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A planar wideband zero-index metamaterial (ZIM) based on mesh grid structure is studied. It is demonstrated that the real part of
the index approaches zero at the wideband covering from 9.9GHz to 11.4GHz. Two conventional patch antennas whose operating
frequencies are both in the range of zero-index frequencies are designed and fabricated. And then, the ZIM is placed in the
presence of the conventional patch antennas to form the proposed antennas. The distance between the antenna and the ZIM cover
is investigated. Antenna performances are studied with simulations and measurements. The results show that the more directional
and higher gain patch antennas can be obtained. The measured results are in good agreement with the simulations. Compared to
the conventional patch antenna without the ZIM, it is shown that the beamwidth of antenna with the ZIM cover becomes more
convergent and the gain is much higher.

1. Introduction

In recent years, artificial electromagnetic metamaterials have
attracted growing interests. Based on the effective medium
theory, electromagnetic metamaterials can be characterized
by electric permittivity and magnetic permeability. Pendry
realized the artificially electric plasma using a metallic wire
whose permittivity is negative [1]. And then, Pendry dis-
covered the artificially magnetic plasma whose permeability
is negative [2]. Metamaterials open a door to realize all
possible material properties by designing different cellular
architectures and using different substrate materials [3–6].
Among the various, unusual material parameters provided
by metamaterials, zero permittivity/permeability/index is
a singular material parameter, which can lead to many
interesting phenomena and applications [7–22]. Jiang et al.
[7] and Jin and He [8] demonstrated that effective zero
index metamaterial (ZIM) can enhance uniform fields. Sil-
veirinha et al. [9–12] proposed that the electromagnetic wave
can tunnel through a zero electric permittivity metamaterial.
Nguyen et al. [13] and Hao et al. [14] investigated that ZIM
with defects can realize the total transmission or reflection of

the impinging electromagnetic wave. Therefore, ZIM struc-
ture can offer advances in shielding or cloaking technologies
without restricting the object’s viewpoint.

Recent studies show that ZIM may have paved a new
way for designing novel high-gain antennas due to its unique
properties. Based on Snell’s law, it is considered an incident
ray on an interface of the ZIM with grazing incidence that
comes from a source inside ZIM. A near-zero index ray in
the media will be refracted in a direction that is very close
to the normal. The lower the optical index is, the closer the
normal direction is. Enoch et al. [15] is the first to realize high
directive radiation by employingmonopole source embedded
in ZIM, thus confining the radiated energy to a small solid
angle. After the work of Enoch,Wu et al. [16] proposed a left-
handed metamaterial as a substrate for designing directional
radiation.Through the control of the structure’s geometry, the
zero index frequency can be tuned to the desired specification
to produce directional emission. In addition, other works
about directive radiations employing ZIM were also studied
[17–19]. However, in the previous references, the directive
antennas based on ZIM operate at a single frequency or
a narrowband frequency.
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Inspired by Enoch, in this paper, a planar wideband ZIM
is fabricated firstly. The resonant electromagnetic properties
present in the bandwidth of the planar ZIM can be up to
1.5 GHz. And then, two high-gain patch antennas (narrow-
band patch antenna and wideband patch antenna) based on
the ZIM cover are studied. The antennas’ performances are
studied with simulations and measurements. It is demon-
strated that gain and directivity of the proposed antennas can
be improved at the wideband frequencies compared to the
conventional patch antennas without the ZIM. In addition,
the electric field distributions are presented for explaining
physically the improvement of antenna performance. A
simple method for achieving a wideband high-gain patch
antenna is provided in the present work.

2. Zero Index Metamaterial

2.1. ZIM Design Principle. Pendry discovered that electro-
magnetic behaviors of arrays of periodical wires are similar
to those of metal [1]. Plasma is a system composed of a
large number of charged particles, which shows neutral. The
effective permittivity can be expressed as

𝜀 (𝜔) = 1 −

𝜔
2

𝑝
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2
,
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where 𝑟 is the radius of the wires, 𝑎 is the lattice constant,
and 𝑐
0
is the speed of light in the free space. From (3), the

plasma frequency𝜔
𝑝
can be lowered by optimizing the lattice

constant 𝑎 and the radius 𝑟 of the wires. It can be concluded
that the permittivity is negative when the frequency is below
the plasma frequency.

Based on Pendry’s thought, we design the mesh grid
structure whose plasma frequency can be in the microwave
band by optimizing the parameters of the mesh grid struc-
ture. When operating at the plasma frequency, the effective
permittivity is zero, and hence it yields a zero index.

2.2. Fabrication and Experiment. Figure 1 shows the planar
ZIM consisting of arrays of mesh grid on each side of

the substrate with the thickness of 1.5mm and the effective
dielectric constant 𝜀

𝑟
of 2.65 (𝑡𝑔𝜃 = 0.009). The design idea

is inspired by [15]. However, in the present paper, we utilize
single-layer microstrip technology for realizing the planar
ZIM. Geometrical dimension of the unit cell presented in
Figure 1(a) are line width 𝑤 and lattice constant 𝑙. Zero index
frequency can be controlled by constructing the parameters𝑤
and 𝑙. In the present paper, the simulations were employed by
using German commercial software package CSTMicrowave
Studio on the basis of the finite integration method. Electro-
magnetic resonant behaviors of the planar ZIM for different
parameters 𝑤 and 𝑙 are studied. Figure 2 shows the resonant
behaviors for𝑤 = 0.2mm, 0.4mm, 06mm, and 0.8mmwith
constant 𝑙 = 14mm. Figures 2(a) and 2(b) show the trans-
mission spectrums and reflection spectrums. The calculated
permeability, permittivity, and index by using 𝑆-parameters
retrieval method [23] are presented in Figures 2(c), 2(d),
2(e), 2(f), 2(g), and 2(h). It is presented that the cutoff near-
zero index is 9.9GHz, 10.9GHz, 11.7 GHz, and 12.39GHz
corresponding to 𝑤 = 0.2mm, 0.4mm, 06mm, and 0.8mm.
The near-zero index shifts the higher frequency with the
increase of the parameter 𝑤. Meanwhile, the results show
that the imaginary parts of the permeability, permittivity, and
index are all small at the near-zero index.The electromagnetic
behaviors of the planar ZIM versus the parameter 𝑙 are also
investigated. The study shows that the near-zero index shifts
the lower frequency with the increase of 𝑙 (not shown here).

The planar ZIM structure was fabricated by using a
shadow mask/etching technique in this paper. The geomet-
rical dimensions of the unit cell are chosen as follows: line
width𝑤 = 0.6mm and lattice constant 𝑙 = 14mm. Deposited
copper thickness is 35 𝜇m.The fabricated planar ZIM sample
is shown in Figure 1(b). The experiments composed of two
standard horn antennas (8.2–12.4GHz) were carried out
with an AV3618 network analyzer (50MHz–20GHz) in an
anechoic chamber. The measured refractive index is shown
in Figure 2(g), where the real part of the index is near-zero at
the wideband frequencies.

3. High-Gain Patch Antennas with
the ZIM Cover

3.1. Antennas’ Design and Fabrication. Based on the wide-
band zero index, besides a conventional narrowband patch
antenna, a wideband patch antenna has also been designed
and fabricated. Antennas’ design is employed by CST
Microwave Studio and the fabrication is by using a shadow
mask/etching technique on the 1.5mm thickness substrate
with an effective dielectric constant 𝜀

𝑟
of 2.65 (𝑡𝑔𝜃 = 0.009).

The dimension of the radiation patch is 9.7mm× 7.8mm.
The ground plane size and substrate size are both
56mm× 56mm. A 50Ω coaxial probe which is used to
feed the antenna was situated at the centre of a rectangular
patch along the 𝑦-axis, and 2.3mm away from the 𝑥-axis in
the cartesian coordinate.The fabricated narrowband antenna
sample is shown in Figure 3(a). The simulated and measured
antenna reflections are presented in Figure 3(c). It shows
that the simulated −10 dB bandwidth is 0.846GHz covering
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Figure 1: Zero index metamaterial, (a) the unit cell and (b) the sample.
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Figure 2: Continued.
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Figure 2: The results for 𝑤 = 0.2mm, 0.4mm, 0.6mm, and 0.8mm with 𝑙 = 14mm, (a) the simulated transmission spectrums, (b) the
simulated reflection spectrums, (c) the simulated real parts of the permeability, (d) the simulated imaginary parts of the permeability, (e) the
simulated real parts of the permittivity, (f) the simulated imaginary parts of the permittivity, (g) the simulated and measured real parts of the
index, and (h) the simulated imaginary parts of the index.

from 9.914GHz to 10.76GHz, with the relative bandwidth of
8.184%. Whereas the measured −10 dB bandwidth is 0.8GHz
covering from 10.14GHz to 10.94GHz, with the relative
bandwidth of 7.6%. The measured frequency is slightly
higher than the simulated one. This discrepancy may be due
to the fabrication tolerance and the substrate material where
the actual dielectric constant is a little different from the
value used in the simulations.

In order to broaden antenna bandwidth, four parasitic
patches [24] with the dimension of 2.3mm× 7.8mm sur-
rounded by the radiation patch are added. The wideband

patch antenna prototype is shown in Figure 3(b). The
simulated −10 dB bandwidth is 1.212GHz covering from
9.884GHz to 11.096GHz, with the relative bandwidth of
11.55%. Whereas the measured −10 dB bandwidth is 1.2 GHz
covering from 10.05GHz to 11.25GHz, with the relative
bandwidth of 11.3%. The antenna bandwidth is wider by
0.4GHz than that of the narrowband patch antenna. The
operation frequency of the wideband antenna is still in the
range of zero index of the ZIM.

The prototype of the proposed antenna with the
ZIM cover is shown in Figure 4. It is demonstrated that
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Figure 3:The conventional patch antennas, (a) the prototype of the conventional narrowband antenna, (b) the prototype of the conventional
wideband antenna, and (c) the reflection coefficients.
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Figure 4: The prototype of the proposed wideband antenna with the ZIM cover, (a) the setup for the numerical simulations and (b) the
proposed antenna sample.
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Figure 5: The performance of the proposed narrowband antenna with the ZIM cover for different distances ℎ, (a) the reflection coefficients
and (b) the antenna gains.
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Figure 6:The performance of the proposed wideband antenna with the ZIM cover for different distances ℎ, (a) the reflection coefficients and
(b) the antenna gains.

the distance ℎ between the patch antenna and ZIM cover
influences the antenna performances. Figure 5 gives the
simulated performances of the narrowband patch antenna
with the ZIM cover, which presents the optimum distance
ℎ = 9mm. The average gain of the narrowband antenna
with the ZIM is 10.17 dB at the working frequencies, and the
peak gain can be up to 10.59 dB at 10.5 GHz. Figure 6 gives
the simulated performances of the wideband antenna with
the ZIM cover. The optimum distance is also ℎ = 9mm.
The average gain of the proposed wideband antenna with

ZIM is 10.9 dB at the working frequencies, and the peak gain
is 11.6 dB at 10.9GHz. Therefore, in the present paper, we
fabricate the antenna samples with the optimum distance
ℎ = 9mm. In addition, the number of the ZIM layers versus
antenna performances is also investigated. The antenna
performances are listed in Table 1. The results show that the
antenna gain is improved with the increase of the ZIM layers.
When one layer ZIM is placed above the conventional patch
antenna, antenna beamwidth is convergent and the gain is
improved greatly. When two layers ZIM or muchmore layers
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Figure 7: The performances of the proposed narrowband antenna with the ZIM cover, (a) the reflection coefficients and (b) the radiation
patterns.
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Figure 8: The measured radiation patterns for the conventional narrowband antenna and the antenna with the ZIM cover.

ZIM are utilized, antenna gain is improved slowly. When the
ZIM cover is increased to seven layers, the antenna gain is
almost stable. In order to design the antenna with compact
volume and improved gain, the antenna based on one layer
ZIM with the optimum distance ℎ = 9mm is fabricated in
the present paper.

3.2. Performances of the Narrowband Patch Antenna with
the ZIM Cover. Figure 7 presents the performances of the
proposed narrowband high-gain antenna. The simulated
and measured antenna reflection coefficients are shown
in Figure 7(a), where the simulated −10 dB bandwidth is

0.71 GHz covering from 9.98GHz to 10.69GHz and the
measured −10 dB bandwidth is 0.63GHz covering from
10.26GHz to 10.89GHz. The proposed antenna radiation
patterns are shown in Figure 7(b). It shows that the simulated
half-power beamwidth (HPBW) in the 𝐸 plane and 𝐻 plane
are 45∘ and 51∘, respectively. The measured HPBW in the 𝐸
plane and𝐻 plane are 41∘ and 49∘, respectively.The simulated
gain is 10.48 dB and the measured one by using the gain
comparison method is 10.6 dB. The simulated and measured
aperture efficiencies are 24% and 23.7%, respectively. The
measured results are in good agreement with the simulated
ones.
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Figure 9:The comparative gains of the conventional narrowband antenna and the proposed antenna, (a) simulations and (b) measurements.
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Figure 10: The performances of the proposed wideband antenna with the ZIM cover, (a) the reflection coefficients and (b) the radiation
patterns.

To demonstrate the ZIM cover for improving antenna
performance, the comparative radiation patterns between the
conventional patch antenna and the proposed antenna are
presented in Figure 8. It shows that the measured HPBW in
the 𝐸 plane is reduced by 42∘, and HPBW in the 𝐻 plane is
reduced by 15∘ compared to the conventional patch antenna
without the ZIM. The side lobe is reduced and the forward
radiation is enhanced. As a result, the gain is improved. The
comparative gains are shows in Figure 9, which presents that
the measured average gain is improved by 4.23 dB compared
to the conventional antenna without the ZIM.

3.3. Performances of the Wideband Patch Antenna with the
ZIM Cover. Figure 10 presents the performances of the
proposed wideband antenna. The simulated and measured
antenna reflection coefficients are shown in Figure 10(a),
where the simulated −10 dB bandwidth is 1.192GHz cover-
ing from 9.908GHz to 11.1 GHz and the measured −10 dB
bandwidth is 1.18 GHz covering from 10.14GHz to 11.32GHz.
The proposed antenna radiation patterns are shown in
Figure 10(b). It shows that the simulated HPBW in the 𝐸
plane and 𝐻 plane are 36.4∘ and 37.2∘, respectively. The
measured HPBW in the 𝐸 plane and 𝐻 plane are 38∘ and
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Figure 11: The measured radiation patterns for the conventional wideband antenna and the proposed antenna at the frequencies of (a)
10.15 GHz, (b) 10.6GHz, (c) 10.8GHz, and (d) 11.3 GHz.
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Figure 12: The comparative gains of the conventional wideband antenna and the proposed antenna, (a) simulations and (b) measurements.
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Figure 13: The comparative electric field magnitude distributions of the antennas, (a) 10GHz and (b) 11.1 GHz.

Table 1: The performances of the antenna based on the different
ZIM layers.

Antennas Parameters
HPBW (𝜃

𝐸
) HPBW (𝜃

𝐻
) Gain (dB)

Patch antenna without ZIM 106∘ 90∘ 6.643
Antenna with 1 layer ZIM 45∘ 51∘ 10.33
Antenna with 2 layers ZIM 35∘ 40∘ 10.8
Antenna with 3 layers ZIM 31∘ 36∘ 11.3
Antenna with 4 layers ZIM 28∘ 32∘ 12.4
Antenna with 5 layers ZIM 26∘ 28∘ 13.0
Antenna with 6 layers ZIM 23∘ 24∘ 13.7
Antenna with 7 layers ZIM 20∘ 20∘ 13.9

43∘, respectively. The simulated gain is 11.63 dB and the
measured one is 11.3 dB at the center frequency.The simulated
and measured aperture efficiencies are 30.4% and 28.7%,
respectively.

The comparative antenna radiation patterns between the
conventional wideband patch antenna and the proposed
antenna are presented in Figure 11. The radiation patterns
at the frequencies of 10.15 GHz, 10.6GHz, 10.8GHz, and
11.3 GHz are all given in order to demonstrate that the antenna
performs good performances at the wideband frequencies.
It shows that HPBW in the 𝐸 plane is reduced by 49∘
and HPBW in the 𝐻 plane is reduced by 22∘ compared
to the conventional wideband patch antenna without the
ZIM cover. The comparative gains are presented in Figure 12,
which shows that the measured average gain is improved
by 4.37 dB compared to the conventional wideband antenna
without the ZIM cover.

3.4. Discussion. In order to explore physically the improve-
ment of antenna performance, simulated electric field dis-
tributions for the conventional wideband antenna and the
antenna with the ZIM cover at the lower frequency (10GHz)
and the upper frequency (11.1 GHz) are given in Figure 13.
The electromagnetic wave front presents a spherical wave for
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the conventional antenna without the ZIM cover at these two
frequencies. However, the electromagnetic wave front shows
a plane wave for the antenna with the ZIM cover. The planar
ZIM cover plays a role in controlling the electromagnetic
wave propagation direction, changing the spherical wave
radiated by the conventional antenna to the plane wave. In
the far-field view, the sideward radiation will be reduced, and
forward radiation can be enhanced in the radiation patterns.
As a result, a more directional and higher gain antenna can
be obtained. The similar electric field distributions can be
obtained for the conventional narrowband antenna and the
antenna with the ZIM cover.

It is known that the propagation phase can be defined as
Δ𝜙 = 𝑛𝑘

0
𝑑 when the electromagnetic wave transmits the

distance 𝑑 in the medium. For the ZIM, the index is zero.
Therefore, propagation phase is independent of propagation
distance. It is expected that the propagation phase is the
same at the interface between the medium and the free space
whenever excitation of radiation source in the ZIM is the
spherical wave or the plane wave. Hence, the form of the
electromagnetic wave front depends on the curvature of the
emergent surface when the electromagnetic wave transmits
through the ZIM. In this paper, the planar ZIM can be
employed for changing the spherical wave radiated by the
conventional antenna to the plane wave. As a result, the
directivity and gain of the antenna with the ZIM cover can
be enhanced.

In the present paper, the high-gain patch antennas based
on the ZIM cover are proposed. The planar ZIM structure
in our paper is fabricated by using a single-layer shadow
mask/etching microstrip technology, resulting in the merits
of simple and planar structure, low profile, low weight,
compact size, and easy fabrication. In addition, compared
to the reported patch antennas [25, 26], our proposed
patch antenna has the compact volume and a much better
aperture efficiency. In summary, the proposed antenna has
the advantages of more compact volume, better gain, and
higher aperture efficiency. Hence, we provide a method to
solve some limitations (low gain, low radiation efficiency) of
the conventional patch antenna. It is regarded that using the
planar ZIM to improve the gain of the conventional patch
antenna is significant in this paper.

4. Conclusions

In this work, a wideband planar ZIM is investigated. Accord-
ing to the zero index, two high-gain patch antennas based
on the ZIM cover are designed and fabricated. The optimal
distance between the patch and the ZIM cover and the
number of the ZIM layers are demonstrated.The antenna per-
formances are studied with simulations and measurements.
The results show that the energy radiated by the ZIM cover
antennas becomes more concentrate. As a result, the more
directional and higher gain antennas are obtained. The aver-
age gain for the narrowband proposed antenna is improved
by 4.23 dB. Besides the narrowband antenna, the antenna
performance is improved at the wideband frequencies when
the ZIM cover is placed above the wideband patch antenna.

The average gain for the proposed wideband antenna is
improved by 4.37 dB as compared with the antenna without
the ZIM cover.

It is significant that the wideband high-gain planar patch
antenna based on the ZIM cover is realized. It is expected that
the proposed high-gain antenna can be applied in the fields of
high-rate data transmission, high-resolution radar systems,
and among other fields. In addition, the ZIM has the merits
of simple structure, compact size, andmost importantly it can
improve the antenna performances greatly at the wideband
frequency. Furthermore, the planar ZIM cover can also be
used with the other antennas such as monopoles, dipole
antennas, leak-wave antennas, and aperture antennas.
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