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Abstract—In this paper, a novel technique for planar inverted-F
antenna (PIFA) with broadband circular polarization and pattern
diversity is proposed. A defeated ground structure (DGS) has achieved
broadband circular polarized (CP) PIFA by using a square branch
at the ground corner with arrow-shaped slot. The pattern diversity
PIFA system consists of two CP PIFAs placed symmetrically on
the diagonal of DGS. Furthermore, the DGS improves port-to-port
isolation by using another smaller square branch at the opposite
ground corner. Finally, a prototype is fabricated and measured.
The measured results agree well with simulation, and show 10-dB
matching bandwidth of 16.3% (825–986 MHz), 3-dB axial ratio (AR)
bandwidth of 15.5% (830–982 MHz), and 25-dB isolation bandwidth
of 12.4% (848–968 MHz), which shows suitability for radio-frequency-
identification (RFID) application.

1. INTRODUCTION

Recently, many researches have been conducted on Planar inverted-
F antenna (PIFA) [1–5], since they are widely used in wireless
communication systems due to advantages such as low profile, light
weight, and conformal to the mounting structure. However, PIFAs
are usually used for linear polarization, causing severe limitations for
practical applications. Communication systems with circular polarized
(CP) antenna can suppress multipath reflections, and reduce antenna
orientation angle constraints between the transmitter and receiver [6].
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For example in RFID system, antennas are utilized respectively at
the reader and tag. CP radiation of reader antenna is preferred in
order to make the identification reliable and more efficient, regardless
of the physical orientation of the linearly polarized tag antenna [7]. CP
microstrip antennas have been extensively studied [8–12]. Relatively,
few designs are available for CP radiation using PIFA structure [13, 14].

Moreover, diversity and multiple-input multiple-output (MIMO)
systems are considered for requirements of the next-generation wireless
communications. In such communications, the scattering phenomenon
is dominating the propagation process. Consequently, the received
signals widely vary in phase and magnitude as a result of the multipath
effect, and the overall system performance is strongly affected [15, 16].
Diversity and MIMO systems are seen as promising solutions, because
they can potentially increase the channel capacity of system and
improve the quality of communication link [17, 18]. To achieve high
performance in diversity and MIMO systems, multiple antennas are
integrated in a small handset, and should be highly isolated [19, 20].
Several techniques have been developed to enhance the port-to-port
isolation of multiple antennas in diversity and MIMO systems: the
neutralization technique [21–24], electromagnetic band-gap (EBG)
elements [25, 26], and lumped circuit networks [27]. It should be noted
that the above methods have too complex structures, and are not useful
for mass production. The simple structure based on aperture coupled
patch antenna (ACPA) [28] and PIFA [29, 30] are presented. However,
the ACPA solution has good isolation of 25 dB with compact structure,
but the isolation bandwidth of 11MHz is too narrow to be used in most
of communication systems. The PIFA solution has broad bandwidth
from 1.1 GHz to 1.6GHz, but poor isolation of 14 dB.

This paper presents a novel technique for circular polarized PIFA
and polarization diversity of PIFA systems. Firstly, the proposed
PIFA provides broadband CP radiation of 32.6% (768–1139MHz)
by using a square branch at the ground corner with arrow-shaped
slot. Secondly, the excitation of two proposed PIFAs are located
symmetrically on the diagonal of ground and realize dual circular
polarization. Moreover, another smaller square branch is added at
the opposite ground corner to achieve high isolation between two
PIFAs. The proposed antenna and diversity system characteristics in
terms of the impedance matching (S11), isolation (S21), axial ratio
(AR), radiation pattern, and diversity performance are presented.
The simulation was performed using Ansoft High Frequency Structure
Simulator (HFSS), which uses the finite element method (FEM).
Finally, the prototype of diversity PIFAs was fabricated and measured
to confirm the simulation. The measured results show 10-dB matching
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bandwidth of 16.3% (825–986MHz), 3-dB AR bandwidth of 15.5%
(830–982MHz), and 25-dB isolation between two PIFA elements over
bandwidth of 12.4% (848–968 MHz).

The organization of this paper is as follows. The circular polarized
PIFA and diversity PIFAs design by using proposed technique are
discussed in Sections 2 and 3, respectively. In Section 4, the
experimental results are presented. The conclusions are drawn and
detailed in Section 5.

2. CP PIFA DESIGN

The evolution of circular polarized PIFA is shown in Fig. 1, and the
dimension of PIFAs are compared in Table 1. The proposed antennas
use a 1.6-mm-thick FR4 substrate (εr = 4.4, tan δ = 0.02), and all
the metallic components of antenna are printed on the same side of
the substrate. As shown in Fig. 1(a), the proposed antenna design
is started by Ant. I, according to the reference [14]. Ant. I consists
of a PIFA structure and a square branch at the corner of square
ground. The substrate dimension is fixed as 159 mm × 159mm, and
the square branch is placed at the ground corner nearby PIFA, with
the length of 48 mm. As shown in Fig. 1(b), a further improvement is
achieved, by applying an arrow-shaped slot under the square branch.
In the improved Ant. II structure, the substrate dimension has been
miniaturized to 135 mm× 135 mm, and the square-shaped branch has
been reduced by 75%, with the length of 24mm.

(a) (b)

Figure 1. The evolution of CP PIFA geometry: (a) Ant. I; (b) Ant. II.
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Table 1. Comparison of CP PIFA dimensions (unit: mm).

L1 L2 L3 L4 L5 L6 L7 H s di, i ∈ (1, 6)
Ant. I 159 114 49 24 48 / 3 8 / /
Ant. II 135 114 49 24 24 / 3 8 2 2 + i ∗ 2

In addition to size reduction of antenna, the arrow-shaped slot is
still a paramount factor of the AR bandwidth. As shown in Fig. 2, the
presence of arrow-shaped slot has a minor effect on the 10-dB matching
bandwidth, but leads to a degradation of the 3-dB AR bandwidth.
Meanwhile, the AR bandwidth of Ant. II still maintains 371 MHz
(768–1139MHz), which covers the matching bandwidth of 168MHz
(820–988MHz). More importantly than all of that, the AR curve of
Ant. II is consistent with the reflection coefficient curve. Instead, the
AR curve of Ant. I is the opposite of the reflection coefficient curve.
While the impedance matching performance of Ant. I becomes better,
the AR response of Ant. I becomes worse, conversely.

(a) (b)

Figure 2. Arrow-shaped slot effects: (a) reflection coefficient; (b) AR.

Thus, we consider Ant. II structure as a better choice for
circular polarized PIFA, which has compact size, broadband matching
bandwidth of 17% (820–988MHz) and AR bandwidth of 32.6% (768–
1139MHz). Furthermore, The parameters of Ant. II can be varied
to realize optimized matching and AR bandwidth for other wireless
communication systems, such as 3G/4G, and WiFi.

The surface current distributions on Ant. II structure at 915MHz
are shown in Fig. 3, for different time frames: t = 0 (0◦), T/4 (90◦),
T/2 (180◦), and 3T/4 (270◦). The current vector on ground is so weak
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(a)

(b)

(c)

(d)

Figure 3. Surface current distribution for four different phase
intervals: (a) 0◦, (b) 90◦, (c) 180◦, (d) 270◦.
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that can be neglected. In Fig. 3(a), the current vector on PIFA flows
downward and right, but the intensity of current flowing right is much
lager than that flowing downward. Thus, when t = 0 (0◦), the current
vector on PIFA flows right. In Fig. 3(b), the intensity of current flowing
downward becomes much lager than that flowing right. Thus, when
t = T/4 (90◦), the current vector on PIFA flows downward. In the
same way, when t = T/2 (180◦), the current vector on PIFA flows left,
in Fig. 3(c). When t = 3T/4 (270◦), the current vector on PIFA flows
upward, in Fig. 3(d). It is stated that surface currents realize LHCP
described by the tip of the current vectors (clockwise) with time. The
same surface current behavior is presented throughout 700–1200 MHz,
and the opposite radiation (RHCP) can be generated by symmetrical
interchange of the exciting port along the diagonal of ground.

3. DIVERSITY PIFAS DESIGN

The evolution of CP diversity PIFAs is shown in Fig. 4, and the
dimensions of diversity PIFAs are compared in Table 2. As shown
in Fig. 4(a), Ant. III structure includes two antennas of Ant. II, which
are placed symmetrically and share the same square branch and arrow-
shaped slots. In order to increase the isolation between two PIFAs, the
second square branch of 14 mm is applied at the ground corner opposite
to the first branch, as shown in Fig. 4(b). In the improved Ant. IV
structure, the substrate dimension is fixed as 149 mm× 149mm.

(a) (b)

Figure 4. The evolution of CP diversity PIFAs: (a) Ant. III;
(b) Ant. IV.
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(a) (b)

(c)

Figure 5. The second square branch effects: (a) reflection coefficient;
(b) transmission coefficient; (c) AR.

Table 2. Comparison of diversity PIFAs dimensions (unit: mm).

L1 L2 L3 L4 L5 L6 L7 H s di, i ∈ (1, 6)
Ant. III 135 114 49 24 24 / 3 7 2 2 + i ∗ 2
Ant. IV 149 114 49 24 24 14 3 7 2 2 + i ∗ 2

As shown in Fig. 5, the second square branch is a paramount
factor and needs serious consideration. It is clearly observed in
Figs. 5(a) and (c) that the presence of the second branch has significant
improvement on the 10-dB matching bandwidth, but leads to a
major degradation of the 3-dB AR bandwidth. Meanwhile, the
AR bandwidth of Ant. IV still maintains 189MHz (809–998 MHz),
which covers the matching bandwidth of 172MHz (823–995 MHz). By
carefully selecting the parameter of the second branch in Ant. IV
structure, a broadband 25-dB isolation bandwidth of 122 MHz (846–



48 Lai et al.

968MHz) is obtained, as shown in Fig. 5(b). On the contrary, the
isolation performance of Ant. III has none bandwidth with S21 ≤
−25 dB, throughout 800–1000MHz. More importantly than all of
that, the reflection coefficient, transmission coefficient and AR curves
of Ant. IV structure are consistent with each other.

Thus, we consider Ant. IV structure as the proposed antenna
design for diversity PIFAs system, in which simulation has broadband
matching bandwidth of 17.3% (823–995 MHz), 25-dB isolation
bandwidth of 12.7% (846–971 MHz) and AR bandwidth of 18.9% (809–
998MHz).

The diversity characteristic of the proposed antenna is analyzed
by Simulator Ansoft HFSS ver. 13. Fig. 6 shows the simulated 3-D
radiation patterns of the two PIFA feeding ports, at 915 MHz. The
same radiation patterns are presented throughout 800–1000 MHz. It
can be seen that the two PIFA ports have orthogonal circularized
polarizations and radiation patterns, which can reduce the mutual
coupling between the two PIFA elements. While port 1 exciting Left
Hand Circular Polarization (LHCP) radiation at the positive Z-axis,

(a) (b)

(c) (d)

Figure 6. 3-D radiation patterns of proposed antenna at 915 MHz:
(a) port 1 and (b) port2 with LHCP; (c) port1 and (d) port2 with
RHCP.
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port 2 generates LHCP at the negative Z-axis. Oppositely, while
port 1 exciting Right Hand Circular Polarization (RHCP) radiation
at the negative Z-axis, port 2 generates RHCP at the positive Z-
axis. Therefore, The diversity characteristic of proposed antenna is
achieved by not only orthogonal placed diversity, but also orthogonal
polarizations and pattern diversity of the two PIFA elements.

4. EXPERIMENTAL RESULTS

A single layer prototype of proposed antenna is fabricated, and
displayed on Fig. 7. The prototype is excited by coaxial. The outer
surface of coaxial is in full conjunction with the square ground, while
the inner copper is connected to the PIFA to excite the antenna. All
the measured results as following are carried out in anechoic chamber
using a vector network analyzer (VNA).

Figure 7. Antenna prototype view.

Compared with simulation, the measured matching and isolation
bandwidths are shown in Figs. 8(a) and (b), respectively. The
measured reflection coefficient magnitude (S11 ≤ −10 dB) presents
a matching bandwidth of 16.3% (825–986 MHz). The measured
transmission coefficient magnitude (S21 ≤ −25 dB) presents a
bandwidth of 12.4% (848–968 MHz). Fig. 8(c) shows the measured
AR response compared to the simulated results. The measured
AR bandwidth (AR ≤ 3 dB) presents a bandwidth of 15.5% (830–
982MHz). All of the above measured results are similar to simulation
and totally cover ultra-high frequency (UHF) RFID band (860–
960MHz), which includes Europe Band (865–869 MHz), USA Band
(902–928MHz) and Japan Band (950–956 MHz).

The radiation patterns of prototype on port 1 at 868 MHz (middle
frequency of Europe Band) are shown in Figs. 9(a) and (b). The
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(a) (b)

(c)

Figure 8. Antenna behavior of prototype: (a) reflection coefficient,
(b) transmission coefficient, (c) AR.

corresponding results at 915MHz (middle frequency of USA Band) are
shown in Figs. 9(c) and (d), respectively. It can be seen that LHCP and
RHCP radiation patterns are orthogonal in both xoz- and yoz-planes.
The maximum cross-polar gain is approximately −20 dB, compared
with the co-polar gains. Due to the symmetry of the prototype
structure, the radiation patterns of port 2 reasonably agree with the
above characteristics of port 1.

The CP gain characteristics of prototype on port 1 are shown in
Fig. 10. We can find that LHCP gain curve at the positive Z-axis is
similar to RHCP at the negative Z-axis. Throughout 800–1000MHz,
the gains of proposed antenna varied slightly, between 1.7 dBic and
2.3 dBic. The measured LHCP gain is 2.23 dBic at 868 MHz (Europe
Band) and 2.22 dBic at 915 MHz (USA Band), which can meet the
requirement for handheld RFID devices. Due to the symmetry of the
prototype structure, the CP gain results of port 2 are similar to the
above results of port 1.
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(a) (b)

(c) (d)

measured RHCP, simulated RHCP, measured LHCP, simulated LHCP.( )

Figure 9. (a) xoz-plane and (b) yoz-plane at 868 MHz; (c) xoz-plane
and (d) yoz-plane at 915MHz.

The envelope correlation coefficient (ECC) is usually used to
evaluate the diversity capability of the multi-antenna system. It should
be calculated by using 3-D radiation pattern [31]. The ECC of two
PIFA elements in prototype is given as following [32]:

ρ12 =
|S11 ∗ S12 + S12 ∗ S22|

(1− |S11|2 − |S21|2) (1− |S21|2 − |S12|2) = 0 (1)

The calculated ECC curve by using measured scattering
parameters is presented in Fig. 11. The ECC of proposed antenna is
below 0.02 from 847MHz to 968 MHz, which leads to perfect diversity
performance for UHF RFID Band (860–960 MHz).
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Figure 10. Gain characteristic of
prototype in port 1.

Figure 11. ECC characteristic of
antenna prototype.

5. CONCLUSIONS

A novel technique for CP PIFA and polarization diversity of PIFAs
system is achieved by using DGS. The CP PIFA structure uses a
square branch at ground corner with arrow-shaped slot and provides
broadband CP radiation characteristics of 32.6% (768–1139 MHz). In
addition, the isolation between two orthogonal placed CP PIFAs is
improved by another smaller square branch at the opposite ground
corner. Finally, the prototype of diversity PIFAs was fabricated
and measured, which showed good agreement with simulation. The
measured 10-dB matching bandwidth and 3-dB AR bandwidth are
16.3% (825–986 MHz) and 15.5% (830–982 MHz), respectively. The
measured 25-dB isolation bandwidth can over 12.4% (848–968 MHz).
It can be concluded that The proposed technique is suitable for RFID
antenna design. This technique can be used to realize circularized
polarization diversity for most wireless communication systems, such
as MIMO and 4G.
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