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Abstract− In this paper, a planar near-zero refractive index ma-
terial (NZRIM) consisting of an outer loop with four symmetrical
quarter-rings is proposed. The quarter-rings are connected to the
outer loop by two symmetrical microstrip lines on the opposite side.
The backside of the substrate has mutually central split microstrip
lines. By loading adjustable capacitor between the split in the
center of the backside of the substrate, the resonance frequencies of
the proposed NZRIM can be controlled and thus the epsilon-near-
zero (ENZ) frequency bands change correspondingly. According
to the specific frequency bands of its metamaterial characteristics,
the proposed NZRIM can be mounted above the surface of differ-
ent antennas with different operation bands for 5G applications.
Results show that the proposed NZRIM can enhance the forward
radiation gain of antennas.

Index Terms− NZRIM, ENZ, frequency reconfigurable, gain enhancement.

I. INTRODUCTION

The near-zero refractive index material (NZRIM) refers to a class of materials with a refractive index
close to or equal to zero [1]. Because the refractive index can be expressed as n =

√
εrµr, the NZRIM

can be broadly classified into two types: single-zero materials, where only εr or µr is close to zero,
and double-zero materials, where both εr and µr are close to zero. Single-zero materials can also be
subdivided into epsilon-near-zero (ENZ) media and mu-near-zero (MNZ) media. Besides, because the
special properties of this kind of material are determined by the structure of its constituent units rather
than the materials themselves, modifying the unit configuration can result in a near-zero refractive
index.

When an electromagnetic wave propagates with a specific angle from a near zero refractive index
material into the air, it is equivalent to being incident from a low refractive index material to a high
refractive index material. According to the Snell’s law, the electromagnetic wave’s angle of refraction
will decrease, causing the electromagnetic wave’s emission direction in the air to be deflected in the
direction normal to the intersection, resulting in the electromagnetic wave’s convergence [2].

Due to its superior physical features, the NZRIM has recently emerged as a key development field
in metamaterials, and it is widely used in disciplines such as electromagnetic wave control [3]–[5] and
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antenna gain enhancement [6], [7]. For example, the zero-index metamaterials (ZIMs) have been used
to improve the gain of many types of antennas [8]–[13].

In this work, a planar NZRIM based on ENZ element is designed, which presents epsilon-near-zero
(ENZ) characteristic at various frequency bands from 1GHz to 10GHz. The proposed design consists
of an outer loop and four symmetrical quarter-rings. The quarter-rings are connected to the outer loop
by two symmetrical microstrip lines on either side. On the backside of the substrate, there are split
mutually central microstrip lines. The resonance frequency of the proposed NZRIM can be controlled
by loading adjustable capacitor between the split in the center of the backside of the substrate, and
the ENZ frequency band will change correspondingly. According to the characteristics of near-zero
frequency reconfigurable of the material, it can be applied to different antennas with different operation
frequency bands to enhance its forward radiation gains.

II. CONFIGURATION AND RESULTS

The suggested NZRIM structure, as shown in Fig. 1, is printed on the Rogers 5880 substrate with
a thickness of 0.25mm and a relative permittivity of 2.2. It consists of a loop, which is located at the
outer edge of the design, and four symmetrical quarter-rings separated by two slots. Four vertical and
horizontal arms that are connected with the outer loop and the four separated quarter-rings. The other
end of the four vertical and horizontal arms are connected in the middle. The dimensions of the design
are given in Table I. As Fig. 1 (b) shows that there are split mutually central microstrip lines on the
backside of the substrate. Inductors or capacitors can be mounted on the split to change the resonance
properties of the device.

Fig. 1. The configuration of the NZRIM: (a) front view, (b) back view.

The relative permittivity and permeability, as well as the refractive index can be obtained from the
S-parameters of the material [14]. Fig. 2 (a) displays the relative permittivity εr and the refractive
index n of the proposed structure. It can be seen that the relative permittivity is close to zero in many
frequency bands. For most cases, the relative permeability of the material is equal to 1. According to
the relationship between the refractive index and the relative permittivity, it is clear that the refractive
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index of the structure should also be close to zero in the corresponding frequency band. Consequently,
the proposed structure has the properties of NZRIM.

TABLE I. DETAILED DIMENSIONS OF THE NZRIM (MM)

Parameters Values Parameters Values Parameters Values
Ro 25 L1 22 G1 2
Ri 23 L2 24 G2 2
Ro1 21 W1 2
Ri1 16 W2 2

As shown in Fig. 2 (b), the loading of capacitors with different capacitance will affect the material
features of the design to construct a frequency reconfigurable NZRIM. The frequency ranges with a
refractive index around zero can be adjusted accordingly. Unsurprisingly, the frequency reconfigurability
of the NZRIM can be simply acquired by altering the loading capacitor. Fig. 3 presents the relative
permittivity and permeability of the NZRIM element, which demonstrates that the proposed structure
exhibiting ENZ properties in very wide frequency ranges ( i.e., from 2GHz to 10GHz except a few
frequency points).

Fig. 2. The relative permittivity and the refractive index as well as the S11 response of the NZRIM with different
capacitances: (a) relative permittivity and the refractive index, (b) S11 response.

It should be highlighted that the optimum ENZ material is obtained when the loaded capacitance is
20pF as its permittivity is the most stable and closest to 0 among these cases. Furthermore, loading the
capacitance improves the singularity of the relative permeability, but the improvement of magnitude is
limited.

As shown in Fig. 1, the front side of the NZRIM is symmetrical, but there is only one microstrip
line used on the back side. Therefore, the setup style of the ports will affect the material property of
the proposed structure. For instance, in the process of investigation of the permittivity of the structure,
if the ports are set as parallel to the back split microstrip line or orthogonal to the back split microstrip
line. Fig. 4 shows the permittivity with 20pF load in two different cases, from which we can note that
the permittivity of the structure will not near to 0, but less than 0 at many frequencies with two large
ride points when the ports are orthogonal to the split microstrip line.
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Fig. 3. The relative permittivity and the permeability of the NZRIM with different capacitors: (a) C=0pF, (b) C=10pF, (c)
C=20pF, (d) C=30pF.

Fig. 4. The permittivity of the NZRIM with different setup of the ports.

III. GAIN ENHANCEMENT

From the boundary conditions, the normal component of the electric displacement vector on the
surface of the ideal medium satisfies the continuous condition. Then, the electric field intensity at the
interface between air and the NZRIM should satisfy ε0En0 = εrEnr, where ε0 is the permittivity of
the air, En0 is the normal component of the electric field in the air, εr is the relative permittivity of
the NZRIM, and Enr is the normal component of the electric field in the NZRIM. Since the proposed
NZRIM exhibits ENZ characteristics in frequency bands of interest and εr ≈ 0, then there should be
Enr≫En0. Furthermore, according to the Snell’s law: nisin(θi) = n0sin(θ0), when the electric field is
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emitted from the NZRIM into the air, i.e., ni ≈ 0 and n0 = 1, for any incident angle θi, there is θ0 ≈ 0.
This means that a source placed in a NZRIM will radiate electromagnetic waves perpendicular to the
surface of the NZRIM and maintain good directivity. This phenomenon known as the highly directional
radiation effect of the NZRIM [15]. The enhancement of antenna gain by NZRIM can be explained
both by the boundary conditions and the Snell’s law together. The field radiated by the antenna will
be amplified by the NZRIM, and then radiated out again after passing through the NZRIM, due to the
high directivity of the NZRIM, the forward gain of the antenna will be enhanced.

To evaluate the gain enhancement due to the proposed NZRIM, two patch antennas that work in
the sub-6GHz 5G bands are utilized. The first patch antenna resonates at 3.5GHz and the second one
resonates at 4.9GHz. The substrates are employed for the two patch antennas are the same with the used
for the NZRIM. Both antennas are feed by 50ohm matched microstrip line. The size of the radiation
patch is 27×35mm2 and 19.3×25mm2 respectively. Fig. 5 illustrates the setup of the suggested NZRIM
and the patch antenna. The NZRIM is placed at h=21.4mm and h=17mm (about λ/4 for 3.5GHz and
4.9GHz respectively) from the first and the second patch antenna’s front face respectively.

Fig. 5. The setup of the NZRIM with antenna and the prototype:(a) front view, (b) side view, (c) prototype.

Figures 6 and Fig. 7 show the S11, radiation patterns, and forward gain of the antennas with and
without the NZRIM. As can be seen from the Fig. 6 (a) and (b), the resonant frequency point of the
first patch antenna will increase when loaded with this NZRIM. The resonant point of the antenna
increases from 3.48GHz to 3.52GHz and the -10dB bandwidth of the antenna also increases. While the
resonant frequency point of the second patch antenna keeps unchanged when loaded with this NZRIM.
However, the bandwidth of the antenna increases significantly.

In addition, the forward gains of both antennas are enhanced and the radiation directivity of both
antennas is significantly improved after loading the NZRIM, as shown in Fig. 7. For instance, the first
antenna in the band ranges from 3.05GHz to 3.80GHz and the second antenna in the band ranges from
4.51GHz to 5.62GHz are improved after loading the NZRIM. The first antenna’s maximum forward
gain has been improved from 7.81dBi to 8.38dBi at 3.5GHz and the half-power beamwidth (HPBW) is
reduced nearly by 24% from 71.3 degrees to 54.2 degrees, which means that the radiation directionality
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of the antenna is significantly improved. While the second antenna’s maximum forward gain has been
improved from 7.65dBi to 8.51dBi at 4.9GHz corresponding to the HPBW is reduced more than 34%
from 78.2 degrees to 51.3 degrees.

Fig. 6. The S11 of the patch antenna with and without the NZRIM: (a) first antenna, (b) second antenna.

Fig. 7. The radiation patterns and forward gains of the patch antenna with and without the NZRIM: (a) radiation pattern of
the first antenna, (b) gains VS frequency of the first antenna,(c) radiation pattern of the second antenna, (d) gains VS

frequency of the second antenna.

The proposed NZRIM element can be used to construct an NZRIM array to be applied to improve
the gain of an antenna array as well. For example, for a 2×2 antenna array consisted of the first patch
antenna, the NZRIM element proposed in this work is placed directly above each antenna in the same
way as in Fig. 5. At a distance of 21.4mm, the maximum forward gain of the array antenna has been
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increased from 13.2dBi to 14.8dBi at 3.5GHz, while the HPBW has been decreased from 15.8 degrees
to 15.1 degrees.

IV. DISCUSSIONS AND MEASUREMENTS

The proposed structure given in Fig. 1 can be approximated as the equivalent circuit shown in Fig. 8.
The equivalent circuit can be divided into three parts: First, the surface metal structure can be equated
to four inductors and capacitors in parallel cells, with one capacitor connected in series between the
cells. Second, the back side microstrip line can be equated to a capacitor and inductor in parallel and
then in series with a capacitor. Third, the metal parts of the surface and back can be equated to a
capacitor in parallel with the above circuit. Finally, the additional external capacitor in the middle split
of the back side is also connected in parallel with the above circuit.

Fig. 8. Equivalent circuit of the proposed sturcture with loading capacitor.

The S11 of the first three parts of the equivalent circuit of the proposed structure is shown in Fig. 9
(a), and the S11 response of the whole equivalent circuit when loaded with different additional external
capacitors in the middle split of the back side is shown in Fig. 9 (b). From Fig. 9 (b), we can note
that the resonant properties can be controlled by changing the value of the additional capacitors of the
back side.

Fig. 9. The response of the S11 of the equivalent circuit: (a) S11 of the equivalent circuit, (b) S11 with different capacitors.

Figure 10 presents the E-fields in the substrate for loading different additional capacitors, while the
electric field distribution in the substrate can reflect the variation of the capacitance of the equivalent
circuit of the structure. From Fig. 10 , it can be seen that the electric field intensity increases and then
decreases with the increase of the loaded capacitance, and then increases again. When the value of the
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loading capacitor is 20pF, the electric field intensity in the substrate is the smallest, indicating that the
equivalent capacitance of the structure at this condition is the smallest.

Fig. 10. E-field distribution in the substrate with different capacitors: (a) C=0pF, (b) C=10pF, (c) C=20pF, (d) C=30pF.

The placement of the NZRIM also affects the gain of the antenna. As discussed before, since the
structure of the front side of this NZRIM is symmetrical, it is mainly the placement direction of the
microstrip lines with the split on the backside that affects the antenna gain. As can be seen from the
Fig. 11, the gain is enhanced when the microstrip line on the back of the NZRIM is parallel to the
antenna feed line.
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Fig. 11. Gains with different placement of the NZRIM.

As depicted in Fig. 12 (a), when this NZRIM is replaced with an air substrate, the structure also
exhibits ENZ characteristics in many frequency bands. After the medium is changed to air, the structure
is also placed 21.4mm in front of the first antenna. The effect on the forward gain of the antenna is
shown in Fig. 12 (b). As can be got from the Fig. 12, when the substrate is changed to air, the
relative permittivity of the structure is closer to zero in the higher frequency band, and also there is no
singularity in the band of interest. Furthermore, the antenna gain enhancement in the higher frequency
range is superior to the substrate-based structure.

The distance between the NZRIM and the front side of the antenna has an impact on the antenna
performances. Taking the first antenna as an example, the distance between the NZRIM and the antenna
front side is set to be λ/8, λ/4 , λ/2 and λ for 3.5GHz, namely about 10.7mm, 21.4mm, 42.8mm and
85.7mm, the detail responses of the antenna are given in Table II.

Fig. 12. The material characters and the gains of the patch antenna with the NZRIM with or without substrate: (a) material
characters, (b) gains.

As illustrated in Fig. 5, the proposed NZRIM and patch antenna were fabricated to evaluate the gain
enhancement capability of the NZRIM. The NZRIM was loaded with plastic screws at 21.4mm and
17mm high from the first and the second antenna front side. As displayed in Table III, the measured
resonant frequencies of the two antennas are 3.58GHz and 4.95GHz, respectively, and the gains at
3.5GHz of the two antennas are 7.32dBi and 7.64dBi, respectively.
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TABLE II. ANTENNA PERFORMANCES WITH THE NZRIM WITH DIFFERENT DISTANCES

Distance (mm) Resonate frequency (GHz) Gain at 3.5GHz (dBi) 3dB beam width (degree)
10.7 3.31 8.85 59.5
21.4 3.52 8.46 56.7
42.8 3.46 9.21 58.9
85.7 3.46 8.41 53.5

TABLE III. MEASURED RESULTS

First antenna Second antenna
With the NZRIM Without the NZRIM With the NZRIM Without the NZRIM

Resonate frequency (GHz) 3.58 3.53 4.95 4.91
Gain (dBi) 7.32 6.65 7.64 6.47

V. CONCLUSIONS

An NZRIM element is proposed in this paper to provide near zero relative permittivity in wide fre-
quency bands. Studies show that by loading different capacitors between the split on the back microstrip
line of the NZRIM, the frequency response of the NZRIM can be adjusted, the frequency bands with
the near-zero refractive index change correspondingly. This characteristic is also demonstrated by the
equivalent circuit model. Simulation results show that the relative permittivity of the structure stays
close to zero in most frequency bands from 1 to 10GHz when the loaded capacitance is 20pF. Two
antennas working at 5G bands are employed to validate its gain enhancement function. Results show
that the proposed NZRIM can improve the antenna maximum gain in the band ranging from 3.05GHz
to 3.80GHz, and in the band ranging from 4.51GHz to 5.62GHz. The proposed structure can also apply
for an antenna array to improve its radiation performances. Since the structure can keep the relative
permittivity close to zero in many frequency bands and its material characters can adjust by loading
different capacitor, the structure can be used in many frequency bands to improve the radiation gain
of the antenna element and antenna array.
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