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ABSTRACT A three-dimensional dual-band dielectric resonator antenna, comprised of five rectangular
dielectric resonator (RDR) radiating elements, is proposed for wireless communication applications. The
presented multiple-input-multiple-output (MIMO)/diversity antenna system use TEY1δ1 and HEM2δ1 modes
of the RDR antenna for the transmission/reception of data. The TEY1δ1 mode covers the frequency range from
3.3 to 3.8 GHz, covering Wi-MAX, sub-6 GHz, and LTE (3.41-3.5 GHz uplink/3.51-3.6 GHz downlink) 5G
application bands. TheHEM2δ1 mode covers Wi-Fi (5.725-5.875 GHz) and ITS 5.9 GHz (5.875-5.925 GHz)
bands. The five RDR antenna elements are excited through coaxial feeds and are arranged in a cubical fashion
to cover all directions, except –Z direction. The RDR elements are oriented and positioned to achieve a
minimum correlation between the radiating elements. The proposed antenna exhibits a gain of 7 dB in the
lower band while 7.2 dB gain is obtained in the upper band.

INDEX TERMS DRA, isolation, MIMO, pattern diversity.

I. INTRODUCTION
Microstrip antennas have low radiation efficiency, high con-
ductive loss, and requirement of complicated excitation tech-
niques. Therefore, dielectric resonator antennas (DRAs) are
often used as a substitute for microstrip antennas [1]. High
gain and wide / multiple bandwidth can be achieved using
DRAs by changing the dimensions, permittivity, and feed-
ing of the dielectric material. In [2], dual-band and triple-
band characteristics were achieved using the T-matched
dipole/loop excitation and characteristic mode analysis.
In addition to it several other feeding techniques like strip [3],
aperture coupled [4], differential microstrip [5], coplanar
waveguide [6], and probe [7] feeds have been reported for
the DRA. Also, different DRA shapes, such as hemispherical
[7], rectangular [8], cylindrical [9], hexagonal [10], and ring
rod [11] have been investigated. Among them the rectangular
DRA (RDRA) offers one extra degree of freedom and it
also shows minimum cross-polarization in contrast to the
cylindrical shape of the dielectric resonator [12]–[14].
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TABLE 1. Design parameters of the cubical multi-antenna system.

A high permittivity dielectric material can be used to
reduce the size of DRA, but it deteriorates the impedance
bandwidth and radiation efficiency of the antenna. The intro-
duction of symmetrical perfect electric conductor (PEC)
plane also offers size reduction, where electric flux lies per-
pendicular to the PEC plane [15]. The coaxial probe works
as a vertical current source and positioned for the maximum
electric field to excite modes in the RDRA. The excited
modes can be changed by varying the coordinate of the coax-
ial feed. The desired resonance frequency can be adjusted by
optimizing the length and position of the feeding probe [13].

InMIMO systems the channel capacity can be increased by
increasing the number of radiating elements. However, it will
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FIGURE 1. Antenna configuration (a) side view of the RDRA element, (b) top view of the RDRA element, (c) isometric view of the MIMO, (d) acrylic
box, (e) MIMO antenna prototype, and (f) inner view of the MIMO antenna with connected ground planes.

also increase the antenna footprint. Therefore, in order to
limit the antenna footprint, a 3D geometry may be exploited.
In [16], a 3D single-band diversity antenna was proposed
for 1.45 GHz applications. The antenna is composed of
three monopoles, a defected ground structure, and a complex
decoupling structure. The monopoles were arranged on a
circular ground plane at a mutual angle of 120◦ and the
complex decoupling structure was placed symmetrically in

between them. The complex decoupling structure restricted
the space wave whereas the DGS restricted the surface wave
to obtain high isolation.

Recentlymultiple-input-multiple-output (MIMO)/diversity
technology is used by different wireless communication
systems for increasing data rate and throughput. The diver-
sity techniques are used to mitigate multipath fading and
improve the quality and reliability of a high-speed wireless
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FIGURE 2. Measurement setup.

channel. MIMO systems are widely used for IEEE802.11n
(WLAN) and IEEE 802.16 (Wi-MAX) standards to obtain
better signal quality and high data transmission rate. Recently,
various dual-band MIMO DRAs have been proposed to
cover different wireless communication bands or standards.
However, isolation improvement between the radiators is still
a challenge [14].

In this article, a five-port RDRA MIMO configuration is
presented for Wi-MAX, sub-6 GHz, 5G LTE (3.41-3.5 GHz
uplink/3.51-3.6 GHz downlink), Wi-Fi (5.725-5.875 GHz)
and ITS (5.875-5.925 GHz) application bands. The five
RDRA elements are placed orthogonally (in XY-, YZ- and
XZ-planes) and excited using coaxial feeds. This kind of
arrangement, due to the multi-directional pattern, reduces
mutual coupling between the RDRA ports. A PEC layer is
deposited on the top of each RDRA element which reduces
the size of the MIMO system by exciting suitable modes.
The ground planes of the five RDRA elements are connected
through a copper tape that offers a common reference voltage
level to all the radiating elements. To examine the diversity
performance of RDR based cubical antenna, the channel cor-
relation is checked by envelope correlation coefficient (ECC)
and gain performance for the different wireless environments
is evaluated by the mean effective gain (MEG). Besides
this, other parameters such as channel capacity loss (CCL),
total active reflection coefficient (TARC), and diversity gain
(DG) are also presented. A stable gain, directive radiation
patterns, and low ECC are obtained for the proposed RDR-
based 3D MIMO antenna system. Modelling and analysis of
the diversity sub-system are presented in section-II while the
analysis of results is presented in section-III. MIMO/diversity
performance is analyzed in section-IV and the conclusion is
presented in section-V.

II. CUBICAL ANTENNA MODELLING
The side view of the RDRA element is delineated in Fig. 1(a)
and its isometric view in Fig. 1(b). An offset hole is intro-
duced in the DRA element (in Y direction) to excite it
by coaxial feed. The RDRA (εr =12) with a probe feed

FIGURE 3. Scattering parameters (a) reflection coefficients at port-1
(b) reflection coefficients at ports 2-5 (c) transmission coefficients
between different ports.

arrangement is placed on the FR-4 substrate (εSUBr = 4.4) of
thickness 1.57 mm. A copper layer is deposited on the top of
the RDRA to excite suitable modes for dual-band resonance.
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FIGURE 4. Electric and magnetic field distributions within RDRA at
3.5 GHz.

The resonant frequency of the RDR radiator is calculated
using [17]

fo =
c

2π
√
µrεr

√
k2x + k2y + k2z (1)

which is found by solving transcendental equations for TEx

and TEy modes.

kx ∗ tan
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kx ∗ DYeff

2

)
=

√
(εr − 1) ∗ k20 − k2x (2)

ky ∗ tan
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FIGURE 5. Electric and magnetic field distributions within RDRA at
5.9 GHz.

where kx = mπ
DRX

, ky = nπ
DRY

, kz =
pπ
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The effective dimensions of the DRA are given by follow-
ing relations [14]

DXeff = DRX

(
1−

1
εeff

)
(4)

DYeff = DRY

(
1−

1
εeff

)
(5)

εeff =
εSUBr ∗ h+ εr ∗ DRZ

h+ DRZ
(6)
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FIGURE 6. Normalized Co- and cross-pol radiation patterns of the RDR-1 antenna at (a) 3.5 GHz, (b) 5.9 GHz.

Five RDRA elements with dimensions 60 mm × 60 mm, are
arranged in a cubical fashion to establish a multi-directional
pattern, as shown in Fig. 1(c). An acrylic cubical box, shown
in Fig. 1(d), was used to place the RDRA elements. The
outer view of the fabricated five-port multi-antenna system
is presented in Fig. 1(e). As shown in Fig. 1(f), the ground
surfaces of all the RDRA elements are connected using
conductive copper tape to implement a common ground.
ANSYS HFSS and CST Microwave Studio simulators were
used to design and analyze the dual-band MIMO antenna.
The RDRA dimensions were optimized using the formulas
in [14], [17]–[20] and are presented in Table 1.

III. RESULTS AND DISCUSSION
The radiation characteristics of the prototype MIMO sub-
system were measured (Fig. 2) in anechoic-chamber. The
antenna performance parameters were measured using
Keysight N5221A PNA.

The transmission and reflection coefficient parameters of
the RDRA are depicted in Fig. 3. Slight variations in mea-
sured and simulated results are due to the following factors:
(i) fabrication tolerance of DRA structure and feed network,
(ii) DRA cutting and mounting, (iii) variation in permittiv-
ity values due to FR-4 and DRA combination, (iv) adhe-
sive material used to fix DRA to the ground plane, and (v)
unwanted air gaps.

Comparison of the reflection coefficient responses of the
RDRA, with and without the PEC layer, are provided in Fig. 3
(a). The figure reveals that the RDRA without PEC layer has
single operating band at 4.6 GHz whereas the RDRA with
PEC layer has two operating bands at 3.5 GHz and 5.9 GHz.
Therefore the RDRA with the PEC layer has the lowest
operating band at 3.5 GHz, compared to 4.6 GHz for an
RDRA without the PEC layer. This corresponds to a 31.43%
reduction in the size of the RDRA element. The size reduction
can be explained with the excitation of suitable modes inside
the RDR. If the RDR is mounted on a ground surface without
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FIGURE 7. 3D radiation patterns of the RDR-1 antenna at (a) 3.5 GHz,
(b) 5.9 GHz.

the PEC layer at the top, the TEmodes are usually excited. But
in the proposed design, the RDRA has two PEC boundaries
(top and bottom)whichmakes the tangential electric flux zero
at Z= 0 and Z= DRZ , thereby exciting quasi-TE and hybrid
HEM mode along with pure TE modes.

It may be noted that the proposed 3-D MIMO antenna is
composed of fiveRDRAelements arranged in cubical fashion
on an acrylic box, as shown in Fig. 1(d). The copper tape is
used to connect the ground planes of the RDRA elements,
as illustrated in Fig. 1(f). The effect of the acrylic box and
the common ground plane on the proposed antenna is also
shown in Fig. 3(a), where a small variation in the resonance
frequency is noticed. The reflection coefficient curves for the
RDR-2 to RDR-5 antennas are depicted in Fig. 3(b).

Fig. 3(c) depicts the simulated and measured transmission
coefficients at ports-2 to −5 with respect to port-1 of the
cubical multi-antenna system. The measured transmission
coefficients between port-1 and other ports are below−25 dB
for both the operating bands. The lower coupling can be
explained as a result of the orthogonal placement of the
RDRA elements.

To find out excited modes in the RDRA, the electric field
distributions within it are shown in Fig. 4 and Fig. 5. The
figures reveal that at 3.5 GHz, only X-component of the

magnetic field exists (Fig. 4(b)), which implies the existence
of TE mode in the RDRA. From Figs. 5(a), (b) and (c), it is
clear that all the electric and magnetic components (X, Y,
and Z) are non-zero, which implies the existence of HEM
mode at 5.9 GHz. Figs. 4(a), (b) and (c) shows TEY1δ1 mode
field distributions at 3.5 GHz, whereas Figs. 5(a), (b) and (c)
shows HEM2δ1 mode field distributions at 5.9 GHz. The the-
oretical resonance frequencies for these modes, as calculated
from equations (1)-(6), are 3.54 GHz (TEY1δ1) and 5.92 GHz
(TEY2δ1), respectively, which are very close to the simulated
values.

Figs. 6(a) and (b) presents the simulated and measured
radiation patterns of the DR-1 (positioned on XY-plane),
on both orthogonal (X = 0 and Y = 0) planes at 3.5 GHz
and 5.9 GHz, respectively. The figures depict that DR-1 radi-
ates in the +Z direction at both the bands. The figures also
reveal that the back lobe is more than 20 dB down on xz-
plane and more than 15-dB down on the yz-plane at both
frequencies, which signifies negligible radiation in the −Z
direction. To confirm this the 3D radiation patterns of the
antenna at both resonating frequencies are presented in Figs.
7(a) and (b) that depicts DR-1 radiates in the +Z direction
and there is no radiation in the −Z direction.

The simulated and measured co-polarization and cross-
polarization radiation patterns of RDR-2 and RDR-4 (posi-
tioned on XZ-plane) at 3.5 GHz and 5.9 GHz are shown
in Figs. 8(a) and (b), respectively. For RDR-3 and RDR-5
(positioned at X= 0 plane), the radiation patterns at 3.5 GHz
and 5.9 GHz are presented in Figs. 8(c) and (d), respectively.
Fig. 8(a) depicts that RDR-2 is radiating in −Y direction,
whereas Fig. 8(b) depicts that RDR-4 is radiating in +Y
direction. Similarly, Figs. 8(c) and (d) depict −X and +X
direction radiations from RDR-3 and RDR-5, respectively.
Hence, the proposed MIMO antenna is capable to radiate in
all directions except −Z direction.

Fig. 6 and Fig. 8 reveals a relatively high cross-pol, except
at the direction of maximum radiation. This may be explained
due to complex field distribution at higher modes. The cross-
polarization can be improved by employing different tech-
niques, such as, metal strip wrapping on rectangular DRA
[21], perturbation using metallic post [22], [23], dielectric
perturbation [24] etc.

The simulated and measured gain curves are compared
in Fig. 9. The figure reveals that maximum measured gain
of 7 dB is realized at 3.5 GHz and 7.2 dB gain is achieved at
5.9 GHz.

IV. MIMO CHARACTERISTICS
To evaluate the correlation effect of multi-antenna elements,
the ECC is evaluated using the following relation [25]

ρeij =

∣∣∣∣∣∫∫4π [−→Fi (θ, ϕ) ∗ −→Fj (θ, ϕ)
]
d�

∣∣∣∣∣
2

∫∫
4π
|−→Fi (θ, ϕ)|2 d�

∫∫
4π

∣∣−→Fj (θ, ϕ)
∣∣2 d� (7)
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FIGURE 8. Co- and Cross-polarization patterns of the RDRA elements (a) DR-2 in Z = 0 and X = 0 planes, (b) DR-4 in Z =

0 and X = 0 planes, (c) DR-3 in Z = 0 and Y = 0 planes, (d) DR-5 in Z = 0 and Y = 0 planes.
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FIGURE 8. (Continued.) Co- and Cross-polarization patterns of the RDRA elements (a) DR-2 in Z = 0 and X = 0 planes, (b)
DR-4 in Z = 0 and X = 0 planes, (c) DR-3 in Z = 0 and Y = 0 planes, (d) DR-5 in Z = 0 and Y = 0 planes.
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FIGURE 9. Simulated and measured gain of the MIMO structure.

FIGURE 10. ECC curves of the cubical diversity antenna.

where,
−→
Fi (θ, φ) is the radiated field of ith antenna element and

−→
Fj (θ, φ) is the radiated field of jth antenna element. Using
this relation, the ECC of the cubical antenna is found and
presented in Fig. 10. It confirms that ECC is less than 0.5 in
the resonating band. The DG [26] of the suggested cubical
antenna is determined by using the equation (8) and plotted
in Fig. 11.

DG = 10
√
1− (ECC)2 (8)

The parameter TARC [16] of themulti-port antenna system
can be calculated using

TARC =

√√√√ N∑
i=1

|bi|2/

√√√√ N∑
i=1

|ai|2 (9)

where, ai and bi represents the sending and receiving waves
of the ith port, respectively. For the N -port system, all N ×N
scattering parameters are interrelated according to the rela-
tion

[b]N×1 = [S]N×N [a]N×1 (10)

The response due to highly isolated radiating elements is
presented by the TARC curves in Fig. 12.

FIGURE 11. DG curves of the cubical MIMO antenna.

FIGURE 12. Simulated and measured TARC response.

FIGURE 13. Power ratio (k) and MEG response.

In a fading environment, the ratio of the power received by
the diversity antenna and the isotropic radiator is known as
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FIGURE 14. Simulated and measured CCL curves.

MEG [27]. For the ith antenna element, it can be evaluated by

MEGi = 0.5

1− N∑
j=1

∣∣Sij∣∣2
 (11)

where N = 1, 2, 3, 4, 5. The difference between the MEG
magnitudes (in dB) is known as the power ratio (k). Equation
(12) represents that for good diversity performance the power
ratio should be less than 3 dB.

k = |MEG1 −MEG2| < 3dB (12)

Fig. 13 depicts the MEG of RDRA-based 3DMIMO antenna
and power ratios with respect to the RDR-1 antenna element,
which satisfies the required criteria of 1 [17]. Fig. 13 shows
that MEG values are almost the same at operating bands
(nearly equal to −3 dB).
CCL shows the peak transmission rate at which informa-

tion signal can propagate uninterruptedly with minimum loss.
The CCL can be computed as [28]

C = − log2 det
(
ψR
)

(13)

where ψR is the correlation matrix defined as

ψR
=


ρ11 ρ12 ρ13 ρ14 ρ15
ρ21 ρ22 ρ23 ρ24 ρ25
ρ31 ρ32 ρ33 ρ34 ρ35
ρ41 ρ42 ρ43 ρ44 ρ45
ρ51 ρ52 ρ53 ρ54 ρ55

 (14)

For the cubical diversity antenna, CCL for the desired bands
(shown in Fig. 14) is within the limit of 0.4 bits per second
per hertz.

Table 2 presents a comparison of the proposed cubical
MIMO antenna with some reported non-planar MIMO anten-
nas based on bandwidth, number of ports, isolation level,
correlation, and size of the antenna. The table reveals that the
proposed cubical MIMO antenna exhibit dual-band charac-
teristics with the smallest volume.

TABLE 2. Proposed antenna Comparison with reported MIMO antenna
structures.

V. CONCLUSION
Acubical-shaped five-elementMIMOantenna for LTE (3.41-
3.5 GHz uplink/3.51-3.6 GHz downlink), WiMAX-(3.3 to
3.8 GHz), Wi-Fi (5.725-5.875GHz) and ITS 5.9 GHz (5.875-
5.925 GHz) applications is presented in this paper. A PEC
layer is deposited on the top of the RDRA elements and an
offset coaxial probe feed excitation is used to obtain dual-
band resonance with directional radiation characteristics. The
MIMO RDRA ports have more than 25 dB isolation in both
the operating bands due to the orthogonal placement of the
radiating elements. The diversity performance parameters
such as ECC, TARC, CCL, MEG, and DG are within the
required limits, hence making the proposed diversity/MIMO
antenna fit for wireless communication applications.

To the best of author’s knowledge, the cubical-shapedDRA
with PEC layer at the top and covering all directions except –
Z direction is reported for the first time. It also shows that the
use of the PEC layer at the top of the RDRA element shifts
the operating band of the DRA towards the lower frequency,
thus effectively reducing the size of the antenna.

It may be noted that the proposed antenna radiates in
almost all directions (except the negative z-direction) with
high isolation at the cost of space. However, the 3D MIMO
antenna also has several advantages such as simplicity,
increased channel capacity, high isolation, low antenna foot-
print etc. So the proposed 3D antenna has an inherent advan-
tages for those applications where we require high channel
capacity and isolation with limited antenna footprint, but
the antenna volume is not of much concern (such as indoor
communication, base station, and vehicular communication).
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