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A B S T R A C T

This paper presents the findings about implementing a machine learning (ML) technique to optimize the per-
formance of 5 G mm wave applications utilizing multiple-input multiple-output (MIMO) antennas operating at
the 28 GHz frequency band. This article examines various methodologies, including simulation, measurement,
and the utilization of an RLC-equivalent circuit model, to evaluate the appropriateness of an antenna for its
intended applications. In addition to its compact dimensions, the proposed design exhibits a maximum gain of
10.34 dBi, superior isolation exceeding 26 dB, and a broad bandwidth of 16.56 % Centered at 28 GHz and
spanning from 25.905 to 30.544 GHz. Another supervised regression machine learning technique is utilized to
predict the antenna’s gain accurately. Machine learning (ML) models can be assessed by several measures, such
as the variance score, R square, mean square error (MSE), mean absolute error (MAE), root mean square error
(RMSE), and Mean Absolute Percentage Error (MAPE). Among the six machine learning models considered, it is
seen that the Gaussian Process Regression (GPR) model exhibits the lowest error and achieves the highest level of
accuracy in forecasting gain. The antenna under consideration has promising qualities for its intended use in
high-band 5 G applications. This is evidenced by the modelling findings obtained from Computer Simulation
Technology (CST) and Advanced Design System (ADS)and the measured and projected results derived using
machine learning methodologies.

1. Introduction

Microstrip patch antennas are standard antennas for microwave and
wireless networks. Its portability and versatility stem from its tiny,
straightforward design [1]. Microstrip patch antennas can take several
forms, including square, circular, and octagonal designs. Patches come
in various shapes, the most common of which is the rectangular patch
[2]. In the case of microstrip patch antennas, adequate bandwidth and
excellent impedance matching can be challenging to achieve. Increasing
the bandwidth and perfecting the impedance match can be accom-
plished using slotting, parasitic components, and matching networks
[3]. The antenna’s impedance matching and bandwidth will change
depending on the feed mechanism.

A microstrip 1×2 array antenna is a specific configuration of
microstrip patch antennas operating as a two-element array. This
microstrip patch antenna arrangement is called a 1×2 array [4]. This is
accomplished by adjusting the relative phase and magnitude of the
signals sent into each element. A straightforward illustration of an array
configuration is provided by microstrip 1×2 array antennas [5]. There is
a wide range of possible dimensions and configurations for arrays, such
as linear, planar, and conformal arrays. The application and the kind of
radiation pattern that is wanted both have a role in deciding which array
configuration to use [6].

A 28 GHz 5 G MIMO antenna design has been modified to function
solely inside the 28 GHz frequency band, focusing on the unique attri-
butes of millimeter wave (mm-Wave) communications [7]. To achieve
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multiple-input multiple-output (MIMO) capabilities, it is probable that
the system would incorporate multiple antennas at both the sending and
receiving terminals [8]. The antennas mentioned above are intended for
data transmission and reception inside a 5 G network. This network
provides potential for diverse applications [9], such as facilitating
high-speed internet connectivity and enabling the interconnection of
various devices within the Internet of Things (IoT) paradigm, among
other possibilities.

Table 1 shows a review of different present endeavors in terms of
their main ideas. The table compares things like working frequency,
small size, bandwidth, gain, isolation, ECC, and CCL. It is also the
smallest and has the widest bandwidth. The articles [10-16,18] indicate
that CST has a gain of 8.3 dB, 9.24 dB, 6.5 dB, 6.9 dB, 8.2 dB, 8.6 dB,
9.53 dB, 10 dB, and 5 dB. However, CST has a gain of 10.34 dB.

In this paper, the proposed 4 port MIMO antenna array design has a
bandwidth of 4.64 GHz. Authors have cited bandwidths at frequencies of
4.1 GHz, 2.1 GHz, 3 GHz, 0.4 GHz, 0.5 GHz, 1.5 GHz, 3.5 GHz, 3.5 GHz,
and 7 GHz. The design under consideration has isolation levels
exceeding 26.065 dB. The previously mentioned references include data
on decibel values above 22 dB, 18 dB, 17 dB, 17 dB, 25 dB, 23.31 dB,
22 dB, 20 dB, and 25 dB, respectively. The MIMO antenna proposed
exhibits outstanding performance attributes when compared to alter-
native choices, as evidenced by an extremely low ECC value of less than
0.0008 and a high DG value above 9.99. The utilization of the RLC
equivalent circuit outcomes is not observed in the sources, yet they hold
significant importance in the provided architecture. The architectural
design under consideration extensively employs machine learning
techniques; nonetheless, it is important to provide a more precise defi-
nition of this word within the pertinent literature.

2. Antenna geometry configuration

In this section, we have conducted an analysis of the proposed an-
tenna design. Each phase of this design serves a distinct purpose to
enhance performance. The single-element antenna’s compact size may
lead to bandwidth, gain, and efficiency limitations. We have developed
an array that exhibits enhanced bandwidth, gain, and efficiency [19].
MIMO is the ultimate measure to augment the aggregate data rate,
bolster system dependability, and enhance communication quality.

2.1. Single element

Fig. 1 shows the different steps of designing the single-element an-
tenna. To begin designing the single-element antenna, the initial step
involves the process of etching 0.035 mm of annealed copper onto a
Rogers RT5880 substrate that has a thickness of 0.787 mm. This sub-
strate is characterized by a dielectric constant of 2.2 and a loss tangent of
0.0009, both of which are critical parameters that determine the an-
tenna’s performance. The etching process is a crucial step that shapes
the antenna’s structure and prepares it for further processing. The di-
mensions of the substrate and patch are Ws×Ls and Wp×Lp, respec-
tively. The feed has an impedance of 50 ohms to minimize the back
reflections from the antenna to the input port and has a dimension of
Wf×Lf. In this step, the resonant frequency and return loss were poor.

In the second step of the antenna design process, it is recommended
to introduce two slots on the lower left and right sides of the antenna.
These slots should have precise dimensions of Ws1 and Ls1, which have
been determined to result in a significant improvement in the Reflection
coefficient. By incorporating these slots into the design, the antenna’s
performance can be greatly enhanced. In the final step on the top of the
patch, we introduced the third, fourth, and fifth slot, which has a
dimension of Ws2×Ls2 and Ws3×Ls3, respectively. The antenna is

Table 1
Performance comparisons with the published state of the art.

Ref Resonance
Frequency
(GHz)

Frequency Range
(GHz)

BW
(GHz)

Size No of
port

Gain
(dB)

Isolation
(dB)

ECC,
DG (dB)

Efficiency
(%)

Substrate
Material

RLC
Circuit

ML
Analysis

[10] 28 25.5–29.6 4.1 2.8λ0×
3.26λ0

4 8.3 >22 0.01,
9.96

82 Rogers
RO4350B

NO NO

[11] 28 26.867–28.975 2.1 1.86λ0×1.86λ0 4 9.24 >18 0.0013,
NA

78.6 Rogers
RT5880

NO NO

[12] 28 26–29 3 2.8λ0×2.8λ0 4 6.5 >17 0.0015,
NA

90 Rogers
RT5880

NO NO

[13] 28 NA 0.4 3.08λ0×
2.56λ0

2 6.9 >17 0.2, 9.7 87 TLY− 5 NO NO

[14] 28 27.8–28.3 0.5 11.2λ0×5.6λ0 2 8.2 25 0.014,
9.99

85 Rogers
RO4350

NO NO

[15] 28 27.1–28.6 1.5 4.2λ0×
4.2λ0

4 8.6 23.31 0.002,
NA

NA Rogers
RT 5880

NO NO

[16] 28 26–29.5 3.5 7λ0×10.26λ0 4 9.53 22 0.005,
9.75

73 Rogers
R04350B

NO NO

[17] 28 27.5–31 3.5 12.6λ0×
7λ0

2 10 20 0.015,
9.99

NA Rogers
RT5880

NO NO

[18] 28 25.5–32.5 7 3.73λ0×
3.73λ0

4 5 25 0.12,
9.997

NA FR4 NO NO

Proposed 28 25.905–30.544 4.64 2.24λ0×
2.24λ0

4 10.34 >26.065 0.0005,
9.99

98.35 Rogers
RT 5880

YES YES

Fig. 1. Reflection coefficient of each step of the single element antenna.
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symmetrical, so the first and second slots and the third and fourth slots
share the same dimension. The antenna has a whole ground.

We are able to examine the front and rear sides of the proposed
single-element antenna’s precise geometry by referring to Fig. 2(a) and
Fig. 2(b), respectively.

2.1.1. Parametric study

2.1.1.1. Effect of changing inset length (il). Fig. 3 shows the effect of
changing the length of the inset. For values less than 0.5 mm, the
resonant frequency is 27.456 GHz. At this point, the return loss is
− 17.794 dB, which is poor. If we increase the inset length more than our
proposed value, in this case, 0.94 mm, the return loss decreases a bit,
which is − 24.409 dB, and the antenna resonates at 28.105 GHz.

So, decrementing the inset length causes us both frequency shift and
more return loss, and incrementing the value of inset length causes
comparatively less return loss but not as near as our proposed value.

2.1.1.2. Effect of changing length of substrate (sl). Fig. 4 shows us how
crucial the length of the substrate is, for a lower value than the proposed
value causes a poor return loss, which is − 17.603 dB. But the resonant
frequency remains almost at 28 GHz, more specifically, 28.083 GHz. If
we increase the value of substrate length more than our proposed value,
the return loss decreases, and it becomes − 34.995 dB. But the resonance
frequency shifts toward the right, which is 29.997 GHz, which is far
from our desired value.

2.1.1.3. Effect of changing length of patch (pl). Fig. 5 shows us the
importance of patch length. With a higher value than our proposed
value, the reflection coefficient curve shifts left, and for a lower value
than our proposed value, the reflection coefficient curve moves right.
For 2.9 mm patch length, the resonance frequency is at 29.282 GHz,
with a return loss of − 21.197 dB. However, for 3.5 mm patch length, the
resonant point is at 25.63 GHz, and return loss is − 34.765 dB. It makes
our design very flexible and gives us the option to manipulate the result.

2.2. Antenna array elements

The complete architecture of our 1×2 array antenna is depicted in
Fig. 6. The two antenna elements relate to two feedlines having an
impedance of 100 ohms and dimensions of Wf3×Lf3. A horizontal feed
connects them with an impedance of 70.71 ohms and dimensions of
Ws2×Ls2. Ultimately, the entire antenna is fed by a third feedline with
an impedance of 50 ohms and dimensions of Wf1×Lf1, which extends
from the center of the second feedline to the border of the board. This
feedline serves as the primary connection and will be attached to the
port. The array has a 3.6 mm edge-to-edge distance, which Dp-p de-
notes. The entire structure is engraved on the substrate with dimensions
of Wa×La. Fig. 7 shows a comparison between the Reflection Coefficient

curves of a single-element antenna and an Array element antenna. While
the return loss and resonant frequency exhibit a close similarity, there is
a distinct disparity in terms of bandwidth [20]. Fig. 8 compares the Gain
and efficiency between individual elements and an array of elements.

Fig. 2. Front and back view of single-element antennas.

Fig. 3. Reflection Coefficient curve for various Inset Length (il).

Fig. 4. Reflection Coefficient curve for various Substrate Length (sl).

Fig. 5. Reflection coefficient curve for various patch length (pl).
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The rise in Gain and efficiency from a single element to MIMO has been
previously discussed.

2.3. Four-port MIMO antenna design

Fig. 9 displays the detailed design of the proposed MIMO antenna
that comprises four elements.: four array antennas that we have pri-
marily designed. The dimensions of each of the four elements remain
unchanged. The board now has a dimension of Wm×Lm, with the four

antenna elements engraved on each of the four sides of the board.
However, the antennas are not located at the center of the sides but
instead 5 mm away from the center. The distance between the edges of
the antennas is 5.2 mm, represented as De-e mm, while the distance
between the faces of the antennas is 12 mm, represented as Dx mm.

In Fig. 10, we can see the MIMO antenna’s computed 28 GHz surface
current pattern [21]. As illustrated in Fig. 10 (a), the highest surface
current is 187.958 A/m, and the only antenna with a surface current is
Ant.1. There is no surface current produced by additional antennas
when Antenna 2 is operating, and the peak surface current is
187.962 A/m. When Ant. 3 or Ant. 4 is turned on, the behavior shown in
Fig. 10 (c) and Fig. 10 (d) remains same, with peak surface currents of
187.958 A/m for both antennas.

3. Result and discussions

3.1. Reflection and transmission coefficients

The fundamental component of this single-element design,
rectangular-shaped antenna with slots. Subsequently, we implemented a
1×2 array to enhance the gain and efficiency. Ultimately, we have
successfully implemented a 4-element MIMO system to optimize its
performance further.

The intricate design process of this antenna at various design stages is
outlined in Fig. 11:

Fig. 12 (a) and (b) display the Reflection Coefficient curve at various
stages of the design. The bandwidth had a significant rise, going from
2.078 GHz to 4.855 GHz. The gain also saw an increase, rising from
7.48 dB to 9.86 dB. Additionally, the efficiency improved from 78.17 %
to 86 % when transitioning from a single element to an array. The gain
in MIMO has further risen to a value of 10.34 dB. The reflection coef-
ficient curve exhibits minimal variation between the array and MIMO
configurations.

When designing a microstrip patch antenna, one of the crucial
metrics that engineers consider is the reflection coefficient. This coef-
ficient measures how well the antenna’s feeding network or trans-
mission line matches the antenna itself [22]. By optimizing this metric,
engineers can maximize power transfer and reduce signal reflections to
the source, which is essential for ensuring optimal antenna performance.
In Fig. 13, we can see that the microstrip patch antenna under consid-
eration exhibits a return loss of − 49.476 dB at the resonance frequency
of 27.86 GHz. The resonance occurs within a frequency range of
25.905 GHz to 30.544 GHz, offering a bandwidth of 4.64 GHz. Inter-
estingly, there is a small peak at 28.63 GHz, with a return loss of
− 44.207 dB. This peak is significant in optimizing the antenna’s per-
formance. It is also worth noting that the measured result of our MIMO
antenna is almost similar to that of the simulatedMIMO antenna. We can
see the prototype of our MIMO antenna in Fig. 15, and the result is
shown in Fig. 16. Another critical metric that engineers consider when
designing an antenna is isolation, which measures the impact of an

Fig. 6. Front and back view of array antenna.

Fig. 7. Reflection coefficient of single element and array.

Fig. 8. Gain and efficiency of single element and array antenna.
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antenna’s radiation on other nearby antennas. Greater isolation suggests
less interference between the antennas, leading to better overall per-
formance. As shown in Fig. 14, the minimum isolation level between
four antennas is 26.065 dB, achieved between pairs 1 and 2, 1 and 4, 2
and 3, and 3 and 4. Any isolation levels lower than this may indicate that
the antennas are more susceptible to interference. Lastly, it is worth
mentioning that the measured isolation is impressive, with around
25.93 dB, which almost touches the simulated result. Overall, the
microstrip patch antenna’s reflection coefficient and isolation are opti-
mized for better performance, making it an excellent choice for various

applications.

3.2. Gain and efficiency

Gain indicates how well an antenna concentrates energy in a specific
direction. Communication range is proportional to antenna gain [23].
Applications prioritizing signal coverage require higher-strength an-
tennas to communicate over longer distances. Gain also improves
signal-to-noise ratio, making communication more transparent and
more trustworthy. Efficiency refers to the extent of the antenna’s

Fig. 9. Front and back view of proposed MIMO antenna.

Fig. 10. Current distribution of proposed MIMO antenna.

Fig. 11. Overall design of the proposed antenna (1) Single element, (2) Array, and (3) MIMO Antenna proposed.
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power-to-radiation conversion. High-efficiency antennas reduce power
losses and emit more input power as a usable signal. In accordance with
Fig. 17, the antenna exhibits a peak gain of 10.34 dB, indicating
exceptional performance. Additionally, the antenna demonstrates a
maximum efficiency of 98.35 %, which underscores its impressive ca-
pabilities. Upon analyzing the data, we can observe that the measured

gain and efficiency, are in line with the simulated results. However,
upon closer inspection, we notice a slight deviation between the two
parameters. While the measured gain is relatively consistent with the
simulated outcome, the efficiency has slightly decreased and is now
hovering around 97.5 %.

3.3. Analysis of the proposed MIMO antenna’s diversity performance

In order to verify the effectiveness of the MIMO antenna system, it is
imperative to examine specific attributes, commonly known as "MIMO
performance metrics." The computation of these metrics can be obtained

Fig. 12. (a) Reflection Coefficient (b) Gain and Efficiency of Each Step of the Antenna.

Fig. 13. Reflection coefficient of proposed MIMO antenna.

Fig. 14. Mutual coupling of proposed MIMO antenna.

Fig. 15. Return loss measurement using vector network analyzer.

Fig. 16. Radiation characteristics measurement within an anechoic chamber.
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from the S-Parameters, which provide valuable insights into howmutual
coupling and antenna impedance matching affect the diversity perfor-
mance of the MIMO antenna.

3.3.1. The envelope correlation coefficient (ECC)
The ECC, computed by Eq. 1, is an essential metric employed to

evaluate the likeness of radiation patterns generated by different
antennas.

ECC =

⃒
⃒
∫

4π [E1(θ,φ) ∗ E2(θ,φ)]dΩ
⃒
⃒2

∫

4π |E1(θ,φ)|2dΩ
∫

4π|E2(θ,φ)|2dΩ
(1)

Where, E1 (θ,ϕ) and E2 (θ,ϕ) are the complex electric field patterns of the
two antennas.

Ω represents the solid angle over a sphere, encompassing θ (the
elevation angle) and ϕ (the azimuth angle).

dΩ represents the differential element of the solid angle.
The integrals are performed over the entire sphere, denoted by 4π.
The computed ECC value is less than 0.0012, as depicted in Fig. 18.

The optimal value for the ECC of an uncorrelated MIMO antenna is zero.
Nevertheless, in practical MIMO settings, it is imperative to maintain the
(ECC) at a maximum value of 0.5 throughout the whole proper fre-
quency spectrum [24]. Based on the data we have collected; it appears
that the measured error correction code (ECC) matches the simulated
result. However, we have also observed some changes that are visible in
the region outside of our bandwidth, as depicted in Fig. 18.

3.3.2. Diversity gain(DG)
Diversity Gain is an essential attribute that seeks to enhance the

quality and dependability of a signal by employing many signal paths
that are independent of each other. It is linked to ECC. As the Envelope
Correlation Coefficient lowers, the value of DG increases. The maximum
value of DG is measured at 10 decibels. The following equation can
compute the value of DG in a MIMO system [25].

DG = 10
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − ECC2

√
(2)

The graph depicted in Fig. 19 illustrates the DG value for the pro-
posed MIMO system. The data indicates that the lowest DG value
observed is 9.99 dB, which signifies outstanding performance in antenna
diversity. Upon analyzing the DG measurement result, we have come to
the realization that it remains consistent with the simulated result. Upon
closer inspection, we haven’t found any noteworthy changes in the
result within the bandwidth, as displayed in Fig. 19. It can be inferred
that the DG measurement result is reliable and can be considered ac-
curate based on consistency in comparison with the simulated result.

3.3.3. Channel capacity loss (CCL)
The Channel Capacity Loss (CCL) is a crucial statistic employed to

evaluate the efficiency of MIMO Antennas. The ability to transmit in-
formation or signals via a channel without any interruptions is assessed
by measuring the Channel Capacity Limit (CCL). As the number of an-
tenna elements in a MIMO system increases, the channel capacity also
increases in direct proportion. Capacity losses occur due to the corre-
lation between the MIMO channels. The CCL, or Channel Capacity Loss,
is an essential measure for quantifying the MIMO channel capacity when
there is a correlation. It may be calculated using Eq. 3 [26].

CCL = − log2det(pR). (3)

Eq. 4 can be utilized to calculate the two-port correlation matrix at
the receiver.

pR =

(
&ρxx ρxy
&ρyx ρyy

)

(4)

Where,

&
ρxx = 1 −

(
|Sxx|

2
+
⃒
⃒Sxy

⃒
⃒2
)
.

&ρyy = 1 −
(⃒
⃒Syy

⃒
⃒2 +

⃒
⃒Syx

⃒
⃒2
)
.

&ρxy =

⃒
⃒
⃒S∗

xxSxy + S∗
yxSxy

⃒
⃒
⃒
2
.

&ρyx =

⃒
⃒
⃒S∗

yySyx + S∗
xySyx

⃒
⃒
⃒
2
.

Fig. 17. Gain and efficiency of proposed MIMO antenna.

Fig. 18. ECC of proposed MIMO antenna. Fig. 19. DG of proposed MIMO antenna.

Md.A. Haque et al. Alexandria Engineering Journal 104 (2024) 665–679 

671 



The coefficients for ports 1 and 2 are denoted as (x) and (y),
respectively. The suggested value for the CCL standard is less than
0.5 bps/Hz. Fig. 20 illustrates the recommended antenna’s Channel
Capacity Loss (CCL). A CCL of less than 0.4 bps/Hz is generally desirable
[27]. The Channel Capacity Loss (CCL) for the proposed antenna is
consistently less than 0.15 bits per second per Hertz (bps/Hz)
throughout the whole operational frequency range.

3.3.4. Total active reflection coefficient (TARC)
TARC, which stands for Total Active Reflection Coefficient, is a

critical metric in four-port antennas since it provides insight into the
correlation between transmitted and received power. Eq. 5 can be uti-
lised to ascertain this [28].

TARC =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
|Sxx| +

⃒
⃒Sxy

⃒
⃒
)2

+
( ⃒
⃒Syx

⃒
⃒+

⃒
⃒Syy

⃒
⃒
)2

√

̅̅̅
4

√ . (5)

An ideal Total Active Reflection Coefficient (TARC) for a Multiple-
Input Multiple-Output (MIMO) antenna would be <0 dB. The simu-
lated outputs of TARC for the proposed antenna are displayed as
<-10 dB, in Fig. 21.

3.3.5. Mean effective gain (MEG)
The radiated power level from the two antenna elements must be

kept at a virtually zero difference. The quantification of this distinction
can be determined by comparing the power ratio between two antennas,
which is derived using the Mean Effective Gain of both antenna ele-
ments.

k = min
(
MEG1

MEG2
,
MEG2

MEG1

)

(6)

MEGi is the average effective gain of the antenna element being
discussed. The MEG for both antenna elements and power ratio (k) is
displayed in Fig. 22. The Mean Effective Gain for an N Port MIMO An-
tenna can be mathematically represented as [29].

MEGi = 0.5

[

1 −
∑N

j=1
Sij

]

(7)

Based on Fig. 22 data, the MEGs of the two antenna elements fluc-
tuate between − 7.8 dB to − 4.5 dB across the entire frequency spectrum.
This range is more suitable for MIMO performance. The standard vari-
ation range of − 12.0dB ≤ MEGi ≤ − 3dB is recommended for MIMO
systems to achieve optimal performance. The variation of MEGs, rep-
resented by the k =power ratio, ranging from 0 dB to 0.3 dB within the
band. Therefore, the significant similarity between the MEGs of the

antenna elements results in a strong diversity performance.

3.4. Radiation pattern

The radiation pattern depicts the three-dimensional emission and
absorption patterns of electromagnetic waves as they travel through an
antenna [30]. It demonstrates the variation in radiated power as a
function of beam direction. The letters "XY," "YZ," and "ZX" indicate the
antenna orientations and the corresponding planes on which the radi-
ation pattern is observed when describing the pattern on different planes
[31]. An antenna’s electric field can be seen in its E-field radiation
pattern, which plots the field’s direction and strength against the an-
tenna’s azimuthal angle (phi). The patterns of emission from an an-
tenna’s magnetic field (H-field) provide light on why the strength and
direction of the field change as a function of the polar angle (theta). The
lobe magnitude at ϕ= 90◦ is 23.3 dB V/m, the half-power beam width is
27.5◦, and the primary lobe magnitude of the E-field is 3 dBV/m at ϕ=
0◦ at 28 GHz frequency, all at an angular beam width of 36.6 degrees at
3 dB. At theta= 90 degrees, the main lobe magnitude is − 43.7 dB A/m,
and the half-power beamwidth (HPBW) of the H-field is 26.7 degrees, as
shown in Fig. 23. In Fig. 23, the radiation pattern that has been
measured is quite remarkable since it closely resembles the simulated
result. This indicates that the simulation has been successful in repli-
cating the real-world scenario with a high degree of accuracy. The
similarity between the measured and simulated radiation patterns isFig. 20. CCL of proposed MIMO antenna.

Fig. 21. TARC of Proposed MIMO Antenna.

Fig. 22. MEG of proposed MIMO antenna.
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indeed impressive and points towards the effectiveness of the simulation
process.

4. RLC equivalent circuit

In order to calculate the RLC (resistance, inductance, and capaci-
tance) parameters for the antenna array and MIMO (multiple-input,
multiple-output) antenna circuits shown in Fig. 24 and Fig. 25, it is
recommended to use the impedance analysis tools provided by CST
Studio. CST Studio is a comprehensive simulation and circuit design
platform that is bundled with Agilent ADS, a widely-used software for
electronic design automation. The components L1, C1, and R1 dictate
the initial resonant frequency, while L2, C2, and R2 define the subse-
quent resonant frequency. The spacing between the array elements is
associated with positions Lp-p and Cp-p, whereas the 100-ohm feed is
associated with positions Lf1 and Cf1. Lf2L and Cf2L handle the 70-ohm
feed of the left half of the circuit, while Lf2R and Cf2R handle the 70-
ohm feed of the right half. The components L1–2 and C1–2 are
responsible for the inductance and capacitance between antenna 1 and
antenna 2, while C2–3 and L2–3 are responsible for antenna 2 and

antenna 3.
Similarly, C3–4 and L3–4 are responsible for the inductance and

capacitance between antenna 3 and antenna 4, and C1–4 and L1–4 are
responsible for antenna 1 and antenna 4. Components C2–4 and L2–4
are shared between antenna 2 and antenna 4. Components C1–3 and
L1–3 account for the inductance and capacitance between antenna 1 and
antenna 3. Table 2 presents a list of the values of the circuit elements
used in the MIMO antenna. This table can be used as a reference to es-
timate the antenna’s performance. Additionally, Fig. 26 provides a
comparison of the results obtained from the CST simulation and a circuit
simulation that utilizes the S11 parameters. This comparison can help to
evaluate the accuracy of the circuit model and the antenna’s
effectiveness.

5. Machine learning analysis

Machine learning-assisted optimization involves the application of
machine learning (ML) methods to improve and streamline the optimi-
zation process across many areas. The utilization of machine learning
techniques can be advantageous in the process of determining the most

Fig. 23. Radiation pattern of Proposed MIMO antenna at 28 GHz.
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suitable optimization algorithm for a specific problem. Through the
examination of the attributes of the optimization problem, machine
learning models possess the capability to suggest or autonomously select
the method that is anticipated to exhibit superior performance [32]. The
application of machine learning techniques to optimization can yield
enhancements in efficiency, accuracy, and adaptability while dealing
with intricate and ever-changing situations. This phenomenon arises
because of the distinctive operational mechanisms of antennas [33]. The
utilization of machine learning techniques has significant importance in
the context of this inquiry.

The technique can be divided into two primary components, both of
which are described below. The first thing that must be done is to make
the MIMO antenna in CST, which is a simulation tool. After that, the
dataset that was generated through a parametric sweep needs to be
extracted, as depicted in Fig. 27. At this point, the first stage will be
finished. During the process of examining the dataset, a machine
learning model needs to be trained so that it can determine which
approach yields the best outcomes. To estimate the gain of the suggested
antenna, we first simulate it with CST Microwave Studio (MWS), then
accumulate 120 data points, and finally estimate it using a variety of
regression machine learning techniques.

There are one hundred different data points that need to be inves-
tigated. The training consisted of 80 samples, whereas the validation
consisted of 20 samples. Additionally, the thickness of the patch has the
greatest influence on the key outputs of our dataset, which is the gain.
This is demonstrated in Fig. 28 which demonstrates that the length,
width, and height of the substrate have the greatest impact. The training
dataset is subsequently processed by a machine learning method after
the collection of features and labels has been completed. After being
trained and verified, a model has the potential to produce accurate
predictions of several outputs based on a range of inputs, including gain.
These predictions can be of a high degree of accuracy.

5.1. Regression machine learning model analysis

Supervised regression models are a subset of machine learning
models that use labeled datasets to make predictions about continuous
target variables. Regression assignments aim to teach mapping from
input features to a continuous output. Determining the strengths and
limitations of a regression machine learning model, as well as its

performance, and learning about the connections between input data
and the target variable are all part of the analysis process. Sort the data
into two sets: one for training purposes and another for testing. A model
is trained using the training set, and its performance on unseen data is
evaluated using the testing set. Bring the model’s hyperparameters up to
optimum performance [34].

5.1.1. Decision tree regression
One supervised machine learning tactic that can be hired for the

prediction of continuous numerical values is Decision Tree Regression.
With the help of some splitting criteria, we can construct a tree structure
where each leaf node stands for a predicted value of the target variable.
Making forecasts requires building the tree from the ground up and then
climbing all the way to the leaf node. At each leaf node, the matching
input is given the anticipated value [35].

5.1.2. Random forest regression
Using a Random Forest as a regression model the regressors in a

regression model are a group of decision trees. The Random Forest
makes its final prediction by averaging the projections from all the trees.
A typical way to aggregate results from regression is to average the
predictions [36].

5.1.3. Nonparametric regression
Nonparametric regression is a valuable tool in cases where a basic

parametric model fails to adequately capture the underlying relation-
ship. Cross-validation slants, such as leave-one-out cross-validation or k-
fold cross-validation, are frequently employed in evaluating the efficacy
of various models and determining the optimal fit for the given data
[37].

5.1.4. Extreme gradient boosting (XGB) regression
XGBoost has gained significant popularity in diverse machine-

learning contests and real-world applications because to its excep-
tional performance, scalability, and adaptability. XGBoost is a software
library that serves as an implementation of gradient boosting, a popular
ensemble learning technique. Ensemble learning is a technique that aims
to enhance overall performance by aggregating the predictions of
different models [38].

5.1.5. Gaussian process regression
The Gaussian Process regression’s predictive distribution offers both

the mean forecast and the accompanying uncertainty of the prediction.
The representation of this uncertainty is denoted by the variance of the
predictive distribution. It is possible to generate predictions for a given
set of input points, and the model inherently accounts for the uncer-
tainty in areas with sparse data.[39]

5.1.6. Random sample consensus (RANSAC) regression
A robust method for estimating model parameters from a set of data

points that may include outliers is RANSAC, an iterative algorithm. In
computer vision, picture analysis, and robust regression applications,
RANSAC is frequently used. Where there is a high likelihood that out-
liers may skew the results, RANSAC is a useful tool for fitting regression
models to the data [40].

5.2. Performance measurement metrics

A regression model’s accuracy in predicting the target variable can
be measured using several different metrics. Evaluating the model on
several metrics allows us to optimize performance, fine-tune it, and
accept a better outcome, which is essential for building and deploying a
generalized model [41]. Visualizing the predicted values vs, the actual
values in the holdout set is the optimal slant to examine regression data.
Our statistical measures for evaluating these models include R-squared
(R2), Explained Variance Score (Var Score), Mean Squared Error (MSE),

Fig. 24. Equivalent circuit of the array antenna.
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Root Mean Squared Error (RMSE), andMean Absolute Error (MAE) [42].
The Mean Absolute Error (MAE) is calculated by taking the complete

difference between the expected and actual values and averaging them
[43]. By utilizing the absolute difference, we can guarantee that over-
estimations and underestimations contribute equally to the total error.
Here is the given expression:

MAE =
1
n

∑n

i=1
|yi − ŷi| (8)

Where, n = number of errors, yi is the actual value, ŷi is the predicted
value,

⃒
⃒yi − ŷi

⃒
⃒ = error absolute

The Mean Squared Error, often known as MSE, is a statistic that is

frequently applied to evaluate the effectiveness of a regression model.
The squared disparity between the genuine values and the expected
values is what it represents. The squared method is utilized by us to
prevent the cancellation of negative terms, which is a benefit enjoyed by
MSE.

MSE =
1
n
∑n

i=1
(yi − ŷi)

2 (9)

The Root Mean Squared Error (RMSE) is a well-known statistic that is
applied commonly for the persistence of assessing the usefulness of a
regression model. Mean squared error (RMSE) is a straightforward
square root of mean squared error, as the name of the statistic itself

Fig. 25. Equivalent circuit of proposed MIMO antenna.
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makes it abundantly evident.

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n

∑n

i=1
(yi − ŷi)

2
√

(10)

In a regression model, R-squared, which stands for "coefficient of
determination," is a statistical portion that shows how much of the
distinction in the dependent variable can be explained by the indepen-
dent factors. Not the exact number of wells your model performed, but a
measure of how well it did. This is called the R2 score.

R2 = 1 −

∑N

i=1
(yi − ŷi)

2

∑N

i=1
(yi − ŷi)

2
(11)

In regression models, the word "variance score" is commonly used to
refer to the R-squared or coefficient of determination. The mode-
dependent independent variables explain a certain percentage of the
total distinction in the dependent variable, as measured by R-squared.

explained variance(y, ŷ) = 1 −
Var(y − ŷ)
Var(y)

(12)

Where, y is the actual value, ŷ is the predicted value, Var (y - ŷ) is the
variance of the prediction errors (residuals), Var (y) is the variance of the
actual values.

5.3. Result analysis M/L

Table 3 provides a summary of the comparative advantages of
various regression methodologies, including XGBoost (XGB), decision

Table 2
Optimized antenna parameters.

Parameter Value Parameter Value Parameter Value Parameter Value

Ws 7 Ls2 0.2 Wa 13.14 Wf3 0.6
Ls 7 Ws3 0.2 La 8.3 Lf3 1.5
W1 0.88 Ls3 0.8 Dp-p 3.6 Wm 24
W2 1.6 Wi 0.65 Wf1 2.15 Lm 24
Ws1 0.1 Li 0.8 Lf1 1.85 Dx 12.05
Ls1 1 Lf 2.73 Wf2 8.2 De-e 5.28
Ws2 1.6 Wf 0.79 Lf2 0.4 h 0.787

Here, Ws - Substrate width; h- Substrate height; Ls - Substrate width; W1 -Width of slot 1; W2 - Width of slot 2; Ws1 - Width of slot 1; Ls1 - Length of slot 1; Ws2 - Width of
slot 2; Ls2 - Length of slot 2; Ws3 - Width of slot 3; Ls3 - Length of slot 3;Wi - Inset width; Li- Inset length; Lf- Feed length; Wf- Feed width; Wa -Width of array; La - Length
of array; Dp-p - Distance from patch to patch; Wf1 - Width of feed 1 (Array); Lf1 - Length of feed 1 (Array); Wf2 - Width of feed 2 (Array); Lf2 - Length of feed 2 (Array);
Wf3 - Width of feed 3 (Array); Lf3 - Width of feed 3 (Array); Wm - Width of MIMO; Lm - Length of MIMO; Dx - Distance from patch to patch in MIMO; De-e - Distance
from edge to edge of patch in MIMO.

Fig. 26. Reflection coefficient of ADS and CST.

Fig. 27. Data acquisition workflow for Machine Learning.

Fig. 28. Schematic depicting the steps required to develop machine learning.
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tree, nonparametric, Gaussian process regression, RANSAC, and random
forest. The accuracy of eachmethod is assessed through the utilization of
several metrics, including R-squared, variance score, mean squared
error (MSE), mean root-mean-squared error (RMSE), and mean absolute
error (MAE). Moreover, the utilization of Fig. 29 employs a bar chart to
visually represent the comparative performance of these models. The
findings indicate that the random forest regression model exhibits
negligible discrepancies in terms of Mean Absolute Error (MAE)
(0.36 %), Mean Squared Error (MSE) (0.40 %), Root Mean Squared
Error (RMSE) (0.63 %), and Mean Absolute Percentage Error (MAPE)
(0.90 %). The accuracy of the variance score is reported to be 98.05 %,
while the R-squared value is found to be 97.97 % in the context of
Gaussian process regression.

Gaussian process regression was used to run twenty test samples, and
Fig. 27 demonstrates the predicted and simulated improvements for
these samples. From 6.5 dB to 7.7 dB, we change the gain for the
investigation. The results of the simulated and predicted gains for
gaussian process regression show aminor variation, as shown in Table 4.
Results from the simulation and the expected outcome are thus highly
congruent, as seen in Fig. 30. This ML model, gaussian process regres-
sion, is chosen for its exceptional ability in forecasting future benefits.

6. Conclusion

In this work, a MIMO antenna design, modelling, dimension of the
manufactured antenna model, equivalent RLC circuit analysis, and a
variety of machine learning approaches are incorporated to evaluate the
performance of the anticipated applications for 5 G. The proposed
MIMO antenna was initially designed with the help of the CST simula-
tion tool. It possesses a maximum gain of 10.34 dB, the highest isolation
more significant than 26, and a maximum efficiency of 82.85 %.
Furthermore, the RLC equivalent circuit model of the antenna built by
ADS Agilent and the CST-simulated antenna design offer substantially
equal performances. In addition, six different regression models have
been utilized to ascertain the antenna’s gain. When the results of the
simulation and the anticipated results are compared, the data samples

Table 3
The gain prediction performance.

Algorithms MAE MSE RMSE R-Square Var Score MAPE

Decision tree regression 9.03 % 1.30 % 11.40 % 78.42 % 79.54 % 1.26 %
XGB Regressor 9.30 % 1.26 % 11.26 % 78.95 % 81.95 % 1.24 %
Gaussian Process Regression 0.36 % 0.00 % 0.63 % 97.97 % 98.05 % 0.08 %
Random Forest Regression 8.72 % 1.16 % 10.79 % 80.66 % 82.51 % 1.15 %
RANSAC Regression 8.65 % 11.55 % 10.75 % 80.82 % 82.19 % 1.16 %
Nonparametric Regression 9.52 % 1.32 % 11.53 % 77.95 % 81.65 % 1.26 %

Fig. 29. Performance comparative bar chart.

Table 4
Simulated and predicted Gain comparison using Gaussian Process Regression.

No Simulated
Gain

Predicted
Gain

No Simulated
Gain

Predicted
Gain

1 7.685 7.677454 11 7.295 7.207454
2 7.474 7.504536 12 7.601 7.577454
3 7.699 7.677454 13 7.475 7.577454
4 7.385 7.477454 14 7.643 7.577454
5 7.529 7.577454 15 7.622 7.577454
6 7.644 7.577454 16 7.423 7.477454
7 7.659 7.677454 17 7.512 7.577454
8 7.554 7.577454 18 7.562 7.577454
9 7.471 7.577454 19 7.551 7.577454
10 6.559 6.460967 20 7.787 7.818481

Fig. 30. Simulated vs. predicted gain using gaussian process Regression.
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are startlingly like one another. Multiple performance measures are
produced to validate the prediction that was made by the supervised
regression algorithms. The term "performance metrics" refers to that
category of metrics. The Gaussian process regression model is the one
that produces the most remarkable outcomes when it comes to gain
prediction, according to the numerous analyses and results that were
obtained. There is complete compatibility between the findings of the
simulation and the measurements, and the MIMO antenna that was
designed can cover the high band of the 5 G frequency spectrum. The
simulation results, measurements, and predictions indicate that the
suggested MIMO antenna is suitable for 5 G applications.
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