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RLC-equivalent Circuit based Stub Loaded 2x2 MIMO
Antenna for Wireless Applications
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Abstract- This communication offers a low-cost concave-

shaped rectangular stub-loaded monopole 2x2 multi input multi
output (MIMO) planar antenna for sub6GHz mid-band (N-78)
and wideband wireless Wi-MAX applications. Two symmetrical
reduced grounds are utilized to enhance the fractional
bandwidth (FBW) and isolation factor. MIMO is further
parasitically loaded with two rectangular stubs to tune the
antenna close to the design frequency at 3.6GHz. The antenna
possessed an Omni-directional radiation pattern (Peak gain of
3.38dBi and maximum radiation efficiency 92.82%) with a
measured reflection coefficient (S;;) value lower than -10dB for a
bandwidth 3.285-3.87GHz and excellent measured isolation
coefficient (S;;) lower than -20dB using parasitic rectangular
stubs and spatial distance approximately A,/2. All diversity
parameters (CCL, DG, ECC, MEG, TARC, VSWR-MIMO,
group delay) of this antenna are well below threshold values. The
2-port MIMO values of CCL<0.4bit/sec/Hz ensure a high data
rate and DG close to 10dB confirms better reliability. The
measured results show good closeness with simulated parametric
graphs. The wideband impedance bandwidth is 14.87% (3.3-
3.83GHz) for TARC lower than -10dB. That covers Sub-6GHz
(N-78) mid-band (3.3-3.8GHz) and Wi-MAX (3.3-3.6GHz)
applications. The RLC electrical equivalent circuit of the MIMO
antenna is also discussed in this article.

Keywords- Channel Capacity Loss (CCL), Diversity Gain
(DG), Envelope Correlation Coefficient (ECC), Isolation
Coefficient (S;), RLC equivalent circuit, Total Active Reflection
Coefficient (TARC).

I. INTRODUCTION

MIMO has been widely used in wireless RF
communication for the past decade and a half to compensate
for or overcome the diversity problem that exists in single-
input single-output (SISO) systems. Furthermore, when
compared to SISO antennas, the diversity features of MIMO
ensure better reliability, high data rate, and high signal-to-
noise ratio at the receiver end. G. Saxena et al. proposed a
two-element tapered fed high diversity gain UWB-MIMO
antenna with band notch characteristics in a compact size
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[1]. Doae El Hadri et al. proposed a MIMO antenna with two
closely spaced radiating elements (0.411,) with high isolation
and low ECC for MIMO applications and 5G cellular mobile
communications [2]. 5G technology operates in Sub-6 GHz
(FR1<6GHz) and sub-24 GHz (FR2<24GHz) frequencies are
normally falls under millimeter waves. There are many
research activities in the literature relating to this topic for low
frequencies (sub-6GHz) [3-6]. Milimmeter-waves are the
most suitable candidate for 5G mobile communication to
provide the requirement for superfast speeds up to 10 Gbps,
[7]. Furthermore, higher channel capacity and data rates
prerequisite  wide bandwidth not only for mobile
communication [8] perhaps also for other areas that influence
our everyday life, such as transport, industry, media, and
health. “5G is announced as the true enabler of Industry 4.0,
which is considered to be the fourth industrial revolution
technology” [9]. Md Nazmul Hasan, et al., have presented a
bandwidth enhancement technique for rectangular monopole
2x2 and 4x4 MIMO antennas using DGS loaded with a U-
shape stub that consists of two slits and a notch at optimized
positions to enhance the impedance bandwidth and matching
of the antenna [10]. Dinesh Yadav et al. have experimentally
demonstrated, designed, and implemented high and uniform
isolation single notched bands at 5.2GHz using
complementary split ring resonator (CSRR) UWB two
elements MIMO antenna. The high value of isolation has been
achieved using a T-shaped stub [11]. Youngki Lee, et al. have
proposed two elements of improved isolation MIMO antenna
using an interdigital split ring resonator (SRR) on three FR4
substrates of 0.4mm thickness that consist of two inverted L
strips and a ground plane [12]. Asim Quddus, et al. have
presented a miniaturized UWB 2X2 MIMO antenna that
comprises two decoupling structures, a strip line, and stepped
rectangular radiators. The isolation enhancement is achieved
by placing a slotted circular ring at the center of the ground
plane placed between both antenna elements [13]. Jayshri
Kulkarni and Chow-Yen-Desmond Sim have demonstrated a
novel wideband cost-effective printed CPW-fed monopole
oval-shaped 8X8 MIMO antenna for Wi-Fi5 and 6
applications [14]. Andrade-Gonzalez, E., A. et al. have
presented high isolation along with stable TARC at random
values of input signal phases, UWB applications, 2X2 MIMO
antenna with parasitic elements using Fibonacci circles
sequence, and DGS over the entire frequency range [15].

In this article, a low-cost simple compact edge fed
rectangular parasitic loaded wideband 2X2 MIMO antenna
using the reduced ground plane for sub-6GHz mid-frequency
(N-78) band and Wi-MAX application with high diversity
gain and isolation coefficient has been explained. The work
comprises antenna design development methodology and
detailed discussion on MIMO resultant diversity parameters,
its fabrication, and testing and concluded with future remarks.
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II. MIMO ANTENNA DESIGN DEVELOPMENT AND
METHODOLOGY

The MIMO is fabricated on a piece of abundantly available
low-cost FR-4 substrate of size 53.66mm x 24.0mm x 1.6mm
with loss tangent 0.02 and permittivity of 4.4.

A. Design Equations

The proposed MIMO comprises two port edge-fed simple
radiating patches, two rectangular stubs, and separate reduced
ground structures. The 2x2 MIMO antenna is derived by
replicating the single monopole single input single output
(SISO) antenna element while maintaining the spatial distance
between the two elements. The SISO antenna is designed at a
frequency of 3.6GHz on an FR4 substrate with a relative loss
tangent of 0.02, a thickness of 1.6mm, and dielectric
permittivity €,=4.4 using the basic design equations of
conventional circular microstrip patch antenna [16-18].
Following are the design equations for the circular patch;

(i) Circular patch radius

F

a= 1
{1+n§:F[In(Z—D+1.7726]}1/2 M
where,
8.791 X10°
F= T 2)

(i1) Substrate and ground width and length

Wgng = Lgng = 2(diameter) = 2(2a) = 4a  (3)

(iii) Microstrip feed width

7.48h
Wipeg = —2_ 4
feed e(Zodgsr;-l) ( )

The single-element SISO antenna is developed by using
standard circular patch equ.l and equ.2 and then converting
this circular patch into a hexagonal ring-shaped polygon by
selecting six numbers of segments. The initial patch radius of
the SISO antenna is 14.lmm at an operating frequency of
3.6GHz. It is optimized for better tuning and reflection
coefficients value with a good gain of 9mm. Finally, two
circles of approximately the same reduced patch radius of the
circular patch are arithmetically subtracted from the
hexagonal polygon as mentioned in Fig 1. This is the main
cause, why authors strongly considered the design Eq. (1) and
Eq. (2) as the basic primarily root equations for the final
geometry of the patch development.

B.  Miniaturization Process and Development of Radiating
Patch of SISO Antenna

The radius a for the main circular patch at the designed
frequency calculated using Eq. (1) is 14.1mm, which results in
the root size of the SISO with this radius being
56.4mm x 56.4mm (0.658 hyx 0.658 X;). The optimization of
patch radius is done for a better -10dB reflection coefficient
with a high gain value of SISO over the full frequency band of
interest. The final optimized radius of the patch at center C is
9.0mm. By selecting the number of segments ‘Six’ the

circular patch is converted into a hexagonal patch.
Miniaturization of radiating patch radius results in an
excellent reduction in the overall area of the single-element
patch. The radiating patch is developed by subtracting two
circles centered at C; and C, of the same radius
a1=ay=8.9 mm (approximately equal to the patch radius
a=9mm). The patch is loaded with a parasitic rectangular
stub to tune the antenna at the design frequency. The
miniaturization process reduces the dimensions of SISO to
12mm x 24mm (0.14 49 x 0.28 Ay) and hence results in an
86.74% reduction in the SISO antenna area. This implies that
4.7-fold reduction along the width and a 2.35-fold reduction
along the length of the final SISO. Step by step development
process of the radiating patch is represented in Fig. 1.

Microstrip Feed

N

Microstrip Feed+Hexagonal
Patch+Parasitic Stub

Proposed Radiating Patch

Microstrip Feed+Hexagonal
Patch+Parasitic Stub+2-Circles

Fig. 1. Development of radiating patch for SISO antenna

C. Development of Radiating Patch of 2X2 MIMO Antenna

MIMO PATCH

+ Spatial Distance +

Fig. 2. Development of 2x2 MMO antenna radiating patch

The MIMO antenna radiating patch has been developed
from the single element SISO antenna by just duplicating the
structure at a suitable spatial distance d (not greater than
guided half wavelength A,/2) so that a better decoupling of the
one another (two elements) is maintained. This value is
measured by the isolation coefficient S, or S,; which must be
lower than -10 dB for better performance of MIMO. Based on
the above-mentioned criterion the radiating patch for the 2x2
MIMO antenna has been developed and illustrated in
mathematical equation form in Fig. 2.
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D. Effect of Rectangular Parasitic Stub Load on 2-Port
MIMO Antenna

The two-port antennas without parasitic load are first
developed and for fine-tuning purposes, the two ports MIMO
antenna is further loaded with parasitic rectangular stubs.
Their reflection coefficients (S;;) and isolation coefficients
(S12) comparison are represented in Fig. 3. It is concluded
from the comparison curves that the value of reflection and
isolation coefficients are well below the -20dB line. Without a
rectangular parasitic load the antenna resonates at 3.75GHz
and by the addition of parasitic stub load in MIMO the
resonating frequency shifts towards the left and tunes the
antenna to operate at 3.5GHz which is near the design
frequency of 3.6GHz. The effect of the insertion of the
parasitic load is depicted by dashed lines in Fig. 3.
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Fig. 3. Effect of parasitic rectangular stub load
E.  Optimized Design Parameters of 2x2 MIMO Antenna
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Fig. 4. Concave-Shaped 2x2 MIMO antenna (top view, bottom view,
and trimetric view), all the dimensions are in mm

All design parameters of the two port MIMO antenna are
optimized for larger antenna gain and impedance bandwidth,
as well as better reflection coefficient S;; and isolation
coefficient S;,, which both should be lower than -10dB at the
design frequency and the specified frequency range of span.
Final optimized dimensions of the top, bottom, and trimetric
view (measured in mm) of the MIMO geometries have been
depicted in Fig. 4, respectively and the description and
designation of the corresponding parameters with optimized
values are mentioned in Table I.

TABLEI
OPTIMIZED DIMENSIONS OF 2X2 MIMO ANTENNA

Parameter | Designation and Description Values

Name (mm)

| S Substrate Length 53.66

Wb Substrate Width 24.0
| Lond Reduced ground structure Length 10.5

Wend Reduced ground structure Width 12.0

Lo Parasitic Rectangular Stub Length 4.0

Wb Parasitic Rectangular Stub width 12.0

Leed 50Q Microstrip Feed Length 4.205

Wieed 50Q Microstrip Feed Width 3.0

Watch Width of Patch 9.0

Latch Length of Patch 15.595

Lo Length of Patch Arcs 18.64

a Radius of Patch Arcs 8.9

G Gap between Patch and Parasitic 0.2

Rectangular Stub
D Distance between two Patches “Spatial | 29.66
Distance”
h Substrate Thickness 1.6

F.  Prototype of 2x2 MIMO Antenna

-
|
]
.- |
-
]
~

Fig. 5. Prototype of the concave-shaped 2x2 MIMO antenna (Left
half) and their parameters testing and measurements (Right half)

Finally, the optimized 2-port edge fed 2x2 MIMO antenna
with size 53.66mm x 24mm x 1.6mm is fabricated on low-
cost, low-profile FR-4 Substrate by photolithography and
etching process. The final photographs of the prototype
MIMO antenna are shown in the left section of Fig. 5 and
their reflection coefficient measurements using a vector
network analyzer (Agilent Technologies N5247A), gain,
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radiation pattern (in an anechoic chamber), and other
parameter measurements also shown in the right half of Fig. 5.

III. RESULTS AND DISCUSSIONS
A.  Reflection Coefficient (S;;) and Isolation Coefficient (S;,)

The scattering parameters of measured versus simulated
results are depicted in Fig. 6. The measured reflection
coefficient (S;;)of the proposed MIMO antenna is below
-10dB for the whole N-78 band of sub-6GHz from 3.30 to
3.80 GHz as shown in Fig. 6 (Left-hand vertical scale). The
measured isolation coefficient (S;;)is superior to the
simulated value of S;, (Right-hand vertical scale). Both
measured and simulated Isolation coefficient values are well
below the threshold value -15dB. The measured isolation
between the two element antenna radiating patches is lower
than -30dB over the entire wideband of interest 3.0 to
4.0 GHz. This high value of the isolation coefficient ensures
the guarantee of better decoupling and reliability of signal
reception by the two antenna elements of the 2x2 MIMO
system.
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Fig.6. Simulated and measured reflection coefficients (S;;) and
isolation coefficients (S;,)

B. Diversity Performance Parameters

Any MIMO antenna is characterized by its diversity
performance parameters. There are mainly six major diversity
parameters that are derived from primary S-parameters, “total
active reflection coefficient (TARC), VSWR-MIMO,
envelope correlation coefficient (ECC), diversity gain (DG),
mean effective gain (MEG), channel capacity loss (CCL)”.
Some other additional MIMO antenna parameters exist like,
“radiation efficiency, multiplexing efficiency, group delay, a
roll of criteria (RoC), and cross-correlation coefficient” etc.

B.1. TARC and VSWR-MIMO

The measured TARC and VSWR-MIMO values are derived
from the measured S-parameter value using a standard multi-
port MIMO antenna equation [1, 11] and plotted along with
simulated TARC and VSWR-MIMO of concave-shaped 2x2

MIMO antenna as represented in Fig. 7 (left vertical scale)
and Fig. 7 (right vertical scale), respectively. These diversity
performance parameters are responsible parameters for
determining the impedance bandwidth and hence suitable
applications. The TARC magnitude less than zero (TARC<O0)
means the MIMO antenna is suitable for diversity
applications. The measured TARC lower than -10dB for an
impedance bandwidth 3.30-3.89GHz and the corresponding
value of VSWR-MIMO less than 2 exists for an impedance
bandwidth from 3.30-4.0GHz. This ensures the proposed
MIMO antenna is suitable for N-78 band operations, sub-
6GHz, and Wi-MAX applications.
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Fig.7. TARC curves and VSWR-MIMO plots of 2x2 MIMO

B.2. ECC, CCC, and DG
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Fig. 8. Correlation coefficients ECC, CCC curves, and diversity gain
(DQG) plots (Left side) and their zoomed simulated plots (Right side)
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Transmission, diversity gain, correlation, and TARC are
used for the evaluation of the MIMO antennas. The ECC is
derived from measured scattering parameters using standard
equations [1, 11 and 19] and plotted along with simulated
ECC as shown in Fig 8 (left top). It is observed from the
graph that the simulated ECC is lower than 0.016 whereas
most of its measured value is lower than 0.3. An ECC value
less than 0.3 is considered pretty good and less than 0.1
should be selected for better isolation. The CCC is just
derived by taking the square root of ECC (CCC = VECC) and
also plotted concerning a frequency just below the ECC plot
in Fig 8 (left side) [20]. The DG is also derived from ECC
[18] and it is better if it is close to 10dB as shown in Fig. 8
lowest plot. The DG value >9.95dB ensures-reliability and
guarantees the signal reaches the receiver or has better
transmission reliability. The enlarged curves of ECC, CCC,
and DG are shown to the right in Fig 8.The simulated ECC,
CCC, and DG curves are looking flat concerning measured
similar diversity parameters. One of the major reasons is the
low-frequency range of interest i.e. 1GHz, very good
reflection coefficients, and isolation coefficient i.e. good
decoupling between the two antenna elements of 2x2 concave
shape MIMO. Another big cause of the flatness of curves is
the shape of the antenna elements i.e. concave shaped. The
deepest point-to-point horizontal distance between two
concave-shaped antenna elements is more than the spatial
distance between two antenna elements.

B.3. Channel Capacity Loss (CCL)
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Fig. 9. CCL curve of concave-shaped MIMO

It is desirable for MIMO operation that the CCL value
should be < 0.4 bps/Hz [21]. The one more diversity
parameter CCL is alse evaluated using measured S-parameters
by taking the negative log (at base two) of the magnitude of
determinants of the correlation matrix [1, 11, and 22] and
plotted with simulated CCL as shown in Fig 9. It is found in
good agreement with simulated one and CCL is well below
under 0.4bit/sec/Hz for the whole N-78 band (3.3-3.8GHz).
The proposed antenna offers better diversity results and a high
data rate (BER) in terms of CCL.

B.4. Mean Effective Gain (MEG)
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Fig. 10. (a) MEG curve at portl, (b) MEG curve at port 2, and (c)
MEG curve

The MEG is defined for each port as “the ratio of the mean
received power by the i™ antenna to the mean incident power
of the j™ antenna with the same route” [1, 11, and 29]. The
overall MEG of the two by two MIMO antennas is the ratio of
the MEG1 and MEG2 while it is a difference of MEG1 and
MEG?2 in dB values. Mathematically, the MEG, MEGI, and
MEG?2 are defined as

MEG — MEG,
~ MEG,
or
MEG (dB) = MEG,(dB) — MEG,(dB) (5)

In general, for any port MIMO antenna, the MEG is defined
as [29]

MEG; = 0.5 [1 - jN=1|sij|2] (6)

For, 2x2 MIMO antenna MEG1 and MEG?2 is defined as [29]

MEG, = 0.5[1 — |S11|2 - |S12|2] (7
MEG, = 0-5[1 - |Sz1|2 - |522|2] (8)
MEG; = |MEG; — MEG,| < 3dB )
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Both measured and simulated values of MEG at ports 1 and 2
are in good concurrence with each other as represented in Fig
10 (a-c). Measured MEG values are in good agreement with
simulated values and well below 0.5 dB. “The imbalance
levels of the diverse broadcast divisions are measured in terms
of MEG” [21]. The MEG is considered a better choice if it
lies between -3dB and +3dB. The MEG, and MEG, are
identical and their ratio is close to unity which satisfies the
criterion of ‘identicalness’ of two antennas [22].

B.5. Radiation Efficiencies at Port 1 and Port 2

The radiation efficiency at Ports 1 and Port 2 is determined
from the measured mean effective gain (MEG) values by
using the relation [23],

MEGi: 0~5ni,rad- (10)

where, 1 g 1S the radiation efficency at it port.

Therefore, the radiation efficiencies at Port 1 and Port 2 are
defined in terms of MEG1 and MEG?2, and are evaluated from
MIMO antenna S-parameters values by the following
relations [23],

Niraa = 1— |511|2 - |512|2 (11)
Ngrad = 1— [S511% — S22 (12)
Nrad = Ni,rad X N2rad (13)

where M rad and Ny raq 1€ the radiation efficiencies at Portl
and Port2 respectively and m_ . is the total radiation
efficiency. The radiation efficiencies are plotted with
simulated radiation efficiency for Port 1 and Port 2 in Fig
11(a) and Fig 11(b), respectively. Both the radiation
efficiencies are found in concord. The measured value of
radiation efficiency lies between 0.67 and 0.9995 for both
ports. Ideally, efficiencies close to 1 are preferable but MIMO
antennas designed with frequencies more than 60% are good-
designed MIMO [23].
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Fig.11. (a) 2x2 MIMO Radiation efficiency at port 1 and (b)

radiation efficiency at port 2

B.6. Group Delay, 1, (ns)

Group delay is defined as negative of the rate of change of
phase angle concerning angular frequency. Mathematically
the Group delay is given by

do

T do

Ty = (14)
where @ is the phase angle of Sj, or S, corresponding to
transmission coefficients (Siy or S;¢) and ® is the frequency
in rad/s [1]. Finally, the time domain analysis of the proposed
MIMO antenna is verified by locating two similar antennas in
front of each other (one as a receiver and the other as a
transmitter) at 100cm apart and then group delay (ns) is
analyzed. The simulated group delay deviation of the
proposed concave-shaped MIMO antenna is <0.72 ns over
the entire wideband (Sub-6GHz N-78 band). The simulated
group delay is displayed in Fig. 12. It is noticed from the
group delay plot that for transmission coefficient Sy or S,y is
found positive. This group delay for transmission coefficient
Szt or Sy is generally considered the main group delay for
the 2X2 MIMO system [24]. A lower value of the isolation
coefficient may also be one of the important causes of
negative group delay [25]. This will generally affect the group
delay caused by Sy, or S,y
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Fig.12. Group delay of MIMO

C. Radiation Patterns

The concave-shaped antenna has an Omnidirectional
radiation pattern as illustrated in Fig. 13(a) and Fig. 13(b).
Fig. 13(a) depicted the 3D-radiation pattern of the single-
element SISO antenna whereas the gain of the proposed 2X2
MIMO is depicted in Fig. 13(b). In these figures, the total
realized gain (dB) is represented in theta and phi planes. The
horizontal plane represents the phi 0° plane while the vertical
plane represents the theta 0° plane. It has been noticed from
the radiation pattern that the antenna radiated above the patch
and below the ground plane and hence possesses the
Omnidirectional radiation pattern. The maximum gain of
SISO and 2x2 MIMO antennas are evaluated using the
following relationships [16],
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G (dBi) =2.15+G (dB) (15)
_ 41257"
where, G (dB) = 10log(n 4 % ei;xe;[) (16)

where 6;3 and 6;{ are the half power beam width (HPBW) in
E-plane and H-plane radiation patterns and n__, is the total
radiation efficiency as in Eq. (13). The HPBW for the SISO
antenna are 360° and 88° respectively evaluated from Fig.s 13
(b), and the total radiation efficiency of the SISO antenna was
evaluated as 0.956. The HPBW for the MIMO antenna are
360° and 80° respectively evaluated from Figs 13 (d), (i) and
(i), and the total radiation efficiency of the MIMO antenna
was evaluated as 0.9282. Therefore, the maximum gain
obtained with the SISO antenna is 3.05dBi whereas that of
with MIMO antenna is 3.38dBi at frequency3.6GHz. Thus we
can say that the use of MIMO not only improves the single-
element antenna data rate diversity parameters but it also
improves the gain of the SISO antenna. The polar plot of
realized gain in E-Plane (XY-plane), and H-Plane (YZ-plane)
with ¢=0°, 9=90° at 3.6GHz are shown in Fig. 13(c). In H-
plane the pattern of gain is like a figure of eight (“8”) whereas
the polar radiation plot in E-plane is equally radiator. The
simulated E-plane and H-plane patterns are compared with
measured (E-plane and H-plane) radiation plots and found in a
good quality match in shape and maximum magnitude.

o

N
—

Total Realize
Gain

dB(RealizedGainTotal)
Urheta (deg)

Min: -24

(@)

300°

210°

180°

(b)

dB(RealizedGainTotal)
Gpata (deq)

120

25 dB(RealizedGainTotal)

"4 120

75
10.0
12.5
-15.0
17.5
20.0

Min: -19.59

(©)

Max: 1.18
] .
% I
1

(d)

Fig.13. (a) 3D-Polar Pattern of SISO antenna at 3.6GHz (b) Gain
polar plots of SISO antenna at 3.6GHz in (i)E-plane and (ii) H-planes
with =0°, =90 (c) 3D-Polar Pattern of 2X2MIMO antenna at
3.6GHz (d) Gain polar plots of MIMO antenna at 3.6GHz in
(i) E-plane and (ii) H-planes with ¢=0°, ¢=90°

D. Resultant Parameters of MIMO Antenna

All resultant parameters of the 2-port MIMO antenna are
represented in Table II with their measured values concerning
their threshold values.
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TABLEII

RESULTANT PARAMETERS OF CONCAVE-SHAPED 2X2MIMO ANTENNA

Parameter Value Threshold Value range
Reflection Coefficient, S11 -37.514dB at 3.54GHz <-10dB (3.285-3.87GHz)
Fractional Bandwidth (FBW) 20.7% (3.285-3.87GHz) <-10dB

Isolation Coefficient, S12

-30.3dB at 3.545GHz

<-15dB(3.0-4.0GHz)

Total Active Reflection Coefficient
(TARC)

-31.402dB at 3.555GHz

<-10dB(3.3-3.83GHz)
<-14dB(3.385-3.68GHz)
<-20dB(3.46-3.62GHz)

TARC<O: the antenna is suitable for diversity

application
Impedance Bandwidth (BW) 14.87% <-10dB(3.3-3.83GHz) <-10dB
8.35% <-14dB(3.385-3.68GHz) <-14dB
4.52% <-20dB(3.46-3.62GHz) <-20dB
VSWR_MIMO <2(3.3->4GHz) <2
<1.5(3.3-3.70GHz) <l.5
Envelope Correlation Coefficient(ECC) | 0>ECC<0.0016 throughout the full range <0.1(for better isolation)
<0.3(pretty good)
<0.1(should be for better isolation)
=0.5 (ok)
>0.5 (bad)

Cross-Correlation Coefficient(CCC)

0<vEC(<0.000258

Diversity Gain(DG)

9.994dB<DG<9.999dB

>9.95dB or close to 10dB

Radiation Efficiency (1) ruq.) at portl
and (1aq.) at port 2

67.12%<1M 124.<99.82%

= 60% (very good design)
and Close to 1(ideally)

Total Radiation Efficiency (1 raq.) 92.82% | emeeee

Mean Effective Gain (MEG) 0.0173<MEG<0.0159 <+3dB

Radiation Efficiency (1;,4.) at Portl 67.12%<2XMEG)<99.87% | ===

Radiation Efficiency (M,4.) at Port2 61.82%<(2XMEG,)<99.86% | ===

Group Delay, 1, <0.72ns <0.5ns

Channel Capacity Loss (CCL) 0<CCL<0.4 Bits/sec/Hz <0.4 Bits/sec/Hz
(3.27-3.9GHz)

Gain (G) 338mBi1 | -

Directivity (D) 37t¢i ] -

E. RLC Equivalent Circuit of MIMO

50} Feed Line s
e e Radiating Patch-1 - _[ﬂ'}_ ey
PORT-1 e & ! Ar o ="
[l [l o
@50 H - : — | — ¥
L IE E "QI I | FStub |§E
155 & Sl I‘:PI T | €&
g@r crety . M |1 | | |§
£ 5 $ ~ ~ - -
£ 5l g | ) AN
22| i+ |
25 F
EE .
Woown H N r _____ - o)
""—’L CPiend) r : 1 i il ;-I r ;_Iﬁl
Tt T
3¢ 20 Lal I L g -
= ] H P C = e 2
=ty |55 & Tm | T Ti FT % 2
®—{s00 H- ] : — | — |'g
PORT-2 I__LE_ _Cf_l L — _ L gap_‘_-l I___Ip'l
500 Feed Line Radiating Patch-2 Coupling Section
(gap)

Fig.14. RLC Electrical Equivalent Circuit of the 2x2 MIMO antenna
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The equivalent circuit is important to generate an analogy
between lumped networks into distributed networks. The RLC
electrical equivalent circuit of the proposed 2x2 MIMO
antenna has been derived by considering the whole antenna
structure into nine different sections. Since the two MIMO
elements consist of two identical patches isolated by a spatial
distance of 29.66mm apart; therefore only five sections are
considered for calculations and rest four are having similar
sections and hence similar RLC analysis because of identical
patches. The proposed 2x2 MIMO comprises two 50Q feed
line sections, two concave-shaped radiating patches, two
coupling gaps of 0.2mm, and two parasitic rectangular stubs
with open ends. The estimation of the RLC parameters has
been done by using formulas of references [16, 28]. The high
isolation between the two antenna elements is represented by
isolation caused due to the spatial distance arrangements. The
two 50Q feed line is represented by the series combinations of
an inductance and a capacitance. The two patches are the
parallel combination of patch conductance, patch inductance,
and capacitance in the shunt arm. Further two air gaps exist
between the rectangular stubs and patches, these cause more
charges to accumulate periodically with opposite polarity and
hence represented by a m-network with two shunt capacitances
(due to ground). Open-end rectangular stubs show fringing at
the open ends and are thus represented by fringing
capacitance. All these capacitances are of value lower than
1pF. The Isolation between the two patches is also represented
by isolation m-network having a gap capacitor because of the
spatial distance between the two patches and two parallel
shunt capacitances existing between radiating patches and the
ground plane. The derived RLC electrical circuit is illustrated
in Fig. 14 and their section-wise estimated RLC parameter
values are displayed in Table IV.

TABLE III
RLC parameters of MIMO equivalent circuits

Section Parameter Value Comment
Name
Input Port | Port 50Q For RF Input
(Two) impedance excitation
Feed line R¢ 0.00235Q Negligible Ry,
(Two No.) L 1.30nH i.e. short-
Ce 0.666pF circuited
Patch Gpatch 0.256X10°S Negligible Ry,
(Two No.) Lpacch 1.564nH i.e. open
Chpatch 1.03pF circuited
Coupling Coap 7.46fF Due to
(Gap=0.2mm) | Cp=Cp,=Cp, 12.18fF displacement
(Two No.) current
Parasitic Csub 0.154pF Due to the
Rectangular fringing
Stubs  (Two length
No.)
Coupling Cisolation 32.8fF Due to spatial
(Gap=0.2mm) | Cp=Cp, =Cp; | 1.049pF Distance
(Two No.)

F. Performance Parameter Comparison
Literature with Proposed Antenna

of Existing

The performance parameter comparison of the proposed
work with similar existing antennas (MIMO) is presented in
Table IV. The MIMO antenna is compared with the other
MIMO in terms of its normal parameters like gain, bandwidth,
reflection coefficient, group delay, radiation efficiency, and
other diversity performance parameters like Isolation, EEC,
DG, CCL, MEG, etc.

IV. CONCLUSION

The proposed MIMO antenna has excellent isolation
(<-30dB) and reflection coefficient values well below -10dB
over the N-78 band (3.30-3.80GHz) wideband bandwidth,

channel capacity loss (CCL<0.4bit/sec/Hz), envelope
correlation coefficients (ECC<0.016), cross-correlation
coefficient (0<CCC = vECC<0.000258), diversity gain

(9.994dB<DG<9.999dB), total active reflection coefficient
(TARC= -31.402dB at 3.555GHz) corresponding VSWR-
MIMO <2(3.3-4.2GHz) and <1.5(3.3-3.70GHz), mean
effective gain (MEG<0.4dB) respectively, without the use of
any additional electromagnetic band gap (EBG) structure,
neutralize line, split ring resonators. The two radiating patches
and DGS occupy very less area on the FR4 substrate. The
minimum spatial distance between the two radiating patches is
less than half wavelength. Thus, the 2x2 MIMO antenna is
simple and very compact (miniaturized) in size. This may
result in the possibility to connect extra passive components
on the surface of the substrate. The radiation pattern of the
antenna is Omnidirectional with a peak gain 3.38dBi and high
radiation efficiency of 92.82%. The diversity performance
parameter ECC is lower than 0.0016 and DG (>9.995dB) is
close to 10dB, this ensures the reliability of the signal to reach
the transmitter with a high data rate. A CCL lower than 0.4
bit/sec/Hz ensures an excellent signal-to-noise ratio (SNR)
with the lowest interference at the far receiver end. In the
future, because of the simplicity of the patch, the antenna can
be used as 4x4 MIMO, 8x8 MIMO, or higher element massive
MIMO systems.

V. RECOMMENDATION

It is noticed from the tabularized comparison that most
literary works have been available without RLC-electrical
equivalent circuits. The proposed 2x2 MIMO is presented an
RLC electrical equivalent circuit with detailed descriptions of
evaluated passive components. Therefore the proposed MIMO
antenna is compatible with electrical networks easily. The
antenna is fabricated on the low-cost FR-4 substrate, is simple
in structure, and is developed from fractal technology,
therefore this reduced ground monopole MIMO is easy to
fabricate and replicate with 4x4 MIMO, 8x8 MIMO by
adjustment of isolation. Alternatively, in the future, the stub-
loaded MIMO antenna could be used with different
orientations like vertically polarized and horizontally
polarized to improve Isolation and TARC values. As
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compared to available MIMO the proposed MIMO provides a
platform to see all the MIMO parameters while others are

available with fewer MIMO parameter considerations. The
presented fractal 2x2 MIMO can be useful in wireless,
transitions,

military,
connectors,
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