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Abstract— The paper proposes a high gain, metamaterial based
super wideband (SWB) antenna. The SWB antenna has two
inverted U slots which are responsible for two notches at 3.5 GHz
and 5.5 GHz frequencies. A flower-shaped slot is etched from the
radiator to obtain the SWB characteristics. The super wideband
antenna has dimensions of 30×35 ×1.5 mm3 with FR4 substrate.
The antenna has a frequency bandwidth of 3.1 GHz - 15 GHz for
S11 < -10dB. A metamaterial unit cell is designed and simulated for
permittivity and permeability characteristics. This shows a negative
refractive index in the band of 2.4 GHz to 8 GHz and 8.2 GHz to 9
GHz. A 3×3 array of metamaterial cells is used as a superstrate for
the improvement of the gain characteristics. The fabricated
prototype SWB antenna with superstrate has measured frequency
bandwidth 3.1-15 GHz with notched bands at 3.5 GHz and 5.5 GHz.
The experimental and simulated results are in line with each other.

Index Terms— Gain, Metamaterial, Notched band, Super wideband antenna

I. INTRODUCTION
High data rate and wideband communication are gaining a ton of attention nowadays. The

frequency ranging from 3.1-10.6 GHz was allocated by the FCC for UWB communication in the year

2002[1]. The SWB (Super Wideband) antennas provide benefit of low complexity, less costly, low

interference, and high data rate [2]-[6]. Planar monopole antennas are designed to achieve these

characteristics.

Electromagnetic interference is a serious problem as there are many other band services that occupy

frequency bands within the ultrawideband bandwidth. The bands like WiMAX, WLAN, and ARN

have frequency bands within this bandwidth. The intrinsic filters are introduced in the antenna at the

desired service frequencies. There are several methods by which notching can be achieved, such as U-

shaped, I-shaped, C- shaped or H-shaped slots are created inside the radiator to reduce interference

[7]-[24]. Complementary Split Ring resonators (CSRR) are also used to dismiss the undesirable

frequency band.

Metamaterials are artificial electromagnetic materials which consist of periodically arranged

components. They have the property of negative permeability and permittivity. They are also called

double negative materials. This property depends completely on the structure of the metamaterial

[25]-[27]. In 1999, Smith discovered a new type of metamaterial which showed simultaneous negative

AHigh Gain Super Wideband Metamaterial
Based Antenna

Ishita Aggarwal , Sujata Pandey and Malay Ranjan Tripathy
Department of Electronics and Communication Engineering, Amity School of Engineering and Technology,

Amity University Uttar Pradesh, Uttar Pradesh, Noida, India
iaggarwal1988@gmail.com, spandey@amity.edu, mrtripathy@amity.edu

https://orcid.org/0000-0001-8725-0544
https://orcid.org/0000-0003-2669-8323
https://orcid.org/0000-0002-9940-953X


Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 20, No. 2, June 2021

Brazilian Microwave and Optoelectronics Society-SBMO received 7 Dec 2020; for review 28 Dec 2020; accepted 16 March 2021
Brazilian Society of Electromagnetism-SBMag © 2021 SBMO/SBMag ISSN 2179-1074

DOI: http://dx.doi.org/10.1590/2179-10742021v20i21147 249

permeability and permittivity. Over the last few years, metamaterial unit cells are embedded in

antenna design and it has resulted in improving the performance and efficiency of the antenna. The

metamaterial superstrate when mounted above the patch at a distance ranging from λ/4 to λ/2, there

has been an increment in the gain of antenna and radiation efficiency. A Volkswagen Logo based

design is created to give a UWB, miniaturization is achieved by loading metamaterial at the ground

[28]. An ultrawideband antenna with three notches has been reported which showed improved

characteristics using metamaterial [29]. Various metamaterial based structures like EBG and AMC,

are used to get the improvement in gain characteristics of the antenna [30]-[32].

A high gain, super wideband antenna integrated with metamaterial superstrate, having two notched

bands is proposed. Two inverted U-shaped slots are cut through the radiator on the upper side to

dismiss WiMax and WLAN, whose dimensions are half the guided wavelength. The dimensions and

positions are decided according to the required band notch filter. A novel I shaped split ring resonator

(Metamaterial unit cell) has been proposed. The S parameters of metamaterial are extracted by using

the equations presented in [26]. This superstrate layer is placed above the substrate at a distance of λ

/3 above the ground. The bandwidth of the antenna 3.1-15 GHz with a peak gain of 12 dB is obtained.

The antenna is novel in terms of the flower shaped slotted design and high gain efficient metamaterial,

as compared with other antennas designed in this range. Further the results of the simulated and

fabricated antenna are compared and are found in good cognizance.

II. ANTENNA THEORY AND DESIGN

A. Theoretical Background
A high gain, wide bandwidth antenna has been designed in this paper. The proposed antenna

comprises two parts: one is the SWB antenna and the other is the metamaterial superstrate. The Ray

tracing model of the metamaterial SWB antenna has been shown in Fig. 1.A single metamaterial

slab is placed above the antenna. The ground plane is placed beneath the antenna which does not

allow backward radiations to propagate. The ground plane and the superstrate are behaving as a

parallel plate capacitor. Multiple number of reflections occur between them. Resonance can be seen,

when radiated and reflected waves are in phase, after a single round trip. A phase shift is introduced

by the path length, total reflection on ground plane and by phase of reflection coefficient of partial

reflective surface (PRS). The power is given the following equation [33-35]

� = 1−�2
1 +�2 − 2�cos �1 +�2 − 4ᴨ� ℎ��� �2() (1)

Where, P is total power, R is the reflection coefficient, λ is the free-space wavelength, F() is

the radiation pattern of the primary antenna, h is the distance between the PRS and the ground plane

and Φ1 and Φ2 are the path differences.
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Fig. 1. Ray tracing model of proposed antenna.

The proposed metamaterial has a negative reflection phase, meets the condition of the resonance

cavity. Fig. 2 shows the phase diagram of S21 and S11 of the proposed unit cell. There is a multiple

reflection which occur inside the cavity leading to an increase in the gain at the direction of boresight

(=00).

� = 1−�2
1+�2 − 2�cos �1 +�2 − 4ᴨ� ℎ �2 0 (2)

when

cos �1 +�2 − 4ᴨ� ℎ (3)

The fabry-perot cavity resonance distance condition is given by:

ℎ = ��瑮⽳敄慪�慍桴慪慍敄 +��慪�瑮〼㈶ �4ᴨ±��2 (4)

The maximum power in direction of boresight angle =0 is given by

� = 1−�2(1 −�)2�2(0) (5)

��桴� = 1+�1−� ���〼 (6)
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Where, Φsupertsrate is the reflection phase of the metamaterial superstrate, ΦGround is the reflection phase

due to the ground plane, h is the distance between the ground plane and the metamaterial superstrate,

N is an integer value such as 1,2,3…., ᴨ = 3.14, λ is the wavelength of the designed antenna, t is the

thickness of the substrate, and d is the thickness of the superstrate, G is the boresight gain, and R is

the reflection coefficient. The antenna device with a metamaterial superstrate will achieve high

directivity and gain at the resonant distance h.

The maximum broadside gain in terms of efficiency is given by

� = 4ᴨ�02 �敄��.�� (7)

Where Aeff is the effective aperture size, G is the maximum gain, value of ᴨ is 3.14, Ef is the

radiation

efficiency, �0 is the wavelength of antenna.

Fig. 2. Phase diagram of metamaterial unit cell.

The design of the proposed metamaterial structure with the analysis is explained below.

B. Structure and Characteristics of Metamaterial unit cell
Metamaterials provide electromagnetic properties that aren’t available in nature, which can help in

boosting the gain of a microstrip antenna. The metamaterial unit cell works as a foundational block

for the antenna superstrate. The metal lines with a thickness of 0.035 mm are printed on a 1.5mm

thick FR4 substrate with relative permittivity of 4.4. Fig. 3 depicts the proposed I-shaped

metamaterial unit cell, simulation set up, and the equivalent structure. The dimensions of I shaped

split ring is 8 x 8 x 1.5 mm3.The I shaped structure and the outside loop produce inductance and the

gap between the loop produces capacitance. Table I shows the design specification of the unit cell

used here. The E field is uniformly applied in x direction, and the H field is uniformly applied in y

direction. The wave ports are applied across z direction. The direction of the wave is from +z
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direction to -z direction.

(a) (b)

(c)
Fig. 3. (a) Proposed geometry of unit cell, (b) Simulation of metamaterial unit cell, (c) Equivalent structure of metamaterial

unit cell.

TABLE I. OPTIMIZED DIMENSIONS OF METAMATERIAL

Parameters Dimensions Parameters Dimensions

Lsub 10 mm Wsub 10 mm

hsub 1.5 mm Copper height 0.035 mm

Gap 0.5 mm Wm 0.5 mm

W 8 mm L 8 mm

W1 4 mm g 0.5mm

Metal strip width 0.5 mm Lm 6mm

The magnitude and phase of the simulated Reflection and Transmission coefficients are displayed
in Fig. 4 (a) and Fig. 4 (b).
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(a)

(b)
Fig. 4. (a) Magnitude and Phase of the Reflection coefficient, (b) Magnitude and Phase of the Transmission coefficient.

The properties of metamaterial are extracted from simulated S11 and S21 using the Nicolson-Ross-

Weir (NRW) technique. The equations given below have been used to achieve the permeability,

permittivity, and refractive index of the unit cell using the following equations [26].

�11 = (1 −�2 )�1 −��2 (8)

�21 = (1 −�2 )�1 −�2�2 (9)

https://orcid.org/0000-0001-8725-0544
https://orcid.org/0000-0003-2669-8323
https://orcid.org/0000-0002-9940-953X


Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 20, No. 2, June 2021

Brazilian Microwave and Optoelectronics Society-SBMO received 7 Dec 2020; for review 28 Dec 2020; accepted 16 March 2021
Brazilian Society of Electromagnetism-SBMag © 2021 SBMO/SBMag ISSN 2179-1074

DOI: http://dx.doi.org/10.1590/2179-10742021v20i21147 254

� = 敄�⽳( − �( 2ᴨ�� ) ℰ慪�慪㈶ (10)

ℰ慪 = ��ᴨ�㈶ (1 − S21 − S11)(1 + S21 + S11) (11)

�慪 = ��ᴨ�㈶(1 − S21 + S11)(1 + S21 − S11) (12)

�慪 = ��ᴨ�㈶ (�21 − 1)2 −�112)1 + �212 −�112 (13)

S11 is the reflection coefficient, S21 is the transmission coefficient is the relative permeability, εr is

the relative permittivity, d is the thickness of the substrate, ηr is the relative refractive index and z is

the effective impedance, c is the speed of light, � is the reflection coefficient, value of ᴨ is 3.14, f is the

frequency.

Fig. 5 (a) and (b) show the permittivity and permeability of metamaterial unit cells in range 2-14

GHz. Fig. 5(c) shows negative refractive in frequency band of 2.4 GHz to 8 GHz and 8.2 GHz to 9

GHz. The permeability, permittivity, and refractive index are showing negative peaks. So, this

material can be called a metamaterial. A slab of the meta-unit cells boosts the gain of the SWB

antenna.

To find the significance of the design parameters, a parametric analysis is performed. Many

simulations were performed by varying the thickness of the metamaterial unit cell and by varying the

gap in the unit cell (i.e., split rings). This analysis helps in understanding the resonance frequency

mechanism and the design technique used. The proposed metamaterial unit cell’s parametric analysis

is carried out by adjusting the thickness of the unit cell. The reflection coefficient and transmission of

metamaterial are shown in Fig. 6(a) and 6(b) when the thickness of the metamaterial unit cell is varied

between 0.5 mm and 0.8mm. When the outer ring width is 0.5 mm, the resonance frequency is 8.2

GHz. At a width of 0.8mm, the resonance frequency is shifted to 9.2 GHz. This means that with the

increase in the width the resonance frequency shifts towards a higher frequency.

The curve of the reflection coefficient shifts towards the right i.e., towards higher frequency when

the width of metamaterial is increased. The resonance frequency decreases with a decrease in the

width of the metamaterial unit cell. The resonance frequency of the metamaterial unit cell can easily

be achieved by optimizing the width of the unit cell. The parametric analysis for the metamaterial is

done in which the gap of the split rings is varied from 0.1 to 0.5 mm.
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(a)

(b)

(c)
Fig. 5. (a) Relative Permeability vs Frequency, (b) Relative Permittivity vs Frequency ,(c) Refractive index vs Frequency.
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(a)

(b)
Fig. 6. (a) Magnitude of Reflection Coefficient, (b) Magnitude of Transmission Coefficient

The reflection coefficient and transmission coefficient are affected by increasing or decreasing the

gap between the split rings. Fig. 7(a) and 7(b) shows reflection coefficient and transmission

coefficient with variation in the capacitive Gap (g). With the increase in the gap, the resonance

frequency increases and vice-versa.
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(a)

(b)
Fig. 7. (a) Magnitude of Reflection Coefficient, (b. Magnitude of Transmission coefficient.

C. Design Methodology of Proposed Antenna
The proposed antenna design is discussed step by step in this section. The designed antenna has two

notches, with a rectangle-shaped radiating element. FR4 substrate is used as a base for printing

antenna having a dielectric constant of 4.3 loss tangent 0.02, and height 1.5 mm. The design

simulation is done using HFSS’13. The antenna has dimensions of 30 x 35 x 1.5 mm3. To get the

notches at desired frequencies, two different size U shaped slots are created in the radiator. The

Antenna gain increases when an array of metamaterial superstrate is loaded at the top of the radiator.

Fig. 8 shows the schematic diagram of the metamaterial based SWB along with its prototype. Table II

optimized parameters of the proposed antenna.
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(a) (b) (c)
Fig. 8. (a) SWB antenna, (b) Top view of Proposed antenna, (c) Prototype of Proposed antenna.

TABLE II. OPTIMIZED DIMENSIONS OF PROPOSED ANTENNA

Parameter Value

Lsubstrate 35 mm

Wsubstrate 30 mm

Lpatch 15 mm

Wpatch 14.5 mm

Wground 30 mm

Lground 12.5 mm

Lf 13.5 mm

Wf 2.85 mm

R1 3.6 mm

R2 3 mm

R3 2 mm

L 8 mm

W 8mm

d 4 mm

e 2 mm

For better understanding, the following sections explain how the proposed antenna is approached

from basic rectangular SWB antenna design to single band notch antenna to finally the double band

notch antenna. Post which the metamaterial superstrate is integrated with SWB antenna.
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C.1. Basic Rectangular SWB Antenna Design (Antenna 1)
The steps of designing the basic SWB antenna (Antenna 1) are shown in Fig. 9. Firstly, a

conventional rectangular patch of 15 x 14.5 mm2 is printed on the FR4 epoxy substrate. The substrate

dimensions are 30 x 35 mm2 with a thickness of 1.5 mm. In the second stage, circular slots are cut

from the edges of this patch of radius 2 mm to increase the bandwidth and for impedance matching.

This antenna has been loaded with a rectangular partial ground. The patch is fed by a 50-ohm

microstrip feedline. In the third stage, a novel flower shaped slot has been engraved in radiator to

elongate the current path giving resonance at many frequencies. The prototype is optimized using

HFSS ’13 to get the best results. Table III shows the antenna optimized parameters. Fig. 9(c) shows

the equivalent circuit diagram of the antenna. The values of the L1, L2, C1, and C2 can be found

using the following equations.

� = 0.002�[ ln 2��+ 慍' +0.5 + 0.2235 �+ 慍'� ] (14)

� = ��� �慪㈶ (15)

Where, L is the inductance, l is the length of the feedline/patch, w is the width line of the

feedline/patch, t’ is the thickness of the copper, A is the overlapping area between the plates, ε0 is the

permittivity in vacuum and εr is the relative permittivity of the substrate.

Fig. 10 displays the surface current distribution of the antenna 1 at 3.8 GHz, 6.4 GHz,8.8 GHz, and

10.4 GHz. At 3.8GHz, the current concentration is more towards the center of the patch and the

feedline. At 6.4 GHz, the current is concentrated more towards the feedline, ground and lower edge of

the patch. At 8.8 GHz and 10.4 GHz, the current is focused towards the feedline and the ground.
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TABLE III. OPTIMIZED DIMENSIONS OF PROPOSED ANTENNA 1

Parameter Value

Lsubstrate 35 mm

Wsubstrate 30 mm

Lpatch 15 mm

Wpatch 14.5 mm

Wground 30 mm

Lground 12.5 mm

Lf 13.5 mm

Wf 2.86 mm

R1 3.6 mm

R2 3 mm

R3 2 mm

(a) (b)

(c)
Fig. 9. (a) Antenna 1, (b) Slot dimensions, (c) Equivalent circuit diagram.
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Fig. 10. Current distribution of antenna 1 at the resonating frequencies 3.8 GHz, 6.4 GHz,8.8 GHz and 10.4 GHz.

C.2. Single Band notch antenna Formation (Antenna 2)
To reject the WiMAX and WLAN band, slots are cut on the radiator. Building further on to the

prove points explained in this section, the next section focuses on dual-notched SWB antenna. The

electromagnetic interference with the WiMAX and WLAN band can be eliminated by using a band-

notched function which has a frequency range of 3.2 -3.6 GHz (WiMAX) and 5.4 -5.6 GHz (WLAN).

The surface current concentration is prevailing maximum around the notch at the center frequency

and its direction is opposite. This leads to the cancellation of the radiated field, causing high

attenuation at the notching frequency band. The band formation technique has been explained below.

Proposed antenna is added with the single notch as described in Fig. 11. U shaped slot, in an

inverted manner is implanted on the radiator at the upper side. This results in high impedance at the

fnotch.. LSlot length is half of the guided wavelength. The following expression is used to find the length

of the slot which is cut for suppressing a particular frequency.

�〼�慍�ℎ = �2����慍. ԑ敄�� (16)

Fnotch is the centre freq of notch band, c is the speed of light, Lslot is the length of the slot, and εeff is

the effective dielectric constant.

The dimensions of notch are optimized to get the desired notch band. Table IV shows the dimensions

of the notch for the 3.5 GHz band.
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TABLE IV. DIMENSIONS OF FIRST NOTCH

Parameter Value Parameter Value

ԑeff 4.4 c 3x108

F notch 3.5 GHz Wnotch1 0.2 mm

W notch 13 mm L notch2 6.5 mm

L notch1 6.5 mm

Slot length is calculated from equation 1 with the desired center frequency of 3.5 GHz for U slot.

Optimized numerical length for the slot is Lslot= 2Lnotch1 + Wnotch = 25.2 mm.

(a) (b)
Fig. 11. (a) Layout of antenna 2, (b) Inverted U-shaped slot.

It is observed that with and without notching the band input impedance of both the antennas is similar,

except at 3.5 GHz. When the notch is created, there is a mismatch in the value of reactance and

resistance leading to suppression at the notched band.

C.3. Double band notch antenna (Antenna 3)
Finally, the dual band notch antenna is arrived at as described in Fig. 12. The antenna is loaded with

another inverted U-shaped notch to reject 5.5GHz (WLAN). The notch’s length is calculated

according to equation 1. The Lslot calculated according to expression (16) is 15mm. The width of the

slot is 0.7 mm. Table V shows the dimensions of the second notch.
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(a) (b) (c)
Fig.12 (a) Layout of Antenna 3, (b) Prototype of Antenna 3, (c) Notch

TABLE V. DIMENSIONS OF SECOND NOTCH

Parameter Value Parameter Value

W notch 15 mm W notch1 = W notch2 0.7mm

L notch 0.7mm L notch1= L notch2 2.75mm

C.4. Gain Enhancement using Metamaterial Superstrate (Antenna 4)
The metamaterial proposed in the above section is attached with Antenna 4, as a superstrate to

boost the gain. Fig. 13 shows the top view, array of unit cells and the side view of SWB antenna with

metamaterial superstrate. The superstate comprises of array of 9-unit cells in (3×3) rows in the x and

y direction, printed on the top of the superstrate with no copper layer at the bottom side as shown in

Fig. 13 (b). There is a distance of λ/3 between the ground of the patch and superstrate. This distance is

optimized to get the maximum gain. The superstrate is fixed above the antenna using 4 stands at the

corners. The dimensions of the superstrate are kept in such a way that it covers the super wideband

antenna radiations completely. The DNG superstrate placed above the SWB antenna, creates a parallel

plate capacitance, in between which all the reflections occur. These multiple reflections create in

phase electromagnetic field on the aperture. These lead to an improvement in antenna performance

like boosting the gain of the antenna. The gain enhancement of up to 65% is achieved after using

metamaterial superstrate with antenna. For validating the performance of the antenna, it has been

fabricated. The fabricated SWB antenna with DNG metamaterial superstrate is shown in Fig. 13 (d).
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(a) (b) (c)

(d) (e)

Fig. 13. (a) Antenna 4 top view, (b) Array of metamaterial unit cells, (c) Geometry of proposed antenna, (d) Prototype of

antenna 4, (e)Top view of prototype.

The fabricated antenna with metamaterial array has been tested using Agilent Technologies using

the N9918A Field Fox Microwave Network Analyzer.

III. RESULTS AND DISCUSSION

A. Simulation Results

A.1. Impedance characteristics
The Return loss characteristics of the intermediate steps of the antenna are shown in Fig. 14. There

has been an increase in the return loss with the increase in the number of iterations. In the antenna 1,

four resonance modes are created which are remarkably close, resulting in a overall bandwidth of 3.1-

12 GHz. Further,the antenna 1 is integrated with WiMAX and WLAN inverted -U shaped slots. Due

to the slotting, there is a mismatch in the value of reactance and resistance leading to suppression at
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the notched band. The input impedance of intermediate stages remains the same, except at 3.5 GHz

and 5.5 GHz. The metamaterial superstrate, when employed above the antenna improved the S11 (dB)

of the antenna with no effect on the notch. The improvement in the parameters of the antenna is

dependent on the number of metamaterial unit cells as well as the distance between them. Table VI

(d=32.5) and VII (d=16mm) show return loss characteristics comparison of all antennas.

Fig. 14. Return Loss Characteristics of Intermediate stages of proposed antenna.

TABLE VI. RETURN LOSS CHARACTERISTIC COMPARISON AT 4 GHZ

Frequency d Antenna Return loss
Total BW

(GHz)

Radiation

efficiency

Total

Efficiency

4 GHz 32.5 mm

Antenna 1 -23dB 3.2-11.8 98% 98.4%

Antenna 2 -26dB 3-11.8 97.5% 97.6%

Antenna 3 -26dB 3-11.8 96% 97.6%

Antenna 4 -42dB 3-15 100% 100%

TABLE VII. RETURN LOSS CHARACTERISTIC COMPARISON AT 8 GHZ

Frequency d Antenna Return loss
Total BW

(GHz)

Radiation

efficiency

Total

Efficiency

8 GHz 16mm

Antenna 1 -23dB 3.2-11.8 97.7% 95.8%

Antenna 2 -26dB 3-11.8 97.7% 97%

Antenna 3 -26dB 3-11.8 97.7% 97%

Antenna 4 -42dB 3-15 97.9% 97.3%
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A.2. Surface current distribution
The distribution of current in the antenna at the two notched frequencies is shown in Fig. 15 and

Fig. 16. At 3.5 GHz, most of the current flow near the first inverted U-shaped notch. The direction of

the current flowing around the notch is opposite compared to the rest of the patch This opposite

direction of the current leads to the cancellation of the radiated field causing suppression at 3.5 GHz.

Fig. 15. Surface current distribution at 3.5 GHz.

Similarly, the lower inverted U-shaped slot acts as a second notch at 5.5 GHz. A very high value of

current flowing around the slot and a small current flowing above the slot creates an impedance

difference which also leads to attenuation at notched band.

Fig. 16. Surface current distribution 5.5 GHz.

A.3. Radiation efficiency
Fig. 17 shows the radiation efficiency of the proposed antenna in contrast to the other

iterations. At 4 GHz, antenna 1 has a radiation efficiency of 98 percent, but when the

https://orcid.org/0000-0001-8725-0544
https://orcid.org/0000-0003-2669-8323
https://orcid.org/0000-0002-9940-953X


Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 20, No. 2, June 2021

Brazilian Microwave and Optoelectronics Society-SBMO received 7 Dec 2020; for review 28 Dec 2020; accepted 16 March 2021
Brazilian Society of Electromagnetism-SBMag © 2021 SBMO/SBMag ISSN 2179-1074

DOI: http://dx.doi.org/10.1590/2179-10742021v20i21147 267

metamaterial superstrate is located above the SWB antenna, the efficiency increases to 100
percent (at d=32.5mm).

Fig. 17. Radiation efficiency of Antenna 4.

A.4. Total Efficiency
Fig. 18 shows the overall efficiency of the planned antenna in contrast to the other iterations.

At the notched bands, 3.5 GHz and 5.5 GHz, efficiency is extremely poor. However, the
efficiency for the rest of the band is very good, about 95% for antenna 1. There was an
improvement in performance when the metamaterial superstrate was mounted (at
d=32.5 mm).

Fig. 18. Radiation efficiency of antenna 4.

A.5. Radiation Characteristics
The radiation pattern including the 3D polar plot has been examined. The simulated radiation

patterns of the SWB antenna with and without metamaterial superstrate for various frequencies such

as 4 GHz and 8 GHz at Phi=0o (x-z plane) and Phi=90o (y-z plane) are shown in Fig. 19 and 20. The

radiation patterns achieved at both frequencies are omnidirectional. From Fig. 19 and 20, it can be
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observed that there is a little compression in the major lobe of the antenna when metamaterial

superstrate is used, making it more directive in a particular direction. The simulated gain values

obtained with and without are 4.79 dB, 2.84 dB for 4 GHz, when placed at a distance of 32.5 mm

above the patch. The simulated gain values obtained with and without are 5.8 dB, 4.9 dB for 8 GHz,

when placed at a distance of 18.2mm above the patch. There has been a gain enhancement of 65%

after placing the metamaterial superstrate.

Fig. 19. (a)Radiation pattern with metamaterial in E and H plane at 4 GHz when d=32.5mm, (b) Radiation pattern

without metamaterial in E and H plane at 4 GHz.

Fig. 20. (a) Radiation pattern with metamaterial in E and H plane at 8 GHz when d=16mm, (b) Radiation pattern without

metamaterial in E and H plane at 8 GHz

Fig. 21 and 22 show 3D polar plots of antenna 3 with and without metamaterial superstrate at two

https://orcid.org/0000-0001-8725-0544
https://orcid.org/0000-0003-2669-8323
https://orcid.org/0000-0002-9940-953X


Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 20, No. 2, June 2021

Brazilian Microwave and Optoelectronics Society-SBMO received 7 Dec 2020; for review 28 Dec 2020; accepted 16 March 2021
Brazilian Society of Electromagnetism-SBMag © 2021 SBMO/SBMag ISSN 2179-1074

DOI: http://dx.doi.org/10.1590/2179-10742021v20i21147 269

different frequencies. The main beam of the antenna with metamaterial has compressed when

metamaterial superstrate is used, compared to other one. The gain enhancement at 4 GHz when the

superstrate is placed at a distance of 33.2 (λ/2 for 4 GHz) is 1.95 dB. The gain enhancement at 8 GHz

when placed at a distance of 16 mm (λ/2 for 8GHz) from the patch of the antenna is 1.43 dB.

Fig. 21. (a) 3D polar plot with metamaterial at 4 GHz at d=32.5mm, (b)3D polar plot without metamaterial at 4 GHz.

Fig. 23 shows the gain vs frequency for the complete band. Three gain vs frequency curves

have been shown for comparison. The gain of unloaded antenna i.e., antenna 3 is shown

which has a very low gain value over the complete band of frequency. The metamaterial

superstrate layer is placed above antenna 3 to enhance gain. When the value of d=16mm ((λ/2

Fig. 22. (a) 3D polar plot with metamaterial at 8 GHz at d=16mm, (b) 3D polar plot without metamaterial at 8GHz.
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for 8GHz), the gain enhancement is upto 1.43dB at 8GHz and upto 2dB can be seen over the

entire band. At d=32.5 dB ((λ/2 for 4 GHz), more gain enhancement over the entire band can

be seen.

Fig. 23. shows the gain vs frequency.

B. Fabrication and Testing
The Metamaterial super wideband antenna (Antenna 4) has been fabricated, tested and measured

results are presented. Fig. 19(a) shows the fabricated prototype of SWB antenna. The measurement is

done by Agilent Technologies using the N9918A Field Fox Microwave Network Analyzer and the

complete setup is shown in Fig. 24. The experimental and simulated results are in line with each other.

(a) (b) (c) (d)

Fig.24 (a) Fabricated SWB antenna, (b) Return loss characteristics in VNA, (c) Top view of antenna connected to VNA, (d)

Sideview of fabricated antenna.

Fig. 25 contrasts the return loss attribute of measured and simulated results of Antenna 4. A very

good impedance matching can be seen in the super wide band frequency range 3-15 GHz except at

notched band 3.3-3.5 GHz and 5.4-5.6 GHz.The wide bandwidth requirement for SWB application is

fulfilled, and band notching at WiMAX and WLAN is achieved in order to avoid interference.
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Fig. 25. Comparison of experimental and simulated results of proposed antenna.

Table VII demonstrates the comparison of Antenna 4 with similar types of antennas in the wideband

range. Also, when the proposed is compared with similar antennas, it is found to be compact with just

one layer of the metamaterial. In [30], the size of the antenna was 40 × 30 mm which is comparatively

large, with a small bandwidth of 8-12 GHz. In [31], an antenna of 60 × 60 mm was designed for 10

GHz and three layers of metamaterials are used to boost the gain of the designed antenna. In [32], an

antenna was designed with the size of 60 × 50 mm, and a metamaterial superstrate was placed above

the patch to enhance gain by 7.65 dB. In our proposed antenna, there is a gain enhancement of the

antenna by 65% and a high bandwidth of 3-15 GHz is obtained.

TABLE VIII. COMPARISON OF THE PROPOSED METAMATERIAL BASED ANTENNA WITH THE EXISTING ANTENNAS

References
Substrate
Type

Thickness
Size of the
substrate

BW
Layers of

metamaterial
used

Peak
Gain

Radiation
Efficiency

[30]
Rogers
4003C

0.8 mm 40 ×30 mm 8-12 GHz 1 7.71dB 85%

[31]
Rogers
4003

0.8 mm 62 × 62 mm 10 GHz 3 11.9dB -

[32] FR4 1. 6 mm 60 × 50 mm 5.2 GHz 2 8.26 dB -
Proposed
antenna

FR4 1.5 mm 30 × 35 mm 3-15GHz 1 12dB 99.8%

IV. CONCLUSIONS

A metamaterial based high gain super wideband antenna with the double notched band is designed

and analyzed. The parametric studies of inverted U-shaped slots which are responsible for the notch

are carried out to optimize the notch characteristics at WiMAX and WLAN bands. A 3×3 array of

metamaterial unit cells is loaded as the superstrate. The proposed antenna is seen to boost the gain

characteristics. The fabricated and simulated antenna results are seen to have a good agreement with

each other. This antenna can be put to use for wireless applications.
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