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Abstract

This study presents the design and analysis of a compact (72x46) mm2 broad-band printed MIMO
(2x1) antenna. The antenna is intended to operate at frequencies (15.5-22.5-29.5) GHz and is
specifically developed for wireless power transmission in fifth-generation (5G) applications. The
MIMO antenna is fabricated on an FR4 substrate with an electronic conductivity (E) of 4.4, a
height of 1.6mm, and a tand value of 0.025. The patch is designed in the form of a circular ring
consisting of two large circles engraved on the front side of the FR4 material, the first with a
radius of 12.999 mm from which a small circle with a radius of 10 mm is cut, and its center is 3
mm away from the large circle on the y-axis. The parasitic technique was used in this antenna to
reduce the mutual coupling between two ports, which consist of 6 rectangular pieces that are
hollow from the, inside to prevent the transmission of the wave from the first port to the second
and vice versa, which causes the loss of transmitted energy. The design and simulation results of
this MIMO antenna were achieved using the Cognitive Simulation Technology (CST) Microwave
Studio software package version 2024. The simulation revealed that the S-parameter for the 2-port
is below -17 dB, and the mutual coupling for these ports is significantly low, measuring less
than -50 dB.

Keywords: MIMO Antenna, Mutual Coupling, Parasitic Element Method, Tunnel Method, /4
Slot Method, Wireless Power Transmission and Fifth Generation (5G).

1 Introduction

MIMO wireless communication systems depend on integrating several antennas within the mobile
device (Jamshed et al., 2021). Employing several antennas can enhance the transmission rate, offering
users greater multimedia, real-time video communication, and data transfer capabilities (Alkaraki &
Gao, 2020). MIMO technology is expected to be prevalent in all forthcoming wireless generations
(Yadav et al., 2018). Consequently, it is imperative to meticulously design and characterize the
antenna component of the system to enable the system to attain its projected high data rates (Tang et
al., 2020).
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The major drawback of MIMO antennas is the mutual coupling that is present between MIMO
elements (Chandel & Gautam, 2016). The electromagnetic interaction between the MIMO system's
components is known as mutual coupling (Masoodi et al., 2021). Either the electromagnetic interaction
between the elements or the surface current flowing from one element to another is responsible for the
mutual coupling (Khan et al., 2020). Mutual coupling is a function of the relative position between
elements and becomes large for small spacing (Salih & Nangir, 2024). Without the mutual coupling,
the output power value is approximately equal to the input power, thus, the total efficiency is relatively
high (Li et al., 2019). With mutual coupling, the coupling power reduces the output power and the total
efficiency (lgbal et al., 2017). As the distance between MIMO parts increases, researchers are
currently searching for methods that provide very high isolation while achieving minimal size (Zhao et
al., 2019). It is worth mentioning that reducing the mutual coupling will reduce the envelope
correlation for a highly efficient antenna (Sanad & Hassan, 2014).

A. Tunnel Method

This method aims to locate the zone that has the least effect on the antenna characteristics such as
impedance matching, bandwidth, etc (European 5G Observatory al., 2020), and a change has to be
made to it to reduce its surface current density that is responsible for mutual coupling (Babuet al.,
2011). The surface current (I) that flows between elements can be estimated from the following
equation (Patil et al., 2020; Gurjar et al., 2019).

Where J: is the surface current density
A): is the surface area

This method will increase the surface area (A) by digging a tunnel at the ground plane with height
(ho) and width (wo) on the space between MIMO elements (Tang et al., 2019; Narteni et al., 2021).
Therefore, the surface current will travel a long distance from one element to another (Salih &
Abdullah, 2019) as shown in Figure (1), and the current density (J) will be decreased
(Alibakhshikenari et al., 2020).

Microstrip patch
Antenna

Wo
4—>

ho I
/ Substrate layer

The Tunnel

Figure 1: Building a Tunnel between Radiation Elements

This method can be used to obtain single-band, dual-band and triple-band MIMO antennas
(Masoodi et al., 2021; Ramakrishna et al., 2021), and can be classified into two kinds.
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B. Tunnel Method with Sharp Edges
A tunnel of this kind has a pair of sharp edges on both sides to increase the surface area (Rajkumar et
al., 2019), as shown in Figure (2).

Microstrip patch
Antenna

\/

Sharp edges Substrate layer

L.

Figure 2: Tunnel with Sharp Edges

C. Tunnel with Stair Edges

In this kind, opposite stairs have been introduced in the tunnel (Luo et al., 2017), as shown in
Figure (3), to increase the surface area.

Microstrip patch Antenna

/ Substrate layer

Stair edge

Ground plane layer

L.

Figure 3: Tunnel Method with Stair Edge

D. Parasitic Element Method

A parasitic element is a specific element of a specified shape and size that can be placed between
MIMO elements without physical contact, or fixed to the ground plane as a resonator (Neamah et al.,
2023; Unisa & Gowda, 2022). In order to reduce the overall coupling, this parasitic element will
produce opposing coupling fields on both sides to attenuate the initial field (Jabire et al., 2021). The
driving current supplied to element -1 is represented by | excited, the coupling current between the
patches and the parasitic element by | coupling par, and the coupling current between the patch
element -1 and element -2 by Icouplingz, as shown in Figure (4). (Zhao et al., 2019). The coefficient
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(a) denotes the coupling factor between element -1 and element -2, while the coefficient (B) denotes
the coupling factor between the parasitic element and element -1. (Addepalli & Anitha, 2020). The
over-coupling current Icoupling of the victim antenna can be derived from the following equations
(Khan & Khattak, 2020).

Element 1 8 B Element 2

Parasitic element

lexcited

|c0up|ing 2

o

l |c0up|ing par.

Figure 4: Block Diagram of Parasitic Element Operation

It is clear that if (2) has theright tunning value and becomes approximately equal to (a), then I
coupling may be eliminated. Before inserting the parasitic element between MIMO elements
(Addepalli & Anitha, 2020), it must be tested alone and its characteristics like centre frequency,
bandwidth, return loss, transmission coefficient, and gain should be analysed (Salih et al., 2023). There
are many techniques for parasitic element testing with the help of the developed software such as CST
microwave studio and HFSS (Khan et al., 2015). The most frequently used method is the frequency
domain simulation (Azarm et al., 2018). The parasitic element will be designed on the same dielectric
substrate of the patch antenna and inserted between two - port waveguides (Kang et al., 2015)
according to Figure (4). The CST program optimizes and modifies the distance between the close side
of the parasitic element and the planar waveguide.

E. A/4 Slot Method

By making two slots in the ground plane that are A/4 lengths long and correspond to the quarter
wavelength of the resonance frequency, mutual coupling between elements can be decreased (Ghimire
et al., 2019; Biswal & Das, 2018). As a result, these slots will function as a band-stop filter for surface
currents and any electromagnetic waves with wavelengths that match this A (Salih & Abdullah, 2023).
A (2x1) MIMO monopole antenna operating at 5G triple band frequencies was designed in this paper.
With a certain design and dimensions, the parasitic element—the second method—was employed to
lessen the reciprocal coupling between the two ports.

2 Antenna Design

The proposed antenna is a MIMO (2x1) monopole triple band antenna consisting of two ports
operating at frequencies (15.5-22.5-29.5) GHz compact size (72x46) mm?. The MIMO antenna is
printed on anFR4 substrate with E, = 4.4, h = 1.6mm and tand = 0.025 (Maturi & Harikrishna, 2020).
The patch is designed in the form of a circular ring consisting of two large circles engraved on the
front side of the FR4 material, the first with radius R1 from which a small circle with radius R2 is cut,
and its center is C away from the large circle on the y-axis, as in Figure (5).
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Figure 5: Printed MIMO Antenna Without Parasitic

As seen in Figure (6), the MIMO antenna is intended to be implemented by two patches spaced a
specific distance apart, each with its own feed. Table 1 lists all of the patch's and MIMO antenna's
measurements.

L2

— W —

(@ (b)

(c)
Figure 6: Printed MIMO Antenna Without Parasitic (a) Top View (b) Back View (¢) 3D View
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Table 1: The Optimum Design Dimensions of MIMO Antenna

Dimensions Value
L1 24 mm
L2 72 mm
W1 2 mm
W2 46 mm
W3 32 mm

R1 12.999 mm
R2 10 mm
C 3mm
G 8 mm

When simulating the MIMO antenna using the CST program before adding the brastic between the
two ports, it was found that the isolation between the two ports S;, and S, are low, as in Figure (7).

This causes a weakness in the efficiency of the antenna’s operation, as the antenna loses part of the
signal without benefiting from it.
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Figure 7: Reflection Coefficient: (a) S1,. (b) Sy1.

Since there is no spacer between them to stop the transmission of that antenna in this situation, it
performs poorly. Figure (8) illustrates the isolation between the two ports. As a significant portion of

the signal moves from the first port to the second and vice versa, this will increase the mutual
coupling.
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Figure 8: Current Distribution (Surface Current) MIMO Antenna without Parasitic: (a) Port 1,
(b) Port 2

The parasitic is incorporated into the MIMO antenna's front face in the form of six hollow
rectangular pieces from the inside as shown in Figure (9) with specific dimensions of length and width
as in Table 2. Its benefit lies in reducing the signal exchange between the two antennas to prevent
signal loss as a result of this exchange and transmission. Printed MIMO Antenna with s Parasitic and
shown in (Figure 10, 11).

%]DD

‘—rru—

Hjimym

Figure 9: Dimension of Parasitic

Table 2: The Optimum Design Dimensions of Parasitic MIMO Antenna

Material type Copper
Conductor thickness 0.035 mm
L 5mm
W 4 mm

[ e e

Figure 10: Printed MIMO Antenna with s Parasitic
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() (b)
Figure 11: Printed MIMO Antenna with Parasitic. (a) 3D Top View (b) 3D Back View

Figure (12), shows the S -S-parameter after adding an extra parasiti. The S;; and S,, were
imiroved to less than -17 dB in all areas between frequencies (15.5-22.5-2.5) GHz, The transmission of
the signal from the first antenna to the second S;, antenna and from the second antenna to the first
antenna S,; has become much less than the previous cases, which the insulation between the two
antennas was increased from -30 dB to below -50 dB, so the mutual coupling was reduced to the

lowest possible.

S-Parameters [Magnitude in dB]
10 v
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—_21
| —s12
—_—82,2

dB

Frequency / GHz

Figure 12: S - Parameter with Simple Parasitic

Mutual coupling as shown in Figure (13) has become less than the first case. The method of
designing the parasitic led to the prevention of the exchange of signals between the two antennas (Ren
et al., 2014), and improvement in the signal of the S- parameter in general and this is what we aspire to
reach.

A/m

(a) (b)
Figure 13: Current Distribution (Surface Current) MIMO Antenna with Parasitic: (a) Port 1, (b) Port 2
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3 Simulation of Antenna Design

a. Reflection Coefficient

The reflection coefficient was defined as the ratio of the power reflected to the source (PB.)to the
power transmitted from the source (P;) (Zhao et al., 2014). The analysis of the reflection coefficient
enables the determination of power loss during transmission from a transmitter to an antenna (Neamah
et al., 2023). Figure (5) displays the reflection coefficient values (in dB) measured about frequency.
The S;; and S,, was improved to less than -17 dB in all areas between frequencies (15.5-22.5-2.5)
GHz as shown in Figure (14).

S-Parameters [Magnitude in dB]
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Figure 14: Reflection Coefficient

b. Mutual Coupling Enhancement

The main issue with MIMO systems is mutual coupling. The mutual coupling between MIMO
elements is the main disadvantage of MIMO antennas. The electromagnetic interaction between
components of a MIMO system is known as mutual coupling (Mikki & Antar, 2015). Either the
electromagnetic interaction between the elements or the surface current flowing from one element to
another is responsible for the mutual coupling. Mutual coupling is a function of the relative position
between elements and becomes large for small spacing (Parchin et al., 2020). Without the mutual
coupling, the output power value is approximately equal to the input power, thus, the total efficiency is
relatively high. With mutual coupling, the coupling power reduces the output power and the total
efficiency. parasitic elements achieve asmall size and offer very high isolation. It is important to note
that for a highly effective antenna, decreasing the mutual coupling will decrease the envelope
correlation. (Neamah et al., 2023). In this design, the insulation between the two ports was increased to
below -50 dB, so the mutual coupling was reduced to the lowest possible as shown in Figure (15).
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Figure 15: Reflection Coefficient: (a), S;5. (b) S,4.

c. Voltage Standing Wave Ratio (VSWR)

For optimal energy transmission from the transmitter to the antenna via the feeder line, it is necessary
to ensure that the feeder line is properly matched to the antenna (Al-Fayyadh et al., 2017). To
accomplish this, the VSWR must fall within the range of 1 to 2 at the intended frequency of the
antenna (Alnahwi et al., 2018). Figure (16) plots the VSWR response against frequency. The value of
VSWR is confined between 1.0917 and 1.4417 for frequencies (15.5-22.5-2.5) GHz and this is a value
since the largest part of the signal will be transmitted and a small part of the signal will suffer from
reflection.
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Figure 16: VSWR vs. Frequency of the Antenna

d. Radiation Pattern

Figures (17) and (18) respectively display the MIMO antenna's E-plane patterns and H-plane patterns
at (15.5-22.5-2.5) GHz. Figure (19) displays this MIMO antenna’s 3D radiation patterns.
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(a)

180
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Figure 18: H-plane Pattern of the MIMO Antenna (a) Port 1 (b) Port 2
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(b)
Figure 19: 3D radiation pattern of the MIMO antenna (a) Port 1 (b) Port 2

4 Conclusion

Multiple antennas are integrated into mobile devices that use multiple-input multiple-output (MIMO)
wireless communication technology. Employing several antennas can enhance the transmission rate, so
offering users greater multimedia, real-time video communication, and data transfer capabilities. An
analysis and design of a triple band MIMO antenna for 5G applications that operates at frequencies
between (15.5-22.5-29.5)GHz. The overall size of this MIMO antenna is quite compact, measuring
(72x46) mm?. A double-layer FR4 substrate is used to manufacture the MIMO antenna. Utilising
Computer Simulation Technology (CST) 2024, This MIMO antenna's design and simulation results
have been completed. Parasitic Element Method There are a lot of parasitic element types that have
been utilized to reduce mutual couplings and in his work, a new design of parasitic element is
presented which has 6 rectangular pieces that are hollow from the, inside to prevent the transmission of
the wave from port one to port two, and vice versa, which causes the loss of transmitted energy. The
parasitic was successful in bringing the mutual coupling down to a value below -50 dB. within
the range frequencies used in this antenna, which are (15.5-22.5-2.5) GHz, also S;, and S, is less than
-17 dB, this means that the two antennas transmit the signal by 94 %, and these results are good for
transmitting the signal at its maximum strength without losing the return power.
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