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ABSTRACT: In this paper, a dual-circularly polarized (DCP), metasurface-loaded broadband antenna is designed to operate across fre-
quencies covering the Sub-6 GHz 5G band for RF energy harvesting (RFEH) applications. The DCP antenna can collect RF energy both
left-hand circularly polarized (LHCP) and right-hand circularly polarized (RHCP) waves by the same antenna. In this view, the antenna
structure features two crossed metallic strips enclosed within symmetrically loaded metallic rhombic loops. Unequal strip widths in the
rhombic loops enhance gain and improve impedance matching. A partial ground plane on the bottom layer fine-tunes the operating
frequency, while the metasurface boosts antenna gain. A prototype with optimized dimensions was fabricated, and the results, both

experimental and simulated, demonstrated excellent agreement.

1. INTRODUCTION

Global data traffic is projected to expand more than tenfold
in the next five years due to the increasing number of ap-
proximately 6 billion cellular users by 2028, the rise of Internet
of Things (IoT) applications, and the widespread use of cellular
video. Consequently, mobile networks will face significantly
higher traffic demands. To address this, fifth-generation (5G)
networks are driving advancements in wireless communica-
tion with their cutting-edge features, including ultra-high trans-
mission data rates (peak rates of 10 Gbps), exceptionally low
latency (1 ms), dense connectivity, enhanced mobility (up to
500 km/h), and extremely low error bit rates [1]. Three distinct
bands have been identified in the radio frequency spectrum for
5G communication: Sub-6 GHz lower band (< 1 GHz), Sub-
6 GHz mid-band (3.1-6 GHz), and millimeter-wave 5G band
(24.25-52.6 GHz). Sub-6 GHz lower band ensures broad cov-
erage, while Sub-6 GHz mid-band extends coverage with ac-
ceptable data rates. In contrast, the millimeter-wave 5G band is
dedicated to extremely high data-rate transmissions over short
distances [2]. The deployment of millions of sensors-equipped
IoT devices is gaining popularity in smart cities and other
emerging applications nowadays. For powering these sensors,
conventional batteries are usually used. Unfortunately, these
batteries require frequent charging, and replacement may be
impacted too. Thus, it is imperative to design and deploy self-
sufficient IoT systems [3]. To accomplish these objectives, one
potential method is to adopt a radio-frequency energy harvest-
ing (RFEH) approach. RFEH offers several advantages over
other energy harvesting methods, including maximal power
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conversion efficiency and compatibility with both indoor and
outdoor environments. It leverages the growing availability of
RF energy produced by sources such as FM radios, TV stations,
mobile towers, and Wi-Fi routers, particularly in metropolitan
areas. Additionally, RFEH provides environmental indepen-
dence, making it a versatile and reliable solution. These ben-
efits have increasingly drawn researchers’ interest, positioning
RFEH as a promising strategy for sustainable energy harvest-
ing [4].

In the RFEH, the radio frequency energy is utilized and con-
verted into electricity in a way that enables small electronic gad-
gets. Rectenna (antenna-integrated rectifier) is a remarkable
tool utilized for RFEH scenarios [5-7]. Antenna and rectifier
circuit are crucial components of a rectenna. The antenna cap-
tures radio frequency (RF) energy from the surrounding envi-
ronment, and the rectifier circuit converts this received RF en-
ergy into direct current (DC) electricity. The performance of a
rectenna can be generally enhanced with an optimized rectifier.
Increasing the antenna’s gain can improve the power absorp-
tion, which is achievable through larger antenna dimensions.
However, increasing the size of the antenna limits its practical
applications. Circularly polarized antennas are advantageous
as they can receive RF energy regardless of the wave’s polar-
ization in the environment, enhancing power reception. Con-
sequently, a compact antenna with omnidirectional coverage,
circular polarization, and high average gain is ideal for RF en-
ergy harvesting applications. Developing an antenna that can
harvest sufficient power presents a significant challenge for re-
searchers. This work focuses on the design and analysis of an
antenna circuit tailored for efficient energy harvesting [8].
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Recently, there has been significant research interest
in metasurface-inspired antennas due to their exceptional
features, including low profile, wide bandwidth, excellent
radiation gain, and ease of fabrication. These antennas are
typically designed using periodic tiny patch unit-cell patterns
which exhibit distinct electromagnetic characteristics. They
are synthetic sheets with sub-wavelength properties that can
influence electromagnetic waves in a manner that natural
materials cannot.

The important electromagnetic features of metasurfaces are
that they can be constructed with customised permittivity and
permeability, allowing for fine control over wave propaga-
tion, reflection, and transmission. Metasurfaces can be built to
have a certain surface impedance that controls how electromag-
netic waves move through the surface, allowing for functions
such as perfect absorption, impedance matching, and wavefront
shaping. Many metasurfaces have anisotropic reactions, which
means that their electromagnetic behaviour changes with di-
rection. These advancements highlight the potential of meta-
surface designs in addressing diverse requirements for mod-
ern communication systems [9]. A metasurface-based triple-
polarized antenna is implemented for 5G applications [10].
Here, by merging two innovative metamaterial-based transmis-
sion lines (TLs), an integrated metasurface-based structure that
includes a three-port feeding network is assembled to achieve
both horizontally and vertically polarized radiation. Tran et
al. [11] have constructed a metasurface (MS) associated multi-
input multi-output (MIMO) antenna for wideband applications
under the Sub-6 GHz band. Proper isolation is achieved by
grounding the metallic surface of each MIMO element with
metallic vias. A compound U-shaped unit cells and square split
ring resonator (SSRR) metasurface split beam antenna is de-
signed to obtain multibeam and high gain features [12]. Here,
a multi-beam antenna helps to increase the traffic capacity and
also avoids interference. A metasurface has also been used to
enhance the gain in [13], where a multi-circle sectored meta-
surface loaded vertical monopole antenna is investigated for
improving the gain. A metasurface can also help to achieve
the proper isolation between two antennas [14, 15]. In [14], a
metasurface is embedded with a multilayer dual-port antenna
as a superstrate for the decoupling of two antennas, whereas
in [15], insulation gain is improved by a decoupling strip be-
tween two antennas and a ground slot. A metasurface antenna
with a magneto-dielectric and split-ring resonator (SRR) en-
hances the gain and impedance bandwidth [16]. However, an-
tennas [11-16] are limited to linear polarization. Also, the an-
tenna in [16] suffers from a complex design with two ports. A
linearly polarized antenna cannot receive a circularly polarized
wave completely. Hence, the antenna with circular polariza-
tion (CP) features helps in collecting maximum energy from
the surrounding atmosphere that will help in RFEH applica-
tions. A multilayer circularly polarized metasurface antenna
with multi-shaped metasurface elements and parasitic elements
was proposed for 5G new radio (NR) applications in [17]. Here,
the multi-shaped metasurface deposited on the upper layer of
the structure enhances various performance characteristics of
the antenna. A transparent conformal polarization-conversion
metasurface antenna is implemented for 5G applications [18].
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Here, three groups of rectangular slots loaded ellipse type of
metamaterial unit cells are arranged around the feedline to
achieve polarization conversion properties. A leaf shape of
metasurface with a hybrid coupler feed network has been imple-
mented with CP characteristics in [19]. An array of leaf-shaped
MTS elements create CP characteristics. A hybrid coupler feed
helps in enhancing the impedance bandwidth (BW), axial ra-
tio (AR) BW, and gain of the antenna. These antennas [10—
19] suffer either from low antenna gain, large antenna dimen-
sions, polarization-sensitive characteristics, or design complex-
ity with multiport excitation or a multilayer approach. Also, a
left-hand circularly polarized (LHCP) wave only collects part
of the right-hand circularly polarized (RHCP) wave and vice-
versa. Hence, the antenna with dual circular polarization in-
cludes both left- and right-hand circular polarization character-
istics that can harvest the maximum of the received wave of any
polarized wave. In this view, designing a dual-circularly po-
larized broadband antenna with compact dimensions and om-
nidirectional radiational characteristics is highly essential for
RFEH applications.

In this paper, a compact dual circularly polarized broad-
band antenna is implemented using parasitic-loaded symmet-
rical rhombic loop antennas with unequal strip widths and a
loaded metasurface, designed for Sub-6 GHz 5G energy har-
vesting (EH) applications. The proposed antenna targets the
rapidly evolving mid-range 5G band. The novelty of the design
lies in its broadband characteristics combined with dual circu-
lar polarization properties, achieved in a compact form factor.
Additionally, the antenna’s capability to harvest any polarized
wave makes it particularly suitable for RF energy harvesting ap-
plications. The paper’s structure is as follows. Section 2 details
the proposed antenna’s structural design. Section 3 presents the
simulated performance analysis of the antenna. Section 4 dis-
cusses experimental validation, including the fabricated proto-
type and measurement outcomes. Section 5 concludes the pa-
per, followed by references. This work represents a novel con-
tribution by addressing the critical requirements of compact-
ness, polarization versatility, and broadband characteristics es-
sential for 5G and energy harvesting applications.

2. GEOMETRICAL EXPLANATION OF THE ANTENNA

The geometrical description of the proposed antenna is pro-
vided in this section. Figure 1 illustrates the schematic view of
the antenna. The design is based on a Rogers RO4003 substrate
(dielectric constant €, = 3.55, loss tangent tand = 0.0027,
and thickness of 1.524mm). Two parasitic-loaded rhombic
loop antennas with unequal strip widths are positioned sym-
metrically on either side of the feedline above the substrate to
achieve the desired operating frequency. These unequal strips
improve impedance matching, gain, and axial ratio (AR) per-
formance. A fractional ground plane is employed on the under-
side of the substrate to achieve a wide impedance bandwidth.
Additionally, a metasurface composed of rectangular unit cells
is placed adjacent to the partial ground plane to enhance the
antenna’s gain and operating range. To enable dual circular po-
larization, two metallic cross-strips are positioned at the cen-
ter of the rhombic loop structures. This arrangement ensures
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FIGURE 1. Schematic outlook of the projected antenna (a) top-view and (b) bottom-view.
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FIGURE 2. Antenna development stages (a) Ant #1, (b) Ant #2, (c) Ant #3, (d) Ant #4, (¢) Ant #5, and (f) Ant #6.

optimal performance across the target frequency band. Ansys
HFSS simulation tool has been used for designing the antenna.
The optimal antenna specifications (all in mm) are as follows:
a]; = ag = 1.5, b1 = 1.5, b2 = 2.5, c1 = 1.5, Cy — 3.5,
dy=15,do=25,e=13,f=13,g=13,h =9.5,i = 2,
j=1Lk=5_G,=146,W; =2,n=27,p=7.5,9 = 6.25,
r=0.5,t=4.15.

3. SIMULATED PERFORMANCE OF THE ANTENNA

The antenna’s development stages are depicted in Figure 2. The
corresponding simulated results employed in the staging pro-
cess are shown in Figure 3. Ant #1 features two rhombic patch
structures symmetrically connected to either side of the feed-
line, along with a partial ground plane. As can be observed,
Ant #1 operates at 2.94 GHz frequency with poor impedance
bandwidth as well as matching, gain, and AR performances.
By creating two symmetrical rhombic loops of slots in both the

symmetrical patches of Ant #1 such as in Ant #2, the operat-
ing frequency is observed at a higher frequency with increased
matching levels, bandwidth, and gain performances compara-
tively. Ant #3 operates at 3.14 GHz frequency in the operat-
ing range of 2.83-3.65 GHz with a maximum gain of 2.70 dBic
by introducing a parasitic element onto the two rhombic rings.
A large impedance bandwidth within the frequency range of
2.52-3.59 GHz is noted by adjusting the strip widths of the
metallic thombic loop to different values as presented in Ant
#4. Also, an increase in gain performance as well as match-
ing levels at the operating frequency is noted. Ant #5 can offer
dual-circular polarization (both LHCP and RHCP) characteris-
tics by incorporating two cross-metallic strips within two rhom-
bic loops of structures. Here, a minimum AR value 0f 0.49 dB is
noted within the AR range operating at 3.06-3.78 GHz. Finally,
Ant #6 includes a 5 x 5 rectangular metasurface composed of
7.5 x 6.25 mm? metamaterial unit cells, each positioned ad-
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FIGURE 3. Simulated outcomes at various design levels (a) |S11], (b) Gain, and (c) AR.

TABLE 1. Simulated performances in different operating conditions.

Design Steps  Freq. (GHz) | S| (dB) BW (GHz) Gain (dBic) AR (dB) ARBW (GHz)
Ant #1 2.94 ~12.31  2.86-3.03 2.9 45.06 -
Ant #2 3.06 1343  2.94-321 3.37 56.49 -
Ant #3 3.14 —23.28  2.83-3.65 3.55 20.16 -
Ant #4 2.99 —4.41 2.52-3.59 4.95 12.82 -
Ant #5 3.14 —39.64  2.67-3.58 5.38 0.49 3.06-3.78
Ant #6 3.35 -3554  2.77-3.77 7.18 0.19 3.04-3.8

jacent to the ground plane beneath the substrate. The perfor-
mance of the antenna in terms of impedance matching and gain
was found better with the maximum possible metasurface units.
This metasurface significantly enhances the antenna’s gain and
performance. Metasurface is an artificial periodic architecture
that prevents the surface wave created in the substrate by the
radiation element and lowers the side lobe level caused by sur-
face wave diffraction at the substrate’s edges, resulting in higher
antenna gain. It operates within a 2.77-3.77 GHz band with
a maximum gain of 7.18 dBic. Also, Ant #6 offers DCP fea-
tures within the 3.04-3.8 GHz band with the lowest AR value
of 0.19 dB. In Table 1, the effectiveness of antennas at various
development stages is quantified.

Various parameters that were found important for the antenna
design simulation are partial ground plane length (G),), parasitic
element length (), the gap between metamaterial unit cells (r),
Rhombic slots width (w), and width of the feedline (Wy). The
implications of altering these different antenna parameters are
then examined for variations in aerial simulation performance.
The conclusions drawn from this analysis are explained in the
subsections that follow:
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The 2D radiational patterns of the antennas that are involved
in the step-by-step construction stages are plotted in Figure 4.
However, the 3D radiational patterns of the antennas that are
involved in the step-by-step construction stages are plotted in
Figure 5.

3.1. Performance Variation with Ground Plane Length (Gp):

Initially, the optimized antenna is simulated by modifying the
partial ground plane length (G,,) value between 12.6 mm and
16.6 mm. The relevant output characteristics are presented in
Figure 6. Here, the increase in operating frequency is observed
with the increase in G, value. A suitable impedance matching
with a rise in gain is noted with the G, value of 14.6 mm.

3.2. Performance Variation with Parasitic Element Length (i):

Next, the optimized antenna behavior is characterized by adapt-
ing the ‘¢’ value from 1 mm to 3 mm with a step level of 0.5 mm,
and the consequences are disclosed in Figure 7. The resonant
frequencies are perceived to be at higher frequency levels as the
length ¢’ is increasing within the range of values. However, the
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FIGURE 4. 2D radiational patterns of the realized gain at various design levels of step-by-step mechanism (a) H-plane and (b) E-plane.
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FIGURE 5. 3D radiational patterns of the realized gain at various design levels of step-by-step mechanism (a) Ant #1, (b) Ant #2, (c) Ant #3, (d) Ant

#4, (e) Ant #5, and (f) Ant #6.

matching levels are increasing as the 4’ value intensifies from
I mm to 2.5mm. Beyond that, the matching value is reduced
significantly. Satisfactory outcomes are notified with a gap of
2mm, and consequently, it is considered an augmented mea-
surement.

3.3. Performance Variation with Gap between Metamaterial
Unit Cells (r):

Next, the performance of the antenna is studied by varying the
gap ‘r’ between the metamaterial unit cells from 0.3 mm to

25

0.7 mm. The |S11| and gain performance outcomes for various
‘r’ values are shown in Figure 8. It is noted that the operating
frequency and matching performance increase with the rise in
the ‘r’ value from 0.3 mm to 0.6 mm. Beyond it, matching per-
formance is degraded by a small value. The greatest value of
gain is observed with a gap ‘r’ value of 0.5 mm.

3.4. Performance Variation with Rhombic Slots Width (w)

Next, the effect of the rhombic slot width on the antenna per-
formance is characterized by changing its range from 8 mm
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FIGURE 9. Result of Rhombic slot width. (a) |S11], (b) Gain.

to 9 mm, and the relevant performance characteristics are pre-
sented in Figure 9. Here it is observed that even though a
negligible variation in impedance bandwidth in performance is
noted, the resonance is observed at lower operating frequencies

as the width increases. A considerable variation in gain value is
observed for a width value of 8.5 mm, and hence it is considered
as the optimized dimension of the antenna.
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FIGURE 12. E-field distribution patterns of the intended antenna at 3.5 GHz.

3.5. Performance Variation with Feedline Width (W)

Finally, the influence of feedline width on antenna performance
is investigated by varying it from 1 mm to 3 mm. Figure 10 de-
picts the key performance factors. As the W value increases
from 1 mm to 2 mm, the resonant frequencies are observed at
lower values with increased impedance matching levels. Be-
yond 2 mm, matching levels decrease with increased width val-
ues. High gain performance values are noted with the feedline
width value of 2 mm.

To understand the effect of incorporating metamaterial unit
cells, an electric field representation of the proposed antenna
without and with metamaterial unit cells has been represented
in Figure 11, where the effect of merging metamaterial unit cells

27

is visible with increasing E-field strength onto the antenna ra-
diator. Resultantly, a small enhancement in gain is noted.

The surface current circulation of the presented antenna is
noticed at different phase angles (0) of the antenna, as illus-
trated in Figure 12. It is observed that as the phase angle
changes from 0 to 360 degrees, the orientation of the Jg in the
left half of the antenna rotates in a counterclockwise direction,
and the orientation of Jg in the right half of the antenna rotates
in the clockwise direction. This shows that the left portion of
the presented antenna exhibits right-hand circular polarization
(RHCP), and the right portion of the antenna offers left-hand
circular polarization (LHCP) characteristics. Hence, the resul-
tant antenna offers dual circular polarization (DCP) character-
istics, and this characteristic helps to receive any polarized EM
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FIGURE 14. Invented antenna. (a) Top view. (b) Bottom view. (c) Measured |S11]| value, and (d) |S11| measurement using VNA.

wave. This is an interesting phenomenon of the designed an-
tenna.

4. EXPERIMENTAL VALIDATION OF THE ANTENNA

An experimental measurement setup of the antenna is presented
in Figure 13. A tentative measurement setup has been formed
to measure the gain value within an anechoic chamber, as re-
vealed in Figures 14(a) and (b). A horn antenna is employed for
transmitting purposes, and the developed antenna is used for re-
ceiving purposes. The receiving antenna is placed 1.5 meters
away from the transmitter, and the gain of the receiving antenna
is measured experimentally using the FRIIS free space equation
as 7.42 dBic. The axial ratio performance of the antenna has
also been measured experimentally within the operating range,
and the corresponding obtained AR bandwidth lies within the
3.05-3.78 GHz band. The measured return loss performance
outcome is presented in Figure 14(c), and the return loss of the
fabricated mast is practically verified using VNA, as shown in
Figure 14(d).

The gain measurement setup is created in an anechoic cham-
ber, as revealed in Figure 15. The performance of the fabricated
antenna is compared with its simulated performance outcomes,
as described in Figure 16. From the experimental measurement
outcomes, it should be noted that the fabricated antenna oper-
ates over a wide operating range lying between 2.64—4.10 GHz
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with the least observed |S11]| value of —45 dB at the resonance
frequency of 3.37 GHz. From the analysis, it can be observed
that simulated AR bandwidth is 3.04-3.8 GHz, and measured
one is 3.05-3.78 GHz.

Additionally, the simulation antenna’s 2D radiational perfor-
mance is examined; the results are shown in Figure 17. It illus-
trates how the radiation in the F- and H-planes resembles om-
nidirectional radiation in its characteristics. As a result, the ra-
diation is visible from all sides. It may receive RF energy from
any of its directions, and hence the proposed aerial is appro-
priate for absorbing RF energy from all directions irrespective
of the type of source used for radiation. Hence, it is suitable
for RFEH applications. Similarly, co- and cross-polarization
characteristics of the antenna are presented in Figure 18. Co-
polarization refers to the antenna’s E or H fields in the in-
tended direction, i.e., the antenna’s emission in the direction
of preference. Cross-polarization, on the other hand, refers to
the antenna F or H fields in the orthogonal direction, i.e., the
antenna’s radiation in undesirable directions, and is primarily
regarded as an absorption in antenna radiation.

There has been a comparison of the novelty of the pro-
posed metasurface antenna with the existing works. The per-
formance comparison findings are numerically reported in Ta-
ble 2. The Table indicates that, in comparison to the proposed
work, the reported antennas either have a weak gain [11, 15, 16]
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TABLE 2. Performance estimation with presented works.

Ref. Freq. (GHz) FBW (%) Dimension (in terms of \J) Gain (dBi) AR (dB) ARBW (GHz)
[10] 3.5 16.85 0.93)p x 0.93X¢ x 0.056 o 10.3 - -
[11] 3.85 17.14 0.74\0 x 0.42X0 x 0.028 ¢ 4.1 - -
[12] 3.5 1.63 0.62X0 x 0.48\0 x 0.22X 6.74 - -
[14] 3.5 11.43 2.33)p x 1.16X¢ x 0.36X0 7.2 - -
[15] 3.5 6.80 0.82)¢ x 0.45X0 x 0.037\o 4.88 - -
[16] 3.5 10.28 0.353X0 x 0.353Xp x 0.05X0 4.33 - -
[17] 3.7 40.54 1.16A0 x 1.16X0 x 0.056)\¢ 7.2 0.5 35.94
[18] - 24.28 0.036)0 X (0.46X0) 2 x 0.036X0 5.5 1.2 22.85
[19] 3.9 62.50 1.400 X 1.4X0 X 0.0467 Ao 9.04 1.2 18.97
Proposed 3.5 44.24 0.46)\¢ x 0.56X0 x 0.018)o 7.18 0.25 22.72
—=— Simulated —— Simulated
0 —— Measured 0 —— Measured
(@) 30 (b) 401
40 1
300, 60 20+ 60
201
01270 90 0127 90
20 -~
240 120 2071 120
401 ,
210 150 40+ 210 150

180

180

FIGURE 18. Augmented antenna characteristics at 3.5 GHz. (a) Co-polarization and (b) Cross-polarization.

or polarization sensitivity [10—16] issues. A few of the re-
ported antennas were developed using multiport feeding mech-
anisms [10, 11,14, 19], multilayer approach [12-14,17,19],
and coaxial probe feeding [18], hence developing a prototype
antenna of these antennas is complex. Also, all the reported an-
tennas mentioned in Table 2 suffer from large antenna dimen-
sions. The presented antenna in this work overcomes all the
difficulties and issues, and hence it is found suitable for RFEH
applications.

5. CONCLUSION

In this work, a compact dual circularly polarized antenna has
been implemented for Sub-6 GHz 5G RFEH applications for
the first time. A dual-thombic loop structure with a loaded
metasurface is used for the antenna design. Two cross strips
are enclosed within two symmetrical rhombic loop structures
to achieve DCP characteristics. A metasurface structure is em-
ployed to enhance the antenna’s gain. A unique feature of the
proposed antenna is its ability to receive both left- and right-
hand circularly polarized waves in all directions, as observed
from its radiation characteristics. The prototype has been de-
veloped with optimized dimensions and validated by compar-
ing the measured and simulated performance outcomes. A good
agreement is noted between their performance characteristics.
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