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ABSTRACT: This article presents an 8×8Multiple-Input Multiple-Output (MIMO) antenna system that operates in two frequency bands:
3.4–3.8GHz and 10.5–14.0GHz. The core element of this antenna system is a rectangular patch with a line slot. To assess the diversity
performance of this MIMO antenna, various parameters like S-Parameters, Envelope Correlation Coefficient (ECC), Mean Effective
Gain (MEG), Channel Capacity Loss (CCL), Total Active Reflection Coefficient (TARC), and Channel Capacity (CC) were used. The
study demonstrates a strong alignment between measurement and simulation results. The article thoroughly analyzes the simulated and
measured performances of the lower band (LB) (3.4–3.8GHz) and upper band (UB) (10.5–14.0GHz). In the LB, the measured values
for parameters such as reflection coefficient, mutual coupling coefficient, TARC, total efficiency, ECC, MEGi-MEGj, CCL, and CC all
surpass or equal specific benchmarks. Specifically, these values are better than−6 dB, 10 dB,−11 dB, 56%, 0.15, 0.83 dB, 0.275 bps/Hz,
and 38 bps/Hz, respectively. For the UB, the values are also quite favorable, exceeding or closely matching key criteria: −6 dB, 10 dB,
−5 dB, 40%, 0.2, 1.6 dB, 0.55 bps/Hz, and 33.6 bps/Hz. These findings suggest that the intended MIMO antenna meets the necessary
conditions for both the LB and UB regions. As a result, it appears to be a promising choice for applications in 5G mobile networks and
satellite communications, including Direct Broadcast Satellite (DBS) and Fixed Satellite Services (FSS).

1. INTRODUCTION

To minimize the effects of multipath obstruction and
enhance system capacity, MIMO antenna technology is

widely used [1]. It is well known that smartphones employing
massive MIMO arrays typically use six to eight antenna units
that operate in the sub-6GHz bands [2]. It has also been
reported that the calculated upper bound of channel capacity
for an eight-element MIMO system can reach up to 46 bps/Hz
in a Rayleigh fading channel with a 20-dB signal-to-noise
ratio (SNR), which is about four times the upper bound of
channel capacity (11.5 bps/Hz) for a conventional 2×2MIMO
system [3]. In today’s era, incorporating numerous antenna
units in a mobile phone with extremely limited space presents
an exceedingly challenging task, although it is known that
MIMO technology can efficiently enhance spectrum capacity
and data bit rate. To optimize isolation and spectrum efficiency
in tightly packed multiple antenna arrangements in a MIMO
system for 5G communication, decoupling techniques, and
most importantly, the simple and compact shape of the antenna

* Corresponding authors: Ahmed Jamal Abdullah Al-Gburi (ahmedjamal@
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unit become fundamental needs for future antenna design.
Recently, various MIMO antennas [4–13] have been developed
for sub-6GHz (5G mobile/laptop) applications operating on
single frequency bands. A hybrid structure comprising a
C-shaped coupled feed (symmetrically positioned about the
midpoint of the long edges of the system substrate) and an
L-shaped monopole slot (symmetrically positioned about the
corner), along with a common square loop for an antenna
pair with two individually connected feeding strips, has been
reported. This antenna element structure, operating in the
frequency band of 2.55–2.65GHz [4, 5], achieves orthogonal
polarization, which minimizes coupling properties between
antennas and improves MIMO capacity.
The operating frequency for [6–10] is 3.5GHz, specifically

in the band 3.4–3.6GHz. In these studies, the employed an-
tenna structures include a bent monopole and an edge-fed
dipole that form an antenna pair, two asymmetrical replicated
gap-coupled loop antennas relative to the ground plane, a sym-
metrically placed dual L-structured radiating element with a T-
structured feeding component, a composition of UL-structured
radiating components with two extra longitudinal stubs and a T-
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structured feeding component, and a composition of an open-
end slot antenna including a tuning stub fed by an inverted-L
structured microstrip line, respectively. In [11], the antenna
unit (operating in the frequency band 3.3–3.6GHz) features
two different shapes: one is a slot including a coupled feed
structure, and the other is a monopole structure. The element
structure in [12] consists of inverted L-structured elements and
parasitic L-structured strips extending from the ground plane,
operating within the frequency band 3.3–3.7GHz. The ele-
ment structure in [13] includes an L- or inverted-L-shaped mi-
crostrip feed line with a rectangular clearance and an open slot
in the ground plane, operating within the frequency band 3.4–
3.8GHz.
The antennas reported in [14–17] operate on dual frequency

bands, with a common operating frequency of 3.5GHz
(3.4–3.6GHz). The other frequency bands are 5.0GHz
(4.8–5.1GHz), 5.8GHz (5725–5875MHz), and 5.537GHz
(5150–5925MHz), respectively. The reported antenna unit de-
signs include a foldable monopole linked to a loop branch by a
gap, a dual inverted-F/loop structure, fork-like electric dipoles,
and stepped impedance resonator-based L-structured slot
antennas. Additionally, a dual-mode inverted-F antenna (IFA)
has been reported in [18], featuring etched radiators on both the
inner and outer sides of the side-part frame. The operating fre-
quencies for this IFA are 3.6/4.9GHz (3.3–3.6/4.8–5.0GHz).
In [19], the dual-band operating frequencies are 3.6GHz
(3.4–3.8GHz) and 5.537GHz (5150–5925MHz) obtained
with a T-shaped coupled-fed slot antenna unit structure.
Among all the articles reported in [4–19], only [13] and [19]

operate at a frequency of 3.6GHz (3.4–3.8GHz). Most others
feature complex antenna element structures that can be exceed-
ingly difficult and costly to fabricate. Therefore, it remains
a challenging task for antenna researchers to design simpler
antenna structures in the desired band (3.4–3.8GHz) with im-
provedMIMOperformances. Since slot antennas have a simple
structure and offer advantages such as good isolation, excellent
S-parameters, wide impedance bandwidth, and improved effi-
ciency, these features make them suitable for various applica-
tions.
Furthermore a small-sized MIMO antenna with orthogo-

nally positioned elements [20] is proposed that covers the 3.1–
11GHz frequency band. In order to achieve a high bandwidth
of 9GHz (3–12GHz) with good isolation complicated fractal
shape is presented in [21]. In [22], a MIMO antenna operating
at ultra-wideband region 3–13.5GHz with a simple geometry
consisting of a partial defected ground structure is presented.
In this article, we develop a MIMO antenna with a sim-

ple structure where the fundamental building element is a line
slot inside a rectangular patch. The antenna unit measures
28.4 mm × 6mm. An aperture coupled feeding mechanism
is applied in this article. Due to the asymmetrical feed posi-
tion or feed point in the proposed antenna element, it provides
dual-frequency bands: LB and UB, corresponding to the long-
term evolution (LTE) bands 42/43 (i.e., 3.4–3.8GHz) and 10.5–
14.0GHz, respectively. The performance attributes of the de-
veloped MIMO are analyzed in terms of reflection coefficient,
isolation, total efficiency, ECC, TARC, MEG, CCL, and CC.

In the LB, measured values for S-parameter, total efficiency,
ECC, TARC, |MEGi −MEGj |, CCL, and CC are better than
−6 dB, 10 dB, 56%, 0.15, −11 dB, 0.83 dB, and 0.275 bps/Hz,
respectively. However, in the UB, values are better than
or nearly equal to −6 dB, 10 dB, 40%, 0.2, −5 dB, 1.6 dB,
0.55 bps/Hz, and 33.6 bps/Hz, respectively. The LB is suitable
for 5G mobile applications, while the UB can be used for satel-
lite communications. The frequency bands 11.7–12.2GHz and
12.2–12.7GHz (covered by the UB) are downlink frequency
bands for direct broadcast services (DBSs) and fixed satellite
services (FSSs), respectively, as assigned by the International
Telecommunication Union (ITU) in region 3. All simulation
results are obtained from CST Microwave Studio, and MIMO
system is fabricated on an FR4 substrate with 0.8mm thickness.

2. PROPOSED 8-ELEMENTMIMOANTENNA SYSTEM
The investigated 8-element MIMO antenna system consists of
(i) a system substrate with dimension of 150 mm× 70mm and
(ii) two small substrates having dimension 150 mm × 6mm
are vertically fixed along the long edges of the system sub-
strate. Due to the increasing popularity of slim handsets in the
present era, the choice of substrate thickness is equally impor-
tant. In this case, it is 0.8mm. Figs. 1(a) and 1(b) depict the
perspective and side views of the developed MIMO, respec-
tively. Ant1, Ant4, Ant5, and Ant8 are placed near the corner
of small substrates which are referred to as Array A elements,
whereas Ant2, Ant3, Ant6, and Ant7 are placed amid the short
edges of small substrates which are referred to as Array ele-
ments. Due to the symmetrical placement of antenna elements
(elements of Array A or elements of Array), it provides a low
ECCs, satisfactory isolation, good total efficiency, and satis-
factory radiation pattern. The adjacent antenna unit distance is
either 12.5mm or 12.6mm. A 50-ohm feed line is applied to
the top of the system substrate, which perpendicularly connects
the antenna unit on the feed point.
The feed point is defined as the mid-point of a 50-ohm mi-

crostrip line on a small substrate where antenna unit is present.
For optimal results in all respects, the feed points on the first
small substrate are maintained at 17.7mm, 58mm, 92.3mm
and 132.3mm for elements Ant4, Ant3, Ant2, and Ant1, re-
spectively from edge (CD). In the same manner, the feed
points on the second small substrate are maintained at 17.7mm,
58mm, 92mm, and 132.3mm for elements Ant8, Ant7, Ant6,
and Ant5, respectively from edge (AB).

2.1. ANTENNA ELEMENT

Figure 2(a) shows the evolution steps of single antenna element.
In step-A, central feeding mechanism is applied on rectangular
type patch situated on outer side substrate, which provides dual
−6 dB impedance bandwidths which are 8.7–10GHz and 14.0–
15.0GHz. In second step-B, a line slot is cut from the rectan-
gular patch which provides the triple −6 dB impedance band-
widths which are 8.7–9.9GHz, 11–12.6GHz, and 14–15GHz.
Finally, the feed position is maintained at a distance of 3.5mm
from its central position that provides −6 dB dual wider band-
widths which are 3.4–3.8GHz, applicable to 5G LTE 42/43
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(a)

(b)

FIGURE 1. Proposed MIMO antenna system, (a) prospective view, (b) side view.

TABLE 1. Values of design variables of antenna elements for optimal performance of developed MIMO system.

Design Variable
Array_A

(Ant1, Ant4, Ant5 & Ant8)
Array_B

(Ant3, Ant6 & Ant7)
Array_B
(Ant2)

Patch_len 28.4mm 27.8mm 27.8mm
Slot_len 25mm 24.4mm 24.4mm
Slot_wid 0.6mm 0.6mm 0.6mm
Feed_pos 3.5mm 3.2mm 2.9mm

band and 10.5–14GHz. The sizes of the antenna units in Ar-
ray A and Array are different. The antenna element of Ar-
ray A has a size of 28.4mm × 6mm; however, Array have a
size of 27.8mm × 6mm. For the optimal result, the line slot
lengths of antenna elements of Array A and Array are 25mm
and 24.4mm, respectively. The constructed antenna unit is
shown in Fig. 2(a) with following design variables “patch_len”,
“slot_len”, “slot_wid”, and “feed_len”. “patch_len” indicates
the total length of the rectangular patch; “slot_len” means the
total length of the line slot; “slot_wid” indicates the width of
the line slot; and “feed_pos” implies the distance of feed point
position from the midpoint of the antenna element in the same
level. For the optimum execution of the MIMO antenna sys-
tem, the design variables of elements of Array A and Array are
introduced in Table 1.
Figure 2(b) shows the constructed antenna unit’s correspond-

ing lumped circuit model, which consists of a parallel connec-
tion of two LC series circuits, series connection of two LCR
parallel circuits, and a resistor, and all are connected in se-
ries with port and ground. For the optimal result following
lumped component values are taken which are C1 = 0.1µF,
C2 = 1µF, C3 = 2µF, C4 = 0.1µF, L1 = 1.7 nH, L2 =
2 nH, L3 = 1.6 nH, L4 = 0.1, L5 = 0.1 nH, L6 = 0.1 nH,
R1 = 57Ohm, R2 = 47Ohm, and R3 = 30Ohm.
Figure 3 illustrates the interfacial current patterns at the fre-

quencies of 3.54GHz, 10.9GHz, and 13.9GHz. Here, it is ev-

ident in Fig. 3(a) that a strong interfacial current concentrates
around the slot in two equal parts with one null space width
(Wns) between them. It is clear in Fig. 3(b) that a strong in-
terfacial current concentrates around the slot in four equal parts
with three equal null space widths (Wns

3 ) between them. Sim-
ilarly, Fig. 3(c) indicates that a strong interfacial current con-
centrates around the slot in five equal parts with four equal null
space widths (Wns

4 ) between them.
Here, the length of radiating patch would be equal to half

of the medium’s wavelength at the resonance, and this can be
calculated using following equations

L3.54 =
2 ∗ slotlen

2
− 2Wns (1)

L10.9 =
2 ∗ slotlen

6
− 2Wns

3
(2)

L13.9 =
2 ∗ slotlen

8
− 2Wns

4
(3)

whereL3.54,L10.9, andL13.9 are the radiating patch lengths for
the resonance frequencies 3.54GHz, 10.9GHz, and 13.9GHz,
respectively.
Equation (4) can be used to calculate resonance frequency

(fr).

fr =
c

2L
√
∈reff

(4)
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(a)

(b) (c)

FIGURE 2. (a) Evolution of sigle antyenna unit. (b) Developed structure of antenna unit. (c) Lumped circuit model of antenna unit.

(a)

(c)

(b)

FIGURE 3. Simulated interfacial current patterns at (a) 3.54GHz, (b) 10.9GHz and (c) 13.9GHz.

where L is the lengths of radiating patch (i.e., L3.54, L10.9, and
L13.9), and ∈reff is the effective dielectric constant which can
be calculated using Equation (5)

For
Wf

h
≥ 1, ϵreff =

ϵr+1

2
+
ϵr−1
2

{(
1+12

h

Wf

)−0.5
}

(5)

where h is the thickness of substrate, and Wf is the width of
microstrip feed line. In this article, h = 0.8mm, ϵr = 4.4, and
Wns = Wf = 1.5mm.
From the above equations, the effective dielectric constant,

radiating patch lengths, and resonant frequencies are calculated
which are listed in Table 2.

2.2. Parametric Investigation of Developed Antenna Unit

In this section, the reflection coefficient (S11) is investigated by
changing any one of the design variables and preserving other
variables to optimum level. For this investigation, Ant1 of Ar-
ray_A is chosen. When the design parameter “feedpos” is var-
ied from its optimal value conditionally (i.e., keeping all other
design parameters optimally constant), it is observed that de-
creasing the value of “feedpos” results in a decrease in S11 at
resonance and−6 dB impedance bandwidth; however, increas-
ing the value of “feedpos” results in a shift in−6 dB impedance
bandwidth towards the higher frequency side, as illustrated in
Fig. 4(a). Moving to the next design parameter “patchlen”:
when it increases from its optimumvalue, the−6 dB impedance
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TABLE 2. Calculated resonance frequencies and % difference.

Parameters Calculated Values Resonant Frequency (fr) % difference of fr
Simulated value (GHz) Calculated value (GHz)

∈reff 3.051
L3.54 25.4mm 3.54 3.38 4.52
L10.9 8.467mm 10.9 10.14 6.98
L13.9 6.35mm 13.9 13.52 2.73

(a) (b)

(c) (d)

FIGURE 4. S11 outcomes for distinct magnitude of (a) feed_pos, (b) patch_len, (c) slot_len and (d) slot_wid.

bandwidth shifts towards the lower side; however, decreas-
ing the parameter value results in a higher value of −6 dB
impedance bandwidth which is illustrated in Fig. 4(b). As
shown in Fig. 4(c), it is confirmed that when the design parame-
ter “slotlen” varies (increasing or decreasing) from its optimum
value, this decreases S11 at resonance. Lastly, it is observed that
decreasing the value of the design parameter “slotwid” results
in the higher −6 dB impedance bandwidth; however, increas-
ing the value of the parameter provides the lower bandwidth
which is depicted in Fig. 4(d).

3. PERFORMANCE OF DEVELOPED MIMO ANTENNA
Performance analysis of the constructed 8-port MIMO antenna
is presented in this section. The section goes into detail on S-
parameters, Radiation Pattern, Total Antenna Efficiency, Mean
Effective Gain, Channel Capacity Loss, Total Active Reflec-
tion Coefficient, and Envelope Correlation Coefficient. The
perspective view of the manufactured MIMO is displayed in
Fig. 5(a). The performance of suggested MIMO antenna was
evaluated with the restriction that, when the exciting unit was
being measured, the other elements should be ended to match
loads. Vector network analyzer (VNA) is used to evaluate S-
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(a)

(b)

FIGURE 5. Images of (a) developed 8x8 MIMO antenna. (b) Setups for measuring radiation characteristics and efficiency.

(a) (b)

FIGURE 6. Simulated and measured value of (a) reflection coefficient (b) port isolation.

parameters. Fig. 5(b) depicts the anechoic chamber for themea-
surement of radiation patterns and antenna efficiency.
The measured values are compared with simulation one, and

a good concurrence between simulation and measurement is
achieved. Some minor variations are due to the fabrication im-
perfection and soldering standard of SMA connectors. The re-
flection coefficient (Smm, where 1 ≤ m ≤ 8) of all antennas
is depicted in Fig. 6(a). Over the LB and UB the simulated
and measured values of reflection coefficient are better than or
nearly equal to −6 dB. The simulated and measured values of
isolation between ports (Smn, where m ̸= n and 1 ≤ n ≤ 8),
are depicted in Fig. 6(b). In the entire band of LB, the mea-
sured value is better than −10.3 dB, however in UB the mea-
sured value less than −10 dB.
The simulated &measured 2D radiation patterns of Array_A

and Array_B elements are illustrated in Fig. 7 and Fig. 8, re-

spectively. The 2D radiation patterns of all antenna elements
are analyzed in XZ, Y Z, and XY planes at the frequency of
3.6GHz. The copolar or the crosspolar radiation patterns in
planes XZ, Y Z, and XY of Array_A elements (i.e., Ant1,
Ant4, Ant5, and Ant8) are either complement or perpendicu-
lar to one another in the same plane. In the same fashion, the
copolar or crosspolar radiation patterns in planesXZ, Y Z, and
XY of Array_B elements (i.e., Ant2, Ant3, Ant6, and Ant7) are
either complement or perpendicular to one another in the same
plane.
From Fig. 7 and Fig. 8, it is investigated that the simulated

and measured co-polarization radiation patterns of any of the
antenna units of Array_A or Array_B in comparison to other
antenna units (situated in the same Array) in planes XZ, Y Z,
and XY are either complement or perpendicular; furthermore,
the cross-polarization radiation patterns are nearly complement
or orthogonal.
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FIGURE 7. Simulated & Measured Radiation pattern of Array_A elements inXY , Y Z andXZ plane @3.6GHz.

As explained in [23], antenna components arranged in a sym-
metrical manner as well as the similarity, complementary, and
orthogonality characteristics of radiation patterns are advanta-
geous for achieving smaller ECCs in both frequency LB and
UB.

The antenna elements of Array_A are placed symmetric to
one another which promotes the nearly equal total efficiency in
LB and UB. Furthermore, the same is happening in Array_B,
which also promotes the nearly equal total efficiency in LB and
UB for each antenna element of Array_B.
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FIGURE 8. Simulated & Measured Radiation pattern of Array_B elements inXY , Y Z andXZ plane @3.6GHz.

Due to this reason, simulated and measured results for the
total efficiency of Ant1 of Array_A and Ant2 of Array_B are
identified. The simulated results of total efficiency within
LB of Array_A and Array_B elements are 63.1–73.6% and
61–64.2%, respectively, whereas the measured results are 58–
70.1% and 56.2–61.5%, respectively. The simulation results of

total efficiency within UB of Array_A and Array_B elements
are 41 ∼ 60% and 46 ∼ 57%, respectively, whereas the mea-
sured results are 40.2–57.3% and 43.3–51.3%, respectively.
The simulated and measured results of total efficiency for

Array_A and Array_B are evidenced in Fig. 9(a). The suit-
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(a) (b)

(c) (d)

FIGURE 9. The simulated and measured value of (a) total efficiency (b) ECC (c) DG (d) Gain.

ability of MIMO antenna (in LB and UB) can be checked by
various diversity characteristics parameters. One of them is en-
velope correlation coefficient (ECC). The MIMO antenna sys-
tem’s outstanding diversity gain and high isolation are indicated
by the ECC values that are closest to zero. The simulation and
measurement values of ECC are depicted in Fig. 9(b).
The ECC value in the case of simulation is better than 0.02

over the entire range of LB and UB; however, the measurement
value of ECC is better than 0.15 and 0.2 in LB and UB, respec-
tively. The measured ECC is computed by Equation (6) [24].

ECC=ρi,j =

∣∣∣∫∫4π [
M⃗i (θ, φ) · M⃗j (θ, φ)

]
dΩ

∣∣∣2[∫∫
4π

∣∣∣M⃗i (θ, φ)
∣∣∣2 dΩ]·[∫∫4π ∣∣∣M⃗j (θ, φ)

∣∣∣2 dΩ] (6)

where M⃗i (θ, φ) describes the 3D radiation pattern when an-

tenna ‘i’ is excited, and M⃗j (θ, φ) describes the 3D radiation
patternwhen antenna ‘j’ is excited. The solid angle in the above
Equation (6) is represented as Ω.

The measured value of ECC is better than 0.23 over the LB
and 0.26 over the UB, which is lower than the acceptable value
of 0.5, and this promise a good candidature to use the MIMO
antenna for 5G and satellite applications.
Diversity gain (DG) is defined as the amount of advancement

gained by an array system in comparison to a single element and
is calculated by equation (7)

DG = 10
√
1− ECC2 (7)

DG should be approximately 10 dB. The measured value of DG
in LB is 9.92 dB, however in UB is 9.91 dB which is shown in
Fig. 9(c).
The port gain of all ports of fabricatedMIMO system is mea-

sured. In LB the maximum gain is 4.1 dB; however in UB the
maximum port gain is 7.2 dB which is depicted in Fig. 9(d).
Another valuable diversity characteristics parameter of

MIMO system is mean effective gain (MEG). It differentiates
the radiation gained by the diversity antenna to the isotropic
antenna in a fading scenario.
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(a) (b)

FIGURE 10. Simulated and measured. (a) MEG (b) TARC.

The MEG of the ith antenna is determined by Equation
(8) [25].

MEGi = 0.5

[
1−

N∑
n=1

|Sin|2
]

(8)

The simulated and measured values of MEGi over LB and UB
are illustrated in Fig. 10(a). The MIMO performance can be
observed by evaluating the value of |MEGi −MEGj | for all
possible values of i and j where i ̸= j, and i, j vary from 1 to
8.
It is noted that over the LB the maximum simulated and mea-

sured values of |MEGi −MEGj | are 0.78 dB and 0.83 dB re-
spectively at frequency 3.6GHz; however, the maximum sim-
ulated and measured values over UB are 1.36 dB and 1.6 dB
respectively at the frequency 13.93GHz.
For 5G and satellite operation, the standard value of

|MEGi −MEGj | is lower than 3 dB. Here, the measured
|MEGi −MEGj | is 1.6 dB over both LB and UB which are
nicely sufficient for 5G and satellite operations.
The next diversity characteristics parameter of the MIMO

system is the total active reflection coefficient (TARC). It is
calculated by dividing the square root of the overall incident
power by the square root of the overall reflected power[29]. Be-
cause TARC takes into account information regarding the mu-
tual coupling effect, it offers a valuable way to measure MIMO
antenna efficiency. For an N-element MIMO antenna system,
TARC equation can be calculated using Equation (9) [27].

TARC = N−0.5

√√√√ N∑
i=1

∣∣∣∣∣
N∑

K=1

Sike
jθk−1

∣∣∣∣∣
2

(9)

Equation (9) is used to calculate TARC on the premise that
θi = 0 (where i = 1 to N − 1 and N = 8). Fig. 10(b) displays
the simulated and measured TARCs. Over LB and UB the sim-
ulated and measured values of TARC are less than−11 dB and
−5 dB, which are sufficient enough for 5G and satellite opera-
tion.

Another crucial diversity characteristics parameter inspec-
tion for MIMO antennas is channel capacity loss (CCL). It ex-
plains the fastest possible rate at which data can be sent, without
suffering significant losses. The CCL can be calculated using
Equation (10) [28].

CCL = − log2
[
det

(
φR

)]
(10)

where

φR =


α11 α12
α21 α22

. . α1N

. . α2N
. .
.

αN1
.

αN2

. . .

.

.
. .

. αNN

 ,

αii = 1−

∣∣∣∣∣∣
j=N∑
j=1

S∗
ijSji

∣∣∣∣∣∣
 ,

αik = −

∣∣∣∣∣∣
j=N∑
j=1

S∗
ijSjk

∣∣∣∣∣∣
 ,

1 ≤ i ≤ N, 1 ≤ k ≤ N and N = 8

Figure 11(a) shows the simulated and measured CCLs for LB
and UB. The highest simulated and measured values of CCL
over LB are 0.25 bps/Hz and 0.28 bps/Hz, respectively; how-
ever, the maximum simulated and measured values of CCL
over UB are 0.4 bps/Hz and 0.55 bps/Hz, respectively. For the
5G and satellite operation, the CCL should be less than or equal
to 0.5 bps/Hz. In this article, it is 0.275 bps/Hz over LB and ap-
proximately 0.5 bps/Hz over UB, which are sufficient for a 5G
and satellite operation.
The ergodic Channel Capacity is another important metric

that provides information on the diversity characteristics of a
MIMO system, and it is computed under the assumption that
there are no ECCs between the transmitting antennas.
Equation (11) is used to compute the ergodic MIMO channel

capacity (CC) [30].

C = E

{
log2

[
det

(
I +

SNR
nT

HHH

)]}
(11)
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(a) (b)

FIGURE 11. Simulated & measured value of (a) CCL (b) CC.

TABLE 3. Comparison between the proposed design and the referenced antennas for 5G mobile applications.

Ref. No
System Substrate

Dimension
mm3

MIMO
Order

Frequency
band in GHz
(−10 dB

Impedance
Bandwidth)

Isolation
(dB)

ECC

Range
of antenna
efficiency

(%)

MEGi-MEGj
(dB)

TARC
(dB)

CCL
(bps/Hz)

CC
(bps/Hz)

[4] 136× 68× 1 8 2.55–2.65 > 12 < 0.15 48–55 < 1 - - 38–40
[5] 136× 68× 6 8 2.55–2.65 > 13 < 0.2 48–57 < 1 37–39
[6] 150× 75× 0.8 8 3.4–3.6 (SDIB) > 17 < 0.07 49–56.4 - - - -
[7] 150× 75× 0.8 8 3.4–3.6 (SDIB) > 14 < 0.15 40 ∼ 52 < 1.5 - - ∼ 35

[8] 150× 75× 0.8 8 3.4-3.6 > 20 < 0.03 > 60 - - - > 35
[9] 150× 75× 0.8 8 3.4–3.6 > 19.6 < 0.0125 > 60 - - - > 34

[10] 136× 68× 1.6 6 3.4–3.6 ≥ 30 < 0.15 50–60 ≥ 0.3 - - 31.2(PCC)
[11] 140× 75× 0.8 10 3.4–3.6 > 11 < 0.15 50–76 - - - 48–51
[12] 136× 68× 0.8 8 3.3–3.7 (SDIB) > 15 < 0.1 50–75 0.3 - - 38.1(PCC)
[13] 140× 70× 0.8 10 3.4–3.8 (SDIB) > 10 < 0.1 38–62 - - - 43–47

[14] 150 x 75 x 0.8 8 3.4–3.6 (SDIB) > 11.5 < 0.08 41-72 < 1.6 - - 37–38.5
4.8–5.1 (SDIB) > 11.5 < 0.05 40–85 < 1.6 - - 37–38.5

[15] 150 x 74 x 0.8 8 3.4–3.6 (SDIB) > 12 < 0.15 ∼ 55 - - - ∼ 37

5.725–5.875 (SDIB) > 12 < 0.15 ∼ 70 - - - ∼ 42

[17] 140× 70× 1 8 3.4-3.6 > 11.2 < 0.08 51- 59 - - - 36.9–37.9
5.15–5.925 > 11.2 < 0.08 62-80 - - - 38.5–40.9

[18] 150× 70× 0.8 10 3.4–3.6 (SDIB) > 12 < 0.15 45–78 - - - 46-51
4.8-5.0 (SDIB) > 12 < 0.15 45–65 - - - 46–51

[19] 150 x 80 x 0.8 10 3.4–3.8 (SDIB) > 11 < 0.15 42–65 < 1 (MEGR) - - 45–48
5.15–5.925 (SDIB) > 11 < 0.05 62–82 < 1 (MEGR) - - 50–51.4

Proposed 150 × 70 × 0.8 8 3.4–3.8 (SDIB) > 10 < 0.15 56–61 ≥ 0.831 < −11 ≤ 0.275 38 ∼ 40.2

*SDBI→ At −6 dB impedance bandwidth, *MEGR→
(

MEGi
MEGj

)
, *PCC→ Peak channel capacity, *SR→ Simulated result

where nT is the number of transmitting antennas; E stands
for the expectation with regard to various channel realizations;
SNR is the mean signal to noise ratio at the receiving side;HH

stands for the Hermitian transpose; and I is an identity matrix.
Our analysis of over 10,000Rayleigh fading realizationswith

a 20 dB SNR assumes 100% antenna efficiency and no ECC be-

tween antennas to find the optimal CC for N -element MIMO
antenna systems. In the case ofN = 2 andN = 8, the optimum
CC is calculated which are 11.3 bps/Hz and 44 bps/Hz, respec-
tively. The measured CC of the 8×8MIMO antenna system is
based on the average of more than 10,000 Rayleigh fading re-
alizations with an SNR of 20 dB under the assumption that the
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transmitter side has eight separate uncorrelated antennas. The
simulated and measured CCs over LB are 39 ∼ 40.2 bps/Hz
and 38 ∼ 40.2 bps/Hz, respectively, and CCs over UB are
35 ∼ 38 bps/Hz and 33.6 ∼ 36.1 bps/Hz, respectively.
Figure 11(b) shows the findings of ergodic 8×8MIMOchan-

nel capacity in the target ranges LB and UB. Fig. 11(b) shows
that themaximumCC value (over LB andUB) is approximately
3.3 times of the optimal CC value for a 2 × 2 MIMO antenna
system. This confirms that the developed MIMO antenna setup
is suitable for 5G and satellite operation.
Furthermore, the comparative study of recently reported

MIMO antennas has been done which is elaborated in Table
3. It is observed that the dimension of system substrate of
constructed MIMO antenna is smaller than [6–9, 14, 15, 19];
however it is bigger than [4, 5, 10–13, 17, 18]. The coverage
of LB is only reported in [13, 19], and none of the articles
reports the UB. The suggested MIMO antenna has a higher
antenna efficiency over the LB bandwidth than [4–7, 11, 17].
|MEGi −MEGj | plays a significant role in understanding the
diversity performance of the MIMO system; however, many of
recently reported articles did not make the calculation which
are [6, 8, 9, 11, 13, 15–18]. There are no measurements of
TARC and CCL (overall MIMO) for recently reported refer-
enced antennas. A key component of evaluating MIMO diver-
sity performance is to measure the TARC and CCL. These val-
ues should be (0 ≤ TARC < 1) and (0 bps

Hz < CCL ≤ 0.5 bps
Hz ),

respectively. The highest TARC and CCL in the present study
over LB are 0.0745 (i.e.,−11.28 dB) and 0.275 bps/Hz, respec-
tively. Finally, using Table 2, a comparative analysis of CC is
conducted, and it was noted that the planned MIMO antenna
system’s CC outperforms LB values of [4, 5, 7–9, 12, 14].

4. CONCLUSION
A dual-band (3.4–13.8GHz and 10.5–14.0GHz) eight-port
multiple-input multiple-output (MIMO) antenna is developed
in this article. A line slot inside a rectangular patch serves
as the fundamental construction unit of antenna element.
The diversity attributes of the developed MIMO antenna are
inspected in terms of the reflection coefficient, port isolation,
total efficiency, ECC, TARC, |MEGi −MEGj |, CCL, and
CC. In LB, the measured values of reflection coefficient,
isolation between the ports, total efficiency, ECC, TARC,
|MEGi −MEGj |, CCL & CC are respectively better than
−6 dB, 10 dB, 56%, 0.15, −11 dB, 0.83 dB, 0.275 bps/Hz, and
38 bps/Hz, respectively; however in UB the measured values
are −6 dB, 10 dB, 40%, 0.2, −5 dB, 1.6 dB, 0.4 bps/Hz, and
33.6 bps/Hz, respectively. The practical values of reflection
coefficient, isolation between the ports, total efficiency, ECC,
TARC, |MEGi −MEGj |, CCL & CC should be ≤ −6 dB,
≤ −10 dB, ≥ 40%, ≤ 0.5, ≤ 0 dB, ≤ 3 dB, ≤ 0.5 bps/Hz, and
≥ 60% of upper limit of 8×8MIMO (i.e., 26.5 bps/Hz). In the
LB and UB regions, the proposed MIMO antenna satisfies all
of the aforementioned requirements, suggesting that it would
be a good fit for 5G mobile and satellite applications (DBS and
FSS).
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