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Abstract—In this article, a 4X4 uniformly distributed 

homogeneous array of subwavelength unit-cell based 
metasurface backed slotted microstrip patch antennas (MPA) 
has been proposed to modulate the radiation pattern 
characteristics and realize polarization diversity. In this 
proposed dual layer architecture, to analyze the polarization 
diversification effect on the metasurface layer both the bilinear 
and orthogonally decomposed surface current vector 
components have been realized. Achieving circular polarization 
(CP) in the higher order hybrid or quasi-TEM mode is indicated 
the orthogonally decomposed surface current vector 
components through the metasurface. The proposed dual layer 
metasurface backed MPA architecture can be used in 
GSM;2.27GHz, WLAN;5.2 GHz and X band;8.78 GHz 
applications.    

Keywords—Metasurface, dual-layer architecture, polarization 
diversification, tri-band MPA, metasurface backed MPA  

I. INTRODUCTION (HEADING 1) 

Metamaterial with its unique properties can be used for less 
real estate occupation [1] – [4]. Khan et.al. in [5] have 
investigated the challenges of body centric wideband antenna 
design using metamaterials [6-9] and partial ground plane. 
Use of partial ground plane invariably gives rise to pattern 
distortion. A multiband spiral antenna design has been shown 
in [10] with the requisite study of biocompatible insulation 
and choice of layers to improve radiation efficiency. EBG and 
SRR has been introduced by Wajid et. al. [11] in a wearable 
dual band antenna wherein the effect of the cotton substrate 
material on the gain of the antenna has been explicitly probed. 
In [12][13] 5G biomedical applications has been shown. In 
[13] CPW feed has been introduced to aid for compactness 
which may give rise to design complications. Graphene 
owing to its high electrical conductivity has been used for a 
reconfigurable antenna design [14] in terahertz frequency. 
Here use of graphene raises the material cost and design 
complications; moreover, in THz frequencies there is a 
restriction of communication range. A relatively larger 
metasurface backed circularly polarized (CP) antenna has 
been reported by Kam et.al[15].  

In the present work, a dual stacked 4X4 array of 
subwavelength meta unit-cell surface backed MPA has been 
reported. This work consists of CP in all the higher order 
hybrid modes and having dual polarized nature in fundamental 
mode of resonance. Sections II and III consist of design and 
analysis of the dual stacked proposed antenna. 

II. DESIGN STAGES OF PROPOSED ANTENNA 

This article proposes a dual layer microstrip patch antenna 
(MPA) architecture by using a subwavelength meta unit-cell 
backed slotted MPA.   

 

 

 

 

 

 

 

 

 

 
Fig.1. Schematic of Dual-Layer architecture of the proposed antenna 

excited through co-axial connector 

The dual layer architecture has been achieved by stacking 
two layers of Teflon dielectric substrate having permittivity 
(𝜖=2.4) and loss tangent (tan 𝛿=0.0009). 

A slotted microstrip patch (MP) has been printed on the 
upper dielectric layer whereas the 4X4 array of 
subwavelength meta unit cell structure has been printed on 
the lower dielectric layer followed by a ground plane on the 
other side of the lower dielectric substrate. 

As showing from Fig.1, the rectangular slotted MP has 
been excited through a co-axial feed connected through the 
ground layer of the lower substrate up to the surface layer of 
the slotted MP. If outer radius of the coaxial connector is 
𝑟ି௫(௨௧) =1.2 mm while the inner radius is 𝑟ି௫()= 



0.6mm. 
 
The detailed layered architecture has been shown 

throughout Fig.2. Fig.2 indicates the overall dimension of the 
substrate is ( 𝐿𝑋𝑊) =(60mmX60mm) whereas the MP 
printed on the upper dielectric substrate has a dimension of 
(𝐿𝑋𝑊)=(20mmX20mm). The dimension of the electrical 
slot upon the printed MP (𝐿௦𝑋𝑊௦)=(12mmX2mm) are rotated 
by an angle 𝜃=45°. 

 

 

 

 

Fig.2. Schematic representation of Dual-Layer architecture of the 
proposed antenna excited through co-axial connector : (a) side view of the 
stacked dielectric structure (b) co-axial feed connector (c) top view of 
rectangular slotted microstrip patch (MP) printed on upper dielectric substrate 
(d) top view of the 4X4 array of subwavelength meta unit-cell printed on top 
portion of lower dielectric substrate. 

Also, each subwavelength meta unit-cell has a dimension 
of (𝐿௨𝑋𝐿௨)=(8mmX8mm) which has been chosen on the 
basis of operating frequency (𝑓)=2.4 GHz and mapped to at 

least 
ఒ

ଵହ
 for realizing the actual physical behavior of 

subwavelength structures. The interelement gap is defined as 
𝑔=2.66mm. Ground layer, microstrip patch (MP) and the 
4X4 array of subwavelength meta unit cell structure have all 
been considered as perfect electric conductors (PEC).  

III. PERFORMANCE ANALYSIS OF PROPOSED ANTENNA 

In this section, a comparative analysis (mentioned in Fig. 
3) between the single and dual layer 4X4 subwavelength meta 
unit-cell array backed slotted microstrip patch antenna (MPA) 
is presented. 

Fig.3. Comparison of single and dual layer architecture (a) single layer 
3D architecture for slotted MPA with co-axial feed excitation (b) top view of 
slotted MP (c) dual layer stacked proposed antenna architecture. 

Fig.4. Simulated S11(dB) and Axial Ratio (dB) plot for both with and 
without loading of 4X4 array of subwavelength array of meta unit-cell 

surface. 
 
To study the electromagnetic behavior of the 

subwavelength 4X4 array of meta unit-cell surface, it has 
been placed as an intermediate ground plane in the stacked 
form of two dielectric substrates. The meta-surface shown in 
Fig. 3(c) is behaving like a periodic defected ground structure 
(DGS) having magnetic boundary bounded by electric walls 
periodically. Modulation of the effective surface wave 
through the meta-surface boundary by periodic modulation of 
phase velocity (𝑣) and group velocity (𝑣) has been depicted 
in this section of this article. 

 
It is shown in the next sub-sections that how the wave-

vector has been modulated for the periodically loaded 
subwavelength patches due to the inter-patch gap which can 
exhibit parasitic capacitances and give coupling effects for 
subwavelength electromagnetic applications. 

 
 In Fig.4 the simulated S11(dB) and Axial Ratio(dB) for both 

with and without 4X4 array of subwavelength array of meta 
unit-cell surface loading are compared. It is clearly visible 
from Fig.4 that for both with and without meta-surface loaded 
MPA structures the fundamental TM01 has been excited at 2.4 
GHz. Along with the fundamental mode of resonance, higher 
order quasi-TEM and hybrid modes have been generated. For 
the proposed 4X4 array of subwavelength meta unit-cell 
loaded surface backed, three frequencies in S, C and X band 
region are identified which have effective S11(dB)<-
10dB.The proposed meta-surface backed MPA can be 
operated in centering around the three bands such as 
2.4GHz,5.37 GHz and 8.57 GHz. Also, it can be observed 
from the axial ratio plot of Fig.4, the MPA without the 4X4 
array of meta unit-cell surface backing isn’t circularly 
polarized at the desired operating bands. After the 4X4 array 
of meta unit-cell surface backing under the slotted MPA is 
introduced. It can be observed from the axial ratio plot that 
for the fundamental resonance mode axial ratio(dB)< 5.5dB 
whereas the other higher order quasi-TEM modes exhibit 
axial ratio(dB)< 2.8 dB in each band. So, it can be arranged 
that the 4X4 array of meta unit-cell surface backing reduces 
the overall cross polar radiation. The bilinear surface current 
distribution has been replaced through orthogonal vector 
current distributions.  The vector surface current distribution 
on the meta-surface patch and the slotted MP can give a clear 
indication on the polarization diversity. 

From Fig.5 how the surface current components have been 
modulated for the slotted MPA while backing with the 4X4 
array of subwavelength meta unit-cell surface as a 
periodically defected PEC surface can be explained. It can be 
observed that at lower frequency band (2.46 GHz) the dual 
polarization is detained due to the complementary excitation 
of the magnetic boundary which is realized by the electrical 
slot on the PEC microstrip patch (MP). On the other hand, for 
mid and upper band (4.97 GHz & 5.56 GHz) frequencies it 
can be clearly observed that due to linear excitation of the 
electrical slot it exhibits linear polarization in each band 
which can be verified from the axial ratio plot for the bands 
(mentioned in Fig 4). 

 



 
Fig.5. Surface Current Vector plot of slotted MP without Metasurface 

backing at (a) 2.46 GHz (b) 4.97 GHz (c) 5.56 GHz, with Metasurface 
backing at (d) 2.4 GHz (e) 5.27 GHz (f) 8.78 GHz, Surface Current plot of 
4X4 array of subwavelength meta unit-cell surface at (g) 2.4 GHz (h) 5.56 
GHz (i) 8.78 GHz 

 
It can be observed from the surface current distribution that 

for each frequency band (2.4 GHz,4.97 GHz,8.78 GHz) the 
complementary effect of the electrical slot excitation has been 
occurred which causes dual polarization in the lower 
frequency band (2.4 GHz) and strong circular polarization in 
both middle and upper frequency bands (5.27 GHz & 8.78 
GHz). The above statement can be verified by the axial ratio 
plot shown in Fig. 4.  

Fig.6. 2D radiation patterns for Single layering Antenna at (a) 2.46 GHz 
(b) 4.97 GHz (c) 5.56 GHz along with corresponding 3D radiation patterns 
at (d) 2.46 GHz (e) 4.97 GHz (f) 5.56 GHz 

 
By observing the surface current in the respective 

frequency bands, it can be observed that by applying the 
periodically defected subwavelength meta unit-cell loaded 
PEC structure on the back side of the slotted MP, the 
fundamental resonance mode is restricted to dual polarization 
whereas the higher order quasi-TEM or hybrid resonance 
modes exhibit complete circular polarization for the periodic 
loading effect on phase and group velocities at those 
frequencies. 

Fig.7. 2D radiation patterns for Dual layer 4X4 array of subwavelength 
meta unit-cell surface backed Antenna at (a) 2.46 GHz (b) 4.97 GHz (c) 5.56 
GHz along with corresponding 3D radiation patterns at (d) 2.46 GHz (e) 4.97 
GHz (f) 5.56 GHz 

From the Figs.5(g)-(i), it can be understood that at the dual 
polarization band the consecutive PEC loaded patches have 
been coupled through a mixed effect of orthogonal and 
bilinear excitations whereas for the remaining hybrid modes, 
the circular polarization exhibits orthogonal or 90°  phase 
coupled effects. 

From Fig.6, both 2D and 3D radiation pattern for 
microstrip patch antenna (MPA) structure exhibit that for 
fundamental mode resonance the undistorted hemispherical 
regular shaped pattern has been obtained whereas the higher 
order hybrid or quasi-TEM mode of resonance exhibit 
doughnut shaped dual or multibeam pattern with a sustainable 
max-gain of 10.02 dBi. Similarly from Fig.7, it can be seen 
that undistorted hemispherical regular shaped radiation 
pattern has been achieved at the lowest order mode of 
resonance while for higher order hybrid modes doughnut 
shaped dual or multibeam pattern having broadside null has 
been achieved with a sustainable max gain of 9.02 dBi 
showing circular polarization (CP) effect. All the higher order 
bands which exhibit dual or multibeam radiation pattern can 
be used for bidirectional or multi beam communication 
applications. 

As a use case scenario, current vehicle-to-anything (V2X) 
applications include the use of existing cellular or 802.11x-
based technology which employs the use of conventional 
beamforming multiple input multiple output (MIMO) 
techniques to optimise spectral efficiency [16-17]. Although 
in theory, current beamforming MIMO techniques and 
technologies allow for higher capacity and throughput, 
practical systems have showed disappointing results, 
especially with regards to range, performance and cost of 
implementation in multiple user MIMO (MU-MIMO) or 
massive MIMO – as the technique requires users to be 
sufficiently separated for an optimal performance. Other 
beamforming techniques rely heavily on phase shifting, which 
requires active amplification to accomplish beam-steering at a 
suitable level. Although phased array systems in hybrid-
MIMO systems would be able to provide somewhat decent 
throughput at a reduced cost and power consumption 
compared with traditional MIMO systems, this approach 
becomes too costly and thermal challenges arise as it is scaled-
up [18].  Moreover, when employing the use of mmWave 5G-
satellite convergence ecosystem [19], the benefits of MIMO 
are diminished if an object is moving too fast due to rapid 
channel evolution, such as in vehicles. In terms of V2X 
applications, the very nature of the application is that there 
will always be multiple high-frequency connections between 
a vast number of vehicles, all moving at different speeds and 



all at varying distances. In mmWave-based V2X 
implementations and beyond, beamforming metasurfaces, 
which are software-defined, provide the potential to overcome 
problems with SWaP-C requirements [20], and thermal 
management. 

IV. CONCLUSION 

In this article a detailed characterization of the proposed 
dual band stacked 4X4 array of subwavelength meta unit-cell 
surface backed MPA architecture has been presented. The 
electromagnetic effect of the periodically defected partial 
ground structure has been reported. The proposed antenna 
structure can be used for short-range biomedical 
communication, implantable sensing applications.  
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