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Abstract

This article presents a new design of six-element prism and eight-element cubic cir-

cularly polarized multiple input multiple output (MIMO) antennas exhibiting pat-

tern and polarization diversity characteristics. The proposed antennas have 360�

angular coverage. Each element of the MIMO antenna is radiating power in a differ-

ent direction; antenna-1 radiates in�30�, antenna-2 radiates in 30�, antenna-3 radi-
ates in 60�, and antenna-4 radiates in 120�. Antenna-5 radiates in 150�, antenna-6
radiates in�150�, antenna-7 radiates in�120�, and antenna-8 radiates in�60�.The
radiation pattern can be directed in a specific direction by exciting the particular

antenna element. It has wideband circular polarization in X-band (8.0–11.8 GHz).
The proposedMIMO antenna element consists of pairs of mirroredmonopole anten-

nas facing each other are configured in the form of the prism and cube. The chance

of mutual coupling is very high in both the configuration. A hollow copper cylinder

is placed inside the prism and cube to reduce the mutual coupling. The isolation

between the antennas is found better than�24 dB. The impedance matching band-

width is 3.8 GHz (8–11.8 GHz), and the 3 dB axial ratio bandwidth is 2.69 GHz

(8.01–10.7 GHz). The envelope correlation coefficient is less than 0.09, and total

active reflection coefficient is less than �10 dB in a wide bandwidth. High isolation

and uncorrelated radiation patterns between the adjacent elements make the pro-

posed six-element and eight-element antenna a good candidate for massive MIMO

antenna systems. The size of the antenna is 38.8 � 38.8 � 23 mm3, and this com-

pact MIMO antenna is useful for X-band communication.
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1 | INTRODUCTION

With tremendous demands of high-data rate in wireless
communication, multiple input multiple output (MIMO)
antenna gives the promising solution. MIMO antennas

use different diversity techniques, that is, spatial diver-
sity, pattern diversity, and polarization diversity to
increase the throughput. In spatial diversity, antennas
are spatially apart in space. In spatial diversity, parasitic
structures,1 a tree-like structure,2 a metamaterial and
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neutralization line,3 a radial stub loaded resonator
(RSLR),4 and electromagnetic bandgap (EBG) structure
placed between the radiating elements5,6 are suggested to
improve the isolation between the closely spaced anten-
nas. In pattern diversity, the radiation pattern of anten-
nas is directed in a different direction in space, whereas
in polarization diversity, all the antennas in the MIMO
system have different polarizations. Pattern diversity
between the antennas is realized by using three different
ways to reduce the mutual coupling between multiple
antennas. In the first method, different modes of the
patch antenna are used to generate diverse radiation pat-
terns.7 The second method is based on different antennas
that radiate in different directions.8In contrast, different
phases in the array antenna feed are used in the third
method to achieve different radiation patterns.9

Several descriptions are presented to obtain the polar-
ization diversity in linearly polarized antennas.10–12

Inverted-cone monopole is used for the vertical polariza-
tion (VP), while the cross bow-tie dipole is used for the
horizontal polarization (HP).10 In Reference 11, a
multiband and dual-polarized omnidirectional antenna
design for VP and HP is suggested. The omnidirectional
patterns of both VP and HP can also be achieved by cut-
ting two orthogonal slots on the walls of a slender colum-
nar cuboid,12 while a reconfigurable polarization
diversity by using PIN diode is presented in Reference 13.
A circular polarization (CP) diversity cavity-backed SIW
antenna is also presented in Reference 14 in which the
sense of polarization is controlled with the diodes. Some
recently reported research works in a planar configura-
tion have both pattern and polarization diversity with
wideband CP simultaneously.15–17 In Reference 15, a
wideband circularly polarized MIMO antenna with pat-
tern and polarization diversity for 4G and 5G with inte-
grated sub-6 5G and LTE band for the mobile handset is
reported, while in Reference 16 the MIMO antenna with
wideband CP in X-band with pattern and polarization
diversity is suggested. In Reference 17, a three-element
MIMO antenna with pattern and polarization diversity
for WLAN application is proposed, while in Reference 18
a planar antenna with frequency reconfigurable dual-
band MIMO antenna with pattern and polarization diver-
sity is discussed for WiFi and WiMAX.

The massive MIMO antenna technique provides one
of the most promising solutions to achieve high-data
rates for the current wireless communication systems.
This technique uses many independent antennas where
each antenna's functioning can be controlled in the com-
munication systems. By employing massive MIMO, the
radiated energy can be focused on extreme sharpness for
a tiny region of space by using the enormous number of
independently controlled antennas.7,19,20 In Reference 7,

a three-port ring antenna with polarization and pattern
diversity is suggested, and in Reference 19 8-antenna
MIMO array using a balanced, open slot antenna element
for 5G smartphones is indicated. Simultaneously, an
inverted-F stub fed hybrid loop antenna for 5G sub-
6 GHz massive MIMO enabled handsets with wideband
is suggested.20

Recently, researchers have been working on 3D
antenna structures in cube exhibiting linear polarization
diversity. In Reference 21, an omnidirectional MIMO
array antenna with pattern diversity is achieved by
orthogonal pattern phase shift. Diversity antennas,22 radi-
ated slot placed at each face of cube excited by three iden-
tical port arranged in orthogonal fashion exhibiting
pattern and polarization diversity. In Reference 23, a slot-
ted hollow metallic cube is excited by the probe from the
vertex, giving pattern reconfiguration by switching the
shorted PIN diode. A ring-configuration can be used to
get both pattern and polarization diversity.24 MIMO cube
is suggested in Reference 25, where dipole element
placed at the edges exhibiting pattern and polarization
diversity. Theoretical study on MIMO parameter is pres-
ented for dipole antennas arranged in the cube form in
Reference 26 showing pattern and polarization diversity.
Pattern control can be achieved in the reconfigurable
ultrawideband antenna by switching the PIN diode.27

Eight-port cylindrical dielectric resonator antenna
(CDRA) are placed orthogonally to obtain multi-direction
pattern diversity.28 Electric dipole with metasurface
placed on the hexagonal 3D shape structure29 has pattern
diversity. In Reference 30, a comparative study on the
MIMO parameter envelope correlation coefficient is pres-
ented with earlier published works. Characterization of
the antenna with multiple ports is suggested in Reference
31, and a new parameter called total active reflection
coefficient (TARC) is introduced. CPW feed antenna for
band-notched characteristic arranged in a cuboidal pat-
tern to realize spatial diversity is presented in Reference
32. The above-suggested MIMO antennas23–32 have a nar-
row bandwidth, and some of them do not have pattern
and polarization diversity simultaneously.

In this work, we have designed a new wideband 3D cir-
cularly polarized prism and cubical MIMO antennas with
six and eight elements having a pattern and polarization
diversity with angular coverage in the whole 360oangular
span. All antenna elements are arranged so that their radia-
tion patterns are directed in a specific direction. A hollow
copper cylinder inside the prism and cube has been used to
avoid the antenna's mutual coupling. The isolation between
the antennas is better than�24 B, while for adjacent corner
radiating elements, it is better than�17.5 dB.

The article is organized as followed: Section 2 pre-
sents the two-element MIMO antenna design. It also
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verifies our suggested method for other frequency bands.
Section 3 discusses the six-element prism-shaped MIMO
antenna with pattern and polarization diversity. Section 4
presents the eight-element cube-shaped MIMO antenna.
Section 5 discusses the MIMO characteristics of the cubic
antenna. Finally, it concludes with some possible
applications.

2 | TWO ELEMENT MIMO
ANTENNA DESIGN

The presented six-element prism and eight-element cubic
shaped structured MIMO antennas are designed system-
atically in two steps. Before the prism and cubic struc-
ture, the two-element mirrored MIMO antenna facing
each other with wideband CP is developed, as shown in
Figure 1. The antenna is designed on FR-4 substrate hav-
ing a relative permittivity, εr ¼ 4:4, loss tangent of 0.02
and h = 0.8mm. This two-element MIMO antenna struc-
ture has both pattern and polarization diversity simulta-
neously. The design steps of this MIMO antenna are
systematically presented in Figure 2, and its layout with
detailed dimensions is shown in Figure 1. The frequency
response of the two-element MIMO antenna is shown in
Figure 3.

This two-element MIMO antenna is designed in sys-
tematic successive five steps, which are illustrated in
Figure 2.The antenna design starts from a simple square
patch which is step-1(antenna-1). The square patch
dimensions can be obtained by using Equation (1), where

fs is the specified center frequency of the truncated
antenna-4 (step-4) and fd is the frequency of the design
step-1.

f d ¼
f s

1:727
: ð1Þ

The free space wavelength is λd ¼ c=f d where c is the
velocity of light, and we can obtain the length of the
patch by using Equation (2) where λg ¼ λd=

ffiffiffiffi
εr

p
. To get a

better impedance match, the antenna's feed is slightly off
by 0.5mm from the center. Table 1 shows the length of
the three antennas with three different specified
frequencies.

L¼ λg
2
: ð2Þ

For understanding the design steps, if we take the
specified center frequency, fS, as 9.86 GHz for the
design-3, the square patch side in step-1 is
L = 12.56 mm. The rectangular patch's upper corner is
diagonally truncated in the next step, which is step-2
(antenna-2). Antenna-2 has impedance matching, just
reaching �10 dB at 11.25 GHz. In step-3, a lower trian-
gular corner of the antenna-2 is truncated. Lower trun-
cation of the antenna-2 improves further impedance-
matching bandwidth, which is now from 8.6 to
11.5 GHz (2.9 GHz). In step-4, a rectangular strip is
joined with the ground plane, which further improves
the impedance matching band from 8.0 to 11.5 GHz
(3.5 GHz) and axial ratio bandwidth (ARBW) from 8.11
to 10.56 GHz (2.45 GHz). Antenna-4 is the final single
antenna element (monopole). For the MIMO charac-
teristics, the same antenna is placed firmly like a mir-
ror image on another side of the ground strip, and this
is the final step (antenna-5), and it has the same band-
width as antenna-4.

The proposed two-element MIMO antenna has two
monopoles fed by a 50 Ω microstrip line facing each
other. These antennas have a common ground plane and
are placed nearly with a distance of 0.16λo (5 mm) at fc
= 9.86 GHz. The ground plane strip has been used to
enhance the isolation between the antennas and ARBW.
The layout and dimensions of the antenna-5 are shown

FIGURE 1 Two element MIMO antenna. MIMO, multiple

input multiple output

FIGURE 2 Design steps. (A) Step-1.

(B) Step-2. (C) Step-3. (D) Step-4.

(E) Step-5
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in Figure 1 and which are as follows: Ws = 29 mm, Ls
= 23 mm, W = 12 mm, L = 12.5 mm, W2 = 3.5 mm, L2
= 11 mm, L1 = 9 mm, Wf = 1.4 mm, Lf = 9.5 mm, and
L3 = 10.5 mm. Strip in the ground plane and lower and
upper truncation in the patch provide wide ARBW, pat-
tern and polarization diversity simultaneously. The left-
hand side antenna radiates right-hand CP while the
right-hand antenna radiates left-hand CP. The antenna
performances with systematic design steps of design-3 are
illustrated in Figure 3. The impedance matching band
improves from step-3 (antenna-3) to step-5 (antenna-5);
however, the axial ratio band starts improving from
step-2 (antenna-2) to step-5 (antenna-5). Antenna-4 and
antenna-5 have wide impedance matching and 3 dB

ARBW of 3.52 GHz (8.07–11.59 GHz) and 2.45 GHz
(8.11–10.56 GHz), which are shown in Figure 3A,B.
Within the impedance matching band, the gain of the
antenna is varied from 0 to 3.1 dB.

The equivalent circuit model of the monopole antenna
in step-4 is shown in Figure 3C, and its equivalent circuit
response is compared with the HFSS model in Figure 3D.
The element value of the equivalent circuit are
R1 = 880 Ω, L1 = 0.99 nH, C1 = 29.7 pF, R2 = 106 Ω,
L2 = 0.67 nH, C2 = 1.02 pF, R3 = 41.9 Ω, L3 = 0.25 nH,
C3 = 0.969 pF, R4 = 11.8 Ω, L4 = 0.78 nH, and
C4 = 0.9 pF respectively. Figure 4 shows the radiation pat-
tern of the antenna-5 at 8.5, 9.5, and 10.5 GHz. The radia-
tion patterns of antennas are directed in the opposite
direction in space, which confirms the pattern diversity.
The above-discussed antenna is designed for the specified
center frequency fS = 9.86 GHz. The generation of CP in
wideband can be understood by analyzing the surface cur-
rent distribution of step-1, 3, and 4 as illustrated in
Figure 5. The dominant component of the surface current
on the square patch (step-1) is Jy radiating linear polarized
wave, whereas Jx magnitude is minimal, providing cross-
polarization. In step-3, a truncated patch enhances the Jx
current component. The distribution of the current element
Jx is comparatively lesser than the Jy, which generates the

FIGURE 3 Impedance matching, axial ratio band with steps for fs = 9.86 GHz and equivalent circuit of step-4. (A) Retun loss. (B) Axial

ratio. (C) Equivalent circuit of step-4. (D) Retun loss

TABLE 1 Length of the square patch (step-1)

Specified
frequency
(GHz) f s

Frequency
of the
design step-1
(GHz) f d

Length
of the
patch for
step-1 L (mm)

Antenna
design

2.0 1.15 62.2 Design-1

5.0 2.895 24.79 Design-2

9.865 5.71 12.56 Design-3
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elliptical polarization, and its axial ratio dip is lying
between 3 and 6 dB. Therefore, to get CP, either we need
to increase the magnitude of Jx or decrease the Jy with a
phase difference of 90� between them; consequently, we
get CP in wideband.

Similarly, to verify the acceptability of Equation (2) for
the other frequency bands, we have designed two antennas
for two different center frequencies like fs = 2 and 5 GHz,
known as design-1 and design-2. The performances of
these three antennas (design-1 to design-3) are compared
in Figure 6. Figure 6 shows that as the specified center fre-
quency moves downward, the reduction in impedance
matching and ARBW starts. Since antenna-3 (design-3)

with specified center frequency fs = 9.86 GHz has wider
impedance and ARBW than the other designs, we choose
this design for the prism and cubical 3D MIMO antennas,
which will be discussed in the next sections.

To understand the polarization behavior, we have
used surface current distribution and RHCP and LHCP
radiation patterns. The surface current on the left-hand
side (antenna-A) and right-hand side (antenna-B) anten-
nas, in the X-Y plane with Z, is the direction of propaga-
tion. Figure 7A shows the current distribution of port-1
at 8.5 GHz at different phases 0� to 270�. The rotation of
the left-hand antenna's surface current is anti-clockwise,
and the right-hand antenna surface current rotation is

FIGURE 4 Radiation patterns at

8.5, 9.5, and 10.5 GHz showing pattern

diversity. (A) Excitation at port-1.

(B) Excitation at port-2

(A) on step-1                  (B)   on step-3                     (C)       on step-4

Jy Jy Jy
Jx Jx Jx

FIGURE 5 Surface current

distribution at 8.5 GHz on

step-1, 3, and 4. (A) On step-1.

(B) On step-3. (C) On step-4

(A) Impedance matching (B)  Axial Ratio 

FIGURE 6 Simulated impedance

matching and axial ratio with of the

design-1, design-2, and design-3.

(A) Impedance matching. (B) Axial ratio
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clockwise. Hence, in reference to Z-axis, the left-hand
side antenna radiates the RHCP wave while the right-
hand side antenna radiates the LHCP wave. The RHCP
and LHCP radiation pattern are shown in Figure 7B,
showing the pattern diversity in MIMO antennas.

3 | SIX-ELEMENT PRISM MIMO
ANTENNA DESIGN

As we know from Equation (3),33 channel capacity
increases as the number of transmitting and receiving
antennas increases. In Equation (3), C is the channel
capacity in Bits/s, B is the bandwidth in Hz, and M and
N are the numbers of transmitting and receiving anten-
nas, and SNR is the signal to noise ratio. To

accommodate the multiple numbers of antennas on the
user terminal, the terminal size becomes a major limiting
factor, and coupling becomes uncontrollable.

C¼B:W 1þM�N�SNRð Þ: ð3Þ

The main concern with multiple antenna system
designs is that they should be compact, but multiple
antennas nearby will increase the mutual coupling
between the closely radiated fields. To better understand
the MIMO system performance, we propose two 3D
MIMO antenna designs systematically. This section will
discuss six-elements prism MIMO antenna in detail,
while in the next section, eight-elements cubic MIMO
antenna will be addressed. The main objective is to place
the antennas on prism and cube to get a radiation pattern

FIGURE 7 Surface current distribution at 8.5 GHz and LHCP and RHCP pattern. (A) Surface current distribution at 8.5 GHz.

(B) Showing LHCP and RHCP pattern
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in 360� angular coverage. Prism shaped MIMO antenna
of side length S = 45 mm along with fabricated prototype
is shown in Figure 8. The two antenna elements are
arranged on the face of the prism with an isolating hol-
low copper cylinder. R is the hollow copper cylinder's
radius placed in the middle of the prism to reduce the
antenna's mutual coupling. The length of the cylinder is
taken the same as the length Ls = 23 mm. Antenna-5,
discussed in Section 2 shown in Figure 2E, is arranged
clockwise on the prism's face. Each element is radiating
in a different direction. The simulated and measured
return loss of antennas is shown in Figures 9 and 10.

3.1 | Parametric study

In order to investigate the parametric study of the pro-
posed prism MIMO antenna with a copper cylinder, the
radius of the copper cylinder (R) is varied, while other
parameters have been fixed. Without a cylinder, the
ARBW is reduced, and mutual electric field coupling is
high at low frequency. Mutual coupling and ARBW of
the prism antennas are the main issues, and it is a big
challenge to reduce mutual coupling without disturbing
the ARBW. A copper cylinder is being placed inside the
prism, which reduces the mutual coupling between the
antennas. The proposed antenna is a 3D structure, and it
can be seen in Figure 8. Figure 11 shows the prism
MIMO antenna's parametric results with a copper cylin-
der of the radius (R). Without a copper cylinder, the
antenna has impedance matching from 8.3 to 11.8 GHz
while the isolation in lower frequency is very poor; more-
over, the axial ratio band is from 8.7 to 10.5 GHz. As the
copper cylinder is being placed inside the prism antenna
and increasing its radius, there is an insignificant effect
on impedance matching bandwidth (IMBW); however,
isolation between the antennas starts improving besides
this, the axial ratio band also start improving as shown in
Figure 11C.

Figure 11C shows the effect of cylinder radius on the
ARBW. ARBW starts improving from R = 6.5 mm to

FIGURE 9 Simulated and

measured return loss. (A) Simulated

return loss. (B) Measured return loss

(A) 3D-view              (B) Top view                 (C) Fabricated

FIGURE 8 3D-view of prism shape

MIMO antenna. (A) 3D view. (B) Top

view. (C) Fabricated. MIMO, multiple

input multiple output

FIGURE 10 Measured isolation and axial ratio. (A) Isolation.

(B) Axial ratio
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R = 8.5 mm. After R = 8.5 mm, ARBW starts again dete-
riorating. Thus, the cylinder radius R = 7.5 mm is
selected, giving significantly more ARBW (8.08–
10.51 GHz) with improved isolation. Without cylinder,
the ARBW is 1.88 GHz, and with cylinder, it becomes
2.45 GHz for radius R = 7.5 mm. This improvement
might be due to the metallic cylinder stops affecting the
orthogonal components of the adjacent antenna's back
lobe radiation. Antennas placement on each face of the
prism with copper cylinder provides radiation in a dif-
ferent direction, giving a pattern diversity as shown in
Figure 12A. The half-power bandwidth (HPBW) of the
antennas are 70� ~ 73� together with covering all 360�

angular coverage. The simulated and measured radia-
tion pattern of the prism-shaped MIMO antenna at fre-
quency 9.5 GHz with excitation of port-2 is given in
Figure 12B.

4 | EIGHT-ELEMENT CUBICAL
MIMO ANTENNA DESIGN

This section discusses the second design of the eight-
element cubical MIMO antenna by employing the
antenna-5 discussed in Section 2, as shown in Figure 2E.
The antenna-5 consists of two monopoles with a mirror

.

(A)  With cylinder               (B) With cuboid          (C) Bottom view   (D) Fabricated prototype

FIGURE 13 The geometry of the

proposed eight-element cubic MIMO

antenna with copper cylinder and

cuboid. (A) With cylinder. (B) With

cuboid. (C) Bottom view. (D) Fabricated

prototype. MIMO, multiple input

multiple output

FIGURE 12 Simulated and

measured radiation patterns at

9.5 GHz. (A) Radiation patterns of

multiple ports excitation. (B) Measured

rad pattern with port-2 excitation

FIGURE 11 Return loss, isolation, and axial ratio. (A) Return loss. (B) Isolation. (C) Axial ratio
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image and facing each other. Moreover, the designed
two-element MIMO antenna is in a planar configuration
and can be easily arranged in any 3-D configuration with
another similar two-elements antenna. For the 3-D struc-
ture, four two-element MIMO antennas have been placed
on the cube's side faces, as shown in Figure 13. The
placement of each antenna is carried out in such a way

so that each antenna element radiates in a particular
direction.

This work's main objective is to cover the complete
360� angular coverage with a maximum number of
antennas embedded in a compact form. Each side face of
the cube has two antenna element pairs radiating in the
opposite direction. However, as these antennas are

FIGURE 14 Simulated response of

the proposed cubic MIMO antenna.

(A) Return loss with copper cylinder.

(B) Isolation with copper cylinder.

MIMO, multiple input multiple output

FIGURE 15 Simulated response of the cubic MIMO antenna with and without copper cylinder and cuboid. (A) Return loss.

(B) Isolation. (C) Axial ratio. MIMO, multiple input multiple output

FIGURE 16 Simulated impedance matching and axial ratio. (A) Return loss. (B) Isolation. (C) Axial ratio

CHAUDHARY ET AL. 9 of 15



arranged in a compact form and placed closely, the prob-
ability of mutual coupling is very high. Two strategies
have been used in this work to reduce the mutual cou-
pling between the antennas. In the first one, a hollow
copper cylinder is adopted to reduce the mutual coupling,
while in another, a hollow copper cuboid is taken. Both
the copper cylinder and cuboid are placed at the center of
the cube antenna. A copper cylinder with a height
(H) and radius “R” is inserted at the middle of the cube
to avoid the mutual coupling between antennas.

The height (H) of the copper cylinder and cuboid is
the same as the antenna's height (LS = 23 mm). The over-
all dimension of the proposed cubic MIMO antenna
becomes 1.127λd � 1.127λd � 0.754λd (λd is free space

wavelength at 9.86 GHz) which consists of a total of eight
antennas, and each one is excited by a 50-ohm coax con-
nector. The simulated performances of the proposed
cubic MIMO antenna with copper cylinder are shown in
Figure 14. However, the result of the cubic MIMO
antenna with cuboid is demonstrated in Figure 15. For
the sake of brevity, we have just skipped the detailed
analysis of the cubic MIMO antenna with cuboid as its
performances are not somewhat reasonable compared to
the cubic MIMO antenna with the copper cylinder. The
performances of the cubic MIMO antenna with copper
cylinder and cuboid are compared in Figure 15.

The axial ratio and isolation of the cubic antenna
with cuboid are found to be inferior compared to those of

FIGURE 17 Simulated 3D radiation patterns showing pattern diversity at 10 GHz with different port excitation and all port excitation.

(A) Port-1 (�30�). (B) Port-2 (30�). (C) Port-3 (60�). (D) Port-4 (120�). (E) Port-5 (150�). (F) Port-6 (�150�). (G) Port-7 (�120�). (H) Port-8

(�60�). (I) All ports excitation

FIGURE 18 The radiation

pattern of eight-element cubic

massive MIMO antenna at

10 GHz. (A) Simulated radiation

pattern of all antennas.

(B) Simulated and measured

radiation pattern of antenna-1.

MIMO, multiple input multiple

output
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the copper cylinder. Hence, the cubic antenna with cop-
per cylinder has been chosen for further study. The pro-
posed cubic MIMO antenna with the copper cylinder is
working in the frequency range of 8.0–12 GHz, with
IMBW of 4 GHz, as shown in Figure 15A.In contrast, iso-
lation between antennas is better than �25 dB except
between adjacent antennas and between the corner ele-
ment; it is marginally better than �17.7 dB. In the upper-
frequency band, the isolation is somewhat deteriorating;
the most probable reason for this is that the fields at
edges are highly coupled.

4.1 | Parametric study

In order to investigate the parametric study of the pro-
posed cubic MIMO antenna with a copper cylinder, the
radius of the copper cylinder (R) has been chosen, while
other parameters have been fixed. Mutual coupling
between the antennas in the cube is the main issue, and
it is a big challenge to reduce mutual coupling. A copper
cylinder is being placed inside the cube, which reduces
the mutual coupling between the antennas. The proposed
antenna is a 3D structure, and it can be seen in
Figure 13. Figure 16 shows the cubic MIMO antenna's
parametric results with a copper cylinder radius (R).
Without a copper cylinder, the antenna is covering
impedance matching from 8.0 to 11.8 GHz while the iso-
lation between the antennas is very poor; moreover, there
is no axial ratio band. As the copper cylinder is being
placed inside the cubic antenna and increasing its radius,
there is an insignificant effect on IMBW; however, isola-
tion between the antennas starts improving besides this,
the axial ratio band also start improving as shown in
Figure 16C. Isolation between antennas starts improving
from �7 to �24 dB as the radius increases from 8 to
13 mm, while 3 dB ARBW starts improving from 1 to
2.69 GHz. At radius R = 14 mm, the isolation and axial
ratio start deteriorating. Without cylinder, the axial ratio

band is very narrow, from 11 to 11.4 GHz (0.4 GHz). At
R = 10 mm, the proposed cubic MIMO antenna gets CP
within the dual-band, while for R = 16 mm, the axial
ratio band reduces to narrowband with a bandwidth of
0.9 GHz. At R = 13 mm, the proposed cubic MIMO
antenna has wide ARBW, which is 2.69 GHz.

5 | RESULTS

The simulated return loss and isolation of the eight-element
cubic MIMO antenna are shown in Figure 14A,B. Since the
eight-element cubic massive MIMO antenna's essential ele-
ment is a two-element MIMO antenna, these two element-
MIMO antennas have been placed at the cube's four sides
to get the radiation pattern in the complete 360� span. The
proposed cubic MIMO antenna has covered the full 360�

angular coverage with each element's distinct radiation pat-
tern, as shown in the radiation pattern at 10 GHz in
Figure 17.The proposed eight-element cubic MIMO
antenna has been covering the full angular coverage from
0� to 360� as all antennas are placed on the cube's face. Full
angular coverage from 0� to 360� is one of MIMO antenna's
essential requirements to handle the situation when pattern
loss is probable high in any direction. The 3 dB beamwidth
of a single element is 74� ~ 76�, together with all covering
the whole 360�.In that scenario, one of the antennas will
pick the signal if it is coming from anywhere.

The spatial distribution (angular coverage) property
of the MIMO antenna can be understood by employing
the 3D radiation pattern, shown in Figure 17. Each one
of the antennas is radiating power in a different direction.
Antenna-1 (Port-1) radiates in �30�, antenna-2 (Port-2)
radiates in 30�, Antenna-3(Port-3) radiates in 60�, and
antenna-4 (Port-4) radiates in 120�. Antenna-5 (Port-5)
radiates in 150�, antenna-6 (Port-6) radiates in �150�

while antenna-7 (Port-7) radiates in �1200 and antenna-8
(Port-8) radiates in �60� as shown in Figure 17.
Figure 17I is showing the radiation pattern of the

FIGURE 19 Simulated and

measured results of eight-element

MIMO antenna. (A) Simulated and

measured return loss. (B) Measured

isolation. MIMO, multiple input

multiple output
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antenna by exciting all the ports simultaneously.
Figure 18A shows the simulated radiation pattern of the
eight-element cubic MIMO antenna at 10 GHz by excit-
ing all the antennas one by one. Figure 18B shows the
simulated and measured radiation pattern of a single
MIMO antenna element (or exciting a single antenna-3).
The measured radiation pattern agrees well with simu-
lated, as shown in Figure 18B.The IMBW is almost the
same for all four two-element MIMO antennas as they are
placed in symmetry and have a symmetric structure. The
proposed antenna is working in the frequency range of
8.0–12 GHz, having IMBW of 4 GHz, as shown in
Figure 19A. The isolation between the antenna is better
than �25 dB except between antennas 1 and 8, which is
slightly worse of �17.5 dB from 10 to 11 GHz and margin-
ally higher at lower frequency region. The measured results
of isolation agree well with the simulated results and
are shown in Figure 19B. The measured IMBW is 3.4 GHz
(8–11.6 GHz), and isolation is better than �20 dB between
all the antennas except adjacent antennas. Isolation
between adjacent elements antenna-1 and 8, 2 and 3, 4 and
5, 6 and 7 is more significant than �15 dB.

The proposed eight-element antenna has wideband CP
with polarization diversity. This type of MIMO antenna is
useful when the signal alters polarization after propagation

through the free space. In that way, due to multiple reflec-
tions, the polarization of the signal becomes uncertain, and
the received signal's polarization might not be according to
the receiving antenna expectations. In the previous Section 2,
the two-element MIMO antenna has polarization diversity.
Antenna-1(right-hand side) is radiating RHCP while
antenna-2 (left-hand side) radiate LHCP. In cubic MIMO
antenna, we have the polarization diversity between the
nearby two elements. Thus, in a clockwise direction, one
antenna is radiating LHCP, and the other is radiating RHCP
and so on.

The antenna's measured ARBW gets slightly deteriorated
because of the fabrication tolerance and the presence of some
other kind of losses. The measured axial ratio is from 8.13 to
10.52 GHz. Figure 19 shows the simulated and measured
axial ratio and gain. The gain of the MIMO antenna varies
from 2.8 to 4.3 dB within the entire band. The measured
results are reasonably comparable with the simulated results.
The probable reason for the deviation of the measured result
is the slight copper cylinder misalignment from their axis.
The misalignment of the cylinder from the axis disturbs the
coupled field distribution among all antennas. Besides this,
the copper cylinder reflects the backside field. The cylinder is
metallic and reflects the incident wave with 180� out of
phase. Hence, the reflected wave combines with the radiated

FIGURE 20 Simulated and measured

axial ratio and gain. (A) Axial ratio.

(B) Gain

FIGURE 21 Simulated ECC and TARC

of eight-element cubic MIMO antenna.

(A) ECC. (B) TARC. ECC, envelope cross-

correlation; MIMO, multiple input multiple

output; TARC, total active reflection

coefficient
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wave, deteriorating some of the antenna's CP and introduc-
ing some polarization losses. (Figure 20)

6 | MIMO PERFORMANCE OF
EIGHT-ELEMENT CUBIC MIMO
ANTENNA

In order to investigate the performance of the proposed eight-
element cubic antenna for MIMO application, the envelope
cross-correlation (ECC, ρe,ij) and TARC has been computed
by using Equations (4) and (5).29,31 ECC is the correlation
factor that determines how much correlation between the
antenna exists. A lower value of ρe is desirable. ECC can be
calculated by using both far-field and S-parameters. The
far-field method involves a more complicated calculation
with far-field data, and it is limited to up to 2-element array.
In contrast, the ECC measure with S-parameters requires
two conditions: first, the antenna should have uniform field
distribution, and second, the antenna should be lossless.
But practical antennas are lossy and directional to estimate
the worst possible case, total radiation efficiencies are con-
sidered. This method provides better accuracy when the
efficiencies are greater than 60%. In our case, antenna effi-
ciency is greater than 86%. The ECC of all antennas is less
than 0.09, shown in Figure 21A.

ρij ¼
j PN
n¼1

Sni*Snj jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�PN

n¼1 Snij j2
� �

1�PN
n¼1 Snj
�� ��2� �

ηrad,iηrad,j

r

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
ηrad,i

�1

� �
1

ηrad,j
�1

 !
:

vuut ð4Þ

ECC (ρij) is the correlation between the ith and jth ele-
ments. The S-parameters Sni and Snj of n port between
the ith and jth elements. ηrad,i and ηrad,j are radiation effi-
ciencies of ith and jth elements. TARC is defined as the
square root of total reflected power to the square root of
total incident power. TARC (denoted by Γt

a) for any
N-element MIMO antenna systems can be obtained from
the expression Γt

a, given in Reference 31.

Γt
a¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1

bij j2
s
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1

aij j2
s : ð5Þ

In the case of 8 � 8 antennas, the scattering matrix
can be written as T
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Here bi and ai represent reflected and incident sig-
nals, respectively, which are related to the scattering
matrix, S, bi ¼ S½ �aj. Figure 21B shows the frequency vari-
ation of simulated TARC (in dB) between the proposed
MIMO antennas elements. TARC defines the whole
MIMO system's impedance bandwidth for a defined
phase angle between the antenna ports. Here, we are
considering two cases; in the first case, the phase of all
the incidence signals are 0�, while in the second case, it is
out of phase. The TARC gets slightly deteriorated at a
higher frequency and has insignificant variation at low
frequency in the worst case. Table 2 compares the pro-
posed six-element prism and eight-element cube MIMO
antenna's performance with the recently published
work.10,21–28 Our proposed six-element prism and eight-
element cubic MIMO antennas have better performances
compared with the published work.

7 | CONCLUSION

A wideband circularly polarized six-element prism-
shaped and eight-element cubic shaped MIMO antennas
are designed for the application of X-band (8.0–12 GHz)
with both pattern and polarization diversity. Proposed
MIMO antennas have pattern diversity with angular cov-
erage within the whole 360�. The isolation between
the antennas is better than �25 dB. The IMBW is 4 GHz
(8–12 GHz), and the 3 dB ARBW is 2.69 GHz. The enve-
lope correlation coefficient is less than 0.09, and TARC is
within the �10 dB within the wide bandwidth. High iso-
lation and uncorrelated radiation patterns between the
adjacent elements make the proposed six-element and
eight-element antennas a good candidate for use in
massive MIMO antenna systems. The size of the antenna
is 38.8 � 38.8 � 23 mm3 (1.127λd � 1.127λd � 0.754λd).
The proposed MIMO antenna could be robust in chal-
lenging weather conditions, and it can provide exception-
ally high link availability for voice, data, or HD video
streaming.
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