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Abstract: This research work presents a compact design of a Multiple-Input Multiple-Output (MIMO)
multiband antenna along with high-isolation characteristics. The presented antenna was designed for
3.50 GHz, 5.50 GHz, and 6.50 GHz frequencies for 5G cellular, 5G WiFi, and WiFi-6, respectively. The
fabrication of the aforementioned design was undertaken using FR-4 (1.6 mm thickness) substrate
material with a loss tangent and relative permittivity of about 0.025 and 4.30, respectively. The
two-element MIMO multiband antenna was miniaturized to 16 x 28 x 1.6 mm?, making it desirable
for devices operating in 5G bands. High isolation (>15 dB) was attained with thorough testing
without employing a decoupling scheme in the design. Laboratory measurements resulted in a peak
gain of 3.49 dBi and an efficiency of around 80% in the entire operating band. The evaluation of the
presented MIMO multiband antenna was carried out in terms of the envelope correlation coefficient
(ECQ), diversity gain (DG), total active reflection coefficient (TARC), and Channel Capacity Loss
(CCL). The measured ECC was less than 0.04, and the DG was well above 9.50. The observed TARC
was also lower than —10 dB, and the CCL was below 0.4 bits/s/Hz in the entire operating band. The
presented MIMO multiband antenna was analyzed and simulated using CST Studio Suite 2020.

Keywords: MIMO antenna; multiband; 5G; WIFI-6

1. Introduction

In today’s wireless communication technology and 5G era, in which wireless devices
are evolving at a very fast pace, the improvement of data transmission with large capacity
and link reliability is greatly needed [1]. Researchers have proposed various methods to
meet demands, and MIMO technology has turned out to be one of the most fruitful solutions
for enhancing the data rate [2]. However, to achieve high isolation, high gain, and compact
size, one needs to overcome many design challenges. Over the past few years, researchers
have presented numerous MIMO antennas in the literature. A tri-band coplanar MIMO
antenna was presented in [3] for WIMAX and WLAN applications. Its single-element design
consisted of a monopole antenna with two L-shaped arms and a meandered microstrip
line. It had a compact size of 48 x 48 x 1.6 mm? and was fabricated on an FR-4 substrate,
but it offered low gain and isolation values. In MIMO antennas, it is critical to maintain
high isolation between the radiating elements for good radiation performance of the MIMO
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system. A simple approach to achieve isolation of less than —10 dB using ferrite skin was
presented in [4]. Two inverted F-shaped antenna elements radiating at 3.5 GHz were placed
1.4 mm apart. The ferrite coating was applied to the radiating element to improve the
isolation between the antenna elements. An increase in isolation of 3.79 dB was reported
by carefully controlling the ferrite material coating and its thickness. The impedance
bandwidth was also improved to 0.14 GHz. This paper presented a simple technique for
improving isolation in a MIMO antenna, but the method did not provide enough isolation
and reduced the gain and radiation efficiency of the antenna. A four-port wideband MIMO
antenna was designed to operate in the frequency range of 4.36-6.90 GHz [5]. It had a
simple monopole on the front side and a ground plane with circular slits etched on the back
side of the substrate. High isolation was achieved by placing the antenna elements in an
orthogonal position to each other. It had a peak gain of 2 dB and a radiation efficiency higher
than 90%. This MIMO antenna had good performance in terms of impedance bandwidth,
isolation, and radiation efficiency, but it had low gain and a high ECC value. A dual-port,
dual-polarized MIMO antenna for 5G and WLAN communication systems was presented
in [6]. It was fabricated on an FR-4 substrate with a stepped microstrip line on the top side
and a square ground structure on the bottom side. The isolation was enhanced by designing
a passive decoupling structure between the antenna elements and etching three slots on
the ground plane. It operated in the frequency ranges of 3.4-3.6 GHz and 5.15-5.85 GHz.
Although this MIMO design had a compact antenna and provided dual-band operation, it
had low gain and isolation and a high ECC value. A compact MIMO antenna resonating
at 3.1 to 5.2 GHz frequency bands was presented in [7] for WIMAX and WLAN system:s.
It consisted of two different antenna designs: Antenna 1 was a modified T-shaped strip
line, while Antenna 2 was a square-shaped microstrip electromagnetically coupled to its
feedline. The ground plane was a slotted square strip. The orthogonal orientation of the
antenna elements provided isolation between them. While the presented antenna had a
wide frequency coverage, it offered low gain and isolation. Another technique to improve
isolation is to modify the ground structure, which was presented in [8], in which L-shaped
and T-bar-shaped structures were used. Moreover, the orthogonal mode method and
an isolator designed with a circular structure providing high isolation were presented
in [9]. An Al-based MIMO antenna design was presented in terms of return loss, radiation
patterns, and diversity gain. The Genetic Algorithm (GA) and Neural Network (NN) were
used to improve antenna performance; in addition, the effect of mutual coupling between
antenna elements was investigated using Al techniques [10]. A deep learning-based
MIMO antenna selection and Channel State Information (CSI) extrapolation approach
was used to investigate random selection and linear interpolation in terms of spectral
efficiency and complexity [11]. An overview of artificial intelligence (AI) approaches in
antennas for environmental sensing was presented. The authors briefly explained Al
techniques in antenna design through several case studies in which Al-based antennas
were used for environmental sensing applications [12]. A novel approach using artificial
neural networks (ANNSs) to design a microstrip patch antenna for radar applications was
presented. The proposed approach involved training an ANN to predict the optimal
dimensions of the microstrip patch antenna based on the desired operating frequency and
other performance parameters; in addition, a good comparison was provided between the
performance of the proposed approach and that of traditional design methods, such as
the Transmission Line Model (TLM) and the Finite Element Method (FEM) [13]. In this
research, different machine learning techniques utilized by several case studies on antenna
design and optimization, such as artificial neural networks, support vector machines, and
genetic algorithms, were presented [14]. A detailed investigation of recent developments
and technical solutions in the design and development of innovative space—air-ground
integrated networks to support seamless and ubiquitous wireless connectivity for future
6G wireless communications was presented. The authors addressed different application
scenarios and implementation challenges for SAGI 6G networks [15]. The performance
analysis of Multiple-Input Multiple-Output (MIMO) systems using circular polarization
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was presented. The authors investigated how circular polarization affects MIMO system
metrics, such as capacity, diversity gain, and channel correlation. In addition, the research
suggested a novel strategy for optimizing the design of circularly polarized antennas for
MIMO systems. The suggested method calculated the optimal antenna rotation angles
using the channel matrix’s Singular Value Decomposition (SVD) [16]. A novel design
of mm-wave circularly polarized MIMO antenna array was presented that performed
effectively for indoor 5G applications at 28 GHz. The proposed antenna array had good
radiation patterns and diversity gain. The author used a simple decoupling network to
minimize the mutual coupling between two elements [17]. A wideband 5G millimeter-
wave, circularly polarized, single-layer MIMO antenna was presented. The operating
bandwidth of the antenna was 25 GHz-29.5 GHz. The antenna’s radiation mechanism was
thoroughly investigated using reflection phase characteristics and the transmission-line
model. The MIMO antenna had high isolation between the antenna elements (<—30 dB)
with a low ECC and a channel capacity loss of 0.19 bits/s/Hz [18].

The research efforts in this paper demonstrate a compact multiband 2 x 1 MIMO
antenna that operates at 3.50 GHz, 5.50 GHz, and 6.50 GHz, catering to 5G, WLAN, and
WiFi-6 devices, respectively. Initially, a single antenna element was introduced, and sub-
sequently, the design was replicated orthogonally for a 2 x 1 MIMO configuration. The
notable features of this antenna include its higher gain, enhanced radiation efficiency, supe-
rior isolation, improved diversity performance, and reduced antenna size in comparison
with the antennae in the existing literature. The primary objective behind the design of the
proposed MIMO antenna was to offer a compact design with simplified fabrication, suitable
for devices operating within the 5G frequency bands that require compact antennas.

2. Single Antenna Element Design

In this section, a single element of the MIMO multiband antenna design is explained.
Its geometry is presented in Figure 1. The measurements of the single antenna element were
16 x 10 x 1.6 mm?, and it was fabricated on an FR4 (1.6 mm thickness) substrate (¢, = 4.30
and tan(d) = 0.025). It was fed through microstrip lines of distinct lengths and widths to
achieve good multiband characteristics. On the back side of the substrate, there was a
partial ground structure and a flipped L-shaped strip, which provided a wide impedance
bandwidth for the 6.5 GHz frequency. Its simulated reflection coefficient (S11) along with
the design steps are presented in Figure 2.

Modified G-shaped strip

5-shaped strip
Inverted L-shaped strip -
N L-Shaped strip for 6.5 GHz oL

Electromagnetically coupled strip

(a) Top view (b) Bottom view

Figure 1. Top and bottom illustration of the single antenna element.
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Figure 2. Simulated S11 results and design steps of single-element antenna.

Firstly, a simple 5G-shaped strip with a modified G-shape (embedded within it) along
with a microstrip feeding line was designed on the uppermost side, and a partial or semi-
ground structure was etched on the lowermost side of the substrate. The 5G-shaped strip
was tuned to radiate at 3.5 GHz. At its optimized version, the reflection coefficient for the
3.5 GHz band was well below —10 dB. In step 2, an inverted L-shaped strip was added
to acquire the categorization of a dual-band, i.e., 3.50 GHz and 5.50 GHz. The feeding
structure was modified for a better impedance bandwidth (<—10 dB); these modifications
shifted the 3.5 GHz dip, which was rectified in step 3. For the proposed antenna design,
two L-shaped strips were added, one at the bottom side of the substrate and the other at
the bottom edge of the 5G-shaped strip. The microstrip feeding structure was tailored and
resulted in triple band characteristics (3.50 GHz, 5.50 GHz, and 6.50 GHz).

The physical dimensions of the presented MIMO multiband antenna design are tab-
ulated below in Table 1. Moreover, to elaborate the operation mechanism of the antenna,
the parametric analysis is shown in Figure 3. As mentioned before, the 3.5 GHz band was
achieved by designing the 5G-shaped strip, so any deviation from the optimized values
W = 3.1 mm and Wy; = 7 mm resulted in variations, as presented in Figures 3a and 3b,
respectively. In the 5.5 GHz frequency band, L; was evaluated at different values, as shown
in Figure 3c, and the best results were observed at Ly = 4.9 mm. The L-shaped strip, which
was embedded to obtain the 6.5 GHz frequency band, made the other design parameters
more sensitive to any change, as can be seen in Figure 3d, so after the optimization of Ly,
its finest value was observed to be Ly = 1.1 mm. Moreover, L4 and W15 were fine-tuned
at 8.8 mm and 6.5 mm, respectively, to obtain a wide impedance bandwidth at the same
frequency, as presented in Figure 3e,f, respectively. A comparison of the reflection coeffi-
cients (S11) of simulated and laboratory-measured single-element antennas is illustrated
in Figure 4. It is evident in the graph that an impedance bandwidth below —10 dB was
achieved for 3.50 GHz, 5.50 GHz, and 6.50 GHz frequency bands.
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Table 1. Physical dimensions of presented MIMO multiband antenna.

Specification Dimension (mm) Specification Dimension (mm)

L 1 L1 15
Wi 5 Wi 7
L, 15 Lip 2.8
W, 3.6 Wip 25
L 1.7 L3 1.8
W;3 22 Wis 0.8
Ly 1.1 Lig 8.8
Ls 0.5 Lis 0.5
W;s 4.8 Wis 6.5
Lg 29 GL 2.5
Wy 3.1 GW 10
L; 4.9 LS; 16
Wy 1.3 WS, 10
Lg 8.3 LS, 16
Wy 0.6 WS, 28
Lo 1.8 Dy 3.3
Wy 4.2 D, 2.8
Lig 6.8 D3 12.70
Wiyg 2
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Figure 3. Parametric analysis of the presented MIMO multiband antenna. (a) Wg; (b) Wyy; (c) Ly;
(d) Ly; (e) Lag; () Wis.
0 -
5
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0 -15-
K=
‘ﬂ‘; -20
-25 4
304 — Simulated
Measured
_35 T T llll T T T T T T T T T T 1
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Frequency (GHz)
Figure 4. Laboratory-measured and simulated S11 of the single-element antenna.

3. Design Analysis of MIMO Antenna

To design a two-element MIMO multiband antenna, a single-element antenna was
duplicated and marked as Ant 1 and Ant 2, as depicted in Figure 5. During the design
process, these two antenna elements were shifted to different locations on the substrate to
obtain an isolation of less than —15 dB between the antennas, which was of prime concern.

Ls2

D1

(@) (b)

Figure 5. Two-element MIMO multiband antenna. (a) Top view and (b) bottom view.
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In the MIMO design, the minimum distance between the centers of two antennas
should be A/2 in order to obtain good isolation, but this distance would make the physical
area of the MIMO design too large for a compact antenna design. The best possible
alternative for this problem is to place the second element in a different orientation. An
optimal distance D1 of 3.3 mm was set, which gave us the total dimensions of our proposed
MIMO antenna, which were 16 x 28 mm?. Furthermore, Ant 2 was shifted into three
different locations—the top (Figure 6a), center (Figure 6b), and bottom (Figure 6¢) positions—
to study the Sy, parameter, as depicted in Figure 6. A fabricated antenna is displayed in
Figure 7. Figure 8 highlights that the optimum reflection coefficient (Sy2) was observed
when Ant 2 was placed in the bottom position.

Figure 6. Different configurations of the two-element MIMO multiband antenna. (a) Top arrangement,
(b) center arrangement, and (c) bottom arrangement.

Figure 7. Fabricated design of two-element MIMO antenna.
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Figure 8. Comparison of reflection co-efficient (522 dB) at three different positions: (a) top position,

(b) center position, and (c) bottom position.

The simulated maximum surface current density at the resonance frequencies of a
two-element multiband MIMO antenna at port 1 is depicted in Figure 9. As antenna 1
was excited, the surface current density for 3.50 GHz, 5.50 GHz, and 6.50 GHz reached
the maximum around antenna 1, as shown in Figure 9a—c. It is evident in the figure that
for frequencies of 3.50 GHz, the maximum current density appeared on the 5G-shaped
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strip; for frequencies of 5.50 GHz, the upturned L-shaped strip was resonating; and for
frequencies of 6.5 GHz, the L-shaped strip embedded at the bottom edge was resonating.
A small current coupling of antenna 1 with antenna 2 can be observed at 5.50 GHz and
6.50 GHz owing to higher-order mode excitation.

5G-shaped strip (3.5 GHz) Upturned L-shaped strip (5.5 GHz)

Figure 9. Current density of two-element MIMO multiband antenna: (a) 3.50 GHz, (b) 5.50 GHz, and
(c) 6.50 GHz.

The laboratory-measured and simulated isolation coefficient S;, and reflection coeffi-
cient 51 of the presented MIMO multiband antenna are shown in Figure 10. In the graph,
it is notable that both the simulated and laboratory-measured isolation (S1,) were below
—15 dB, and the presented antenna showed good isolation in the entire operating band.
This was achieved because of the inherent property of polarization diversity.

0
-5
-10 4
@ -15 -
E 4
o -20 -
5
@ 25
£
£ 30
©
>
31 __g,, sin— —8,,_mea
-40 4——S8,,_sim— —§,, mea
45 ]=——8,,_sim S, _mea
{——S;,_sim— —8§,,_mea
'50 l"/’l'l'l L

—T T T T T 1 1
323436 5052545658 6.0 62 6.4 6.6 68 7.0
Frequency (GHz)

Figure 10. S-parameters (S11 and S12) of the presented two-element MIMO antenna.
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4. Results and Discussions

The radiation pattern of the antenna was measured by utilizing an anechoic chamber,
as illustrated in Figure 11. The simulated and laboratory-measured radiation patterns of
the presented two-element MIMO multiband antenna at 3.50 GHz, 5.50 GHz, and 6.50 GHz
are presented in Figure 12. While testing, antenna 1 was connected to the setup, and a
terminator was plugged into the port of antenna 2. At 3.5 GHz, the highest gain of 2.24 dBi
was seen at 170 degrees, while the lowest gain of —13.8 dBi occurred at 260 degrees, as
presented in Figure 12a. For 5.50 GHz, the peak gain value came out to be 3.49 dBi at
30 degrees, whereas the lowest gain of —12.2 dBi was seen at 280 degrees, as demonstrated

in Figure 12¢c. At 6.50 GHz, a maximum gain of 3.41 dBi was observed at 170 degrees, while
a minimum gain of —13.5 dBi occurred at 320 degrees, as shown in Figure 12e.

Figure 13 shows the simulated co- and cross-polarization results at 3.5 GHz, 5.5 GHz,
and 6.5 GHz, respectively.

2 o=

A4
_—— .
e
TTER TR D
.“’Q.

e
L4
r
-
.
»
.
.h
.
»
.-
s B

Y Y2 22 Rl

p——T2 220 L0

Y 22 T AR D
Ov

LA s AL e

-
——

Figure 11. MIMO antenna anechoic chamber setup.

E-Plane 3.5 GHz H-Plane 3.5 GHz

60 300
90 270
120 240
150 210 |——simulated 150 210 |——Simulated
180 — — -Measured 180 — — -Measured
(a)

Figure 12. Cont.
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E-Plane 5.5 GHz H-Plane 5.5 GHz
0
30 1 330
60 300 300
90 270 270
120 240 240
150 210 Simulated — Simulated
180 — — Measured 180 ~ — "Measured
(c) (d)
E-Plane 6.5 GHz H-Plane 6.5 GHz
0 0
30 1 330 30 1 330
300 300
270 270
240 240
150 210 |——Simulated —— Simulated
180 = = Measured — — Measured
(e) ®

Figure 12. Radiation pattern of presented MIMO multiband antenna: (a) E-plane (3.50 GHz),
(b) H-plane (3.50 GHz), (c) E-plane (5.50 GHz), (d) H-plane (5.50 GHz), (e) E-plane (6.50 GHz),
(f) H-plane (6.50 GHz).

Figure 14 illustrates the calculated radiation efficiency and gain at different frequencies
of the MIMO antenna. The peak gain of around 3.49 dBi occurred at 5.5 GHz, while gain
values of 2.24 dBi at 3.50 GHz and 3.41 dBi at 6.50 GHz were recorded. The observed
radiation efficiency was higher than 80% throughout the operating band.

0

—8—3.5GHz Co-Pol A2
—8—3.5GHz X- Pol A2

(a) (b)

Figure 13. Cont.
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~=55GHz COPOL AL
—@—55GH: X POL AL

(e)

()

Figure 13. Co- and cross-polarization: (a) 3.5 GHz, Antenna 1; (b) 3.5 GHz, Antenna 2; (c) 5.5 GHz,

Antenna 1; (d) 5.5 GHz, Antenna 2; (e) 6.5 GHz, Antenna 1; (f) 6.5 GHz, Antenna 2.

—_—
o
)
—

=
©
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Figure 14. Radiation efficiency and gain of two-element MIMO multiband antenna.
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The diversity performance of the proposed two-element MIMO multiband antenna
was assessed with the help of the parameters DG (diversity gain), ECC (envelope correlation
coefficient), and TARC (total active reflection coefficient). It considers the radiation pattern,
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its polarization, and the antenna element’s relative phase. The ECC between two antenna
elements in a MIMO is calculated with the help of the following mathematical model [19,20]:

2
‘gjs Egi.Ej; + E@i-E;de‘

ECC =
{F Eoi-Eg; + Eci-E5,dQ §f Eoj-Ej; + Egy Efy dO)

)

where i and j indicate port numbers. DG is an important aspect that certifies the diversity
performance of MIMO systems. It is calculated using the following equation [21,22]:

DG =10 x /1 — |ECC| @)

In Figure 15, it is notable that the value of the envelope correlation coefficient was
below 0.04, while the diversity gain was well above 9.5 for the complete band of operations.

0.10 -/\ /’_\d 10.0
0.08 - o9
0.06 198 =
o
O T
w %)
0.04 dg7 O
0.02 1 196
—EGCC
\ —DG
0.00 )R ./ 95

3.2 34 3.6 5.0 5.2 54 5.6 5.8 6.0 6.2 6.4 6.6 6.8 7.0
Frequency (GHz)

Figure 15. Calculated ECC and DG.

For calculating TARC, the laboratory-measured S-parameters of a two-element MIMO
multiband antenna were used in the following mathematical relationship [23,24]:

Yoy |bif?
TARC = e T 3)
Yo |a;|?

where a; denotes an incident wave and b; denotes a reflected wave. It is evident in Figure 16
that TARC was below —10 dB in all the bands of operation.
The channel capacity loss (CCL) is another essential diversity parameter that defines

the maximum attainable limit of the communication transmission rate. The CCL of the
proposed MIMO antenna was measured using Equation (4) from [22]:

Closs = _logZdet("‘R) 4
X171 - K14
Where, a® =
K41 - K44

N
And aj; =1 — (Zj:1 1Sii1%)
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Also, njj = — (Sl] * Sij + Sji * Sl])
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Frequency (GHz)

Figure 16. TARC of proposed two-element MIMO multiband antenna.

Its simulation results were compared with the measured results shown in Figure 17,
in which it can be noted that the simulation and measured results of channel capacity loss
were below 0.4 bits/s/Hz in the operating frequency bands, which satisfied the acceptable
limit condition. A comparative analysis of the proposed MIMO antenna against the existing
literature on MIMO antennas is presented in Table 2. The results indicate that the proposed
MIMO antenna is competitive with the existing MIMO antennas. Notably, the proposed
antenna demonstrated higher isolation than those in [4,9], lower values of ECC compared
with those in [5,6,9], higher efficiency than those in [4,8,9], and higher gain than all those
reported in the literature in the table [3-9]. Additionally, it has a reduced antenna size
compared with those in [3,5-9]. The tabulated summary provides strong evidence that
the presented research on MIMO multiband antennas is highly competitive, taking into
account antenna gain, radiation efficiency, size, operating bands, diversity performance,
and isolation.
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Figure 17. Channel capacity loss (CCL) of proposed two-element MIMO multiband antenna.
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Table 2. Summarized comparison of the presented research work with existing literature.

Ref.

Operating
Frequency
(GHz)

Isolation
(dB)

ECC

Peak Gain
(dBi)

Efficiency
(%)

Decoupling
Method

Total Size
(mm?)

Implementation
Complexity

This work

2.25-2.41,
3.36-3.65 and
4.7-6.25

3.35-3.67

4.36-6.90
3.4-3.6

5.15-5.85
3.1-5.2

3.4-3.6

3.4-3.8

3.5,5.5and 6.5

<0.0086

NR
<0.08
<0.11
<0.05

1.5-2.9

2.6

80-88

43-45.5
>90
>86
>90

Self-isolated

Ferrite
loading
Self-isolated
Parasitic
stripline
Self-isolated

48 x 48 x 1.6

113 x4 x1
25 x 25 x 1.57
25 x 25 x 1.57
35 x 35 x 1.57

Uncomplicated

Complicated
Uncomplicated
Uncomplicated

Uncomplicated

75 x 150 x 1.6
(8 elements)

Parasitic
structure
Modified
ground
structure
Polarization
diversity

>15 <0.012 2.5 60-70 Uncomplicated

75 x 150 x 1.59

>12 <0.05 3 (2 elements)

65-80 Uncomplicated

16 X 28 X 1.6

>15 <0.04 3.49 >80 (2 elements)

Uncomplicated

References

5. Conclusions

This research effort presents a compact MIMO multiband antenna. The initial design
architecture comprised a single element consisting of a 5G-shaped microstrip, two L-shaped
strips, and a partial/semi-ground structure designed to radiate on the 3.50 GHz, 5.50 GHz,
and 6.50 GHz frequency bands. For the MIMO, a duplicate design was placed in an
orthogonal position with respect to the first element. The peak gain was recorded at 3.49 dB
at 5.50 GHz, and the radiation efficiency was above 80% throughout the operating bands.
ECC was observed below 0.04, DG was higher than 9.5 dB, and TARC was below —10 dB in
all the bands of operation. In the presented research effort, the MIMO multiband antenna
was miniaturized to a size of 16 x 28 x 1.6 mm?>. The laboratory-measured findings are in
good agreement with simulated results, indicating that the presented antenna is suitable
for 5G, WLAN, and WiFi-6 applications.
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