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Abstract

In this article, a meander line-shaped pentaband (2.18–2.24, 2.38–2.46, 2.65–2.70, 3.10–3.32,
3.38–3.46 GHz) four-element multiple-input–multiple-output antenna is presented. The
proposed antenna is also circularly polarized in two bands (at 2.2 and 2.4 GHz) with dual-
polarization like right-handed at port 1 or 3 and left-handed at port 2 or 4, which is widely
used for mobile satellite services (MSS) and Internet of Things applications. This antenna is
designed and fabricated with compact size 50 × 70 × 1.6 mm3 on the FR-4 substrate with good
diversity performance in pentaband. Simulated results of antenna-like return loss, isolation,
and parameters-related diversity have also been tested experimentally in a controlled environ-
ment, which is within the permissible limit. The designed antenna will be appropriate for
MSS, industrial scientific and medical (ISM), broadband radio services and educational broad-
band services, WiMAX radio location services, and amateur radio services. Meanwhile, spe-
cific absorption rate of the designed antenna has been examined in an empirical
environment for the Fresnel radiating near-field applications.

Introduction

In the modern era, wireless communication demanded enhanced channel capacity along
with a high data rate. To fulfill this demand, the multiple-input–multiple-output
(MIMO)-communication system uses numerous antennas on the transmitter as well as
receiver ends. MIMO is a recent wireless data transfer technology that improves the data
speed and reliability of wireless communication systems, where signals may come together
at the same time or different at the receiver and transmitter end. Several MIMO antennas
have been designed to improve their characteristics in terms of antenna and diversity charac-
teristics. Figure 1 demonstrates the spatial multiplexing and spatial diversity characteristic of
MIMO antenna in mobile handset applications along with base transceiver stations. Spatial
diversity uses two or more antennas to improve the quality and reliability of a wireless link.
In urban and indoor environments, there is no clear line-of-sight between transceivers.
Instead, the signal is reflected along multiple paths before finally being received. Each of
these bounces can introduce time delays, phase shifts, distortions, and attenuations that can
destructively interfere with one another of the receiving antenna. Diversity is effective at miti-
gating this multipath fading. This is because multiple antennas offer a receiver numerous
observations of the same signal. Each antenna will experience a diverse interference environ-
ment. Thus, if one antenna is experiencing a deep fade, it is likely that another has a sufficient
signal. Jointly such a system can provide a robust link. A multiband 10 antenna array for the
next-generation smartphones is proposed which covers LTE bands 42/43 (3.4–3.8 GHz) and
the additional LTE band 46 (5.15–5.925 GHz) and also offers polarization and pattern diver-
sity [1]. A triple-band MIMO antenna using a rectangular SRR, a stepped impedance reson-
ator, and a slot is made-up for WiMAX/WLAN communication with good diversity
performance [2, 3] and it can also be tuned for different frequency bands of wireless applica-
tions. Moreover, a monopole antenna using two circular electrical paths of different lengths is
reported for multiband applications through their coupling property providing three distinct
resonant modes which cover the bands like UMTS (1920–2170MHz), WLAN (2.4 GHz) or
Bluetooth (2400–2484MHz, IEEE 802.11 b/g), WiMAX (2500–2690, IEEE 802.16e), 5 GHz
WLAN (5150–5350/5725–5825MHz, IEEE 802.11a), and ITS (5795–6400MHz).

Besides, a pair of hook-shaped arms is used to miniaturize the antenna structure [4–7].
Similarly, by using a dual-layer electromagnetic (EM) band-gap (EBG) mushroom-shaped
structure, the size of the multi-element microstrip patch antenna (MPA) is reduced by 61%
[8, 9]. Two or four elements of miniaturized MPAs are reported for 2.5 GHz applications
which are closely spaced (λ/2) with low mutual coupling from 28 to 50 dB [10]. A novel
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compact planar multiband MIMO antenna based on composite
right/left-handed transmission line for mobile phone application
is fabricated using zeroth-order resonant theory to provide better
antenna performance [11–14], while SRR and CSRR are used to
achieve better isolation in multiband [15]. A hybrid Quadric–
Koch fractal-shaped microstrip antenna is tailored to utilize
maximum surface area over the patch [16]. Various isolation
techniques are used to improve decoupling between antennas
including multiband characteristics [17–21].

The circularly polarized (CP) antenna has been extensively
designed due to its wide applicability in the state-of-the-art tech-
nology as CP antennas can inhibit the losses due to polarization
mismatch, Faraday’s rotation, and so on. UWB MIMO antennas
have exhibited circular polarization at 3.66–3.7 and 5.93–6.13
GHz and linear polarization at 0.95–1.02 GHz (GSM-900),
1.73–1.79 GHz (GSM-1800), 2.68–2.85 GHz (LTE-A), 4.20–4.40
GHz, and 5.50–5.65 GHz (Wi-MAX/high-performance radio
local area network) bands. In some antennas, circular polarization
is also achieved by diagonal feed and slit-slots [22–25].

In this paper, a compact pentaband MIMO antenna is
designed including dual-band circular polarization features. A
pentaband characteristic is attained by introducing a meander line-
shaped radiator with an L-shaped matching stub. Furthermore, a
semi-circle-shaped slot and an inverted L-shaped stub are intro-
duced in the ground plane to improve isolation which is important
for diversity performance. In section “Design procedure of MIMO
antenna,” an antenna design procedure is explained step-by-step
for pentaband characteristics with dual-band circular polariza-
tion. Section “Discussion of results” demonstrates the antenna
results like impedance bandwidth, isolation, gain, antenna radi-
ation efficiency, axial ratio, and so on. Section “MIMO antenna
diversity performance” shows the results of the diversity perform-
ance like envelope correlation coefficient (ECC), channel capacity
loss (CCL), and channel capacity of the antenna. This pentaband
MIMO antenna is simulated using a CST-microwave studio.

Design procedure of MIMO antenna

The geometrical design steps of the proposed pentaband antenna
are represented in Fig. 2(a) along with its simulated return loss.
Antenna-1 exhibits unacceptable return loss in intended bands,
therefore to achieve anticipated bands, a mender line of optimized
length is introduced in Antenna-2. The results of Antenna-2 are
somehow depicted pentaband characteristics with very poor
return loss as shown in Fig. 2(b). To improve the return loss in
requisite bands, a semi-circular shaped-slot is etched in a partial
ground plane as shown in Antenna-3 and an L-shaped matching
stub is also attached to the feeding line to improve input

impedance as given in antenna-4. Hence, the requisite pentaband
result is achieved as shown in Fig. 2(b) by a very compact mean-
dering antenna because the meander line is used for antenna size
reduction. This antenna is made from continuously folded planar
wire intended to reduce the resonant length. The meander line
antenna tends to resonate at frequencies much lower than an
ordinary antenna of equal length.

The fundamental resonance frequency ( fres) of a mender-
shaped monopole antenna is = c/(2 × L ×√εr), where L is the
length of the meandering antenna and c is the velocity of light
(3 × 108 m/s) in free space. Therefore, the first, second, third,
fourth, and fifth resonating frequencies are 2.2, 2.4, 2.6, 3.2, and
3.4 GHz at corresponding meander length of antenna 32.50,
29.73, 27.5, 22.34, 21.03 mm, respectively.

Later on, the proposed antenna design is used for the four-
element MIMO antenna with a suitable isolation mechanism.
The proposed pentaband MIMO antenna is fabricated by photo-
lithography methods on the FR4 substrate with relative permittiv-
ity (εr) of 4.4 having loss tangent 0.002 and substrate height (h) of
1.6 mm. The overall dimension of the MIMO antenna (front and
bottom) is 50 × 70 mm2 as shown in Figs 3(a)–3(b).

The proposed antenna has exhibited circular polarization in
two bands (2.2 and 2.4 GHz) due to a ramp-shaped cut at the
end of a meandering shaped-patch. This MIMO antenna also
has dual-polarization (right-handed (RH)/left-handed (LH))
owing to the mirror image of antennas P1 & P2 and P3 & P4,
respectively. Therefore, antennas P1 and P3 show RH circular
polarization, and antennas P2 and P4 show LH circular polariza-
tion as shown in Fig. 5(a).

Mutual coupling happens due to the proximity of adjacent
antenna elements with the energized element because the surface
current is captured by adjacent antennas. A new isolation mech-
anism is proposed to encounter this problem in the proposed
four-element antenna. Low surface current density distribution
is found on antennas 2, 3, and 4 when antenna 1 is excited due
to the inverted L-shaped decoupling mechanism in the ground
plane. This means the migration of surface current between
four elements is stopped as discussed in Table 1.

Discussion of results

Results of the proposed pentaband antenna like return loss, isola-
tion, peak gain, axial ratio, and radiation efficiency are repre-
sented in Figs 4(a)–4(d). The values of return loss in requisite
bands are <10 dB and have a better agreement between simulated
and measured results as depicted in Fig. 4(a). From Fig. 4(b), iso-
lation between the antenna elements is greater than the permis-
sible value, for this reason, the antenna exhibits a better

Fig. 1. A pictorial representation of the spatial multi-
plexing and spatial diversity of 4 × 4 MIMO antenna
transceiver system.
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diversity performance and it is also observed that the isolation
between antennas P1 and P2 is high at 2.25 GHz, because the
inverted L-shaped stub structure in the ground plane is tuned at
the same frequency. The axial ratio of the proposed MIMO
antenna at 2.2 and 2.4 GHz frequencies is <3 dB which indicates
that the antenna is CP at the above-mentioned frequencies as
shown in Fig. 4(c). A CP antenna is essentially important for
mobile and vehicular devices to receive power in every orientation
for establishing the desired communication link. Hence, the dual-

band circular polarization of this antenna is useful for mobile
satellite services and Internet of Things (IoT) applications. The
gain and radiation efficiency of the antenna are depicted in
Fig. 4(d) and radiation efficiency is almost >70% in all indispens-
able bands.

The distribution of the current density (A/m) at 2.2 and
2.4 GHz frequency was rotating clockwise indicated by an arrow
when port 1 or 3 has excitation which indicates RH circular polar-
ization of antennas. Similarly, when port 2 or 4 has excitation, the

Fig. 2. Proposed pentaband antenna: (a) step-by-step geometrical design procedure and (b) simulated return loss.

Fig. 3. The geometry of four-element MIMO
antenna including physical dimensions:
(a) front view and (b) bottom view.

Table 1. Comparison of the proposed isolation mechanism with the existing mechanism

Isolation level
(dB) Isolation techniques Advantages Disadvantages

28 [6] Mushroom-shaped EBG Improved isolation, increased
diversity gain

Only for single-band and complex geometry and limited
for two elements only

28 [15] Orthogonally placed Improved isolation in UWB Not compact and ground not common

20 [26] EBG + E-shaped decoupling
structure

Good isolation for SWB bandwidth The complex structure and limited to two elements
only

30 [27] L-shaped decoupling structure Good isolation for UWB bandwidth Limited to UWB band with poor S11

18 [P] Inverted L-shaped decoupling
structure

Improved isolation in multiband for
four elements

Limited to wideband only

[P], Proposed.
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distribution of the current density is rotating anti-clockwise which
indicates LH circular polarization of antennas as shown in Fig. 5(a).

The simulated electric fields (V/m) of an antenna at 2.2, 2.4, 2.6,
3.2, and 3.4 GHz frequencies are represented in Fig. 5(b). Electric-field
distribution over the single element provides better insight to under-
stand which portion of the meandering line contributes to the specific
bands and it is observed that at a lower frequency (2.2 GHz) electric
field covers the entire length of the meandering line. Therefore, the
first, second, third, fourth, and fifth resonating frequencies are 2.2,
2.4, 2.6, 3.2, and 3.4 GHz at corresponding meander length of antenna
32.50, 29.73, 27.5, 22.34, and 21.03mm, respectively.

Three-dimensional radiation patterns are the spatial distribu-
tion of the EM field radiated from the transmitting antennas in
vertical and horizontal planes as shown in Fig. 6(a), where the
maximum radiation intensity of an antenna is observed in
±z-direction at intended frequencies.

This MIMO antenna is fabricated on the FR4 substrate using a
double-sided 35 μm copper peel by the double beam photolithog-
raphy technique as exhibited in Fig. 6(b). The radiation perform-
ance of the antenna is also tested in an anechoic chamber
associated with vector network analyzer as depicted in Fig. 6(c).

The radiation pattern in E- and H-plane of the MIMO antenna
is presented for pentaband applications in Fig. 7. Co- and cross-
polarization of the antenna P1 is simulated and measured when

antennas P2, P3, and P4 are terminated with a 50Ω matched
load. Figure 8 represents the measured and simulated radiation
patterns of the proposed antenna at frequencies 2.2, 2.4, 2.6,
3.2, and 3.4 GHz, respectively, in E-plane ( yz) and H-plane (xz)
within the satisfactory range. Here, the authors have considered
the RH polarization results at CST Microwave Studio as
co-polarization and LH polarization as cross-polarization for E/
H-plane radiation patterns, and the same has been considered
for measurement data also. It is noted that for the intended pen-
taband, the patterns are partially omni-directional at Φ = 0o

(H-plane) and monopole like at Φ = 90o (E-plane).

Specific absorption rate

It is the “the power absorbed per unit mass of tissue” and it is a
vital component of an antenna when the antenna is used in near-
field applications of wireless communication. Radiated EM energy
is absorbed by the human body as represented in Fig. 8. Specific
absorption rate (SAR) is generally calculated on a small bio-tissue
(usually 1 or 10 g) or the entire body [23, 24]. Furthermore, SAR
estimation on the head for the proposed antenna at 2.2, 2.4, 2.6,
3.2, and 3.4 GHz frequencies are represented in Table 2. For the
assessment of SAR, the values of the thickness of the brain,
bone, and skin are 66, 76, and 79.32 mm, respectively.

Fig. 4. Simulated and measured results of the proposed antenna in terms of: (a) S11, (b) S21, S31, S41, (c) axial ratio, and (d) gain, radiation, and total efficiency.
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The simulated value of SAR for 1 and 10 g of bio-tissue of the
head is less than the permissible limit (i.e. 1.6W/kg) for the
designed MIMO antenna as exhibited in Table 2 corresponding
to all parameters scheduled in Table 3. The SAR results are calcu-
lated by CST microwave studio without any plastic-jacket or

dielectric and cover using the following equation:

SAR = 1
V

∫
s(r)|E(r)|2

r(r)
dr (1)

Fig. 5. Current density and electric field distribu-
tion at: (a) 2.2 and 2.4 GHz frequency for RHCP/
LHCP and (b) 2.2, 2.4, 2.6, 3.2, and 3.4 GHz when
antenna 1 is energized and remaining antennas
are terminated with matched 50Ω load.
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where V is the sample volume in m3, σ(r) is the thermal conduct-
ivity of the prescribed model in S/m, Erms(r) is total incident rms
electric field in V/m, and ρ (r) is the sample density in kg/m3.

MIMO antenna diversity performance

The designed MIMO antenna diversity performance is
examined in terms of various parameters like ECC, multiplexing
efficiency, channel capacity, CCL, and mean effective gain (MEG).

Envelope correlation coefficient

ECC is one of the diversity parameters to investigate the
performance of the MIMO antenna system for wireless applications
which shows how many antennas are correlated to each other. It is
calculated by equation 2(a) using S-parameters of antennas but this
equation is only valid when power is uniformly distributed in the
system elements, therefore, currently, the researcher has not pre-
ferred this equation for the calculation of ECC. Calculated ECC

using S-parameters are shown in Fig. 9(b).

recc,ij =
∑N

n=1 S
∗
inSnj

[ ]2
1−∑N

n=1 |Sni|2
( )

1−∑N
n=1 |Snj|2

( ) (2a)

As equation 2(a) is not preferred by the researcher, the accurate
ECC to be calculated with radiated fields by equation 2(b), and
the results are shown in Fig. 9(a).

recc,ij=
��
XPR.Eui.E∗

uj.Pu+Efi.E∗
fj.PfdV																												��

XPR.Gui.Pu+Gfi.PfdV
√ 																												��

XPR.Guj.Pu+Gfj.PfdV
√

∣∣∣∣∣∣∣
∣∣∣∣∣∣∣
2

(2b)
In equation 2(b), XPR is the power ratio of the cross-polarization of
the incident wave. Eθ(Ω) and EΦ(Ω) are the θ and Φ components
of an active electric field where Ω is the beam solid angle. Pθ and

Fig. 6. Three-dimensional radiation pattern of designed MIMO antenna at: (a) 2.2, 2.4, 2.6, 3.2, and 3.4 GHz when antenna-1 is excited only, (b) top and bottom view
of a prototype, and (c) antenna under test-AUT for radiation pattern measurement in the anechoic chamber.
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PΦ are the θ and Φ components of the angular power density of
incoming waves. The unity cross-polarization is achieved when
Pθ = PΦ = 1/4π. Polarized signal active gain patterns are denoted
by Gθ and GΦ for any propagation environment. Gθi = Ei × Ei*,
Gθj = Ej × Ej*, GΦi = Ei × Ei*, GΦj = Ej × Ej*are the relations between
active gain patterns and electric field components. Using these rela-
tions, equation 2(b) becomes equation 2(c) [28].

recc,ij =

��
4p

Ei u,f
( )× Ej u,f

( )[ ]
dV

∣∣∣∣∣
∣∣∣∣∣
2

��
4p

Ei u,f
( )∣∣ ∣∣2dV × ��

4p
Ej u,f
( )∣∣ ∣∣2dV (2c)

The electric field of the ith and the jth element is denoted by Ei
and Ej. Ideally, ECC has zero value for an un-correlated MIMO
antenna system but the practically acceptable value for the
MIMO system is less than or equal to 0.5. The calculated and

measured values of ECC between two antenna elements of a
designed four-element antenna by S-parameters and radiated
fields in all prescribed bands are observed <0.1 as exhibited in
Figs 9(a) and 9(b), respectively. Hence, this MIMO antenna
shows less correlation between the two antennas in the MIMO
system and gets excellent diversity performance.

Diversity gain

Diversity gain (DG) is also an important parameter of the MIMO
antenna system. The DG is an increment of signal-to-interference
ratio due to some diversity scheme or to reduce the transmission
power by using this scheme without compromising the perform-
ance of an antenna. Diversity gain is depending on cross-
correlation between the transmitted signals from the adjacent
antennas and the relative mean power level. The DG of the
MIMO antenna is calculated by DG = 10× 													

(1− ECC2)
√

. For
the effective operation of the MIMO antenna system, the value
of DG should be close to 10 dB. The calculated values of DG in
all intended bands are more than 9.8 dB.

Multiplexing efficiency

The main feature of multiplexing efficiency is to show the
correlation and efficiency imbalance between MIMO antennas
used in a wireless system. The ratio of radiated power of an ith

antenna and reference (isotropic) antenna is multiplexing effi-
ciency (ηMUX). The ηMUX of the MIMO antenna is calculated

by ME = ∏k
i=1

hi

( )
† det (cp)

[ ]1/k
, where ηi stands for the total

efficiency of the ith antenna, ψp is the normalized antenna correl-
ation matrix [29].

Hence, the values of total and multiplexing efficiency are more
or less identical (70%) and the value of efficiency goes down at the
unintended bands as shown in Fig. 9(c).

Fig. 7. Simulated and measured two-dimensional radiation patterns at 2.2, 2.4, 2.6, 3.2, and 3.4 GHz for E-plane and H-plane, antenna-1 is energized and the rest of
the antennas are terminated by a matched load.

Fig. 8. Specific absorption rate calculation of the designed MIMO antenna near the
human head at a distance of 6 mm.
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Channel capacity

Channel capacity of the MIMO antenna is investigated to know
the data rate which is dependent on bandwidth and
signal-to-noise ratio (SNR). The channel capacity of the four-
element pentaband MIMO antenna is verified with the average
channel capacity of the standard MIMO system which is

calculated by equation (3). The minimum and maximum thresh-
old levels of channel capacity of the four-element antenna are
varying between 14.85 and 22.68 bps/Hz at 20 dB SNR in a uni-
form environment as shown in Fig. 10(a).

C4MIMOMax. = k{log2[det ([I]+ SNR[H][H∗])]} (3)

Table 2. Simulated SAR at resonant frequencies for the human head at a 6 mm distance

Specific absorption rate (W/kg)

2.2 GHz 2.4 GHz 2.6 GHz 3.2 GHz 3.4 GHz

1 g 10 g 1 g 10 g 1 g 10 g 1 g 10 g 1 g 10 g

1.08 0.98 1.10 1.17 1.13 1.23 1.16 1.27 1.19 1.29

Table 3. Parameters of the bio-tissues for skin, bone, and brain used for calculation of SAR of MIMO antenna with constant permeability

Type bio-tissue
Metabolism
rate (W/m3)

Density (ρ)
(kg/m3)

Blood flow
(W/K/m3)

Heat capacity
(kJ/K/kg)

Thermal
conductivity (σ) (S/m)

Brain 7100 1030 40 000 3.675 1.13

Bone 610 1850 3400 1.30 0.41

Skin 1620 1100 9100 3.50 0.293

Fig. 9. Measured and simulated results of the proposed MIMO antenna: (a) envelope correlation coefficient from radiated fields, (b) envelope correlation coefficient
from S-parameters, and (c) multiplexing efficiency.

Fig. 10. The proposed four-element antenna: (a) calculated average channel capacity, (b) simulated and measured results of channel capacity loss, and (c) simu-
lated channel capacity versus SNR.
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Channel capacity directly depends upon the number of antenna
elements and the correlation between them. But the CCL also
increases with the increase of the number of antennas in the sys-
tem for fixed S/N value. Therefore, CCL reduces the throughput
or channel capacity of the proposed MIMO antenna as shown
in Fig. 10(c), where k is the number of antennas used in a
MIMO system for transmitting or receiving EM signals. An iden-
tity matrix is denoted by [I ] and SNR is the ratio of signals of
device terminals and distribution channels in a Rayleigh fading
environment. The value of SNR for the calculation of channel
capacity is 20 dB. H and H* are the channel fading matrix and
Hermitian transpose of H, respectively. For an ideal MIMO
antenna, the correlation between them is negligible so [H ]
[H*] = [I ]. Maximum channel capacity of the four-element
MIMO antenna system is 26.63 bps/Hz but the permissible
limit is 65–70% of its maximum value (26.63 × 0.65 = 17.30
bps/Hz) [26, 28]. The main factor behind the use of the
MIMO antenna is to get an enhanced channel capacity at an
appropriate level. However, the channel capacity of a wireless
communication system is also dependent on the number of
antenna elements used in the system and the correlation
between antenna elements. This means channel capacity will
be increased with an increase of un-correlation between antenna
elements.

Channel capacity loss

CCL is also related to the amount of correlation between antenna
elements used in the MIMO system and it is calculated by using
equations (4)–(6) [26, 27, 30]. The values of simulated and mea-
sured CCL are below the prescribed (0.5 bps/Hz) limit for intended
pentabands as shown in Fig. 10(b). However, the CCL of the
MIMO system is linearly increased when we increase the number
of antenna elements. If we increase the antenna elements then
the correlation factor between antenna elements increases which
increases the CCL. Therefore, the diversity performance of the pro-
posed antenna will be affected by increasing the number of antenna
elements. CCL of four-element antenna is calculated as follows:

CCL = − log2 (c
p) (4)

where, cp =
r11 r12 r13 r14
r21 r22 r23 r24
r31 r32 r33 r34
r41 r42 r43 r44

⎡
⎢⎢⎣

⎤
⎥⎥⎦

rii = 1−
∑N
n=1

|S∗inSni|
( )

(5)

rij = −
∑N
n=1

|S∗inSnj|
( )

(6)

where i, j, and n = 1, 2, 3, 4.
Figure 10(b) shows the CCLs and it is <0.35 bps/Hz over the

intended bands, which indicate a good diversity performance of
the proposed pentaband MIMO antenna.

Total active reflection coefficient

In a four-port antenna system, adjacent antenna elements inter-
rupt each other when they are excited at the same instant. This
type of interruption affects the antenna performance parameters
like overall gain, efficiency, and bandwidth of multiband.
Therefore, the actual performance of the MIMO antenna system

Table 4. Simulated MEG results of pentaband MIMO antenna at various XPR and
frequencies

Frequency
(GHz)

MEG (dB) Laplacian
medium

MEG (dB) Gaussian
medium

XPR = 1
dB

XPR = 6
dB

XPR = 1
dB

XPR = 6
dB

2.2 −6.9 −7.8 −4.5 −4.3

2.4 −5.5 −7.3 −4.8 −4.1

2.6 −6.2 −7.6 −4.9 −4.5

3.2 −6.4 −7.1 −5.1 −2.8

3.4 −5.9 −6.8 −5.0 −3.8

Fig. 11. Simulated results of mean effective gain of the proposed antenna in iso-
tropic, Laplacian, and Gaussian medium for indoor and outdoor values.

Fig. 12. Power levels of the designed MIMO antenna in various states as power loss,
power stimulated, power accepted, and power radiated, power absorbed, and power
outgoing.

International Journal of Microwave and Wireless Technologies 473

https://doi.org/10.1017/S1759078721000593 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078721000593


will not be extracted by scattering parameters only, but also by the
total active reflection coefficient (TARC). It is defined as the
square root of the sum of all incident powers at the ports
minus radiation power, divided by the sum of all incident powers
at the ports. The TARC of the proposed four-element MIMO sys-
tem is calculated by equation (7)–(9) [26, 27, 30].

(TARC)Gt
A =

∑N
n=1 |bi|2∑N
n=1 |ai|2

= −
																										
(Sii + Sij)

2 + (S jj + S ji)
2

n

√
(7)

where ai and bi are an incident and reflected EM wave, respect-
ively, and n denotes the number of antenna elements used in
the MIMO system at transmitting or receiving ends.

[b] = [S][a] (8)

where [S ], [a], and [b] are scattering, incident, and reflected
matrix of four-port multiband MIMO antenna, respectively.

b1
b2
b3
b4

⎡
⎢⎢⎣

⎤
⎥⎥⎦ =

S11 S12 S13 S14
S21 S22 S23 S24
S31 S32 S33 S34
S41 S42 S43 S44

⎡
⎢⎢⎣

⎤
⎥⎥⎦

a1
a2
a3
a4

⎡
⎢⎢⎣

⎤
⎥⎥⎦ (9)

In general, TARC should be less than −10 dB for better MIMO
antenna performance, and TARC of the fabricated and simulated
proposed MIMO antenna is less than −40 dB in the intended
bands. Hence, the designed antenna is depicted as a good diver-
sity criterion for a MIMO wireless communication system.

Mean effective gain

MEG is an important parameter to investigate the diversity per-
formance of the MIMO antenna and it gives information about
how much mean power is received when input power is fed
along the same route. MEG of the proposed pentaband MIMO
antenna can be calculated by equation (10) [26, 27, 30].

MEGi = Prec
Pinc

=
∮

XPR × Gui(V)+ Gfi(V) × Pf(V)
1+ XPR

[ ]
dV (10)

where power gain [Gθi (Ω), GΦi (Ω),] and density [PΦ (Ω)] are the
functions of the beam solid angle of the incident wave. The
acceptable MEG of ith and jth antenna elements is≤−3 dB.

The MEG is calculated for the proposed antenna based on
three propagation models where XPR has different values as
0dB, 1.0dB, and 6.0 dB for isotropic, outdoor, and indoor with
different mediums like isotropic, Gaussian, and Laplacian as
shown in Table 4 and Fig. 11. The MEG of the proposed antenna
falls within the permissible limit (≤ ± 3 dB) for all bands. Hence,
the proposed antenna has high-quality channel performance
which applies to wireless communication.

The various power levels in terms of power loss, power
accepted, power outgoing to all ports and power radiated by the
proposed antenna have been examined for SAR calculation as
shown in Fig. 12. Here, 0.5W stimulated power is used for the
calculation of all powers and diversity parameters. In the pro-
posed antenna, most of the power is radiated because this antenna
has minimum power loss in intended bands. Power accepted is
almost equal to stimulated power except unintended bands due
to poor return loss means power returns back to the same
ports. The radiated power is less than stimulated power because
dielectric, conductor, and surface wave losses are associated
with the proposed antenna. Powers going to all ports highly inter-
fere at other than the intended bands because at unintended
bands most of the power is correlated between ports and power
at the ports will not reach the antenna for radiation. Table 5
shows the comparison of the performance of the pentaband
MIMO antenna with existing multiband MIMO antennas at
diverse parameters. So, it is observed from Table 5 that the pro-
posed antenna is having good radiation efficiency, ECC, and
CCL including dual-band circular polarization characteristics. A
lower value of ECC and CCL provides better channel capacity
and less outage probability and circular polarization in two-band
is applicable to immune the noise, produced due to Faraday rota-
tion when the radiated field passes through the ionosphere layer.
Hence, the proposed MIMO antenna provides better performance
in comparison with the existing references.

Conclusion

A four-element MIMO antenna has been proposed for pentaband
applications as mobile satellite services (MSS), IoT, ISM,

Table 5. Comparison of the performance of pentaband MIMO antenna with existing multiband MIMO antennas at diverse parameters

Size (mm2) Frequency (GHz) Efficiency
Max.

gain (dB) ECC
CCL

(bps/Hz)
CP

band

No. of
antenna
elements

DG
(dB)

Isolation (dB)/
References

150 × 80 3.4–3.8, 5.15–5.925 (at −6 dB) 0.42–0.65 – 0.15 0.8 – 10 9.88 11 [1]

40 × 40 2.35–2.85, 3.25–3.90,
5.45–5.65 (at −10 dB)

0.75 5 0.001 0.3 – 4 9.98 20 [2]

138 × 120 2.4–2.48, 3.38–3.76, 5.01–5.90 (at −10 dB) 0.7 7 0.08 1.0 – 16 9.99 20 [7]

60 × 60 3.12–5.92, 7.14–8.45 (at −10 dB) 0.8–0.85 8.9 0.5 0.4 – 6 9.97 15 [10]

60 × 60 0.8–0.9, 2.41–2.466 (at −10 dB) – 3.6 0.4 0.4 – 2 9.85 17 [14]

82 × 40 0.95–1.02, 1.73–1.79, 2.68–2.85, 3.66–3.7,
4.2–4.4, 5.50–5.65, 5.93–6.13 (at −6 dB)

0.7–0.8 5.79 0.05 0.5 2 2 9.90 17 [16]

50 × 70 2.18–2.24, 2.38–2.46, 2.65–2.70, 3.10–3.32,
3.38–3.46 (at −10 dB)

0.81–0.95 4.04 0.005 0.35 2 4 9.90 17 [P]

[P], Proposed.
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broadband radio services, educational broadband services,
WLAN, and WiMAX including dual-band circular polarization.
All the simulated results of the antenna had confirmed with mea-
sured results in the intended pentaband. The antenna has
achieved 3.58 dBi peak gain with almost stable omnidirectional
radiation patterns with acceptable diversity performance like
ECC, TARC, CCL, DG have values 0.005, −40 dB, 0.35 bps/Hz,
and 9.9 dB, respectively, as shown in Table 5. The SAR perform-
ance of the proposed four ports MIMO antenna is calculated, it is
also under the permissible limits for 1 and 10 g of bio-tissue of the
head. The diversity and antenna performance of the proposed
antenna is excellent in all respect for wireless communications;
this means the antenna is useful in various portable wireless appli-
cations with an average channel capacity of 19.68 bps/Hz.
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