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Abstract

In this paper, a review of the authors' work on inkjet-printed flexible antennas, fabricated on paper substrates, is given. This is
presented as a system-level solution for ultra-low-cost mass production of UHF radio-frequency identification (RFID) tags and
wireless sensor nodes (WSN), in an approach that could be easily extended to other microwave and wireless applications.
First, we discuss the benefits of using paper as a substrate for high-frequency applications, reporting its very good
electrical/dielectric performance up to at least 1 GHz. The RF characteristics of the paper-based substrate are studied by
using a microstrip-ring resonator, in order to characterize the dielectric properties (dielectric constant and loss tangent). We
then give details about the inkjet-printing technology, including the characterization of the conductive ink, which consists of
nano-silver particles. We highlight the importance of this technology as a fast and simple fabrication technique, especially on
flexible organic (e.g., LCP) or paper-based substrates. A compact inkjet-printed UHF "passive RFID" antenna, using the
classic T-match approach and designed to match the IC's complex impedance, is presented as a demonstration prototype for
this technology. In addition, we briefly touch upon the state-of-the-art area of fully-integrated wireless sensor modules on
paper. We show the first-ever two-dimensional sensor integration with an RFID tag module on paper, as well as the possibility
of a three-dimensional multilayer paper-based RF/microwave structure.

Keywords: RFID; ink jet printing; paper insulation; paper-based substrate; UHF antennas; microstrip antennas; printed
antennas; low-cost RF modules; printable electronics; sensor integration; microsensors

1. Introduction

n Fill is an emerging compact wireless technology for the
ftidentification of objects. It is considered an eminent candidate
for the realization of completely ubiquitous "ad hoc" wireless net­
works. RFID utilizes electromagnetic waves for transmitting and
receiving information stored in a tag or transponder to and from a
reader. This technology has several benefits over the conventional
methods of identification, such as a higher reading range, faster
data transfer, the ability of RPID tags to be embedded within
objects, no requirement for line of sight, and the ability to simulta­
neously read a massive amount of tags [1]. A listing of applications
that currently use RPID includes the retail supply chain, the mili­
tary supply chain, pharmaceutical tracking and management, access
control, sensing and metering applications, parcel and document
tracking, automatic payment solutions, asset tracking, real-time
location systems (RTLS), automatic vehicle identification, and
livestock or pet tracking.

The demand for flexible RFID tags has recently increased
tremendously, due to the requirements for automatic identification,
tracking, and monitoring in the various areas listed above. Com­
pared with the lower-frequency tags (LF and HF bands), which

already suffer from limited reading ranges (1-2 ft), RFID tags in
the UHF band see the widest use, due to their higher reading range
(over 10 ft) and higher data transfer rate [2]. The major challenges
that could potentially hinder the practical implementation of RPID
are:

1. Cost: in order for RFID technology to realize a com­
pletely ubiquitous network, the cost of the RPID tags
has to be extremely inexpensive, in order for the tech­
nology to be realized in mass-production amounts;

2. Reliability, which extends primarily to the efficiency of
the RFID-tag antennas, readers, and the middleware
deployed;

3. The regulatory situation, meaning that tags have to
abide to a certain global regulatory set of requirements,
such as the bandwidth allocations of the Gen2 Protocols
defined by the EPC Global regulatory unit [3]; and

4. Environmentally friendly materials, in order to allow
for the easy disposal of a massive number (in the bil­
lions) ofRFID tags.
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This review article makes use of the results that have been
previously published and presented [5-11, 16, 28-36] by the
authors. It hence demonstrates how inkjet printing of antennas and
matching networks on low-cost paper-based materials can tackle
all four challenges, enabling the easy implementation of ubiquitous
R.FID and wireless sensor node networks. It starts by discussing
why paper should be used as a substrate for UHF/wireless inlays.
This is followed by the dielectric characterization of paper, using a
microstrip-ring-resonator method. The article then shows how we
can use conductive inkjet-printing technology for the fast fabrica­
tion of RF/wireless circuits, and provides a design guideline for an
inkjet-printed broadband antenna for UHF RFID tags that can be
used globally. The article shows the capability of integrating sen­
sors with RFID tags, and discusses how this added functionality
could revolutionize data fusion and real-time environmental cogni­
tion.

2. Paper: The Ultimate Solution for a
lowest-Cost Environmentally Friendly

RF Substrate

There are many aspects of paper that make it an excellent
candidate for an extremely low-cost substrate for RFID and other
RF applications. Paper; an organic-based substrate, is widely avail­
able. The high demand and the mass production of paper make it
the cheapest material ever made. From a manufacturing point of
view, paper is well suited for reel-to-reel processing, as shown in
Figure 1. The mass fabrication of RFID inlays on paper thus
becomes more feasible. Paper also has a low surface profile. With
an appropriate coating, it is suitable for fast printing processes,
such as direct-write methodologies, instead of the traditional metal­
etching techniques. A fast process, such as inkjet printing, can be
used efficiently to print electronics on or in paper substrates. This
also enables components such as antennas, res, memory, batteries,
and/or sensors to be easily embedded in or on paper modules. In
addition, paper can be made hydrophobic, as shown in Figure 2,
and/or fire retardant by adding certain textiles to it. This can easily
resolve any moisture-absorbing issues from which fiber-based
materials, such as paper, suffer [4]. Last but not least, paper is one
of the most environmentally friendly materials. The proposed
approach could potentially set the foundation for the first genera­
tion of truly "green" RF electronics and modules.

However, there is wide availability of different types of
paper, which vary in density, coating, thickness, texture, and,
implicitly, dielectric properties, including dielectric constant and
dielectric loss tangent. Due to this, dielectric RF characterization of
paper substrates becomes an essential step before any RF "on­
paper" designs. The electrical characterization of paper has already
been performed [5, 7] by the authors, and results have shown the
feasibility of the use ofpaper at UHF and RF frequencies..

Another note to mention here is that the low cost of fabrica­
tion, and even assembly with printed-circuit-board-compatible
processes, can realize paper boards similar to printed wiring
boards. These can support passives, wiring, RFID, sensors, and
other components in a three-dimensional multilayer platform [5­
!O].

2.1 Dielectric Characterization of the
Paper Substrate

RF characterization of paper becomes a critical step for the
qualification of the paper material for a wide range of frequency-
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domain applications. The knowledge of the dielectric properties,
such as the dielectric constant (By) and the loss tangent (tan 0)

become necessary for the design of any high-frequency structure,
such as an RFID antenna on the paper substrate and, more impor­
tantly, if it is to be embedded inside the substrate. Precise methods
for high-frequency dielectric characterization include microstrip­
ring resonators, parallel-plate resonators, and cavity resonators
[13]. In our extensive literature review, such properties were not
found to be available for paper for the frequency range (above
900 MHz) of the desired application.

In order to measure the dielectric constant (By) and loss tan­

gent (tan 0) of paper up to 2 GHz, a microstrip-ring resonator
structure was designed. A diagram of the configuration is shown in
Figure 3. The through-reflect-lines (TRL) calibration method was

Figure 1. Reels of paper.

Figure 2. A magnified droplet of water sitting on a paper sub­
strate.

Fig. 3. A diagram of the configuration of the microstrip ring
resonator.
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2.1.2 Dielectric Loss

The extraction of the loss tangent was performed by calculat­
ing the theoretical values of the conductor and radiation losses.
This was done in order to isolate the dielectric loss, ad' since the

ring-resonator method gives the total loss at the frequency loca­
tions ofthe resonant peaks. The loss tangent is a function of ad (in

nepers/m) , according to [13]

(2)

where Ao is the free-space wavelength, and &r and &eff are the

same as described above. Available theoretical methods for calcu­
lating conductor loss and radiation loss have dated from the 1970s
[13]. Results for tanb" are shown in Table 1, after subtracting the
calculated conductor and radiation losses.

It is to be noted that the density of the paper substrate slightly
increases after the bonding process described above [5, 9]. This
may slightly increase the calculated dielectric properties in Table 1
for multilayer paper-based RF modules.

3. Conductive Inkjet Printing

Modem inkjet printers operate by propelling tiny droplets of
liquid, of a size down to several pL [14, 18]. This new technology
of inkjet printing [17,19,25], utilizing conductive paste, can rap­
idly fabricate prototype circuits, without iterations in photolitho­
graphic mask design or traditional etching techniques that have
been widely used in industry. Printing is completely controlled
from the designer's computer, and does not require a clean-room
environment [13]. A droplet's volume determines the resolution of
the printer. For example, a droplet of 10 pL gives a minimum
thickness or gap size of printed traces and lines of - 25 /Lm. The
cartridge consists of a piezo-driven jetting device, with integrated
reservoir and heater [14,18].

The inkjet printer used for this effort was a Dimatix Materials
Printer DMP-2800, as shown in Figure 6. The inkjet printing was
done as horizontal, bar-by-bar printing, using a DMC-11610 print
head or cartridge, as shown in Figure 7. This print head has a
nominal drop volume of 10 pL.

Unlike etching, which is a subtractive method of removing
unwanted metal from the substrate's surface, inkjet printing jets the
single ink droplet from the nozzle to the desired position. There­
fore, no waste is created, resulting in an economical fabrication
solution. Silver nano-particle inks are usually selected in the inkjet­
printing process, to ensure good metal conductivity. After the silver
nano-particle droplet is driven through the nozzle, a sintering proc­
ess is found to be necessary, to remove excess solvent and to
remove material impurities from the depositions. The sintering
process also provides the secondary benefit of increasing the bond
of the deposition to the paper substrate [15]. The conductivity of

the conductive ink varies from 0.4 to 2.5x107 Slm, depending on
the temperature and duration of the curing. Figure 8 shows the dif­
ference between heating temperatures of 100° C and 150° C after
15 minutes of curing. At the lower temperature, larger gaps exist
between the particles, resulting in a poor connection. When the
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temperature is increased, the particles begin to expand, and gaps
start to diminish. That guarantees a virtually continuous metal con­
ductor, providing a good percolation channel in which the conduc­
tion electrons can flow. To ensure the conductivity performance of
microwave circuits, such as RFID modules, curing temperatures
around 120° C and curing durations of two hours were chosen in
the following fabrication, to sufficiently cure the nano-particle ink.
Alternatively, much shorter UV heating approaches can achieve
similar results.

The savings in fabrication and prototyping time that inkjet
printing brings to RF and wireless circuits is very critical to today's
ever-changing electronics market. These savings verify inkjet
printing's feasibility as an excellent prototyping and mass-produc­
tion technology for next-generation electronics, especially in RFID,
wireless sensors, handheld wireless devices (e.g., 4G and 4.5G cell
phones), flexible circuits, and even in thin-film batteries [30, 32].

Figure 6. The DMP 2800 Dimatix Material Printer.

Figure 7. The DMC-11610 print head.
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The overall dimensions of the structure were 9.5 em x 5 em,
and it is shown in Figure 18. Also shown are the antenna and the
traces used for the assembled components: the TCI047 tempera­
ture sensor, the TSSOP packaged IC, inductors, capacitors, resis­
tors, the crystal oscillator, and the battery. The return loss or SII

for the center frequency at the antenna's terminals was recorded to
be -15.05 dB for the simulated structure using the HFSS full-wave
EM simulator, and -12.45dB measured using the ZVA-8 vector
network analyzer. The normalized radiation pattern, shown in Fig­
ure 19, was also measured using Satimo's Stargate 64 antenna
chamber measurement system, and using the NIST-calibrated
SH8000 hom antenna as a calibration kit for the measured radia­
tion pattern at 904 MHz. This prototype was tested for wireless
transmission using an XR-400 RFID reader antenna, interfaced to a
Tektronix RSA 3408A real-time spectrum analyzer (RTSA). The
measured power was recorded to be -68 dBm.

This module could easily be extended to a three-dimensional
multilayer paper-on-paper RFID/sensor module by laminating a
number of photo-paper sheets (260 urnthickness per sheet). This is
expected to drop the cost of the sensor nodes significantly, and to
eventually made the "ubiquitous computing network" a possible
reality, with a convergent ability to communicate, sense, and even
process infonnation.

6. Conclusion

Paper, which holds one of the biggest market shares in the
world, can potentially revolutionize the electronics market. It could
eventually take the first step in creating an environmentally
friendly first generation of truly "green" RF electronics and mod­
ules. In addition, paper is one of the lowest-cost materials pro­
duced. Inkjet-printing technology - which is a much faster and
cleaner method than conventional wet-etching techniques that use
several "etchant" chemicals - can serve as a low-cost mass­
deployment technology for fabricating RFID tags, produced in
large reel-to-reel processes on paper. It can be easily verified that
direct-write technologies, such as inkjet printing that consists of
depositing nano-silver particles, can be a very critical technology
for the quick development of next-generation flexible "cognitive"
electronics, due to their speed and the ease of the prototyping proc­
ess. A "global" UHF passive RFID antenna, using the classic T­
match approach, has been presented as a benchmarking prototype
for this novel technology. It featured excellent performance for a
wide ("universal") frequency range. Last but not least, the authors
have reported the first two-dimensional integrated sensor with
UHF RFID capabilities completely on paper. This could potentially
lay the foundation for truly convergent wireless-sensor ad hoc net­
works of the future.
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