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This article proposes a novel compact wideband dielectric resonator an-
tenna design that incorporates inhomogeneous material distribution in
a cubic structure. Specifically, in this design, the cubic dielectric res-
onator antenna is divided into multiple small blocks, and a continuous
genetic algorithm is employed to optimize the material property of each
block in order to maximize the radiation bandwidth. As a result, a cubic
dielectric resonator antenna with inhomogeneous material distributions
is designed and tested. In measurement, the proposed compact dielectric
resonator antenna design exhibits 64.9% impedance bandwidth (4.08—
8 GHz), considerably higher than the bandwidth of the initial homoge-
neous dielectric resonator antenna. The maximum system gain achieved
over the frequency range is 9 dB at 7 GHz, with a peak measured system
efficiency of 90.6%.

Introduction: Dielectric resonator antennas (DRA) leverage a dielectric
resonator body as the main radiator [1]. In contrast with metallic anten-
nas, which suffer from conductive losses, a DRA boasts superior radia-
tion efficiency at high microwave and mm-wave frequencies [2—4] and
can be designed with a vast range of material options and 3-dimensional
(3D) geometries [5]. Due to their compact size, low loss characteris-
tics, and ease of integration with other electronic components, DRAs
have gained significant attention in recent years and found applications
in modern wireless communication systems, radar systems, mobile net-
works, and satellite communications [6—8].

The performance of a DRA is fundamentally dependent on its 3D
geometry and the material properties, including its permittivity and loss
tangent [5]. In earlier years, wideband DRA designs have focused largely
on customizing the shape of the DRAS to realize new radiation charac-
teristics [9-12]. However, it is worth noting that by carefully selecting
and distributing materials within the dielectric body, it is also possi-
ble to tailor the antenna’s radiation characteristics, as manifested by the
wideband DRA designs through stacked/step-index structures [13—15].
Specifically, the material distribution within the dielectric body of a
DRA could considerably impact its bandwidth by tailoring the electro-
magnetic field distribution and resonant modes [16]. The variation of
material also allows for better impedance matching over a broader fre-
quency range, reducing reflection losses [17]. The optimization of the
material distribution within the DRA can also enhance the antenna’s
ability to excite higher order modes, which further expands the oper-
ational bandwidth [18]. In summary, material distribution optimization
is a powerful approach to meet the demanding bandwidth requirements
of modern wideband wireless communication systems. The continuing
innovations in novel fabrication techniques and material science also
support DRA designs with complex shapes and material distributions
[18-20].

To the best of the authors’ knowledge, there is limited investigation
on how inhomogeneous material distribution would impact a DRA’s ra-
diation characteristics and the benefits it could bring. This work intends
to address this issue and provide a unique design case in the wideband
DRA setting. Instead of limiting the design to stacked structures as was
conventionally done, this work proposes to discretize the entire DRA
volume and allow any internal portion of the DRA to possess varying
material properties. Specifically, this approach utilizes a genetic algo-
rithm (GA) to determine the optimal combination of materials within the
dielectric body. By leveraging the capabilities of GA, we can efficiently
explore a vast search space to identify the material configurations that
result in a significantly wider bandwidth.

The GA iteratively refines the material distribution by simulating evo-
lutionary processes such as selection, crossover, and mutation, thereby
converging on the most effective design [21]. This method allows us to
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Fig. 1 Proposed dielectric resonator antenna (DRA) with optimized inho-
mogeneous material distributions: (a) initial solid block DRA, (b) optimized
DRA with different materials, (c) the coaxial probe type feed and DRA pro-
totype
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Fig. 2 Simulated S parameters of the initial dielectric resonator antenna
(DRA) (red) and optimized DRA (black)

tailor the dielectric properties within the resonator precisely, achieving
superior impedance matching and supporting multiple resonant modes.
As a result, our optimized DRA design exhibited enhanced bandwidth,
making it highly suitable for modern wireless communication systems
that demand high performance and reliability. This article presents the
detailed design methodology, simulation and measurement results, and
the performance analysis of the proposed wideband DRA.

Design of the wideband DRA: The initial cube DRA is shown in
Figure la, with a dimension of w = 30, / = 30, and # = 30 mm. The
dimensions of the initial DRA can be different depending on the space
available for a specific application. The dielectric constant of the initial
DRA was 7.2 with a loss tangent of 0.006. It was mounted on top of a
microstrip substrate (Rogers RO4350) with a thickness of 0.76 mm. A
coaxial probe of 7 mm in height feeds the DRA in the centre. The S pa-
rameter of the initial DRA is shown in Figure 2 as the red curve, which
indicates a 10 dB bandwidth of 31.7% (3.92-5.4 GHz).

In order to further widen the bandwidth of the DRA, we chose to
explore the design space in the material distribution within the DRA.
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Table 1. The dielectric constants of each block in the optimized di-
electric resonator antenna (DRA) with the adjusted dielectric con-
stants in parentheses

Layer Dielectric constants

Bottom g7 = 6.96 (7.7) eg = 1.74(2.3) g9 = 2.24(2.3)
g6 = 6.49 (6.0) es = 5.15(5.0) g4 = 1.60 (2.3)
&1 = 3.03(3.0) &= 1.7523) &3 =2.92(3.0)

Middle e = 7.11(7.7) g1 = 6.19(5.0) g10 = 4.16 (3.0)
e;3 = 431 (42) ey = 7.09(7.7) e15 = 7.04(7.7)
£15 = 3.90 (4.2) e17 = 7.17(7.7) £16 = 6.96 (7.7)

Upper g5 = 1.75(23) £26 = 5.07 (5.0) g7 = 3.23(3.0)
£24 = 5.86 (5.0) £23 = 1.53(2.3) £ = 3.98(4.2)
e19 = 3.06 (3.0) £y = 435(42) £y = 243 (23)
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Fig. 3 Magnetic and Electric Fields distribution of optimized dielectric res-
onator antenna (DRA) at 3, 4.92, and 8.24 GHz

Specifically, the initial DRA was segmented into 3 vertical and hori-
zontal sections, creating a total of 27 individual cubes, each with di-
mensions of 10 mm. These cubes are arranged in three layers (bottom,
middle, and upper) each layer consisting of nine blocks, as illustrated in
Figure 1b. We can choose any size for small sections according to the
ease of fabrication. The smaller the size of the section, the larger design
and search space we will have, and the better potential performance we
can achieve. Each block was assigned with a permittivity variable within
a given range. In this case, each block’s permittivity varied from 1.5 to
7.2. We can change the range of material permittivity according to avail-
ability of material for fabrication. Then, the optimization was conducted
using the GA in Ansys HFSS, with a population size of 50, a crossover
probability of 0.5, and a mutation rate of 0.2. The GA process varies
the dielectric constant of each block evolutionarily and searches for the
optimal combination of dielectric constants that results in S;; < —10 dB
within the frequency range of interest (4—8.5 GHz). Figure 1b shows the
optimized DRA, where different colours were assigned to each block to
indicate different material dielectric constants. The optimized dielectric
constants for the lowest cost case scenario are listed in Table 1. In real
implementation, the dielectric constants will be rounded to the nearest
material properties available from the manufacturer. The S parameter of
the optimized DRA is shown in Figure 2 in the black curve. We can see
the improvement in bandwidth compared to the initial DRA. The opti-
mized DRA achieves bandwidth of 68.8% (4.04—8.28 GHz) in contrast
with the initial DRA’s bandwidth of 31.7% (3.92-5.4 GHz).

The structure is excited in the centre using a probe, the basic mode
excited is equivalent to the M7, mode in a rectangular DRA [22, 23],
and higher order TM modes will be excited at higher frequencies. To bet-
ter illustrate this, three antenna resonances (zero reactance) are identified
from the Z parameter as 3, 4.92, and 8.24 GHz. The magnetic and elec-
tric field distributions within the DRA at the three resonance frequencies
are provided in Figure 3. The fields at 3 GHz obviously resemble that of
the TM7,, mode, and higher TM* mode field distributions are observed
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Fig. 4 The simulated S parameters of the proposed dielectric resonator an-
tenna (DRA) with optimized dielectric constants (black), and with the ad-

Justed dielectric constants (solid red), and the measured S parameter with

the adjusted dielectric constants (dashed red)
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Fig. 5 Comparison between the simulated (solid) and measured (dashed)
system efficiency and gain

for the other two modes in Figure 3. Because of the varying material dis-
tribution within our DRA, we can only approximately relate the current
distribution to standard modes in a uniform rectangular DRA [22, 23].

Prototype and measurement: Materials with different dielectric con-
stants listed in Table 1 are very difficult to realize with the exact same
values. To facilitate prototyping of the proposed wideband DRA, Wave-
pro provided materials with adjusted dielectric constants, as indicated
in Table 1 (values shown in parentheses). A total of 27 cubes are pro-
vided, each measuring 10 mm in size, composed of different materials as
listed in Table 1 in parentheses. These cubes were then assembled into
a single DRA. For the measurement setup, we fabricated a feed struc-
ture using Rogers RO4350B as the substrate and an SMA probe with a
height of 7 mm. The prototyped DRA with the feed structure is shown
in Figure lc.

The performance of the DRA with adjusted dielectric constants was
first verified in HFSS through full-wave simulation. Figure 4 shows the
simulated S parameters for the optimized DRA with the exact dielec-
tric constants (black), the adjusted dielectric constants DRA (solid red),
and the measured S parameter of the implemented prototype (dash red).
From Figure 4, it is clear that the bandwidth of the optimized DRA with
adjusted dielectric constants is not affected by the small adjustment in
dielectric constants of materials. The simulated and measured S param-
eters at the operating frequency were in relatively good agreement.
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Fig. 6 Radiation pattern at 4(a-b), 6(c-d), and 8(e-f) GHz. Solid lines are the
simulation data, and dashed lines are the measured data. Red curves show
Eg, and the blue curves are Ey
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Table 2. Comparison of proposed work with the previous work

References /, (GHz) FBW (%) Size (A3)

[24] 3.5 30 0.64 (diameter) x 0.12 (height)
[25] 35 37 3.14 x 0.152 x 0.27

[26] 5 425 0.77 x 0.77 x 0.09

[27] 5 459 0.36 (diameter) x 0.18 (height)
[28] 8.4 58.2 0.64 x 0.28 x 0.268

[29] 6 60.2 1.5 (diameter) x 0.18 (height)
Our work 6 64.9 0.6 x 0.6 x 0.6

Next, the simulated and measured system efficiency and system gain
versus frequency are plotted in Figure 5. The maximum simulated sys-
tem efficiency achieved over the operating frequency range is 98%. The
peak measured system efficiency is about 90.6%, reasonably close to the
simulation. The peak measured system gain achieved is 9 dB at 7 GHz
and matches well with the simulated data. To demonstrate the 3D radi-
ation characteristics of the proposed wideband DRA, the radiation pat-
tern of the antenna at 4, 6, and 8GHz is provided in Figure 6. A radiation
null is observed at broadside, because the antenna is behaving similar
to an electric monopole. The proposed DRA performance is compared
with some prior arts [24-29] in Table 2 and is shown to display higher
bandwidth with a relatively small footprint and volume. The DRA size
in Table 2 is given in terms of free space wavelength at the centre fre-
quency.

Conclusion: A compact wideband DRA with inhomogeneous material
distribution was designed based on evolutionary optimization search
within the specified and discretized volume. Then the optimized vary-
ing dielectric constants were rounded to the actual materials provided
by the Wavepro to implement the optimized DRA design. The proposed
design achieves a measured fractional bandwidth of 64.9% and a peak
system efficiency of 90.6%, validating the design method.
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