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Abstract: A novel approach is proposed to design a circularly polarized (CP) hemispherical dielectric

resonator antenna (DRA) with a wide axial ratio (AR) bandwidth by incorporating an additional

dielectric substrate between the antenna and the ground plane. This is in addition to the lower

feeding substrate that is located between the ground plane on one side and the feeding microstrip

line on the other side. Adding another substrate on top of the ground plane provided an additional

degree of freedom in the design that facilitated the achievement of ab 18% AR bandwidth. In addition,

an integrated hemispherical DRA and perforated substrate configuration was utilized to achieve

optimum effective substrate permittivity and overcome the DRA alignment and assembly challenges

while maintaining the achieved wide CP bandwidth. A close agreement was achieved between

measurements and simulations.

Keywords: circularly polarized; DRA; mm-wave band; hemispherical DRA

1. Introduction

Dielectric resonator antennas are capable of efficiently replacing conventional metallic
antennas, especially at the millimeter wave (mmWave) frequencies, due to the absence
of ohmic and surface wave losses as well as other appealing advantages [1]. One of
the most common DRA feeding mechanisms at the mmWave band is the utilization of
a slot aperture to couple the energy to the resonator [2]. This feeding method can be
applied conjointly with a coplanar waveguide, microstrip line, or substrate integrated
waveguide (SIW) [3]. However, CP radiation resists multipath interference and reduces
any polarization mismatch. Furthermore, a CP wave is less sensitive to weather changes
and mobility than a linearly polarized (LP) wave. Further, the CP radiation is less sensitive
to the alignment requirements between the transmitting and receiving antennas [4]. As
a result, several techniques have been reported to efficiently design circularly polarized
DRAs, such as various feeding slots shapes [5–9], that also have been utilized in the design
of single and multi-point-fed DRAs [10–12]. In addition, novel DRA shapes have been
proposed to achieve an improved AR bandwidth such as trapezoidal [13], stair-shaped
rectangular [14], multi-element rectangular [15], and cross-shaped DRAs [16].

Moreover, several studies have focused on the design of mmWave CP DRAs using
a cross-slot feeding [17–20]. For example, a rectangular DRA has been reported with
respective impedance and axial ratio bandwidths of 17% and 12.8%, in conjunction with
a gain of 5 dBic at 20 GHz as well as respective impedance and AR bandwidths of 15.2%,
5% and a gain of 8 dBic at 26 GHz [17]. Another study has proposed a layered rectangular
DRA configuration with impedance and AR bandwidths of 36.5% and 13.75%, respectively,
in combination with a high gain of 12 dBic [18]. In addition, flower-shaped DRA has
been reported with respective impedance and AR bandwidths of 33.8% and 5%, with
a gain of 9.5 dBic at 30 GHz [19]. An alternative approach has been proposed in [20],
in which a frequency-selective surface (FSS) superstrate was utilized with a rectangular
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DRA to achieve impedance and CP bandwidths of 8.26% and 3%, respectively, with a
gain of 8.5 dBic at 30 GHz. Other studies have proposed DRA designs to generate CP
radiation at 60 GHz [21,22]. A cylindrical DRA fed using a cross-slot with half-mode
surface integrated waveguide provided impedance and axial ratio bandwidths, as well
as gains of 4.5%, 4%, and 5.5 dBic, respectively [21]. Furthermore, a rectangular slot fed
substrate-integrated cylindrical DRA with a loading patch on top to generate the CP
radiation has been reported to have impedance and AR bandwidths of 9.33%, 1.35%,
respectively, and a gain of 7.15 dBic [22].

However, circularly polarized hemispherical DRAs have only been considered earlier
at lower frequencies using various feeding techniques [23–27]. Hemispherical DRAs
are usually reported with narrow CP bandwidths, since the DRA offers zero degrees of
freedom, which limits the options when designing an antenna with a reasonably wide AR
bandwidth. For example, grounded parasitic patches have been utilized in a combination
of conformal strips or rectangular feeding slots with CP bandwidths of 2.4% and 3.4%,
respectively [23,24]. Further studies have considered spiral, shorted annular rings, and
U-shaped slots in the design of hemispherical CP DRAs with an AR bandwidth range of
2.6–4.5% [25,26]. To the best of the authors’ knowledge, a hemispherical DRA with the
widest AR bandwidth of 6% was achieved by utilizing an annular ring feeding slot that was
directly soldered to a coaxial cable with a backing hemispherical metal cavity at 2 GHz [27].
However, the utilization of the coaxial cable feed with a backing cavity is impractical at
the mmWave frequency range due to the physically small antenna dimensions. It should
be noted that a mmWave CP hemispherical DRA has not been reported in the literature.
The advantage of a hemispherical over rectangular, cylindrical and other shapes is that
the boundary between the dielectric and air is more straightforward, allowing for the
derivation of closed-form equations.

In this article, a mmWave hemispherical DRA is proposed with a CP bandwidth that
is significantly wider than those attained at low frequencies. The enhanced CP bandwidth
was achieved by incorporating an additional dielectric substrate. Two configurations were
considered. In the first, a solid top substrate was considered, and in the second an integrated
DRA-perforated substrate was utilized with a CP and impedance bandwidths of ∼18%.
This achieved wide AR and impedance bandwidths, combined with a high broadside gain
of ∼7 dBic at 26 GHz. The prototypes were fabricated and measured, with close agreement
between simulated and experimental results. The simulations wee conducted using CST
microwave studio.

2. Antenna Design and Analysis

2.1. Circularly Polarized Antenna

When a plane radio wave propagates over a long distance, it has no field components
along the travelling z-direction, and thus is in the form of a transverse electromagnetic
(TEM) plane wave. The instantaneous field of such a plane wave can be expressed as:

E = Ex + Ey (1)

where the Ex and Ey components are specified as:

Ex = Exm cos(ωt + koz + φx) (2)

Ey = Eym cos
(

ωt + koz + φy

)

(3)

where Exm and Eym are the maximum values and k0z is the free-space wavenumber defined
as k0z= 2π/λ. The radiated wave’s polarisation can be classified into linear, circular, or
elliptical based on the direction of its electric field vector E. When z = 0, Equation (3) can
be simplified as [28]:

Ex = Exm cos(ωt + φx) (4)

Ey = Eym cos
(

ωt + φy

)

(5)
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The polarization is circular only when both Ex and Ey field components have the same
magnitude and in quadrature, i.e.,

Exm = Eym = Em (6)

∆φ = φy − φx = ±
π

2
+ 2nπ, n = 0, 1, 2, . . . (7)

When φy − φx = π/2, Equations (4) and (5) can be expressed as:

Ex = Em cos(ωt + φx) (8)

Ey = Em cos
(

ωt + φx +
π

2

)

= −Em sin(ωt + φx) (9)

It is well-known that the magnitude of the electric field vector is constant, and the
direction varies with time. Accordingly, the electric field vector rotates in a circle in the xy
plane, i.e., it rotates along the propagation direction, as illustrated in Figure 1. Furthermore,
in the case of circular polarisation, when the rotation of the electric field vector is clockwise,
the polarization sense is defined as a Left-Hand Circular Polarisation (LHCP), as illustrated
in Figure 1a. When the electric field vector rotates counterclockwise, as illustrated in
Figure 1b, the polarization sense is defined as Right-Hand Circular Polarisation (RHCP).

Figure 1. E-field vector of (a) Right-hand circular polarisation and (b) Left-hand circular polarisation

(c) Elliptical polarisation.

The quality of the circular polarisation was assessed using the axial ratio (AR) pa-
rameter, which is calculated by dividing the maximum by the minimum electric field
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strengths that correspond to the maximum and minimum radii of the ellipse, respectively,
as illustrated in Figure 1c. Therefore, the mathematical expression of the axial ratio is:

AR = 20 log10

(

Emax

Emin

)

(10)

where |E|(max /min)=

√

1
2

(

E2
x + E2

y ±
√

E4
x + E4

y + 2E2
xE2

y cos 2∆φ
)

. From the above equa-

tion, it can be noted that when Ex and Ey have the same magnitudes and a phase difference
of 90◦, then the Emax = Emin and AR = 0 dB, which means the wave’s polarisation is
circular. Practically, AR ≤ 3 dB is the acceptable level of AR in which a circular polarisation
is considered to be achieved, i.e., a linear polarisation exists when AR > 3 dB.

2.2. Antenna Configuration

As illustrated in Figure 2, the hemispherical DRA is placed above on the top of a
ground plane with an etched cross-slot that has respective arm lengths of ls1

and ls2 . The
cross-slot has equal arm widths of Ws. An Alumina DRA has been assumed with a radius
of r = 3.8 mm and dielectric constant of εr = 9.9. The unequal cross-slot arm lengths excite
the required orthogonal degenerate modes that generate the CP wave. A Rogers substrate,
Ro3006, has been utilized with a dielectric constant of εr1

= 6.5, loss tangent of tanδ = 0.002
and a thickness of h1 = 0.3 mm. At the lower side of the substrate, a microstrip line is placed
that extends beyond the cross-slot’s centre to form a matching stub with a length of lstub.

Figure 2. Antenna configuration (a) 3D view (b) Feed network.

A parametric sweep study was carried out to investigate the effect of different cross-
slot arm’s lengths on the input impedance, gain, and CP bandwidth. Only one parameter
changed at a time, while the rest were fixed. The variation in the impedance bandwidth as
a function of the lengths of the cross-slot arms is illustrated in Figure 3, where it is evident
that changing the arm lengths can significantly affect the excited resonance mode, which
impacts the impedance bandwidth. The cross-slot arm length, ls1 changed from 1.5 mm to
2.4 mm, while the other slot dimensions were kept constant at ls2 = 3 mm and ws = 0.35 mm.
When ls1 = 1.5, 1.7, 1.9, 2.1 and 2.3 mm, the DRA achieved impedance bandwidths of 5, 1.2,
11.3, 9.2 and 4.6%, respectively. However, the CP was only achieved when ls1 = 1.7 mm,
as demonstrated in Figure 4a. Next, the cross-slot arm’s length, ls2, changed over a range
of 2.5 mm to 3.3 mm by a step size of 0.2 mm, while ls1 = 1.7 mm. Again, the arm length
has a considerable impact on the resonance frequency, as well as the impedance and CP
bandwidths. The CP operation was attained at all the aforementioned chosen values of
ls2, with the widest CP bandwidth attained when ls2 = 3.1 mm. Therefore, the optimum
return loss and CP bandwidths of 8.3% and 3.6% wee achieved when ls1 = 1.7 mm and
ls2 = 3.1 mm and with a stub length of 0.5 mm. It should be noted that these cross-slot
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dimensions excited the following DRA resonance modes; TE311 and TE112 at 23 GHz and
26 GHz, respectively [29].

Figure 3. The effects of changing the cross-slot arm’s length on the reflection coefficient (a) ls1 (b) ls2.

Figure 4. The effect of varying the cross-slot arm length on the axial ratio (a) ls1 (b) ls2.

3. Incorporating an Additional Dielectric Substrate Layer

The configuration of Figure 2 was modified by incorporating an additional dielectric
substrate between the DRA and ground plane, as illustrated in Figure 5. The added
substrate offers another degree of freedom, which allows for more flexibility and control
over the design to achieve a wider CP bandwidth. The substrate has a dielectric constant of
εr2 and a thickness of h2, which can be optimized to provide the required CP and impedance
bandwidths. The added substrate has a size of 20 mm × 25 mm, which is identical to that
of the ground plane and the lower feeding substrate to avoid any potential misalignment
in the configuration.
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Figure 5. 3D view of the proposed configuration using additional substrate with the same feed network.

3.1. Parametric Study of the Inserted Dielectric Substrate Layer

The impact of changing εr2 was investigated, as demonstrated in Figure 6 when
the height of the added top substrate was maintained at h2 = 0.6 mm and the examined
dielectric constant range was 2 ≤ εr2 ≤ 6. As expected, the resonance frequency and
impedance matching bandwidth reduced when εr2 is increased. However, overlapping
between the impedance and AR bandwidths was only achieved when εr2 = 2, εr2 = 3 and
εr2 = 3.5. The overlap covers frequency ranges of ∼25.8–27.4 GHz, 24.5–27.3 GHz and
24.7–26.2 GHz in the cases of εr2 = 2, εr2 = 3 and εr2 = 3.5, respectively.

Figure 6. The effect of changing εr2 on (a) reflection coefficient (b) axial ratio .

Next, h2 was varied from 0.1 to 0.9 mm, as illustrated in Figure 7 when εr2 = 3, where
it can be observed that increasing h2 results in a reduction in the impedance bandwidth.
For example, an S11 bandwidth of 18% was achieved when h2 = 0.1 mm compared to 11%
when h2 = 0.9 mm. Moreover, the widest CP bandwidth of 13.7% was achieved when
h2 = 0.3 mm, as demonstrated in Figure 7b. Therefore, the ideal top substrate parameters
were εr2 = 3 and h2 = 0.3 mm, as they provide impedance and AR bandwidth of 12.5%
and 13.7%, respectively, with an overlapping bandwidth of 9%. These bandwidths are
considerably higher than those achieved without adding the substrate, where the optimum
impedance and AR bandwidths were 8.3% and 3.6%, respectively. The wider bandwidths
that were can be attributed to the use of an additional substrate with a lower dielectric
constant between the DRA and ground plane. Hence, the electric fields are obliged to pass
through the low-permittivity regions, which increases the bandwidth.
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Figure 7. The effect of changing h2 on (a) reflection coefficient (b) axial ratio.

As well as improving the CP bandwidth, the inserted dielectric substrate considerably
reduces the impact of any misalignment between the DRA and the cross-slot, as demon-
strated in Figure 8. For example, a significant change in the performance is evident when
the DRA position is shifted by 1 mm with respect to the feeding slot at the absence of
the top substrate. However, this impact is almost eliminated when a substrate is added
between the DRA and the feeding slot. As mentioned earlier, at mmWave frequencies, a
slight misalignment in the DRA position can have a significant impact on the measurement
accuracy. Hence, the incorporation of additional substrate represents a simple approach to
address these problems.

Figure 8. The impact of DRA misalignment on the performance with/without adding the additional

substrate (a) reflection coefficient (b) axial ratio.

3.2. Measurements of a Prototype with the Additional Solid Dielectric Substrate

In practice, the theoretically identified optimal combination of εr2 and h2 was commer-
cially unavailable. As a result, a Rogers dielectric substrate, Ro4350C, that offers the closest
combination of εr2 = 3.45 and h2 = 0.35 mm, with tan δ = 0.0037, was utilized. However,
the DRA and feeding substrate dimensions were kept the same as those mentioned in
Section 3.1, i.e., a DRA radius and dielectric constant of r = 3.8 mm and εr = 9.9, respec-
tively. Similarly, the optimized lengths of the cross-slot arms of 1.7 mm and 3.1 mm were
maintained, with the same stub length of lstub = 0.5 mm. The introduction of an additional
substrate layer resulted in a marginal increase in the configuration’s profile, which can be
justified considering the achieved improvement in the CP and impedance bandwidths.

Figure 9a illustrates the utilized DRA prototype including the additional top substrates.
With the aid of a 3D printer, the position of the DRA was outlined on the added top substrate
in an attempt to avoid any misalignment. In addition, a small drop of glue was applied to
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bond the DRA to the top substrate. However, to minimize any potential gaps between the
DRA and the Rogers substrate, the glue was applied to the outer DRA edge that was in
contact with the substrate. Further, the top substrate was bonded to the ground plane using
a thin, double-sided adhesive copper tape. The measurements were conducted using the
E5071C mm-wave vector network analyzer, as well as the spherical near-field mm-wave
measurement system (SNF-FIX-1.0) [30]. The reflection coefficient was measured using a
2.92 mm SMA.

Figure 9. Photographs of (a) assembled hemispherical DRA with additional substrate (b) DRA in the

anechoic chamber.

Figure 10 illustrates the simulated and measured reflection coefficients, where a close
agreement can be seen between the simulated and measured bandwidths of 13.2% and 14%,
respectively. Once more, the impedance matching bandwidth was achieved by exciting
the TE311 and TE112 resonance modes at 23 GHz and 26 GHz, respectively. In addition, the
axial ratio is illustrated in Figure 11, where it can be observed that the achieved simulated
and measured CP bandwidths were 11.8% and 12.1%, respectively. It should be noted that
the impedance bandwidth extended from 21.2 GHz to 25.7 GHz, while the CP bandwidth
extended from 23.8 GHz to 27.5 GHz. As a result, an overlap of ∼2 GHz was achieved
between the two bandwidths, corresponding to ∼9%. Further, the achieved CP bandwidth
was considerably wider than those reported in the literature for hemispherical DRAs.
Figure 12 illustrates the simulated and measured broadside gain, with a close agreement in
terms of the average of 7.5 dBi. Figures 13 and 14 demonstrate a close agreement between
the simulated and measured normalized radiation patterns of the excited resonance modes
at 24 GHz and 26 GHz, respectively. The respective simulated and measured half-power
beamwidths are 79° and 108° at 24 GHz, as well as 84° and 110° at 26 GHz, respectively.
However, the marginal discrepancy between simulated and measured results is due to
fabrication and experimental errors.

It should be noted that there are a couple of limitations that result from adding the
top dielectric substrate. For instance, the DRA and substrate were assembled manually,
which may be impractical at higher frequencies, e.g., 60 GHz and above. In addition,
there is a limited choice of commercial substrates with the required combination of per-
mittivity and thickness. Therefore, the next design proposes a technique where the DRA
alignment and bonding are automated by integrating the DRA and the top substrate using
3D-printing technology.
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Figure 10. Reflection coefficient of a circularly polarised hemispherical DRA with added substrate

between the DRA and feeding slot.

Figure 11. Simulated and measured axial ratio of a circularly polarised hemispherical DRA with

added substrate between the DRA and feed.

Figure 12. Simulated and measured gain of a circularly polarised hemispherical DRA with added

substrate between the DRA and feed.
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Figure 13. Radiation pattern of a hemispherical DRA with the added substrate at 24 GHz (a) φ = 0◦

(b) φ = 90◦.

Figure 14. Radiation pattern of a hemispherical DRA with the added substrate at 26 GHz (a) φ = 0◦

(b) φ = 90◦.

4. Integrated Hemispherical DRA and Perforated Substrate

Since the optimum combination of substrate height and dielectric constant is com-
mercially unavailable, a perforated top substrate is utilized where the effective dielectric
constant can be adjusted by altering the diameter of the air-filled holes [31]. In addition,
the design can be considerably simplified if an Alumina top substrate is utilized, since
this facilitates the fabrication of an integrated DRA-substrate configuration without extra
alignment and bonding measures. As reported in [32] for a linearly polarized DRA, such a
configuration can be 3D-printed with air-filled holes in the Alumina substrate to ensure
that an effective dielectric constant of εr2 = 3 is achieved using the predetermined optimum
thickness of h2 = 0.3 mm. The parameters of the DRA element and feed network are the
same as those used in Section 2.

To obtain the optimal effective permittivity of the perforated substrate, a cylindrical
unit cell was considered, with a radius of rc, and a thickness of tc as illustrated in Figure 15
The height of the unit cell is the same as the thickness of the top substrate, i.e., 0.3 mm. In
accordance with the theory of air-filled holes, tc determines the effective permittivity [33].

The unit cell was designed using CST to determine the effective permittivity by placing
it inside a waveguide. The perfect magnetic conducting (PMC) sides and perfect electric
conducting (PEC) front and end surfaces were assumed. The effective permittivity of the
unit cell can be extracted from the S-parameter by changing the material’s dielectric constant
from 5 to 20, as demonstrated in Figure 16, where it can be observed that a linear relationship
exists between the thickness of the unit cell and effective permittivity [34]. For example,
when εr = 5 or 20 and tc = 0.1 or 1.4 mm, the effective dielectric constant is εe f f = 1.3 and
4.7, respectively. For the sake of simplicity, to find the suitable radius and thickness of a
unit cell, a curve-fitting formula was developed, as stated in the equation below:

εe f f = 0.5tcεr − 0.1εr − 0.15 (11)

from which it can be noted that the effective permittivity is determined by tc. Figure 16
illustrates a close agreement between the original data extracted from the S-parameter and
the curve-fitting results. The geometry of the integrate DRA and perforated substrate is
demonstrated in Figure 17.



Micromachines 2023, 14, 436 11 of 16

Figure 15. Unit cell of the perforated top substrate.

Figure 16. Effective relative permittivity of perforated hemispherical DRA [29].

As mentioned in the previous section, when the dialectic constant of the top substrate
is increased, the impedance bandwidth and resonance frequency are reduced; therefore, the
perforated technique was introduced to overcome this challenge by reducing the effective
permittivity of the integrated top Alumina substrate. The spacing (tc) between the sides
of adjacent air holes should be increased to reduce the effective permittivity, as shown in
Figure 16. A perforated substrate with an effective dielectric constant of ∼3 was achieved
by choosing the radius of the holes as rc = 0.5 mm, which corresponds to 0.08λ0 and tc at
0.4 mm.
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Figure 17. Geometry of the integrated hemispherical DRA and perforated top substrate.

5. Experimental Setup and Results of Integrated DRA Configuration

Figure 18 illustrates the configuration of the integrated hemispherical DRA and perfo-
rated substrate. The DRA was fabricated using Alumina and integrated to the perforated
Alumina substrate using 3D printing. The feeding structure was fabricated separately
and was the same as that used in Section 3. Figure 19 presents the simulated and mea-
sured reflection coefficients that extend over the frequency ranges of 23.3–27.6 GHz and
23.2–27.8 GHz, respectively. These frequency ranges correspond to respective percentage
bandwidths of 16.8% and 18% for the simulated and measured results. These results show
that the simulated and measured reflection coefficient bandwidths are in good agreement.

Figure 18. Integrated hemispherical DRA and a perforated substrate (a) Assembled (b) In the

anechoic chamber.

The radiation pattern, CP bandwidth, and gain were measured using the spherical
near-field mm-wave measurement system (SNS-FIX-1.0). As demonstrated in Figure 20, the
simulated and measured CP bandwidths were 16.2% and 18%, respectively, with an overlap
between the CP and S11 bandwidths of 18%. Further, the achieved CP bandwidth was
considerably wider than those reported in the literature for hemispherical DRAs. Figure 21
illustrates the simulated and measured broadside gain, with an average of 7.5 dBi and a
close agreement between simulation and measurements. The simulated and measured
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broadside radiation patterns are presented in Figure 22 at the two principal plane cuts at
26 GHz, with close agreement between measurements and simulations. However, there is
a marginal discrepancy between simulated and measured results owing to fabrication and
experimental errors. In addition, any difference in the practical dielectric properties of the
used materials also contributes to the difference between simulations and measurements.

Figure 19. Reflection coefficient of a circularly polarised integrated hemispherical DRA and a

perforated substrate.

Figure 20. Axial ratio of a circularly polarised integrated hemispherical DRA and a perforated substrate.
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Figure 21. Broadside gain of a circularly polarised integrated hemispherical DRA and a

perforated substrate.

Figure 22. Radiation pattern of the integrated hemispherical DRA with perforated substrate excited

in the TE112 mode at 26 GHz (a) φ = 0◦ (b) φ = 90◦.

The presented CP HDRA’s performance parameters, bandwidth, gain, efficiency,
mode and AR, are listed in Table 1 and compared to those of different mmWave CP DRA
configurations that have been reported in the literature. The proposed approach provides a
wider AR bandwidth compared to those in the reported studies.

Table 1. Comparison between the performance of circularly polarized DRAs.

Ref. DRA Shape Frequency (GHz) Bandwidth (%) Gain (dB) Efficiency (%) Mode Axial Ratio (%)

[17] Rectangular 20/30 6.4/12.8 6.6/8.2 NM TE111 5.2/4.1
[18] Rectangular 26 36.5 12.5 90 TE119 13.75
[19] Flower 30 33.8 9.5 NM NM 5
[21] Cylindrical 60 24.2 5.5 92 HEM11δ 4
[22] Cylindrical 60 11.8 11.43 84 HEM11δ 15.9
[35] Rectangular 30 16.48 12.7 NM TE11δ 1.1
[36] Rectangular 24 15.06 7.9 NM TE117 5.8
[37] Cylindrical 26 26 6.6 NM TE412 1.35

This work Hemispherical 26 18 7.5 95 TE112 18
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6. Conclusions

Three configurations of circularly polarized hemispherical DRA have been proposed,
with a cross-slot feed utilized in each case. In the first design, the DRA was placed above the
ground plane, and in the other two designs, the solid and perforated dielectric substrates
were inserted between the DRA and the ground plane. In the absence of an additional
substrate, respective impedance and AR bandwidths of 8.3% and 3.6% were achieved, with
a gain of 6.5 dBi and an efficiency of 95%. Adding a Rogers substrate between the DRA
and ground plane provided a significant increase in the impedance and CP bandwidths, to
14% and 12.1%, respectively, with an overlapping bandwidth of 8%, as well as reducing the
impact of any DRA-feed misalignment. However, this configuration requires an adhesive
material to firmly fix the DRA to the substrate. In addition, the permittivity and thickness
of the substrates are determined by commercial availability. Therefore, a 3D-printed
perforated Alumina substrate was utilized, where the air-filled holes were introduced and
used to obtain the required effective dielectric constant. This resulted in an integrated
DRA-perforated substrate configuration, which offers the flexibility to control the substrate
parameters without being restricted to the commercially available substrates. In addition,
the integrated DRA-perforated approach overcomes the limitations of using DRA assembly,
alignment, and bonding. As a result, an optimum effective dielectric constant and height
were achieved, which improved the CP bandwidth by increasing it from 12.1% to 18%
when the solid top substrate was replaced by a perforated counterpart. The achieved
bandwidths and gain were considerably higher than those reported in the literature for a
hemispherical DRA.
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