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Abstract: A Rectangular Dielectric Resonator Antenna (RDRA) design for mmWave-frequency-band
MIMO metrics is proposed, with a compact, low-complexity, high-gain structure that is easy to
fabricate and offers reduced inter-port isolation. The RDRA operates in the mmWave spectrum,
featuring a compact size of 1.3071y x 1.307Ay, an impedance bandwidth of 6%, and a resonant
frequency of 28 GHz, with a peak gain of 7 dBi. A four element MIMO system iteration was
developed while maintaining the performance of the single element antenna. Additionally, a simple,
low-complexity slot-etching technique was applied to achieve an average inter-port element isolation
of 14 dB. The design also achieved a novel four-beam petal-splitting radiation pattern. The MIMO
metrics, with an envelope correlation coefficient (ECC) of <0.5 and a diversity gain (DG) < 10, were
successfully met. The simulated and measured results are in good agreement.

Keywords: dielectric resonator antennas; rectangular dielectric resonator antennas; antenna radiation
patterns; millimeter-wave communication; MIMO communication; mutual coupling

1. Introduction

The fifth generation emerged to address user growth necessities and achieve a solid
communications infrastructure that maintains accessibility, availability, and high user
demand. The eight key principles of 5G communications are latency, mobility, spectrum,
user-experienced data rate, peak data rate, area traffic capacity, network energy efficiency,
and connection density [1]. In 5G communications, MIMO is a fundamental technology for
achieving high data rates with improved signal quality in a context where some of the main
customer applications are, e.g., user-centric computing, smart transportation, multimedia
streaming, and telemedicine. Dielectric resonator antennas (DRAs) are potential candidates
for channel-stage conforming MIMO systems, having promising attributes, including
design simplicity and ease of fabrication, resulting in higher gain values than other antenna
types, such as microstrip antennas. The literature presents some cases of MIMO DRA
designs at mmWave consisting of a four-MIMO hemispherical dielectric resonator antenna
(HDRA) element design, remarking the use of graphene strips and a maximum gain of 7 dBi
with an individual radiation pattern analysis [2]. In [3], a four element MIMO cylindrical
dielectric resonator (CDRA) with a maximum 10 dBi gain and a summing network for each
of four resonators is presented. Additional fabrication and design challenges can be added
to both designs, which have relatively similar results compared to simpler designs with
rectangular radiators. Setting the scene at the communications channel stage, RDRA'’s are a
potential technology being investigated in architectures such as multiple input multiple
output (MIMO) to fulfill the generation demands.

In the literature, two-port RDRA MIMO designs in the mmWave region are presented,
proposing individual port testing excitation [4-8] and a gain ranging from 6.4 to 11 dBi.
In [4,6], the proposed design demonstrates an inter-port isolation of 20 dB. A 30 dB isolation
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is reported in [7], with the addition of vias inside the two-element RDRAs. The most
utilized isolating techniques are based on the antenna location, antenna spacing between
components, the addition of etched meandered-line complex patterns, metal strips on
the DR top surface, and the use of summing independent networks, with the maximum
isolation reported being 20 dB considering a reflection coefficient value less than —20 dB.
Moreover, complex designs present an increase in gain given only by the nature of the
resonant frequency when sacrificing isolating elements [9,10]. Furthermore, there is a
prevalence of publications studying systems with individual antenna excitation ports.

Four port MIMO RDRA designs have been reported with gains in the range of 7 dBi
to 9.9 dBi and having overall sizes of 20 x 40 mm [9] and of 15.84 x 5 mm [11]. The first
four element MIMO design demonstrated an inter-port isolation of 22 dB, attributed to
the discontinuity of the Ground Plane (GP). The second case demonstrated an inter-port
isolation of 15.2 dB due to the addition of metamaterials on top of the RDR. A a 4 MIMO
RDRA element with a peak gain of 4.2 dBi, a maximum reduction of 40 dB and an efficiency
of 86% was reported in [12].

A metamaterial placed between two RDRAs, achieving a reduction of 30 dB, was
reported in [13], with 28 dB in [14,15]. Individual antenna excitation port radiation patterns
with load termination were presented for both cases. There are a limited amount of studies
regarding compact, simultaneous antenna system excitation and inter-element isolation
techniques at the mmWave in RDRAs in the MIMO literature.

The present work proposes compact, low-complexity, high-gain, easy to fabricate, and
reduced inter-port isolation RDRA designs for the mmWave frequency band complying
with the MIMO ECC and DG metrics. A single antenna element was first designed fol-
lowed by a four element MIMO with four-beam radiation, tested simultaneously with
a power splitter such that the beam splitter petals could be ideally identified. Further-
more, the MIMO design proposes a simple mutual coupling reduction method using a
slot-etching technique with a shared GP. A four element RDRA with simultaneous multi-
beam radiation has not been reported in the literature before. The proposed solution is
suitable for multi-user MIMO systems owing to the multi-beam radiation achieved by
utilizing staggered elements, compared to the existing constructions that offer single-beam
MIMO configurations.

2. Antenna Configuration
2.1. Rectangular Dielectric Resonator Antennas

DRAs were theoretically demonstrated by R.D. Richtmyer in 1939 [16] and incor-
porated as a fundamental part of a novel antenna design in 1983 [17]. They are con-
sidered potential solutions for enhancing antenna characteristics due to their capability
for delivering wide bandwidths and high radiation efficiencies, and are fabricated with
low-power-loss ceramic materials. However, they have some drawbacks, such as the
need for precise alignment and relatively low bandwidths, which can impact the antenna
performance depending on the operating frequency band. Some common examples of
resonator shapes are cylindrical, rectangular, triangular, spherical, and hemispherical. For
this particular case, a rectangular radiator was utilized due to its simplicity of design and
ease and precision of fabrication. It was also considered due to the feasibility of manually
aligning it with a reduced size. Slot aperture feeding is preferred at mmWave due to
its reduced conductor and dielectric losses, radiation characteristics with less spurious
radiation, as well as improved heat dissipation, compared, for example, with a microstrip
feeding line.

A typical RDR structure consists of a base with dimensions w, h, and a height /.
DRA modes are defined as the theoretical expressions for the electromagnetic fields inside
the DRA; they can be classified as transverse electric (TE), transverse magnetic (TM), and
transverse electromagnetic (TEM). Once the RDRA is excited, the magnetic field experiences
constructive or destructive interference depending on the ceramic material characteristics,
e.g., size and permittivity. The resonator generates TE modes, denoted as m and n, which
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are defined by the number of short magnetic dipoles generated inside the resonator and
propagated on each x, y, z plane. According to [18], there is an increase in gain for higher-
order modes and a bandwidth reduction due to the increase in the TE mode’s order. Figure 1
illustrates short magnetic dipole propagation in the z direction.

Propagation direction T2
TE z z
811 TEs13 TEs1s
gy
X o=
4!

DRA DRA

]

Figure 1. Propagation modes inside an RDRA.

A dielectric wave model (DWM) [19] mathematically models the magnetic field ex-
trema inside the RDRA. The wavenumber equations of the coordinate system through the
RDRA are expressed as below:

K5+ K+ k2 = e/kg ¢))
After considering the resonant frequency of the antenna,
2 21fy
k = —_— = 2
0= C @

where ky refers to the free-space wavenumber. After substituting Equation (1) into (2),

c
fozfer\/k%ﬁ'k%*'k% @)

In Equation (3), c represents the speed of light 3 x 108 2, A refers to the free-space
wavelength, and e, is the relative permittivity of the dielectric.

2.2. Slot Aperture RDRA Feeding Mechanism

Some examples of the existing DRA feeding mechanisms in the literature refer to coax-
ial probe-fed [20], aperture coupled-fed [21], microstrip feedline [22], co-planar waveguide-
fed [23], and conformal stripline [24]. At mmWave frequencies, a slot aperture design with
electromagnetic coupling, as illustrated in Figure 2, is preferred. The antenna’s sensitivity
increases and its performance is directly affected by unwanted dissipation losses and reflec-
tions produced by, e.g., a directly placed RDR transmission feeding line, which translates
to a reduction in the antenna’s efficiency. Complementary to the radiator design previously
mentioned, the mathematical definition for an RDRA antenna’s feeding mechanism can be

calculated as [16]

e= 05 @

where €, is the substrate permittivity and €; is the DR substrate permittivity.
Derived from the wavelength propagation mathematical definition in the dielectric
substrate:

Ao
Ag = 5
LN ©)

After considering 0.4A; [25]: )
Is — 0.4-Ag ©)

NG
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The slot aperture is designed to achieve coupling between the feedline and the RDRA;
its size must be large enough to have sufficient efficiency and small enough to avoid
resonance within the operating band.

ws =021 (7)
where ; is the slot length and w; is the slot width.

_)\g _2n
=3 =g (8)

where s is the slot position, A is the guided wavelength, and § is the propagation constant.

S

2.3. Definitions of MIMO Envelope Correlation Coefficient (ECC) and Diversity Gain (DG)
Performance Metrics

According to [26], MIMO performance can be evaluated using the envelope correlation
coefficient (ECC) and diversity gain (DG). The ECC determines the degree of independence
between two adjacent antennas. The ECC for a lossy environment can be determined by
considering the S-parameters of the antennas in the system [27]:

pe(ECC) = | [, [E1(6,¢) * E2(6,¢)dQ2? )

[ [E1(6,0)24Q [ [, |E2(6, ¢) PO

On the other hand, diversity gain (DG) measures the effect of the system diversity
in a communication system. It is complementary to the ECC. For high isolation to be
achieved in the antenna system, the DG value should ideally be 10. It can be calculated as

DG =10-/1— |p.| (10)

In line with the literature, the key antenna parameters were determined using simulations.

2.4. Antenna Structure
2.4.1. Single element antenna

A single RDRA with substrate dimensions 1.621g x 1.62A and a thickness of 0.508 mm
is proposed and illustrated in Figure 2a. The antenna design substrate material is a lossy
RT /duroid 5880 Rogers Corporation, USA, considering y# = 1 and a loss tangent of 6 = 0.0009
with €, = 2.2. At mmWave frequencies, the Rogers RT5880 is a great choice because of its
low dissipation factor leading to an improvement in the efficiency and signal quality of
the antenna. The substrate copper layers have a thickness of 35 um. The DR is made of
alumina with e;=9.9; its dimensions are shown in Table 1. The feeding antenna network,
slot width w;s, and slot length Is were predetermined according to Equations (6) and (7)
and are illustrated in Figure 2b. When determining the dimensions of the transmission line
underneath, these were calculated and optimized to achieve an analytical line impedance
of 50 (). Next, a dielectric resonator (RDR) with similar width w and height k, but with
doubled length [, was positioned on top of the slot aperture. At this stage, the position s
was adjusted to achieve optimal matching.

2.4.2. MIMO Antenna Design

A four element MIMO system was created based on the single element design. The
antenna components were placed on a common GP with independent feeding ports, as
illustrated in Figure 3. Four etched slots can be seen at 0°, 90°, 180°, and 270° to the antenna
direction on the GP.
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Dielectric resonator

Slot aperture

Substrate

4

Transmission line

(a) (b)
Figure 2. (a) RDRA general structure in layers. (b) Top view of the slot aperture.

Table 1. RDRA general dimensions from Figure 2.

Variable Name Dimension (mm)
Ws 0.48
Ig 1.91
5 1.73
1 3.22
w 1.55
h 1.52

SMA connector
screw holes

Ground plane

Etched slots

Transmission line \:\ .

1.512 A, Etched slots

Substrate

SMA connector
screw holes

Transmission line

1.512 2,
(a) (b)

Figure 3. (a) Four port MIMO design, side view. (b) Four port MIMO design, top view.

Additionally, the distance from the dielectric resonator’s (DR’s) edge to the etched
slot is approximately 0.0466 Ay and is aligned in parallel with the position of each res-
onator. The etched slot dimensions are 4.25 x 0.30 mm. Each of the four RDRAs is shifted
symmetrically by 0.065 Ay from the middle of the board on the left-hand side. Similarly
to Figure 2, the antenna considers a symmetry within the four elements in addition to a
similar slot aperture.

At this stage, it is pertinent to highlight that initial simulations were conducted using
the CST Studio Suite 2020 for both a single element and a four element MIMO system.
Subsequently, these simulations were followed by the fabrication and measurement of the
systems, the results of which are presented and discussed below.
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3. Experimental Methodology

The initial experimental setup involved a single scenario in which a Keysight PNA-X
Network Analyzer N5245B was connected to the antenna prototype using an SMA 2.4 mm
connector to measure its corresponding reflection coefficients.

Scattering parameters were measured for the 4-element design. Ports 1 and 2 were
initially connected to the VNA for measuring S11, S12, Sz1, and Syp; the rest of the ports
were terminated by 50 () loads. A similar procedure was employed to measure S33, S34,543,
and Sy4, with ports 1 and 2 terminated at 50 (). After completing the measurements of
the parallel ports, the perpendicular S-parameters were tested. The ports of interest were
connected to the VNA, and the remaining ports were terminated at 50 Q). For instance, to
measure Sq3 and Sz, ports 2 and 4 were terminated with a 50 () load. This methodology
was consistently applied to all perpendicular ports within the design. Figure 4 shows a
general diagram illustrating the experimental scenario.

MIMO proposed work
PNA-X 130 Network Analyzer

N52458 fort,
/ N
- Q (‘Q:\ * S-parameters for
= / N llel
e Gy
Port 1

S-parameters for
" perpendicular cases

Figure 4. Experimental scenario for S-parameters.

Next, the antenna’s radiation pattern and gain were measured in a mmWave anechoic
chamber, with the setup illustrated in Figure 5. For the single element case, the antenna
design shown in Figure 2 was connected directly to the NSI-MI system. For the 4-element
prototype, an additional connection was made to a power frequency splitter to verify the
multi-beam capabilities of the proposed design.

\AAAAAAAAAAAAAAAAAAAAAA

Anechoic mmWave chamber

Antenna Under m
Test (AUT)

Rotation scanning arm

Standard Gain
Horn (SGH)

= Power splitter

AAAAAAA

Figure 5. mmWave chamber experimental scenario.
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4. Results and Discussion
4.1. Single Antenna Results
4.1.1. S-Parameters
The S-parameters resulted in a measured impedance bandwidth of 6% against 4.025%
for the simulated design, as illustrated in Figure 6. The resonant frequency shifted from

28.07 GHz for the simulated design to 27.5 GHz, which is attributed to assembly and
fabrication uncertainties.

S-11
0 ]
T ——"—_—-“
~ St
5 N L =
\,\ \ ’/r//

= ‘ === Measured
25 - : —— Simulated

26 27 28 29 30 31 32
Frequency/ GHz

Figure 6. 51 of the single RDRA element design illustrated in Figure 2a.

The magnetic field of the single RDRA and the resonance mode at the resonant
frequency, 28 GHz, are illustrated in Figure 7. In line with Figure 1, the TE;1; mode is
present, and can be observed in the propagation direction.

Figure 7. Magnetic field distribution inside the single RDRA TEj;; at 28 GHz on the yz plane.

4.1.2. Antenna Radiation Pattern

The RDRA was measured as an antenna under test (AUT) with the NSI 2000 Standard
Edition Software system. The radiation pattern scanning considered a range from ¢ = —90°
to ¢ = 90°. A tilting of 13° can be noted as part of the simulation. A slight tilting on the
measured pattern is attributed to the antenna’s alignment. The simulations and measure-
ments are in good agreement. Figure 8 shows the absolute value for the radiation pattern
at the resonant frequency, stated below as 28 GHz.

4.1.3. Antenna Gain

The maximum realized gain in the simulations at the resonant frequency is 7.07 dBi.
As illustrated in Figure 9, the measurements show a difference not bigger than 2 dBi on the
frequency range and agree with the simulations. The difference is attributed to the adaptor
in addition to cable losses.
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28 GHz , ¢ =90°

Simulated
Simulated -15 ——— Measured
— === Measured ) !

28 GHz, @ = 0°

60 .

60 . . 60

920 -90

90 r 90

T - T 0 -5 -10 -15 -20 -25 -30 -35 -40 -35 -30 -25 -20 -15 -10 -5 O
0 -5 -10 -15 -20 -25 -30 -35 -40 -35 -30 -25 -20 -15-10 5 O

(a) (b)
Figure 8. Single element radiation pattern at (a) ¢ = 0° and (b) ¢=90°.
Realized gain
10
8 4
6 P I i - —
p— /, \\\\
% /// \\\\\
4 /// -~
P
Vv
2 1 —— Simulated
=== Measured
0 T T ;
27 28 29 30
Frequency / GHz

Figure 9. Single element RDRA gain.

4.2. MIMO Antenna Results
4.2.1. S-Parameters

Figure 10 presents the S;1 measurements, showing a resonant frequency of 27.5 GHz
and an impedance bandwidth of 6%. By comparing them with the simulated results, the
resonant frequency shifts by 300 MHz and the impedance bandwidth increases by 0.72%.
The difference in the measured results is attributed to the alignment of the DR on the GP in
conjunction with the fabrication tolerances. Si, presents a maximum difference between
the simulations and measurements of 5 dB within the impedance bandwidth range. Si3 has
a maximum difference of 5 dB when compared with the measured and simulated results.
Finally, after measuring Si4, it can be noted that there is a maximum difference of 8 dB
compared with the simulated data. It is important to mention that there is a difference
between the simulated and measured results in Figure 10a,c; the RDRA alignment affects
all the ports’ scattering parameter measurements by producing a shift. Additionally, there
is the presence of unwanted bending of the materials due to the fragility of the prototype.

Figure 11 presents the simulated and measured scattering parameters for port 2 of
the antenna structure. The Sp; measured reflection coefficients are not more than 6.5 dB
bigger than in the simulations within the impedance bandwidth. For S»3, a maximum of
5.3 dB can be observed and for Sp4 a maximum 6 dB isolation can be observed. Sy shows
an impedance bandwidth of 5% compared with 5.28% for the simulated results.

Figure 12 presents the simulated and measured scattering parameters for port 3 of
the antenna structure. The S3; measurement results are not more than 2.08 dB bigger than
the simulated ones within the impedance bandwidth. For S35, a maximum isolation of
3.76 dB can be observed, and for S34 there is a maximum 4.8 dB difference. Finally, for
S33, the measured impedance bandwidth is 4.46% compared with a simulated impedance
bandwidth of 5.28%.
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Figure 10. Scattering parameters when port 1 is fed. (a) Sy1, (b) S12, (¢) S13, and (d) Sy4.
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Figure 11. Scattering parameters when port 2 is fed. (a) Sp1, (b) Sz, (¢) Sp3, and (d) Sp4.
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Figure 12. Scattering parameters when port 3 is fed. (a) S31, (b) S32, (¢) S33, and (d) S34.

Figure 13 presents the simulated and measured scattering parameters for port 4 of the
antenna structure. It can be observed that the measurements of the mutual coupling values
are not more than 1.26 dB bigger than those of the simulations, within the impedance
bandwidth. For Sy, an inter-port isolation of 3.76 dB can be observed, and for 543 a
maximum 4.28 dB difference. Finally, for Sy4 the measured impedance bandwidth is 4.61%
compared with a simulated value of 5.28%. Although there is no change in the simulated
dimensions of the RDRA, the variation in resonance frequency between the ports can be
attributed to two identified factors. The first factor is the fabrication tolerances for each
antenna’s dielectric resonator radiator. The second factor is the manual alignment of the
DR on top of the antenna substrate.

4.2.2. Antenna Radiation Pattern

The maximum gain’s main lobe direction was first identified in the four element
radiation pattern. According to the four element MIMO simulation, the main lobe is
directed to 32°. Consequently, a 6 = 32° azimuth plane is investigated to identify the main
four element radiating lobes. Figure 14 illustrates the absolute values of the four elements
at ¢ = 0. The radiation pattern is in good agreement with the simulations. Complementarily,
the ¢ =90° azimuth plane was investigated for verifying consistency in the radiation
pattern. The split at 6 = 0°, ¢ = 0° remains, with slight variations in the termination of
the lobes at exactly 8 = 90° and 6 = —90°. This variation can be attributed to a systematic
scan error.

4.2.3. Antenna Gain

By design, the antenna’s overall system gain is 7.06 dBi in each maximum lobe direc-
tion. By considering 6 = 32° for the four simultaneous operation cases, the antenna gain is
discussed below. At ¢ = 15°, a range of homogeneous differences from 1 to a maximum
of 2 dBi within the frequency range is attributed to connector losses. The simulated and
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measured results are in good agreement. At ¢ = 90°, there is a similar behavior to the first
case. The simulated and measured results are in good agreement. At ¢ = —75°, thereis a
maximum of 4 dBi difference at the lower frequencies within the previously mentioned
impedance bandwidth. At this angle, it is important to consider the scanning range, despite
the beam forming according to the simulations, there is a discrepancy in the results since
the threshold maximum scanning angle is at 90°. The simulated and measured results
are in good agreement. Finally, at ¢ = —173°, only simulations are presented due to the
scanning range. The four cases are illustrated in Figure 15.

S-41 S-42
0 0
-20 20
L :—'\ e i 14 EANANAR
8 40 T S N H AT
40 T~ N\ /
—== Measured J === Measured
60 —— Simulated 60 —— Simulated
EEEEEEER P
26 28 29 30 31 32 26 27 28 29 30 31 32
Frequency/ GHz Frequency/ GHz
(a) (b)
S-43 S-44
0 0 —CEE
N e
\:\\\ /,r /,/
A0 1 N A
20 Qg /
T ~_ ‘—____-—""'::_ -20 ll
o T~ =TT m
o ©
-40 30
——= Measured 40 === Measured
-60 —— Simulated —— Simulated
EEREEEER 50 BESEEEES
26 27 28 29 30 31 32 26 27 28 29 30 31 32
Frequency/ GHz Frequency/ GHz
() (d)

Figure 13. Scattering parameters when port 4 is fed. (a) S41, (b) Sa, (¢) Sa3, and (d) Syq.

28 GHz Abs, @ = 0° 28 GHz Abs, @ = 90°
Simulated 0

15 0 -15 = —=— Measured 15

Simulated
-15 ——~— Measured

-60

Figure 14. Four element MIMO normalized radiation pattern at (a) ¢ = 0° and (b) ¢ = 90°.

4.2.4. Envelope Correlation Coefficient (ECC) and Diversity Gain (DG)

The full radiation pattern is illustrated in Figure 16; the ECC and DG were evaluated
to determine each MIMO system’s performance. Figure 17 illustrates the relationship of
the inter-ports, repeatedly showing results, due to the symmetry of the design, in the range
of 0.045 to 0.075.
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Figure 15. MIMO four-beam realized gain at (a) ¢ = 15°, (b) ¢ =90°, (c) ¢ = —75°, and (d) ¢ = —173°
at 6 =32°.

In comparison, Figure 18 presents an increase in these results due to the interaction
with a real environment, with losses coming from connectors, adaptors, and the calibration
system. For this case, a range of 0.1 to 0.35 was calculated.

The simulated and measured results fulfill the MIMO ECC and DG stated thresh-
old [26]. The simulated and measured results differences shown in Figures 17 and 18
are attributed to the assembly of the RDRAs, as well as the calibration of the VNA in
combination with the use of adaptor losses.

Figure 16. Measured 3D radiation pattern for the 4-element MIMO system design illustrated in Figure 3.
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Figure 17. (a) Simulated and (b) measured ECC for MIMO.
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Figure 18. (a) Simulated and (b) measured DG for MIMO.

5. Conclusions

A single RDRA and a compact four-port RDRA MIMO with a constant gain of 7 dBi
are presented in this work. The single element and four MIMO element designs consider
a resonant frequency of 28 GHz. The antenna performance of the single RDRA element
demonstrated a good agreement with computer simulations in terms of impedance band-
width, radiation pattern, and realized gain. As a result, a four element iteration was made
for creating the MIMO system. Some mutual coupling reduction mechanisms were added
to the MIMO system: the antenna’s positioning and the addition of etched slots as mu-
tual coupling mechanisms resulted in a maximum 14 dB reduction. MIMO metrics were
successfully measured and compared with simulations for the iterated design, resulting
in a simulated ECC < 0.075 and DG < 9.75, and a measured ECC < 0.45 and DG < 9.80,
complying with MIMO thresholds. This work proposes a simultaneous MIMO 3D radiation
pattern measurement in order to demonstrate four-petal radiation in addition to the em-
ployment of design mechanisms such as antenna spacing and slot etching for reducing the
antenna inter-port isolation. These mechanisms demonstrate low complexity for last-mile
wireless applications.
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