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Abstract: This paper proposes multiband antenna-based Metamaterial (MTM) for beam splitting and gains improvement. Here, the
focus is on developing the smart antenna using a Metamaterial Superstrate technique for modern wireless applications. The proposed
antenna consists of two patches, the first one has a square shape placed on a Taconic FR-30 substrate, followed by the second patch
constructed as a meander ring with two stubs for increasing the generated frequency bands. At the end of the design process, the
proposed patch seems U-shaped to ensure the antenna beam is splitting at the desired frequency bands. In addition, the capacitive
coupling is used for exciting the second patch, whereas the first patch is excited by conduction with a 50 Q discrete port. Furthermore,
a metasurface layer is designed and mounted on the second patch as a superstrate to increase the antenna gain toward the bore-
sight direction. The results show a maximum gain of 8 dBi at 4.2 GHz with maximum dimensions of 108 x 108 mm?2. Moreover, this
antenna operates at additional frequency bands (2.6 GHz, 4.2 GHz, and 5.6 GHz), with a minimum reflection coefficient of -16.8 dB,
-12.3 dB, and -30.6 dB, respectively. The proposed antenna is designed and analyzed using the CST MWS simulator.
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Krpi¢na antena z razcepljenim snopom in povecanim
dobitkom z uporabo metamaterialne podlage za
brezzi¢ne komunikacije

Izvle¢ek: Clanek predlaga ve¢pasovno anteno na osnovi metamateriala (MTM) za razdelitev snopa in izboljsanje dobicka. Pri tem se
osredoto¢amo na razvoj pametne antene s tehniko metamaterialnega superstrata za sodobne brezzi¢ne aplikacije. Predlagana antena
je sestavljena iz dveh krpic, prva je kvadratne oblike in je namescena na substrat Taconic FR-30, sledi ji druga krpica, zgrajena kot
meandrski obroc¢ z dvema krakoma za povecanje generiranih frekvencnih pasov. Predlagana krpica je v obliki ¢rke U, da se zagotovi,
da se antenski Zarek razdeli na Zelene frekvenc¢ne pasove. Poleg tega se za vzbujanje druge krpice uporablja kapacitivi sklop, medtem
ko se prva krpica vzbuja s prevodnostjo z diskretnim priklju¢kom 50 Q. Poleg tega je zasnovana in namescena metapovrsinska plast
na drugo krpico kot superstrat za povecanje ojacitev antene. Rezultati kazejo najvecje ojacenje 8 dBi pri frekvenci 4,2 GHz z najvecjimi
dimenzijami 108 x 108 mm2. Poleg tega antena deluje v dodatnih frekvencnih pasovih (2,6 GHz, 4,2 GHz in 5,6 GHz) z najmanjsim
koeficientom odboja-16,8 dB, -12,3 dB in -30,6 dB. Predlagana antena je zasnovana in analizirana s simulatorjem CST MWS.

Klju¢ne besede: krpi¢na antena, metamaterial, superstrat, ojacenje, delitev zarka
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1 Introduction

The rapid development of wireless communications
pushed the user to become greedy to obtain the high-
est capacity and high speed, and this rapid develop-
ment in the next generations of communications [1].
The fifth generation (5G) helped change the concept
of speed and high productivity. On the other hand, this
development needs a high gain. Therefore, arrays are
proposed in several research to get the best results in
terms of high gain and the ability to change the sys-
tem'’s characteristics and avoid interference [2, 3]. Mul-
ti-beam antennas are used in many fields, whether in
communications or in other areas. These antennas are
assembled in fifth-generation stations to obtain bet-
ter compatibility, high capacity, and efficiency [4, 5]. In
wireless communications, especially in the fifth gen-
eration, the antennas must be different from the rest
of the generations in terms of weight and size, There-
fore, microstrip antennas are used to improve the per-
formance of the antennas with their integration using
planar manufacturing [6, 7].

The proposed structure consists of three main parts,
as shown in Fig. 1. The first part is the microstate an-
tenna based on a square patch. The antenna is excited
with a 50 Q input impudence along with weight. The
second part is represented as a Hilbert U-shaped struc-
ture of the second iteration. The proposed Hilbert is
designed as an open fractal which excited with T-ring
stubs, as shown in figure 1 (c). The loop of two rings
helps achieve minimum field fringing [8]; this would
realize surface current mitigation to a certain direction
that reduces the back radiation [9]. Besides that, the
advantage of introducing the proposed T-ring steps is
accumulating electrical charges which excites the pro-
posed Hilbert U-shaped capacitively to improve the
bandwidth [10].

Meanwhile, the proposed U-turns are proposed to
achieve multiple frequency harmonic generation from
the fractal corner. Moreover, fractal geometric provides
a significant size reduction [11]. Finally, the proposed
antenna has a symmetrical profile around the length
and an asymmetrical shape along the weight. Hence,
the basic antenna radiation would be asymmetrical
around the importance of generating beam splitting
[12]. This helps the designer develop a stigmatized
wave configuration [13]; the antenna beam could be
focused significantly with minimum size reduction,
which will be further explained in the next paragraph
after the Metasurface layer introduction and realize
beam splitting at the same time. This is due to the crea-
tion of two areas with high concentrations of the sur-
face current on the second patch, which inherently in-

creases the beam splitting around the antenna length
[14,15].

Next, the metamaterial (MTM) is designed and integrat-
ed with a proposed antenna to maximize the antenna
gain in the bore-sight direction [16]. Finally, the pro-
posed metamaterial is structured in an asymmetrical
form.

This paper is organized as follows. Section Il presents
the antenna configuration and design procedures for
the proposed structure, followed by simulation results
in Section lll. Then, the metamaterial cases results are
demonstrated in section IV. Finally, some concluding
remarks are discussed in Section V.

Metasurface
*
Patch 2 L o
Bl 1 Substrate
Cronnd Patch Substrate

Figure 1: Schematic view of the antenna.
1.1 Design of U-shape cell

In this section, the second patch with a U-shape struc-
ture is designed, and its dimensions are (a width of
71.28 mm and a length of 66.47 mm). Different at-
tempts are performed to adjust the dimensions of the
U-shape patch length and width for various thickness-
es to get better results of the antenna performance.
The basic structure of the U-shape proposed antenna
is portrayed in Fig.2.

71.28mm

] 66.47
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Figure 2: U-shape antenna.
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1.2 Design of microstrip patch antenna

Several methods have been proposed in designing
patch antennas (PN), and the most popular model is
the transmission line model (TL). It models the rectan-
gular patch (RP) as two slots separated by a low imped-
ance transmission line (Zc) of length L. In this study, the
proposed patch antenna is designed using a Taconic
FR-30 substrate with a width and length of 50 mm, re-
spectively (see Fig. 3).

50.00 mm

ww 00'0S

Figure 3: Patch dimensions.
1.3 Metamaterial unit cell structure

The MTM is used with a certain distance from the sub-
strate [17], as shown in Fig. 1. This method prepares the
radio transmitters in the same direction as the antenna
and works to increase the antenna gain [18]. Design-
ing MTM depends mainly on the frequencies at which
they will work. In this research, the study of effect of
square precipitation on the antenna to obtain the best
result. MTM are placed over the supersubstate focus
with the patch to correct the radiation emitted [19, 20].
After checking the antenna in terms of the first layer,
it caused an increase in the outgoing radiation, so the
first layer is considered a source was feeding for the
second layer, and the second layer caused the radia-
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Figure 5: Overall antenna structure.

Figure 4: Metamaterial unit cell.

tion to split into two beams and make it more directed
[21, 22]. The distance between the layers determines
the best possible result, as shown in Table 1. Also, the
distance between the layers and the MTM is discussed,
as illustrated in Table 2, and this inferred distance is the
best possible result. In the case of the search for the
presence of two layers of the substrate in the manufac-
tured antenna, the distance between the first layer of
the ground layer must be A/3 [23, 24]. And the distance
between the second layer and the first layer, /2 to 4,
A/3 is the wavelength of the antenna frequency in free
space. Therefore, the metamaterials layer of the second
layer is the distance 4/4 [25]. Fig. 4 shows a metamate-
rial unit cell configuration.

1.4 Superstrate

The aim of designing the supersubstate materials is to
enhance and increase the antenna gain by creating a
high electric field above the substrate phase. This helps
to control the practice of transmitting radiation by
making holes inside the Superstrate, which reduces the
permittivity. This process is achieved by reducing the

1.39 mmi, 2:54 mm
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front-to-back ratio (FBR), which increases the antenna’s
efficiency and improves the gain and in turns, achiev-
ing the best antenna performance [13, 26].

2 Antenna configuration

This section describes the design details of the patch
antenna with a superstrate placed at an optimum level.
The configuration of a three-patches antenna array
with the Superstrate is shown in Fig. 5. The lower sub-
strate layer is backed by a ground plane. The overall di-
mension of the antenna structure is illustrated in Table
1.The space between the lower, upper, and Superstrate
is 10.66 mm. Four U-shape patches, each of size 71.28
mm X 66.47 mm, are printed on the upper surface of
the upper substrate. The feed is (-10.5, -2.5), with the
patch elements fed using a corporate feed with quar-
ter-wave impedance transformers. The lower layer of
the Superstrate consists of a patch of square apertures
in a ground plane, with the gap between the patch and
the metamaterial layer being d =29.52 mm.

Table 1: Values of the antenna parameters

Name Parameter | Value
(mm)
Al 108.67
Subst 1 B1 108.67
A2 93.5
Subst 2 B2 935
Gap between Subst Hs1 10.6
Thickness of upper substrate h1 0.54
Thickness of lower substrate h2 1.39
Patch 1 A 50
B 50
Patch 2 A 71.28
B 66.47
Metasurface width MW 88.24
Metasurface high MH 88.25
Gap Metasurface and patch 2 Gm 28.25

3 Results and discussion

To discuss the principal work of the proposed antennas,
the designer first understands the effect of antenna struc-
ture on the gain and reflection coefficient parameters.
So, the antenna in the first part is designed as a rectangle
(traditional antenna). Next, the second part is modified
using the U-shaped superstructure, followed by the MTM
design with a matrix of (5 X 4) at the last step of the de-
signing process. Finally, the parameters of S are calculated
individually for each unit. The three modes are portrayed
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Figure 6: The structure of the antenna (a) patch plane
(b) the supersubstate with U-shape (c) the MTM design.

st

in Fig. 6. Results obtained in Fig. 7 demonstrated the mini-
mum reflection coefficient achieved at 2.68 GHz.

Moreover, it's noted that the gain is significantly in-
creased to a high value by using the MTM at 5.4 GHz, at-
tained to 8.61 dBi. From the results illustrated in Fig. 8,
it is found that the antenna achieves a high gain at the
frequencies of 4.7, 4.9, and 5.5 GHz, and this is due to
the current distributions between the radiator and the
ground plane, which leads to an increase in the gain
and bandwidth in the antenna while decreasing the
value of the reflection coefficient at certain frequency.
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Figure 7: Reflection coefficient results of the proposed
antenna at different cases of design.
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Figure 8: Gain results of the proposed antenna at dif-
ferent cases of design.

To further explain the idea of the split property, Fig. 9
shows the step-by-step evaluation process of the sur-
face current distribution of the antenna. Firstly, the
structure proposed of the antenna arranges the split
beam property, and the unit cells are rearranged to
produce opposite current flow. Then, by observing
the current flow for every two cells in one column, the
beam is directed differently.
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Figure 9: Current distribution of the antenna.
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4, Results of metamaterial cases

4.1 Even number of MTM arrays

In telecommunication networks, especially antennas,
the antenna’s dimensions, gain, and reflection coeffi-
cient significantly impact the antenna’s performance.
Hence, this study aims to design and use MTM with an
even number or odd arrays for observing the effects on
the antenna’s efficiency. Based on the results in Fig. 10,
matrices significantly improved some frequencies. In
this paragraph, the even number is adopted in the MTM
matrix, represented as (2 X 2), (4 x 4), (8 x 8), and (10 x
10). As a result, as the number of matrices is increasing,
the reflection coefficient increases and achieves (-15.8,
-15.8,-10.5,-9.8) dB at 2.6 GHz at various matrices sizes.

in dB]

o (2,652, -15.804 )
1

5o (2628, -15.881 )
9, ( 26692, -10.539 )
‘(26725

0 1 2 3 4 5 6
Frequency/ GHz

Figure 10: Reflection coefficient results of even MTM.

At a frequency of 2.6 GHz at (4 x 4) matrix, the result
demonstrated a minimum reflection coefficient com-
pared with the rest of the results at other operating
frequencies. On the other hand, the gain result at the
frequency of 2.6 GHz is 4.33 dBi, as shown in Fig. 11,
which also includes the gains result at the rest of the
frequencies. For this, results achieved at (4 x 4) MTM
are more acceptable among the other matrices of the
even array.

1D Result\ gain of even of MTM

Frequency/ GHz

Figure 11: Realized gain results at different MTM even
arrays.

4.2 Odd number of MTM arrays

The second part of this section is to make an individual
matrix of numbers (3 x 3), (5 x 5), (7 x 7), and (9 x 9).
The results illustrated that the reflection coefficient pa-
rameter at (5 x 5) is -16.882 dB at 2.6 GHz, as shown in
Fig. 12. On the other hand, it’s observed that this value
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is slightly deteriorated at the (9 x 9) matrix due to the
impact of antenna size.
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Figure 12: Reflection coefficient results of odd MTM.

In addition, the results show that the (5 x 5) matrix is
more appropriate for achieving a minimum reflection
coefficient but with less gain. Thus, at a frequency of
2.6 GHz, the gain attained 1.18 dBi, as shown on Fig.
13. The MTM designing process depends on using the
even and odd matrices.

Realized Gain ,30,Max.value (sold angle)

0 1 2 3 4 5 6
Frequency/ GHz

Figure 13: Realized gain results at different MTM odd
arrays.

4.3 Hyper MTM array

This section presents the simulation results of the
metasurface structure integrated with the antenna.
The results obtained using the CST simulator software
represent the reflection coefficient and the radiation.
Results show that five resonant frequencies were ob-
tained at (2.6, 3, 4.2, 5.2, and 5.6) GHz (see Fig. 14).
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Figure 14: Reflection coefficient results of hyper MTM.

The analysis and simulation in Fig. 15 (a), (b), (c), and (d)
indicate that bare Microstrip patch antenna (MPA) has
a radiation efficiency of 73% at a frequency of 2.6 GHz.
The spread beam with the main lobe direction toward
is 34 deg. The offender side lobe showed a result of -1.3
dB. At a frequency of 3 GHz, the one beam with the
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Phi=270

180

Theta / Degree

180

Figure 15: Radiation pattern of the metasurface anten-
na (a) split beam in 2.6 GHz, (b) one beam in 3 GHz, (c)
split beam in 4.2 GHz, (d) split-beam in 5.6 GHz.
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main lobe direction toward is 4 deg, and the offender
side lobe showed a result of -17 dB with a radiation ef-
ficiency of 99%. Besides that, at a frequency of 4.2 GHz,
the one two-beam with the main lobe direction goes
toward 27 deg. The offender side lobe showed a-2.3 dB
with a radiation efficiency of 32%. Moreover, at the fre-
quency of 5.6 GHz, the one beam with the main route is
clearly shown toward 48 deg. Meanwhile, the offender
side lobe demonstrated a -3.7 dB with a radiation ef-
ficiency of 37%.

Next, Fig. 16 shows the 3-dimensional results of the an-
tenna, which shows the splitting in the radiation pattern
based on the antenna with the MTM structure. Moreo-
ver, the antenna proposed in this work is compared

Figure 16: 3D radiation pattern of the antenna (a): at
2.6 GHz, (b): at 4.2 GHz, (c): at 5.6 GHz.
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with other studies in literature in terms of the operating
frequency, antenna dimensions, gain, techniques used,
and beam split. This comparison and the overall results
of the antenna at different cases of split degrees are
summarized in Tables lll and IV, respectively.

Table 2: comparison of the proposed antenna with
others works in literature

e Eraer?du ?(?I?z/) (Srirffn) gaéir; Technique SBSEP
(8] [(.95-542 (X% jgea  |Metasur |fes/
s hs P, by e
271 |(11.2/12.2) |96 x13 |13 /Pit'\‘lvfi‘?feed NO

T proase [0, [ e [

Table 3: Summary of the antenna results

Reflection co-

efficient (dB) Spilt deg.
2.6 -16.8 8.04 | 76.9% | Two lobs
4.2 -12.3 449 | 84.9% | Three lobs
5.6 -30.6 6.24 | 83.8% | Nolobs

5 Conclusions

This work presented a MTM antenna based on super-
substate and U-shaped unit cells for improving the an-
tenna’s gain and splitting beam. The proposed antenna
operates at frequency bands of 2.6 GHz, 4.2 GHz, and
5.6 GHz with a minimum reflection coefficient of -16.8
dB, -12.3 dB, and -30.6 dB, respectively. The proposed
antenna is designed and analyzed using the CST MWS.
As a result, a gain is improved to 8.04 dBi, 4.49 dBi and
6.24dBi at the broad side of the direction of the anten-
na at the required impedance bandwidth. In addition, a
split beam is significantly observed in the E-plane with
a 2.65 dBi gain for each beam.
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