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maximum power transfer from the feed to the antenna can be achieved
through a simple coplanar waveguide matching network on the ground
plane of the antenna.

IV. CONCLUSION

A printed star antenna with five feeding points is proposed for the
generation of doughnut and tilted patterns. When fed at the centre, the
antenna radiates a doughnut pattern with a directivity of about 5.1 dBi,
comparable to that of the top-loaded monopole over a ground plane. If it
is excited at any of its four corners, the antenna generates a tilted beam
with a directivity varying between 3.4 dBi and 7.9 dBi depending on the
flare angle of the star. Also, by varying the flare angle, a beam tilt vari-
ation from 42� to 62� can be achieved in the corner fed configuration.
When the five feeding points are excited individually a large portion of
space in front of the antenna can be scanned by virtue of five distinct
patterns, all of which have the polarization dominance in the�� direc-
tion. It should be mentioned that the feed network envisaged for the
antenna can make use of the coplanar waveguide. The coplanar wave-
guide can be readily etched on the ground plane of the antenna, pro-
viding a medium for the implementation of the necessary impedance
matching circuit for the antenna.
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Design of a Circularly Polarized Tag Antenna for
Increased Reading Range

Chihyun Cho, Ikmo Park, and Hosung Choo

Abstract—We introduce a novel circularly polarized tag antenna, con-
sisting of a truncated patch, a shorting plate, and a ground plane, to in-
crease the reading range while remaining in compliance with EIRP regula-
tions. The reading range of the proposed tag is twice that of linearly polar-
ized tags, due to the decreased polarization mismatch between the reader
and tag antennas. An additional parasitic patch is loaded onto the structure
to boost the reading range in the UHF RFID band. As a result, an average
reading range of 8 m is achieved between 860 MHz and 960 MHz, com-
pared to a range of about 3 m with conventional dipole tags.

Index Terms—Antenna, circular polarization, radio frequency identifi-
cation (RFID, tag.

I. INTRODUCTION

Passive ultrahigh frequency (UHF) radio frequency identification
(RFID) systems have been widely used in many applications, such as
supply chains, highway tollbooths, and security systems [1]–[4]. To
increase the reading range of passive RFID systems, readers and tag
chips with highly sensitive signal detection capabilities are required,
adding considerably to the manufacturing costs. The reading range can
also be increased by boosting the transmission power of the reader, but
the amount of power is limited by the local equivalent isotropic radiated
power (EIRP) regulations of each country [5]. Another way to augment
the reading range is to increase the polarization efficiency between the
reader and tag antennas. Most RFID systems employ reader antennas
with circular polarization (CP) to consistently detect dipole-type tags.
The resulting polarization mismatch between the tag and reader an-
tennas reduces the maximum attainable reading range of the system.
For practical application in a commercial RFID system, the CP tag an-
tenna should have a broad matching bandwidth, a CP bandwidth from
860 to 960 MHz, and a simple planar structure.

In this communication, we introduce a novel CP tag antenna that ex-
hibits broad impedance matching and CP bandwidth, and has a simple
planar structure. The proposed tag antenna consists of a single radiating
patch, a shorting plate, and a ground plane. For impedance matching
with commercial tag chips, the feed line is added between the patch
and the ground plane, resulting in the attainment of a broad bandwidth
entirely covering the UHF RFID band. A high axial ratio (AR) close
to 1 is obtained near 910 MHz by truncating the edge of the patch. By
studying the relationship between the reading range and AR, we found
that the reading range is predominantly determined by the RHCP gain
of the tag antenna. Accordingly, we modified the antenna structure by
loading an additional parasitic patch on top of the main radiator to boost
the RHCP gain. This resulted in a reading range of more than 7.5 m
over a broad bandwidth, whereas commercial dipole-type tags have a
reading range of about 3 m.
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II. STRUCTURE AND CHARACTERISTICS OF THE ANTENNA

A. Single-Layered CP Tag Antenna

If we assume that the reader antenna has ideal RHCP radiation
��� �� ��, then the backscattering from the tag is normally divided
into a structural mode and an antenna mode [6]–[9]. The structural
mode is primarily generated by scattering from the external surfaces
of the antenna body, ground plate, and substrate materials, so that the
polarization of the scattered wave is reversed and becomes LHCP. In
contrast, the antenna mode is mainly generated by resonance at the
radiator (e.g., microstrip patches and radiating wires), and thus the
polarization of the scattered wave is the same as that of the radiator.
To prove this, we examined the AR response of the structural and
antenna modes separately. The structural mode was obtained from the
backscattered field when the tag antenna was fully matched to the tag
chip. Then, the antenna mode was calculated by subtracting the struc-
tural mode from the backscattering of the shorted tag antenna [10],
[11]. As expected, the structural mode showed reversed polarization
(close to �� � ��), while the antenna mode showed the same polar-
ization (close to �� � �) with the incident field. Some researchers
have claimed that the reversed polarization of the backscattered signal
from the tag would degrade the reading performance at the reader
antenna due to the polarization mismatch. However, we found that
most of the modulated signal from the tag chip is loaded in antenna
mode rather than in structural mode. Thus, the reading range is chiefly
determined by backscattered signal in antenna mode. In theory, if the
polarization of the tag antenna is matched to that of the reader antenna
with CP radiation, the reading range can be twice that possible using a
LP tag antenna with the same CP reader antenna.

In this communication, we propose a novel tag antenna capable of
greatly increasing the reading range by using CP radiation in a broad
bandwidth. Fig. 1 depicts the proposed single-layered tag antenna with
RHCP radiation. It consists of a single radiating patch, a shorting plate,
a feed line, and a ground plane. The radiating patch is printed on an
FR-4 substrate ��� � ���� 	
� � � �����, and its lower left and upper
right corners are truncated by ��� and ��� to obtain RHCP radiation
[12]. The feed line ����� is inserted to produce the inductance needed to
cancel out the capacitance of the commercial tag chip, and the tag chip
is placed at the middle of the feed line [13], [14]. An air substrate is in-
serted between the FR-4 substrate and the ground plane to broaden the
matching bandwidth and reduce the substrate loss [12]. The patch and
the ground plane are electrically connected through the feed line and the
shorting plate. The shorting plate is bent by 	������ 
����� to tune the
input impedance by controlling the parasitic capacitance between the
patch and the shorting plate. The size of the ground �		
� � 
	
��
is limited to less than 150 mm� 150 mm, and the height ��� to less
than 30 mm, for ease of installation on the target object. The dimen-
sions of the patch are roughly 0.5� 0.5 �, to resonate at 910 MHz, and
the truncated corner is approximately 0.1 �, to obtain RHCP opera-
tion. The length of the feeding line ����� is about 0.1 �, to produce the
required inductance for conjugate matching with the commercial tag
chip, which has an input impedance of 20–j 150 [15].

We used the Pareto genetic algorithm (PGA), in conjunction with
a FEKO EM simulator, to optimize the design parameters [16], [17].
The rough dimensions listed above were used as the initial values of
the design parameters in the PGA process. The design goals were broad
matching bandwidth and high AR for CP operation, and hence two cost
functions (for attaining these goals) were defined as follows:
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Fig. 1. Structure and design parameters of the proposed single-layered tag an-
tenna to achieve RHCP operation.

Fig. 2. VSWR and AR of the proposed single-layered tag antenna.

where cost1 is for conjugate matching between the tag chip and the an-
tenna, and cost2, calculated using AR at the boresight �� � ���, is used
for polarization matching between the tag and reader antennas. The
optimized design parameters after 300 iterations of the PGA process
are: � � ���� mm, � � ��� mm, � � ���� mm, � � ���� mm,
	���� � � mm, ����� � ���� mm, ������ � ��� mm, 	����� �
����� mm, 
����� � ����mm,	����� � �����mm, 
����� � ��� mm,
		
� � ����� mm, 
	
� � ����� mm, and � � ���� mm.

Fig. 2 shows VSWR and AR (boresight) of the proposed single-lay-
ered CP tag antenna. The measured and simulated VSWR are
represented by the solid and dashed lines, respectively. The mea-
surements are in fairly close agreement with the simulation results.
The double resonances at 890 MHz and 940 MHz induce a broad
bandwidth ����� � ��, covering the entire UHF RFID band from
860 MHz to 960 MHz. The measured (square mark) and simulated
(dash-dot) AR are plotted on a linear scale from �� (LHCP) to 1
(RHCP). Although slight differences exist between the measurements
and the simulation results (due to blockage by an additional balun
inserted for balanced port measurement), a high AR (close to 1) in
the vicinity of 910 MHz is clearly indicated. The bandwidth of the
AR (� ������ � dB) is about 15 MHz by simulation, which is much
smaller than the impedance bandwidth of about 100 MHz. The narrow
AR bandwidth may decrease the reading range, as the frequency used
is offset from the center frequency (see the result in Fig. 9).

The reading range of the proposed single-layered tag antenna was
measured in response to LP, RHCP, and LHCP reader antennas, and the
results are plotted in Fig. 3. The dashed line and the triangular marks
represent the simulated and measured reading ranges with a LP reader
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TABLE I
PARAMETER VALUES FOR THE READING RANGE AT 912 MHZ

Fig. 3. Reading range of the proposed single-layered tag antenna with RHCP,
LP, and LHCP reader antennas.

antenna of 6 dBi. Measurements were performed using a TESCOM
TC2600A commercial RFID system in an anechoic chamber [18]. The
simulations were carried out in accordance with the following:

���� �
���

�
����

�
���	���

�

�
�
���

�

��

�

(3)

where � is the polarization efficiency, ���� is the realized gain of the
tag antenna (including the mismatch between the tag antenna and the
tag chip), ����	�� is the gain of the reader antenna, and �
�
��� is the
sensitivity of the reader system in detecting the backscattered signal
from the tag. Table I lists all the parameter values used for finding the
reading range of the proposed antenna in Fig. 1. The simulated and
measured results are in close agreement. The reading ranges of the x-z
plane �� � ��� and the y-z plane �� � ���� are shown on the right
and left sides of Fig. 3, respectively. At � � ��, the reading ranges are
virtually identical, which confirms that the proposed tag antenna attains
CP radiation characteristics in the boresight direction �� � ���.

The dash-dotted line and the square marks show the simulated and
measured reading ranges with an RHCP reader antenna having 6 dBic
gain. The reading range using the RHCP reader antenna can be in-
creased by about 40% compared to the LP reader in the region where
the AR of the tag is less than 3 dB (x-z plane of about 60� and y-z plane
of about 120�). The corresponding results using a LHCP reader are
represented by the dotted line (simulation) and the round marks (mea-
surement). With the RHCP reader antenna, the reading range reaches

Fig. 4. Reading range as a function of the AR of the reader antenna.

a maximum of about 8 m, while the LHCP reader reduces the reading
range to less than 1 m. These results clearly show that the CP tag an-
tenna is capable of increasing the reading range when its polarization
is matched with that of the reader antenna. Once again, this occurs
because in antenna mode (where the most of the modulated signal is
loaded), polarization is not reversed by backscattering.

B. Characteristics of the CP Tag Antenna

We now turn to a discussion on how the reading range is increased
by CP operations. To obtain a clear comparison of CP and LP tags, their
reading ranges are normalized and plotted in Fig. 4. All the results are
normalized to a fixed reading range of 6.5 m that was measured using
the LP tag and the LP reader antenna. The respective simulation and
measurement results for the CP tag are depicted by a solid line and
square marks, while the corresponding results for the LP tag are rep-
resented by a dashed line and ‘x’ marks. The CP and LP tags perform
similarly when they are detected by a LP reader. However, if the AR of
the reader is changed from 0 (LP) to 1 (RHCP), the reading range of the
CP tag is increased by a factor of 1.4, since the polarization efficiency
� is increased from 50% to 100% [19]. For the same reason, the value
of � between the LP tag and RHCP reader is reduced by 50%, resulting
in a reduced reading range of 0.7 m. Thus, the CP tag is capable of
attaining double the reading range of a LP tag, although both have sim-
ilar reading ranges to the LP reader. In the depolarized environment,
the reading range of the CP tag may not simply be doubled, due to the
reduced polarization efficiency. However, in many practical situations,
such as indoor laboratories, offices, and warehouses, the CP tag shows
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Fig. 5. Reading range and gain as a function of the ground size of the single-
layered tag antenna.

better reading range than the LP tag because the depolarization effect
exists, but is not that severe.

Fig. 5 shows how the reading range is influenced by other factors.
The square marks, dotted line, dashed line, and dash-dotted line rep-
resent the measured reading range, simulated reading range, simulated
AR of the total scattered field (antenna mode � structural mode), and
simulated RHCP gain, respectively. As the ground size increases, scat-
tering in structural mode (LHCP gain) also increases, while scattering
in antenna mode (RHCP gain) remains more or less constant, so that
the AR of the tag is reduced from 0.9 to 0.55. Since most of the modu-
lated signal is loaded in antenna mode (RHCP gain) rather than struc-
tural mode (LHCP gain), the reading range of the tag remains nearly
unchanged. In addition, the graphical shape of the simulated RHCP
gain is very similar to that of the simulated reading range. The trend of
the measured results clearly shows the close relationship between the
RHCP gain and the reading range. Therefore, to enlarge the reading
range, the antenna should be optimized for high RHCP gain. In the
next section, we describe a double-layered tag antenna capable of ac-
complishing this.

C. A Double-Layered Tag Antenna for Broad Bandwidth Operation

To widen the frequency band in which the reading range exceeds
6 m, we propose the use of a double-layered tag antenna capable of at-
taining high RHCP gain over a broad bandwidth. The antenna has an
additional parasitic patch located at a height �� above the single-lay-
ered tag antenna, as shown in Fig. 6, [20]–[22]. The parasitic patch is
printed on the FR-4 substrate, and again the edge of the patch is trun-
cated by ����� and ����� to obtain RHCP radiation. In addition, to re-
duce the ground size while maintaining antenna performance, the edge
of the ground is folded upward to a height �. The design parameters
are again optimized via PGA using the following two cost functions:

����� � ��

�

���

�	
��������

�

� ���� ��� � �� � ��� ��� (4)

����� � �
��	 (5)

As discussed in the previous section, the reading range of the tag is
dependent on RHCP gain, rather than AR. Thus, cost1 is now adapted
to optimize the bandwidth of RHCP gain (
 � dBic), and cost2 is ap-
plied to the GA for the reduction of the antenna size. Fig. 7 shows
the optimized results for the single- and double-layered tag antennas,
represented by the square and triangular marks, respectively. As we
increase the ground size, the bandwidth of RHCP gain also increases.
Under the same conditions, the double-layered tag antenna attains a

Fig. 6. Structure and design parameters of the proposed double-layered tag
antenna to operate in the worldwide UHF RFID band (a) perspective drawing
(b) layout of the second patch.

Fig. 7. Optimized results for the single- and double-layered tag antennas.

bandwidth nearly twice that of the single-layered tag antenna. This re-
sult demonstrates that the bandwidth of RHCP gain is broadened by
loading the parasitic patch. To attain a bandwidth covering the entire
UHF RFID band, the single-layered tag antenna requires a ground size
larger than 240 cm�, whereas for the double-layered tag, a ground size
of only 170 cm� is sufficient.

To confirm the optimized results, we built a sample antenna, denoted
by ‘A’ in Fig. 7. Its design parameters were as follows: � � ��	� mm,
� � ��	� mm, � � ��	� mm, � � ��	� mm, �	

� � � mm, �	

� �
��	� mm, ����� � �	� mm, ����� � ���	� mm, ����� � ��	� mm,
����� � ���	� mm, ����� � �	� mm, ���� � ���	� mm, ���� �
���	� mm, � � ��	� mm, �� � �	� mm, �� � ��	� mm, �� �
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Fig. 8. VSWR, RHCP gain, and AR of the double-layered antenna.

Fig. 9. Reading range as a function of operating frequency.

��� mm, �� � ���� mm, ������� � ��	�
 mm, ������� � ���� mm,
�� � 	��� mm, and �� � ���� mm. Fig. 8 shows VSWR (dashed
line), RHCP gain (dash-dotted line), and AR (dotted line) for sample A.
The sample antenna exhibits low VSWR over a wide frequency range.
Although the sample antenna has a low AR (only 0.45) at the central
frequency of 910 MHz, it has high RHCP gain (� � dBic) over a wide
range of frequencies, and its reading range exceeds 6 m from 860 MHz
to 960 MHz. To verify this result, we measured the reading ranges of
the single- and double-layered tag antennas at various frequencies. In
Fig. 9, the measured and simulated reading ranges of the double-lay-
ered tag are represented by the square marks and the dashed line, re-
spectively. The measured results differ little (by less than 1 m) from
the simulated results, since we assume that the input impedance of the
tag chip is constant with respect to frequency (although the exact value
of the impedance is affected by frequency). The reading range of the
single-layered tag (triangular marks) is also plotted in Fig. 9 for the sake
of comparison. The reading range of the double-layered tag antenna is
8 m at 860 MHz compared to 5.5 m for the single-layered tag antenna,
and 7.5 m at 960 MHz compared to 5.5 m for the single-layered tag
antenna. This result indicates that the single-layered tag can be more
attractive than the double-layered tag for narrowband applications, but
to be used in worldwide applications, the double-layered tag antenna
with broad RHCP gain bandwidth may be a more suitable solution.

III. CONCLUSION

In this communication, we introduced an innovative tag antenna ca-
pable of greatly increasing RFID reading range by using CP radiation.
The proposed antenna consists of a single radiating patch, a shorting
plate, and a ground plane. Detailed design parameters were optimized
using PGA in conjunction with the FEKO EM simulator. The mea-
sured impedance bandwidth entirely covers the UHF RFID band, and
a high AR (close to 1) is obtained near 910 MHz. The reading range
was measured with a commercial RIFD system, and the reading range
of the CP tag was confirmed to be capable of attaining twice that of the
LP tag. We also found that the reading range is primarily determined
by the RHCP gain of the tag antenna rather than the AR. Finally, to
increase the RHCP gain over a wide band of frequencies, we modified
the antenna structure by loading an additional parasitic patch on top
of it. The double-layered tag achieves twice the RHCP gain bandwidth
of the single-layered tag, and has a reading range of about 8 m from
860 MHz to 960 MHz.
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