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1 | INTRODUCTION

Wireless communication has demanded better channel
capacity with a high data rate in the current era. To fulfill
this demand, the multiple-input-multiple-output (MIMO)-

Abstract

In this article, a Super-wideband (2.6-22 GHz) two-elements multiple-input-
multiple-output antenna (MIMO) is presented with a dimension of
49 54.5 1.6 mm?® on an FR-4 substrate. The antenna is also exhibited dual
circular polarization (RHCP and LHCP) simultaneously at two separate ports
at four frequencies of 5.2, 11.5, 14.66, and 16.75 GHz, which are extensively uti-
lized for WLAN, X, and Ku-band applications. Four EBG cells of various sizes
have been installed across the feed line to maintain the antenna's efficiency
and control the specific absorption rate (SAR). The antenna has a minimum
isolation of 17 dB (20 dB for the important portion) in Super-wideband (SWB)
and excellent diversity performance. Simulated results of antenna-like return
loss, isolation, and diversity parameters have also been verified experimentally,
which are in the acceptable range. Also, the calculated maximum SAR at 10 g
is 1.095 W/kg with the head voxel model at 3.5 GHz.

KEYWORDS

left hand circularly polarized, multiple-input-multiple-output, right hand circularly
polarized, super-wideband

communication system that uses different antennas on the
transmitter and receiver ends is developed. From the base
station, multiple antennas transmit a signal to the mobile
handset as shown in Figure 1, which acts as a receiver, pro-
vides better signal strength and a high data rate in
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comparison to a single antenna element or single-input-sin-
gle-output (SISO) system. MIMO antenna will increase the
data throughput without requiring additional spectrum and
repeaters. Better spatial diversity in the MIMO system will
ensure a low correlation among antenna elements and will

ensure less signal dropout in a multipath and fading envi-
ronment. Several MIMO antennas have been designed in
the literature to improve their characteristics in terms of
impedance bandwidth, miniaturization, & isolation
improvement.'-

Keeping the aim of compactness in mind several
MIMO antennas have been demonstrated with high iso-
lation among antenna elements in the existing literature
till now."? A compact planar multi-band antenna has
been designed based on a Right Hand/Left-Hand trans-
mission line for mobile applications.> A substrate inte-
grated magneto-electric (ME) dipole antenna with
metasurface has been proposed for SG/WiMAX/WLAN/
X-Band MIMO applications with a high gain of almost
9 dBi and low profile.* Meander line-inspired four-port
compact MIMO antenna has been considered in Refer-
ence 5 for WLAN application. Modified Sierpinski carpet
fractal geometry® has been introduced in the antenna
design to maximize surface area utilization. Fractal
geometry like Minkowski geometry’™ has been also use-
ful in enhancing isolation among antenna elements in a
MIMO system. A hepta-band Swastik arm MIMO
antenna based on hybrid Quadric—Koch island fractal
geometry for size miniaturization has been presented for
mobile phone applications.! A miniaturized hook-
shaped multi-band MIMO antenna has been presented in
Reference 11 for mobile applications. A high isolation-
based dual-polarized wideband MIMO antenna was
depicted in Reference 12 for multiple wireless applica-
tions. Another high isolation two-element MIMO slot
antenna for Eight-Band LTE/WWAN operation has been
discussed in Reference 13. While in one case dual-layer
electromagnetic band gap (EBG) has been used to design
a miniaturized multi-element antenna for a MIMO sys-
tem operating at 2.5 GHz with minimum isolation of
28 dB."* A complementary-split-ring-resonator (CSRR)
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FIGURE 1

A pictorial view of 2 2 MIMO antenna system

loaded compact multi-band MIMO antenna has achieved
high isolation due to the split-ring-resonator (SRR)
placed between face-to-face antenna elements.'> To maxi-
mize the isolation between elements of an antenna array,
a transmission line-based decoupling structure was dis-
cussed in Reference 16. A compact dual-band slot
antenna with high isolation of 21 dB has been achieved
by using Defected Ground Structure (DGS) by creating a
wide slot in the ground plane for WLAN application.'” In
Reference 18, a tri-polarized MIMO antenna having an
omnidirectional radiation pattern and low correlation
has been presented. Without a common ground plane,
the MIMO antenna results in much higher isolation with-
out any decoupling techniques.'” In Reference 20, per-
pendicularly arranged 10 elements of antenna array have
been introduced for sub-6 GHz 5G mobile application,
which provides better channel capacity, high data rate,
and high isolation.

The circularly polarized antenna has been extensively
designed due to its wide applicability in state-of-art tech-
nology as CP antennas can inhibit the losses due to polar-
ization mismatch, Faraday's rotation, and so forth.
Performance-enhancing by introducing circular polariza-
tion of the MIMO antenna was discussed in Reference
21. A circularly polarized (CP) Rectenna was discussed in
Reference 22 for harmonic suppression. A dual-polarized
triple-band multi-beam MIMO antennas for WLAN/
WiMAX applications has been implemented with almost
20 dB isolation.”®> Few UWB-MIMO antenna having cir-
cular polarization has been proposed in the existing liter-
ature like four G-shaped monopoles elements having an
I-shaped strip incorporated between the ground planes to
achieve a wideband 3 dB axial-ratio-bandwidth (ARBW)
of 67.7% (4.2-8.5 GHz), which is suitable for C-band
applications and in another case four identical square-
shaped antenna elements having a circular slotted gro-
und plane achieved a circularly polarized band from 3.8
to 6.5 GHz using a protruding hexagonal stub from the
ground plane.

In some cases, an eight elements triple-band covering
UWB band polarization diversity MIMO antenna has been
reported for the vehicular network.** A compact triple-
band MIMO antenna has been discussed in Reference 25
for WiIMAX (2.5/3.5/5.5 GHz)/WLAN (2.4/3.6/5.8 GHz)
wireless applications. Slot-based four elements recon-
figurable MIMO antenna integrated with a UWB sensing
antenna has been presented in Reference 26 for the cogni-
tive radio (CR) applications.

Few 3-dimensional UWB-MIMO antennas have been
designed with high isolation?”2° among antenna ele-
ments due to their different orientation approach which
gives them spatial diversity without any help of isolation
techniques but the only disadvantage has been the



KUMAR ET AL.

2.1. MIMO Antenna Design Procedure
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absence of common ground plane required for common
reference voltage and easy integration with any device.
Many Super-wideband (SWB) MIMO antennas have been
recently reported like Feather-shaped SWB-MIMO
antenna with no common ground resulted in high isola-
tion of 15 dB even with a small footprint antenna area®’
while in another case tapered feed line technique has
been employed to enhance the impedance bandwidth
and T-shape corrugated strip has been placed among
SWB-MIMO antenna elements to achieve high isolation
of 20 dB.*' A triple band-notch four-port truncated—semi-
elliptical-self-complementary (TSESC) radiating patches-
based SWB-MIMO antenna has been implemented in
Reference 32. The notches have been achieved with the
introduction of CSRR and an L-shaped slit on the patch
antenna. In another SWB-MIMO antenna isolation of

Different stages of the design of the proposed SWB-MIMO antenna

almost 55 dB has been achieved by a decoupling protrud-
ing ground stub.*’

From the above discussion, we can identify that
MIMO antennas are required for high-data-rate wireless
transmission without sacrificing additional bandwidth.
Achieving high isolation among antenna elements is
another major concern especially for UWB or SWB-
MIMO antennas."* A circularly polarized antenna having
low SAR will be more useful to prevent signal dropout in
a rich scattering especially for handheld devices and low
SAR prevents health hazards. Polarization purity and
SAR were discussed in Reference 34 for mobile and satel-
lite communication.

In this paper, we have tried to give a solution to all the
problems stated in the above paragraph. We have pro-
posed an SWB quad-band circularly polarized MIMO
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FIGURE 3

antenna (2.6-55 GHz) designed on a commercially avail-
able substrate FR-4 with significant results. But we have
emphasized the band up to 22 GHz as the efficiency
becomes poor beyond this range. Designed SWB-MIMO
antenna maintaining a low specific absorption rate (SAR)
due to the introduction of four electromagnetic band-gap
(EBG) cells along the stepped microstrip feed line. A novel
protruding F-shaped ground stub embedded with circular
rings helps to achieve minimum isolation of 17 dB (20 dB
at significant places) throughout the operating frequency
range. Horizontal and vertical slots in the ground plane
along with a V-shaped slot and six pairs of circular slots
on the patch antenna helps in redistributing the current
density for achieving circular polarization at 5.2/11.5/
14.66/16.75 GHz. In Section 2, an antenna design proce-
dure is explained step-by-step for SWB characteristics with
quad-band circular polarization. Section 3 demonstrates
the antenna results like impedance bandwidth, isolation,
gain, and axial ratio. Section 4 depicts the diverse perfor-
mance of the antenna in terms of envelope correlation
coefficient (ECC), diversity gain (DG), total active reflec-
tion coefficient (TARC), channel capacity loss (CCL), mul-
tiplexing efficiency, channel capacity, and mean effective
gain (MEG). This SWB-MIMO antenna has been simu-
lated using the computer simulation technology-CST
microwave studio simulation tool.

2 | ANTENNA DESIGN AND
ANALYSIS
2.1 | MIMO antenna design procedure

The entire process of designing the proposed SWB-MIMO
antenna is done from Stage I to VIII as shown in
Figure 2. The proposed monopole MIMO antenna has

Two-element SWB planar monopole MIMO antenna: (A) Front sight; (B) Bottom sight

two circular radiating patches fed by a stepped imped-
ance microstrip line to achieve SWB characteristics. Four
EBG cells of different dimensions have been introduced
across the feed line for maintaining the low SAR and
increasing the efficiency of the proposed MIMO antenna
as depicted in Stage I of Figure 2. A big U-shaped slot
(Stage II) is introduced in the center of the partial ground
to reduce the mutual coupling, which is further reduced
by adding a pair of F-shaped stubs (Stage III) embedded
with circular rings (Stage IV), protruding from the gro-
und plane. A couple of vertical (Stage V) and horizontal
U-shaped slots (Stage VI) have been introduced in the
ground plane to achieve circular polarization (CP) at
5.2 GHz. Further, a pair of V-shaped slots (Stage VII)
have been added on the circular patch to deliver another
CP at 11.5 GHz. Lastly, the width of the centered big-U-
shaped slot in the ground plane has been optimized, and
pairs of six circular slots (Stage VIII) have been intro-
duced on the circular patch to achieve two CPs at 14.66
and 16.75 GHz. The detailed explanation of the evolution
of the ground plane for the Stages I-IV has been
explained in Section 3.1. Further, the Stages V-VIII are
discussed in detail in Section 3.2 depicting the evolution
of quad-band circular polarization. The proposed MIMO
antenna is fabricated on an FR4 substrate of height,
h = 1.6 mm, relative permittivity (g,) of 4.4, and loss tan-
gent (tand) of 0.02.

The dimension of the antenna is 49 54.5 1.6 mm?>, as
shown in Figure 3A-B. Initially, a partial ground plane of
size, Lg; W, has been introduced to have a monopole
antenna with a broader impedance bandwidth. The funda-
mental resonance frequency (f.s) of a circular-shaped
monopole antenna is %c= 2R &P 'Where R is the
radius of the antenna, ¢, is the effective dielectric con-
stant, and c is the velocity of light (3 10® m/sec) in free
space. At resonant frequency 10 GHz [(22-2)/2 = 10 GHz],
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TABLE 1 List of antenna dimensional parameters
Parameters L W Lp1
Unit (mm) 49 54.5 8.02
Parameters Lp7 Wp1 W2
Unit (mm) 9.93 3.5 9.35
Parameters Lg2 Lg3 Lga
Unit (mm) 245 1.5 1.5
Parameters Lgio Lgi1 We1
Unit (mm) 1 22.5 253
Parameters We7 Wes Weo
Unit (mm) 2 1.9 12.3
Parameters R4 G, G,
Unit (mm) 6 0.45 0.85
Parameters Ds D¢ D~
Unit (mm) 2.65 12 2.65
Angle 01 0>
Degree 18.92 100

CSsT

FIGURE 4
head voxel model

the value of R is approximately 10 mm as calculated by
using Equation (1).

1841
R% izcﬁﬁﬁm olp
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We have taken a circular patch antenna of radius
R = 10 mm, which is fed by a stepped impedance line of
length (Lys+ Lo + Lp7) = 2453 mm to have a wide
impedance bandwidth ranging from 2.6 to 22 GHz. Here
we show the effective impact of the stepped impedance of
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(A) Representation of the proposed MIMO antenna with head voxel model; (B) S-parameters analysis with and without

the microstrip feed line. If we merged 50 Q, 63 Q, and 73 Q
impedance lines, it shows like a triangular tapered line for
providing maximum power to the radiator in an SWB. The
input impedance of the radiator is approximate 73 Q then
we calculate the characteristics impedance of the middle
microstrip feemhi%ﬁhﬁ‘lt 63 Q by using the for-

mula Zo% Zi,Z1% 5073=63 Q which provides
maximum power ports to the radiator.’> We have intro-
duced an inverted F-shaped protruding ground stub
embedded with a circular ring and a large U-shaped slot
cut of dimension Lg;; Wy in the center of the mono-
pole ground for achieving high isolation by diverting and
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providing an additional decoupling path to the surface
current before reaching the adjacent antenna element.

Four EBG cells of different dimensions have been intro-
duced across the feed line for maintaining the low SAR and
increasing the efficiency of the proposed MIMO antenna.
The complete analysis of EBG has been explained later on
in this section. Various U-shaped slots have been etched in
the ground to redistribute the surface current equally in the
vertical and horizontal direction to achieve circular polari-
zation in the 5.2 GHz WLAN band. V-shaped slot etched
and a pair of six circular cuts in the patch for achieving cir-
cular polarization at 11.50 GHz, 14.66 GHz, and 16.75 GHz.
8, = 18.92 is the final value of 8, varying it to an interval
of 1 which finally ends at 1892 to achieve CP at
11.5 GHz. Similarly, the final 8, = 100 is the result of vari-
ation of angle 6, at an interval of 20 which finally ends
with 100 where we got the intended results. The detailed
antenna parameters have been tabulated in Table 1. All the
antenna parameters have been optimized using the CST
simulation tool for better results.

2.2 | EBG analysis and its significance

EBG plays a significant role in increasing the front-to-
back ratio (FBR) and maintaining the efficiency of
the antenna in a lossy dielectric substrate. We can find
significant contributions of EBG in the existing literature
like helpful in creating band-notch,® isolation enhance-
ment, enhancing antenna characteristics like gain &
bandwidth,*” and improving FBR.*** The center fre-
quency of the proposed mushroom-shaped EBG structure

near the feed line is calculated by Equation (2).%°

a2p

2n Leq Cgap eq |3 Cplate eq

Gap capacitance (Cgap cq), plate capacitance (Cpiate eq)s
and lumped inductance (Loq) are calculated by an

Gl oun(l II

Surface current distribution in the proposed MIMO antenna for different grounds (I-1V) at 3 GHz resonant frequency

i o o %
Ground I
FIGURE 5
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equation that is depicted in Reference 39. The resonant
frequency is coming out to be 21.24 GHz from the equiv-
alent circuit model analysis explained in Reference 39.
While 23.78 GHz as calculated by Equation (1), indicates
the importance of EBG cells in retaining efficiency at
higher resonant frequencies in a lossy dielectric substrate
like FR-4.

22.1 | Specific absorption rate (SAR)

SAR has been calculated for the proposed MIMO
antenna by placing it at a distance of 10 mm from the
head voxel model, as represented in Figure 4A. The
computed maximum SAR is coming out to be
1.095 W/kg at 3.5 GHz, which is way below the rec-
ommended SAR limit of 2 W/kg?**° average over 10 g
of head bio tissue. We have given a simulated input
power of 0.5 W, of which the accepted power is
0.318 W. We have also calculated the SAR value with-
out EBG cells, and the value increases to 1.753 W/kg
at 3.5 GHz. While the situation without EBG is even

'
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o
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- —
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L2 o
3 %0 G
o -
5 o &
H 3
70 ©
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FIGURE 6 Simulated S-parameters analysis of the different

Grounds I-1V given in Figure 5
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worse at higher frequencies, say around 20 GHz.
Although SAR is of not much significance at higher
frequencies as far as the human body is concerned, we
like to highlight and conclude that the EBG cells will
help to retain the efficiency as well the SAR value
within the limit at these high frequencies too. The
simulated S-parameters results with and without head
voxel model have been described in Figure 4B where
we can observe that the variation in the reflection
coefficient is acceptable taking into consideration the
6 dB threshold for the MIMO antenna like many
others'>*' except some higher variation around
3.5 GHz. The efficiency is as high as 80% for the pro-

posed MIMO antenna around 3.5 GHz without voxel
model but has gone down to 65%—70% with the head
voxel model which is still in good considerations tak-
ing the MIMO antenna effect into the account for high
data rate transmission.

3 | RESULTS AND DISCUSSION
3.1 | S-parameters and ground plane
analysis

First of all, we will discuss the various defected ground
structures (DGSs) introduced step by step for achieving
the desired isolation of 20 dB for a significant part of the
claimed SWB (2-22 GHz). We have divided the iterations
into four Grounds (I-IV) along with the surface current
distribution at one of the resonant frequencies 3 GHz for
demonstration, as shown in Figure 5. We can see how
the concentration of surface current density on another
monopole antenna due to the excitation of the first
monopole antenna is decreasing as preceding from
Ground-I to IV. Firstly the major part of the surface cur-
rent was accumulated around the curve of the large U-
shaped cut in Ground-Il. Then some portion is
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TABLE 2

Variation in

KUMAR ET AL.

Effects on ARBW in different cases with the specific method applied

length and
width of the
. three U-shaped
Figure 2
slots (mm) .
correspondent — ARBW range/ Min AR Freq. (GHz)/
Case Shape only Lgg  Wg7 Wy  Method applied BW (GHz) Value (dB)
1 Stage V 3 0 4.7 Two small vertical U-shaped slots Nil Nil
(LgS WgS)
2 Stage V 35 0 4.7 Case 1 5.18-5.30/0.120 5.2/2.33
3 Stage V 4 0 4.7 Case 1 5.18-5.32/0.145 5.2/2.07
4 Stage V 45 0 4.7 Case 1 5.15-5.25/0.100 5.2/2.33
5 Stage VI 4 4 4.7 Case 1 + Horizontal U-shaped slots 5.13-5.56/0.430 5.2/0.82
(Lg7 Wg7)
6 Stage VII 4 2 4.7 Case 5 + V-shaped Slot in the 5.16-5.34/0.180, 5.2/2.05, 11.5/1.77
circular patch 11.32-12.52/1.2
7 Stage VIII 4 2 3.9 Case 6 + Reduced width of largest 5.16-5.34/0.180, 5.2/1.90, 11.50/0.70, 14.66/

U-shaped slot (Lgi1 Wge) + a pair
of six circular slots in the

circular patch

distributed along with the F-shaped stubs in Ground-III,
which was further supported by the circular rings
attached to the F-shaped stubs in Ground-1V, resulting in
the elimination of high density of surface current majorly
available around the feed line and EBG area of the sec-
ond monopole as shown in Ground-I of Figure 5. The
same results can be verified with the simulated S-
parameters analysis presented in Figure 6. We can
observe from Figure 6 that the transmission coefficient
was above 10 dB for Ground-I at 3 GHz, which was
improved to 13 dB in Ground-II, then 16 dB in
Ground-III, and finally below 20 dB in Ground-IV. A
similar kind of improvement in the transmission coeffi-
cient can be observed at 5 GHz and 9 GHz without caus-
ing much disturbance to the reflection coefficients
throughout the SWB. A slight disturbance in the reflec-
tion coefficient is observed around 6—7 GHz due to vari-
ous iterations involved for achieving significant isolation,
but still, the value is below 6 dB, which can be consid-
ered in a MIMO antenna system.'>*!

Measured and simulated results of the proposed
SWB-MIMO antenna like return loss, isolation, peak
gain, and the axial ratio is represented in Figure 6A-C.
We have shown the S-parameters for the entire operat-
ing band ranging from 2 to 55 GHz in Figure 7A, but
as the efficiency decreases drastically from 80% to 45%
after 22 GHz, so we have restricted our observations up

11.15-
11.85/0.700,

14.54~
14.83/0.300,

16.53—
17.03/0.500

1.05, 16.75/0.61

to 22 GHz only, see Figure 7B-D. We can observe mini-
mum isolation of 17 dB (20 dB for the significant part)
in the simulated and measured result as well in
Figure 7B. Gain is varying from 1.5 to 4.58 dBi as
shown in Figure 7C. The measured axial-ratio of the
proposed MIMO antenna at 5.2, 11.50, 14.66, and
16.75 GHz is less than 3 dB, which indicates that the
antenna is circularly polarized, as shown in Figure 7D.
Mobile phones and other movable handheld devices
antenna required at least half-power in every plane for
the useful communication link, so circular polarization

of this antenna is helpful for various wireless
applications.
3.2 | Circular polarization analysis

The whole iteration cases from 1 to 7 to achieve circular
polarization have been tabulated in Table 2. The design
procedure can be verified from the Stages V to VIII
shown in Figure 2. The Stages V-VIII shown in
Figure 2 is only for shape analysis of different cases
from 1 to 7. Stage V corresponds to cases 1 to 4, Stage
VI corresponds to case 5, Stage VII corresponds to case
6, and Stage VIII corresponds to case 7 which are tabu-
lated in Table 2. Firstly in case 1, two vertical U-shaped
slots of dimensions, Lgg W,s, have been introduced,
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but no axial-ratio-bandwidth (ARBW) has been achieved
as depicted in Figure 7D. The length of the vertical U-
shaped is varied from 3.5 to 4.5 mm, which resulted in
significant improvement in ARBW at 5.2 GHz till cases
2 & 3 and a drop in ARBW in case 4 so, we restrict our-
selves with Lgg = 4 mm. Now in case 5, we introduced
a horizontal U-shaped slot of dimension Ly; Wy,
which shows a significant rise of ARBW to 430 MHz
centered at 5.2 GHz, with an excellent axial-ratio of
0.82 dB. In case 6, we have introduced a V-shaped slot
cut on the circular patch of length L,;, which gives an
excellent ARBW of 1.2 GHz at 11.5 GHz. Lastly, in case
7, the width of the largest centered U-shaped slot Wg
has been optimized to 3.9 mm from 4.7 mm along with
the introduction of a pair of six circular cuts in the cir-
cular patch, which helps in improving and hence
achieving the ARBW of 300 MHz at resonant frequency
14.66 GHz and achieving another ARBW of 500 MHz at
16.75 GHz. The above-mentioned circular polarization
with significant ARBW makes our antenna widely
accepted for C-band, X-band, and Ku-Band wireless
applications.

3.3 | Radiation pattern analysis

The radiation distinctiveness of the MIMO antenna is
investigated in SWBs. For the measurements of antenna
one, the other another antenna is terminated with a
matched load of 50 Q and vice-versa. Normalized radia-
tion patterns are shown in Figure 8. When port-1 is
excited, the radiating power of antenna-1 is shifted
towards the left of the XZ-plane, and towards the right
side for antenna-2. This will help in achieving pattern
diversity in XZ-plane, which reduces the correlation
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among the antenna elements. The fabricated model,
along with the measurement set-up, is shown in
Figure 9A-C.

In Figure 8, the co-and cross-polarization effect is evi-
dent at 3.5 and 20 GHz, where the isolation is more than
20 dB in the main lobe radiation advocating linear polari-
zation while the gap is less for the rest frequencies advo-
cating CP at those frequencies. The same concept is
strengthened by the normalized left-hand-circular-
polarization (LHCP) and right-hand-circular-polarization
(RHCP) radiation pattern shown in Figure 10, which
shows a gap of more than 20 dB between RHCP and
LHCP in the main lobe direction, advocating CP at those
frequencies. When Port-1 is excited you can see that the
LHCP simulated value (LHCP Sim. Port-1) is higher in
the main lobe direction say at 8 = 0° for both XZ and YZ-
Plane for frequencies 5.20 and 14.66 GHz claiming
LHCP. Similarly when Port-2 is excited the RHCP mea-
sured value (RHCP Sim. Port-1) is higher at frequencies
11.60 and 16.75 GHz advocating RHCP. The type of
polarization at different frequencies and ports is men-
tioned in Table 3.

The surface current distributions at the CP frequen-
cies have been shown in Figure 11A-D for the different
phases, ¢ is varying from 0° to 270° by exciting port-1,
and terminating the port-2. We can see the clockwise
movement of the surface current, especially around the
EBG introduced area at frequencies 5.20 and 14.66 GHz
claiming LHCP*? due to port-1 excitation while an anti-
clockwise movement at frequencies 11.60 and 16.75 GHz
is claiming RHCP due to port-1 excitation. As stated in
Table 3 the polarity changes for the Port-2 means the pro-
posed antenna elements show RHCP at frequencies 5.2
and 14.66 GHz for Port-2 while LHCP for frequencies
11.60 and 16.75 GHz for Port-2 excitation.

(A) (B)

Fabricated MIMO antenna prototype: (A) front view with VNA; (B) back view; (C) anechoic chamber set-up

FIGURE 9

©)
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FIGURE 10
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TABLE 3  List of polarization type at the circularly two-ports at
polarized quad-bands

Type of polarization

Resonant frequency (GHz) Port 1 Port 2
5.20 LHCP RHCP
11.60 RHCP LHCP
14.66 LHCP RHCP
16.75 RHCP LHCP

4 | MIMO DIVERSITY

PERFORMANCE

MIMO diversity performance characteristics are evalu-
ated to certify the performance of the proposed MIMO
antenna elements without much hindrance from the
neighboring elements on the same substrate along with
the common ground. Each parameter is discussed in this
section in detail.

4.1 | Envelope correlation coefficient
(ECC) and diversity gain (DG)

ECC is one of the important parameters for MIMO appli-
cations, which shows how much amount of correlation
between the excited antennas to the rest of the antennas.
It can be calculated through S-parameters by
Equation (3),'>*? but this equation is only valid for lossless
where power is uniformly distributed among antennas.

P 2
SinSnj
%1
Pecc,ij % Y, " m asp
1 iSnij 21 Snjn%l 2

n%1

We can have the more reliable computation of the
ECC of the MIMO antenna by Equation (4)—~(5)*>* in
terms of radiated fields.

)
.lllliHiIlIHHHHHHHHJHHIIHHIHHHHIH.JHIlim‘-HHH‘H LT

Peceij " XPR Ggi Po b Ggi PedQ XPR Gg; Po b Gg; PpdQ
o4b
bbb
2
E;30, bP E;00,PdQ 4 35p

. 1/ BF
Peccii 2 OF 0. 0pPdQ O £,60, 0P “d0
4 4n

For uncorrelated MIMO antenna, ECC is zero, but
their acceptable practical value for practical MIMO
antenna is <0.5. In Figure 12A, the ECC (radiated field)
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of the proposed MIMO antenna in SWB is observed using
Equation (4) which is coming less than 0.05, which
depicts excellent diversity performance. Another critical
parameter is diversity gain; the diversity gain (DG) is the
increase in signal-to-interference ratio due to some diver-
sity scheme. The diversity gain_.of the  MIMO antenna is

ffi
q
calculated by DG% 10  1ECC? * for satisfactory

operation of the MIMO antenna, diversity gain
(DG) should be >9.5 dB. The dB value of DG in SWB is
>9.98 dB, which is depicted in Figure 12A.

4.2 | Channel capacity loss (CCL)

The main aim of using the MIMO antenna is to enhance
channel capacity. More elements advocate large channel
capacity, but the correlation among these elements
results in losses, which is termed channel capacity loss
(CCL), and it is calculated by Equations (6)—(8) presented
in Reference 15. CCL from simulated and measured are
shown in Figure 12B. The CCL value in the intended
operating bands is below the prescribed value. Ideally,
zero correlation provides zero channel capacity loss, but
its practical value is <0.4 bps/Hz for MIMO antenna.
CCL is dependent upon S-parameters calculated by the
following Equations (6)—(8).

CCL % log,8y°p d6b
Where, ° % P11 P12
P21 P22
|
1 X'
pii % 1 SinSni a7p
n%1
!
XN
pij 4 SinSnj , wherei,j,n%1,2 a8p

n%]1

Figure 12B shows the CCL, and it is less than
0.35 bits/s/Hz over the intended bandwidth, which offers
a better diversity result of the proposed MIMO antenna.

43 | Total active reflection
coefficient (TARC)

TARC is the square root of the ratio of total reflected

power to the total incident power at the same port. For the
n-element MIMO antenna system at the transmitter and
receiver end, it can be evaluated by Equations (9)—(11).3%%
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FIGURE 11 Surface current distribution at frequencies: (A) 5.2, (B) 11.6, (C) 14.66, and (D) 16.75 GHz, where ¢ is varying from 0° to
270° when antenna-1 is energized and another antenna is terminated with matched 50 Q load
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where a; and b; is incident wave and reflected wave,
respectively, and n denotes the number of antenna ele-
ments. 8 denotes the phase change of the input signal.
VonYS/a a10p
where [S], [a] and [b] are scattering, incident and

reflected matrix, respectively. So, for a 2 2 MIMO
antenna the TARC equation will be as follows:

2 .
b SupSn®
n

S1bSi”

TARC% ol1p
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TABLE 4 Simulated MEG results
of proposed MIMO antenna at various
frequencies
Frequency (GHz)
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5.2
11.6
16.75
20
0 -
29
AT AN S
-4 - .\/-\/""\/ T
e ._—4—~ % /4 b P N/\</d"
8. VA
o
w
2 g
—=— |sotropic at XPR=0dB —+— Gaussian at XPR=1dB
—— |sotropic at XPR=1dB Gaussian at XPR=6dB
-10 ~ Isotropic at XPR=6dB —— Laplacian at XPR=1dB
Laplacian at XPR=6dB
R+ T T T T T
2 4 6 8 10 12 14 16 18 20 22
Frequency (GHz)
FIGURE 14 Simulated results of mean effective gain in

isotropic, Laplacian, and Gaussian medium at different XPR values
of the proposed antenna

Ideally, TARC should be less than 0 dB for any MIMO
antenna system. The simulated and measured TARC of
the designed MIMO antenna is less than 10 dB in the
intended SWB shown in Figure 12C, again it shows the
excellent diversity performance of a designed antenna.
The phase of the input signal is fixed for one port and
changed for the other ports by 30° till 270° to observe the
change in the reflection coefficient as shown in
Figure 12C. We can observe from the result that the
TARC is following the reflection coefficient of our pro-
posed antenna even the phase of the input signal ports is
changing ensuring the good diversity performance of the
antenna.

4.4 | Multiplexing efficiency

The multiplexing (MUX) efficiency of an antenna is
an important parameter that does not only provide
information about the total antenna efficiency but also
gives them information about the efficiency imbalance
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MEG (dB) MEG (dB)

Laplacian medium Gaussian medium

XPR = 1dB XPR = 6 dB XPR = 1dB XPR = 6dB

4.17 6.02 4.45 6.23

6.12 5.12 4.18 6.11

7.13 6.84 3.82 5.12

5.14 5.01 3.26 3.18

4.82 4.22 4.10 3.98

Bl

in MIMO systems. It is calculated by 1jpcj2 Nis

where p. is a correlation between any two antenna
elements, and n; is the total efficiency of the proposed
MIMO antenna, which is depicted in Figure 12B. For the
2 elements MIMO antenna the acceptable range is 0.45
and in terms of dB, it is 3.5 dB. We can see that our
proposed antenna is having a MUX efficiency of almost

higher than 3.5 dB throughout the operating
frequency.
4.5 | Channel capacity

The channel capacity is calculated by Equation (12),3%%
which is directly proportional to the number of antenna
elements. The results are shown in Figure 13. It gives
information that how much bit rates you can achieve
through the proposed MIMO antenna. Minimum and
maximum channel capacity is 7.37 and 11.34 bps/Hz,
respectively, at 20 dB signal-to-noise ratio (SNR) in a uni-
form environment.

SNR

C%k log, det %lp HYH o12p

In Equation (12), k denotes the number of antenna ele-
ments, | is the identity matrix and H denotes the fading
matrix. While the upper level of the channel capacity of
two antenna systems can be found out after considering
there is no correlation among antenna elements and hence
considering fading matrix [H] as identity matrix and then
the channel capacity calculated from Equation (12) will be
C = 2 logy(1+ 100/2) = 11.344 bps/Hz considering
SNR = 20 dB = 100. The permissible value for two ele-
ments will be 65% of its maximum value* (11.344 bps/
Hz)= 0.65 11.344 = 7.38 bps/Hz.

We can see that our calculated channel capacity of
the proposed antenna is well above 10 bps/Hz through-
out the operating frequency and below the maximum
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channel capacity satisfying the eligibility criteria. The
channel capacity will increase as you increase the num-
ber of elements.

4.6 | Mean effective gain (MEG)

Another important diversity parameter is the mean effec-
tive gain (MEG). MEG is the ratio of the mean received
power by the ith antenna to the mean incident power of
the jth antenna with the same route, MEG; = &rq/2,
where €14, is implying total effective efficiency of the

ith antenna, that is, &l %€l €. and where

2

and €

2 .
Sij ~, where €] tad

mis>»

. M .
Si.nis % 1 S'J 5 F'Il'ad % 1

%1 %41
are mismatch efficiency and radiation efficiency of the
ith antenna. The MEG ratio for the proposed MIMO
antenna is examined by Equation (13).3%%

Prec bXPRGeiaopr¢iaopP¢aop‘
MEG % Pirc b ————tpXPR————— dQ

a13p

where XPR is the cross-polarization ratio and Ggi(Q),
G4i(Q), and P4(Q) are the gain and power density func-
tions of the incident wave, respectively, Q is beam area.
The computed MEG for XPR = 1 dB (outdoor) and 6 dB
(indoor) in different mediums has been tabulated in
Table 4 and also represented in Figure 14. We can
observe that the radiated power is always less than stimu-
lated and accepted power because of various losses like a
surface wave, conductor, and dielectric losses. Power
going to all ports is highly interfering with out-of-band
frequencies than the intended band. Most of the power is
correlated means coupled at port-1 to port-2 and not goes
to radiation. In Table 4, we can find that the MEG is
below the permissible value of +3 dB for both indoor and
outdoor irrespective of the assumed medium either
Laplacian or Gaussian.

We have compared our proposed design with some
existing UWB/SWB-MIMO antennas as tabulated in
Table 5. The comparison is mainly focused on the num-
ber of CP bands and isolation achieved. We can observe
that our proposed SWB-MIMO is having the maximum
CP bands, that is, 4. Also, the isolation is comparable to
all the tabulated MIMO antennas except.’> We have a
slightly bigger size antenna, 0.20 Ay®> in terms of free-
space wavelength but we have an added advantage of a
novel design having higher CP bands, comparable isola-
tion, and low ECC computed through 3D-radiation pat-
terns and easily fabricated on a readily available
commercially cheap substrate FR-4. Also, the dimension
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is reasonable considering the UWB/SWB-MIMO
antenna having a CP band and it has a lesser dimen-
sion than one structure?’ among these. The novelty of
the designed antenna is 4 CP bands with an effective
SAR value (1.095 W/kg at 3.5 GHz) due to the presence
of EBG cells along with high isolation achieved due to
a big U-shape slot introduced in the ground and the
protruding F-shaped ground stub embedded with circu-
lar rings.

5 | CONCLUSIONS
In this article, a novel quad-band circularly polarized
MIMO antenna has been proposed for SWB (2.6—
22 GHz) wireless applications with minimum isolation
of 17 dB (20 dB for the significant part) among antenna
elements. All simulated results of the antenna have
been verified with measured results over the entire
impedance bandwidth. The antenna has achieved four
circularly polarized bands: 5.2, 11.5, 14.66, and
16.75 GHz with 4.58 dBi peak gain, including omnidi-
rectional radiation patterns with acceptable diversity
performance like ECC, TARC, CCL, DG are 0.05,
10 dB, 0.35 bits/s/Hz and 9.9 dB, respectively. The
average channel capacity is above 10.5 bps/Hz. The cal-
culated SAR with the head voxel model is 1.095 W/kg
at is 10 g of human body tissue. The performance of the
proposed antenna is satisfactory in all respect, which
means it is a good candidate for various portable wire-
less applications.
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