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Abstract: A comprehensive review on recent developments and applications of circularly polarized (CP)
dielectric resonator antennas (DRAs) is proposed in this paper. DRAs have received more considerations
in various applications due to their advantages such as wide bandwidth, high gain, high efficiency,
low losses, and low profile. A broad justification for circular polarization and DRAs is stated at the
beginning of the review. Various techniques such as single feed, dual, or multiple feeds used by different
researchers for generating circular polarization in DRAs are briefly studied in this paper. Multiple-
input-multiple-output (MIMO) CP DRAs, which can increase channel capacity, link reliability, and data
rate, have also been analyzed. Additionally, innovative design solutions for broadening the circular
polarization bandwidth and reducing mutual coupling are studied. Several applications of DRA are also
discussed comprehensively. This paper finishes with concluding remarks.

Keywords: dielectric resonator antenna; feeding technique; circular polarization; unmanned aerial
vehicle; millimeter-wave

1. Introduction

The past decade has seen a huge growth in research efforts in communication systems.
In a communication system, an antenna plays a crucial role in transmitting and receiving
information. Microstrip patch antennas (MPAs) are widely applied due to their light weight,
small dimensions, low cost, and easy fabrication, as well as planar geometry [1]. However,
at higher frequencies, the MPA suffers from low radiation efficiency due to the inherent
metallic losses [2]. Moreover, most designs suffer from a narrow bandwidth, low gain, low
axial ratio (AR), and low efficiency [3]. These difficulties have motivated researchers to
construct antennas with additional design enhancement in order to increase the bandwidth
and performance, as well as reducing their physical size. Dielectric resonator antennas
(DRAs) have recently been used to replace MPAs due to their interesting characteristics
such as versatility in shape, compact size, zero metallic losses, ease of excitation, and
relatively wide impedance bandwidth [4-7]. Moreover, DRAs exhibit higher radiation
efficiency even at higher frequencies due to the absence of intrinsic conductor loss and
surface wave loss [8]. DRAs are widely used for high-frequency applications such as radio
frequency (RF) energy harvesting [9,10], mm-wave antennas [11,12], global navigation
satellite systems (GNSS) [13,14], radar, and biomedical applications.

Different shapes of DRAs have been established since 1980 with the constant work
of S. Long [15]. The analysis was performed on a cylindrical DRA. The antenna is fed
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by a feed probe, as shown in Figure 1. This antenna managed to provide efficient ra-
diation in the direction normal to its ground plane and suitable for millimeter-wave
(mm-wave) applications.
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Figure 1. Cylindrical DRA: (a) full geometry; (b) feed configuration [15].

The most crucial parameters in antenna are radiation pattern, beam efficiency, direc-
tivity, gain, bandwidth, and input impedance. Polarization is also one of the important
parameters. Polarization in a given direction is the polarization of an electromagnetic wave
transmitted by the antenna. The polarization is stated as the polarization in the direction of
maximum gain if the direction is unfixed. According to [16], different polarizations result
from different parts of the pattern because the polarization of the emitted energy differs
with the radiation from the center of the antenna. Polarization is classified as linear, circular,
and elliptical, as shown in Figure 2. These polarizations, depending on the amplitude
and phase, shift between two waves. In general, polarization is described by an ellipse.
Linear polarization is obtained when the ellipse becomes a straight line; whereas, circular
polarization is obtained when the ellipse becomes a circle.

2 2 2

Linear \’\Circular + Elliptical

Figure 2. Types of polarization [17].

Linear polarization (I'—co or T = 0) is realized when the field is corresponded to a
direction in time. Linear polarization is obtained if the field vector has one component
or two orthogonal linear components with a 180° phase shift [16]. Linear polarization
is also associated with an antenna system that is working with vertical and horizontal
polarizations. The radiation pattern of an antenna is referred to as vertically polarized if
the electric field vector is oscillating in the vertical direction. Conversely, the electric field
will oscillate in the horizontal direction for horizontal polarization. For a linearly polarized
(LP) wave, Ex and Ey are in phase with each other; whereas, circular polarization (T = 1)
occurs when the two orthogonal polarized components (x-direction and y-direction) have
the same magnitude (Ex = Ey) and a 90° time-phase difference [18].

LP DRAs have been broadly explored and are still receiving considerable interest at
present. However, the application of the LP antenna is only capable to detect signals in
one direction and will face a polarization mismatch loss when the signal is curving from
different angles [19]. Therefore, a circularly polarized (CP) antenna is preferable for various
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applications because it can receive a component of the signal persistently due to the angular
variation, regardless of receiver orientation, thus making the CP antenna capable to transmit
and receive signals in all planes so that the strength of the signals is not lost and transferred
to another plane and is still used [20]. As a result, the gain and performances of the system
can increase and the multipath effect can improve [21,22]. Moreover, CP antennas have
received considerable attention due to their advantages such as immunity to multi-fading,
better weather penetration, and more mobility than LP antennas. For CP antennas, the
operating bandwidth is determined as a frequency band in which the bandwidth where
the reflection coefficient S < —10 dB and that where axial ratio AR < 3 dB overlap [23].

Various DRAs with circular polarization have been designed by exploiting different
dielectric resonator (DR) geometries and feeding configurations. Feeding configuration
is also important to vary the resonant frequency and the quality (Q) factor. The usual
designs of the feeding configurations can be separated into two types which are single feed
and dual or multiple feeds. Generally, the CP fields of a DRA can be excited by a single
feed, such as by using a slot-coupling feed [24], coaxial probe feed [25], or microstrip-line
feed [26]. The microstrip-line feed is the simplest feed, where the DR is directly placed
on the transmission line which is printed on the substrate. It has been shown in [27] that
the overlap distance between the DR and the microstrip-line feed controls the coupling
strength and the specific mode that is excited by the transmission line. As the overlap
distance is shorter than one quarter of a dielectric wavelength of the resonance frequency,
the strongest coupling happens. The main limitation of the microstrip-line feed is that the
feeding line is not isolated from the DR and may disturb the radiation performance of the
DRA. Moreover, when the DR is placed directly on the top of a microstrip-line feed, an
undesired air gap is formed between the DR and the substrate. A single-feed configuration
suffers from a narrow AR bandwidth and severely restricts the applications of DRA. A dual
or multiple feed configuration can also be used to excite CP waves. A dual or multiple feed
configuration is based on the sequential phase (SP) rotation technique to create CP radiation
with low cross-polarization and a higher AR bandwidth. This configuration requires a
power divider to create CP radiation and the feed points should be orthogonal to each
other with a 90° phase difference [28]. Typically, a CP DRA with dual or multiple feeds has
a wide AR bandwidth but has a complicated design, bulky size, and high manufacturing
cost as compared to single-feed CP techniques.

Review papers on CP DRAs exist in the literature [29-31]. However, the authors
in [29] summarized their general thoughts about DRA, the advantages, and a comparison
of the recent techniques used to obtain wideband CP DRAs. Whereas, in [30], the authors
focused on the summarization of different techniques to generate a dual-band CP DRA
only. Moreover, in [31], the authors summarized the basic concept of the CP mechanism for
DRA in addition to the methods that can be used to obtain circular polarization in DRA.
Previous review papers published in [29-31] summarized the methods of generating circu-
lar polarization in DRA and the advantages in general. However, a detailed comparison
in terms of efficiency, modes, and applications using DRA are not covered by any other
previous papers to the best of our knowledge. Therefore, our work not only includes a
comprehensive review of different methods of producing circular polarization waves and
the advantages, but additionally lists several applications using DRA and its important
parameters. The paper is organized as follows: Section 2 explains the theory of dielectric
resonator antenna. This section also explains the different methods of single- and dual-feed
or multiple-feed DRAs to achieve CP. Moreover, a brief comparison in terms of resonant
frequency, bandwidth, gain, efficiency, and mode is presented in Section 2. In Section 3,
the performance of several multiple-input-multiple-output (MIMO) CP DRA is accessed in
terms of the reflection coefficient, CP bandwidth, feed type, gain, and isolation. Section 4
comprehensively elaborates on a millimeter-wave CP DRA. Various applications of DRA
are listed in Section 5. Lastly, the conclusion of this paper is presented in Section 6.
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2. Dielectric Resonator Antenna

A dielectric resonator antenna is a microwave antenna that consists of a high dielectric
material and Q factor, which is mounted on top of a ground plane, as shown in Figure 3. A
dielectric resonator can be in various shapes such as rectangular, cylindrical, spherical, and
hemispherical [32]. The rectangular DRA has several benefits over the cylindrical, spher-
ical, and hemispherical DRA. A rectangular DRA offers two degrees of freedom, where
the aspect ratio of height to width and depth to width directly influence the impedance
bandwidth and the radiation Q factor [33].

Feedline\ -

Substrate

Ground )

Plane

Figure 3. Typical configuration of DRA.

Such as most resonant antennas, one of the significant properties of a DRA is the
resonant frequency of the fundamental mode. Figure 4 shows a rectangular DRA fed by
a slot aperture. The antenna consists of a rectangular DR with where width is g, length 4,
and height b. As it is characterized by three independent geometrical dimensions, 4, b, and
d, it offers more design flexibility as compared to the cylindrical DRA. Additionally, the
cross-polarization level of a rectangular DRA is low compared to the cylindrical DRA.

Ground

Feed line

(a) (b)

Figure 4. Rectangular DRA: (a) 3D view; (b) side view [33].

TE modes are excited when the DRA is mounted on a ground plane. The resonant
frequency of the fundamental mode, TE;1;, is calculated using the following equations [34].

c
fo= Zn\/s_r,/k§+k§,+k§ 1)

ke= 2 )

ke=or )

b= %tanh(%) 4)
Y Y

kyo = \/K2 + K (5)

where ¢, is the relative dielectric constant of the resonator.
For cylindrical DRAs, the antenna consists of a cylindrical dielectric resonator with
height h, radius 4, and dielectric constant. The main advantages of the cylindrical DRA are
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the ease of fabrication and the ability to excite different modes. The resonant frequency of
the modes can be calculated using Equations (6) and (7) [35].

B c Xnp \ 2 @m+1) m\°
(52

< Xhp 2 2m+1) 7\°
fTanm - 2HW\/< a ) +< o ) (7)

where an and X’/ﬂ’ are the roots of the Bessel functions of the first kind and of the relevant
first-order derivatives, respectively.

Another important property of a DRA is its Q factor. The Q factor can be calculated
analytically for canonical shapes, but for DRAs of arbitrary shape, the calculation of the
Q factor relies on numerical methods or measurement. The Q factor of each mode can
be calculated using the basis formulation derived by [36]. Considering only loss from
radiation, the Q factor of each mode of the DRA is calculated using Equation (8).

2womax{W¢, W"}  2womax{Wg,. + Wy, , Wi }
Praa Praa

Qrad = 8)
where W;,. and W)} are the stored electric and magnetic energy in free space, Wy, ,; is the
stored electric energy in material, and P, is the radiated power. W,,., Wi, W; ., and P,y
can be evaluated using the current and charge density within the dielectric object.

DRAs are an emerging antenna technology and a good option to fulfill the demands of
being low profile and compact, while having a wideband characteristic. DRAs have small
dissipation loss as they are made of a material with a high dielectric constant material and
have no conducting parts. Therefore, DRAs can be highly efficient radiators. Moreover,
DRA have small physical dimensions due to their high dielectric constant. Additionally,
DRAs have wide bandwidth, high radiation efficiency, high gain, extra design flexibility,
and simple excitation methods [37,38]. The CP DRA has gained much attention due to the
combined features of both circular polarization and a dielectric resonator. The advantages
and disadvantages of DRAs are summarized in Table 1.

Table 1. Advantages and disadvantages of DRAs.

Advantages Disadvantages

e DRAs offer a high degree of flexibility over a wide range of frequency
bands, thus making it practical for many applications and requirements.

e  DRAs have a small dissipation loss as they feature a high dielectric
constant with no conducting parts. Therefore, DRAs can handle high
power.

e DRAs consist of ceramic material. Ceramics offer an excellent stability of
temperatures. Therefore, they enable the DRA to operate in a wide
temperature range.

° DRAs have simple geometries such as rectangular, cylindrical, and
hemispherical, which are readily available on the market and can be
easily fabricated.

e  Various modes can be excited within the DRA element depending on the
shape of the resonator. Various modes will generate different radiation
patterns for different coverage requirements.

e The excitation method of DRA is simple and easy to integrate with
current technologies.

e  DRAs have a much wider impedance bandwidth compared to microstrip
antennas because the DRA radiates over the entire antenna surface except
for the grounded part.

. The operating bandwidth and radiation characteristics of DRAs can be
varied by choosing a suitable dielectric constant and the dimensions of
the resonator.

. DRAs can be used at microwave frequencies and higher such as terahertz
(THz).

e DRAs are problematic for design with a specific frequency
compared to microstrip antennas. It is difficult to form and
modify a complicated-shaped DR in order to compensate
for manufacturing tolerances or fabrication errors.

e Due to the proximity of resonant frequencies of various
modes, the resonant frequencies and the field patterns are
not only for the desired modes of operation but also for
other undesired modes.

. DRAs require precise alignment and assembly of the DR
because any marginal misalignment between the DR and
the feeding network will affect the antenna’s performance
due to the shorter wavelengths and the smaller antenna
size.
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In early years, DRAs were typically constructed of ceramic materials characterized
by a high permittivity and high Q factor (between 20 and 2000). However, the fabrication
of ceramic DRAs is quite challenging because the ceramic material is hard and difficult to
machine [33]. A new approach is to use polymer-based materials such as plastic poly vinyl
chloride (PVC), which make the fabrication process easier due to the natural softness, and
results in a wide impedance bandwidth due to the very low permittivity of polymers [39].
One of the main advantages of DRAs is that various feeding techniques can be used to
excite the radiating modes of a dielectric resonator.

2.1. Single-Feed CP DRA

The single-feed CP DRA has a simple configuration because no hybrid coupler is
required to yield the 90° phase difference between the orthogonal degenerate modes [40].
A single-feed DRA achieves circular polarization by exciting two quasi-degenerate modes
in the DR which are typically in phase quadrature and spatially orthogonal to each other.
Usually, a single-feed CP DRA has a narrow AR bandwidth compared to the dual or
multiple feeds type [41]. The AR bandwidth can be enhanced by a slight modification in the
DR'’s shape, by loading a metal strip onto the DR, and adjusting the feed structure. Metal
strip [42], microstrip feedline [43,44], coaxial probe [45-48], and aperture coupling [49-52]
methods are commonly used in single-feed antennas. The selection of the feed arrangement
may depend on the antenna’s application. A microstrip feedline is very easy to fabricate
because the feed is engraved on a similar substrate. However, excitation of the DRA using
a microstrip feedline is very difficult, especially when the dielectric resonator has a low
dielectric constant. When the dielectric constant of the DRA is equal to or more than
20, a high degree of coupling is realized because a high dielectric constant material will
concentrate the field under the DRA. Thus, a high dielectric constant material is required at
the bottom layer when the microstrip line is used to feed the structure [53]. Conversely,
increasing substrate thickness will increase the spurious feed radiation and surface waves.
However, this resulted in the bandwidth deterioration of the antenna and led to unwanted
cross-polarized radiation.

A single-feed CP rectangular DRA has been designed in [42]. The proposed antenna is
excited by using a H-shaped conformal metal strip, as shown in Figure 5. This proposed
configuration does not require any multi-layering or any complex cutting of the DRA to
obtain a wide impedance bandwidth of ~27.7% from 3.67 to 4.73 GHz and AR bandwidth
of ~20% from 3.67 to 4.4 GHz. With a great gain of ~6.8 dBic, this antenna is suitable
for worldwide interoperability for microwave access (WiMAX) and satellite applications.
However, it is challenging to obtain a wide bandwidth and a good axial ratio because
numerous modifications on a H-shaped feeding strip need to be performed. This will
require extra time and work.

\
Feed Point

(a) (b)
Figure 5. A singly-fed rectangular DRA: (a) proposed configuration; (b) fabricated [42].

In addition, a coaxial probe can be used to feed a DRA. The connector’s inner conductor
extends through the dielectric and is soldered to the radiating element, whereas the outer
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conductor is connected to the ground plane. In [45], two similar truncated corner liquid
dielectric resonators (LDRs) are fed by a single coaxial probe for stimulating the essential
TEs11 mode of the LDR antenna, as presented in Figure 6. By changing the dimension of
the truncated corner rectangular dielectric resonator and the probe’s position, a 90° phase
difference between the orthogonal resonant modes is realized, resulting in CP radiation.
The proposed antenna will obtain left-hand circular polarization (LHCP) if the ethyl acetate
solution is inserted into the left side zone of the container and right-hand circular polarization
(RHCP) if the solution is inserted into the right side zone of the container. A 35.6% operating
bandwidth is recorded from 2.08 to 2.98 GHz, covering the broad 3 dB AR bandwidth of
16.3%, ranging from 2.31 to 2.72 GHz. However, the permittivity of the container will affect the
impedance bandwidth and AR of the antenna. In addition, the antenna has a lower radiation
efficiency due to the presence of the PIN diodes. Thus, a liquid with a suitable dielectric
constant and low loss is required to increase the radiation efficiency.

Feedin g' Hole

Air Tnlet |
Liquid Inlet /Outlet—-------- -z=~/Outlet |
S - ey i
T———F -0t}
z

Figure 6. Proposed CP reconfigurable LDRA [45].

In [46], a simple cylindrical-shaped DRA is proposed. The concept of PMC boundary
approximation is used to generate a circular polarization wave in a dielectric resonator
by changing the air-dielectric interface geometrical profile so that the E-fields change
their route by disintegrating their components at dissimilar angles following the applied
adjustment. The geometrical shape of a cylindrical dielectric resonator has been deformed
periodically with the same angular factor (3 = 45°) along the azimuthal direction, as shown
in Figure 7. A coaxial probe is applied to stimulate the dielectric resonator fed through a
small hole in the ground plane. The proposed DRA exhibits a 51.2% impedance bandwidth,
ranging from 3.37 to 5.69 GHz and an 8.01% AR bandwidth from 4.2 to 4.55 GHz. The main
advantage of this probe feed is it can be placed at any preferred location to match with
its input impedance. The input impedance of the DRA can be tuned and the resonance
frequency can be controlled by optimizing the length and position of the feeding probe.
This feed type provides high coupling to the DR which, in turn, results in a high radiation
efficiency. However, it has a narrow bandwidth of 2-5% and is hard to fabricate because
a hole has to be drilled in the substrate, and the connector should protrude outside the
ground plane. The dimensions of the drilled hole need to match the dimensions of the
probe otherwise the effective dielectric constant of the resonator will be affected, thus the
resonance frequency of the antenna will be shifted.

In [48], a new converging fractal geometry is proposed for C-band applications. Fractal
structures are created by using recursive procedures which produce large surface areas in
limited space. Thus, the geometries and dimensions of fractal structures are essentially the
deciding factor for the operation of resonant frequencies [54]. The self-similarity of fractal
shapes is achieved by applying the infinite number of iterations. A fractal antenna offers
size miniaturization by increasing the effective electrical length in the limited space. The
perturbations introduced in the hemispherical DRA (HDRA) through the application of a
fractal shape provide an enhanced impedance bandwidth because the removed DR reduces
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the Q factor with each step of iteration. However, it is a challenge to apply fractal geometry
on HDRA because it offers a zero degree of freedom.

(a) (b)
Figure 7. Fabricated DRA: (a) 3D view; (b) top view [46].

Aperture coupling is also one of the most commonly applied feeding techniques for
CP DRAs. It is an indirect method, where the input signal is coupled to the radiating
elements through the aperture (slot). In [49], a 50 () microstrip feedline is used and printed
on the backside of the Rogers RO4535 substrate, as indicated in Figure 8. The proposed
antenna operates in the TEq; 11 higher-order mode from 10 to 13 GHz. The unequal slots
are engraved on the copper ground plane with an angle of 45° concerning the microstrip
feedline to excite two near-degenerate orthogonal modes of equal amplitude and a 90°
phase difference for circular polarization generation. By joining a higher-order mode
DRA, an outer dielectric layer and a cross-slot excitation, and broader impedance and CP
bandwidths of ~21% and 9.5%, respectively, together with an improved gain of ~11 dBic,
are achieved. However, this antenna suffers from a slight drop in the measured gain due to
the presence of the uneliminated air-gap spots between the DRA and the dielectric coat.

I

Two-layer —
Rectangular DRA /% g )

Ground plane

:’r Ground plang 4 ; Lk W
A :3";@@@3_&'_’_-," ?"'—--—» x
Wi
/ ! / Cubstrate
Crossslot™ /0w
(a) (b)

Figure 8. Proposed rectangular DRA: (a) 3D view; (b) top view of the microstrip feedline [49].

A wideband CP DRA using a single feed can be obtained using parasitic vertical plates
as proposed in [51]. By presenting four metallic plates around the dielectric resonator, a
very wide AR bandwidth can be generated with the contribution from the cross-slot-fed
DRA, the revolved metallic plates, and the interaction among the dielectric resonator and
metallic plates. The AR bandwidth of the conventional DRA is successfully enhanced
from ~10% to ~46.9% without increasing either the dimension or height of the antenna. The
proposed antenna is fed with a microstrip-coupled cross-slot at the bottom, as shown in
Figure 9. However, the position of the metallic plates (dx, dy) has an effect on the AR. The
AR value will be degraded if the value of dx is 0 or negative. Thus, we need to maintain the
positive value of dx for a good AR value.
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£
Microstrip

¥

.r Metalic Plates
X

(@) (b)
Figure 9. Proposed cross-slot-fed CP DRA: (a) perspective view; (b) top view [51].

In [52], a dual-band dual-CP DRA is proposed for unmanned aerial vehicle (UAV)
applications. It consists of a metal strip with a rotated angle, a stacked rectangular dielectric
resonator, and a substrate integrated waveguide cavity with a slot for feeding, as shown in
Figure 10. The shared-aperture merged-structure design of DRA and a slot-dipole antenna
are applied to realize circular polarization features. The CP waves are controlled by a phase
compensation method with tuning processes. It is easier to obtain impedance matching by
using this feeding technique than a contacting feed. However, the manufacturing process
of stacked DRAs is complicated and needs to be carefully optimized in order to avoid any
errors. A summary of some previous works on various single-feed circularly polarized
DRAs are presented in Table 2. It can be concluded that a single feed has a simple geometry
because no hybrid coupler is required to generate a 90° phase shift between the two
orthogonal modes. CP waves can be realized by modifying the structure of the dielectric
resonator to excite two orthogonal modes and the required phase shift. In addition, the
dielectric permittivity ¢, of the dielectric resonator and its shape will affect the performance
of an antenna. Thus, by choosing a dielectric resonator with a high dielectric permittivity,
the size of the DRA will be reduced. Moreover, each mode of a DRA has a unique internal
and external field distribution. Therefore, different radiation characteristics can be realized
by exciting different modes of a DRA.

Figure 10. Overall configuration of a dual-band dual-CP DRA [52].
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Table 2. Comparison between different single-fed circularly polarized DRAs.
Basic Ge- CP BW CP BW Feed . Gain o
Ref. ometry fr (GHz) (GHz) (%) & Type Techniques (dBi) Mode Eff. (%)
Metal H-shaped
[42] RDRA 3.67-4.73 3.67-4.4 19.9 10 feeding conformal 6.8 TE 5/ TE{&3 NM
strip metal strip
Microstri Modified
[43] CDRA 297-452  3.07-4.15 29.91 9.8 Cmolz p ground 2.84 HEM15 94.69
plane
" Microstrip DGS and
[44] L-shaped 2.9-3.8 2.97-3.35 42 30 line PIN Diode 3.4 NM 93
Truncated Coaxial Fluidic
[45] RDRA 2.08-2.98 2.31-2.72 17.75 6.6 feed dielectric 5.5 TEs11 70
Coaxial Stacked
[46] CDRA 43 4.2-4.55 8.3 9.8 feed DRA 5 NM NM
[47] CSDRA 44573  547-6.37 16.45 9.8 C}_’:‘e"éal Sector DRA 58 TMy15,TMay15  80-94
[48] HDRA 416 42-53 209 43 Coaxial Fractal 6.38 NM 93
feed geometry
Aperture Two-layer
[49] RDRA 10-13 10.4-11.44 10 10 Coupling RDRA 111 TE11,11 NM
Aperture Cross-slot,
[50] CDRA 20.1-282  20.3-26.45 30.3 10.2 pertt substrate 8.15 HE;;5/HEM25.1 NM
Couplin, /
ping integrated
[51] SDRA 2.22-35 2.22-3.72 67.57 10 Aperture plate 473 TEiy; 97
Coupling
Shared-
Stacked 19.7-21 19.8-20.8 5.2 2.2 Aperture aperture 6.6
(521 RDRA 27.5-312  28.7-29.9 4.1 10.2 coupling DRA, 8.2 TEm M

slot-dipole

2.2. Dual- or Multiple-Feed CP DRA

More than one feed antenna requires a power divider and a polarizer to excite CP
radiation. The feed points need to be orthogonal to each other with a phase difference of
90° [55]. This type of feed generates TM;y and TMy; modes with an equal amplitude and are
90° out of phase. Each mode radiates individually and combines to yield CP. By using this
technique, the AR bandwidth is improved. It can be as wide as the impedance bandwidth
depending on the bandwidth properties of the phase shifter used, as this type of antenna is
not dependent on the mode perturbing element. However, it suffers from a complex design,
large size, and a high manufacturing cost compared to single-feed CP techniques.

In [28], a bowtie dielectric resonator is produced by two rotationally symmetric tri-
angular ceramic elements. A vertical flat metal strip is attached to one of the triangular
DRs and connected to the 50 () microstrip line by a probe through the ground plane. On
the other hand, the second triangular DR is excited by cutting an L-shaped slot inside the
ground plane, as shown in Figure 11. The lower CP band is formed by the slot mode and
fundamental DR modes and the upper CP band is mainly formed by the slot mode and
high-order dielectric resonator modes. The impedance bandwidth, AR bandwidth, and
gain have been enhanced by using this sequentially rotated technique. The results indicate
that the proposed antenna has wide overlapping working bands of 27.1% for the LHCP at
the lower band and 12.8% for the RHCP at the upper band. Hence, this antenna is suitable
for Wi-Fi applications, mobile-satellite services, radio navigation systems, and radiolocation
equipment. However, this antenna requires high-precision fabricating technology and a
low-loss feeding structure to enable it to work in a high frequency band.

A 2 x 2 sequentially rotated rectangular DRA array is proposed for 5.8 GHz appli-
cations in [56]. The dielectric resonators are coupled to the eye-shaped slots in order to
generate circular polarization. Then, the array is fed by two interlaced ports and each port
excites two radiating elements for the sake of size miniaturization, as shown in Figure 12.
The proposed antenna has good gain and good port isolation with reduced size. However,
this antenna exhibits a narrow bandwidth at ports 1 and 2 at a range of 5.769 to 5.913 GHz
and 5.788 to 5.922 GHz, respectively. Some modification on the dielectric resonator geom-
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etry can be employed for bandwidth enhancement. Moreover, the number of the array
elements can be increased to enhance the gain.
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Figure 11. Proposed bowtie DRA: (a) 3D view; (b) fabricated DRA [28].

(b) (c)

Figure 12. Fabricated RDRA array: (a) top plane; (b) bottom plane with eye slots; (c) bottom plane
with dielectric resonators mounted over the eye slots [56].

A polarization reconfigurable cylindrical DRA with tunable feed network is presented
in [57]. The feed network comprises of Wilkinson power divider, two pairs of shifters
and four pairs of PIN diodes, which generates two-way signals of equal amplitude and
phase or quadrature phase to achieve LHCP, RHCP, or LP states. However, the measured
impedance bandwidths are slightly different than the simulated one due to the influences
in the dc biasing network and errors in the fabrication process. In [58], a dual CP DRA
with a much wider AR bandwidth is offered for electromagnetic energy harvesting. As
shown in Figure 13, a rectangular DR, composed of two microwave dielectric ceramics,
is employed on top of a series feeding structure. The feeding structure consists of four
intersected slots, a microstrip ring with series feeding lines, and two matching microstrip
lines. The measured results indicate that the antenna has a 3 dB AR bandwidth of more
than 43.5% over the operating band of 1.83-2.85 GHz and peak radiation efficiencies of
about 90%. The DRA generates RHCP fields in the direction of broadside when port 1
is excited, and LHCP fields in the direction of broadside when port 2 is excited due to
the symmetrical structure. Thus, this antenna is classified as a dual CP DRA. However,
a slight difference between the simulation and measurement results is recorded due to
the adhesive and air gap between the DR and the substrate. Moreover, errors during
fabrication and measurement need to be avoided to achieve the best results. The summary
of previous works on various dual or multiple feed DR and techniques to generate circular
polarization is presented in Table 3. It can be concluded that the CP bandwidth increased
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and was almost the same as the impedance bandwidth depending on the properties of
the phase shifter used. The feeds will stimulate the dual orthogonal modes for obtaining
circular polarization.

port |
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Figure 13. Proposed broadband dual CP DRA: (a) 3D view; (b) feeding network [58].
Table 3. Comparison between different dual- or multi-feed circularly polarized DRAs.
Basic Ge- CP BW CP BW Feed . Gain o
Ref. ometry f+ (GHz) (GHz) (%) & Type Techniques (dBi) Mode Eff. (%)
Bowtie- 1.95-2.56 1.95-2.56 31.3 Microstrip Sequential X y
(28] DRA 293-333 293333 13.65 10 line rotated 382 TEn/TEy 839
5.769-5913  5.766-5.911 2.48 i Slot-coupling, 8.4 N y 82
[56] RDRA 5788 5022 5.788-5.922 228 10 Dualport  “gp feeding 8.2 TEsn/TEis1 g15
[57] CDRA 2.23-322 2.18-3.07 40.83 9.9 Probe Tunable feed 6.44 HEM; 5 NM
network
[58] RDRA 1.7-3 1.83-2.85 55.74 92 Series Orthogonal 8.4 NM 85
modes

The advantages and disadvantages of different feeding configurations are summarized
in Table 4. Using a metal feeding strip and microstrip feeding is the easiest way and
simplest method to feed the antenna. However, the bandwidth of the antenna is frequently
affected and dependent on the thickness and dielectric permittivity of the substrate. For
a coaxial probe feed, the soldering and drilling process during fabrication is difficult and
requires extra care to make sure the conductor tracks on the printed circuit board (PCB)
are not damaged. The antenna design will become complex if aperture coupling is used
because it requires multilayer structures and the alignment is very important for good
input matching [33]. To generate a CP DRA, sequential rotation of DR with a SP feeding
network is a good option as it has a simple structural geometry; thus, it is easy to design
and fabricate [59-62]. Through this method, a stable phase difference is produced at the
ports of the feedline, resulting in the CP characteristics. Moreover, this technique allows
the size of the antenna to be reduced.
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Table 4. Comparison between different feeding configurations.

Impedance

Feeding Type Fabrication Reliability Matching Advantages Disadvantages
* L(.)W cost Fabrication process need
. High gain
. Improvement in to be performed carefully
Metal feeding strip Easy Better Easy bandwidth without to avoid a difference
anv multi lavering or between the simulation
y yerms and measurement results
complicated design of
the DRA
Low Q factor
As the thickness of the
substrate increases,
surface wave and
spurious radiation
increases which limit the
bandwidth
Direct coupling between
. Low cost the DR and the line feed
. . e  Easy mounting on will affect the radiation
Microstrip-line feed Easy Better Easy elerz,lent g performances of DRA
The radiation from the
feed line will increase the
cross-polar level
For mm-wave
frequencies, the size of
the feed line is similar to
the patch size, which
leads to an increase in
the undesired radiation
Narrow bandwidth
Difficult to fabricate
* Car} be placeFl at any because a hole has to be
desired location inside drilled into the substrate
Coaxial feed /probe Soldering and Poor due to Ea the patch ) Matching problem for
feed drilling soldering sy e Easyto fabrlcate thicker substrate because
. LOW spurious the probe length will
radiation increase and the input
impedance will become
more inductive
e  No physical contact
between the feed and
radiator
e Widebandwidth Requires multilayer
Difficult and . Allows independent fabrication and
Aperture coupling alignment Good Easy optimization of alignment is crucial for
required antennas and feed input matching
network by using
thickness and
permittivity of
substrate
. Low cost Difficult to desi
. g . e  Improved the Hcult to design a
SP feeding network Difficult Good Medium performances of array sequence feed network
antenna
e  Compact size
. Low loss
Printed gap o . . Low dlsper51op device Narrow bandwidth
waveguide Difficult Good Medium e  Does not require a

conductive connection
between the upper and
lower plates
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3. Multiple-Input-Multiple-Output CP DRA

In recent years, multiple-input-multiple-output (MIMO) technologies have been in
continuous development for modern telecommunication systems such as for wireless local
area networks (WLANSs), long-term evolution (LTE), and fifth-generation (5G) communica-
tions. In a practical communication system, the space for the MIMO antenna is generally
limited. Moreover, the mutual coupling between antennas will degrade the efficiency and
performance of the MIMO system. It also can affect the antenna’s radiation pattern. MIMO
antennas designed through patch antennas tend to have lower efficiencies and insufficient
isolation between unit antennas, rendering them unsuitable in most applications. Compact
DRAs with high radiation efficiency will be much more favorable to combat the issue, ob-
serving no unwanted effects even in array configurations with better isolation. Numerous
works on reducing mutual coupling between DRA elements have been reported, such as
by using defected ground structures (DGS), electromagnetic band-gap (EBG) structure,
metamaterials, and frequency selective surfaces (FSSs). DGS technique is applied in [63,64]
to control the impedance transmission capacity and reduce mutual coupling. However, the
proposed antennas are LP and would suffer in antenna misalignment, thus degrading the
antenna performance.

In [65], an EBG structure was added between two CP DRAs to reduce the mutual
coupling. The proposed antenna consists of a rectangular DR placed on top of the cross-ring
slot, as shown in Figure 14. The two opposite corners of the DR are truncated at 45° and
combined with a cross-ring coupling slot with an optimum ratio to obtain CP radiation with
a wideband AR performance. The antenna is fed with a 50 () microstrip feedline for good
impedance matching. A total of 25.9% and 18.7% measured impedance and AR bandwidths,
respectively, are recorded from a 3.3 to 3.8 GHz frequency range for 5G applications. As
this design has decoupling structures placed between the antenna elements, the system
complexity will be increased.

.J|.;| 2

-

)

(b)

Figure 14. Proposed MIMO DRA: (a) front view; (b) fabricated antenna [65].

In [66], an integrated four-element DR based on a MIMO polarization diversity antenna
is demonstrated for vehicular communication. The proposed antenna comprises two
conformal open-loop fed DRA elements (Ant. 1 and Ant. 2), and two microstrip-slot fed
DRA elements (Ant. 3 and Ant. 4). As shown in Figure 15, Ant. 1 and Ant. 2 are located
at the top of the substrate and placed diagonally. RHCP and LHCP waves are excited in
Ant. 1 and Ant. 2, respectively, to establish polarization diversity. Similarly, Ant. 3 and
Ant. 4 are positioned at the substrate’s bottom side and generate LHCP and RHCP waves,
respectively. Thus, it will create polarization diversity and reduce the interference between
the field components. The proposed antenna obtains a 500 MHz measured impedance
bandwidth from 3.22 to 3.72 GHz, and a 200 MHz measured AR bandwidth from 3.34 to
3.54 GHz. However, to meet the needs of a small size MIMO antenna, the antenna will
suffer from a large mutual coupling effect and a reduction in the antenna performances.
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Figure 15. Proposed four-element MIMO DRA: (a) front view; (b) side view; (c) back view [66].

Metal vias can also be used to decrease the mutual coupling between the DRA elements.
In [67], four metal strips on the lateral sides of each DRA are introduced, as shown in
Figure 16. With that, the rotation direction of the coupled E-field in the passive DRA can
be changed and made orthogonal to that of the active DRA. Owing to the polarization
orthogonality, the isolation between the two DRAs is enhanced to 31 dB at 2.43 GHz without
affecting the reflection coefficient, radiation pattern, and AR. The measured impedance
bandwidth of the proposed antenna is approximately 9.3% from 2.36 to 2.59 GHz, and
the measured AR bandwidth is 4.9%, ranging from 2.39 to 2.51 GHz. The length of the
orthogonal rectangular slots should be unequal to generate the CP field. Otherwise, the
antenna will radiate in linear polarization.

Gy

i
Wy
A YS o |
5 m

Figure 16. Configuration of the proposed MIMO DRA: (a) perspective view; (b) top view [67].

Another method that can lessen mutual coupling is orthogonally polarized [68,69].
In [68], the antenna elements are placed in orthogonal alignment to obtain an isolation
greater than 15 dB between port 1 and port 2. In [69], two symmetric orthogonal feed
networks are deployed to reduce mutual coupling between the ports. The recorded mutual
coupling between port 1 and port 2 is well below 14 dB throughout the operating impedance
band for WLAN applications. Table 5 summarizes some previous works on various
MIMO CP DRAs and techniques to achieve low mutual coupling. Based on the table,
the decoupling method is the best in enhancing the isolation of the antenna due to the
orthogonal polarization caused by the metal strips on the DRA. This method is simple
and does not require extra space. Moreover, the proposed design has circular polarization
features with good MIMO characteristics.
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Table 5. Comparison between various MIMO circularly polarized DRAs.
CP BW CP BW Feed . Gain Isolation
Ref. Geometry  f, (GHz) (GHz) (%) & Type Techniques (dBi) Mode (dB)
[65] RDRA 3.45 3.15-3.93 24.76 9.8 Mlcl;‘:zmp EBG 4.83 TEiy; —26
Polarization
[66] CDRA 322372  3.34-354 599 9.8 M“f"smp and >4.2 HEM; 5 >15
ine pattern
diversity
Decoupling.
[67]  SDRA 24 239-2.54 49 g5 ~ Microstip - Metal s, 56 TEpy 31
ine strips on
the DRAs
Orthogonal
29-3.2 3.32-3.58 78 Aperture orienta-
[68] CDRA 3.44-3.64 | ; ’ NM coupled tion of >2 HEM, s /HEMZ,, >15
5-5.32 6.4 . 118
4.75-5.5 feeding antenna
elements
. . Orthogonal
(o)  Vehaped yg9 540 516538 417 9y  Microstip - pooding 5.04 TEmodes <14
DR line
network
Microstrip ~ Decoupling
[70] CDRA 3.38-3.8 3.4-357 5 9.8 ' 491 HEM;5 21
line network
Parasitic
Conformal patch and
[71] RDRA 3.5-4.95 3.58-4.4 23 10 metal diago- 6.5 TE 5/ TE}II53 >28
strip nally
position
. . . Symmetry .
Pyramid 7.74~ . Microstrip Multiple
[72] DRA 12.39 8.86-9.69 9.37 10.2 line :lrel;tirel;’lte; 7 modes >21.8

4. Millimeter-Wave CP DRA

The rapid increase in the demand for mobile internet, the internet of things (IoT), and
automated vehicles has motivated researchers to focus on highly efficient antennas, which
exhibit wide bandwidth, high data rates, and good radiation characteristics to handle
information exchange. Thus, millimeter-wave (mm-wave) bands have received significant
consideration for their competency in avoiding interference with the overcrowded lower
frequency spectrum. A 270 GHz bandwidth ranging from 30 to 300 GHz has been allocated
for mm-wave communication systems. Various antennas such as patch, monopole, and
dipole antennas have been proposed for mm-wave applications. However, these antennas
suffered from a narrow impedance bandwidth and radiation efficiency problems because
of lossy silicon substrates. Therefore, the DRA is a good option for mm-wave use owing to
its high radiation efficiency, light weight, flexibility in resonator shape, and feeding scheme.
At this mm-wave frequency band, DRAs will exhibit a wider impedance bandwidth and
higher radiation efficiency, where the conductor losses of metallic patches are significant.
Compared to the DRA operating in the microwave band, the sizes of the mm-wave DRAs
are extremely small, and therefore, the practical realization issue becomes the main concern.

Several studies have been carried out to overcome this drawback. However, most of
them focused on LP designs [73-75] and very little attention has been paid to the mm-wave
CP DRA [76-80]. In [76], four parasitic dielectric resonator elements are sequentially rotated
with a 90° phase angle to achieve circular polarization, as shown in Figure 17. The proposed
DRA is mounted on four layers of RT6010 substrates and fed by a printed gap waveguide
(PGW). The function of the PGW is to eliminate the losses and dispersion of the substrate.
The parasitic elements will cancel the cross-pol E-field component, thus, improving the CP
performance. The proposed antenna has no aperture coupling and feed network system.
Therefore, it leads to a reduction in the complexity of the feed and ohmic loss in mm-wave
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frequency. However, the proposed antenna will be thick as it is implemented by four layers
of substrates and needs to be tightly bonded with metal screws.

of parasitic DRA Parasitic DRA ASE
Transparent top
copper cover

909 Sequential rotation 9 “":"atic"g?} direction Parasitic  Metal s?ew

Radiating slot .
. Holes for End

Feed line for Meial Serew  launch connector
driven element

End launch
connector

@ (b)

Figure 17. Parasitic DRA: (a) 3D view; (b) fabricated antenna [76].

In [77], a CP substrate-integrated CDRA has been proposed for 60 GHz applications.
The DRA element has been isolated from the substrate using two circular arrays of holes
and vias, as shown in Figure 18. A slotted circular patch is loaded on the DRA element
at the top of the substrate to generate a CP field. The measured overlapping bandwidth
between the reflection coefficient and AR has been increased by 15.9% from 55 to 64.5 GHz,
with a peak measured gain of 11.43 dBic when the sequential rotation (SR) feeding method
has been used for the 2 x 2 array. However, substrate-integrated antenna often leads to
large leakage losses which depends on the separation of vias and holes.

(b)

Figure 18. Geometry of CP substrate-integrated CDRA: (a) top view; (b) perspective view [77].

One of the popular methods to enhance impedance bandwidth, AR bandwidth, and
gain of the proposed antenna is by integrating a SP feeding network into the antenna de-
sign [78]. The DRA using a SP feeding network is proposed in for the mm-wave application
at 30 GHz. As depicted in Figure 19, the proposed antenna consists of a 2 x 2 array of a
flower-shaped DR placed on a ground plane. The cross-slots and SP feeding network are
etched on the top and bottom sides of the Rogers RO3006 substrate, respectively. The array
antenna is fed using a parallel feeding network, where each DR is fed sequentially, with a
90° phase difference between them in a SR manner. This arrangement is responsible for
CP enhancement. Table 6 summarizes some former works on various mm-wave CP DRAs.
The designs in [76,77] are quite complicated because they have multiple layers of substrate.
In [78], the complex feeding structure of an antenna array resulted in ohmic and surface
wave losses which tend to decrease the overall efficiency of the antenna. Moreover, an
array antenna is difficult to design, especially at mm-wave frequencies.
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Figure 19. Proposed DRA: (a) perspective view; (b) bottom feed network [78].
Table 6. Comparison between various mm-wave circularly polarized DRAs.
CP BW o ) . ,
Ref. Geometry f+ (GHz) (GHz) CP BW (%) & Feed Type Techniques Gain (dBi) Mode
Tooth-
[76] shaped ~ 29.40-34.66 29.75-34.15 13.77 102 PGW SR method 8.33 TE};3/TE) 3/ TE) 5
DRA
Aperture-
[77] CDRA 55-64.5 17.27 NM coupled SR method 11.43 HEMj;5
feeding
Flower- Sequential Cross-slot
[78] shaped 29.2-30.7 5.14 10.2 feeding lin 9.5 NM
DR network couping
. . Aperture-
28.6-27.26 Microstrip
[79] RDRA oloLoegs 23542404 212 10 e co;};lted 6.53 TE1y1
DRA loaded
Coaxial with parasitic X
[80] CDRA 25.1-30.1 27.2-29.2 7.35 7 and 6 feed dielectric 6.5 TE 3
cylinder

5. Applications of DRA

There are many applications for DRA over MPA, which make it more appealing, and
they are discussed below.

5.1. RF Energy Harvesting

RF energy harvesting refers to the utilization of the ubiquitous RF energy transmitted
by different wireless systems to feed electronic devices with a low-power consumption
remotely. It is widely adopted to replace conventional batteries. Recent growth in wireless
technology has led to an enlargement of the existing RF energy in different frequency
bands. Thus, a broadband antenna is required to capture the ambient RF energy over this
wide frequency range. Moreover, the proposed antenna should also have a high radiation
efficiency and high gain to maximize the received RF power from the ambient RF sources.
In previous works, numerous planar wideband antennas have been developed to collect RF
energy from several frequency bands [81-84]. However, most of them are unable to obtain
the satisfactory gain. Hence, high input power is required to enhance the performance.
Given that the ambient RF radiations are weak, unstable, and span over a wide range of
frequencies, antennas with a wide impedance bandwidth, high gain, and high radiation
efficiency are essential to collect a huge amount of power from the low-density environment.
DRAs are proposed in [58,85-88] to overcome these problems. Compared to the planar
antennas, DRAs offer a wide bandwidth, high gain, high radiation efficiency, low conductor
loss, and compatibility to different feeding mechanisms.
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A stacked rectangular DRA for RF energy harvesting is proposed in [85]. The DR is
made from soda-lime glass. A slot feeding method is used to feed the antenna as it gives a
better impedance matching, low spurious radiation, and better polarization purity owing
to the indirect electromagnetic interaction between the DRA and the feed line. The DR is
stacked at seven layers and a thin air gap is added to improve the gain to 6.69 dB. In the air
gap technique, air is used as the substrate in between the ground and DR. Due to the use
of air as a substrate radiation efficiency, the impedance bandwidth is enhanced, and the
dielectric loss is reduced. However, the impedance bandwidth is limited to 18.8% only.

In [86], a broadband high-gain hybrid DRA is proposed, and a 120% impedance
bandwidth is recorded from 1.67 to 6.7 GHz with the maximum gain value of 9.9 dBi. The
proposed antenna consists of a rectangular DRA backed by a rectangular slot in the ground
plane, as shown in Figure 20. The proposed antenna is excited by using an inverted T-
shaped feed line which consists of three arms of different lengths. This feeding mechanism
effectively couples the energy for a broad range of frequencies between the feed line and
the radiating elements. In addition, a metallic reflector is placed below the antenna for gain
enhancement.

W t+a

spacer

(b)

Figure 20. High gain DRA: (a) bottom view; (b) fabricated prototype [86].

Circularly polarized DRAs for RF energy harvesting are proposed in [68,87,88]. Differ-
ent shaped geometry has been considered for bandwidth and gain improvement [87,88].
For instance, in [87], a one-fourth of the cylindrical DRA is proposed for bandwidth and
gain improvement. A dumbbell-shaped slot is etched on the ground plane and placed
on the other side of the substrate to achieve the resonance within the desired operating
frequencies. In order to obtain circular polarization, two metallic strips V-shaped are etched
on the upper edge of the DR. The proposed antenna can capture electromagnetic signals
from all directions because it radiates in an omnidirectional direction pattern. Therefore,
this makes it suitable for wireless energy harvesting applications in a smart city. In [68],
the proposed antenna consists of a 90° twisted quarter sectored CDRA, a metallic plate,
and a shunt-diode rectifier circuit. This antenna offers a high gain of 7.02 dBc. However,
it suffers from a narrow bandwidth between 5.59 to 5.88 GHz. In addition, this antenna
is complicated because the authors need to design and optimize the shunt-diode rectifier
for rectification purposes. Table 7 summarized a comparison between various DRAs for
RF energy harvesting. It can be concluded that by introducing a thin air gap between the
DR and the ground plane, a reasonable bandwidth is achieved, and the gain is improved.
Moreover, a thin air gap is easier and more practical to apply compared to a wide air gap.
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Table 7. Comparison between various DRAs for RF energy harvesting.

Antenna Dimension

o . . ..
Ref. Geometry f+ (GHz) BW (%) & (W x L x A Gain (dBi) Feed Type Polarization
Slot-fed
[85] RDRA 5-6.04 18.8 7.75 (0.72 x 0.72 x 1.23) 6.69 Slot feed LP
Hybrid Inverted
[86] y 1.67-6.7 120 10.2 (1.25 x 1.11 x 0.13) 9.9 T-shaped LP
RDRA .
feed line
Series
[58] RDRA 1.83-2.85 43.59 9.2 (0.55 x 0.55 x 0.32) 7.7-84 . CP
feeding
Quarter Microstri
[87] sectored 2.28-2.75 18.7 NM (0.33 x 0.31 x 0.06) 4.3 feed P CP
CDRA ee
Quarter Aperture
[88] sectored 5.75-5.85 1.7 10 (0.68 x 0.68 x 0.22) 7.02 P CP
CDRA slot feed

5.2. Radio Frequency Identification (RFID)

RFID is a revolutionary application of automatic identification and data capture technol-
ogy that is contactless and does not require line of sight. It is used to identify, localize, and
track an item or object provided with an RFID tag or transponder by the means of radio EM
waves. It can be embedded in all kinds of consumer products and scanned several meters
away, revealing information about the product and its manufacturer. Small size and low-cost
RFID tags are crucially important for applications of the Internet of Small Things (IoST). There
are several methods that can be used to reduce the size of RFID tags such as meandered
antennas, fractal dipole antennas, and dielectric resonator antennas.

In [89,90], high-permittivity ceramic resonators are used for RFID tags, which are
intended to provide size miniaturization and long-range reading distances. Moreover,
ceramic materials can consistently operate under severe conditions such as extreme temper-
atures and chemically violent environments. In [89], a 22.9 m reading distance is obtained
for the RFID tag with &, = 100. In [91], a polarization twist tag is proposed. The twist
tag consists of two dielectric resonators tilted by +45° and spaced by A/4 for orthogonal
polarizations. Figure 21 shows the operation of this system. The DR tag will reflect an
equal-handed CP wave. However, another reflector is required to reflect the opposite-
handed wave for a clean resonance received by the co-polarization network of the reader
with less degradations due to lens reflections.
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Figure 21. Operation principle of the proposed antenna [91].
In [92], a novel ultraminiature CP antenna inspired by crossed split-ring resonators

(SRRs) is proposed. The proposed antenna consists of a FABM top substrate board, metallic
screws, and a metallic ground layer. Two crossed dual-capacitance ring resonators (C-
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DRRs), which are equivalent to two crossed magnetic dipoles, are arranged perpendicularly
and excited simultaneously with an SMA connector, as shown in Figure 22a. As can be
seen in Figure 22b, the measured —10 dB bandwidth is from 900 to 928 MHz which is 3.1%,
whereas the simulated frequency range is from 901 to 928 MHz. The proposed antenna will
be a good option for RFID and low frequency applications due to its ultracompact size,
low cost, high radiation efficiency, and wide CP beamwidth. A PIN diode and varactor are
used in this design to achieve polarization and frequency tuning. Undoubtedly, PIN diodes

and varactors need an additional bias circuit.
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Figure 22. CP antenna with C-DRRs: (a) fabricated prototype; (b) reflection coefficient [92].

Chipless passive tag technology has been applied to RFID and wireless sensor ap-
proaches which do not rely on microchips to form a backscatter signal. Recently, a DR
has been proposed as a tag in a temperature sensor system. In this system, the energy is
coupled by the reader into the DR by sending a signal at a resonant mode frequency and
the DR will transmit back the signal effectively within the frequencies bands. However, a
single or flat cylindrical DR tag exhibits low radar cross section (RCS), which extremely
limits the reading range. Thus, a new method to boost the RCS is introduced by combining
the DR tag and the spherical lens [93,94]. The focused incident wave is well coupled to the
two lowest order resonant modes when the DR is placed along the focal area behind the
lens. Different sizes of the DRs may be employed to create tag spectral signatures which
can be discriminated without uncertainty in a multiple-tag situation. These chipless tags
are suitable for indoor self-localization systems. However, the frequency-dependent and
angle-dependent response of the DR tag response may affect the performance of the system,
which then results in localization accuracy. Table 8 summarizes a comparison between
various DRAs for RFID.

Table 8. Comparison between various DRAs for RFID.

Ref. Geometry fr (GHz) BW (%) & Gain (dBi) Feed Type Polarization
[89] Cylindrical DR 0.86-0.92 6.74 100 1.61 Discrete port LP
[90] Cylindrical DR 0.85-0.9 5.71 506 7.5 Discrete port LpP
[91] Cylindrical DR 3.5-4.5 25 35 NM Coaxial port Cp
Crossed
[92] split-ring 0.907-0.914 0.77 NM 5.51 Coaxial port Ccp
resonator
Disk-type
[93] cylindrical DR 4-7 54.55 35 14 NM LP
S Between
[94] Cylindrical DR 100-200 NM 35 16.7 NM LP
5.3. Radar

Radar is a detection system that uses radio waves to measure distances, scattering
parameters, or angles velocities. It is widely used in autonomous driving, security, defense,
meteorology, and many more applications. Radar should have a high resolution, high
efficiency, low false alarm rate, and small sensor dimensions in order to cope with various
conditions depending on its application.



Micromachines 2022, 13,2178

22 of 33

The authors in [95] proposed a rectangular DRA planar array with a broad bandwidth
of 50% and a high gain of 22 dBi for unmanned aerial system radar applications. The
8 x 8 array is designed using a stripline feeding network with two different substrates to
improve shielding of a multi-stage feeding network. A planar array also being used in [96].
The proposed rectangular DRA obtains an impedance bandwidth of 6.98% centered at
24.09 GHz, with the antenna gains varying from 7 to 9.5 dBi. However, the spacing between
the antenna elements should be proper and in exact phase to form a good radiation beam
and enhance the directivity of the system. In addition, the feeding network of an array
requires a large area to occupy multiple segments of transmission line. This will cause
the antenna size to be larger. Moreover, the proposed antennas in [95,96] radiate in linear
polarization. For an antenna with linear polarization, the electromagnetic waves broadcast
on a single plane are either vertical or horizontal. If the signal is reflected inaccurately,
interference will occur and the signal will lose its strength.

For conventional radar systems, it is tough to deal with varied scenes and to accurately
identify and classify targets. Therefore, the radar sensor has to transmit and receive multiple
polarizations that are affected differently by the observed scene. In [97], a four-element
cylindrical DRA array with a simple dielectric fixing slab and glue is proposed for 24 GHz
automotive radar, as shown in Figure 23. A conventional one-to-four microstrip power
divider feeds the proposed antenna. Unevenness and air gaps need to be avoided by
applying necessary and unnecessary glue during fabrication and assembly processes to
mitigate the possible problem of glue spreading.

() (b)

Figure 23. Fabricated cylindrical DRA array: (a) feed network; (b) array [97].

In [98], two antennas, element and array antennas, have been fabricated and in-
vestigated. The proposed antennas employ a quadrature hybrid structure to excite two
perpendicular HEM modes for achieving CP radiation. The hybrid structure is integrated
with a cylindrical DR, as shown in Figure 24. Based on the simulated and measured re-
sults, these antennas are good candidates for X-band radar applications such as weather
monitoring and vehicle speed detection. However, there are certain conditions that need
to be satisfied in order to generate the appropriate CP wave. First, the feeding points
should be placed perpendicularly to realize the two perpendicular HEM modes. Next,
equal amplitude modes must be generated between the two paths. After that, a 90° phase
difference between output ports should be achieved by ensuring a quarter wavelength
difference between the two paths. Lastly, a 50 Q) input impedance is crucial to get good
matching. Table 9 summarizes a comparison between various DRAs for radar applications.

(a) (b)

Figure 24. Fabricated prototypes: (a) element antenna; (b) array [98].
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Table 9. Comparison between various DRAs for radar applications.
Ref. Geometry fr (GHz) BW (%) & Gain (dBi) Polarization Applications
[95] Rectangular DR, array 3.79-6.29 49.6 10.2 18-22 LP Unmanned aerial
system
[96] Rectangular DR, array ~ 23.25-24.93 6.97 16 95 LP Short-range
vehicular radar

[97] Cylindrical DR 22.5-26 14.43 9.9 10.8-11.8 cp Automotive radar

8.2-10.3 .
Weather monitoring
e (Element) 22.7 20 7.7 .
[98] Cylindrical DR 82-113 31.79 20 9.5 Ccp and Veh1C1.e speed
detection

(Array)

5.4. Biomedical Applications

The advantages of DRA also make it a suitable candidate for biomedical applica-
tions [99-103]. Various biomedical applications have different requirements in terms of
data rate, transmitter power, and link distance in order to ensure that discriminative infor-
mation is delivered within a satisfactory timeframe for the most serious situations. In [99],
a new coil setup for dual-nuclei imaging has been proposed by combining an annular DR
filled with a high permittivity material for phosphorous and a traveling-wave antenna for
'H scout imaging and shimming. However, the DR has a lower sensitivity which is only
half that of an equivalently sized birdcage on the phosphorous channel. A dual-polarized
(DP) omnidirectional hemisphere DRA for a wireless capsule endoscope system (WCE)
is proposed in [100]. The antenna was excited in TMy;5 and TEj;5 modes to radiate a DP
wave by a feeding probe and four arc microstrip line, respectively. The omnidirectional
DP wave are realized when the TMy; 5 and TE(;5 modes are equal in amplitude and phase.
The hemispherical shape of the DR is easy to be conformal with the end of the capsule. The
proposed antenna has a gain between —13.5 and —15dBi, with an impedance bandwidth
from 2.4 to 2.48 GHz. However, the measured reflection coefficient is slightly worse than
the simulated one, mainly owing to a machining error.

A rectangular DRA operating at 2.45 GHz is proposed in [101] as an implantable
antenna with no metallic losses, bio-compatibility, and a varied implant depth performance.
The DRA are made up of biocompatible ceramics with & = 80. The implant DRA is
mounted on a PVC substrate and fed by a coplanar waveguide. It is concluded that
the reflection coefficient degraded as the depth of the implant antenna increases but still
has an acceptable performance for the defined ‘depth window’. Moreover, the proposed
antenna has acceptable radiation limits for the specific absorption rate (SAR) value. In [102],
a singly-fed CP wearable DRA for off-body communications has been proposed. The
antenna has been excited using a H-shaped conformal metal strip, as shown in Figure 25.
This antenna radiates in circular polarization with an impedance bandwidth of 20.7% from
6.95 to 8.68 GHz. Moreover, this antenna recorded a low SAR value. However, the lossy
and high dielectric constant characteristics of human body may affect the frequency and
reduce the efficiency of the antenna. Further, the antenna designer should be aware of the
antenna’s impact on the human body.

DRA can also be used for tumor detection [103]. The proposed antenna consists
of a cylindrical DR fed by a microstrip line and operated from 2.2 to 2.6 GHz. Circular
polarization is realized by aperture coupling using the cross slot. In this work, the breast
phantom is placed between two cylindrical CP DRAs for obtaining the simulation results, as
shown in Figure 26b. The simulation was carried out for various tumor sizes from 1 to 8§ mm
in order to test the sensitivity of the system. As the size of the tumor increases, the overall
permittivity of the tissue increases and disturbs the phase of orthogonal components of
currents; therefore, AR increases from 3.5 dB to 4.8 dB. Table 10 summarizes a comparison
between various DRAs for biomedical applications.
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(b)

Figure 25. Wearable DRA: (a) proposed configuration; (b) antenna on a human body [102].

SIOK
: 3 ——DRA

feermror

Ground CP Antenna
Cross slot in
ground Breast tissue
Microstrip Substrate
feed
(a) (b)

Figure 26. CP DRA: (a) overall configuration; (b) setup of the detection system [103].

Table 10. Comparison between various DRAs for biomedical applications.

Ref. Geometry fr (GHz) BW (%) & Gain (dBi) Polarization Applications

[100] Hemispherical DR 2.4-2.5 4.08 22 —15 DP WCE

[101] Rectangular DR 24-25 4.08 80 —236 LP Implantable medical
devices

[102] Rectangular DR 7.47-8.25 9.92 10 5 cp WBAN

[103] Cylindrical DR 2.46-2.59 5.15 12.85 NM Cp Breast cancer detection

5.5. Vehicular Applications

DRAs are also used in vehicular or unmanned aerial vehicles (UAVs)
applications [52,66,104-106]. The UAVs are frequently called drones, flying cars, aerial
vehicles, and other names. The UAVs can fly autonomously or can be operated by human
pilots [107]. The tremendous growth of UAVs is due to their high aerial mobility, advanced
battery technology, rotors, global positioning system (GPS), cameras, sensors, low cost,
fuel efficiency, and a broad range of applications [108,109]. The UAVs provide new po-
tential for business in civil and non-civil applications such as agriculture, parcel delivery,
aerial mapping, wildlife conservation, and surveillance [110,111]. As the applications for
the vehicles are growing rapidly day by day, lightweight, compact size, high-gain, wide
bandwidth and high-efficiency antennas are in high demand to enhance the capacity of
wireless systems, reduce the overall system loss, and save the energy [112,113]. Moreover, a
fine-range resolution and accurate navigation are also necessary to ensure efficient and safe
operation even in strong multipath environments and intended interference [114]. To solve
the above issues, DRAs are used as they offer wide bandwidth, high gain, high efficiency,
and low losses that make them excellent candidates for vehicular applications.

In [104], a multiband DRA is designed for LTE automotive application. The proposed
DRA is mounted and measured on the vehicle rooftop, as shown in Figure 27. Two DRAs
are placed within a small area to reconfigure their radiation patterns on each frequency
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band in order to improve both the quality and reliability of the wireless link. As the
vehicle’s body is curved, the antenna should be flexible to withstand various bending
conditions while still maintaining its normal performance under these deformations.

Figure 27. Proposed antenna mounted on vehicle’s rooftop [104].

In [105], a low-frequency DRA integrated with a high-frequency dielectric lens antenna
(DLA) is proposed for dual-frequency vehicle communication. Both of the antennas share
a single dielectric body, thus making the structure compact. The DLA is fed by a second
embedded cylindrical DRA which is intended to reduce the conduction loss in the high
band while maintaining a compact dimension. The DRA is excited by a vertical conducting
adhesive strip on its sidewall. The dual-frequency antenna can provide wide impedance
bandwidths and features a high degree of flexibility without the limitation of the frequency
ratio. Good impedance matching is observed in the two bands when a larger ground plane
is used. However, increasing the size of the ground plane will reduce the boresight antenna
gain as the low-band antenna 3-dB beamwidth is widened in the H-plane and introduces
many ripples in the E-plane. Both of the antennas in [104,105] operated in LP.

A radiation pattern of an antenna is one of the important parameters because it
demonstrates the direction of the radiated energy distributed by the antenna into space.
In the past few years, several conical beam antennas have been proposed for various
applications owing to their omnidirectional radiation in the azimuth plane and directional
radiation in the elevation plane. Specifically, in drone and vehicular communications
applications, the transmitter or receiver needs to operate at a specific elevation [106].
Therefore, a conical beam radiation pattern is required to ensure that the radiation from the
antenna fully covers a 360° latitude. Moreover, a conical-beam radiation-pattern antenna
with a high gain and wide beam coverage is necessary to cope with the relevant movement
between the antenna and the satellite [115]. To produce a wideband conical beam radiation
pattern, several methods have been implemented. The most common method is by using a
cylindrical DRA. This is because a cylindrical-shaped DRA is easy to design compared to the
complex geometries such as an equilateral triangle. In [116], a DRA with conical radiation
patterns is presented for vehicle-mounted surveillance equipment, as shown in Figure 28.
The proposed antenna consists of a cylindrical DR and a loaded annular column. It is then
placed on a metal disk and fed by a coaxial probe. With this configuration, four conical
radiation pattern modes are excited and merged, providing an impedance bandwidth of
56% from 3.14 to 5.56 GHz. However, this antenna radiates in linear polarization.
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Figure 28. Conical radiation pattern of the proposed antenna in E-plane at: (a) 33 GHz;
(b) 41 GHz [116].

Very few CP DRAs for vehicular applications or unmanned aerial vehicle (UAV) have
been reported in the literature so far [52,66,117]. In [52], the shared-aperture merged-
structure design of a DRA and slot-dipole antenna is applied to realize circular polarization
features. The CP waves are controlled by a phase compensation method with tuning
processes. It is easier to obtain impedance matching by using this feeding technique than
a contacting feed. However, the manufacturing process of a stacked DRA is complicated
and needs to be carefully optimized in order to avoid any errors. In [117], a wideband
CP is realized from the orthogonally-placed conformal strips, off-centered circular slot,
and curved path in the feedline. However, a slightly different outcome in the results
occurred due to the presence of air gaps and errors during the fabrication process. Table 11
summarizes a comparison between various DRAs for vehicular applications.

Table 11. Comparison between various DRAs for vehicular applications.

Ref. Geometry fr (GHz) BW (%) & Gain (dBi) Polarization Applications
1.7-2.2 25.6 .
[104] Rectangular DR 2507 769 9.2 4 LP LTE automotive
Short-distance vehicle-to-base
o 3.3-3.6 8.7 5.8 station and long-distance
[105] Cylindrical DR 10-10.5 488 10 12.0 Lp vehicle-to-satellite
communications
[116] Cylindrical DR 31-56 575 8 87 LP Vehicle-mounted
16 surveillance equipment
Stacked 19.8-20.8 2.2
(521 Rectangular DR 28.7-29.9 4.92 10.2 6.6-8.2 cP UAv
[66] Cylindrical DR 3.34-3.54 5.8 9.8 42 CP V2V to V2I communications
[117] Cross-shaped DR 6.26-8.74 33.1 6.15 10.77 (@ Aerial vehicle

5.6. Solar Cells

The requirement to get power from renewable resources is becoming more challenging
owing to the current energy and environmental challenges. The integration of antennas
with solar-cell panels offer compact integrated platforms to employ the electromagnetic
spectrum in both microwave and optical regimes. Thus, various methods have been
implemented to develop antennas with high performance and full compatibility with solar-
cell panels. The most common method is to mount an antenna on the bottom side of the
solar cells [118]. This method is simple and not affect the solar cells. However, this method
has limited applications especially for broadside antennas. By integrating the antenna on
top of solar cells, the required coverage will be improved for many applications, but it may
reduce solar cell efficiency due to the shadowing effects of the antenna [119].

In order to reduce the shadowing effects, transparent conductive oxides were
used [120,121]. However, transparent conductive oxide has a sheet resistance greater than
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5 ()/sq with a high optical transmittance and the sheet resistance reduces the radiation
efficiency of the antenna. Meshed metallic structures [122] also can be used to improve
shadowing effects, as shown in Figure 29. A metal mesh can overcome the drawbacks of
conductive films. The open areas guarantee stable optical transparency over the visible light
spectrum and the conductive mesh offers a higher sheet conductivity for better radiation
efficiency. However, integrating metal-meshed antennas with solar cells might reduce the
realized gain and transmission loss, especially at high frequency, due to the loss nature of
solar cells and the anisotropy triggered by parallel electrodes on solar cells.

(b)
Figure 29. Proposed antenna integrated with solar cell: (a) top view; (b) bottom view [122].

To overcome this limitation, transparent dielectrics can be used as resonator antennas
and can be mounted on top of solar-cell panels. This method can enhance the performance
of the antennas with less shadowing impacts. However, a transparent dielectric usually
has a low permittivity, which might affect the antenna design. In [123], a transparent
rectangular DRA is integrated on top of a silicon solar cell with glass protection. Horizontal
metallic strips are attached on the sidewalls to achieve radiation modes with various farfield
and impedance properties, as shown in Figure 30. The metallization on the sidewalls of the
DR should be minimized to increase the transparency of the antenna in all directions and
minimize the shadowing effects. Table 12 summarizes a comparison between transparent
antennas for solar cells.

Y
Ix Amorphous Silicon Solar Cell with Glass Protection

Transparent Left Metalized

Polyme Sidewall
y r\#

Vertical

Strip\ L

f &y Front Metalized
Sidewall

Microstrip AL ) '
Line Right Metalized

Sidewall

w A

(@ (b)

Figure 30. Transparent resonator antenna on silicon solar cell: (a) top view; (b) fabricated prototype [123].

Table 12. Comparison between various transparent antennas for solar cells.

Ref. Technology Used fr (GHz) BW (%) Gain (dBi) Eff. (%)
[120] ITO copper 25-27 7.69 222 NM
[121] ITO copper 8-12 40 17 65
[122] Metal mesh 8.51-9.1 6.7 20.14 >35
[123] Transparent DR 9.1-9.7 6.4 6 NM
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6. Conclusions

This review article is mainly focused on the current development of CP DRAs and its
applications. In recent years, tremendous efforts have been made on investigating the LP
wideband DRAs and several methods have been proposed. However, there are not many
studies about CP DRAs, especially for radar and UAV applications. Different methods in
achieving CP DRAs that are emphasized in this article are intended to bring ideas for future
research to develop high-performance methods for generating circular polarization waves.
This article indicates that CP antennas are the best option for combating the drawbacks
of LP systems such as polarization mismatch, fading effects, faraday rotation effects, and
inclement weather conditions. However, most of the CP antennas suffer from a narrow
bandwidth. A multilayer or stacked DRA with different sizes and dielectric materials is
often used to enhance the bandwidth of the antenna. However, this method will increase
the antenna size and is not suitable for several applications. Another method is by using
special-shaped DRAs, but these DRAs may be difficult to obtain on the market. Several
feeding configurations can also be used to obtain a wideband DRA such as by using a SP
feeding network with a sequential rotation DR. This method also manages to reduce the
size of a conventional antenna. As most of the applications require a compact size, high
efficiency, and low loss, various shapes of DRAs are proposed and some of the design
approaches are discussed. A dielectric resonator element has a low metallization and
can increase the gain and radiation efficiency of the antenna while maintaining a circular
polarization response with a wider axial ratio bandwidth. Additionally, a good impedance
bandwidth and gain can be realized by introducing a thin air gap between the DR and the
ground plane. Moreover, a thin air gap is easier and more practical to apply compared
to a wide air gap. However, the impedance bandwidth is limited to 18.8% only. From
our point of view, it can be concluded that an array DRA with a cross slot in the ground
plane is the best method to generate a CP DRA. This design is simple and easy to obtain
orthogonal modes by adjusting the length of the slots. Moreover, an array antenna exhibits
a high signal strength and high directivity. Additionally, the feeding network also plays
an important role in ensuring good antenna performances. This is because the feeding
network will control and generate a phase difference to enable the CP wave and has the
benefit of improving impedance and axial ratio performances. Thus, designing a suitable
feeding network is important for obtaining a stable phase difference. As mentioned earlier,
numerous works on ceramic DRAs have been performed at present. However, the main
challenge for implementing ceramic DRAs is the hardness of the materials, which makes
it difficult to fabricate. Therefore, new materials which are soft and flexible need to be
proposed to replace the traditional ceramic materials such as by using polymer-based
materials, water, etc. The information given in this review paper is useful for researchers
who are working on CP DRAs.

Author Contributions: Conceptualization, N.A.A.R. and M.N.M.Y,; methodology, N.A.A.R,;
writing—original draft preparation, N.A.A.R.; writing—review and editing, N.A.A.R.; MN.M.Y,,
S.K.N. and M.J.; supervision, M.R.E.EM., N.Z. and N.N; funding acquisition, M.N.M.Y. and LM.I. All
authors contributed equally to this work. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by publication incentive grant from the Universiti Malaysia
Perlis (UniMAP). This research also was funded by Ministry of Higher Education and Universiti
Teknikal Malaysia Melaka (UTeM) through Fundamental Research Grant Scheme (FRGS) Grant
FRGS/1/2020/TK0/UTEM/02/65 and UTeM Grant JURNAL/2020/FKEKK/ /Q00057.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to acknowledge the financial support in the form of
a publication incentive grant from the UniMAP. The authors also would like to acknowledge the
Ministry of Higher Education and UTeM through FRGS Grant FRGS/1/2020/TK0/UTEM/02/65 and
UTeM Grant JURNAL/2020/FKEKK/ /Q00057 for the research funding and publication incentive.



Micromachines 2022, 13, 2178 29 of 33

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ding, Z,; Zhang, D.; Ma, C. A Study of a Microstrip Patch Antenna with a Drilled Through-Holes Array Structure Based on the
Line Source Analysis Method. Front. Phys. 2020, 8, 290. [CrossRef]

2. Al I; Jamaluddin, M.H.; Gaya, A.; Rahim, H.A. A Dielectric Resonator Antenna with Enhanced Gain and Bandwidth for 5G
Applications. Sensors 2020, 20, 675. [CrossRef] [PubMed]

3.  Mohammed, A.S.B.; Kamal, S.; Ain, M.F.; Ahmad, Z.A. Microstrip Patch Antenna: A Review and the Current State of the Art. J.
Adv. Res. Dyn. Control Syst. 2019, 11, 510-524.

4. Darawade, R.D.; Kothari, A.S.; Edhate, S.V.; Kaushik Vipul, R.; More Prashant, C. A Review on Dielectric Resonator Antenna and
Its Analysis Setup. Int. ]. Sci. Res. Sci. Eng. Technol. 2018, 4, 282-289.

5. Ullah, U; Ain, M.E; Ahmad, Z.A. A Review of Wideband Circularly Polarized Dielectric Resonator Antennas. China Commun.
2017, 14, 65-79. [CrossRef]

6. Mukherijee, B.; Patel, P.; Mukherjee, J. A Review of the Recent Advances in Dielectric Resonator Antennas. J. Electromagn. Waves
Appl. 2020, 34, 1095-1158. [CrossRef]

7. Abedian, M.; Khalily, M.; Singh, V.; Xiao, P; Tafazolli, R.; Kishk, A.A. Novel Wideband Circularly Polarized DRA with Squint-Free
Radiation Characteristics. Sci. Rep. 2021, 11, 7198. [CrossRef]

8. Nasir, J.; Jamaluddin, M.H.; Ahmad, K.A.; Kamarudin, M.; Chee, Y.B.; Owais, O. Throughput Measurement of a Dual-Band
MIMO Rectangular Dielectric Resonator Antenna for LTE Applications. Sensors 2017, 17, 148. [CrossRef]

9. Surender, D.; Khan, T.; Talukdar, EA. A Low-Profile Single Band Dielectric Resonator Antenna for Radio Frequency Energy
Harvesting. In Proceedings of the Advanced Communication Technologies and Signal Processing (ACTS), Online, 4-6 December
2020; pp. 1-5.

10. Agrawal, S.; Gupta, R.D.; Parihar, M.S. Comparative Study of RF Energy Harvesting with Dielectric Resonator and Microstrip
Patch Antenna. In Proceedings of the 2020 IEEE 4th Conference on Information & Communication Technology (CICT), Chennai,
India, 3-5 December 2020; pp. 1-4.

11.  Alsirhani, K.; Abdalmalak, K.A.; Lee, C.S.; Santamaria-Botello, G.; Segovia-Vargas, D.; Garcia-Munoz, L.E. Dielectric Resonator
Antenna Fed by Tapered Dielectric Rod Waveguide for 5G Mm-Wave Applications. In Proceedings of the 2020 IEEE International
Symposium on Antennas and Propagation and North American Radio Science Meeting, Montreal, QC, Canada, 5-10 July 2020;
pp- 149-150.

12.  Al-Alem, Y,; Kishk, A.A. Wideband Millimeter-Wave Dielectric Resonator Antenna. In Proceedings of the 2019 IEEE Interna-
tional Symposium on Antennas and Propagation and USNC-URSI Radio Science Meeting, Atlanta, GA, USA, 7-12 July 2019;
pp- 653-654.

13.  Jovi¢, S.; Clénet, M.; Antar, YM.M. Annular Dielectric Resonator-Based Antenna for Multi-Frequency GNSS Applications: Details
on the Engineered Surface Insert. In Proceedings of the 2019 13th European Conference on Antennas and Propagation (EuCAP),
Krakow, Poland, 31 March-5 April 2019; pp. 1-5.

14. Jovi¢, S.; Clénet, M.; Antar, YM.M. Novel Wideband Antenna for GNSS and Satellite Communications. In Proceedings of the 2020
14th European Conference on Antennas and Propagation (EuCAP), Copenhagen, Denmark, 15-20 March 2020; pp. 1-5.

15. Long, S.; McAllister, M.; Shen, L.C. The Resonant Cylindrical Dielectric Cavity Antenna. IEEE Trans. Antennas Propag. 1983,
31, 406-412. [CrossRef]

16. Balanis, C.A. Antenna Theory: Analysis and Design; John Wiley & Sons: New York, NY, USA, 2005.

17. Bhatnagar, M. Theoretical Analysis and Optimization of Circular Patch Microstrip Antenna. Int. Res. . Eng. Technol. 2015,
2,1675-1681.

18.  Wei, K.; Zhu, B.; Tao, M. The Circular Polarization Diversity Antennas Achieved by a Fractal Defected Ground Structure. IEEE
Access 2019, 7, 92030-92036. [CrossRef]

19. He, Y,; Gu, C.; Ma, H.; Zhu, J.; Eleftheriades, G.V. Miniaturized Circularly Polarized Doppler Radar for Human Vital Sign
Detection. IEEE Trans. Antennas Propag. 2019, 67, 7022-7030. [CrossRef]

20. Ramahatla, K.; Mosalaosi, M.; Yahya, A.; Basutli, B. Multiband Reconfigurable Antennas for 5G Wireless and CubeSat Applications:
A Review. IEEE Access 2022, 10, 40910-40931. [CrossRef]

21. Rahman, N.A.A.; Jamlos, M.A.; Jamlos, M.E; Soh, PJ.; Bahari, N.; Hossain, T.M. Compact Bidirectional Circularly Polarized
Dedicated Short-Range Communication Antenna for On-Board Unit Vehicle-to-Everything Applications. Int. . RF Microw.
Comput.-Aided Eng. 2020, 57, 2732-2737. [CrossRef]

22. Hehenberger, S.; Tripathi, V.; Varma, S.; Elmarissi, W.; Caizzone, S. A Miniaturized All-GNSS Bands Antenna Array Incorporating
Multipath Suppression for Robust Satellite Navigation on UAV Platforms. In Proceedings of the 2021 15th European Conference
on Antennas and Propagation (EuCAP), Diisseldorf, Germany, 22-26 March 2021; pp. 1-4.

23. Wang, S.; Yang, D.; Geyi, W.; Zhao, C.; Ding, G. Polarization-Reconfigurable Antenna using Combination of Circular Polarized
Modes. IEEE Access 2021, 9, 45622-45631. [CrossRef]

24. Elahi, M.; Altaf, A.; Yang, Y.; Lee, K.-Y.; Hwang, K.C. Circularly Polarized Dielectric Resonator Antenna with Two Annular Vias.

IEEE Access 2021, 9, 41123-41128. [CrossRef]


http://doi.org/10.3389/fphy.2020.00290
http://doi.org/10.3390/s20030675
http://www.ncbi.nlm.nih.gov/pubmed/31991889
http://doi.org/10.1109/CC.2017.7961364
http://doi.org/10.1080/09205071.2020.1744484
http://doi.org/10.1038/s41598-021-86381-1
http://doi.org/10.3390/s17010148
http://doi.org/10.1109/TAP.1983.1143080
http://doi.org/10.1109/ACCESS.2019.2927280
http://doi.org/10.1109/TAP.2019.2927777
http://doi.org/10.1109/ACCESS.2022.3166223
http://doi.org/10.1002/mmce.22174
http://doi.org/10.1109/ACCESS.2021.3067064
http://doi.org/10.1109/ACCESS.2021.3064026

Micromachines 2022, 13, 2178 30 of 33

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Gaonkar, A.C.; Patel, P. Compact and Wideband Circularly Polarized Quadrature Rectangular Dielectric Resonator Antenna. In
Proceedings of the 2021 National Conference on Communications (NCC), Online, 27-30 July 2021; pp. 1-5.

Dash, S.; Cheng, Q.; Khan, T. A Superstrate Loaded Aperture Coupled Dual-Band Circularly Polarized Dielectric Resonator
Antenna for X-Band Communications. Int. J. Microw. Wirel. Technol. 2021, 13, 867-874. [CrossRef]

Kranenburg, R.A.; Long, S.A. Microstrip Transmission Line Excitation of Dielectric Resonator Antennas. Electron. Lett. 1988,
24,1156-1157. [CrossRef]

Zhao, Z.; Ren, ].; Liu, Y.; Zhou, Z.; Yin, Y. Wideband Dual-Feed, Dual-Sense Circularly Polarized Dielectric Resonator Antenna.
IEEE Trans. Antennas Propag. 2020, 68, 7785-7793. [CrossRef]

Pandey, R.G. A Survey on Recent Technique to Achieve Circular Polarization for Wideband Dielectric Resonator Antenna. Int. J.
Sci. Res. Rev. 2019, 8, 1823-1832.

Varghesel, D.M.; Shafi, M.N. A Review on Dual-Band Circularly Polarised Dielectric Resonator Antenna. Int. Res. ]. Eng. Technol.
2020, 7, 255-258.

Meher, P.R.; Behera, B.R.; Mishra, S.K.; Althuwayb, A.A. A Chronological Review of Circularly Polarized Dielectric Resonator
Antenna: Design and Developments. Int. |. RF Microw. Computer-Aided Eng. 2021, 31, €22589. [CrossRef]

Ali, I; Jamaluddin, M.H.; Kamarudin, M.R.; Gaya, A.; Selvaraju, R. Wideband and High Gain Dielectric Resonator Antenna for
5G Applications. Bull. Electr. Eng. Inform. 2019, 8, 1047-1052. [CrossRef]

Keyrouz, S.; Caratelli, D. Dielectric Resonator Antennas: Basic Concepts, Design Guidelines, and Recent Developments at
Millimeter-Wave Frequencies. Int. |. Antennas Propag. 2016, 2016, 6075680. [CrossRef]

Mongia, R.K.; Ittibipoon, A.; Cuhaci, M. Low Profile Dielectric Resonator Antennas using a Very High Permittivity Material.
Electron. Lett. 1994, 30, 1362-1363. [CrossRef]

Luk, KM.; Leung, K.W. (Eds.) Dielectric Resonant Antenna; Research Studies Press: Baldock, England, 2003.

Vandenbosch, G.A.E. Reactive Energies, Impedance, and Q Factor of Radiating Structures. IEEE Trans. Antennas Propag. 2010,
58,1112-1127. [CrossRef]

Khan, S.; Khan, M.A.; Anab, M.; Marwat, S.N.K,; Jan, N.; Ghoniem, R. Wideband Singly Fed Compact Circularly Polarized
Rectangular Dielectric Resonator Antenna for X-Band Wireless Applications. Electronics 2022, 11, 3281. [CrossRef]

Mishra, M.; Rajput, A.; Gupta, PK.; Mukherjee, B. Low Profile, Wideband, High Gain CDRA with Microstrip Feed for ISM and C
Band Applications. Prog. Electromagn. Res. C 2022, 126, 77-90. [CrossRef]

Marrocco, V.; Basile, V.; Grande, M.; Prudenzano, F.; D’Orazio, A.; Fassi, I. Additive Manufacturing for 5G Antennas: How
Technologies and Materials Impact on Design. In Proceedings of the (2020) 22nd International Conference on Transparent Optical
Networks (ICTON), Bari, Italy, 19-23 July 2020.

Gotra, S.; Varshney, G.; Yaduvanshi, R.S.; Pandey, V.S. Dualband Circular Polarisation Generation Technique with the Miniaturisa-
tion of a Rectangular Dielectric Resonator Antenna. IET Microw. Antennas Propag. 2019, 13, 1742-1748. [CrossRef]

Varshney, G. Gain and Bandwidth Enhancement of a Singly-Fed Circularly Polarised Dielectric Resonator Antenna. IET Microw.
Antennas Propag. 2020, 14, 1323-1330. [CrossRef]

Mlahi, U.; Igbal, J.; Sulaiman, M.L; Alam, M.M.; Su’ud, M.M.; Jamaluddin, M.H. Singly-Fed Rectangular Dielectric Resonator
Antenna with a Wide Circular Polarization Bandwidth and Beamwidth for Wimax/Satellite Applications. IEEE Access 2019,
7,66206-66214. [CrossRef]

Kumar, R.; Chaudhary, R K. A New Bidirectional Wideband Circularly Polarized Cylindrical Dielectric Resonator Antenna using
Modified J-Shaped Ground Plane for WiIMAX/LTE Applications. Radioengineering 2019, 28, 391-398. [CrossRef]

Khan, S.; Ren, X.C.; Ali, H.; Tanougast, C.; Rauf, A.; Marwat, S.N.K.; Anjum, M.R. Reconfigurable Compact Wideband Circularly
Polarised Dielectric Resonator Antenna for Wireless Applications. Comput. Mater. Contin. 2021, 68, 2095-2109. [CrossRef]
Chen, Z.; Wong, H. Liquid Dielectric Resonator Antenna with Circular Polarization Reconfigurability. IEEE Trans. Antennas
Propag. 2018, 66, 444-449. [CrossRef]

Chowdhury, R.; Chaudhary, R.K. An Approach to Generate Circular Polarization in a Modified Cylindrical-Shaped Dielectric
Resonator Antenna using PMC Boundary Approximation. IEEE Antennas Wirel. Propag. Lett. 2018, 17, 1727-1731. [CrossRef]
Chowdhury, R.; Chaudhary, R.K. Investigation on Different Forms of Circular Sectored-Dielectric Resonator Antenna for
Improvement in Circular Polarization Performance. IEEE Trans. Antennas Propag. 2018, 66, 5596-5601. [CrossRef]

Gupta, S.; Killamsetty, V.; Chauhan, M.; Mukherjee, B. Compact and Circularly Polarized Hemispherical DRA for C-band
Applications. |. RF-Eng. Telecommun. 2019, 73, 227-234. [CrossRef]

Abdulmajid, A.A.; Khalil, Y.; Khamas, S. Higher-Order-Mode Circularly Polarized Two-Layer Rectangular Dielectric Resonator
Antenna. IEEE Antennas Wirel. Propag. Lett. 2018, 17, 1114-1117. [CrossRef]

Yang, M.; Pan, Y.; Sun, Y.; Leung, K. Wideband Circularly Polarized Substrate-Integrated Embedded Dielectric Resonator Antenna
for Millimeter-Wave Applications. IEEE Trans. Antennas Propag. 2020, 68, 1145-1150. [CrossRef]

Yang, M.; Pan, Y.; Yang, W. A Singly Fed Wideband Circularly Polarized Dielectric Resonator Antenna. IEEE Antennas Wirel.
Propag. Lett. 2018, 17, 1515-1518. [CrossRef]

Xu, H.; Chen, Z.; Liu, H,; Zhang, L.; Huang, T.; Ye, S.; Zhang, L.; Du, C. Single-Fed Dual-Circularly Polarized Stacked Dielectric
Resonator Antenna for K/Ka-Band UAV Satellite Communications. IEEE Trans. Veh. Technol. 2022, 71, 4449-4453. [CrossRef]


http://doi.org/10.1017/S1759078720001476
http://doi.org/10.1049/el:19880785
http://doi.org/10.1109/TAP.2020.2999754
http://doi.org/10.1002/mmce.22589
http://doi.org/10.11591/eei.v8i3.1592
http://doi.org/10.1155/2016/6075680
http://doi.org/10.1049/el:19940924
http://doi.org/10.1109/TAP.2010.2041166
http://doi.org/10.3390/electronics11203281
http://doi.org/10.2528/PIERC22091402
http://doi.org/10.1049/iet-map.2019.0030
http://doi.org/10.1049/iet-map.2019.0932
http://doi.org/10.1109/ACCESS.2019.2917702
http://doi.org/10.13164/re.2019.0391
http://doi.org/10.32604/cmc.2021.016811
http://doi.org/10.1109/TAP.2017.2762005
http://doi.org/10.1109/LAWP.2018.2864819
http://doi.org/10.1109/TAP.2018.2854418
http://doi.org/10.1515/freq-2018-0215
http://doi.org/10.1109/LAWP.2018.2834981
http://doi.org/10.1109/TAP.2019.2938629
http://doi.org/10.1109/LAWP.2018.2851574
http://doi.org/10.1109/TVT.2022.3144414

Micromachines 2022, 13, 2178 31 of 33

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Banerjee, R.; Rana, B.; Parui, S.K. Microstrip Line Fed Multilayer Cylindrical Dielectric Resonator Antenna for Wideband
Applications. In Proceedings of the 2016 International Conference on Microelectronics, Computing and Communications
(MicroCom), Durgapur, India, 23-25 January 2016; pp. 1-4.

Puente-Baliarda, C.; Romeu, J.; Pous, R.; Cardama, A. On the Behavior of the Sierpinski Multiband Fractal Antenna. IEEE Trans.
Antennas Propag. 1998, 46, 517-524. [CrossRef]

Wen, L.; Gao, S.; Luo, Q.; Hu, W.; Sanz-Izquierdo, B. Design of a Wideband Dual-Feed Circularly Polarized Antenna for Different
Axial Ratio Requirements. IEEE Antennas Wirel. Propag. Lett. 2021, 20, 88-92. [CrossRef]

Qasaymeh, Y. Compact Interlaced Dual Circularly Polarized Sequentially Rotated Dielectric Resonator Antenna Array. Comput.
Mater. Contin. 2022, 72, 4631-4643. [CrossRef]

Liu, B.; Qiu, J.; Wang, C.; Li, W,; Li, G. Polarization-Reconfigurable Cylindrical Dielectric Resonator Antenna Excited by Dual
Probe with Tunable Feed Network. IEEE Access 2019, 7, 60111-60119. [CrossRef]

Liu, S.; Yang, D.; Chen, Y.; Huang, S.; Xiang, Y. Broadband Dual Circularly Polarized Dielectric Resonator Antenna for Ambient
Electromagnetic Energy Harvesting. IEEE Trans. Antennas Propag. 2020, 68, 4961-4966. [CrossRef]

Mahmoud, A.; Attia, H. Wide-Band Circularly Polarized Dielectric Resonator Antenna Array. In Proceedings of the 2017 IEEE
International Symposium on Antennas and Propagation & USNC/URSI National Radio Science Meeting, San Diego, CA, USA,
9-14 July 2017; pp. 1521-1522.

Huang, S.; Zhao, H.; Jiang, Z.; Yin, W.; Fang, Z.; Chang, W. Circularly Polarized Rectangular Dielectric Resonant Antenna with
Sequential Phase Feed. In Proceedings of the 2019 Cross Strait Quad-Regional Radio Science and Wireless Technology Conference
(CSQRWC), Taiyuan, China, 18-21 July 2019; pp. 1-3.

Ibrahim, M.S.; Attia, H.; Cheng, Q.; Mahmoud, A. Wideband Circularly Polarized Aperture Coupled DRA Array with Sequential-
Phase Feed at X-Band. Alex. Eng. J. 2020, 59, 4901-4908. [CrossRef]

Qasaymeh, Y.; Almuhaisen, A.; Alghamdi, A.S. A Compact Sequentially Rotated Circularly Polarized Dielectric Resonator
Antenna Array. Appl. Sci. 2021, 11, 8779. [CrossRef]

Trivedi, K.; Pujara, D. Mutual Coupling Reduction in UWB Modified Maltese Shaped DRA Array for MIMO Applications. In
Proceedings of the 2018 48th European Microwave Conference (EuMC), Madrid, Spain, 23-27 September 2018; pp. 1117-1120.
Upender, P; Kumar, A. Circularly Polarized 2 x 2 MIMO Dielectric Resonator Antenna for Terahertz Applications. In Proceedings
of the 2021 IEEE Indian Conference on Antennas and Propagation (InCAP), Jaipur, India, 13-16 December 2021; pp. 283-286.
Chen, H.N,; Song, J.; Park, J]. A Compact Circularly Polarized MIMO Dielectric Resonator Antenna over Electromagnetic
Band-Gap Surface for 5G Applications. IEEE Access 2019, 7, 140889-140898. [CrossRef]

Sahu, N.K; Das, G.; Gangwar, R K.; Rambabu, K. An Arrangement for Four-Element MIMO DRA with Complementary CP
Diversity. IEEE Antennas Wirel. Propag. Lett. 2021, 20, 1616-1620. [CrossRef]

Hu, Y.; Pan, YM.; Yang, M.D. Circularly Polarized MIMO Dielectric Resonator Antenna with Reduced Mutual Coupling. IEEE
Trans. Antennas Propag. 2021, 69, 3811-3820. [CrossRef]

Dwivedi, A.K,; Sharma, A.; Singh, A K,; Singh, V. Circularly Polarized Two Port MIMO Cylindrical DRA for 5G Applications. In
Proceedings of the 2020 International Conference on UK-China Emerging Technologies (UCET), Glasgow, UK, 20-21 August
2020; pp- 1-4.

Sahu, N.K.; Gangwar, R.K.; Kumari, P. Dielectric Resonator Based Circularly Polarized MIMO Antenna for WLAN Applications.
In Proceedings of the 2018 3rd International Conference on Microwave and Photonics ICMAP), Dhanbad, India, 9-11 February
2018; pp. 1-2.

Sahu, N.K;; Das, G.; Gangwar, R.K. Dielectric Resonator-Based MIMO Antenna with Circular Polarization Diversity for WIMAX
Applications. In Proceedings of the 2019 Photonics & Electromagnetics Research Symposium-Spring (PIERS-Spring), Rome, Italy,
17-20 June 2019; pp. 604-612.

Igbal, J.; llahi, U.; Sulaiman, M.I.; Alam, M.M.; Su’ud, M.M.; Yasin, M.N.M. Mutual Coupling Reduction using Hybrid Technique
in Wideband Circularly Polarized MIMO Antenna for WiMAX Applications. IEEE Access 2019, 7, 40951-40958. [CrossRef]

Liu, B.J.; Qiu, J.H.; Wang, N.N.; Pan, X.; Ni, J.; Yan, S. Pyramid MIMO Dielectric Resonator Antenna with Circular Polarization
Diversity. In Proceedings of the 2019 International Symposium on Antennas and Propagation (ISAP), Xi’an, China, 27-30 October
2019; pp- 1-3.

Ma, C.; Zheng, S.Y.; Pan, YM.; Chen, Z. Millimeter-Wave Fully Integrated Dielectric Resonator Antenna and Its Multi-Beam
Application. IEEE Trans. Antennas Propag. 2022, 70, 6571-6580. [CrossRef]

Yang, N.; Leung, KW.,; Li, W. Linearly Polarized Omnidirectional Polarization-Diversity Dielectric Resonator Antenna. In
Proceedings of the 2019 IEEE Conference on Antenna Measurements & Applications (CAMA), Bali, Indonesia, 23-25 October
2019; pp. 203-206.

Abdallah, M.S.; Wang, Y.; Abdel-Wahab, W.M.; Safavi-Naeini, S. Design and Optimization of SIW Center-Fed Series Rectangular
Dielectric Resonator Antenna Array with 45° Linear Polarization. IEEE Trans. Antennas Propag. 2018, 66, 23-31. [CrossRef]
Nikkhah, A.; Oraizi, H. Implementation of Parasitic DRA Elements for Improvement of Circular Polarization. IEEE Antennas
Wirel. Propag. Lett. 2021, 20, 2387-2391. [CrossRef]

Sun, Y.; Leung, K.W. Circularly Polarized Substrate-Integrated Cylindrical Dielectric Resonator Antenna Array for 60 GHz
Applications. IEEE Antennas Wirel. Propag. Lett. 2018, 17, 1401-1405. [CrossRef]


http://doi.org/10.1109/8.664115
http://doi.org/10.1109/LAWP.2020.3041362
http://doi.org/10.32604/cmc.2022.026111
http://doi.org/10.1109/ACCESS.2019.2915628
http://doi.org/10.1109/TAP.2020.2968768
http://doi.org/10.1016/j.aej.2020.09.005
http://doi.org/10.3390/app11188779
http://doi.org/10.1109/ACCESS.2019.2943880
http://doi.org/10.1109/LAWP.2021.3091644
http://doi.org/10.1109/TAP.2020.3048502
http://doi.org/10.1109/ACCESS.2019.2908001
http://doi.org/10.1109/TAP.2022.3161361
http://doi.org/10.1109/TAP.2017.2768569
http://doi.org/10.1109/LAWP.2021.3112954
http://doi.org/10.1109/LAWP.2018.2847295

Micromachines 2022, 13, 2178 32 of 33

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Kesavan, A.; Al-Hassan, M.; Mabrouk, I.B.; Denidni, T.A. Wideband Circular Polarized Dielectric Resonator Antenna Array for
Millimeter-Wave Applications. Sensors 2021, 21, 3614. [CrossRef]

Gaya, A.; Jamaluddin, M.H.; Ali, I.; Mohamad, H. Dual Band Circularly Polarized Rectangular Dielectric Resonator Antenna
for Millimeter Wave 5G Applications. In Proceedings of the 2019 IEEE Asia-Pacific Conference on Applied Electromagnetics
(APACE), Melacca, Malaysia, 25-27 November 2019; pp. 1-5.

Asadullah, M.U.K,; Sharawi, M.S.; Shamim, A. Circularly Polarized Dielectric Resonator Antenna for Mm-Wave Applications. In
Proceedings of the 2021 International Applied Computational Electromagnetics Society Symposium (ACES), Online, 1-5 August
2021; pp. 1-2.

Park, J.S.; Choi, Y.S.; Lee, W.S. Design of Miniaturized Incident Angle-Insensitive 2.45 GHz RF-Based Energy Harvesting System
for IoT Applications. IEEE Trans. Antennas Propag. 2022, 70, 3781-3788. [CrossRef]

Zhang, P,; Yi, H,; Liu, H.; Yang, H.; Zhou, G.; Li, L. Back-to-Back Microstrip Antenna Design for Broadband Wide-Angle RF
Energy Harvesting and Dedicated Wireless Power Transfer. IEEE Access 2020, 8, 126868-126875. [CrossRef]

Bhatt, K.; Kumar, S.; Kumar, P.; Tripathi, C.C. Highly Efficient 2.4 and 5.8 GHz Dual-Band Rectenna for Energy Harvesting
Applications. IEEE Antennas Wirel. Propag. Lett. 2019, 18, 2637-2641. [CrossRef]

Quddious, A.; Abbasi, M.A.B.; Antoniades, M.A.; Vryonides, P.; Fusco, V.; Nikolaou, S. Dynamically Reconfigurable UWB
Antenna using an FET Switch Powered by Wireless RF Harvested Energy. IEEE Trans. Antennas Propag. 2020, 68, 5872-5881.
[CrossRef]

Masius, A.A.; Wong, Y.C.; Lau, K.T. Miniature High Gain Slot-Fed Rectangular Dielectric Resonator Antenna for IoT RF Energy
Harvesting. AEU-Int. ]. Electron. Commun. 2018, 85, 39—46. [CrossRef]

Agrawal, S.; Gupta, R.D.; Parihar, M.S.; Kondekar, PN. A Wideband High Gain Dielectric Resonator Antenna for RF Energy
Harvesting Application. AEU-Int. J. Electron. Commun. 2017, 78, 24-31. [CrossRef]

Surender, D.; Halimi, M.A.; Khan, T.; Talukdar, FA. A Compact Circularly Polarized 2.45 GHz One-Fourth Cylindrical DRA for
Wireless Energy Harvesting Applications in Smart City. In Proceedings of the 2021 IEEE Indian Conference on Antennas and
Propagation (INCAP), Jaipur, India, 13-16 December 2021; pp. 739-742.

Surender, D.; Halimi, M.A.; Khan, T.; Talukdar, FA.; Antar, YM.M. A 90° Twisted Quarter-Sectored Compact and Circularly
Polarized DR-Rectenna for RF Energy Harvesting Applications. IEEE Antennas Wirel. Propag. Lett. 2022, 21, 1139-1143. [CrossRef]
Dobrykh, D.; Yusupov, I.; Krasikov, S.; Mikhailovskaya, A.; Shakirova, D.; Bogdanov, A.A.; Slobozhanyuk, A.; Filonov, D.;
Ginzburg, P. Long-Range Miniaturized Ceramic RFID Tags. IEEE Trans. Antennas Propag. 2021, 69, 3125-3131. [CrossRef]
Dobrykh, D.; Yusupov, I.; Ginzburg, P; Slobozhanyuk, A.; Filonov, D. Self-Aligning Roly-Poly RFID Tag. Sci. Rep. 2022, 12, 2140.
[CrossRef]

Abbas, A.A.; Hassan, M.H.; Abuelhaija, A.; Erni, D.; Solbach, K.; Kaiser, T. Retrodirective Dielectric Resonator Tag with
Polarization Twist Signature for Clutter Suppression in Self-Localization System. IEEE Trans. Microw. Theory Tech. 2021,
69, 5291-5299. [CrossRef]

Wang, Z.; Dong, Y.; Itoh, T. Ultraminiature Circularly Polarized RFID Antenna Inspired by Crossed Split-Ring Resonator. IEEE
Trans. Antennas Propag. 2020, 68, 4196—4207. [CrossRef]

Abbas, A.A.; El-Absi, M.; Abuelhaija, A.; Solbach, K.; Kaiser, T. RCS Enhancement of Dielectric Resonator Tag using Spherical
Lens. Freq. . 2019, 73, 161-170. [CrossRef]

El-Absi, M.; Abbas, A.A.; Abuelhaija, A.; Zheng, E.; Solbach, K.; Kaiser, T. High-Accuracy Indoor Localization Based on Chipless
RFID Systems at THz Band. IEEE Access 2018, 6, 54355-54368. [CrossRef]

Abushakra, F; Al-Zoubi, A.; Al-Hmoud, I.; Walpita, T.; Jeong, N. Wideband and High Efficiency 64-Element RDRA Array for
Radar Applications. IEEE Open |. Antennas Propag. 2021, 2, 932-936. [CrossRef]

Chaudhuri, S.; Mishra, M.; Kshetrimayum, R.S.; Sonkar, R.K.; Chel, H.; Singh, V.K. Rectangular DRA Array for 24 GHz ISM-Band
Applications. IEEE Antennas Wirel. Propag. Lett. 2020, 19, 1501-1505. [CrossRef]

Boyuan, M.; Pan, J.; Wang, E.; Luo, Y. Fixing and Aligning Methods for Dielectric Resonator Antennas in K Band and Beyond.
IEEE Access 2019, 7, 12638-12646. [CrossRef]

Rad, M.; Nikkhah, N.; Zakeri, B.; Yazdi, M. Wideband Dielectric Resonator Antenna with Dual Circular Polarization. IEEE Trans.
Antennas Propag. 2022, 70, 714-719. [CrossRef]

Schmidt, R.; Webb, A. Characterization of an HEM-Mode Dielectric Resonator for 7-T Human Phosphorous Magnetic Resonance
Imaging. IEEE Trans. Biomed. Eng. 2016, 63, 2390-2395. [CrossRef]

Lai, J.; Wang, J.; Zhao, K,; Jiang, H.; Chen, L.; Wu, Z.; Liu, J. Design of a Dual-Polarized Omnidirectional Dielectric Resonator
Antenna for Capsule Endoscopy System. IEEE Access 2021, 9, 14779-14786. [CrossRef]

Singhwal, S.S.; Matekovits, L.; Peter, I.; Kanaujia, B.K. A Study on Application of Dielectric Resonator Antenna in Implantable
Medical Devices. IEEE Access 2022, 10, 11846-11857. [CrossRef]

Illahi, U.; Igbal, J.; Sulaiman, M.I; Alam, M.M.; Su'ud, M.M.; Jamaluddin, M.H.; Yasin, M.N.M. Design of New Circularly
Polarized Wearable Dielectric Resonator Antenna for Off-Body Communication in WBAN Applications. IEEE Access 2019,
7,150573-150582. [CrossRef]

Sharma, S.; Prajapati, P.R. Enhancement of the Accuracy of the Detection of Breast Cancer using Dielectric Resonator Antenna
with Impact Factor Technique. In Proceedings of the 2021 8th International Conference on Signal Processing and Integrated
Networks (SPIN), Noida, India, 26-27 August 2021; pp. 312-317.


http://doi.org/10.3390/s21113614
http://doi.org/10.1109/TAP.2021.3137481
http://doi.org/10.1109/ACCESS.2020.3008551
http://doi.org/10.1109/LAWP.2019.2946911
http://doi.org/10.1109/TAP.2020.2988941
http://doi.org/10.1016/j.aeue.2017.12.023
http://doi.org/10.1016/j.aeue.2017.05.018
http://doi.org/10.1109/LAWP.2022.3159482
http://doi.org/10.1109/TAP.2020.3037663
http://doi.org/10.1038/s41598-022-06061-6
http://doi.org/10.1109/TMTT.2021.3108151
http://doi.org/10.1109/TAP.2020.2970029
http://doi.org/10.1515/freq-2018-0224
http://doi.org/10.1109/ACCESS.2018.2871960
http://doi.org/10.1109/OJAP.2021.3111434
http://doi.org/10.1109/LAWP.2020.3007585
http://doi.org/10.1109/ACCESS.2019.2893443
http://doi.org/10.1109/TAP.2021.3098516
http://doi.org/10.1109/TBME.2016.2533659
http://doi.org/10.1109/ACCESS.2021.3052601
http://doi.org/10.1109/ACCESS.2022.3144664
http://doi.org/10.1109/ACCESS.2019.2947772

Micromachines 2022, 13, 2178 33 of 33

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Chiu, T.L.; Huitema, L.; Pajona, O.; Monediere, T. Compact and Multiband MIMO Dielectric Resonator Antenna for Automotive
LTE Communications. Int. J. Antennas Propag. 2018, 2018, 8231081. [CrossRef]

Xia, Z.-X.; Leung, KW.,; Gu, P; Chen, R. 3-D-Printed Wideband High-Efficiency Dual-Frequency Antenna for Vehicular Commu-
nications. IEEE Trans. Veh. Technol. 2022, 71, 3457-3469. [CrossRef]

Sanchez-Olivares, P.; Masa-Campos, J.L.; Garcia-Marin, E. Dual-Polarization and Dual-Band Conical-Beam Array Antenna Based
on Dual-Mode Cross-Slotted Cylindrical Waveguide. IEEE Access 2021, 9, 94109-94121. [CrossRef]

Nazib, R.A.; Moh, S. Routing Protocols for Unmanned Aerial Vehicle-Aided Vehicular Ad Hoc Networks: A Survey. IEEE Access
2020, 8, 77535-77560. [CrossRef]

Abdelmaksoud, S.I.; Mailah, M.; Abdallah, A.M. Control Strategies and Novel Techniques for Autonomous Rotorcraft Unmanned
Aerial Vehicles: A Review. IEEE Access 2020, 8, 195142-195169. [CrossRef]

Alanezi, M.A.; Shahriar, M.S.; Hasan, M.B.; Ahmed, S.; Sha’aban, Y.A.; Bouchekara, H.R.E.H. Livestock Management with
Unmanned Aerial Vehicles: A Review. IEEE Access 2022, 10, 45001-45028. [CrossRef]

Wei, Z.; Meng, Z.; Lai, M.; Wu, H.; Han, J.; Feng, Z. Anti-Collision Technologies for Unmanned Aerial Vehicles: Recent Advances
and Future Trends. IEEE Internet Things J. 2022, 9, 7619-7638. [CrossRef]

Wang, Z.; Zhang, E; Yu, Q.; Qin, T. Blockchain-Envisioned Unmanned Aerial Vehicle Communications in Space-Air-Ground
Integrated Network: A Review. Intell. Converg. Netw. 2021, 2, 277-294. [CrossRef]

Balderas, L.I; Reyna, A.; Panduro, M.A.; Del Rio, C.; Gutierrez, A.R. Low-Profile Conformal UWB Antenna for UAV Applications.
IEEE Access 2019, 7, 127486-127494. [CrossRef]

Awasthi, A.K.; Simpson, C.D.; Kolpuke, S.; Luong, T.D.; Yang, J.; Taylor, D.; Gogineni, S.P. Ultra-Wideband Patch Antenna Array
with an Inclined Proximity Coupled Feed for Small Unmanned Aircraft RADAR Applications. IEEE Open ]. Antennas Propag.
2021, 2, 1079-1086. [CrossRef]

Khan, M.A.; Menouar, H.; Eldeeb, A.; Abu-Dayya, A.; Salim, ED. On the Detection of Unauthorized Drones—Techniques and
Future Perspectives: A Review. IEEE Sens. J. 2022, 22, 11439-11455. [CrossRef]

Yang, J.; Qi, S.-S.; Wu, W,; Fang, D.-G. A Novel High-Gain Sum and Difference Conical Beam-Scanning Reflector Antenna. I[EEE
Access 2020, 8, 103291-103300. [CrossRef]

He, Y; Lin, Y.; Deng, C.; Feng, Z. Annular Column Loaded Cylindrical Dielectric Resonator Antenna for Wideband Conical
Radiation. IEEE Trans. Antennas Propag. 2015, 63, 5874-5878. [CrossRef]

Mallick, P.; Ameen, M.; Chowdhury, R.; Ray, A K.; Chaudhary, R.K. Wideband Circularly Polarized Cavity-Backed Dielectric
Resonator Antenna with Low RCS for Aerial Vehicle Communications. IEEE Antennas Wirel. Propag. Lett. 2022, 21, 1418-1422.
[CrossRef]

Wang, H.; Park, Y.B.; Park, I. Low-Profile Wideband Solar-Cell-Integrated Circularly Polarized CubeSat Antenna for the Internet
of Space Things. IEEE Access 2022, 10, 61451-61462. [CrossRef]

Morsy, M.A.; Saleh, K. Integrated Solar Mesh Dipole Antenna Based Energy Harvesting System. IEEE Access 2022, 10, 89083-89090.
[CrossRef]

Kocia, C.; Hum, S.V. Design of an Optically Transparent Reflectarray for Solar Applications using Indium Tin Oxide. IEEE Trans.
Antennas Propag. 2016, 64, 2884-2893. [CrossRef]

Zarbakhsh, S.; Akbari, M.; Farahani, M.; Ghayekhloo, A.; Denidni, T.A.; Sebak, A.-R. Optically Transparent Subarray Antenna
Based on Solar Panel for CubeSat Application. IEEE Trans. Antennas Propag. 2020, 68, 319-328. [CrossRef]

Xi, B.; Liang, X.; Chen, Q.; Wang, K; Geng, J.; Jin, R. Optical Transparent Antenna Array Integrated with Solar Cell. IEEE Antennas
Wirel. Propag. Lett. 2020, 19, 457-461. [CrossRef]

Rashidian, A.; Shafai, L.; Shafai, C. Miniaturized Transparent Metallodielectric Resonator Antennas Integrated with Amorphous
Silicon Solar Cells. IEEE Trans. Antennas Propag. 2017, 65, 2265-2275. [CrossRef]


http://doi.org/10.1155/2018/8231081
http://doi.org/10.1109/TVT.2022.3142015
http://doi.org/10.1109/ACCESS.2021.3093204
http://doi.org/10.1109/ACCESS.2020.2989790
http://doi.org/10.1109/ACCESS.2020.3031326
http://doi.org/10.1109/ACCESS.2022.3168295
http://doi.org/10.1109/JIOT.2021.3135578
http://doi.org/10.23919/ICN.2021.0018
http://doi.org/10.1109/ACCESS.2019.2939511
http://doi.org/10.1109/OJAP.2021.3128015
http://doi.org/10.1109/JSEN.2022.3171293
http://doi.org/10.1109/ACCESS.2020.2998835
http://doi.org/10.1109/TAP.2015.2480096
http://doi.org/10.1109/LAWP.2022.3170407
http://doi.org/10.1109/ACCESS.2022.3182108
http://doi.org/10.1109/ACCESS.2022.3201127
http://doi.org/10.1109/TAP.2016.2555338
http://doi.org/10.1109/TAP.2019.2938740
http://doi.org/10.1109/LAWP.2020.2969694
http://doi.org/10.1109/TAP.2017.2679492

	Introduction 
	Dielectric Resonator Antenna 
	Single-Feed CP DRA 
	Dual- or Multiple-Feed CP DRA 

	Multiple-Input-Multiple-Output CP DRA 
	Millimeter-Wave CP DRA 
	Applications of DRA 
	RF Energy Harvesting 
	Radio Frequency Identification (RFID) 
	Radar 
	Biomedical Applications 
	Vehicular Applications 
	Solar Cells 

	Conclusions 
	References

