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Bandwidth and Gain Enhancement of Microstrip Patch Antennas

Using Reflective Metasurface

Sarawuth CHAIMOOL'®, Member, Kwok L. CHUNG ', Nonmember,

SUMMARY  Bandwidth and gain enhancement of microstrip patch an-
tennas (MPAs) is proposed using reflective metasurface (RMS) as a su-
perstrate. Two different types of the RMS, namely- the double split-ring
resonator (DSR) and double closed-ring resonator (DCR) are separately in-
vestigated. The two antenna prototypes were manufactured, measured and
compared. The experimental results confirm that the RMS loaded MPAs
achieve high-gain as well as bandwidth improvement. The desinged an-
tenna using the RMS as a superstrate has a high-gain of over 9.0 dBi and
a wide impedance bandwidth of over 13%. The RMS is also utilized to
achieve a thin antenna with a cavity height of 6 mm, which is equivalent to
A/21 at the center frequency of 2.45 GHz. At the same time, the cross po-
larization level and front-to-back ratio of these antennas are also examined.
key words: wideband, high-gain, metamaterial, Fabry-Perot cavity (FPC),
frequency selective surface (FSS)

1. Introduction

Microstrip patch antennas (MPAs) offer many attractive fea-
tures including small size, light weight, low profile, easy
fabrication and planar structure. However, there are two ma-
jor disadvantages associated with MPAs: low gain and nar-
row impedance bandwidth, which seriously limit their ap-
plications. Many wideband techniques for MPAs have been
reported [1]. Furthermore, recent increases in the trans-
mission and reception of information have created a need
for wideband and high-gain antennas. Conventional way
to obtain a high-gain antenna is formed an antenna array
with appropriate feeding network. However, intricate feed-
ing mechanisms to meet suitable phase delays make the an-
tenna system complicated and also cause signal losses. Var-
ious techniques have been proposed to produce high direc-
tivity at broadside for MPAs and printed-circuit antennas
[2],[3]. Amongst enhancement techniques, one of the ef-
fective methods that can significantly increase the antenna
gain employs either high-relative permittivity (e, > 1) or
high-relative permeability (i, > 1) superstrate as an an-
tenna radome [3]. The superstrate acts as an aperture an-
tenna and increases effective aperture size, and hence it en-
hances the directivity beyond that of the original primary
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antenna. A class of antennas that using a superstrate is also
known as the resonant cavity antenna (RCA).

A subgroup of the family of RCAs that have attracted
considerable interest is antennas with the partially reflective
surface (PRS). These antennas are formed when an array of
metallic periodic unit cells is suspended above a metallic
ground plane. The PRS is generally realized using a planar
periodic material (dipole or aperture). To realize the high
directivity of an MPA, a commonly used method is to put
the PRS on top of a metallic ground plane. The resulting an-
tenna is a type of Fabry-Perot resonant cavity (FPC). There
are several papers to design and analyze high-gain anten-
nas based on FPC [4]-[6]. The FPC directive antenna was
proposed with a single metallic grid [4]. As a result, it has
very high directivity of about 600 at 14.8 GHz. However, it
has a very narrow bandwidth (about 0.3%) due to its high
quality factor, which limits its applications. Moreover, the
distance between the PRS and the ground plane, which de-
termines the resonant frequency, still needs to be about a
half-wavelength (1/2) of the resonant frequency. By replac-
ing the conventional metallic ground plane with the high
impedance surface (HIS) as an artificial magnetic conduc-
tor (AMC), these cavity heights have been reduced to about
A/4, while maintaining a high directivity [7], [8].

Another method of obtaining a directive antenna is to
place a primary source inside metamaterials (MTMs). Re-
cently, left-handed metamaterials (LH-MTMs) or double
negative (DNG) materials have attracted lots of attention be-
cause of their unusual electromagnetic properties. In the last
few years, the interest of MTMs not only may attain negative
values, but also low and zero values in the certain frequency
bands. Epsilon-near-zero (ENZ), mu-near-zero (MNZ) and
zero refractive index (ZRI) materials have been proposed
as MTMs to design several novel electromagnetic devices
[9]. The use of MTM structures as superstrate of MPAs to
achieve directivity enhancement has been presented [10],
[11]. For this unique property, the high directivity anten-
nas by applying the collimation effect of refractive near zero
(RNZ) or ZRI have been proposed [10]-[12]. The refraction
index (n) = 0 would occur at the frequencies where either
=0ore =0.

By replacing a PRS with MTMs, which is designated
as reflective metasurface (RMS), bandwidth and gain en-
hancement of MPAs using the RMS as a superstrate is pro-
posed in this paper. The RMS exhibits the unusual prop-
erties of MNZ and high-epsilon (high-€) medium. Accord-
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Fig.1 (a) Configuration of a microstrip patch antenna with reflective
metasurface (RMS) as a superstrate,(b) a unit cell of double split-ring res-
onator (DSR) and (c) a unit cell of double closed-ring resonator (DCR).

ing to our literature review, most FPC antennas are applied
to the frequency in the X-band around 10 GHz, which have
limited applications in practice. This study is subsequently
extended to practical finite-size antenna designs operating
at a wireless LAN (WLAN) frequency of 2.45 GHz. The
configuration of the proposed antenna is shown in Fig. 1(a).
It consists of the RMS on top an MPA. The RMS and the
ground plane form a resonant cavity, whereas the MPA cou-
ples energy to the cavity in the near-field region. A cavity
height of 4 is defined as the distance between the RMS and
the MPA. The obtained impedance bandwidths and gains of
different configurations are compared. In all the structures
presented in this paper, an MPA having the same size as a
primary source is used for the excitation. The characteristics
of two RMS types will be discussed in Sect.2. In Sect. 3,
MPAs with use of the RMS are studied. Finally, the ver-
ification of simulated results is performed by experiments.
Simulated results have been obtained using the IE3D [13]
and the CST [14] softwares.

2. Reflective Metasurface Characteristics

In this paper, two different types of the RMS were em-
ployed during the research studies presented for the pro-
pose of comparison. We will consider the two simply struc-
tures, namely- double split-ring resonator (DSR) and dou-
ble closed-ring resonator (DCR) as shown in Fig. 1(b) and
Fig. 1(c), respectively. The DCR acting as a coupled closed-
loop resonator is used for comparison with DSR, which acts
as a coupled open-loop resonator. The physical parameters
of the DSR are given in the unit of mm as follows: S ,,;
=19.62, L, = 18.43 and Wy = g5 = g = 0.97. The sub-
strate employed the Arlon AD300A material with €, = 3.0
and thickness of 0.767 mm. The DCR consists of an inner
closed-ring and an outer closed-ring. The unit cell of the
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DCR has dimensions of Cy,,;; = 20mm, L. = 18 mm, W, =
1 mm and g.; = 1 mm. The DCR is printed on a 0.8 mm-
thick FR-4 substrate with a dielectric constant of 4.2.

To understand behaviours of the RMS, we take the re-
trieved effective parameters as representative [15], [16]. The
retrieved procedure is widely used to calculate the effec-
tive parameters of MTMs. The constitutive effective param-
eters are obtained by using the retrieval method based on
the simulated scattering parameters (S-parameters): Sy; and
S»1. Here, the incident electromagnetic wave is polarized
with the magnetic field parallel to the resonator plane (H||
y), while the electric field polarizes along the x-axis (E|| x).
Consequently, the propagation direction of wave vector k
is along the z-axis (normal-incidence). Then, the simulated
S-parameters were then imported into parameter extraction
code, implemented in MATLAB. The complex normalized
wave impedance (z) and refractive index (n) are retrieved
from the S-parameters, and then effective permittivity (&)
and permeability (u.5) are computed from n and z values.
The magnitudes and phases of the S-parameters for DSR
and DCR are shown in Fig. 2(a) and Fig. 2(b), respectively.
As seen in Fig. 2, the simulated results show that the two res-
onant frequencies are at 1.7 GHz and 2.7 GHz for the DSR
and 2.9 GHz and 5.25 GHz for the DCR. The normalized
wave impedances and the retrieved parameters are shown in
Fig. 3 using the simulated S-parameters plotted in Fig. 2.

Some results of the DSR loaded the MPA have been
reported in [17], so in this section, we focus on the DCR
one. From the retrieved parameters of the DCR as shown in
Fig. 3(b), we note that the most interesting point lies in the
frequency range of 2.2 GHz and 2.9 GHz (shade regions),
which the permeability is close to zero. This figure confirms
the obtained MNZ lying between 2.2 GHz and 2.9 GHz in
operating frequency range. It can be seen that the real part
of the retrieved permeability is equal to zero at 2.9 GHz and
5.5 GHz as shown in Fig. 3(b).

Besides, the zero real parts (n’) of the refractive in-
dex with relatively small imaginary part are observed at
three frequencies 2.9, 3.5 and 5.5 GHz. In another impor-
tant point, the n’ is negative over a narrow band around
3.0 GHz, dipping as low as —0.1. This type of negative n’
should not be considered as DNG behaviour. In lossy mate-
rials (n = n’ + jn’’), it is possible to have the real part (n’) to
be negative, without having the real parts of € (e = €' + je”’)
and u (u = ¢’ + ju'’) simultaneously negative. Because of

nW=€7-€'7"andz=7+j7’ = \/*“ ; < 4+ 562’“

it is possible to have n’ < 0, as long as €’z > €'z’ [18]. In
addition, the frequency ranges from 3.0 GHz to 3.5 GHz and
5.5 GHz to 8.0 GHz also yield the epsilon negative medium
(ENG) [19]. The use of ENG was used to reduce size [19]
and enhance gain for antennas [20]. However, we focus on
the range of frequency around 2.45 GHz that has the MNZ
with high-e medium. The effects on the use of the MNZ as
a superstrate, especially on impedance bandwidth and gain
enhancement, will be described in the follow section.

, SO
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Fig.2  Simulated magnitudes and phases of the S-parameters (S1; and S), (a) the double split-ring
resonator (DSR) and (b) the double closed-ring resonator (DCR).
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Fig.3  The normalized wave impedance and the retrieved effective parameters of (a) the double
split-ring resonator (DSR) and (b) the double closed-ring resonator (DCR).
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h = (¢rms+¢gnd)ﬂ + 7N7 N=012,.. (1)

3. Analysis of the Completed Structure

First of all, we have prepared the conventional MPA, which
the central operating frequency is about 2.45 GHz. Then, we
put the RMS as a superstrate to cover the MPA. For our DSR
case, the MPA and the DSR dimensions were presented in
the conference of ISAP2009 [17]. For DCR case, the rectan-
gular MPA with its size of 28 mm X 29 mm (L X W) is etched
on a 1.6 mm thick FR-4 dielectric slab (¢, = 4.2). The MPA
is fed by a 50-Q coaxial probe and situated on the y-axis and
is 13.5mm (f,) from the center as shown in Fig. 1(a). The
RMS composed of the 4 X 4 DCR is suspended above the
MPA.

A simple ray model can be used to describe the reso-
nant cavity model, for a given operating frequency, the cav-
ity height is proportional to the sum of reflection phase val-
ues associated with the RMS and the ground plane. The
resonant condition is given by [21]

where ¢,,,, is the reflection phase of the RMS, ¢, is reflec-
tion phase of the ground plane, which is 7 for this case, A,
is the free-space wavelength and # is the cavity height. This
formula assumes uniform infinite-size surfaces and ignores
higher order mode coupling. By using Eq. (1), the evolu-
tion of the cavity height & versus the resonant frequency is
depicted in Fig.4. As seen, very small cavity heights (h
< 10 mm) are achievable between 2.0 GHz to 3.0 GHz. At
around 3.5 GHz, the cavity height is about a half-wavelength
(Ao/2) that is a conventional FPC, in which a high-gain is
achieved in a narrow bandwidth. Above 3.5 GHz, the cavity
actually oscillates on the second resonant mode (N = 2) [22].
In order to achieve a low profile and meet the resonant con-
dition in the cavity, the summation of point at the bottom
surface of the RMS should be close to zero in the operat-
ing frequency band. Theoretically, a zero cavity thickness is
reached at 2.9 GHz. However, a mode jumping is observed
simultaneously in the same time.
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Fig.6  Simulated return losses and realized gains of the conventional
MPA -alone and the MPA with the RMS when €, = 4.2 and 7 = 6 mm.

Since the cavity height () is small, therefore, the ef-
fects of the coupling between the RMS and the MPA on
the impedance matching are studied by varying the cavity
height, from 4 mm to 10 mm as shown in Fig.5. It is seen
that the highest distance of 7 = 10 mm, only a single res-
onant mode is excited near the resonant frequency (about
2.45 GHz) of the MPA-alone. For 7 = 6 mm and 8 mm, how-
ever, two resonant modes are excited with a good match-
ing. In the cases of # = 4mm and 10 mm, the obtained
impedance bandwidths are greatly reduced and cannot meet
the bandwidth requirement of the WLAN band.

The return losses and realized gains of the MPA-alone
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and the RMS covering the MPA are simulated and compared
in Fig. 6. It is seen that for the MPA-alone, only a single
resonant mode is excited with a good impedance matching.
For the MPA with the RMS, however, two resonant modes at
2.32 GHz and 2.52 GHz, are excited. These two resonances
are seen to be excited at frequencies in the cavity of the
fundamental resonant frequency (at 2.45 GHz) of the MPA-
alone due to the coupling between the MPA and the RMS.
For the impedance bandwidth defined by 10-dB return loss,
the MPA with the RMS provides an impedance bandwidth
of 320 MHz, or 13%, which is about 5.3 times wider than the
corresponding MPA-alone (60 MHz, or 2.44%). The sim-
ulated realized gain of the MPA with the RMS is shown
in Fig.6. The peak realized gain of the MPA with the
RMS is about 9.77 dBi, which increases from the MPA-
alone 2.3 dBi to 9.3 dBi at 2.45 GHz, which is improved ob-
servably.

The effects of the RMS covering the MPA at a small
height can be considered as two folds: (i) parasitic loading,
and (i) cavity effect. The cavity effect is to put the RMS on
top of a ground plane to form an FPC. The key part of the
high-gain FPC antenna is its highly reflective surface. In the
first frequency range of 2.0-3.2 GHz as shown in Fig. 2(b)
(for DCR), the highest reflectivity occurs at 2.9 GHz. At
this frequency, one can make an FPC antenna, which would
have the highest directivity. However, this requires a high
profile of 1,/2 and exhibits a narrow bandwidth. One of the
simplest ways for broadening bandwidths is to reduce cav-
ity’s Q-factor at these frequencies, where the RMS has a
lower reflectivity; however, the cost is the reduction of gain
and aperture efficiency. In other words, it is necessary to
design the RMS with a stable reflectivity and also a phase
response in a wide frequency range. In Fig.2(b), the RMS
has a magnitude difference of 0.2 and a phase difference of
20°, respectively, between 2.0 GHz and 3.0 GHz. A trade-
off between high gain and wide bandwidth can be realized
by properly choosing the frequency range. Hence, this fre-
quency range is chosen because of its better frequency re-
sponses in terms of reflectivity and reflection phase. It is
also called the non-resonant region [23], which is used for
broadband and low-loss MTMs. Moreover, in this frequency
range, both permittivity (e, 7> 1) and permeability (0 < ,u;ff
< 1) are nearly constant. From the effective medium point
of view, the cavity consisting of the RMS behaves as a ho-
mogeneous material with a low effective refractive index.
According to Snell’s law of refraction, a low/near zero in-
dex material would make an electromagnetic wave emanates
away from a primary source in any direction, to refract al-
most 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 RMS acts as a parasitic loading that in-
creases the impedance bandwidth whereas the FPC effect
enhances the gain.

The simulated radiation patterns in E- and H-planes of
the MPA with and without the RMS are presented in Fig. 7.
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It demonstrates the improved radiation patterns for the MPA
with RMS over the MPA-alone when both are resonant and
good impedance matching. The MPA with the RMS has
similar radiation patterns in both the E- and H-planes. How-
ever, compared with the MPA-alone, the MPA with the RMS
has the narrower lobe in both E- and H- planes. Half-power
beamwidths (HPBWs) of the MPA-alone are about 82° to
86° in both E-plane (y — z) and H-plane (x — z), whereas
HPBWs of the MPA with the RMS are about 45° to 73° in
both E-plane (y — z) and H-plane (x — z). Thus, HPBWs
of the MPA with the RMS are reduced compared with the
MPA-alone. The front-to-back ratio (F/B) of the MPA with
the RMS is about 27 dB over the operating frequency but
the MPA-alone is only about 16 dB. In addition, the cross-
polarization of the MPA with the RMS is below —30dB for
all of the operating frequency.

In order to investigate the improvement of gain by use
of the RMS, the distributions of the simulated electric field
at 2.45 GHz for the MPA with and without the RMS are pre-
sented in Fig. 8. It is observed that the MPA-alone has the
electromagnetic wave front with a spherical wave (Fig. 8(a))
but the plane wave for the MPA with the RMS (Fig. 8(b)),
which results in the increase of the antenna’s gain. This
means that the effective aperture is extended by adding the
RMS.

4. Experiment Results and Discussion

In order to verify the simulated results, an antenna prototype
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Fig.9 (a) Photograph of a prototype of the RMS and (b) the SATIMO
near-field chamber.

of the 4 x 4 DCR as the RMS is fabricated and measured.
The photograph of the fabricated antenna structure and the
set-up for the radiation pattern measurement are illustrated
in Fig. 9(a) and Fig. 9(b), respectively.

The substrate of the MPA is an FR-4 with a thickness
of 1.6 mm and a dielectric constant €, of 4.2. For DCR case,
it is printed on an FR-4 substrate with dielectric constant
€, = 4.2 and thickness of 0.8 mm. The RMS composed of
the 4 X 4 DCR is placed 6 mm above the MPA. The metallic
ground plane and the RMS size is 200 mm X 200 mm, corre-
sponding to 1.632;45% 1.631; 45, in area, where A, 45 is the
free-space wavelength at 2.45 GHz. The RMS is supported
by four plastic posts.

The S;; obtained from simulation and measurement
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of the MPA with the RMS with a very good agreement is
shown in Fig. 10. It is clearly seen that two resonant modes
at 2.32 GHz and 2.6 GHz are excited with good impedance
matching. These two modes together give an impedance
bandwidth of 350 MHz, or about 13% (from 2.30 GHz to
2.65 GHz) while the bandwidth of the matched MPA-alone
is about 2.4%. The Si; of the 4 x 4 DCR as the RMS with
various permittivity values are also plotted in Fig. 10. The
permittivity is increased, the resonant frequency decreases.
From this figure, the measured result of S;; is close to the €,
=4.2.

Figures 11 and 12 show the measured far-field radiation
patterns in the anechoic chamber at the Chinese University
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Fig.10  Simulated and measured S;; of the 4 x 4 DCR as the RMS with
different €, when & = 6 mm.

Fig. 11
the RMS when /2 = 6 mm.
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of Hong Kong. Very good broadside radiation patterns are
observed and the cross-polarization in the principal planes
is seen to be less than —29 dB especially for the y — z plane.
The front-to-back ratios (F/B) were also measured. From
measured results, the F/B is more than 27 dB for all the
operating frequency. In addition, the realized gains of the
MPA with and without the RMS were measured as shown
in Fig. 13. The gain for the MPA-alone is 2.3 dBi, whereas
the MPA with the RMS can increase to 9.3 dBi at its center
frequency. An improvement in the gain of 7dB has been
obtained. Moreover, the realized gains of the MPA with the
RMS are all improved within the operation bandwidth. Gen-

g
=
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g
S
T 24
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g 04
=
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Fig.13  Comparison of realized gains from measurement between the

MPA with the 4 x 4 DCR as the RMS and the MPA-alone with a good
matching.
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Measured radiation patterns in H- plane (x-z plane) at four frequencies with the 4 x4 DCR as
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Table1  Measured antenna performances of three antenna configurations.
Antenna Types BW@-10dB (MHz, %)  Front-to-back ratio (dB) =~ Maximum Gain (dBi)  Cross-polar (dB)
MPA-alone 60, 2.44 15-18 2.31 1540
MPA+DSR-RMS [17] 130, 5.23 15-20 9.16 20-45
MPA+DCR-RMS 320, 13.0 27-35 9.717 29-50
erally Speaking, the realized gains of the antenna with the nonuniform mirrors,” IEEE Trans. Antennas Propag., vol.51, no.11,
RMS have an about 7 dB enhancement in comparison with pp-3171-3175, Nov. 2003.
the MPA-alone. [7]1 A.P.Feresidis, G. Goussetis, S. Wang, and J.C. Vadaxoglou, “Artifi-
The 3-dB gain bandwidth is 13% from 2.3 GHz to ;l'al magnetlc conductor erface and their application to low-profile
A € K igh-gain planar antenna,” IEEE Trans. Antennas Propag., vol.53,
2.6 GHz, which is also much wider than that of the antenna no.1, pp.209-215, Jan. 2005.
without the RMS and with the 4 x 4 DSR as the RMS [17]. [8] A. Foroozesh and L. Shafar, “Application of combined electric —
Compared with [24], which is designed at the same cen- and magnetic — conductor ground planes for antenna performance
ter frequency (2_45 GHZ) and the same ground plane size enhancement,” Canadian J. of Elec. and Com. Eng., vol.33, no.2,
(200 mm x 200 mm), our antenna has wider impedance and pp-87-98, 2008. , o
. . . [9] A. Alu, N. Engheta, A. Erentok, and R.W. Ziolkowski, “Single-
gain bandwidths. Antenna performances of the three differ- negati ) . P . .
X . gative, double-negative, and low-index metamaterials and their
ent configurations, the MPA-alone, the MPA with the 4 x 4 electromagnetic applications,” IEEE Antennas Propag. Mag.,
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