topologies for autonomous Internet-of-Things
(IoT), bio-monitoring, and “smart skin” applications.

Keywords: printed electronics; self-sustainable sensor platform; paper electronics; hybrid printed
electronics; inkjet-printing technology

1. Introduction

Paper has been found to be available almost anywhere in a wide range of everyday applications
due to its manufacturing maturity, low cost, and availability in various forms, depending on specific
requirements and conditions. It is an extremely cost-efficient material that is typically 20–150 times
lower than other polymeric materials, such as polyethylene terephtalate (PET) and polyimide (PI). It is
also a highly flexible material, like polymers [1–3]. Paper is recyclable and free of phenolic ingredients,
resulting in an environmentally friendly material. Paper substrates have attracted more and more
attention as electronic substrates as the demand for inexpensive, flexible, and environmentally friendly
technology has continued to grow [4–15].

The advantages of paper for electronics can be further enhanced in light of the large-area printed
electronics fabrication process [16–21]. For example, an additive process such as inkjet printing
technology does not produce any by-products, for example, strong acids (wet etching) or chips
(milling machines) [22–29]. The printing process is also able to achieve relatively high printing
resolutions below 25 µm [30]. Among the many types of nano-particle inks made from metals
such as copper (Cu) [31] or gold (Au) [32], silver nano-particle ink is widely utilized for printing
conductive traces on paper because of its relatively low curing (sintering) temperature and high
electrical conductivity. The advantages of paper substrate and printing technology makes it a strong
candidate for the easy-to-scale implementation of next generation electronics for the Internet-of-Things
(IoT), radio frequency identification (RFID)-based technologies, and printed passive/active electronics.

In Section 2, the electrical characteristics (dielectric constant and loss tangent) of two representative
types of paper (cellulose-based and synthetic Teslin) are presented up to 8 GHz. The electrical properties
of inkjet-printed silver nano-particle, electrolessly deposited copper thin film utilizing a palladium
catalyst seed layer, as well as dielectric thin films (PVP and SU-8), are discussed. Section 3 introduces
various proof-of-concept paper-based inkjet-printed radio frequency (RF) topologies.
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2. Paper Substrates and Electronic Inks for Printing

2.1. Paper Substrates

Paper substrates have many variations (e.g., cellulose-based and synthetic Teslin papers [33,34]).
To realize inkjet-printed electronics on paper operating at RF and microwave frequencies, it is
important to choose a proper substrate. The substrate should be compatible with the fabrication
process. For instance, the inkjet-printed materials should show good adhesion on the substrate and
withstand the sintering process without cracking, excessive shrinkage, warpage, and performance
deterioration. Another important factor relates to the electrical model of the substrate, such as
the relative permittivity (εr) and dielectric loss tangent (tan δ), over a wide range of frequencies,
temperatures, and humidities. For inkjet-printed electronics on paper, it is critical to choose a proper
paper, which is compatible with the overall manufacturing process and design requirements. In this
section, two types of commonly used paper substrates are characterized: Cellulose-based photo-paper
and Teslin. These two papers are widely adopted in everyday life and are compatible with most
printing processes, such as inkjet, laser, and screen-printing.

2.1.1. Cellulose-Based Photo-Paper

Paper fabrication is a well-known and traditional process. A paper machine makes a paper web
from cellulose-based pulps or fibers. Pressing and drying processes utilizing air or heat remove the
water in the paper web mechanically. Additives, such as chalk or china clay, improve the quality
and durability of paper. However, the bare cellulose-based paper is inappropriate for printing the
nano-particle-based inks because of its rough surface and ink penetration through the paper substrate.

Paper has many advantages as a substrate for active/passive electronics, such as antennas, sensors,
and RFIDs. It is not only a flexible, renewable, and biocompatible material, but is also able to
withstand harsh environments, such as humid environments. The electrical properties of a widely
used 0.25 mm thick cellulose-based polymer-coated photo-paper [35] have been thoroughly studied
in [33]. The relative dielectric constant (εr) and loss tangent (tan δ) are presented in Figure 1a,b
(black lines) for the 1–8 GHz frequency band. Those electrical parameters were extracted by both
T-resonator [36] and ring resonator methods [37]. Its εr is about 2.9–3.4 and the tan δ is about
5.3 × 10−2–6.2 × 10−2. The relative permittivity of the paper (εr = 3.4) is quite similar to other commonly
used RF substrates, such as liquid crystal polymer (LCP) (εr = 2.9, tan δ = 2.5 × 10−3), polyimide
(εr = 3.5, tan δ = 2.6 × 10−3), and flame retardant 4 (FR4) (εr = 4.4, tan δ = 1.8 × 10−2). The tan δ of
the cellulose-based paper (tan δ = 5.3 × 10−2) is significantly higher than other materials because of
its fiber-based organic composition. However, such a high value of the paper’s loss tangent is not a
critical factor for certain designs, such as low-quality factor (Q-factor < 5) designs [38–41]. This is
because the interaction of the electromagnetic field with the substrate is relatively weak.
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2.1.2. Synthetic Teslin Paper

Cellulose-based paper substrates suffer from durability issues when exposed to harsh environments
or high temperatures for a long time. In this case, synthetic polymer-based papers, such as Teslin,
are good alternatives. Teslin has the most advantages of cellulose-based polymer-coated papers. It is a
flexible, environmentally friendly, and recyclable material. In addition, it is able to stand much higher
thermal sintering temperatures (up to 220 ◦C) compared to cellulose-based polymer-coated paper.
Teslin has been synthesized for printing applications and is a petroleum-free material, thus being
non-toxic and recyclable. Teslin was characterized utilizing a printed ring resonator technique, and the
εr and tan δ of a 0.25 mm thick Teslin are shown in Figure 1a,b (gray lines). The relative permittivity of
Teslin is about 2.0 and the loss tangent is about 2.2 × 10−2 at 1–8 GHz. Teslin has lower εr and tan δ
values compared to cellulose-based paper.

2.2. Metalization: Printed Thin Conductive Film

In this section, two metallization methods using printing technology are presented: The direct
printing of silver nano-particle ink and indirect printing of a copper (Cu) thin film. The direct
printing of silver nano-particle ink is simple and makes it easy to achieve a relatively high electrical
conductivity and low surface roughness compared to indirectly printed Cu thin film. The indirect
printing process of the Cu thin film involves the printing process of a PdCl2 seed layer and electroless
plating. It requires more fabrication steps, but has a relatively thicker metal. It is also compatible with
the soldering process.

2.2.1. Inkjet-Printed Silver Nano-Particles

Silver nano-particle inks are widely used for inkjet-printed electronics on various substrates,
including paper substrates [6-12], because of their inherent capability to achieve a relatively low
thermal sintering temperature and higher conductivity compared to other nano-particle-based inks,
such as copper (Cu) or gold (Au) nano-particle inks [31,32]. The properties of a commonly used
inkjet-printed silver nano-particle ink have been thoroughly studied in [33]. There are three main factors
affecting the conductivity of the printed thin conductive films: The sintering process; the nano-particle
concentration of the ink; and the number of printed layers [42–44]. The sintering process not only
burns off the impurities and polymer coating around the nano-particles, but also increases the bonds of
printed nano-particles. Although the thermal sintering process is widely used because of its simplicity,
various other types of sintering processes, such as laser, UV flash lamp, and microwave sintering,
have demonstrated uniform performance and high conductivity values. Typically, higher nano-particle
concentrations and numbers of printed layers increase the conductive nano-particle density of the
printed traces, resulting in higher conductivity values. Nevertheless, a dense nano-particle density
can result in clogging of the printer nozzles. Therefore, careful experimentation is necessary before
large-scale/large-area implementation.

An atomic force microscope (AFM) scanned image of an inkjet-printed silver nano-particle thin
film is shown in Figure 2. The sample was printed using a 10 pL ink cartridge with 20 µm (1024 dpi)
droplet spacing on a glass substrate and it was thermally sintered at 150 ◦C for 2 h at atmospheric
pressure [45]. The measured arithmetic average (Ra) and root mean squared (Rq) and roughness values
were 11.4 and 14.4 nm, respectively. The cross-sections of the inkjet-printed thin films, depending on the
volume of the ink droplet (1 and 10 pL), are shown in Figure 3, for the same printer setting and sintering
process. The cross-section of the traces was measured using a Dekktak profilometer. Each printed
layer adds about 200 nm of thickness for 1 pL cartridges (Figure 3a) and 500 nm of thickness for
10 pL cartridges (Figure 3b). The maximum thickness of the inkjet-printed silver nano-particle ink
depends on the interactions of the surface energies: The surface energy of the ink and the substrate
surface [46,47]. The ink flows out to the side when the thickness of the printed silver nano-particle ink
reaches the critical thickness. The coffee-ring effect was observed when the volume of ink droplets was
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high. This is caused by different solvent evaporation rates in the middle and at the edge of the printed
droplet. For example, there was no coffee-ring effect for the 1-pL ink droplet, as shown in Figure 3a.
The thickness of the printed traces on the glass substrate ranges from 0.2 to 3.0 µm. The conductivity
values (σ) of the printed thin films can be extracted using an equation—σ = 1/(A·R) (S/m) (A: the
cross-section area, R: the measured resistance between two points of the trace)—with respective values
shown in Figure 4. The measured DC conductivity values were about 4.96 × 106 S/m for the 1 pL
cartridge and 5.70 × 106 S/m for the 10 pL cartridge when the thermal sintering temperature was 150 ◦C.
The conductivity value of the inkjet-printed silver nano-particles can be improved to 1.2 × 107 S/m
when the sintering temperature is higher than 200 ◦C. This corresponds to 19.05% of a bulk silver’s
conductivity value (σAg = 6.3 × 107 S/m). The conductivity value of the trace for 10 pL cartridges is
higher than that for a 1 pL cartridge, since the 10 pL cartridges can print more nano-particles per drop,
which results in a higher nano-particle density per unit area than 1 pL cartridges. The difference in
the conductivity values becomes smaller as the number of printed layers is increased because the
nanoparticle density is saturating as this occurs.
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2.2.2. Electroless Copper Deposition

A catalyst-based inkjet printing process enables electroless conductor (Cu, Ag, etc.) deposition
on virtually any substrate, while it eliminates numerous fabrication-related issues of the direct
inkjet printing of metals, such as nozzle clogging, high-temperature sintering, and oxidation. As a
proof of concept, the catalyst ink used for the on-paper copper deposition consists of palladium
(Pd), which is utilized to form a seed layer for copper growth [48]. The palladium catalyst ink is
prepared by mixing palladium chloride (PdCl2) and anhydrous ethanol at a ratio of 1:4. Glycerol
is added to adjust the viscosity for inkjet printing. To demonstrate the process performance, the
prepared palladium-based catalyst ink is loaded into the 10 pL cartridge and printed on synthetic
Teslin paper to form a seed layer for copper growth. Teslin with the inkjet-printed palladium seed
layer is then immersed in the electroless copper solution at room temperature to grow the copper
layer. The copper solution is comprised of a cupric sulfate (CuSO4) and sodium potassium tartrate
tetrahydrate (C4H4KNaO6·4H2O), while an aqueous NaOH solution and formaldehyde are added
to adjust the pH to 12.5. The copper-grown paper is washed in deionized (DI) water to clean up the
leftover of the copper solution [48].

The overall reaction in this electroless deposition is shown in Figure 5. The complexant (potassium
sodium tartrate) in the bath prevents copper precipitation in the copper solution bath and allows
the copper solution bath to operate at a high pH value of 12.5. Sodium hydroxide is added to the
bath because the thermodynamic driving force for copper deposition becomes larger as the bath pH
increases [49]. Metal Pd(0), instead of Pd(II) species, is utilized as the catalyst in the electroless copper
deposition [50]. The printed Pd(0) particles on Teslin catalyze the oxidation of the formaldehyde
in the bath to formic acid and the reduction of Cu2+ to Cu. Copper deposition starts around Pd
nuclei, and copper then grows laterally at the edge of the deposited copper. When the entire PdCl2
catalyst-seeded surface is covered with copper, the copper itself acts as a catalyst for the oxidation of
the reductant so that the electroless copper deposition takes place continuously [51]. The density of the
seed layer of PdCl2 on the substrate surface significantly affects the continuity of the copper coating,
as well as the size of the copper particles [52]. Dense palladium-bearing catalytic sites enable the
nucleation of a relatively high density of copper particles that can grow quickly during the electroless
deposition to yield a conformal, continuous, and nano-crystalline copper coating.
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Figure 6a shows the copper deposited on paper utilizing the catalyst-based inkjet printing
process in comparison with the inkjet-printed silver nanoparticle. The deposited copper thin film
has a light brown color, and the printed silver nano-particles have a bright silver color (Figure 6a).
The cross section (area (A) in Figure 6a) and the surface of the deposited copper on paper are shown in
Figure 6b,c, respectively. The thickness of the deposited copper thin film is thicker than the printed
silver nano-particle when the electroless plating duration is longer than 50 min. The paper with the
inkjet-printed palladium seed layer is immersed in the copper bath for 50 min and the thickness
of the grown copper layer is 3.87 ± 0.9 µm on average. The sheet resistance and the conductivity
values of the deposited copper on paper for 50 min are 0.1 Ω/sq. and 3.33 × 106 S/m, respectively
(Figure 7). The conductivity value of the deposited copper on paper is about 5.6% of the bulk copper’s
conductivity (σCu = 5.96 × 107 S/m) and it is similar to that of the inkjet-printed silver nanoparticle on
paper sintered at 120 ◦C for 2 h with five layers of printing (σAg,120 ◦C = 2.8 × 106 S/m).
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2.3. Deielctric Ink: PVP and SU-8

2.3.1. Thick-Layer Dielectric Ink: SU-8

To create multi-layer structures, dielectric inks are required. When designing RF structures
such as planar antennas, thick dielectric layers are important for enabling a wider bandwidth and
easier impedance matching. In this work, a thick-film dielectric ink, which can print dielectric layers
with thicknesses in excess of 6 µm per layer, is created. To produce thick layers, a polymer, which
can be heavily loaded into a solvent while keeping the net viscosity low, is chosen. To formulate
the ink, 35 w% SU-8 polymer with a UV-cross linker is dissolved in cyclopentanone. The solution is
sonicated for 5 min to ensure complete dissolution of the polymer within the solvent. By increasing
the weight concentration of the polymer in the ink, thicker layers can be obtained. To determine the
maximum polymer loading within the solvent, which keeps the viscosity of the ink within a printable
range, a parametric sweep of the polymer loading by weight is performed. Falling-ball measurements
show the viscosity of the SU-8 ink to be 13 cP at 25 ◦C when 35 w% of the polymer is loaded into
cyclopentanone. The rheometric analysis is displayed in Figure 8a.
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To determine the thickness of the printed dielectric, square patterns are printed with 20 and 30 µm
drop spacing. The patterns are exposed to 365 nm UV light to initiate the photo-crosslinker, and then
heated to 120 ◦C for 5 min to complete polymerization of the film. The height of the film is measured
using a stylus profilometer. It can be seen in Figure 8b that with drop spacing of 20 µm, film thicknesses
in excess of 7 µm per layer can be patterned. Printing successive layers linearly increases the dielectric
thickness. Performing a thermal reflow process after printing can decrease the surface roughness of the
printed layers [53]. The SU-8 polymer is well-known in the Micro Electro Mechanical Systems (MEMS)
field, and has been characterized up to a millimeter-wave frequency range. The material has a relative
permittivity (εr) of 3.5 with a loss tangent (tan δ) of 0.03 at 1 GHz [54].

2.3.2. Thin-Layer Dielectric Ink: PVP

While thick film dielectrics are essential for printed multi-layer RF components where large
conductor spacing is required, thin-film dielectrics are also required for components such as
metal-insulator-metal (MIM) capacitors featuring high capacitance values. To produce thin layers,
the poly (4-vinylphenol) or PVP, which is a polymer commonly used in printed transistor gates,
is adapted to the Dimatix printing platform. PVP is chosen as it can create high-viscosity solutions
for low polymer contents within a solvent. To formulate the ink, 5% by weight PVP is dissolved in
1-hexanol. A heat crosslinker—poly (melamine-co-formaldehyde)—is added at 0.5% by weight to
enable polymerization of the PVP film above 80 ◦C. To determine the minimum polymer content by
weight able to produce the thinnest films possible, a parametric sweep of the polymer loading by
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weight is performed. As shown in Figure 9a, for small concentrations of the polymer within the solvent,
as low as 5% by weight, a viscosity within the printable range can be obtained. The very low polymer
content can help produce much thinner layers, which could find applicability in various structures,
such as printed thin-film capacitors.
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To determine the thickness of the printed PVP layers, square patterns are printed with 20 µm
drop spacing, and ramped up to 180 ◦C over the period of 30 min to polymerize and harden the films.
The film profiles are then measured using a stylus profilometer. The results of one and two layers of
printed PVP are shown in Figure 9b. The average thickness at the center of the films is approximately
300 nm per layer. It can be noticed that the side walls of the film are much higher than the center. This is
a common issue with low-material content inks and is called the coffee-ring effect, which is caused by
solvent evaporation. As inkjet-printing is a conformal deposition technique, successive printed layers
require proper processes to alleviate the coffee-ring effect. This can be improved by a thermal reflow
process or including lower vapor-pressure solvent modifiers to slow the drying time [53]. The PVP
polymer is well-known as a spin-coated polymer, and has been characterized through low frequencies.
The material has a relative permittivity (εr) of 3.5 and an experimental loss tangent (tan δ) of 0.015 at
1 GHz [54].

3. Inkjet-Printed Microwave Components and Devices

3.1. RFID Tag

RFID tags are one of the most widely used printed electronics and have numerous applications. [55].
Figure 10 shows a designed and printed bowtie RFID tag for ultra-high frequency (UHF) band (915 MHz)
application on synthetic Teslin paper. The width of the lines was 0.5 mm and the size of the tag was
about 63.6 × 26.7 mm2. The antenna is conjugate matched to 13− j122 Ω, which is the impedance of
the RFID chip (NXP’s SL3ICS1002/1202) at 915 MHz. The minimum transmitted (Tx) power required
to read the RFID tag is also shown in Figure 6. Voyantic Tagformance was utilized to measure the Tx
power with a 1 MHz step and 0.1 dB resolution of the Tx power. The interrogation distance was set to
60 cm. The minimum Tx power required to read the inkjet-printed RFID tag on Teslin at 915 MHz was
16 dBm in the free space. The performance of the inkjet-printed far-field RFID tag was successfully
demonstrated through this experiment.
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Figure 10. (a) Inkjet-printed radio frequency identification (RFID) tag on synthetic Teslin paper and
(b) transmitted (Tx) power from the reader required to read the inkjet-printed RFID tag.

3.2. Inkjet-Printed RFID-Enabled Sensor Utilizing Carbon Nanotubes (CNTs)

RFID-enabled sensor systems have demonstrated a great potential as low-power, low-cost wireless
sensor platforms [56–65] featuring a relatively simple architecture compared to conventional wireless
sensor systems and good compatibility with conventional Wireless Sensor Networks (WSN) [66]. In this
section, an inkjet-printed RFID-enabled CNT gas sensor is introduced, and Figure 11 shows its operation
principle [67]. An RFID reader interrogates the sensor tag and its backscattered electromagnetic (EM)
wave is monitored. The sensor tag has a sensor component that consists of an inkjet-printed single
wall carbon nanotube (SWCNT) film acting like a tunable resistor. A resistance value is determined by
the concentration of the sensing target gas, such as ammonia (NH3) gas. The event decision (or gas
detection) can be made by monitoring the backscattered wireless power levels because the electrical
characteristics of the loaded SWCNT film vary due to different NH3 concentrations.

Electronics 2020, 9, x FOR PEER REVIEW 9 of 20 

 

event decision (or gas detection) can be made by monitoring the backscattered wireless power levels 
because the electrical characteristics of the loaded SWCNT film vary due to different NH3 
concentrations. 

 
Figure 11. Operation principle of an RFID-enabled gas sensor utilizing single wall carbon nanotubes 
(SWCNTs). 

The measured thickness of the 25-layer printed SWCNT film on cellulose paper was about 7 µm. 
At the European UHF RFID frequency band at 868 MHz, the impedance value of the inkjet-printed 
SWCNT film was 51.6 − 𝑗6.1 Ω in air (no presence of NH3 gas), while the impedance value changed 
to 97.1 − 𝑗18.8 Ω in NH3. The variation of the impedance and reflected power from the RFID-enabled 
SWCNT gas sensor are shown in Figure 12 to demonstrate the operation principle of the RFID-
enabled sensor. The reflected power level of the sensor tag in air was −18.4 dB, while that of the sensor 
tag in NH3 was −7.6 dB. 

(a) (b) 

Figure 12. (a) Measured impedances of the SWCNT film which printed 25 layers in air/NH3 and (b) 
the simulated power reflection coefficient of the RFID-enabled sensor with the SWCNT film 
before/after the gas exposure. 

3.3. Substrate-Integrated Waveguide (SIW) Structure and Via Fabrication 

Numerous RF applications require shielded/waveguide configurations due to requirements for 
reduced interference and/or a high power. Substrate-integrated waveguide (SIW) structures are 
similar to dielectric-filled waveguide structures, but feature more lightweight configurations due to 
the use of metalized via rows instead of solid metal walls. This topology is especially promising for 
microwave and millimeter-wave applications because it allows for whole-system integration on one 
substrate [68–70]. As a first step for realizing an inkjet-printed SIW structure on a paper substrate, via 
fabrication technology utilizing a copper rivet and conductive epoxy has been reported in [71] (Figure 
13a). The via holes are drilled using a mechanical drill. This approach does not require any surface 
treatments and is a completely dry process. A laser drill is also a good candidate for the via hole 
drilling, but substrates, such as paper, can be damaged due to the heat generated by a laser drill. For 
the via hole metallization, copper rivets are inserted, and they are concealed using a conductive 

Figure 11. Operation principle of an RFID-enabled gas sensor utilizing single wall carbon
nanotubes (SWCNTs).

The measured thickness of the 25-layer printed SWCNT film on cellulose paper was about 7 µm.
At the European UHF RFID frequency band at 868 MHz, the impedance value of the inkjet-printed
SWCNT film was 51.6− j6.1 Ω in air (no presence of NH3 gas), while the impedance value changed to
97.1− j18.8 Ω in NH3. The variation of the impedance and reflected power from the RFID-enabled
SWCNT gas sensor are shown in Figure 12 to demonstrate the operation principle of the RFID-enabled
sensor. The reflected power level of the sensor tag in air was −18.4 dB, while that of the sensor tag in
NH3 was −7.6 dB.
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3.3. Substrate-Integrated Waveguide (SIW) Structure and Via Fabrication

Numerous RF applications require shielded/waveguide configurations due to requirements for
reduced interference and/or a high power. Substrate-integrated waveguide (SIW) structures are
similar to dielectric-filled waveguide structures, but feature more lightweight configurations due to
the use of metalized via rows instead of solid metal walls. This topology is especially promising for
microwave and millimeter-wave applications because it allows for whole-system integration on one
substrate [68–70]. As a first step for realizing an inkjet-printed SIW structure on a paper substrate,
via fabrication technology utilizing a copper rivet and conductive epoxy has been reported in [71]
(Figure 13a). The via holes are drilled using a mechanical drill. This approach does not require
any surface treatments and is a completely dry process. A laser drill is also a good candidate for
the via hole drilling, but substrates, such as paper, can be damaged due to the heat generated by a
laser drill. For the via hole metallization, copper rivets are inserted, and they are concealed using a
conductive epoxy. The inset in Figure 13b shows a fabricated prototype of a microstrip-to-SIW transition.
Its measured frequency responses (|S11| and |S21|) are also shown in Figure 13b. The dashed lines are
reflection coefficients (|S11|) and the solid lines are insertion loss (|S21|) of the fabricated SIW structure.
The transitions have been designed for an operation frequency above 5 GHz with a cutoff frequency
at 3.75 GHz. The pitch of the vias is 1.6 mm and the diameter of the via is 0.8 mm. The substrate
consists of three-layer stacked cellulose paper to achieve a thickness of 0.69 mm. The insertion loss
of the fabricated SIW component was 0.5 dB/cm at the center of the pass band. The differences of
the measurement and simulation were mainly due to the fabrication error and modeling issue of the
conductive epoxy, which are not included in simulations because of the modeling simplicity.
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A fundamental step in producing fully-printed multi-layer via-enabled structures is the
development of a stepped via profile on polymethyl methacrylate (PMMA) (Figure 14a). There have
been several reported studies of fully printed vias [72–74]. However, these vias were implemented on
thin polymer substrates with a thickness of less than 100 µm. Based on previous results, the stepped via
profile was drilled to form a gradual transition from the top to bottom layer, as shown in Figure 14a [75].
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Figure 14. Geometry of a stepped via hole on a polymer substrate (PMMA): (a) Cross-section of the
stepped via hole; (b) SEM images of the fully inkjet-printed stepped via hole; (c) series of 40 connected
printed stepped vias; and (d) microstrip-to-SIW transition with printed stepped via walls.

The stepped via hole was drilled using a CO2 laser, and five layers of silver nanoparticles were
printed on both the top and bottom sides of each substrate. The SEM images of the inkjet-printed stepped
via hole showed a continuous inkjet-printed silver nano-particle layer (Figure 14b). Figure 14b-(A)
corresponds to the dashed box in Figure 14a, and Figure 14b-(B) corresponds to the dashed box
in Figure 14b-(A). A single inkjet-printed stepped via hole on a 1 mm thick PMMA substrate had
a resistance of 7.4 Ω. This result verified the feasibility of the implementation of inkjet-printed
via-enabled multi-layer structures on various substrates. Figure 14c,d presents design examples using
the proposed inkjet-printed stepped via structure. A series of 40 connected printed stepped vias on
0.8 mm thick RT/Duroid 5880 [76] only has a resistance value of 7.8 Ω. The measured S-parameters
of a microstrip-to-SIW transition with 1 mm thick stepped via walls show good agreement with
the simulation.

3.4. Hybrid Printed Electronics

Hybrid printed electronics usually consist of printed passive components, a circuit layout,
and soldered/bonded surface mount devices (SMDs). High-Q inductors, capacitors, and integrated
circuits (ICs), in various package types and sizes, can be integrated on a flexible printed circuit
board. This results in a good flexibility and high performance because the advantages of printing
technology and surface mounting technology are converged. Many reported hybrid printed electronics
have soldered or bonded circuit components on printed flexible polymer or paper substrates [77–84].
In this paper, two design examples of hybrid printed electronics are introduced. A solar-powered
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active antenna reported in [51] designed and implemented an oscillator on an inkjet-printed antenna.
It demonstrated the possibility of hybrid printed electronics, but a limitation was clear—the soldering
process was not compatible with the inkjet-printed silver nano-particle layout. An indirect copper
printing technology was developed in order to enable the soldering process [48].

3.4.1. Solar Powered Active Antenna on Paper

Besides the passive components on paper substrates, inkjet printing technology has successfully
implemented more complicated systems including active components. An inkjet-printed active antenna
on paper for wireless power transfer and identification has been reported in [85]. The fabricated
solar-powered beacon oscillator (active antenna) operates at around 800 MHz and consists of a slot
antenna, voltage-controlled oscillator, voltage regulator, and solar cells (Figure 15a). It is hybrid
printed electronics technology that takes advantage of nano-particle printing and cutting-edge discrete
silicon devices. The oscillation frequency can be scaled up to any desired operation frequency.
For stable oscillation of the oscillator, a 1.8 V voltage regulator was integrated with solar cells to supply
self-sustainable power to the active antenna system. The performance of the inkjet-printed beacon
oscillator on paper was measured by using a spectrum analyzer (Figure 15a). The oscillation frequency
was observed at 783.2 MHz (Figure 15a) and the measured phase noise was about −118 dBc/Hz at
1 MHz away from the carrier frequency (Figure 15b). Its circuit schematic and fabricated oscillator on
the inkjet printed circuit layout are shown in Figure 15c,d. Conductive silver epoxy was applied to
connect circuit components.
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The proposed active antenna can work as an RF source for energy harvesting-enabled
self-sustainable or ultra-low power backscattering sensor systems [86]. For instance, it increases
the ambient EM power density (W/m2) to wake up the RF energy harvester-enabled sensors.
The sensor node rectifies ambient RF power to DC to operate analog/digital sensing circuits. For the
backscattering system, each backscatterer reflects a single tone signal from the active antenna or a
source. The backscatters modulate the incident wave by changing its load, enabling ultra-low power
communication. This concept has been widely studied by many researchers, and there are many
reported research efforts [87–90].

3.4.2. Flexible RF Energy Harvester on Printed Copper

Copper is compatible with the soldering process and low-cost material compared to silver.
However, it is challenging to print copper directly due to its high sintering temperature [91,92].
Novel hybrid printed electronics using an indirect copper printing process were introduced in [93].
The circuit layout and antenna are printed and other circuit components, such as balun, diodes, and
DC-DC converters, are soldered on the printed copper film, as shown in Figure 16. The proposed
RF-DC converter consists of an antenna, charge pump for rectification, and DC-DC converter for
voltage boosting, as shown in Figure 16a. The charge pump rectifies the RF signal and boosts the DC
voltage to the threshold voltage of the DC-DC converter. The DC-DC converter steps up the input
voltage and supplies power to a load. The fabricated system is shown in Figure 16b,c. Its performance
is also shown in Figure 16c,d. The RF-DC rectifier fabricated on the indirectly printed copper showed
good flexibility. It demonstrated a flexible RF energy harvester using a novel hybrid printed technology
on low-cost polymer substrates such as Teslin [93]. The fabricated prototype generates an open circuit
voltage of more than 2.9 V when it is exposed to a power density of around 1 µW/cm2 at a 900 MHz
UHF RFID frequency range. A low-power mode microcontroller is modeled as a 4.72 kΩ load since it
drains about 200 nA at 0.9 V, as shown in Figure 16e. It shows that the designed RF energy harvester
has successfully generated enough power to operate the low-power mode microcontroller continuously
when it is able to harvest 0 dBm RF power from the surrounding environment.
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Figure 16. Far-field radio frequency (RF) energy harvesting system for a self-sustainable wireless
sensor platform utilizing the hybrid printed electronic technology: (a) Circuit schematics; (b) square
loop antenna; (c) RF-DC converter with a boost DC-DC converter, and the flexibility of the proposed
hybrid printed RF energy harvester; (d) flexibility of the fabricated antenna and RF-DC converter;
and (e) measured output voltage on a 4.72 kΩ load.

3.5. Antennas on an Inkjet-Printed Artificial Magnetic Conductor (AMC) for Wearable Applications

In this section, an inkjet-printed artificial magnetic conductor (AMC) surface is discussed.
The general structure of the AMC surface consists of a frequency selective surface (FSS) and a ground
plane, as shown in Figure 17a. It is a sort of electromagnetic bandgap (EBG) structure or high impedance
surface (HIS) that prohibits wave propagation at a certain frequency band [94]. Numerous shapes have
been reported for AMC surfaces for various applications [95–100]. The AMC surface suppresses back
radiation of an antenna and significantly improves the antenna gain. The distance between AMC and
the antenna is relatively short (λ/4) because the phase of a reflected wave from the AMC surface results
in constructive interference with the waves radiated from the antenna. However, waves radiated from
an antenna experience destructive interference when the waves are reflected by a PEC surface since the
reflected wave is out-of-phase. Therefore, the induced current on the AMC surface is in-phase with the
current flow of the antenna. Recently, a reconfigurable meta-surface structure, such as a reconfigurable



Electronics 2020, 9, 1636 15 of 22

intelligent surface (RIS) for 5G/5G+ or 6G, is attracting great interest [101–104]. The RIS reflects the
incident wave in the desired reflection angle by adjusting the reactance of a unit cell.
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Figure 17. Inkjet-printed monopole antenna on the artificial magnetic conductor (AMC) plane:
(a) Structure and (b) fabricated antenna.

There are unit cell shapes, and widely adopted unit cell shapes, split ring resonator (SRR)
(Figure 18a) and single hair pin resonator types (Figure 18b), are shown as design examples. The phase
response is a critical design parameter of the AMC surface because it indicates constructive or destructive
interference. The reflected wave should have ±90 degrees to result in constructive interference with
radiated waves from an antenna. As a design example, a monopole antenna was placed on a printed
AMC reflector (Figure 17). Its AMC reflector consisted of a 3 × 4 hair pin type resonator array, as
shown in Figure 18b. The designed antenna was mounted on a human body phantom to demonstrate
the performance of the AMC reflector. The AMC reflector successfully suppressed the loading effect of
the human phantom, as shown in Figure 19. The measured |S11| on the phantom was almost the same
with the antenna in the free space (Figure 19a). There was a clear difference in gain values, as shown in
Figure 19b. On the lossy human phantom, there was only about 0.2 dB gain drop at 2.45 GHz with the
AMC reflector, but about 4 dB gain drop was observed without the reflector. This clearly shows that the
printed AMC reflector boosts antenna gain and isolates the antenna from the surrounding environment.
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Figure 19. Measured antenna performance parameters: (a) Reflection coefficient (|S11|) and (b) gain.

The AMC reflector is also very useful for improving the communication range of the backscattering
communication system, such as RFIDs, because it focuses electromagnetic energy in the desired direction.
Figure 20a shows a structure of a dipole antenna on a 2 × 3 split ring resonator (SRR) array and
inkjet-printed resonator array on cellulose paper (Figures 18a and 20b). It should be noted that the tag
performance was significantly improved with the AMC reflector. The minimum required Tx power
from a reader was reduced by about 6 dB, as shown in Figure 20c. The packet loss ratio was measured
using a software defined radio (SDR) USRP N200 [105] to control and record Rx/Tx signals, as shown in
Figure 20. The communication range is almost doubled when an RFID tag is mounted on the proposed
SRR resonator array [106].
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Figure 20. (a) Structure of the UHF dipole RFID antenna on an AMC reflector, and (b) the inkjet-printed
split ring resonator (SRR) array. (c) Measured minimum Tx power required to read a tag and (d) tag
read range.
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4. Summary

This paper has reviewed inkjet-printed paper electronics for microwave applications, including
RFID, an RFID-enabled sensor, an SIW structure, via fabrication, an active antenna, RF energy
harvesting, and an AMC surface. Important issues for printing thin conductive/dielectric films
metalizing and designing the inkjet-printed RF electronics on paper have been discussed. This paper
has also presented functional experimental prototypes as design examples. Inkjet-printed RF electronics
on paper substrates represent a promising technology for practical ubiquitous “green” applications,
such as Internet-of-Things (IoT), smart skins, and intelligent remote sensing configurations.
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