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Abstract: This study presents improve a MIMO antenna system using machine learning, aiming for 

broad frequency coverage, high gain, compact size, and excellent isolation. The antenna employs 

four elements arranged orthogonally on a compact substrate, integrating a multi-slotted radiating 

patch and a partial ground plane. The absence of a meta surface is compensated by leveraging 

machine learning techniques to optimize the antenna's performance. Through regression methods, 

particularly linear regression, the antenna achieves remarkable accuracy in gain and efficiency 

validation. This approach underscores the crucial role of machine learning in refining antenna 

designs, enhancing their effectiveness in various applications such as Vehicle-to-Everything (V2X) 

communications within the 5G application. 
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1. Introduction 

Innovative antenna designs have emerged in response to the surge in demand for 

fast data transmission and connectivity in (IoT) applications and the rapid growth of 

wireless communication technologies. As wireless communication technology has evolved 

from 1G to 5G networks, significant strides have been made in the sector. The ideal 

operation of Internet of Things (IoT) systems requires the improvement of reliability, the 

reduction of power consumption, and the growth of channel capacity [1]. The capacity to 

provide higher data rates and improved connectivity make super wideband (SWB) 

technology the most sought-after alternative in modern wireless communication [2].  

As the way for Ultra-wideband (UWB) technology, the frequency range of 3.1-10.6 

GHz has been reserved for wireless applications by the Federal Communications 

Commission (FCC). While UWB is concerned with a certain frequency range, SWB is more 

generalized. Multipath fading is the culprit responsible for the downfall of wide-band 

antenna systems. Multiple input multiple output (MIMO) technology can be used to 

mitigate multipath fading issues, as shown in References [3], [4]. (MIMO) technology uses 

a constrained array of antenna elements to reduce the effects of multipath fading via 

mutual coupling and interference [5]. Using a number of antennas at the sending and 

receiving ends, a wireless communication method known as Multiple-Input Multiple-

Output (MIMO) is employed.  
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The limited isolation between difference antenna elements, known as confusion or  

mutual coupling, is an extra challenge when developing Multiple-Input Multiple-Output 

(MIMO) systems. The system's overall performance could be negatively impacted by this 

reciprocal coupling. Parasitic decoupling structures, flawed ground systems, slotted stubs, 

metamaterials, and meta-surfaces were among the methods used by researchers to 

overcome this obstacle and increase the obtained gain [6], [7], [8], [9].  

The use of metamaterials in antenna systems is multifaceted [10], [11]. For instance, 

to alter the radiation pattern in the intended direction, enhance the bandwidth, and realize 

more gain while decreasing efficiency. In [12], the authors improve the antenna's 

bandwidth by using a metamaterial transmission line. In a separate study, the author 

increased the impedance bandwidth by employing a T-matching network that was 

inspired by metamaterials [13]. When configuring MIMO, isolation is a crucial component. 

Antenna element isolation was improved by numerous researchers through the use of 

metamaterials and meta-surfaces [14]. When used to periodic metamaterial-photonic 

bandgap, isolation increase can be achieved [15].  

In a multiple-input multiple-output (MIMO) setup, some researchers have employed 

metamaterial electromagnetic bandgap to improve isolation between nearby antenna 

elements [16], [17]. Some of the decoupling structures investigated in [18] include modified 

U-shaped resonators, which can improve isolation. Another study found that by inserting 

a peripheral slot, the authors were able to decrease the mutual coupling [19]. 

Several of the antennas employed in the aforementioned investigations failed to 

adequately address the issues raised in the cited works [20], [21], [22], [23], [24], [25], [26], 

[27], [28], [29], [30], [31], [32], [33], [34], [35], [36], [37], [38]. Prior to the proposed design, 

the majority of works were either very little or very large, but they lacked proper isolation, 

efficiency, or gain. Making it possible for the Internet of Things and lightning-fast wireless 

Internet A small multiple-input multiple-output antenna that excels in efficiency, gain, and 

minimal coupling is required.  

A Super-Wideband MIMO Antenna is described in [2] using a grounded stub. Its 

isolation is 20 dB, although it has low gain and is rather large for Internet of Things 

applications. Figure 7 shows a 20 dB isolation ultra-wideband antenna that is optically 

transparent. The main issues with this antenna are its low gain and inefficiency. Their 

efficiency is 60% and the gain is 2.5 dB. Several research have used parasitic decoupling 

structures on antennas to improve isolation and gain [8], [25], [26]. In order to attain high 

gain and strong isolation  (6.94 dBi) and (21 dB), the creators of [8] had to sacrifice a large 

antenna area. According to [26], the isolation is 17 dB when using the parasitic decoupling 

structure. An excellent strategy for improving isolation has been widely acknowledged: 

using defective ground structure [3], [20], [28], [29], [31], [34]. Reference [20] presents an 

analysis of a small multiple-input multiple-output antenna with a split ring resonator and 

a flawed ground structure. 

2. Materials and Methods 

This antenna has two ports and was designed for use in wideband environments. 

Although the antenna has a small footprint, it has a low gain, a relatively low efficiency, 

and a low isolation of 15 dB. Research in the field [3], [28], [29], [31] has shown that using 

a flawed ground  of structure improves capabilities of   isolation, but only up to a gain of 

less than 5 dBi. To attain a gain improvement of up to 9 dBi, the authors of the 

aforementioned study [34] used a size-diverse technique in combination with a flawed 

ground of structure. On the other hand, keep in mind that the whole construction 

dimensions of the antenna are 200 × 150 mm, which could be seen as somewhat big when 

applied to IoT applications.  

The antenna shows very little isolation, even if it is very large. Antenna designs 

proposed in many studies have slots included into them to improve isolation of element  
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[21], [27], [32]. A shaped like plus  slot is used as a stub in the ground in reference [21] to 

improve isolation of antenna  by up to 20 dB and gain  created from cst by up to 4.3 dBi. A 

resistance-loaded stub grounded to the ground achieves a 20 dB level of isolation in Ref. 

[27]. On the other hand, the antenna's dimensions are somewhat large. In order to attain 

15 dB of isolation, the authors of the aforementioned research [32] present a four-element  

of MIMO arrangement that makes use of a rectangular stub on the ground plane. An 

innovative Ultra-Wideband (UWB) antenna design is presented in the aforementioned 

work [30]. An orthogonal orientation and a Compact Coplanar Waveguide (CPW) is the 

type of  feeding mechanism are used in this design to accomplish self-decoupling.  A level 

of isolation like  20 dB was achieved by the antenna. But keep in mind that the antenna is 

somewhat large, and that its gain and efficiency are pitiful. An orthogonal 4-port 

Octagonal Shaped MIMO Antenna for self-decoupling is created in an additional 

publication [37].  

Although the antenna is not small, the authors have managed to obtain a 20 dB 

isolation. In [35], the authors talk about a slotted four-port MIMO antenna that looks like 

a spanner. Antenna isolation is just 10 dB because of its direction. Analyzed in a separate 

publication [38] is a small four-element multiple-input multiple-output antenna that is 

asymptote-shaped. Despite its small stature, the antenna boasts a robust isolation of 16 dB. 

Another well-known way to increase gain and isolation in recent years is meta-surfaces . 

In [22], [36], the writers increase segregation by up to 20 dB using metamaterials. In order 

to enhance gain and isolation, meta surface is utilized in [23], [24]. Despite being relatively 

large and having just 15.5 dB of isolation, the antenna manages a maximum gain of 8 dBi. 

Despite the antenna's low efficiency, the authors of [24] claim a 20 dB isolation. 

3. Results and Discussion 

This study proposes a slotted antenna in the shape of a grape leaf, fastened to the 

ground by a short stub. A pick realized gain of 8 dBi, an isolation of 25.5 dB, and a 

bandwidth of 1.9-20 GHz with a -10 dB drop are its features. The antenna is quite small in 

comparison to existing literature, and its maximum efficiency is close to 90%. Ideal for V2X 

communications, smart home, business, mall, and bus stop interior communications, the 

suggested antenna work  for iot or wide band  

Figure 1 shows a possible use case for the proposed antenna in an IoT environment, 

where users can exchange data with one another and with automobiles, as well as view 

traffic conditions. In addition, with the use of broadcast satellite communication and the 

internet, anyone can view any live broadcast. The car's location can be confirmed through 

communication with another vehicle. Soon, multi-system communication will be used for 

indoor communications in smart homes and retail areas. To allow communication between 

difference  cars on the ITS-G5/802.11p band (5.9 GHz), the antenna can be installed in an 

intelligent system as shown in Figure 1. Various frequencies can be utilized by vehicles, 

including the 7.5 GHz satellite downlink band, the 2.4 GHz Bluetooth band, the 2.5 GHz 

and 5.5 GHz  this two band as WLAN bands, the ISM bands (2.4 GHz and 5.8 GHz), and 

others [39], [40], [41]. In addition, the antenna is capable of covering the direct broadcast-

satellite (DBS) band (17.3-18.4 GHz) [43] and the satellite uplink band (14.5-14.5 GHz) [42], 

[43]. To achieve a 4 × 4 MIMO arrangement, the antennas of each neighboring node are 

orthogonally translated, with a separation spacing of 8 mm. One uses an independent 

ground plane to deal with near-field coupling issues and to avoid surface currents [44]. 

Due to the near proximity of the antenna parts, a complex decoupling device or the 

removal of the ground plane is required. 

Machine Learning (ML) prediction for efficiency and gain verification 

Antenna designers have been heavily researching and using ML approaches for the 

last decade because of their capacity to learn from simulated antenna data through a 

training procedure [45], [46]. Manufacturing mistakes could cause the measured result to 
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be inaccurate. A large number of researchers have validated the antenna results using the 

ML prediction method. This research uses machine learning prediction to confirm the 

actual gain and efficiency of the proposed single-element antenna. Using a supervised 

regression ML approach, an accurate forecast of the antenna's actual  parameter like gain 

and efficiency is produced. 

Machine Learning(ML)  implementation is two-step process. The first step is to 

collect pertinent information. Massive datasets are ideal for machine learning. The next 

step is to train machine learning models on the dataset and see which ones produce the 

best predictions. An ultra-wideband antenna is initially developed. The antenna's ground, 

feedline, slots, and stub are subsequently subjected to parametric sweeps [47]. The antenna 

results are greatly affected by these factors. Machine learning regression methods can 

sometimes benefit from bigger datasets. How much a bigger dataset affects a regression 

model depends on a lot of things, such as the problem's complexity, the number of input 

characteristics' dimensions, and the model's level of sophistication. Phase two entails using 

a range of regression machine learning (ML) techniques to estimate the proposed antenna's 

realized gain and efficiency, following the collection of 203 data samples through 

simulation using CST MWS. You can split the dataset into two pieces, one for testing and 

one for training. This approach uses statistical evidence to back up its random data split 

into training and testing sets. Predictions from four separate ML systems were used in this 

study. A variety of regression models are being considered, such as XGB, decision tree, 

random forest, and linear regression. We chose these algorithms because of how well they 

handle non-linear regression. Because of its emphasis on numerical output, regression is 

the ideal method for implementing predictions [48]. Flowchart representation of the steps 

involved in creating a dataset of machine learning  and executing  algorithm may be shown 

in Figure 1. I have prepared the dataset and divided it into two sections so that each may 

be studied independently. All machine learning studies were conducted in Google Colab, 

a Python simulation. To begin, split the dataset of machine learning  in half lengthwise; 

put 80% into train and 20% into test, as suggested in [49]. Algorithms for machine learning 

will follow. 

 

  

Figure 1. Flowchart ML process. 
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Evolution of proposed single element 

In Figure 2, we can see the planned configuration of the single-element antenna. At 

its front, the antenna has a patch with ten triangle slots and two rectangular slots that are 

connected to a transmission line. Attached to the antenna's back side is a rectangular stub 

that is partially grounded. Careful engineering on the state-of-the-art Rogers-5880 

substrate guarantees the antenna's peak performance and unwavering dependability. 

Figure 3 displays the individual component's temporal history, and Figure 4 shows the −10 

dB frequency range it is the level of signal  for each stage. It is clear that the −10 dB 

bandwidth starts at 2.6 GHz and goes up to 9.3 GHz, since there is no space on the patch. 

An arrangement with five perfectly cut slots on the right side of antenna in first part like  

the patch yields the appropriate frequency ranges of 2.7-9.7 GHz and 10.7-16 GHz. To 

achieve the desired result of several bands (3- GHzto 13.7 GHz,  and 14.6-17 GHz), ten slots 

on either side of the patch can be implemented. Concurrently, a frequency band is 

efficiently attenuated by inserting two slots into the first part  patch that is adjacent to the 

transmission of antenna  line. Incorporating a ground-connected stub at the antenna's rear 

also helps achieve the desired  from wide band characteristics, which extend from (2.1 to 

19 GHz). A fundamental  of difference rectangular patch with a partial ground plane and 

a resonant frequency of 3.5 GHz were the building blocks of the design. The transmission 

line model allows one to obtain a good approximation of the patch width of the antenna, 

as shown in Eq. (1). 

 

 

  

Figure 2. Front and Back View of single element. 

 

The figure 3 illustrates a MIMO (Multiple-Input Multiple-Output) antenna element, 

characterized by its distinct geometric structure. The yellow regions represent conductive 

elements, while the white background indicates the substrate. The presence of slot-shaped 

apertures suggests enhanced radiation properties or impedance matching. The structured 

design indicates optimization for efficient signal transmission and reception in wireless 

communication systems. 

 

 

Figure 3. MIMO element. 
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The figure 4 presents the reflection coefficient (S₁₁) of a MIMO antenna across a 

frequency range of 1 to 8 GHz. The red and green curves represent different antenna 

elements, depicting resonance points where significant impedance matching occurs. The 

observed dips indicate optimal operational frequencies with minimized signal reflection, 

enhancing radiation efficiency. 

 

Figure 4. Reflection Coefficient. 

 

The Table 1 presents the performance evolution from a single antenna element to a 

4 × 4 MIMO configuration with a metasurface. The integration of metasurfaces enhances 

gain (8 dB), efficiency (89%), and isolation (25.5 dB), while maintaining a wide bandwidth 

(1.9–20 GHz). These improvements indicate optimized antenna performance for advanced 

wireless applications. 

 

Table 1. Performance evolution single element to 4x4 with surface. 

 

 

Metrics For Measuring The Performance Of ML Models 

The goal of linear regression [50] is to model the relationship between two variables 

by fitting a linear equation to the observed data. An explanation for the second variable—

the more important one—is provided by the first variable. 

An ensemble system, Random Forest [51] can handle regression and classification 

issues. The combination of the Bootstrap and Aggregation approach, often known as 

bagging, with several decision trees allows for this to be achieved. 

Regression and classification models can also be built using decision trees. Decision 

tree regression [52] entails examining an item's properties and trains a model to fit into its 

tree structure. Afterwards, this model is employed to forecast upcoming data and 

consistently produce valuable outcomes. 

A powerful implementation of the gradient-boosting technique, XGBoost [53] has 

numerous potential applications, including predictive regression modeling. When it 

comes to supervised regression analysis, XGBoost really comes into its own. 
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Among regression statistics, the error rate is by far the most used. Using a variety of 

statistical criteria, this study compared the performance of numerous ML algorithms. 

Difference type of Mean ( (MSE), (MAE), and (MSLE) were the error measures of choice 

for the ML process, while the variance score and coefficient of determination (R2) were 

used to quantify prediction accuracy. Mean squared error (MSE) shapes are common in 

regression loss functions. For each data point, we may calculate the loss by squaring the 

discrepancy between the expected and actual values. Equation (2) shows the formula for 

the MSE [54].  

 

 As a general rule, the difference between expected and actual values can be found 

using mean absolute error (MAE). Equation (3)  

 

 demonstrates the MAE [55] formulation. Here, n is the number of errors, and an is 

the absolute inaccuracy. As a comparison of actual and estimated values, the MSLE can be 

seen as a useful tool. The MSLE equation is shown in Eq. (4) [56]. 

 

The model's fit to the data is evaluated using the R-squared statistic. The closer R2 

gets to 1, the better the model fits the data; the farther it gets from 0, the worse the model 

fits the data. A negative R-squared value may be produced if the model foretells a very 

unlikely outcome. Equation (5) 

 

 is the expression for the R-squared value [57]. The explained variance score [58] 

describes the error dispersion of each dataset. For the technical description, see Eq. (6). 

 

Analyze verification gains 

The regression methodologies that are analyzed and contrasted in Table 1 include 

linear regression , random forest, decision tree regressor , and XGB methods, among 

others. The accuracy of each technique is evaluated using a variety of metrics, such as 

variance score, R-squared, mean squared logarithmic error (MSLE), mean squared 

absolute error (MAE), and mean squared squared (MSE). On top of that, Fig. 2 shows a bar 

chart that compares the results of the models. Minimal MAE, MSE, and MSLE scores of 

0.0038, 0.00003, and 0.000001, respectively, are shown for the Linear Regression or poly 

regression  model. Also, with  difference type of measure like  R-squared and variance 

score precision of 98.7971% and 98.7972%, respectively, LR is the most accurate method 

available. The discrepancy between the predicted and predicted LR increases for a group 

of 41 test samples is negligible, if not nonexistent, as shown in Figure 3. Furthermore, there 

is a rate of error that is lower than 1% on average. A 93% or higher accuracy rate is reported 

by every one of the available Regression models. It is reasonable to assume that the antenna 

gain is almost exactly as expected (as shown in Fig. 3 as the simulation, given how closely 

they match. 

The Table 2 presents the performance metrics of machine learning regressors for gain 

prediction. Linear Regression achieves the highest accuracy with an R2R^2R2 of 99.7971%, 

followed by XGB Regression (98.6283%). Decision Tree Regression exhibits the lowest 
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performance (R2R^2R2 = 93.8762%). Lower MAE and MSE values indicate superior 

predictive capabilities. 

  

Table 2. Performance metrics of ML regressors for gain. 

 

 

The bar chart compares the performance of machine learning regressors for gain 

prediction using R2R^2R2 and variance score metrics. Linear Regression outperforms 

others with nearly 100% accuracy, followed by XGB Regression. Random Forest and 

Decision Tree regressions show lower accuracy, indicating their relatively lower predictive 

efficiency for gain estimation in this context, see Figure 5. 

  

 

Figure 5. Performance comparative bar chart of ML regressors For Gain 

 

The Table 3 presents performance metrics of machine learning regressors for 

efficiency prediction. Linear Regression achieves the highest accuracy with an R2R^2R2 of 

99.8961%, followed by XGB Regression (98.4352%). Decision Tree Regression exhibits the 

lowest performance (R2R^2R2 = 94.0802%). Lower MAE and MSE values indicate better 

predictive performance across the models. 

 

Table 3. Performance metrics of ML regressors for Efficiency. 
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Assessment of efficiency 

Linear, random forest, decision tree regression , and XGB regression approaches are 

compared and contrasted in Table 3. Each algorithm is assessed for its accuracy using the 

following metrics: R-squared, variant score, mse , msles and absolute meaning of the error. 

On these three metrics, the LR model has demonstrated to generate small inaccuracies 

(0.05787, 0.0150, and 0.000004). With an MSE of 0.8555, Decision Tree outperformed all of  

methods we examined. In contrast, when compared to the MSLE benchmark, Decision 

Tree Regression has the tiniest inaccuracy. The LR has the best prediction accuracy for both 

the R-squared and variance scores, coming in at 99.8961% and 99.8992%, respectively. 

Figure 4  also includes a bar chart that compares and contrasts the models' performance. 

In Fig. 5, along with the predicted and predicted efficiency, we can see the outcomes of 

applying Gaussian Process Regression (GPR) to all 41 test samples. We customized the 

research frequency range to our desire, which falls between 2 and 20 GHz. The predicted 

and simulated efficiency values of the LR model are extremely similar, coming very near 

to zero, as seen in Figure 5. Hence, the predicted outcome is very similar to the 

representation of the simulated result. Even the other models have achieved accuracy rates 

higher than 94%. As a result, the LR method is the best bet for confirming efficiency, and 

the results from simulations are trustworthy. 

The Figure 6 compares the performance of machine learning regressors for efficiency 

prediction using R2R^2R2 and variance score metrics. Linear Regression demonstrates the 

highest accuracy, followed by XGB Regression. Random Forest and Decision Tree 

regressions exhibit lower performance, indicating reduced predictive capabilities. The 

results highlight model suitability for efficiency estimation tasks. 

  

 

Figure 6. Performance of ml. 

 

The figure 7 illustrates a comparison between simulated and predicted efficiency 

values across multiple observations. The blue solid line represents simulated data, while 

the red dashed line indicates predicted values. The close alignment between both curves 

suggests high model accuracy, demonstrating the effectiveness of the predictive approach 

in estimating efficiency trends. 
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Figure 7. Simulated vs predicted. 

4. Conclusion 

Also, the full operational bandwidth RLC equivalent circuit is developed and 

confirmed to be consistent with CST simulation. Also, in order to make sure everything is 

correct, we use Machine Learning to forecast the single-element antenna's actual gain and 

efficiency. The exceptional performance of Linear regression—achieving an astounding 

98% accuracy for both measure realized gain and efficiency verification—is highlighted 

among four  algorithms  regression models that are employed. Notably, the simulation 

results and prototype measurements are very congruent, which proves that our antenna 

design is correct. With its wide coverage across multiple IoT domains, the four-port MIMO 

antenna is clearly a good fit for 5G application and Internet of Things (IoT) applications, 

according to these results.   
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