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We propose a high refractive index metamaterial (HRIM)that is composed of two identical
patch arrays symmetrically etched on both sides of a dielectric plate. By reducing the gap
of adjacent patches and the thickness of dielectric plate, the proposed metamaterial
can suppress the diamagnetic response and enhance the capacitance coupling, so
that the refractive index of the metamaterial is higher than 10 in wideband from 4 to 8
GHz. Attributing to the property of high refractive index, the metamaterial can effectively
improve the performance of a microstrip antenna when it is loaded as a superstrate.
The measured results reveal that the antenna has an impedance bandwidth (S1y < —10
dB) of 690 MHz (12.4%) and a maximum gain of 13 dB appearing at 5.6 GHz. The 1
dB and 3 dB gain bandwidths are 380 MHz (6.7%) and 590 MHz (10.3%), respectively.
Fortunately, the profile of the antenna is only 0.194¢ (Ag is the free space wavelength at
central frequency). Furthermore, the profile can be further reduced to 0.151g when the
radiation patch of the antenna is surrounded by another metamaterial.

Keywords: metasurface, high refractive index, antenna, high gain, subwavelength profile

INTRODUCTION

Microstrip patch antennas (MPAs) are a widespread choice in many existing and future wireless
communication systems due to the advantages of low profile, light weight, low cost, and ease
of fabrication. However, the conventional MPAs have major disadvantages of narrow impedance
bandwidth and low gain, which limit their practical applications.

Metamaterials are artificial structures formed by periodically or aperiodically arranging their
unit cells, which can freely manipulate the electromagnetic (EM) waves. Attributing to the exotic
properties, metamaterials can be used as a superstrate or substrate in antennas to improve antenna
performance, such as increasing gain and impedance bandwidth [1-8]. A typical application
of metamaterial is loaded as a superstrate on planar antennas to form Fabry-Perot-Cavity-like
(FPC-like) leaky wave antenna [9-12]. Furthermore, the ray optics theory has been successfully
employed to study the working mechanism of FPC-like antennas. In [11], for instance, an FPC-
like antenna formed by loading a multi-layer metamaterial superstrate is successfully obtained
high performance. The directivity of the antenna is 16.9 dB and the 3 dB bandwidth reaches
10.7%. Subsequently, a quad-layer partially reflective surface (PRS) is employed as a superstrate
to improve antenna performance, in which the peak gain is 15.5 dB and the 1 dB gain bandwidth
is 10% [12]. These proposed antennas possess many advantages, such as high gain, high efficiency
and simply feeding network, but they also have an obvious disadvantage of increasing profile (the
total profile is over A/2). In order to reduce the profile, an artificial magnetic conductor (AMC) is
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FIGURE 1 | (A) The front and side views of the HRIM. (B) The effective permittivity and permeability of HRIM. (C) The refractive index of HRIM.
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FIGURE 2 | (A) Influence of the size of metal patch on the refractive index of HRIM. (B) Effect of the dielectric thickness t, on the refractive index of HRIM.
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proposed as ground plane or superstrate of antenna [13, 14]. At
specific frequency, the AMC can reflect electromagnetic waves
with zero phase shift. Based on this property, Ourir et al.
designed an ultrathin and high directive antenna by employing
the combination of an AMC and a PRS superstrate [15]. In
this design, the antenna profile is drastically reduced to X\/60.
However, the above antenna shows a limitation of narrow
bandwidth. Therefore, it remains a challenging task to achieve a
high-performance antenna with sub-wavelength profile.

In this paper, we proposed a novel antenna that is formed
by loading three layer HRIMs as a superstrate of MPA. Each
layer of the metamaterial is two identical patch arrays spaced
by a dielectric plate. By decreasing the gap between adjacent
patches and the thickness of dielectric plate, the metamaterial
has a high refractive index of 10 in wideband from 4 to 8 GHz.

Thanks to the high refractive index of superstrate, the profile
of the proposed antenna is significantly reduced to 0.194¢. The
experimental results show that the antenna achieves a relative
impedance bandwidth of 12.4% (from 5.21 to 5.9 GHz) for
Si1 < —10 dB, and has a 3 dB gain bandwidth of 590 MHz
(10.3%). Compared with the conventional MPAs, the proposed
antenna gain is increased by at least 3 dB. In order to further
reduce the profile of antenna, the radiation patch of MPA is
surrounded by another patch array (this antenna is called as
type II antenna). Unlike metal ground, the patche array can
adjust the phase of reflective wave by changing its geometric
parameters. When we choose adaptive dimension of patch array,
the profile of type II antenna can further reduce to 8 mm
(0.1510). Moreover, the experimental results reveal that the
impedance bandwidth is extended to 860 MHz, with the relative
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bandwidth of 15.7%, and the maximum gain reaches 13.05 dB at
5.7 GHz.

DESIGN OF MPA BASED ON HIGH
REFRACTIVE INDEX METAMATERIAL

Design of Metamaterial

Figure 1A presents the unit cell of the proposed metamaterial,
which is a bi-layer patch array spaced by a dielectric substrate.
The dielectric substrate is Rogers RO4350B with relative
permittivity e, = 3.48, loss angle tandenta value tan § =
0.0037, and thickness #, = 0.508 mm. The metal patches on
both sides of dielectric plate have the same side length of
b = 59mm. The periods of the unit cell along x- and
y-directions are set as a = 6mm. To investigate the EM
response of the metamaterial, we first extract the effective
permeability and permittivity from S parameters, by using the
commercial software CST Microwave Studio. In simulation,
the periodic structure is simplified as a unit cell with periodic
boundary conditions along the x- and y-directions. Meanwhile,
an x-polarized normal incident wave is used to excite the
unit cell. According to the method proposed in [16], the
extracted effective permeability and permittivity are presented in
Figure 1B.

To verify the validity of the retrieved effective permeability
and permittivity, we also simulate the S parameters of a
homogenous dielectric plate whose permeability and permittivity
are equal to the retrieved parameters of the metamaterials
(the results are not shown). Consequently, we find that
the S parameters of the homogenous dielectric plate have
good consistency with those of metamaterial, demonstrating
the accuracy of the retrieved permeability and permittivity.
Based on these retrieved parameters, we further obtain
the refractive index of the proposed metamaterial [17],
which is presented in Figure 1C. It is observed that in
the frequency range of 4 to 8 GHz, the refractive index
is higher than 10, demonstrating the property of high
refractive index.

To understand the physical mechanism for forming high
refractive index, we investigate the refractive index varying
with parameters b and t, for fixed parameter a, as shown in
Figure 2. Figure 2A illustrates the refractive index as a function
of b when the thickness of dielectric plate is t, = 0.508 mm.
We clearly see that the refractive index increases with the
increasing of parameter b. Figure 3 presents the electric field
distributions on the surface of metamaterial, which indicates that
the electric fields are mainly concentrated at the gap of adjacent
patches, implying strong capacitive coupling. As we known,
the capacitive coupling can be enhanced when the parameter
b is increased. The enhanced capacitive coupling will further
improve the refractive index of the metamaterial. Figure 2B
reveals the refractive index varying with the dielectric thickness
t, for fixed parameter b (5.9 mm). It is noted that the refractive
index is increased with decreasing of t. As presented in Figure 4,
the induced currents on the top layer are antiparallel to those
on the bottom layer, which forms a current loop with the
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FIGURE 4 | The surface current distributions on the surface of HRIM.

displacement current in the dielectric plate. Furthermore, the
induced circulation produces magnetic moments in the same
direction as the external magnetic field, which forms a bigger
effective permeability, resulting in a high refractive index. Based
on these investigations, we can adjust the side length of metal
patch and the thickness of dielectric plate to control the effective
permittivity and permeability, thereby controlling its effective
refractive index.

MPA Loaded With HRIM

Here, we take a conventional MPA as an example to study
the influence of the proposed HRIM on antenna performance.
Figure 5A illustrates the designed antenna that is formed by
loading three layer HRIMs over a MPA, which is also called as
type I antenna. The MPA is etched on a substrate (F4B) with a
dielectric constant of 2.65, loss tangent of 0.001, and thickness
of t; = 1.5mm, as shown the enlarged area in Figure 5A. The
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FIGURE 5 | (A) The side view of the proposed type | antenna. (B) The model of the antenna when the superstrate of three-layer metamaterial is looked as a whole.

three layer HRIMs have the same overall size of 60 x 60 mm
but different refractive index. The middle layer, namely core
layer, has refractive index higher than 10. However, the upper
and bottom layers, which are called matching layer, have the
same refractive index of 7.5 (see the red line in Figure 2A).
The matching layers are symmetrically located on both sides
of core layer to decrease the reflection at the interface of air
and core layer. For convenience of research, we look the three
layer HRIMs as a whole, as shown in Figure 5B. In this case, a
resonant cavity between HRIM superstrate and MPA is formed.
Therefore, multiple reflections will occur in this resonant cavity.
When the resonant condition of the resonant cavity is met with,
the antenna performance can be greatly improved. Here, the
resonant frequency of this cavity is designed at 5.5 GHz, whose
resonant condition is determined by the following equation [18]:

21

01 + (pz_TOX 2h; = 2Nn, N = 0,1,2--- (1)
where ¢; and ¢, are the reflection phases at superstrate and
MPA, respectively, Ao corresponds to the free space wavelength
at 5.5 GHz, N is the resonance mode number. The parameter h;
denotes the distance between superstrate and MPA. It is noted
that h; is a critical parameter that determines the profile of
antenna. From Equation (1), we see that the parameter h; is
determined by the difference between ¢; + ¢, and resonance
mode number N. Usually, the zeroth mode (N = 0) is considered,
so that the ¢; + ¢, is the only parameter to impact the value
of hy. On the other hand, ¢, is constant to 180 because it
denotes the phase of EM wave reflected by the metal ground
of MPA. Therefore, the value of h; is actually decided by the
reflection phase (¢) at the superstrate. For x-polarized incidence,
the reflection phase (¢1) is presented in Figure 6. It can be seen
that the reflection phase ¢1 at 5.5 GHz is—121.9°. This value
corresponds to a cavity thickness ; = 4.5 mm (0.081¢). Actually,
the superstrate can be looked as a cascaded circuit comprised
of the matching layer, the core layer, and the air gap between
them. Based on the theory in [19], the thickness of the matching
layers including their air gap should be approximately equal to
A4 (A is guide wavelength of superstrate) to realize the minimum
reflection between core layer and free space, namely

2m + t) = —

i (2)
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FIGURE 6 | Reflection phase at superstrate for x-polarized incident waves.

where n. is the refractive index of core layer, m is distance
between core layer and matching layer, and f, is the
thickness of dielectric plate. According to equation (2), we
find that the whole thickness of superstrate can be reduced
effectively when we increase the n. of core layer. For n
= 10, the overall height of the type I antenna is reduced
to 10.5mm (0.19 Ng).

To further reduce the profile of the proposed antenna, the
radiation patch is surrounded by another patch array with patch
length [ and period p, as shown in Figure 7A. For convenience,
this antenna is called as type II antenna. In type II antenna, it has
the same superstrate as that in type [ antenna. For the patch array,
the reflection phase is controlled by its geometric parameters
I and p. Figure 7B illustrates the reflection phase varying with
frequency when I = 5.72mm and p = 6 mm. We see that the
¢2 at 5.4 GHz (the center frequency of type II antenna) is not
180° but 127.9°. By substituting this phase into formula (1),
we calculate the height of the cavity, which is #;-t; = 0.5mm.
Finally, the whole height of the type II antenna is reduced to
8 mm (0.15 Ng).
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FIGURE 7 | (A) The radiation patch surrounded with patch array. (B) The phase of reflection wave for x-polarized incident wave.

EXPERIMENTAL RESULTS

To experimentally verify the performance of the proposed
antennas, we fabricate the HRIMs and MPA, and assemble them
together, as shown in Figure 8. The S;; parameters are measured
by using the Agilent 8753ES vector network analyzer. Figure 9A
presents the experimental and simulated S;; parameters of type
I antenna, which shows a good consistency. The experimental
results reveal that in the frequency of 5.21 to 5.9 GHz (690
MHz), the parameter S;; is less than—10 dB, with relative
bandwidth of 12.4%. For comparison, we also show the simulated
results of type I antenna with different refractive index of
core layer, such as nc = 4 and 7, and the antenna without
metamaterial superstrate. As presented in Figure 9A, we see that
the refractive index of core layer has greatly influence on the
impedance bandwidth of Sj;. Our proposed antenna (type I
antenna) occupies the widest impedance bandwidth. Figure 9B
presents the measured and simulated gains. The experimental
results are good agreement with simulations. In the operation
band from 5.21 to 5.9 GHz, the gain is higher than 8 dB, and
the max gain reaches 13 dB. From simulated results shown in
Figure 9B, we further observe that the refractive index of core
layer has great influence on antenna gain. The maximum gain
of type I antenna is much higher than the antenna loaded with
lower refractive index metamaterial and the antenna without
metamaterial superstrate. Additionally, the 3 dB gain bandwidth
of type I antenna is 590 MHz (10.3%). Figures 10A,B present
the comparison of measured and simulated radiation patterns for
type I antenna at 5.62 GHz, which shows good consistency. We
also find that the 3 dB beam width in both E- and H-planes are
about 30°.

Figure 11A illustrates the simulated and measured results
of type II antenna. It is observed that the simulated reflection
coefficient S;; < —10 dB ranges from 5.03 GHz to 5.81
GHz, with a relative bandwidth of 14.4%, and the measured
reflection coefficient §;;7 < —10 dB ranges from 5.05
GHz to 5.9 GHz, with a relative bandwidth of 15.5%. The
discrepancy between experimental results and simulations
may be caused by the tolerances in process of assembling
superstrate and fabrication. Figure 11B presents a comparison
of gain between measured results and simulations, from
which we see that they show good consistency and the

| é
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FIGURE 8 | Photograph of the fabricated antenna. (A) Type | antenna. (B)
Type Il antenna.
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FIGURE 9 | (A) Return loss and (B) gain for type | antenna with different
refractive index of core layer and the antenna without metamaterial.

max gain reaches 13 dB at 57 GHz. The E- and H-plane
radiation patterns at 5.7 GHz are presented in Figure 12.
Moreover, by comparing the simulation and experimental
results between type I and type II antennas (Figures9-12),
we conclude that the type II antenna has better performance
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than the type I antenna, while its profile is further reduced

to 0.15 Ag.

CONCLUSION

We presented a high gain and low profile MPA loaded with three
layer HRIMs. The performance of the antenna (type I antenna)

of SH <

is significantly improved due to the high refractive index of
the HRIM superstrate. To verify the excellent performance, we
fabricated a sample and measured its S;; parameter and gain.
The experimental results show that the impedance bandwidth
—10dB is 690 MHz, and the measured antenna
gain is higher than 8 dB in operation frequency band. At
the same time, the proposed antenna has low profile of
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0.194¢. To further reduce the profile of antenna, a type II
antenna was designed, in which the radiation patch of MPA is
surrounded by another patch array that is employed to adjust
the phase of reflection wave. Simulation and experimental results
demonstrate that the type II antenna has a better radiation
performance than the type I antenna while its profile is reduced
to 0.15A.
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