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This paper presents a low-profile printed antenna with double U-shaped arms radiating circular polarization for the UHF RFID
readers. The proposed antenna consists of double U-shaped strip structures and a capacitive feeding line to generate circular
polarization. A part of the U-shaped arms is bent by 90∘ to direct the main beam parallel to the ground plane. From the results,
−10 dB |S

11

| and 3 dB axial ratio of the antenna cover a typical UHF RFID band from 920MHz to 925MHz.The bidirectional beam
is obtained with the maximum gain of 1.8 dBic in the parallel direction to the ground plane at the 925MHz. The overall size of the
proposed antenna including ground plane is 107mm × 57mm × 12.8mm (0.33𝜆

0

× 0.17𝜆
0

× 0.04𝜆
0

).

1. Introduction

Radio frequency identification (RFID) systems in the ultra-
high-frequency (UHF) band are getting a standard in widely
used for many applications such as supply chain manage-
ment, logistics, and tracking [1]. Different frequency ranges
for the UHF RFID band have been allocated depending on
countries and regions such as 865–868MHz in Europe, 902–
928MHz in North and South Americas, 950–956MHz in
Japan, and 920–925MHz in some Asian countries. Many
linearly polarized reader antennas have been designed with
small size and sufficient bandwidth and used for RFID
systems; however, a problem of missing tag detection may
take place due to a polarization mismatch. For avoiding this
problem, the use of antennas radiating circular polarization
(CP) can be a good option [2, 3].

On the other hand, portable RFID readers in addition
to fixed type of readers have been actively used in recent
years. Considering this situation, antennas for handheld
RFID readers have been required to have a low-profile and
a small size structure with light weight [4–9]. In fact, since 5-
6 years ago, wearable RFID readers on a hand have appeared
on the fields of health care and inspection services, so that

they can use their both hands at their working places freely
without holding their reader. For achieving such situation,
a low-profile CP reader antenna is required for wearable
devices with a compact design, and directing its main beam
parallel to the ground plane can make the maximum use of
the advantages of the low-profile design [10].

Recently, low-profile and small CP antennas have still
received a lot of research attention, although other types of
UHF RFID reader antennas withmeandered, microstrip, and
helical element have been published in the literature [4–9].
In [4], an antenna with four meandered monopole elements
fed by a series feeding network has been reported, and
another antenna with arrayed two bent elements is presented
in [5]. In [6], double-sided, crossed-dipole antenna for CP
radiation loaded with two metal strips for phase delay is
published.A compact circularly polarizedmicrostrip antenna
has been presented in [7]. Furthermore, some microstrip
antennas for typical commercial handheld readers are linearly
or circularly polarized. However, such antennas based on
microstrip antennas limit the size and the bandwidth, and
the main beam of those is directed to the normal direction to
the ground [8]. Some study groups have reported horizontally
polarized printed loop antennas in [11, 12], and some groups
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Figure 1:Geometry of the proposed antenna. (a) Perspective view, (b) side view, (c) radiating element, (d) feeding element, and (e) photograph
of the fabricated antenna.

have studied on open-loop antennas generating CP [13, 14].
Moreover, an inverted-L CP antenna and a slender CP
antenna have been reported in [15, 16], respectively. However,
themain beam direction is not parallel to the ground, and the
bandwidth is not sufficient. A study group involving one of
the authors has recently reported a low-profile antenna with
high radiation efficiency in [17, 18], but the polarization is
linear. For now, as far as the authors know, almost no one
has reported on circularly polarized and low-profile antennas
radiating parallel to the ground plane.

In this paper, a compact and low-profile antenna for
radiating CP parallel to the ground plane is proposed for
RFID readers at UHF band (from 920MHz to 925MHz).
In Section 2, the antenna design and characteristics of the
proposed antennas are discussed. The principle to generate
CP in this antenna is also discussed in Section 3. In Section 4,
the design process is presented. Finally, the discussions in this
paper are concluded in Section 5.

2. Antenna Design

In this section, the antenna design is presented. The antenna
is designed using the CSTMWStudio [19]. Figure 1 shows the
proposed antenna structure consisting of double U-shaped
strips and a capacitive feeding structure of both sides of Arlon
Diclad522 (𝜀

𝑟
= 2.6) with a thickness of h = 0.8mm. The

dimension is L = 87mm (0.27𝜆
0
) × W = 37mm (0.11𝜆

0
)

in length and width. The air gap between radiating element
and ground plane is chosen as 11.8mm (0.036𝜆

0
) as shown

in Figure 1(b). The length and width of double U-shape
are optimized because these dimensions affect the resonance
frequency at which the length of U-shape is 𝜆

0
/4 as shown in

Figure 1(c). One of the arms of the U-shape (bent element)
is bent by 90∘ in the x-y plane from the radiating element.
This forms a U-shaped slot with the ground plane on the
bent element in the z-x plane. Figure 1(d) shows the capacitive
feeding structure which is installed underneath the radiator
(double U-shaped elements) and includes an L-shaped stub
and an F-shaped stub with a capacitive gap for matching. A
photograph of the fabricated antenna is shown in Figure 1(e).
The ground plane size is chosen so as to minimize the
axial ratio (AR) in the y-direction and not to allow the
leakage current on the coaxial cable. The ground plane size is
extended in the +x- and −y-directions with the same size by
g = 20mm, respectively from the substrate dimension. This
effect will be discussed in Section 4.

The double U-shaped radiator determines the resonant
frequency. Considering the principle to generate CP dis-
cussed later, the structure should have a half-cut structure of
the split-ring resonator antenna [20] with the same resonant
frequency as shown in Figure 2. For making a low-profile
structure on the ground plane, the feeding structure shown in
Figure 1(d) should be used so as to keep sufficient impedance
characteristics as discussed later. Furthermore, a part of the
arms should be bent by 90∘ in the x-y plane, so that the main
beam can be directed in the y-direction. Table 1 shows the
optimized structural parameters of the proposed antenna.

Figure 3 shows simulated andmeasured |S
11
| characteris-

tics. The simulated and measured |S
11
| bandwidth at −10 dB

are found from 916MHz to 934MHz (1.8%) and 916MHz to
930MHz (1.4%), respectively, covering a typical UHF RFID
band (920 to 925MHz; Thailand). The simulated and mea-
sured radiation patterns of left-hand CP (LHCP) and right-
hand CP (RHCP) at 925MHz are shown in Figure 4 in x-y
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Table 1: The optimized structural parameters.

Parameter Size in mm Parameter Size in mm Parameter Size in mm Parameter Size in mm
𝑊 87.0 𝑤

𝑏

9.0 𝑠

𝑓1

1.5 𝑙

𝑓4

3.0
𝐿 37.0 𝑙

𝑏

80.5 𝑠

𝑓2

7.0 𝑙

𝑓5

61.0
ℎ 0.8 𝑠

1
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2
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Figure 2: The antenna evolution.

plane and y-z plane.The simulated and measured half-power
beamwidth (HPBW) of RHCP are 105∘ and 110∘, respectively,
in y-z plane where the main beam (RHCP) direction is
declined only by 20∘ from the y-direction (parallel to the
ground plane). However, the obtained gain in the y-direction
is slightly lower by only 0.6 dB than that in the main beam
direction.The simulated and measured gains are 1.8 dBic and
2.8 dBic, respectively, in y-direction.The radiation patterns of
RHCP and LHCPhave been normalized by the simulated and
measured peak gain of RHCP (copolarization), respectively.
Therefore, we can understand that, in the y-direction, the
cross-polarization of LHCP is more than 15 dB lower than
RHCP. This indicates that the AR in the y-direction is less
than 3 dB. Furthermore, considering the discussion below,
it can be said that the measured results in the radiation
patterns show reasonable agreements with the simulated
results. As shown in Figure 5(a), the AR in y-z plane is less
than 3 dB in the 𝜃 angle range from 70∘ to 95∘ and 70∘ to
90∘ for simulated and measured results, respectively. In the
boresight direction at 𝜃 = 90∘, the measured AR is higher
by approximately 1 dB than the simulated AR, although the
measured AR is at around 3 dB. Considering the results of
radiation performances discussed above with Figures 4 and
5, we can find small differences between the simulated and
measured results, although they show reasonable agreements.
The small differences are mainly due to fabrication errors,
especially those are related to our hand-made fabrications of
U-shaped slot. As shown in Figure 5(b), the 3 dB AR in the y-
direction can also be observed in the UHF band. As a result,
we can understand that the proposed antenna can radiate CP
in the y-direction covering the UHF RFID band.
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Figure 3: Simulated and measured |S
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|.

3. Principle of Generating Circular
Polarization

The generation mechanism of CP is discussed in this section.
The antenna elements have two metallic layers sandwiching
the dielectric substrate to equip the radiator and the feeding
structure with the L-shaped and F-shaped stubs.The radiator
and the feeding structure have been overlapped as shown in
Figure 1(c).The e-field (electric field) distributions at different
phases are shown in Figure 6. At phase = 0∘, the strongest
field of Z-component is found mainly around the U-shaped
slot on the bent element as shown in Figure 6(a). As shown
in Figure 6(b), e-field directed to +z with high density can
be found; however, the e-field to −z shows low density. This
asymmetrical distribution is due to the difference in the
presence of the radiator and ground plane. At phase = 90∘,
strong field directed in x- and ±z- directions can be found
on the U-shaped slot as shown in Figure 6(c); however, the
components in ±z directions finally are canceled out by each
other in the far field. Since the length between the feeding
point (around x = 0mm) on the feeding line and the bent
part of the U-shaped slot is about half wavelength, the voltage
at the feeding line gets lower at 90∘ phase than that at the
bent point in the U-shaped slot. Therefore e-field is pulled
into the feeding line as shown in Figure 6(d) resulting in
having a symmetrical distribution between ±z-directions. As
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Figure 4: Radiation patterns at 925MHz. (a) x-y plane and (b) y-z plane.

a result, at phase = 90∘, only the X-component at the bent part
of the U-shaped slot contributes to radiate. With the same
analogy, the e-field generates CP with 90∘-phase difference
of orthogonal e-field components at phase = 180∘ and 270∘,
respectively.

On the other hand, this antenna radiates the same sense
of CP, although the 3 dB AR can be obtained at 𝜃 = −120∘.
This radiation is explained by the e-field behavior around the
feeding point outside of the radiating element. At phase =
0∘, the normal e-field can be observed by the same principle
of the U-shaped slot mentioned above. At phase = 90∘, the
e-field is pulled into the feeding point following the same
principle of the above explanation. Therefore, the e-field
rotates in the clockwise direction with respect to the −y-
direction.

4. Effects of Structural Parameters

The proposed antenna is a low profile and can radiate CP in
the y-direction with respect to the ground plane.This section
discussed the effects of structural parameters on the AR and
antenna gain.

4.1. Effects of the Bent Element. One of interests in this
antenna is a fact that CP is radiated in the y-direction with
𝜃 = 90∘, even though the structure is low profile. Bending a
part of U-shaped elements with a bent angle 𝛼 (from 0∘ to
90∘), as shown in Figure 7, contributes to increase the 𝜃 angle
of main beam direction in the y-z plane (𝜙 = 90∘). The input
impedance characteristics can be kept the same, as shown in
Figure 8(a), in this range of 𝛼. When 𝛼 = 0∘, the peak gain can
be observed in the z direction at 0∘ as shown in Figure 8(b).
With an increase in𝛼 from30∘to 90∘, themain beamdirection
𝜃 is shifted from 0∘ to 70∘ in the y-z plane. For 𝛼 = 90∘, the
3 dB AR can be observed at 𝜃 = 90∘ in the y-z plane as shown
in Figure 8(c).

4.2. Effects of L-Shaped and the Capacitive Gap Feeding
Structure. Effects of the stubs in the feeding structure are
discussed. The use of a coupled feeding line with the radiator
element is one of the techniques for designing low-profile
antennas [17] to cancel the inductivity at a frequency range
with around 50Ω impedance. Figure 9 shows the evolution
of feeding structure that starts from a simple rectangular strip
to the proposed structure with adding the capacitive gap, the
L-shaped stub on a lower edge of the line, the short stub, the
long stub, and the F-shaped stub on an upper edge.
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For matching to 50Ω with a sufficient bandwidth, the
capacitive gap and the L-shaped stub are installed resulting
in the shift of the characteristics as shown in Figure 10. With
the simple rectangular feeding structure, the input impedance
characteristic shows a small kink (with a dotted line) at
the right side of the Smith chart centering the horizontal
axis. When only the capacitive gap is installed, the kink is

shifted to a different place (the kink shown with a dashed
line) along the circle of a real axis counterclockwisely. After
this, when the L-shaped stub having a parallel capacitance
is installed, the kink, shown with a solid line, is magni-
fied passing the center showing a narrow bandwidth since
the kink size is still bigger than the circle of VSWR =
2.
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4.3. Effects of F-Shaped Stub Feeding Structure. As the final
step, the F-shaped stub is installed for enhancing the band-
width. The F-shaped stub is a combination of short and long
L-shaped stubs. Figure 11(a) shows the effect of installing the
short and long L-shaped stubs on input impedance character-
istics. When the short stub is installed, the impedance can be
matched well to 50 Ω with a sufficient bandwidth; however,
as shown in Figure 11(b), the main beam direction is around
60∘. On the other hand, when the long stub is installed, the
main beam direction is shifted closer to 𝜃 = 90∘ as shown in
Figure 11(b); however, the impedance bandwidth is narrow as
shown in Figure 11(a) with a larger kink.

The F-shaped stub has the both functions of the short and
long stubs; that is, the short stub is required for matching,
and the long stub is for radiating CP in the direction at 𝜃 =
90∘. Similarly, the F-shaped stub makes a small kink inside
the circle of VSWR = 2 in the Smith chart and also makes the
main beam direction closer to 𝜃 = 90∘ resulting in 3 dB AR
in +y-direction as shown in Figures 11(b) and 11(c). With the
metallic arm along the +y-direction of the long or F-shaped
stub, the e-field inside the radiator can be perpendicular to

the ground plane and the stub element nearby the U-shaped
slot. This behavior leads to direct the main beam closer to 𝜃
= 90∘. As a result, in the final structure, the simulated and
measured impedance can be matched to 50Ω as shown in
Figure 11(a) with the simulated bandwidth of 18MHz, and the
main beam direction is at 𝜃 = 70∘ as shown in Figure 4. In
the direction at 𝜃 = 90∘, AR can be kept less than 3 dB with a
sufficient simulated gain of 1.8 dBic.

4.4. Effects of GroundPlane Size. Figure 12(a) shows the varia-
tion in AR pattern with the ground plane size. Comparing the
size (default) which is the same as the radiator in x-y plane,
the ground plane is extended by g = 20mm in +x- and –x-,
+x- and –y-,−x- and –y-, and±x- and y-directions at the same
time. When the ground is extended in +x and –y-directions,
the AR is minimized at around 𝜃 = 90∘. This extension in the
+x direction contributes to have the e-field, near the open
end of radiator, directed in x- or z direction in wider area of
x-z plane at phase = 0∘ or 90∘, respectively. In this case, the
HPBW is about 105∘ covering the 𝜃 = 90∘ direction as shown
in Figure 12(b).
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Figure 11: Simulated results of (a) input impedance characteristics, (b) antenna gain, and (c) AR pattern with 𝜃. 𝜙 = 90∘ in y-z plane at
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For the extension in the +x and –y-directions, the main
beam direction in which the minimum AR can be obtained
gets closer to 𝜃 = 90∘ with an increase in g from 5 to 25mm
as shown in Figure 13(a). For g = 25mm, the angle for the
minimum AR is the closest to 𝜃 = 90∘; however, the antenna
gain at 𝜃 = 90∘ is smaller than that for g = 20mm as shown
in Figure 13(b). Therefore, the parameter g should be chosen
as 20mm for this design. Choosing g = 20mm with the
extension in the +x and –y-directions, we have confirmed that
the ground plane size has a sufficient area enough to suppress
the leakage current on the coaxial cable.

5. Conclusion

This paper has proposed a low-profile and circularly polar-
ized antenna with double U-shaped arms considering an

application for handheld RFID readers at 920MHz to
925MHz band. The structure consists of a modified double
U-shaped radiator and ground plane. A part of the arms of the
radiator has been bent by 90∘ in the x-y plane for directing CP
radiation parallel to the ground plane (𝜃 = 90∘). For keeping
the sufficient impedance bandwidth for the RFID band, some
matching stubs and a capacitive gap have been installed
on the feeding structure, and the design process has been
discussed. In addition to them, effects of the ground plane
size on the CP direction have been discussed, and a sufficient
antenna gain has been also confirmed in this direction. The
measured results show good agreements with the simulated
results. Furthermore, the principle for generating CP has
been analyzed taking notice of the e-field distributions. Based
on this principle, the U-shaped slot can contribute to achieve
a low-profile antenna for radiating CP parallel to the ground.
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Figure 12: Simulated results of (a) AR pattern and (b) antenna gain in y-z plane at 925MHz as a function of the ground plane size by g =
20mm (𝜙 = 90∘).
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Figure 13: Simulated results of (a) AR pattern and (b) antenna gain in y-z plane at 925MHz as a function of the extension in +x- and −y-
direction g (𝜙 = 90∘).
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