
3728 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 58, NO. 11, NOVEMBER 2010

Fig. 6. The normalized full spherical radiation patterns of the slot antenna at
different frequencies and working modes: (a) 0.8 GHz and (b) 1.48 GHz at the
standard slot mode, (c) 0.42 GHz and (d) 0.96 GHz at the half-slot mode.

0.42 GHz to 1.48 GHz, achieving an extremely large frequency ratio of
3.52:1. In the small overlapped frequency range, antenna working in the
half slot mode gives a better performance. Compared to the structure
in [4], significantly fewer PIN diodes are used in the present antenna
and our tuning range is much wider.

The full spherical radiation patterns of the antenna prototype were
measured in a Lenovo Anechoic Chamber. In each operating mode,
patterns at two frequencies (the highest and the lowest frequencies of
that mode) were measured. The radiation patterns with a top view are
presented in Fig. 6. One can see that the antenna gives consistent pat-
terns within the whole tuning range. The measured gain is above����

dB over the operating band.

IV. CONCLUSION

We have proposed in this letter a compact slot antenna that can be
continuously tuned over a very wide frequency band. With only two
lumped elements (a PIN diode and a varactor diode), a wide tuning
range from 0.42 GHz to 1.48 GHz (with the frequency ratio of 3.52:1)
has been achieved. Both the radiator and the feeding structure are quite
simple. Good agreements between the simulated and measured results
have been achieved in both modes. The measured full spherical ra-
diation patterns are very consistent over the whole tuning range, and
the measured gain is above ���� dB. This tunable antenna can be ap-
plied to radar or L-band communications and make the terminal devices
compact.
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A Novel Compact UHF RFID Tag Antenna Designed
With Series Connected Open Complementary Split Ring

Resonator (OCSRR) Particles

Benjamin D. Braaten

Abstract—A novel compact planar antenna for passive UHF radio
frequency identification (RFID) tags is presented. Instead of using me-
ander-line sections, much smaller open complementary split ring resonator
(OCSRR) particles are connected in series to create a small dipole with
a conjugate match to the power harvesting circuit on the passive RFID
tag. The manufactured (prototype) OCSRR RFID tag presented here has
an antenna input impedance of �� � � ���� � � at a frequency of 920
MHz and a max read range of 5.48 m. This performance is achieved with
overall tag dimensions of 	 	
� 	 �� where is the free space
wavelength of 920 MHz.

Index Terms—Dipole and passive tag, meander-line, open complemen-
tary split ring resonators, radio frequency identification (RFID).

I. INTRODUCTION

The antenna is a major component in the layout of passive UHF radio
frequency identification (RFID) tags. Previously, the meander-line an-
tenna has been a popular design for compact passive UHF RFID tags
[1]–[6]. A meander-line antenna is designed by bending the arms of a
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printed dipole at right angles to create an electrically larger antenna in
a smaller area [7]. The resulting antenna is a dipole with square-shaped
sections along each dipole arm (Fig. 1(a)). The current on each vertical
section (i.e., �-directed trace) of the dipole is in the opposite direction
of the current on each adjacent vertical section. This results in a can-
celed far-field, thus the radiation of the meander-line antenna is mainly
due to the horizontal sections. The behavior of the meander-line an-
tenna in Fig. 1(a) can be described from a parallel circuit point-of-view.
An equivalent capacitance exists between the longer parallel vertical
traces, while the horizontal traces form an equivalent inductance. This
results in a parallel LC-circuit representation of each meander-line sec-
tion [8]. Thus, each meander-line pole can be thought of as several se-
ries connected parallel LC-circuits. Therefore, to achieve an inductive
input impedance, the inductive part of each meander-line section needs
to be dominant. This is especially important for electrically small an-
tennas, because the input impedance can be capacitive [9], [10].

There are two major advantages of using a meander-line antenna.
First, an inductive input impedance can be achieved with overall di-
mensions that are a fraction of the source wavelength. Second, the me-
ander-line antenna only requires a single conducting layer. These two
characteristics of a RFID antenna are very useful because it is usually
desirable to have a small RFID tag printed on a single substrate (i.e.,
adhesive materials) with a conjugate match to the passive RFID inte-
grated circuit (IC). Even though the meander-line antenna has resulted
in small printed antenna designs, a smaller antenna is still very desir-
able. This is because a smaller RFID antenna can be used in many more
applications and can be less costly to manufacture (less material).

Recently, a novel band pass filter (BPF) using an open complemen-
tary split ring resonator (OCSRR) particle was presented in [11]. This
OCSRR BPF was implemented in coplanar waveguide (CPW) tech-
nology. The OCSRR particle is shown in Fig. 1(b) with the equiva-
lent circuit shown in Fig. 1(c). The equivalent circuit of the OCSRR
particle has the same equivalent circuit as each meander-line section
in Fig. 1(a). Thus, series connected OCSRR particles have the same
equivalent circuit as the series connected meander-line sections.

The work in this communication presents the application of using
these OCSRRs in a manner similar to the series connected meander-line
sections in Fig. 1(a). In particular, the particles of OCSRRs in Fig. 1(b)
are connected in series to form the printed dipole shown in Fig. 2. The
newly proposed design shown in Fig. 2 performs well as a RFID tag an-
tenna and has the following very useful characteristics: 1) very simple
to design; 2) very easy to manufacture; 3) only one conducting layer
is required for normal operation thus avoiding complicated structures
to enhance the performance; 4) each OCSRR particle is much smaller
than the meander-line sections in previously published designs; 5) this
antenna has a gain that is larger than other published meander-line an-
tennas; and finally 6) the design presented in this communication is up
to 50% smaller than commercially available tags with comparable read
ranges [5].

II. THE UHF RFID TAG ANTENNA WITH SERIES CONNECTED

OCSRR PARTICLES

Other than the equivalent circuit in Fig. 1(c), the OCSRR presented
in [11] was chosen for the design in Fig. 2 for two major reasons.
First, each particle can be printed on a single conducting plane. This
is very useful because, as mentioned before, antenna designs for pas-
sive UHF RFID tags are usually printed on a single adhesive dielectric
substrate. For example, the design presented in this communication
is much less complex than the metamaterial-based designs presented
in [12]–[19]. Even though the antenna designs presented in [12]–[19]
have promising results, the designs require complex ground structures,
lumped elements and different materials to perform well. Using these
techniques could result in a costly and complicated RFID tag. Second,

Fig. 1. (a) A meander-line antenna [8]; (b) the OCSRR particle (the gray area
is the conducting plane); (c) the equivalent circuit of the OCSRR particle.

Fig. 2. The proposed UHF RFID antenna using series connected OCSRR
particles.

the inductance of the OCSRR particle is four times than that of the com-
plementary split ring resonator (CSRR) [11]. This makes the OCSRR
particularly useful for compact UHF RFID antennas because the input
impedance of an electrically small antenna is capacitive. By using sev-
eral of the OCSRR particles connected in series, the input impedance
of an electrically small antenna could be made inductive, which will
be a conjugate match to the input impedance of the power harvesting
circuit in the passive IC on the RFID tag.

The inductance of each particle is created by the loop of conducting
material that has a width of � in Fig. 1(b) (i.e., the conducting loop
between the two inner and outer ring slots). This conducting loop cre-
ates an electrical short between ports A and B. The capacitance in the
particle is between the inner conducting disk with radius �� and the sur-
rounding outer conducting planes. These two structural features in the
particle result in an equivalent inductance and capacitance connected
in parallel. This resulted in the equivalent circuit in Fig. 1(c) [11]. By
connecting the OCSRR particles in series and choosing a size of each
particle were the inductance is dominant; a designer is able to produce
a layout that resembles a thick printed dipole with periodic ring slots
along the length of the dipole1. Having the layout resembling a thick
printed dipole has the added advantage of increasing the input resis-
tance and bandwidth [10]. This is very useful for matching the real part

1Further discussion on extracting the equivalent circuit of the OCSRRs can
be found in [20].
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Fig. 3. The printed OCSRR RFID antenna on the prototype passive RFID tag
(� � ������, � � ������, � � ��		��, 
 � ��	���, � � ��	���,
 � ���� ��, � � ����� ��, � � ����� ��, � � ���� ��, � �
��	� ��, � � ��� ��, � � ���� ��, � � ����� ��, � � �������
and � � ��� ��).

Fig. 4. Measured and simulated input impedance of the printed OCSRR
antenna.

Fig. 5. Measuring the max read range of the prototype OCSRR RFID tag in
Fig. 3.

of the input impedance of the antenna to the power harvesting circuit,
especially because the input resistance of an electrically small antenna
is very low.

A. Experimental Results and Validation

The first step was to design, manufacture and test a prototype pas-
sive RFID tag with the antenna in Fig. 2. Momentum [21] was used to
design the printed antenna on 1.36 mm of FR-4 (� � ��� measured

Fig. 6. Measuring the max read range of the prototype OCSRR RFID tag in
Fig. 3 on a plastic container.

and ��� � � ���� measured). The passive IC on the prototype RFID
tag chosen was the Higgs-2 by Alien Technologies [22]. For a center
frequency of 920 MHz, the Higgs-2 IC2 has an input impedance of
approximately ��� � ����� � 	�
���  [22]. Thus, the printed an-
tenna design should be close to the conjugate of ��� at 920 MHz. This
conjugate match requirement resulted in the printed design shown in
Fig. 3. The size of each particle was determined experimentally in Mo-
mentum. The simulated and measured3 input impedance results agreed
well and are shown in Fig. 4. It should also be mentioned that the an-
tenna presented in this communication has a 10 dB BW of 13 MHz.

The next step was to determine how well the prototype RFID tag in
Fig. 3 performed. The max read range of the tag was determined by
attaching the tag to a piece of styrofoam. Then an Alien 9780 reader
[22] (with a maximum output power of 1 W) connected to a CP antenna
with a gain of 6 dBi and the prototype tag on the styrofoam were placed
in an anechoic chamber. The experimental test is shown in Fig. 5. The
prototype tag was moved away from the reader antenna and a max read
range of 5.48 m was determined. Then, the prototype tag was placed
on a plastic container (Fig. 6). This last test was performed to illustrate
the performance of the prototype tag on a manufactured item. The max
read range was then determined to be 5.33 m.

The good results in Fig. 4 and the large read range values of the pro-
totype tag indicate that Momentum is an excellent and precise tool for
modeling the antenna in Fig. 2. Therefore, because of the numerous de-
signs in the next sections, Momentum will be used solely to calculate
the input impedance and gain of a variety of printed OCSRR antennas.
In particular, Momentum will be used to calculate the input impedance
and gain of the OCSRR antenna in Fig. 3 on various substrate permit-
tivities �, substrate thicknesses � and with several values of �� (i.e.,
disk radius values). These results will then be followed with Figures
showing the surface current on the OCSRR antenna and the far-field
patterns. Investigating these problems extensively will demonstrate the
behavior of the OCSRR antenna presented in this communication. This
could be very useful for a designer because a short review of the fol-
lowing sections may determine if the OCSRR antenna presented in this
communication is suited for a particular application of a passive UHF
RFID tag.

2The sensitivity during a read is ��� ��� and the sensitivity during pro-
gramming is ��� ���. Also, the equivalent input impedance is a 1.5 �� re-
sistor connected in parallel with a 1.2 pF capacitor [22].

3To measure the input impedance, the printed antenna was cut symmetrically
down the middle, placed vertically above a ground plane and fed with an SMA
connector through the ground plane. The input impedance of the monopole was
then measured using a calibrated network analyzer. The measured value was
then multiplied by two to correspond to the dipole simulations in Momentum.
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Fig. 7. Input resistance for various values of �.

Fig. 8. Input reactance for various values of �.

Fig. 9. Gain for various values of �.

B. Results for Various Values of Permittivity

First, the permittivity � of the substrate was varied and � was set
at 0.787 mm. This illustrated how the input impedance and gain were
affected by different values of �. The results from these simulations are
shown in Figs. 7 – 9. The results in Fig. 7 show the rate at which the
input resistance increases for larger values of � while Fig. 8 shows how
the antenna becomes more inductive for larger values of �. The results
in Fig. 9 show a max gain of 1.89 dBi at 920 MHz and that the gain
reduces slightly for larger values of �.

Fig. 10. Input resistance for various values of �.

Fig. 11. Input reactance for various values of �.

Fig. 12. Gain for various values of �.

C. Results for Various Values of Substrate Thickness

Second, the thickness � of the substrate was changed and � was set at
4.25. This illustrated how the input impedance and gain were affected
by different values of �. The results from these simulations are shown
in Figs. 10 – 12. The results in Fig. 10 show how the input resistance can
increase substantially for larger values of � and Fig. 11 shows that the
antenna becomes more inductive (i.e., resonates at a lower frequency)
for larger values of �. The results in Fig. 12 show a max gain of 1.89
dBi at 920 MHz and that the gain can be significantly reduced for larger
values of �.
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Fig. 13. Input resistance for various values of � with � � ���� and � �

����� 		.

Fig. 14. Input reactance for various values of � with � � ���� and � �

����� 		.

Fig. 15. Gain for various values of � with � � ���� and � � �����		.

D. Results for Various Values of Inner Disk Radius

Next, the radius of the inner disk �� was varied and the source fre-
quency was set to 920 MHz. This illustrated how the input impedance
and gain were affected by different values of ��. The results from these
simulations are shown in Figs. 13 – 15. The results in Fig. 13 show that
the input resistance varies less than an ohm for various values of ��,
while Fig. 14 shows that the input reactance of the antenna only varies
by a few ohms for �� approximately less than 2.6 mm. Then, the ca-
pacitance between the inner disk and outer conducting plane becomes

Fig. 16. Surface currents on the printed OCSRR antenna in Fig. 3 with � � 
��

and � � ��
� 		..

more significant for �� � �����. After this value, the input reactance
begins to reduce much more rapidly. The results in Fig. 15 show a max
gain of 1.89 dBi and that the gain is mostly unaffected by the radius of
the inner disk.

E. Surface Currents and Far-Field Patterns

Finally, the surface currents and far-field patterns were determined
at 920 MHz. The surface currents on the OCSRR antenna are shown in
Fig. 16. Notice the currents concentrated on the inner conducting ring.
The normalized dominant far-field patterns for the �-� and �-� planes
are shown in Figs. 17 and 18, respectively. The far-field patterns are
similar to the patterns of a small dipole.

III. DISCUSSION

Many noteworthy comments can be made about the results in Figs. 3,
5 and 7 – 18.

1) The dimensions in Fig. 3 show that the OCSRR UHF RFID
antenna presented in this communication is much smaller
(55.54 mm� 11.91 mm or ������� � ��	
��) than commer-
cially available tags.

2) The measurements shown in Fig. 5 demonstrate that the proto-
type tag in Fig. 3 has a max read range (5.48 m) comparable to
other published and commercially available passive RFID tags
with twice the overall size.

3) In Figs. 7 and 10, it is shown how the input resistance can be
controlled with values of � and �, respectively.

4) In Figs. 8 and 11, it is shown how the antenna can be designed
to operate at a lower frequency with larger values of � and �,
respectively. These results are similar to the metamaterial-based
antennas presented in [4].

5) From the results in Figs. 9 and 12, it can be concluded that the
gain of the antenna can be increased by using smaller values of �
and �, respectively.

6) The results in Figs. 13 and 14 show that the particle inductance
can be used effectively to match the input reactance of the antenna
with the reactance of the tag.

7) The patterns shown in Figs. 17 and 18 are similar to a small dipole.

IV. CONCLUSIONS

A new compact UHF RFID tag antenna designed using series
connected OCSRR particles was presented. The series connected
OCSRR particles were modeled in Momentum and the simulated
input impedance values were successfully validated with measure-
ments. The result was a compact UHF RFID tag with a read range of
5.48 m. This read range was accomplished with an overall antenna
dimension up to 50% smaller than commercially available RFID tags
with comparable read ranges. Next, the properties of the substrate
and dimensions of the inner disk were varied. Each of these changes
were modeled numerically in Momentum and the input impedance
and gain was determined for the different substrate and inner disk
values. These simulations were done to illustrate the behavior of
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Fig. 17. Normalized pattern in the �-� plane of the printed OCSRR antenna in
Fig. 3 with � � ��� and � � ���� 		.

Fig. 18. Normalized pattern in the 
-� plane of the printed OCSRR antenna in
Fig. 3 with � � ��� and � � ���� 		..

the novel OCSRR RFID antenna presented in this communication.
Finally, the surface currents and far-field patterns were determined.
The OCSRR antenna presented in this communication has a pattern
similar to a small dipole.
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