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Planar Multi Notch Band Antenna In-Band Gain Enhanced
by Epsilon-Near-Zero Non-Absorptive Metasurface
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Abstract—This paper presents the design, fabrication, and characterization of a novel single layer non-
absorbing metasurface with a broadband epsilon near zero (ENZ) property and its application in-band
gain enhancement of triple notch band ultra-wideband (UWB) antenna. The proposed metasurface is
made up of non-resonant metamaterial unit cells consisting of half ring slots in a circular patch on an FR4
dielectric substrate. Metasurface with unit cells arranged in a 2× 2 lattice pattern is suspended 4mm
above the triple notch band antenna. The transmission and reflection properties of the metamaterial
unit cell are analysed and optimised to ensure the coherent transmission from the metasurface. The
non-absorbing property of the metasurface results in the minimal loss of electromagnetic waves. The
proposed antenna system with metasurface has a size of 28 × 28 × 7.2mm3. The measured results of
fabricated antenna are compared with the simulated ones and are in good match. The results show
that the gain of the antenna was enhanced by 1.3 dB, 2.8 dB, and 4 dB at 5GHz, 7GHz, and 9GHz,
respectively.

1. INTRODUCTION

The allocation of the UWB spectrum (3.1 to 10.6GHz) for commercial communication purposes by
the US Federal Communications Commission (FCC) in the year 2002 resulted in the increased demand
of notch band antennas to overcome the problem of in-band electromagnetic interference (EMI). The
most preferable designs presented for this purpose are printed antennas due to their low profile, planar
structure, light weight, and ease of fabrication [1, 2]. It is noticed that obtaining high gain in printed
notch band antennas is quite difficult. Array of antennas [3] is a technique commonly used for gain
enhancement, but it results in large antenna size, high cost, and complexity of feed network. Recent
methods like Fabry-Perot cavity antenna [4–7] and frequency selective surface (FSS) [8–11] can overcome
this complexity, but they do not provide broadband gain enhancement. The latest solution for obtaining
the broadband gain is to utilise artificial materials called metamaterials [12–15]. A periodic planar
arrangement of metamaterial unit cells called metasurface can control electromagnetic properties like
reflection, transmission, and absorption. Artificial intelligence and advanced materials are also being
explored for the gain enhancement of antennas [16, 17]. It is found that the planar metasurfaces with
metamaterial unit cells having near zero permeability and near zero permittivity help in increasing the
efficiency, bandwidth, and gain of antennas [18–20]. 3-D Metamaterial lenses have also been used for the
high gain and broadband performances by concentrating the radiated energy in the desired direction.
The bulky and multilayer complicated structure of 3-D metamaterial might be expensive; hence planar
structures are preferred [21, 22]. Single layer ENZ metasurfaces [23] are the new substitute to the bulky
lenses. The phase shifting concept proposed in [24, 25] also provides broadband gain enhancement.
All these broadband gain enhancement techniques can be utilized for multiband gain enhancement
too [26, 27].
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In this paper, a planar single layer metasurface is designed and applied to enhance the in-
band gain of a triple notch band UWB antenna. To achieve this in-band gain enhancement, a new
metamaterial unit cell with ENZ and non-absorptive property over a broad range of frequency is
designed. Metamaterial unit cells are arranged to design the metasurface and suspended above a triple
notch band antenna to get a coherent transmission and very low absorption loss. Metamaterial unit cell
design and analysis is explained in Section 2, followed by metasurface design and elaborated radiation
mechanism to enhance the antenna gain in Section 3. The simulated and experimental results of
proposed design are presented and discussed in Section 4. The proposed work is concluded in Section 5.

2. METAMATERIAL UNIT CELL DESIGN AND ANALYSIS

Unit cell of the proposed metamaterial consists of a circular patch of radius 4.5mm and two half
ring slots of outer radius 4mm and inner radius 3mm designed on an FR4 substrate of dimension
14mm × 14mm as shown in Fig. 1(a). The optimized values of design parameters are tabulated in
Table 1. Metamaterial unit cell analysis is done using ANSYS HFSS.

To get the reflection properties of metamaterial, periodic boundary condition (PBC) has been

(a)

(b) (c)

Figure 1. (a) Metamaterial unit cell design. (b) Unit cell analysis setup. (c) Magnitude and phase of
reflection and transmission coefficient.

Table 1. Optimized values of parameters of unit cell.

Parameters R1 R2 R3 L1 L2 G

values (mm) 4.5 4 3 14 14 1
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applied to unit cell. Perfect electric conductor (PEC) and perfect magnetic conductor (PMC) boundary
conditions are applied along the X- and Y -axes, respectively, with the normal (Z-axis) incident field.
Simulation setup for unit cell is shown in Fig. 1(b). After simulation we get reflection and transmission
parameters as shown in Fig. 1(c). It is clear from the plots that unit cell does not resonate in UWB
frequency region, and it has small and steady variation in phase of reflection over a wide range of
frequency. Cutting two half ring slots in the circular patch changes the overall impedance and resonance
properties of the structure by adding additional capacitance and inductance. Various models have been
presented in literature to predict the behaviour of the metamaterial unit cells [22, 28–30]. The field
distribution within the patch structure also gets modified, and it leads to changes in the effective
permittivity permeability of the unit cell. With the simulated scattering parameters from metamaterial
unit cell, the effective dielectric parameters are calculated [31] and plotted in MATLAB as shown in
Fig. 2. Permittivity (ϵ) and permeability (µ) can be calculated as Eq. (1).

ϵ =
n

z
and µ = nz (1)

where n is refractive index, and z is the wave impedance. These parameters are calculated using
S-parameter presented in Fig. 1(c), as Eq. (2) and Eq. (3).

z = ±

√
(1 + r2)− t2

(1− r2)− t2
(2)

n =

cos−1

(
1

2t

[
1− (r2 − t2)

])
kd

 (3)
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Figure 2. Real and imaginary part of effective, (a) permittivity and (b) permeability, (c) refractive
index, (d) the reflectivity (R) and transmissivity (T ) and absorptivity (A) curves.
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where r is the reflection coefficient, t the transmission coefficient, k the wave number, and d the thickness
of the metasurface slab.

The permittivity curve plotted in Fig. 2(a) validates that there is no resonance in UWB frequency
region as the real part of permittivity monotonically decreases and becomes almost zero. Permeability
curve plotted in Fig. 2(b) shows very low values for real and imaginary parts which indicate a weak
dispersive magnetic loss. Hence, we get control over effective parameters for whole UWB frequency
range by working in non-resonant region. Real and imaginary parts of refractive index are shown in
Fig. 2(c). The imaginary part of refractive index is responsible for the attenuation of electromagnetic
wave (EM) passing through the medium. Positive value of imaginary part of refractive index indicates
loss. We get either near zero or negative value for the whole range. It means that the EM wave passes
through the metamaterial without loss where the imaginary part of refractive index is near zero and
gets amplified for a negative value. The reflectivity (R) and transmissivity (T ) are given by Eq. (4) and
Eq. (5), respectively [32]. Absorptivity (A) is calculated by Eq. (6), and curves are plotted in Fig. 2(d).
We get an ultra-wideband non-absorptive property for the proposed metamaterial unit cell. Hence,
the proposed metamaterial with ENZ property ensures very low loss and also contributes to EM wave
amplification.

R = |r|2 (4)

T = |t|2 (5)

A = 1− (R+ T ) (6)

3. METASURFACE DESIGN AND IMPLEMENTATION IN ANTENNA GAIN
ENHANCEMENT

The reference antenna used in this work is a planar UWB antenna with triple band notch characteristics
for EMI reduction for WiMAX (3.5GHz), WLAN (5.5GHz), and X-band satellite down-link frequency
(7.5GHz) which occupy frequency bands within the designated UWB bandwidth [1]. The antenna
is designed with a half-circular radiating patch having a radius of 14mm on an FR4 substrate of
28mm × 28mm dimension to match the size of the metasurface. Antenna design with optimized
parameters is shown in Fig. 3. The optimized value of the parameters of the antenna is tabulated
in Table 2. A metasurface of 28mm× 28mm is designed and fabricated on an FR4 (dielectric constant

Figure 3. Reference antenna: Front and back view of antenna design.

Table 2. Optimized values of parameters of triple notch band UWB antenna.

Parameters L1 L2 L3 P Q g1 g2 D1 D2 D3 W1 W2

values (mm) 28 28 11.5 22 1.75 0.25 1.5 16.5 4 7.5 3 5
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Figure 4. (a) Metasurface design consisting 2 × 2 unit cells and (b) simulated structure with feed,
metasurface and antenna (d = 4mm).

4.4) substrate with the thickness of 1.6mm. It consists of a 2 × 2 array of the proposed metamaterial
unit cell as shown in Fig. 4(a). The metasurface is placed at a distance of 4mm above the antenna for
gain enhancement as shown in Fig. 4(b). 2×2 arrangement of the unit cells is best suited for keeping the
size of the metasurface the same as the size of the antenna. The presented unit cell possesses a unique
transmission property that can be used if it is placed above the antenna in the direction of maximum
radiation of antenna.

Antenna radiation mechanism with metasurface is shown in Fig. 5(a). Electromagnetic wave
radiated from source antenna hits the metasurface. Transmission and reflection phenomena occur
as some portion of the radiated wave passes through the metasurface, and some gets reflected back
and remains getting absorbed. Since the absorptivity of the proposed metamaterial is very low for
the desired UWB frequency region, the entire radiation phenomenon is controlled mainly by reflected
and transmitted EM waves. Also, the non-absorptive property helps to keep the absorption loss very
low. The reflected wave from metasurface hits the antenna patch or ground and bounces back to the
metasurface. To get enhanced gain of antenna, all the waves passing through the metasurface should be
coherent. Phase difference (ϕ) between the direct transmission and transmission after one reflection is
calculated by Eq. (7), and the air gap between the antenna and metasurface is optimized for coherent
transmission.

ϕ = θ + 180◦ + 2 · βd (7)

In the above setup, the total phase change is the summation of angle of reflection from unit cell (θ),
phase change due to air gap between the antenna and metasurface (βd), and reflection from ground plane
(180◦). Unit cell of the metamaterial is analysed by applying the boundary conditions for periodicity.
There is coherent emergence of EM wave from the metasurface at d = 4mm as the total phase difference

(a) (b)

Figure 5. (a) Antenna radiation mechanism with metasurface (d = 4mm). (b) Phase difference
analysis of EM wave emerging from metasurface.
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is varied from 300◦ to 400◦ (very near 360◦) for the whole range of UWB (3.1–10.6GHz) as plotted in
Fig. 5(b).

4. RESULTS AND DISCUSSION

The entire antenna structure consisting of the feed, metasurface, and antenna, as shown in Fig. 3 with
radiation boundary is simulated with ANSYS HFSS software. Finite element method (FEM) in HFSS
solver is used for simulating the antenna structure with and without metasurface. The distance between
antenna and metasurface is optimized and fixed as d = 4mm. Antenna prototype is fabricated with
photolithographic process. Choosing FR4 material as the substrate of antenna reduces the cost of the
fabrication. Front and back views of the fabricated prototype of antenna are presented in Fig. 6(a) and
Fig. 6(b). The printed prototype of metasurface was aligned and secured above the printed antenna
with the help of double sided tape. Fig. 6(c) shows the setup for measurement inside the anechoic
chamber. A horn antenna with UWB radiation property is used as the reference antenna and is kept at
far field distance in the line of sight of test antenna. Simulated and measured return losses for antenna
without and with metasurface are compared in Fig. 7(a) and Fig. 7(b), respectively. The triple notch
band property of antenna for WiMAX (3.5GHz), WLAN (5.5GHz), and X-band satellite down-link
frequency (7.5GHz) does not get disturbed except small frequency shifts due to metasurface. Measured
return loss is in good match with simulated result.

(a)

(b) (c)

Figure 6. (a) Front view and (b) back view of fabricated prototype of antenna, (c) anechoic chamber
setup for measurement.

Simulated gains for antenna with and without metasurface are plotted in Fig. 7(c). Gain
enhancement of 1.3 dB, 2.8 dB, and 4 dB is achieved at 5GHz, 7GHz, and 9GHz, respectively. Maximum
gain enhancement is 4 dB at 9GHz. Measured gains for antenna with and without metasurface are
plotted in Fig. 7(d). Measured results give gain enhancement of 1.8 dB for 5GHz, 3 dB for 7GHz,
and 3.9 dB for 9GHz. The minor discrepancies between the simulated and measured results can be
minimized by reducing fabrication imperfections and rectifying antenna placement, calibration, and
measurement equipment limitations. E-plane and H-plane radiation patterns of the antenna with
and without metasurface at 6.5GHz are plotted in Fig. 8(a) and Fig. 8(b). It can be noticed that
the application of metasurface results in reduced back radiation and increased front radiation which
improves the gain of the antenna. Hence, shaping of antenna radiation pattern is done using the
proposed metasurface. Radiation efficiencies of antenna with and without metasurface are compared
in Fig. 9. Radiation efficiency of more than 80% is achieved for radiating bands. The comparison of
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Figure 7. Comparison of (a) simulated and measured return loss with metasurface, (b) simulated and
measured return loss without metasurface, (c) simulated gain, (d) measured gain.

(a) (b)

Figure 8. 2-D radiation pattern of antenna with and without metasurface for (a) E-plane and (b)
H-plane at 6.5GHz.

proposed work with recent works for gain enhancement in Table 3 shows that the proposed antenna
system is compact in size and gives triple band notch property with significant enhancement in gain.
As the gain of the antenna is still low at lower frequency range, this work gives the future scope of
further improving the gain of the antenna in the lower frequency bands. The proposed antenna system
has good futuristic application possibilities in internet of things and energy harvesting.
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Figure 9. Radiation efficiency of antenna with and without metasurface.

Table 3. Comparison of proposed work with existing works.

Ref. no.
Material used

(ϵr)

Antenna size

(mm3)

Freq.

(GHz)

Max. gain

enhancement (dB)

Ref. [7] 4.4 20× 20× 0.8 3.7–11 3

Ref. [18] 2.2 50× 75× 10 5.5–7.8 5–6.5

Ref. [24] 4.4 π(89)2 × 68.7 5.8 4.76

Ref. [26] 4.4 55× 55× 1.6 2.5 3.69

Ref. [27] 4.4 64× 64× 4.9 3.3, 5.9, 9 2.39, 3, 3.58

This work 4.4 28× 28× 7.2 5, 7, 9 1.3, 2.8, 4

5. CONCLUSION

A novel metamaterial with unique ENZ material properties for a broadband frequency range is designed,
and its application for antenna gain enhancement is successfully demonstrated in this paper. The unit
cell of metamaterial consists of a circular patch with two half ring slots, and it is designed on a low cost
FR4 substrate. Periodic boundary conditions are applied to unit cell analysis in HFSS. Reflection and
transmission properties are analysed, and dielectric material properties are also extracted. The proposed
metamaterial shows Epsilon near zero property and non-absorptive nature for UWB range of frequency.
A compact single layer metasurface is designed with arranging four unit cells in a plane, and it is placed
above a reference triple band notch UWB antenna at a appropriate gap to produce coherent radiation
from the setup. Electromagnetic waves passing through the metasurface gets amplified due to the epsilon
near zero and negative refractive index of the metamaterial. The non-absorptive nature of metamaterial
ensures low loss of electromagnetic wave inside the material. Significant antenna gain enhancement is
achieved for the radiation bands of the triple notch band UWB antenna. Radiation characteristics of
antenna with and without metasurface have been simulated and verified with measurement.
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