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A B S T R A C T

This work introduces a compact circular MIMO antenna designed specifically for sub-6 GHz 5 G mobile appli
cations. The antenna features two circular radiating elements arranged orthogonally to each other, incorporating 
a circular ring and additional side stubs to enhance both bandwidth and impedance matching. A partially slotted 
ground plane with curved cuts is employed to reduce capacitive effects and further extend the operational 
bandwidth. The design is implemented on an FR4 substrate with compact dimensions of 0.3λ₀ × 0.6λ₀ × 0.0242λ₀ 
at 4.5 GHz, achieving a wide impedance bandwidth of 3.0 to 6.5 GHz—covering major 5 G frequency bands such 
as n77, n78, and n79. To improve port isolation, a rectangular defected ground structure (DGS) is introduced, 
effectively reducing mutual coupling down to -53 dB. Both simulated and experimental results show excellent 
isolation performance (ranging from -15 dB to -55 dB), high radiation efficiency of up to 95 %, and a peak gain 
reaching 11.5 dBi. Evaluation of MIMO characteristics—including Diversity Gain (DG), Envelope Correlation 
Coefficient (ECC), and Total Active Reflection Coefficient (TARC)—confirms the antenna’s suitability for multi- 
port systems. Additionally, Specific Absorption Rate (SAR) analysis demonstrates compliance with safety stan
dards for handheld device integration. Overall, the proposed antenna offers a robust solution for modern sub-6 
GHz 5 G communication systems.

1. Introduction

The fifth-generation (5G) era is approaching rapidly, propelled by 
continuous advancements in wireless communication technologies [1]. 
These developments have raised the bar for performance expectations, 
including ultra-low latency, higher data throughput, and broader 
bandwidth capabilities. MIMO antenna systems have become an essen
tial component in 5G infrastructure due to their ability to enhance 
transmission rates, increase channel capacity, reduce latency, and 
mitigate multipath fading effects [2–4].

However, as per antenna array theory, when antenna elements are 
placed at distances less than half a wavelength apart, mutual coupling 
(MC) between elements can significantly degrade system performance. 
This degradation affects parameters such as beam patterns, radiation 
efficiency, and impedance bandwidth [5,6]. As such, minimizing MC 
remains a central challenge in compact MIMO antenna design, partic
ularly in space-limited scenarios.

Over the past few decades, researchers have proposed various 
decoupling mechanisms to address MC. These techniques can generally 
be grouped into three main categories based on their operational prin
ciples [7]. The first category aims to directly suppress the surface current 
or electromagnetic wave coupling paths between antenna elements. One 
widely used solution in this context is the Defected Ground Structure 
(DGS) [8], which disrupts surface wave propagation by introducing 
discontinuities in the ground plane, thereby creating a band-stop 
response and altering the current distribution. However, DGS struc
tures can sometimes result in an elevated Front-to-Back Ratio (FBR), 
which may affect the radiation performance.

Recent advancements in electromagnetic material design have 
enabled the development of advanced metastructures with tailored 
frequency responses. These include Single Negative Metamaterials 
(SNG) [9], Antenna Decoupling Surfaces (ADS) [10], Frequency Selec
tive Surfaces (FSS) [11], Polarization Conversion Surfaces (PCS) [12], 
metasurfaces [13], and Electromagnetic Band Gap (EBG) structures [14,
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15]. Such engineered surfaces offer promising solutions for mitigating 
unwanted coupling by suppressing propagating or evanescent modes. 
For example, metasurfaces placed between MIMO elements have been 
shown to effectively reduce mutual interaction [11]. This isolation is 
achieved through spatial band-stop filtering; however, their limited 
bandwidth and high fabrication costs remain significant challenges.

To overcome some of these challenges, alternative solutions such as 
out-of-phase reflection structures have been proposed [14], aiming to 
neutralize coupling fields in dense antenna arrays. However, these 
methods often require the decoupling surface to be elevated by 
approximately half a wavelength above the radiating elements, 
increasing the profile and complexity of the design. A notable example is 
a metasurface-based isolation wall implemented in a micro base station 
antenna system with a 1 × 2 configuration [15], where enhanced 
isolation was achieved using two metasurfaces connected to the ground. 
Despite its effectiveness, the high cost of metasurfaces compared to 
traditional copper patches is a concern.

Other decoupling methods rely on incorporating parasitic elements 
(PE) [16], neutralization lines (NL) [17–19], or decoupling networks 
(DN) [18] to introduce a new coupling channel that counters the original 
interaction. For instance, fence-like structures composed of multiple 
identical slits act as band-stop filters and reduce current coupling be
tween ports [16]. While these slits are effective in improving isolation, 
they may impact impedance matching at lower frequencies and increase 
fabrication complexity. Furthermore, NLs and DNs typically involve 
microstrip circuits or lumped components directly connected to antenna 
elements, which generate decoupling currents of opposite phase to 
cancel the original coupling currents. However, these approaches may 
increase insertion losses and complicate impedance matching [18].

When parasitic elements are placed near but not physically con
nected to the antenna elements, they can induce counter-phase currents 
that help suppress coupling. Yet, the induced fields may distort the an
tenna’s radiation characteristics [19]. Many traditional decoupling 
schemes also demand additional spacing or structural modifications, 
which add to system size and complexity. Moreover, the insertion loss 
introduced by decoupling elements can degrade overall system 
efficiency.

To address these drawbacks, recent research has explored techniques 
that leverage the antenna’s natural characteristics to achieve isolation 
without external structures [20–23]. These include intrinsic methods 
like self-decoupling [22], polarization diversity [24], pattern diversity 
[20], and characteristic mode theory [23]. A key benefit of these tech
niques is that they maintain compactness and avoid interference with 
the antenna’s radiation behavior. However, these strategies often 
impose strict constraints on the antenna layout and feed mechanisms. 
Self-decoupling, while more flexible, lacks a standardized design 

methodology. An example from [21] uses polarization diversity through 
parasitic elements to reduce MC, but its effectiveness is limited for 
broadband antennas. Another novel self-decoupling approach based on 
near-field manipulation was introduced in [22].

This paper presents a compact circular MIMO antenna specifically 
designed for sub-6 GHz 5 G mobile applications, incorporating multiple 
structural enhancements for high performance in limited spaces. A novel 
single-element design is proposed, featuring a circular ring loaded with 
four concentric inner loops and extended side stubs, which work 
together to improve impedance matching and significantly expand 
operational bandwidth. In addition, a uniquely engineered partial 
ground plane with curved slits is introduced, which effectively reduces 
capacitive reactance and contributes to the bandwidth enhancement—a 
distinctive approach not widely adopted in similar MIMO configura
tions. The MIMO setup consists of two orthogonally oriented, closely 
spaced antenna elements (7 mm apart)—a compact layout suitable for 
modern handheld devices. To achieve high isolation within such a 
compact footprint, a custom rectangular Defected Ground Structure 
(DGS) is embedded between the elements, generating decoupling cur
rents that reduce mutual coupling to an impressive − 53 dB. This 
configuration enables exceptional isolation without the need for large 
metasurfaces or elevated decoupling layers, thus maintaining a low- 
profile form factor. The proposed system demonstrates a high radia
tion efficiency (~95 %) and a peak gain of 11.5 dBi, along with a broad 
impedance bandwidth from 3.0 to 6.5 GHz, effectively covering all 
critical sub-6 GHz 5 G bands (n77, n78, and n79). These features make it 
a promising solution for compact 5 G mobile terminals operating within 
the sub-6 GHz spectrum.

2. Process and practical investigation

2.1. Layout of the proposed single-element circular shaped antenna

The proposed circular-shaped single-element antenna is exposed in 
Fig. 1. It was created on a FR4 substrate with a dielectric constant of 4.3 
and a loss tangent of 0.025 using a CST simulator. The substrate’s 
thickness is 1.6 mm. The circular antenna’s construction involves of a 
main circular ring with four smaller circular rings inside of it that are 
linked to each other, as well as stubs on each side of the main ring to rise 
the antenna’s bandwidth. The antenna’s bandwidth is increased and 
capacitive reactance is further lessened by employing partial ground 
with curved slits. The printed circular antenna that is partly grounded 
has dimensions of 20 × 22 mm2.

The guided process for constructing an antenna patch is represented 
in Fig. 2(a). To mathematically analyze the geometry (Eqs. (1–7) [25]) 
of the antenna shown in Fig. 1, and relate its dimensions to the resonant 

Fig. 1. The structure of planned antenna.
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Fig. 2. (a) Phases of the planned circular shaped antenna’s progressive design. (b) S11 (dB), (c) EC of the proposed wide band antenna, (d) evaluations of ADS and 
CST and (e), (f),(g), (h), (i) parametric analysis of S11 at different dimensions (R, R1, R2, R4, Lstub, Wstub, Lf).
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frequency, we need to treat the circular ring and stub-loaded structure as 
a planar antenna with multiple resonant paths. The antenna features: a 
circular ring (outer radius R) with inner circular stubs (R1, R2, R3), feed 
line with length Lf and width Wf , a rectangular stub of length Lstub, and 
slot in the ground with radiusR4

The dominant resonance of a circular ring-shaped monopole can be 
approximated using the effective circumference: 

Ceff ≈ 2πRavg, where Ravg =
R + R1

2
(1) 

And the corresponding resonant frequency is: 

fres ≈
C

Ceff
̅̅̅̅̅̅̅εeff

√ =
C

2πRavg
̅̅̅̅̅̅̅εeff

√ (2) 

Where: c is the speed of light in free space, and εeff is the effective 
dielectric constant (depends on substrate permittivity and structure)

For a microstrip structure: 

εeff =
εr + 1

2
+

εr − 1
2

(

1 + 12
h

Wf

)− 0.5

(3) 

Where: εr is the substrate relative permittivity (4.4 for FR4), h is the 
substrate height, and Wf is the feedline width.

The stub and feedline affect impedance matching and can support 
additional resonances: a quarter-wave stub introduces resonance when 
its length satisfies: 

Lstub ≈
λg

4
=

C
4f ̅̅̅̅̅̅̅εeff
√ (4) 

Similarly, the feedline should be matched and typically approxi
mated by: 

Table 1 
Enhanced parameters of the suggested circular shaped antenna (millimeters).

Wx Wy Wf Lf Wstub Lstub Lg R R1 R2 R3 R4

20 22 3.18 5.8 0.5 4.02 3.2 7 6 2 2.5 2

Table 2 
The circuit’s electrical parts values correspond to each other.

C L R1 L1 C1 R2

1.53 pF 3.94 nH 35 Ω 2.523 nH 3.92 pF 2.32 Ω

L2 C2 R3 L3 C3 L2

2.35 nH 2.98 pF 80.9 Ω 1.31 nH 0.598 pF 2.35 nH

Fig. 3. The constructed prototype of the envisioned antenna is illustrated alongside the relevant measurements: (a) frontal perspective, and (b) rear perspective.

Fig. 4. Surface current spreading on the antenna’s radiating patch.
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Lf ≈
λg

4
, depending on the matching section (5) 

The slot in the ground (radius R4) behaves like a defected ground 
structure, introducing a notch or band-reject behavior at certain fre
quencies. The resonance due to the circular slot can be estimated by: 

fDGS ≈
C

2π R4
̅̅̅̅̅̅̅εeff

√ (6) 

Since the antenna includes multiple circular elements and stubs, the 
overall resonance is: 

fn ≈
C

2π Rn
̅̅̅̅̅̅̅εeff

√ , Rn ∈ R, R1, R2, R3, R4 (7) 

Each ring or slot supports one or more modes, leading to multi-band 
behavior.

Table 1 lists the geometric properties of the circular-shaped antenna. 
The first step design is seen to function in the restricted variety between 

Fig. 5. The measured and simulated parameters of circular shaped antenna. (a) S11 (dB), (b) Efficiency, and (c) Gain.

Fig. 6. Single-element antenna’s three-dimensional beam at frequency (a) 3.3 GHz, and (b) 4.5 GHz.
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3.25 GHz and 4.19 GHz. In the second phase, as can be seen, a circular 
disk with radius R1 is removed from the main disk to make the main 
Ring, which improves impedance matching and produces a broad band 
from 3.05 GHz to 4.52 GHz. In the third step, as shown in Fig. 2(a), 
curving slits are formed in the middle of the partial ground and four 
rings are inserted inside the ring patch linked to each other. As displayed 

in Fig. 2(b), the adding of four rings often results in UWB response from 
3.25 GHz to 6.5 GHz and enhances impedance matching. Further 
impedance matching is accomplished by cutting a curved slit in the 
partial ground plane and adding a stub on both side of the main ring, as 
demonstrated in the recommended circular shaped antenna. The inclu
sion of stubs frequently produces UWB reaction between 3 GHz and 6.5 

Fig. 7. Patterns of radiation for the suggested antenna at (a) 3.3 GHz, and (b) 4.5 GHz.

Fig. 8. (a) The MIMO array’s geometry and (b) equivalent circuit of MIMO.
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GHz. In Fig. 2(c), the equivalent circuit is displayed. The design and 
simulation procedures are done with using CST Microwave Studio 2019.

Fig. 2 presents the parametric analysis of the proposed wideband 
circular shaped antenna, primarily focusing on the S11 (dB) character
istic. Fig. 2a illustrates the evolution of the S11 response as the radii R, 
R1, and R2 are systematically adjusted while keeping R4 constant. This 
reveals a clear sensitivity of the resonant frequency and bandwidth to 
these inner circular dimensions, suggesting a crucial role in defining the 

antenna’s initial operating band. Figs. 2e through 2i delve into the 
impact of stub dimensions, specifically Wstub and Lstub, and the feed 
line length Lf. Variations in Wstub (see Fig. 2f) demonstrate a noticeable 
influence on the impedance matching level across the operational fre
quency range, indicating its importance in achieving optimal power 
transfer. Similarly, altering LStub (see Fig. 2 g) appears to fine-tune the 
upper frequency band and the depth of the impedance matching. The 
feed line length Lf (Fig. 2h) exhibits a significant effect on both the 
resonant frequencies and the overall bandwidth, highlighting its critical 
role in impedance transformation and broadband performance. Finally, 
Fig. 2i explores the impact of the outer radius R4, showcasing its in
fluence on the lower frequency band and the impedance matching 
characteristics. Collectively, this parametric study provides valuable 
insights into the intricate relationship between the antenna’s physical 
dimensions and its reflection coefficient, offering a pathway for precise 

Fig. 9. MIMO antenna array fabrication: (a) frontal perspective, (b) rear perspective, and (c), (d) measurement setup.

Table 3 
Optimized parameters of the planned MIMO a array (millimeters).

W1 W2 W3 L1 L2 L3

44 1.5 0.5 22 13 2.5

Fig. 10. Characteristics of the suggested MIMO antenna: (a) Isolation, (b) Reflection coefficient, (c) Efficiency, and (d) Gain.
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tailoring of the antenna’s wideband performance through careful se
lection and optimization of these key parameters.

2.2. Equivalent circuit (EC) diagram

To understand the wideband features of the wide band antenna, a 
comparable circuit architecture was created in the advanced design 
system (ADS) program, as shown in Fig. 2(c).

This circuit is constructed on the degeneration Foster canonical 
(DFC) system, which is broadly used for characterizing wide band an
tennas. An antenna with broadband features may be thought of as a 
radiating device that creates several closely spaced resonances, some of 
which cross over to form adjacent bands. The simulation results for the 
comparable circuit and the perfect simulation are contrasted, as shown 
in Fig. 2(d). An examination of each resonance band is possible thanks to 
the parallel connections between RLC lumped parts. To achieve a 
wideband characteristic, a number of parallel-associated RLC circuits 
with closely spaced bands can be linked in series. The capacitance and 
inductance, symbolized by the letters C and L, respectively, are dis
played in Fig. 2(c) while the wideband antenna is resonating at the 
essential lower style.

The three parallel RLC circuits connected in series enable the lasting 
higher resonances. The resistors R1, R2, and R3 indicate the radiation 
resistances of the interrelated resonances. The left RLC circuit, made up 
of R1, C1, and L1, regulates the impedance matching within the oper
ational band. The center RLC tank, made up of R2, C2, and L2, regulates 
the lower side of the wideband. R3, C3, and L3 make up the right RLC 
circuit, which regulates the higher frequencies. The values of the elec
trical components utilized in the similar circuit are shown in Table 2.

2.3. Simulation and testing setups

The built-in circular antenna, intended to function in the 3 to 6.5 
GHz frequency range, is drawn in Fig. 3. This band of frequencies in
cludes 5 G sub-6 GHz. The photolithographic modeling of the proposed 
antenna using the commercial CST 2019 program is shown in Fig. 3, 
which sheds light on the fabrication process. The antenna is constructed 
on a 1.6 mm thick FR4 material substrate with a dielectric constant εr of 
4.3 and a loss tangent of 0.025. The matching surface currents at 3.3 
GHz and 4.5 GHz are drawn in Fig. 4 to help visualize the current dis
tribution on the antenna’s surface. As shown in Fig. 4, the transmission 
feed line and the circular radiating patch show the major current receipt. 
The possibility of expanding the bandwidth is shown by the concen
tration of currents nearer the circular antenna’s surface.

The reflection coefficients indicate an evaluation of the observed and 
simulated values, as exposed in Fig. 5(a). The S11 findings illustrate that 
the antenna can operate across the specified bandwidth, which is 3 to 
6.5 GHz, with reflection coefficients as low as − 10 dB. The single 
element of the suggested antenna is driven via a 50-ohm microstrip feed. 
Additional variations in efficiency and gain are presented in Figs. 5(b) 
and (c), where the efficiency around 95 % while the gain changes range 
from 5.8 to 7.3 dBi, respectively. Figs. 6 and 7 show the 3D and 2D 
shapes features at frequencies of 3.3 GHz and 4.5 GHz, respectively. 
Fig. 7 displays the two-dimensional (2D) radiation shapes for the planes 
E and H. The 3.3 GHz and 4.5 GHz frequency bands’ radiation charac
teristics were computed. As seen in Fig. 7, the antenna has bidirectional 
characteristics for the E-plane and omnidirectional capabilities for the 
H-plane. Additionally, across the operating spectrum, the provided an
tenna exhibits good coverage and nearly continuous response.

3. Development and structure of a dual-port MIMO antenna

This section describes how to set up a dual-port circular MIMO an
tenna and the method for enhancing component isolation. We outline 
the DGS reduction strategy to achieve superior port isolation. As seen in 
Fig. 8a, the DGS architecture is rectangular in shape and uses three slots 
in the middle of the ground plane. The planned MIMO array design 
scopes are 22 mm × 44 mm × 1.6 mm. Figs. 8 show the arrangement of 
two identical single circular antenna devices. Each unit is spaced 7 mm 
apart and is oriented orthogonally to the other units. The FR4 substrate, 
which has 4.3 value of dielectric constant, aids as the basis for the 
planned antenna array. The equivalent circuit consists of inductance (L), 
resistance (R, which is set to 50Ω for impedance matching), and 
capacitance (C). The components C and L are responsible for electric and 
magnetic coupling between the antenna elements, respectively. Due to 
the close spacing between the antennas, mutual coupling becomes a 
significant issue. To mitigate this effect, a DGS (RDGS, LDGS, CDGS) is 
introduced between the antennas as shown in Fig. 8b This element adds 
additional capacitance, enhancing isolation between the antenna ele
ments. As a result, it enables the generation of a decoupling current that 
effectively reduces mutual coupling and improves overall isolation 
performance.

Fig. 9 shows the measuring apparatus and the fabricated MIMO an
tenna array. The suggested MIMO dimensions with DGS are displayed on 
Table 3. An antenna array simulation is carried out using CST Micro
wave Studio 2019. Every element receives independent stimulation by a 
distinct 50 Ω terminal. It’s vital to keep in mind that nearby antennas are 
always somewhat linked. The MC in a two-port array is shown in Fig. 10
(a), both with and without the use of isolation tools. As you can see, in 
the event that DGS is not present, there is insufficient isolation in the 
relevant frequency band. Fig. 10(a) illustrates that, in contrast, the 
isolation while inserting DGS is as high as − 53 dB.

4. Findings and discussion

The antenna array covers the frequency range of 3 to 6.5 GHz, as 

Fig. 11. Surface current patterns on the proposed MIMO antenna at frequencies 
(a) 3.3 GHz and (b) 4.5 GHz.
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presented in Fig. 10(b). The link between measurement and simulation 
is altered by the connection. Figs. 10(c) and (d) show that the efficiency 
fluctuates roughly 95 % and that the highest gain is about 11.5 dBi.

Fig. 11 demonstrates the surface current distributions, which provide 
additional evidence of the impression of the DGS on antenna perfor
mance. The current is largely concentrated at the DGS, which results in 
high inductive impedance. The fall in MC is due to the other antenna 

components producing essentially no current.

4.1. MIMO parameters

The MIMO antenna’s reliability is weighed based on multiple pa
rameters. The Effective Channel Capacity is a crucial dynamic metric 
that is utilized to evaluate its efficacy (ECC). One important 

Fig. 12. MIMO antenna features, including (a) ECC, (b) DG, (c) TARC, and (d) CCL.

Fig. 13. 3D radiation of single element antenna design at frequency (a) 3.3 GHz, and (b) 4.5 GHz.
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performance statistic for the MIMO is ECC, this can be computed from 
the S-parameters with Eq. (8). 

ρmn =

⃒
⃒
⃒
∫ ∫ 4π

0

[
Fm
⇀

(θ,Ф) × Fn
⇀

(θ,Ф)
]
dΩ

⃒
⃒
⃒
2

∫ ∫ 4π
0

⃒
⃒
⃒Fm

⇀
(θ,Ф)

⃒
⃒
⃒
2
dΩ

∫ ∫ 4π
0

⃒
⃒
⃒Fn

⇀
(θ,Ф)

⃒
⃒
⃒
2
dΩ

(8) 

Where ρ:ECC, F(θ, Ф): the antenna beam patterns, m or n are the number 
of the antenna.

The results of ECC employing DGS Structure between elements are 
roughly less than 6 × 10–4, as exposed in Fig. 12(a). The transmission 
power loss that occurs on the MIMO structure as soon as the diversity 
strategy is applied is called DG. The following Eq. (9) is used to deter
mine this parameter: 

DG = 10
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − (ECC)2
√

(9) 

Third element following the connection between ports is TARC, a 
measure used for evaluating a MIMO antenna’s efficacy. Fig. 12(b) 
demonstrates the diversity gain (DG), it is nearly 9.9979. The proportion 
of the square root of the entire incident power to the square root of the 
total reflected power is acknowledged as TARC. It may be assessed using 
the following formula, which is given in reference [26]: 

Γ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⃒
⃒sii + sijejθ

⃒
⃒2 +

⃒
⃒sji + sjjejθ

⃒
⃒2

2

√

(10) 

In this instance, θ represents the input phase angle, fluctuating from 
0o to 180o, with a step raise of 30o.

The input phase angle in this case is represented by θ, which has a 
step increment of 30o and ranges from 0o to 180o. Ports 1 and 2 have 
reflection coefficients of sii and sjj individually.

Fig. 12(c) displays the TARC for the recommended design that makes 

use of the DGS approach. The TARC of the array is ≤ − 28 dB. CCL has to 
be <0.4 bits/s/Hz in order to be wanted. Since it is ≤ 0.3 bit/s/Hz, all 
three scenarios satisfy CCL. Results for the CCL are displayed in Fig. 12
(d).

Figs. 13 and 14 show the 3D and 2D shapes features at frequencies of 
3.3 GHz and 4.5 GHz, correspondingly. The suggested MIMO system’s 
3.3 GHz radiation patterns, as shown by modeling and experiment, are 
shown in Fig. 14. The primary lobes in Figs. 14(a) and 14(b) are clearly 
oriented toward theta = 90 degrees and perpendicular to one another. 
Furthermore, there is a 90-degree phase variance in the E-plane pat
terns. On the other hand, as Figs. 14(c) and (d) show, the H-plane forms 
show a 180-degree phase shift between antennas #1 and #2. All an
tennas, however, have the identical E-plane designs.

4.2. Radiation properties and the effect of user proximity (hand and 
head) on radiation behavior

When using a mobile phone, the amount of electromagnetic radia
tion (EM) that can be absorbed by the human body is measured using a 
metric called SAR [1,2]. Given that the planned antenna array is 
mounted on the rear cover, it is needed to estimate the SAR value. A 
dielectric substance with a permittivity of 3.32 and a loss tangent of 
0.002 is used to make the rear cover. Fig. 15(a) shows the antenna 
design with the rear cover, which has extents of 150 × 70 × 1.2 mm³. 
The proposed antenna is projected to be used with mobile phones, so it is 
necessary to estimate its SAR. The arrangement architecture uses a 
human head phantom model to evaluate the amount of electromagnetic 
radiation that the human head absorbs, as Fig. 15(b) shows. The antenna 
is placed at a 65◦-degree angle with respect to the negative vertical axis. 
The SAR value is affected by the separation distance between the an
tennas and different body components, as reference [27,28] discusses. 
Our work’s simulation positions the antenna array 5 mm away from the 

Fig. 14. The 3.3 GHz radiation patterns with θ adjusted to 90 degrees are shown. The patterns for ports 1 and 2 are displayed in subfigures (a) and (b), individually. 
Subfigures (c) and (d) display the beam forms for ports 1 and 2, respectively, for φ equal to 0 degrees at the same frequency.
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head phantom prototypical, or more precisely, close to the mouth and 
ear areas. The configuration of MIMO is shown over a Single Hand Mode 
prototypical (SHM) in Fig. 15(c), which is intended to assess the an
tenna’s performance in data mode. The antenna is oriented and placed 
in a way that maximizes user comfort in various settings. Specifically, 
there is a little distance of around 0.2 mm between the MIMO antenna’s 
ground plane and the hand phantom model. To assess the antenna’s data 
mode act, Fig. 15(c) shows the antenna configuration over a Single Hand 
SHM. In order to optimize user comfort in a range of conditions, the 
antenna is slanted. especially because there is a little gap—roughly 0.2 
mm—between the antenna’s surface and the hand phantom modeling.

Fig. 16 shows the SAR value that was simulated. Notably, the 
considered SAR is within the permissible variety of conventional SAR 
values (1.6 W/Kg). Regarding sub-6 GHz 5 G, the effect of the man’s 
hand on the antenna array is evaluated at resonance frequencies of 3.3 
GHz and 4.5 GHz. Most outstandingly, positioning the antenna above 
the hand has a big impact on how effective it is. As shown in Table 3, the 
simulated SAR1g and SAR10g results for the proposed structure oper
ating at 4.5 GHz with 15 dBm power input are provided. The findings 
indicate full compliance with the FCC and ICNIRP regulatory limits. 
Specifically, the SAR10g values at frequencies of 3.3 GHz and 4.5 GHz 
are 0.0236 W/kg and 0.342 W/kg, respectively, both well within the 
acceptable thresholds. Fig. 17 shows how the S-parameters have 
changed. It is discovered that the impedance matching decreases when 
the SHM introduces dielectric loading. The SAR1g and SAR10g simu
lations of the suggested structure at 5 and 10 mm distances are displayed 

in Table 4.

5. Comparison with related works

Despite the production of wideband, circular-shaped MIMO antennas 
with superior isolation, low profile and increased gain among other 
design constraints make it exciting to sacrifice compressed dimensions. 
The little size, quantity of ports, frequency range, isolation methods, 
increased isolation levels, gain, efficiency, ECC, and DG of the 
mentioned MIMO array are all exceptional. It performs better than 
models #1 through #11 in comparison. The MIMO system analysis situs 
that was provided are compared and their individual competitive ad
vantages are highlighted in Table 5. To simplify the assessment of 
Specific Absorption Rate (SAR) data, Tables 5 have been provided.

6. Conclusion

In this research paper, we presented a dual-port circular MIMO 
system with strong port isolation. The effectiveness of the DGS tech
nique in reducing mutual coupling (MC) between antennas was carefully 
evaluated. Simulations were conducted using CST to optimize the 
radiating element sizes. The proposed MIMO antenna demonstrated 
excellent isolation of − 53 dB across the entire spectrum. The DGS 
approach enhanced isolation by introducing additional capacitance into 
the circuit. As a result, the antenna achieved a peak gain of 11.5 dBi, 95 
% efficiency, and strong diversity performance. Key MIMO metrics, 

Fig. 15. (a) Schematic of MIMO antenna with dielectric back cover; (b) antenna arrangement configuration using hand phantom prototypical; and (c) antenna 
proposal for SAR investigation using head phantom prototypical.

R.H. Elabd et al.                                                                                                                                                                                                                                Results in Engineering 27 (2025) 105737 

11 



Fig. 16. SAR analysis at 15 dBm of the suggested MIMO antenna array arrangement with a rear cover at 3.3 GHz (a) 1 g and (b) 10 g and at 4.5 GHz (c) 1 g and (d) 
10 g.

Fig. 17. S-parameter readings in data mode while the hand is present.
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including ECC, DG, and CCL, were derived from simulations and mea
surements to validate the antenna’s performance. The study results 
consistently exhibited positive trends across the targeted frequency 
ranges, indicating the suitability of the proposed design for 5 G sub-6 
GHz applications. Furthermore, SAR analysis confirms that the MIMO 
array meets safety standards for 5 G handheld mobile systems operating 
in this frequency range.
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