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Abstract—This paper proposes a metamaterial reflective surface
(MRS) as a superstrate for a single-feed circularly polarized
microstrip patch antenna (SFCP-MPA). It illustrates a simultaneous
enhancement on antenna gain, impedance bandwidth (ZBW) and
axial-ratio bandwidth (ARBW) by adding the MRS atop the SFCP-
MPA. The MRS can enhance the ZBW and ARBW by 3.5 and 9.9
times, respectively, compared to the circularly polarized patch source.
Moreover, the gain of the CP-MPA with the MRS is 7dB higher than
that of the conventional CP-MPA. The small spacing between the MRS
and patch source is another merit in the present design, which is as low
as \o/16, as it results in a low-profile antenna design that well suits
modern wireless communications.
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1. INTRODUCTION

Circularly polarized (CP) antennas can reduce the loss caused by the
misalignment between transmitting and receiving antennas. CP wave
in the broadside direction is generated when two orthogonal modes
are excited with equal amplitude with quadrature phases. Currently,
circularly polarized microstrip patch antennas (CP-MPAs) are widely
used, particularly in satellite and wireless communications, since they
are compact, lightweight and cost-effective. Circular polarization can
be achieved by using a microstrip patch antenna (MPA) with a single-
feed [1]. Two nearly degenerated resonant modes in single-feed MPAs
are usually achieved by cutting diagonal slits or attaching stubs to the
corners of a square patch. When using these approaches, however,
the impedance bandwidth (ZBW) and 3-dB axial-ratio bandwidth
(ARBW) are narrow because of the high unloaded @Q-factor of MPAs.
Therefore, various designs have been proposed in extant literature to
improve their ZBW and ARBW, including the use of dual-feed patch [2]
and sequential rotation array [3]. As an alternative to increase both
impedance bandwidth and gain, the CP stacked electromagnetically
coupled patch antenna was proposed by Chung et al. [4]. However, for
good CP performance such configurations require the use of a wideband
power divider. A feeding network such as a Wilkinson power divider
or a quadrature hybrid may cause additional conductor and dielectric
losses, not to mention the already complicated antenna structure.
Several techniques have been used to enhance the antenna gain of
linearly polarized microstrip patch antennas (LP-MPAs). Use of the
electromagnetic band-gap (EBG) and frequency selective surface (FSS)
as a superstrate has been proposed by Pirhadi etal. [5]. Also, use
of metamaterials as antenna substrates has been proposed by Enoch
et al. [6] and Wu etal. [7]. An interesting class of metamaterials
(MTMs), known as the zero-index medium, exhibits a remarkable
influence on wave propagation properties. As refractive indexn = /eq,
the structured zero-index medium can be realized by making its
effective permittivity and/or effective permeability approach zero at
the frequency of interest. Enoch et al. [6] demonstrated that radiation
beam of a source embedded in MTM will be refracted in a direction
very close to the normal when the refractive index (n) is close to zero,
in some frequency bands. Furthermore, epsilon-near-zero (ENZ) or
mu-near-zero (MNZ) may show other interesting features such as the
efficiency enhancement of a waveguide [8], and the transparent media
and transmission enhancements [9]. Gupta was the pioneer in the
creation of highly directive radiation beam antennas using permittivity
less than unity [10]. The metallic grid is made of the simplest type of
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MTMs used to form ENZ medium; many researchers have used this
property to design high directive antennas [6, 7, 11]. It is indicated
that if planar MNZ- or ENZ-MTMs is used as a superstrate for an
antenna, the radiation beam would be confined resulting in gain being
enhanced. In addition, the metamaterial reflective surface (MRS) can
enhance both the impedance bandwidth and gain, simultaneously, of a
low-cost LP-MPA [12]. According to our literature review, most papers
focus on the superstrate’s effects in linearly polarized antennas. Only
a few have reported simultaneous gain and bandwidths enhancement
for the CP-MPAs [13-15]. In [13, 14], the use of FSS superstrates to
enhance directivity was proposed, but only gain enhancement has been
achieved; neither ARBW nor ZBW improved. In [15], a CP-MPA was
integrated with the planar periodic EBG structure to improve both
the ZBW and ARBW, to the extent possible, but gain enhancement
was not significant. Therefore, simultaneous enhancement of ZBW,
ARBW, antenna directivity and gain bandwidth for CP-MPA has long
been a challenging task. This has motivated us to study a new method
that uses MRS as a superstrate for CP-MPA.

This paper proposes a novel metamaterial reflective surface (MRS)
as a superstrate for a single-feed circularly polarized microstrip
patch antenna at 2.45 GHz. The design objective here is to obtain
simultaneous enhancement for antenna gain, impedance bandwidth,
axial-ratio bandwidth and gain bandwidth. The proposed CP antenna
has a simple, low profile, and yet a low-cost structure. The planar MRS
is composed of 4 x4 square rings joined with diagonal-strips (SQR-DS).
The MRS exhibits the unusual properties of a mu-near-zero (MNZ)
and a high-epsilon (high-¢) parameter when illuminated by a normal
incident CP wave.

2. ANTENNA DESIGN AND THE MRS
PERFORMANCE

2.1. Antenna Design

The configuration of the proposed antenna is shown in Fig. 1. It
consists of an array of 4x4 square rings with 135° diagonal-strips
(SQR-DS) suspended over a conventional CP patch source at a distance
of h. The driven patch is perturbed from a square patch of 30x30 mm?
by cutting two opposite corners with a truncation depth of b. The
truncated patch is printed on an inexpensive FR-4 substrate with a
dielectric constant (e,1) of 4.2 and a thickness (h1) of 1.6 mm. A SMA
connector is used as a coaxial feed and is placed on the y-axis at a
distance of f, from the center of the source patch. The truncated
square patch has a length (L) of 30 mm and b = 7 mm, which stimulates
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Figure 1. (a) Dimension of the truncated microstrip patch. (b)
Configuration of the truncated microstrip patch antenna under the
4x4 single square rings with diagonal-strips (SQR-DS) and (c) the
cross sectional view.

the source antenna to radiate a left-hand CP wave at 2.45 GHz. The
square ground plane has the same dimensions as the MRS, lengths (W)
of whose four sides are all 200 mm.

2.2. The MRS Performance

Since the MRS under design is a periodic structure, we compute the
scattering parameters (S-parameters) by modeling a single unit-cell
with a periodic boundary condition using the CST Microwave Studio.
This paper proposes the use of the SQR-DS to realize a high gain while
enhancing bandwidths of impedance, gain and AR. In the geometry
shown in Fig. 2(a), we set the size of the square unit-cell to p = 20 mm
and a = 18 mm. The width of the copper strip is 1mm. The MRS
structure is formed by using a FR-4 dielectric slab with a thickness
of hg = 0.8 mm and a dielectric constant €, = 4.2. There are several
methods for extraction of effective constitutive parameters for MTM
structures. The most popular approach is extraction from transmission
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and reflection characteristics of a MTM. The complex normalized
wave impedance (z) and refractive index (n) are retrieved from the
S-parameters, and then effective permittivity (e.g) and permeability
(peg) are computed from n and z values [16].

Here, the incident electromagnetic wave is polarized with the
magnetic field parallel to the SQR-DS resonator plane (H|y), while
the electric field polarizes along the z-axis (E||z). Consequently, the
propagation direction of wave vector k is along the zaxis (normal-
incidence). The magnitudes and phases of the S-parameters (S1; and
Sa1) are shown in Fig. 2(b) and Fig. 2(c), respectively. The normalized
wave impedance and refractive index are shown in Fig. 2(d) and
Fig. 2(e), respectively. It is worth noting that the MRS does not belong
to a double negative medium (DNG) in frequency ranges of 3.5 GHz
to 4.5 GHz and 5.2 GHz to 7.0 GHz, though the negative real parts of

the refractive index (n') are obtained. The reason is n’ = €'z’ — €"2”,

so it is possible to have n’ < 0, provided that €’z” > €¢/2/. Effective
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Normalized Impedance versus frequency Refractive Index versus frequency

1 1 | +—1
—Re(z) . | Re(n)
o - VN VSN R SRS s==Imz) : U'S-H-\‘t' """ Im{n}

“x.
.....
aa,
",

Refractive Index(n)

Naormalized Impedance {z)

0.5 -0.5
() (e) | |
3 Y | | i
1 2 3 4 =& 6 7 B8 i 2 3 % & B ¥ 1
Frequency [1z] £ 1 Frequency [Hz] o 1¢°
B Versus frequency 8 g Versus frequency
0.5 - o e o
—Re(p ) 40 —Re(sg)
0.25 seeelmip ) senidmfs )
ell 20 3 ell
7} 0 "
=
=20
-0.25
40 :
oD o el
0.5 -60
1 2 3 4 5 (i} k4 8 1 2 3 4 5 6 o 8
Frequency [Hz| < 10" Frequency [Hz] x10°

Figure 2. (a) Dimension of the unit cell, simulated S1; and So;.
(b) Magnitudes and (c) phases of the single square ring with a
diagonal-strip (SQR-DS) unit cell at the normal-to-zy plane incidence,
the retrieved effective constitutive parameters of the SQR-DS. (d)
Normalized wave impedance (z). (e) Refractive index (n). (f) Effective
permeability (po5) and (g) Effective permittivity (e.s).

permeability and permittivity are extracted and shown in Fig. 2(f)
and Fig. 2(g), respectively. These figures confirm the obtained MNZ
and high-¢ lying between 2.0 and 3.2 GHz. In Fig. 2(g), it is observed
that resonances occur near 3.5 GHz and 5.0 GHz, frequencies at which
the effective permittivity (e.g) exhibits the Lorentzian line shape.

3. SIMULATED AND MEASURED RESULTS

IE3D and the CST electromagnetic simulators were used to simulate
the antenna performance and compute MRS properties, respectively.
Antenna performances were measured by an Agilent vector network
analyzer E8363C and the SATIMO near-field anechoic chamber at the
Chinese University of Hong Kong. Impedance bandwidth (ZBW) is
defined as a range of frequencies over which the input return-loss is
not smaller than a designed value, of 10dB, whereas the axial-ratio
bandwidth (ARBW) is defined as a range of frequencies over which the
axial-ratio does not exceed a designed value, 3dB in this study. The
performance of the conventional truncated-corner CP patch antenna
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Figure 3. Comparison of simulated results for the CP-MPA with and
without MRS. (a) Realized gain and Si; and (b) realized gain and
ARBW with MRS at h = 7.5 mm.

(without the MRS cover), denoted as the reference antenna, is studied
by simulation for comparison and discussion. The reference antenna
has the same size as that of the CP source, L = 30mm, while the
truncated depth and the feed point are adjusted to b = 4mm, f, =
10mm in order to have good impedance and axial-ratio matching for
fair comparison.

The simulated results of the CP-MPA, along with those of MRS
as well as the reference antenna are given in Fig. 3. We note that
ZBW of the CP-MPA with MRS is 14.08% (2.31-2.66 GHz), whereas
for the reference antenna it is only 4.08% (2.4-2.5 GHz), as shown in
Fig. 3(a), demonstrating an enhancement of 350%. Fig. 3(b) shows
both the realized gain and AR comparison between the two antennas.
We can see that bandwidth for AR < 3dB is increased from 1% to 11%
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Figure 4. Photograph of a fabricated CP-MPA with MRS cover.
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Figure 5. The simulated and measured Si; of the 4x4 SQR-DS as
MRS with A = 7.5 mm.

by adding the MRS. The ARBW of the CP-MPA with MRS is 11%
(296 MHz, 2.366-2.635 GHz), whereas for the reference antenna it is
only 1.22% (30 MHz, 2.435-2.465 GHz), implying an improvement of
987%. Moreover, the realized gain of the CP-MPA with MRS is higher
than that of the reference antenna. The maximum gains are 9.1 dBi
and 2.4dBi of CP-MPA with MRS and without MRS, respectively.
This demonstrates that the proposed MRS has a remarkable effect on
congregation of radiation energy in a low-profile format of an overall
cavity height of 0.08\.

The proposed CP-MPA with MRS was experimentally studied.
The dimensions of the truncated patch antenna and the MRS were
set, as described in Sec. 2.1. In order to verify the simulation results,
an antenna prototype with 4x4 SQR-DS as MRS is fabricated; its
photos are shown in Fig. 4. Fig. 5 shows the measured and simulated
return losses of the CP-MPA with 4x4 SQR-DS. The measured ZBW
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Figure 6. The measured and simulated gain and AR of the 4x4
SQR-DS as MRS with A = 7.5mm.

is 11.93% (2.365-2.665 GHz) whereas the simulated one is 14.08%
(2.31-2.66 GHz). The measured return-loss is in good agreement with
the simulation, in general. The simulated and measured AR in the
boresight direction (f# = 0°) of the antenna are shown in Fig. 6.
Both the measured and simulated results show a good CP radiation
performance. The measured 3-dB ARBW is 12.1% (2.33-2.64 GHz),
which is wider than the simulated value of 10.0% (2.36-2.63 GHz)
and it matches the measured ZBW. The minimum AR of 0.68dB is
recorded at 2.6 GHz.

The effects of the MRS covering the CP-MPA at a small height
can be considered as two folds: (i) parasitic loading, and (i) flat-
plate cavity effect. The cavity effect is to put the MRS on top
of a metallic ground plane so as to form a flat-plate cavity (FPC).
The key part of the high-gain FPC antenna is its highly reflective
surface. In the frequency range of 1.0-4.0 GHz as shown in Fig. 2(b),
the highest reflectivity occurs at 3.5 GHz. At this frequency, one
can make a FPC antenna, which would have the highest directivity.
However, this requires a high profile of A,/2 and exhibits a narrow
bandwidth. One of the simplest ways for broadening bandwidths is to
reduce cavity’s Q-factor at these frequencies, where MRS has a lower
reflectivity; however, the cost is the reduction of gain and aperture
efficiency. In other words, it is necessary to design the MRS with
a stable reflectivity and also a phase response in a wide frequency
range. In Fig. 2(b) and Fig. 2(c), the MRS has a magnitude difference
of 0.2 and a phase difference of 20°, respectively, between 2.0 and
3.0GHz. A trade-off between high gain and wide bandwidth can
be realized by properly choosing the frequency range. Hence, this
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frequency range is chosen because of its better frequency responses
in terms of reflectivity and reflection phase. It is also called the
non-resonant region [17], which is used for broadband and low-loss
MTMs. In this frequency range, both permittivity (ez > 1) and

permeability (0 < ,u’eﬁ < 1) are nearly constant. From the effective

medium point of view, the cavity consisting of the MRS behaves
as a homogeneous material with a low effective refractive index (n).
According to Snell’s law of refraction, a low/near zero index material
would make an electromagnetic wave emanates away from a primary
source in any direction, to refract almost parallel to the normal
of the surface of this material. This property provides a unique
method of controlling the direction of emission and also the directivity
enhancement. In summary, the MRS acts as a parasitic loading that
increases the bandwidths (ZBW and ARBW) whereas the FP-cavity
effect enhances the gain. These bandwidth enhancements are obtained
mainly through the proximity coupling between the CP source patch
and the MRS. This coupling mechanism is analogous to a two-layer
electromagnetically-coupled patch (EMCP) antenna such that both
the bandwidths can be improved [18]. The overlapped bandwidth is
therefore determined by the AR bandwidth. Fig. 6 also shows the
measured and simulated gain at the boresight of the antenna. The
measured maximum gain of 9.4dBi is recorded at 2.55 GHz whereas
the simulated gain is 9.8 dBi at 2.69 GHz. The average measured gain
is 8.5dBi with a variation of less than 1dB within the ARBW.

In order to understand the enhancement of ARBW by use of MRS,
the distribution and phase of the simulated electric field at 2.45 GHz
for the CP-MPA with MRS cover is illustrated in Fig. 7, where the
direction of the arrow corresponds to the direction of the electric-field
rotation. It is observed that a left-handed (clockwise) rotated current
distribution is moving on the center of the patch. Gain enhancement
of the antenna and the simulated electric field magnitude distribution
for the CP-MPA with and without the MRS, are given in Fig. 8. It
is important that the MRS made the field distribution of the aperture
more uniform, and hence helped attain a higher gain. This means that
the effective aperture is extended by adding the MRS.

Figure 9 shows the simulated and measured radiation patterns
in the ¢ = 0° and ¢ = 90° planes for the CP-MPA with MRS at
three frequencies-2.4, 2.5 and 2.6 GHz. For both planes, the left-hand
(LH) circularly polarized fields are stronger than the right-hand (RH)
circularly polarized fields, (more than 17 dB), in the boresight direction
(§ = 0°). The front-to-back ratios of the left-hand polarization in
both the ¢ = 0° and ¢ = 90° planes are more than 30dB and 40dB,
respectively.
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Figure 7. The distribution and phase of the simulated electric field

at 2.45 GHz for the MRS covering the CP-MPA (a) 0 degree, (b) 90
degree, (c) 270 degree and (d) 180 degree.
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Figure 8. Electric field magnitude distribution at 2.45 GHz of the
antennas (a) CP-MPA with MRS and (b) CP-MPA without MRS.
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Figure 9. Measured and simulated radiation patterns in ¢ = 0° and
¢ = 90° planes of the 4x4 SQR-DS with a cavity height h = 7.5 mm
(a) 2400 MHz, (b) 2500 MHz and (c) 2600 MHz.
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4. CONCLUSION

This paper presents a new technique for simultaneous enhancement
of gain, impedance bandwidth, axial-ratio bandwidth and gain
bandwidth of a single-feed circularly polarized patch antenna. A
planar metamaterial reflective surface (MRS) used as a superstrate
and a directive-confining device for the 2.45GHz conventional CP
patch antenna, has been proposed, and its performances demonstrated.
Simulation and experiment results confirm that impedance and axial
ratio bandwidths, with realized gain, can be significantly improved
by properly placing the MRS atop the CP source patch. The
MRS is designed based on the mu-near-zero (MNZ) and high epsilon
properties, which are considered as the source of gain enhancement.
The proximity EM coupling of the MRS is regarded as the source
for bandwidths enhancement. For the optimal results obtained in this
study, the operating (overlapped) bandwidth can reach nearly 300 MHz
with an average realized gain of 8.5dBi for the proposed antenna in
the 2.45 GHz ISM band. Currently, techniques used for further gain
enhancement are being investigated; the results will be reported in a
future publication.
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