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Abstract

This study presents a rectangular dielectric resonator antenna (RDRA) array designed to operate in the 28 GHz
millimeter-wave (mmWave) spectrum. It achieves circular polarization (CP) by utilizing an innovative feed
network with cross-slots. The DRA's dimensions, relative to the free-space wavelength (ho), are 0.478ko x 0.478)0
% 0.28%0. The 1 x 4 array demonstrates excellent performance, delivering a substantial broadside gain of 14 dBic
at 28 GHz, along with an axial ratio (AR) bandwidth of 13% and an impedance bandwidth of 27.3%. These
features position it as a highly promising candidate for a wide range of applications. CST Microwave Studio was
used for the entire simulation design process.

Keywords: DRA, cross slot, bandwidth, Array antenna, Axial Ratio.
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Introduction

In recent years, significant advancements have been made in dielectric resonator antenna (DRA) arrays,
particularly for millimeter-wave and 5G applications. In [1] introduced a substrate-integrated waveguide (SIW)
series-fed DRA array that achieved a high radiation efficiency of over 90%, a gain of 11.7 dB, and a 4.7%
bandwidth. To address mounting errors, a substrate-integrated design was proposed in [2], where the resonator
and feed were fabricated together on the same printed circuit board, enabling both linear and circular polarization
operation at Ka-band. In another study, a polymer-based approach for DRAs was developed, utilizing acrylic
templates filled with composite materials this method achieved a 12% bandwidth and a realized gain of 10.5 dBi
at 60 GHz [3]. Further improvements appeared with a stacked DRA featuring an enlarged cavity-backed design
[4], enhancing the bandwidth to 16.4% (62.7—73.9 GHz) and achieving a gain of 17.2 dBi. Furdermore, artificial
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grid DRAs, introduced, embedded metal grid structures to increase the effective permittivity, resulting in a
measured gain of 12 dBi, a bandwidth of 6 GHz, and 76% radiation efficiency at 32 GHz [5]. Another
advancement [6] addressed performance limitations of conventional printed circuit board antennas for 5G
networks, developing a 64-element DRA array to support the high data rates and low latency required for fixed
wireless systems. The most recent work, outlined in [7], focused on fully integrated DRAs (FIDRAS) using
electromagnetic band-gap structures. This design achieved an 11.5% bandwidth (29.6-33.2 GHz) and a peak gain
of 7.85 dBi, with added multi-beam array capabilities. These advancements collectively underscore the growing
potential of DRAs for achieving higher bandwidth, improved gain, and enhanced integration in next-generation
wireless communication systems.

This study aims to enhance the gain, improve circular polarization performance, and achieve a wide bandwidth in
dielectric resonator antennas (DRAS). By exploring innovative design techniques and integrating advanced
materials, the objective is to optimize antenna efficiency, broaden operational bandwidth, and effectively utilize
high-order modes to address key challenges in 5G and next-generation wireless communication networks, as well
as millimeter-wave applications.

Design Methodology

The methodology began with identifying the supported modes of the DRA to ensure optimal performance at 28
GHz, selected for its relevance to mmWave applications requiring high data rates, low latency, and reliable
connectivity. A single DRA element was designed using a dielectric material with appropriate permittivity to
balance size, efficiency, and bandwidth by using CST microwave studio. The geometry and dimensions were
optimized through simulations for mode excitation and impedance matching, and a feeding mechanism, such as a
microstrip line, was integrated to excite the resonant mode. Simulations confirmed the single element’s
compliance with requirements for low profile, wideband operation, and high radiation efficiency. Based on this,
a DRA array was developed to enhance gain and achieve directional radiation, with elements strategically
arranged to maximize constructive interference and improve directivity.

Supported modes of Rectangular DRA.
The resonance frequency of TEmnp modes in DRA can be found using the dielectric waveguide model (DWM)

[8].
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In this case, Ao indicates the wavelength in open space, while c is the speed of light. Consequently, it is possible
to identify the resonant frequency modes as:

f= —— [(KZ+ k2 +k2) 6
0_27581“ X y z (6)

Furthermore, the DRA dimensions a, b, and / can be used to characterise the RDRA's magnetic field distribution
as follows.
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When a rectangular Dielectric Resonator Antenna is placed on a ground plane, the excitation of transverse
magnetic (TM) modes becomes impossible. This limitation arises because TM modes require the electric field (E-
field) to have maximum intensity at z = 0, a condition that conflicts with the boundary conditions at the ground
plane. Furthermore, the resonance frequency of both transverse electric and transverse magnetic modes depends
on the dimensions and permittivity of the DRA. This dependency highlights the complex interplay between the
antenna's physical properties and its electromagnetic performance. Recognizing these constraints is essential for
designing DRAs tailored to specific applications, balancing practical requirements with theoretical principles. In
addition, the higher-order modes of TE,;5, TE;33 were simultaneously excited at 28 GHz and 30.5 GHz,
respectively.

Single DRA Element

The antenna configuration is depicted in Figure 1, which also includes the dielectric constants and loss tangents
for the DRA and substrate, which are ¢ = 9.9 with tand < 0.0001 and es = 3.66 with tand = 0.0027, respectively.
These are the RDRA dimensions: | = w = 5.3 mm and h = 3 mm. These dimensions were determined using the
dielectric waveguide model (DWM) and the CST Eigenmode solver, which were utilized to calculate the
resonance frequencies of the TEmnp modes. The substrate has overall dimensions of L =20 mm, W =20 mm, and
hs = 0.245 mm. A 50Q microstrip line was used to feed the cross-slot. The lengths and widths of the cross-slot
arms play a critical role in optimizing the impedance and axial ratio (AR) bandwidths. [9]. In order to generate
circularly polarised (CP) radiation, unequal arm lengths were chosen [9]. The first and second cross-slot arms'
lengths were optimised to be 1.7 mm and 3.2 mm, respectively, and they had the same width of 0.35 mm. The
initial widths and lengths of the slots can be found using the formulas:

0.42,
= — (13)

v Ee

g+ €
=g (14)
wy = 0.2]; (15)

where er and es stand for the substrate and DRA's respective dielectric constants. The best place to start the
stub length g, i :

)\g
. (16)
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Figure 1: The proposed single DRA.

Particular care was taken to select the DRA's minimum height while preserving acceptable radiation properties.
The impedance bandwidth of a rectangular dielectric resonator antenna (DRA) is not directly correlated with its
height, as Figure 2 illustrates for various DRA heights.

Instead, it's influenced by various factors like the dielectric material properties, resonant frequency, and the
resonator's dimensions. The impedance bandwidth is typically associated with the resonant frequency and the size
of the resonator, rather than solely with its height. Validating the selected dimensions in the case study involves
assessing whether the chosen dimensions align with the desired resonant frequency and the associated impedance
bandwidth. If the dimensions lead to the intended resonant frequency and the desired impedance bandwidth, it
would confirm the suitability of the chosen dimensions for the application. This validation ensures that the antenna
meets the required performance criteria. Figure 3 illustrates the broadside gain, clearly demonstrating that the
maximum gain of approximately 9 dBic was achieved at 28 GHz with a height of 3 mm. Figure 4 presents the
axial ratio, where at a height of 3 mm, circularly polarized (CP) radiation was successfully obtained, delivering a
3 dB axial ratio (AR) bandwidth of 16%.
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Figure 2: Reflection coefficient of various heights. Figure 3: Gains of different heights.
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Figure 4: Axial ratio with different heights.  Figure 5: (a) E- Plane and (b) H- Plane radiation 28 GHz.
As explained in Figure 5, Since EL is roughly 20dB higher than ER, the far-field (polar view) patterns at the target
frequency 28GHz at DRA height 3 mm demonstrate that the DRA emits a right-hand circular polarisation (LHCP)
wave. Though it has a high gain and a significantly wideband operation, the suggested DRA has the lowest profile
of the designs that have been published. Table 1displays the final optimal antenna settings.

Table 1: Parameters of the proposed individual DRA element.

Parameter L W hs Wiadr Idr hdr It Wit Istub le LsZ Ws
Value 20 | 20 | 0254 | 53 | 53 | 3 105 0.45 1 | 17| 32 | 035
(mm)

Where L is the ground plane length, W is the width, hs is the substrate height, wdr is the DRA width, Idr is the
DRA length, hdr is the DRA height, It is the microstrip line length, wt is the width, Istub is the stub length, Is1 is
the first slot length, Is2 is the second slot length, and ws is the cross slot width.

Array Factor

Assume that each pair of neighboring elements in the array has a d-space between them and that the array has N
elements. Furthermore, a complicated current I, e™®, where 0 < n < N-1, is used to drive each element. This
shows that the antennas have identical current amplitudes and linear phase changes of ¢ between neighboring
elements. Thus, this type of antenna is called a phased array. On the other hand, a uniform array is obtained if ¢
= 0. The array factor can be obtained by taking into account an array of isotropic elements that are dispersed along
the z-axis [10].

AF =1+4¢€" + &' 4. +e/N-DY 17)
Where:
Y = (Bdcos6 + o) (18)
The normalised AF form is:
1 |sin (%Y)
(AR)y = |1 (19)
sin (7 Y)

One can achieve a broadside array when the main beam direction is perpendicular to the array axis. (17) makes it
evident that when y = 0, the greatest AF is attained. The maximum must be at 6 = 90°, therefore (18) becomes
(20) when the array axis is along the z direction.

Y = (Bdcos® + @)|ggee =@ =0 (20)
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Therefore, uniform phase and amplitude must be used to excite the array elements in order to meet the broadside
radiation requirements. The radiation pattern in a given plane can be found by multiplying the pattern of each
individual element by the array's factor [11].

Earray = Esingleelement X ArrayFaCtOI’ (2 1)

Based on the single DRA element mentioned in the preceding section, DRA arrays with 2, 4, and 8 elements will
be created. These arrays will be carefully analyzed to provide a deeper insight into the design process. As shown
in Figure 6, the single-element DRA offers the widest bandwidth at 31%, followed by the 4-element array at
28.3%, the 2-element array at 23%, and the 8-element array at 18.7%. Therefore, the single element demonstrates
superior performance over a broader frequency range compared to the multi-element arrays.
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Figure 6: Reflection coefficients of different DRA arrays. Figure 7: Gain of different DRA arrays.

Figure 7 illustrates the connection between an antenna's gain and element count. Specifically, the gain of the
antenna rises with the number of elements. A two-element antenna has a gain of 11.1 dBi, whereas a single-
element antenna has a gain of 8.71 dBi. The gain of eight-element antennas is 16.7 dBi, while that of four-element
antennas is 14 dBi. This is because a radiation pattern with more elements can be more directed and focussed,
resulting in less energy radiating in undesirable directions.
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Figure 8: Directivity of different DRA arrays. Figure 9: (a) E-plane. (b) H-plane at 28GHz.

Figure 8 shows that the directivity of a 2-element array is 12 dBi, that of a 4-element array is 14.7 dBi, and that
of an 8-element array is 17 dBi. The result was a single DRA element, D = 9.25 dBi. This demonstrates how the
directivity rises as the number of elements in the array increases, improving the ability to regulate the radiation's
direction [12].

13 | African Journal of Advanced Pure and Applied Sciences (AJAPAS)



G=nxD (22)

Where gain, efficiency, and directivity are denoted by G, 1, and D, respectively.

The radiation pattern at the target frequency of 28 GHz is shown in Figure 9, which makes it abundantly evident
that a more element-rich antenna array generates a narrower beam with better gain (directivity).In general,
increasing the number of antenna elements leads to an improvement in gain. Table 2 presents the results of the
array analyses.

Table 2: Size, gain, and bandwidth of different DRA arrays

Parameter Single Element 2 Elements 4 Elements 8 Elements
Bandwidth (%) 31 23 28 18.7

Gain (dBi) 8.71 111 14 16.6

Size (mm®) 19x21x3 35x%x35x3 36.5 x 36.5 % 2.93 40%x45x%x 3

1 x 4 DRA Elements.

The single DRA element that was displayed was used to design a compact broadside 4-element array. It was then
positioned on a ground plane measuring L = 35 mm, W = 49 mm, on which the cross-slots were etched, as
illustrated in Figure 10.

h W=49mm
A
Substrate
~
i
W
3 ] I
3 .I't-! _I't 5
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t2 : e [,
Microstrip line 4-
It T
i way power divider
(a) (b)

Figure 10: the proposed DRA array

Since a linear array shape provides a more compact structure, it was selected, as shown in Figure 10(a). For the
array feed network, a four-way microstrip power divider line was employed., as shown in Figure 10(b), which
displays the feed network. The measurements were selected to meet the uniform power division and phase
dispersion requirements of the broadside array architecture. Furthermore, two microstrip line widths were selected
for characteristic impedances of 50 and 100, respectively: wy = 0.6 mm and wy = 0.3 mm. Additionally, the
microstrip line portions' lengths were optimised as lu= 8.25mm, l = 5.66 mm, liz = 4.46 mm, ks = 4.77 mm, and
lis = 10.7 mm in order to achieve the widest impedance bandwidth.

Results and discussion

Figure 11 displays the simulated reflection coefficient of a single DRA element with impedance bandwidths of
about 29%. Additionally, the axial ratio of 13% and the maximum simulated gain of 8.7 dBic at 28 GHz are shown
in Figure 12. The simulated E- and H-plane radiation patterns at 28 GHz are shown in Figure 13. A right-hand
circularly polarised (RHCP) wave is emitted by the antenna.
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Figure 11: The Reflection Coefficient of Single DRA. Figure 12: Gain and Axial Ratio of single DRA.
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Figure 13: E- and H-planes radiation patterns at 28 GHz

The study thoroughly examined the influence of the separation distance (d) between adjacent Dielectric Resonator
Antenna (DRA) elements, as shown in Figure 12. For this investigation, the separation was set at 10 mm [13],
corresponding to one free-space wavelength Lo at 28 GHz. Figure 14 shows that this particular spacing yielded
the largest impedance bandwidth, measured at 27.3%. This value closely mirrors the performance of a single DRA
element, with the improvement attributed to the reduced mutual coupling between the elements at this optimal
distance. Figure 15 presents the variations in Axial Ratio (AR) and gain relative to the separation distance. The
configuration with the chosen distance produced the broadest AR bandwidth, reaching 13%, and the highest gain,
approximately 14 dBic. These enhancements are the result of minimized mutual coupling, which significantly
improves antenna characteristics. Figure 16 displays the radiation patterns of both the electric (E-field) and
magnetic (H-field) fields for varying separations between the elements. The best radiation performance, in terms
of pattern stability and efficiency, was achieved when the separation was maintained at this value.  This
comprehensive analysis demonstrates that the selected separation distance between DRA elements leads to
considerable improvements in impedance bandwidth, gain, and radiation characteristics. The reduction in mutual
coupling at this specific spacing plays a crucial role in achieving these enhanced performance metrics. This
highlights the significance of optimal element spacing in the design and optimization of antenna arrays for
advanced communication systems.
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Figure 14: The reflection coefficient of DRA array.  Figure 15: The gain and Axial Ratio of DRA array.
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Figure 16: The Normalized radiation pattern of DRA array.
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Figure 17: 3D Radiation Pattern of RDRA Array at 28 GHz.
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Figure 17 illustrates the 3D far-field radiation pattern of the 1 x 4 DRA array simulated at a frequency of 28 GHz.
The figure depicts the gain distribution in dBi using a color gradient, where (red)indicates the regions of maximum
gain (up to 14.1 dBi).

Table 3: Evaluation of the proposed antenna's performance in relation to existing designs.

Ref Bandwidth AR Gain Number of elements
Proposed Array 27.3% 13% 14 dBi 1x4

[1] 47 % - 11.7 dBi 4x1

2] - - - 2x2

[3] 12% - 10.5 dBi 4-element

[4] 16.4 % - 17.2 dBi 4x1

[5] - - 12 dBi 1x4,1x8

[6] - - - 64

[7] 11.5% - 7.85 dBi 1x4

The results from this study demonstrate significant improvements over the antennas referenced earlier. The
antenna achieves a gain of 14 dBi, indicating better signal focusing and directionality. With an S11 of 27%, it
shows effective impedance matching and efficient transmission. The axial ratio of 13% suggests a good balance
between circular and linear polarization. These performance enhancements are achieved with a compact design
of 35 x 49 x 3 mm3, optimizing the balance between gain, reflection coefficient, and size. Overall, this work
advances antenna performance, providing an effective solution for applications that require high-quality signal
reception and transmission in limited spaces. The evaluation of proposed array with the previous researches is
illustrating in table 3.

Conclusion

A rectangular Dielectric Resonator Antenna (DRA) array, consisting of a 1 x 4 configuration and circularly
polarized, is presented in this work for millimeter-wave applications. By utilizing cross-slot coupling and a
feeding network, the antenna achieves a radiation efficiency of 93% and an impedance bandwidth of 27.3%, along
with an axial ratio of 13%. At 28 GHz, the proposed 1 x 4 RDRA demonstrates a gain of 14 dBic, showing an
improvement of 5.3 dBic over a single DRA element. The higher-order modes of the DRA contribute to the
enhanced bandwidth and overall performance. The proposed antenna outperforms existing mmWave DRA arrays
in both gain and circular polarization bandwidth, making it a promising solution for a variety of applications
across different sectors.
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