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Abstract
Maintaining the compactness of 5G smartphones while accommodating millimeter-wave (mm-wave) bands presents 
a significant challenge due to the substantial difference in frequency. To tackle this issue, we introduce a miniaturized 
quad-port dual-band multiple-input, multiple-output (MIMO) antenna with low mutual coupling (MC) and a considerable 
frequency difference. This quad-port MIMO antenna, built on a Rogers TMM4 substrate, measures 17.76 × 17.76  mm2 and 
boasts a dielectric constant of 4.5. It incorporates four planar patch antennas, positioned at the corners in perpendicular 
orientations. For dual-band operation at 28/38 GHz, each antenna element features a rectangular patch with four rec-
tangular slots, complemented by a full ground plane. The spacing between these elements is 0.5 λo, and we’ve included 
a decoupling structure (DS) to minimize mutual coupling (MC) among the MIMO antenna elements with minimal com-
plexity and cost. Simulation and measurement results reveal a significant reduction in mutual coupling between the 
array elements, ranging from − 25 to − 60 dB. As a result, we’ve developed the envelope correlation coefficient (ECC) and 
made advancements in the total active reflection coefficient (TARC), mean effective gain (MEG), and diversity gain (DG). 
The measured gains for this design are approximately 8.9 dBi at both 28 GHz and 38 GHz, with a radiation efficiency of 
nearly 93%. Furthermore, specific absorption rate (SAR) analysis confirms the MIMO antenna’s suitability for smartphone 
handsets operating within the target frequency band.

Keywords 5G smartphone · MIMO antenna · Decoupling structure (DS) · Mutual coupling (MC) · Millimeter-wave 
(mm-wave) · Specific absorption rate (SAR) · Equivalent circuit model

1 Introduction

The rapid evolution of fifth-generation (5G) technology has brought about substantial enhancements in wireless commu-
nication networks. These improvements encompass reduced latency, increased data throughput, enhanced connectivity, 
and better spectral efficiency [1–3]. Among the pivotal elements in 5G wireless devices, MIMO antenna technology plays 
a crucial role, widely adopted in numerous systems to meaningfully boost channel capacity [4, 5].

Millimeter-wave (mm-Wave) communication presents numerous benefits over current wireless technologies, such 
as significantly wider bandwidths, greater spectrum availability, and reduced component sizes [6, 7]. The Federal 
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Communications Commission (FCC) has allocated frequencies at 28 GHz, 37 GHz, 39 GHz, and 64–71 GHz for fifth-
generation (5G) applications [8].

Antenna scientists have been driven to design antennas with elevated gain and wideband characteristics to combat 
the effects of route loss and atmospheric absorption, which result in signal attenuation within these frequency ranges 
[9–13]. Additionally, incorporating a greater number of antenna elements offers advantages such as increased system 
capacity, improved signal transmission quality, and a reduction in multipath issues [14–16]. However, achieving effec-
tive MC between these elements poses a challenge for MIMO antenna designers, as heightened MC within the wanted 
frequency range can lead to a decrease in antenna performance [17, 18]. Consequently, embracing a MIMO configura-
tion with robust isolation among antenna elements can enhance the overall system’s performance. This improvement 
encompasses the ability to attain high data rates, expand capacity, mitigate multipath interference, and enhance system 
reliability [19–21].

Recently, researchers have developed multiple MIMO antennas that operate at dual bands of 28/38 GHz. In [10], the 
authors describe a dual-band 27/39 GHz MIMO antenna consisting of two elements, achieving isolation levels exceeding 
25 dB and a peak gain of approximately 5 dBi. Meanwhile, in [15], they discuss a dual-band circularly polarized quad-port 
antenna that operates at 28/38 GHz, providing about 36 dB of isolation and a peak gain exceeding 7 dBi. In [22], a two-
element MIMO antenna working at 28/38 GHz is presented with 30 dB of isolation and a simulated peak gain of 7 dBi. 
Furthermore, [23] suggests a circularly polarized two-port MIMO antenna based on an artificial neural network (ANN) 
for the dual bands of 28/38 GHz. In [24], the authors introduce a two-port MIMO antenna for the same bands, achieving 
isolation greater than 25 dB and a peak gain of around 1.7 dBi. Further, [25] studies a quad-port MIMO antenna operating 
at 28/37 GHz. [26] presents a two fold-element MIMO antenna working at 28/38 GHz with MC exceeding 20 dB. In [27], a 
quad-port dual-band 28/38 GHz antenna is achieved with a peak gain of more than 7 dBi and isolation of over 20 dB. In 
[28], the authors illustrate a quad-port antenna operating at 28/38 GHz with around 25 dB of isolation and a peak gain 
exceeding 5 dBi. Moreover, in [29], a quad-element MIMO antenna for the dual bands of 28/38 GHz is realized with 30 dB 
of MC and a simulated peak gain of 9 dBi. Finally, in [30], a two-port MIMO SIW antenna for the dual bands of 28/38 GHz 
is proposed, featuring a peak gain greater than 5 dBi. In [31], the researchers explore a four-element MIMO/array antenna 
designed for dual-band operation at 28/38 GHz, and their simulations indicate a peak gain of 9 dBi. Meanwhile, in [32], 
the authors detail the development of a six-port loop antenna working at the dual bands of 28/38 GHz, demonstrating 
more than 25 dB of isolation and a simulated peak gain surpassing 4.5 dBi.

The primary obstacle when creating a MIMO array is managing MC, which can impact the array’s radiation pattern. In 
an array, the level of MC is inversely linked to the spacing among the individual antenna elements. Consequently, numer-
ous investigations have delved into a variety of strategies to tackle this challenge [34–54]. For instance, researchers in 
[34, 35] employed the EBG approach to enhance isolation, while [36–38] utilized the DGS approach to address this issue. 
Furthermore, several studies [39, 40] applied the NL technique to confront this problem, and [41] utilized the parasitic 
element approach. Some authors [42] also implemented the decoupling method when analyzing these structures.

In order to improve its performance and attain the targeted dual-band operation at 28/38 GHz, we have incorporated 
a single-element design based on [33] for our investigation. We have made essential alterations to the dimensions and 
customized the shape accordingly. Subsequently, we have developed a four-port orthogonal MIMO antenna arrange-
ment, utilizing a dielectric substrate (DS) technique to minimize mutual coupling. This antenna configuration is capable 
of accommodating 5G millimeter-wave frequencies at 28/38 GHz and provides four dual-band channels.

To maintain affordability and simplicity in the antenna’s construction, we have utilized a Rogers TMM4 substrate with 
a dielectric constant of 4.5 and a thickness of 1.52 mm. The overall size of the MIMO antenna is 17.76 × 17.76  mm2, with 
a peak gain of 8.9 dBi and an efficiency of approximately 93%. Notably, increasing the number of elements by a factor 
of two continues to effectively reduce mutual coupling.

In brief, this paper’s main contributions can be outlined as follows:

• The suggested quad-port MIMO antenna designed for dual-band operation spans across two frequency ranges: from 
27.66 GHz to 28.378 GHz for the first band and from 37.7 GHz to 38.26 GHz for the second band. This compact antenna 
has a total dimension of 17.76 × 17.76  mm2.

• Mutual coupling (MC) is enhanced by introducing orthogonal shapes combined with four strandlines and integrating 
them with four single antenna elements. This configuration provides high isolation, especially at 28 GHz, reaching 
− 60 dB due to a decoupling structure (DS) technique placed between antenna elements.

• A comprehensive equivalent circuit model is introduced to validate the design process for both the single and four-
port MIMO antennas.
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• An elaborate time-domain analysis is also conducted to validate the radiation efficiency of the proposed antenna 
design for 5G millimeter-wave signal propagation, which achieved 93%.

• Specific absorption rate (SAR) analysis is conducted to verify the performance of the MIMO antenna for smartphone 
handsets.

Fig. 1  An individual patch antenna’s geometry. a Top view, b bottom view, c equivalent circuit of conventional antenna, d equivalent circuit 
of proposed antenna, e schematic diagram on ADS program, and e Return loss of the antenna derived from the equivalent circuit
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2  Antenna setup and design

As illustrated in Fig. 1 (a), the idea behind the suggested antenna is to use a quadrilateral patch antenna with four rec-
tangular holes etched from the radiating element and a full ground plane to accomplish the necessary twofold band 
28/38 GHz. The dimension of the prototype antenna is Wx ×Wy = 8.88 × 8.88mm2 . On a Rogers TMM4 substrate with 
a 4.5 dielectric constant, the antenna is printed. The width of the patch controls the antenna’s bandwidth. The patch 
antenna’s length Lp and width Wp are computed using the equations listed below [33]:

Here, h denotes the substrate’s height on the Rogers TMM4. The terms �eff  , C , and fo stand for effective permittivity, 
( 3 × 108 m/s) light speed, and center frequency, respectively.

The electrical model serves as a valuable tool for comprehending how the antenna functions, presenting its operation 
through equivalent lump elements for clearer visualization. A resonator can be represented as a parallel RLC circuit, as 
indicated in reference [54]. Following a similar approach, we’ve created a simplified equivalent circuit model for a tra-
ditional single element, as depicted in Fig. 1(b). In this model, the patch antenna is approximated using an RLC circuit, 
where ‘R’ corresponds to the radiation resistance of the antenna’s radiating mode, and ‘L’ and ‘C’ characterize the resonant 
circuit responsible for achieving the desired resonant frequency. The lower and upper two rectangular slits represents LC 
circuit  (L1 and  C1) for lower and  (L2 and  C2) for upper, connected with antenna through capacitor  C3 and  C4, respectively 
as shown in Fig. 1(c). the antenna element is excited by a separate 50 Ω terminal.

The equivalent circuit model was optimized in Key sight Advance Design System (ADS) as shown in Fig. 1(d). The com-
ponent values in the circuit model are illustrated as follows: Lf = 9.4pH , Lp = 10.6pH , Cp = 3.85pF , Rp = 50Ω , C1 = 0.2pF , 
L1 = 9.4pH , C2 = 8.4pF , L2 = 10.4pH , C3 = 2pF , C4 = 0.6pF , and R1 = 50Ω.

The return loss derived from the circuit model are corroborated through comprehensive full-wave simulation analysis, 
as depicted in Fig. 1(e).

Equation (4) provides the equivalent admittance of the parallel resonance:

Since Z = 1∕Y  , subsequently, the equivalent impedance is expressed as follows:

To determine the equivalent circuit parameters ( Rp , Lp , and Cp ), we apply the following formulas:
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Supposing that ≫ Z0 , we obtain:

At a − 3 dB point, which corresponds to the cutoff frequency fc , we observe the following:
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Fig. 2  Design phases of the 
dual-band antenna. a Ant 1, b 
Ant 2, and c Ant 3

Fig. 3  Simulated return loss a for three design phases of a single element, and b for different values of W
c

Table 1  Antenna 
specifications, with all 
measurements provided in 
millimeters (mm)

Variable Value (mm) Variable Value (mm) Variable Value (mm) Variable Value (mm)

W
y

8.88 W
p

4.24 W
L

0.3 W
c

0.3
W

x
8.88 L

p
3.47 L

L
0.83 L

c
1
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Here, �c represents the angular frequency at cutoff, and �0 signifies the angular frequency at resonance. By employing 
Eqs. (8) and (9), we can derive the values for the capacitance and inductance of the equivalent circuit:

The resistance ’R’ in the equivalent circuit is most appropriately adjusted in the vicinity of the resonance frequency. 
Under these conditions, the equivalent impedance ’ Ze′is equal to ’R,’ and the relationship is expressed as follows:

Then,

Figure 2 depicts the single element antenna’s three primary design phases. The initial design for the first stage (Ant1) 
is a rectangular radiating patch with dimensions of Wp × Lp = 4.24 × 3.47mm2 . The patch is fed using a 50 microstrip line 
with the dimensions Wf  and length Lf .

By etching two rectangular slots of the same length on the radiating element on either side of the feed line, the second 
stage (Ant 2) achieves the first resonance mode 28 GHz. The final stage (Ant. 3), which will produce the second resonance 
mode at 38 GHz, is etching two rectangular slots of the same length at the top of the radiating element at equal distances 
from the sides. Figure 3 displays the outcomes of the three design steps using CST Microwave Studio 2019. We have four 
rectangular slots for obtaining a 28/38 GHz twofold-band antenna, as was previously stated in Ant 3. Figure 3(a) showed 
the three antennas’ reflection coefficients as a function of frequency. The S11 simulation output for ant 1 (black color) is 
greater than − 10 dB. The initial resonance at 28 GHz can be found by switching to ant 2 (red color), and its S11 is − 20 dB. 
For ant 3 (blue color), the dual band is seen at 28/38 GHz, and its S11 for these frequencies is, respectively, −27.1 dB and 
− 23.8 dB. Table 1 provides the optimal antenna dimensions.

As shown in Fig. 2(c), the addition of the slits enhances the frequency band that covers the two resonance frequency. 
It is observed that the  S11 values are less than—10 dB at 28/38GHZ. We observed a close match between the equivalent 
circuit and proposed single element.

Extensive parametric investigations into the width of the slits have been conducted for the designed antenna, and 
these studies have revealed a significant impact of the width  (Wc) on the antenna’s directivity. The return loss has been 
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Fig. 4  Predicated and measured outcomes of a single antenna element a Return loss, and b gain
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Fig. 5  The geometry of a 
MIMO antenna array, shown 
in a from the top view, b from 
the bottom view, and c repre-
sented as its equivalent circuit

Table 2  The equivalent circuit 
parameters of proposed 
MIMO antenna array

Lf Lp Cp Rp C1 L1 C2 L3 C3 C4 R1

9.4 pH 10.6 pH 3.85 pF 50 Ω 0.2 PF 9.4 pH 8.4 pF 10.4 pH 2 pF 0.6 pF 50 Ω
L12 C12 L13 C13 L34 C34 L24 C24

9.2 pH 4 pF 8.9 pH 3.6 pF 8.7 pH 6.75 pF 10 pH 4 pF
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assessed by varying the value of  (Wc). Figure 3b illustrates the simulated return loss as  (Wc) varies, with values of 0.1, 0.3, 
and 0.6 mm, respectively. Consequently, a  (Wc) value of 0.3 mm has been selected to provide a − 10 dB bandwidth at 
both 28 GHz and 38 GHz while maintaining a compact configuration.

Figure 4(a) displays the antenna reflection coefficient simulation and measurement results for the two resonance 
frequencies. It shows the simulated  S11 values (lower than − 10 dB) for the first band, which ranged from 27.66 GHz to 
28.378 GHz, and the second band, which ranged from 37.7 GHz to 38.26 GHz. While the measured  S11 findings (lower than 
− 10 dB) for the first band spanned from 27.78 GHz to 28.5 GHz and the second band from 37.81 to 38.37 GHz. Owing 
to imperfections in the manufacturing process and measurement setup, the simulated outcomes closely matched the 
measured results, with only slight variations. According to Fig. 4(b), the antenna’s gain is 7.8 dBi at 28 GHz and 6.5 dBi 
at 38 GHz, respectively.

3  Mutual coupling in MIMO

The structure of a quad-port MIMO antenna and the techniques used to improve isolation between elements are 
covered in this section. To achieve high isolation between ports, DS has been sited among elements. The dimensions 
of every four-port MIMO array design that has been proposed are 17.76 mm × 17.76 mm × 1.52 mm. Four instances of 
the single antenna unit described in the previous section are positioned at a separation of gx = gy = 5mm from one 
another, oriented orthogonally, as depicted in Fig. 5. The Rogers TMM4 substrate, is the foundation for the proposed 
antenna array. CST Microwave Studio 2019 is used to simulate the antenna array.

In Fig. 5(c), you can observe the representation of an equivalent resonance circuit model for the MIMO system with 
four orthogonal elements. Each element is independently connected to a 50 Ω terminal. It’s important to acknowl-
edge that there is always some level of coupling between adjacent antennas. This coupling is represented using 
LC series lumped elements, and the specific component values are detailed in Table 2. Figure 6 illustrates the MC 
between ports in a Quad-port MIMO array when no isolation techniques are applied, revealing insufficient isolation 
within the desired frequency range.

3.1  Utilizing the DS Technique for the design of a four‑port MIMO with low MC

Enhancing the MIMO parameters is a crucial objective in the development of 5G millimeter wave wireless terminals. 
The utilization of the DS structure is recommended to improve these characteristics. Rogers TMM4 material, which 
has a typical thickness of 1.52 mm (ε = 4.5), is the foundation for the proposed antenna array. The suggested antenna 
system is shown in Fig. 7 using the DS approach, and its sizes are listed as follows:wd = ld = 2mm , sd = 6mm , and 
gd = ld = 0.25mm.

The suggested array has the following dimensions: 17.76 mm × 17.76 mm × 1.52 mm. The electrical circuit model that is 
equivalent to the antenna array, with the inclusion of the DS, can be observed in Fig. 7(c). The equivalent circuit of the DS 
is represented by inductance  LDS, capacitance  CDS and reactance  RDS, whose value relies on the space among the radiators.

Fig. 6  Simulated mutual 
coupling between ports in the 
absence of any decoupling 
methods
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Fig. 7  A quad-port MIMO 
antenna geometry with DS 
shown in a from the top view, 
b from the bottom view, c 
represented as its equivalent 
circuit, d Design Stages of the 
MIMO antenna, and e step-2 
Mutual coupling
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The central metallic patch within the array that interconnects the four arms is represented by an inductance  (LC). 
The interaction between the patch and the DS occurs primarily through capacitance  (CC), as the DS couples with the 
patch via the non-radiating edge of the patch antenna. The losses, both ohmic and dielectric, associated with the 
DS are modeled as resistance  RDS.

We obtained the optimized values for the equivalent circuit model by utilizing a full-wave EM simulation with 
CST in the 28/38 GHz frequency range. The magnitudes of these parameters can be found in Table 3. The simplified 

Table 3  The equivalent circuit 
parameters of proposed 
MIMO antenna array

Lf Lp Cp Rp C1 L1 C2 L3 C3 C4 R1 CDS

9.4 pH 10.6 pH 3.85 pF 50 Ω 0.2 PF 9.4 pH 8.4 pF 10.4 pH 2 pF 0.6 pF 50 Ω 3.85 pF
L12 C12 L13 C13 L34 C34 L24 C24 Lc Cc RDS LDS

9.2 pH 4 pF 8.9 pH 3.6 pF 8.7 pH 6.75 pF 10 pH 4 pF 9.4 pH 3.85 pF 50 Ω 10.6 pH

Fig. 8  Predicated and measured outcomes for quad port MIMO scheme with DS. a Return loss, b Mutual coupling DS, c Efficiency and b 
Gain
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Fig. 9  Predicated and measured outcomes of quad port MIMO antenna with DS a ECC, b DG, c TARC, and d CCL

Fig. 10  Current distribution 
on the surface at (a) 28 GHz 
and (b) 38 GHz for the port 2 
of the four-port MIMO array 
using DS method
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equivalent circuit model was applied to evaluate the impact of the DS on the return-loss and isolation performance 
of the antenna array.

Figure 7(d) depicts the MIMO antenna’s three primary design stages. The initial design (step-1) for the MIMO array 
is four copies of the single antenna unit from the previous section are arranged 5 mm apart, orthogonally to one 
another with dimensions 17.76 mm × 17.76 mm × 1.52 mm and not contain any decoupling techniques. In this stage 
Fig. 6 shows insufficient isolation within the desired frequency range. From Fig. 6 the mutual coupling at 28 and 
38 GHz is around − 15 and − 5 dB respectively. In step-2 the square shaped DS with dimension 2 mm × 2 mm has been 
added in between antenna element to lessen the mutual coupling. The mutual coupling in this case is poor enhanced 
as shown in Fig. 7(e). From Fig. 6 the mutual coupling at 28 and 38 GHz is around − 25 and − 20 dB respectively. To 
farther enhancement four arms is added to square shape as shown in Fig. 7(d). By way of illustrated in Fig. 8(b), the 
DS approach can produce enough decoupling current to increase isolation to less than—30 dB to–80 dB.

Figure 8(a) depicts the antenna array, which is designed for the fifth generation of millimeter-wave technology and 
spans the dual bands of 28 GHz and 38 GHz. By way of illustrated in Fig. 8(b), the DS approach can produce enough 
decoupling current to increase isolation to less than—30 dB. As demonstrated in Fig. 8(c), (d), the efficiency varies around 
93% and the gain around 8.9 dBi. DG and ECC are depicted in Fig. 9(a) and (b) to be around 10 and less than 1.5 × 10−4 , 
respectively. According to Fig. 9(c), the MIMO array’s TARC parameter is less than − 20 dB. The CCL of the suggested MIMO 
array is presented in Fig. 9(d). CCL is satisfied because it is fewer than the intended value of 0.03 bits/s/Hz. To further 
substantiate the impact of the DS on the antenna performance. In Fig. 10, the surface current distributions are displayed. 
Following the incorporation of the DS, the majority of the current is concentrated near the central square element and its 
connecting lines. Additional antenna components display limited current induction, resulting in a reduction of mutual 
coupling.

3.2  MIMO antenna performance evaluation

To analyze the MIMO antenna’s performance, various parameters are used. ECC is one of the primary dynamic charac-
teristics used to calculate the MIMO antenna’s performance.

One of the most important performance indicators for the MIMO scheme is ECC. The following equation [17] can be 
used to compute it from the S-parameters:

According to Fig. 9 (b), the results of ECC using DS scheme are approximately less than 1.5 × 10−4 . As soon as the 
diversity technique is used on the MIMO scheme, DG is the transmission power loss that results. With the help of the 
following equation [18], DG is calculated:

(14)ECC =

|||Sii ∗ Sij + Sji ∗ Sjj
|||
2

(
1 − ||Sii||

2
−
|||Sji

|||
2)

∗ (1 −
|||Sjj

|||
2

−
|||Sij

|||
2

)

Table 4  MEG at various 
frequencies of proposed 
MIMO antenna array using DS 
technique

Frequency (GHz) MEG (dB) Techniques
DS

28 MEG1 − 6.9327
MEG2 − 6.8925
MEG3 − 6.125
MEG4 − 5.998
MEG1/MEG2 1.0023
MEG3/MEG4 0.9885

38 MEG1 − 6.9367
MEG2 − 6.8869
MEG3 − 6.132
MEG4 − 5.965
MEG1/ MEG2 1.0019
MEG3/ MEG4 0.9865
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According to Fig. 9 (a), DG is approximately 10 dB.
TARC represents the third element that follows the port-to-port coupling. TARC is a metric used for assessing the per-

formance of a MIMO antenna, calculated as the ratio of the square root of the total reflected power to the square root of 
the full incident power. The formula [18] below can be employed to compute TARC:

With a step increment of 30o , � is the input phase angle in this case from 0o to 180o . Ports 1 and 2’s reflection coef-
ficients are sii and sjj , respectively. Figure 9 (c) for proposed design using DS approach display TARC.

Mean Effective Gain (MEG), the fourth parameter, considers the combined factors of overall efficiency, gain, and 
the calculation of antenna mismatches. MEG values, denoted as MEG1 for antenna #1, MEG2 for antenna #2, MEG3 
for antenna #3, and MEG4 for antenna #4, vary within the range of 0.9865 to 1.0091. According to Table 4, MEG for 
every antenna varieties from -5.923 to − 6.9367 dB. Utilizing the following equation [43], the MEG is calculated:

In this context, ’K’ represents the overall count of antennas, ‘I’ pertains to the specific active antenna under considera-
tion, and ‘ �irad ’ denotes the radiation efficiency of that particular antenna within the scenario involving four antennas."

The MEG measurements should have a range that encompasses.

Channel Capacity Loss (CCL), the fifth performance parameter, is one of the key measures for MIMO. Using the follow-
ing equation [44], CCL is calculated:

(15)DG = 10
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(18)−3 ≤ MEG(dB) < −12

Table 5  The evaluation of DS 
based design

Parameter Techniques
DS

Isolation improvement (dB) At 28 GHz < −35 ∶ −60

At 38 GHz < −35

ECC < 1.5 × 10
−4

DG 9.99
Average MEG for each port (dB) − 6.092
TARC (dB) < −25
Gain (dBi) 8.9at 28 GHz

8.7 at 38 GHz
Efficiency 90%
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where ΨR is the receiving antenna’s correlation matrix, which is written as follows:

where,

(19)Closs = −log2(Ψ
R)

(20)ΨR =
Ψii Ψij

Ψji Ψjj

(21)Ψii = 1 − (||Sii||
2
−
|||Sji

|||
2

)

Fig. 11  Predicted and meas-
ured radiation patterns at 
θ =  900, with a frequency of 
28 GHz, including: a port (1), b 
port (2), c port (3), d port (4). 
Additionally, at φ = 0 degrees, 
and a frequency of 28 GHz: e 
port (1), and f port (4)
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CCL must be fewer than 0.4 bits/s/Hz to be wanted. The three scenarios satisfy CCL because it is smaller than this 
value. Figure 9(d) display the outcomes of the CCL.

The outcomes of the DS method for minimizing mutual coupling between antenna elements are listed in Table 5. 
The mutual coupling reduction strategy result in excellent port isolation and gratified MEG, CCL, TARC, DG, and ECC.

The radiation characteristics of the MIMO system under consideration at 28 GHz are presented in Fig. 11, show-
casing key features. In Fig. 11(a), (b), (c), and (d), it’s evident that the main lobes are oriented at right angles to each 
other, pointing towards θ = 90 degrees. The E-plane patterns exhibit a 90° phase difference. In contrast, the H-plane 

(22)Ψij = −
(
Sii ∗ Sji + Sij ∗ Sjj

)

(23)Ψji = −
(
Sjj ∗ Sji + Sij ∗ Sii

)

(24)Ψjj = 1 − (
|||Sjj

|||
2

−
|||Sij

|||
2

)

Fig. 12  a Antenna schematic 
with a dielectric back cover, 
and b arrangement for SAR 
assessment using a head 
phantom model
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patterns, as observed in Fig. 11(e) and (f ), show a 180° phase difference between antennas #2 and #3, as well as 
between antennas #1 and #4. Notably, he E-plane patterns closely resemble each other among all antennas.

The measurement of electromagnetic (EM) energy absorbed by the human body during smartphone usage is 
quantified through a metric known as Specific Absorption Rate (SAR), as explained in references [52] and [55].

Equation (25) provides a definition of SAR as the rate at which electromagnetic energy is absorbed by human 
tissues per unit of their mass.

In this equation, σ stands for the conductivity of the tissue, measured in Siemens per meter (S/m), E represents 
the electric field strength in Volts per meter (V/m), and ρ signifies the tissue’s mass density, measured in kilograms 
per cubic meter (kg/m3).

The Specific Absorption Rate (SAR) can be calculated by taking an average over the whole body or a smaller tissue 
sample, typically 1 g or 10 g. SAR is quantified in watts per kilogram (W/kg) [52]. Given that the suggested MIMO 
antenna structure is affixed to the back cover, it’s essential to predict its Specific Absorption Rate (SAR) value. This 
back cover is made from a dielectric material with a permittivity of 3.32 and a loss tangent of 0.002. Figure 12(a) 

(25)SAR = �
E2
i

�
(W∕Kg)

Fig. 13.  3D radiation patterns of the finalized MIMO antenna structure with the back cover are simulated at 28 GHz, depicting a first port 
and b second port, and at 38 GHz, showcasing c first Port and d second Port
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illustrates the antenna’s configuration with the back cover, which has dimensions of 150 × 70 × 1.2  mm3. Figure 12(b) 
shows the setup designed to assess the electromagnetic energy absorbed by a human head, employing a human 
head phantom model. The antenna is oriented at 650 with reference to the negative vertical axis. Highlighting the 
significance of the SAR value, it is greatly influenced by the spatial gap between the antenna patch and various parts 

Fig. 14  SAR simulated at 15 dBm for the proposed MIMO antenna structure with a back cover at 28 GHz, illustrating a 1 g and b 10 g, and at 
38 GHz, depicting c 1 g and d 10 g

Table 6  The SAR1g and 
SAR10g values obtained 
through simulation for the 
proposed MIMO structure 
with an input power of 
15 dBm

Frequency Spacing 5 (mm) Spacing 10 (mm)

SAR1g SAR10g SAR1g SAR10g

28 GHz 0.0225 0.00576 0.015 0.0031
38GHZ 0.00948 0.00332 0.0036 0.0012

Table 7  The SAR1g and 
SAR10 g values obtained 
through simulation for the 
proposed MIMO structure 
with an input power of 
20 dBm

Frequency Spacing 5 (mm)

SAR1g SAR10g

At 28 GHz 0.057 0.036
At 38GHZ 0.023 0.00945
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of the human body [52]. In our study, the simulation positions the MIMO antenna 5 mm away from the head phantom 
model, specifically near the ear and mouth regions of the head phantom model.

Following the FCC regulations, the input power for radiators used in 5G configurations can be set at 15 dBm, 18 dBm, 
and 20 dBm, maintaining a 5 mm separation among the head and the radiator [55]. Figure 13 showcases the radiation 
patterns of the antenna when a human head model, a hand model, and a rear antenna with a back cover are included 
in the setup for an input power of 15 dBm. Figure 14, shows the simulated value of SAR1g and SAR10g at 28 GHz and 
38 GHz for 15 dBm when port 1 is active and the other three ports is inactive.

Figure 14 data clearly shows that SAR is more pronounced at shorter distances from the antennas when compared to 
greater distances. SAR1g registers higher values than SAR10g, as indicated in Table 6, highlighting that SAR diminishes 
as the separation between the antenna and the human head and hand model increases. The simulation outcomes for 
SAR1g and SAR10g at 28/38 GHz with an input power of 15 dBm are presented in Table 6. These findings indicate that 
the SAR1g values comfortably fall within permissible thresholds, with all simulated values adhering to the SAR limits 
defined by FCC and ICNIRP standards, which are set at 1.6 W/Kg.

As per Eq. (25), the SAR values are contingent upon the electric field strengths (E) of the antennas. The simulation out-
comes in Table 7, involving an input power of 20 dBm, reveal SAR values that fall within lower ranges than anticipated. Given 
the potential risks associated with electromagnetic fields and their impact on human tissues, it is advantageous to devise 
antennas with low SAR values for mobile handsets, especially when these devices are utilized in close proximity to the human 
body. This approach serves to mitigate any potential adverse health effects.

As shown in Fig. 15, the power densities (PD) were computed numerically at an input power of 1 W. 1800.23 W/m2 at 28 GHz 
and 2400 W/m2 at 38 GHz were the top power densities. It is clear that the suggested MIMO antenna needs to be positioned 
5 mm away from the human head in order to function within safety parameters with an input power of 1 W. However, because 
the Maximum Effective Isotropic Radiated Power (EIRP) is in the mW range, which is much smaller than 1 W, in practice the 
transmitter’s radiated power is likewise limited. Even when positioned directly above the skin, the suggested MIMO antenna 
is safe as long as its DS and input power are within milliwatt ranges. The computed power density for the suggested MIMO 
antenna construction with a 28 GHz and 38 GHz rear cover is displayed in Fig. 15.

4  Comparison with related works

Despite attempts to produce a dual-band MIMO antenna with high isolation, design considerations like the low profile 
and improved gain make it challenging to sacrifice the compact size. In this paper, a 5G Millimeter-Wave 28/38 GHz 
dual-band MIMO antenna array is introduced. The designed configuration is tailored for 5G Millimeter-Wave wireless 
terminals. The finalized MIMO antenna array exhibits exceptional attributes and performance, including its compact 
form, port count, frequency coverage, minimum coupling, enhancement in minimum coupling, gain, efficiency, 
error correction capability, and directivity. These characteristics surpass those found in designs #1 through #16. 
A comparative analysis reveals a competitive edge in the provided MIMO antenna array configurations, which are 
summarized in Table 8.

Fig. 15  Simulated power den-
sity for the proposed MIMO 
antenna structure with a back 
cover at: a 28 GHz, b 38 GHz
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Table 9 have been included to facilitate a comparison of Specific Absorption Rate (SAR) values. As per Table 9, it’s 
evident that the SAR values for the proposed antenna generally tend to be lower than those reported in prior studies 
at the 28/38 GHz frequency range.

5  Conclusion

Decoupling structure (DS) techniques were employed to reduce mutual coupling, and their effectiveness was evalu-
ated. Using CST STUDIO SUITE version 2019, we simulated the model of the radiating elements with optimum sizes. 
The suggested MIMO antenna was designed to operate at two resonance frequencies of 28/38 GHz, with isolation bet-
ter than 30 dB across two operational bands. DS techniques were utilized to improve the isolation between antennas, 
resulting in a high efficiency of 93% and a gain of 9.7 dBi. To assess the diversity performance of the antenna design 
and highlight the superiority of the suggested four-port MIMO antenna, we extracted MIMO parameters, including 
ECC, DG, MEG, and CCL, from a combination of simulation and measurement data. The outcomes from these simula-
tions and tests reveal a favorable trend across the two designated operating bands, indicating that the proposed 
structure is well-suited for application in 5G millimeter-wave wireless terminals. Moreover, the Specific Absorption 
Rate (SAR) value within both operating bands falls within the permissible standard limit, which is below 1.6 W/Kg.
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