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ABSTRACT This paper presents the design, analysis, and experimental validation of a compact 2× 1MIMO
antenna operating in two bands. Band 1 is Linearly Polarized (LP) with spatial diversity operating in the sub-
6 GHz band for the Fifth Generation (5G). Band 2 is Circularly Polarized (CP) for polarization and pattern
diversity with an axial ratio below 3 dB for WLAN,Wi-Fi 6E, and C-band applications. The proposed single
antenna consists of a Squared Shape Modified Monopole with partially Defected Ground (SMMDG) fed by
Co-Planar Waveguide CPW. The partial ground has a defect on its upper left side and an I-shaped strip on the
right side. The two MIMO radiators are arranged in oppositely flipped shapes. The decoupling and common
partial ground structure consists of an opposite, Double T-shaped strip (DTSS) with a common strip head
that performs as a band-stop filter. The overall dimensions of the MIMO antenna are 31.5 × 45 × 1.6 mm3.
The simulated impedance bandwidth of the first band with LP lies between 3.1 and 4.7 GHz, for which S11
and S22 < −10 dB, while the measured values are between 3.45 GHz and 4.8 GHz. The simulated impedance
bandwidth for the second band for S11 and S22 < −10 dB lies between 5.24 and 7.9 GHz, while the measured
one lies between 5.65 GHz and 9 GHz. The simulated 3-dB Axial Ratio Bandwidth (ARBW) within Band 2
is (5.6–8.5) GHz, while the measured 3-dB ARBW is (5.95–8.1) GHz. The minimum simulated isolation
between the two ports is 17 dB in Band 1 and 26 dB in Band 2, while the minimum measured isolation is
21 dB in Band 1 and 26 dB in Band 2. Wi-Fi 6E (n96) (5.925-7.125) GHz is covered with right-hand circular
polarization (RHCP) in the positive Z direction and left-hand circular polarization (LHCP) in the negative Z
direction, covering Band 2 with an axial ratio less than 3 dB. Other crucial MIMOmetrics are also calculated,
such as the Envelope Correlation Coefficient (ECC), Mean Effective Gain (MEG), and Diversity Gain (DG).
The antenna provides excellent MIMO diversity performance, which makes it an excellent candidate for
many portable wireless applications.

INDEX TERMS Dual band, low profile, sub 6 band, Wi-Fi 6E, circularly polarized, MIMO antenna.

I. INTRODUCTION
5G-enabled MIMO wireless systems enable greater range,
higher data rates, lower latencies, improved mobility, and
more reliable connections through spatial multiplexing and
diversity techniques [1]. The world is transitioning to 5G
technology to accommodate the exponential rise of global
mobile data traffic and the billions of existing wireless
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devices [2]. Due to its capacity to transmit large amounts of
data across vast distances, the sub-6 GHz band is an excellent
choice for 5G systems [3], [4]. A multi-band antenna is
always better than separate antennas operating at different
frequencies. The size of the antennas is a limiting factor for
many communication devices, including those with MIMO
systems.

However, the existing wireless network technology limits
download speeds for applications such as 4K and 8K video
and the Internet of Things (IoT). Current WLAN upload and
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download rates are considered poor for these recent applica-
tions.Wi-Fi 6E, a new generation proposed byWi-Fi Alliance
in 2021, has a bandwidth between 5.925 and 7.125 GHz, with
14 80 MHz or 7 channels of 160 MHz [5]. MIMO antennas
play a crucial role in 5G communication systems because
they can improve connection reliability and channel capacity
without increasing the power or bandwidth [6]. Voluminous
studies have been reported on the design of MIMO antennas
with polarization and spatial diversity, including cellular and
indoor wireless systems, radar, vehicular, wearable antennas,
imaging, Wireless Body Area Networks (WBAN), wireless
local area networks (WLAN), tumor detection, and 5G com-
munication technologies [7], [8], [9], [10].

Regarding signal propagation, CP antennas provide signif-
icant benefits over LP antennas [11]. A comparative exami-
nation of the MIMO performance achieved with orthogonal
CP radiators against orthogonal LP radiators was investigated
in [12]. It is concluded that CP radiators achieved eigenvalues
higher than LP radiators. When LP MIMO antennas are not
properly aligned, the channel capacity of the CP antennas
exceeds that of the LP radiators [13], [14].
Various microstrip antennas with LP and CP have been

reported due to their favorable features of being easy to build
on multi-element-circuitry, low profile, and low weight [15].
Polarization misalignment between the transmitting and
receiving antennas leads to polarization mismatch losses
for the LP antenna. CP antennas benefit many communica-
tion systems since antenna orientation is unnecessary, and
the received signal intensity is relatively consistent despite
antenna direction [16]. Due to these benefits, CP antennas are
desirable for various wireless applications, including GPS.

Recent research has concentrated on decoupling tech-
niques, particularly for wideband MIMO antennas. Although
these decoupling structures have improved the isolation
between MIMO elements, most of these solutions are com-
plicated or introduce extra space for the design [17]. It can be
achieved using C-shaped parasitic decoupling structures [18].
Employing neutralized line (NL) techniques constructs an
antiphase current route to the coupling between array ele-
ments [19]. In addition, antenna decoupling surfaces (ADS)
may eliminate coupling by reflecting it into space. It is
done by loading a thin substrate with a grid of small metal
elements [20]. Defected Ground Structure (DGS) is another
technique used to reduce ground current on antenna arrays;
it involves slicing slots into the antenna by periodic or
non-periodic patterns [21], [22].

In this paper, a versatile MIMO antenna design is intro-
duced, analyzed, and experimentally validated for a two-port
MIMO antenna, dual-band, operating in the sub-6 GHz for
5G, WLAN, and Wi-Fi 6E applications. The single element
comprises a modified SMMDG shape fed by CPW. The
partial ground is changed at its top left side, making it shorter
than the right side, which added an I-shape strip to its side.
The frequency response for band 1 (sub-6 GHz) covers the
n77 and n78 sub-bands with LP over 3.5-4.5 GHz bandwidth,

over which S11 and S22 < −10 dB. The second band lies
between 5.6 GHz and 8 GHz, where S11 and S22 < −10 with
a CP of 3-dB ARBW over the frequency range from 5.9 GHz
to 8.5 GHz. The isolation structure between the antenna parts
is a simple DTSS that also serves as a common ground band
stop filter.

The paper is organized as follows. Section II introduces
the design procedure and the parametric study of the single
antenna element. Section III discusses the proposed MIMO
antenna configuration and presents simulated and experi-
mental results of the scattering parameters and radiation
patterns. The MIMO performance metrics are introduced in
Section IV. Section V compares the prototype’s findings
against the recent state-of-the-art. Finally, conclusions are
summarized in Section VI.

II. SINGLE-ELEMENT DESIGN PROCEDURE
Figure 1 depicts the geometry for the proposed single-
element SMMDG. The SMMDG antenna is printed on only
one side of an FR-4 substrate with a 4.4 dielectric constant;
the loss tangent is 0.02. A 50 � CPW feeds. The antenna’s
metal coat is 0.035 mm copper cladding, widely available in
FR4 substrates.

FIGURE 1. The geometry of the proposed SMMDG single-element
antenna.

All the simulations are conducted using CST Microwave
Studio software. Table 1 summarizes the dimensions of each
parameter used in the design. Figure 2 shows the four steps
of development that led to the find proposed design. The
first three phases concentrate on getting resonance in the
targeted bands. The square element radiator dimensions are
calculated using [23] and shown in Fig. 2(a). For compact
operation, we apply DGS on the partial ground to produce
parasitic capacitance by widening fringing fields, enhancing
the coupling between the element and ground, and improving
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TABLE 1. Design parameters and dimensions for the proposed (SMMDG)
antenna.

FIGURE 2. The geometrical progression of the SMMDG antenna.

FIGURE 3. Reflection coefficient and axial ratio SMMDG antenna.

bandwidth. As shown in Fig. 2(b), besides introducing DGS
to achieve the dual-band, the radiator element is shifted to the
right side to excite more modes at the element.

The dual-band frequency responses are centered at 4 and
11 GHz, obtained by the configuration shown in Fig. 2 (b).
Since the response at 11 GHz needs more shifts toward the
range of 6 GHz to 7 GHz of the Wi-Fi 6E band, the element
is truncated from the lower corner on the left side and at a

rectangular cut is introduced at the top right of the element;
this is shown in Fig. 2(c). As shown in Fig. 2(d), we intro-
duced the I-shape strip and square-shaped stub to adjust the
S11 spectrum to suit the intended bands and improve the axial
ratio. Figure 3 shows the reflection coefficient and axial ratio
related to the evolution of the geometric progression of the
SMMDG.

A. PARAMETRIC STUDY
The I-shape strip is tuned to improve the frequency response
and axial ratio. Fig. 4 depicts S11 and axial ratio versus
frequency for various values of the I-shaped strip, which
L3 denotes. As shown in Fig. 4(a), L3 is changed from
2.7 mm to 11.7 mm. At 2.7 mm, S11 is not significantly
enhanced for both bands. As L3 is increased to 5.7 mm, S11 is
enhanced for both bands; however, shifting to the Wi-Fi band
is still needed. Although the −10 dB bandwidth of S11 with
L3 = 8.7 is enhanced for both bands, L3 = 11.7 provides
better results.

FIGURE 4. Evolution of the L3 effect on the reflection coefficient and
axial ratio of the proposed SMMDG antenna.

The first band, for which S11<−10 dB, is confined
between 3.1 GHz - 4.7 GHz, while the second band improved
and is extended from 5.45 GHz to 8.6 GHz. In Fig. 4(b),
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the axial ratio versus frequency is depicted for the same
values of the L3 parameter range.

The axial ratios for all values of L3 are not satisfied within
the second band. The I-shaped strip significantly enhances
the impedance bandwidth; however, the axial ratio is not
satisfied within the desired range and is confined between
5.5 and 6 GHz. Hence, we propose a square-shaped stub
structure to improve the axial ratio. The square-shaped stub is
placed on the top of the radiator element. This square stub is
sliding along the edge of the radiator element, starting from
the right side at its middle and moving towards the left side
of the radiator. Figure 5 shows the reflection coefficient and
axial ratio versus frequency. The position of the square stub
is denoted as (SL), which varies from 0 to 8 mm.

FIGURE 5. The effect of the SL parameter of the proposed SMMDG
antenna.

As shown in Fig. 5(a), the reflection coefficients for
all SL values are unaffected. Figure 5(b) shows that the
axial ratio versus frequency is affected by stub sliding. The
axial ratio reaches its targeted value of less than 3 dB at
SL = 8 mm, which covers the band from 5.2 GHz to 8 GHz.
At SL = 8 mm, the bandwidths of Band 1 and Band 2 of
S11 < −10 dB are 3.15 GHz to 4.75 GHz and 5.5 GHz to
8.5 GHz, respectively.

FIGURE 6. The simulated radiation pattern of the SMMDG (a) (x-z) plane
(Ø = 0◦) at frequency 3.5 GHz (b) (y-z) plane (Ø = 90◦) at frequency
3.5 GHz (c) (x-y) plane (Ø = 90◦) at frequency 3.5 GHz (d) (x-z) plane
(Ø = 0◦) at frequency 6 GHz (e) (y-z) plane (Ø = 90◦) at frequency 6 GHz.
(f) (x-y) plane (Ø = 90◦) at frequency 6 GHz.

B. RADIATION PATTERN
Figure 6 depicts the simulated radiation patterns versus the
θ with ∅ = 0◦ for the (x-z) plane and ∅ = 90◦ for the (y-z)
plane at frequencies of 3.5 GHz and 6GHz. Figure 6(a) shows
the pattern in the (x-z) plane at 3.5 GHz with a directive of
270 degrees. Figure 6 (b) shows the (y-z) plane pattern at
3.5 GHz that seems bean-shaped. Moreover, in Fig. 6(c), the
pattern shown in the (x-y) plane, with θ = 90◦ versus the ∅,
is at 3.5 GHz, showing a maximum point at 180 degrees.
In Fig. 6(d), an RHCP of the (x-z) plane is shown at 6 GHz.
Figure 6(e) shows an RHCP of the (y-z)-plane at 6 GHz.
Figure 6(f) shows the pattern versus ∅ for θ = 90◦, corre-
sponding to the (x-y) plane. The LHCP is a mirror image of
the RHCP.

C. SURFACE CURRENT
Figure 7 depicts the surface current distribution of the antenna
at four distinct phases (0◦, 90◦, 180◦, and 270◦) at 6.5 GHz.
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FIGURE 7. Simulated surface current distributions at 6. 5 GHz of the
proposed antenna at four phases of excitations depicting RHCP
in +Z direction.

Rotating surface current arrows are shown across the four
phases to demonstrate the CP of the proposed antenna design.
As the phase increases, it rotates in an anticlockwise sense in
the +Z direction; hence, the antenna radiates RHCP waves at
6.5 GHz and LHCP in the -Z direction.

III. MIMO ANTENNA CONFIGURATION
In this section, we report the oppositely oriented two-element
MIMO antenna. Fig. 8 illustrates the 2 × 1 MIMO config-
uration. The configuration illustrates the effect of element
orientation on matching and isolation between the antenna
ports. The minimum separation between the closest radiators
is 0.2λ , where λ is the free-space wavelength at 3.5 GHz.
To address the antenna’s orientation, the I-shaped strip side
of the antenna is called the ‘‘I-side,’’ while the other side of
the monopole is the front side. Fig. 8(a) depicts the ‘‘front-
to-I-side’’ layout, while Fig. 8(b) shows the ‘‘front-to-front’’
layout, and Fig. 8(c) shows the ‘‘I-side-to-I-side’’ layout.

We consider three types of layouts for the proposed
2× 1MIMOantenna structure and their effects on impedance
bandwidth, isolation, and axial ratio. Figure 9 shows how the
layouts affect S11, isolation, and axial ratio. The first case, a
(front-to-I-side) layout, is illustrated in Fig. 9 (a). The reflec-
tion coefficient is deformed compared to a single monopole,

especially at Band 1, while the isolation is around 16 dB over
the whole first band; the axial ratio is degraded where the
minimum value is 3.3 dB at 6.8 GHz. Figure 9 (b) illustrates
the (front-to-front) layout in the second scenario. Although
the S11 and S22 are restored as in a single monopole at both
bands, the isolation and axial ratio are severely distorted to
7 dB in Band 1 and around 11 dB in Band 2 for isolation, and
the minimum value for AR is 5 dB within Band 2.

FIGURE 8. Layouts for the 2 × 1 MIMO SMMGD antenna structure
(a) front-to-I-side orientation (b) front-to-front orientation (c) I-side-to-
I-side.

Finally, Fig. 9(c) depicts the third scenario (I-side-to-I-
side) configuration. In this configuration, both bands of S11
and S22 <−10 dB are restored; even impedance bandwidth
for band 2 is improved compared with a single patch and
extends from 5.1 GHz to 8 GHz, while the axial ratio of less
than 3 dB covers the range from 6 GHz to 8 GHz.

A. COMMON PARTIAL GROUND AND DECOUPLING
STRUCTURE
With I-side-to-I-side, the antenna achieved good impedance
bandwidth and axial ratio. This design introduces MIMO ele-
ments with an orthogonal sense of polarization
providing.

RHCP along +Z and LHCP along -Z directions introduce
pattern and polarization diversity. However, it is still a scarce
common ground among MIMO elements, which keeps their
axial ratio, isolation, and frequency response like those with-
out a common ground due to the leakage in the current among
partial grounds.

Figure 10 presents the I-side-to-I-side of the opposite ori-
entation of 2 × 1 MIMO’s common ground evolution steps.
As shown in Fig. 10, we may resume the Naturalization
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FIGURE 9. Scattering parameters and axial ratio for 2 × 1 MIMO antenna
structure (a) front-to-I side (b) front-to-front layout (c) I side-to-I side
layout.

Line (NL) as common ground evolution through three steps:
a bridge strip, a stair-step strip, and Double T-shaped strips
(DTSS) with shared heads.

Figure 11 illustrates the common ground evolution steps’
S11, S22, isolation, and axial ratio. Figure 11 (a) shows the
bridge strip type where the S11, S22, and isolation are shifted
to a higher frequency in the sub-6 GHz of band 1, ranging

FIGURE 10. Common partial ground evolution (a) bridge shape strip
(b) stair step shape strip (c) double T-shape strip sharing a common head.

from 3.7 GHz to 5 GHz, compared without common partial
ground. However, this common partial ground shows good
AR bandwidth below 3 dB between 6 and 8.5 GHz. Further
analysis uses the stair-step strip common partial ground
design in Fig. 11(b). It shows that this design restores the
S11 and S22 to those without common partial ground and also
enhances the isolation to reach a minimum of 18 dB in band 1
and 24 dB in band 2. However, as shown in Fig. 11(b), the
axial ratio bandwidth below 3 dB narrows to a confined range
of 5.8 GHz to 7.5 GHz.

Finally, a DTSS with shared common heads connected to
the partial ground is proposed as an NL. The idea is to create a
flow of current 180 degrees out of phase between the two con-
nected antenna grounds. Figure 12 illustrates the equivalent
circuit of a DTSS decoupling structure. The equivalent circuit
comprises three parts: the inductance (L), the resistance (R),
and the capacitance (C). The DTSS structure acts as a series
band-stop filter and controls how the current flows between
the SMMDGs. The equivalent circuit comprises three parts:
the inductance (L = 1.6 nH), the resistance (R = 70 ohms),
and the capacitance (C= 0.952 pF) are calculated using ADS
software.

Figure 13 shows the surface current at 3.5 GHz at phase
angles 0◦ and 180◦ of the DTSS. To visualize the current
distribution at band 1, as shown in Fig. 13(a), the surface
currents at 0◦ in the T-shape necks (regions 1 and 2) of the
DTSS decoupling are in opposite directions and out of phase.

The same thing can be seen with I-strips for both anten-
nas, where the surface current points in opposite directions
in the common head of a DTSS, as seen in regions 3 and
4 in Fig. 13(a). The same behavior of the surface current
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FIGURE 11. Common partial ground evaluation effect (a) S-parameters
(b) axial ratio.

FIGURE 12. A stop-band filter equivalent circuit model for the (L = 1.6 n,
R = 70 ohm, C = 0.952 pF) double T-shape strips (DTSS).

distribution at 180◦ can be seen, but in the opposite direction,
as shown in Fig. 13(b), demonstrating the rejection coupling
between MIMO elements.

Back to Fig. 11(a), and as discussed for the DTSS structure,
which stands for NL, behaves as a band stop filter, isolation

FIGURE 13. Surface current on the double T strips decoupling structure at
3.5 GHz (a) wt = 0◦ (b) wt = 180◦.

is enhanced to more than 21 dB in the sub-6 GHz band 1 and
less than 29 dB in band 2, while in Fig. 11(b), the axial ratio
bandwidth below 3 dB is extended to 5.6 GHz–8.5 GHz,
where the frequency response for both bands is restored as
in the single element.

Figure 14 shows the final 2 × 1 MIMO antenna geometry
and prototype with an opposite configuration, I-side to I-side
layout, and a DTSS of a common head as a common partial
ground. As shown in Fig. 14(a), the antenna unit on the left
side is designated Antenna 1, while the other is designated
Antenna 2. The overall dimension is 31.5 × 45 × 1.6 mm3,
while Fig. 14 (b) depicts the fabricated prototype.

Figure 15 (a) shows the simulated and measured fre-
quency response of the scattering parameters, and Fig. 15 (b)
shows the simulated and measured axial ratios. As shown in
Fig. 15 (a), the simulated and measured results of band 1 for
S11 and S22 < −10 dB are 3.1 GHz–4.7 GHz and 3.45 GHz–
4.8 GHz, respectively. The simulated bandwidth for S11 and
S22 < −10 dB of band 2 covers 5.24 GHz–7.9 GHz, while the
measurement is 5.95 GHz–9 GHz. The minimum simulated
isolation of band 1 is over 17 dB, while the minimum mea-
sured isolation is 21 dB. Theminimummeasured isolation for
band 1 is over 21 dB, while the minimum for band 2 is over
26 dB. Figure 15(b) shows the simulated and measured axial
ratios, where the overlapped results of ARBW are between
5.95GHz and 8.1GHz of below 3 dB. As shown in Fig. 15 (a),
the overlapped simulation results with measurements are
highlighted in green for bands 1 and 2. Band 1 provides a
3.45–4.7 GHz bandwidth with a minimum isolation of 21 dB.
Band 2 is confined between 5.65 GHz and 7.8 GHz with a
minimum isolation of 26 dB.

A good agreement is observed between the simulation and
measured values of S11 and S22. The observed inheritable
discrepancies aremostly attributed to the prototype tolerances
and limited resolution of simulation results.

B. RADIATION PATTERNS
Figure 16 shows the polar radiation patterns at 3.5 GHz
and 6 GHz. Both simulated and measured patterns in the
(x-z) plane corresponding to normalized gain (θ); ∅ = 0◦
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FIGURE 14. MIMO antenna with double T strips decoupling structure
(a) Geometry (b) Fabricated prototype.

and in the (y-z) plane corresponding to normalized gain (θ);
∅ = 90◦ are presented.
As shown in Fig. 16(a), the simulated and measured radi-

ation pattern of the (x-z) plane of port 1 is shown, while
Fig. 16(b) shows the (x-z) plane of port 2 at 3.5 GHz. The
(x-z) plane takes the directive in the 270◦ direction in port 1,
while in port 2, the directive is in the 90◦ direction.

Figures 16(c) and (d) show the simulated and measured
(y-z) plane radiation patterns of ports 1 and 2, respectively,
at 3.5 GHz. At port 1, the directive points to 180◦, while it
points to 0◦ in port 2. Figures 16(a-d) show the co and cross
patterns at band 1.

Figure 16 (e and f) depict RHCP waves’ (x-z) plane pat-
terns at 6 GHz for ports 1 and 2, respectively. The simulated
and measured (x-z) plane patterns at 6 GHz are shown in
Fig. 16(e) when port 1 is excited and port 2 is terminated
with a 50�. Its pattern shows directives in 270◦. Figure 16(f)
shows the radiation pattern of the (x-z) plane when port 2 is
excited and port 1 is connected to a 50� load at a frequency

FIGURE 15. Simulated and measured S-parameters and axial ratio.

of 6 GHz. Its pattern shows directives in 90◦. Figure 16(g)
shows the (y-z) plane of the radiation pattern when port 1 is
excited and port 2 is connected to a 50� load at a frequency
of 6 GHz. The pattern of port 1 at 6 GHz skews its directive
into 330◦ and 210◦. In Fig. 16(h), which shows the (y-z)
plane pattern of port 2, the radiation pattern skews its directive
points to 30◦ and 150◦, which is the mirror pattern as in
Fig. 16(g).

The simulated and measured patterns in the (x-y) plane
corresponding to the gain (∅) of θ = 90◦ are also pre-
sented in Figs. 16(i) and 16(j) for ports 1 and 2, respectively.
Figure 16(i) shows the simulated and measured pattern of
RHCPwaves radiating in the x-y plane when port 1 is excited.
This shows more directive in 210◦. Figure 16(j) shows the
radiation pattern in the (x-y) plane with port 2 excited, which
shows its directive in 30◦. However, in Fig. 16 (e-j) for band 2,
the patterns described above are RHCP in the +Z direction,
but the mirror radiation patterns are also depicted as LHCP
in the -Z direction. The simulated and measured radiation
patterns of port 2 are RHCP waves in the +Z direction and
emit as a mirror in the -Z direction as RHCP but in the
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FIGURE 16. Simulated and measured radiation pattern (a) (x-z)plane of
port 1 at frequency 3.5 GHz (b) (x-z) plane port 2 at frequency 3.5 GHz
(c) (y-z) plane with port 1 at 3.5 GHz (d) (y-z) plane with port 2 at 3.5 GHz
(e) (x-z) plane with port 1 excited at 6 GHz (f) (x-z) plane port 1 at 6 GHz
(g) (y-z) plane port 1 at 6 GHz (h) (y-z) plane port 2 at 6 GHz (i) (x-y) plane
at 6 GHz port 1 (j) (x-y) plane at 6 GHz port 2.

opposite direction to the radiation pattern of port 1. These
complementary properties of the pattern make it possible for
the proposed MIMO antenna to create pattern and polariza-
tion diversity.

Figure 17 shows the simulated 3D radiation pattern for both
ports at 3.5 and 6 GHz. As illustrated in Fig.17 (a) at 3.5 GHz,
the 3D pattern shows the complementary patterns of port 1
compared to Fig. 17(b) of port 2 that support pattern diversity.
The same observation can be seen in Fig.17 (c) for port 1
as compared with Fig. 17(d) the complementary radiation
pattern supports diversity.

FIGURE 17. 3D radiation pattern (a) port 1 at 3.5 GHz (b) port 2 at
3.5 GHz (c) port 1 at 6 GHz (d) port 2 at 6 GHz.

Figure 18 shows the simulated and measured gain versus
frequency plotted on the left side, while the right side of the
plot is the simulated radiation efficiency. The Band 1 gain is
between 1.8 and 3.5 dBi, while the gain in Band 2 varies from
3.5 to 4.5 dBi. Band 1 has a minimum radiation efficiency
of 87%, while band 2 has a minimum radiation efficiency
of 85%.

FIGURE 18. Simulated and measured gain vs. frequency (left side) and
simulated radiation efficiency (left side).
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TABLE 2. Comparison to the previous work.

IV. PERFORMANCE OF THE PROPOSED MIMO ANTENNA
To demonstrate the diversity performance of the proposed
MIMO antenna, we evaluated the Envelope Correlation Coef-
ficient (ECC), Diversity Gain (DG), and Mean Effective
Gain (MEG).

Low correlations should be achieved to improve the
MIMOantenna element’s performance. Acceptable ECC lim-
its are between 0 and 0.5 [24]. The ECC is evaluated by

S-parameters using the following formula [25].

ECC =

∣∣S∗

11S21 + S∗

21S22
∣∣2(

1 − (|S11|2 − |S21|2)
) (
1 − (|S22|2 − |S12|2)

) (1)

where the complex conjugate of S11 and S21 are denoted as
S∗

11 and S
∗

21, respectively.
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The far fields may be used to compute ECC to get a more
accurate result [26] as:

ECC =
|
∫∫

4π [R1(θ, 8).R2(θ, 8)d�]|2∫∫
4π |R1(θ, 8)|2d�

∫∫
4π |R2(θ, 8)|2d�

(2)

Ri (θ, ∅) refers to the radiation pattern when port (i) is excited,
and � refers to the solid angle.
With the use of DG, it is also possible to test how well a

MIMO antenna performs. Though a DG of 10 dB is ideal,
values of 6 dB or above are still desirable [27]. The following
approximate expression is used to calculate the diversity
gain [28]:

DG = 10
√
1 − (ECC)2 (3)

The scattering parameters and far-field versus frequency
approaches for calculating ECC are shown in Fig. 19; along
with DG, it shows excellent performance from 3.4 GHz to
4.5 GHz (band 1) and 5.6 GHz to 7.8 GHz (band 2) with an
ECC much below 0.002 obtained using S-parameters and an
ECC of 0.009 obtained using the far fields. This outcome is
much lower than the acceptable values for MIMO systems.
In addition, the antenna system achieves outstanding diversity
gain (DG > 9.98 dB) throughout the two bands.

FIGURE 19. Simulated envelope correlation coefficient (ECC) using
S-parameters and radiation pattern, including DG against frequency.

The MEG is another important MIMO parameter. MEG is
the ratio between the diversity antenna’s mean power and the
isotropic antenna’s mean received power. The best range for
each MEG value is between −12 dB and −3 dB. MEG is
calculated using the formula given in [29]:

MEG(i) = 0.5

1 −

n∑
j=1

∣∣Sij∣∣2
 (4)

In addition, the absolute difference between MEG1 and
MEG2 should be below 3 dB for ideal performance [30].
Fig. 20 illustrates the computed MEG1, MEG2, and value of
|MEG1-MEG2|. It is clear that EMG1 and EMG2 are near the
desired value of −3 dB, and their |EMG1- EMG2| is close to
0 dB, indicating compliance with optimal MIMO metrics.

FIGURE 20. Simulated mean effective gain MEG1, MEG2, and
|MEG1-MEG2| versus frequency of the proposed SMMGD MIMO antenna.

V. PROPOSED ANTENNA PERFORMANCE COMPARISON
AGAINST STATE-OF-THE-ART
Table 2 compares our proposed MIMO antenna against
typical designs reported during the past five years. The
table shows that our design performs well in overall MIMO
attributes, whether by bandwidth, ARBW, gain, ECC, size,
or isolation. Moreover, compared to other designs, its simple
design has a small footprint, wide ARBW, good isolation, and
small ECC. All these attributes make the proposed antenna a
good candidate for MIMO applications.

VI. CONCLUSION
This paper presents and experimentally validates a two-
port, compact, easy-to-fabricate, dual-band MIMO antenna.
The single element is a CPW-fed Square Shape Modi-
fied Monopole with Defecated Partial Ground (SMMDG).
Two bands are evaluated: band 1 is dedicated to the sub-6
band with linear polarization and spatial diversity, covering
(3.45 – 4.7) GHz with S11 and S22 < −10 dB, where the min-
imum isolation through this band is 17 dB. The second band
covers 5.6 GHz –7.8 GHz for which S11 and S22 < −10 dB,
including the Wi-Fi 6E (n96) (5.925 - 7.125) GHz with
left-hand circular polarization (LHCP) in a +Z of less than
3 dB axial ratio bandwidth of 5.95 GHz – 7.8 GHz. The
Wi-Fi 6E band supports both spatial and pattern diversity.
The minimum isolation through band 2 is 26 dB. The two
elements emit bidirectional patterns, with an LHCP in the
+Z direction and an RHCP in the -Z direction. Other MIMO
metrics, such as ECC,MEG, and DG, are examined and show
their conformity with features of MIMO technology. Because
it has excellent MIMO diversity and antenna performance for
wireless communications, the proposed antenna can be used
in a wide range of wireless applications.
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