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Abstract: The fast growth of wireless communication across networks and devices, driven by IoT, forced the antennas 

to be compact, light, less expensive, and high-performing ones that meet the required market expectations and 

optimize the wireless systems. Hence, these antenna types can be considered options to overcome the mentioned 

difficulties. The following research offers a concept of a UWB fork monopole antenna with a substrate-integrated 

waveguide resonator for further use. Applying a based antenna improves antenna efficiency, wider bandwidth, with 

less dimension and weight. We have developed a particular antenna prototype to measure and verify this methodology. 

The connection of adding array holes to the antenna in its bandwidth properties will be considered. The results bring a 

level of knowledge about using a Swiss roll-based antenna in wireless communication designing and optimization, 

providing valuable information concerning enhancing performance and efficiency to overcome the dynamic IoT 

challenges.  

Keywords: SIW, impedance matching, microstrip components, square patch, microstrip line feeding.

 
 

1 Introduction 
 

With the rise of wireless communication technologies and their extensive use, such as 5G networks, IoT devices, and 
medical imaging, the growing demand for easy-to-use, large quantity manufacturing, affordable, and more efficient 
antennas has emerged. The patch antenna, or precisely, "Microstrip," is the most preferred solution. It has an 
integrated circuit board (ICB) based design and takes a flat geometry like rectangular, circular, or triangle, which are 
only examples [1-4]. Patch antennas typically comprise a single layer of thin copper foil, coated with a corrosion-
resistant metal such as gold, tin, or nickel. Falling under the category of single-element resonant antenna designs, they 
consist of four primary components: the patch, ground plane, substrate, and feeding part. The patch, often a skinny 
metal strip or an array of strips, is situated on one side of a thin, non-conducting substrate—a dielectric material like 
FR4 Epoxy—where the thickness (t) is significantly smaller than the free space wavelength (λ₀) [5-7]. The ground 
plane, also made of the same metal, is positioned on the opposite side of the substrate, completing the structure and 
enabling efficient electromagnetic wave propagation. 
 
The production of patch antennas involves a straightforward and cost-effective process. The compact size of the entire 
structure results in minimal material consumption, thereby reducing the overall manufacturing cost of the antenna. 
Thus, the advantages of patch antennas can be summarized as follows: 

 Wide variety of applications. 

 Simple and small circuit. 

 Low cost. 

Patch antennas possess a directive beam, enabling the majority of the gain to be transmitted and concentrated within a 
narrow area, facilitating clear transmission and extending the reach to farther distances. They also offer a reasonably 
wide bandwidth for various applications, particularly wireless and mobile communication. Primarily functional in the 
microwave range (1GHz - 300GHz), patch antennas benefit from short wavelengths, providing a high penetration 
ability that grants the signal immunity to losses and distortion [8]. 
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Efforts to achieve compact antenna structures have explored fractal geometries. Although fractal antenna shapes result 
in advantageous downsizing outcomes, their mechanical restrictions make producing these structures challenging. 
Substrate integrated waveguide resonators have recently come to light as a viable remedy for the problems associated 
with antenna downsizing. To combine the advantages of both planar and nonplanar structures—such as waveguides, 
microstrip lines, and rectangular antenna patches—substrate-integrated waveguides (SIW) can be smoothly 
incorporated into both structures [9–12]. Additionally, the invention of the SIW technique has led to the extended field 
of regular microwave waveguides or resonators with high-quality factors via exploiting the metalized vias or dielectric 
substrate cavities. Conventional microstrip circuits provide the advantages of being low-cost, easy-to-manufacture, 
and small-size, which are still present in SIW, but now they also offer the benefit of having high-quality factor, which 
in the meantime, was only possible to achieve with expensive metallic waveguides, that are also large. 

In an inductive post design, especially for microwave filters, the proliferation of passive Substrate Integrated 
Waveguide (SIW) components has recently been discovered as a remarkable improvement. This integration scheme 
has been contemplated as a preliminary step aimed at achieving an impressive increase in the Q-factor over 
conventional microstrip implementation. Likewise, the series of SIW packets has laid the basis for chipless Radio 
Frequency Identification (RFID) tags, showing that standoff wave cavities are the right choice. From the recent 
experimental experiments that have been carried out, it has been proven that the application of SIW technology 
dramatically improves the efficiency and performance of the devices. 

The concluding step is the fabrication of a compact, cost-effective prototype that possesses this functionality by 
limited space, reasonable price, and superior performance in the broad spectrum of frequencies. This prototype 
simulates antenna design and optimization transformation to their professional implementation level. It uses the 
modified PSO as the basis for optimization of the antenna pattern. 

The paper provides a detailed explanation of the recommended antenna design and evaluation procedure. It outlines 
the proposed methods, including the PSO approach to iterative optimization and the critical components needed for 
antenna performance. The research then conducts a prototype using the procedure, verified through practical testing 
and numerical simulations. The research outcomes, facilitating study interpretation, and proposing ideas for further 
investigation. It provides a clear understanding of the proposed research's meaning of antenna design and 
improvement and highlights the importance and prospects of the suggested methodology. 

 Antenna Design 

There are a few parameters that must be put into consideration when designing a patch antenna: 

1. The desired fundamental frequency (f0) 

2. Thickness of the substrate layer (ho) 

3. Type of dielectric material and its relative permittivity (εr) 

The substrate selection is crucial for designing a microstrip patch antenna, as depicted in Figure 1. Without proper 

consideration of substrate parameters such as length, width, height, and dielectric constant, achieving optimal antenna 

performance is challenging. Materials like FR4, PTFE, and RT droid 5880 are commonly used substrates chosen based 

on specific requirements and desired performance characteristics. The feeding line plays a significant role in antenna 

performance at high signal frequencies. Careful design of the antenna feeding is essential to ensure correct impedance 

matching and overall antenna effectiveness [16-18]. 

A feeding line's impedance should match the patch's properties for optimal outcomes. 

Figure 2 reports the structure of the UWB antenna. A fork monopole antenna with a microstrip feeding line of width F 

is proposed in the paper. The ground plane, which comprises a copper strip with height and breadth of        with 

height h=0.8mm, is printed on the rear side of the dielectric substrate, FR4 epoxy. The fork monopole is backed by a 

surface-integrated waveguide SIW cavity enabled by several metalized vias. The goal of the SIW cavity is to increase 

antenna performance concerning     return loss [19–22]. Referring to the figure.2.2 The SIW cavity has sixteen 

metalized holes with a diameter less than D, with a    inter-element hole spacing. 

The design process is accomplished by applying the following steps: 

Step 1: Width of the patch (Wp) calculation: 

   
 

   √
    

 

                              (1) 
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Step 2: Effective dielectric constant (    ) calculation 
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]                          (2) 

Step 3: The extension length of EM (∆L): calculation 

           (3) 

Step 4: Fabricated length of patch (L) Calculation 

 

                                                                          
  

   √    
                                       (4) 

Step 5: The microstrip patch antenna (Lp) length 

 

                                                                                                                          (5) 

Step 6: Position of inset feed point (Y0) calculation 

                                                                                    (6) 

 

 

Step 7: Ground dimensions (Wg & Lg) calculation 

                                                                                                                    (7) 

                                                                                                                              (8) 

Step 8: Calculation of characteristic impedance (Zo): 

In this step, we have two cases:  

1. 
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Step 9: Calculations of phase velocity (υp): 

     
 

√     
                                                                         (11) 
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The speed of waves that go through the antenna cannot be assumed to be "c" nor (c/λ), for the propagation partially goes 

through the substrate and partially through the air, so it's a mixture of both. Therefore, the effective permittivity is used 

to calculate the phase velocity. 

Step 10: Calculation of attenuation (α): 

Attenuation in a microstrip line is a function of dielectric properties, conductivity, and geometry of the antenna; mainly, 

we have two types of attenuation: 

1. Dielectric attenuation (αd) 

       
  

 
√

  

  
                         (12) 

2. Conductor attenuation (αc) 

    
 

    
√

     

  
                     (13) 

And  

                                      (14) 

 

Step 11: Calculation of quality factor (Q): 

The quality factor is the ratio between stored and lost energy; this determines the efficiency of an antenna.  

   
 

  
                                           (15) 

 

Figure 1  Design of patch antenna. 

 

Use all this information and equations to get the SIW antenna geometry figure.2: 
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Figure 2  SIW with one array hole. 

A dielectric substrate of FR4-Epoxy, 𝜀𝑟 = 4.4, tan (δ) = 10−3, and thickness t = 0.8 mm has been considered. 

Table.1 The geometric antenna characteristics acquired post the optimization process. 

In our project, the effect of adding array holes on bandwidth (S11) and SWR was discussed. Four antennas were 

designed (without holes, one array hole, two holes, and three holes), with varied distances between the centers 

of array holes (d). 

 

MATLAB code is employed to simulate and compute the dimensions of the patch antenna. 

2 The experimental and practical part 
 

parameter                                  

(mm) 15.8 11.09 5 3 1.75 7.55 0.6 18.8 30 1.5 1.91 2.51 

 
Figure.3 (a) SIW without array hole  ,(b) SIW with two array hole,       (c) SIW with three array hole 
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After all these calculations, we sent all dimensions in SAB files to the National Telecom Nation Institute (NTI) for 

fabrication and simulation. 

 

Initially, the fabrication process involved the following steps:  

1. Metallization of copper vias. 

2. Fabrication of the original antenna via CNC milling. 

3. Dry film lamination. 

4. Taking off the protective sheet also means removing the dry film covering the holes. 

5. evaporation of the Copper. 

6. Removal of dry film. 

7. Observation of hole metallization from the bottom side of the antenna. 

 

After layering, the front side was heated to 120°C for one minute to improve the dry film's adherence. After cooling, the 

dry film's protective layer and the dry film covering the holes were removed. After that, the antenna prototype was 

firmly attached to a 6-inch silicon wafer using adhesive Kapton tape and put inside an evaporation chamber. Next, an e-

gun evaporation process was used to deposit a nominally 1.5μm thick copper layer at ambient temperature and vacuum. 

The antennas were removed from the support and immersed in a 10% KOH solution to remove the copper layer above 

the dry film during lift-off. Comparing SIW configurations with one, two, or three array holes—or even without holes—

is analogous to evaluating Egyptian pounds in images of the antenna prototype's top and bottom sides. With a sub-

miniature type (SMA) coaxial connector installed, the approximate dimensions can be determined by looking at the 

images in Figures 4 and 5. 

 

Figure 4 Top view of the SIW antennas. 

 

Figure 5 Bottom view of the SIW antennas. 
 

Second, Using (VNA) to get the value of S11 and SWR.  

The simulation files were sent to the National Telecommunication Institute (NTI) for fabrication, where identical 

materials—Copper sheet for the conductor and FR4 Epoxy for the substrate—were used, ensuring adherence to 

specified dimensions as closely as possible. Each antenna was equipped with a sub-miniature type (SMA) coaxial 

connector, as depicted in Figure 6. Post-fabrication, the connector was securely attached to each antenna as the coaxial 

input connector. Following this, the antennas were transferred to the measurement and testing lab to compare actual 

measurements with theoretical ones. The S11 and SWR values of the four antennas were meticulously recorded and 

measured utilizing a vector network analyzer (VNA). The VNA was set to default configurations, with the bandwidth 

set from 2GHz to the maximum limit of 18GHz. The recorded values were then saved in Microsoft Excel sheet format 
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for further analysis. A comprehensive comparison was facilitated by importing the recorded values into MATLAB, 

where they were utilized to generate plots and directly compare them with the HFSS values. The ensuing comparison is 

illustrated in the subsequent figures. 

 

Figure 6 Coaxial Connector. 
 

The S11 and SWR of the antenna were measured using a Vector Network Analyzer (VNA), as illustrated in Figure 7. 

Measurements were also taken on an antenna prototype that lacked the SIW structure to evaluate the effect of the SIW 

cavity. The prototype's S11 with the SIW cavity (shown by the green dotted line) satisfies the original requirements. 

Over the whole frequency range under consideration, the return loss is far less than the initial requirements, roughly 10 

dB. 

Figures 3 and 4 delineate the reference level by the dotted black line, serving as a benchmark against which 

measurements are compared. Numerical data collected using the ADS commercial program has been juxtaposed with 

the experimental measurements to facilitate easier comparison. The results exhibit a notably commendable alignment 

between the numerical simulations and the empirical data. However, upon closer examination, an anomaly becomes 

apparent within the numerical data near the frequency of f = 2.8 GHz. This peculiar peak is conspicuous within the 

numerical results but is conspicuously absent from the corresponding experimental readings. 
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Figure 7 The antenna 𝐒𝟏𝟏 and 𝐒𝐖𝐑 have been measured by Vector Network Analyzer (VNA). 

Third, the output results from VNA reads S11 and SWR for 4 array antennae are shown in the following figures. 
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Figure 8 Measuring the S11 of the zero-hole antenna. 

 

 

 

Figure 9 Measuring the SWR of the zero-hole antenna 

 

 

Figure 10 Measuring the S11 of the one-hole antenna. 
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Figure 11 Measuring the SWR of the one-hole antenna. 

 

Figure 12 Measuring the S11 of the two-hole antenna. 
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Figure 13 Measuring the S11 of the two-hole antenna. 

 

 
Figure 14 Measuring the S11 of the three-hole antenna. 

 

 
Figure 15 Measuring the SWR of the three-hole antenna 

Table 2: Results of the Designed antennas. 

 No hole One Two Three 

Bandwidth (GHz) 9.86 9.9 10.1 9.85 

S11 (dB) -31.2 -47.5 -27.5 -39.86 

VSWR 1.06 1.07 1.097 1.039 

 

3 Results and Simulations 
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The process involved importing the data extracted from the Excel sheet into MATLAB, which was processed and 

visualized to highlight the disparities among the antennas under scrutiny. Figure 16 was generated to showcase the S11 

characteristics of all antennas, offering a comprehensive view of their respective performance regarding reflection 

coefficient. Similarly, Figure 17 was created to depict the Voltage Standing Wave Ratio (VSWR) across the frequency 

range of interest, providing insights into the impedance-matching capabilities of the antennas. 

Following the visualization stage, the simulation and output steps were presented systematically to enable a detailed 

comparison between them. This involved demonstrating how the simulated results align or deviate from the actual 

measured data, shedding light on the accuracy and reliability of the simulation model. A thorough understanding of the 

antenna behavior and performance characteristics was attained by juxtaposing the simulation outputs with the empirical 

measurements, facilitating informed decision-making and potential design refinement. 

 

Figure 16 Excel sheet S11 plot of all the antennas. 
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Figure 17 Excel sheet SWR plot of all the antennas. 

Before fabricating the antenna, we need to know the best length of ground that we will use, so the open HFFS 

simulation and testing phase is to compare different ground lengths (complete, half, and quarter) and see how it alters 

the characteristics and values of bandwidth, S11 (dB, at peak), Gain (dB) and VSWR. 

Table 3: shows an overall comparison between the ground lengths. 

Comparison  Ground Length Full Half Quarter 

Bandwidth ~0.5GHZ 0.7893GHz 13.4GHz 

S11 (dB, at peak) -27.5 -14.5 -30 

Gain (dB) -2.8645 1.8534 4.2750 

VSWR 0.28 0.34 0.29 

Following the thorough comparison between the different antenna configurations, it becomes evident that the quarter 

ground configuration emerges as the superior choice, displaying significantly better results across various performance 

metrics. The quarter ground configuration not only outperforms other designs by a substantial margin but also exhibits 

promising characteristics that could serve as a solid foundation for further exploration, particularly in the context of 

Substrate Integrated Waveguide (SIW) applications. Because of extensive benefits, it has been decided to make this last 

antenna prototype for the quarter ground, the final reserved position. This decision might be due to an exceptional 

performance by the product, which appears to be the one that can provide the requirements and targets with high effect. 

The last antenna design – the chip effect – is brought to action and readied for field tests and evaluation. The figures 

below show the results obtained for the four antenna arrays in the following figures, and the comparison is very 

comprehensive. The simulation results of all the cases prove that the quarter ground configuration is the primary 

candidate that shows the most insightful performance characteristics of the morphing directional antennas. 

 
Figure 18 Return loss    (dB) of normal microstrip Antenna "Without holes." 

 

 
Figure 19 Return loss    (dB) of SIW with one array of holes. 

 



38                                                                             R.Merriman and K.Bawaneh:  Enhancing Wireless Communication … 

 

© 2024NSP 

Natural Sciences Publishing Cor. 
 

 
Figure 20 Return loss    (dB) of SIW with two array holes. 

 

 
Figure 21 Return loss    (dB) of SIW with three array holes. 

 

 
Figure 22 Gain 3D Polar Plot & Radiation Pattern of normal microstrip Antenna "Without holes". 
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Figure 23 Gain 3D Polar Plot & Radiation Pattern of SIW with one array holes. 

 

 
Figure 24 Gain 3D Polar Plot & Radiation Pattern of SIW with two array holes. 

 
Figure 25 Gain 3D Polar Plot & Radiation Pattern of SIW with three array holes. 
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Figure 26 Electromagnetic radiation pattern of normal microstrip Antenna "Without holes". 

 

 
Figure 27 Electromagnetic radiation pattern of SIW with one array of holes. 

 
Figure 28 Electromagnetic radiation pattern of SIW with two array holes 
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Figure 29 Electromagnetic radiation pattern of SIW with three array holes. 

Table 4 compares the three integrations and the regular patch for a more thorough comparison. 

Comparison  Integration Without 

Holes 

One Array 

Holes 

Two Array 

Holes 

Three Array 

Holes 

BW (GHz) 13.4 13.5478 13.6503 13.629 

S11 (dB, at peak) -30 -35 -35 -37 

Gain (dB) 4.275 4.851 4.9642 4.9258 

Directivity (dB) 9.185 5.504 5.534 5.540 

E-Field (V/m) 2.295 x 104 3.1299 x 104 3.1514 x 104 2.9629 x 104 

H-Field (A/m) 1.239 x 102 2.235 x 102 2.213 x 102 2.235 x 102 

VSWR 0.29 0.13 0.19 0.19 

Radiation efficiency (%) 18.03 87.43 87.69 87.66 

In the final comparison, it becomes apparent that some added features significantly contribute to the antenna's quality 

level and help realize the idea of the UWB antenna. The standout measures from the results are the ones with improved 

VSWR and gain. This demonstrates superiority over the traditional conductor patch antenna. This fact illustrates how 

effective SIW-aided patch antenna is towards improving the general performance characteristics of the conventional 

antenna. By contrast with the cumulative results, we can safely say that the antenna with two holes columns is the best 

one since it is the most precise compared to the set objectives. The indicators signify a higher performance rate for this 

setup, making it effective and efficient in achieving its goals. The after-integration study is conducted when researchers 

compare the four types of antennas from the perspective of real-life situations. Hence, testing the developed antennas 

shall be performed to determine their real potential and ensure the correctness of the simulation result. These tests will 
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thus offer factual evidence showing how the antenna works in the real environment, allowing for future adjustments and 

improvement. 

 
Figure 30 Without holes ( Simulation VS Fabricated ). 

 

 
Figure 31 One array holes ( Simulation VS Fabricated ). 
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Figure 32 Two array holes ( Simulation VS Fabricated ). 

 

 
Figure 33 Three array holes ( Simulation VS Fabricated ). 

A complete comparison of the four antenna types between the actual "Real" value and the Simulation value is shown 
in Table 5, based on the discussion and analysis conducted. Some apparent differences between the simulated and 
measured results can be observed; these differences could be attributed to manufacturing or measurement phase errors 
or simply to real-world effects of electromagnetic energy on the antenna. 

 

5 Conclusions 
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Wireless communication between devices has become a necessity, and it is growing at an exponentially fast rate; this 
growth cannot be satisfied by the conventional bulky antenna because of its size, cost, and production time; the 
demands have to be met by a cheap, smaller, easy to install and replaceable antenna, with the help of PCB technology, 
the patch antenna is created and it seems to be a suitable replacement for the traditional antenna for it meets all the 
requirements for the wireless communication advancement, it has a reasonable gain radiation, good S11 values, good 

VSWR, and low reflection coefficient so, it could be applied for a wide variety of applications; mobile devices, IoT, 
data gathering and machine learning, satellite communication, and energy harvesting. There was a significant problem 
with the patch antenna; the bandwidth of the regular patch antenna is relatively narrow, and in this type of application, 
it is preferred that the antenna can receive as much electromagnetic energy as possible, so the antenna has to have a 
bandwidth in the UWB range which means that it can operate at a frequency range of more than 500MHz. To achieve 
this target, we have to use the substrate-integrated waveguide method, where we, as the name suggests, change the 
structure of the substrate layer of the antenna by removing or adding parts depending on the target. For the target of 
broadening the bandwidth, we concluded that adding arrays (columns) of holes that go through the entire antenna on 
each side of the patch achieves this goal perfectly. To lay a good foundation for the integrations, we tested multiple 
shapes for the base antenna to see which one acquired the parameters closer to the desired goal and concluded that the 
fork shape with the quarter ground of length was the best. The materials chosen for the antenna are copper for the 
conductors and FR4 epoxy for the substrate at a thickness of 0.8mm, and a coaxial connector is used for input/output. 
Three integrations were tested: one column, two columns, and three columns of holes along with the regular antenna. 
The tests were done using HFSS software, the exact dimensions and materials were applied, and the following 
parameters (S11, VSWR, gain, directivity, electric field, and magnetic field) were tested and plotted  along with the 
radiation efficiency. In conclusion, the integrations do improve the characteristics of the antenna; and the two columns 
of holes generated the best results among all integrations. However, to test the accuracy of the simulated results, all 
antennas that include the regular fork patch were sent for manufacturing. The simulation files were sent to the NTI for 
manufacturing and testing. After the measurement using VNA, we noticed that the simulation results had some slight 
differences; this could be due to errors in the manufacturing, measuring or simply due to real-world effects on the 
electromagnetic radiation characteristics on the antenna. 
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