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Abstract — This paper presents a design of high gain
wideband antenna with metasurface for sub-6 GHz appli-
cations. The antennas at sub-6 GHz have a narrow
bandwidth and low gain with a narrower axial ratio
(AR). Hence, antennas combined with metamaterials
are proposed to overcome these issues. The proposed
metasurface antenna is designed with the implementa-
tion of W-shape transmission lines within the vias. The
proposed antenna with metasurface is simulated using
CST software and then fabricated on the FR4 substrate
with (¢, = 4.4 and h = 1.6 mm). The antenna perfor-
mance achieved a wide bandwidth of 85% and operates
at 2 GHz to 5 GHz. A compact size of 45% is achieved
with a high gain of 7.12 dB. The proposed antenna is
suitable to be used in future sub-6 GHz applications.

Index Terms — antenna, compact size, sub-6 GHz wide-
band.

L. INTRODUCTION

Antenna systems in sub-6 GHz have been demanded
to produce a high gain and wideband performance with
compact size for cellular and wireless applications. It has
been required for such antennas to provide compact size,
directive beams, high radiation efficiency, and larger
bandwidth [1-3]. Therefore, various types of antennas
based on planar and non-planar technology have been
introduced [4, 5]. However, such designed antennas have
a narrow bandwidth and low gain with a narrow axial
ratio [6]. In addition at sub-6 GHz, the antenna size using
microstrip technology and waveguide-based structures
are quite inflexible and big. Additionally, the antenna
transmitter and receiver should be aligned to avoid losses
by polarization mismatch. This generally occurred with
linearly polarized antenna (LPA). Hence, the antenna
with a circularly-polarized antenna (CPA) is proposed
due to alignment avoidance.

Basically, a CP antenna requires two electric field
components locaated orthogonally to each other with the
same amplitude [6]. As a result, a narrow bandwidth is
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expected. In addition, the axial ratio of the CP antenna
determines the polarization purity of the antenna [7].
Research has presented to enhance the axial ratio as well
as the bandwidth in [8—13]. The method of inserting radi-
ating elements within the integrated antenna is used in
[9]. This method enhanced the impedance bandwidth by
up to 15%. Another method is proposed in [10] with mul-
tiple feedlines inserted to radiate the element using of an
external circuit to provide different phase shifts at each
feed. Using this method provides a wideband of 30%.
However, the size of the antenna is quite big and the per-
formance of the antenna is limited by the phase shifter
response. Cross antennas with dipoles are presented for
wideband and axial ratio enhancement in [11]. In addi-
tion, another popular way to improve the bandwidth of
microstrip antennas is proposed in [12, 13], by apply-
ing a stacked patch. However, all these designs still have
limited bandwidth and AR enhancement of up to 30% in
addition to the size and complexity issues.

Therefore, this paper presents a compact high gain
wideband antenna using a vias structure and W-shape
with square ring resonator (SRR) metasurface at sub-
6 GHz. The proposed antenna is designed to achieve
a wideband, axial ratio, and high gain. The antenna is
designed to achieve an impedance bandwidth and an
axial ratio of more than 1 GHz. The gain value aims to
be higher than 5 dB. The proposed antenna is printed on
a low-cost FR-4 substrate with €, = 4.4 and 7 = 1.6 mm.
The measured results agreed well with simulated results
and the antenna can be used in future sub-6 GHz appli-
cations.

I1. DESIGN OF ANTENNA WITH
METASURFACE

A. Design of W-shape antenna with vias structure

The vias-based structure with two air-filled vias
rows is implemented in the substrate parallel to the W-
patch. Vias operating principle includes making an arti-
ficial path within the substrate for guiding the wave.
This could be accomplished by making holes or vias
within the substrate. This leads to vias acting as a wall
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replacement for the waveguide sidewalls. The rational
selection of the vias in this work is to decrease the struc-
ture loading effect in the dielectric substrate. This helps
in suppressing the structure standing waves and propa-
gating the waves in the free space. The vias diameter
(Viia) and the distance between each vias (p) are cal-
culated using the following [13]:

A
Dvia < ?g (1)
14 S 2Dvia- (2)

To calculate the width of vias (W, ) between any
two parallel vias, the following formula is applied [13].
D2, Dz,
Werr = Wiy — 1.08 =2 0.1 4. 3)

p .
To achieve a wideband property, a glévlf—similarity

antenna is implemented with W-shape. The self-
similarity or W-shape antennas have a constant elec-
tric patch over the frequency bandwidth. Whereas, the
constant electric patch has been implemented in the
dimension of the wavelength. Hence, the antenna is
implemented with three transmission lines with a W-
shape between the width of the vias as shown in Fig. 1.
Each line is combined with two parallel vias to enable a
bandwidth expanding more than 60%.
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Fig. 1. The proposed W-shape vias antenna.

A parametric study in terms of the reflection
coefficient (S}1) is performed on the proposed antenna
with and without vias besides T-shape modified ground
with respect to the diameter of vias as in Fig. 2 (a).
Figure 2 shows the reflection coefficient responses with
different values of vias diameter. It has been found
that the optimal case for a wideband reflection coeffi-
cient is when the length of slot, width of slot, and vias
diameter values are 17 mm, 3 mm, and 4 mm respec-
tively. Hence, the antenna dimensions (in mm) are L; =
23.5,L2 = 22.5,Lf = 15,Wf = 1.25,f1”pg13.1Wf1 =
15,L; = 14,W; = 3,Lp1 = 40,Ls; =5
B. Metasurface design and integration with antenna

Metasurface is characterized by its resonant fre-
quency (f). The resonant frequency is calculated with the
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Fig. 2. (a) Reflection coefficient with and without vias,
(b) Reflection coefficient at several vias dimeter values.

considerations of the capacitance (C) and inductance (L)
properties of the transmission line. By altering the values
of capacitance and inductance, the frequency is shifted
to the higher or lower frequency or toward desired fre-
quency. The resonant frequency can be found by [14]:
1
f TN/ Tok “)
Therefore, the elements’ conductivity are filtered
using a lattice etched on a dielectric substrate. This forms
a full metasurface consisting of multiple unit cells. This
also allows the metasurface to pass or reject certain sig-
nal at specific frequency. Therefore, a metasurface is
implemented using square split ring resonator (SSRR)
to increase the gain of the antenna. Similarly, the meta-
surface is fabricated by low-cost FR4 substrate with
same height and permittivity as antenna. The unit cell
is designed with four SSRR cells as shown in Fig. 3. The
frequency of the four SSRR is found by [14]:

fo= ! :
27:\/L[(2l—§)c+ ot ]

®)



Where, the length of unit cell is (L), the width of the
cell is (WW), the gap between each cell is (S), the cut in
each SSR is (g), and the width of last resonator is (SS).
The capacitance and the inductance can be obtained as

[14]:
C = @ (6)
€020
4]
L =0.00508/ (2.3O3W -6 ) @)
A
= NN: 4,10, 20, ...., N-1. (8)

Hence, the values of the unit cell is as follows: L =
7 mm, ww = 0.5 mm, S = 0.4 mm,
g=0.5mm, and SS = 1 mm.

r 3
v

Fig. 3. SSRR unit cell design.

Figure 4 shows the performance of the SSRR unit
cell in terms of S-parameters, permittivity (€), and per-
meability (¢t). The reflection coefficient (S11) is shifted
below 3.5 GHz as one SSRR is added to the shape
as shown in Fig. 4 (a). The transmission coefficient is
lagged the reflection coefficient in lower frequency when
it compares with higher frequency more than 3.5 GHz
as shown in Fig. 1 (b). The method used to extract the
metamaterial properties is based on detecting the discon-
tinuity points. This method is simple and works effec-
tively by extracting the discontinuity points from the real
part of the refractive index. The permittivity is negative
from the range of 3 GHz to 4 GHz as the permeability
is positive at sub-6 GHz. Hence, the proposed unit cell
behaves as an epsilon-negative metamaterial (ENG) as
seen in Fig. 4 (c) and Fig. 4 (d) respectively.

As a result, the SSRR unit cell is integrated to form
a5 x 5 metasurface structure as seen in Fig. 5. The pro-
posed metasurface is symmetric, which gives the same
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Fig. 4. The performance of the SSRR unit cell. (a)
Reflection coefficient. (b) Transmission. (c) Permittivity.
(d) Permeability.

cross-polarization and co-polarization under the normal
x-polarized EM wave. The co-polarization at a range of
4.2 GHz to 4.45 GHz is less than —10 dB. At a frequency
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Fig. 5. The proposed 5 x 5 metasurface configuration.

range above 6 GHz, the co-polarization remains less than
—10dB as seen in Fig. 6 (a). The cross-polarization value
is within 1— dB in the range of mid-band (at 3.5 GHz).
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Fig. 6. Simulated response of 5 X 5 metasurface (a)
reflection and transmission coefficients. (b) PCR.
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At 3.5 GHz and 5.8 GHz, the PCR achieved a value
higher than 90 % as seen in Fig. 6 (b). Therefore, the
metasurface validates the increasing of current surface
toward increases the gain. The proposed 5 x 5 metasur-
face is placed above a proposed antenna to validate the
high gain property as presented in Fig. 7. The proposed
structure consists of antenna layer at bottom and meta-
surface layer with unit cells are faced the antenna from
above with a separation distance (air) between the lay-
ers (d). Figure 8 presents the comparison of simulated
results in terms of the reflection coefficient, gain, axial
ratio, and radiation pattern of the antenna with respect to
metasurface at d = 15 mm. At 3.5 GHz, it has been found
that the reflection coefficient is —23.5 dB with fractional
bandwidth of 3 GHz for both antenna and metasurface
antenna as in Fig. 8 (a). The gain is increased to 7.33 dBi
when the SSRR metasurface is applied compared to the
gain of antenna of 2.33 dBi as in Fig. 8 (b). Both axial
ratios in the two cases sill same over the bandwidth with
less than 3 dB as in Fig. 8 (c). Circularly polarized radi-
ation pattern of 2.3 dB can be seen without metasurface
applied compared to directive radiation pattern of 8 dB
when metasurface is applied as shown in Fig. 8 (d). As
a result, the simulated performance of the antenna with
metasurface showed a great impedance bandwidth, high
gain, and wide axial ratio.

faced toward =
antenna

Antenna

Fig. 7. The proposed metasurface placed above the
antenna.

III. RESULTS AND DISCUSSION

Figure 9 shows the printed antenna with metasur-
face with total dimensions of 50 mm x 50 mm that
highlighted the compact size of the whole system. The
measured results in terms of S-parameters are performed
using Keysight (Agilent Technologies) N9925A vector
network analyser (VNA). The performance of printed
antenna with metasurface in terms of reflection coeffi-
cient, radiation pattern, gain, and AR are compared with
simulated results in Fig. 10.

The measured performance of the reflection
coefficient is plotted in Fig. 10 (a). The measured
(S11) is —23.58 dB compared to the simulated one of
—30.2 dB at 4 GHz. The measured fractional bandwidth
is 2.99 GHz with a loss of 100 MHz of simulated band-
width (3 GHz). The measured radiation pattern agreed
well with the simulated one with an error tilt of 3 degrees
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ratio. (d) Radiation pattern. (c) Gain. (d) AR.
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as seen in Fig. 10 (b). Figure 10 (c) shows the measured
gain response compared to the simulated one. The mea-
sured gain is 7.2 dBi with 0.8 dBi loss compared to the
simulated 8 dBi gain. This is due to the interference com-
ing from the unwanted sources from the radiation pattern
chamber. The AR performance is compared in Fig. 10.
Over the operating frequencies, the AR value is above
82%. For example, at 4 GHz the measured and simulated
AR has a small gap of 0.5 dB difference. Table 1 sum-
marizes the antenna with metasurface performance and
compares it with other related works. Overall, the printed
antenna with metasurface exploited a great performance
in terms of bandwidth, AR, and gain.

Table 1: Comparison between measured and simulated
antenna with metasurface at 4 GHz with related existing
works

Parameters/Coupler Simulated Measured
Return loss (S11) (dB) —-30.2 —23.58
Bandwidth (GHz) 3 2.90

Gain (dBi) 8 7.2
AR (dB) 2.2 2.5
Comparison with related works
Ref | Gain | BW (GHz) | Size % AR (BW)
[9] | 2.56 | 2.19GH — 50% | 3.39 GHz —
dBi 3.7 GHz 3.55 GHz
[10] | 32 |243GHz— | 65% | 243 GHz —
dBi 2.47 GHz 2.47 GHz
[11] | 2.5 | 12.2GHz — — 12.2 GHz —
dBi 12.7 GHz 12.7 GHz
[12] | 1.89 | 1.57GHz — | 20% | 1.57 GHz —
dBi 1.62 GHz 1.62 GHz
This | 7.12 2 GHz — 45.2% | 2.5 GHz —
work | dBi 5 GHz 5 GHz
IV. CONCLUSION

A designed compact high gain wideband with a
metasurface antenna is presented in this paper at the sub-
6 GHz band. The antenna is designed based on a W-
shaped transmission line within the structure. The perfor-
mance of the proposed metasurface antenna agreed well
with the simulated results. Excellent S-parameters, band-
width, gain, and AR performance at 4 GHz are achieved
for the designed antenna. The antenna operates in the fre-
quency band of 2 GHz to 5 GHz with a high fractional
bandwidth of 85%. The antenna achieved a good profile
of compact size by 45%. The proposed antenna is suit-
able to be used later in sub-6 GHz applications.
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