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Abstract
This article proposes an easily manufacturable multifunc-
tion two-port planar slot antenna, radiating omnidirectional
linearly polarized and broadside circularly polarized radia-
tion patterns through a common slot in an overlapping
frequency bandwidth at 5.9 GHz of 2.56%, with inter-port
coupling below 245 dB.
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1 | INTRODUCTION

Mobile data traffic is anticipated to grow one thousand-fold
over the period 2010–2020. To cope with this increase, wire-
less resources need to be used efficiently.1 In this article, a
two-port planar slot antenna simultaneously capable of trans-
mitting in a monopolar mode and a broadside circularly
polarized (CP) mode, with high inter-port isolation, is dem-
onstrated. Two degenerated slot modes provide two broad-
side patterns with orthogonal polarizations that, with a 908
phase shift between them, can generate a CP mode through
sequential feeding of antenna ports.2 The third polarization,
perpendicular to the antenna surface, is offered through
inclusion of a low-profile magnetic current loop electric
monopole.3 The design offers the option to beamform in
three dimensions through phased feeding techniques.4 In [4],
a wearable planar antenna providing tri-polarization diversity
is demonstrated by combining an inductive loaded circular
monopolar patch antenna with a microstrip annular ring.
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The design highlighted in this paper provides a 30 dB
improvement on port isolation characteristics, due to the orthog-
onal symmetry of a readily manufacturable square slot design.
The planar antenna in this paper offers the option to beamform
in three dimensions through phased feeding techniques.5 This is
demonstrated using an appropriate feeding mechanism.

2 | ANTENNA DESIGN AND FEED
NETWORK

The antenna, shown in Figure 1A, consists of a square com-
mon radiative slot design allowing CP and monopolar modes
to radiate from the antenna upper surface.6 In this letter,
the design is extended to offer two port reconfigurable
beamforming in three dimensions through phased feeding

techniques, providing additional diversity to previously demon-
strated functionality. Figure 1B,C show the manufactured
antenna and feed design, which are based on a 50 X character-
istic impedance. Feed port 9 uses Wilkinson power dividers
and delay lines to provide sequential feeding of antenna ports
1–4 for CP mode operation, while feed port 8 provides direct
feeding of the central antenna port 0 for monopolar mode oper-
ation. Both antenna and feed are manufactured using Rogers
RT Duroid 5880 material, of relative permittivity of 2.20, and
of thicknesses of 3.18 and 0.79 mm, respectively. Both sub-
strates are cladded with industry standard 17 mm of copper on
either side. The antenna is square with sidelength of 41.2 mm,
while the feed is 65 mm radius. Figure 1D-F illustrate the
modes of operation in the antenna, namely a sequentially-fed
degenerated broadside mode for CP radiation,2 and magnetic
current loop mode for monopolar radiation.

FIGURE 1 Antenna and feed design. (A) antenna, (B) manufactured antenna mounted on a ground plane, (C) manufactured feed on the back side,
(D) CPmode (feed phase5 608), (E) CPmode (feed phase5 1508), (F) monopolar mode. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Diversity characteristics. (A)MEGs for the monopolar and CPmodes in dBi as a function of u from the zenith position, orthogonal to the
antenna radiating surface, (B) measured and simulated ECCs. For convenience, the overlapping impedance bandwidth (5.79–5.94 GHz) is shown shaded.
[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 2 Combined antenna andmonopolar, CP feed characteristics: (A,B) monopolar radiation patterns, (C,D) CP radiation patterns (E)
S-parameters, (F) axial ratio. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 The radiation pattern of the antenna may be vector swept by exciting ports 1–4 of the CPmode while providing phase-cycled excitation
of the monopolar mode through port 0. The radiation patterns shown are. (A) CPmode uniquely (B) monopolar mode uniquely, (C-F) combinations of CP
mode andmonopolar mode. Port diversity operation of the antenna in the XZ and YZ planes according to antenna port excitations of cases I to IV in Table
I: (G) cases I and II, (H) cases III and IV. Phase and power diversity operation of the antenna in the XZ plane: (I) illustration of phase adjustment of the mag-
netic current loopmode excitation (casesV and VI, Table I), (J) illustration of antenna port power redistribution (cases VII-IX, Table 1). [Color figure can
be viewed at wileyonlinelibrary.com]
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Diversity in three dimensions, through beamforming accord-
ing to two port phased feeding techniques, results from polariza-
tion purity due to field cancellation of opposing sequential CP
mode antenna ports, and a centrally positionedmonopolar mode.7

3 | RESULTS

We determine three polarizations; x, y, and z, according to
the feeding alignments shown in Figure 1. The third Ludwig
definition of cross polarization is used to determine CP mode
performance.8 Simulated and measured radiation characteris-
tics of the antenna, along with S-parameters of the monopo-
lar, CP system and the axial ratio are illustrated in Figure 2.
Simulation and measurement are observed to provide good
agreement. The monopolar radiation mode provides a meas-
ured impedance bandwidth of 150 MHz, or 2.56%, centered
at 5.87 GHz. A much larger CP mode impedance bandwidth
is observed at 1.075 GHz (5.61–6.69 GHz), or 17.5%.

Gains of 6.4 dB in the case of magnetic current loop
mode operation, and 9.3 dBiC in the case of degenerated
broadside CP mode operation are measured. Back radiation is
minimized, and simulated radiation efficiency is above 96%,
with a worst case measured radiation efficiency of 89%. A
minimum measured triorthogonal overlapping impedance
bandwidth of 2.56% (5.79–5.94 GHz) is measured. In the fre-
quency band of operation, isolation of no lower than 45 dB is
measured between the operational modes.

Two commonly used criteria, the mean effective gain
(MEG)9 and the envelope correlation coefficient (ECC),10 are
utilized to evaluate the antenna diversity performance and are
shown in Figure 3. Spherical integration functions of the 3D
far-field antenna patterns are used to calculate both MEG and
ECC metrics using a diversity model.11 A lower MEG limit of
210 dBi and an ECC upper threshold of 0.5 are commonly

held as acceptable for diversity applications. The antenna pro-
vides an extension of MEG to lower elevation angles due to the
monopolar mode, as well as low correlation between modes.

An attractive option of this antenna is the ability to beam-
form radiation through arbitrary combinations of modes from
the common radiative slot. Phase feeding techniques provide
the rotating radiation pattern demonstrated in Figures 4A-F.
Inclusion of amplitude adjustments provides additional radia-
tion pattern control as shown in Figures 4G-J, according to
cases I-IX in Table 1. Antenna port excitation is shown in
the form of total input power fraction and phase according to
the port numbering of Figure 1.

4 | CONCLUSION

A planar slot antenna operating at 5.9 GHz and providing
monopolar and CP mode radiation is demonstrated in this
paper. Measurement is in good agreement with simulation. A
large ground plane would in effect provide a monopole-like
magnetic current loop mode of operation, polarized orthogo-
nally to the CP broadside mode. Control of the antenna radi-
ation pattern is possible in three dimensions by varying
feeding excitations to each of the antenna ports. Beamform-
ing cases are highlighted. Due to a complete ground plane,
low profile and straightforward manufacture, the antenna
may be integrated into various systems.
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Abstract
In this paper, a low-profile miniaturized-element frequency
selective surface (FSS) is presented numerically as well as
experimentally. The proposed design consists of a mean-
dered pattern printed on both sides of an ultra-thin
(0.0005k0) FR-4 substrate, which exhibits a bandpass char-
acteristic at 750 MHz having unit cell dimensions of
0.017k0 3 0.017k0. The structure, being asymmetric in
nature, selectively realizes bandpass operation for a specific
polarization, whereas transmits incident wave for other

polarizations. The novelties of the design lie in its miniaturi-
zation performance as well as ultra-thin profile as compared
with the earlier reported structures. The proposed structure
has further been analyzed through deriving equivalent circuit
models and parametric variations. Finally, a prototype of the
FSS is fabricated and the measured response is in good
agreement with the simulated result under normal incidence.
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1 | INTRODUCTION

Since the past few decades, frequency selective surface (FSS) has
been a subject of interest owing to its widespread applications,
such as spatial filters,1 antenna reflectors,2 hybrid radomes,3

absorbers,4 high impedance surfaces,5 and electromagnetic
shields.6 They are generally periodic structures designed to trans-
mit, reflect and/or absorb electromagnetic (EM) waves over a
desired frequency range. These FSSs are constructed by printing
different metallic geometries in a periodic arrangement on either
single or both sides of a dielectric substrate. Although the FSSs
theoretically consist of an infinite array of structures, but practi-
cally they are limited in few numbers of periodic elements.
Therefore, these FSSs should be compact in size to incorporate
large number of unit cells in a given space.7 Besides, frequency
responses of miniaturized-element FSSs show less dependence
on the incident angle of EM wave.8 These lead to many
researches being conducted to miniaturize the unit cell dimen-
sions of the FSSs for yieldingmore accurate performances.

In the last few years, various geometries such as convoluted
rings, slots, dipoles, and fractals are used to obtain miniaturized
unit cells.9–20 A periodic array of metallic loop and wire grid
printed on either side of a thin substrate is presented in ref. [9]
achieving miniaturization of 0.083k0. A miniaturized FSS
using lumped reactive components is shown in ref. [10], which
exhibits a compact unit cell of the size 0.027k0. The use of sub-
strate integrated waveguide (SIW) technology to achieve com-
pactness is also reported in ref. [11]. A 2.5-dimensional closed
loop miniaturized FSS is designed in ref. [12] having unit cell
dimension of 0.048k0. A multi-layer structure has also been
presented based on square-loop slots, where the unit cell size is
0.035k0.

16 However, the unit cell dimensions can further be
miniaturized as compared with these earlier reported structures.

In this letter, an ultra-thin single-layer miniaturized-
element FSS has been presented based on meander line
approach. The proposed structure selectively exhibits a band-
pass response at 750 MHz corresponding to a unit cell
dimension of 0.017k0 3 0.017k0, where k0 refers to the free
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