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ARTICLE INFO ABSTRACT

Article history: This paper presents a proposed Slot-MIMO antenna with two identical ports, each port
Received 19 December 2023 is fed through 50-Ohm microstrip line to operate within the sub-6 GHz (3.5-4.5 GHz) for
Received in revised form 1 July 2024 fifth-generation (5G) cellular phone applications. The proposed MIMO antenna has
Accepted 15 July 2024 been designed on FR-4 dielectric substrate (g = 4.4, § = 0.025, and h = 1.6 mm). The

Available online 20 August 2024 ground has two basic slots, one square slot radiator, and one irregular square slot

radiator filled with a Diamond conductor shape. In addition, the ground has a DGS
structure (8-slots) beside the two basic slots. The ground DGS is used to adjust the
resonance frequency as well as to reduce the mutual coupling between the ports. The
simulated result indicated that the proposed MIMO antenna has a gain of about 2.5 dBi
and an impedance bandwidth of 614 MHz at the -10-dB (3.751-4.365 GHz). However,
an impedance bandwidth of 1180 MHz at -6-dB (3.32-4.5 GHz) is achieved. The mutual
coupling is less than -24 dB overall the bandwidth, and the efficiency is more than 80%

Keywords: at the antenna resonance frequency (4.15 GHz). This antenna has been implemented

and measured, and the results have been agreed with the simulated ones. In addition,
5G; slot antenna; square slot; diamond the proposed Slot-MIMO antenna can be used as a MIMO antenna-cell with the
slot; DGS; MIMO system; smartphone smartphone. Many MIMO cells can be etched on the smartphone motherboard to
antenna improve connectivity with high isolation.

1. Introduction

The fifth-generation wireless technology (5G) requires a compact antenna, commonly called a 5G
antenna. It is essential for enabling higher data rates and interaction between 5G-capable devices
and the network infrastructure [1,2]. Compared to their forerunners, such as 4G antennas, these
antennas have been designed to operate at substantially higher frequencies [3,4]. The 5G antennas
for the lower band (Sub-6 GHz) are an integral part of the next-generation wireless communication
networks. These antennas, which typically operate in the lower frequency bands below 6 GHz, are
essential for giving users extensive coverage and reliable connectivity. Lower band 5G antennas are
preferable for enabling seamless connectivity in urban locations and indoor situations because they
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can transport signals over greater distances and cut through obstructions more effectively than their
higher-frequency equivalents. The sub-6 GHz spectrum, which covers frequencies around 600 MHz,
2.5 GHz, 3.5 GHz, and 5 GHz, is one of the 5G frequency bands that these antennas are made to
accommodate. By utilizing these lower frequencies, the fifth-generation networks can guarantee
better signal propagation, more capacity, and improved network performance. To create a
comprehensive 5G infrastructure that can meet the rising demand for high-data speed, improved
mobile broadband services, and developing Internet of Things (IoT) applications, the deployment of
lower band 5G antennas is the first crucial step. Manufacturers of lower band 5G antennas are
constantly coming out with innovative antenna designs that are compact in size and effective, and
can be easily incorporated into a variety of infrastructure and devices, including smartphones, base
stations, and small cells. With the widespread use of 5G technology, the installation of these
antennas will be crucial in changing how we communicate and engage in the digital age and opening
the door to cutting-edge new applications that will influence our future.

Modern wireless communication systems frequently include a type of printed antenna known as
a slot antenna. A metallic radiating slot and a ground plane are what make up the small, low-profile
antenna, and they are separated by a dielectric substrate [5,6]. The radiating slot normally has a
rectangular or circular shape, and the dimensions of the slot play a crucial role in defining the
operating frequency and other features of the antenna's performance [7,8]. Between the radiating
slot and the ground plane, the dielectric substrate employed in slot antennas acts as both mechanical
support and electrical isolation. This substrate can be constructed from a variety of substances,
including ceramic, FR-4, and Rogers, each of which has a unique dielectric constant that affects the
performance of the antenna. Slot antennas provide several benefits, including being lightweight,
inexpensive, and simple to fabricate using conventional printed circuit board (PCB) techniques [9,10].
They are frequently used in mobile devices, satellite communications, Wi-Fi routers, and many other
applications due to their planar shape, which allows easy integration with other electronics [11]. The
comparatively low gain of slot antennas in comparison to other antenna types, such as parabolic or
horn antennas, is one of their drawbacks [12]. However, they are appealing options for a variety of
wireless communication applications where size and cost considerations are important because of
their tiny size and ease of integration. To maintain the viability of slot antennas in the constantly
changing context of contemporary wireless communication systems, researchers and engineers
continue to investigate novel designs and ways to enhance the gain and performance of slot antennas
[13]. Overall, due to its adaptability, compactness, and integration abilities, slot antennas have
emerged as a prominent option in wireless communication systems.

To improve the performance of an antenna, a rectangular-shaped DGS is a vital element
frequently used in antenna design. The DGS typically has a rectangular pattern that is etched into the
ground plane. This structure's main job is to block out-of-band surface waves and enhance the gain,
directivity, and impedance matching of the antenna's radiation output [14,15]. An electromagnetic
barrier that serves as a stopband for surface waves is created by carefully placing a rectangular DGS
beneath the antenna's radiating element, stopping their propagation and minimizing their
detrimental impacts on the antenna's performance [16]. As a result, cross-polarization is decreased,
radiation efficiency is increased, and antenna gain is increased. Furthermore, the rectangular DGS
makes it simpler to produce a desired frequency response and impedance matching by enabling
better control over the antenna's resonance frequency and bandwidth. In array arrangements, it also
helps to lessen mutual coupling between antenna parts, improving array performance and
minimizing interference. In finality, a rectangular-shaped DGS is essential for antenna design because
it enhances radiation characteristics, reduces surface waves, and offers better frequency
management, all of which improve antenna performance and system effectiveness.
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A leading supplier of electromagnetic simulation software with a focus on antenna design and
analysis is Computer Simulation Technology (CST). Researchers and engineers now approach antenna
design and optimization in a completely new way by using CST's antenna simulation tools. CST has
made it possible to create cutting-edge antenna systems that can meet the rising demands of
contemporary wireless and communication technologies by leveraging the power of computer
simulation. Engineers can precisely model and simulate a variety of antennas, including dipole, patch,
helical, Yagi-Uda, phased array, and many others, using CST's antenna simulation software. The
software's user-friendly interface enables intuitive design and parameterization and is used by both
experienced designers and amateurs. The innovative electromagnetic solver at the centre of CST's
antenna simulation uses numerical techniques to solve Maxwell's equations and successfully predicts
the behaviour of electromagnetic waves in intricate antenna configurations. This solver incorporates
several practical elements, including material characteristics, radiation patterns, impedance
matching, and coupling effects, giving engineers crucial knowledge about how well their antenna
designs function. The ability to swiftly iterate and optimize antenna designs without the need for
expensive and time-consuming physical prototypes is one of the main benefits of adopting CST's
antenna simulation. Engineers can quickly see the effects of changing parameters on antenna
performance, like antenna dimensions, materials, and feeding schemes. CST's software makes sure
that the antennas are effective, dependable, and fulfil the exacting standards of contemporary
wireless communication, whether they are being designed for 5G networks, satellite communication,
radar systems, or radio-frequency identification (RFID). Overall, antenna simulation software from
CST is essential for enabling engineers to design advanced, effective antennas. CST continues to
enhance antenna technology by providing a full range of tools and precise numerical solvers, which
contributes to the constant connectivity and communication that characterize our contemporary
environment. Investigating antenna properties and determining the best structure for the antenna
required the use of CST software [17]. Recently, many designs for smartphone antennas for 5G
applications have been provided at the frequency range below 6 GHz [18-35].

In this paper, a Slot-MIMO antenna is proposed, designed, simulated, optimized, and measured.
The paper is organized into four sections. The second section presents the proposed Slot-MIMO
antenna describing its structure, materials, and operating principles. The third section presents
design steps and parametric study in detail of the process undertaken to optimize the performance
of the proposed antenna. This includes resonance frequency, bandwidth, and isolation between
antenna ports. The fourth section presents results analysis and measurement to rigorously examine
the simulation and measurement results to give insights into the performance validation of the
proposed antenna. Finally, the paper is concluded with a conclusion section.

2. The Proposed Slot-MIMO Antenna

The current smartphone specifications including lightweight, compact design, and integration
with RF circuits are challenges to the designers to achieve high performance, high isolation between
ports, and good connectivity. In our proposed design a slot antenna has been selected due to its easy
fabrication on the motherboard. The goal of the proposed design is to achieve the smartphone
specifications.

The proposed Slot-MIMO antenna is shown in Figure 1. The top layer consists of a pair of 50Q
microstrip lines feed and two circular rings. The bottom layer consists of two basic slots, one square
slot radiator, and one irregular square slot radiator (Diamond). In addition, a DGS is used beside the
two basic slot radiators.
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Fig. 1. The proposed slot antenna configuration, (a) 3D-view, (b) top, and (c) bottom

Table 1, summarizes the list of optimized parameter values for the proposed slot-MIMO antenna.
This antenna is simulated using CST studio to evaluate its performance.

Table 1
The optimum dimensions of the proposed slot MIMO antenna
Parameter Value(mm) Parameter Value(mm) Parameter Value(mm) Parameter Value(mm)

We=L; 30 L, 13.6 W 8.3 W, 0.5
w 13.6 L, 12 R, 2.4 X, =Y, 106
w, 111 S 1.25 L 11.6 Y, =X,, 1525
w, 7.6 S, 1.75 w; 3.11 t 0.035
W, 6.35 Wy 0.4 R 2 h 1.6

The proposed antenna is fabricated on FR-4 dielectric substrate as shown in Figure 2.

(a) (b)

Fig. 2. Fabricated antenna, (a) top view and (b) bottom view

The optimized simulated results including S-parameters, gain, VSWR, efficiency, and radiation

patterns are presented in Figure 3 through Figure 5 along with the measured result. The proposed
Slot-MIMO antenna satisfied the specifications mentioned above.
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Fig. 3. Measured and simulated (a) S-parameters, and (b) gain of the proposed slot antenna
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Fig. 5. (a) Voltage standing wave ratio, and (b) Efficiency of the proposed slot antenna
3. Design Steps and Parametric Study

The design is carried out in a variety of steps using the CST Studio simulator. These steps include
the effects of the rectangular square slot, the irregular square slot, the pair of parasitic circular rings,
the ground corner cut, and the ground DGS including multi slots (slots under the feeder and slots in
front of the feeder). These steps are presented in Figure 6(a) through Figure 6(e).

Practically, in antenna design and implementation, a variety of substrates with different
permittivity and tangent loss are available. In our proposed design, the FR-4 substrate is selected due
to its low cost and wide use. However, it has a high tangent loss and moderate permittivity. The
proposed antenna is designed, investigated, evaluated, and optimized on the assumed substrate.
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Fig. 6. Design steps of the proposed slot MIMO antenna

The first step (initial step) is to optimize the dimensions of the square slot for the required
antenna resonance. The results of the parametric study are presented in Figure 7. It is clear from the
results (Figure 7(a)) that the width of the single slot S; = 1.25 mm closely matches the required
antenna resonance (4.212 GHz). Therefore, the value S1=1.25 mm is selected for our antenna design.
The mutual coupling (Figure 7(b)) varies for different slot widths.
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Fig. 7. S-parameter results for the parametric study of the first step (different values of S;), (a) S;; and
(b) S21

To fine-adjust the required resonance at 4.15 GHz, a second step is carried out by adding an
additional square slot filled with a diamond conductor shape as presented in Figure 8(b).
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(a) (b)
Fig. 8. The second ground slot: (a) single square slot
(b) irregular square slot (diamond)

The effect of the second slot is to restore the antenna resonance at 4.112 GHz instead of 4.212
GHz as it is clear from Figure 9.
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Fig. 9. The antenna S-parameter results for different ground two slots, (a) S;; and (b) Sy,

In the third step, to reduce the mutual coupling between ports, a pair of parasitic circular rings
have been used across the square slot as presented in Figure 10. The antenna bandwidth is equal to
360 MHz, the antenna reflection coefficient is equal to -16.8 and the mutual coupling is equal to -19
dB as presented in Figure 9 for last parametric step. In Figure 10(b), the configurations of the various
ring positions, radius, and thickness are simulated and investigated.

(a) (b)
Fig. 10. (a) Without parasitic circular ring, and (b) With
pair of parasitic circular ring

In Figure 11, the simulated S-parameters for a microstrip-fed square-ring slot antenna (Figure
10(a)), and the antenna with a pair of parasitic circular rings (Figure 10(b)) are evaluated and
compared. As shown, for the antenna with varied ports, the desired impedance bandwidth improved
from 0.335 to 0.345 GHz by using the proposed parasitic rings. Also, the mutual coupling reduced
from -17.8 dB to -19.1 dB.
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Fig. 11. S-parameter results for the various designs illustrated in Figure 10, (a) S;; and (b) S,4

Figure 12 presented the simulated S-parameters for various placements of the parasitic circular
rings across the square resonator. As shown, the position of the parasitic circular rings has a
significant impact on the antenna frequency response. The ring position at ( X,; = Y, =11.5 mm) is
the optimum position for the desired frequency range (3.9 - 4.25 GHz).
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Fig. 12. The antenna S-parameter results for different ring positions (X1 = Yi2), (a) S11 and (b) S24

Figure 13 presented the S-parameter for various values of the parasitic circular ring radius (R).
Their radius can have an impact on the operation frequency. The effects of (R) on the resonance
frequency are shown in Figure 13(a), when the size reduces from 2.5 to 2 mm the antenna resonance
changes from 4.06 to 4.09 GHz. The ring radius at ( R = 2 mm) is the optimum ring radius.
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Fig. 13. The antenna S-parameter results for different ring radius R, (a) S;; and (b) S,

Frequency [GHz]

Figure 14 presented the simulated S-parameters for various widths of the ring (W,). Figure 14(a)
illustrates the impacts of (W;) to adjust the response frequency, where the antenna resonance shifts
from 4.05 to 4.1 GHz as the size decreases from 1 to 0.5 mm. The ring width at ( W, = 0.5 mm) is the
optimum ring width.
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Fig. 14. The antenna S-parameter results for different ring thicknesses W,, (a) S;; and (b) S,;

The mutual coupling between ports is partially minimized using the cut edge of the ground as
previously presented in Figure 6(d). The results of the parametric study for the fourth step are
presented in Figure 15. Minimum mutual coupling is achieved over the antenna bandwidth while
maintaining the same resonance frequency (W s = 8.3 mm) as compared to the case without a
ground cut (W g = 0.0 mm) as presented in Figure 15(b).
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Fig. 15. The S-parameter results for different values of cut edge Wy, (a) S;1 and (b) Sy,

The final step is to use a DGS technique to enhance the proposed antenna bandwidth and mutual
coupling. Three circular rings and two pairs of four slots are etched on the ground to enhance the
antenna bandwidth and the mutual coupling.

— — N4

(a)

(b)
Fig. 16. (a) Without ground DGS, (b) With the first group of slots (DGS1), (c) DGS1 and the
second group of slots (DGS2), (d) DGS1 and DGS2 with three parasitic circular rings

(c) (d)

It is clear that the antenna resonance is enhanced from -15 dB to -30 dB as depicted in Figure
17(a). Also, the bandwidth (at -10dB) of the proposed antenna is increased from 564.0 MHz to 614.0
MHz, increment by about (50.0 MHz) as presented in Figure 17(a). Moreover, the mutual coupling is
also enhanced as presented in Figure 17(b) (Black curve).
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Fig. 17. The S-parameter for the final design step illustrated in Figure 16, (a) S;; and (b) S3;

The Final parametric study results for the different design steps presented in Figure 6, are
compared and plotted together in Figure 18. The optimum dimensions of the proposed Slot-MIMO
antenna are presented previously in Table 1.
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Fig. 18. S-parameter for the design steps of the proposed slot-MIMO antenna, (a) S;; and (b) S»;

4. Results Analysis and Measurement

The S-parameters for the proposed Slot-MIMO antenna are shown previously in Figure 3(a). It is
evident that the antenna offers 614 impedance bandwidth (3.751-4.365 GHz) for S;; <-10 dB. In
addition, the mutual coupling between ports is less than -24 dB at the resonance frequency (4.15
GHz). Figure 3(b) illustrates the antenna maximum gain of about 2.5 dBi.

The Voltage Standing Wave Ratio (VSWR) is a critical statistic for determining antenna
performance. The proposed antenna achieved a VSWR of 1.0644 at the resonance frequency as
shown in Figure 5(a). Radiation and total efficiencies are presented in Figure 5(b). Despite being
designed on FR-4 dielectric substrate, the proposed antenna achieved at the operational frequency
(4.15 GHz) maximum efficiency of 80%.

The current density distribution on a slot antenna depends on various factors including the
dimensions of the slot, the frequency of operation, and the feeding mechanism. Figure 19 shows the
current densities at the resonant frequency (4.15 GHz) in the top and bottom layers respectively. As
shown, there is a significant current distribution around the square slot radiator and the DGS slots in
the ground plane. It has increased at the edges of the slot while it has decreased towards the slot
radiator centre. It can be seen for the different feeding ports, the currents flow contrary to each
other. In addition, the employed parasitic circular rings have low current densities.
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(a) (b)
Fig. 19. Current densities at 4.15 GHz for (a) Port 1 and (b) Port 2

It's important to note that the size and form of the slot, the dielectric material employed, the
feeding technique, and the presence of any additional structures or elements close to the antenna
can all have an impact on the shape and properties of the radiation pattern. Figure 20 shows the 2D-
polar radiation patterns of the antenna at 4.15 GHz.

180 i ) 180

(a) (b)
Fig. 20. 2D-polar radiation patterns for (a) H-plane and (b)

E-plane

Figure 21 shows the antenna's 3D radiation patterns when it is fed in a different way (Port 1 and
Port 2). The antenna displays comparable radiation patterns, as can be observed. As can be seen, the
slot antenna's radiation patterns are meant to resemble dumbbells and are appropriate for covering
the top and bottom of the smartphone PCB, increasing the radiation coverage of the 5G antenna
design. As a result, antenna designers meticulously craft the dimensions and arrangement of the slot
to create the appropriate radiation pattern for individual purposes.

(a) (b)
Fig. 21. 3D Transparent schematic of the antenna
radiation patterns: (a) port 1 and (b) port 2

The antenna prototype was carefully created using strict design guidelines. To ensure that the
dimensions and material choices were accurate, the construction procedure required meticulous
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attention to detail. The antenna underwent a thorough testing process when it was finished to assess
its performance. The S-parameters, an important set of measurements in the field of antenna
engineering, were the main focus of this testing. These S-parameters gave important information
about the interaction between the antenna and the electromagnetic signals it is intended to transmit
or receive. A prototype of the design was fabricated, and its S-parameters were tested. A proposed
slot antenna prototype was fabricated as shown in Figure 2.

The network analyser was crucial to our antenna testing process since it was used to painstakingly
measure the antenna's S-parameters. This critical stage enabled us to evaluate the antenna's
performance traits across a range of frequency bands, including its impedance, reflection coefficient,
and transmission coefficient. We were able to obtain a lot about how the antenna interacted with
the surroundings and how effectively it transmitted and received signals by taking precise S-
parameter measurements. The network analyser became an essential instrument in our research and
development activities as a result of these findings, which provided the fundamental foundation for
refining the antenna's design and guaranteeing its efficacy in practical implementations. The
measurement settings for the antenna S-parameter are shown in Figure 22(a). As can be observed,
the network analyser was used to measure the S-parameters of the antenna, including S;; /S, and
S,1/S12 characteristics.

The anechoic chamber was a crucial instrument for accurately determining the slot antenna's
radiation pattern. The chamber offered a setting that was essentially free of outside influence due to
its walls' painstaking design to absorb and reduce electromagnetic wave reflections. The
measurements were accurate and faithful to the performance of the antenna by way of the
controlled environment. The slot antenna was placed inside the chamber on a precise testing
apparatus and meticulously aligned for best alignment. The radiation parameters of the antenna at
various angles and frequencies were captured using a customized antenna measurement device
outfitted with high-frequency probes and receivers. We were able to create a thorough radiation
pattern that showed how the antenna transmitted electromagnetic energy in three-dimensional
space by rotating the antenna and gathering data at various spots. The measurement sets for the
radiation properties are shown in Figure 22(b). The anechoic chamber was used to measure the
antenna radiation pattern, as seen.

(b)

Fig. 22. Measurement setup: (a) S-parameter and (b) Radiation pattern

Figure 3(a) shows the prototype's measured S-parameter results. As shown, the antenna offers
excellent impedance matching at 4.15 GHz (centre frequency of the desired frequency band). For the
manufactured sample, high isolation with less than -24 dB mutual coupling was attained.
Additionally, it can be confirmed that there is a good agreement between them when compared to
the simulations.
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The measured and simulated radiation patterns of the fabricated prototype at 4.15 GHz are
shown in Figure 4. As seen, the measured exhibits desirable radiation that agrees well with the
simulations. Figure 3(b) displays the simulation and measurement results for the antenna gain versus
frequency. The agreement between simulation and measurement is also quite good.

The performance comparison between the proposed Slot-MIMO antenna and the antenna that
has been published in the literature is shown in Table 2. There is a discussion of fundamental
properties like bandwidth, efficiency, and gain. With sufficient characteristics, it can be seen that the
proposed design can achieve better performance. The proposed antenna, in contrast to the majority
of the known 5G antenna designs, is planar, easy to integrate, and offers a pattern with full radiation
coverage supporting various sides of the mobile phone PCB. It also displays a wider bandwidth. High
gains and radiation/total efficiencies are also provided.

Table 2

Comparison between the presented and recently reported 5G mobile phone antennas

Reference Antenna Type Resonance Bandwidth  Efficiency Gain Antenna Element Isolation
Frequency(GHz) (GHz) (%) (dBi) (mm?) (dB)
[18] symmetric dipole 3.5 3.4-3.6 48-67 - 23.2x5.6 16
antenna
[19] L-shaped metal 3.5 3.42-3.69 52.7-60.5 - 16%6 24
strips
[20] Dual-band 3.5/5 3.1- 50- 5.8 5.77x18 18.5
antenna 3.6/4.4-6.1 65/65-75
[21] shorted loop 3.5 3.4-3.6 65 42- 6%6.5 10
antenna 5.9
[22] Coaxial-Fed Patch 4.7 4.4-5 40-80 5.5 - 12
[23] H-shaped 3.5 3.4-3.6 42-65 2.87 12.5x18.5 12
monopole
[24] I-shaped 4.5 3.68-5.27 - 4.5 - 15
grounding
F-type antenna
[25] L-shaped 3.5 3.4-3.6 50-75 4 4.6x5.6 15
monopole
[26] Fractal Monopole 3.5 3.4-3.6 65-75 - - 12.2
[27] Slot and Loop 3.5 3.4-3.6 42-73 1.6- 27.3x1.2/26.5x1 15
4.5
[28] balanced open- 3.5 3.4-3.6 62-76 3.5 3x21.5 17.5
slot antenna
[29] slot antenna 3.6 3.4-3.8 55-70 3 30%30 25
[30] slot-patch 3.6 3.55-3.65 52-76 45 - 11
antennas 6.2
[31] T-shaped feeding 3.5 3.4-3.6 60-70 - 17.4x6 20
element, an
inverted U-shaped
radiating element
[32] inverted-F 3.5 3.4-3.6 - 2.7- - 20
antennas 3.9
[33] loop antennas 3.5 3.4-3.6 35-50 2 9.4x14.2 15
[34] open-end slots 3.5 3.4-3.6 50-80 - 17x17 12.5
and a QMSIW
antenna.
[35] novel compact 3.5 3.4-3.6 49-61 - 12x7 17
tightly arranged

pairs monopole
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and an edge-fed
dipole
Proposed  Slot_MIMO 4.15 3.751- 80 2.5 30x30 24
4.365

5. Conclusions

A proposed Slot-MIMO antenna has been designed, simulated, optimized, and presented in this
paper. The resonance frequency for the proposed antenna is 4.15 GHz, with a wide bandwidth from
3.751 to 4.365 GHz at -10 dB level. The mutual coupling between ports is less than -24 dB, and the
maximum gain is approximately 2.5dBi at the resonance frequency. The antenna efficiency is 80%,
and the VSWR is about 1.0644 over the band. In addition, the proposed Slot-MIMO antenna has been
fabricated on FR-4 dielectric substrate and tested. Good agreement has been obtained between
simulated and measured results. Based on these results, the presented antenna achieved the current
specifications of the smartphone needs. Thus, the proposed MIMO antenna can be integrated with
smartphone motherboard as many different MIMO-Cells to improve connectivity in the sub-6 GHz
band providing high isolation at the desired resonance frequency.
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