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Communication
Low-Profile Compact Circularly Polarized Slot-Etched

PIFA Using Even and Odd Modes
Libin Sun , Yue Li , Zhijun Zhang , and Zhenghe Feng

Abstract— In this communication, a novel dual-fed slot-etched planar
inverted-F antenna (PIFA) is proposed for the miniaturization of wide-
band circularly polarized (CP) antenna. By applying in-phase feeding
and out-of-phase feeding at two ports of the antenna, the PIFA (even
mode) and open-slot (odd mode) modes can be excited, respectively,
with orthogonal polarizations. A simple approach is used to deduce the
required phases at the two ports to generating a 90° phase shift between
even and odd modes. The λ/4 resonant property and shared-aperture
configuration of even and odd modes fulfill the proposed size-reduction
scheme for a CP radiation. A prototype was simulated, fabricated, and
measured to verify the performance. The measured results show that an
overlapping fractional bandwidth of 14.7% with S11 < −10 dB, axial
ratio < 3 dB, and gain variation < 3 dB is achieved within a compact
volume of 0.3 × 0.23 × 0.032λ3

0. The excellent features of the proposed
design, such as its simple feeding strategy, low profile, compact size,
low cost, and wide bandwidth, make it applicable for universal radio
frequency identification readers.

Index Terms— Circularly polarized (CP), even and odd modes, planar
inverted-F antenna (PIFA), radio frequency identification (RFID).

I. INTRODUCTION

Circularly polarized (CP) antennas have widely been investigated
due to their unique properties, such as insensitivity to the orienta-
tion of transmitting and receiving antennas, resistance to multipath
fading, and reduction in Faraday rotation effect [1], [2]. In ultrahigh
frequency (UHF) radio frequency identification (RFID) systems, CP
readers are required to avoid the loss caused by polarization mis-
matching. The operating frequency of the CP RFID systems is varied
in different countries, thus the overlapping fractional bandwidth
for the universal RFID application is 12.7% (840–954 MHz) [3].
Therefore, it is necessary to design a wideband CP antenna within a
compact footprint for size-limited handheld devices.

In [4] and [5], simple single-fed dual-layer planar inverted-F
antennas (PIFAs) for CP radiation are proposed. In [6]–[9], some
miniaturized single-fed CP patch antennas are investigated. The
above-mentioned single-fed CP antennas have simple structures but
they cannot meet the demands of wideband within a limited size and
profile. Hence, multi-fed CP antennas are demonstrated to effectively
broaden the antenna bandwidth. Dual-fed [11]–[13] and integrated-
fed [14] patch antennas have been reported to achieve wideband
CP radiation. However, the large size and high profile of the anten-
nas reported in [11]–[14] make them inappropriate for size-limited
application.
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Sequential rotation arrays (SRAs), first proposed in 1986 [15],
are widely used to achieve a wide axial ratio (AR) beamwidth
and bandwidth [16], [17]. Recently, several tightly coupled SRAs
[18]–[25] have been investigated toward reducing the footprint of
SRAs. In [18], a wide beam spiral antenna with three folded arms
is presented; however, the bandwidth is limited to 3.5%. In [19],
an improved triple-fed PIFA SRA is proposed to further increase
the bandwidth. An ultracompact PIFA SRA with four λ0/16 folded-
shorted patch elements [26] is investigated in [20] and [21], with a
volume of 0.2 λ0 × 0.2λ0 × 0.048λ0. In [22]–[24], 2 four-element
shorted patch SRAs [22], [23] and an inverted-F antenna (IFA)
SRA [24] are presented, respectively, with a miniaturized size and
wide bandwidth. The aforementioned CP SRAs [18]–[25] can meet
the miniaturization and broadband requirements; however, they need
complex feed networks and extra workloads to squeeze the feed
networks into a compact footprint.

To simplify the design architecture and feeding strategy of the
compact and wideband CP antennas, a new dual-fed slot-etched PIFA
scheme is proposed in this communication. Although PIFA is well
known for its quarter-wavelength resonant property, the absence of
degenerate modes, however, makes it more difficult to achieve CP
radiation compared with the conventional half-wavelength microstrip
antenna. Here, we offer a new orthogonal-polarized mode in the
PIFA by simply etching an open slot in the center position. Then,
by exciting these two modes with a tailored dual-fed strategy, a CP
antenna with a simple structure, compact size, wide bandwidth, and
high efficiency can be acquired within a simple PIFA architecture.

II. ANTENNA DESIGN AND OPERATING MECHANISM

A. Antenna Design

The proposed antenna is derived from a conventional PIFA that
enables x-polarized radiation, as shown in Fig. 1(a). With a through
slot etched in the center of the PIFA, the proposed slot-etched
PIFA with two symmetrical feeding ports is achieved as presented
in Fig. 1(b). The top and side views of the proposed antenna are
shown in Fig. 1(c) and (d), respectively. As can be seen, one side of
the center slot is open circuit, whereas another side is short circuit
with the ground plane, forming a standard quarter-wavelength open-
slot layout. The total size of the antenna is 115 × 95 mm2, with a
low profile of 10.8 mm; detail dimensions are listed in Table I.

B. Mode Analysis

The operating modes of the proposed antenna are illustrated
in Fig. 2. When Ports 1 and 2 are fed in-phase with equal amplitude

Ee1 = Ee2 = A0e jωt (1)

the even mode is excited, as illustrated in Fig. 2(a). The E-fields
of the left and right cavities are in the same direction, enabling
an x-polarized PIFA mode with two equivalent in-phase magnetic
currents. The center open slot does not work under the condition of
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Fig. 1. Evolution and geometry of the proposed antenna. (a) Conventional
PIFA. (b) Proposed slot-etched PIFA. (c) Top view. (d) Side view.

TABLE I

DETAILED DIMENSIONS (UNIT: mm)

Fig. 2. Vector electric field distributions and equivalent magnetic cur-
rents of the proposed slot-etched PIFA. (a) In-phase excited (even mode).
(b) Out-of-phase excited (odd mode).

in-phase excitation. In contrast, when Ports 1 and 2 are fed equal
amplitude and out-of-phase

Eo1 = A0e jωt and Eo2 = A0e j (ωt+π) (2)

the odd mode is excited, as shown in Fig. 2(b). The E-fields of the
left and right cavities are in the inverse direction, thus suppressing
the radiation of the PIFA mode. However, in this case, the center
open slot works and generates a y-polarized radiation owing to the
differential excitation. Therefore, a pair of λ/4 orthogonal modes is
obtained; the next step is to achieve a 90° phase shift between these
two modes to yielding CP radiation.

C. Phase Analysis

To excite even and odd modes simultaneously with a 90° phase
shift, a simple feeding scheme is derived by utilizing a vector field
synthesis approach, as illustrated in Fig. 3. Fig. 3(a) presents the
initial feeding signals of the even (Ee1 and Ee2) and odd modes (Eo1
and Eo2), plotted in a phase coordinate diagram. To generate CP
radiation, the 90° phase shift should be supplied between these two
modes. With the 90° phase shift supplied in the even mode, the

Fig. 3. Vector field synthesis approach to deduce the required feeding signals
at Ports 1 and 2 to achieve a CP radiation. (a) Initial feeding signals for even
(in blue) and odd (in red) modes. (b) Revised feeding signals for even (in blue)
and odd (in red) modes with 90° phase shift considered and the final synthetic
feeding signals (in purple).

Fig. 4. Vector current distributions of the proposed slot-etched PIFA at
900 MHz when fed with equal amplitude and 90° phase shift. (a) t = 0.
(b) t = T/4. (c) t = T/2. (d) t = 3 T/4.

feeding signals of the even mode are revised as

Ee1 = Ee2 = A0e j (ωt+π /2) (3)

whereas those of the odd mode remain unchanged. Fig. 3(b) shows
the revised plot with the 90° phase shift considered. When the feeding
signals of even and odd modes are superposed at Port 1, the total
feeding signal at Port 1 is

Et1 = Ee1 + Eo1 = √
2A0e j (ωt+π/4). (4)

Similarly, the total feeding signal at Port 2 is obtained as

Et2 = Ee2 + Eo2 = √
2A0e j (ωt+3π/4). (5)

From (4) and (5), the final feeding signals at Ports 1 and 2 could be
concluded to have equal amplitude and 90° phase difference

Et2/Et1 = e jπ /2. (6)

Note that the ultimate feeding amplitudes and phases at Ports 1 and 2
are coincident with those between the two modes, but they are
essentially two different concepts.

Fig. 4 depicts the vector current distributions of the proposed
antenna excited with equal amplitude and 90° phase shift. When
t = 0, the open-slot mode is excited with inverse currents between the
left and right cavities. When t = T/4, the PIFA mode is excited with
the same currents between the left and right cavities. Accordingly,
broadside CP radiation is achieved within a simple slot-etched PIFA
layout.

D. Antenna Tuning and Parameter Analysis
There are two vital conditions for a good CP performance: 1) equal

amplitude for two orthogonal polarizations and 2) a 90° phase shift
between two orthogonal polarizations. Thus, it is significant to ensure
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Fig. 5. Active S11 of the even and odd modes with the feeding position Lf
varied. The active S11 for even and odd modes are extracted when Ports 1
and 2 fed in-phase and out-of-phase, respectively.

Fig. 6. Broadside AR of the proposed antenna with different sizes of the
ground plane Wg.

the consistency of the radiation field intensity for the PIFA and
open-slot modes in the proposed design, whereas the phase shift is
dependent mainly on the performance of the feed network. That is,
the two modes should have identical active impedance characteristics
and radiation gains to ensure the consistent field intensity. According
to the above-mentioned targets, the antenna tuning process is listed
as following: 1) adjusting the resonant lengths of the PIFA and open-
slot modes to achieve equal resonant frequency; 2) adjusting the
feeding position Lf to achieve similar active impedance performance
for the two modes; and 3) adjusting the radiation aperture of the
PIFA (i.e., L1) and the sizes of the ground plane (i.e., Lg and Wg)
to achieve similar radiation gain for the two modes.

Fig. 5 presents the active S11 of the even and odd modes with the
feeding position Lf varied. As shown Fig. 5, the feeding position Lf
has an optimal value to achieve similar active impedance matching
between the two modes.

The sizes of the ground plane (i.e., Lg and Wg) are also of
great significance to the radiation performance. In this design, Wg is
along the resonant edge of the PIFA and thus has a larger impact
on the radiation performance compared with Lg. The impacts on
the AR bandwidth and beamwidth with different Wg are shown
in Figs. 6 and 7, respectively. Note that the influence of the feed
network is not considered in this section. As indicated in Fig. 6, the
AR at low frequency can be improved by increasing Wg. Fig. 7 shows
the angle response of AR at 900 MHz; the optimal angle of AR is
decreased from positive to negative angles with the increasing of Wg.
Therefore, Wg is optimized to 95 mm with both the frequency and
angle responses considered.

The 3 dB gain bandwidth, which is narrower than the AR and
impedance bandwidth, is the major limitation of multi-fed size-
limited antennas. The gain bandwidth with different aperture sizes
(i.e., L1) is analyzed in Fig. 8. The realized gain at low frequency
can be improved by increasing the size of the radiation aperture.

E. Feed Network

To feed signals with equal amplitude and 90° phase shift at two
ports, a classical Wilkinson power divider [27] with a 90° phase

Fig. 7. AR beamwidth of the proposed antenna at 900 MHz with different
size of the ground plane Wg.

Fig. 8. Realized gain of the proposed antenna with the radiation aperture
L1 varied.

Fig. 9. Layout of the Wilkinson feed network.

delay line is designed, as shown in Fig. 9. The 90° phase difference
of output Ports 2 and 3 is achieved by the delay line, which satisfies

β(d1 − d2) = π/4 (7)

where β = 2π /λg. A 100 � chip resistor is soldered between two
feed lines to achieve a high isolation.

The S-parameters of the proposed Wilkinson feed network are
reported in Fig. 10. The S11 is better than −25 dB across the
desired band of 0.8–1.0 GHz. Good amplitude consistency with
| S21–S31| < 0.2 dB is obtained. Besides, the isolation between the
output ports are better than 19 dB with the help of the isolated resistor.
The phase shift between the output ports is 90° ± 10° across the
desired band.

III. ANTENNA FABRICATION AND MEASUREMENT RESULTS

A. Antenna Fabrication

In order to validate the performance of the proposed antenna,
a prototype was fabricated, as shown in Fig. 11. The antenna is
constructed by using two folded 0.3 mm-thick brass plates, cut
by a laser cutting machine with a high precision of ±0.1 mm.
The strength of the brass plates enables the proposed structure to
be self-supporting. Under the brass plates is a 0.8 mm-thick FR-4
(εr = 4.4, tanδ = 0.02) substrate: the front is a metal ground plane,
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Fig. 10. Simulated S-parameters of the proposed Wilkinson feed network.

Fig. 11. Photographs of the proposed antenna. (a) Prototype. (b) Feed
network on the back side of the FR-4 substrate.

Fig. 12. Simulated and measured S11 and AR of the proposed antenna.

and the back is a Wilkinson feed network, as shown in Fig. 11(b).
A 50 � semirigid cable is soldered at the input port of the Wilkinson
feed network for testing. The ground plane is soldered with the
vertical walls of the folded brass plates to form a good electrical
connection. The simulated and measured broadside AR bandwidths
are also presented in Fig. 12. The simulated AR is less than 3 dB
across the band of 0.8–1 GHz, whereas the measured 3 dB AR
bandwidth is from 0.825 to 1 GHz. Fig. 13 shows the angle responses
of AR in the xz and yz planes at 0.84, 0.9, and 0.95 GHz. At the
center frequency of 0.9 GHz, the 3 dB AR beamwidth is from −35°
to 19° (54°) in the xz plane and from −31° to +29° (60°) in the yz
plane. The asymmetric angle response in the xz plane is caused by
the asymmetric boundary of the PIFA.

The simulated and measured normalized radiation patterns in the xz
and yz planes at 0.84, 0.9, and 0.95 GHz are depicted in Fig. 14.
Small angle tilts are observed in both planes, with a small gain
drop in the broadside direction. In the xz plane, the maximum gain
deviates to θ = −18° due to the asymmetric boundary of the PIFA.
In the yz plane, the maximum gain deviates to θ = 25° due to

Fig. 13. Simulated angle responses of AR in the xz and yz planes at 0.84,
0.9, and 0.95 GHz.

Fig. 14. Simulated and measured normalized radiation patterns of the
proposed antenna. (a) xz plane at 0.84 GHz. (b) yz plane at 0.84 GHz. (c) xz
plane at 0.9 GHz. (d) yz plane at 0.9 GHz. (e) xz plane at 0.95 GHz. (f) yz
plane at 0.95 GHz.

the asymmetric feed phase at the two ports. Fig. 15 presents the
simulated and measured broadside CP gains and total efficiencies
versus the frequency. In contrast to the wide impedance and AR
bandwidths, the 3 dB gain bandwidth is not that wide due to the
intrinsic narrow-band nature of the low-profile PIFA. The measured
maximum CP gain in the broadside direction is 2.1 dBic at 0.91 GHz.
A measured stable gain is realized with the variation less than
3 dB from 0.838 to 0.97 GHz, which indicates a fractional 3 dB
gain bandwidth of 14.7%. The proposed antenna has simulated and
measured maximum efficiencies of 86.6% and 83.2%, respectively.
The air medium contributes to the high efficiency of the proposed
antenna due to the absence of dielectric loss.

IV. DISCUSSION

A. Comparison With State-of-the-Art CP Antennas

To highlight its merits, the proposed design is compared with the
state-of-the-art CP antennas in Table II. In [12]–[14], broadband CP
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TABLE II

COMPARISONS OF THE PROPOSED ANTENNA WITH DIFFERENT COMPACT OR BROADBAND CP ANTENNAS

Fig. 15. Simulated and measured broadside CP gains and total efficiencies.

patch antennas with dual-fed and integrated-fed schemes are reported
with large sizes and high profiles. In [28], a compact dual-fed CP
stacked patch antenna with a high-permittivity substrate (εr = 6.5)
is presented, but its bandwidth is narrow. In [18], [19], [21], and
[22], some compact triple- and quadrature-fed SRAs are proposed
to achieve CP radiations; however, their narrow bandwidths are
not suitable for the universal RFID application. In [24], a compact
quadrature-fed SRA is presented, with a similar size and bandwidth
to that in the present work; however, it is complex to squeeze the feed
network into a small footprint, and more than 15 parameters should
be finely adjusted for the squeezed feed network. Thus, compared
with the above-mentioned works, the present work offers a novel and
simple scheme to achieve a compact, low-profile, low-cost, wideband,
and high-efficiency CP antenna. However, the compact ground plane
and tilting beam in the proposed design lead to a low gain.

B. T-Shaped Slot-Etched PIFA Scheme

In the previous design, the center slot is cut thoroughly with the left
and right cavities separated, which is similar to the layout of a two-
element array. However, the operating mechanism of the proposed
design is absolutely different from that of a two-element array.

Fig. 16. Discussion of the T-shaped slot-etched PIFA scheme. (a) Geometry.
(b) Simulated S11 and AR versus frequency.

Fig. 17. Geometry of the conventional dual-fed sequential rotation PIFA.

The through slot utilized here is only to ensure the same resonant
length for the PIFA and open-slot modes. The design scheme still
works when the left and right cavities are connected as a continuous
element with a T-shaped slot etched, as indicated in Fig. 16(a).
The corresponding impedance and AR bandwidths are reported in
Fig. 16(b), which are similar to those of the previous through slot-
etched scheme.

C. Comparison With the Conventional Dual-Fed SRA

The conventional dual-fed sequential rotation PIFA can also
achieve CP radiation with a simple feeding strategy, compact size, low
profile and high efficiency. Fig. 17 shows the geometry of an
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TABLE III

COMPARISON WITH THE CONVENTIONAL DUAL-FED
SEQUENTIAL ROTATION PIFA

optimized dual-fed sequential rotation PIFA with a same profile.
The performances of the proposed antenna and the conventional dual-
fed SRA are compared in Table III, which indicates that the proposed
design has a wider overlapping bandwidth and 3 dB AR beamwidth
within a smaller footprint.

V. CONCLUSION

This communication proposes a dual-fed compact and wideband
CP antenna within a simple slot-etched PIFA architecture. Good CP
performance is achieved by integrating two orthogonal λ/4 resonant
modes, i.e., PIFA and open-slot modes, in an elaborately designed
layout. Both the full-wave simulation and measurement results show
that the proposed antenna can offer an overlapping fractional band-
width of 14.7% within a low profile of 0.032 λ0 and a compact size
of 0.3×0.23λ2

0. A robust CP angle response is obtained at the center
frequency, with 3 dB AR beamwidths of 54° and 60° in the xz and yz
planes, respectively. We envision that the proposed CP antenna, with
advantages over the conventional tightly coupled SRAs like simple
feeding strategy, low cost, low profile, compact size, wide bandwidth,
and high efficiency, has potential application in universal UHF RFID
readers.
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