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ABSTRACT: This article introduces a Circularly-Polarized (CP) inverted cup-shaped Hybrid Cylindrical-Dielectric-Resonator-Antenna
(HCDRA) combined with an asymmetric Jerusalem cross unit-cell based metasurface (MTS). The antenna, designed for use in the 5G
n-79 NR band (4400-5000 MHz) and IEEE 802.11n-WLAN (5 GHz) applications, features a unique disturbed coax-feed mechanism at
the edge of cylindrical DR and an asymmetric MTS that boosts the circular polarization within the DR antenna. The antenna’s E-field and
parametric analysis provide evidence of CP radiation. The proposed HCDRA achieves impressive S11 and Axial-Ratio (AR) bandwidths
of 2.1 GHz and 740 MHz, with a maximum gain of 6.825 dBic. The overall gain obtained is consistently more than 5.5 dBic across the
entire bandwidth of the HCDRA. The fabricated HCDRA is tested in an anechoic chamber, and the obtained practical results closely
matched the simulation outcomes, confirming the performance of the proposed design.

1. INTRODUCTION

As we approach the 5G era, the n-79 band, falling under Fre-
quency Range 1 (FR1) of sub-6 GHz frequencies, becomes
increasingly important. The midpoint frequency of the 5G n-
79 band is 4700 MHz, with a functional range of 4.4 to 5 GHz.
There is a rising demand for wide-band, high gain integrated
antennas due to their small size, light weight, and radiation ef-
ficiency [1-3]. Polarization is also crucial for antennas required
in contemporary communication systems. Dielectric Resonator
Antennas (DRAs) are preferred for their wide bandwidth, en-
hanced radiation, and low losses compared to metallic anten-
nas. The proposed circularly polarized inverted cup-shaped
HCDRA combined with an asymmetric Jerusalem cross unit-
cell based metasurface is designed to meet these demands and
is particularly suitable for the 5G n79 band and IEEE 802.11n
WLAN applications, thereby significantly contributing to the
advancement of 5G technology and the improvement of wire-
less communication systems.

Circularly polarized antennas are vital in various communi-
cation technologies, including Radio Frequency Identification
(RFID), radar, satellite, and wireless communications. These
antennas mitigate multipath fading and are better equipped to
handle diverse weather conditions. Their ability to support
long-distance communication makes them particularly valu-
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able, especially as wireless networks expand. Compared to lin-
early polarized antennas, circularly polarized designs offer sig-
nificant benefits by reducing cross-talk and enhancing mobil-
ity, making them a superior choice in many applications [4].
A comprehensive review of wideband and multiband hybrid
DRAs is provided in [5], with a focus on the methods employed
to achieve circular polarization (CP). One example features
a proximity-coupled HDRA incorporating a hexagon-shaped
split-ring slot etched to generate CP radiation [6]. Another
study explores a rectangular DR antenna with perpendicular
slots and a circular-ring excitation to produce wideband CP ra-
diation [7]. CP antennas with multi-functional capability are
crucial in applications like GPS, satellite, and other wireless
communication systems that demand polarization concentra-
tion and resistance to multi-path fading [8]. Antennas with
CP also reduce multi-path interference and simplify placement
among transceiver elements. A low-profile metamaterial in-
spired microstrip antenna is proposed and analysed for CP ra-
diation [9], while a 2D MTS is investigated for its ability to
block and absorb electromagnetic waves [10, 11]. Planar meta-
surfaces have recently gained popularity for Radio Frequency
(RF) and energy harvesting applications due to their advan-
tages, such as negative permeability and refractive index prop-
erties [12, 13]. Loading MTS is a proven method for enhancing
antenna bandwidth [14] and gain. Circularly polarized radia-
tion in the DR elements can be accomplished by an offset feed
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FIGURE 1. (a) Top and (b) side view of proposed HCDRA design.

and an open-ended ground slot [15] or by combining a coax-
feed with a conformal E-shaped microstrip [16]. Additionally,
this hybrid DRA is compared with other related standard hy-
brid antennas reported in prior literature [17-20]. A quasi-self-
complementary MTS has been employed to create a miniatur-
ized broadband system for circular polarization [21]. In this ap-
proach, a mushroom like MTS is paired with a DR element [22],
while a rectangular DRA is loaded by MTS lens to increase the
gain [23]. For dual-wideband CP radiation, a DRA loaded onto
a rectangular slotted MTS has been investigated [24]. Simi-
larly, a perturbed coax-feed at the edge of a rectangular DRA
loaded onto an array of ‘+’ shaped unicells based MTS has been
utilized for wide bandwidth and CP [25].

This article presents a hybrid CDRA loaded on an altered
Jerusalem cross based MTS. This design aims to achieve wide-
band circularly polarized (CP) radiation with a consistent gain
exceeding 5.5 dBi throughout the bandwidth. The hybrid con-
figuration includes a cylindrical DRA, which is excited by a
perturbed coax-feed and an MTS engineered to deliver broad
CP radiation. The modified Jerusalem cross MTS consists of
rectangular-shaped cells with varying lengths and widths. This
MTS design is crucial for achieving a wide CP functional band-
width, minimizing losses, and maintaining stable gain. The
performance of proposed configuration is rigorously analysed
through electromagnetic simulations using Ansys-HFSS soft-
ware, ensuring the reliability and accuracy of the research find-
ings. The fabricated HCDRA is tested and verified in an ane-
choic chamber, and the measured results closely match the sim-
ulation results.

2. PROPOSED HCDRA AND E-FIELD ANALYSIS

The proposed design consists of an inverted cup-shaped dielec-
tric resonator antenna (DRA) mounted on a modified Jerusalem
cross-shaped MTS, as shown in Figure 1. The hybrid cylin-
drical DRA (HCDRA) includes a dielectric resonator (DR) el-
ement with a height (Dh) of 10.16 mm and an outer diame-
ter (Do) of 17mm. The antenna is constructed using Rogers
RT/Duroid 6010 (with an €,. of 10.2 and a tan 4 0of 0.001) and a
dielectric substrate made from Rogers RT/Duroid 5880 (thick-
ness of 3.2 mm, €,- of 2.2, and tan § 0f 0.001). The DR element’s
inverted cup has a depth of 7.62 mm and an inner diameter (D7)
of 7mm. The MTS comprises an array of 7 x 7 modified, asym-
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FIGURE 2. Unit-cell and reflection phase curve of unit-cell metasur-
face.

metrical rectangular Jerusalem cross-shaped unit-cells and a
ground-plane of 75 mm x 54 mm. The DRA is positioned over
this MTS, with the coax-feed point located diagonally from the
center of the cylindrical DR at (—Do/2, —Do/2), adjusted for
impedance matching to achieve wide-band CP radiation. With
this asymmetric nature of feed arrangement, the DR is excited
to operate in the HEM;;5 mode with a fundamental resonant
frequency of 5 GHz. This configuration enhances the radiation
performance by using the DR element as the primary radiating
element and the MTS as a reflector. The combination of the
DRA and MTS, as depicted in Figure 1, creates an efficient de-
sign for CP radiation, making it ideal for applications such as
weather radar, global microwave data links, 5G n-79 FR1, and
IEEE 802.11-n-WLAN.

Figure 2 illustrates the proposed unit-cell configuration’s re-
flection phase curve (£90°). The reflection phase at 0° occurs
at 5.13 GHz, with a reflection-phase (£90°) bandwidth ranging
from 4.4 GHz to 5.9 GHz, demonstrating the wide-band perfor-
mance of the Jerusalem cross-shaped MTS. The unit cells of the
MTS are spaced 1.4 mm apart in the normal plane and 1.6 mm
in the azimuth plane. The hybrid cylindrical DRA is adjusted
for broad CP radiation, with the coax-feed positioned along the
diagonal for improved performance. To find the resonant hy-
brid (HE;;5) modes in hybrid cylindrical DRA, the following
Equation (1) is used along with the effective permittivity and
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FIGURE 3. Magnitudes of E-field rotation on a proposed Jerusalem cross MTS at various phases.

height Equations (2) and (3).
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If a multi-segmented antenna is considered, the resonance
frequency will be affected by the layers of the substrate (Hgyp)
and dielectric (Hpr) materials. Accordingly, the effective
height (Hp) and permittivity (e, ) of the hybrid CDRA are
calculated by Equations (2) and (3).

He]f = Hpr + Hgup

(1

2

Similarly, the effective relative permittivity €, .5 in Equa-
tion (4) is given by,

3 = Hef .
el = T Hpg
€r,CDRA

3)

Hgup
Er,sub

where “d” (D/2) is the radius of the cylindrical DR element.

Figure 3 demonstrates the magnitude of the time dependent
E-field (8 = 0, 45, 90, and 135 degrees) of the DRA loaded
MTS at 5 GHz. The circular rotation of the E-fields is mani-
fested in the DR loaded MTS, indicating broad CP radiation.
This results in the excitation of an orthogonal mode across a
wide frequency range, meeting both amplitude and phase shift
requirements. Additionally, Figure 3 reveals that the electric
field rotates clockwise, confirming that the antenna exhibits
left-hand circular polarization. To prevent performance degra-
dation caused by the connection between coax-feed and the ar-
ray of unit-cells, the metal part of the MTS of radius 2.5 mm
around the feed location is etched.
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3. PARAMETRIC STUDY

The performance of the proposed HCDRA is assessed through a
parametric study, considering various segments of antenna de-
signs. These include a pierced probe-fed DRA withoutan MTS,
followed by the addition of 3% 3, 5% 5, and 7% 7 unit-cell arrays
of MTS assemblies, as shown in Figure 4. The equivalent Sy,
plots for the different NV x N MTS configurations are presented
together in Figure 4. Introducing the MTS shifts the higher fre-
quency range to a lower range of frequencies while maintaining
CP radiation. The return loss at 5 GHz with the MTS config-
uration is —35 dB, and the bandwidth is 1.65 GHz, offering an
increased bandwidth of 600 MHz. Additionally, the proposed
MTS contributes to size reduction as the frequency shifts from
higher to lower range of frequencies due to the MTS properties.
Figure 5 presents S, plots for various coax-feed heights, op-
timizing the probe height at Ph = 5 mm, where the enhanced
bandwidth discussed earlier is achieved.

4. PROTOTYPE, ASSESSMENT AND DISCUSSION OF
RESULTS

The prototype of the anticipated HCDRA, before and later the
alignment, is shown in Figure 6(a). The experimental setup, il-
lustrated in Figure 6(b), was used to measure the S}, using a
vector network analyzer (VNA) and to assess other radiation
parameters, such as axial ratio (AR), gain, and radiation pat-
tern, to evaluate the antenna’s performance. A comparison be-
tween the predicted and simulated S;; and AR results is pro-
vided in Figures 7 and 8, respectively. The measured results
show a broad bandwidth of 2.12 GHz (from 4.38 to 6.5 GHz)
and a wide 3-dB axial ratio bandwidth of 740 MHz (from 4.72
to 5.49 GHz), achieved through the use of the Jerusalem cross-
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FIGURE 4. Comparison of S} values for different N x N MTS designs.
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FIGURE 5. S}, plots for various heights of coax-feed (Ph).

FIGURE 6. Fabricated HCDRA-2 (a) prototype before & after alignment and (b) its measurement setup in an anechoic chamber.
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FIGURE 7. Measured vs. simulated S1; plots of proposed design.
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FIGURE 8. Measured vs. simulated AR plots of proposed design.
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TABLE 1. Summary of measured and simulation outcomes of the proposed HCDRA.

Parameter Simulated Measured
Functional range
4.097-5.747GHz | 4.19-6.32 GHz
of frequencies
RL-Bandwidth 1.65GHz 2.13GHz
AR-Bandwidth 0.59 GHz 0.74 GHz
Gain 6.72 dBic 6.852 dBic

TABLE 2. Performance assessment of the proposed with existing works reported in the open literature.

Feed CP Volume RL Gain L
. 3 . . Polarization
[Ref.] and DRA Generation (Xo) at Band-width in .
. . conversion
Structure Technique resonance (GHz) dBic
Parasitically Coupled An off-set feed with a
arasitically Couple L
Combinat f Open-ended
[15] Aperture Feed & ombInaton ot Upen-ende 0.46 % 0.46 x 0.07 3.844-8.146 3.9 No
ground-slot and Stair-shaped
Rectangular DR
rectangular DR
A iti i trip at
A probe is combined Para.s1 ic microstrip a
ith conf | metal certain distance of conformal
ith conformal meta
e] | metal patch for the two 0.46 x 0.46 x 0.34 3.50-4.95 6.2 No
strip acts as a feed and ) )
identical rectangular
Rectangular DR
shaped DR elements
A feeding network with four
microstrip lines featuring
[17] EM Coupled four slots arranged 0.8X\ x 0.8\ x 0.12X\ 1.08-1.82 5 No
geometrically to
ensure CP radiation
[18] EM Coupled Due to the arc-shaped slots 0.8\ x 0.8X\ x 0.118X\ 1.22-1.71 3 No
[19] EM Coupled Modified cross-slot 0.43X x 0.43)\ x 0.29X 2.19-2.92 5 No
Dual Dual vertical microstrip lines
[20] Perpendicular with a perpendicular L-shaped [ 0.59X x 0.59\ x 0.26 2.82-3.83 5.5 No
Strip line element excite orthogonal modes
Pierced
Coax-feed & i-self- 1 t
[21] oax-lee Quasi-self-complementary 6.08 x 4 x 0.06 24.65-26.06 6.03 Yes
Cylindrical nature of the MTS
shaped DR
Pierced
C foed & Due to the MTS and 4.2t05.4GHz and
oax-fee
[24] assembling of two kinds 0.93 x 1.29 x 0.16 7.62 to 8 GHz 8.4 Yes
Rectangular
of DR elements (Dual-Bands)
shaped DR
Disturbed Due to “+” shaped array
-feed & f unit-cells based MTS
[25] comxiee oF uiimeeTls base 0.93 x 1.29 x 0.16 36-66GHz | 6-72 Yes
Rectangular and rectangular
shaped DR shaped DR
Perturbed Coax-feed Optimization of feed
t the edge of location of DR
Proposed | L ooeeO ocation o , 0.92x1.25x0.22 | 419632GHz | 6.852 Yes
Cylindrical element and asymmetric
shaped DR Jerusalem-cross-shaped MTS
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FIGURE 10. (a) 3D-gain plot. (b), (c) Measured vs. simulated radiation pattern (X Z and Y Z planes) plots at 5 GHz of the proposed design.

shaped metasurface and inverted-cup-shaped DR configura-
tion.

Figure 9 presents the gain vs. frequency plot for the proposed
design, comparing simulated and measured results. The gain
increases with frequency, peaking at approximately 5.5 GHz
with a maximum value of around 7 dBic, before decreasing.
The measured gain (red dashed line) closely aligns with the
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simulated gain (black solid line), demonstrating the accuracy
of the design and its fabrication.

Figure 10 illustrates the measured and simulated radiation
patterns of the proposed design at 5 GHz in the XZ and Y Z
planes. In the X Z plane, the patterns show a directional main
lobe with suppressed side lobes, with reasonable agreement be-
tween the measured (red dashed line) and simulated (black dot-
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ted line) results. Similarly, in the Y Z plane, the patterns dis-
play a directional radiation characteristic with balanced cover-
age, again confirming good alignment between the measured
and simulated data. These results validate the design’s consis-
tent gain performance and well-defined radiation characteris-
tics, making it highly suitable for applications such as 5G or
other advanced wireless communication systems. The slight
discrepancies between measured and simulated results may be
attributed to fabrication tolerances or environmental factors
during testing.

It is evident from Figure 9 that the gain is consistent across
the operating frequency range, i.e., above 5.5 dBi. It is also ob-
served from Figure 10 that the measured radiation patterns in
X7 and Y Z planes are similar compared to the simulated pat-
terns, and it ensures CP radiation. The measured and simulation
results are briefed in Table 1, and they are in close agreement.

Compared to existing studies, the proposed design’s perfor-
mance is summarized in Table 2. In [15, 16], circular polar-
ization (CP) is achieved through the feed mechanism and the
arrangement of DR elements. Moreover, the proposed hy-
brid DRA is compared with other well-known hybrid antennas
found in the literature [17-20]. The quasi-self-complementary
nature of the MTS in [21] generates CP radiation, while the
slotted rectangular array of unit-cells in [24] creates dual CP
bands, and also ‘+’ shaped unit-cells based hybrid DRA in [25]
produces wide CP radiation. These designs operate within the
frequency ranges relevant to millimeter-wave (5G-FR2) and
sub 6 GHz (5G-FR1) applications. In the proposed antenna, the
asymmetrical design and placement of the probe feed (related
to the DR element’s diameter) are key factors contributing to
CP radiation. The gain of the proposed antenna remains stable
across the bandwidth, outperforming other designs mentioned
in Table 2.

5. CONCLUSIONS

This article introduces a cylinder-shaped hybrid DRA posi-
tioned on a Jerusalem cross-shaped metasurface to achieve
broad CP radiation for 5.0 GHz wireless LAN applications. The
antenna’s development and configuration are presented through
parametric analysis and E-field magnitude analysis, with cor-
responding results presented. The incorporation of the meta-
surface shifts the antenna’s higher higher resonant frequency to
a lower resonance, leading to a reduction in overall size. The
design achieves an RL bandwidth of 2.13 GHz and an AR band-
width of 740 MHz, with a maximum gain of 6.852 dBic. This
proposed configuration supports CP radiation at 5 GHz, mak-
ing it suitable for applications such as the 5G n-79 (FR1) band,
data links, and IEEE 802.11-n-WLAN.
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