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Abstract — Over the past decade, researchers have
shown significant advances in the area of radio
frequency identification (RFID) and metamaterials.
RFID is being applied to a wide spectrum of
industries and metamaterial-based antennas are
beginning to perform just as well as existing larger
printed antennas. This paper presents two novel
metamaterial-based antennas for passive ultra-high
frequency (UHF) RFID tags. It is shown that by
implementing omega-like elements and split-ring
resonators into the design of an antenna for an UHF
RFID tag, the overall size of the antenna can be
significantly reduced to dimensions of less than
0.15A, while preserving the performance of the
antenna.

Index Terms- Metamaterial, RFID, meander-line,
split-ring resonator, printed antenna, passive tag.

I. INTRODUCTION

The use of radio frequency identification
(RFID) has grown substantially in recent years [1-
4]. RFID has been applied to many different
industries such as supply chain management [5],
disease prevention [6-7], security [8] and road-
tolling [9]. Because of these applications
significant research is being conducted in the areas
of antenna design [10], environmental effects on
RFID systems [11] and novel reader applications
[12].

The two major characteristics that distinguish
different types of RFID systems are the power
source of the tag and the frequency of operation [1].
An excellent review on the characteristics of
different types of RFID systems can be found in
[1]. A passive RFID system uses the energy from
the field radiated by the reader to completely power
the tags. A tag in this type of system usually has an
antenna attached to a rectifier circuit. This rectifier
circuit then provides a voltage and current that will
be used to power the tag circuitry. At Ultra-high
frequencies (UHF) it is the relation between the
input impedance of the rectifier circuit and the
antenna impedance and gain that will determine the
maximum read range of the tag [6], [10].

When designing a passive RFID tag, it is clear
that the antenna is a major component of the overall
size [6]. This is because it is difficult to attain an
inductive input reactance and a suitable gain of an
electrically small antenna. A new and rapidly
emerging field of research based on metamaterial
inspired antennas [13-16] is showing that antennas
with small physical size can have impedance and
radiation properties comparable to existing larger
antennas such as rectangular microstrip and
meander-line (space-filling) antennas. In particular
research in the area of metamaterials has resulted in
recent advances in optics [17], filters [18], novel
resonator structures [19-20], novel transmission
lines [21-23] and new compact power dividers [24].
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Many advances in metamaterial research have
represented very significant steps in the area of
antenna and microwave engineering. But, many of
the structures introduced so far are very
complicated, and in some cases this is a significant
drawback. When designing metamaterial- based
antennas, many different conducting planes, vias
and special ground planes are required. These
complicated structures are not easily applied to
passive RFID antenna designs. This is because
many passive RFID antenna designs are placed on
single conducting layers with one or two different
dielectric layers. In fact, very little work exists on
strictly planar-based metamaterial transmission
lines [25].

Recently, several initial studies have been
conducted on using metamaterials to enhance the
performance of passive RFID tags [26-27]. These
studies have shown promising results but several
drawbacks of these studies have also been
observed. For example, the designs are placed
above special ground planes, the feed networks can
be complicated and a clear design process for using
these antennas is not presented. Since typical
antennas printed on passive RFID tags are placed
on a single conducting layer, it may be desirable
not to have a ground plane, have a simple feed
network and have a very useful and clear set of
design guidelines to result in a simple and desirable
printed antenna.

In this paper, two different metamaterial-based
designs for passive UHF RFID antennas are
presented. The first design is based on the
deformed omega structure presented in [28] and the
second design is based on the split-ring resonator
structure (SRR) [29]. Several advantages of the
designs presented in this paper are that these
antennas 1) do not need a ground plane; 2) are on a
single conducting layer; 3) have a single dielectric
substrate; 4) have simple feed networks; 5) are up
to 50% smaller than commercially available passive
RFID tags; 6) are comparable to the performance of
commercially available passive RFID tags; 7) are
simple to design; and 8) are easy to manufacture.
Many different layouts with different material
properties are studied. These different cases are
extensive and presented here to clearly show how
various dimensions and substrate values can be
used to lead to a successful antenna design. It is
believed that by using the results presented in this
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paper, an antenna designer will avoid costly
simulation times as well as less than desirable
performance from manufactured antennas. This is
especially important during the usually extensive
antenna design process.

This paper is organized in the following
manner. Section II introduces the deformed omega
structure-based meander-line RFID antenna.
Within this section simulations from commercial
software are compared to measurements for
accuracy and various configurations of the printed
antenna are modeled to illustrate the characteristics
of the antenna. Section III introduces the SRR-
based RFID antenna. Within this section various
configurations are modeled with commercial
software and the characteristics of these designs are
presented.  These sections are followed by a
conclusion in section V.

II. DEFORMED OMEGA STRUCTURE-
BASED MEANDER-LINE RFID
ANTENNA
A. The Three Different Meander-Line

Geometries

The first antenna presented is a meander-line
antenna with metamaterial elements. These
elements are based on the left-handed deformed
omega structure presented in [28]. A typical
element of a deformed omega structure is shown in
Fig. 1. Several meander-line sections are also
shown with s denoting the trace width, a denoting
the element width, k denoting the width between
the traces, p denoting the trace width of the
deformed omega element, m denoting the overall
width of the antenna, A denoting the height of the
deformed omega element and 6 denoting the height
of the meander-line sections.

Three different versions of the antenna in Fig. 1
were evaluated. These three versions are shown in
Fig. 2. Fig. 2 (a) is the meander-line antenna with
zero (N = 0) deformed omega elements, Fig. 2 (b)
is the meander-line antenna with two (N = 2)
deformed omega elements and Fig. 2 (c) is the
meander-line antenna with four (N = 4) deformed
omega elements. These three different designs
were studied to determine how the introduction of
the deformed omega elements into the meander-line
layout would affect the input impedance and gain
of the antenna. This information provides useful
guidelines for antenna designers.
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Fig. 1. Deformed omega structure-based meander-
line RFID antenna dimensions [28].
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Fig. 2. (a) Layout of the omega structure with no
deformed omega elements (N = 0); (b) layout of the
omega structure with two deformed omega
elements (N = 2); (¢) layout of the omega structure
with four deformed omega elements (N = 4).

B. Validation of the Numerical Results with
Measurements

The first step in modeling the antennas in this
paper was to compare the simulated values with
measurements. To do this, the printed antenna in
Fig. 3 was manufactured on FR4 (¢, = 3.75
measured) with a thickness of d = 0.787 mm. The
input impedance was measured with a network
analyzer in an anechoic chamber (Fig. 4) using a
balanced probe [30] and was compared to the
simulation results from the commercial software
Advanced Design System (ADS) [31] by Agilent
Technologies. The results from these
measurements and simulations are shown in Fig. 5
(a). Figure 5 shows good agreement between the
measurements and simulations. The magnitude of
the electric field in the y-z and x-z planes is also
shown in Fig. 5 (b) and (c), respectively, along with
the simulated current distribution in part (d). This
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Fig. 3. Omega structure-based meander-line RFID
antenna (s = 0.5 mm, k = 1.0 mm, m = 42.2 mm, a
=5.0 mm, p=0.86 mm, 6 = 4.0 mm, A = 18.8 mm,
€ = 3.75 (measured) and d = 0.787 mm).

Fig. 4. Measuring the tag in an anechoic chamber.

shows that ADS is an accurate tool and can be used
to model the printed antennas investigated in this
paper. Therefore, because of the large number of
different designs in the following sections, ADS
will be wused exclusively to determine the
characteristics of the novel designs. It should also
be noted, that a passive RFID integrated circuit (IC)
was attached to the ports of the antenna in Fig. 3
and the performance (i.e., experimental read range)
of this tag was determined in an anechoic chamber
(Fig. 4). The read range was 4.5 m and was
comparable to commercially available tags that
were twice as large.

C. Results for Various Values of Substrate
Permittivity

The next step is to determine the characteristics
of the layout in Fig. 3 (or Fig. 1) for various values
of substrate permittivity. The results from these
simulations are shown in Figs. 6 - 8 for various
values of ¢,.

The results in Figs. 6 and 7 show that the
radiation resistance increases and the resonant
frequency decreases for larger values of €.  Figure
8 shows that the gain is only slightly reduced for
higher values of ;. This is desirable, because
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Fig. 5. (a) Measured and simulated input

impedance of a deformed omega structure-based
meander-line RFID antenna; (b) simulated pattern
in the y-z plane; (¢) simulated pattern in the x-z
plane; (d) simulated surface current at 920 MHz.
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typically electrically small antennas are very
capacitive and have a very small input resistance
below resonance. By increasing €, the antenna can
obtain  useful input  impedance  values
(approximately 10+j139 Q [6]) and the gain is only
reduced slightly.

D. Results for Various Values of Substrate
Thickness

The next step is to determine the characteristics
of the layout in Fig. 3 for various values of
substrate thickness d. The results from these
simulations are shown in Figs. 9 - 11 for various
values of d.

The results in Fig. 9 show that the radiation
resistance increases slightly for larger values of d
while the results in Fig. 10 show that the input
reactance can be significantly affected by d. Fig.
11 shows that the gain is only slightly reduced for
higher values of d. This is very useful information
to have, especially if it is anticipated that the RFID
tag will be placed on many different types of
materials and thick surfaces.

E. Results for Various Values of Deformed
Omega Elements

The next step is to determine the characteristics
of the layouts in Fig. 2 (a) — (c) for various values
of A and number of deformed omega elements N.
These layouts had the following dimensions: s =
0.5 mm, k= 1.0 mm, m =42.2 mm, a = 5.0 mm, p
= 0.86 mm, 6 = 4.0 mm, & = 2.2 and a substrate
thickness of d = 0.787 mm.

The results from these simulations are shown in
Figs. 12 - 14 for various values of N and A. The
results in Fig. 12 show that the radiation resistance
is reduced as more deformed omega elements are
removed as well as for smaller values of A. In Fig.
13 it is shown that the resonant frequency is
significantly reduced as deformed omega elements
are added to the design and for larger values of A.
Finally, Fig. 14 shows the gain is almost unaffected
by the different values of N and A.

F. Discussion and Design Guidelines

Several important comments can be made
about the results in Figs. 5 — 14.
1) In Figs. 6 — 7 and 9 — 10 it is shown that the
antenna resonates at a lower frequency for larger
values of €, and d, and that the input impedance can
be easily controlled with g, and d.
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Fig. 9. Input resistance of the omega structure for
various values of substrate thickness.
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Fig. 10. Input reactance of the omega structure for
various values of substrate thickness.
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Fig. 11. Gain of the omega structure for various
values of substrate thickness.
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Fig. 12. Input resistance of the omega structure for
various values of N and A for the deformed omega
elements.
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Fig. 13. Input reactance of the omega structure for
various values of N and A for the deformed omega
elements.
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Fig. 14. Gain of the omega structure for various
values of N and A for the deformed omega
elements.
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2) From the results in Figs. 12 — 13 it can be
concluded that by adding more deformed omega
elements to the meander-line antenna, the input
resistance is only slightly changed but the resonant
frequency is significantly reduced.

3) In Figs. 8, 11 and 14 it is shown that the gain is
consistent for the various configurations.

4) The printed antenna design in Fig. 3 resonates at
a width of m = 0.112%¢ where A, the free space
wavelength of the source.

5) Fig. 5 shows the largest gain is broadside to the
antenna.

These results show the antenna in Fig. 1 can
have many different values of input impedance
while maintaining a consistent gain. This can be
very useful in many design situations. Typically,
when the dimensions of an antenna are changed or
the antenna is placed on many different substrates,
both the input impedance and gain of the antenna
are significantly affected. This then requires a new
design with both the input impedance and desired
gain in mind. The design in Fig. 1 reduces this
design effort by providing a good gain in all the
cases above with flexible impedance values.

It is shown in Fig. 13 that the input impedance
of the layout in Fig. 2 (b) is more inductive (i.e.,
resonates at a lower frequency) than the layout in
Fig. 2 (a). The layout in Fig. 2 (b) is a meander-
line antenna with a single deformed omega
element. The impedance of each deformed omega
element can be approximated as two loops with a
constant current connected in parallel.  This
impedance can be approximated for small values of
&, with the following equation [32]:

Z, = lja)yoa{ln(g—aj—% Q (1)
2 p

where a and p are defined in Fig. 1. By using (1) a
designer can approximate the impact of introducing
the deformed omega structure to an antenna design.

ITI. SPLIT-RING RESONATOR-BASED
RFID ANTENNA
The next antenna discussed is the split-ring
resonator-based RFID antenna shown in Fig. 15.
This antenna has two SRRs attached to each side of
the RFID IC. The radius of the inner ring is
denoted as r, the width of each ring is denoted as t,
the gap between the rings is denoted as g, the gap
on either end of the rings is denoted as w and the
gap between the ports as h. For this section, the



thickness of the substrate is again denoted as d.
The layout in Fig. 15 is used in all the simulations,
but the dimensions are scaled and the substrate
characteristics are changed to determine the
behavior of the input impedance and gain of the
antenna. Figure 16 (a) shows a manufactured
version of the SRR antenna in Fig. 15. The
magnitude of the electric field in the y-z plane is
also shown in Fig. 16 (b) along with the simulated
current distribution in Fig. 16 (c).

It should also be mentioned that the design in Fig.
16 a) had a max read range 1.5 m. It is anticipated
that by placing the design on a substrate with a
smaller value of g, a smaller value of d and
appropriate dimensions, the read range could be
greatly improved.

A. Results for Various Values of Substrate
Permittivity

The next step is to determine the characteristics
of the layout in Fig. 16 (a) for various values of
substrate permittivity.  The results from these
simulations are shown in Figs. 17 - 19 for various
values of ¢,.

The results in Fig. 17 show that the radiation
resistance increases for larger values of €, while the
results in Fig. 18 show that the resonant frequency
significantly reduces for larger values of e.
Figure 19 shows that the gain varies only slightly
for various values of g,. The characteristics of the
input impedance observed in Figs. 17 — 18 are very
desirable. In particular, Fig. 18 shows that the
resonance of the antenna in Fig. 16 can be below
800 MHz. This lower resonance is very significant
because the antenna is resonating at an overall
length that is a fraction (q < .15A) of the free-space
wavelength of the source. This then results in an
inductive input reactance for frequencies above
resonance, which are desirable for appropriate
matching to RFID ICs [6], [10], [26].

B. Results for Various Values of Substrate
Thickness

The next step is to determine the characteristics
of the layout in Fig. 16 (a) for various values of
substrate thickness. = The results from these
simulations are shown in Figs. 20 - 22 for various
values of d.

The results in Figs. 20 and 21 show the input
impedance can be significantly affected by the
substrate thickness. In particular, Fig. 21 shows the
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antenna resonates at a lower frequency for thicker
substrates. Similarly, the gain plot in Fig. 22 shows
a larger gain is achieved for smaller values of d.
Therefore, this type of antenna may be best suited
for being printed on thin dielectric adhesives.

g q |

-
=

Fig. 15. Dimensions of the split-ring resonator-
based RFID antenna.

{ ¥
g Sy

VI | |
: q S 6

mﬁ L e

(b) (©)

Fig. 16. (a) Manufactured split-ring resonator-based
RFID antenna (r = 11.135 mm, t = 0.89 mm, g =
0.44 mm, q = 56.28 mm, w = 0.89 mm, h = 1.54
mm, & = 3.75 (measured) and d = 0.787 mm); (b)
simulated pattern in the y-z plane; (c) simulated
surface current at 920 MHz.
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C. Results for Various Values of r

The next step is to determine the characteristics
of the layouts in Fig. 15 for various overall
dimensions.  This was done by scaling the
following dimensions by 0.95 and 1.05: r=11.135
mm, t =0.89 mm, g =0.44 mm, q = 56.28 mm, w =
0.89 mm, h = 1.54 mm and ¢, = 3.75. The results
from these simulations are shown in Figs. 23 - 25.

The results in Figs. 23 and 24 shows a slightly
larger or smaller scale can significantly impact the
input impedance. Finally, Fig. 25 shows that the
gain is generally improved with a larger antenna.
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Fig. 17. Input resistance of the SRR structure for
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Fig. 18. Input reactance of the SRR structure for
various values of g,.
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D. Discussion and Design Guidelines

Several important comments can be made about
the results in Figs. 16 — 25.

1) In Figs. 17 — 18 and 20 — 21 it is shown that the
antenna resonates at a lower frequency for larger
values of &, and d, and that the input reactance can
be controlled with these values.

2) In Figs. 19 and 22 it is shown that the gain of
the SRR-based antenna can be significantly
impacted by the larger values of €, and d.

3) It can be concluded from Figs. 23 — 25 that
scaling the antenna can affect both the gain and
input impedance of the antenna.

4) The layout in Fig. 16 resonates at a width of q =
0.138A,.

5) In Fig. 16 it is shown that the largest gain is
broadside to the antenna.

The previous results show that the antenna in
Fig. 15 can have many different values of input
impedance and gain. In particular, Fig. 22 shows
that the SRR has the largest gain for smaller
dielectric substrates. This can be very useful in
many design situations such as using RFID tags to
track hospital records. In this situation RFID tags
are placed on each individual folder of information,
which can be represented as a very thin dielectric.

IV. CONCLUSION
Two novel compact metamaterial-based
antenna designs for UHF RFID tags are presented.
The first design is based on a deformed omega
structure found in left-handed designs and the
second design is based on SRRs which are used in
the designs of left-handed material. For both
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designs the value of the permittivity was varied, the
substrate thickness was varied and several different
layouts were investigated. This resulted in a very
thorough understanding of the characteristics of
both designs. It has been shown that the deformed
omega-based antenna is more suitable for an
application on a thicker substrate while the SRR-
based antenna is more suitable for applications with
thin adhesive type substrates. Finally, in all cases
the antennas presented here are very simple to
design, very simple to manufacture, resonate at
dimensions less than 0.154, and are comparable to
the performance of commercially available passive
RFID tags with larger overall dimensions.
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