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ABSTRACT: In this investigation, a broad circularly polarized high-gain SADEA-tuned quasi-TM3o-mode excited metasurface antenna at
sub-6 GHz 5G band is shown. A linearly polarized (LP) monopole antenna in stage-1 with conventional partial ground is proposed. Then,
in stage-2, a stair-cased partial ground plane is transformed to witness circular polarization (CP), an expanded part of stage-1. In stage-3
for next-generation wireless applications, the main objective is to improve CP gain, impedance (10-dB BW), and axial bandwidths (3-dB
BW), which will make it a good candidate for RF energy harvesting systems, a potential feature for next-generation wireless application.
In this case, the application of a metasurface layer is an important step, significantly optimized by using Al-tuned SADEA method. The
SADEA-tuned metasurface layer at 45 mm right above the A\/4 monopole radiator is integrated as a multi-layered structure. Finally, it is
fabricated on a low-cost FR-4 substrate with thickness of 1.6 mm and offers a measured 116.3% 10-dB BW, 20.98% 3-dB BW, CP gain
peak 7.5 dBic, and antenna efficiency > 85% in the desired band of operation. With the introduction of SADEA optimization method
not only the complexity was reduced while designing the metasurface layer, but simultaneously to the best of author’s knowledge, this
is the first time such type of approach is followed towards the design of circularly polarized metasurface antenna for next-generation
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wireless applications.

1. INTRODUCTION

here are high performance expectations for data through-
Tput, reliability, coverage, spectrum, as well as energy ef-
ficiency, connectivity density, and latency in the era of next-
generation wireless communication systems, especially in the
sub-6 GHz spectrum allotted to the 5G. Enhancing the capabil-
ities of wireless systems and radio frequency (RF) front-ends,
which are crucial in determining the directions of wireless com-
munications in the future, has received attention in an effort to
satisfy these demanding criteria [1,2]. So, this development
promotes new paradigms like energy-autonomous devices and
makes it easier to expand the functionality of wireless systems.
Given recent advancements, research on the deployment of RF
energy harvesting (RF-EH) systems that use ambient RF sig-
nals, specifically in the sub-6 GHz 5G bands, is now becom-
ing increasingly necessary. RF-EH offers a viable strategy for
lowering operating expenses and maintenance frequency since
it captures and transforms electromagnetic (EM) energy into
electrical power that may be used. Since effective RF front-
ends consistently interface with EM waves coming from multi-
ple directions, their design is crucial in this context. So, regard-
less of the direction of the incoming wave & the receiving an-
tenna, circular polarization (CP) has drawn interest as the best
method for enhancing signal reception and impedance match-
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ing. RF front-ends with low profiles, wide impedance band-
width, high radiation efficiency, and steady radiation pattern are
required for the accurate receptions of mobile communication
signals in 1-7 GHz. They also need to adhere to the emission
limits established by the Federal Communications Commission
(FCC) [3, 4] for their better results. As a consequence, there is
a requirement for the single antenna element that possesses at-
tributes, mostly the capability of CP. So, the techniques in the
likes of vias [5] and metasurfaces (MTSs) [6—12] are utilized
in order to accomplish the design of CP antenna. On the other
hand, when it comes to the need for effective polarization sys-
tem, one of the important instances is to attain broadband CP.
The particular kind of analogy and the existing antenna designs’
comparison of performance trade-offs were not specified in [5—
12] as they continue to be significant. It is especially true when
the deployment of MTS is not defined through artificial intel-
ligence (Al) in the prospect of reducing the complexity of im-
plementing multi-layered structure. Thus, the the optimization
of MTS is needed to antenna for its augmentation in bandwidth
and gain, which has not been seen yet in the literature.
Surrogate-assisted  differential  evolution  algorithm
(SADEA) [13,14] is employed with the objective of op-
timizing the structural parameters of MTS towards enhancing
performance, by considering the trade-offs, especially the
enhanced 3-dB bandwidth and 3-dB gain in the sub-6 GHz
5G band, which has not yet been reported in the literature.
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FIGURE 1. (a)—(c) Evolution stages and schematics of a proposed SADEA-tuned CP MTS antenna along with its fabricated prototype using PCB

prototyping mechanism.

Thus, the inclusion of stair-cased partial ground plane and
the SADEA-driven MTS layer of uniform symmetrically
positioned unit cells makes it possible to achieve broadened
CP bandwidth and gain with broadside-directed pattern in
sub-6 GHz 5G bands, which was earlier a major roadblock in
this particular field-of-interest. So, this article shows that a
SADEA-tuned circularly polarized MTS-inspired monopole
antenna is proposed, and it witnesses a good performance,
attains broadened 3-dB bandwidth of > 20% and CP gain
a8 of > 6.5dBic with better front-to-back ratio (FBR) at
sub-6 GHz 5G band considered to be ideal from an application
perspective.

2. ANTENNA DESIGN AND EXECUTION OF SADEA
OPTIMIZATION METHOD

A circular-shape printed monopole antenna (CSPMA) is shown
in Figures 1(a)—(c). Its operational features are dependent on
the lowest resonant frequencies (f7,). In a sub-6 GHz 5G band,
the CSMPA lowest resonant frequency is at 1 GHz (stage-1),
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which is visualized by using Computer Simulation Technology
(CST) microwave studio EM solver, and it makes use of the
empirical formula in Equation (1) for consideration towards the
design of a A/4 monopole antenna:

7.2

et
934R+g

frL= (M
From above, in Equation (1), f1, represents the lowest resonant
frequency, R the radius of the structure, and g the gap that exists
between the radiating patch and a partial ground plane, which
contributes towards the improvement of impedance matching.
Based on the existing literature, monopole antennas are more
familiar for ultra-wideband (UWB) in broader senses because
of the intrinsic features that they demonstrate, but the adoption
of their creditability is not widespread in the frequency span-
ning up to 7GHz. Also, one of its limitations pertains to re-
stricted presence and inability to achieve viability as a result
of the existing antenna designs’ non-responsive behaviour to-
wards the CP characteristics. Considering the scenario of to-
day’s communication systems in a sub-6 GHz 5G band, there
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is an urgent need for the RF front-ends with strong radiation,
high CP antenna gain, and better antenna efficiency (stage-2).
The utilization of SADEA-tuned MTS layer offers a vast con-
tribution for attaining broadband CP through the manipulation
of focused, strong directional pattern with increased FBR and
3-dB angular beamwidth (stage-3), quite applicable from an ap-
plication perspective.

Now, we will proceed to elaborate on the phenomena of
adding SADEA-tuned MTS layer. We make usage of the MAT-
LAB RF antenna toolbox™, they have access to the broad
number of functions and applications which are utilized for the
motive of designing, analyzing, and optimizing the RF com-
ponents, based on the requirements from application perspec-
tive. In our design, the component element mainly consists of
uniform unit cells, which are the fundamental constituents of
MTSs that have been optimized to extract best possible antenna
performance considering the performance trade-offs. By look-
ing into the optimization, it is possible to deduce the outcomes
by utilizing discrete 3D forms & arbitrary planar structures gov-
erned by parametric equations. Also, they provide a powerful
way-out to represent and manipulate the geometric objects, and
these objects can be manipulated based on our considerations.
Due to the usage of EM solver, it is able to compute the at-
tributes in order to figure out final verifications, in the same
way methods of moments (MoM) does, but the matured opti-
mizations allow for the structures to be optimized in the most ef-
ficient manner possible, enabled through the utilizations of Al-
driven optimization methods, which are applied very rarely in
the case of MTS unit cells. So, an approach known asa SADEA
is applied to maximize design effectiveness by making use of
artificial intelligence. This optimization method, grounded for
machine learning and evolutionary computations, leverages Al
to find optimal solution in a very effective manner taking into
consideration for lesser complexity and exhibition of better per-
formances in terms of attaining the trade-offs. It employs Al
to design from the scratch and iteratively improve its design-
ing & mimicking natural evolution for exploring its integration
through the design spaces for the final antenna structure. In the
context, to draw the attention of the readers, a detailed analogy
on the surrogate model assisted differential evolution for an-
tenna synthesis (SADEA) and its implementation is shown in
Figures 2(a) and (b).

With the help of SADEA method, the phenomenon of global
optimization which makes usage of statistical learning ap-
proaches develops the surrogate model. Hence, in the frame-
work of the surrogate model-assisted optimization, it is of quite
relevance that the processes applied to make the surrogate mod-
eling optimization in an effective manner. It has included ideas
taken from evolutionary search framework that take surrogate
models in accordance with the time. Inrelation to it, differential
evolutions (DEs) also known as Gaussian processes (GPs) are
employed in the search engine where a SADEA method utilizes
the insides of a machine learning process exclusively used for a
surrogate modeling [13—15]. To summarize the overall process
of Al-tuned SADEA optimization, the following steps can be
taken into consideration:
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— Step-1: Initialization — Create a population of potential
solutions at first, each of which represents a different an-
tenna design parameter with different characteristics.

— Step-2: Surrogate Model Training — A subset of eval-
uated solutions is utilized to train a surrogate model as the
DE process moves on. Thus, based on the values of its pa-
rameters, this model learns to forecast how well antenna
design parameters would function and put impact on the
final performance.

— Step-3: Optimization Process — The surrogate model is
used to direct the DE algorithm. So, instead of executing a
full simulation for each design parameter, the model pre-
dicts its performance, and the DE algorithm is then utilized
to select the top dimensions for the next phase of execution
before it is integrated in the final design structure.

— Step-4: Updating Surrogate — It is updated with the
most recent dimension after a sufficient number of iter-
ations have been tested. As a result, it can get better over
the time and make predictions that are more accurate.

— Step-5: Termination — The process of optimization will
continue until stopping criterion is satisfied, which could
be a predetermined number of iterative generations from
the beginning or the discovery of a solution that provides
adequate response. In order to optimize the antenna design
parameters for better results, SADEA not only minimizes
costly simulations but also preserves the resilience of DEs.

hai’r—gap = 0.76\ — hsup\/Er (2)
As far as the authors are aware, there are very few reports on the
usages of the surrogate-assisted differential evolution algorithm
(SADEA) to the design of a circularly polarized (CP) metasur-
face (MTS) antenna. In order to close this gap and improve per-
formance, we report SADEA-based MTS layer optimization in
stage-3. Here, the grid-slotted sub-patches, intermediate gaps,
and overall MTS dimensions are among the structural changes
that are the focus of the optimization. According to stage 2,
an MTS superstrate is positioned 45 mm (Rgir-gqp) above the
A/4 CP monopole antenna. Parametric analysis is carried out to
assess performance trade-offs prior to finalization. Table 1 pro-
vides summary of the findings. Equation (2) presents the cor-
responding mathematical formulation. Here, the average CP

TABLE 1. Placement of the superstrate in stage-3: Parametric study
and its effect on various outcomes.

Impedance Axial Antenna
hair-gap . . . Ave.

Bandwidth Bandwidth Gain **®
30 mm 107.3% | -------- | meeee---
35mm 110.1% |  -------- | —-------
40 mm 1127% | mmmeemem | emmeeee-
45 mm 117.2% 21.52% 7.1 dBic
50 mm 119.4% 10.75% 7.15dBic
55mm 130.2% 10.68% 7.28 dBic
60 mm 143.8% |  -------- | mmmee---
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FIGURE 3. Generation of higher-order modes in stage-3 due to the im-
plementation of metasurface layer.

gain increases from 2.38 dBic (stage-2) to 7.1 dBic (stage-3),
according to performance study, which translates to a enhance-
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ment factor of roughly 2.98. Furthermore, there is a 1.52-fold
improvement in the 3-dB axial ratio bandwidth, which rises
from 14.1% to 21.52%. These outcomes demonstrate how well
SADEA works to optimize MTS structures for improved CP
antenna.

Both of these increments are possible due to the imple-
mentation of SADEA-tuned MTS layer being present as a top
layer. This improvement is significant, as it attains the off-
sets in terms of CP gain and bandwidth. In the current pro-
cess, it is observed that the attainment of maximized outcomes
in terms of improvement of performances is driven by ge-
ometric features. Previously, it is seen that the MTS unit
cells focus radiation beam on quasi-TM3o modes (i.e., a transi-
tion from TMy-to-TM3¢ modes, half-wavelength mode to full-
wavelength modes). It is expressed in the form of grid-slotted
sub-patches that are the sources of high-orders modes, consid-
ering A. In Figure 3, it is observed that because of the gaps
(marked in a red colour) between the grid-slotted sub-patches
or MTS unit cells, there is transition of the modes that is related
to the improvement of a CP bandwidth to 1.52 times. So, the
comparison of various outcomes at different instances is pur-
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FIGURE 4. Evaluation of CP mechanism at 5 GHz: (a

sued in Table 2. In addition to it, there is a direct influence of
the suppression of surface wave resonances leading to the effi-
cient far-field radiation pattern at sub-6 GHz 5G bands. Finally,
we can give interesting insight that there is a strong connection
between physical properties of MTS layer and enhancement of
antenna gain nearly to 2.98 times. Since MTS layer can control
the phase, amplitude, as well as polarization of the waves, shap-
ing the wave front allows them to guide their radiated energy in
more focused directions, improving the directivity of antenna
and so its gain simultaneously in a broader manner [16].
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]
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) method-I, (b) method-II, and (¢) method-III.

3. EVALUATION OF CIRCULAR POLARIZATION
CHARACTERISTICS

A comprehension of CP attributes is interpreted in Figures 4(a)—
(c). The first and second methods are executed to look at sur-
face current and electric field distributions at sub-6 GHz 5G
bands. In Figure 4(a), the vertical and horizontal components
indicate that the CP behaviour is present in our case. The sec-
ond method observes the electric field to figure out the type of
CP (i.e., left hand circular polarization (LHCP)/right hand cir-
cular polarization (RHCP)). The nature of CP is RHCP as the
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TABLE 2. Corresponding outcomes at the various stages of proposed antenna in the sub-6 GHz 5G bands.

Evolution | Polarization | Impedance Bandwidth | Axial Bandwidth | Antenna Gain *"® Performance
Stage-1 LP 142.8% X X X
3-dB BW
Stage-2 CP 144.8% 14.1% 2.35dBic . v
3-dB Gain X
3-dB BW
Stage-3 CP 117.2% 21.52% 7.1 dBic . T
3-dB Gain 1

TABLE 3. A comparison of stage-3 with the reported works in [5-12] (Trade-offs: Impedance Bandwidth > 115%, Axial Bandwidth > 20.5%, CP
Antenna Gain ¢ > 6.5 dBic, CP Antenna Gain "™ > 7.5 dBic, are all considered, where x means not attained and \/ means attained).

References Impedance Bandwidth | Axial Bandwidth CP Antenna Gain Complexity
Average | Peak

[5] X X X X 0

[6] X X X X 0

[7] X X X X T

[8] X X X X T

[9] X X X X T
[10] X X X X T
[11] X X X X T
[12] X X X X T
Stage-1 V4 X X X 0
Stage-2 Vv X X X 0
Proposed Work (Stage-3) Vv v vV Vv ¢

electric fields are moving in a clockwise around the direction
of propagation in which the field components rotate at 90° with
each other. Thus, when the phase changes from 0° to 90°, it can
be seen that the pattern of the electric field changes perpendic-
ularly to the phase and resembles a clockwise movement pat-
tern. Concurrently, the strength of electric fields still exhibits
a similar pattern as they move from 90° to 360° in the clock-
wise direction keeping in constant to the direction of propa-
gations (i.e., +z-direction). Here, researchers often describe
these features by using a right-hand thumb rule and represent it
with plane wave equation [16] shown in Equation (3). Consid-
ering this mathematical intuition, Figure 4(b) highlights the at-
tributes of CP as an RHCP. Further, the third method identifies
the type of CPs through the examination of radiation patterns
at sub-6 GHz 5G bands. Figure 4(c) presents that the RHCP
is stronger than LHCP. A CP gain of 1.735 dBic at LHCP and
2.26 dBic at RHCP is obtained at 5 GHz (stage-2). Therefore,
this approach makes it possible to appreciate the features of
CP components in terms of a left-handed circular polarization
(LHCP) or right-handed circular polarization (RHCP). In addi-
tion, RHCP is dominant over LHCP by > —20 dB at the same
5 GHz. This reveals that the proposed monopole antenna is an
RHCP. So, gain and relative power of radiation pattern make
it possible to identify the CP components in terms of LHCP
or RHCP, actually a part of CEM (computational electromag-
netics). The entire entity is represented in terms of horizontal
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components (x) and vertical components (y) through the char-
acteristic mode theory (CMT) in Figure 5 which is deduced in
Equation (4) and Equation (5) in a generalized manner which
is further responsible for evaluating the far-field properties.

ERHCP(O, t) = FEy cos(wt):ﬁ + FEgcos (wt + g) 7 3)

The authors through the aforementioned analysis share the in-
sights about the CP for proposed antenna that is based on CEM
objectives at the same time and has satisfied the theoretical as-
pects. Thus, in this section, not only the concepts are explained
on the basis of EM simulations, simultaneously its mathemati-
cal insights are also covered. So, by looking at the characteris-
tics of CP and how it works, we can come up with the plan for
large-scale solution. It is done to deal with sub-6 GHz 5G ap-
plications, which is the important task force for assessing, de-
veloping, and optimizing, especially for printed antennas that
show CP features. To the best of the authors’ knowledge, tech-
niques I to III, parts of CEM, are a significant and infrequently
described step that can be significantly used in our analysis for
understanding the peculiarities of CP to a large extent.

Erncp = % (Ex +jEy) (4)
Egrncp = % (E} *jﬁy) (5)
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FIGURE 6. (a) Impedance bandwidth (10-dB BW) and (b) Axial bandwidth (3-dB BW) of SADEA-tuned CP MTS antenna.

4. EXPERIMENTAL VALIDATION WITH ITS RELEVANT
OUTCOMES

Figures 1(a)—(c) present various characteristics of the proposed
monopole antenna like developmental stages, final schemat-
ics, and its fabricated prototypes (front view, bottom view, &
prospective view) by utilizing the concept of printed circuit
board (PCB) prototyping mechanism. Then, Figure 6(a) shows
the 10-dB impedance bandwidth (BW) for simulated and mea-
sured scenarios. Hence, the outputs for these two cases are
117.2% at 1.82—6.98 GHz with the bandwidth of 5.16 GHz and
116.3% at 1.84-6.96 GHz with bandwidth of 5.12 GHz. Sim-
ilarly, the measured and simulated 3-dB axial bandwidths are
4.05-5 GHz, 0.95 GHz, with bandwidth of 20.98%, and 4.03—
5 GHz, 0.97 GHz, with bandwidth of 21.52%. It offers the
CP gain ranging from 5.5 to 7.9 dBic and antenna efficiency
of > 85% in the operating frequency spectrum (sub-6 GHz 5G
bands) as shown in Figure 6(b).
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Certain factors are responsible for the advancement in an-
tenna performance above traditional design, and the investiga-
tions are ongoing to uncover it. The increase in CP gain is
achieved to a factor of 3.19 times, which is quite good to the
best of the authors’ knowledge in this particular area along with
broadband 3-dB BWs. It is because of the improved impedance
matching and reduced backscattering that contribute to the at-
tainment of such increment. Prior to it, MTS is also known for
influencing EM waves [16]. So, it is also responsible for en-
hancing the efficiency with which energies are concentrated in
their required direction, and further it is equally responsible for
reducing the sidelobes that contribute to the optimization of the
spatial distribution of the energy radiated by RF front-ends. A
strong directional pattern is provided by the radiation pattern at
5 GHz, which has a front-to-back ratio (FBR) > —22.5 dBic.
Figures 7(a) through (c) illustrate a number of features asso-
ciated with far-field radiation pattern right from measurement

WWwWw.jpier.org
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FIGURE 7. (a) Setup in the anechoic chamber, (b) Phi =0°, & (c¢) Phi=90° at 5 GHz of SADEA-tuned CP MTS antenna.

setup to its outcomes. The comparison with those reported in
[5-12]is included in Table 3, w.r.t. performance trade-offs. The
evidence indicates that the proposed antenna (stage-3) is supe-
rior to others, due to its higher bandwidths and enhanced CP
gain. Finally, it achieves a CP peak gain > 7.28 dBic, address-
ing the constraint of conventional printed monopole antennas
often characterized by low gain in their operating bandwidth.
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5. UNDERSTANDING OF TIME-DOMAIN ANALYSIS
W.R.T. NEXT-GENERATION WIRELESS APPLICA-
TIONS

As a fundamental entity, time domain analysis is essential for
broadband antennas. This analysis specifies capabilities of the
signal transmission and reception with the least amount of dis-
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FIGURE 8. (a) Input signal & group delay and (b) S21 (isolation) at 5 GHz of the proposed antenna (stage-3).

tortion as possible in the communication channel. Over the
right frequency ranges (below 7 GHz), the antenna’s features
are carefully checked such as group delay and isolation. We uti-
lize CST microwave studio as an EM solver for evaluating time
domain analysis. During it, we keep the proposed SADEA-
tuned CP MTS antenna’s (stage-3) identical radiating structures
in two different positions: (a) side-by-side and (b) face-to-face,
with 30 cm of free space in between each other. It is important
to note that the monopole radiator is described in the broadside
direction since this angle provides favorable outlook in terms of
performance. So, the information presented in Figures 8(a) and
(b) includes a comprehensive analysis as well as the results that
correlate to it, especially with its signalling properties. When
analyzing the properties of the signal’s behaviour, a Gaussian
pulse is of great use and is applied as the input signal. So, these
findings reveal that communication systems require excellent
pulse handling capability which is verified by good group de-
lay and better isolation features. Since the proposed CP MTS
antenna (stage-3) has a higher isolation greater than —25 dB and
the linear phase fluctuation at sub-6 GHz 5G bands, a signifi-
cant example is presented in the era of next-generation wireless
applications.

The RF front end (antenna) is considered as a vital compo-
nent of the RF energy harvesting and wireless power transmis-
sion system. In sub-6 GHz 5G bands, various ambient sources
release the RF signals that the RF front end primarily receives.
Hence, it is the reason that CP antennas facing the broadside di-
rection and having a high CP gain are better, as the available RF
energy in the surrounding environment can exist in any orienta-
tion and phase alignment. So, it is possible to combine indoor

74

evaluations, which are linked to the Friis Transmission Equa-
tion and the outcomes that come from time domain analysis, an
advantage for next-generation wireless applications.

6. CONCLUSION

This article looks into the proposed CP front-end with high
gain that is supported by SADEA-Tuned Smart Metasurface
(STSM) layer as a superstrate tuned to the Al-driven SADEA
optimization method. Due to this, it is feasible to attain en-
hanced 10-dB BW and 3-dB BW, along with the peak gain of
> 7.28 dBic and the antenna efficiency of > 85% in the bands
allocated for its operation, i.e., in sub-6 GHz 5G bands. Here,
we provide not only scientific insights about the CP, but also
its intuition based on the CEM. So, we present a comprehensive
plan to address the challenge of analyzing CP using MTS anten-
nas (stage-3). Then, the findings achieved are compared with
performance trade-offs. The growing needs of modern appli-
cations, which require communication at sub-6 GHz 5G bands,
are paving a way towards the Reconfigurable Intelligent Sur-
faces (RISs) and unmanned aerial vehicles (UAVs). Further,
our research concentrates on the Designing, Analyzing, Vali-
dating, and Implementing (DAVI) process, encompassing the
stages such as designing, analyzing, validating, and implement-
ing, enhancing its effectiveness. The future of sustainable en-
ergy harvesting technology will probably depend on the STSM
as wireless communication networks expand, and the demand
for low-power energy-efficient devices rises vital for the next-
generation wireless applications.
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