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ABSTRACT
This paper presents a comprehensive review of the state of art tech-
niques and geometries which have been explored in the areas of
Dielectric Resonator Antennas (DRA). With the evolution of first rect-
angular geometry to the current investigations, the basic aims of
research in this field of electrical size miniaturization, retrofitting
bandwidth as per commercial needs and radiation pattern stabil-
ity by controlling the modes in the DRA still persist. Various tech-
niques tominiaturize thephysical andelectrical size,modeexcitation
through varied mechanisms like probe, microstrip, slot, etc., improv-
ing bandwidth and radiation characteristics by various researchers
have been included. The novel geometries and concept of fractals as
introduced to the DRAs have also been addressed in this paper.
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1. Introduction

Theneed for faster communication andhighdata rates has escalated the frequencyof oper-
ation in the domain of wireless communication. In surge to meet the everlasting demands,
the antenna systemhas evolved fromwired structures toplanar nature. Theevolutionof the
microstrip patch antennas led tominiaturization of the circuitswhich helped evolve various
novel devices, though so, at extreme high frequencies, the conductor losses increase thus,
making them inefficient to be used.

The Dielectric Resonator Antennas (DRAs) evolved with a repeated effort of Prof. S A
Long, et al. in the 1980s. The first investigation was done on rectangular geometry and
it was established as an efficient radiator. DRAs offered promising features like low loss,
high efficiency and wide impedance bandwidth [1–3]. This led to the genesis of various
research activities in the field of DRAs. The reason for wide impedance bandwidth is the
low-quality factor of the antenna which increases the radiations which is attributed to the
sudden change of the permittivity at the dielectric air interface.

Many other techniques and geometries have been investigated so as to propose com-
pact and electrically small radiators. Since the radiation mechanism is not due to the
conducting elements and the lack of conductors in the DRAs, lead to high efficiency
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at higher frequencies. Investigations on re-configurability with microstrip patch using
various switches like PIN diodes, etc. also reveal its capability of integration with other
active/passive circuit components on the same chip itself. It is also of interest to note that
thewide impedancebandwidthof aDRAcanbeachievedusing finite and full groundplane,
unlike printed monopoles with partial ground planes.

Integration of patch with DRAs has also demonstrated its tuning capabilities for vari-
ous frequencies of operation. The application of DRAs has also been explored for MIMO
systems and various diversity techniques. This has been discussed in details in later sub-
sections from references [4–48]. The MIMO systems are based on use of multiple antennas
at the transmitter and receiver side. This improves the channel capacity and solves fad-
ing problem. The applications such as 5G communication prefers higher data rate without
increasing power level. The challenge lies in reducing the overall size of MIMO system
while maintaining good isolation between different antenna elements forming MIMO sys-
tem. The techniques available for improvement of isolation by reducing mutual coupling
between MIMO antenna systems are; orthogonal feed networks, defected ground struc-
tures, electromagnetic bandgap structures, decoupling networks, neutralizing lines, and
etched parasitic elements [27].

Further, a prospect of using DRAs for arrays towards beam forming and phased array
is under active investigation. DRA arrays with Rectangular DRA as the basic element have
shown competitive results in this field.

Further, Techniques are investigated to achieve wide bandwidth, compact design, and
circular polarization on rectangular DRAs based on perforations, air gap, fractal, edge
grounding, etc. Improvement in the bandwidth is achieved by lowering of quality factor
and merging of resonant modes. The ability to excite orthogonal field components within
the DRAs has resulted in tuning Linear and Circular Polarization in the DRAs using slots and
various geometries.

A fundamental understanding of the DRA is to identify the various resonant modes.
There are two types of modes in a DRA namely confined and non-confined modes. The
resonant modes help identify the possible radiation mechanism and the farfield radiation
pattern. However, the nomenclature of the near fields for Electric and Magnetic Field are
dependent on the co-ordinates axis under consideration. The review article encompasses
a comprehensive study of all the details pertaining to the latest trends in research of the
DRAs. A review on the DRAs was done in [3], however, the current article associates the
references of the past and correlates with the current & future trends of research in DRAs.

2. Electromagnetic modes in a DRA: basic geometries

Being three-dimensional structures, the DRAs offer various resonant modes which can be
tuned for various applications. The resonant modes satisfy two important conditions as
given in the equations below:

−→
E · n̂ = 0 (1)

n̂ × �H = 0 (2)

where n̂ is thenormal to surfaceof the resonator, �H is themagnetic field intensity and �E is the
electric field intensity. Themodeswhich satisfy the conditions (1) and (2) are called confined
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mode, whereas those which satisfy only (1) are called non-confined modes [49]. It has been
shown by Van Bladel in [50] that confined modes can be satisfied by only the geome-
tries which support the body of revolution, i.e. Cylindrical and Hemispherical geometries,
whereas the non-confinedmodes are satisfied by only rectangular geometries.

2.1. Modes in rectangular DRA (RDRA)

The mode nomenclature in rectangular DRA is stated as TEmnp and TMmnp, where m, n, p
represent the half-cycle sinusoidal variations of the transverse field component under con-
sideration along the x, y, z axes respectively of the rectilinear coordinate system. In [51],
the Hmodes are referred as TMmodes and Emodes are referred to as TEmodes. It has been
observed that TMmnp modes don’t satisfy Equation (1) on using the Dielectric Waveguide
model (DWM) after applying the magnetic wall condition and so the TM modes have not
been observed. By using the DWM and presuming z to be the direction of propagation, the
fields in RDRA [2,52,53] are as follows:

Hx = (kxkz)

jωμo

{
sin(kxx) cos(kyy)

cos(kxx) cos(kyy)

}
sin(kzz) (3)

Hy = (kykz)

jωμo

{
cos(kxx) sin(kyy)

sin(kxx) sin(kyy)

}
sin(kzz) (4)

Hz = (k2x + k2y )

jωμo

{
cos(kxx) cos(kyy)

sin(kxx) cos(kyy)

}
cos(kzz) (5)

Ex = ky

{
cos(kxx) sin(kyy)

sin(kxx) sin(kyy)

}
cos(kzz) (6)

Ey = −kx

{
sin(kxx) cos(kyy)

cos(kxx) cos(kyy)

}
cos(kzz) (7)

Ez = 0 (8)

While l, w, d are the length, width and depth of the RDRA (dimensions), c is the velocity
of light in free space and the wave numbers are defined as follows:

kz tan
(
kxd

2

)
=

√
(ε0 − 1)k2mn − k2z (9)

kmn = 2π fm
c

, kx = m
π

w
, ky = n

π

d
, (10)

k2c = k2x + k2y = ε0k
2
mn − k2z (11)

From equations (3) to (8), upper functions in the bracket are chosenwhenm and n are both
odd whereas the lower functions are chosen when m is even and n is odd. The modes in
RDRA are often represented by TEZmnδ . Here δ instead of p shows that the while direction
of propagation is z, the half cycle of sinusoidal rotation is incomplete along the z-axis. The
RDRA offers two degrees of freedom where the antenna engineer can alter the ratio of w/l
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Figure 1. The TEmodes of the RDRA using H field variations. (a) x-y plot for TEx121 mode. (b) x-y plot for
TEy211 mode. Both the plots are taken from [53]. (c) y-z plot for TEx212 mode. (d) x-y plot for TEx212 mode.

and w/d. The H field orientation for various TE modes is as shown below in Figure 1. The
TEx121 plot is shown in Figure 1(a), TEy211 plot is shown in Figure 1(b), whereas TEx212 plots
are shown in Figure 1(c) and (d) respectively. These are referred from [53].

2.2. Modes in cylindrical DRA (CDRA)

The modes of a CDRA are classified in three groups namely TEmnp, TMmnp and HEMmnp,
wherem, n, p represent the half-cycle sinusoidal variation along the azimuth (�), radial (r)
and axial (z) axes respectively. In some cases the p is represented by δ, to signify an incom-
plete half-cycle sinusoidal rotation along the axial axis, if z is the direction of propagation.
It is interesting to observe that the TE and TMmodes are axially symmetric, i.e. the variation
is independent of the azimuth plane whereas theHEMmodes show dependence along the
azimuth plane [1–3].

The HEMmode is called HE mode if Ez is dominant or EH if Hz is dominant based on the
reference [2]. The first set of dominant modes in the CDRA is classified as TM01δ , TE01δ and
HE11δ . For an isolated CDRA, the dominant mode resonant frequencies can be arranged as
TE01δ < TM01δ <HE11δ .

The TMmode can be excited in CDRAwhenever the direction of excitation current coin-
cides with the axis of the CDRA. This can be easily achieved by a probe fed at the center of
the CDRA. This leads to a radiation pattern that resembles a short electric monopole. Simi-
larly, if the probe is at an offset from the center of an isolated CDRA or displaced from the
axis of the cylinder, the HE11δ dominant mode can be excited which radiates like a short
horizontal magnetic dipole.

In case the configuration of the CDRA has an axis parallel to the ground plane example, a
half-split CDRA, a slot feed may excite the TE01δ mode which radiates like a short magnetic
monopole. This has been discussed in details in [1–3].

The various excitation strategies are utilized to suitably excite the differentmodes of the
CDRA for various applications. The CDRA offers one degree of freedom to an antenna engi-
neer to facilitate the variation in radius to height r/h ratio, for achieving a suitable resonant
frequency and bandwidth of operation.

The approximate fields for a TE01δ mode of CDRA is estimated as follows [2,54–56]:

HZ ∝ J0(βr)cos
(πz
2h

)
(12)
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Hr ∝ J1(βr)sin
(πz
2h

)
(13)

Eφ ∝ J1(βr)cos
(πz
2h

)
(14)

EZ = Er = Hφ = 0 (15)

where J0(βr) and J1(βr) are the zeroth and first-order Bessel’s functions of the first kind
respectively. β is the solution to J0(βa) = 0 with a as the radius of the CDRA. The TM01δ are
similar to Equations (12)–(15) with magnetic and electric filed components interchanged.

On a similar note the field components of HE11δ mode of CDRA are estimated as follows
[2,54–56]:

EZ ∝ J1(αr)cos
(πz
2h

){
cosφ

sinφ

}
(16)

Er ∝ ∂J1(αr)

∂(αr)
sin

(πz
2h

) {
cosφ

sinφ

}
(17)

Eφ ∝ J1(αr)sin
(πz
2h

){
sinφ

cosφ

}
(18)

Hr ∝ J1(αr)cos
(πz
2h

){
sinφ

cosφ

}
(19)

Hφ ∝ ∂J1(αr)

∂(αr)
cos

(πz
2h

) {
cosφ

sinφ

}
(20)

HZ ≈ 0 (21)

where α is the solution to J1(αa) = 0, a is the radius of the CDRA. The choice of cosφ and
sinφ depends on the location of the feed. The various E field orientations for TE modes in
a CDRA and sectored CDRA are as shown below in Figure 2. Figure 2(a) and (b) depict the
field plots for TE011+δ mode, whereas Figure 2(c) and (d) depict the plots for TE01δ mode for
sectored CDRA. Both are referred from [57]. Similarly, the various E field orientations for TM
modes in a CDRA are as shown below in Figure 3. Figure 3(a) and (b) represent the TM01δ

mode, Figure 3(c) and (d) represent the TM11δ mode and Figure 3(e) and (f) represent the
TM21δ mode respectively as referred from [58]. Further, the various E field orientations for
HE modes in a CDRA are as shown in Figure 4. Figure 4(a) and (b) shows the plot for HE11δ
mode, Figure 4(c) and (d) shows the plot for HE12δ mode and Figure 4(e) shows the plot for
HEM21δ mode as referred from [59,60].

2.3. Modes in hemispherical DRA (HDRA)

The hemispherical geometry supports both the conditions of confined modes. The modes
in HDRA can be classified as TEmnp and TMmnp, wherem, n, p represent the field variations
along the radial (r), azimuth (�) and the elevation (θ ) directions respectively. Since the
dielectric air interface for an HDRA is simpler and has a smoother transition, a closed form
expression in terms of Green’s function synthesis is possible.
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Figure 2. The TE modes observed in a CDRA. (a) x-y plot for TE011+δ mode. (b) x-z plot for the TE011+δ
mode. Both are taken from [58]. (c) x-y plot for TE01δ plot for sectored CDRA. (d) x-z plot for the TE01δ plot
for sectored CDRA. Both are taken from [57].

Figure 3. The TM modes observed in a CDRA. (a) x-y plot for TM01δ mode. (b) x-z plot for TM01δ mode.
(c) x-y plot for TM11δ mode. (d) x-z plot for TM11δmode. (e) x-y plot for TM21δ mode. (f ) x-z plot for TM21δ
mode. All modes are taken from reference [58].

The Green’s function synthesis for an HDRA is divided as follows:

GAr/Fr
TM/TE = GP + GH (22)

where Ar is the electric potential corresponding to the generation of TM modes, Fr is the
magnetic potential corresponding to the generation of TEmodes, Gp is the particular solu-
tion which represents the source radiating in an unbounded dielectric medium and GH is
the homogeneous solution which encapsulates the dielectric boundary discontinuities at
the dielectric/air interface. This is strictly in conjecture to the notations employed by K. M.
Luk in [1] and Ghosh et al. in [61–63].

Each potential function is denotedby an infinite series ofmodal functions and themodal
coefficients are then obtained by matching boundary conditions at source point and on
DRA surface [1,61–63]. This means that if an HDRA is excited by a probe feed which gives
a ẑ directed current, then the particular solution, GP, involves solving the probe (conduc-
tor) and dielectric boundary condition where the dielectric is considered as an unbounded
medium and the homogeneous solution, GH, is the solution to boundary condition over
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Figure 4. The HEM (Hybrid EM modes) of the CDRA. (a) x-y plot for HE11δmode. (b) x-z plot for HE11δ
mode. (c) x-y plot for HE12δ mode. (d) x-z plot for the HE12δ mode. All are taken from [59]. (e) x-z plot for
HEM21δ mode as referred from [60].

the dielectric-air interface. Image theory is adopted to find the equivalent currents and thus
calculate the Green’s function.

If �r(r, θ , ∅) and −→
r′ (r, θ , ∅) represent the field and source points respectively, then the

equivalent Green’s function for lowest order TE mode, i.e. TE111 mode is given by the
following equations (r < a):

GTE111 = −3k
8πωεrr′

sinθsinθ ′ cos(∅ − ∅′)[∅(kr′)�(kr)+ αTEĴ1(kr
′)Ĵ1(kr)] (23)

Where φ(kr) =
⎧⎨⎩Ĵ1(kr′), r > r′

Ĥ(2)1 , r < r′
(24)

�(kr) =
⎧⎨⎩Ĥ(2)1 , r > r′

Ĵ1(kr′), r < r′
(25)

αTE = −1

TE

[
Ĥ(2)1 (ka)Ĥ(2)

′
1 (k0a)− √

εrĤ
(2)′
1 (ka)Ĥ(2)1 (k0a)

]
(26)


TE = Ĵ1(ka)Ĥ
(2)′
1 (k0a)− √

εr Ĵ1
′
(ka)Ĥ(2)1 (k0a) (27)

In theaboveequations, k0 = ω
√
μ0ε0, k = √

εrk0, Ĵ1(x) is the first order spherical Bessel’s

function of the first kind and Ĥ(2)1 (x) is the spherical Hankel function of the second kind. The
Electric field Ez due to the probe current Jz can be estimated by the following equations:

Ez(�r) =
∫∫

GTE111(�r,
−→
r′ )JZ(z′)dS′ (28)

JZ(z
′) = J0sink(l − |z′|), − l ≤ z ≤ l (29)
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Figure 5. The EMmodes observed in HDRA. (a) x-z plot for TE 111 mode as referred from [65]. (b) x-z plot
for the TM101 mode as referred from [66].

Equation (28) is calculated for surface current flowing on the imaged probe surface of S0. a
is the radius of the hemisphere under consideration.

Referring to the input plots of the HDRA excited by a probe shows that as the probe
is displaced from the center of the circular base of the HDRA, input impedance of HDRA
increases. This is accounted to the reason that at the center the probe current is r-directed
and so it excites TM modes whereas when displaced the probe excites the fundamental
TE111 mode [1,64].

For a generalized solution for TMmode excited by probe feed, theGp andGH in Equation
(22), are given as follows [2]:

GP(z, z
′) = −j

ωε

(
∂2

∂z2
+ k2

)
e−jkR

4πR
(30)

GH(z, z′) = −1
4πωεkz′z2

∞∑
n=1

n(n + 1)(2n + 1)αTMn Ĵn(kz
′)Ĵn(kz) (31)

αTMn =
−

[
Ĥ(2)

′
n (ka)Ĥ(2)n (k0a)− √

εrĤ
(2)
n (ka)Ĥ(2)

′
1 (k0a)

]
Ĵ′n(ka)Ĥ

(2)
n (k0a)− √

εr Ĵn(ka)Ĥ
(2)′
n (k0a)

(32)

where αTMn is the TM-mode reflection coefficient at the DRA boundary and R =√
r21 + (z − z′)2. The Electric field can be calculated by substituting the total Green’s func-

tion as suggested in Equation (28) for obtaining the fields for the TMmodes.
The TE111 mode is the lowest order and hence the dominant mode of the HDRA. This

mode radiates like a short magnetic dipole. Though the radiation pattern has a broadside
nature, but the beamwidth is low. Contrary, the TM101 mode radiates like a short electric
monopole antenna and has a null along the broadside direction of the radiation pattern.

The HDRA offers zero degree of freedom and so for a fixed frequency, the radius of the
hemisphere is also fixed which cannot be altered. The various E field orientations for TE &
TM modes in an HDRA are as shown in Figure 5(a) for TE111 mode [65] and Figure 5(b) for
TM101 mode [66] respectively.
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2.4. Feeding techniques in a DRA

Feeding techniques play an important role in exciting the suitablemode in aDRA. TheDRAs
can be excited by various methods as stated below:

1. Probe feed – Themost commonly used feedingmethod is the coaxial feeding due to its
simplicity of extending the central conductor as probe inside or at a suitable location
around the DRA [67]. This feeding method has been exploited to achieve broadband
operation for the DRAs. However, the major drawback of this method is to locate the
specific positionwhere sometimes a hole needs to be drilled inside the dielectricmate-
rial. This precise drilling may be subjected to human/parallax error. Though so, this
method offers high radiation efficiency due to maximum coupling between probe
fed inside the DRA. However, probe feed has also been used in the mode matching
technique where a precise mode needs to be excited within the DRA. For example, as
stated before, an offset probe feed excites the TE mode in the HDRA whereas a center
probe feed excites TM mode in the HDRA. The impedance bandwidth in a probe feed
is affected by the position and the length of the probe.

2. Microstrip feed – For practical circuits which are MIC/MMIC based and fabricated on
PCBs, microstrip feed is an efficient method for exciting the DRA. The length of the
microstrip can be extended over the surface of the DRA to achieve conformal feeding.
This method of conformal feed has also been used for generating orthogonal modes
leading to Circular Polarization. Also, the conformal strip integrated with a patch can
lead to efficient coupling with the DRA and suitably excite the desired modes. The
conformal strip can be easily placed by using copper tapes. However, the length of
the microstrip line effects the phase and so for efficient coupling in terms of phase,
the length needs to be prefixed. Since microstrip lines are band-limited resonators,
for achieving wideband, impedance transformers can be used. Also, it can be used for
exciting linear arrays and when integrated with phase shifters, can be used for phased
array antenna applications also. While placing the DRA on a microstrip line, a small
undesired air gap is introduced which reduces the effective permittivity of the DRA
material.

3. Co-planar Waveguide (CPW) feed – The CPW feed has been used for both narrowband
and broadband applications. CPW feed can be modeled as both inductive slot and
capacitive slot, as shown in Figure 6(a) and (b) respectively, [68] for a circular loop feed
to a DRA. This is a popular choice for application inmillimeter waves for system on chip
as the ground plane isolates theDRA and lossy silicon substrate. This leads to improved
efficiency.

4. ApertureCoupled feed– Slot feedor aperture coupled feed canbeused formaximizing
the excitation of a puremode in the DRA. The aperture feed suppresses the interaction
of any spurious EM wave of the feed line or probes to the DRA. The slot length is gen-
erally of λ/2 length. Asymmetric cross-slot configuration has been used for generating
orthogonalmodes in theDRAachieving circular polarization aswell. Aperture feeds are
relatively easy to integrate with the DRA on the same substrate.

5. Other feeding techniques – The Dielectric Image Guide (DIG) has been used to suc-
cessfully excite the Dolph-Chebyschev distribution in a linear DRA array [69]. A very
highgain andextremely lowcross-polarization levels are observed. Further,waveguide
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Figure 6. The various CPW feed techniques. (a) Inductive slot of CPW. (b) Capacitive Slot of CPW.

feed for high power applications has also been used. The figures of these various feed-
ing techniques and the various features have been discussed in the next sections along
with an articulation in the tables of comparison.

3. Review of the RDRA geometry

This section shall provide a detailed review of the RDRA and its modified geometries. This
section has been divided into the subsections namely wideband RDRA, Low profile and
compact RDRAs, Circularly Polarized RDRAs, RDRAs array and MIMO & Diversity RDRAs.

3.1. Wideband RDRAs

The emerging wireless applications require wideband or broadband antennas to achieve
high data rate and multitasking. However, limited bandwidth is achieved from single
antenna because of their resonant nature. Therefore, several techniques are proposed for
bandwidth enhancement of DRAs. The bandwidth enhancement techniques of microstrip
antennas are suitable for DRAs as well because both act as cavity resonators. The conven-
tional RDRAs with dielectric constant, εr ∼10 offer 10-dB impedance bandwidth of ∼10%
but bandwidth enhancementmethods can improve bandwidth up to 120%ormore. These
methods are mainly based on; lowering of quality factor, external matching network, and
stacking of two or more dielectric resonators [1].

Numerous RDRAs based on lowering of quality factor are achieved by reduction of
dielectric constant because of inverse relationship. It improves bandwidth significantly but
lowered dielectric constant results in increase of resonant frequency. This is undesired for
applications where low profile or compact RDRAs are required particularly at lower reso-
nant frequencies. Nevertheless RDRAs based on aforementionedmethods are investigated
for bandwidth enhancement.

The proposed RDRAs based on the technique of perforations are discussed first. In [66],
an array of RDRA is designed based on perforations. Interestingly, the array is designed
from a single sheet of dielectric material to avoid placement of single radiator individually.
Therefore, it provides ease of fabrication. The gain is controlled through two perforation
parameters, size of holes, anddistancebetween twoconsecutiveholes. The effectivedielec-
tric constant of the perforated dielectric sheet can be calculated based on the volume
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Figure 7. Dual-mode bridge-shaped dielectric resonator antennas [72].

average method. Another configuration where an array of size 8×8 is designed at 25GHz
and compared with microstrip counterpart [70]. Both the arrays are designed using the
same corporate feed network. The DRA array offered high gain and wider bandwidth.

In [71], air gap is provided between dielectric resonator and ground plane in the com-
pact edge grounded RDRA. Subsequently, bandwidth improves upto 34% in comparison to
other narrowband edge grounded RDRAs. Next, bridge shaped DRA is derived from RDRA
[72] and shown in Figure 7. The fundamental TE111 mode is preserved with dual-mode
impedance responses at 3.5 and 5.5 GHz offering bandwidth of 9.6% and 8.2% respectively.
The idea is to use empty space in the bridge shaped DRA for placement of other radiators
or RF front end components.

Stacking of two or more dielectric resonators is another technique for enhancement of
bandwidth. Each dielectric resonator has a different resonant frequency which merges in
the bandwidth of operation and results in improvement of bandwidth. The drawback is
increased real state andbulky structure. Therefore, thismethod is not suitable for designing
arrayof RDRAs. In [73,74], designguidelines for stackingof twoormoredielectric resonators
are established. The effective dielectric constant is calculatedwith simple static capacitance
model. Different resonators behave like impedance transformer andmatchDRA impedance
with the feed. Therefore bandwidth can be enhanced up to 20% by stacking two or more
dielectric resonators at resonant frequency of 14.7 GHz. In [75], analytical solution is derived
to find the optimum value of lower dielectric insert which improves bandwidth up to 30%,
thedesign is as shown in Figure 8. A similar concept has beenexplored in [76]where instead
of stacking; two elements placed along each other are excited by conformal strip for UWB
applications.

Another method to improve bandwidth is by merging two or more resonant modes
within the bandwidth of operation. It involves proper selection of aspect ratio and under-
standing of electric field distribution within the DRA. Generally, the modes which have
similar radiation patterns are merged and hence radiation properties remain unaffected.
Subsequently, RDRAs and cylindrical DRAs are studied to observe the correlation between
the two in [77] and shown in Figure 9. The aspect ratios, i.e. radius to height ratio for cylin-
drical DRA case, length to width and length to height ratio for RDRA case, are varied to
improve bandwidth. It is observed that bandwidth improves up to certain value and then
start degrading. In [78], an RDRA with dual resonances is proposed based on optimum
aspect ratio. If suitable aspect ratio is selected then two resonant modes, fundamental
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Figure 8. Investigations on two segment dielectric resonator antennas [75].

Figure 9. Wideband cylindrical DRAs and RDRAs [77].

TE111 mode and higher order mode TE113, can be excited simultaneously which improves
bandwidth up to 16%.

The slight variation of stacking method is hybrid RDRA in which either feed simulta-
neously act as radiator or two radiators are used [79,80]. It results in improvement of the
bandwidth by merging of resonances of radiators and or feed in the bandwidth of opera-
tion. Thus, significant improvement in the bandwidth is achieved. Two different radiators,
RDRA and slot antenna are excited in the bandwidth of operation in [79]. If both radiators
radiate similar to horizontal magnetic dipole then radiation characteristics are not affected.
Also, thebandwidth improves up to 25%bymergingof two resonances in thebandwidthof
operation. Both radiators are excitedwith themicrostrip feed linemethod. In [80], two reso-
nantmodes RDRA and feeding CPW inductive slot as shown in Figure 10, aremerged in the
bandwidth of operation. The bandwidth achieved is 28.9% (4.71–6.3 GHz). It is observed
that both have different radiation pattern which is undesired. By loading of DRA on CPW
inductive slot, the radiation pattern modifies and desired broadside radiation pattern is
obtained.



JOURNAL OF ELECTROMAGNETIC WAVES AND APPLICATIONS 13

Figure 10. A compact wideband hybrid dielectric resonator antenna [80].

Matching network such as quarterwave transformers ormatching stubs are also suitable
for improvement of bandwidth. It alters input impedance of the RDRA to improve coupling
with feed. These matching networks can be external or incorporated within the DRA. Such
external networks degrade radiation efficiency because of increased insertion losses and
hence less preferred. Similarly, a microstrip feed loaded with a conformal patch to facili-
tate wide impedance matching with a modified RDRA is explored in [81]. An asymmetric
RDRA with slots for UWB applications is excited by the conformal patch. The patch does
not contribute to any radiation and is used for impedance matching.

3.2. Low profile and compact RDRAs

Low profile refers to the condition when height of the RDRA is significantly smaller than
the other two dimensions [1]. However, there is a limitation on the minimum height which
can be achieved for a given resonant frequency and is independent of shape of the DRA [2].
The reason being when height is reduced significantly the field distribution becomesmore
dependent on the coupling apertures and feed. Then DWM fails and results in inaccurate
calculation of resonant frequencies for low dielectric constant materials. Thus, designing
of low profile RDRA is a challenge. The simplest method to design compact RDRA is selec-
tion of high dielectric constant material. But it has high-quality factor and thus bandwidth
reduces. So, there is a tradeoff between size and bandwidth achieved from RDRA.

Other method to achieve compactness is to load the RDRA or incorporate ametal sheet.
This method reduces the resonant frequency and bandwidth drastically. It also affects the
symmetric pattern of radiation by distorting the pattern and/or increasing the cross polar
component. Numerous lowprofile and compact RDRAdesigns areproposedbasedonedge
grounding, metallization, and high dielectric constant material [57,82–97]. In [82], a low
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Figure 11. A low-profile and high-permittivity DRAs with enhanced bandwidth [82].

Figure 12. Low profile DRAs using a high permittivity material [83].

profile RDRA is designed with the high dielectric constant material, εr = 93 as shown in
Figure 11. The strategic arrangement of different layers improved bandwidth to 10.49%.

Another design [83] shown in Figure 12, is proposed with the high dielectric constant
materialwhere the relationshipof height of RDRAwith free spacewavelength anddielectric
constant is established. The widest bandwidth of 3.2% is achieved from square base RDRA.

The substrate integrated waveguide (SIW) based low profile RDRA is proposed in [84] at
35GHz with 11% bandwidth. The SIW used for excitation supports dominant TE10 mode.
The dielectric constant of the DRA is εr = 10.2. Next, low profile square base RDRA design
[85] is proposedwithhighdielectric constantmaterial. The couplingbetweenCPWfeedand



JOURNAL OF ELECTROMAGNETIC WAVES AND APPLICATIONS 15

Figure 13. Microstrip fed low profile and compact DRAs [86].

Figure 14. Compact DRAs with Ultrawide 60%–110% bandwidth [89].

RDRA is achieved through a slot. The dielectric constant is εr = 79 which offers bandwidth
of 2.4% and excites fundamental mode.

In [86], modified stepped microstrip line feed excites the RDRA as shown in Figure 13.
The modified feed ensures smooth impedance transition between the feed and DRA. Sub-
sequently, compactness is achieved through placement of patch on the top of DRA. The
improvement in the bandwidth is up to 17%. Two cases are considered when patch cov-
ers the DRA fully and partly. The compactness is directly related with the size of the patch
but inversely related to bandwidth. A similar concept with edge grounding and perfora-
tions has been explored in [87,88], where half of the material has been removed using Van
Bladel approximation and compactness is achieved by edge grounding. Figure 14 shows a
compact wideband RDRA with bandwidth of 110% (3.1–10.6 GHz) [89]. The compactness
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Figure 15. Characteristics of half-volume DRAs with different permittivities [57].

is achieved by edge grounding while bandwidth is improved by a low dielectric constant
insert between dielectric resonator and ground plane.

The authors in [90] studied of half RDRA and cylindrical DRA and used FDTDmethod for
simulations. They incorporated edge grounding method for size reduction and observed
a shift in the resonant frequency from 1.1 GHz to 0.9 GHz with the reduction in bandwidth
from 11.5% to 3.8% for the RDRA case. Another variation is proposed in [57] as shown in
Figure 15, where half RDRAs with different dielectric constants are studied. It is observed
that radiation efficiency decreases with the increase in dielectric constant. Edge grounded
compact rectangular and cylindrical DRAs are proposed [91] where volume is reduced by
half. The radiation efficiency and bandwidth decreases significantly through incorporation
of metal plate.

In [92], new resonant mode, TEδ01 is studied and it is observed that modified RDRA
improves radiation efficiency with stable boresight radiation pattern. A compact wideband
RDRA is proposed in [93]. The bandwidth is improved by a modified patch (bevel shape)
between the DRA and coaxial probe, along the vertical plane. Also, air gap is provided
between the dielectric resonator and ground plane. Additional metal plate for short circuit
is incorporated to improve radiation characteristics such as radiation pattern. The improve-
ment in the bandwidth is up to 96% (2.13–6.08GHz). The cylindrical DRAs and RDRAs are
designed using additional metal plate at the top for compactness [94]. It is concluded that
thewave number in the direction, wheremetal plate is placed, reduces to zero. Itmakes the
antenna geometry independent of the dimension along the side covered with the metal
plate. Similarly, the perfect electric conductor and perfect magnetic conductor are used
to achieve compactness for rectangular and cylindrical DRAs [95]. The perfect magnetic
conductor condition is achieved by high dielectric constant interface. A quarter RDRA with
the bandwidth of 26% and size reduction of 75% is achieved. Also, U-shaped DRA inspired
from RDRA is proposed which offers bandwidth of 35% and size reduction by 50%. Hook
shaped co-axial probe is used for the excitation. Next, compact RDRA is designed based
on the placement of metal plate on the top side of the RDRA [96]. The resonant frequency
lowers from 6.1 GHz to 2.37GHz which is 61% while reduction in the bandwidth is from
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13.3% to 2.74% which is around 92%. A modified RDRA is divided into half and at the cen-
ter, metal plate is attached [97]. The resonant frequency of the two segments is adjusted
through optimum aspect ratio of the two segment DRAs. Merging of two resonant modes
improves bandwidth up to 76.8% (3.32–7.46GHz). In addition to wide bandwidth a reduc-
tion in volume by 41.5% is achieved. Loading of metamaterial for improving the peak gain
of the RDRA has also been explored in [98,99]. This has been explored by placing themeta-
material in both nearfield and far-field of the RDRA to facilitate the directionality along the
normal direction to the RDRA.

3.3. Circularly polarized RDRAs

The circularly polarized antennas are preferred over linearly polarized due tomisalignment
between transmitter and receiver side of antenna. In addition to it, they suppressmultipath
problemsuchas reflection frombuildings, ground, etc. The circularlypolarizedantennas are
required in modern wireless communication systems, satellite communication, and radar
systems. Therefore, various RDRAs are investigated to achieve circular polarization. The cir-
cular polarization can be achieved by dual or single feed. The stringent conditions are:
excitation of two orthogonal modes with the same amplitude and quadrature in phase.
Dual fed circularly polarized RDRAs offer wider axial ratio bandwidth in comparison to sin-
gle fed. However, dual feed method requires more space to accommodate additional feed
because feeds are designed externally. Numerous circularly polarized antennas are pro-
posed based on aforementioned two methods [100–114]. The circularly polarized square
microstrip antenna and cylindrical DRA is designed with the single feed in [100] as shown
in Figure 16. The circular polarization is achieved by adjusting two arms of the cross slot
coupling and cylindrical DRA, offers 3-dB axial ratio bandwidth of 3.91%. In another tech-
nique, circularly polarized cylindrical DRA is designed based on the comb-shaped slots
carved [101] as shown in Figure 17. The circular polarization depends on the number of
such slots carved and offers 3-dB axial ratio bandwidth of 4% when five such slots are
carved.

Authors reported in [102], a cross-slot coupled dual-band circularly polarized RDRA as
shown in Figure 18. The high aspect ratio of 3.2:1 of RDRA and cross slot with unequal
arms results in simultaneous excitationof threeorthogonal degeneratemodes: TE111, TE121,
and TE131. The lower resonance is due to TE111 and TE121 modes while higher resonance
is because of TE131 mode. The impedance bandwidth of 24.3% and 6.2% in conjuncture
with 3-dB axial ratio bandwidth of 19.8% and 9.7% is achieved at lower and higher band
respectively. The additional parasitic patch on RDRA in [103] is used for circular polarization.
Subsequently, impedance bandwidth achieved is 11.94%with a 3-dB axial ratio bandwidth
of 3%. This is as shown in Figure 19.

In [104], a compact hollow RDRA is designed for circular polarization with an under
laid quadrature coupler as shown in Figure 20. Two types of loads are used: external 50
� load and metal strip loading. It offers impedance bandwidth of 24.95% with 3-dB axial
ratio bandwidth of 33.8%. A compact wideband circularly polarized RDRA is designed in
[105]. The circular polarization is achieved through two parasitic metal strips. Also, the cen-
tral portion of the RDRA is removed which makes it rectangular ring DRA. Two additional
metal strips create new current paths and results in wide 3-dB axial ratio bandwidth of 51%
(3.4–5.75GHz) with an impedance bandwidth of 54% (3.4–5.95GHz).
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Figure 16. Cross-slot-coupled microstrip antenna and DRA for circular polarization [100].

Figure 17. Comb-shaped circularly polarized DRA [101].

Figure 18. Cross-slot-coupled wide dual-band circularly polarized RDRA [102].
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Figure 19. A circularly polarized RDRA with a parasitic patch [103].

Figure 20. Compact circularly-polarized hollow RDRA with an underlaid quadrature coupler [104].

A microstrip line fed notch RDRA is proposed for circular polarization where inclined
slot offers impedance bandwidth of 20% with 3-dB axial ratio bandwidth of 5% [106]. A
low profile circularly polarized RDRA is proposed in [107] where circular polarization is
achieved through a rectangular aperture carved onto the ground plane. The excitation
technique is microstrip feed line and a 3-dB axial ratio bandwidth of 3% is achieved. In
[108], circularly polarized stair shaped DRA is designed for wide circular polarization where
different resonant frequencies are obtained with orthogonal modes. For excitation, an
inverted trapezoidal probe is used which offers impedance bandwidth of 37% in conjunc-
ture with the 3-dB axial ratio bandwidth of 22%. Authors proposed in [109] that a hollow
RDRA can give both, linear and circular polarization. The linear polarization is achieved
with a metal strip placed at center while circular polarization is obtained when strip is
at an offset. The co-axial probe feed is used for excitation and offers impedance band-
width of 32.5% (2.06–2.86GHz) in conjuncturewith the 3-dB axial ratio bandwidth of 12.4%
(2.26–2.56GHz). Single fed dual-band circularly polarized RDRA is designed in [110] which
excites two resonant modes, TE111 and TE113. The truncation of two opposite edges gener-
ates circular polarization and a groove along the diagonal tunes the upper band axial ratio.
The impedance bandwidth of 25.3% (1.45–1.87GHz) and 35.3% (2.1–3.0 GHz) in conjunc-
ture with the 3-dB axial ratio bandwidth of 6.3% (1.53–1.63GHz) and 3.68% (2.4–2.49GHz)
respectively is achieved for lower and upper bands. Idea of concentric open half loops is
discussed in [111] to obtain circular polarization in RDRA. It is achieved by attaching end of
the outer half loop with co-axial probe. The guided current distribution along the open
half-loop strips generates circular polarization and offers impedance bandwidth of 21%
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in conjuncture with 3-dB axial ratio bandwidth of 14%. In [112], quadrature fed RDRA is
designed for circular polarization where two resonant modes, fundamental TE111 mode
and higher order TE113 mode are excited. The additional metal strips generate circular
polarization by exciting orthogonal pair modes of TE111 and TE113. The proposed design
offers impedance bandwidth of 32.8% (2.7–3.76GHz) and 4-dB axial ratio bandwidth from
2.6–3.78GHz. Modified C-shaped DRA gives circular polarization in [113] when CPW is used
for excitationwith an additional groundedmetal strip. It results in impedance bandwidth of
58% (3.45–6.26GHz) and 3-dB axial ratio bandwidth from 3.59–5.98GHz. In [114], square-
shaped slots on an RDRA placed along the diagonal position of the cross section generate
CP in the RDRA. The slots also aid in improving the impedance bandwidth of operation.

3.4. RDRAs array

DRAs can be arrayed to achieve higher gain or shaped radiation pattern similar to other
low gain antennas. In [115], a new type of planar antenna subarray consisting of RDRAs
which are excited using a passive corporate microstrip feed and apertures is proposed.
A four element subarray is proposed where individual elements are arranged in a rect-
angular fashion with half wavelength spacing between them. This design offered 10-dB
impedance bandwidth of 18% (6.56–7.84GHz) with themaximum achieved gain of 11.3 dB
in the boresight direction. The cross-polar level was within the limit of−20 dB. A series fed
linear RDRA array fed by slots in the ground plane of dielectric image guide is proposed
in [116]. The array size is seven-elements and fifteen-elements arranged in a linear man-
ner. The design offered gain of 10.07 and 13.9 dBi respectively at 10GHz. The dielectric
image guide is covered with metallic reflectors in order to suppress back radiation. Sub-
sequently, front to back lobe radiation improved upto 20 dB for both the array sizes. In
[4], simple high gain aperture coupled RDRA array with parasitic elements is investigated.
The RDRAs are arranged in seven-element linear array manner and five-elements in cross-
shaped array, resonant frequency is 3.2 and 2.98GHz respectively. The gain achieved is
10.1 dB at 3.2 GHz and 11.14 dB at 2.98GHz. Thus placement of parasitic elements very close
to active/driven element can improve boresight gain with boresight and fan beam radia-
tion patterns. The RDRA array is proposed for microwave energy harvesting and far-filed
wireless power transfer [5] as shown in Figure 21. The array size is 1×3 and 5×5 with the
resonant frequency ∼5.5 GHz. In [6], RDRA array of order 1×4 is proposedwith wide band-
width of 17% (6.2–7.35GHz) and circular polarization bandwidth of 10% (6.2–6.85GHz).

Figure 21. DRA arrays for microwave energy harvesting and far-field wireless power transfer [5].
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The targeted application is microwave image sensing. The proposed design offered maxi-
mumgain of 13.6 dBiwith peak gain variation from12.1–13.6 dBi over the complete circular
polarization bandwidth. An array of size 2×2 by exciting higher order modes is proposed
for THz imaging at 340GHz using 180 nm CMOS technology [7]. The gain improvement of
7 dB compare to conventional on-chip patch is obtained which can improve performance
of the THz system. In [8], a SIW series fed 4 element array is proposed to operate in the fre-
quency range 36–39GHz. The gain is improved upto 12 dBi by suitably placing parasitic
DRA elements.

3.5. Multiple-inputmultiple-output (MIMO)and diversity RDRAs

MIMO technology is based on multiple antennas at transmitter and receiver side to
improve channel capacity in order to meet demands of high-speed modern communica-
tion systems. However multiple antennas increase the overall size of such system while
close spacing among antennas increase the mutual coupling, which is undesirable. Since
mutual coupling is the energy absorbed by a proximate antenna when another antenna is
radiating which can severely affect the performance parameters such as radiation pattern,
reflection coefficient and input impedance of MIMO antennas.

In view of this, in [9], a simple RDRA is proposed for polarization diversity by exciting two
orthogonal modes, i.e. TEx111 and TEy111 which can be selected with a manual switch. The
operating frequency is 2.36GHz and dielectric material has εr = 37. The design provides
good isolation but manual switching is a problem. In [10], a compact six-port DRA array
based on spatial, polarization and angle diversities is investigated. Two RDRAs each with
three ports, constituted array which resonates at 2.65GHz, uses a dielectric material with
εr = 19.6 for WLAN application. The design is robust and offered good performance when
measured in indoor office scenarios for four 6×6 multiple antenna systems with isolation
upto 12 dB. However, the outage capacity limited to 1.5 bits/s/Hz because of DRA array’s
lower channel gain. AMIMO RDRA is proposed tomeet requirement for 2.6 GHz Long Term
Evolution (LTE) applications in [11]. Two different excitation schemes, co-axial feed and
coplanar waveguide feed are used to excite two orthogonal modes. The design offered 10-
dB impedance bandwidth of 25% (2.4–3.09GHz) at coaxial port and 47% (2.09–3.38GHz) at
coplanarwaveguide port with correlation coefficient ∼0.03 and nearly 10 dB diversity gain
at the resonant frequency of 2.6 GHz. However, size of the antenna is bulky which can be
reduced by selecting high dielectric constant material. In [12], a compact dual-band MIMO
RDRA is proposed to meet the requirements of entire WiMAX and WLAN bands simulta-
neously. To achieve compactness a high dielectric constant material is placed above low
dielectric constant material. The envelope correlation coefficient (ECC) is within ∼0.1309
and ∼0.0024 at both the bands while measured diversity gain is ∼10 dB. The isolation is
improved by introducing defected ground structure on the ground plane. Two elements
MIMO RDRA design is proposed in [13] where upper side of substrate contains an RDRA
and bottom side another RDRA as shown in Figure 22. The proposed design is compact
with isolation of 15 dB between all the four ports achieved by exciting orthogonal modes
and pattern diversity due to unique arrangement of RDRAs. The ECC is below 0.25 and suit-
able for WLAN (5.15–5.35GHz) applications. An extensive theoretical review work on the
different mutual coupling reduction techniques available is presented in [14]. Dual-port
RDRA with orthogonal feeding structure is proposed for improvement of isolation [15].
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Figure 22. Pattern diversity based double sided DRA for MIMO applications [10].

The design is simple and compact targeting at operating frequency of 1.8 GHz which is
suitable for LTE application. The decoupled orthogonal modes are excited to improve iso-
lation. In [16], two ports excite the same mode in the RDRA. The isolation is improved by
incorporating double slit in the ground plane but the fabrication complexities exist due to
housing of dielectric resonator in the substrate. In [17] awidebandMIMORDRA is proposed
which improves isolation by orthogonally placing mushroom-shaped dielectric resonator.
However, structure may require efficient fabrication tools to fabricate mushroom-shaped
DRA. Three port MIMO RDRA is proposed by exciting three decoupled modes [18]. The
design can be used as three-portMIMOor two-portMIMO. In [19] two-element tree-shaped
DRA array is proposed for UWB (3.95–10.4 GHz) based on periodic C-shaped DGS. The iso-
lation achieved is within 15 dB over the entire band but structure is complex. Dual port
MIMO is proposed by combining L-shaped DRA and CDRA in [20]. The design is made com-
pact and wide band by using parallel metal strips and slits on the ground plane. Further
in [21], a circularly polarized MIMO design is proposed. The design uses truncation along
the two corners of DRA to improve the axial ratio bandwidth. The electromagnetic band
gap or EBG structure on the ground plane improves isolation up-to 26 dB. In [22], another
CP MIMO design is proposed which offers improved isolation about 28 dB. The targeted
application is Wi-Max and design uses parasitic patch to achieve CP. Interestingly in [23,24]
decoupling structures are proposed to improve the isolation in MIMO antennas. Total four
metal-vias are strategically placed within the DRAs in [23] which improve isolation up-to
30 dB. In [24], metal strips are used which have no significant effect on radiation charac-
teristics because strips are placed in weak electric field region of dielectric resonator. Both
the designs are suitable for 5G millimeter wave application. Since the increase in mutual
coupling can degrade the performance of MIMO systems. The simple and effective avail-
able techniques are orthogonal modes [11,13,15], DGS [12,19], parasitic or slot element
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[16,21,22], and decoupling networks [23,24] are proposed for designing RDRAMIMObased
systems.

4. Review of the CDRA geometry

This section shall provide a comprehensive review of the CDRA and its associated geome-
tries. This section has been divided into various sub-sections to emphasize on the major
contribution. Finally, a detailed table of comparisonwith themost promising contributions
of the CDRA geometries is tabulated in various Tables based on applications.

4.1. Wideband andmultiband CDRA geometries

In [25], authors propose to use Seawater and distilledwater as dielectricmaterials. A broad-
band hybrid water antenna operating at very high frequency (VHF) band is presented, in
which a simple seawater monopole is loaded with two distilled water cylinders working
as dielectric resonators (DRs). By employing the loading technique; multiple close reso-
nances are introduced to broaden the impedance bandwidth of the seawater antenna. A
wide bandwidth from 69 to 171MHz for |S11| < −10 dB is achieved and the radiation pat-
terns are stable in the desired band. The proposed structure is shown in Figure 23(a) and
the S parameter response is depicted in Figure 23(b).

A popular way of improving the bandwidth is by stacking of different dielectric sub-
strates. This effectively reducesQ factor and thus improves thebandwidth. This concept has
been rigorously investigated in [26], where the authors use multilayered stacked dielectric
materials on a half-split CDRA and achieve a bandwidth from 5.55 to 12.08GHz. The sim-
ilar stacking concept has also been explored in [27], where impedance bandwidths up to
68.1% compared to 21.0% for a homogeneous DRA with the same size and resonant fre-
quency is achieved. In [28], the authors use stackingmethod to enhance the 3 dB axial ratio
and impedance bandwidth of the circularly polarized cylindrical dielectric resonator anten-
nas excited by an external tape helix. A dielectric cylinder with lower permittivity than the
basement cylindrical dielectric resonator is placed concentrically on top of the basement
cylinder. The new configuration offers an axial ratio bandwidth up to 11% and impedance

Figure 23. Figures in tandemwith reference [25]. (a) Proposed structure (b) S parameter response.
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Figure 24. Figures from reference [29]. (a) Fabricated prototype. (b) The |S11| plot. (c) The three identi-
fied modes at 5.12, 7.28 GHz and9.48 GHz respectively.

bandwidth of 31%. The authors calculate the effective permittivity as follows:

εeff = h1εr1 + h2εr2
h1 + h2

(33)

where h1, h2, εr1 and εr2 are height of substrate 1, height of substrate 2, permittivity of
substrate 1 and permittivity of substrate 2 respectively. Authors in [29] use an interest-
ing concept by minimizing the contact area between DRA and the ground plane. As a
consequence, more current is coupled in the DRA which is subjected to high change in
permittivity at the dielectric air interface, resulting in lowering of Q factor and improved
bandwidth. The proposedDRA offers a bandwidth from 4.5 GHz to 10.1 GHz. The fabricated
prototype of the proposed laterally placed CDRA is as shown in Figure 24(a). Figure 24(b)
shows the S-parameter response and Figure 24(c) shows the three modes inspected. The
vector electric field distributions are shown at the three resonant frequencies 5.12, 7.28GHz
and9.48GHz. For the first resonant point, themode is similar to the HE11δ mode, the second
resonant point resembles to HE12δ mode and at 9.48GHz the field distribution resembles
the mode HE21δ of CDRA. This is in conjecture with the discussion of modes of CDRA in
Section 2 (B).

Using the similar formula of Equation (33) and amodifiedψ shaped feed line, the authors
in [30] have achieved triple-band response exciting HE11δ , HE12δ and TM01δ . The triple band
response includes 2.5–3.02GHz, 3.76–3.86GHz and4.38–4.72GHz. The frequency response
of the three proposed prototypes with different feed configuration is shown in Figure 25.

Another important concept of improving the bandwidth of the DRA is by using multi-
element approach. Different permittivity based DRAs or same permittivity materials can
be placed as parasitic element to the primary DRA or be equally excited by a common
probe/feed, to achieve wideband response. However, unlike arrays where each element
is excited individually, multi-element approach generally confines to single feed or shared
feed technique.

In [31], a compact dielectric resonator antenna for ultra-wideband vehicular commu-
nication applications is proposed. Two cylindrical dielectric resonators are asymmetrically
locatedwith respect to the center of anoffset rectangular couplingaperture, throughwhich
they are fed. Optimizing the design parameters results in an impedance bandwidth of 21%
(5.9–7.32GHz) in the lower band and a 53% relative bandwidth (8.72–15GHz) in the upper
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Figure 25. The proposed feed configurations and Return Loss plot as re-simulated from reference [30].

Figure 26. The proposed four element CDRA. (a) Fabricated prototype. (b) S-parameter simulated
response from [32].

band. The maximum achieved gain is 12 dBi. Similarly in [32], a new four-element cylindri-
cal dielectric resonator (CDR) array is proposed as a wideband low profile monopole-like
antennawhich employs the dominant HEM11δ mode in each CDR. A 29% impedance band-
width with 4 dBi gain offering a compact size of 0.6 λ0 by 0.1 λ0 approximately is explored.
Figure 26(a) shows the top view of the simulated structure and the simulated |S11| plot is
shown in Figure 26(b).

The concept of multi-element DRAs is further explored in [33], where two cylindrical
dielectric resonators that are asymmetrically located with respect to the center of a rectan-
gular coupling aperture are fed through this aperture. The proposed configuration covers
an impedance bandwidth of about 29% (9.62–12.9 GHz) and offers a gain of 8 dBi.

An interesting way of improving bandwidth is also by introducing slots in DRA. This
reduces the effective permittivity and thus lowering down the Q factor and improving
bandwidth. This concept has been explored in [34,35]. In [34], stepped radius DRA is
explored for ultra-wideband response. The new hybrid antenna can easily offer a frac-
tional bandwidth up to 110%. In [35], annular column of CDRA is proposed. The prototype



26 B. MUKHERJEE ET AL.

comprises of two components namely inner cylindrical dielectric and a loaded concentric
column dielectric. The proposed antenna is centrally fed by a coaxial probe, and has a low
profile of 0.175λ0 (λ0 is thewavelength of the center frequency). Four conical radiation pat-
tern modes (TM01δ , TM02δ , TM03δ , and TM04δmodes) are excited and merged, providing an
impedance bandwidth of 56% (3.14–5.56GHz). The modes excited due to central feeding
are in analogous to Section 2(B) discussion. A recent class of pattern reconfigurable CDRAs
have been proposed in [36]. The DRA is composed of two zones: the inner zone is a solid
cylinder fabricated by K9 glass (εr = 6.85) and the outer zone is filled with a dielectric liq-
uid – ethyl acetate (εr = 7.1). The inner glass DRA is excited in its broadside HEM11δ mode
when the ethyl acetate is pumpedout,while the conical TM01δmode is excited in the recon-
stituted cylindrical DRA when the ethyl acetate is pumped in. Consequently, a mechanical
reconfiguration of broadside and conical radiation patterns can be achieved over a wide
impedance bandwidth of 35.5% from 3.75 to 5.37GHz. Similarly, segmented CDRA with
stacked and angular rotation has been explore for wideband applications [37].

4.2. Compact and high gain CDRA geometries

Compact DRAs are those which apart from being electrically miniaturized can be con-
tained in metallic cases or have metal elements aiding in miniaturization. The researchers
in [38] employ stacking of two dielectric material technique to enhance the bandwidth
of the antenna, and the metallic patch is used as a reflector for improving the gain and
enforce compactness. TheDRA is excitedby the central coaxial probe feedwith TM21δmode
being observed at 6.7 GHz resonant frequency. The proposed antenna is fabricated, and a
close agreement is foundbetween simulated andmeasured results. Theproposed structure
offers wide impedance bandwidth of 7.5 GHz from 5.7 to 13.2 GHz. A peak gain of 6.8 dBi is
measured over the desired frequency band. The proposed DRA finds prospective applica-
tions in Wireless Sensor Networks and sensor node application. The authors use Equation
(33) by substituting the height h by the volume V.

Similarly in [117], a Bi-Conegeometry is formedby joining twoconical sections frombase
to base. This aids to increase the surface area to volume ratio (S/V). Thus the impedance
bandwidth of DRA is increased. The Q factor of any DRA is estimated as follows [118]:

Q = 2ω0
stored energy

radiated power
∝ 2ω0(εr)

p
(

volume

surface area

)s

, where p > s ≥ 1 (34)

Thus, as the Q factor decreases, the bandwidth of operation increases.
To furtherminiaturize the Bi-Cone DRA, triangular notches and edge grounding is incor-

porated. The proposed DRA prototype is fabricated and measured. The measured results
show an impedance bandwidth range from 2.8 to 7.38GHz (93.1%) for (S11<−10 dB).
Moreover, the miniaturized Bi-Cone DRA has a volume of 7.58 cm3, which is 74% less than
the volumeof the base structure. The figure of the shorted edge of Bi-coneDRA so achieved
is given in Figure 27. Also shown in the figure is the S-parameter response of the proposed
structure.

However, because of perturbation in the DRA, predicting the precise modes of the DRA
becomes challenging. It can only be compared with a mode in the regular DRA by drawing
equivalence in near filed orientation and far-field plots.
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Figure 27. The figures as referred from reference [117]. (a) The fabricated prototype. (b) The S-
parameter response of the proposed CDRA Bi-cone design.

Researchers in [119] proposed a CDRAwith a double-annular patch and ametallic cylin-
der to obtain a large bandwidth and a high gain. The CDRA is excited for HEM11δ and TM12

mode is excited on the patch. Together the patch and the cavity formed by the metallic
cylinder provide a further higher gain and a larger bandwidth. Similarly in [120], a cylindrical
dielectric resonator, an intermediate layer and ametallic cylinder are used to obtain a large
bandwidth and a high gain. The intermediate layer structure can suppress surface wave
propagation, which results in a gain improvement, and the cavity formed by the metallic
cylinder provides a further improved gain. Themeasured results demonstrate that the pro-
posed DRA achieves a large bandwidth of 23% from 5.4 to 6.8 GHz with a voltage standing
wave ratio of < 2 and a high gain of around 11 dBi.

A novel pattern re-configurability with eight PIN diodes is explored in [121]. The CDRA
is excited for higher order HEM212 mode at 5.71GHz. The same mode, when diodes are
turned ON preserves the HEM21(1+δ) mode. For each direction, the antenna exhibits high
gain (7.27 dBi), high efficiency (86.1%), low cross-polarization level, and similar radiation
pattern. In [122], a single element circular slot aperture coupled Cylindrical Dielectric Res-
onatorAntenna (CDRA)with aparabolic reflector is simulatedandpresented. Themeasured
bandwidth of the single element CDRA is about 1.8% (5.32–5.52) while the simulated
bandwidth is 1.11% (5.32–5.44GHz). A detailed parametric study has been conducted
to realize the effects of reflector parameters to increase the directivity of the designed
antenna. The simulation of the antenna loaded with the parabolic reflector offers a gain
of about240% as compared to the single element CDRAwithout reflector. In another inves-
tigation, researchers in [123], propose a novel Cylindrical Electromagnetic Band Gap (EBG)
loaded structure onCDRA, to improve the peak gain. The EBG cancels on longitudinal fields,
thus improving the gain in the transverse plane. The cylindrical electromagnetic bandgap
structure is composed of two distinctive periodic structures. The first structure is made
of metallic rings, while the second is formed of grounding vias, which are placed radially
and circularly. The proposed structure is shown in Figure 28(a). The proposed structure res-
onates at 2.29GHz (experimental) and offers a gain improvement of approximately 2 dBi.
The improvement in gain as simulated can be seen from Figure 28(b).

A simple yet novel way to improve bandwidth is using the concept ofmerging ofmodes.
The DRA can be properly tuned such that the nearby modes can be merged to offer wide
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Figure 28. The figures of ref. [123] re-simulated. (a) The proposed geometry (b) Simulated Gain with
and without the EBG structures.

bandwidth of operation. This concept has been implemented in [124]. The twohigher order
modes namely HE133 and HE123 are merged to offer wide bandwidth of operation by excit-
ing the DRA using aperture coupling. By optimizing the dimensions of the aperture, a gain
of 11.6 dBi is also achieved. The central frequency of the proposed DRA is 5.8 GHz with a
2.6% impedance bandwidth. The permittivity of 6.15 (Arlon) is used for simulations and
measurements. As claimed in [125], aperture coupling is chosen so as to avoid excitation
of unwanted lower order modes in the DRA. Similarly, a segmented CDRA integrated with
conical horn demonstrated the capability of high gain in [126].

4.3. Circularly polarized CDRA geometries

Circular Polarization (CP) is generated when two orthogonal fields combine, thus offering
orientation independence of operation. Such antennas can be classified as left handed cir-
cularly polarized (LHCP) or right handed circularly polarized (RHCP) depending onwhich of
the two is dominant compared to theother byobserving their respective radiationpatterns.

In DRAs, the CP can be achieved from either providing a differential feed,modification in
the single feed itself so that orthogonal fields are generated, by providing orthogonal slots
to facilitate such fields or by providing necessary perturbation in the dielectric material so
that orthogonal fields are generated.

The concept of feed line to excite quadrature fields is explored from [127–133]. In [127],
conformal microstrip line feeding is used on a half split CDRA surface. The single microstrip
line feed is split into two sectionswhich by virtue of difference in their lengths provide aπ/4
phase shift. The fundamental mode HE11δ is excited which radiates in broadside direction.
The proposed structure offers an input impedance bandwidth of 24.17% in the frequency
range of 2.8–3.57GHz (center frequency of 3.18 GHz). The axial ratio below 3dB obtained
is 7.7% in the frequency range of 3.11–3.36GHz (at center frequency of 3.23 GHz). Similarly,
the samemode can be excited by using a Helix feed using the Hansen-Woodyard condition
further enhancing the axial ratio bandwidth deployed on a hollow CDRA. This has been
explored in [128]. In [129], U-shaped slot feed is used to obtain CP on CDRA. The proposed
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Figure 29. The figures with reference to [129]. (a) The U-shaped slot details. (b) The CDRA placed on the
slot feed. (c) The simulated AR (dB) plot against frequency.

Figure 30. The figures as referred from [130]. (a) The proposed configuration. (b) 3 dB-AR bandwidth
simulated plot.

structure is shown in Figure 29(a) and (b). The simulated axial ratio in dB (AR dB) is depicted
in Figure 29(c).

The simulated bandwidth in [129] is from 2 to 2.61GHz for |S11|≤−10 dB, whereas the
3 dB-AR bandwidth is from 2.31 to 2.61GHz. This falls in the ISM band of 2.4 GHz of opera-
tion. For the sameoperating frequency, an offset from themicrostrip feed line is also able to
excite orthogonalmodes. This is discussed in [130]. The CDRA is placed at an offset from the
microstrip linewith an extension of a stub length ofλ/8which generates orthogonalmodes
thus generating CP in the CDRA. The proposed configuration and the 3 dB-AR bandwidth
plot areas shown in Figure 30(a) and (b) respectively.

A half split CDRA with an offset probe feed has been investigated in [31] to excite CP
waves in the DRA. The design in [131] utilizes the radius to height ratio and feed position of
the circular sector DRA to excite two resonantmodes that are spatially orthogonal in polar-
ization and in phase quadrature. Also, authors in [132], employ a Wilkinson power divider
to provide a balanced power division. A phase shifter providing phase quadrature between
the fields responsible for the generation of CP, is connected to theWilkinson power divider.
The 3 dB AR bandwidth is from 4.95GHz to 7.65GHz. In [133], researchers propose a partial
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Figure 31. The geometry of the proposed structure as referred from [134]. (a) Top view of the structure.
(b) The perspective view of the proposed structure.

ground plane and a modified annular-shaped microstrip line feed loaded with ring res-
onators to provide necessary conditions for generating CP. The proposed structure also
supports compact and lowprofile CDRA requirements. This structure also offers triple-band
response from2.35–2.55GHz, 3.35–3.65GHz and5.1–5.52GHz. The averagemeasuredgain
is 4.71 dBi for the antenna structure.

The perturbation theory explains the electromagnetic conceptswith reference to shift in
the resonant frequency due to the re-distribution of the Electric and Magnetic fields. While
a slot in a DRA, lowers down theQ factor, thus improving the bandwidth of operation, it can
also be used for providing quadrature phase shift between the linear fields leading to circu-
lar polarization. Introducing a slot also supports the perturbation theory. This concept for
CP CDRA has been investigated in [134–136]. In [134], authors propose a stair case shaped
perturbationwhich is deformedperiodicallywith the same angular factor (“β” = 45°) along
the azimuthal direction. In such an arrangement, assumingmagnetic boundary conditions
at the air-dielectric interface, the tangential electric fields are decomposed orthogonally
in such a way that circularly polarized wave could be generated. This proposed structure
offers an impedance bandwidth from 3.37 to 5.69GHz and a 3 dB-AR bandwidth from 4.2
to 4.55GHz. The geometry of the proposed structure is as shown in Figure 31.

In similar lines, authors in [135], use stair shaped slots leading to tuning and merging of
the orthogonal mode pairs. This leads to wider 3 dB-AR bandwidth from 4.21 to 6.79GHz
and impedance bandwidth from 4.1 to 6.81GHz. In [136], notches are created in the CDRA
so as to excite CP. Researchers in [136] create notches at 45° and 225° on the CDRAwhich is
excited by amicrostrip line. This CP-CDRA operates on dual band from 4.57 to 5.79GHz and
8.05 to 9.2 GHz exciting the HE11δ mode. The axial ratio bandwidths in the dual bands are
4.74–5.5 GHz and 8.55–9.18GHz respectively. The peak gains observed in the two bands
are 4.3 dBi at 5.5 GHz and 5.8 dBi at 9 GHz respectively.

4.4. Novel techniques in CDRA

In this section, somenovel variationson the conventional CDRAornewmethods toexciteor
for prospective applications is explored. In [137], the authors employ the concept of stack-
ing the CDRAs. The lower CDRA can be used as a novel feeding method to another DRA
placed on top of it. The dielectric materials used is the same for both the elements stacked.
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Figure 32. Theproposed structure referred in [137]. The figure shows a conical DRAplacedon theCDRA.

The lower element is excited by an aperture created on the ground plane and the upper
element is excited by the lower CDRA. The upper element generates higher order mode
(HEM12δ), whereas the lower mode (HEM11δ) resonates in the entire composite mass espe-
cially the lower CDRA. The best results for such a method are obtained when the upper
element is replaced by a conical section DRA. A 8.3% and 13% matching bandwidth is
obtained using the proposed structure. The proposed geometry is as shown in Figure 32.

In [138], K9 glasswith εr = 6.85 is used for designof dual-bandCDRAexcitedby aperture
feed. The proposed designs make use of the fundamental mode HE111 and HE113 higher-
order mode of the CDRA. The strip and slot fed excitation methods are used on the two
ports of the antennas. A dual-banddual-polarized CDRA for DCS (1.71–1.88GHz) andWLAN
(2.4–2.48GHz) bands and a wideband that covers the 2.4-GHz WLAN band are proposed
and experimentally verified. In [139], a single-element CDRA with air intrusion is examined
to design a new wideband antenna. This antenna is excited by a conformal strip offering
66% impedance bandwidth, thus accommodating four wireless bands (DCS, PCS, UMTS,
WLAN) with 7.25–8.61 dBi peak gain. The air intrusion in the fabricated structure is intro-
duced by placing foam beneath the CDRA slot to provide mechanical stability. Similarly,
differential feed employed using coaxial cables and a 180° phase shifter is used to excite the
CDRA in [140]. This arrangement apart from broadside radiation patterns, also offers very
low cross-polarization levels. The prototype is fabricated and is experimentally verified.

In [141], CDRA with eight slots is inspected. The CDRA geometry is symmetrical and
excites the fundamental TM01δ mode. The eight slots are placed at equal angle spacing
to preserve the symmetricity of the structure. The introduction of slots shifts the resonant
frequency to higher side, i.e. 11.28GHz with an impedance bandwidth of 56.56% ranging
from 6.96GHz to 12.45GHz. Researchers in [142], have identified the HE21δ mode responsi-
ble for generation of cross polar components in radiation patterns. The experimental proof
is verified by perturbing the ground plane and then placing the CDRA on top of it which
generates the HE11δ and the HE21δ mode. The two modes are depicted in Figure 33. The
modes are in conjecture with the discussion in Section 2.2. Members of the same research
group explore the detailed design guideline of exciting a CDRA for HE12δmode in [143,144].
It is established that the radiation pattern of HE12δ mode is quite similar to the fundamental
HE11δ mode however, offering a higher gain.

Authors in [145], propose the use of CDRA for MIMO applications. The antenna operates
in a frequency range from 3.7 to 7.25GHz and offers isolation (|S12|) of −17 dB between
the ports. For improved impedance matching, partial ground plane with loaded novel cir-
cular shaped defected ground resonators are used. Similarly in [146], researchers explore a
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Figure 33. The modes identified in a CDRA as referred in [142]. (a) HE11δ mode excited in the CDRA. (b)
HE21δ mode excited in the CDRA.

Figure 34. Theproposedconfigurationas referred in [147]. (a) TheFront viewof theproposedgeometry.
(b) The top view showcasing the corrugations. (c) |S11| plot against frequency.

novel loop coupled with the CDRA to excite the TM01δ mode. This method doesn’t require
any drilling in the CDRA. The experimentally verified resonant frequency for the mode is
5.31GHz with an impedance bandwidth of 3.4%. The main finding is that the magnetic
field induced because of the current loop excites the radiator bymeans of electromagnetic
coupling.

In [147], a corrugated plus shaped inverted half cylindrical dielectric resonator (CDRA)
antenna is analyzed for wireless multiband applications. The proposed DRA targets IEEE
802.11p standard wireless access in vehicular communication. Less contact base area to
ground plane for inverted half cylindrical DRA & deployed corrugation plays an essential
role for enhancement of the bandwidth and gain. In proposed antenna HE11δ , HE12δ , HE123
& HE142 hybridmodes are investigated. The presence of higher order modes contributes to
enhancement of the gain. A low loss dielectric material, Rogers TMM10 (εr = 10.2) is used
to construct the antenna. This antenna covers the bands at 4.5 GHz (4–5.5 GHz), 6.75 GHz
(6.6–6.9 GHz), 7.9 GHz & 11.5 GHz (7.7–11.8 GHz) resonant frequency respectively. The pro-
posed geometry is shown in Figure 34(a) and (b) whereas the |S11| plot against frequency
is shown in Figure 34(c).

In [148], a low profile stackedmodified CDRA is proposed for wireless applications. A low
profile antenna is one whose height is much smaller than other physical dimensions. Also,
the field distribution is more dependent on secondary parameters like feed and coupling
aperture, etc. The first proposed circular stair-step low profile DRA offers maximum gain of
8.57 dBi. The antenna offers a super-ultra-wideband of 15.2 GHz (i.e. 122.5% from 4.8 GHz
to 20GHz), which is achieved through semi-cylinder-shaped perturbations and stairstep
fractal structure formed by the systematic stepped rotation of the structure, and, thus,
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Figure 35. The first proposed configuration of the reference [148].

increasing the S/V ratio and decreasing the effective dielectric constant and lowering the
Q-factor of the structure. The second proposed structure extends minimum volume and
compact structure with a maximum gain and efficiency of 15.65 dBi and 94.89%, respec-
tively. Figure 35 shows the fabricated prototype of the stair-stepped low profile DRA. The
structures are highly perturbed and so predicting the exact mode of operation for such
perturbed geometries is not possible.

A novel variation in the primary CDRA is by changing the radius along the azimuth
plane. This traces an ellipse. Elliptical DRA has been explored in [149]. The radiator com-
prises of a semi-eccentric annular dielectric resonator, which is a semi-elliptical DR with
a hollow elliptical cylinder. A vertical coaxial probe is located adjacent to a cutting sur-
face of the DR to excite the proposed structure. The two main design parameters are the
aspect ratio of the elliptical Dielectric resonator and the feed position. This DRA is designed
for X band applications. The experimental results show a reflection coefficient bandwidth
from 9.41–12.62GHz and a 3-dB axial-ratio bandwidth of 5.71% (10.37–10.98GHz). The
measured peak gain varies from 4.17 to 4.78 dBic. The proposed geometry is shown in
Figure 36.

Similarly, a Fibonacci series can be used to propose a variation in CDRAwhich resembles
the elliptical DRA. This Fibonacci series basedDRA is explored in [150]. An impedance band-
width (|S11| < −10 dB) and 3-dB axial ratio bandwidth achieved are 106.5% (6.1–12.6 GHz)
and18.9% (10.6–12.6 GHz), respectively. Fundamental HE11δ and HE12δ modes are excited
at 9.1 and 10.8 GHz resonant frequency respectively and maximum gain attained is 7.6 dBi
at 8.7 GHz. The fabricated proposed structure and its axial ratio& |S11| plots are shown in
Figure 37(a) and (b) respectively.

4.5. Multiple-inputmultiple-output (MIMO) and diversity CDRAs

Many MIMO and diversity CDRAs are proposed to meet the requirements of 5G millimeter
wave applications and other communication systems [39–47]. In view of this, a two-port
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Figure 36. Theproposed structure from reference [149]. (a) Twodimensional projectionof theproposed
geometry. (b) The perspective view of the geometry.

Figure 37. The configuration and results of reference [150]. (a) The fabricated prototype. (b) The axial
ratio & |S11| plots against frequency.

dual-polarized omnidirectional design is proposed in [39] by exciting electric andmagnetic
dipole modes. The design uses single annular CDRA and two groups of four radially placed
microstrip feed lineswith different lengths to improvebandwidth ofmagnetic dipolemode
which additionally suppresses higher order modes. Applications such as drone and aircraft
prefer dual-polarized antennas with omnidirectional radiation patterns to avoid polariza-
tion mismatch at different flight altitudes. In [40], a new wideband compact EBG at 60GHz
is proposed to reduce themutual coupling between CDRA elements. The targeted applica-
tions are compact antenna arrays, imaging radar systems andMIMO systems. A triple-band
hybridMIMOCDRA is presented in [41] at operating frequencyof 6.4 GHz. Foldedmicrostrip
line excites the desired resonant mode with isolation of 10 dB. Further improvement in
isolation upto 15 dB with an additional frequency band (2.6–2.78GHz) is attained by etch-
ing two inverted L-shaped metallic strips in the ground plane. The potential applications
are LTE2500, WLAN and WiMAX. In [42] a novel Frequency Selective Surface (FSS) based
MIMO CDRA is proposed. The FSS structure has a Jerusalem cross, and an FAN structure.
The isolation is improved upto 30 dB by combining both, FSS structure and slots on the
ground plane. It should be noted that FSS is placed between DRAs to suppress surface
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waves. The design is suitable for millimeter-wave MIMO systems in the frequency band,
57–63GHz. Another MIMO CDRA design is presented in [43]. It is based on two linear arrays
where each array is constructed by four CDRAs operating at 30GHz. Passivemicrostrip feed
network excites the proposed design. However, each array radiates in tilted fixed beam
direction for low field correlation and isolation achieved is 25 dB. The application can be
5G communications or other short-range high-speed data links for handheld devices. In
[44] a metamaterial polarization-rotator (MPR) wall improves the mutual coupling on aver-
age bymore than 16 dB between two closely spaced CDRAs in the presentedMIMO system.
The other parameters such as radiation pattern, input impedance is unaltered after using
MPR wall which is composed of 1×7 unit cells. The design is suitable for millimeter-wave
applications in the frequency band 57–64GHz. Similarly, in [45] by incorporating a meta-
surface consisting of 1×7 array of SRR unit cells between two CDRAs. It improves isolation
upto 28 dB without significantly affecting antenna performance. The design is suitable for
millimeter-wave applications in the frequency band 56.6–64.8 GHz. In [46], a two-element,
four-port CDRAMIMO design is presented. The CDRAs are arranged back-to-back on a sub-
strate in a uniquemanner which provides bi-directional diversity. The isolation is improved
upto 18 dBby excitingorthogonalmodes in opposite directions in eachCDRA. The targeted
applications are WLAN devices and terminals operating in the frequency band, 5.4–6GHz.
A dual-port two-element annular CDRA is proposed in [47]. U-shaped printed line is used
for exciting the fundamental mode in CDRA and also, act as a radiator. This is the hybrid
technique used for improving bandwidth. The isolation is improved upto 18 dB by using
two L-shaped DGS and a rectangular-shaped DGS. The design operates in the frequency
band, 3–7GHz which makes it suitable for WiMAX (3.3–3.6 GHz) and WLAN (5.2–5.8 GHz)
applications.

5. Review of the HDRA geometry

This section provides the details of various advances made in the hemispherical geometry
of the HDRA. As has been stated that compared to the other conventional geometries, the
HDRA offers a simpler transition to be solved numerically at the dielectric air interface. Yet,
the HDRA fabrication, in comparison to the other conventional geometries is a bit challeng-
ing. A great amount of work in this direction has been done by the research group at City
University of Hong Kong under K W Leung. The various sections have been organized to
discuss the review of the research work carried out so far.

5.1. Wideband and circularly polarized HDRA geometries

Themodal theory of theHDRAgeometry has already been discussed in detail in Section 2.3.
Further, the zero degree of freedom, offers a limitation on the capability to alter any dimen-
sion of the HDRA. This section discusses the different ways of improving the bandwidth of
operation for an HDRA.

The analysis of the HDRA geometry has been deliberated using Green’s function syn-
thesis. This, as discussed, depends on the particular and the homogeneous solution. The
detail of the Green’s function formulation is discussed in [61–63,151–153]. Researchers in
[154,155], propose the analytical solution for multilayered HDRA excited by aperture cou-
pling. Based on the modes to be excited, the HDRA bandwidth can be improved by either
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Figure 38. The geometry and its results from reference [64]. (a) The proposed geometry. (b) The electric
field distribution for the TM101 like mode at 2.7 GHz. (c) The radiation pattern at 3.7 GHz for phi = 0°
plane.

mode-matching technique or impedance matching technique. In [64], the mode match-
ing technique is used to achieve a wide bandwidth of frequency. The probe feed is used to
excite the fundamental TM101 mode in the invertedHDRA. The TM101 modehas a null along
the broadside direction of the far-field pattern and radiates like a short electric monopole
antenna. The rationale to reduce the base area lies in the fact that as the base area reduces,
the current which gets flushed away by the contact on ground plane reduces and more
current gets coupled in the DRA. This leads to a high discontinuity at the dielectric air inter-
facewhich reduces theQ factor, thus improving the bandwidth of operation. The proposed
HDRA offers a bandwidth from 1.8 to 3.7 GHz. The peak gain is 4.5 dBi at 2.3 GHz. The pro-
posed geometry is shown in Figure 38(a). The TM101 mode at 2.7 GHz is shown in Figure
38(b) using the plot of the vector electric field distribution and the radiation pattern for
ϕ = 0° at 3.5 GHz is shown in Figure 38(c).

In [156,157], the authors propose a new variation of quarter and half segmented HDRA
for wideband applications. In segmented HDRA where four quarter sections are consoli-
dated, two nearby modes are merged to offer a wider band width of operation. In this case
[157], theHEM11δ-likemode and the TM101-likemodes aremerged to offer bandwidth up to
30%. It is concluded that the quarter HDRA is much more compact than the conventional
monopole antenna having its one-third impedance. The concept of merging the nearby
modes can also be explained by the fact that for an HDRA, the input impedance is given as

Zin = −1

I2

∫∫
S
EZ(r′)JZ(z)dS (35)

where Ez is the z directed electric field component due to the probe current Jz. The z-
directed probe current Jz is the surface current flowing on the probe surface S. Also, IZ =
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Figure 39. The proposed geometry as referred from [159]. The simulation results of the various cases of
the reflection coefficients.

2π rJZ(z), where r is the radius of the HDRA. Thus, as the surface area decreases at the base
area ground plane contact for the HDRA, input impedance decreases, which groups the
closer modes, leading to wider bandwidth of operation.

In [158], a novel stacked HDRAmade of acrylic and glass is investigated. The two-layered
transparent HDRA supports the TM101mode of operation which has omnidirectional char-
acteristics. The outer layer has an average εr1 = 6.85 of Glass and the inner acrylic layer
has an average εr2 = 2.5 for the frequency range of operation. The measured impedance
bandwidth for such a structure is 14.2% (3.47–4GHz). The complete characteristic equa-
tions are solved and the designdetails are presented to realize the proposedHDRA. In [159],
a monopole loaded with HDRA structure is investigated for ultra-wideband (UWB) appli-
cations. The prototype is fabricated with εr = 10 material and the effect of a monopole,
HDRA with center probe feed and an extended monopole is investigated. It is interest-
ing to observe that a bandwidth of 126% is achieved with pattern stability of a monopole
type radiation pattern and gain from 2 to 4 dBi is also observed. The simulated reflection
coefficient is as shown in Figure 39. The figure clearly shows the comparison of the three
proposed structures.

Researchers in [160] have proposed a detailed investigation on removing slots or sec-
tions from the HDRA and observed its effects on the bandwidth improvement. The most
optimized geometry is observed for top slashed geometry. The rationale of the wide band-
width observed is explained using Equation (35). As a part of the removal of the section of
the HDRA, the net surface area increases, this decreases the input impedance as the current
densityoperateson the increased surfacearea. This effect reduces theQ factor, thus improv-
ing the bandwidth of operation from 11.4% of the basic HDRA to 16.4% for the improved
design. The proposed geometry investigated is as shown in Figure 40. The TE111 mode of
operation is preserved during all investigations as the HDRA is excited by an offset coaxial
probe feed. The resonant frequency of the proposed structure is approximately 2 GHz.

Another way inspected by researchers for improving the bandwidth is by creating
Defected Ground Structure (DGS) on the ground plane. This has been proposed in [65,161].
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Figure 40. The proposed geometry as referred from [160].

In [161], three rectangular DGS are etched on the ground plane. The central DGS protrudes
as a slot in the HDRA structure which reduces the effective permittivity of the material
thus aiding in improving bandwidth. The rectangular DGS are spaced at a distance of
d = 3.75 cmwhich is λ/4 distance at 2 GHz. The λ/4 distance modifies the current distribu-
tionby increasing thepath length andalso leads to effective current cancelation around the
slot, reducing the cross-polar levels of the radiation pattern. This geometry offers a band-
width of 23% at 2GHz resonant frequency and a cross polar levels are 35 dB lower than
the co-polar levels. As an extension, for effective cancelation of the currents in the ground
plane, Complimentary Split Ring resonator (CSRR) is etched on the ground and the same is
extended as a slot in the HDRA. The design procedure of the CSRR slots is explained in [65].
The CSRR induces currents in the opposite orientation around the slots and thus, leads to
very efficient current cancelation, lowering the cross-polar levels to around 40 dB than the
co-polar levels of the radiation pattern. The CSRR shaped slots protrudes through theHDRA
thus, lowering down the effective permittivity and the Q factor. This leads to improved
bandwidth. The dielectric material used for fabrication is Rogers TMM 10 with εr = 9.2.
A bandwidth of 30% centered at 1.9 GHz is measured from the fabricated prototype. The
proposed geometry offers a peak gain of 6 dBi.

The concept of slots is further extended in [162] for improving the bandwidth. A novel
cheeseholes type HDRA is proposed where holes are drilled along all the three planes, i.e.
x-y, x-z and the y-z planes. The holes are drilled at a distance of a fraction of λ/2 in order to
achieve minimum Q factor because it ensures best cancelation of the EM waves inside the
dielectric material. The resonant frequency is shifted to 2.53GHz for the proposed struc-
ture due to lowering the effective permittivity of the material and the structure offers 25%
impedance bandwidth. The peak gain observed is 6.2 dBi. Interestingly the TE111 mode of
the HDRA remains preserved while the holes are drilled. The proposed structure and its
simulated reflection coefficient are as shown in Figure 41(a) and (b) respectively.

On similar notes, CP has also been investigated on HDRAs. In [163], two conformal strips
with 90° phase difference is used to excite theHDRA. This leads to generation of CPwaves in
the HDRA. Through this simple proceduremore than 20% of the 3-dB axial ratio bandwidth
is obtained. As an extension, authors in [164], propose a novel grounded microstrip patch
to an aperture coupled HDRA. The parasitic patch generates an orthogonal field which
when combineswith the aperture coupled field generates CPwaves. The CP frequency and
axial ratio (AR) can easily be controlled by the patch location and patch size, respectively,
with the impedance matched by varying the slot length and microstrip stub length. The
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Figure 41. The figures as referred from [162]. (a) The proposed structure. (b) The simulated reflection
coefficient.

detailed analytical solution for the problem is also formulated and presented. The parasitic
patch also acts as a frequency tuning element for the HDRA. A 3.4% 3-dB AR bandwidth is
observed for the proposed structure.

5.2. Compact and high gain HDRA geometries

In the quest to find advancement for novel compact HDRA geometries, [165,166] propose
wideband and compactness with a modified HDRA structure. In [165], a novel half HDRA
with arrayof slots loadedwith amonopole is proposed. Thehalf HDRAoffers abandwidthof
0.96GHz with a resonant frequency of 5.3 GHz. The peak gain offered is 7.2 dBi at 6.02GHz.
The array of slots is responsible to lower down the effective permittivity and the Q factor,
thus increasing the bandwidth range. On the proposed HDRA structure, a circular metal-
lic patch is loaded [166]. This metallic patch serves three important purposes. First, it acts
as a reflector which improves the peak gain of the operating structure; second, the radius
of the patch governs the frequency tuning capabilities of the proposed structure. Third, it
aids in making the proposed structure compact. The patch is found to excite TM11mode
at 4.55GHz and TM21 mode at 5.05GHz. The proposed modified HDRA excites the TM101

mode of the HDRA. Because of the presence of the metallic patch, the peak gain observed
is 8.5 dBi at 5.05GHz. The proposed structure and the excited TM101-like mode is as shown
in Figure 42(a) and (b) respectively. From Figure 27(b), the role of the reflector from the
metallic patch can be clearly seen.

In [167], a novel metallic capped inhomogeneous hybrid HDRA is investigated for ultra-
wideband (UWB) applications. The proposed structure offers 170% bandwidth with an
operational bandwidth ranging from 4.7 to 60GHz. The presence of themetallic capmakes
the structure compact. Similarly in [168], concept of sectored sections with successive fixed
ratio of angle of sector and radius of the sector is proposed to achieve a compact and
wideband HDRA response. The generation procedure of the proposed HDRA is as shown in
Figure 43(a). It can be clearly seen that with each iteration, the sector angle and the radius
of the sector follows a fixed ratio, thus, the volume of the sector constantly reduces. The
fabricated prototype can be seen in Figure 43(b). The perturbation because of the stag-
gered sectoring leads to a wide bandwidth response of 2.65GHz. The resonant frequency
is 4.16GHz. The asymmetrical nature of the proposed structure also leads to generation of
CP waves and it is found to be LHCP dominant. LHCP is observed from 4.2 to 5.3 GHz. The
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Figure 42. The proposed structure details as referred from [166]. (a) The proposed geometry. (b) The
TM101-like mode of the HDRA.

Figure 43. Thefigures as referred from [168]. (a) Thegenerationprocedure. (b) The fabricatedprototype.
(c) Reflection coefficient response. (d) 3-dB AR bandwidth response.

reflection coefficient response and the 3-dB AR bandwidth can be seen from Figure 43(c)
and (d) respectively.

Further in [169], a monopole is loaded in adjacent by an HDRA. The detailed Green’s
function synthesis is carried out and the effect of the HDRA loaded on the monopole is
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Figure 44. The proposed structure as referred from [170].

studied. The radiation pattern is found to be asymmetric in one plane and symmetric on
the other. Also, the RADAR cross section (RCS) of the proposed structure is found to be
quite small.

For improving the gain of the structure, two sections of the HDRA equally split, i.e. half
HDRA are excited by a common probe which leads to a monopole type radiation pattern
and a high gain. The proposed structure in [170] can be clearly seen from Figure 44.

A recent technique to improve the Peak gain of the DRAs is by loading an Electromag-
netic BandGap Structure (EBG) ormetamaterial-based structures. This loading can be done
in two ways either in the near field of the DRA or in the far field region of the DRA. The far-
field of the antenna is characterized by a distancemore than 2D2/λ, whereD is the broadest
dimension the DRA, and λ is the operating wavelength. If the EBG structure is loaded in the
near-field region of the HDRA, it leads to increase in the effective aperture area of the HDRA
and thus improves theGain.While at the far-field region, the normal component of the radi-
ated waves are coupled to increase directivity in free space, whereas the tangential fields
induced on the EBG are canceled due to the presence of a band gap. This concept has been
exploited in [171–174].

In [171], a hexagonal lattice hole type EBG material for the TE mode of operation is
designed. For this a dielectric material of εr = 2.81 is chosen. The holes are drilled at an
approximate distance of λ/4 so as to facilitate the maximum cancelation of the EM waves.
As a consequence of loading the EBG on the HDRA, the TE111 mode of the HDRA is sup-
pressed and the TM101 mode gets excited. The EBG has a bandgap from 1.75 to 2.25GHz
and the HDRA is resonant at 2 GHz. As a part of embedding the HDRA in the center of the
EBG lattice, the bandwidth increases from 11.25% to 30% and the gain improves from 6.13
dBi to 9 dBi. The effect of the partial removal of dielectric material from the EBG and place-
ment of the HDRA in that area, aids in increasing the discontinuity in the field lines, thereby
reducing the overall Q factor of the antenna and thus, increasing the bandwidth. Further,
a square lattice EBG is designed and loaded at a small height from the HDRA, however in
the near field region to improve both Gain and impedance bandwidth. This is explored in
[172]. The square lattice EBG is designed for TM modes and thus, the fundamental TE111
mode the HDRA remains unaltered. The effect of the EBG in the nearfield loading improves
the bandwidth from 10.4% to 38% at 1.78GHz and the peak gain from 6 dBi to 8.05 dBi at
1.95GHz. The unit lattice of the EBGwith its radius and the periodicitymarked is as shown in
Figure 45(a). Theproposed structure is as shown in Figure 45(b) and the simulated reflection
coefficient results are shown in Figure 45(c).
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Figure 45. The proposed geometry and results as referred from [172]. (a) The unit cell of EBG proposed.
(b) The proposed HDRA loaded with EBG. (c) Simulated Reflection coefficient results.

In order to improve thebandgap response of the EBG, authors propose Sierpinski Carpet
Fractal geometry for the arrangement of the holes. This novel EBG is placed on the HDRA
and its investigation is carried out in [173,174]. Following a similar procedure, in [173], the
HDRA is embedded in the novel fractal EBG. This improves the bandwidth from10.4%of the
HDRA to 21% with resonant frequency at 1.82GHz. In [174], the height of the novel fractal
EBG is raised. This increases the effective aperture and also lowers the Q factor. Interesting,
the effect of raising the height improves the bandwidth from 10.4% to 63% at 1.42GHz and
also the peak gain improves from 6 dBi to 10 dBi at 2.05GHz. A prototype is fabricated and
the simulation results are experimentally verified.

For all EBGs it is well noted that the size of the EBG needs to be large enough to cancel
the axial components of the fields. For smaller lattice size of the EBG, the cancelation of the
EM waves is insufficient thus, lowering the gain of the antenna.

5.3. Novel techniques in HDRA

As has been mentioned in Section 2 (C), the transition of the dielectric air interface is
smooth; researchers have found Green’s function synthesis for various cases and geome-
tries of the HDRA. The Green’s function can be extended to calculate the farfield pattern of
the HDRA as well. Researchers in [67,175–178] propose a Green’s function for the coaxial
probe fed HDRA under different configurations. In [175], the cross-polarization level of the
radiation pattern is predicted using the mode-matching technique. Further, the detailed
electric field component Ecross is also found. It is calculated by employing the fact that for a
ẑ directed current, the Ecross is given as follows:

Ecross = Eθ sin∅ + E∅cos∅ (36)
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where θ and� represent the elevation and the azimuthal plane components.
In [67], the theoretical descriptionof the coaxial probe fedHDRA is predicted. In this case,

the TE and the TMmodes excitation is clearly studied. The experimental verification of the
proposedGreen’s function is also validated. As an extension, the center feed of HDRAwhich
excites the TM101 mode is studied in [176]. Similarly, the axial feed HDRA is studied in [177].
After calculating theGreen’s function, the self and themutual impedances of the cylindrical
dipoles formed in the free space are also calculated. In [178], the input impedance of the
coaxial probe excited HDRA is predicted. The experimental verification for an offset probe
feed is also calculated.

In [179], the mutual impedance between two closely spaced HDRAs is calculated using
Green’s function. Since the probes excite the HDRA and so are not resonant themselves.
This feature is exploited in the single mode excitation theory where the direct coupling
between the probes is neglected as a consequence of it. In [180,181], the Green’s function
of the HDRA with an air gap and concentric conductor is calculated. This lays the founda-
tion of analysis of any multilayer or stacked HDRAs which are rigorously investigated for
wideband operation. Multiple layers lower down the effective permittivity and the Q factor
which improves bandwidth of operation.

In [182,183], the aperture coupledHDRA is analyzed.While the aperture coupling is stud-
ied in [183], the reference [182] strictly confers to the understanding of the TE221 mode
which has an end-fire radiation pattern. It is found that when the slot is aligned along the
diameter of theHDRA, all TMmodes are suppressed and the TE221 mode is strongly coupled
to theHDRA. As a further enhancement to the analysis, authors in [184], employ the Volume
Surface Integral equation (VSIE) with the dyadic Green’s function formultilayer HDRAswith
conformal patch placed on it. The effect of patch placed at different angles is also analyzed.
In [185], a detailed formulation of Green’s function for multilayer is carried out. The results
of the theoretical investigation are also validatedwith experimental results from fabricated
prototypes.

5.4. Multiple-inputmultiple-output (MIMO) and diversity HDRAs

Asmention in the aforementionedRDRAandCDRAMIMOsections the advantages ofMIMO
technology are enormous such as high data rate but mutual coupling between multiple
antennas formingMIMO system is a problem. In literature, HDRA designs are still not exten-
sively studied for MIMO system due to difficulty in fabrication and bulky size. In view of
this, a single HDRA based MIMO design is proposed at 4.9 GHz for WLAN applications [48].
The design consists of four elements HDRA and improves isolation upto 25 dB by exciting
antennas from opposite side and providing offset to the feed.

6. Review of fractal investigation on DRAs

Fractalmeans a self-similar repetitive pattern. If a base element is repeated over a complete
area, the geometry arising is termed as fractal. The fractal geometry on DRA extends a sys-
tematic, yet regular perturbation on the DRA which maximizes the surface area to volume
ratio and thus reduces theQ factor, leading to improvement inbandwidthof operation. This
stands in concurrence to Equation (34). In this section, a detailed survey on various fractal
geometry investigations on the DRA structures is carried out.
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Figure 46. The proposed perforated Minkowski geometry as referred from [188]. (a) The proposed
structure. (b) The reflection coefficient simulation results.

6.1. Fractal geometry on RDRA structures

A popular method of Minkowski fractal is investigated in [186–190], for the RDRA geome-
tries. In [186], experimental verificationofMinkowski fractal onRDRAwith co-planarwaveg-
uide slot feed is done. In the research, it is also found that compared to Sierpinski and
Koch curves, minkowski on RDRA generates maximum bandwidth. The proposed antenna
offers a fractional bandwidth of 64% (5.52 –10.72GHz) and a broadside radiation pattern.
At 6.96 GHz a peak gain of 4.9 dBi is observed. The permittivity of the material used for
the DRA is εr = 10. The self-similar property of the fractal generates higher order modes in
the proposed DRA. As an extension of the work, the authors in [187], propose a cross-slot
coupling as a feed to the Minkowski fractal RDRA which generates the phase quadrature
resulting in Circular Polarization. The structure yields a measured impedance bandwidth
of 53% (4.71–8.10GHz). The proposed structure is Left Hand Circularly Polarized (LHCP)
dominant with a gain of 4.21 dB. In [188], the concept of perforations on the Minkowski
fractal RDRA geometry is further extended to lower down the effective permittivity and
thus the Q factor to increase the bandwidth. The antenna is excited by a probe fed at its
center. This operates in quasi TM01δ mode which is similar to the TM01δ mode of CDRA. An
impedance bandwidth of 2.48GHz is obtained and the peak gain varies from 3.6 to 4.05 dBi
in the matching band with maximum at 5.5 GHz. The proposed structure and its reflection
coefficient results are as shown in Figure 46(a) and (b) respectively. The radiation pattern
observed is omnidirectional in nature.

A similar modified fractal RDRA is also proposed in [189]. The proposed Fractal Rectan-
gular Curve (FRC) with an offset probe feed and a central hole generates TEy1δ1 mode of
RDRA. As a consequence, for a material with εr = 8, an 18.44% bandwidth from 3.4056
to 4.831GHz is obtained for a resonant frequency of 3.674GHz. Further, a peak directiv-
ity of 6.009 dBi is also obtained. In [190], a novel Minkowski Half-hexagon Notched DRA
(MHNDRA) is proposed to increase the surface area to volume ratio, bandwidth and oper-
ate at high-order modes to achieve higher gain. The proposed fractal RDRA offers a wide
impedance bandwidth of 2.57GHz at a resonant frequency of 4.8 GHz. Two modes have
also been investigated which show the presence of both TEz21δ like and TEz22δ like modes.
The peak gain of proposed antenna is 7.45dBi at 6.37 GHz. The proposed structure and its
|S11| plot is as shown in Figure 47(a) and (b) respectively.
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Figure 47. TheMHNDRA as proposed in [190]. (a) The proposed geometry. (b) The Reflection coefficient
plot.

Figure 48. The Sierpinski fractal DRA as proposed in [192]. (a) The fabricated prototype. (b) The reflec-
tion coefficient plot.

In [191], slots in RDRA following the pattern of Sierpinski Carpet Fractal Geometry are
proposed. Both rectangular and circular shaped holes are simulated. However, the circular-
shaped slots based fractal DRA structure is fabricated and experimentally validated. The
DRA material used is Teflon. The bandwidth offered is from 9 to 11.5 GHz and a peak gain
of 7.5 dBi is also observed. In [192], Sierpinski fractal on RDRA is investigated. The inverted
pyramid-shaped Sierpinski fractal DRA is found to be the best configuration amongst other
proposed in the paper, in terms of bandwidth of operation and operating Gain. The struc-
ture offers 5.2 GHz bandwidth ranging from 5.3 to 10.5 GHz. The peak gain is 6.56 dBi at
10.1 GHz. The inverted geometry minimizes the base contact area of the dielectric material
with the ground plane and so it offers the maximum bandwidth. The fabricated prototype
and its reflection coefficient plot is shown in Figure 48(a) and (b) respectively.

In [193], Sierpinski fractal is employedwith rotation to achieveCP. Theproposedantenna
consists of four rectangular dielectric layers; each one is rotated by an angle of 30° rela-
tive to its adjacent layers. Utilizing this type of approach produced a circular polarization
over a bandwidth of 6.38% ranging from 9.67 to 10.3 GHz. The proposed fractal DRA has
impedance bandwidth of 25.32% over the frequency range of X-band.

Interestingly in [53], dual fractal is implemented on a double segmented RDRA. Using
Van Bladel approximation, where the field lines are symmetric about the plane, half of
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Figure 49. The dual fractal applied to RDRA from [53]. (a) The two modes identified using Scalar
Magnetic Field distribution. (b) The fabricated prototype.

the material can be removed. Thus, a quarter of RDRA is obtained. This is subjected to
Minkowski fractal for the outer material and the inner material is subjected to Sierpinski
fractal. The bandwidth offered is 3.5–7.02GHz (measured) and the peak gain is 6.74 dBi
at 6.25 GHz. Two modes are also identified on the unperturbed surface of the fractal RDRA
namely TEz11δ at 3.9 GHzand TE

z
21δ at 6.82GHz. This is as shown in Figure49(a). The fabricated

prototype is as shown in Figure 49(b).

6.2. Fractal geometry on CDRA structures

In [194], Koch snowflake fractal geometry on a CDRA is designed and assessed up to two
iterations. The proposed fractal DRA gives a wide impedance bandwidth of 56.5% at the
fundamental resonant frequency of 3.6 GHz. Excitation of higher order HE12δ like mode in
the fractal geometry causes the radiation pattern to be broadside in nature. On applying
fractal the peak gain improves from 5.3 to 6.9 dBi. Further extending and using the Van
Bladel approximation, a compact Koch fractal ring CDRA is proposed in [195]. The proposed
antenna offers a wide impedance bandwidth of 90% ranging from 4.7 GHz–12.4 GHz. The
effect of the fractal geometry enhances the gain of DRA. The proposed antenna achieves
radiation efficiencymore than 78%, throughout thebandwidth. Interestingly, the proposed
configuration reduces the DRA volume by 76.63% with reduced volume of 7.91 cm3. The
fabricated prototype and its reflection coefficient result are as shown in Figure 50(a) and (b)
respectively. The shift in the resonant frequency of the fractal compared to the base CDRA
is explained using the perturbation theory in electromagnetics.

In [196], novel fractal on CDRA is proposed for UWB applications. The proposed fractal
CDRA ismade by 30°, 60°, 120° angular portion of cylinder with radius ratio (1:2:3). This frac-
tal geometry offers 9.2 GHz operating bandwidth which spans from 3.6 GHz–12.8 GHz. The
proposed structure achieves peak gain of 9.45 dBi withmore than 89% radiation efficiency.
Hybrid Electromagnetic HE11δ , HE12δ modes are identified at 4.43GHz & 8.31GHz resonant
frequencies respectively.

In [197], half split CDRAbased fractal structure is investigated. This novel fractal is termed
as ‘Tree-shaped fractal’. The first iteration provides bandwidth of 20% and the second iter-
ation offers a bandwidth of 27% at 13GHz. A constant gain of 5 dB is observed over entire
range of frequency. The DRA is fabricated out of FR4 epoxy and is low cost. The proposed
structure is shown in Figure 51.
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Figure 50. Compact Koch Snowflake Fractal CDRA from [195]. (a) The fabricated prototype. (b) The
reflection coefficient results.

Figure 51. The proposed tree-shaped fractal as referred from [197].

In [198], Sierpinski Carpet fractal-based slots are created inCDRA topropose novel fractal
geometry. The impedance bandwidth improves to 50% and the peak gain varies from 5.25
to 6.25 dBi. The proposed structure covers the X-band of application.

6.3. Fractal geometry on HDRA structures

Since HDRA offers zero degree of freedom compared to RDRA and CDRA, the radius of
the Hemisphere is fixed corresponding to the resonant frequency. This lays a limitation in
introducing a fractal concept on the HDRA. Onemethod is to divide the radius into smaller
sections such that the total radius of the base hemisphere remains constant. This concept
has been executed by deploying Apollonian Gasket of circles on the HDRA which has been
inspected in [199]. The apollonian gasket begins with three circles which are tangent to
each other. Now, there are exactly two circles which are perfectly tangent to all the three
circles designed in the initial step. One in the interior and second in the exterior. If any set of
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Figure 52. The proposed HDRA fractal of apollonian gasket as referred from [199]. (a) The fabricated
third iteration fractal on HDRA. (b) The simulated and measured refection coefficient plots for third
iteration.

three circles are chosen, a second iteration of new tangent circles can be drawn. Based on
this concept, up to three iterations are experimentally validated on theHDRA. The third iter-
ation fabricated proposed fractal structure is as shown Figure 52(a). The fractal geometry
offers a wide impedance bandwidth of 1.68 GHz (47%) at a resonant frequency of 3.6 GHz.
At the lower frequencyband, TM101-likemode is identified and soanull along thebroadside
direction is observed at 3.6 GHz. At the higher side of the frequencyband, TE111-likemode is
identified and so a broadside radiation pattern is observed at 4.5 GHz. A peak gain of 8.7 dBi
at 4.75GHz is obtained in experimental measurements. The increase in resonant frequency
is attributed to the fact that on applying the fractal, the dielectric material is distributed
with every iteration, thus reducing effective dimensions of the antenna and increasing the
resonant frequency of operation. Interestingly, the surface area and the volume calcula-
tion for infinite iteration of the fractal forms a convergent infinite series. The simulated and
measured refection coefficient plot for the third iteration is shown in Figure 52(b).

In [200], quasi fractal geometry on HDRA is proposed. For a central HDRA, parasitic
HDRAs are placed adjacent to it. The interaction of the DRAs of non-Euclidean geometry
with radio waves is difficult to be described; hence further research to improve the geom-
etry is ongoing. In [201], fractal is applied on a half HDRA structure. The combination of
Minkowski fractal with a Geometric Progression is proposed. The simulated impedance
bandwidth of the final iteration in Minkowski Fractal is 52.5%, i.e. 5.3 GHz to 9.1 GHz. In
[202], Descarte’s Circle Theorem is deployedon theHDRA topropose anovel fractal geome-
try. The proposed fractal is analyzed up to the second iteration. The fractal geometry offers
a wide impedance bandwidth of 2 GHz, i.e. 41% at a resonant frequency of 3.6 GHz. The
proposed antenna offers 80% efficiency with 8.6 dBi gain. Fundamental TE111-like mode is
observed at 4.3 GHz.

6.4. Novel fractal geometries based DRAs

One of the earliest investigations of Fractal on DRAs was studied in [203]. A detailed sim-
ulation study of various fractals like Koch, inverted Koch, etc. is done. It is observed that
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Figure 53. Spidron fractal DRA iterations as referred from [204].

for the third-order inverted Koch fractal DRA offers a bandwidth from 7.1 to 9.26GHz. An
interesting observation of the research is that in Koch Island fractal DRA a shift in resonant
frequenciestoward longer wavelengths is observed when iteration order increases while in
inverted Koch DRA, this effect is reversed.

In [204], a circularly polarized Spidron fractal DRA is presented. The spidron is created
initially by a right-angled triangle, with an adjacent side of lengthm1and angle αis created,
where α is the angle between the adjacent side and the hypotenuse of the triangle. The
down scaling factor δ is given by Equation (37).

δ = mn+1

mn
= tan(α),where a varies from 00 < α < 450 (37)

This spidron is excited by a C shaped slot responsible for generating CP. The experimental
results prove that the proposed antenna has a bandwidth from 4.32 to 6.30GHz and a 3-dB
AR bandwidth of 11.57% (5.13–5.76GHz). Themeasured gain of the antenna ranges 2.20 to
3.16 dBic within the AR bandwidth. The proposed fractal geometry is as shown in Figure 53.

Similarly in [205], a stacked fractal tetrahedron DRA is proposed. Triangular shaped slots
are introduced in the tetrahedron DRA for UWB applications. 116.7% bandwidth covering
frequency range from 3.5 to 13.3 GHz (entire C- and X-band) is achieved by simulations.
A further extension of Sierpisnki fractal on Triangular DRA is investigated in [206]. This
antenna has dual wide band over (6.39–7.60) GHz and (9.06–12.16) GHz which fall within
C and X band of microwave frequency spectrum. Gain of the DRA is from 7 to 12 dB
throughout the bands. Amodification is proposed in [207], for dual broadband operations.
Experimental results show a bandwidth from 2.25 to 2.60GHz (14.46%) and 3.10–4.10GHz
(27.78%). Stable radiation patterns and gains of around 5.0dBi and 3.8dBi at 2.4 and 3.5 GHz
respectively is observed.

In [208], a novel wideband Tree Shaped Fractal is proposed. Trapezoidal shaped confor-
mal strip feed is used as feeding mechanism. Implementation of fractal geometry on DRA
has been utilized to reduce Q-factor and subsequently achieve wide bandwidth. Tetrahe-
dron shaped notches are created as fractal iterations to improve bandwidth. Impedance
bandwidth of 86.32%, with frequency range from 4 to 10.1 GHz is achieved. Average gain
of about 6 dBi over the entire band of interest is achieved.

A detailed comparison of the various applications of DRAs is tabulated in the follow-
ing tables. Table 1 is a comparison of the various wideband applications based DRAs. The
various techniques employed to improve the bandwidth is also mentioned in the table.
Table 2 shows the comparison of various DRAs offering Circular Polarization. The method
to obtain CP and the type of CP observed is also mentioned in the table. Table 3 compiles
the various low profile and compact DRAs and the techniques to achieve them. Table 4
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Table 1. Comparison of various wideband DRAs.

Ref
Basic

geometry εr fr BW (GHz) Feed type
Techniques
and method Gain Mode Polarization Eff.

73 RDRA 10 14.7 ∼ 15–17 Microstrip line Multiple resonators NM NM NM NM
78 RDRA 25 6.9 ∼ 6.7–8 Microstrip line High aspect ratio ∼ 5 TEX111, NM NM

TEX112,
TEX113

79 RDRA 12 2.17 1.9–2.9 Microstrip slot Two resonators 3–4 N.M. N.M. N.M.
80 RDRA 10.2 5 4.71–6.30 CPW Two resonators 3.8 TE111 NM NM
25 CDRA 2.1 0.165 0.069–0.171 Coaxial probe Resonator NM HEM11 Vertical 40–74
27 CDRA 15.2 ∼ 2.9 2.75–3.25 Coaxial probe Resonator NM NM NM NM
29 CDRA 9.8 5.12 4.5–10.1 Coaxial probe Multi resonator 7 HEM11δ NM 75
31 CDRA 4.5 6 5.9–7.32/ 8.72–15 Microstrip Line Two Resonator 12 HEM01δ NM NM
32 CDRA 10 ∼ 3.4 3.25–3.65 Coaxial probe Four Resonator 4 HEM11δ NM NM
33 CDRA 9.4 10.63 9.62–12.9 Microstrip Line Two Resonator 8 TM110/ LP NM

HEM11δ
TM111 /
HEM12δ

34 CDRA 10 8.0 1.95–10.5 Coaxial probe Multi resonator NM TM01 NM NM
21.5 6.6–23.6

35 CDRA 9.8/16 ∼ 4.1 3.14–5.56 Coaxial probe One Resonator 8.7 TM01δ NM 82
TM02δ
TM03δ
TM04δ

36 CDRA 6.85 3.98 3.75–5.37 Coaxial probe DRA NM HEM11δ NM 80
4.25 TM01δ

139 CDRA 10 2.4 1.6–3.2 Coaxial probe DRAWith Air Intrusion 7.25–8.61 HEM11δ NM NM
155 HDRA 1, 4, 9 4.88, 4.4 ∼ 3.6–5.4 Coaxial probe Multi-Layer 4.4–4.7 TE111, NM NM

TE112
157 HDRA 10 3.5 ∼ 3.0–4.2∼ 2.9–4.2 Coaxial probe MULTI Element 2–2.5 TE111 NM NM

TM101
158 HDRA 2.2 3.59 2.87–3.96 Coaxial probe TWO Layer ∼ 2.5 TM101 NM 99
159 HDRA 10 6.813, 16, 20 5–21 Coaxialprobe Conical DRA 2–4 TM101 NM NM
65 HDRA 9, 2 1.93.15 ∼ 1.8–2.1 Coaxial probe SHARE CSRR 6 TE111 NM 90

TM101

Note: εr – permittivity, fr – resonant frequency in GHz, BW-Bandwidth, Gain – in dBi, Eff. – Radiation efficiency.
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Table 2. Comparison of various circularly polarized DRAs.

Ref
Basic

geometry εr fr CP bandwidth (GHz) BW(GHz) Feed type
Techniques
and method Gain Mode Polarization Eff.

103 RDRA 9.5 3.43 ∼ 3.22–3.35 3.3–3.7 Aperture coupled Parasitic patch 4.8 TEY111 CP NM
105 RDRA 10.2 4.1 3.4–5.75 3.4–5.9 Microstrip line Conducting loops 3.6–6.6 N.M. CP 78%
106 RDRA 2.0 2.87 ∼ 3.3–3.5 750 MHz Microstrip line Notch 7 TE11δ CP NM
107 RDRA 10.8 14.75 14.35 - 14.80 14.35–14.80 Microstrip line Aperture slot NM NM NM NM
108 RDRA 10.2 5.2 5.2- 6.5GHz 4.6–4.7 Microstrip line Stair shaped patch 5.7 TE111 CP NM
128 CDRA 11.2 4.13 ∼ 4.09–4.65 3.86–4.85 Coaxial probe Helix 4.1 HE11δ CP NM
130 CDRA 4.4 2.45 2.399–2.484 2.35–2.510 Microstrip line One resonator 2.7 NM RHCP NM
134 CDRA 9.8 4.3 4.2–4.55 3.37–5.69 Coaxial Stacked dRA 5 NM CP NM

probe
135 CDRA 12.8 4.7 4.4–6.67 4.1–6.81 Microstrip line Multiple orthogonal mode 5 TEY111 RHCP 80
136 CDRA 2.65/9.8 4.65 4.8–5.6 4.57–5.79 Microstrip line Fractal DRA 4.3 HE11δ(2<δ<3) CP NM
137 CDRA 10 7.4/ 4.3 NM 7.34–7.6/ Microstrip line Green function 10.3/ 6.5 HEM12δ/ HEM11δ CP NM

4.2–4.7
149 CDRA 10 10.6 10.37–10.98 9.41–12.62 Coaxial probe Green function 4.17–4.78 NM RHCP NM
168 HDRA 4.3 4.16 4.2–5.3 3.3–5.9, Coaxial Probe Fractal approach 6.38 NM CP(LHCP) 93
176 HDRA 9.5 3.6 NM 3.45–3.90 Coaxial Probe Green function NM NM CP NM

Note: εr – permittivity, fr – resonant frequency in GHz, BW-Bandwidth, Gain – in dBi, Eff. – Radiation efficiency.
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Table 3. Comparison of various compact and low profile DRAs.

Ref
Basic

geometry εr fr BW (GHz) Feed type
Techniques
and method Gain Mode Polarization Eff.

82 RDRA 93 7.5 7.18–7.91 Microstrip
line

Multiple resonators 6.75 N.M. N.M. 70

83 RDRA 100 7.72 7.7–7.8 Microsrip
slot

Offset placement N.M N.M N.M N.M

85 RDRA 79 2 2.11–2.16 CPW Open circuit N.M TE111 N.M N.M
86 RDRA 10.2 8.3 7.8–9.8 Microstrip

stepped
line

Metal patch N.M N.M N.M N.M

89 RDRA 9.2 3.2 3.1 - 10.6 Coaxial
probe

Stacking and metal
plate

7 N.M. N.M. N.M.

90 RDRA 12 0.911 0.99–1.1 Coaxial
probe

Metal plate NM HEM11δ ,
TE11δ , and
TE01δ

NM NM

91 RDRA 12 0.918 1.15–1.35 Coaxial
probe

Edge grounding NM NM NM NM

138 CDRA 6.85 1.8/ 1.71–1.88/ Microstrip
line

Strip and slot feed
technique

6.67/ HEM110,
HEM113

NM. 75.6/

2.4 2.4–2.48 8.36 99.9
148 CDRA 4.3 12.1 8.6–15.4 Coaxial

probe
Staking of different
segment of
cylinder

15.65 NM NM 70

166 HDRA 9.2 4.55 4.3–5.11 Coaxial
probe

Perforated and
loading a
metallic patch

5.5 TM101 N.M. 90

Note: εr – permittivity, fr – resonant frequency in GHz, BW-Bandwidth, Gain – in dBi, Eff. – Radiation efficiency.

Table 4. Comparison of various high gain DRAs.

Ref
Basic

geometry εr fr BW (GHz) Feed type
Techniques
and method Gain Mode Polarization Eff.

121 CDRA 10 5.8 5.4–6.8 Microstrip
feed

PIN diode for
Switching

11 HEM11δ NM NM

122 CDRA 4.3 5.8 6.68–5.84 Microstrip
feed

Parabolic reflector 7.27 HE21(1+δ) NM 86.1

123 CDRA 35.5 2.31 ∼ 2.27–2.38 Coaxial
probe

Circular periodic
EBG

9.5 HEM11δ NM 97

124 CDRA 6.15 5.8 5.72–5.87 Microstrip
feed

Hybrid higher
order mode

11.6 HEM133,
HEM123

LP 90

140 CDRA 10.2 5 4.5 –10.5 Coaxial
feed

differential feed
arrangement

6.7 NM NM NM

126 CDRA 10.2 2.3/
3.5/
3.9/
7.5/
9.2

2.1–4.8/ Coaxial
probe

Conical Horn 14.1 TM11δ ,
TM21δ , and
TM31δ

linear 80

7.3–7.8/
9.9–11

171 HDRA 10.2 3.5 2.9–4.1 Coaxial
feed

DRA array 4–5 NM NM NM

Note: εr – permittivity, fr – resonant frequency in GHz, BW-Bandwidth, Gain – in dBi, Eff. – Radiation efficiency.

shows the comparison of various high gain DRA geometries which includes integration of
DRAwith horn antenna andmetamaterials/EBG. Table 5 tabulates the various references of
DRA forMIMO application and the isolation is clearly identified for each case. Table 6 shows
the various Array geometries investigated in DRAs compared over the parameters of gain
and bandwidth. Table 7 compares the various fractal geometries investigated on different



JOURNAL OF ELECTROMAGNETIC WAVES AND APPLICATIONS 53

Table 5. Comparison of various MIMO DRAs.

Ref
Basic

geometry εr fr Techniques and method
Design

Complexity M

9 RDRA 37 2.36 orthogonal modes Low N.M.
15 RDRA 10 1.8 two symmetric microstrip feed lines Low 18
16 RDRA NM 2.6 two parallel slits on the ground plane Medium ∼ 20
17 RDRA 10.2 5.3, 6.95, 9.56 trapezoidal patch High > 20
18 RDRA 10.2 8.76, 9.14 orthogonal feed network High 20
19 RDRA 9.8 5.6 C-shaped DGS High 15
20 RDRA NM ∼ 5 parallel strips and slits on ground plane High 15
21 RDRA 9.8 3.45 EBG High 26
22 RDRA 10 ∼ 3.7 Parasitic patch and diagonally positioned High 28
39 CDRA 10 3.87 orthogonal modes high 15
40 CDRA 10.2 60 EBG high 13
41 CDRA 9.8 2.3, 2.85, 6.3 Dual L-shaped strips along with reflector high 15, 33, 35
42 CDRA 10.2 ∼ 59 FSS and slots on ground plane high 30
44 CDRA 10.2 ∼ 60 metamaterial polarization-rotator (MPR) wall high 16
47 CDRA 9.8 3.8 two L-shaped DGS and a rectangular shaped DGS high 18

Note: εr – permittivity, fr – resonant frequency in GHz, M – Isolation in dB.

Table 6. Comparison of various DRA arrays.

Ref Basic geometry εr fr BW (GHz) Feed type Array Size Gain

115 RDRA 10.8 7.2 6.56–7.84 Microstrip line/aperture
combination

2×2 11.3

4 RDRA 35.9 2.98 2.9–3.3 Dielectric Image Guide 1×7 11.14
3.2 5 elements cross

coupled
10.1

6 RDRA 20 ∼ 5.7 6.12–7.43 Microstrip line 1×4 13.6

εr – permittivity, fr – resonant frequency in GHz, BW-Bandwidth, Gain – in dBi.

Table 7. Comparison of various fractals applied on DRA.

Ref.
Basic

geometry
Types of
fractal fr (GHz)

Band Width
(GHz) Gain (dBi) Mode Eff (%) Polarization

186 RDRA Minkowski 6.96, 5.52–10.72 47.9 NM NM NM
8.56,
9.92

189 RDRA Fractal rectangular
curve

2.128 2.07–2.38 5.99 NM 99.7 NM

190 RDRA Minkowski 4.8 3.83–6.41 5.35 TE21δ, 87 NM
TE22δ

191 RDRA Sierpinski 9,10,11 9–11.5 7.5 NM NM NM
192 RDRA Sierpinski 7.38 5.3–10.5 6.56 TE21δ 81 NM
195 CDRA Koch 6 4.7–12.4 8.76 NM 78 NM
196 CDRA Segment section 4.43, 3.6–12.8 9.45 HE12δ 89 NM

8.31,
1030,
11.29

HE11δ,
HE41δ,
TM11δ

199 HDRA Apollonian Gasket of 3.6 ∼ 3.4–5.1 6.5, TM101, 95 NM

201 HDRA GP-Series Fractal and
Minkowski Fractal

6.6 5.3–9.1 9.65 TE111 94.7 NM

203 HDRA Koch Island and
inverted Koch Island

7.75 7.1–9.26 9.4 NM NM NM

204 Other shaped Spidron 5.3 4.32–6.3,5.13–5.76 2.2–3.16 NM NM LHCP
Circles 8.5 TE111

Note: fr – resonant frequency in GHz, BW-Bandwidth, Gain – in dBi, Eff. – Radiation efficiency.
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Table 8. Best cases of various DRA applications.

Ref Application
Basic

geometry
Frequency
(GHz)

Band Width
(GHz) Gain (dBi) Mode Eff (%)

34 Wideband CDRA 8.0 1.95–10.5 NM TM01 NM
21.5 6.6–23.6

126 High gain CDRA 2.3/ 3.5/
3.9/ 7.5/
9.2

2.1–4.8/
7.3–7.8/
9.9–11

14.1 TM11δ ,
TM21δ , and
TM31δ

80

138 Compact size CDRA 1.8/ 1.71–1.88/ 6.67/ HEM110,
HEM113

75.6/

2.4 2.4–2.48 8.36 99.9
135 Axial ratio band

width
CDRA 4.7 4.4–6.67 5 TEY111 80

conventional DRA shapes. The type of fractal implemented is also mentioned in the table.
Table 8 tabulates the best cases reported in the literature for wide bandwidth, high gain,
high isolation amongst MIMO DRAs and compact/low profile geometries.

7. Conclusion

This review paper provides a detailed walk through on the advancements in the fields of
Dielectric Resonator Antennas. There are three basic geometries namely Rectangular DRA,
Cylindrical DRA and Hemispherical DRA. This paper addresses the progress on all the basic
geometries. A study on the different modes and the mode nomenclature is also discussed.
Field patterns for the differentmodes as shown by different researchers are also presented.
A detailed section on the investigation of fractal geometries on the DRAs is also presented
to understand the effect of perturbation introduced by fractal geometries. The concepts
on wideband, high gain, arrays, and circular polarization have been compiled. After each
section a detailed comparison table to highlight the achievements of the research in that
section has been tabulated.
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