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Abstract: High-speed wireless communication devices need antennas to operate at multiple fre-
quencies with high gain. The need for such antennas is increasing day by day. The proposed
metamaterial superstrate antenna gives a high gain and multiband performance, which is required
in high-speed wireless communication devices. The designed antenna is also applicable for C- and
X-band communication devices. The structure consists of a simple patch and multiple split-ring
resonator metamaterials on the superstrate region. The performance optimization is achieved by
adjusting the feed position, varying the height of the superstrate layer and changing the thickness
of metamaterial rings. The proposed design is analyzed for 4 GHz to 12 GHz. The performance
analysis regarding the reflection coefficient, directivity, gain and electric field is observed. FR4 is
used as a dielectric material that makes the design low-cost. The proposed design represents a
minimum reflection coefficient response of −49 dB, a bandwidth of 490 MHz, a maximum electric
field of 1.29 × 104 v/m, good directivity and a broader radiation pattern. The comparison between
the simulated and the measured results is incorporated in the manuscript. A comparison of the
presented design with other articles is included to check the novelty of the design. The proposed
method helps to target applications such as WiFi, Earth observation and microwave links.

Keywords: metamaterial; high gain; multiband; bandwidth; directivity

1. Introduction

The use of wireless networks for various purposes is expanding quickly. To accommo-
date more features in the limited size, antennas must continue to shrink significantly when
mobile devices shrink or pack in more functionality. In addition, the need for antennas
that can function across several frequency bands has increased as the number of frequency
bands in use has increased [1]. To fulfill these space-saving prerequisites, compact and
multiband antennas are required. It is common practice to use various resonances and
impedance matching techniques to accommodate the integration of tiny antennas in small
packaging. As a result, researchers and practitioners alike have a strong interest in antennas
that are both small and capable of handling several frequencies. The employment of multi-
ple resonance techniques has been the primary focus of research into these antennas [2].
One of the most significant aspects of an ongoing investigation into the system level is to
incorporate wideband and multiple-band response, even though maintaining proper radia-
tion pattern and miniaturizing antenna are the two most present issues [3]. Smartphones,
laptops and other personal terminal devices are more commonplace as wireless technology
advances. As a result, multiband antennas for WLAN and WiMAX have been designed
due to the high demand for these technologies in our portable terminals [4,5].
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To achieve multiband performance, many techniques have been devised, such as
using different branches in the patch region and each of them resonating at a different
frequency [6], Loading and shorting an the inner and outer area of the patch [7], slotting a
few areas of the patch [8], the fractal shape of the patch elements, T-shaped fractal antenna
for provides the six band response [9], The antenna structure with E and a shaped stub helps
to attain the seven band response with less than −10 dB of the reflection coefficient [10],
The article [11] represents using the coupled feed mechanism wide band characteristics
being achieved with the multiband response, while cutting the patch region using the
inverted HE shape provides the four band response [12], The rectangular microstrip patch
with a U-shaped slot and two concentric annular slots to help the sleeved meanders are
added in the ground plane to alter the surface current distribution, which improves the
antenna’s bandwidth and multiband response. The artificial neural-based approach uses a
fractal antenna to target C and X-band communication applications [13].

The mentioned articles are poor impedance matching, less gain and an improper
reflection coefficient response; therefore, the solution is attained using the metamaterial
concept. Recently, there has been a significant increase in the number of scientists looking
at metamaterials. For example, negative permittivity and negative permeabilities may be
created when these components are alternated regularly in metallic structures [14]. With the
development of metamaterial technology, designers of multiband antennas now have a new
tool. Split-ring resonators are the most common type of primary metamaterial unit cells. It is
possible to achieve multiband features by engraving unit cells directly into the substrate and
ground plane [15]. In this context, metamaterials’ unique electromagnetic characteristics
have attracted much interest. To reduce the antenna dimensions, the metamaterial approach
may be used. Metamaterial will also help to modify the near-field boundary conditions.
Antenna designers face more than only the difficulties of downsizing in their work. Few
products, such as communication handsets, feature considerable free space for an antenna.
The device also necessitates that the radiating element function over a wide range of
operating frequencies to accommodate its wide variety of applications. Adopting a single
antenna that can transmit and receive on all of these frequencies might solve this problem
while keeping the device’s footprint to a minimum. The solution using metamaterial-
based approach is presented in following articles. The circular-shaped CSRR-based fractal
antenna [16], the fidget-shaped structure loaded with parasitic SRR for multiband wireless
communication applications [17], The monopole antenna lotus shaped for X-bands and
WLAN is proposed using the metamaterial and partial ground concept, Article [18] provides
a dual-polarized slot antenna using SRR at the C-band. Using eight SRRs between two
ports as the suggested architecture achieves excellent inter-port isolation and a low axial
ratio. A reflector near the feed line has also been used to boost the design’s modest gain.
The article proposed in [19] represents the C-shaped metamaterial elements in monopole
antenna that provide the multiband response, and the design is appropriate for the WiMAX
and GSM applications. The WiMAX and WLAN applications are supplied by the Coplanar
Waveguide (CPW). A unique substrate-integrated magneto-electric dipole antenna with
circular polarization was developed to provide efficient wireless communication. The
antenna consists of a ground plane, two rows of metallic vias printed in arc shapes and a
feeding strip on top. The antenna can provide consistent and unidirectional radiation over
its entire working frequency range. This layout has the potential to work for small and
lightweight wireless transceivers operating in the sub-6 GHz band or for use in satellite
communications [20]. A hybrid half-mode substrate-integrated waveguide diplex antenna
is presented for wearable transceiver purposes. The antenna has a circular and rectangular
cavity, both quarter-mode structures. Using separate microstrip lines to stimulate each
resonator, it has two independent resonance frequencies of 4 GHz and 4.79 GHz. By etching
a rectangular slit at the cavity junction, we may ensure a high degree of isolation (>25 dB)
between the two resonator cavities [21].

Ref. [22] represents one rectangular slot with an open end installed on the top cladding
of a compact half-mode substrate-integrated waveguide. The slot splits the cavity into two



Crystals 2023, 13, 674 3 of 18

unequal apertures. Isolation of more than 25 dB may be achieved with careful and adequate
optimization of the antenna size, which also helps to initiate the self-duplexing feature. The
suggested design uses a low-cost printed circuit board to actualize it on a single-layered
dielectric substrate. To increase isolation for 5G millimeter wave applications, a low-profile
planar MIMO antenna with four components is suggested in [23]. The microstrip feeds a
slanted spade-shaped radiator with four asymmetrical slots and a partial ground plane that
serves as one of the MIMO antenna’s radiating elements. The isolation between the antenna
components is then strengthened by loading two cross lines in that space. The design’s
analysis was carried out using a parametric examination of the dimensions of the whole
and split-ring resonators, the distance between the feeding ground planes, the thickness
of the substrate and the various dielectric constants. Broad bandwidth is achieved by this
approach [24]. The optimization of the different parameters helps design an optimized
antenna, which gives better gain and bandwidth that can be utilized for other applications.
The design uses C.SRR to investigate the potential of a multilayer, dual-polarized antenna
inspired by metamaterials.

A metasurface ground plane and a slotted square patch filled with CSRR are planned to
sit atop two substrates in this architecture. The antenna shows various radiation properties,
making it suitable for LTE, WiMAX and satellite use. The article delves into using a square
CSRR in a UWB MIMO antenna with a forked configuration. U and Z slot-based antenna
and a CSRR combine to produce a two-element multiple-input multiple-output structure
in the antenna’s unit cell. For use in a variety of applications among the frequency bands
2 GHz and 9 GHz, a circular fractal antenna equipped with a spectral response ring was
developed. Using an SRR-loaded antenna has been shown to increase both gain and
bandwidth, making it a promising candidate for WiMAX deployments [25].

The suggested design has multiband operating frequencies as well as a high gain.
The proposed architecture is intended for fixed satellite services such as radio location
identification and different wireless communication services. The antenna’s performance
has been enhanced by reflection coefficient, gain and bandwidth. The simulated and
measured results of the suggested design are in excellent agreement. The presented arti-
cle is structured as follows: Section 2 analyzes the proposed antenna’s design concerns,
including dimensions characterization, far-field resonance behavior and parametric re-
search of several associated dimensional factors. Section 3 depicts the performance metrics.
Section 4 reflects the design’s uniqueness compared to previous works, and the Section 5
summarizes the conclusion.

2. Contribution of Proposed Structure

There is a trade-off between the device size, the number of operating bands, the
average gain and the undesirable distortion in the radiation characteristics. Although
the antennas reported in the literature have a high gain and are multiband, there is a
trade-off among many factors. Incorporating metamaterial and slots into the design of a
miniaturized multiband antenna to achieve acceptable gain across all of the operating bands
is the overarching goal of the study, which has been presented to solve the design problems
that have been outlined above. The following is an outline of the primary contributions,
novelty and advantages of this work:

• The proposed simple structure helps to attain the multiband response to cover a broad
range of applications.

• A metamaterial slot antenna with a high gain and the ability to operate on six different
bands is presented for use in WLAN and earth observation applications.

• To achieve a multiband response, optimization of the feed point and changing the
superstate layer’s height are carried out.

• The simulation and fabrication were performed using the low-profile FR4 substrate
material.

• The antenna consists of a straightforward patch construction and a superstate design
influenced by metamaterial rings.
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• The addition of metamaterial rings in the patch gives a better response to the super-
strate antenna design.

• The varying size of metamaterial rings carries out the optimization of the reflection
coefficient.

• The study includes comparing the findings of simulation and measurements and the
fabrication of an antenna construction employing low-profile FR4 material.

• The structure provides the minimum reflection coefficient of−49 dB with a bandwidth
of 400 MHz.

• To determine the extent of the improvement, a comparison of the work being con-
ducted here with that of other articles is included.

3. Antenna Structure Design

The primary goal of this effort is to achieve a multiband response using the meta-
material principle. Microstrip antennas radiate because of the presence of fringing fields.
The presence of fringing fields may explain the radiating action of the microstrip antenna.
Patch have the highest current in their midst and the lowest current at their ends. As the
patch antenna may be considered an open-circuited transmission line, its voltage reflection
coefficient will equal one. If this occurs, the voltage and current are out of phase. Hence,
the voltage peaks as the patch nears its end. Around the patch antenna’s origin, the voltage
has to be at its half-wavelength distance. Therefore, the fields underneath the patch will
look like the fringe fields on the patch’s edges. Microstrip antenna radiation is the sum
of the phase-added E-fields surrounding the antenna. Fringing fields are responsible for
the microstrip antenna’s emission. The metamaterial approach is used to attain multi-
band phenomena because they have the advantages of offering wideband, miniaturization
and simplicity of integration with different portable devices. Thus, it serves as a viable
alternative for constructing multiband antennas. The metamaterial ring loading over the
superstrate region will also help to achieve excellent gain as well as provide strengthening
of the structure.

The proposed three-dimensional design is shown in Figure 1a. The design comprises
a simple patch antenna, and the four SRRs are loaded in the superstrate region. The four
SRRs enable metamaterial properties in the design. The view of the represented design
is observed in Figure 1b. The lateral view of the proposed design is shown in Figure 1c.
The size of the square-shaped radiating patch element is 39.2 mm. The overall size of the
substrate is 48.2 mm. The overall outer dimensions of the fourth SRR are 35.3 mm. FR4
material is a dielectric material with 4.4 dielectric constants [26]. The lower cost of FR4
helps with mass production and FR4 provides ease of fabrication. The thickness of the
substrate and superstrate region is 1.6 mm. The thickness of the ground, patch and four
SRRs is 1.6 mm. The patch region is excited by applying input through the coaxial feed.

The metamaterial ring is loaded in the superstrate region. There are four SRRs
loaded in the superstrate area. The overall dimensions of the four SRRs are lower than
the patch area. The resonance frequency of the presented design was calculated using
Equations (1) and (2). The metamaterial unit cell is positioned above the inset feed’s square
patch. As a result, the square-shaped metamaterial ring is smaller in size than the square-
shaped patch.

fr =
Xmn

2πae
√

εr

c (1)

ae = a
{

1− 2h
πaεr

(
ln

πa
2h

+ 1.7726
)}1/2

(2)
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where fr represents the resonating frequency, εr is the relative permittivity, ae is the effective
dimension of the ring, The speed of light is represented by c, and the substrate height is h.
Finally, the conventional resonance of the cavity is expressed using Equation (3).

H + t
√

εr = (∅MS +∅G)
λ

4π
± N

λ

2
(3)

The ground plane reflected phase is ØG, and ØMS is the reflecting phase of the metama-
terial element. N is an integer, and the thickness of the metamaterial substrate is t. Changing
the value of H creates a resonance cavity where multiple reflections occur between the
patch antenna’s ground plane and the metamaterial cell superstrate. An enhancement in
antenna gain is possible if the antenna satisfies the standard resonance cavity condition
because the reflected waves will go through the unit cell at the same phase as the original
wave [27]. The presented structure is fabricated and verified to identify the performance
index of the proposed work. Figure 2 represents the modeled design with the test setup.
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4. Result and Discussion

The design is analyzed by considering the perfect electric conductor in the ground
and patch material. Still, during the fundamental analysis of the prototype, due to the
lossy behavior of the material, different performance characteristics such as the reflection
coefficient and radiation pattern will provide a slightly different response compared to the
ideal situation. The minor shape variation in the prototype-making affects the performance
of the structure. The real-time analysis of varying performance indicates design, noise,
weather conditions and many other things that will affect the performance [28]. Linearity
and time-invariance are often used as assumptions to make issues more manageable.
However, there were excellent reasons to grow entrenched in the LTI assumption, and it
may now be too constraining for antenna engineers.

Nevertheless, the LTI assumption is very useful in a few crucial areas. One advantage
is that it simplifies computations and models, which has traditionally been a required step
due to limited processing capability [29]. The performance analysis of the design is carried
out using the scattering parameters at high frequency. The input is applied using the coaxial
feed. The input from the feed energizes the patch of the structure that generates the fringing
field effect, and accordingly, the antenna starts the radiation. The minimum value of the
scattering parameter represents better performance. The primary purpose of the proposed
design is to target the maximum number of applications using the single antenna; the
multiband response helps to achieve multiple applications [30]. Few analyses are carried
out to accomplish the multiband response with better performance. The first analysis is
to vary the feed position from the outer corner to the center. The variation is moved in
diagonally. The outermost part is 1 mm, and the maximum shift point is 20 mm. The Fermi
plot response is represented in Figure 3. The Fermi plot indicated the effect of the reflection
coefficient response for the diverse value of feed position. The Fermi plot means there
are multi-band responses based on color variation. The red color indicates the value near
zero, and the color variation from red to blue represents reducing the reflection coefficient
response. It is clear from Figure 3 that the multiband response for the feed position at
1 mm. Therefore, the optimization of the reflection coefficient response for the different feed
values is identified. Figure 4 represents the line plot for different feed positions. Initially,
the distinct value of the feed point values varied from the outer to the inner side. There is
multiband resonance observed from the different feed positions. Therefore, based upon the
analysis in terms of S11 and gain plot, the optimum value considered is 1 mm.
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The second analysis is carried out for improving the reflection coefficient by adjusting
the height of the superstrate region over the patch element. The superstrate concept helps
to achieve multiband response, better gain and bandwidth enhancement. It also allows for
enhancing the strength of the material [31]. The effect of superstrate height above the patch
area for the reflection coefficient response is represented in Figure 5. The field confinement
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of the structure is also enhanced due to the concept of the superstrate. A trade-off must
be performed as the gap size among the patch and superstrate region increases and the
overall dimensions increase. The superstrate’s height varies from 0 mm to 3 mm. The line
plot of the gap variation is shown in Figure 6. The height variation makes the reflection
coefficient response more confined. The optimized size of 2 mm is achieved to target the
multiband response. The bands are a little bit shifted as per the gap variation.
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Figure 5. Superstrate height variation over the 0 mm to 3 mm for analysis of reflection coefficient
response.

There are four split-ring resonators loaded at the top of the superstrate area. The
superstrate approach helps to improve the performance of the structure. The width of SRR
change over the 1 mm to 4 mm range is observed in Figure 7. The width variation leads
toward minimizing the reflection coefficient response. Overall variation in the dimension
of the SRR is not majorly affected by the reflection coefficient response. The optimized
reflection coefficient response is achieved for the SRR thickness of 1mm. The size variation
of the metamaterial rings will affect the charge distribution concentration, which results in
a variation in the structure’s performance. The dimensions of the rings should be proper to
avoid minimum variation in the simulated and measured response. The fourth analysis
in the proposed design is taken by changing the number of rings to check the reflection
coefficients. The optimum value of all the parametric studies is considered for the analysis,
as shown in Figure 8. The graph shows that the variation of different parameters will
affect the reflection coefficients. The shifting of bands with the variation in the reflection
coefficients is observed.
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Figure 9 represents the parametric study for the effect of the reflection coefficient for the
different metamaterial rings. The multiband response is observed for all the configurations.
Figure 9a shows the minimum S11 of −25.83 dB at 10.804 GHz with a peak bandwidth of
400 MHz over 9.904 GHz to 10.304 GHz. Figure 9b shows the minimum S11 of −23.25 dB
at 10.8 GHz with a peak bandwidth of 406 MHz over 9.904 GHz to 10.310 GHz. Figure 9c
shows the minimum S11 of−24.46 dB at 10.79 GHz with a peak bandwidth of 410 MHz over
10.004 GHz to 10.414 GHz. Figure 9d shows the minimum S11 of−49 dB at 10.891 GHz with
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a peak bandwidth of 400 MHz over 10.671 GHz to 11.071 GHz. Out of all the configurations,
the minimum reflection coefficient of −49 dB is achieved in the four-ring designs.

Crystals 2023, 13, x FOR PEER REVIEW 10 of 19 
 

 

 
Figure 9. Reflection coefficient analysis for different metamaterial rings. (a) Minimum S11 of −25.83 
dB and peak BW of 400 MHz attained for one ring structure. (b) Minimum S11 of −23.25 dB and peak 
BW of 406 MHz achieved for one ring structure. (c) Minimum S11 of −24.46 dB and peak BW of 410 
MHz attained for one ring structure. (d) Minimum S11 of −49 dB and peak BW of 400 MHz achieved 
for one ring structure. 

The proposed design is numerically simulated and fabricated using the FR4 material. 
The reflection coefficient of the proposed optimized design is observed in Figure 10. The 

Figure 9. Reflection coefficient analysis for different metamaterial rings. (a) Minimum S11 of
−25.83 dB and peak BW of 400 MHz attained for one ring structure. (b) Minimum S11 of −23.25 dB
and peak BW of 406 MHz achieved for one ring structure. (c) Minimum S11 of −24.46 dB and peak
BW of 410 MHz attained for one ring structure. (d) Minimum S11 of−49 dB and peak BW of 400 MHz
achieved for one ring structure.
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The proposed design is numerically simulated and fabricated using the FR4 material.
The reflection coefficient of the proposed optimized design is observed in Figure 10. The
comparison between the measured and the simulated responses is kept. The similarity
among both results is observed. The reflection coefficient response is analyzed from 4 GHz
to 14 GHz. The effects are simulated with a step size of 0.1 GHz. There are six bands
observed with the S11 value less than −10 dB. The first band was observed over the 4.611
to 4.921 GHz frequency with the S11 of −11.38 dB. The second band was observed over
5.071 to 5.561 GHz, with a reflection coefficient response of −24.08 dB. The third band
represents a reflection coefficient response of −18.84 dB over the range from 7.531 to
7.881 GHz. The fourth band was observed over the 8.671 to 9.041 GHz, with the reflection
coefficient response of −30.43 dB. The fifth band represents a reflection coefficient response
of −14.72 dB over the 9.951 to 10.381 GHz. The last band was observed over the frequency
span of 10.671 to 11.071 GHz, providing a reflection coefficient response of −49 dB. The
peak value of the reflection coefficient response of −49 dB was observed in the sixth band.
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Figure 10. The simulated and measured multibands of reflection coefficient response over the fre-
quency range from 4 GHz to 12 GHz. Overall, six band responses are observed in the proposed work.

The proposed design provides a narrow-band response for the different resonating
frequencies. The narrow-band optical receiver operating for 5.2 GHz is suitable for radio-
over-fiber communication applications [32]. The endless phase shifters (EPS) operating at
7.7 GHz are utilized in space diversity combining networks of digital microwave communi-
cation systems [33]. The application for aeronautical mobile communications operates at
8.8 GHz [34]. The resonance at 10.8 GHz is used in autonomous cars and communication
systems for vehicle networking [35]. The performance of different structures in summary
form is represented in Table 1. The four influential bands with a reflection coefficient re-
sponse of less than −15 dB are considered. Their response is analyzed regarding directivity,
gain response, electric field, and radiation pattern.

Antenna directivity represents the intended intensity concerning the average power
in all directions [36]. The higher directivity value also represents the higher gain value [26].
The efficiency of the structure directly relates to the gain and directivity. The peak directivity
of 0.6 dB is attained in the planned design, shown in Figure 11. The normalized directivity
response is shown in Figure 12. The normalized directivity is measured over the zero to
−3 dB range. The normalized directivity is observed in the −28 to 64 degrees (92 degrees)
range. Further analysis of gain, electric field and the radiation pattern is considered for the
less than −15 dB of the reflection coefficient response.
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Table 1. The summary of all presented results.

Band First Second Third Fourth

Resonating Frequency (GHz) 5.22 7.771 8.881 10.891
Reflection coefficient Response (dB) −24.08 −18.84 −30.43 −49.00

Range of Tuning (GHz) 5.071–5.561 7.531–7.881 8.671–9.041 10.671–11.071
Bandwidth (MHz) 490 350 370 400
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The antenna gain represents the maximum radiation intensity concerning the average
intensity in all directions [37]. The gain and directivity represent the efficiency of the pro-
posed design structure. Therefore, achieving a positive gain for all resonating frequencies
is necessary. Figure 13 represent the total gain of the proposed design structure for the
different resonating frequency. The value of the total gain for the different frequencies
5.221 GHz, 7.771 GHz, 8.880 GHz and 10.891 GHz is, respectively, 0.53 dB, 2.39 dB, 2.61 dB
and 5.77 dB.
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Figure 13. Total gain plot presented design. (a) The gain for resonating frequency of 5.221 GHz is
0.53 dB. (b) The gain for resonating frequency of 7.771 GHz is 2.39 dB. (c) The gain for resonating
frequency of 8.880 GHz is 2.61 dB. (d) The gain for resonating frequency of 10.891 GHz is 5.77 dB.
The notation used for gain plot: 5.3889e-001 = 0.53 × 10−1. The same notation used for all figures.

The effective permeability
(

µe f f

)
, permittivity

(
εe f f

)
and impedance

(
Ze f f

)
are

measured using the scattering (S) parameters, and by taking the help of these parameters,
the refractive index

(
ne f f

)
can be calculated [38,39]. The ting discrepancy in the Q factor

between the theoretical calculations and the numerical estimates provides direct proof
for the crucial coupling that permits exceptional total absorption. Yet, when complete
absorption through critical coupling can be achieved, the perfect absorber’s impedance
should equal that of the space (Z0 = 1) at the resonant wavelength from the perspective of
the macroscopic electromagnetics. Therefore, Equation (6) is used to determine the effective
impedance of a proposed structure [40].

εe f f =
ne f f

Ze f f
(4)

µe f f = ne f f × Ze f f (5)
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Ze f f =

√√√√ (1 + S11)
2 − S2

21

(1− S11)
2 − S2

21

(6)

ne f f =
1

k0d

{
Im
[
ln
(

eink0d
)]

+ 2mπ − iRe
[
ln
(

eink0d
)]}

(7)

eink0d =
S21

1− S11

(
z−1
z+1

) , k0 =
2π f

c
(8)

The speed of light is represented by c (m/s), and resonating frequency is f. The
substrate thickness is d, and the branch index is m.

The metamaterial property of the structure helps to achieve miniaturization and
improve the performance of a system. The different shapes of the metallic rings create
the metamaterial property in the structure. The rings can be in the shape of circular,
elliptical, triangular or rectangular shape. Metamaterial property is represented based on
the impedance plot, shown in Figure 14. The resonating behavior of the real and imaginary
values represents the impedance behavior of the presented design structure. The two-
dimensional radiation pattern of the planned design structure is shown in Figure 15. The
far-field measurement for the proposed design is carried out in the anechoic chamber. The
normalized radiation pattern for the different resonating frequencies is considered. The
analysis is carried out for the resonating frequencies of 5.22 GHz, 7.771 GHz, 8.881 GHz and
10.891 GHz. Overall broader directivity is observed for the different resonating frequencies.
The behavior of any design structure is represented in a better way using the surface
current distribution. The charge distribution varies according to the different resonating
frequencies. Since the radiation intensity at each point in space matches the resultant
radiation from the antenna’s small parts, it leads to the result variations. The frequency-
dependent radiation pattern is a sum of the vectorial, and the radiation intensity from the
various elements has different path lengths in terms of wavelength. The path difference
will affect the phase difference as the wavelength decreases, causing a rapid drop in the
radiation intensity with a deviation angle from the peak radiation intensity. The number of
side lobes may also change.
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Figure 15. Two dimensional normalized measured and simulated radiation pattern (a) 5.22 GHz,
(b) 7.771 GHz, (c) 8.881 GHz, (d) 10.891 GHz.

The aperture illumination also fluctuates due to the antenna’s resonates at different
frequencies. As the frequency varies, the current will flow in different directions, and
peaks and nulls will be situated elsewhere. Moreover, according to the essential equation
G(θ,ϕ) = (4πA(θ,ϕ))/λ2, the wavelength varies with frequency. Consequently, altering the
frequency will alter the antenna’s emission pattern [41].

The values of the surface charge distribution of the proposed structure are represented
in Figure 16. The surface charge distribution for the resonating frequency of 5.55 GHz is
1.29 × 104 V/m, 7.771 GHz is 8.94 × 103 V/m, 8.881 GHz is 8.15 × 103 V/m, 10.891 GHz
is 8.15 × 103 V/m. The comparative study of the presented work with other articles is
represented in Table 2. The comparison is given with five similar designs published before.
The comparison shows that the proposed design performs better than the other designs in
terms of bands, size, gain, etc. The size and number of bands are significant because they
give the flexibility to be used simultaneously in different applications.



Crystals 2023, 13, 674 15 of 18
Crystals 2023, 13, x FOR PEER REVIEW 16 of 19 
 

 

 
Figure 16. Surface charge distribution (a) 5.22 GHz, (b) 7.771 GHz, (c) 8.881 GHz, (d) 10.891 GHz. 
The notation used for electric field : 1.2903e+004 = 1.29x104. The same notation used for all figures. 

Table 2. The comparative study of the presented design with other articles. 

Reference 
Total 
Bands Size of Structure Resonating Frequency (GHz) 

Peak 
Gain 

Proposed 6 48.2 × 48.2 4.8/5.22/7.771/8.881/10.2/10.891 5.77 
[42] 2 45 × 40 2.4/5.5 2.34 
[43] 3 40 × 50 1.65/1.93/2.20 2.93 
[44] 2 75 × 140 0.698–0.960/1.710–2.690 - 
[45] 3 22 × 25 2.4/3.5/5.8 3.15 
[46] 5 24.8 × 30 2.28/2.65/4.80/5.89/8.73 3.01 

5. Conclusions 
The multiband, high gain and low-profile-based superstrate antenna are presented 

in this manuscript. The different approaches such as the varying height of superstrate lay-
ers, the feed position, the size of metamaterial rings, and the number of metamaterial 
rings, are considered and analyzed to identify the structure’s optimized performance. 
Simulation and fabrication are analyzed by considering the low-profile FR4 material. 
Comparison among the measured and simulated responses of the reflection coefficient, 

(a) (b)

(c) (d)
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The notation used for electric field: 1.2903e+004 = 1.29 × 104. The same notation used for all figures.

Table 2. The comparative study of the presented design with other articles.

Reference Total Bands Size of Structure Resonating Frequency (GHz) Peak Gain

Proposed 6 48.2 × 48.2 4.8/5.22/7.771/8.881/10.2/10.891 5.77
[42] 2 45 × 40 2.4/5.5 2.34
[43] 3 40 × 50 1.65/1.93/2.20 2.93
[44] 2 75 × 140 0.698–0.960/1.710–2.690 -
[45] 3 22 × 25 2.4/3.5/5.8 3.15
[46] 5 24.8 × 30 2.28/2.65/4.80/5.89/8.73 3.01

5. Conclusions

The multiband, high gain and low-profile-based superstrate antenna are presented in
this manuscript. The different approaches such as the varying height of superstrate layers,
the feed position, the size of metamaterial rings, and the number of metamaterial rings, are
considered and analyzed to identify the structure’s optimized performance. Simulation
and fabrication are analyzed by considering the low-profile FR4 material. Comparison
among the measured and simulated responses of the reflection coefficient, radiation patten,
and directivity is incorporated in the manuscript. The proposed design provides six
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band response with sufficient bandwidth. The performance is analyzed regarding the
reflection coefficient response, gain, directivity, E-field and radiation pattern. The FR4-
based low-profile material is used in the presented work. The proposed design provides a
maximum bandwidth of 490 MHz, a minimum reflection coefficient response of −49 dB,
a peak gain of 5.77 dB, six bands response, proper directivity, an electric peak field of
1.29 × 104 V/m and a broader radiation pattern. Similarity among the simulated and
measured results is observed. The low-profile material helps with the cost reduction in
the proposed structure. The design highlights are compared with other published articles
to identify the improvement. The multiband response over the 4 GHz to 12 GHz helps to
attain multiple wireless communication applications such as WiFi and Microwave links.
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