
tween gap-coupled circular microstrip patches. A class of circular
patches is analyzed, which includes unloaded patch and patches
with sort. The comparison of measured and simulated results
shows reasonable accuracy. The closed-form expressions are easy
to compute and will offer the design engineer an accurate estima-
tion of mutual coupling.
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ABSTRACT: This article presents a tag antenna with a quasi-isotropic
radiation pattern operating in the UHF band to eliminate the shadow
zone in RFID systems. The proposed tag antenna has a symmetric in-
verted-F structure with a bent section and is printed on a 50 �m-thick
PET substrate for easy and low-cost fabrication. The detailed design
parameters of the antenna were optimized using a Pareto genetic algo-
rithm in conjunction with the IE3D EM simulator. The optimized an-
tenna shows 3.2% fractional bandwidth for S11 � �10 dB, more than
87% efficiency in the operating frequency band, and less than 6 dB gain
deviation. The measured reading range between the tag and reader is
between 1.4 and 2.2 m. © 2008 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 50: 927–930, 2008; Published online in Wiley InterScience
(www.interscience.wiley.com). DOI 10.1002/mop.23247

Key words: RFID; tag antenna; isotropic radiation pattern; inverted-F

1. INTRODUCTION

Generally, an antenna for the reader in RFID systems uses circular
polarization to ensure tag detection independent of the incoming
wave’s polarization [1, 2]. While the most common antenna struc-
ture for tags is a linearly polarized antenna, such as a dipole or a
loop [3-7]. However, such antennas usually have nulls or very low
gains in certain directions in their radiation patterns. If the tag
points to the reader through one of those nulls, then the reading
range of the tag decreases drastically or, in the worst case, the
reader might not even detect the tag at all. This is one of the
primary factors hindering the stability of the RFID system, and in
some applications the stable readability is extremely critical [8].
To alleviate this problem, a tag antenna should have a nearly
isotropic radiation pattern, and at the same time maintain a planar
structure for easy and low-cost fabrication.

In this article, a planar tag antenna with a quasi-isotropic
radiation pattern is designed using a symmetric inverted-F struc-
ture with a bent section. The designed tag antenna uses two
orthogonally directed electric currents to achieve a quasi-isotropic
radiation pattern by compensating the nulls of each other. The
impedance of the tag antenna is conjugate-matched to the com-
mercial tag chips, which usually have very large reactive values [7,
9, 10]. The proposed antenna was found to have a fractional
bandwidth of 3.2% (S11 � �10 dB), an efficiency of 87%, and a
gain deviation of less than 6 dB over all the directions based on
measurement. The measured maximum reading range between the
tag and the reader falls in between 1.4 and 2.2 m, depending on the
rotation angle of the tag. These results verify the elimination of the
shadow zone in the reading pattern of the designed tag antenna.

2. ANTENNA STRUCTURE AND CHARACTERISTICS

The proposed antenna structure is shown in Figure 1. The antenna
consists of a symmetric planar inverted-F and bent sections. The
conducting part of the antenna is printed on thin polyethylene
(PET: �r � 3.9 and tan � � 0.003 in the UHF band) substrate for
easy and low-cost fabrication. The input impedance of the passive
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Figure 6 Variation of mutual coupling with frequency for circular
patches with center short. �r � 2.5, r1 � r2 � 38.5 mm, h � 1.575 mm,
s � 4 mm
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tag chip is usually very capacitive since the tag chips typically
include a rectifier to accumulate DC power for operation of inner
circuits [7-10]. Therefore, the input impedance of the tag antenna
should be designed to have an appropriate inductive value for
conjugate matching [4-8]. The proposed planar symmetric invert-
ed-F structure has a strong advantage in regard to reactive match-
ing, since the matching stub on the left side of the feed in Figure
1 can be utilized to control the inductance of the antenna by
changing the size of the feed loop formed by L1 and D1. In
addition, the end sections of the antenna formed by W4 and L2 are
bent thereby efficiently allowing a reduction in the antenna size
and tuning of the reactive value by capacitive loading. The orthog-
onally directed currents that flow in the x-direction (through sec-
tion W) and y-direction (through sections L, L1, and L2), respec-
tively, produce radiation patterns each of which can compensate
the radiation nulls of the other, thus making it possible to achieve
a quasi-isotropic radiation pattern [11, 12].

To determine the detailed design parameters that yield the best
conjugate matching with a quasi-isotropic radiation pattern for the
planar symmetric inverted-F structure, the Pareto genetic algo-
rithm (GA) [13-15] was used in conjunction with an IE3D full-
wave EM simulator [16]. The three design goals used in the Pareto
GA optimization were as follows: (1) high EB (efficiency-band-
width product), (2) small antenna size, and (3) small gain deviation
in their radiation patterns. Specifically, the gain deviation was
required to be less than 1/4 (6 dB) of its maximum gain along
arbitrary directions to achieve deviation of the reading range of
less than 1/2 of its maximum value [8]. After 400 iterations of the
GA process, the design parameters converged on the following
dimensions: W � 60.2 mm, L � 76.6 mm, L1 � 46.6 mm, L2 �
15.7 mm, L3 � 15.0 mm, D1 � 2.1 mm, D2 � 15.2 mm, W1 � 1.5
mm, W2 � 5.0 mm, W3 � 42.0 mm, and W4 � 9.6 mm. Figure 2
shows the resulting return loss, both simulated and measured, of
the optimized antenna when it is connected to a commercial tag

chip (ALL 9238, 9250 [17]) with an input impedance of about
13-j135 at 914 MHz. The measured and simulated bandwidths (S11

� �10 dB) are about 3.2% (895�924 MHz) and 3.4% (898�929
MHz), respectively, and their agreements are apparent. To explain
the impedance matching characteristics of the proposed antenna,
the input impedance was modeled using a lumped RLC circuit, as
shown in Figure 3(a). The matching stub on the left side of the
planar symmetric inverted-F antenna was represented as an induc-

Figure 1 Structure of the proposed antenna and the design parameters

Figure 2 Return loss as a function of frequency for the optimized
antenna. The dashed line (- - -) represents the simulated result and the solid
line (—) represents the measured result

Figure 3 A circuit model of the optimized antenna. The solid line (—)
represents the measured impedance data and the dashed line (- - -) is the
calculated impedance data based on the circuit model
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tor and the remaining parts of the antenna were modeled with a
series RLC circuit. The value of each lumped element was ob-
tained first by simulating each part of the antenna separately using
the IE3D simulator and then by further tuning it to fit the measured
value. The impedance obtained using both the circuit model and
the measurement is shown in Figure 3(b). Again, this result shows
that the matching stub can be used to easily control the input
reactance of the antenna by changing the size of the feed loop,
while still maintaining the input resistance. For instance, as the
feed loop is increased by expanding D1, the reactance of the
antenna is raised with only a small change in its resistance. Hence,
the planar symmetric inverted-F antenna structure offers great
flexibility in conjugate matching when dealing with various com-
mercial tag chips having large capacitive values.

Figure 4 shows the radiation efficiency and gain deviation as a
function of frequency. The simulated and measured efficiencies are
represented by the dashed and solid lines, respectively. The mea-
surement was achieved using the Wheeler cap method as described
in [18-20], and the result shows values in excess of 87% in the
frequency range of operation. The dash-dotted line and circles
represent the simulated and measured gain deviation, respectively.
Both the simulation and measurement results show a nearly iso-
tropic pattern with the gain deviation of less than 6 dB between
850 and 950 MHz. Figure 5 shows the measured gain at the
frequency of 914 MHz which also shows a radiation pattern that is

close to being isotropic. We also measured the maximum reading
range between the proposed tag antenna mounted on a commercial
tag chip and the reader [17], the result of which is represented in
Figure 6. The solid, dashed, and dash-dot lines represent the
measured values on the xz-, yz-, and xy-plane, respectively. The
measured maximum reading range in any arbitrary direction was
between 1.4 and 2.2 m.

To explain the radiation characteristics of the proposed an-
tenna, we examined the radiation pattern due to the individual
current distribution on each part of the antenna body. Figures 7(a)
and 7(b) display the respective radiation patterns due to the x-di-
rected (throw section W) and y-directed (throw sections L, L1, and
L2) currents only. The y-directed currents produce the doughnut
shaped radiation pattern of a dipole that has a radiation null in the
y-direction. By contrast, the x-directed currents produce a strong
radiation in the y-direction since the currents on upper and lower
sides of the antenna flow in opposite directions with an equal
amplitude, and therefore the radiation pattern on the xz-plane is
canceled out while producing a strong radiation field in the y-axis
direction. Therefore, the two radiation patterns of the orthogonally
directed currents each compensate the nulls of the other, enabling
a quasi-isotropic radiation pattern.

3. CONCLUSION

In this article, we designed a tag antenna with a quasi-isotropic
radiation pattern using a planar symmetric inverted-F structure.
The proposed antenna can produce a good conjugate impedance
matching with a commercial tag chip by adjusting the size of the
matching stub and the bent section of the antenna. In addition, the
antenna shows a quasi-isotropic radiation pattern using orthogonal
surface currents distributions. Hence, the proposed antenna elim-
inates the shadow zone and improves the stability of RFID sys-
tems. The detailed design parameters of the antenna were opti-
mized using a Pareto GA in conjunction with an IE3D EM
simulator. The optimized antenna has a fractional bandwidth of
3.2% and an efficiency of 87% at the operating frequency. The
measured gain deviation is less than 6 dB from 850 to 950 MHz.
We also used a lumped RLC circuit model and radiation patterns
produced by individual orthogonal surface currents to explain the
operating principle of the proposed tag antenna. The measured
maximum reading range of a tag with a commercial chip and
reader was between 1.4 and 2.2 m for any arbitrary direction.

Figure 4 Efficiency and gain deviation as a function of frequency for the
optimized antenna. The dashed line (- - -) is the simulated efficiency and
the solid line (—) is the measured efficiency. The dash-dotted line ( ) is
the simulated gain deviation and the circles (�) are the measured gain
deviation

Figure 5 Normalized total gain of the optimized antenna

Figure 6 Reading pattern of the optimized antenna
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Figure 7 Normalized radiation pattern. (a) Radiation pattern due to x-directed currents, (b) radiation pattern due to y-directed currents. [Color figure can
be viewed in the online issue, which is available at www.interscience.wiley.com]
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