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Abstract: A four-port dielectric resonator (DR)-based multiple-input multiple-output (MIMO) an-
tenna is presented for sub-6 GHz MIMO communication. The dielectric resonator was fed through
aperture feeding to achieve dual-band resonance. The DRA has the operating modes of TEy;; and
TEgs at 3.3 GHz and 3.9 GHz, respectively. The engineered antenna has port isolation of higher than
20 dB at the target frequencies without the employment of an extra isolation mechanism. Full-wave
high-frequency simulation software was employed for the simulation computation. The antenna
has a peak gain of 5.8 dBi and 6.2 dBi, and an efficiency of 88.6% and 90.2% at 3.3 GHz and 3.9 GHz,
respectively. The proposed resonator has good MIMO diversity parameters. The optimal envelope
correlation coefficient (ECC) is 0.01, channel capacity loss (CCL) is 0.1 bits/sec/Hz, and the total
active reflection coefficient (TARC) is —22.46. The DRA elements are aligned orthogonally with ade-
quate displacement for achieving polarization diversity and spatial diversity. The antenna delivers
its applications in Sub-6 GHz 5G and WiMAX communications.

Keywords: dielectric resonator; MIMO communication; 5G antenna; Sub-6 GHz communication;
WiMAX communication

1. Introduction

The significantly rising requirement for real-time internet traffic has triggered the
requirement for fast and efficient communication. The present data streaming need has
to overcome the restrictions offered by 3G and 4G communications. While there is a strict
constraint on channel allocation numbers, there also exist severe limitations in multi-user
accommodation due to co-channel interference. The substantial evolution in wireless
communication has triggered 5G communication having the capability to support data
rates up to multiple gigabits per second. Each advanced generation has presented a
multifold growth in communication technology and a higher data rate [1,2]; low latency
and delay are offered with 5G communication in comparison with 4G communication. The
multiple-input multiple-output (MIMO) technology provides increased channel capacity,
mitigates multipath fading, and provides faster communication. MIMO provides seamless
communication through optimum spectrum efficiency, and through effective channel
allocation, it also provides more mobile users.

The 5G communication technology inducts an array of antennas. A MIMO com-
munication tames radio propagation issues by communicating the data over manifold
transmit and multiple receive antennas. The multiple fading inconsistency affects the data
transmitted over each antenna and hence the fading received in each channel differs in
nature. At present, there is a wide spectrum of multiplexing techniques available for giving
a high degree of freedom in MIMO communication. The 5G mobile communication has
a strong constraint of physical space for incorporating the antennas. Planar resonators
are a feasible choice for the sustenance of multiple antenna systems. Patch resonators
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provide appropriateness in manufacturing and cost-competitiveness. The patch antennas
suffer significantly in terms of providing good antenna parameters, especially bandwidth
and gain. The standard patch antenna employs high dielectric loss material to provide
cost-competitiveness and hence there has to be a balance in the trade-off between antenna
parameters and cost-effectiveness. The dielectric resonator antennas (DRAs) are capable of
providing enhanced radiation efficiency when they are fed appropriately. The DRA design
with proper electrical and mechanical attributes leads to greater radiation efficiency. The
literature presents a few of the DRAs designed for 5G MIMO communication [3-10].

MIMO antennas are typically expected to give low mutual coupling between ports.
The high isolation or low correlation ensures better radiation and diversity performance
in MIMO systems. These antenna properties are expected in a space-constrained environ-
ment and it is extremely important to have electrical compactness in the antenna design.
This makes the MIMO antenna design exciting. There is significant literature available
relating to the improvement of MIMO antenna port isolation through the decoupling mech-
anism [11-20]. In the absence of the decoupling mechanism, port isolation can be achieved
by the appropriate placement of the resonators which are fed through transmission lines.
Internal mode decoupling is frequently used for achieving better port isolation. The en-
gineered resonators will guarantee opposite current flow directions in the resonator to
avoid a strong correlation between the resonating elements. The WIMAX communication
standard provides broadband services to end-users. It is capable of providing a higher
data rate compared to WiFi communication over a longer distance. MIMO communication
requires multiple resonant frequencies and there has been substantial research in MIMO
technology [21-27]. The recent literature presents state-of-the-art MIMO antennas [28-32].
The effective use of a 3-300 GHz underutilized spectrum may aid in providing a reason-
able trade-off between user coverage and channel capacity, as presented by 3G and 4G
communication. By engineering the dielectric resonator, improved antenna parameters viz.
directivity, gain, bandwidth, and cross-pol isolation can be achieved. The adequate selec-
tion of antenna dimensions and appropriate feeding mechanisms can ensure the excitation
of multiple resonant modes. The novelty of the presented design is that by maneuvering
the dielectric resonator two modes viz. TEy;s and TEqp;s are excited in antenna dual-band
operation. The antenna also provides electrical compactness for integration in the RF circuit
design. The presented antenna has an excellent application in Sub-6GHz and WiMAX
Communication. Section 2 describes antenna design, the antenna sensitivity analysis is
presented in Section 3 to show the effects of physical parameters on antenna resonance,
and Sections 4 and 5 of the manuscript incorporate implementation on 4 x 4 MIMO design
followed by a critical discussion of the results.

2. Antenna Design

Figure 1 exhibits a designed MIMO antenna. The patch resonator is excited through
the transmission line using the co-axial cable. The dielectric resonator (DR) was kept on the
patch resonator. The DR is fed by an aperture coupling mechanism. One of the important
features of DR is a lack of metal which has huge conducting losses for the GHz frequency
spectrum. Customary conductor-based resonators notably suffer from these metallic losses.
The DR-based antennas offer extremely high efficiency and hence the high antenna gain.
If an appropriate DR material is selected, then DRA provides large bandwidth and gain.
Full-wave high-frequency simulation software (HFSS) was employed for the simulation
computation. The presented antenna employs alumina material as the dielectric resonator,
with & = 9.9 and tand = 0.0001. This material is widely available and it provides an
economical solution compared to other expensive dielectric materials. The aperture-fed
DRA was initially kept on the patch resonator. Several repetitions in simulations were
taken up to improve the electrical dimensions of the dielectric material to excite the two
modes. The fundamental TEys and TE;p; mode excitations present the key feature to
achieving targeted frequency characteristics. Table 1 presents the mechanical sizes of the
dielectric resonator.
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Figure 1. Antenna views, (a) top, and (b) perspective.

Table 1. Antenna Mechanical Dimensions.

Parameter Dimensions (mm) Parameter Dimensions (mm)
S1x =Sy 30 Lx3 7
Dx =Dy 12 Wyl 19.5
Lx 2 Wy2 224
Lx1 25 Dh 10
Lx2 8 t 1.6

The electromagnetic fields emanating from the conducting patch are coupled to a
dielectric resonator which causes the excitation of the DR. The offset feeding technique
is employed for impedance matching. The microstrip feedline dimensions were initially
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numerically computed and then further optimized for the feeding of the patch antenna.
The antenna has been mounted on a standard low-cost FR-4 substrate having a dielectric
constant and loss tangent of 4.4 and 0.02, respectively. The 35 um copper sheets were
kept for the design of the patches. The square DR has lateral dimensions of 12 mm and
a height of 10 mm. There are few DR-based MIMO antennas in the literature that have
more height to attain improved antenna parameters, however, the space constraint may
restrict the maximum height dimensions of DRAs. One of the essential reasons to induct
a square dielectric resonator instead of a circular/cylindrical dielectric resonator is the
mechanical viability in antenna design engineering. The placement optimization of a
square DR on the top of the patch is relatively simpler than on cylindrical DRs. It was
also observed that it is easier to predict the antenna behavior during the optimization for
the case of a square antenna. It is extremely difficult to achieve an antenna numerical
model or prediction model for a combination of the patch and dielectric material. It is
extremely viable to attain the target antenna parameters through software simulations,
however, DRA excitation modes equations can aid in the crude estimation of the antenna
resonance. Another reason to avoid circular/cylindrical dielectric resonators is to evade
degenerated modes being induced.

Figure 2 exhibits the antenna evolution. For ‘Phase-1’, the simulated reflection coeffi-
cients confirm the impedance bandwidth from 3.3 to GHz and 3.6 to GHz, not covering the
desired frequency range. To enhance the bandwidth further and attain the desired reso-
nance, an inverted F-shaped radiator was made by splitting the rectangle into two halves,
which is depicted as ‘Phase-2’. This increased the electrical length and thus shifts the cut-off
frequency to the upper spectrum and improves the impedance bandwidth. Furthermore,
to achieve the desired Sub-6 5G and WiMAX band, an inverted F-shaped antenna is further
modified by etching the edge of the first rectangle, as depicted in ‘Phase-3’. The antenna
design steps are as follows: (i) implementation of engineered patch resonator, (ii) secondary
mode excitation by inducting the dielectric resonator, (iii) altering the antenna resonance
by modifying the electrical dimensions of the resonator through slit gap, and (iv) design
optimization through sensitivity analysis.
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Figure 2. Antenna development phases.
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E Field [V/im]

250.1193
189.4031
143.4256
108.6092

822444
622797
47.1614
35.7130
27.0437
20.4789
15.5076
11.7432
8.8925
6.7339
5.0992
3.8614

Jsurf [A/m]

22.3268
20.8642
19.4015
17.9389

16.4763
15.0137
13.5510
12.0884
10.6258
9.1632
7.7005
6.2379
47753
33127
1.8500
0.3874

The calculated sizes of the dielectric resonators were estimated through computation
using dielectric resonator equations for the generation of TEy;5 and TE1ps modes to achieve
the dual-band performance of the resonator. The resonances at 3.3 GHz and 3.9 GHz were
attained. Figure 3 illustrates the electric field generated in the DR through the simulation.
There is a dissimilarity in the simulated and numerically computed resonance mode as the
dielectric wave model does not keep account of the employed feeding mechanism [8].
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Figure 3. E-Field within DR; (a) TEy at 3.3 GHz; (b) TEqgs at 3.96 GHz; (c) surface current on
resonator at 3.3 GHz; and (d) surface current at 3.96 GHz.

Through the software simulations, it was possible to visualize the higher-order modes
being produced within the DR. The E-field distribution in the x-plane and y-plane of DR at
3.3 GHz and 3.96 GHz are illustrated in Figure 3a,b. Through these figures, the excitation
of the TEy15 and TEqgs modes are confirmed. Figure 3¢c,d depict the surface current density
on the resonator.
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The resonance and DR mode computations can be done by using the dielectric wave
model [8]:

kztan(kzzd> = /(er —1)(ke?) — k2 1)

mrt nmw 2r
kx*TIky*T/kO*To (3)

ko : free-space wavenumber
kx, ky, and k;: half-wave variations
a, b, and d: mechanical dimensions.

3. Design Optimization

Numerous design parameters of the resonator can alter the antenna resonance and
associated radiation performance. The prime parameters include the electrical dimensions
of the resonators. Intuitively, modifying the total electrical length alters the resonant modes
being excited. A range of techniques to improve antenna radiation parameters by altering
the antenna dimensions have been presented in the literature.

Numerous simulation iterations were performed to achieve the target antenna pa-
rameters. Each physical dimension of the antenna was varied to attain improved antenna
radiation parameters. Selected parameter variations are displayed in Figure 4. The dielec-
tric resonator dimensions are vital in attaining the desired resonances. The variations in
length and width of the resonators are illustrated in Figure 4a,b. Vital changes in resonances
occurred while changing the length and width of the DR. It was noticed that by varying the
length and width while keeping the other parameters constant, the net electrical current
path of the proposed antenna was greatly affected; thereby, the resonant frequencies were
shifted. The parametric variation in resonator height is depicted in Figure 4c. It was
perceived that reducing the height of the resonator caused the resonance to increase for
either band. An additional variation in the gap between the two flares of the antenna is
exhibited in Figure 4d. This variation was significant in the change in resonance frequency
apart from the variation in dielectric resonator dimensions. It is quite clear from the plot
that the resonating frequencies significantly change by altering the flare distance. The
impedance matching radically improves with the value of 2mm. The field coupled from
the antenna to the dielectric resonator notably varies with a change in gap size which
causes alterations in the antenna resonance. Figure 4e,f provide the resonance shift with
a change in the length of the upper and lower flares, respectively. It is evident that due
to the change in the effective electrical length of the antenna, there is a major shift in the
antenna resonance. While the reflection coefficient and bandwidth increase for one of the
bands, the other band does not fall on the target frequencies depending on which optimum
dimensions are kept to balance the trade-off. A minor variation in reflection coefficient and
resonance frequencies was observed for the change in the flare width, as apparent from
Figure 4g,h,e. The length variation in Lx3 does not have any effect on the antenna resonance
since the impedance does not vary with a minor change in the line length. As evident
from Figure 4j, significant modifications were observed with the change in the location of
the offset feed due to the modification to the impedance matching of the antenna at the
target resonance.
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Figure 4. Sensitivity analysis of antenna; (a) DR Length Dy; (b) DR Width Dx; (c) DR Height Dy,;
(d) flare gap; (e) upper flare Wyy; (f) lower flare Wy»; (g) length Lyy; (h) width Lyo; (i) length Lys;
(j) offset feed location.
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4. MIMO Antenna Design Configuration

The proposed MIMO antenna is displayed in Figure 5. The designed MIMO antenna
consists of the quad resonating elements of both the dielectric and patch resonators. There
needs to be a low correlation between the antenna ports and the low mutual coupling
among the four elements for achieving an appropriate diversity performance. Hence,
the substrate length and width were modified to the required proportions, keeping the
overall electrical dimensions in perspective. The top of the substrate has four identical
modified inverted F-shaped radiators placed orthogonally about each other, over which
four different alumina dielectric resonators (DR1, DR2, DR3, and DR4) were integrated,
whereas, at the back, the full ground profile of the resonator was maintained. Numerous
iterative simulations were carried out to achieve electrical compactness without a major
trade-off in port isolation. The ground plane and substrate length and width were retained
at 60 mm. The overall resonator dimensions are 60 x 60 x 11.6 mm?. The dielectric
resonators are connected to the patch resonator using conducting adhesive.

z Y Gy
Port 1
-

Port 4

Gx

=
=]
=3
~ -

Port 3

(a)

(b) (c)
Figure 5. MIMO antenna view; (a) top; (b) perspective-top; and (c) perspective ground.

5. Proposed Antenna Results and Discussions

Figure 6 exhibits the fabricated prototype. The simulated and measured reflection
coefficients and mutual coupling plots of the designed Sub-6 5G and WiMAX quad-element
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MIMO antenna are demonstrated in Figure 7a,b, respectively. A 2:1 VSWR bandwidths of
620 MHz (2.86 GHz-3.48 GHz) and 580 MHz (3.67 GHz—4.25 GHz) are available over two
bands of frequencies. However, mutual coupling among ports has been greatly reduced in
the presence of DRA compared to without DRA. The proposed structure covers a Sub-6
GHz 5G and WiMAX frequency spectrum with good inter-element isolation.

Vs

(a) (b)
Figure 6. Fabricated DRA Prototype. (a) Top View; (b) Back View.

A Keysight E5063A vector network analyzer (VNA) was used to measure the S-
parameters of the proposed antenna. These measured results were not the same as the
simulated results. The difference in the results was mainly due to manufacturing errors
or testing intolerances. From Figure 7, it is also observed that the measured inter-element
isolation, i.e., adjacent and diagonal elements, are nearly identical to the simulated isolation
results because of the symmetrical structures. The measured isolation is more than —20 dB
at 3.3 GHz and less than —26 dB at 3.9 GHz. Furthermore, to validate the proposed
antenna’s radiation performance, the simulated 2D radiation patterns were compared with
the measured 2D antenna patterns using an anechoic chamber. Figure 8 illustrates the
2D far-field radiation patterns of the proposed antenna at the resonating frequencies of
3.3 GHz and 3.9 GHz, respectively. The 2D radiation patterns were calculated in two planes,
both E and H. For measuring the far-field radiation patterns, a single radiating element was
fed, whereas all others were matched and terminated with an impedance load of 50 2. It is
noticed from the plot that because of the symmetry of the design, the patterns are mirror
images and are orthogonal to each other. Therefore, the proposed design has great potential
in offering a good diversity of characteristics.
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Figure 8. Antenna radiation pattern: (a) E-Plane 3.3 GHz, (b) E-Plane 3.9 GHz, (c) H-Plane 3.3 GHz,
and (d) 3.9 GHz.

Furthermore, Figure 9 highlights the antenna gain. The simulated gains over the
operating frequency bands are equal. However, the measured peak gains over the Sub-6
and WiMAX bands are 5.8 dBi and 6.2 dBi, respectively, slightly different from the simulated
antenna gains due to fabrication errors. The antenna efficiency for all four radiators is also
exhibited in Figure 9. The plot reveals that the peak efficiencies of the proposed antenna
over the Sub-6 and WiMAX bands are 88.6% and 90.2%, respectively.
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Figure 9. Antenna gain and efficiency against frequency.

The diversity of the proposed antenna systems for Sub-6 5G and WiMAX applications
was computed. Various parameters such as channel capacity loss (CCL), mean effective
gain (MEG), and envelop correlation coefficients (ECC) of the radiating elements were
analyzed. Firstly, ECC was observed, in which the degree of correlation among antenna
elements was measured. ECC should not be more than 0.5. The formula for ECC calculation
with far-field is expressed in the following equations [8]:

027T Jo© Aij(6,¢) sinf dodg

pe(i,j) = (4)
\/ ST [T A6, ¢) sin 6 dod + \/ ST A (6, ) sin6 dodg
A;j(0,¢) = XPREg;(0,)E"9;(0,9)Pa(0,¢) + Epi (0, §)E"4; (6, 9) Py (0, ¢) )
2
St %S+ S xS
Peij = I Rk ©)

(U= Isyl* = I (1 = [ = I3 )
where functions Ai(6, ¢) and Aj(0, ¢) represent the 3D far-field pattern value obtained when
port i and j are excited, respectively. Hermitian product operator is denoted using *, and w
refers to the solid angle. XPR is the cross-polarization level defined as the ratio of average
power along the phi and theta directions. Figure 10 depicts the simulated and measured
ECC plot (for all ports) of the proposed antenna. Both measured and simulated ECC values
over Sub-6 5G and WiMAX bands are less than 0.04 and 0.02, respectively. Such low values
of ECC for the proposed antenna ensure a high-diversity gain.
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Moreover, to properly characterize the MIMO system, the total active reflection co-
efficient (TARC) and channel capacity loss (CCL) were analyzed. TARC provides the
reflected—incident power ratio, whereas CCL quantifies the upper threshold amount of
data rate where the information signal is continuously transmitting without sustaining any
notable error. The optimal value of TARC is —22.46; the TARC is shown in Figure 11. The
TARC can be calculated as [8]:

N 2

TARC = M (7)
\ ZnN:1|”n|2

by = [S]an (8)

where b; represents the reflected signal, 4; represents the incident signal, N depicts the
number of elements in the MIMO system, and S denotes the scattering parameter.
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Figure 11. Proposed MIMO antenna TARC.
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Thus, ideally, channel capacity loss (CCL) must be zero. Figure 12 depicts CCL. The
following expression is used to compute CCL [8]:

Closs = *logZ‘lpR‘ )

1.0

T T ] T
1 § | "
0.8 - 1 y I T
! ' sssise)
g [ ,l \‘\ i
0.6 - 1 \ T
o \ | 1\
o i | 1
3 1 U
a 0.4 4 '] / \ \ 1
3 w4 ",
0.2 \ T ”/I
“7 \/ \ 1 - - - Simulated CCL
\I - = - Measured CCL
0.0 T T T T T T
2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

Frequency (GHz)
Figure 12. Simulated and measured CCL.

The ¥R represents the correlation matrix between the antenna elements at the receiver.
It is described as follows in Equation [8]:

P11 P12 P13 P14

R _ (P21 P22 P23 P24 (10)
031 P32 P33 P34
041 P42 P43 P44

4 4
Pii = 1-— Z (S,-n*Sm-);pi]- = — Z (Sin*Sn]-) Fori,j =1,23,0or4. (11)
n=1 n=1
The desired level of CCL should not be more than 0.4 bits/sec/Hz. It is visible from
the plot that the CCL values are lower than the expected values over both the Sub-6 5G
and WiMAX bands of frequencies, which confirms that the proposed MIMO antenna offers
stable diversity characteristics.
Another important diversity parameter is MEG, which measures the average received
signal strength of each element. The mathematical expression for MEG calculation is given
as [8]:

2 XPR 1 .
MEG = /0 /0 (HXPRGG(G'(P)PG(G'(P) + MG¢(9,¢)P¢(9,¢)> sin 6 dfd¢
(12)

N
MEG; = 0.5 [1 - Z\SUF] (13)
j=1
XPR is the cross-polarization level defined as the ratio of average power along the

phi and theta directions, where i ranges from 1 to 4, since the proposed antenna has four
ports, and ‘Si]-‘ depicts the scattering parameters of the proposed SIW-fed DRA MIMO
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antenna. Figure 13 presents the MEGs for all ports of the proposed antenna over Sub-6 5G
and WiMAX bands. Here MEG12 (between Port 1 and Port 2) and MEG14 (between Port 1
and Port 4) represent the MEG of the adjacent elements, whereas MEG13 (between Port
1 and Port 3) represents the diagonal elements. It is visible from the plot that the MEGs
ratio is almost equal and close to unity. Hence, the proposed antenna fulfills the equality
condition of the diverse systems and consequently exhibits excellent MEG characteristics,
since the deviations among the MEGs are well under 3dB. Table 2 exhibits the antenna
comparison with the selected literature, and evidently, the presented antenna demonstrates
better characteristics.

MEG Ratio (dB)

-2 4
-3 —— MEG 12
- MEG 13
44 —— MEG 14
'5 T 1 L]
25 3.0 3.5 4.0 4.5
Frequency(GHz)

Figure 13. Mean effective gain.

Table 2. Comparison of the proposed antenna with the literature.

Operating . . . Fractional . .
Reference Frequencies Antenna Size Isolation Gal.n Bandwidth Efﬁcolency Feed Type
(GHz) (7] (dB) (dBi) (%) (%)
[33] 49 2.28 x 0.73 x 0.13 25 6.2 5 - Microstrip
3.22-3.97, . .
[34] 495551 0.86 x 0.86 x 0.12 18,20 52,55 49,23 94 Microstrip
[35] >71-8.2, 1.53 x 1.53 x 0.12 20,15 —-19,3.8 34.8,4.5 - Microstri
7 57-7 95 . . . 3 9,3. .8, 4. crostrip
[36] 3.40-4.13 1.13 x 1.13 x 0.19 14 8.1 194 91 Probe
[37] 3.50-5.10 1.43 x 1.43 x 0.36 - 8.5 46 89 Probe
[38] 4.56-9.96 1.5 x 1.5 x 0.39 23 - 73.9 - Trapezoidal
Patch
[39] 4.33-7.02 2.6 x 2.6 x 0.36 - - 48 90 Probe
Proposed 2.86-3.48 Aperture
Antenna 3.67-4.25 0.66 x 0.66 x 0.12 20, 26 5.8,6.2 18.7,14.6 88.6,90.2 Couple
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6. Conclusions

A dielectric resonator-based four-port MIMO antenna is presented. Optimized elec-
tromagnetic coupling of fields emanating from patch resonators and fed to the dielectric
material induces the dual-mode operation of the antenna. The TEj;5 and TE;gs modes
were excited to achieve dual resonances for target applications. The antenna provides a
high gain of 5.8 and 6.2 dBi at 3.3 GHz and 3.9 GHz, respectively. The presented diversity
performance of the antenna meets the desired communication applications.

Author Contributions: Conceptualization, T.U. and U.P.; resources, U.P.,; writing—review and
editing, T.U. All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sharawi, M.S. Printed multi-band MIMO antenna systems and their performance metrics [wireless corner]. IEEE Antennas Propag.
Mag. 2013, 55, 218-232. [CrossRef]

2. Karaboikis, M.P.; Papamichael, V.C.; Tsachtsiris, G.F,; Soras, C.F.; Makios, V.T. Integrating compact printed antennas onto small
diversity/MIMO terminals. IEEE Trans. Antennas Propag. 2008, 56, 2067-2078. [CrossRef]

3. Huang, H,; Li, X;; Liu, Y. A low-profile, dual-polarized patch antenna for 5G MIMO application. IEEE Trans. Antennas Propag.
2018, 67, 1275-1279. [CrossRef]

4. Li, Y; Zhao, Z.; Tang, Z; Yin, Y. Differentially fed, dual-band dual-polarized filtering antenna with high selectivity for 5G sub-6
GHz base station applications. IEEE Trans. Antennas Propag. 2019, 68, 3231-3236. [CrossRef]

5. LeThi, C.H,; Ta, S.X.; Nguyen, X.Q.; Nguyen, K.K.; Dao-Ngoc, C. Design of compact broadband dual-polarized antenna for 5G
applications. Int. J. RF Microw. Comput. Aided Eng. 2021, 31, €22615. [CrossRef]

6.  Choubhan, S.; Panda, D.K.; Kushwah, V.S.; Mishra, PK. Octagonal-shaped wideband MIMO antenna for human interface device
and S-band application. Int. |. Microw. Wirel. Technol. 2019, 11, 287-296. [CrossRef]

7. Yadav, S.K.; Kaur, A.; Khanna, R. Compact Rack Shaped MIMO Dielectric Resonator Antenna with Improved Axial Ratio for
UWB Applications. Wirel. Pers. Commun. 2021, 117, 591-606. [CrossRef]

8.  Girjashankar, P.R.; Upadhyaya, T. Substrate integrated waveguide fed dual band quad-elements rectangular dielectric resonator
MIMO antenna for millimeter wave 5G wireless communication systems. AEU-Int. |. Electron. Commun. 2021, 137, 153821.
[CrossRef]

9. Anuar, S.U.; Jamaluddin, M.H.; Din, J.; Kamardin, K.; Dahri, M.H.; Idris, LH. Triple band MIMO dielectric resonator antenna for
LTE applications. AEU-Int. |. Electron. Commun. 2020, 118, 153172. [CrossRef]

10. Dwivedi, A.K,; Sharma, A.; Singh, A.K; Singh, V. Circularly polarized quad-port MIMO dielectric resonator antenna with beam
tilting feature for vehicular communication. IETE Tech. Rev. 2020, 39, 389—401. [CrossRef]

11.  Alibakhshikenari, M.; Babaeian, F.; Virdee, B.S.; Aissa, S.; Azpilicueta, L.; See, C.H.; Althuwayb, A.A.; Huynen, I.; Abd-Alhameed,
R.A.; Falcone, F; et al. A comprehensive survey on “Various decoupling mechanisms with focus on metamaterial and metasurface
principles applicable to SAR and MIMO antenna systems”. IEEE Access 2020, 8, 192965-193004. [CrossRef]

12. Wang, Z; Li, C.; Wu, Q.; Yin, Y. A metasurface-based low-profile array decoupling technology to enhance isolation in MIMO
antenna systems. IEEE Access 2020, 8, 125565-125575. [CrossRef]

13. Bhattacharjee, A.; Karmakar, A.; Saha, A.; Bhattacharya, D. Design of a compact UWB MIMO-diversity antenna incorporating
fractal inspired isolation structure with band notch characteristics. Microw. Opt. Technol. Lett. 2021, 63, 2597-2605. [CrossRef]

14. Yang, Z.; Xiao, J.; Ye, Q. Enhancing MIMO antenna isolation characteristic by manipulating the propagation of surface wave.
IEEE Access 2020, 8, 115572-115581. [CrossRef]

15. Tang,].; Faraz, F; Chen, X,; Zhang, Q.; Li, Q.; Li, Y;; Zhang, S. A metasurface superstrate for mutual coupling reduction of large
antenna arrays. IEEE Access 2020, 8, 126859-126867. [CrossRef]

16. Deng, J.Y,; Li,].Y.; Guo, L.X. Decoupling of a three-port MIMO antenna with different impedances using reactively loaded dummy
elements. IEEE Antennas Wirel. Propag. Lett. 2018, 17, 430-433. [CrossRef]

17.  Roy, S.; Chakraborty, U. Mutual coupling reduction in a multi-band MIMO antenna using meta-inspired decoupling network.
Wirel. Pers. Commun. 2020, 114, 3231-3246. [CrossRef]

18. Moussa, K.H.; Amar, A.S.; Mabrouk, M.; Mohamed, H.G. Slotted E-Shaped Meta-Material Decoupling Slab for Densely Packed
MIMO Antenna Arrays. Micromachines 2021, 12, 873. [CrossRef]

19. Li, M.; Cheung, S. A novel calculation-based parasitic decoupling technique for increasing isolation in multiple-element MIMO
antenna arrays. IEEE Trans. Veh. Technol. 2020, 70, 446-458. [CrossRef]

20. Ding, C.F; Zhang, X.Y.; Xue, C.D. Novel pattern-diversity-based decoupling method and its application to multielement MIMO

antenna. IEEE Trans. Antennas Propag. 2018, 66, 4976-4985. [CrossRef]


http://doi.org/10.1109/MAP.2013.6735522
http://doi.org/10.1109/TAP.2008.924677
http://doi.org/10.1109/TAP.2018.2880098
http://doi.org/10.1109/TAP.2019.2957720
http://doi.org/10.1002/mmce.22615
http://doi.org/10.1017/S1759078718001381
http://doi.org/10.1007/s11277-020-07887-x
http://doi.org/10.1016/j.aeue.2021.153821
http://doi.org/10.1016/j.aeue.2020.153172
http://doi.org/10.1080/02564602.2020.1862714
http://doi.org/10.1109/ACCESS.2020.3032826
http://doi.org/10.1109/ACCESS.2020.3007188
http://doi.org/10.1002/mop.32927
http://doi.org/10.1109/ACCESS.2020.3004467
http://doi.org/10.1109/ACCESS.2020.3008162
http://doi.org/10.1109/LAWP.2018.2793939
http://doi.org/10.1007/s11277-020-07526-5
http://doi.org/10.3390/mi12080873
http://doi.org/10.1109/TVT.2020.3045231
http://doi.org/10.1109/TAP.2018.2851380

Micromachines 2022, 13, 2022 17 of 17

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Kumar, S.; Nandan, D.; Srivastava, K.; Kumar, S.; Singh, H.; Marey, M.; Mostafa, H.; Kanaujia, B.K. Wideband circularly polarized
textile MIMO antenna for wearable applications. IEEE Access 2021, 9, 108601-108613. [CrossRef]

Huang, J.; Dong, G.; Cai, J.; Li, H.; Liu, G. A quad-port dual-band MIMO antenna array for 5G smartphone applications.
Electronics 2021, 10, 542. [CrossRef]

Pant, A.; Singh, M.; Parihar, M.S. A frequency reconfigurable/switchable MIMO antenna for LTE and early 5G applications.
AEU-Int. J. Electron. Commun. 2021, 131, 153638. [CrossRef]

El Hadri, D.; Zakriti, A.; Zugari, A.; El Ouahabi, M.; El Aoulfi, ]. High isolation and ideal correlation using spatial diversity in a
compact MIMO antenna for fifth-generation applications. Int. . Antennas Propag. 2020, 2020, 2740920. [CrossRef]

Jin, X.; Qiu, Y.; Wu, D.; Yu, G.; Guo, R.; Wu, G.; Zhu, M.; Zhou, H.M. A Low-Profile Dual-Polarized MIMO Antenna with an AMC
Surface for WLAN Applications. Int. |. Antennas Propag. 2021, 2021, 9218255. [CrossRef]

Laxman, P; Jain, A. Circularly Polarized Wideband Fabric Stealth Multiple-Input Multiple-Output Antenna for Ultrawideband
Applications Useful for Wireless Systems Wearable on Garments. Int. |. Antennas Propag. 2021, 2021, 1426680. [CrossRef]
Daghari, M.; Essid, C.; Sakli, H. Muli-UWB Antenna System Design for 5G Wireless Applications with Diversity. Wirel. Commun.
Mob. Comput. 2021, 2021, 9966581. [CrossRef]

Upadhyaya, T.; Park, I.; Pandey, R.; Patel, U.; Pandya, K.; Desai, A.; Pabari, J.; Byun, G.; Kosta, Y. Aperture-Fed Quad-Port
Dual-Band Dielectric Resonator-MIMO Antenna for Sub-6 GHz 5G and WLAN Application. Int. . Antennas Propag. 2022, 2022,
4136347. [CrossRef]

Ali, A.; Tong, ].; Igbal, J.; Illahi, U.; Rauf, A.; Rehman, S.U.; Ali, H.; Qadir, M.M.; Khan, M.A.; Ghoniem, R.M. Mutual Coupling
Reduction through Defected Ground Structure in Circularly Polarized, Dielectric Resonator-Based MIMO Antennas for Sub-6
GHz 5G Applications. Micromachines 2022, 13, 1082. [CrossRef]

Singhwal, S.S.; Kanaujia, B.K.; Singh, A.; Kishor, J.; Matekovits, L. Multiple input multiple output dielectric resonator antenna
with circular polarized adaptability for 5G applications. J. Electromagn. Waves Appl. 2020, 34, 1180-1194. [CrossRef]

Igbal, A.; Nasir, J.; Qureshi, M.B.; Khan, A.A.; Rehman, ]J.U.; Rahman, H.U.; Fayyaz, M.A.; Nawaz, R. A CPW fed quad-port
MIMO DRA for sub-6 GHz 5G applications. PLoS ONE 2022, 17, e0268867. [CrossRef] [PubMed]

Roshani, S.; Yahya, S.I.; Alameri, B.M.; Mezaal, Y.S.; Liu, L.W.; Roshani, S. Filtering Power Divider Design Using Resonant LC
Branches for 5G Low-Band Applications. Sustainability 2022, 14, 12291. [CrossRef]

Sarkar, G.A.; Ballav, S.; Chatterjee, A.; Ranjit, S.; Parui, S.K. Four element MIMO DRA with high isolation for WLAN applications.
Prog. Electromagn. Res. Lett. 2019, 84, 99-106. [CrossRef]

Dwivedi, AK.; Sharma, A.; Singh, A.K.; Singh, V. Design of dual band four port circularly polarized MIMO DRA for
WLAN/WiMAX applications. J. Electromagn. Waves Appl. 2020, 34, 1990-2009. [CrossRef]

Varshney, G.; Singh, R.; Pandey, V.S.; Yaduvanshi, R.S. Circularly polarized two-port MIMO dielectric resonator antenna. Prog.
Electromagn. Res. M 2020, 91, 19-28. [CrossRef]

Fakhte, S.; Oraizi, H. Compact uniaxial anisotropic dielectric resonator antenna operating at higher order radiating mode. Electron.
Lett. 2016, 52, 1579-1580. [CrossRef]

Mukherjee, B.; Patel, P.; Mukherjee, ]. Hemispherical dielectric resonator antenna based on apollonian gasket of circles—A fractal
approach. IEEE Trans. Antennas Propag. 2013, 62, 40-47. [CrossRef]

Sharma, A.; Biswas, A. Wideband multiple-input-multiple-output dielectric resonator antenna. IET Microw. Antennas Propag.
2017, 11, 496-502. [CrossRef]

Maity, S.; Gupta, B. Experimental investigations on wideband triangular dielectric resonator antenna. IEEE Trans. Antennas
Propag. 2016, 64, 5483-5486. [CrossRef]


http://doi.org/10.1109/ACCESS.2021.3101441
http://doi.org/10.3390/electronics10050542
http://doi.org/10.1016/j.aeue.2021.153638
http://doi.org/10.1155/2020/2740920
http://doi.org/10.1155/2021/9218255
http://doi.org/10.1155/2021/1426680
http://doi.org/10.1155/2021/9966581
http://doi.org/10.1155/2022/4136347
http://doi.org/10.3390/mi13071082
http://doi.org/10.1080/09205071.2020.1730984
http://doi.org/10.1371/journal.pone.0268867
http://www.ncbi.nlm.nih.gov/pubmed/35687613
http://doi.org/10.3390/su141912291
http://doi.org/10.2528/PIERL19031304
http://doi.org/10.1080/09205071.2020.1801522
http://doi.org/10.2528/PIERM20011003
http://doi.org/10.1049/el.2016.2222
http://doi.org/10.1109/TAP.2013.2287011
http://doi.org/10.1049/iet-map.2016.0515
http://doi.org/10.1109/TAP.2016.2607765

	Introduction 
	Antenna Design 
	Design Optimization 
	MIMO Antenna Design Configuration 
	Proposed Antenna Results and Discussions 
	Conclusions 
	References

