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METAMATERIAL
Extends Patfch

atch antennas serve many different wireless

applications, both for voice and data commu-

nications. When based on a metamaterial with

reactive impedance surface (RIS), these anten-
nas can achieve extended bandwidths of 1.70 to 5.26 GHz,
and even more. By using an RIS metamaterial, a patch antenna
with that bandwidth and peak gain of 7.24 dB was fabricated,
with excellent radiation characteristics.

The antenna features a single structure of a one-layer sub-
strate. It boasts a compact footprint that is only 0.408\, x
0.357\, at the lowest operating frequency (1.70 GHz). The
antenna’s wide bandwidth makes it well suited for a wide range
of applications, including Bluetooth (2400 to 2480 MHz),
Wibro (2300 to 2390 MHz), and WiMAX (3300 to 3700 MHz).

Metamaterials are essentially materials that began in the
laboratory, rather than in nature. They are engineered to
provide material characteristics that cannot be found in
nature. Metamaterials include composite formulations of
materials with improved electromagnetic (EM) or photonic
characteristics or improved mechanical traits, such as
enhanced flexibility.

Metamaterials can support a wide range of applications,
and have been used as building blocks in antenna designs, as
microwave absorbers, and even to counteract the effects of
seismic waves during earthquakes, as a form of seismic mate-
rial protection. The behavioral patterns of different types of
metamaterials have been simulated on computers by means
of three-dimensional (3D) models and with the aid of modern
computer-aided-engineering (CAE) software programs, and
the availability of these advanced EM metamaterials offers RF/
microwave engineers a new frontier for the design of some
traditional passive components, such as antennas, and the
wideband patch antenna described herein.

Patch antennas based on metamaterials offer many ben-
efits, including wide bandwidths, miniaturization, and well-
controlled radiation characteristics. Because of their many
benefits, metamaterial antennas have been used for many
applications, including the aforementioned Bluetooth, Wibro,
and WiMAX, as well as WCDMA operating from 1920 to 2170
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MHz."2 Still, improvements need to be made to these anten-
nas, which typically involve complex structures with low gain
as tradeoffs for the wide bandwidths.

To improve metamaterial antenna performance levels, nov-
el metamaterial structures like multiple split ring resonators
(MSRRs), reactive impedance surface (RIS) designs, partial
reflective surface (PRS) designs, and mushroom-like electro-
magnetic bandgap (EBG) structures have been developed in
recent years.>” The composite-split-ring-resonator (CSRR)
structures etched on the patch along with the substrate, and
the ground plane can be optimized for miniaturization.®

To change an antenna from linear to circular polarization,
the chiral patterned metamaterial placed over the radiation
patch of an antenna was proposed.’ The RIS has a simple pat-
tern that is composed of periodic metallic patches. It is good
for expanding the operating bandwidth and enhancing the
radiation gain.!®!! In recently published reports on metama-
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1. The diagrams show (a) the top view and (b) bottom view of the
antenna, along with (c) the fabricated antenna.
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By leveraging a reactive impedance surface (RIS) metamaterial, this patch antenna
design covers a wide bandwidth with high gain, serving a number of different

wireless applications.

terial antennas, an RIS-like pattern was etched on the ground
with a one-layer substrate, and metamaterial inspired struc-
tures were being etched on the patch.!?-14

This type of metamaterial antenna is a good example of
extending the bandwidth while keeping the radiation per-
formance attractive. It could be made even more valuable
using a simpler structure while maintaining the relatively
high operating frequencies (above 3 GHz). This is helpful for
portable applications at lower frequencies, such as WCDMA,
Bluetooth, or Wibro.

From a practical point of view, it might be desirable to sim-
plify the antenna structure for ease of fabrication while shift-
ing the operating frequency of the antenna in ref. 12 to a lower

band. To meet these requirements, a one-layer patch antenna
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was developed based on the RIS metamaterial approach. The
RIS structure is formed by means of an etched ground as well
as the patch.

The metamaterial-inspired antenna employs simple struc-
tures since there is only one substrate layer and an intact patch
applied in the antenna. The antenna achieves a wide operating
frequency band at the lower frequencies. It is attractive for
multiple-band applications, including WCDMA, WiMAX,
Bluetooth, and Wibro.

To achieve broadband coverage with a simple structure,
an antenna was developed using RIS metamaterial. The
antenna configuration is based on a one-layer patch design.
It was constructed by etching strip gaps on the ground while
leaving the patch intact, thus forming a RIS structure. The
antenna is excited by a microstrip
line that connects the patch and
the input port.

The RIS metamaterial is employed to
broaden the operating frequencies and
C enhance the radiation performance of

the antenna via its reactive coupling with
the patch and substrate. The antenna’s
performance was simulated by the elec-
tromagnetic (EM) High-Frequency
Structure Simulator (HFSS) software
from Ansoft (www.ansoft.com), and
the simulations yielded results that were

quite in keeping with the measured per-
formance of the fabricated antenna.

Figure 1 shows the structure of the

antenna. To extend the operating band-

width, the RIS is formed by the patch and

the strip-gap etched ground. It is used

r to enhance the radiation performance

as well as broaden the bandwidth of the
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10 antenna. It should be noted that there are
some distinct differences between the

2. The diagram shows (a) a unit cell next to (b) a simple circuit model, (c) a phase response, antenna presented here and the antenna

and (d) a plot of the imaginary surface impedance.
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in ref. 12. The slots etched onto the patch
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3. These plots show measured and simulated reflection coefficients
for the antenna.

of the antenna in ref. 12 have been eliminated while main-
taining favorable performance. By using an intact patch, the
structure of the antenna is further simplified, for ease of fab-
rication. In addition, the operating band is shifted towards
lower frequencies than the design of ref. 12 (above 5.3 GHz) to
cover the frequency bands of WiMAX, WCDMA, Bluetooth,
and Wibro.

Figure 1(c) shows the fabricated antenna. It is formed on
RO4350B printed-circuit-board (PCB) material from Rogers
Corp. (www.rogerscorp.com) with a relative dielectric con-
stant, g, = 3.66 in the z-axis (thickness) at 10 GHz. The thick-
ness (h) of the substrate was fixed to be as small as 1.524 mm.
The overall antenna footprint was only 0.408\, x 0.357A, at
the lowest operating frequency of 1.7 GHz.

The strip-gap etched ground together with the antenna
patch above it can be considered a type of metamaterial —
namely, RIS. To analysis the influence of the RIS on the per-
formance of the antenna, one unit cell of the RIS was built up
and then the periodic boundary condition is applied on the
four lateral walls of the unit cell. In this
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4. These curves show the real and imaginary measured input imped-
ance responses for the antenna.

the short-circuited, dielectric-loaded transmission line. The
antenna patch that is placed at a distance h from the small RIS
patch can be modeled as a lumped shunt inductor parallel to
the capacitor.

Circuit analyses and EM simulations were performed to
investigate the effects of the RIS structure on a plane wave
impinging on it, much like the analysis performed in ref. 15.
For the incident plane wave, the surface impedance of the RIS
is found as:

Zyis = jIXX)/( X - Xp)] (1)
where
Xy = Zgtan(kh) = Zgtan(ko(e,)*%h (2)
Xc=1/(wCps) (3)

where

way, an infinite array of the unit cell
forming the RIS structure is construct-
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ed for analysis. The dimension of the
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unit cell is the same as the RIS structure

employed in the antenna of Fig. 2. The

periodicity of the RIS structure is much

smaller than the effective wavelength
of the substrate.
The EM model of the unitcellisshown
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in Fig. 2(a), while the circuit model
of the unit cell is shown in Fig. 2(b).
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Gaps between the small patches on the  {a)

ground could be modeled as a capacitor 5. These simulated near-field distributions show (a) the E-field on the patch and (b) the E-field

placed at a distance h (1.524 mm) from  on the ground.
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6. These plots offer far-field radiation patterns: (a) for the 3D gain pattern at 1.8 GHz, (b) the
3D gain pattern at 4.2 GHz, (c) the XOY and XOZ planes at 1.8 GHz, and (d) the XOY and XOZ
planes at 4.2 GHz.

Xy and X are the reactances of the
inductor and capacitor, respectively,
shown in Fig. 2(b). Detailed calculations
of these two parameters can be found in
ref. 15. The gap between the two adjacent
small patches of the RIS structure mainly
changes the capacitance value, while the
dielectric permittivity and the substrate
thickness mainly impact the inductor
value. This combines for the resonant
frequency of the RIS. The phase of the
reflection coefficient of the plane wave
was simulated and plotted in Fig. 2(c).

The imaginary part of the surface
impedance of the RIS structure was also
simulated, as shown in Fig. 2(d). As can
be seen, the resonant frequency is located
at 7.4 GHz. The RIS unit cell is induc-
tive below the resonant frequency and
capacitive above the resonant frequency.
This is meaningful for the expansion of
the operating frequency range of a patch
antenna employing the RIS structure.

Since a patch antenna is capacitive
below its resonant frequency, i, by
setting the resonant frequency of the
RIS structure, fgys, higher than fych,
the magnetic energy stored in the RIS
structure compensates for the electri-
cal energy stored in the near field of the
patch antenna. This results in additional
resonances at lower frequencies and a
compact antenna size.

It should be pointed out that since
the waves radiated by the patch are not

plane waves and the number of RIS unit
cells is finite, this analysis is just an approx-
imation to provide physical insights into
the mechanism of the RIS employed in
the antenna.

Figure 3 shows the antenna’s reflection
coefficient. The operating bandwidth
where the reflection coefficient is less
than —10 dB ranges from 1.70 to 5.26
GHz. The reflection coefficient of this
proposed antenna was compared with
the reflection coefficient of the original
antenna having the same dimensions as
this proposed antenna, except that the
patch and ground are intact. For the orig-
inal patch antenna, Fig. 3 shows that there
is a resonance at 6.01 GHz.

Meanwhile, Fig. 2(c) shows that the
resonant frequency of the RIS structure
for the proposed antenna is located at 7.4
GHz. The inductive energy stored in the
RIS below 7.4 GHz collaborates with the
capacitive energy of the patch, forming
the expanded operating band below 7.4
GHz. The relative bandwidth of the pro-
posed antenna is approximately 100%,
which is significantly wider than the orig-
inal patch antenna. This demonstrates
that the RIS structure can impact antenna
resonance and extend its bandwidth.

Figure 4 shows the impedance charac-
teristics of the antenna. There are several
resonant frequencies where the imagi-
nary part of the impedance crosses zero.
The inductive energy stored in the RIS
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compensates for the capacitive energy of the patch antenna,
thus forming several additional resonances below the resonance
frequency of the original patch antenna.

This also has the effect of maintaining the real part of the
impedance close to 50 () at these resonant frequencies, as the
real part of the impedance of Fig. 4 shows. By introducing these
resonant frequencies, the operating bands of the metamaterial
antenna have been extended beyond its earlier version.

Figure 5 provides simulations of the near-field distribution
of the antenna. It shows the electric fields on the patch and the
ground at an arbitrary frequency (3 GHz). Figure 5(a) shows the
electric field on the patch while Fig. 5(b) shows the electric field
on the ground.

Figure 5(a) shows that the feed energy to the antenna is effec-
tively coupled to the patch through the microstrip line and then
radiated by the edges of the patch. Figure 5(b) shows that the RIS
structure formed by the patch and etched ground also plays a
key factor in the antenna’s near-field radiation, since the electric
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fields are distributed regularly along the edges of the strip gaps
etched on the ground. This helps to form multiple radiation
routes for the antenna, enhancing its radiation strength.

The far-field radiation property of the antenna was measured
in terms of its radiation patterns and shown in Fig. 6. Two fre-
quencies, 1.8 and 4.2 GHz, were arbitrarily chosen to verify the
radiation performance of the antenna. The three-dimensional
gain patterns are shown in Fig. 6(a) and (b) in the dB scale. The
patterns of the XOY and XOZ planes at 1.8 and 4.2 GHz are also
plotted in Figs. 6(c) and 6(d).

As shown in Fig. 5, the RIS employed on the antenna affects
the near-field distribution on the ground, thus making the radi-
ation patterns of the antenna different from those of an ordinary
patch antenna. At 1.8 GHz, the metamaterial-based antenna
tends to radiate in the direction perpendicular to the axis of the
feeding microstrip of the antenna.

The radiation pattern at 4.2 GHz also has three main lobes in
the XOY plane and one main lobe in the XOZ plane. The position
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oftheantenna could beadjusted so that the
antenna is feasible for radiating or receiv-
ing signals in the desired direction.

Figure 7 offers the radiation gain and
total efficiency of the antenna, at fre-
quencies from 1.8 to 5.0 GHz. As can be
seen, the peak gain is 7.24 dB at 4.0 GHz.
The gain remains above 1.06 dB from 1.8
to 5.0 GHz. The near-field radiation from
the patch, as well as that from the etched
ground, help enhance the radiation gain
(Fig. 5). The radiation gain is in the range
of 1.06 dB (at 1.8 GHz) to a maximum
value of 7.24 dB (at 4.0 GHz).

From Fig. 7, it can be seen that the total
efficiency is in the range of 54.8% (1.8
GHz) to 88.7% (4.0 GHz). This shows
that the antenna can achieve efficient
radiation over a wide frequency range,
using a relatively simple structure in a
physically compact size. il
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