
Hindawi Publishing Corporation
International Journal of Antennas and Propagation
Volume 2007, Article ID 68385, 7 pages
doi:10.1155/2007/68385

Review Article
Novel “Enhanced-Cognition” RFID Architectures
on Organic/Paper Low-Cost Substrates Utilizing
Inkjet Technologies

Li Yang, Amin Rida, Rushi Vyas, and Manos M. Tentzeris

Received 2 March 2007; Accepted 10 September 2007

Recommended by Junho Yeo

The purpose of this paper is to present an overview of novel design and integration approaches for improved performance
“enhanced-cognition” UHF passive and active radio frequency identification (RFID) tags. Antenna design rules are explained
for a variety of applications. A strategy that is currently under development for embedding power sources and integration of sen-
sors and integrated circuits (ICs) on low-cost organic substrates, such as liquid crystal polymer (LCP) and paper, enabling the use
of inkjet-printing capability for the UHF frequency band, is discussed in the paper. The proposed technologies could potentially
revolutionize RFID tags allowing for integrated sensing capabilities for various applications such as security, military, logistics,
automotion, and pharmaceutics.
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1. INTRODUCTION

Radio frequency identification (RFID) is a compact wire-
less technology which does not require line of sight (LoS) to
communicate with the reader and allows for simultaneous
read/write from multiple tags, as well as an easy remote and
selective activation of sensor devices based on their unique
IDs [1]. Due to the increasing demand for automatic identi-
fication, RFID could potentially find countless applications
in different areas including retail level management, item
level tracking, access control, animal tracking, vehicle secu-
rity, and electronic toll collection [2].

At the same time and driven by several “cognitive-in-
telligence” applications [3] such as item-level tracking of
temperature-sensitive products, pharmaceutical logistics,
transport and storage of medical products or biosensing ap-
plications, a demand for inexpensive, low-power consump-
tion, and durable wireless nodes with sensing capabilities has
also increased tremendously. Compared with passive UHF
RFID systems (maximum read range ∼10 m), upon utilizing
a power source, significant benefits in terms of read range can
be achieved [4]. Furthermore, the hereby proposed potential
ability to easily print RFID on organic substrates, such as pa-
per, makes them an inexpensive candidate to create minia-
turized wireless RFID/sensor modules at a significantly low
cost [5].

In this paper, a brief outline of novel RFID architectures
is presented for the purpose of optimized designs, enhanced-
range and capabilities, easy fabrication, and low-cost. Ma-
terial characterization, antenna design/matching guidelines,
and sensors/power source integration are demonstrated, re-
spectively.

2. RFID ON ORGANIC SUBSTRATES

There are three major considerations for the selection of the
substrate material in RFID applications. First, the substrate
should have conformal shape or flexibility in order to be
placed on different shaped objects such as boxes, cylindrical
bins, vehicles, and so forth. Secondly, since most RFID tags
contain no extra packaging and are exposed directly to their
surroundings, RFID tags must be able to withstand harsh
industrial environments such as water vapor/humidity. The
third requirement is to have a low dielectric constant value
with low dielectric loss for optimal RF power efficiency and
transmissivity in embedded configurations, as well as op-
timum power performance, especially in passive RFID sys-
tems, where the only power to the tag is the RF power from
the reader in the vicinity.

Liquid crystal polymer (LCP) is a fairly new and promis-
ing thermoplastic organic material. It can be used as a low-
cost dielectric material for high-volume, large-area process-
ing methods that provide very reliable high-performance
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Figure 1: RFID tag on LCP.

Figure 2: RFID tag on paper-based substrate.

circuits at low cost. It has low and stable water absorption
rate around 0.04% [6], and a nearly constant dielectric con-
stant of 3.1 over the entire RF range up to 110 GHz. In addi-
tion, LCP has a very low loss tangent of only 0.002, which in-
creases to only 0.0045 at 110 GHz, thereby making LCP very
suitable in designing mm-wave applications [7–9]. Low ther-
mal expansion characteristics of LCP also make it ideal as a
high frequency packaging material. The controllable coeffi-
cient of thermal expansion (CTE) of LCP can be engineered
to match copper, silicon, or GaAs, thereby making metalliza-
tion on it easier. Multilayer circuits in LCP are also possible
due to two types of LCP material with different melting tem-
peratures making it ideal for system on package designs. LCP
is flexible, recyclable, impervious to most chemicals, and it
is stable up to its high melting temperature making LCP an
ideal choice for circuits operating in all kinds of environ-
ments. A typical passive RFID module is demonstrated in
Figure 1. This antenna was fabricated on a 4 mm thick LCP
substrate.

On the other side, paper is considered one of the best
organic substrates candidates for RFID applications due to
many reasons. Paper is not only environmentally friendly,
but can also undergo large reel-to-reel processing. This
makes paper the lowest cost material made for mass pro-
duction and increased demand. Paper also has low surface
profile with appropriate coating which is important for pro-
cesses such as fast printing conductive paste inkjet printing.
This process can be used instead of conventional metal etch-
ing techniques. In addition, paper is compatible with circuit
printing by direct write methodologies [10]. This is one of its
biggest advantages since active tags require additional mod-
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Figure 3: Typical RFID tag architecture.

ules like power sources and sensors to be mounted on or
embedded in the substrate. A fast process like inkjet print-
ing can be used efficiently to print these modules on or in
the paper substrate. Paper also has the capability of hosting
nanoscale additives to make the substrate immune to certain
occurrences such as minor flames (i.e., fire-retardant textiles)
[11]. Paper can also be made hydrophobic by adding the ap-
propriate coating. Most importantly, its dielectric constant
is close to air’s [12] which means that electromagnetic power
can penetrate easily even if the RFID is embedded inside sub-
strates.

Electrical properties such as the dielectric constant and
loss tangent can be effectively and accurately character-
ized up to 50 GHz by using various methods such as mi-
crostrip ring resonator, cavity resonators, and parallel plate
resonators [13]. Preliminary characterization results have
showed that dielectric constant ranges from 1.6 to 3.2 de-
pending on the thickness and process used (such as amount
of hydrophobic coating used inside the paper substrate) and
tanδ (∼10−2) for papers at UHF frequencies. A passive RFID
module is demonstrated in Figure 2. An inkjet-printing tech-
nique is used in the antenna fabrication.

3. NOVEL TECHNIQUES FOR UHF RFID ANTENNAS

The UHF RFID bands range from 860 MHz to 954 MHz [14].
Different regions (such as North America, Europe, Australia)
abide to different rules and regulations, such as frequency
range (866–868 MHz in Europe and 902–928 MHz in North
America), power emission levels, number of channels used,
and spurious limits. Moreover, the UHF frequency band al-
lows for a much higher data rate over other bands typically
used (e.g., the HF band operating at 13.56 MHz) and a higher
read range (∼30 ft for passive tags and ∼100 ft for semipas-
sive or active tags).

A half wavelength antenna is typically used in RFID ap-
plications due to its omnidirectional radiation pattern hence
enabling the tags’ communication with the RFID reader in
any orientation and for a variety of environments. A pro-
posed topology of a typical passive UHF RFID is demon-
strated in Figure 3.
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Figure 4: Return loss of the wideband RFID tag.

3.1. Compact antennas with
a universal/global bandwidth

The dimensions of the antenna shown in Figure 3 (7.5 cm ×
5 cm) allow for an integrated battery and/or sensor on the top
and bottom of the antenna structure. This antenna was fab-
ricated on LCP. The matching networks—double inductive
feed and shorting stub, as shown in the figure—can be easily
tuned in design to modify the antenna’s impedance to match
any IC impedance value hence allowing an optimum power
transfer from IC to antenna [15]. This is very crucial since
most ICs used in passive RFID systems feature a reactive load.
It has to be noted that the antenna has to be compact (smaller
than 3 × 3 in2) with efficiency close to 100%. The tapering
of the two arms allows for a higher bandwidth than typical
dipole antenna configurations. The simulation and the mea-
surement results are shown in Figure 4, with IC impedance
73-j113Ω, demonstrating very good agreement and verify-
ing the efficient operation of the antenna in both European
and North American bands (860–930 MHz). The bandwidth
of operation is defined by the Voltage Standing Wave Ratio
(VSWR) of 2 or alternately return loss of −9.6 dB.

3.2. Polarization-diversity solutions for
harsh environments

Most antennas in UHF RFID tags, similar to the one shown
in Figure 3, are linearly (vertical or horizontal) polarized. In
the presence of harsh environments (e.g., containers, indus-
trial machinery) with multiple reflections (i.e., metal) which
cause multipath effects, the transmitted/received plane waves
undergo polarization changes (depolarization). For instance,
a vertically polarized transmitted wave can reach a tag at its
blind spot in the radiation pattern. This causes the RFID tag
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Figure 5: Polarization definition in dual antenna design.
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not to be read. In order to prevent this, in this paper polar-
ization diversity is proposed for a better readability of UHF
RFID tags, including the use of both vertical and linear po-
larized antennas. For dipole antennas, the two orthogonal-
polarization antennas can be oriented orthogonal to each
other as shown in Figure 5. These two antennas are identical
in dimensions and shape, so that the identical signals arriv-
ing at these two different branches are in-phase and uncor-
related. The two antennas are also connected with a shorting
stub to guarantee an in-phase arrival of both polarization sig-
nals to the demodulator in the IC, when the data needs to be
retrieved from the combined reception of the two antennas.

Figure 6 shows a 7.5 cm × 5 cm dual polarized antenna.
The shorting stub that connects the “top left” legs of the de-
sign both provides the resistive matching and is also used
to dc-short the two orthogonal dipole antennas. The dc-
shorting is also utilized to receive in-phase signals at the two
identical input ports. The “bottom right” legs are connected
to the ground to achieve the necessary signal, ground exci-
tation. The connecting stubs are used to change the resis-
tance and inductance of the dual antenna structure to con-
jugately match to the chip impedance. The bandwidth of
this antenna is 7.78% (70 MHz). The radiation efficiency is
93% since the current flow adds up constructively for the
far-field electromagnetic radiation, something that results in
an optimized performance in terms of the read range and
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Figure 8: Dual radiating body configuration.

environment versatility. The radiation pattern of the dual
polarized antenna is omnidirectional with a maximum di-
rectivity of 2.25 dB. Figure 7 shows the copolarization and
cross-polarization characteristics of the antenna. A cross-
polarization suppression larger than 18 dB is obtained.

3.3. Directive antennas for
“conveyor-type” applications

One of the effective methods to increase the read range of
the RFID tag to a specific direction besides a good match be-
tween the antenna terminals and the IC is a directive radia-
tion pattern. This might be suitable for manufacturing appli-
cations, such as boxes, palettes, or items placed on conveyor
belts where the position of the tag is known. However, the
radiation pattern of most RFID antennas is constrained by
their intrinsic dipole nature which is omnidirectional, leav-
ing a limited directivity (∼2 dB). One new topology, named
dual-body configuration, is presented in Figure 8. In this fig-
ure, two meander-line (radiating structures) arms are placed
on each side of the feeding loop as shown. In this case, the
current directions are opposite along the arms and the ra-
diation patterns cancel out each other in most of the direc-
tions and thus the radiated energy is focused directionally in
a dumbbell shape as shown in Figure 9, and a high directivity
of 5.60 dB is observed with 80% radiation efficiency. In gen-
eral, a highly increased effective range is expected to achieve
with RFID antennas in such a configuration. The dimensions
of this dual radiating body antenna are 6.0 cm × 4.20 cm.

3.4. Inkjet-printed antennas for UHF RFIDs

Paper-based substrates have a low surface profile depending
on appropriate coatings. This is very crucial since fast print-
ing processes, such as direct write methodologies, can be uti-
lized instead of metal etching techniques. A fast process, like
inkjet printing, can be used efficiently to print electronics
on/in this type of substrates, allowing for a shorter and more
reliable fabrication with a resolution of 20 μm.

The half wavelength tapered width dipole antenna shown
in Figure 10 was designed to have a center frequency
of 914 MHz. Two stubs, inductive and resistive, are used
in this antenna similar to Figure 3. The IC used in this de-
sign was Philips EPC 1.19 Gen 2 RFID ASIC IC, which ex-
hibits a stable impedance behavior of 16-j350 Ω over the fre-
quency 902 MHz–928 MHz. The simulated return loss (RL)
plot, shown in Figure 11, shows a bandwidth of 905 MHz–
925 MHz. The RFID antenna was inkjet-printed with overall
dimensions of 8.2 cm × 4.5 cm featuring a radiation pattern
that is quite similar to that of a classic dipole as shown in
Figure 12.

4. RFID/SENSOR MODULE INTEGRATION

In order to meet the demand for ultra-low-cost passive, semi-
passive, and active RFID tags, a simple manufacturing pro-
cess, such as conductive ink printing technology on organic
substrates, is proposed. The ultimate goal is to have an all
printed RFID tag (antenna, IC, battery, and sensor) on a low-
cost environmental friendly paper. The proposed module for
such an RFID/sensor integrated tag is shown in Figures 13
and 14, and is currently under development. The proposed
RFID tag will be powered by a lithium ion battery. The bat-
tery will be charged by the power induced across the antenna
terminals, which will be used to power the IC. The IC will
comprise of an RFID communication module, and an in-
terface to an external sensor. The IC interface will be used
to sample the analog output of the sensor and perform an
analog-to-digital conversion on the recorded sensor output.
The digital version of the sensor output will be encoded in
the appropriate RFID data scheme using GEN2 protocol, and
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Figure 9: Dual radiating body radiation pattern.

Figure 10: Inkjet printed RFID antenna.
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Figure 11: Simulated return loss.

will be transmitted to the RF communication module of the
IC. The RFID communication module will be used to trans-
mit this sensor data to the reader.

Integration of the IC to the tag will require fabrication
techniques that can withstand the rigors of packaging while
at the same time provide electrically good contact between
the IC and the antenna. In addition, operation in the UHF
range also requires the packaging to introduce as minimal
parasitic effects as possible to ensure good impedance match
between the antenna and the IC. One of the ways consid-
ered of integrating the ICs is using flip-chip technology [16].
This method does not require any wire bonds but uses sol-
der bumps mounted on the IC chip pads. The chip is then
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mounted upside down in/on the package and the solder re-
flowed under high temperature. Flip-chip assembly provides
an advantage in size, cost, and performance and introduces
lower parasitic compared to DIP and SOP packaging. Wire
bonding [17] is another common method used to make in-
terconnections between the IC and the antenna terminals.
This method involves the use of very thin wires (typically
∼15 μm) made of gold or aluminum to make interconnects.
Wire bonding is generally considered the most cost-effective
and flexible interconnect technology, and is used to assem-
ble the vast majority of semiconductor packages. Many of
the ICs also still come in Thin Shink Small Outline Pack-
age (TSSOP) [18] that needs to be soldered onto the circuit.
The main disadvantage with TSSOP packaging is that they
introduce more parasitic effects into the circuit compared to
flip-chip and wire bonding technology.

Battery is another crucial part in the RFID/sensor mod-
ule. One of the major concerns is the limited lifetime of
the batteries. The cost of replacing batteries can be relatively
high. The same issue is of major importance in active and
semipassive RFID tags. Three different power source types
are available at the moment: power reservoirs, power distri-
bution methods, and power scavenging sources.
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Among the power reservoir technologies investigated
over the past years [19], rechargeable lithium thin film bat-
teries seem to be the most suitable solution to be embedded
in organic substrates due to their small thickness. The ac-
tive RFID tag being currently developed will be powered by a
lithium ion battery that has been developed and is 300 μm
thick. The battery will be charged by the power induced
across the antenna terminals through a continuous mode
AC-DC power converter. Such batteries have rechargeable
capabilities which overcome short lifetime limitations, thus
making them extremely useful for the drive of the sensors
in active and semipassive RFID tags. Active tags solely uti-
lize the battery to power the sensor and the IC, the semipas-
sive need a power distribution method (i.e., electromagnetic
power transmission) to operate the IC, thus allowing the sen-
sor to use the battery as an independent power source. The
main advantage of the reservoir source is that it eliminates
the need for the label to collect energy from the reader, per-
mitting the transmission of relatively large amounts of data

over long distances (>100 ft), while improving its signal-to-
noise ratio. On the other hand, electromagnetic power trans-
mission used with a battery allows for a reduced battery con-
sumption and an increased the lifetime. Among the power
scavenging sources, thin film solar arrays play a major ad-
vantage in outdoor applications with difficult access and im-
possibility of using wires. Power scavenging may use pres-
sure as a mean of energy conversion by using a piezoelectric
printed collector [20]. Solar cells may use light as an efficient
way; where recent developments have used printed solar cells
for this purpose [21]. Temperature from environmental sur-
roundings such as human body heat in wearable electronics
utilizing a modified Carnot cycle (with a projected efficiency
of 50%) is also one of the good candidates [22].

5. CONCLUSIONS

In this paper, an overview of novel design and inte-
gration approaches for improved performance “enhanced-
cognition” UHF passive and active radio frequency iden-
tification (RFID) tags is reported. Antenna design rules
are explained for a variety of applications while address-
ing a variety of practical UHF RFID issues (worldwide fre-
quency coverage, harsh environments, max-range enhanced-
directivity). Embedded power sources and integration of
sensor and integrated circuits (ICs) are also conceptually in-
vestigated on low-cost organic substrates, such as liquid crys-
tal polymer (LCP) and paper, enabling the use of inkjet-
printing capability for the UHF frequency band. The pro-
posed technologies could potentially enable the low-cost im-
plementation of large-scale ad hoc networks that could po-
tentially offer the capabilities of “ubiquitous sensing” and
“cognitive intelligence” for a variety of security, military, lo-
gistics, automotive, and pharmaceutical applications.
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