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ABSTRACT 

The thesis explains the design and validation of microstrip antenna for 5G 

applications using machine learning techniques.  

The works discusses the development of rectangular patch antenna using frequency 

selective surface (FSS). The distance of the patch is estimated using artificial neural 

network (ANN) algorithms on the data collected from results of the simulated 

microstrip antennas in terms of their resonance frequencies (fr), reflection 

coefficients (S11), voltage standing ratio (VSWR), and antenna gain (G). The 

samples are trained for a R2 -value as 0.999986 having an average absolute 

percentage error of 0.0124% at 0.0874% root mean square error (RMSE). Initially, 

a rectangular microstrip antenna is designed and fabricated on the low-loss Rogers 

RT Duroid 5880, and the FSS is developed and fabricated on low-cost FR-4 

substrate. The first simulated design contains closely situated forty-nine (49) dipole 

strips, each with thickness of 0.25. This yields a complicated FSS structure while 

the antenna performance parameters like -10dB bandwidth ranging from 3.91GHz 

to 6.44GHz, radiation efficiency 97.88%, and FSS results in a gain enhancement 

from 2.87dBi to 7.76dBi. This antenna is best suited for 5G sub-6GHz n77, n78, 

n79 bands etc. Therefore, in the next design the simple FSS structure is design 

without much change in the dimensions of the rectangular microstrip patch antenna. 

The modified FSS structure contains a reduced number (15) of dipole strips well 

situated (2.0 mm) from each other. This antenna is fabricated and investigated from 

the tested results and found in excellent agreement in terms of antenna parameters. 

This antenna prototype results in ultra-wide bandwidth (UWB) from 1.12GHz to 

8.64GHz, radiation efficiency of 97%, and again enhancement from 4.41dBi to 

8.99dBi. The increased bandwidth, in this design  may cause minor interferences in 

C-band and X-band. Therefore, it is a further need to improve the design in terms 

of antenna volume to further reduction in overall antenna cost, and decreased 

bandwidth to overcome the application interferences. To achieve these, antenna is 
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further miniaturized to 74.11% (28mm×22.2mm×5.2mm) from its parent size 

(49mm×49mm×9.6mm) with reduced (9 number) dipole strips in FSS. So, 

fabricated and tested antenna introduced a notch band in the UWB and from 

5.54GHz-5.85GHz and makes the nature of the antenna dual band [(1.72-

5.54GHz), and (5.85-8.91GHz)]. This bifurcation not only separates the sub-6GHz 

FR1 band applications from C and X bands but also minimizes interferences to 

approximately to zero percent. On the other hand, the gain of the antenna reduces 

to 5.92dBi. 

 In view of the fact, low-cost miniaturized antenna can be accommodated in many 

wireless modules, possessing gain above 5dBi, is sufficient for sub-6GHz band 

with full n77, n78, and n79 band coverage ability.  

In future, antenna could be further employed as tunable FSS, complementary FSS, 

and reconfigurable antenna.  
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CHAPTER 1 

INTRODUCTION  

This chapter briefly introduces the antenna, microstrip antenna, sub-6GHz 5G 

frequency bands, frequency selective surface (FSS) types and their applications, 

and a detailed literature review of related work in tabulated form for easy 

understanding. Finally, the chapter explains the research gap, research objectives, 

and problem statement.  

1.1.Antenna Definition 

An antenna fundamentally acts as a transducer that converts electrical signals into 

electromagnetic (EM) waves and vice versa. According to the IEEE Standard 145–

1983, an antenna is defining as “a mechanism for emitting or receiving radio 

waves,” in contrast to Webster's definition, which states that an antenna is “a 

generally metallic device (as a rod or wire) for radiating or receiving radio waves.” 

In general, an antenna is a transition structure between a guiding device and free 

space. It can receive or transmit energy, that is optimize in such a way the radiation 

energy in some directions is maximum while it suppresses in the others directions. 

This demonstrates the antenna's dual use as a directional and probing tool. An 

efficient antenna can lower system needs and increase the system's overall 

effectiveness, making it one of the most essential parts of wireless communication 

networks[1]. The Fig. 1.1. illustrated the antenna definition and its functions. 

 

Fig. 1.1: Antenna uses 
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1.2. Microstrip Antenna  

The concept of microstrip antennas (MSAs) was first demonstrated by Deschamps 

in 1953 [2]. Yet, Munson and Howell established the first practical antennas in the 

1970s [3, 4]. The MSA has gained prominence because of the growing need for 

smaller, low-profile antennas to meet the demands of personal and mobile 

communications. In its most basic configuration, an MSA is made up of a ground 

plane on the bottom and a radiating metal patch on top sides of a substrate having 

some dielectric value. Rectangular, circular, square, semi-circular, triangular, 

annular ring, and sectoral forms are among the different forms of MSA [1]. 

Different patch shapes of the microstrip patch antenna are illustrated in Fig. 1.2. 

Fig. 1.2: Microstrip patch antenna and its patch shapes  

The radiation of MSA depends upon the existing fringing fields between 

the radiating patch’s periphery and the metal ground plane. The rectangular patch 

length L of the for the fundamental mode TM10 excitation is somewhat lesser than 

λg/2, where λg is the guided wavelength, which is also given as   where, l0 is 



 

3 
 

free-pace wavelength and ee is the effective permittivity of a ‘W’ widespread 

microstrip line. The effective permittivity ϵe is slightly lower than the substrate's 

permittivity ϵr because the fringing fields are not confined solely within the 

dielectric. they also extend into the air.. As the patch's width W increases it 

enhance the fringing fields, which account for the radiation. The fringing fields 

can also be enhanced by increasing the substrate thickness h or by decreasing the 

er. Therefore, MSA uses wider microstrip patches and lower substrates er and 

thicker h, unlike to the microwave integrated circuit (MIC) applications [1, 5]. The 

microstrip patch antenna with its radiating and fringing fields is represented in  

Fig. 1.3. 

 

Fig. 1.3: MSA with its fringing fields 

In the recent development era, wireless communication has grown at a rapid 

rate. Nowadays, the most recent wireless standards are 5G and 6G. The fifth 

generation (5G) has significantly enhanced mobile data speed compared to the 

fourth generation (4G). 5G technology has already been embraced by the Internet 

of Things (IoT), sophisticated MIMO structures, innovative tiny cell technologies, 

etc. [6]. 

Researchers have discovered that 5G technologies can connect and operate 

millions of devices. 5G will render a number of future technologies a reality, 

including machine-to-machine communication, telemedicine, smart grids, smart 
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cities, and smart transportation. Existing 4G macrocells can seamlessly integrate 

5G technology into advanced small cell technology [7–9]. 

Now-a-days MSAs also known as patch antennas are most common antenna 

within the 1 GHz to 6 GHz 5G frequencies (FR1). The 1970s saw a surge in the 

development of planar microstrip antenna as communication devices proliferated 

at frequencies where its performance and small size were highly advantageous. 

Moreover, its reduced weight and flat profile made it more desirable for use in 

aircraft and spacecraft uses than parabolic reflector and other alternate antennas. 

[10]. In the past few years, patch antennas have become increasingly prevalent in 

GPS receivers, cellphones, and other mass-produced wireless devices due to their 

analogous features and extra size reduction obtained through the use of high 

dielectric constant materials. In a variety of wireless communication domains, 

including global positioning systems (GPS), radar, satellite, and other areas, MSAs 

have been discovered to be superior radiators. A low-profile planar construction, 

the ability to use certain techniques to achieve multiband characteristics, low cost, 

and moderate to high gain are just a few advantages of MSA [7]. The microstrip 

antenna has some disadvantages, such as poor radiation characteristics, low gain, 

low directivity, low efficiency, etc., that need to be improved. Achieving high gain, 

and high directivity with higher radiation efficiency simultaneously is challenging 

for the researchers. 

Microstrip antennas in 5G applications have developed and proven suitable for 

some notable applications: 

1. Satellite communication direct broadcast service. (C Band) 

2. Mobile communication systems. 

3. Doppler and other radars. (X band) 

4. Missile and telemetry. 

5. Remote sensing and environmental instrumentation. 

6. WiMAX (2.3-2.4 GHz, 2.5-2.7 GHz, and 3.4-3.6 GHz) 

7. Radio-frequency identification (30 Hz and 5.8 GHz) 

8. Biomedical radiators and intruder alarms. (S-band and L-band) 



 

5 
 

9. Wireless communication in PCS, UWB, WLAN, IMT, GSM, ISM, 

RFID.  

 

Some of the principal advantages that microstrip antennas have are: 

1. They are light in weight. 

2. They occupy low volume. 

3. Since MSAs are simple to produce in large quantities, fabrication 

costs are reduced. 

4. MSAs are simple to install on the device. 

5. MSAs can be miniaturized in size to be used for personal mobile 

communication. 

6. When installed on rigid surfaces, MSAs have a strong mechanical 

structure. 

7. MSAs are Resistant to shock and vibration. 

8. MSAs work nicely with handheld wireless devices' integrated 

antennas. 

In comparison to conventional antennas, microstrip antennas also have 

several drawbacks, some of which can be addressed by conducting further research 

in the design phase: 

1. They have a narrow bandwidth. 

2. The radiation efficiency is low. 

3. They have minimal gain 

4. They are not very good at handling power. 

5. They have low isolation between radiating elements and feed. 

6. High-performance arrays require a complex feed arrangement. 

7. Considerable ohmic loss in array feed arrangements. 

8. External radiation originating from feeds and connections 

9. Excitation of surface waves 
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1.3. Journey from Zero Generations (0G) to Fifth Generation (5G) Wireless 

Technologies 

Wireless technology is one of today's fastest-growing technologies and is 

transforming all aspects of mobile as well as electronic communication. During the 

previous ten years, communications technology has developed tremendously. 

Nowadays, wireless technology has grown to 7.5 Generation (G). To analyze the 

most widely used wireless technologies and their characteristics over multiple 

generations—often referred to as first generation (1G), second generation (2G), 

third generation (3G), fourth generation (4G), fifth generation (5G), sixth 

generation (6G), and seventh generation (7G). The review of the literature is the 

main goal of this section [11]. The development of the mobile wireless generation 

from first generation (G) to fifth(5G) is illustrated in the Fig. 1.4 and Table 1.1 

showcased the summary of the different generation’s wireless technologies [12]: 

 

 

Fig. 1.4: Evolution of mobile wireless generation [11] 

Table 1.1: Summary of the generations of wireless technologies 
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1.4. 5G Frequencies and Frequency Bands 

 

The Federal Communications Commission (FCC) first introduced the 5G network 

bands of frequencies in two distinct categories. The LTE frequency range and the 

sub-6 GHz bands are incorporated into Lower Frequency Range 1 (FR1), which 

spans 410 MHz to 7.125 GHz. The upper 37 GHz, 39 GHz, and 47 GHz bands, as 

well as the 24 GHz band, all fall under the upper millimeter-wave frequency range 

2 (FR2), which spans from 24.25 GHz to 71 GHz [13]. FR1 denotes the sub-6 GHz 

region, while FR2 represents the mm-wave spectrum. RFID and WiMAX 

applications are suited for the 5G spectrum's sub-6 GHz wavelength range. 

Recently, FCC introduces a new mid-band frequency range (FR3) from 7.125GHz 

to 24.25GHz. This opens new dimensions for the experiments and research in 5G 

mid frequency bands.  The frequency range classification of the 5G is represented 

in Fig. 1.5. The most usable 5G wireless technology FR1 bands are the n77/n78/n79 

with (3.3–4.2 GHz)/(3.3–3.8 GHz)/n79 (4.4–5.0 GHz) bands [13, 14]. The 

frequency bands that will be utilized in 5G New Radio, according to 3GPP 38.101, 

include: Based on the operating bands and channel bandwidths specified in the 

current specification version, the channel arrangements provided in this section  

[13, 14]. 
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Fig. 1.5: 5G Frequency Band (FCC) 

Table 1.2 [13]  and Table 1.3 li sts legitimate 5G Frequency band  from FR1 and 

FR2 respectively. 

Table 1.2: 5G FR1 Frequency bands 

FR1 Operating 

Frequency Bands  

Operating band 

Lower Frequency, fL(MHz) Higher Frequency, fH(MHz) 

n29 717  728  

n30 2305  2315  

n34 2010 2025  

n38 2570  2620  

n39 1880  1920  

n40 2300  2400  

n41 2496  2690  

n48 3550  3700  

n50 1432  1517  

n51 1427 1432  

n53 2483.5  2495  

n65 1920  2010  

n66 1710 1780  

n70 1695  1710  

n71 663  698  

n74 1427  1470  

n75 1432 1517  

n76 1427  1432  

n77 3300  4200  

n78 3300  3800 

n79 4400  5000  

n80 1710   1785 

 

Table 1.3:5G FR2 Frequency bands [15] 

FR2 Operating 

Frequency Bands 

(5G/6G) 

Operating band  

Lower Frequency, fL(MHz) Higher Frequency, fH(MHz) 

n257 26500  29500  

n258 24250  27500  

n260 37000  40000  

n261 27500  28350  
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The FR3 frequency range includes the new bands designated for 5G and 6G 

networks. In the ever-changing world of telecoms, the FR3 frequency range has 

become an important player in 5G networks. Known as the millimeter wave band, 

or FR3, it covers a frequency range of 7.125 GHz to 24.25 GHz and has many 

advantages, but also some disadvantages and challenges. Let us examine the 

challenges related to the FR3 frequency spectrum and explore possible future 

configurations for 5G connectivity [15]. The high data transfer rates, low latency, 

enhanced network capacity, and support for massive IOT connectivity are the 

merits of the newest 5G networks FR3 frequency band. The primary constraints of 

the FR3 frequency band are its restricted coverage range, problems with obstacle 

penetration, and weather sensitivity. Implementing the FR3 frequency spectrum has 

three key challenges: device compatibility, regulatory constraints, and 

infrastructural requirements. The 5G FR3 Frequency bands are illustrated in Table 

1.4. 

 

Table 1.4: 5G FR3 Frequency bands [16] 

FR3 Operating 

Frequency Bands 

(5G-Advanced/6G) 

Operating band 

Lower Frequency, fL Higher Frequency, fH 

1 7.125 GHz 8.5 GHz 

2 10.5 GHz 10.68 GHz 

3 10 GHz 10.45 GHz 

4 10.7GHz 13.25 MHz 

5 14.3 GHz 15.35 GHz 

6 17.7GHz 19.7GHz 

7 21.1GHz 23.6GHz 

 

The FR3 frequency band, which spans from 7.125 GHz to 24.25 GHz, is 

where 5G network innovations are most advanced. It is a key component of the 

upcoming wireless communication generation because of its strengths in low 

latency, fast data transfer speeds, and support for the Internet of Things. However, 

for widespread adoption,  challenges  are addressed   as limited capacity and 

infrastructure requirements. The FR3 frequency band has the potential to transform 
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communication and connection in modern times, provided that technological 

progress and cooperative endeavors persist. 

 

1.5. Frequency Selective Surface (FSS) 

A two-dimensional periodic array of identical metallic elements organized on a 

dielectric substrate is referred to as a frequency selective surface (FSS). FSSs are 

high-impedance surfaces, perfect absorbers, reflecting surfaces, and have filtering 

capability. An FSS is generally used as an antenna or for radar cross-section 

reduction. A FSS is a component of planar metamaterials or metasurfaces. A 

periodic or non-periodic array structure made of radiating or non-radiating elements 

is called an FSS. [16]. To provide band-pass or band-stop features, the FSSs are 

conductive patterns that are produced on an insulator surface and are organized 

periodically [17]. Typically, architecturally diverse structures like aircraft hulls or 

buildings host FSSs. The metallic layer's dimensions play a vital role in the 

effectiveness of the FSS, as its formation on the insulator surface largely determines 

its performance [18]. Therefore, a low-cost production method for FSS fabrication 

that offers reliable and high-resolution performance. 

As per the kind of array element, an incident plane wave will either fully or 

partially reflect (stop band) or be transmitted (pass band). The FSS allows the in-

band frequencies to pass through and reflect the out-band frequencies as displayed 

in the Fig. 1.6. 

 

 

 



 

12 
 

  

Fig. 1.6: Functionality of an FSS 

 

Fig. 1.7: Some FSS surfaces their characteristics and equivalent circuits 
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Advantages of FSS are: 

¶ It can be broadband,  

¶ It can be robust to angle of incidence 

¶ Its resonance frequency depends on unit cells’ shape and size. 

The best course of action for all signal processing systems at microwave 

and optical frequency ranges is spatial filtering. FSS, often referred to as spatial 

filters, are utilized to produce dispersive transmitted and reflected properties after 

modifying the incident waves on such surfaces. Some of the frequently used FSS 

surfaces, their characteristics transmission coefficients, and their RLC equivalent 

filter circuits are illustrated in the Fig. 1.7[19]. 

1.6. FSS Classifications and Applications 

In view of their narrow band and poor spatial filtering response, traditional FSSs 

are insufficient. Good number of research investigations are reported to minimize 

the size of FSSs while improving their frequency response with dual polarization 

and greater bandwidth (BW) at greater incidence angles. However, because of their 

unstable performance when the angle at which EM waves incident occurs, single 

layered FSS structures have been shown to be inefficient. Multilayered FSSs have 

been developed to address the weaknesses of traditional single layer FSSs. They 

provide more flexibility in adjusting parameters for attaining desired performance. 

[20-25]. Currently, miniaturized (2.5-dimensional) arrays and fractal elements-

based FSSs are used for compactness [26-28]. Active FSSs and three-dimensional 

FSS structures have transformed microwave technology [29-32]. Furthermore, 

embedded FSS (based on a stepped-impedance resonator) with metallic rods and 

plates inserted [33], Electromagnetic band gap structures (EBG) and integrated FSS 

[34], and metamaterial FSSs [35,36] are the most latest developments made by 

investigators studying microwaves. Different types of FSS classification are 

represented in the tree diagram of Fig. 1.8 [37]. 

https://www.mdpi.com/2076-3417/8/9/1689#B18-applsci-08-01689
https://www.mdpi.com/2076-3417/8/9/1689#B21-applsci-08-01689
https://www.mdpi.com/2076-3417/8/9/1689#B25-applsci-08-01689
https://www.mdpi.com/2076-3417/8/9/1689#B26-applsci-08-01689
https://www.mdpi.com/2076-3417/8/9/1689#B27-applsci-08-01689
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Fig. 1.8: Types of FSS 

 Applications of FSS 

 Future advances of FSS in the upcoming years can be expected based on existing 

patterns, as it is evident that a great deal of advanced research is being conducted. 

The potential uses of FSS include the following, but they're not exclusive to 

¶ FSSs that can be reconfigured 

¶ Software-defined and tunable FSSs 

¶ Tunable mechanically operated FSS 

¶  Highly efficient and tunable FSS absorber 

¶ FSS surface with double curvature 

¶ Antenna-FSS system integrated design 

¶ Wide BW, all-dielectric FSSs produced using 3D technology 

¶ FSS inspired by metamaterials for satellite communication 

¶ FSS, which selectively shields frequencies in essential places like airports 

and military bases. 

¶ An FSS-based wireless sensor that monitors passive structural strength 

without a chip 
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¶ Sensing wearable FSS 

¶ Smart absorbers FSS 

¶ Frequency selective absorbers 

¶ Graphene based FSS 

¶ FSS for wireless power transfer applications 

¶ FSS for earth observation, remote sensing and satellites 

¶ FSS for separating undesirable and hazardous radiation at microwave low 

frequency bands (L, S) in homes, schools, and hospitals 

¶ Switchable FSS depending on plasma shells (for aerodynamics, and 

protection of terrestrial electromagnetic systems). 

 

1.7. Research Gap/Problem Statement 

Application-specific antennas are essential for wireless communication, and 

their demand has risen significantly due to the impending Internet of Things (IoT) 

era. Thus, it is now necessary to design antennas in an innovative and effective 

manner. When several antenna design parameters need to be optimized, as in the 

case of 3-D printed antennas, standard procedures are computationally demanding 

and fundamentally inefficient, and the simulation time ranges from a few seconds 

to a few days, depending on the size of the antenna, operating frequency, and 

computational power. 

The literature study presented in Table 1.5 reveals the availability of 

complex antenna structures, including FSS/metasurfaces/AMC/EBG structures, 

designed to simultaneously enhance antenna performance parameters such as gain, 

far-field radiation characteristics, -10 dB bandwidth, and antenna radiation 

efficiency. Therefore, the creation of a simple antenna structure with the simplest 

FSS design, such as a reflector array, is necessary to improve the aforementioned 

antenna parameters. Another important point is that it maintains the antenna's cost 

while allowing control over the antenna's dimensions and the FSS structure. The 
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most widely used antenna and FSS design substrates in the sub-6 GHz 5G 

application frequencies are FR-4, and RT Duroid Roger 5880. The FR-4 is a low-

cost, easily available substrate, whereas the RT Duroid 5880 is a more expensive 

and scarcer one. RT Duroid results in low radiation and dispersion loss in the sub-

6 GHz ranges, while FR-4 radiation losses are high. Most antennas developed in 

the literature are based on FR-4, which has high radiation and dispersion losses. 

Even though RT Duroid 5880-fabricated antennas are more expensive and have 

better antenna performance, it's important to balance the costs and losses by 

employing FR-4 and RT Duroid 5880 substrates in equal amounts. In the sub-6 

GHz and 5G application frequency ranges, controlling the gap between the main 

antenna radiator and FSS is also a significant difficulty. Observations show that the 

minimum distance can range from 0.5 mm in some cases to 28.5 mm in others, 

ensuring the perfect Fabry-Cavity interference principle and enhancing bandwidth 

and gain of the antenna. 

The proposed thesis focuses on designing sub-6GHz 5G antennas with 

optimized dimensions and enhanced antenna parameters like reflection loss, 

antenna gain, radiation efficiency, and -10dB antenna BW. Machine learning 

programs and algorithms (ANN) are used to guess the position of the FSS below 

the ground plane of the antenna  

This will make the antenna design simple structure. Following are the concluding 

research gaps of literature; 

¶ Several antenna designers and researchers are working on enhancing the planar 

MSA’s gain. 

¶ The enhanced value of gain has a positive effect on wireless applications. 

¶ A frequency-selective surface employs periodic patterns of metal shapes in the 

structure to create sufficient reflection and transmission behavior. 

¶ Without FSS MSA’s have bidirectional radiation patterns, resulting in lower 

front-to-back ratio, limited gain, and inferior radiation efficiencies. 
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1.8.  Research Challenges and Motivation of the Research 

Most single layer literature existing antennas are multi-band in nature, with narrow 

(limited) bandwidths and lesser gain. The FSS has complex radiator structures and 

reflector geometries, and uses the identical substrate for the fabrication of the 

reflector as well as the patch design. These designs are complicated and difficult to 

fabricate. High-gain antennas are being used to full-fill fifth -generation (5G) 

applications. These literature study points motivate authors to work on these points. 

The designing of the reflector based Sub-6GHz 5G antenna falls under the 

following challenges; 

I. Selection of applications and frequency ranges for antenna design. 

II. Selection of substrate for the design of main antenna and FSS 

reflector antenna. 

III. To maintain the gap (separation) between the antenna and FSS 

reflector by proper training and use of ANN algorithms (* Mention 

in II objective) 

IV. To achieve the enhanced gain and enhanced bandwidth 

simultaneously. 

V. To achieve the wide bandwidth with reduced application 

interferences and antenna size. 

 

1.9. Research Objectives 

Wireless networking technologies currently achieve high data rates (21.0 

Mbps). Mobile wireless technology has progressed from 1G to 4G, and the 

expansion of 5G technology is now necessary. The current 4G technology is 

unsatisfactory in meeting customer requests and has numerous drawbacks. 5G 

technology has features like reduced battery usage, 1 GB/s data rate, enhanced 

security, and greater energy and spectrum efficiency to prevent these issues. The 

development of 5G is crucial to boosting data transfer rates while maintaining 

improved performance standards. 
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Based on the literature review, research challenges, and research gaps are 

identified and the following here objectives are formulated for the proposed work: 

I. Design a microstrip antenna for a 5G (sub-6GHz band) application 

to accommodation every sub-6 GHz application, primarily focusing 

on the n77/n78/n79 i.e., (3300–4200 MHz), (3300–3800 MHz), and 

(4400–5000 MHz) bands, respectively. 

II.  To enhance gain and directional characteristics by arranging the FSS 

layer as a reflector beneath ground of the main radiator. 

III.   Gap prediction between the antenna and reflector using a model 

based on artificial neural network (ANN). 

IV.  Fabrication, validation of simulated results with the measured 

results, and testing of the antenna. 

 

1.10. Research Methodology 

Based on the review of the literature, the following are the methods that 

have been set for the proposed research: 

I. Work study of the earlier designed 5G MPAs for wireless applications. 

II.  A high-frequency structure simulator (HFSS) software  tool was used to 

optimize the designed antennas, and a parametric study was used to achieve 

the research objectives. 

III.  A machine learning technique is used to train a particular model by 

employing parameters of the antenna that have been collected through 

multiple rounds of simulations, stored in a database, and utilized as a data set. 

1.11. Statistical Tools 

Machine learning and statistics are two disciplines that are closely related. 

The combination of the two tools is referred to as estimation statistics, and it 

involves cleaning and preparing data for modeling using statistical techniques 

model selection, as well as the presentation of abilities and predictions from the 

final models in machine learning, can benefit from the use of statistical hypothesis 

testing and estimate statistics. An estimator is an equation that selects the "best," or 
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most likely correct, data model from real-world observations. Statistical methods 

are required when predicting with a finalized model on new data, such as gain and 

return loss. 

 

1.12. Summary: An overview of Thesis 

Chapter 1 Introduction describes the detailed introduction of the reflector 

antennas, machine learning techniques, literature review, rationale of the research, 

research objectives, research gaps, motivation of the research, and comparison of 

the different machine learning techniques used in the existing literature, and an 

overview of the thesis. 

Chapter 2 Literature Review covered in-depth study on Sub-6GHz 5G antennas 

focused on a number of advanced antenna technologies, such as Artificial Magnetic 

Conductors (AMC), Metasurfaces, Frequency Selective Surfaces (FSS), 

Metamaterials (MTM) surfaces, and Electromagnetic Band Gap (EBG), structures, 

Furthermore, methods based on machine learning (ML) are investigated to improve 

different antenna parameters and  Machine Learning Techniques for Antenna 

Design demonstrated the different machine learning techniques used for reflector 

antenna design and various methods used for deciding the air gap and extraction or 

generation of the relationship between air gap in patch antenna and reflector 

substrates by using the Artificial Neural Network (ANN) based model using mean 

square error (MSE), and regression plot. Data performance parameters plots are 

generated for training, their validation, and testing. 

 Chapter 3 A monopole double-story rectangular patch MSA was designed for 

SUB-6 GHz applications. The antenna with a FSS enhances the gain and radiation 

efficiency. Several literature antennas were designed without using the reflector, 

and in this chapter antenna, an FSS is placed below the ground plane. This FSS acts 

as a partial reflector and reflects the back lobes of the main radiator. The inset fed 

antenna is fabricated on RT Duroid 5880 substrate. While the FSS, of this antenna 

is fabricated on a low-cost FR-4 substrate of identically equal size. The FSS of this 
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antenna is filled with an array of periodically arranged 0.25mm wide 49 rectangular 

dipole strips. The comparison of antenna with FSS and without FSS shows that the 

antenna with introduced FSS have an improved gain of 7.76dBi and a decreased 

FBW of 49.08%. Additionally, the radiation efficiency with the FSS reflecting 

surface increased to 97.88%. The antenna with the FSS achieved a wideband 

ranging from 3.90GHz to 6.43GHz. Therefore, it is suitable for 5.8GHz WLAN and 

5G sub-6 GHz bands such as n46, n47, n77, n79, and n96/n102. Additionally, an 

analogous RLC electrical equivalent circuit of the antenna is presented.  

Chapter 4 ANN-based FSS reflector antenna discusses the design, parameter 

investigations, fabrication, and measurements of a monopole FSS rectangular MSA 

based on the Fabry-Perot cavity (FPC) principle. FPC was widely used to improve 

gain and directional radiation characteristics of an antenna. The gap between the 

substrate is estimated by evolving a relationship using an ANN model-based 

technique by venturing the output through iterations and it is validated by the HFSS 

optimization procedure. An RLC equivalent circuit of the designed antenna has 

been made from the antenna reflection coefficient. The FSS employs 15 dipole 

strips in the reflector layers which consequences in an enriched gain, and 

unidirectional radiation patterns. The FSS loading to the Patch at suitable gap led 

to an enhanced gain from 4.41dBi-to-8.99dBi and also caused in better front-to-

back lobe ratio (FBR) from 1.7dB- to-17.5dB in E-plane at frequency 5.5GHz. The 

measured and simulated results are in found in agreement. The antenna in a -10dB 

BW of 7.52 GHz. The antenna's RLC equivalent circuit is verified with ADS 

Software. The antenna is most suitable for wireless Sub-6GHz, satellite, and 

RADAR communications, and 3G/4G/5G. 

Chapter 5 Miniaturized FSS reflector antenna presents a dual-band low-

loss double-layered inset-fed miniaturized rectangular microstrip antenna for Sub 

6GHz 5G applications. An FSS layer is used as a reflector beneath the inset-fed 

rectangular patch at an optimized gap that makes the antenna multi-layered and 

improves its directional radiation characteristics. The existing antennas are based 

on the same methods and principle (Fabry-Perot cavity interference) having issues 
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of larger-size and ultra-wideband (UWB) bandwidth. Therefore, they cover other 

applications along with 5G. This results in the probable interferences. These 

research gaps and challenges are resolved by the reduction in the UWB bandwidth 

and size miniaturization trade-off. The previous base antenna has a larger size of 

49mm×49mm whereas the dimensions of the miniaturized antenna explained in this 

chapter are 28mm×22.2mm at the nearly same design frequency of 5.5GHz. 

Therefore, 74.11% size miniaturization is achieved along with a 47.6% reduction 

in the –10dB fractional bandwidth (FBW).  The total volume of the multi-layered 

antenna is controlled by optimizing the gap between the two substrates. The 

modification makes the existing bandwidth dual-band by introducing a notch-band 

of 5.63GHz to 5. 85GHz. In conclusion, the antenna separates the extra-applications 

into separate bands (5.85GHz-8.62GHz) and helps to eliminate interference with 

5G applications (1.70GHz-5.63GHz). Since the antenna covers nearly the whole 

FR1 (1.0GHz to 6.0GHz) range, therefore, it is the most appropriate candidate for 

all 5G bands including the main n77, n78, and n79 bands.  

Chapter 6 Results discusses the fabricated models of the reflector-based antennas 

for Sub-6 GHz applications, their main effect on gain enhancement, and bandwidth 

enhancement finally, this chapter discusses the limitations of the previous models 

and then discusses the methods to remedy these limitations of application 

interference, and it also discusses the size miniaturization process.   

Chapter 7 Conclusions and Future Scope this chapter discusses the limitations 

of the previous models and then discusses the methods to remedy these limitations 

of application interference and it also discusses the size miniaturization process. 

The chapter also explains how these prototype antenna models could be changed to 

higher versions to make them narrow bands. In reconfigurable frequency selective 

surface (FSS) could also be helpful in frequency tuning, bandwidth, and gain 

control of the antenna 
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 CHAPTER 2 

LITERATURE REVIEW 

 

The literature study involves the antennas, utilizing the frequency selective 

surfaces (FSS), metasurfaces, metamaterial (MTM) surfaces, Artificial Magnetic 

conductors (AMC) and Electromagnetic Band Gap (EBG) structures. The machine 

learning (ML) based antennas are also included in the literature to determine the 

optimized distance between the FSS layers and the antenna.   

2.1. Comparison Evaluation Table for Different Types of Antennas  

 A detailed literature review of the antennas has been carried out in the comparison 

Table 2.1. The comparison tables showcased the major resultant parameters 

(operating frequency f0, gain, -10dB bandwidth, and radiation efficiency) of each 

of the antennas and the design application plays a crucial role in the designing of 

the antennas that have their future scope or not.  

Table 2.1: A literature review of antennas 

Ref. Antenna Size 

(mm3) 

Distance 

between 

Antenna and 

FSS layer, hFSS 

FSS 

used 

Or no. of 

layers  

Uses 

ANN 

 

Optimization 

Technique 

And Key 

Features 

 

Performance 

Parameters 

Operating 

Freq., f0 

-10dB BW 

(GHz)  

Gain (dBi) 

Applications 

[38] 

Zeain et 

al., 2024 

Antenna Size: 

19×43×0.508 

(Rogers 4350B) 

FSS Size: 

 

117.5×94.9×0.5

08 

(Rogers 4350B) 

hFSS=30 mm 

Yes Not 

used 

. CPW fed 

Chair-shaped 

antenna 

.2×2 MIMO 

+FSS 

. FSS Size> 

MIMO 

Antenna 

 Size 

.The same 

substrate for 

FSS and 

Antenna 

design 

f0=3-6GHz 

-10dB,  

BW:  

2.9GHz-6GHz 

Gain:  

3.63dBi 

(without FSS) 

7.96 dBi (with 

FSS) 

Efficiency: 

 97% 

ECC:0.004 

DG: 9.99dB 

CCL: 

0.2bits/s/Hz 

MEG: -3.13dB 

TARC<-8dB 

Isolation <-

13dB 

Unmanned 

Aerial Vehicle 

(UAV) at (5.7 

GHz- 5.8 GHz), 

Cardiac pace 

marker 

at(5.8GHz), 

Wearable 

antenna at (4.4 

GHz- 5 GHz), 

Aero MACS 

(5.09 GHz–5.15 

GHz), 

Aeronautical 

radio location 

application at 

(5.43 GHz), 5G 

NR spectrums 

(n77/n78/n79) 
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Ref. Antenna Size 

(mm3) 

Distance 

between 

Antenna and 

FSS layer, hFSS 

FSS 

used 

Or no. of 

layers  

Uses 

ANN 

 

Optimization 

Technique 

And Key 

Features 

 

Performance 

Parameters 

Operating 

Freq., f0 

-10dB BW 

(GHz)  

Gain (dBi) 

Applications 

and 5G 

applications 

[39] 

Wasim 

et al. 

2023 

 

Antenna Size: 

89×71×1.6 

(FR4) 

Reflector Size: 

150×70×1.6 

(FR4) 

hFSS:17.5 mm 

Not 

used 

Not 

used 

Series Fed 

two dipole 

antenna 

(STDA) 

arrays with 

side-wall 

reflectors  

different 

array 

configuration

s, such as 

2×1, 2×2, and 

2×3 arrays. 

f0= (1.8, 2.35, 
and 2.6GHz) 
& (3.2, 4.2, and 

5.2) 

Gain: 8-12.3dB 

Cross-

polarization 

discrimination 

(XPD) > 11.5 

Isolation: -24.9 

to -44dB 

4G Long Term 
Evolution (LTE) 
and 
sub-6 GHz 5G 

band 

[40] 

Padmasr

ee et al. 

2023 

Antenna Size at 

2.4GHz:  

Height of the 

dipole: 

27.65mm 

Length of folded 

Dipole(L):62.5

mm 

Separation 
between two 
dipoles(S): 
8.125mm 
Antenna Size at 

3.6GHz: 

 Height of the 

dipole: 

17.233mm 

Length of folded 

Dipole(L):41.66

5mm 

Separation 
between two 
dipoles(S): 
5.41 mm 

Not 

used 

Not 

used 

Monopole 

and Folded 

dipole 

antenna 

rectify 

shortcomings 

in monopole 

antenna 

design 

f0= 2.4 GHz and 
3.6 GHz 
Gain: 2.94 dB 
Beam Area: 
6.65 steradian, 
Directivity: 
2.9dB 

sub-6GHz 
frequency 
bands, 5G 
wireless 
applications 

[41] 

Hasan et 

al. 2022 

Antenna Size: 

30×35×1.6 

(FR-4) 

Reflector Size: 

40×40×1.6 

(Rogers 

RO3010) 

hFSS=27 mm 

 

Yes  

Metamat

erial 

Reflector 

(4×4 

arrays of 

MTM) 

Not 

used 

Antenna gain 

Enhancement 

 Antenna + 

FSS(Reflecto

r) 

Double 

negtive 

(DNG) 

Metamaterial 

 

 

f0=3.5GHz 

-10dB BW:  

3.4GHz-3.6GHz 

Gain: 3.21 dBi 

(without 

reflector) and 

4.69 dBi (with 

reflector)   

Efficiency: 62% 

5G sub-6 GHz 

wireless 

communication 

[42] 

Sree et 

al. 2021 

Antenna Size: 

77×70.11×1.6 

(RO5880) 

Not 

Used 

Not 

used 

. A dual-band 

Tahya Misir 

f0=4.97GHz and 

4.53GHz 

-10dB BW: 

5G sub 6GHz 

band 
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Ref. Antenna Size 

(mm3) 

Distance 

between 

Antenna and 

FSS layer, hFSS 

FSS 

used 

Or no. of 

layers  

Uses 

ANN 

 

Optimization 

Technique 

And Key 

Features 

 

Performance 

Parameters 

Operating 

Freq., f0 

-10dB BW 

(GHz)  

Gain (dBi) 

Applications 

 based patch 

antenna 

4.53-4.97GHz 

Gain: 5dB 

(4.97GHz), and  

4.57dB(4.53GH

z) 

Efficiency: 

>60% 

(4.97GHz), and  

>80% 

(4.53GHz) 

[43] 

Hussain 

et al. 

2022 

Antenna Size: 

120×60×0.508 

(RO-4350) 

 

Not 

Used 

Not 

used 

 Multiband 

Shared 

Aperture 4×4 

MIMO 

Antenna 

.pentagonal 

slotted DGS 

.1×8 power 

divider 

f0=1.5/1.9/2.7/ 

3.6/4.2/28 GHz 

and 4.53GHz 

-10dB BW: 

4.53-4.97GHz 

Gain: 8.5dBi  

Efficiency:91%  

ECC:0.113 

Millimeter-
Wave and 4G 
bands and Sub-
6GHz 5G 
Applications, 
and 28 GHz 
bands for future 
5G 
wireless 

communication 

systems. 

[44] 

Bala et 

al. 2021 

Antenna Size: 

27.53×32×0.508 

(RO-5880) 

Not 

Used 

Not 

used 

. Rectangular 

Patch 

Antenna 

f0=6 GHz 

Gain: 5.934dB 

-10dB BW: 

205.8MHz 

Efficiency:81%  

Sub-6GHz 5G 
Applications 

[45] 

Varshne

y et al 

2021 

Antenna Size: 

66.4×66.4×1.6 

(FR-4) 

Not 

Used 

Not 

used 

. Tri-arms 

Circular 

Patch 

Antenna 

. SRR triplet 

(without 

reflector)  

f0=6 GHz 

Gain: 7.16dBi 

-10dB BW:  

1.81-3.0GHz 

Efficiency:92.8

5%  

ISM, WLAN, 
CDMA, WIFI, 
WLAN, 
LTE/WIMAX and 
Bluetooth  
 

[46] 

Nakmou

che, et 

al. 2021 

Antenna Size: 

50×50×1.6 

(Rogers 5880) 

FSS Size: 

49×49×1.508 

(Rogers 5880) 

hFSS=6.0 mm 

15×15 

plus 

shape 

metamat

erial 

array 

FSS 

used 

ANN 

used 

. ANN is used 

to compute 

optimum 

position of 

FSS reflector 

layer 

. Rectangular 

patch 

Antenna 

enhances gain 

and radiation 

efficiency 

f0=6 GHz 

Gain:5.8dB gain 

enhancement 

(3.18dB to 

8.98dB) 

-10dB BW:  

5.53-6.36GHz 

Efficiency: 

>95%  

.5G Applications 

[47] 

Alemary

een and 

Noghani

an, 

2018 

Antenna Size: 

32.10×57×3.6 

(Pellon fabric 

substrate 

r=1.08, 

h=3.6mm, 

tan δ=0.008) 

4×4 array 

AMC 

FSS is 

used 

Not 

used 

.Wearable 

FSS reflector 

Antenna 

 Textile 

flexible 

antenna  

f0=2.45 GHz 

Gain: 2.0dBi 

gain 

enhancement 

(2.60dBi to 

4.60dBi) 

. 5G and ISM 
band 
applications 
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Ref. Antenna Size 

(mm3) 

Distance 

between 

Antenna and 

FSS layer, hFSS 

FSS 

used 

Or no. of 

layers  

Uses 

ANN 

 

Optimization 

Technique 

And Key 

Features 

 

Performance 

Parameters 

Operating 

Freq., f0 

-10dB BW 

(GHz)  

Gain (dBi) 

Applications 

FSS Size: 

124×124×1.52 

(RO 3003 

r=3, 

h=1.52mm, 

tan δ=0.0013) 

hFSS=0 mm 

. Bending and 

Crumpling 

effect and 

SAR value 

analyzed  

-10dB BW: 

1.75-4.33GHz 

Efficiency: 

>95%  

[48] 

Jiang et 

al.  2017 

Antenna Size: 

51.25×51.25×5.

625 

(PDMS 

substrate 

r=2.8, 

h=3.6mm, 

tan δ=0.02) 

hFSS=0 mm 

Artificial 

ground 

plane 

contains 

2×2unit 

cells  

Not 

used 

 Fully flexible 

circularly 

polarized 

antenna 

Textile 

flexible 

antenna  

Wearable 

antenna offers 

a compact, 

flexible, and 

robust 

f0=2.40 GHz 

Gain: 5.2dBi  

-10dB BW: 

2.35-2.61GHz 

Efficiency: 

79%  

. ISM, and 
wireless body 
area networks 

[49] 

Abbasi, 

et al. 

2017 

Antenna Size: 

68×38×1.57 

(RT/duroid 

5880) 

FSS Size: 

68×38×1.52 

(RO 3003 

r=3, 

h=1.52mm, 

tan δ=0.0013) 

hFSS=5.0 mm 

2×1array 

of 

electrom

agnetic 

band gap 

(EBG) 

backed 

structure 

Not 

used 

. Semi-

flexible EBG-

backed 

monopole 

antenna 

. SAR 

reduction 

using EBG 

structure 

 

f0=2.45 GHz 

Gain:6.88dBi  

-10dB BW:  

2.40-2.50GHz 

Efficiency: 

76%  

. ISM, and 
wireless body 
area networks 
and body-worn 
applications 
. wearable 
biosensors or 
medical 
monitoring. 

[50]Jian

g et al. 

2014 

Antenna Size: 

39×30×1.50 

(RO 3003) 

FSS Size: 

62×42×2 

(RO 3003 

r=3, 

h=2mm, 

tan δ=0.0013) 

hFSS=0.5 mm 

2×2array 

of 

electrom

agnetic 

band gap 

(EBG) 

backed 

structure 

Not 

used 

. compact 

conformal 

wearable 

antenna 

.Metasurface, 

consisting of 

only a 

2×2array of I-

shaped 

elements 

f0=2.4 GHz 

Gain:6.2 dBi 

-10dB BW:  

2.32-2.43GHz 

Efficiency: 

95.3%  

. ISM, and 
wireless body 
area networks 
and body-worn 
applications 
. wearable 
biosensors or 
medical 
monitoring. 

[51] 

Raad, et 

al. 2013 

Antenna Size: 

30×45×1.50 

(Kapton 

polyimide 

substrate 

r=3.5, 

h=2mm, 

tan δ=0.002) 

FSS Size: 

65.7×65.7×1.5 

(a flexible vinyl 

substrate 

r=2.5, 

antenna 

uses a 

3×3 

array of 

the 

waffle-

like 

unit cells 

as an 

AMC 

array  

Not 

used 

. slotted CPW 

fed flexible, 

compact 

antenna 

system 

.The AMC 

ground plane 

comprises 

3×3unit cells 

of slotted 

Jerusalem 

Cross (JC)-

AMC 

f0=2.45 GHz 

Gain: Enhance 

by 3.7 dB  

-10dB BW:  

18% 

 

. ISM, and 
wireless body 
area networks 
and body-worn 
applications 
. Telemedicine 
applications 
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Ref. Antenna Size 

(mm3) 

Distance 

between 

Antenna and 

FSS layer, hFSS 

FSS 

used 

Or no. of 

layers  

Uses 

ANN 

 

Optimization 

Technique 

And Key 

Features 

 

Performance 

Parameters 

Operating 

Freq., f0 

-10dB BW 

(GHz)  

Gain (dBi) 

Applications 

h=2mm, 

tan δ=0.0013) 

hFSS=1.7 mm 

[52] 

Cook 

and 

Shamim

, 2013  

Antenna Size: 

60×58×1 

(Paper substrate 

r=2.92, 

h=1mm, 

tan δ=0.06) 

FSS Size: 

60×58×1 

(a flexible vinyl 

substrate 

r=2.5, 

h=2mm, 

tan δ=0.0013) 

hFSS=1.22 mm 

foam as spacer 

 3 layers, 

3×3 array 

AMC 

baking 

FSS 

structure 

 

Not 

used 

. high-gain, 

miniaturized, 

low-cost 

wearable and 

structure 

mount 

Antennas 

. The increase 

in gain 

with 

increasing 

array size 

.Significant 

gain and 

bandwidth 

improvement 

of 

inkjet-printed 

antennas 

. finite AMC 

array size 

effects on the 

peak gain of 

the 

antenna. 

. AMC 

backing 

increases the 

bandwidth of 

the antenna 

f0=5 GHz 

Gain: 6.2dBi 

(Gain Enhanced 

by 5 dB) 

 -10dB BW: 

4.6-6.2GHz 

 

. ISM, and 
wireless body 
area networks 
and body-worn 
applications 
. Telemedicine 
applications 

[53] 

Ashyap, 

et al., 

2017 

Antenna Size: 

30×20×0.7 

(Denim 

textilesubstrate 

r=0.7, 

h=1.7 mm, 

tan δ=0.06) 

FSS Size: 

46×46×0.7 

(a flexible 

denim substrate) 

hFSS=1.0 mm 

Rohacell foam 

as space 

2×2 EBG 

array is 

chosen 

and 

placed on 

a denim 

material 

 

Not 

used 

. compact 

wearable 

antenna with 

a novel 

miniaturized 

EBG 

structure 

.compact 

size, less 

manufacture 

complexity, 

stable 

frequency 

response, and 

low specific 

absorption 

rate (SAR). 

. compact 

EBG 

structure 

f0=2.4 GHz 

Gain: 7.8dBi  

 -10dB BW: 

2.172-83GHz 

Radiation 

Efficiency: 

>95%  

 

 wearable 
healthcare 
biomedical 
technology 
applications 
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Ref. Antenna Size 

(mm3) 

Distance 

between 

Antenna and 

FSS layer, hFSS 

FSS 

used 

Or no. of 

layers  

Uses 

ANN 

 

Optimization 

Technique 

And Key 

Features 

 

Performance 

Parameters 

Operating 

Freq., f0 

-10dB BW 

(GHz)  

Gain (dBi) 

Applications 

consists a 

unique square 

loop patch 

with four T-

shaped 

connected as 

strip line 

pattern is 

chosen 

. EBG 

structure 

reduces the 

back 

radiation and 

SAR values 

[54] 

Kumar 

and Jain, 

2023 

 

Antenna Size: 

16×28×1.6 

(FR-4) 

FSS Size: 

72×72×1.6 

(FR-4 substrate) 

hFSS=19.4 mm  

9×9 FSS 

array as 

superstra

te 

 

Not 

used 

. compact and 

simple 

monopole 

antenna with 

notch and 

loaded with 

CSRR on the 

radiator 

.FSS 

improves the 

gain of the 

antenna and 

BW 

f0=7.8 GHz 

Gain: 10.78dBi 

(6dB gain 

enhancement 

using FSS), 

 -10dB BW:  

3.55-10.4GHz 

Radiation 

Efficiency: 

>95%  

 

.   UWB 
applications 
 

[55] 

Mondal 

et al., 

2021 

Antenna Size: 

16×22×1.6 

(FR-4) 

FSS Size: 

52×62.5×1.6 

(FR-4 substrate) 

hFSS=20 mm  

foam spacer 

5×6 FSS 

array (Y-

shaped 

hexagon

al unit 

cell) used 

below 

the 

antenna 

to 

enhance 

the 

directivit

y and 

antenna 

gain 

 

Not 

used 

. highly 

compact 

ultra-

wideband 

(UWB) 

monopole U-

shaped 

antenna 

. ground plane 

comprises of 

edge-

truncated 

partial 

rectangular 

metallic plane 

with a 

rectangular 

slot at the 

center of the 

top edge 

f0=7.4 GHz 

Gain: 9.4dBi 

(6dB gain 

enhancement 

using FSS), 

 -10dB BW: 

3.11-.6GHz 

Radiation 

Efficiency: 

>95%  

 

  UWB antenna 

is suitable for 

compact 

wireless system, 

wireless 

devices, hand-

held equipment, 

and satellite 

uses. 

 

[56]Mo

haramza

deh and 

Javan, 

2013 

Antenna Size: 

32×26×1.6 

(FR-4) 

FSS Size: 

32×26×0.8 

7×7 

triple 

band FSS 

array 

(SRR-

Not 

used 

. modified 

microstrip 

triangle slot 

antenna 

f0=10 GHz 

Gain:  

4.5dBi-gain 

enhancement 

using FSS,  

.X-band 
communication
s 
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Ref. Antenna Size 

(mm3) 

Distance 

between 

Antenna and 

FSS layer, hFSS 

FSS 

used 

Or no. of 

layers  

Uses 

ANN 
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Technique 

And Key 

Features 

 

Performance 

Parameters 

Operating 

Freq., f0 

-10dB BW 

(GHz)  

Gain (dBi) 

Applications 

(FR-4 substrate) 

hFSS=8 mm  

foam spacer 

shaped) 

used 

above the 

antenna  

 

. triple band 

frequency-

selective 

surface (FSS) 

is designed 

 -10dB BW:  

8-12GHz 

Radiation 

Efficiency: 89%  

[57]Ran

ga et al. 

2011 

Antenna Size: 

10×12×0.8 

(FR-4) 

FSS Size: 

289×289×0.8 

(FR-4 substrate) 

hFSS=8.5 mm  

foam spacer 

7×7 dual 

layer 

FSS 

array 

(Surroun

ded plus-

shaped) 

used 

below 

the 

antenna  

 

Not 

used 

. gain 

enhancement 

of an UWB 

antenna, 

using 

multioctave 

dual-layer 

FSS reflector 

. FSS 

reflector with 

a slot antenna 

.wideband 

antenna 

performance 

and gain 

enhancement 

due to the 

FSS reflector 

f0=8 GHz 

Gain:  

7.5dBi, 

-10dB BW: 

2.75-8.35GHz 

 

.5G and X-band 
communication
s 

[58] 

Das and 

Manda, 

2019 

Antenna Size: 

20×27×1.6 

(FR-4) 

FSS Size: 

84×84×1.6 

(FR-4 substrate) 

hFSS=9 mm  

foam spacer 

6×6 dual 

layer 

FSS 

array 

four 

different 

elements 

are 

incorpor

ated 

into a 

single 

unit cell 

without 

compro

mising 

the 

overall 

dimensio

n 

of the 

unit cell 

Not 

used 

. ultra-wide 

stop-band 

single-layer 

FSS reflector 

. FSS 

reflector with 

a slot antenna 

.wideband 

antenna 

performance 

and gain 

enhancement 

due to the 

FSS reflector 

f0=8 GHz 

Gain: 7.5dBi , 

-10dB BW:  

4.7-14.9GHz 

Radiation 

Efficiency: 89%  

. UWB apps, X-
band and 
communication
s over 5G 
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Ref. Antenna Size 

(mm3) 

Distance 

between 

Antenna and 

FSS layer, hFSS 

FSS 
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Or no. of 
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Operating 
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-10dB BW 

(GHz)  

Gain (dBi) 

Applications 

[59] 

Jumaily 

et al., 

2023 

NA Yes Yes Interference 

models 

between 5G-

BS and FSS-

ES involving 

GBs, antenna 

configuration, 

and FSS-ES 

bandwidths 

were 

optimized for 

potential 

deployment 

. It addresses 

issues using 

measurements 

from 5G base 

stations (5G-

BS) and FSS-

ES, simulation 

analysis, and 

prediction 

modelling based 

on 

artificial neural 

network 

learning models 

(ANN-LMs) 

.5G mobile 

communication 

access 

technology 

includes mm-

Wave 

and sub-6 GHz 

C-bands 

[60] 

Din. et 

al., 2023 

Antenna Size:  

34 × 34 × 1.6 

(FR-4) 

FSS Size: 

90 × 90 × 1.6 

(FR-4) 

hFSS=28 mm  

 

6×6 

metallic 

reflector 

FSS 

below 

the 

antenna 

. FSS 

contains 

4 quarter 

circular 

metallic 

slots 

Not 

used 

. Off-set feed 

high gain 

antenna using 

Frequency 

Selective 

Surface 

(FSS), 

circular Ultra-

wideband 

(UWB) 

monopole 

. Dual-band 

characteristic

s and 

miniaturizatio

n 

are achieved 

by etching 

horizontal 

and vertical 

slots and 

reducing 

ground plane 

dimensions 

Operating 

Bands 

3–12 GHz, 

Gain: 8.3 dB 

(FSS enhances 

gain from 2.3dB 

to 8.3dB), 

-10dB BW:  

3.3-10.5GHz 

Radiation 

Efficiency: 87% 

 

 

 

Dual-band 
characteristics 
and 
miniaturization 
are achieved by 
etching 
horizontal and 
vertical slots 
and reducing 
ground plane 
dimensions 
modern day 
wireless UWB 
and GPR 
applications 

[61] 

Panda, 

and 

Ghosh, 

2019 

Antenna Size:  

60 × 42 × 

1.57(FR-4) 

Antenna with 

Reflector  

66 × 66 × 

5.77(FR-4) 

hFSS=5.2 mm 

Yes  

3×3 array 

of 

rectangul

ar shape 

high 

impedan

ce 

surface 

(HIS) 

metallic 

patches 

(FSS) 

Not 

used   

. U-Shaped 

monopole 

antenna 

backed by a 

(HIS), Wide 

impedance 

bandwidth 

of 32% is 

attained  

. very low 

profile 

and ensures 

an increased 

gain of 7.21 

Operating 

Bands: 

2.7–3.5GHz, 

Gain: 7.34 dBi 

(Gain increases 

by 4.5dBi) , 

-10dB BW:  

2.68-3.65GHz 

 

 

 

Due to its huge 
gain, low profile 
actions, and 
wide impedance 
bandwidth, 
wireless use 
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(GHz)  
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dBi at the 

resonant 

frequency 

i.e., 3 GHz 

[62] 

Abdelgh

any et 

al., 2022 

Antenna Size:  

28 × 36 × 1.6 

(FR-4) 

FSS Size: 

97.2 × 97.2 × 1.6  

(FR-4) 

hFSS=8 mm 

Yes  

5×5 array 

of double 

square- 

slotted 

AMC 

(FSS) 

Not 

used   

. C-Shaped 

monopole 

antenna 

backed by a 

FSS, dual 

band is 

attained  

. very low 

profile 

and ensures 

an increased 

gain of 7.21 

dBi at the 

resonant 

frequency 

i.e., 3 GHz 

f0: 2.45GHz and 

4.8GHz 

Gain: 7.0 dBi 

and 9.24dBi  

-10dB BW:  

2.37-2.5GHz 

and  

4.45-4.90GHz 

 

 

sub-6 GHz 5G 
indoor and 
outdoor 
applications. 

[63] 

Patil et 

al. 2017 

Antenna Size:  

32 × 28× 1.6 

(FR-4) 

FSS Size: 

108 × 108 × 1.6  

(FR-4) 

hFSS=20 mm 

Yes  

3×3 array 

of 

metallic 

rectangul

ar 

patches 

(FSS) 

Not 

used   

. Circular 

patch 

monopole 

UWB 

antenna 

backed by a 

FSS 

.Antenna 

covers lower 

UWB band 

f0: 2.45GHz 

and 4.8GHz 

Gain: 9.7 dBi, 

-10d BW:  

3.1-6.0GHz  

 

 

. Lower UWB 
Band 
. sub-6 GHz 5G 
applications. 
. localization, 
target detection 
and 
biomedical 
imaging 

[64] 

Prakash 

et al., 

2013 

Antenna Size:  

34 × 24× 0.762 

(FR-4 

r=3.2, 

h=0.762mm) 

FSS Size: 

90 × 90 × 1.6  

(FR-4) 

hFSS=28 mm 

Yes  

4×4 array 

of 

metallic 

circular 

patches 

and 

annular 

slots 

(FSS) 

Not 

used   

.A 

polarization-

insensitive 

dual-band 

artificial 

magnetic 

conductor 

(AMC) 

structure is 

designed 

. CPW-fed 

conventional 

rectangular 

patch antenna  

f0=4.45 GHz 

Gain: 11.6dB 

(10 dB gain 

improvement) 

-10dB BW: 

 4.1-7.0GHz  

 

 

. C- Band 
applications 
. sub-6 GHz 5G 
applications. 
 

[65] 

Moham

ed-

Hicho, 

et al., 

2015 

Antenna Size:  

400 × 160× 10 

(rigid PVC) 

FSS Size: 

440 ×330 × 40 

(Foamed PVC) 

hHIS=14mm 

hGND=30 mm 

Yes  

3×4 array 

planar 

metallic 

square 

patches 

HIS 

(FSS) 

Not 

used   

Upper 

corner 

truncated 

rectangular 

patch 

antenna 

backed by 

an HIS and 

artificial 

f0: 0.63GHz  

Gain: 10.25dBi 

(7 dBi gain 

improvement) 

-10dB BW: 

0.48-0.85GHz  

Radiation 

Efficiency: 97% 

 

UHF band 
reception of 
digital television 
(DTV). 
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Ref. Antenna Size 

(mm3) 

Distance 

between 

Antenna and 

FSS layer, hFSS 

FSS 

used 

Or no. of 

layers  

Uses 

ANN 

 

Optimization 

Technique 

And Key 

Features 

 

Performance 

Parameters 

Operating 

Freq., f0 

-10dB BW 

(GHz)  

Gain (dBi) 

Applications 

ground 

plane 

. A novel 

wideband 

low-profile 

planar 

antenna 

design 

based on the 

use of HIS 

.wideband 

onopole 

antenna 

. high gain, 

low profile, 

light weight, 

low cost 

and large 

bandwidth. 

 

 

[66] 

Zhong et 

al., 2015 

Antenna Size:  

50 × 70× 1.6 

(FR-4) 

FSS Size: 

120 ×180 × 1.6 

(FR-4) 

Unit cell size: 

20 × 80 mm2 

hFSS=22 mm 

 

Yes  

6×9 array 

of 

circular 

fractal 

AMC 

structure 

(FSS) 

Not 

used   

.Gain 

enhancemen

t of bow-tie 

antenna 

using 

fractal 

wideband 

AMC 

ground 

.novel 

fractal AMC 

structure 

suitable for 

the low-

profile 

wideband 

antenna 

f0: 1.7GHz  

Gain: 6.5dBi 

(4.0 dBi gain 

improvement), 

-10dB BW:  

1.67-2.06GHz 

 

 

. L-band 
applications 
. GSM 
. GPS 
 

[67]Yan

g and 

Tang, 

2012 

Antenna Size:  

94.15 × 56.625 × 

0.5 

 (Rogers TMM4 

r=4.5, 

h=0.5mm) 

FSS Size: 

64.4 ×46×3 

(RT/Duroid 6010 

r=10.2, 

h=3.0 mm) 

hFSS=9 mm 

 

the AMC 

surface 

which is 

consisted 

of 5×7 

square 

plum-

shaped 

patches 

Not 

used 

. low-profile 

and high gain 

antenna 

which adopts 

an artificial 

magnetic 

conductor 

AMCground 

plane as its 

reflecting 

surface 

. Traditional 

printed dipole 

antenna is 

oriented 

horizontally 

over  

f0: 3.85GHz  

Gain: 9.67dBi, 

-10dB BW: 

 2.5-2.69GHz 

 

 

. LTE 
applications. 
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Ref. Antenna Size 

(mm3) 

Distance 

between 

Antenna and 

FSS layer, hFSS 

FSS 

used 

Or no. of 

layers  

Uses 

ANN 

 

Optimization 

Technique 

And Key 

Features 

 

Performance 

Parameters 

Operating 

Freq., f0 

-10dB BW 

(GHz)  

Gain (dBi) 

Applications 

[68] 

Vallecchi 

et al., 

2012 

Antenna Size:  

34.8×38.5× 1.575 

 (Rogers 5880 

r=2.2, 

h=1.575mm) 

FSS Size: 

34.8 ×38.5×1.61 

(RT/Duroid5880 

r=10.2, 

h=1.61 mm) 

hFSS=1.9 mm 

Yes  

6×9 array 

of dog-

bone-

shaped 

AMC 

structure 

(FSS) 

Not 

used 

. HIS is 

composed 

by 

a periodic 

array of 

subwavelen

gth dog-

bone-shaped 

conductors 

.directional 

pattern and 

higher 

impedance 

bandwidth 

than a dipole 

in front of a 

PEC can be 

achieved 

f0: 5.5GHz  

Gain: 7.75 dBi 

(7dBi gain 

enhancement 

with AMC), 

-10dB BW: 

 5.3-5.7GHz 

Radiation 

Efficiency: 94% 

For vehicle, 
naval, and 
aerospace 
platforms, low 
profile antennas 
also provide 
practical ways 
to integrate a 
conformal, 
efficient 
antenna system 
on top of an 
existing metal 
structure. 
 

[69] 

Birwal, et 

al., 2021 

Antenna Size:  

51.81×62× 1.6 

 (FR-4) 

FSS Size: 

160 ×160×1.6 

(FR-4) 

hFSS=mm 

Yes  

10×10 

array of 

square 

cross 

loop FSS 

structure 

 

Not 

used 

. FSS is 

designed 

using the 

combination 

of 

conventional 

square loop 

and cross 

(CSLC)  

. CPW fed 

simple, 

notched 

antenna 

f0: 5.0GHz  

Gain:10 dBi 

(5dBi gain 

enhancement 

with FSS) 

-10dB BW:  

2.16-10GHz 

(stop-band) 

 

Internet of 
Things uses, 
such as 
antenna gain 
augmentation 
and 
electromagnet
ic wave 
shielding for 
Wi-Fi/5G 
systems.  
 

[70] 

Kundu, 

2020 

Antenna Size:  

34×41× 0.8 

 (Rogers 5880 

r=2.2, 

h=1.575mm) 

FSS Size: 

34.8 ×38.5×0.8 

(FR-4) 

hFSS=25 mm 

Yes  

4×4 

periodic 

arrays 

from 

square-

shaped 

patch 

(FSS) 

Not 

used 

.CPW-fed 

circular arc 

cut antenna 

.Antenna 

provides 

much higher 

bandwidth 

with 

satisfactory 

gain 

improvement 

f0: 10GHz  

Gain: 7.5 dBi 

(3dBi gain 

enhancement 

with FSS) 

-10dB  

BW: 

 2.82-19.94GHz 

Radiation 

Efficiency: 90% 

. 5G 
applications 
. Ground 
penetrating 
radar for low 
depth sub-
surface 
scanning 
applications 

[71] 

Kumar 

et al., 

2021 

Antenna Size:  

30×30× 1.6 

 (FR-4) 

FSS Size: 

98 ×98×1.6 

(FR-4) 

hFSS=28.6 mm 

Yes  

7×7 

periodic 

arrays 

made 

with 

circular 

ring 

(FSS) 

Not 

used 

.modified 

circular loop 

Frequency 

Selective 

Surface (FSS) 

loaded on a 

slot 

antenna 

. Polarization-

insensitive 

f0: 4.7GHz  

Gain: 7.87 dB 

(4dB gain 

enhancement 

with superstrate 

FSS) 

-10dB BW: 

 3.6-6.1GHz 

 

. Sub-6GHz 5G 

applications 



 

33 
 

Ref. Antenna Size 

(mm3) 

Distance 

between 

Antenna and 

FSS layer, hFSS 

FSS 

used 

Or no. of 

layers  

Uses 

ANN 

 

Optimization 

Technique 

And Key 

Features 

 

Performance 

Parameters 

Operating 

Freq., f0 

-10dB BW 

(GHz)  

Gain (dBi) 

Applications 

single-layer 

FSS 

[72] 

Pandhar

e, et al. 

2022 

Antenna Size:  

40×50× 1.52 

 (Substrate 

r=3.55, 

h=1.52 mm 

tan δ=0.0027) 

FSS Size: 

70 ×70×1.52 

(Substrate 

r=3.55, 

h=1.52 mm 

tanδ=0.0027) 

hFSS=36.14 mm 

Yes  

5×5 

periodic 

arrays 

made 

with 

circular 

chakra-

shaped 

(FSS) 

Not 

used 

. a novel ultra-

wide-band 

antenna 

backed by a 

suspended 

ground  

. a FSS 

reflector is 

employed 

below the 

suggested 

ultra-wide-

band antenna 

f0: 8.4GHz  

Gain: 7.87 dB 

(5dB gain 

enhancement 

with FSS), 

-10dB BW: 

 1.8-15.2GHz 

Radiation 

Efficiency: 90% 

. Sub-6GHz 5G 

applications 

[73] 

Tewary, 

et al. 2022 

Antenna Size:  

16×24× 1.6 

 (FR-4) 

FSS Size: 

52 ×52×1.6 

(FR-4) 

hFSS= 18 mm 

Yes  

5×5 

periodic 

arrays 

made 

with 

triple 

circular 

slots-

shaped 

structure 

from a 

square 

(FSS) 

Not 

used 

.  multiband 

property is 

achieved 

through ‘N’ 

shaped radiati

ng 

patch surface 

and ‘I’ shaped 

ground plane 

surface. 

. a FSS 

reflector is 

employed 

below the 

suggested 

ultra-wide-

band antenna 

f0:9.3 GHz  

Gain: 9.1 dBi 

(gain 

enhancement 

from 4.45 to 

7.5dBi with 

FSS) 

-10dB BW: 

3.3− 17.85 GHz 

Radiation 

Efficiency: 75% 

(Efficiency 

reduced by 10% 

due to FSS) 

. Sub-6GHz 5G 
applications 
.Aeronautical 
radio 
navigating, 
radiolocation, 
mobile 
communication,
satellite 
communicatios,
object 
placement, 
VSAT use, and 
other uses are 
all possible with 
this antenna. 
 

[74] 

Abdulhas

an et al., 

2019 

Antenna Size:  

30×31.9× 1.6 

 (FR-4) 

FSS Size: 

33 ×33×1.6 

(FR-4) 

hFSS= 21.6 mm 

Yes  

3×3 

periodic 

arrays 

made 

with 

Crossed 

slots in 

the 

square 

patch 

(FSS) 

Not 

used 

. CPW fed 

hexagonal 

shape patch 

antenna 

. ground plane 

surface. 

. a FSS 

reflector is 

employed 

below the 

suggested 

ultra-wide-

band antenna 

.The gain of 

UWB antenna 

was enhanced 

by about 3.5 

dBiwith the 

application 

f0: 2.6 GHz  

Gain: 9.1 dBi 

(gain 

enhancement 

from 4.8 to 

7.8dBi with 

FSS) 

-10dB BW:  

2.6− 11.1 GHz 

Radiation 

Efficiency:  

75% 

(Efficiency 

reduced by 10% 

due to FSS) 

. Sub-6GHz 5G 
applications 
. Microwave 
imaging 
applications 

https://www.sciencedirect.com/topics/engineering/radiating-patch
https://www.sciencedirect.com/topics/engineering/radiating-patch
https://www.sciencedirect.com/topics/engineering/radiating-patch
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Ref. Antenna Size 

(mm3) 

Distance 

between 

Antenna and 

FSS layer, hFSS 

FSS 

used 

Or no. of 

layers  

Uses 

ANN 

 

Optimization 

Technique 

And Key 

Features 

 

Performance 

Parameters 

Operating 

Freq., f0 

-10dB BW 

(GHz)  

Gain (dBi) 

Applications 

of 3 × 3 FSS 

array 

[75] 

Liu, et 

al., 2014 

Microstrip 

antenna array 

compared with  

NA Yes 

. 

Gaus

sian 

Proce

ss 

(GP 

Mach

ine 

learni

ng) 

surro

gate 

mode

l 

. Antenna 

Design 

Optimization 

Based on 

Evolutionary 

Computation 

and Machine 

Learning 

Techniques 

. The design 

and 

optimization 

process 

more than 

four times 

faster than 

with 

differential 

evolution 

.4 element 

antenna arrays 

Gain: 15.8dB 

BW: 3-6GHz 

 

Sub-6GHz 
Applications 

[76] 

Prado, et 

al., 2018 

Reflector arrays NA Yes 

. 

ANN 

and 

MO

M 

. ANN and 

MOM is 

compared 

with SVM 

high levels of 

accuracy within 

an accelerated 

design process 

Beam tracing in 
terahertz band 

[77] 

Silva el 

al., 2013 

E-Shaped 

Antenna 

NA Yes  

Linea

r 

Regre

ssion 

(LR) 

. Monopole 

circular 

Ring 

antenna 

. Linear 

Regression 

is compared 

with 

Traditional 

Simulations 

. a machine 

learning 

technique to 

enhance a 

multi-

objective 

evolutionary 

algorithm to 

estimate 

fitness 

function 

behaviors 

It was possible 

to find the best 

outcomes 

without doing 

any further 

simulations 

BW: 9.36GHz 

. UWB 
applications 
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2.2 Machine Learning (ML) 

In recent decades, machine learning (ML) has become a global phenomenon due to 

its widespread use in automating repetitive operations and providing revolutionary 

discoveries in all fields of technological advancement and science. ML has virtually 

transformed the technology sector, even if it is still in its early stages. ML experts 

have transformed the foundations of many industries and academic disciplines, 

most recently in antenna development and optimization. In the current era of big 

data, machine learning has attracted significant interest, particularly in the domain 

of designing antennas and forecasting their behaviour. 

 Machine learning has the potential to significantly accelerate these processes while 

maintaining high levels of perfection. Antennas are characterized by intricate 

forms. Computational electromagnetic uses Maxwell's equations to replicate the 

way antennas interact with electromagnetic fields. Usually, approximated solutions 

to comprehend the antenna's design on a physical level. 

 Advances in numerical techniques led to the use of integral formulas for solving 

linear antenna problems. A few years later, as computers developed, it became 

feasible to use differential and integral equation solvers to solve the equations 

created by Maxwell. The method of moments (MoM) to solve the integral 

equations. For an antenna arrangement that was more complex, the equations were 

expanded to include more unknowns. Differential equation solvers were then 

developed using a more straightforward approach, despite including more 

unknowns. Memory and CPU utilization increase with antenna size, posing 

fundamental disadvantages for integral and differential problem solvers. Quick 

integral equation solvers were subsequently created, using iterative methods to 

solve the integral equations with reduced memory demands. The most popular 

CEM techniques for antenna design fall into two categories: numerical approaches 

and high-frequency approaches. In antenna computations and verification, the finite 

element method (FEM), MoM, and finite difference time domain (FDTD) are 

frequently employed as the three numerical analysis techniques [78-79] For antenna 

designing and simulations, HFSS, ADS, IE3D, and CST are the most popular 
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commercial CEM tools. For example, ADS is unable to represent three-dimensional 

structures, IE3D is unable to simulate structures with finite features, and the size of 

the antenna structure greatly affects how long HFSS and CST take to execute. Since 

ML's fundamental nonlinearities make it a complementary technique to CEM in the 

design and optimization of different kinds of antennas, it has received careful 

consideration [80]. 

 
Fig. 2.1: Correlation between deep learning, machine learning, and artificial 

intelligence  

As Fig. 2.1 illustrates, machine learning (ML) is a broad field within artificial 

intelligence (AI) centered on extracting meaningful information from data, which 

explains why ML is widely connected to statistical analysis and data sciences. 

However, the standard, quantity, and accessibility of data are critical for the success 

of machine learning techniques, and they can be difficult to obtain in some 

situations. As there is no standard dataset for antennas, like those available for 

machine vision, this data must be acquired, if not already available, from the 

perspective of antenna design. This can be accomplished by using CEM software 

that simulates a particular antenna over a large span of values. To train an ML 

model and determine whether it is successful in generalizing to new inputs, a 
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dataset can be built and split into training, cross-validity, and testing sets based on 

the obtained findings. In this context, plotting learning curves and verifying bias 

and variance values are usual procedures to follow. Generally, the designer's vision 

significantly enhances a model's performance, particularly in neural networks, 

where determining the ideal architecture and hyper-parameters is crucial for 

maximum efficiency. 

In its simplest terms, machine learning is the process of creating dependable 

prediction algorithms to extract insights from data. The quality and volume of the 

data collected determine how effective these algorithms will be at optimizing. They 

can be extremely effective. That's why the analysis of data and statistics is often 

linked to machine learning . Neural networks are a class of machine learning 

algorithms that attempt to imitate the functioning of the human brain. Layers upon 

layers of networked nodes make up neural networks. Every node generates a 

nonlinear function based on its input. 

Deep neural networks (DNNs), also known as deep learning neural networks, 

are neural networks with multiple hidden layers, regard these two algorithms as 

examples of machine learning algorithms [81].  

Machine learning primarily benefits by reducing the lengthy calculation 

durations associated with current CEM techniques. This is particularly useful when 

designing complex structures or optimizing several parameters. Many antenna 

shapes, particularly those with creative structuring, intricate geometries, or 

dynamic loads, remain challenging to describe analytically using existing antenna 

theories, in part because some of them continue to have poor precision [82,83]. 

Machine learning (ML) in antenna can designing save time by eliminating the need 

for trial-and-error simulations to optimize shape features for particular design 

needs, like radiation characteristics, particularly when real-time changes are 

required and finding closed-form solutions is challenging. Machine learning is built 

on algorithms that can learn from data without using rules-based programming[84]. 
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2.3.Classification of Learning 

ML falls into three main types, which are supervised learning, unsupervised 

learning, and reinforcement learning (see Fig. 2.2). 

 

Fig. 2.2: Categories of Machine Learning algorithms  

2.3.1. Supervised learning 

Supervised machine learning involves training an algorithm on a labeled dataset. 

After training on a given data set, the learning method extends to produce precise 

predictions for any possible input. Techniques for supervised learning include 

logistic regression, support vector machines, artificial neural networks, and linear 

regression. 
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Linear Regression: To produce predictions about incoming inputs, an algorithm 

uses linear regression, It comprises fitting the data to a continuous linear function. 

Logistic Regression: Classification jobs use logistic regression to predict the 

likelihood that a given input will belong to one of the previously known classes. 

 

Artificial Neural Networks: To achieve excellent performance, neural networks 

use massive links of "neurons," which are essentially simple processing cells. When 

discovered  as large, complex operations, neural networks offer an alternative 

method of machine learning. Figure 2.3 illustrates the several layers that comprise 

neural networks: the input layer, the output layer, and hidden layers situated 

between the input and output levels. The feed-forward neural network is a neural 

network architecture that receives as input from each neuron a weighted total of the 

outputs of all connected neurons. 

 
    Fig. 2.3: Artificial neural network(ANN) 
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¶ Support Vector Machines: Support vector machines are an additional kind 

of algorithm for supervised learning. Support vector machines employ 

kernel techniques to address the complex scenario of features that are not 

linearly separable in classification [83]. 

¶ k Nearest Neighbors: The k nearest neighbors’ algorithm is considered one 

of the most fundamental machine learning algorithms. By examining the 

outputs of the nearest inputs, the algorithm forecasts the result of every new 

input. 

2.3.2. Unsupervised learning 

An unsupervised learning algorithm first accepts an unlabeled dataset and then 

forecasts specific labels for future input. There is no separation between train and 

test data in unsupervised learning, in contrast to supervised learning. Unsupervised 

learning is known to present two learning problems : 

¶ Clustering: Clustering, a learning problem commonly used in large 

datasets, objectives to identify areas or groupings in datasets. 

¶ Diminished dimensions: The practice of manifold learning involves 

reducing the dimensions of data representation while preserving certain 

essential aspects of the original representation. 

2.3.3. Reinforcement learning 

The computer does not receive any labeled data sets when using reinforcement 

learning. Instead, the computer collects data by engaging with its surroundings 

through a variety of behaviors. Since the machine receives a reward after every 

action, its goal is to maximize the expected average payout to the point where the 

action is considered ideal. The Markov Decision Process (MDP) is an illustration 

of a reinforcement learning model. 

2.4.Machine learning frameworks 

To solve practical issues using machine and deep learning concepts, an enormous 

number of open-source frameworks are available. Built on efficient programs 
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written in Python, R, Java, MATLAB, or any other programming language, these 

platforms offer quick and flexible access to a variety of techniques, making them 

important assets for development and research. 

2.5. Models With Learning Algorithms 

A large dataset generates models mapping the nonlinear relationship between 

geometry parameters and antenna features. Common machine learning approaches 

for antenna design include ANNs [81] and SVR . Machine learning techniques are 

widely used in antenna selection for wireless communications. 

 

2.5.1. Artificial Neural Networks 

Several types of work have explored machine learning uses in antenna design. 

Expected benefits of machine learning include a potential prediction of antenna 

behavior, improved computational speed, and fewer essential simulations. It can 

also expedite the antenna design process while maintaining high accuracy levels, 

minimizing error, and saving time. Numerous simulations to analyze the 

electromagnetic characteristics of an antenna. This collection of attributes, stored 

in a database, trains a specific machine learning algorithm. After generating 

predictions, Based on the designer's expectations, the algorithm generates the 

antenna that provides the closest results.  

An ANN typically consists of zero or more hidden layers, known as hidden nodes, 

an output layer of computation nodes, and an input layer of nodes that do not count 

because no computations take place at this layer. Numerous interconnected 

individual cells, known as neurons, comprise ANNs. Each neuron performs a basic 

mathematical calculation, usually linearly combining its inputs before producing a 

non-linear function. Neurons group together to form layers. ANNs can have a 

variety of topologies based on how the layers interact with one another. The 

machine learning system trains on a dataset containing measured values for the s-

parameter, operation bandwidth gain, and antenna resonant frequency. The 
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network's desired output and the learning methodology's algorithm determine the 

number of nodes at every layer and the overall number of layers in the network 

architecture. 

To comprehend an Artificial Neural Network (ANN), consider the following nested 

function: 

                               S=ƒNN(x)                                                       (2.1) 

Following is the format of the nested function's internal functions for layer indices 

m: 

                            ƒ m(Z)=gm (Wm Z+ b m)                                       (2.2) 

The "gm" represents an activation function. A computation node uses fixed non-

linear functions, known as activation functions, as tools to calculate its output, 

which it then provides as input to nodes that follow it. The logistic function, 

sometimes referred to as the sigmoid function, has the following definition [82]: 

                                      g(x)=1/1+e-x                                                                      (2.3) 

 

Fig. 2.4: Sigmoid Function 

The logistic function exhibits sensitivity for values of x close to zero but 

saturates and becomes less sensitive to input for high or low values of x, as shown 

in Fig. 2.4. 
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2.5.2. Difficulties In Machine Learning 

Despite its many benefits, machine learning is not without its difficulties. The most 

common challenges include, but are not limited to: 

¶ Selection of an algorithm for learning  

¶ Formulation the Problem. 

¶ Acquiring sufficient data: Pre-processing: 

¶ Algorithm debugging:  

The comparison of the various machine-learning methods applied in the research 

publications is presented in Table 2.2.    

 

Table 2.2: Comparison of the different machine learning techniques used in the 

investigated papers 

Reference Type of 

Antenna 

Compared 

with 

Algorithm 

used 

Outcome 

[75] Microstrip 

Antenna 

Differential 

Evolution 

Gaussian 

Process  

Over four times faster than using 

differential evolution, the design 

and optimization procedure 

 

[76] Reflector arrays SVM   ANN and 

MOM 

high levels of accuracy within an 

accelerated design process 

[77] E-Shaped 

Antenna 

Traditional 

Simulations 

 

Linear 

Regression 

It was possible to find the best 

outcomes without doing any 

further simulations. 

[79] Rectangular 

Microstrip 

Antenna 

ANN SVM Faster convergence rate and 

improved computational 

efficiency 

[89] Monopole 

antenna 

Traditional 

Simulations 

 

ANN decrease time-consuming 

procedures like multi-design 

parametric 3-D antenna systems 

[90] PIFA Traditional 

Simulations 

 

ANN Optimal antenna behavior 

prediction in the absence of 
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sophisticated electromagnetic 

models 

[91] Stacked Patch 

Antenna 

Traditional 

Simulations 

 

Kriging It is possible to achieve 

comparable outcomes with 

alternative optimization methods 

while cutting the number of 

required simulations by 80%. 

[92] Slotted 

Waveguide 

Antenna 

Traditional 

Simulations 

 

ANN multi-antenna parameter 

computation that agrees well with 

the results of simulation and 

fabrication 

[93] SWA Traditional 

Simulations 

 

ANN The design process can be 

accelerated by doing away with 

the requirement for laborious 

simulations. 

Proposed 

Work 

Microstrip 

Antenna 

Traditional 

Simulations 

ANN Prediction of the height of FSS 

below the MPA 

 

2.6. Artificial neural networks (ANNs) based literature studies is given in detail below: 

Angiulli  et al. introduced accurate models for microwave devices and 

antennas through machine learning. Their study investigates and compares the 

modeling capabilities of support vector regression machines (SVRMs) against 

artificial neural networks (ANNs) [94]. N. T. Tokan and F. Gunes conducted a 

study using Support Vector Machines (SVM) with 'L' measured data for a 

rectangular microstrip antenna. They analyzed resonant frequency, operation 

bandwidth, and input impedance. Additionally, they employed an artificial neural 

network (ANN) to generalize data on these parameters [95]. Z. Zheng et.al. explore 

the potential of Support Vector Machines (SVMs) in antenna design. They 

demonstrate that SVMs can achieve high accuracy in antenna design by reducing 

costs and using a moderate number of full-wave simulations to generate training 

and test datasets. This capability makes SVMs an attractive option for antenna 

design [96]. A.E Alami et al.  presented a new structure for microstrip patch 

antennas that optimizes results in terms of reflection coefficient, VSWR, 

bandwidth, input impedance, and radiation pattern. This innovative design offers a 
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viable solution for many wireless applications [97]. Ahmet Kayabasi et al. applied 

ANN, ANFIS, and SVM models to compute the resonant frequency of ACMAs 

using IE3D™ simulation software. They defined the resonant frequency for 144 

ACMAs, trained the models with data from 124 ACMAs, and tested 20 more. These 

models provide simple, fast, and accurate solutions with less computational time 

and fewer errors, making them ideal for complex engineering problems with high 

nonlinearity [98]. Ahmet Kayabasi and Ali Akdagli used an SVM machine learning 

model to accurately predict the resonant frequency of ARCMAs. They trained the 

model with data from 88 ARCMAs and tested it on 12, finding good agreement 

with simulation results. The SVM method outperformed other methods in the 

literature, demonstrating high accuracy, speed, and fewer errors [99]. Chandan 

et.al. proposed a method for accurately computing four performance parameters of 

a rectangular microstrip antenna depending on eight input parameters. 

Additionally, they optimized a conventional ANN model and compared its 

performance with that of an SVM model [100]. Youngwook Kim reviewed the 

applications of deep learning in applied electromagnetic (EM), highlighting that 

advancements in machine learning algorithms could benefit areas such as radar 

image classification and antenna design, aiding non-experienced engineers and 

identifying new antenna structures [101]. Daniel R. Prado et al. demonstrated the 

efficiency of support vector machines (SVMs) in characterizing reflect array unit 

cells, resulting in an accurate reflection coefficient matrix. Initially, SVMs were 

trained using random samples from the reflection coefficient matrix with the full-

wave method of moments based on local periodicity (MoM-LP). The SVM model 

was validated with different samples, showing strong agreement with MoM-LP 

simulations for all reflection coefficients, including cross coefficients. The results 

indicated excellent alignment between SVM and MoM-LP simulations in both co-

polarization and cross-polarization patterns [102]. Y. Sharma et al.  Applied 

contemporary machine learning methods, including lasso, artificial neural networks 

(ANN), and k-nearest neighbor (KNN) algorithms, to optimize antenna design. 

They focused on determining the optimal design parameters for a dual-band double 
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T-shaped monopole antenna, aiming to enhance performance in the 2.4–3.0 GHz 

and 5.15–5.6 GHz frequency bands [103]. Sukhdeep Kaur et al.  presented a 

microstrip antenna design. The synthesis phase determines the geometric 

dimensions (width and length) based on the substrate's height and dielectric 

constant. The ANN analysis compares the synthesized resonant frequency to the 

target frequency. This study proposes a generalized design method for microstrip 

antennas using ANN [104]. Nada Sekeljic et al.  proposed a novel multiband 

antenna for mobile and wireless uses. This compact design supports the entire sub-

6 GHz span, including lower and mid-5G frequencies, and offers excellent 

performance for new communication technologies [105]. S. Keerthana and P. 

Jothilakshmi introduced a project focusing on designing and analyzing a microstrip 

patch antenna for 5G applications, including a study on a two-element antenna 

array. Their elliptical design is tailored for efficient use in 5G mobile applications. 

Future work aims to enhance efficiency, reduce substrate dimensions, apply 

advanced techniques to minimize patch size, and improve antenna characteristics 

for 5G applications [106]. P. Rajeswari and P. Anbalagan assessed microstrip 

antenna (MSA) performance via an Android app using the non-linear vector 

decomposed neural network (NVDN) method. Study utilized Android mobile 

applications with neural network models to compute various MSA performance 

parameters, demonstrating consistent and effective results across multiple 

references [107]. Mattia Lecci et al. introduced an ML-based framework to 

optimize antenna design efficiently. This framework reduces the search space, 

allowing for further refinement with precise simulations. The optimizer identifies 

vertical linear arrays as the optimal arrangement for a 3GPP-compliant urban 

micro-cell with stationary users, confirming previous findings [108]. Tao Hong et. 

al.  Proposed an ML-based antenna design scheme for physical layer security. The 

author used a multi-objective genetic algorithm to minimize antenna side lobes and 

enhance orientation by optimizing the antenna size, achieving optimal Pareto fronts 

[109]. 
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2.7 Conclusion 

The Levenberg-Marquardt (LM) algorithm is a robust and efficient method for 

solving non-linear least squares problems, is considered well-suited for the current 

work and how it will be implemented in the following chapters. 
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CHAPTER 3 

FSS for ANTENNA in SUB-6GHz  

 

This chapter discusses the design of a rectangular patch antenna and FSS reflector 

for sub-6 GHz 5G applications, focusing on parametric changes and effects on 

antenna parameters. 

3.1. Introduction 

The development of wireless communication technology has increased the 

demand for research and antenna structure designs. Compared to traditional 

antennas, microstrip patch antennas (MPA) have made great progress in the field 

of research due to their affordability, low profile, lightweight design, and ease of 

fabrication. The substrate and its physical properties play a major role in the 

antenna's performance. A MPA has a similar design to a sandwich, with the main 

patch on top, a substrate in the middle, and the ground plane at the bottom. Wi-

MAX, WI-Fi, mobile communication, and internet of things (IoT) applications 

have emerged drastically in the recent past [110]. 

This requires the use of low-profile, affordable, and mechanically durable 

antennas. Those can be mounted on unyielding planes. Undoubtedly, MPA was 

always the first choice of antenna engineers in such applications [111]. Multiple 

design methods for MPA have already been available in the literature, whose 

objectives are to enhance complete attainment parameters, e.g., reflection 

coefficient, bandwidth, radiation efficiency, and antenna gain. Despite having 

many benefits, microstrip antennas have numerous limitations, such as low 

efficiency, spurious feed radiation, lower power, high Q, and extremely limited 

bandwidths [112, 113]. However, for the past decade, several researchers and 

antenna designers have been working on increasing the patch antenna’s gain. The 

higher gain has a beneficial effect on network applications. High gains are being 

used to fulfill these objectives based on fifth generation (5G) applications and 

various features. Due to the wide variety of applications, there is an increasing need 
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for high-gain antennas that can function in 5G frequency ranges. Antennas without 

frequency-selective surfaces (FSS) have bidirectional radiation patterns, limited 

gain, a lower front-to-back ratio, and lower radiation efficiencies [114-116]. A 

frequency-selective surface employs a technique that utilizes periodic patterns in 

the structure to generate reflection and transmission behavior. Until now, experts 

have recommended and implemented several methods to enhance the performance 

parameters of MPA. A high-gain, directional pattern antenna is the base for 

microstrip line to waveguide transitions [117-118].  

Many experts have employed metamaterials to construct dual-band, high-

gain patch antennas using defective ground surfaces (DGS) and SRR triplet layers 

at the ground plane. Nakmouche and Nassim [119 120] have designed a dual-band 

planar inverted-FF antenna (PIFA). By utilizing fishnet-shaped metamaterial 

surfaces as DGS, the antenna gain was increased from 3 dB to 8 dB. The simulation 

finding of the suggested Fishnet-based PIFA structure antenna demonstrates dual 

band frequency at 3.9 GHz and 5 GHz with enhancement in reflection coefficient, 

a slightly stronger overall good efficiency of 92.50%, and a gain extended by 3.11 

dB compared to the conventional PIFA antenna gain. FSS is another attractive 

arrangement that significantly contributes to improving MPA's antenna gain and 

overall effectiveness. The primary purpose of its creation was to control the 

transmission and reflection characteristics of an incident wave. Typically, it 

consists of a definite planar arrangement of regularly spaced-out unit cells on a 

dielectric substrate material. Munk [116] has fabricated a quarter-wave impedance 

transformer-fed microstrip antenna for gain enhancement at an industrial scientific 

and medical (ISM) band frequency of 2.4 GHz by using a SIW FSS structure. A 

gain enhancement using SIW FSS was 4.15 dBi [121]. In other words, FSS is a 

periodic structure of unit cells that consists of metallic patches or space 

components. These have excellent transmission or reflection properties. To 

improve gain, literature has proposed a variety of antenna designs based on FSS. 

Kim et al. [122] have proposed a holey, superstrate-based antenna. The superstrate 

hole radius adjustment changes the effective permittivity and enhances the electric 

field on the top surface of the superstrate. Using meta surface, the broadside gain 



 

50 
 

is enhanced by 10.86 dBi. Tilak et al. [123] have proposed a heart-shaped dual-

band monopole antenna using an artificial magnetic conductor (AMC) to improve 

antenna resultant parameters and radiation characteristics. The antenna is perfect 

for the ISM band. The monopole antenna without an AMC array obtains a gain of 

1.8 dBi and 2.21 dB at the frequencies of 3.5 GHz WI-MAX and 5.8 GHz W-LAN 

applications. The AMC is placed at a distance of a quarter wavelengths (λ0/4) from 

the monopole antenna. The introduced 3 x 3 AMC structure enhances the gain of 

5.86 dBi at the Wi-MAX band and 7.20 dBi in the W-LAN applications band. 

Hussain et al. [124] have designed a spades-shape CPW-fed antenna for bandwidth 

and gain enhancement using a 5x5 square circular hybrid FSS for ultra-wide band 

(UWB) applications. After loading with the FSS antenna, it attains a peak gain of 

10.5 dBi, while without FSS, its gain was 6.5 dBi. Ranga et al. [125] have used a 

multioctave FSS reflector for a UWB antenna at a frequency of 3 GHz. The antenna 

gain remains constant at 7.5 dBi throughout the band from 3 GHz to 7 GHz. Belen 

[126] has constructed a double-layered FSS for antenna performance enhancement 

in the ISM band at a frequency of 2.4 GHz. A total 7.15 dBi gain improvement is 

achieved. Ali et al. [127] have presented a modified rectangular patch antenna at 

mm-wave 24 GHz using multi-strip FSS superstrate, which not only improves the 

-10 dB bandwidth and gain but also controls the polarization and suppresses the 

cross-polarization. 

In this chapter, a method is presented to obtain an enhanced high-gain 

monopole antenna supported by a dipole FSS reflector for sub-6GHz and 5G 

demands. The dipole FSS surface is made by placing the dipoles having the same 

width as the patch antenna substrate to boost gain at the ideal spacing discovered 

using the optometric tool in ANSYS High-frequency structure simulator (HFSS). 

Other parameters such as the width of the ground plane, spacing between the 

dipoles in FSS, and the width of dipoles in FSS are also obtained with the help of 

the Optometric tool in ANSYS HFSS.  
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3.2. Methodology 

The size of the recommended antenna optimized through simulation iterations. The 

patch is made of RT Duroid 5880 material with permittivity εr= 2.2, and the FSS 

structure is made on the FR-4 substrate material with permittivity εr = 4.4. HFSS is 

utilized to simulate the antenna’s high performance. The suggested antenna 

operates in the sub-6 GHz region, which covers a wide range of spectrum bands. 

 

3.2.1. Design Approach  

 

Fig. 3.1: Block diagram of antenna design methodology 
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An antenna is designed by following these design steps:  

ü  Choose a design frequency/band and the application of the antenna at this 

frequency/band.  

ü Choose a suitable material to construct the antenna with known properties 

like its permittivity and its thickness.  

ü Using the primary design equations evaluate the antenna's principal 

dimensions.  

ü Design and analyze the antenna using available design software for 

electromagnetic simulation.  

ü Fabricate the antenna to match the application after obtaining suitable 

simulation results from the parametric analysis.  

ü To measure the antenna and confirm its radiation pattern and antenna 

reflection coefficient's physical existence, use an anechoic chamber and 

Vector network analyzer.  

ü Compare the fabricated antenna with the available similar literature 

antenna.  

ü Conclude.  

The antenna design and fabrication methodology are illustrated in the systematic 

block diagram in Fig. 3.1.  

3.2.2. Antenna Geometry 

The microstrip rectangular patch antenna is designed on a piece of 49 mm×49 mm 

RT Duroid 5880 substrate for a design frequency fr =5.8GHz. The RT Duroid 

substrate height of 1.588mm is chosen with relative permittivity εr = 2.2. 

3.2.2.1. Development of Rectangular Patch Antenna  

The dimensions of the designed microstrip rectangular patch are evaluated using 

equations (4.1) to equation (4.11) [128]. 

The width of the patch  

7
 

        (3.1) 

The effective permittivity for W/h>1  

ʀ ρ        (3.2) 
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The patch’s effective length (consideration of the fringing effect) 

Ў, πȢτρςÈ
Ȣ Ȣ

Ȣ Ȣ
      (3.3) 

, , ςЎ,        (3.4) 

Finally, calculated, the resonant frequency for the TM010 mode considering the 

fringing effect as 

Æ
Ў Ѝ

        (3.5) 

Therefore, the patch length 

,
Ў Ѝ

ςЎ,       (3.6) 

50Ω Microstrip Feed Line width  

7
Ȣ

Ѝ Ȣ ρȢςυÔ       (3.7) 

50Ω Microstrip Feed Line length  

, ς         (3.8) 

Substrate width  

7 σÈ 7 σÈ       (3.9) 

Substrate length 

7 , , , σÈ       (3.10) 

Ground Dimensions 

7 , 7 ,       (3.11) 

 

                               (a)                                                            (b) 
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(c) 

Fig.3.2: Antenna Geometry (a) Patch side (front view), (b) Ground side (Rear 

View), and (c) FSS surface (dipole section) 

The dimensions of the patch are calculated using the formulas available in the 

literature, from Equation 3.1 to Equation3.6 [129-130]. The feed width and length 

are evaluated using Equations 3.7 and 3.8. The feed length is considered to be 

double the guided quarter wavelength. Initially, substrate length and width are 

evaluated using Equation 3.9, which is considered approximately equal to three 

times the patch width (WP), and finally readjusted as per the better results of 

resonance frequency, reflection coefficient, and -10 dB fractional bandwidth 

(FBW). Similarly, at the initial stage, the ground length and width are considered 

the same as those of the RT Duroid 5880 substrate. The dimension of the reduced 

ground plane and inset cuts is obtained through the optometric function of ANSYS 

HFSS, which is found to be 14.25 mm. The antenna geometry of the patch and 

moderate ground planes are shown in Figs. 3.2(a) to 3.2(c). The dimensional 

description of the designed antenna evaluated and the simulated parameters are 

displayed in Table 3.1. 
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3.2.2.2. Frequency Selective Surface  

Due to the significant military applications, work on periodic surfaces began in the 

mid-1960s. Although the general concept was understood much before this time. 

The renowned Marconi and Franklin received a patent for periodic structures in 

1919. The frequency-selective surface (FSS) is just a modified version of the 

periodic structure. The major military applications spurred the start of work on 

periodic surfaces in the mid-1960s. However, the general principle was already 

known long before this period. A patent was granted in 1919 to the famous Marconi 

and Franklin regarding periodic structures. The frequency-selective surface (FSS) 

is just a modified version of the periodic structure. The projected FSS works as a 

reflector for the back radiation, and eventually, it suppresses the back lobe. 

Consequently, the front lobe level is increased in the forward direction, and hence, 

the gain is increased. Therefore, the FSS serves as a reflector for the back lobes. 

The FSS has been developed on the single-sided FR-4 substrate of the same size as 

that of the RT Duroid substrate. The FSS consists of 49 equally separated dipole 

elements. Each microstrip dipole has a length of 49 mm and a width of 0.25 mm. 

The spacing between the paralleled placed dipoles is 1 mm. The dipole spacing (d) 

and dipole width (Wdipole) are optimized through the optometric in the ANSYS 

HFSS software. The length of the dipole, the dipole length (Ldipole) strips, is kept 

the same as that of the RT Duroid 5880 substrate. The workings of FSS can be 

explained in terms of the dipole array excited by an incident wave. The co-

polarization component of the back lobes excites current in the dipole array of the 

FSS, which eventually radiates and contributes to the radiation from the particular 

patch antenna. Fig. 3.3(a) illustrates the geometry of the frequency-selective 

surface beneath the moderate ground layer. The spacing between the reduced 

ground plane and FSS is obtained through the optometric, which was found to be 

G = 6.412 mm. Fig. 3.3(a) represents the designed FSS with optimized dimensions. 

FSS is made up of equivalent inductors connected in series. The equivalent 

impedance Z0 is the sum of all the individual inductors of the dipole elements. 

Fig.3.3(b) displays the equivalent circuit of the FSS surface. Fig. 3.4 displays the 
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final layout of the recommended antenna. Table 3.1 displays the dimensional 

description of the designed antenna parameters. 

Table 3.1. Antenna design dimensions 

Parameter  

Name 

Symbolic  

Representation 

Evaluated Value  

(mm) 

Simulatedor 

Optimized 

value  

(mm) 

FR4 and RT Duroid 5880 

Substrates width 

Wsub=Lsub 44.12 49.0 

R4 and RT Duroid 5880 

Substrates length 

Lsub=Lf+LP+3h 44.12 49.0 

Patch width WP 16.493 14.25 

Patch length LP 20.445 17.5 

Microstrip Feed width Wf 3.986 2.0 

Microstrip Feed Length L f=  18.91 20 

Inset-Cut width Wi 0.5 0.5 

Inset-Cut length L i 4.25 4.25 

Ground width WGnd 49.78 49.0 

Ground length LGnd 49 14.25 

Height of RT Duroid 5880 H 1.588 1.588 

Height of FR-4 h1=h 1.588 1.588 

The gap between two 

substrates 

G 6.412 6.412 

Width of dipole Wdipole 0.25 0.25 

Length of dipole Ldiopole 49.0 49.0 

The separation between two 

dipoles 

D 0.75 0.75 

Number of dipoles N ----- 49(Unit less) 

 

 

(a) 
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(b) 

Fig. 3.3: Antenna reflector (a) FSS surface (dipole section) and (b) dipole strips 

and their equivalent 

 

(a) 

 

(b) 

Fig. 3.4: Patch Antenna with FSS (a) bottom side view (b) trimetric view 
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3.3. Electrical Equivalent of the FSS Antenna 

 

(a)                                                                      (b) 
Fig. 3.5: Equivalent circuit of the patch antenna (a) without FSS and (b) with FSS 

The electrical equivalent of a microstrip rectangular patch antenna is 

represented as the parallel combination of R, L, and C values contributed by the 

patch and the ground plane due to the existing substrate height and the permittivity, 

as shown in Fig. 3.5(a). FSS is represented by an equivalent inductance contributed 

by the series combination of 49 rectangular dipole strips, as displayed in Fig. 3.3(b). 

The FR-4 substrate is separated from the ground plane by an air gap; thus, this gap 

incorporates a parallel combination of an air capacitor and an air inductor. This FSS 

effect is added to the equivalent circuit of the rectangular patch without FSS, as 

displayed in Fig.3.5 (b). Fig.3.5 represents the electrical equivalent circuit of the 

designed antenna with and without FSS [45, 161]. FSS not only enhances the gain 

of the antenna but also provides shifting in the resonance frequency. 

3.4. Results 

3.4.1. Parametric Analysis 

3.4.1.1. Substrate Length (LSub) and Substrate Width (WSub) 

 Initially, the design started with the standard substrate dimensions 

(26.021mm×44.12mm) evaluated using equation (1.9) and equation (1.10). In this 

case, all the reflection coefficient value is above -10dB and radiation efficiency is 

lower than 50%. Then the dimensions of the substrate width and length make equal 

40.12mm. This again implies no reasonable resultant reflection coefficient value 

lower than -10dB. Further, the length and width are kept equal to twice the 



 

59 
 

rectangular patch length (2LP) i.e., 40.89mm this results in a -10dB narrow 

bandwidth from 6.58GHz to 6.80GHz with excellent radiation efficiency. Further 

to improve the reflection coefficient and -10dB fractional bandwidth the length and 

width are increased in equal proportionate to approximately 49.0 mm. This will 

result in wide bandwidth (3.90 Ghz  -6.44Ghz) with enhanced gain 7.63 dbi and very 

good radiation efficiency 97.36 as mentioned in Table 3.2 and all five cases of 

substrate dimensions variations are depicted in Fig. 3.6. 

 

 

Fig. 3.6: Parameter of Substrate dimensions 

 

Table 3.2. Parameter of Substrate dimensions 

Case/ Mode 

WSub=LSub 

(mm) 

Substrate Size 

(WSub× 

LSub) 

mm2 

fr 

(GHz) 

-10dB 

Band 

(fL-fH)  

(GHz) 

Minimum 

S11 (dB) 

10dB 

FBW 

(%) 

Gain 

(dBi) 

Rad.Eff. η   

(%) 

WSub=3h+WP+3h=26.021 

LSub= Lf+LP+3h=44.12 

26.021×44.12 6.37 ---- -7.31 ---- 4.03 49.96 

Lf+LP+3h=44.12 44.12×44.12 6.35 ---- -8.47 ---- 5.29 98.92 

2LP= 40.89 40.89×40.89 6.69 6.58-6.80 -12.38 3.29 2.19 98.75 

3WP=49.78 49.78×49.78 4.04 ---- -3.44 ---- 8.48 Invalid 

49.0 (This Work) 49.0×49.0 5.90 3.90-6.44 -19.23 49.13 7.63 97.36 
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3.4.1.2. Patch width (WP) and Patch Length (LP)   

 The rectangular patch width (WP) is varied in a step size of 0.5mm by 

keeping the patch length (LP) fixed to 20.445mm. It is noticed that the decreased 

value of WP results in an improvement in the reflection coefficient (S11) on the other 

hand it will result in decreased value of gain. The bandwidth and resonant 

frequency remain the same. All the parametric effects are arranged in Table 3.3 

and displayed in Fig. 3.7. 

Table 3.3. Parameter of rectangular patch width (WP) 

Case/ 

Mode 

WP 

Patch Size 

(WP×LP) 

mm2 

fr 

(GHz) 

-10dB 

Band 

(fL-fH) 

(GHz) 

Minimum 

S11 (dB) 

-10dB  

FBW 

(%) 

Gain 

(dBi) 

Rad. 

Eff. 

 η  

(%) 

WP 16.493×20.445 3.78 3.11-4.40 -26.23 34.35 4.10 97.19 

WP 16×20.445 3.83 3.14-4.43 -33.0 34.08 4.09 96.39 

WP 15.50×20.445 3.82 3.12-4.43 -33.78 34.70 3.93 96.97 

WP 15×20.445 3.83 3.11-4.44 -41.76 35.23 3.77 96.67 

WP 14.50×20.445 3.85 3.18-4.46 -47.06 33.50 3.83 97.41 

WP 14.25×20.445 3.83 3.12-4.443 -39.57 34.98 3.64 96.82 

 

 
Fig. 3.7: Parameter of rectangular patch width (WP) 

  

 The rectangular patch length (LP) is varied in a step size of 1.0mm by 

keeping the patch width (WP) fixed to 14.25mm. It is noticed that the decreased 
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value of LP results in the improvement in the -10dB fractional bandwidth (FBW) 

on the other hand it will shift the resonant frequencies towards the right and 

decrease reflection coefficient (S11) while this results in the increased value of gain 

7.70 dBi and radiation efficiency 97.88. All the parametric effects of patch length 

are arranged in Table 3.4 and displayed in Fig. 3.8. 

Table 3.4. Parameter of rectangular patch length (LP) 

Case/ 

Mode 

LP (mm) 

Patch Size 

(WP×LP) 

mm2 

fr 

(GHz) 

-10dB 

Band 

(fL-fH) 

(GHz) 

Minimum 

S11 (dB) 

-10dB  

FBW 

(%) 

Gain 

(dBi) 

Rad. 

Eff. 

 η 

(%) 

LP 14.25×20.445 3.83 3.12-4.443 -39.57 34.98 3.64 96.82 

LP 14.25×19.5 4.34 3.61-5.58 -22.94 42.87 8.41 93.07 

LP 14.25×18.5 4.59 3.75-6.03 -17.25 46.625 8.43 96.51 

LP 14.25×17.5 5.88 3.91-6.42 -19.53 48.59 7.70 97.88 
 

 

Fig. 3.8: Parameter of rectangular patch length (LP) 
 

 

3.4.1.3. Inset Depth (Li) and Inset Gap (Wi=0.5mm) 

 The Inset depth (Li) is varied in a step size of 1mm by keeping the inset gap 

constant equal to 0.5mm. It is noticed that every time increase in depth (Li) has 

shifted the resonance frequency towards right close to the design frequency 5.8GHz. 

It also improves the reflection coefficient more flatten and below -10dB.  It also 

results in an enhanced value of gain. All variations of inset depth (Li) with fixed inset 

gap (Wi) are tabulated in Table 3.5 and illustrated in Fig. 3.9.   
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Fig. 3.9: Parameter of Inset-cut length (Li) 

   

                             Table 3.5. Parameter of Inset Depth Length (Li) 

Case/ 

Mode 

Li  

(mm) 

fr 

(GHz) 

-10dB 

Band 

(fL-fH) 

(GHz) 

Minimum 

S11 (dB) 

-10dB  

FBW (%) 

Gain 

(dBi) 

Rad. Eff. 

 η  

(%) 

Li=0 4.29, 

6.88 

3.50-5.43, 

5.90-7.50 

-17.63, 

-11.62 

43.225, 

23.88 

5.78 97.73 

Li=1.25 4.37, 

 6.56 

3.62-7.20 -16.27,  

-12.46 

66.17 6.21 97.78 

2.25 4.27, 

6.89 

3.50-5.43, 

5.90-7.30 

-17.64,  

-11.62 

43.225, 

21.55 

5.75 97.73 

3.25 4.50,  

6.12 

3.78-6.67 -14.63,  

-15.32 

55.31 7.12 97.79 

4.25 5.88 3.91-6.42 -19.53 48.59 7.70 97.88 
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3.4.1.4. The gap between Substrates, G (Ground and FSS) 

 

 
 

Fig. 3.10: Parameter of Gap between Two Substrates (G) 

 The adjustment of the gap between the two substrates' main patch and FSS 

layers, G in a step size of 1mm. Initially, the gap is kept at 5.12mm. To enhance the 

gain and widen the bandwidth with more flatness below -15dB of reflection 

coefficient S11, the gap is changed to 6.412mm and 7.412mm. In each parametric 

case the change in gap results in an excellent improvement in the gain value and 

fractional bandwidth below -15dB as displayed in Table 3.6 and represented in 

Fig.3.10. 

Table 3.6. Parameter of Gap between The Substrates, G (Ground and FSS) 

Case/ 

Mode 

G(mm) 

fr 

(GHz) 

-10dB 

Band 

(fL-fH) 

(GHz) 

Minimum 

S11 (dB) 

-10dB  

FBW (%) 

Gain 

(dBi) 

Rad. Eff. 

 η (%) 

5.412 5.97 4.13-6.47 -19.73 ……. 5.97 97.60 

6.412 5.90 3.90-6.44 -19.23 49.13 7.63 97.36 

7.412 5.80 3.74-6.40 -19.63 ……. 7.84 97.56 
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3.4.1.5.Separations between Dipoles (d) 

 

Fig. 3.11: Parameter of Gap between Two dipoles (d) 

  

 The end-to-end separation between the two dipoles of the frequency 

selective surface (FSS) is changed with a step size of 0.25mm. Initially, the 

separation (d) is 0.50mm then in each parametric it will be increased to 0.75mm 

and then 1.0mm. It is observed that excellent radiation efficiency and the highest 

gain at a frequency of 5.8GHz is achieved. The parametric effect of the gap between 

the dipole is displayed in Table 3.7 and indicated in Fig. 3.11. 

Table 3.7 Parameter of Gap between Two dipoles, d 

Case/ 

Mode 

d (mm) 

fr 

(GHz) 

-10dB 

Band 

(fL-fH) 

(GHz) 

Minimum  

S11 (dB) 

-10dB  

FBW (%) 

Gain 

(dBi) 

Rad. Eff. 

 η (%) 

0.50 5.90 3.91-6.42 -19.50 48.59 7.70 97.88 

0.75 5.90 3.90-6.44 -19.23 49.13 7.63 97.36 

1.0 5.97 4.13-6.47 -19.73 44.15 7.56 97.60 
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3.4.1.6. Effect of Thickness of Dipole (Wdipole)  

 

Fig. 3.12: Parameter of Thickness of dipole (Wdipole) 

 The thickness of the dipole is initially kept equal to 0.25mm. After that, the 

width of each dipole is increased with a step size of 0.25mm. Therefore, the width 

of each dipole becomes 0.50mm, 0.75mm, and 1.0mm. These parametric do not 

affect the reflection coefficient, fractional bandwidth, and radiation efficiency. The 

parametric of the thickness of the dipole are arranged in Table 3.8 and their 

reflection coefficients curve family is plotted in Fig. 3.12. 

Table 3.8. Parameter of Thickness of dipole (Wdipole) 

Case/ Mode 

Wdipole 

(mm) 

fr 

(GHz) 

-10dBBand 

(fL-fH) (GHz) 

Minimum  

S11 (dB) 

-10dB  

FBW (%) 

Gain 

(dBi) 

Rad. Eff. 

 η (%) 

0.25 5.90 3.90-6.44 -19.23 49.13 7.63 97.36 

0.50 5.90 3.91-6.38 -19.68 48.00 7.68 97.88 

0.75 5.89 3.89-6.42 -19.54 49.08 7.76 96.87 

1.0 5.86 3.80-6.41 -19.38 51.12 7.56 97.42 
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3.5. Effect of FSS as Reflector on Rectangular Patch Antenna 

3.5.1.  Reflection Coefficient (S11), and VSWR  

 

(a) 

 
(b) 

Fig. 3.13 :(a) Reflection Coefficients, S11 and (b) VSWR of the antenna 

The plot of VSWR and reflection coefficients indicates a good impedance matching 

at the resonant frequency of 5.8 GHz. However, the -10 dB fractional bandwidth is 

compromised a little for enhanced value of the gain. Without using of FSS -10dB 

fractional bandwidth is more than 98% while it becomes down to 49% with the 

introduced FSS.  The introduced FSS reduces the value of VSWR to 1.24 from 1.08 
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and enhances the gain by multi-fold from 2.87dBi to 7.70dBi at the cost of 50% 

reduced bandwidth. The reflection coefficient curves and voltage standing wave 

ratio plots of the antenna with and without FSS are represented in Fig. 3.13(a) and 

Fig. 3.13(b) respectively. It has been observed from the plots that S11 is decreased 

by positioning the FSS below the ground plane. 

3.5.2.Gain and Radiation Efficiency 

 An antenna's gain indicates the strength of transmission power in the 

direction of maximum radiation concerning an isotropic source. In other words, it 

represents the antenna's magnitude in transmitting or receiving a signal in the 

specific path's direction. The simulated gain comparison of the antenna with FSS 

and without FSS is illustrated in Fig.3.14(a). The lower black line plot represents 

the antenna gain without FSS while the upper red line plot represents the antenna 

gain after inclusion of the FSS reflector surface beneath the main antenna ground 

plane. The comparison indicates the observation of the gain vs frequency plots, the 

antenna gain with FSS is increased throughout the whole frequency range. It depicts 

an increase in the gain from 1dBi to 5dBi while at the resonant frequency of 5.8 

GHz; the gain is enhanced from 2.72dBi to 7.76dBi.  Fig. 3.14(b) shows the 

comparison of the radiation efficiencies of the fabricated antenna with FSS and 

without using the FSS. It is noticed from the graph in the resulting figure that the 

patch antenna with FSS has an efficiency of about 98% while the antenna without 

FSS efficiency is close to 94%. Therefore, it is concluded that the FSS beneath the 

patch not only enhances the gain but also improves the radiation efficiency. All the 

resultant parameters without FSS and with FSS of the designed structures are 

arranged in Table 3.9. 

Table 3.9Antenna resultant performance parameters 

Case/ Mode fr 

(GHz) 

-10dB 

Band 

(fL-fH) 

(GHz) 

Mini-

mum  

S11 (dB) 

VS

WR 

-10dB  

FBW 

(%) 

Gain 

(dBi) 

Rad. Eff. 

 η (%) 

Without 

FSS 

4.78 2.0-6.42 -28.64 1.08 98.12 2.87 94.68 

With FSS 5.89 3.89-6.42 -19.54 1.24 49.08 7.76 97.88 
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(a) 

 
(b) 

Fig. 3.14: (a) Gain Comparison (b) Comparison of the radiation efficiency 
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3.5.3.Radiation Patterns 

 Antenna radiation pattern typically includes information about antenna 

directivity, antenna gain, half power beam width in E-plane and H-plane, front-to-

back ratio, etc. Fig. 3.15 (a-b) and Fig. 3.16 (a-b) indicate the comparison of the 

EΦ and Eθ at Φ=0 plane and Φ=90 for the designed antenna with FSS and without 

FSS. In the Φ=0 plane, the effect of FSS on EΦ is remarkable and the FSS is 

effectively reflecting the back radiation in the desired direction. On the other hand, 

the effect of FSS in the Φ=90 Plane is comparatively less pronounced. While in the 

case of the Eθ component, the effect of FSS can be observed in Φ=90 Plane. Its 

effect is negligible in the Φ=0 plane. Fig. 3.17(a-b) illustrates the cross-polarisation 

levels at Φ=0 and Φ=90 axes. Polarization purity can be noticed in the Φ=0 plane 

along the bore sight direction while in Φ=90 it is having cross-polarization 

components.  The FSS reflector consists of long parallel equidistant dipole strips 

with spacing <<λ0. The dipole strips were placed parallel to the larger size (length) 

of the patch antenna to improve the co-polarization level.  

 The 3D radiation patterns for the Eθ and EΦ components without FSS and 

with FSS are shown in Fig. 3.18(a-d). It is obvious from Fig. 3.17 that the FSS 

reflector reduces the level of back-radiated power and increases the level of power 

radiated in the forward direction. The front-to-back ratio without using FSS is found 

to be 1.79 (2.53dB) while with FSS it is increased up to a value of 62.75 

(approximately 18dB) which is a remarkable achievement. 

 
(a) (b) 

Fig. 3.15: Gain radiation Patterns (a) at EΦ in Φ=0 (E-Plane) (b) at EΦ in Φ=90 

(H-Plane) 
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(a) (b) 

Fig. 3.16: Co-polarization (a) at Eθin Φ=0 (E-Plane) (b) at Eθin Φ=90 (H-

Plane) 

 

 

                                (a)                                                               (b) 

Fig. 3.17: Cross Polarization (a) at Φ=0 (E-Plane) (b) at Φ=90 (H-Plane) 
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                                (a)                                                          (b) 

 

(c)(d) 

Fig. 3.18: 3D Radiation patterns (a) EΦ without FSS (b) EΦ with FSS (c) Eθ without 

FSS (d) Eθ with FSS 

 

3.6.Discussions  

3.6.1.  Limitation 

The fabricated antenna has wide bandwidth, high gain, and very high radiation 

efficiency values even though it has several limitations. As the FSS surface is 

arranged beneath the ground at some gap, increases the antenna size in the third 

dimension and hence will occupy more space. Since the main rectangular patch 

antenna is designed on the RT Duroid 5880, this will make the antenna costly. 

Introduced FSS improves the gain and radiation efficiency at the cost of the reduced 

reflection coefficient. As the antenna has wide-bandwidth from 3.91GHz to 

6.44GHz it is suitable to Sub 6GHz applications like n46 (5150 – 5925MHz), n47 

(5855 – 5925MHz), n77 (3900-4200MHz), n79 (4400-5000MHz), n96/n102 

(5925-6425MHz) bands. The numbers of 5G Sub-6GHz applications like the n78 

band and others can be improved by increasing the antenna patch length to 
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20.445mm instead of 17.5mm. In most of the work same substrate material was 

used for the radiator as well as the FSS structure, and complex geometries were 

fabricated, those are difficult to manufacture. In the present chapter different 

substrates are used for both radiators as well as the FSS design and simple strip 

lines were used for the construction of the FSS. 

  

3.6.2.  Comparison of the closely existing literature antennas 

 The resultant parameters of the fabricated antenna with FSS show that the 

antenna resonates at the designing frequency of 5.80GHz with a reflection 

coefficient of -19.54 dB. The gain after the integration of FSS is 7.76dBi, and the 

antenna radiation efficiency is also increased by an amount of 98.81%, which 

makes the antenna suitable for Sub 6 GHz frequency applications. The resultant 

performance parameters comparison between the fabricated antenna prototype and 

the existing antenna models found in the literature are presented in Table 3.10. In 

the literature, the majority of antennas are made of FR-4 substrate material. The 

comparisons table tells that the recommended antenna design has a maximum 

improvement of gain of 4.89dBi, which is significantly higher than the gains of the 

existing antennas. The current design is more compact and achieves higher 

radiation efficiency and gain than previous works, based on a comparison with 

similar existing antennas in the available literature. 

Table 3.10. Gain-enhancement comparison of the suggested antenna and published 

recently FSS/metasurface work 

Ref 

No. 

Antenna Size 

(mm3) 

(Antenna 

Type) 

Design 

Freq.,  

f0 

(GHz) 

Method for  

Gain  

Enhanceme

nt 

FBW 

fL-fH,  

(GHz) 

Rad

. 

Eff., 

η 

(%) 

Gain 

(dBi) 

Gain 

Enhancem

ent dBi) 

[45] 

Varshney et al., 

2021 

66.4×66.4×1.6 

FR-4 

(Monopole) 

2.45 SRR triplet 

(without 

reflector) 

1.81-3.0 92.8

5 

7.16 7.286 to 

7.16  

[46] 

Nakmouche et 

al., 2021 

50×50×1.6 

RT Duroid 

5880 

(Monopole) 

6.0 FSS 5.53-6.36 >95 8.89 3.12 to 8.89 
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[131] 

Ghosh et al., 

2016 

60×60×1.6 

FR-4 

3.75, 

5.98 

and 

8.79 

(Multi -

band) 

AMC 

(Double 

Layer) 

 Multi -

band, 

3.75,  

5.98 and 

8.79 

 7.52 3.88 to 4.93 

[132]  

Belen,Mahouti, 

and 

Palandoken, 

2020 

50×53.4×1.6 

FR-4 

2.4 DRA-FSS 2.4 NA 8.6 3 to 8.6 

[133] 

Bhattacharya, 

Dasgupta, and 

Jyoti, 2020 

40×30×0.8 

(DR height = 

4.3 mm) 

8.15–

13.2 

(5.05) 

FSS  

(Dual side) 

8.15–13.2 

(5.05) 

NA 7.8 3.3 to 7.8 

[134] 

Hussain, et al., 

2023 

32×25×1.52 

Rogers 

RT/Duroid 

6002 

12.0  FSS   5-18 >90 10.5 6.5-10.5 

[135]  

Belen, 2018                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

63.65×54.16× 

1.588 

2.4 Band-Pass 

FSS 

(Double 

Layer) 

2.4 NA 7 5 to 7 

[136] 

Patel and 

Raval, 

2021 

60× 50 ×1.6 

(FR-4)  

5.8 SIW Cavity 

Backed 

antenna 

using 

dielectric 

loading, FR4 

cylinder, 

Teflon 

cylinder 

5.7-5.9 NA 8.13 3.13 to 8.13 

[137] 

Belabbas et al., 

2021 

20×20×1.6 

RT Duroid 

TTN 

28.4 Asymmetric 

AMC ground 

plane 

(Impedance 

surface) 

28.4-36 NA 8.30 4 to 8.3 

[138]  

H. Jing et al., 

2023 

50.4×28×0.1 

Polyimide (PI) 

substrate 

2.4 3×3 rotatable 

curved FSS 

2.18-2.90 NA 8.31 3 to 8.31 

Proposed Work 49x49x1.588 

RT Duroid 

5880 and  

FR-4 

(Monopole) 

5.8 FSS as a 

reflector 

(Double 

Layer) 

3.91-6.44 97.8

8 

7.76 2.87 to 7.76 

 

3.7.Conclusion and Future Work 

A modern technique based upon the Frequency selective surface to improve the 

gain and efficiency of a microstrip antenna has been presented in this chapter. The 

FSS reflector consists of long parallel equidistant dipole strips with spacing <<λ0. 
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To increase the co-polarization level, the dipole strips have been positioned parallel 

to the patch antenna's longer dimension (patch length). A remarkable enhancement 

in the gain of the antenna from 1 dBi to 6 dBi and efficiency from 92% to 99% have 

been achieved in the simulation results by using this FSS as a reflector to the main 

patch antenna. It indicates that the reflector FSS is effectively reflecting the back 

lobes in the desired direction without incorporating cross-polarization. Further, 

simulation results were optimized through the inbuilt optimization tool of the 

ANSYS HFSS software. The fabricated antenna is most suitable for Sub-6GHz 

applications. The FSS of the antenna consists of 49 closely spaced dipole strips that 

make the FSS complicated to fabricate. Therefore, it is important to reduce the 

number of dipole strips in the FSS by making their width wider and increasing the 

spacing between dipole strips periodically. The gain and bandwidth of the present 

antenna are limited and could be further improved by controlling the gap between 

the radiator substrate and the FSS substrates. 
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CHAPTER 4 

ANN-BASED FSS REFLECTOR ANTENNA 

This chapter discusses the development, analysis, fabrication, and measurements of 

an inset-feed frequency selective surface (FSS) monopole rectangular patch 

antenna. The FSS with 15 dipole strips as reflector layers, resulting in enhanced 

gain and unidirectional radiation patterns. The antenna has UWB performance, 

making it suitable for wireless 3G/4G/5G, Sub-6GHz, satellite, and RADAR 

communications. Prediction of the gap between the antenna and reflector 

determined using machine leaning. The reflection coefficient of the RLC equivalent 

circuit is validated using Advanced Design System (ADS) Software. 

4.1. Introduction 

In the present scenario, with the development of mobile technologies like 

3G/4G/5G, the demand for 5G antennas is increasing . Therefore, the demand for 

antennas that will cover 5G sub-6GHz bands, especially n77, n78, and n79, is now 

necessarily important [127]. One solution to enhance the gain of planar antennas 

and improve directional radiation characteristics is the FSS reflector [122, 127]. 

FSS is a periodic structure of unit cells that consists of metallic patches or space 

components. These have excellent transmission or reflection properties . Gharsallah 

et al. have discussed a dielectric resonator antenna (DRA) using an SRR substrate 

surface to increase gain to 11.15 dBi [140]. Krishna R. R. and Kumar R. have 

proposed a planar-slotted grounded ultra-wideband (3.2 GHz to 12 GHz) antenna 

using an FSS reflector. The antenna radiator and FSS layer both use the same 

substrates. The antenna attains enhanced gain of 3–4 dBi over the full band; it also 

minimizes cross-polarization [141]. Devarapalli et al. have proposed an FSS-based 

dual-CSRR-loaded W-shaped patch antenna. The metamaterial-loaded antenna 

with FSS has also shown better gain, going from 5.9 dBi to 7.1 dBi, with three 

tuned resonances at 4.2, 6.2, and 8 GHz. The antenna structure is low-cost and 

becomes complex with CSRR loading [142]. Tewary et al. have developed an FSS-
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based wideband S-shaped slotted ground microstrip patch antenna for 5G 

communication, RADAR, satellite services, wireless, and satellite 

communications. It achieves a gain of 3.9 dBi at 19 GHz without applying FSS. 

The introduced FSS in the antenna enhances gain, BW, and directivity. The antenna 

with FSS achieves a maximum gain of 9.4 dBi at 22.1 GHz and a wide -10-dB FBW 

of 111%. This antenna is low-profile, low-cost, fabricated on an FR-4 substrate, 

and uses a larger FSS layer as compared to the main radiating patch antenna. The 

volume of the overall antenna is higher as the FSS is placed at a distance of 15 mm 

from the main patch [143]. Tewary et al. have presented a super-wideband (SWB) 

monopole antenna for long-distance communication. The proposed SWB antenna 

has a realized gain of 4.80 dBi. The FSS functions as a partial reflector surface, 

combining with the current antenna to enhance the maximum gain throughout the 

entire frequency range. The new FSS, with a physical volume of 56 mm × 56 mm 

× 26.2 mm, has a realized gain of 9.3 dBi. The antenna with FSS improves both 

gain and bandwidth, yet it maintains a large size and a distance of 26.2 mm from 

the main patch, resulting in an increase in its overall volume [144]. Finally, Tewary 

et al. made an N-shaped antenna with FSS that has a 10 dB FBW of 138%, 

resonance at 14.55 GHz, and a peak gain of 4.45 dBi at 9.5 GHz. At 3.5 GHz, the 

antenna achieves a maximum gain enhancement of 7.5 dBi, and at 9.3 GHz, it 

achieves a peak gain of 9.1 dBi [145]. Lanka and Chalasani have designed an M-

shaped conformal antenna with FSS support for gain enhancement. The FSS 

located below the antenna serves as a reflector, adding an extra 22% gain and a 

12% efficiency increase [146]. Danuor et al. have designed a rectangular patch with 

several matching stubs surrounding it to increase the antenna’s impedance 

bandwidth for the L- and S-bands at 1.6–2.1 GHz and 2.4–2.85 GHz, respectively. 

The FSS layer, printed on the antenna's rear side, was composed of three-unit cells. 

Moreover, the antenna achieved radiation efficiencies of 89.7% and 94.2% at 2.5 

GHz and 1.7 GHz, respectively. The measured average gain of the suggested 

antenna for the L- and S-bands is 5.2 dBi and 6.1 dBi, respectively [147]. Tariq et 

al. have proposed an FSS sheet to enhance the antenna’s performance. They 

positioned a sheet of FSS behind the antenna to increase its gain and backward 
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reflection. It enhances the antenna’s gain from 4.5 dBi to 9.5 dBi [148].  Ara and 

Nunna have proposed a rectangular patch antenna with FSS. The introduced FSS 

enhances the gain of 7.76 dBi (an improvement of 4.91 dBi) and an increased -10 

dB FBW (3.90 GHz to 6.43 GHz). FSS also converts the bidirectional radiation 

pattern into a unidirectional one, greatly increasing the front-to-back ratio (FBR). 

Additionally, researchers measured the antenna's radiation efficiency at its 

resonance frequency of 5.8 GHz to be 94.68% without the FSS reflecting surface, 

and increased it to 97.88% with the FSS reflecting surface [149]. 

4.2. Modified antenna with 15- dipole 

According to the research that has already been done, the FSS layer, which acts as 

a reflector under the antenna radiator, raises the antenna's gain, and the monopole 

partial/reduced/DGS raises its 10 dB FBW. The literature clearly indicates that 

most research focuses on the matrix of unit cells and the array of elements in the 

FSS layer [45, 118, and 150]. A lot of research has been done on FSS sizes bigger 

than the radiator size, and FR-4 substrates have been used for main antenna patch 

designs above 6 GHz. As FR-4 substrates, above 6 GHz are not effective; they 

introduce dispersion losses and permittivity, leading to a nonlinear loss tangent 

[118]. All the available designs in the literature using FSS have complex radiator 

and reflector geometries and use the same substrate for the fabrication of the 

reflector and the radiator design. Most of the existing antennas in the literature are 

multi-band in nature, with narrow bandwidths and lower gain values. Furthermore, 

they have a limited number of applications. The above research gaps motivate us 

to work on the following areas collectively. 

 

The following are the main objectives of the proposed work of this chapter; 

(i)The main objective of the present study is to design a simple rectangular patch 

antenna to cover the full range of sub-6 GHz applications, with the main concern 

being the n77 (3300–4200 MHz), n78 (3300–3800 MHz), and n79 (440–5000 

MHz) bands. 
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(ii) Another goal of this work is to improve the antenna gain and directional 

radiation by positioning the FSS layer as a reflector at the right depth below the 

main radiator and using two separate substrates for each. 

(iii) Another goal of this project is to develop an electrical equivalent RLC model 

and validate it using advanced design software (ADS). 

(iv)The ANN optimization method is utilized to ascertain the ideal distance 

between the reflector FSS layer and the main patch radiator. 

A FSS layer design (consisting of 15 dipole strips) is proposed in this chapter that 

eliminates the need for complexly designed metamaterials or metasurfaces. 

4.3. Methods 

4.3.1. Design Development  

Here, a rectangular patch antenna is designed at a frequency of 5.5 GHz, 

primarily using design equations [151].  The antenna radiator is developed on a 

low-loss RT Duroid 5880, which has a relative permittivity of 2.2 and a height of 

1.588 mm. On the other hand, the frequency selective surface (FSS) is developed 

and designed on an FR-4 substrate, which has a relative permittivity of 4.4 and a 

height of 1.588 mm. An artificial neural network (ANN) model evaluated the gap 

between the two substrates at 8 mm. The FSS is placed below the ground level of 

the main radiator. The patch length and width are evaluated 21.56 mm and 17.45 

mm, respectively, at the operating frequency, and finally optimized to 21.55 mm 

and 17.5 mm. Initially evaluated value of the RT Duroid 5880 substrate length at 

31.088 mm and 42.158 mm, and finally optimized it to 49 mm on each side. FR-4 

substrate is chosen for FSS as the reflector. Therefore, the final antenna size 

becomes 49 mm×49 mm×8 mm (1.368 λg×1.368λg×0.22λg) at the design frequency 

of 5.5 GHz. An array of 15 equally spaced (1.0 mm) dipole strips of length 49 mm 

and width 2 mm as an FSS reflector, which etched on a lossy FR-4 substrate. This 

will increase the gain and radiation characteristics of the patch antenna in one 

direction. The following secondary derived formulas are also used for the 

evaluation of antenna other dimensional parameters: 

Inset feed length,  , , ,       (4.1) 

Inset feed Gap/width,  7                  (4.2) 
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Length of dipole, Ldiopole = Lsub      (4.3) 

Width of ground, WGnd= Wsub       (4.4) 

Length of the ground, LGnd=       (4.5) 

The substrate Rogers RT Duroid 5880 was chosen for patch design at a frequency 

of 5.5GHz. The main rationale behind choosing substrate is its low loss and stable 

behavior of permittivity after 6GHz [117]. The results of radiation and reflection 

coefficients of the presented antenna have been studied for a frequency sweep from 

1GHz to 9GHz. The low-cost FR-4 substrate shows nonlinear behavior of 

permittivity and loss tangent as frequencies go higher than 6GHz. The reflector FSS 

is designed on a low-cost FR-4 substrate since it is used only for the reflecting layer 

only the copper conductor will play a role in the reflection of the excitation signal. 

The dimensions of the radiating patch are evaluated at design frequencies. The 

dimensions of the substrate are kept equal to (Lsub=Lf+LP+3h) × (Wsub= 

3h+WP+3h). The spacing between the radiator and FSS substrate is kept less than 

or equal to the quarter-guided wavelength (H=) so that the reflected signal will 

add up to the radiated signal and improve the directional properties and gain.  

The inset feed rectangular patch radiator is displayed in Fig. 4.1(a), the ground 

structure of the antenna is displayed in Fig. 4.1(b), and the FSS reflector is 

represented in Fig. 4.1(c). The geometry of the present antenna design, along with 

its all-dimensional representation, is showcased in Fig. 4.1(d). Table 4.1 lists the 

evaluated values of the designed antenna dimensions and compares them with the 

optimized simulated dimensions in the other column. 

 
                (a)                                 (b)                                        (c) 
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(d) 

Fig.4.1: FSS Antenna (a) Top View, (b) Bottom View, (c) FSS layer, and (d) 

Dimensional View 

Table 4.1. Antenna design dimensions 

Parameter  

Name 

Symbolic  

Representation 

Evaluated 

Value (in 

mm) 

Simulated or 

Optimized 

value (in mm) 

FR-4 and RT Duroid 5880 Substrates 

width 

Wsub= 

3h+WP+3h 

31.088 49.0 

FR-4 and RT Duroid 5880 Substrates 

length 

Lsub=Lf+LP+3h 42.158 49.0 

Patch width WP 21.56 21.55 

Patch length LP 17.455 17.5 

Microstrip Feed width WF 4.893 2.0 

Microstrip Feed Length LF=  19.94 21.25 

Inset-Cut width Wcut= WF+1mm 0 3.0 

Inset-Cut length Lcut 0 5.5 

Ground width WGnd= Wsub 31.088 49.0 

Ground length LGnd=  9.97 14.25 

Height of RT Duroid 5880 h1 1.588 1.588 

Height of FR-4 h2 1.588 1.6 

The gap between two substrates H=  9.97 8.0 

Width of dipole Wdipole =WF 3.0 2.0 

Length of dipole Ldiopole= Lsub 42.158 49.0 

First dipole distance  d1 1.044 2.0 

The separation between two dipoles d2 1.0 1.0 

Number of dipoles N 8 (Unit less) 15 (Unit less) 
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4.3.2. Gap Determination using Artificial Neural Network (ANN)  

The utilization of mathematical concepts to everyday issues has increased in 

popularity as a result of the increasing capacity for the computation of digital 

machines and computational methods, both of which have made it simpler to solve 

lengthy and complicated problems. Developing real-world issues into a 

mathematical model can improve the representation and solution of certain 

problems. The machine learning artificial neural network (ANN) model 

architecture is represented in Fig. 4.2. [120]. Within a neural network, the R and 

MSE values are the only factors that determine which neuron is the best fit.  

The correlation coefficient measures the strength and direction of the relationship 

between two variables, ranging from -1 to 1. A value of 1 indicates a strong positive 

relationship, -1 indicates a strong negative relationship, and 0 indicates no 

relationship. The R-squared (R²) value, ranging from 0 to 1, represents the 

proportion of the dependent variable’s variance that can be explained by the 

independent variable. A significant correlation is shown by an R-value that 

approaches one, and the MSE value tends toward zero, suggesting little error in 

fitting the data, in order to identify the optimal neuron and validate the model. 

 

Fig. 4.2: Proposed ANN model 

This study developed a generalized model that predicted the height of the FSS 

beneath the antenna using antenna performance parameters. A total of 6137 
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samples to model the parameters, using 70% of the data set for training, 15% for 

validation, and 15% for testing. 

The Levenberg-Marquardt learning algorithm was employed and continue this 

training process until it reaches saturation. supervised learning because they have 

determined the inputs and outputs . Errors propagate back through the neurons 

during training, leading to adjustments in the neurons' weights. After 316 iterations, 

the performance diagram as displayed in Fig. 4.3(a) and the error histogram as 

represented in Fig. 4.3(b) of training data using the ANN model at a minimum 

mean square error (MSE) of 0.032844 were obtained. Table 4.2 arranges the 

training progress of the ANN. 

Table 4.2. Training Progress 

Unit Starting Value Stopped Value Target Value 

Epoch 0 316 1000 

Elapsed Time - 00:00:12 - 

Performance 1.62 0.0277 0 

Elapsed Time - 00:00:12 - 

Gradient 3.81 0.00495 1e-07 

Mu 0.001 1e-08 1e+10 

Gradient 3.81 0.00495 1e-07 

Validation Checks 0 6 6 

Fig. 4.4 shows the gradient, momentum, and validation check values 

obtained during the modeling process for the best-analyzed neural network. 

 

(a) 
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(b) 

Fig. 4.3: (a) Data performance plots for training, validation, and testing. (b) Error 

Histogram 

 

Fig. 4.4: Learning Process 
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Fig. 4.5: Regression Plot 

 

The network structure uses a regression plot to assess the fitness of input and output 

data. A regression plot typically contains four graphs: training, validation, testing, 

and combining. Fig. 4.5 depicts the regression plots for the network considered. 

The graph clearly shows that all data sets fit correctly in the line. The graph 

confirms the correctness of the suggested neural network architecture and its ability 

to predict the output, specifically the height of the FSS below the antenna. The 

highly target the output paths for training (R2-value = 0.9868), validation (R2-value 

= 0.9830), and testing (R2-value = 0.9798). These values could imply a total 

response of R2 = 0.9848. 

The functional relationship between the output (height) and the antenna's 

performance parameter is directly proportional. Equation (4.6) expresses the 

functional relationship between the antenna's performance parameter and the height 

of FSS. 
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( ÆÆȟ3 ȟ6372ȟ'                                                     (4.6) 

Where H is the predicted height of the FSS,  Æ is resonance frequency (GHz), 3  

represent the S-parameter/reflection coefficient (dB), voltage standing wave ratio 

(VSWR), and gain of the antenna in dB. The Data collected from the HFSS 

simulation is shown in Table 4.3.  

Table 4.3. Data Collected from the HFSS Simulation 

S. No. Parameter 

1 Resonance Frequency(GHz) 

2 S-Parameter (dB) 

3 VSWR 

4 Gain(dB) 

 

Equation (4.7) can be used to calculate the predicted height of the FSS under the 

antenna using the ANN algorithm. 

( υȢρυ! πȢρπ! πȢςπ! πȢστ! πȢωτ! ρȢτυ! πȢρφ!

πȢωχ! τȢτρ! ρȢςχ! πȢχφ                               (4.7) 

Where Ai (i=1 to 10) are hidden neuron responses that feed the network output 

value and can be calculated with Equation (4.8).  
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Where, 4ÁÎÇÅÎÔ 3ÉÇÍÏÉÄ Ø ρ     (4.9) 

Where x is any arbitrary value evaluated through a matrix of equation (4.8). 

R2-value as 0.999986 having an average absolute percentage error of 0.0124% at 

0.0874% root mean square error (RMSE). The training result of the algorithm is 

shown in Table 4.3. It has been determined that the developed equation represented 

in Equation (4.2) is the best for predicting the height of FSS below the antenna. 

ANN can predict the outcomes with the highest accuracy. The 80/10/10 splitting 

ratio was found to offer superior performance based on the evaluation metrics. This 
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determination is likely derived from comparative assessments of predictive 

accuracy, error rates, model robustness, or other relevant performance indicators 

across the different splitting ratios (70/15/15, 60/20/20). 

 

4.3.3. Effect of FSS 

 

Fig. 4.6: Effect of FSS on the radiator reflection coefficient 

An inset-feed, dual-tuned UWB monopole antenna is first designed at a frequency 

of 5.5 GHz. This antenna has an ultra-wide bandwidth of 1.0–9.0 GHz (FBW: 

145.45%) and a reflection coefficient lower than -10 dB, while its gain is limited to 

4.41 dBi. Then a reflector FSS layer of a 15-dipole strip array arranged at a distance 

of 8 mm beneath the ground of the antenna radiator. It will excellently improve the 

antenna gain from 4.41 dBi to 8.99 dBi at the cost of a slight decrease in UWB 
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fractional bandwidth to 136.73% from 1.12–8.64 GHz. Fig. 4.6 and Table 4.4 

represent the effect of FSS layer attachments. 

Table 4.4. Effect of FSS 

Case / 

Mode 

fr 

(GHz) 

S11 

(dB) 

-10dB BW  

fL-fH (GHz) 

Gain at f0 

(dBi) 

-10dB FBW 

(%) 

Without 

FSS 

1.59, 

5.77 

-15.09, 

 -20.40 

1.0-9.0 4.41 145.45 

With FSS 1.35, 5.79 -13.03,  

-18.07 

1.12-8.64 8.99 136.73 

*fr=Resonance Frequency; f0=Design Frequency; FBW=Fractional Bandwidth 

 

4.3.4. Effect of Ground 

The ground length is optimized by reducing it from 49 mm to the 50Ω feed line. 

The full-length antenna has dual wideband (WB) with antenna gain at a design 

frequency of 792 dBi. When the value of ground becomes half, i.e., 24.5 mm, the 

gain of the antenna reduces to 5.54 dBi. To maintain the reduced value of gain and 

make the antenna UWB, the reduction of the ground length process continued, and 

it yielded a gain value of 8.99 dBi and a UWB for the ground length of 14.25 mm. 

The effect of variation in ground length is illustrated in Fig. 4 .7 and showcased in 

Table 4.5. 

 

Table 4.5. Effect of Ground 

Case / Mode fr 

(GHz) 

S11 

(dB) 

-10dB BW  

fL-fH (GHz) 

Gain at f0 

(dBi) 

Band 

Full Ground 

LGnd=49mm 

1.0, 

1.4.92, 

5.93 

-19.14 

-27.37, 

-34.36 

1.0-4.40, 

4.69-9.0 

7.92 Dual WB 

Ground Length 

LGnd=24.5mm 

1.0, 

5.47 

-14.73, 

-26.36 

1-4.06, 

5.17-9.0 

5.54 Dual WB 

Ground Length 

LGnd=14.25mm 

1.35,  

5.79 

-13.03, 

-18.07 

1.12-8.64 8.99 Single UWB 

*fr=Resonance Frequency; f0=Design Frequency 
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Fig. 4.7: Ground length variation effect on the antenna reflection coefficient 

 

4.3.5. Effect of FSS Spacing (H) 

 Initially, the minimum spacing between the two substrates is equal to the 

quarter-guided wavelength (H=
λ

.) i.e., 9.97 mm, with a fixed dipole strip width 

(Wdipole) of 2 mm. Then it is reduced to a step size of 1 mm. Table 4.6 arranges all 

the parametric results of the spacing between the two substrates, and Fig. 4.8 

displays them. It has been noticed that the gain, resonance frequencies (fr), 

reflection coefficients (S11), and -10 dB BW of the antenna are sensitive to the FSS 

spacing (H) from the radiating patch. When the FSS spacing is 8 mm, the antenna 

achieves the highest gain at the design frequency (f0), lowest reflections, and UWB 

bandwidth from 1.12 GHz to 8.64 GHz. 
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Table 4.6. Effect of FSS Spacing (H) 

FSS Spacing 

(H=
Ἧ
)   (in mm) 

fr 

(GHz) 

S11 

(dB) 

-10dB BW  

fL-fH (GHz) 

Gain at f0 

(dBi) 

Band 

H=9.97ḑ10 1.44, 4.48, 

 6.0 

-12.58, 

-11.34, 

-17.32 

1.19-8.79, 

4.69-9.0 

8.29 Single UWB 

H=9.0 1.48, 4.50, 

6.01 

-12.28, 

-11.58, 

-17.38 

1-8.82 8.50 Single UWB 

H=8.0 1.35,  

5.79 

-13.03, 

-18.07 

1.12-8.64 8.99 Single UWB 

H=7.0 1.36, 4.68, 

6.08 

-13.25, 

-12.22, 

-17.55 

1.17-8.92 8.59 Single UWB 

H=6.0 1.32, 

4.72, 6.12 

-12.57, 

-11.95, 

-16.86 

1.17-3.21,  

4.09-8.68 

8.64 Dual WB 

H=5.0 1.36, 

4.76, 6.16 

-12.61, 

-12.69, 

17.01 

1.16-3.40, 

4.15-8.77 

8.61 Dual WB 

 

Fig.4.8: Parameter effect of FSS Spacing (H) 
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4.3.6. Effect of Number of FSS dipole Strip width  

 

Fig.4.9: Parameter effect of dipole strip widths and their spacing in FSS 

 Initially, the width of each dipole strip is kept equal to the feed width of the 

rectangular patch (Wdipole=WF), and the minimum spacing between the two 

substrates is equal to the quarter-guided wavelength (H=
λ

), i.e., 9.97 mm. Then the 

dipole strip width is reduced to a step size of 0.5 mm without affecting the number 

of dipole strip elements (N = 15). The decrease in strip width size automatically 

increases the spacing between the dipole strips (d2) in the same proportion of step 

size, i.e., 0.5 mm. All the parametric sensitivity results of spacing between the two 

dipole strips and their changes in widths on present antenna resonance frequencies 

(fr), reflection coefficients (S11), 10 dB BW, and antenna gains are shown in Table 

4.7 and illustrated in Fig. 4.9. It has been observed that the gain of the antenna is 

sensitive to the FSS dipole strip width and spacing, and it is highest at 8.99 dBi 

with dipole strip widths of 2.0 mm and their spacing of 1.0 mm. In this complete 

process, the FSS spacing is kept fixed at 8 mm. 
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Table 4.7. Effect of dipole strip widths and their spacing in FSS 

Strip 

width,  

d (mm) 

Spacing 

in strips, 

d2 (mm) 

fr 

(GHz) 

S11 

(dB) 

-10dB BW  

fL-fH (GHz) 

Gain at f0 

(dBi) 

Band 

3.0 0 1.36, 

4.52, 

6.04 

-12.96, 

-11.89, 

-17.72 

1.16-8.89 8.54 Single UWB 

2.5 0.5 1.40, 

4.60, 

6.04 

-12.76, 

-11.88, 

-17.63 

1.14-8.87 8.61 Single UWB 

2.0 1.0 1.35,  

5.79 

-13.03, 

-18.07 

1.12-8.64 8.99 Single UWB 

1.5 1.5 1.48, 

4.55, 

6.05 

-11.60, 

-11.34, 

-16.91 

1.16-3.25, 

3.90-8.60 

8.52 Dual WB 

1.0 2.0 1.32, 

4.56, 

6.05 

-12.91, 

-11.82, 

-17.49 

1.14-8.85 8.53 Single UWB 

0.5 2.5 1.45, 

4.61, 

6.04 

-12.77, 

-11.91, 

-17.52 

1.21-8.88 8.53 Single UWB 

4.3.7. Effect of Number of Dipole Strips in FSS 

 

Fig. 4.10: Parameter effect of the number of dipole strips in FSS 
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 Further, another parametric test with changes in the number of dipole strips (N) 

with fixed optimized values of the dipole strip widths of 2.0 mm and the fixed 

spacing between the substrate and the FSS layer of 8.0 mm has been carried out. 

The number of dipole strips could be increased from 9 to 19 by the decrease in 

dipole strip spacing (d2) in a step size of 0.5 mm. The number of dipole strips also 

affects the antenna gain as well as the other resultant parameters, as showcased in 

Table 4.8 and illustrated in Fig. 4.10. Number 15 dipole strips achieve the lowest 

reflections and the highest gain values. 

Table 4.8. Effect of Number of Dipole Strips in FSS 

Number of  

Dipole 

Strips (N)  

Spacing 

in strips 

(d2) 

fr 

(GHz) 

S11 

(dB) 

-10dB BW  

fL-fH 

(GHz) 

Gain at 

f0 (dBi) 

Band 

N=9 3.0 1.48, 

4.56, 

6.04 

-12.95,  

-12.21,  

-17.96 

1.0-9.0 8.50 Single UWB 

N=11 2.5 1.40, 

4.56, 

6.0 

-12.65, 

-11.87, 

-17.51 

1.15-8.85 

 

8.62 Single UWB 

N=11 2.0 1.36, 

4.53, 

6.0 

-12.63, 

-11.80 

-17.39 

1.17-8.82 

 

8.56 Single UWB 

N=13 1.5 1.40, 

4.56, 

6.04 

-12.48,  

-11.78, 

-17.35 

1.15-8.83 

 

8.55 Single UWB 

N=15 1.0 1.35,  

5.79 

-13.03, 

-18.07 

1.12-8.64 8.99 Single UWB 

N=19 0.5 1.36, 

4.60, 

6.04 

-12.28,  

-11.47, 

-17.14 

1.15-3.41, 

3.76-8.70 

8.60 Dual WB 

4.4. Results  

The fabricated FSS antenna is measured, analyzed, and discussed in detail in the 

forthcoming sub-sections.  

4.4.1. Fabrication and Measurements of  Fabricated Antenna Prototype 

A double-layered antenna is fabricated and measured. The antenna radiator patch 

and ground are fabricated on a low-loss RT Duroid 5880 substrate, while the 

reflector (frequency selective surface) with 15 dipole strips is etched on a single-

sided, low-cost FR-4 substrate. Finally, the reflector and radiator are connected at 

a separation of 8.0 mm using four cylindrical plastic materials. The fabricated 
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radiator, ground, and reflector FSS are displayed in Fig. 4.11 (a-d). The following 

are the common steps involved in the fabrication of the radiator and reflector 

elements of the antenna: 

-A piece of 1.588mm thick RT double-sided copper-clad RT Duroid 5880 substrate 

of dimensions 49mm×49mm is cut using a PCB cutter machine for the radiator 

fabrication, while another piece of 1.6mm thick FR-4 single-sided copper-clad 

substrate of the same dimension is cut for the reflector fabrication. 

-Two negatives (one for the antenna radiator and the other for the reflector) with 

the same dimensions as the PCB pieces are prepared by artwork using black film. 

-By repeating the above step third negative is also prepared (for the ground with 

49mm×49mm) just the back side of the radiator of the RT Duroid 5880 substrate. 

-Then these negatives are put on the clear RT Duroid and FR-4 pieces and UV rays 

are exposed for 30 seconds for image development of the radiator, ground, and 

reflector. 

-After that these PCB pieces are dropped in the photo developer solutions. 

-Further, these two PCB pieces fall into to blue-die solution. 

- At last, these blue-die PCB pieces are hung in the FeCl3 solution, for a sufficient 

time until the undesired copper has been removed from the radiator and reflector 

pieces.  

-After the completion of the etching process a 50Ω SMA connector is soldered in 

the feed of the radiator and 4-pieces of 8mm-height plastics (used as the separator) 

are pasted using a glue-bond between the antenna reflector and radiator.    

Agilent Technologies N5247A vector network analyzer (VNA) was used to 

measure the antenna reflection coefficient that was presented, which was produced 

by the simulation. For the purpose of measuring frequency-dependent 

characteristics including reflection coefficient (VSWR) and impedance, a vector 

network analyzer with a maximum working frequency of 67 GHz is used in the 

measurement setup. These measurements are conducted using the sweep frequency 

mode. An in-house semi-automated anechoic chamber is utilized to measure 

antenna-related parameters like gain and efficiency. This chamber is equipped with 

a stepper motor-controlled 2-axis positioner, a standard gain-calibrated broadband 
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antenna, and a power meter. The designed antenna structure utilizes the far-field 

experimental setup. In this setup, the antenna under test and a calibrated antenna 

are positioned approximately more than three times the guided wavelength, i.e., 

120 mm apart, to achieve the required far-field distance within the operating 

frequency range of 1 GHz to 9 GHz, as displayed in Fig. 4.10(e). Conventional 

designs typically use a 3.5 mm SMA connector for the lower frequency range of 

operation (DC to 18 GHz). 

 

 

(a)                                                                 (b) 

 
(b)                                                           (d) 
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(e) 

Fig.4.11: Fabricated antenna views (a) Top patch radiator, (b) Bottom ground, (c) 

FSS reflector, and (d) Antenna Prototype Model (e) Calibration and Measurement 

Setup 

4.4.2. Reflection Coefficient 

The comparison plot of the simulated and measured reflection coefficients is plotted 

in Fig. 4.12. The measured plot confirms the simulated reflection coefficient curve, 

albeit with a slight decrease in the fractional bandwidth. The measured curve has a 

UWB range from 1.10 GHz to 8.21 GHz (FBW: 129.27%), while the simulated 

curve has a UWB performance in the range of 1.12 GHz to 8.64 GHz (FBW: 

136.73%). The resonance frequencies in the simulated plot are 1.35 GHz and 5.79 

GHz, while those in the measured plot are 1.41 GHz and 6.01 GHz, respectively. 

Therefore, both the simulated and measured plots are in excellent agreement with 

each other, as illustrated in Table 4.9. The slight variations from the ideal 

dimensions and fabrication tolerances are the main cause of deviations in resonance 

frequency and FBW. Another reason for the variations in antenna performance is 

the practical spacing between the radiator and reflector while pasting 4-plastic 

separators. The other reasons for the discrepancies in the measured data are 

environmental factors and the operational conditions of the antenna. The 

environmental factor mainly includes temperature and humidity. These factors may 

slightly change the conductivity, effective permittivity, and loss tangent of the PCB 
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materials. The changes in these factors may result in deviations in frequency shift 

as well as compression and expansion of the FBW. When an antenna operates in an 

environment where small objects are present in its near-field, it undergoes multiple 

reflections and interferences from these objects; hence, this degrades the reflection 

coefficient value, and interference provides frequency and bandwidth changes. 

Table 4.9. Simulated and measured reflection coefficients 

Case / Mode fr 

(GHz) 

S11 

(dB) 

-10dB BW  

fL-fH (GHz) 

Gain at f0 

(dBi) 

-10dB FBW 

(%) 

Simulated  

With FSS 

1.35,  

5.79 

-13.03, 

-18.07 

1.12-8.64 8.99 136.73 

Measured  

With FSS 

1.41, 

6.01 

-15.06, 

-19.03 

1.10-8.21 9.85 129.27 

 

 

Fig. 4.12: Simulated and Measured Reflection Coefficient Curve 

4.4.3. Antenna Gain 

 The antenna gains without the FSS reflector and with the FSS reflector are 

drawn in Fig. 4.13. It is observed from the comparison that from 2.80 GHz to 7.40 

GHz the antenna gain is excellently enhanced at every frequency of the span and 
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this reaches its peak value of 9.85 dBi at a frequency of 6.0 GHz with an FSS 

reflector while the peak gain value without reflector was 4.41dBi at 5.79 GHz. At 

the designed frequency of 5.5 GHz, the gains of the antenna with an FSS reflector 

and without an FSS reflector are 4.41dBi and 8.99 dBi respectively. The antenna 

gain measurement in an anechoic chamber is also displayed in the left corner of the 

gain comparison plots. 

 

Fig.4.13: Antenna gain plots without FSS reflector and with FSS reflector 

4.4.4. Radiation Pattern 

The gain radiation pattern of the designed antenna without and with an FSS 

reflector in the E-plane and H-plane with Ф=0° and Ф=90° is displayed in Fig. 

4.14. It is observed from the radiation pattern that when no reflector surface is used 

in the radiator behind the ground, the radiation in the E-plane is omnidirectional 

and, in the H-plane is like the figure of eight. After the introduction of a reflector 

beneath the ground of the radiating patch, the bidirectional nature of the radiation 

pattern becomes almost unidirectional in the E-plane with a front-to-back lobe ratio 
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of 17.5 dB. The E-plane significantly reduces the size of the back lobe. While in 

the H-plane, the back lobe becomes weaker. The front-to-back lobe ratio in the H-

plane is 15.2 dB. 

The gain radiation pattern of the designed antenna simulated and measured in the 

E-plane and H-plane with Ф=0° and Ф=90° are compared in Fig. 4.15. It is 

observed from the radiation patterns that when both the radiation pattern plots in 

the E-plane are similar to the measured radiation plot, they have a small back lobe 

as compared to the main lobe. The peak value of the main lobe coincides, and the 

measured radiation pattern follows the simulated radiation pattern in the main lobe 

direction. In the H-plane, the measured radiation pattern does not exactly match the 

simulated one. The reason for these discrepancies in the measured data is due to an 

error in the measurement setup or some measurement and observation error, and 

one of the most important responsible parameters in its fabrication is an error in the 

SMA connector soldering. 

 

                                       (a)                                                       (b) 

Fig. 4.14: E-pane and H-plane Radiation Patterns without FSS and with FSS @ 

5.50GHz 
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                                (a)                                                             (b) 

Fig. 4.15: Simulated and Measured E-pane and H-plane Radiation Patterns with 

FSS at 5.50GHz 

4.4.5. Equivalent Circuit and Its Validation 

 The reflection coefficient plot from the HFSS simulation develops the 

equivalent circuit for the designed antenna with an FSS reflector. According to the 

RLC resonance circuit theory, the lowest impedance represents the series RLC 

connection, whereas the highest impedance represents the parallel combination of 

RLC circuits [45,152]. There are three resonance frequencies: 1.35 GHz, 4.61 GHz, 

and 5.79 GHz in the UWB range from 1.12 GHz to 8.64 GHz, corresponding to the 

lowest reflection coefficient values at these frequencies. The impedances at these 

frequencies are (4.32+j35.44) Ω, (8.61+j34.54) Ω, and (1.13+j10.25) Ω 

respectively. These are very close to zero values, the three series RLC circuits in 

parallel branches, as shown in Fig. 16. The values of the R, L, and C are evaluated 

parameters for each resonance branch using the basic bandwidth and quality factor 

relationships [152]. The evaluated values re-tune with the help of advanced design 

system (ADS) software for the validation of the HFSS reflection coefficient 

generated circuit. Fig. 4.17(a) [117] displays the reflection coefficient values from 

the ADS software. This plot is then compared with the HFSS-simulated value. It is 

noticed that both ADS and HFSS S11 plots have almost similar resonance 

frequencies and bandwidths, also following the shapes depicted in Fig. 4.17(b). 
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Black and red dash-dot lines mark the existing error margins in the resonance 

frequencies. This validated the generated RLC electrical equivalent circuit of the 

designed antenna. 

 

Fig. 4.16: RLC electrical equivalent of the FSS reflector antenna 

 

(a) 
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(b) 

Fig. 4.17: Reflection coefficient plot (a) ADS software-generated, (b) Its 

validations 

4.5.Discussions 

The ANN method is utilized to determine the optimum distance of the FSS reflector 

beneath the radiating substrate. The antenna designed in this chapter is simple in 

structure with 15 dipole strips at a distance of 8 mm beneath the ground and is used 

as a reflector, resulting in a UWB bandwidth of 1.12 GHz to 8.64 GHz and a gain 

enhancement of 4.58 dBi (from 4.41 dBi to 8.99 dBi). The 8-mm air gap reduces 

the overall volume of the antenna. The FSS reflector layer strip width, strip 

distances, and air gap between the main and FSS substrate help to enhance the gain 

of the antenna, while the overall bandwidth of the antenna is improved by a 

reduction in the length of the antenna. The FSS layer also improves the radiation 

characteristics and directional properties of its E- and H-planes. The measured 



 

102 
 

results confirm the prototype's results through comparisons with simulated data. 

The ADS software manually evaluates and validates the RLC electrical equivalent 

circuit of the antenna. 

4.5.1. Comparison of Designed Antenna with Existing Literature    

The prototyped antenna resultant parameters are compared with the existing similar 

antennas and other techniques used for gain enhancements. The parameter 

comparison of the FSS reflector rectangular antenna show that the antenna 

resonates at a frequency of 5.80GHz and 1.35GHz within the ultra-wideband range 

from 1.12GHz-8.64GHz while all other antenna has multi-band narrow bandwidth 

or wide bandwidths.  In most cases, the radiator and reflector FSS surface is 

fabricated on the same substrate except in the fabricated design, and reference [149] 

the radiator and reflector are fabricated on two separate substrates. The complexity 

of the FSS layer is reduced in the proposed design as compared to Reference [149] 

by reducing the number of dipole strips in the array and increasing the separation 

between the two dipole strips.  Earlier Literature antennas cover a limited number 

of sub-6GHz band applications while the proposed antenna covers the whole range 

of the sub-6GHz band including important 5G bands n77, n78, and n79. The 

resultant performance parameters comparison between the proposed antenna and 

the existing antenna models found in the literature are presented in Table 4.9. In 

the literature, the comparisons table shows that the suggested antenna design has a 

maximum improvement of gain of 4.52dBi, which is significantly superior to the 

gains of the existing antennas except for references [149, 132, 136, and 138]. A 

comparison with active similar antennas in the literature has been presented and 

shows that the present design is simpler, easy to fabricate, has UWB bandwidth, 

and has higher gain than the earlier studies. 
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Table 4.10. Comparison of the designed antenna and with similar published 

FSS/metasurface work 

Ref. No. Ant. Size 

(mm3)   

(Ant. Type) 

Design 

Freq.,  

f0 

(GHz) 

Method for  

Gain  

Enhancemen

t 

FBW 

fL-fH,  

(GHz) 

Comp

lexity 

Gai

n 

(dBi

) 

Gain 

Enhanc

ement 

(dBi) 

Cost Effici 

ency 

(%) 

[45] 

Varshney  

et al., 2021 

66.4×66.4  

× 1.6, FR-4 

(Monopole) 

2.45 SRR triplet 

(without 

reflector) 

1.81-

3.0 

Moder

ate 

7.16 7.286 to 

7.16  

Low 92.85 

[126]  

Belen, 

2018                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

63.65×54.1

6 

 × 1.588, 

FR-4 

2.4 Band-Pass 

FSS 

(Double 

Layer) 

2.4 High 7 5 to 7 Low NG 

[133] 

Bhattachar

ya, et al., 

2020 

40 × 30 × 

0.8 

(DR height  

= 4.3 mm) 

8.15–

13.2 

(5.05) 

FSS  

(Double side) 

8.15–

13.2 

(5.05) 

High 7.8 3.3 to 

7.8 

Hig

h 

NG 

[124] 

Hussain,  

et al., 2023 

32 × 25 × 

1.52 

(Rogers 

RT/Duroid 

6002) 

12.0  FSS at a 

distance of 

9.0mm  

5-18 Moder

ate 

10.5 6.5-10.5 Hig

h 

>78 

[143] 

Tewary et 

al. 2023 

20×14 ×1.6 

FR-4 

(Monopole) 

9.12 6×6 (39mm× 

39mm) FSS 

layer beneath 

the antenna at 

a 15mm 

distance 

9.12-

31.67 

(WB) 

Moder

ate 

9.40 3.90 to 

9.40 

(5.5) 

Low 58 

[144]]Tewa

ry et al. 

2022 

26×26 ×1.6 

FR-4 

(Monopole) 

2.75 4×4 (56mm× 

56mm) FSS 

layer beneath 

the antenna at 

a 26.2mm 

distance 

2.75-28 

(SWB) 

Moder

ate 

9.40 4.80 to 

9.30 

(3.5) 

Low 76 

[149] 

Ara S.,  

and  

Kumari P. 

2023 

49 ×49 

×1.588 

RT Duroid 

5880 and 

FR-4 

(Monopole) 

5.8 49 number of 

Dipole strips 

FSS as a 

reflector at a 

distance of 

8mm 

(Double 

Layer) 

3.91-

6.44 

(WB) 

Moder

ate 

7.76 2.87 to 

7.76 

Med

ium 

>88 

[132]  

Belen, et 

al., 2020 

50 × 53.4 × 

1.6 

(FR-4) 

2.4 DRA-FSS at 

a distance of 

16mm 

2.4 Low 8.6 3 to 8.6 Low NG 

[136] 

Patel and 

Raval, 

2021 

60× 50 × 

1.6 

(FR-4)  

5.8 SIW Cavity 

Backed 

antenna using 

two dielectric 

resonator 

loading, FR-4 

inner 

cylinder, 

Teflon outer 

cylinder 

5.7-5.9 High 8.13 3.13 to 

8.13 

Low NG 

[138]  

Hua Jing  

et al., 2023 

50.4× 28 × 

0.1 

2.4 3×3 (102mm 

×102mm) 

rotatable 

curved FSS 

2.18-

2.90 

((NB) 

High 8.31 3 to 8.31 Med

ium 

NG 



 

104 
 

Polyimide 

(PI) 

substrate  

[131] 

Ghosh, et 

al., 2016 

60 × 60 × 

1.6 

FR-4 

3.75,5.

98 and 

8.79 

(Multi -

band) 

AMC 

(Double 

Layer)  

Multi -

band, 

3.75, 

5.98  

and 

8.79 

High 7.52 3.88 to 

4.93 

Low NG 

[137] 

Belabbas  

et al., 2021 

20× 20 × 

1.6 

RT Duroid 

TTN 

28.4 Asymmetric 

8×8 AMC 

ground plane 

(Impedance 

surface) 

28.4-36 Low 8.30 4 to 8.3 Hig

h 

92 

Proposed 

work 

49x49 

x1.588 

RT Duroid 

5880 and 

FR-4 

(Monopole) 

5.5 15 number of 

Dipole strips 

FSS as a 

reflector 

1.12-

8.64 

(UWB) 

Least 8.99 4.41 to 

8.99 

(4.58dB

i) 

Med

ium 
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*NB=Narrow band; WB=Wide Band; UWB=Ultra-Wideband; NG=Not Given 

 

4.5.2.  Limitation 

The projected antenna has ultra-wide bandwidth, is simple, compact in size, has 

high gain, and very high radiation efficiency values, although it has quite a few 

limitations. As the reflector FSS surface is applied beneath the bottom at a distance 

of an 8 mm gap, this will increase the volume of the antenna and therefore engage 

more volume instead of area. Since the radiating patch is etched on the RT Duroid 

5880 top layer, the antenna becomes expensive. The dipole strip array FSS 

enhances the gain and radiation efficiency but compresses the reflection coefficient. 

As the antenna has ultra-wide bandwidth from 1.12 GHz to 8.64 GHz, it is 

appropriate for sub-6 GHz communications like n46 (5150-5925 MHz), n47 (5855-

5925 MHz), n77 (3900-4200 MHz), n78 (3300-3800 MHz), n79 (4400-5000 MHz), 

n96/n102 (5925-6425 MHz), etc. However, the UWB bandwidth results in 

interferences with other than 5G applications, such as from the Wi-

Fi/Bluetooth/WLAN (2.4–2.5 GHz), Wi-MAX (3.5 GHz), CDMA (1700–

1900/2100 MHz), GSM (1850–1990 MHz), ISM (2.4–2.4835 GHz), PCS (1850–

1990 MHz) bands, Wi-Fi 5/6 (5 GHz), LTE (2.3, 2.5, and 5.8 GHz), HiperLAN 

(5.15–5.35 GHz), and another microwave L-band, S-band, C-band for wireless, 

RADAR, and satellite applications. The size of the main radiator is wider as 

compared to other works in the same domain, so  modification of dimensions in 

future. In most of the work, complex geometries were fabricated, which are difficult 
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to manufacture. In the presented literature, different substrates are utilized for both 

the patch and the FSS design, and simple, thick strip lines with a reduced count 

were used for the assembly of the FSS. 

4.6.Conclusion and Future Works 

 The fabricated antenna has a FBW of 136.73% from 1.12 GHz to 8.64 GHz; it 

is the better choice to use for all sub-6GHz applications, including important n77 

(3300–4200GHz), n78 (3300–3800MHz), n79 (4400–5000MHz) bands, etc., along 

with CDMA (1700–1900/2100MHz), GSM (1850–1990MHz), ISM (2.4–2.4835 

GHz), PCS (1850–1990 MHz) bands, Wi-Fi 4/5/6 (2.4 GHz and 5 GHz), WLAN 

(2.5GHz), Bluetooth (2.45GHz), LTE/Wi-MAX (2.3, 2.5, and 5.8GHz), 

HIPERLAN (5.15–5.35GHz), and another microwave L-band, S-band, and C-band 

for wireless, RADAR, and satellite communications. The projected antenna has 

ultra-wide bandwidth, excellent gain, and very high radiation efficiency values, 

although it has a few limitations. Setting the FSS surface beneath the ground at a 

gap increases the antenna volume in the third dimension, thereby occupying more 

space. The RT Duroid 5880's main rectangular patch antenna design will result in 

higher antenna costs. The above-mentioned limitations and challenges are the aim 

of the next future work. The generated interferences due to UWB bandwidth will 

be reduced by either decreasing the antenna bandwidth or making the antenna 

multiband. The overall volume of the antenna is controlled by further reducing the 

existing gaps between the substrates. Since the antenna is designed for the 6 GHz 

band the dimensions of the main radiator antenna are high. Therefore, 

miniaturization of the antenna size is also a challenging task for researchers. The 

next chapter's design focuses on the following challenges to remedy the existing 

issues in the projected work.   

In the future, there is need to reduce the antenna's size. The UWB bandwidth covers 

applications other than 5G; this increases the likelihood of interference with other 

covered applications. Therefore, to reduce interference, which can be achieved this 

by altering the air gap between the two substrates. 
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CHAPTER 5 

MINIATURIZED FSS REFLECTOR ANTENNA 

This chapter presents a dual-band low-loss double-layered inset-fed 

miniaturized rectangular microstrip antenna for Sub 6GHz 5G applications. The 

antenna uses an FSS layer as a reflector beneath the inset-fed rectangular patch, 

improving its directional radiation characteristics. The existing antennas face issues 

with larger-size and ultra-wideband (UWB) bandwidth, resulting in potential 

interferences. The miniaturized antenna achieves 74.11% size miniaturization and 

a 47.6% reduction in the –10dB fractional bandwidth. The overall volume is 

controlled by optimizing the gap between the two substrates. The antenna separates 

extra-applications into separate bands, eliminating interference with 5G 

applications. It is the most suitable candidate for all 5G bands, including the main 

n77, n78, and n79 bands. The antenna's performance is validated by comparing 

measured and simulated reflection coefficients and radiation performance 

characteristics. 

5.1. Miniaturization 

Currently, microstrip patch antennas (MPA) are extensively used in satellite 

communications, RADAR and direct broadband services, industrial, scientific, 

medical (ISM) bands, and PCS applications [45]. The ultra-wideband (UWB) 

antennas have limitations in terms of application interference, as they cover a wide 

range of applications [153]. Multi -narrow and wideband antennas are the remedies 

for these application interference issues [154]. Low-cost FR-4 substrates fabricate 

most low-frequency operated antennas, resulting in high losses . Therefore, there is 

a desire to fabricate an FR1-band 5G-operated antenna using low-loss materials. 

The larger size of the antenna is restricted by the higher operating band, while UWB 

bandwidth allows for many other operations that fall within this range. These 

described applications interferences. Therefore, application interference is a 

challenging issue. 
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 The solution to this is the RT Duroid 5880, which has a loss tangent of 

0.0009 as compared to the FR-4 loss tangent of 0.02. Compared to FR-4, the low-

loss RT Duroid materials are too expensive. These increase the antenna's overall 

cost. Minimizing the area of the used substrate somewhat reduces the antenna's 

cost. However, this will decrease the gain of the designed antenna geometry. 

Frequency-selective surfaces (FSS), metasurfaces, metamaterials, stacked patches, 

reflectors, and multi-layered methods enhance the antenna's gain [155,156]. 

Normally, the size of the FSS layer is greater than the patch to enhance the 

bandwidth and gain [157,158]. This leads to an increase in cost and material 

requirements. As a result, the antenna size reduction is also dependent on the FSS 

layer size reduction. 

The reference [158] monopole rectangular FSS antenna had a feed length of the 

order of half-wave guided length, i.e., 21.25mm, and a feed width of 2.0mm, but 

the estimated feed width corresponding to 50Ω feed line is 4.86mm for low-loss 

RT Duroid substrate (εr=2.2, and h = 1.588 mm) at the design frequency of 5.5 GHz. 

Since the antenna's length depends on the feed length (Lsub=Lf+LP+3h or 

Lsub=3h+LP+3h), By keeping the feed width corresponding to 50Ω, the feed length 

(Lf) is reduced so that the overall length of the antenna is reduced, i.e., Lsub. Since 

the width of the antenna is equal to the width of the substrate (Lsub), it is also a 

function of the patch width and the substrate height, i.e., Wsub= 3h+WP+3h. The 

reference antenna [158] does not follow these standard relationships. By following 

the standard rectangular patch antenna equations, the modified size of the antenna 

is miniaturized to 28mm×22.2mm (0.187‗×0.148‗) as compared to the reference 

antenna size of 49mm×49mm (0.955‗×0.955‗) where,‗ is corresponds to the 

lowest resonating frequency (f0=2.01GHz). Thus,  a total size reduction of 74.11%, 

is achieved. 

Furthermore, minimize the antenna's volume by controlling or adjusting the 

existing gap between the radiator RT Duroid 5880 substrate and the reflector FSS 

FR-4 substrate (G). The gap between the two substrates (G) of the reference antenna, 

which was 8 mm, is now only 2.0 mm. This parametric operation reduces the 

overall volume of the antenna to up to 86% of the reference [158]. The antenna 
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maintains its volume by keeping the two substrates, the antenna radiator and the 

FSS reflector, similar in size. This parametric optimization shortens the dipole 

strips' length (Ldipole) and cuts the number of dipoles in the FSS reflector from 15 

to 9. It doesn't change the dipoles' width (Wdipole) or the distance (d) between them. 

Also, by making the monopole ground (LGnd) length longer across the whole 

bottom surface of the RT Duroid 5880 radiator substrate, the Sub-6GHz 5G FR1 

band (1 GHz–6 GHz) interferences  are eliminated with the other higher C-band 

(6.0 GHz–8.0 GHz) and lower X-band (8.0 GHz–10.0 GHz) apps. As a result, the 

ground length (Lsub) equals the two substrates of the designed antennas. 

5.1.1.  Design Equations 

  The conventional rectangular patch antenna dimensions are estimated using 

standard design equations. 

5.1.2. Prototype Development 

 

 
                 

 

                                       (a)                                                                              (b)  
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                     (c)                                                                                (d) 

Fig.  5.1: Rectangular patch FSS antenna (a) estimated antenna with the full ground 

(Iteration-0), (b) Monopole antenna [2] (Iteration-1), (c) Modified monopole 

antenna (Iteration-2), and (d) Miniaturized antenna (Iteration-3) 

The rectangular patch antenna design starts with estimated dimensions using 

standard design equations, as shown in Fig. 5.1(a). This antenna (Iteration-0) 

consists of full bottom ground on the bottom surface of the RT Duroid 5880 

substrate with a size of 26.021mm×49.765mm and an FSS layer (of width equal to 

just double of the width of radiator substrate) beneath the radiator at 8mm distance 

(evaluated using ANN method). The initial size of the FSS layer is just double the 

width of the RT Duroid (radiating patch) substrate, while the lengths of both 

substrates are kept equal. The 2mm wide seventeen (17) dipole strips and are 

equally spaced at1 mm apart from each other periodically. The array of 7 units of 

dipole strips is used as reflector FSS. The dimensions of the antenna and FSS 

substrates have been further modified (each of dimensions 49mm×49mm) to 

achieve enhanced bandwidth and improved gain values, as shown in Fig. 5.1(b). 

This modified monopole antenna (Iteration-1) has a reduced ground of 14.25 mm 

on the bottom of the RT Duroid 5880 substrate, which has a 49 mm × 49 mm square 

area, and an FSS layer below the radiator that is 6.412mm below the radiator ground 

surface. To achieve a wide bandwidth, the radiating rectangular patch dimensions 

have been optimized to 21.55mm×17.50mm. The modified size of the FSS layer is 

optimized exactly equal to the RT Duroid substrate. The improve antenna gain is 
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achieved by increasing the number of 49 units of dipole strips (from 17 dipole) of 

width (0.25 mm) and periodic spacing (0.75 mm) on the reflector FSS, as shown in 

Fig. 5.1(b). The FSS layer in this design is complicated and has congested spaced 

dipole strips. The small spacing restricts the iteration-1 antenna design from its 

fabrication. Therefore, iteration-1 antenna design is again modified (Iteration-2). It 

has a monopole ground 14.25 mm long on the bottom of the RT Duroid 5880 

substrate and covers an area of 49 mm × 49 mm. The gap between the FSS layer 

substrate under the radiator is 8 mm. Again, the size of the FSS layer is kept similar 

to the RT Duroid substrate i.e, 49mm×49mm. The FSS consists equally spaced (1 

mm apart, 2.0 mm wide) 15 units of dipole strips as reflector, as shown in Fig. 

5.1(c). The enhanced bandwidth causes application interferences and the 15 dipoles 

in the FSS needed higher area of the FR-4 and RT Duroid 5880 substrate the makes 

the antenna size higher and costlier. Therefore, it is important to miniaturize the 

overall size of the substrate required to fabricate FSS as well as radiator and 

secondly reduce the gaps between the two substrates to control overall antenna 

volume, finally the wider bandwidth becomes narrower by means of increasing the 

ground length on the full bottom surface it reduces the application interferences. To 

achieving this the further modification in the design of Iteration-0 antenna is carried 

out as shown in Fig. 5.1(d).   The detailed explanations of the designed antenna 

(iteration-3) is explained in the next sub-section of this chapter.  

5.1.3. Optimized Design  

 
                                   (a )                                               (b) 
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(c)  

 
(d)  

Fig.  5.2: Miniaturized antenna structure (a)Top view, (b) Bottom view, (c)Dipole 

Array as FSS reflector, and (d) Miniaturized antenna dimensional structure 

 

To achieve bandwidth and gain enhancement, the size of the RT Duroid 5880 has 

been increased. This will increase the cost and also allow other applications' 

interferences to interfere with 5G Sub-6GHz FR1 band applications. The antenna 

maintains its cost by shrinking the size of the RT Duroid substrate. Also, application 

interference is minimized by reducing the bandwidth or making the antenna multi-

band in nature. These limitations and challenges can be addressed by miniaturizing 

the overall volume of the antenna. The feed length, number of dipole strips, ground 

length, and the existing gap between the substrate are optimized to reduce the 
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limitations of the Fig. 5.1(b)-designed antenna. The final redeveloped (modified) 

antenna structure is illustrated in Fig. 5.2(a–d). Table 5.1 mentions all the 

optimized design parameters and dimensions. Table 5.1 also shows the estimated 

parameter dimensions, the reference antenna dimensions [189], and the modified 

miniaturized antenna dimensions. 

Table 5.1. Dimensions of the Miniaturized FSS Antenna 

Parameter  

Name 

Symbolic  

Representation 

Estimated 

Value  

(in mm) 

@5.5GHz 

Iteration-

0 

Reference 

Design with 

49 dipole 

strips 

@5.8GHz 

or 

Optimized 

value (mm)  

Iteration-1 

Modified 

Design with 

15 dipole 

strips 

@5.5GHz 

or 

Optimized 

value (mm)  

Iteration-2 

Final Design 

with 9 dipole 

strips 

@5.5GHz 

Simulated 

or Optimized 

value (mm) 

Iteration-3 

RT Duroid 5880 

Substrates width 

Wsub=3h+WP+3h 26.021 49.0 49.0 28.0 

FR4 Substrate width Wsub’=2Wsub 52.042 49.0 49.0 28.0 

FR4 and RT Duroid 

5880 Substrates 

length 

Lsub=3h+LP+3h 

or 

Lsub=Lf+LP+3h 

49.765 49.0 49.0 22.2 

Patch width WP 16.493 14.25 21.55 19.5 

Patch length LP 20.445 17.50 17.50 17.0 

Microstrip Feed 

width 

Wf 3.986 2.0 2.0 4.86 

Microstrip Feed 

Length 
L f=  18.91 20 20.25 5.5 

Inset-Cut width Wi 0.5 0.5 0.5 0.515 

Inset-Cut length L i 4.25 4.25 4.5 3.5 

Ground width WGnd 26.021 49.0 49.0 28.0 

Ground length LGnd 49.765 14.25 14.25 22.2 

Height of RT 

Duroid 5880 

H 1.588 1.588 1.588 1.588 

Height of FR-4 h1=h 1.588 1.588 1.588 1.588 

The gap between 

two substrates 

G 8 6.412 8 2.0 

Width of dipole Wdipole 2.0 0.25 2.0 2.0 

Length of dipole Ldiopole 49.765 49.0 49.0 22.2 

The separation 

between two dipoles 

D 1.0 0.75 1.0 1.0 

Each dipole length (Ldipole) is kept equal to the length of the substrates (Lsub); the 

ground is spread over the full bottom surface, and the gap (G) between the two 

substrates is reduced to 2 mm. The number of dipole strips are reduced in the FSS 
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layer to 9 units. A detailed description of the antenna dimensions, size, and volume 

miniaturization has been described in Section 5.3. Table 5.2 showcases the 

dimensional parameter variations and their respective values. 

Table 5.2. Antenna Dimensions Miniaturization 

N Feed   

length 

Lf 

(mm) 

Feed   

width 

Wf 

(mm) 

Li 

(mm) 

Wi 

(mm) 

G 

(mm) 

LGnd 

(mm) 

Reflector 

Size (mm2) 

(Lsub×Wsub) 

Patch Size 

(mm2) 

(LP×WP) 

fr 

(GHz) 

-10dB BW  

(GHz) 

Gain 

(dBi)  

at fo= 

5.50G

Hz 

17 

I-0 

18.91 4.86 4.25 0.50 8.0 49.765 

(Full 

bottom) 

26.021 

×49.765 

16.493 

×20.445 

1.0, 

4.46, 

6.21 

(0.93-3.34), 

(4.25-5.36), 

(5.82-9.37) 

0.64 

49 

I-1 

20.25 2.0 4.5 0.50 6.412 14.25 49×49 14.25 

×17.50 

5.89 (3.91-6.44) 7.0 

15 5.5 4.86 3.5 0.515 2.0 22.2 

(Full 

bottom) 

22.2×49 17×19.5 2.08, 

6.32 

(1.73-5.54), 

(5.87-9.0) 

5.30 

15 5.5 4.86 3.5 0.515 2.0 (Full 

bottom) 

30×49 17×19.5 2.04, 

6.32 

(1.74-5.41), 

(5.96-8.77) 

6.21 

15 5.5 4.86 3.5 0.515 2.0 (Full 

bottom) 

49×49 17×19.5 2.04, 

6.24 

(1.72-5.46), 

(5.91-8.83) 

6.31 

15 21.25 4.86 5.5 0.515 2.0 (Full 

bottom) 

49×49 17×19.5 1.02, 

5.03, 

6.17 

(0.96-3.58), 

(4.73-5.65) 

(5.88-7.79) 

9.06 

15 21.25 4.86 5.5 0.50 2.0 (Full 

bottom) 

49×49 17×19.5 1.02, 

5.03, 

6.17 

(0.97-3.58), 

(4.73-5.65) 

(5.88-7.79) 

9.0 

15 21.25 4.86 5.5 0.50 2.0 (Full 

bottom) 

49×49  

[1] 

17.5× 

21.55 

1.02, 

5.03, 

6.17 

(0.91-3.83), 

(4.69-5.54) 

(5.73-7.82) 

9.16 

15 21.25 2.0 5.5 0.50 2.0 (Full 

bottom) 

49×49 

[1] 

17.5× 

21.55 

0.79, 

5.06, 

6.25 

(0.67-4.57), 

(4.69->10) 

 

8.37 

15 21.25 2.0 5.5 0.50 6.0 (Full 

bottom) 

49×49 

[1] 

17.5× 

21.55 

0.74, 

4.96, 

5.96 

(0.70-4.49), 

(4.70->10) 

8.15 

15 21.25 2.0 5.5 0.50 4.0 14.25 

(monop

ole) 

49×49 

[1] 

17.5× 

21.55 

1.27, 

4.83, 

6.0 

(1.10-3.47), 

(4.27-8.59) 

8.88 

15 21.25 2.0 5.5 0.50 6.0 14.25 

(monop

ole) 

49×49 

[1] 

17.5× 

21.55 

1.18, 

5.95 

(1.05-3.34), 

(4.87-8.43) 

9.07 

15 

I-2 

21.25 2.0 5.5 0.50 8.0 14.25 

(monop

ole) 

49×49 

[1] 

17.5× 

21.55 

1,.27, 

5.82 

(1.12-8.63) 8.97 

9 

I-3 

5.5 4.86 3.5 0.515 2.0 (Full 

bottom) 

22.2×28.0 

(Proposed 

work) 

17×19.5 2.04, 

6.32 

(1.72-5.54), 

(5.85-8.91) 

4.21 
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5.2. Parameter of Design 

To accomplish the antenna size miniaturization along with reduced application 

interference, the parametric on all the possible antenna parameters has been applied. 

This section provides a detailed description of the parametric analysis of the 

antenna parameters. The parametric study of the modified miniaturized antenna 

dimensions has been carried out to achieve dual-band and reduced bandwidth to 

limit the application interferences within the band. The parametric values of 

dimensional parameters are arranged in Tables 5.3–5.8, and their corresponding 

reflection coefficients are illustrated in Figs. 5.3–5.8. 

5.2.1. Ground Length (LGnd) 

Fig. 5.3 represents the parameter study of the ground length variations from 

12.5% to 100% as arranged in Table 5.3 and their effect on the reflection 

coefficient (S11) of the miniaturized antenna. It is ascribed from the parametric data 

that when the ground length is spread over the whole bottom surface of the radiator 

substrate, it will provide the highest gain of 4.21 dBi at the design frequency as well 

as convert the bandwidth of the antenna to dual wide bands. It also introduces a 

notch band from 5.54 GHz to 5.85 GHz. 

Table 5.3. Parameter of ground length 

LGnd (mm) fr (GHz) -10dB BW (GHz) Gain (dBi) at 

fo=5.5GHz 

2.775 (12.5%) 2.76, 6.44 (2.06-7.94) 1.45 

5.55 (25%) 2.76, 5.88 (2.16-8.01) 1.38 

11.1 (50%) 2.36 (1.98-8.16) -0.37 

22.2 (100%) 2.04, 

6.32 

(1.72-5.54), 

(5.85-8.91) 

4.21 

 



 

115 
 

 
Fig.  5.3: Effect of ground length variations (LGnd) 

5.2.2.The gap between the radiator and FSS reflector substrates (G) 

 
Fig.  5.4: parameter of gap between two substrates (G) 

The parameter study of the gap variations in a step size of 1 mm reduction from 

8.0 mm to 1.0 mm is arranged in Table 5.4, and their effect on the reflection 
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coefficient (S11) of the miniaturized antenna is represented in Fig. 5.4. It is said 

that when the gap between two substrates is equal to 2.0 mm, it will provide the 

strongest notch of 310 MHz within the band and strongly support the dual-band 

nature (1.72-5.54), (5.85-8.91) of the antenna. 

Table 5.4. Parameter of gap between Two Substrates (G) 

G  

(mm) 

fr 

(GHz) 

-10dB BW  

(GHz) 

Introduced notch 

band (GHz) 

Gain (dBi) at  

fo=5.5GHz 

1 2.04, 

6.32 

(1.72-5.56), 

(5.83-8.96) 

270MHz 

(5.56-5.83) 

4.22 

2 2.04, 

6.32 

(1.72-5.54), 

(5.85-8.91) 

310MHz 

(5.54-5.85) 

4.21 

3 2.08, 

6.32 

(1.72-5.62), 

(5.83-9.0) 

210MHz 

(5.62-5.83) 

4.39 

4 2.04, 

6.36 

(1.72-5.61), 

(5.84-9.0) 

210MHz 

(5.61-5.84) 

4.34 

5 2.08, 

6.36 

(1.73-5.67), 

(5.79-9.0) 

120MHz 

 (5.67-5.79) 

4.27 

6 2.08, 

6.36 

(1.72-5.64), 

(5.85-9.0) 

210MHz 

(5.64-5.85) 

4.27 

7 2.04, 

6.32 

(1.71-5.61), 

(5.81-8.98) 

200MHz 

(5.61-5.81) 

4.36 

8 2.04, 

6.32 

(1.72-5.59), 

(5.84-8.96) 

250MHz  

(5.59-5.84) 

4.21 

5.2.3. Parameter of Number of Dipoles (N) 

By keeping the width and spacing between the dipole strips constant, the 

number of dipole strips in a pair of dipoles is reduced from 15 to 9 by keeping the 

gaps between the two substrates (G) constant at 2.0 mm and the length of the 

substrate constant at the RT Duroid substrate (22.2 mm). The reduced number of 

dipole strips also generates the possibility of reducing the width of the FSS reflector 

FR-4 substrate. The parameter value of the number of strips is showcased in Table 

5.5, and their reflection coefficients are illustrated in Fig. 5.5. It is noticed from the 

S11 comparisons that with 9 units of dipole strips, the FSS size gets reduced to a 

minimum, consequently 28 mm×22.2 mm, and the overall volume of the antenna 

system gets reduced. With these dipole number variations, bandwidth remains 

almost constant while the gain of the proposed antenna reduces to 4.21 dBi. 
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Table 5.5. Parameter of the number of dipole strips (N) 

N Reflector Size 

(Lsub×Wsub)in 

mm 

fr 

(GHz) 

-10dB BW  

(GHz) 

Gain (dBi) at 

fo=5.50GHz 

15 22.2×49 2.08, 

6.32 

(1.73-5.54), 

(5.87-9.0) 

5.30 

5.0 

13 22.2×40 2.08, 

6.32 

(1.73-5.61), 

(5.87-9.0) 

5.0 

4.8 

11 22.2×34 2.04, 

6.36 

(1.74-5.49), 

(5.93-8.89) 

4.41. 

4.0 

9 22.2×28 2.04, 

6.32 

(1.72-5.54), 

(5.85-8.91) 

4.21 

3.7 

 
Fig.  5.5: Effect of the number of dipole strips reduction 

5.2.4. Parameter of the Patch Width (WP) 

Table 5.6 showcases the parameter study of patch width variations from 

21.55mm to 18.50 mm, with a step size of 0.50mm, while maintaining a constant 

patch length of 17.0 mm. Fig. 5.6 illustrates their impact on the reflection 

coefficient (S11) of the miniaturized antenna. The parameter data suggests that a 

patch width of 19.50 mm yields the highest FR1band of the 5G sub-6 GHz 

bandwidth (1.72 GHz–5.54 GHz) in its initial band. It also introduces a notch band 

from 5.54 GHz to 5.85 GHz, which minimizes application interference with C-band 
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and X-band applications, also conclude that patch width reduction transforms the 

antenna into a dual-band configuration and introduces a small notch band. The 

patch width reduction will also reduce the gain. Therefore, 19.50 mm is considered 

as  an optimized value of patch width. 

Table 5.6. Parameter of the Patch width (WP) 

WP 

(mm) 

fr 

(GHz) 

-10dB BW  

(GHz) 

Gain (dBi)  

at fo=5.5GHz 

21.55 1.96,6.12 (1.63-8.36) 4.86 

21.50 1.96, 6.16 (1.64-8.44) 4.84 

20.50 1.96, 6.20 (1.66-8.57) 4.58  

19.50 2.04, 

6.32 

(1.72-5.54), 

(5.85-8.91) 

4.21 

3.5 

18.50 2.08,  

6.40 

(1.75-5.50), 

(5.94-9.0) 

3.92 

3.2 

 

 

Fig.  5.6: Effect of the patch width variations 
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5.2.5. Parameter of the Patch Length (LP) 

 
Fig.  5.7: Effect of the patch length variations 

The parameter study of the patch length variations from 17.50mm to 16.90mm 

in a step size of 0.05/0.10mm by keeping patch width constant equal to 19.50mm 

is carried out and showcased in Table 5.7, and their effect on the reflection 

coefficient (S11) of the miniaturized antenna is represented in Fig. 5.7. It is ascribed 

from the parametric data that when the patch length is 17.0 mm, it will provide the 

highest FR1band of 5G sub-6 GHz bandwidth (1.72 GHz–5.54 GHz) in its first 

band. It also supports maintaining a notch band from 5.54 GHz to 5.85 GHz and 

minimizes application interference with C-band and X-band applications, also 

conclude that reducing the patch length results in lower gain values. Consequently, 

as a result, the 17.0 mm patch length is treated as an optimized value. 

Table 5.7: Parameter of the patch length (LP) 

LP (mm) fr (GHz) -10dB BW (GHz) Gain (dBi) at 

fo=5.5GHz 

17.50 2.0, 

6.20 

(1.67-5.52), 

(5.66-8.99) 

4.65 

17.45 2.0, 

6.20 

(1.68-5.52), 

(5.72-8.95) 

4.58 

17.40 2.04, (1.70-5.53), 4.57 
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6.24 (5.73-9.0) 

17.30 2.0, 

6.20 

(1.68-5.52), 

(5.74-8.83) 

4.44 

17.20 2.0, 

6.28 

(1.69-5.53), 

(5.78-8.90) 

4.40 

17.10 2.04, 

6.36 

(1.70-5.62), 

(5.79-8.97) 

4.25 

17.0 2.04, 

6.32 

(1.72-5.54), 

(5.85-8.91) 

4.21 

16.90 2.04, 

6.32 

(1.73-5.57), 

(5.86-8.91) 

4.24 

5.2.6. Parameter of the Inset length (Li)/Feed length (Lf) 

 

Fig.  5.8: Variations of the inset length (Li) and feed length (Lf) 

Since the feed length (Lf) is dependent on the inset length (Li), any change in 

the inset length also changes the feed length. Parametric study is carried out - of the 

inset length variations from 4.5 mm to 3.3 mm in a step size of 0.20 mm, 

maintaining the inset width (Wi) constant at 0.515 mm. Table 5.8 showcases this 

study, and Fig. 5.8 represents their effect on the reflection coefficient (S11) of the 
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miniaturized antenna. The parametric data suggests that an inset length of 3.50 mm 

yields the highest FR1 band of the 5G sub-6 GHz bandwidth (1.72 GHz–5.54 GHz) 

in its initial band. It also introduces a notch band from 5.54 GHz to 5.85 GHz, 

which minimizes application interference with C-band and X-band applications, 

also conclude that a 4.1 mm reduction in inset length transforms the antenna into a 

dual-band and introduces a small notch band. The reduction in inset length will also 

lead to a decrease in gain. Consequently, 3.5 mm inset length is treated as an 

optimized value. 

Table 5.8: Parameter of the Inset length (Li) and Feed length (Lf) 

Li (mm) Lf (mm) fr 

(GHz) 

-10dB BW  

(GHz) 

Gain (dBi)  

at fo=5.5GHz 

4.5 6.5 1.92, 6.16 (1.65-8.22) 4.51 

4.3 6.3 2.04, 6.24 (1.69-8.76) 4.45 

4.1 6.1 2.0,  

6.24 

(1.68-5.65), 

(5.72-8.66) 

4.38 

3.9 5.9 2.0,  

6.24 

(1.69-5.55), 

(5.78-8.61) 

4.39 

3.7 5.7 2.0, 6.24 (1.69-8.74) 4.38 

3.5 5.5 2.04, 

6.32 

(1.72-5.54), 

(5.85-8.91) 

4.21 

3.3 5.3 2.04, 

6.36 

(1.71-5.56), 

(5.85-9.0) 

4.24 

5.3.Results and Discussions 

5.3.1. Reflection Coefficient Comparisons of Antenna Miniaturization  

The reflection coefficient comparison of the miniaturized antenna 

development stages as discussed in Section 5.3 is illustrated in Fig. 5.9. Antenna is 

designed, using standard equations (Iteration-0), resulting in three narrow bands 

and a low gain value. The bandwidth of the antenna is enhanced by reducing the 

ground length and using 49 dipole strips as an FSS layer at a distance of 6.412 mm. 

This action makes the antenna wideband, and the gain of the antenna is enhanced 

to 7.76 dBi. However, the limitation of this iteration-1 antenna is that it will not 

cover the important sub-6 GHz 5G applications like the n77 and n78 bands; it uses 

49 dipole strips in a larger area, and it is costly too. Therefore, these gaps are further 

filled by modifying the design (Iteration 2). The iteration-2 antenna has UWB 
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bandwidth, higher gain, and is easy to fabricate. However, it is costly and covers 

other applications than the 5G FR1 band. Further, new challenges are raised to 

reduce bandwidth, limit application interference, and reduce costs. These 

challenges are resolved in the modified, miniaturized dual-band antenna (iteration 

3). The introduced notch band (between red and green vertical dashed lines) 

separates the sub-6 GHz band frequencies from the other C-band and X-band 

frequencies, and consequently, application interferences are minimized, and the 

miniaturized size helps to reduce the cost of the antenna. 

 
Fig.  5.9: Reflection Coefficients of Antenna Miniaturization 

5.3.2.Miniaturized FSS Reflector Antenna Prototype 

The miniaturized double-layered antenna is fabricated using two substrates. The 

main radiator rectangular patch is etched on the costly 28mm×22.2mm RT Duroid 

substrate of thickness 1.588mm [Fig. 5.10(a)]. The bottom side of the antenna 
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contains full copper [Fig. 5.10(b)]. Finally, a 50Ω SMA connector is soldered in 

the feed. The FSS layer is etched on the low-cost piece with the same dimensions 

as RT Duroid and the same thickness of 1.6 mm. The 9 units of periodically spaced 

dipole copper strips collectively create the FSS layer [Fig. 5.10(c)]. So, both 

substrates are joined using 2.0-mm separators. The photograph in Fig. 5.10(d) 

displays the final prototype of the miniaturized antenna model. 

 
(a)                                                     (b) 

 

 
 

(c)                                                                       (d) 

 

(d) 

Fig.  5.10: Miniaturized Antenna Fabricated Model (a) Front View (RT Duroid 

5880), (b) Ground View (RT Duroid 5880), (c) FSS Reflector View (FR-4), and  

(d) 3-D View of the Final Fabricated FSS Antenna  
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5.3.3.  Antenna Testing 

In order to make sure the antenna works, by confirming its gain, radiation pattern, 

and reflection coefficients at two resonating frequencies of 2.01 GHz and 6.24 GHz 

and  comparing these results measured, for simulating the antenna. All  the 

measured graphs are closer to the simulated values. Figs. 5.11–5.14 display the 

simulated and measured antenna parameters, which Table 5.9 summarizes. These 

parameters include the input reflection coefficient, VSWR, gain, and radiation 

pattern. Fig. 5.13 (a–d) illustrates the gain radiation patterns in the E-plane and H-

plane at the two resonating frequencies. Fig. 5.14 illustrates the antenna's 3D 

radiation pattern at design frequency. It is unidirectional and has a small, minor 

lobe in the back. Therefore, it has an excellent front-to-back ratio (FBR). 

Table 5.9. Results of Miniaturized FSS Antenna 
Antenna Resultant 

Parameter  

Simulated 

Value 

(Without FSS) 

Measured 

Value 

(without FSS) 

Simulated 

Value 

(With FSS) 

Measured 

Value 

(With FSS) 

Resonating 

frequency fr 

2.08GHz and 

6.26GHz 

2.76GHz and 

6.31GHz 

2.01GHz and 

6.24GHz 

3.1GHz and 

6.21GHz 

Reflection 

coefficients,  

S11 at fr 

-39.18dB and  

-23.14dB 

-34.54dB and  

-22.93dB 

-36.86dB and  

-20.54dB 

-36.81 dB and  

-18.12dB 

-10 dB fractional 

BW 

 1.72–>9GHz 1.56 –>9GHz (1.72–

5.54GHz)  

and 

(5.85–

8.91GHz) 

(1.68–5.0GHz) 

 and  

(5.50–

8.89GHz) 

Gains at fr 1.05dBi and 

5.92dBi 

1.40dBi and 

5.50dBi 

1.05dBi and 

5.92dBi 

1.40dBi and 

5.50dBi 

Half Power Beam 

width (HPBW) 

— =85.88˚ and 

—=85.6˚ 

No Record —=86.234˚ and 

—=87.346˚ 

—=79.20˚ and 

—=75.9˚ 
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(a) 

 
(b) 

Fig.  5.11: Simulated and Measured Miniaturized Antenna without FSS reflector 

(a) Reflection Coefficients and (b) Gains 
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(a) 

 
(b) 

Fig.  5.12: Simulated and Measured Miniaturized Antenna with FSS reflector    

(a) Reflection Coefficients and (b) Gains 
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(a) (b) 

 

                               (c)                                                             (d) 

Fig.  5.13: Simulated and Measured Radiation Patterns of miniaturized FSS 

Antenna (a) E-plane @ 2.01GHz, (b) E-plane @ 6.24GHz,                                                

(c) H-plane @ 2.01GHz, (b) H-plane @ 6.24GHz 
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Fig.  5.14:3D-Radiation pattern 

5.3.4. State-of-the-Art of Miniaturized Antenna 

Table 5.10 showcases the state-of-the-art results of the recently published FSS 

antennas. The recorded data reveals that the proposed antenna boasts the smallest 

size among all existing similar antennas [124, 136, 137 and 159]. The proposed 

antenna has the lowest cost as compared to antennas fabricated using the RT Duroid 

5880 substrates. It is also observed, that the miniaturization process turns the 

antenna into a multi-band device. These multi-band antenna miniaturization 

processes also result in reduced gain values [154]. The proposed antenna is the 

smallest, has low loss, is dual-band, has an acceptable gain of the order of 5 dBi to 

6 dBi, and has a wide dual band. It also has a notch band that entirely eliminates 

application interferences [153 ,158]. 

Table 5.10. Comparison of the designed Antenna with Similar literature Antennas 

Ref. fr 

(GHz)  

Freq. Band 

(GHz) 

Size (mm2) 

(Wsub×Lsub) 

-10dB  

FBW 

(%)  

Gain  

(dBi)  

Cost 

Varshney et 

al. 2024[154] 

3.40,  

6.02,  

8.21  

(2.87-3.92),  

(5.49-7.03),  

(8.03-8.40)  

28.45×33.4 

(0.322‗×0.378‗) 

30.88,  

24.60,  

4.50  

3.59, 

 

Low 

Saad, et al, 

2017[160] 

1.54, 

2.45, 

5.1 

(1.48–1.63),  

(2.25–2.48),  

(4.22–6.0) 

15×35 

(0.08‗×0.18‗) 

9.6, 

9.72, 

34.8 

0.8, 

1.6, 

2.9 

Low 

Nakmouche et 

al., 2021[159] 

6.0 (5.53-6.36)  

 

50×50 

(‗×‗) 

13.65 8.89 High 



 

129 
 

Hussain et al., 

2023 [10] 

12.0 (5-18) 32×25 

(1.28‗×‗) 

113 10.5 High 

Belabbas et al. 

2021 [137] 

28.4 28.4-36  

 

20× 20  

(18.93‗×18.33‗) 

23.60 8.3 High 

Patel and 

Raval 2021 

[136] 

5.8 5.7-5.9 60× 50  

(0.08‗×0.18‗) 

3.4 8.13 High 

Ara and 

Nunna 

2023[153] 

5.85 3.91-6.44 49×49 

(0.955‗×0.955‗) 

50.48 7.76 High 

Ara and 

Nunna2024[1

58] 

1.35, 

5.79 

1.12-8.64 

(UWB) 

49×49 

(0.220‗×0.220‗) 

154.09 8.99 High 

Proposed 

work 

2.01, 

6.24 

(1.72-5.54), 

(5.85-8.91) 

28×22.2 

(0.187‗×0.14ψ‗)  

105.23, 

41.46 

1.05, 

5.92 

Medium 

 

5.4.Conclusion 

The low-loss miniaturized antenna resolves application interferences within the 

band by introducing a small notch band within its larger bandwidth, which spans 

from 1.12 GHz to over 9.0 GHz. Therefore, due to its filtering action, the antenna 

proposed in this chapter behaves like an application-filtering antenna. Of course, 

the antenna miniaturizes the size by 74.11%, reducing the overall cost due to the 

need for the expensive RT Duroid 5880 substrate. Due to miniaturization, the 

overall gain decreases however, the antenna resonated essential frequency band. 

The reduced gap between the two substrates reduces the overall volume to 86%, 

while the introduced notch band (5.54 GHz–5.85 GHz) due to the combined effect 

of increased ground length, patch modification, reduced gap, and the number of 

dipole strips in the FSS results in a dual-band reduction in the overall -10 dB 

fractional bandwidth (FBW) to 47.6%. As a result, the miniaturized antenna 

becomes an ideal candidate for FR1-band sub-6 GHz (5G) applications such as the 

n77, n78, and n79 bands. Introducing a stacked patch over the rectangular patch at 

a suitable location could further improve the reduced antenna gain. 
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CHAPTER 6 

RESULTS  

This chapter presents the summary of the three fabricated antennas and compares 

the performance measures. For validation purpose of these antennas their reflection 

coefficients and gains plots are presented. This chapter concludes the thesis and 

highlights future scope. 

6.1. Antenna Prototype 

 

   

 

(a) 

 

Antenna without FSS 
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(b) 

 

      
 

(c ) 

 

Antenna With 9 dipoles 
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(d) 

 
(e) 

Fig 6.1: Proposed Antenna structures (a) Antenna without FSS- Front view, Rear 

view(b) Antenna with 15 dipole -Front view, Rear view and FSS (c)Antenna with 

9 dipole -Front view, Rear view and FSS (d) antenna with 15 dipole strips model, 

and (e) Antenna with 9 dipole strips model 

Three antennas have been modeled, evaluated, designed, fabricated, and 

measured for conducting research on sub-6 GHz 5G uses, as showcased in Fig. 6.1. 

The research started with the design and development of the rectangular patch 

antenna without the use of a frequency-selective surface, which was then fabricated 

on an RT Duroid 5880 substrate and measured as displayed in Figs. 6.1(a)  

Afterward, the periodic structure of equally spaced 49 dipole strips at a suitable 

distance beneath the ground of the antenna is placed below the main antenna 

radiator. That serves as a reflector for the electromagnetic waves and improves the 

directivity and gain of the single-layered rectangular patch antenna. The fabrication 

of this FSS layer is very complicated as their 49-strip thickness is very thin, and 

these are close together. The FSS layer is then improved by reducing the 49 dipole 

strips to 15 dipole strips with an increased gap between the strips. These FSS are 
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simple and easily fabricable on FR-4 substrates. Fig. 6.1(b) displays the 15-dipole 

antenna's FSS layer. The prototyped 15 dipole FSS antenna is displayed in Fig. 

6.1(d). This antenna has higher gain and bandwidth but suffers from application 

interference and is larger. To remedy these issues, the antenna is further 

miniaturized in size, and FSS is also miniaturized by reducing the number of dipole 

strips from 15 to 9, as displayed in Fig. 6.1(c). This miniaturized antenna is named 

a 9 -dipole antenna, as shown in Fig. 6.1(e).  

6.2. Reflection coefficients and Gain Plots 

The fabricated antennas are tested using a 60GHz Keysight vector network 

analyzer (VNA), an Agilent N5247A, and an 18GHz anechoic chamber for the gain 

and radiation power measurements as discussed in the previous chapters. The 

designed and simulated reflection coefficients of the fabricated antennas are 

compared in Fig. 6.2. The closeness of these plots confirms that the designed and 

fabricated antennas are valid for the use of sub-6 GHz 5G applications. The single 

layer and the antenna with 15 dipoles have a wider bandwidth and larger sizes. The 

miniaturized antenna FSS is designed and arranged in such a way that it introduces 

a notch in the wide bandwidth, making the antenna dual band. This eliminates the 

issue of application interference due to wide bandwidths. 

Fig. 6.3 compares the simulated and measured gains of the fabricated antennas. 

The simulated and measured results are in agreement, with some discrepancies in 

the curve shapes. These differences between the simulated and measured gains are 

due to fabrication errors, SMA connector connections, and misalignments in the 

proper placement of the FSS layer. The FSS improves the gain by 5 dBi in the 15-

dipole antenna, while the miniaturized antenna with 9 -dipoles falls below the gain 

value by 1.3 dBi. 



 

134 
 

 

Fig. 6.2: Simulated and measured reflection coefficients (S11) plots of designed and 

fabricated antenna 
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Fig. 6.3: Simulated and measured Gains (G) plots of designed and fabricated 

antenna 

 

Antenna With 9-Dipole Strip in FSS 

Antenna with 15 dipole Strip in FSS 

Base Antenna Without FSS 
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6.3.Results Comparisons 

For three fabricated antennas, the performance measures are analyzed in Table 6.1 

Table 6.1. Antennas results performance parameter comparisons 

Parameter 

Name 

Antenna 

Without FSS 

Antenna With 15-

dipole Strips FSS as 

Reflector 

Miniaturized Antenna  

With 9-dipole Strips 

FSS as Reflector 

Gap between 

two Substrates 

------- 6.412mm 2.0mm 

No. of Dipole 

Strips 

------- 15 09 

Ground Size Monopole, 

29.08% (14.25 

mm) 

Monopole, 29.08% 

(14.25mm) 

Full Ground,  

100%(22.2mm) 

Antenna Size  49mm×49mm 49mm×49mm 28mm×22.2mm 

Size 

Miniaturization 

Not done Not done 74.11% 

Volume 49mm×49mm×1.6mm 49mm×49mm×9.6mm 28mm×22.2mm×5.188mm 

Volume 

Reduction 

Not done Not done 86% 

-10dB BW (5G 

Coverage) 

1 GHz–9.5 GHz 1.12GHz–8.62GHz 1.70GHz–

5.63GHz=3.93GHz 

Fractional 

Bandwidth 

(FBW) 

170% 156.72% (7.5GHz) 71.45% (3.93GHz) 

BW reduction Not done Not done 47.6% 

Minimum 

Reflection 

Coefficients, 

(S11) 

-20.14dB -18.07dB -37.03dB 

VSWR 1.22 1.29 1.027 

Gain at design 

frequency 

5.5dBi 8.99dBi  5.35dBi  

Radiation 

Patterns 

Bidirectional Unidirectional  

and highly directive 

Unidirectional  

and directive 

 

The table illustrates the unique features of the designed FSS antennas. The final 

antenna has a compact size, wide bandwidth, and higher gain. The hybrid 

combination of the substrate for the radiator and the FSS design yields a reduction 

in the antenna cost. The lower spacing (gap) between the FSS and radiator makes 

the antenna low-profile and economical. The FSS reflector layer makes the 

bidirectional radiation characteristics directional, improving directivity and gain. 
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The improved gain is achieved with a radiation efficiency higher than 95% in each 

fabricated model. The antenna with 15 dipole strip achieves highest gain nearly 10 

dBi. The 74.11% antenna size miniaturization results in a small reduction in the 

gain value by 1.3 dBi. The biggest advantage of the antenna with 9 dipole strips is 

that it strongly reduces application interference problems. 

 

6.4. Conclusion 

To improve the design in terms of antenna size to further reduction in overall 

antenna cost for the application interferences are further needed. For achieving 

these aims antenna is further miniaturized to 74.11% (28mm×22.2mm×5.2mm) 

from its parent size (49mm×49mm×9.6mm) with reduced (9 number) dipole strips 

in FSS. This fabricated and tested antenna introduced a notch band in the UWB and 

from 5.54GHz-5.85GHz and makes the nature of the antenna dual band [(1.72-

5.54GHz), and (5.85-8.91GHz)]. This bifurcation not only separates the sub-6GHz 

FR1 band applications from C and X bands but also minimizes interferences. On 

the other hand, the gain of the antenna reduces to 5.92dBi. 
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CHAPTER 7 

CONCLUSION AND FUTURE WORK 

7.1. Conclusion 

A modern technique based upon the frequency selective surface to enhance the 

gain and efficiency of a microstrip antenna has been presented in this thesis. The 

designed antennas cover the full range of the sub-6 GHz 5G applications and FR1 

bands, as displayed in Table 1.2. The single-layer antenna and parent antenna are 

bigger in size and cover the full sub-6 GHz bandwidth, along with some C-band 

and X-band applications. Those results in application interference due to antennas 

wider bandwidths. The co-polarization level is improved by placing dipole strips at 

equidistance <<λ0 and positioned parallel to each other. 

The antenna's gain and efficiency have been significantly improved using a 

reflector FSS as a reflector on the main patch antenna. The fabricated antenna is 

suitable for sub-6 GHz applications and can be reconfigured for other bands by 

increasing the patch length. 

The proposed parent antenna has an ultra-wide bandwidth, excellent gain, and 

high radiation efficiency values, but it also has limitations. Setting the FSS surface 

beneath the ground increases the antenna volume and occupies more space. The 

main rectangular patch antenna is designed for the RT Duroid 5880, making it 

expensive. The new FSS reduces the reflection coefficient while improving gain 

and radiation efficiency. The fabricated antenna has FBW of 136.73% from 1.12 

GHz to 8.64 GHz, making it suitable for sub-6 GHz applications like n77, n78, n79, 

CDMA, GSM, ISM, PCS, Wi-Fi, WLAN, Bluetooth, LTE/Wi-MAX, HIPERLAN, 

and microwave communications. Different substrates are used for rectangular 

patches and FSS designs with simple, equally spaced low-count dipole lines. 
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7.2. Future Scope 

¶ Further this design can also be employed with split-ring resonators, EBG 

structures, and advanced technologies like 

1.Adjusting the air gap between substrates. 

2. Making the FSS layer tunable using PIN diodes . 

 

¶ Machine learning can be an important tool to evaluate gaps between 

substrates. 

¶ The design could be explored in a multi-layer structure by: 

1.Placing the FSS above the radiator. 

2.Further improving the gain value of the antenna. 

¶ The Proposed antennas use a conventional rectangular patch structure, but 

this research can be extended to: 

1.Circular patch antennas. 

2.Fractal antennas. 

3.Metamaterial antennas. 

4.MIMO and array antennas with FSS. 

¶ Using different substrates may result in varying performance 

characteristics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

140 
 
 

 

References 

[1] Balanis, C. A. (2005). Antenna theory: Analysis and design (pp. 90-93). 

John Wiley & Sons, Inc. ISBN 978-81-265-2422-8. 

[2] Deschamps, G. A. (1953). Microstrip microwave antennas. 3rd USAR 

Symposium on Antennas (Vol. 1, pp. 189-195). 

[3] Howell, J. Q. (1975). Microstrip antennas. IEEE Transactions on Antennas 

and Propagation, 23, 90–93 

[4] K.-L. Wong, “Planar Antennas for Wireless Communication,” Published by 

John Wiley & Sons, Inc., Chapter: 2, pp. 26-65, 2003. 

[5] Pozar, D. M. (2012). Microwave engineering (4th ed.). Wiley. 

[6] Salahdine, F., Han, T., & Zhang, N. (2023). 5G, 6G, and beyond: Recent 

advances and future challenges. Annals of Telecommunications, 78, 525–549. 

[7] Rappaport, T. S., Shu, S., Mayzus, R., Hang, Z., Azar, Y., Wang, K., Wong, 

G. N., Schulz, J. K., Samimi, M., & Gutierrez, F. (2013). Millimeter wave mobile 

communications for 5G cellular: It will work! IEEE Access, 1, 335-349. 

[8] Wong, H., Luk, K.-M., Chan, C. H., Xue, Q., So, K., & Lai, H. W. (2012). 

Small antennas in wireless communications. Proceedings of the IEEE, 100(7), 

2109–2121.  

[9] Mak, K. M., Lai, H. W., Luk, K. M., & Chan, C. H. (2014). Circularly 

polarized patch antenna for future 5G mobile phones. IEEE Access, 2, 1521-1529.H 

[10] Lai, H. W., & Wong, H. (2015). Substrate integrated magneto-electric 

dipole antenna for 5G Wi-Fi. IEEE Transactions on Antennas and Propagation, 

63(2), 870-874. 

[11] Tidke, R. P., Uttarwar, P. S., Dandwate, D. S., & Tupe, U. J. (2020). A 

literature review on: Wireless technologies from 0G to 7G. International Journal 

of Advance Research in Science and Engineering (IJARSE), 4(6), 60-64. 

[12] Mondal, S., Sinha, A., & Routh, J. (2015). A survey on evolution of wireless 

generations 0G to 7G. International Journal of Advance Research in Science and 

Engineering (IJARSE), 1(2), 5-10. 



 

141 
 
 

[13] Telecompedia. (2023, May 15). 5G NR frequency bands. 

https://telecompedia.net/5g-nr-frequency-bands 

[14] Varshney, A., et al. (2022). A compact low-cost impedance transformer-fed 

wideband monopole antenna for Wi-MAX N78-band and wireless applications. In 

Printed antennas (pp. 315-328). CRC Press. 

[15] RF Page. (2024, June 2). FR3 frequency range 5G. 

https://www.rfpage.com/fr3-frequency-range-5g/ 

[16] John, D. K., & Ronald, J. M. (2002). Antennas: For all applications. 

McGraw Hill.. 

[17] Yong, W. Y., et al. (2018). Flexible convoluted ring-shaped FSS for X-band 

screening application. IEEE Access, 6, 11657–11665. 

[18] Costa, F., & Monorchio, A. (2012). A frequency selective radome with 

wideband absorbing properties. IEEE Transactions on Antennas and Propagation, 

60, 2740–2747. 

[19] Kapoor, A., Mishra, R., & Kumar, P. (2022). Frequency selective surfaces 

as spatial filters: Fundamentals, analysis and applications. Alexandria Engineering 

Journal, 61(6), 4263-4293. 

[20] Chiu, C. N., & Chang, K.-P. (2009). A novel miniaturized-element 

frequency selective surface having a stable resonance. IEEE Antennas and Wireless 

Propagation Letters, 8, 1175–1177. 

[21] Martinez-Lopez, L., Rodriguez-Cuevas, J., Martinez-Lopez, J. I., & 

Martynyuk, A. E. (2014). A multilayer circular polarizer based on bisected split-

ring frequency selective surfaces. IEEE Antennas and Wireless Propagation 

Letters, 13, 153–156. 

[22] Abdelrahman, A. H., Elsherbeni, A. Z., & Yang, F. (2014). Transmission 

phase limit of multilayer frequency-selective surfaces for transmit array designs. 

IEEE Transactions on Antennas and Propagation, 62, 690–697. 

[23] Abadi, S. M. A. M. H., Li, M., & Behdad, N. (2014). Harmonic-suppressed 

miniaturized-element frequency selective surfaces with higher order bandpass 

responses. IEEE Transactions on Antennas and Propagation, 62, 2562–2571. 

https://telecompedia.net/5g-nr-frequency-bands/
https://www.rfpage.com/fr3-frequency-range-5g/


 

142 
 
 

[24] Abadi, S. M. A. M. H., & Behdad, N. (2014). Design of wideband, FSS-

based multibeam antennas using the effective medium approach. IEEE 

Transactions on Antennas and Propagation, 62, 5557–5564. 

[25] Xu, N., Gao, J., Zhao, J., & Feng, X. (2015). A novel wideband, low-profile, 

and second order miniaturized band-pass frequency selective surfaces. AIP 

Advances, 5, 077157.  

[26] Campos, A. L. P., de Oliveira, E. E. C., & da Fonseca Silva, P. H. (2010). 

Design of miniaturized frequency selective surfaces using Minkowski Island 

fractal. Journal of Microwaves, Optoelectronics and Electromagnetic Applications 

(JMOe), 9, 43–49. 

[27] Shi, Y., Tang, W., Zhuang, W., & Wang, C. (2014). Miniaturised frequency 

selective surface based on 2.5-dimensional closed loop. Electronics Letters, 50, 

1656–1658. 

[28] Y.-M. Yu, C.-N. Chiu, Y.-P. Chiou, T.L. Wu, “A novel 2.5-dimensional 

ultraminiaturized-element frequency selective surface,” IEEE Trans. Antennas 

Propag., vol. 62, pp. 3657–3663, 2014.  

[29] Li, B., & Shen, Z. (2013). Three-dimensional bandpass frequency-selective 

structures with multiple transmission zeros. IEEE Transactions on Microwave 

Theory and Techniques, 61, 3578–3589.  

[30] Rashid, A. K., Li, B., & Shen, Z. (2014). An overview of three-dimensional 

frequency-selective structures. IEEE Antennas and Propagation Magazine, 56, 43–

67. 

[31] Kiani, G. I., Ford, K. L., Esselle, K. P., Weily, A. R., Panagamuwa, C., & 

Batchelor, J. C. (2008). Single-layer bandpass active frequency selective surface. 

Microwave and Optical Technology Letters, 50, 2149–2151. 

[32] Li, L., Li, Y., Wu, Z., Huo, F., Zhang, Y., & Zhao, C. (2015). Novel 

polarization-reconfigurable converter based on multilayer frequency-selective 

surfaces. Proceedings of the IEEE, 103, 1057–1070.  



 

143 
 
 

[33] Li, B., & Shen, Z. (2014). Bandpass frequency selective structure with 

wideband spurious rejection. IEEE Antennas and Wireless Propagation Letters, 13, 

145–148. 

[34] Huang, C., Ji, C., Wu, X., Song, J., & Luo, X. (2018). Combining FSS and 

EBG surfaces for high-efficiency transmission and low-scattering properties. IEEE 

Transactions on Antennas and Propagation, 66, 1628–1632.  

[35] Sun, L., Cheng, H., Zhou, Y., & Wang, J. (2012). Broadband metamaterial 

absorber based on coupling resistive frequency selective surface. Optics Express, 

20, 4675–4680. 

[36] Song, K., & Mazumder, P. (2012). Design of highly selective metamaterials 

for sensing platforms. IEEE Sensors Journal, 13, 3377–3385. 

[37] Anwar, R. S., Mao, L., & Ning, H. (2018). Frequency selective surfaces: A 

review. Applied Sciences, 8(9), 1689. 

[38] Zeain, M. Y., et al. (2024). A new technique of FSS-based novel chair-

shaped compact MIMO antenna to enhance the gain for sub-6GHz 5G applications. 

IEEE Access, 12, 49489-49507. 

[39] Wasim, M., Khera, S., Islam, T., Malik, P. K., Asha, S., & Das, S. (2024). 

Performance enhancement of high-gain STDA antennas with reflector for 4G LTE 

and sub-6 GHz 5G applications: Design, measurement, and analysis. Progress in 

Electromagnetics Research C, 139, 87-94. 

[40] Padmasree, R., Rohith, K. S., & Kumar, Ch. A. (2023). Developing a folded 

dipole antenna optimized for 5G usage within the sub-6GHz frequency range. 

Journal of Technology, 11(12), 396-411. 

[41] Hasan, M. M., Islam, M. T., Moniruzzaman, M., Soliman, M. S., 

Alshammari, A. S., Sulayman, I. I. M. A., Samsuzzaman, M., & Islam, M. S. 

(2022). Symmetric engineered high polarization-insensitive double negative 

metamaterial reflector for gain and directivity enhancement of sub-6 GHz 5G 

antenna. Materials, 15, 5676. 



 

144 
 
 

[42] Sree, M. F. A., Elazeem, M. H. A., & Swelam, W. (2021). Dual band patch 

antenna based on letter slotted DGS for 5G sub-6GHz application. Journal of 

Physics: Conference Series, 2128(012008), 1-7. 

[43] Hussain, R., Abou-Khousa, M., Iqbal, N., Algarni, A., Alhuwaimel, S. I., 

Zerguine, A., & Sharawi, M. S. (2022). A multiband shared aperture MIMO 

antenna for millimeter-wave and sub-6GHz 5G applications. Sensors, 22, 1808. 

https://doi.org/10.3390/s22051808 

[44] Bala, S., Yunusa, Z., & Babale, S. A. (2021). Design and analysis of a 

rectangular microstrip patch antenna using different dielectric materials for sub-

6GHz 5G applications. Nigerian Journal of Engineering, 28(2), 48-57 

[45] Varshney, A., Cholake, N., & Sharma, V. (2022). Low-cost ELC-UWB fan-

shaped antenna using parasitic SRR triplet for ISM band and PCS applications. 

International Journal of Electronics Letters, 10(4), 391-402. 

[46] Nakmouche, M. F., Allam, A. M., Fawzy, D. E., & Lin, D. B. (2021). 

Development of a high gain FSS reflector backed monopole antenna using machine 

learning for 5G applications. Progress in Electromagnetics Research M, 105, 183-

194. 

[47] Alemaryeen, A., & Noghanian, S. (2018). Crumpling effects and specific 

absorption rates of flexible AMC integrated antennas. IET Microwaves, Antennas 

& Propagation, 12(4), 627-635. https://doi.org/10.1049/iet-map.2017.0652 

[48] Jiang, Z. H., Cui, Z., Yue, T., Zhu, Y., & Werner, D. H. (2017). Compact, 

highly efficient, and fully flexible circularly polarized antenna enabled by silver 

nanowires for wireless body-area networks. IEEE Transactions on Biomedical 

Circuits and Systems, 11(4), 920-932. 

[49] Abbasi, M. A. B., Nikolaou, S. S., Antoniades, M. A., Stevanović, M. N., 

& Vryonides, P. (2017). Compact EBG-backed planar monopole for BAN wearable 

applications. IEEE Transactions on Antennas and Propagation, 65(2), 453-463. 

[50] Jiang, Z. H., Brocker, D. E., Sieber, P. E., & Werner, D. H. (2014). A 

compact, low-profile metasurface-enabled antenna for wearable medical body area 

https://doi.org/10.3390/s22051808


 

145 
 
 

network devices. IEEE Transactions on Antennas and Propagation, 62(8), 4021-

4030. 

[51] Raad, H. R., Abbosh, A. I., Al-Rizzo, H. M., & Rucker, D. G. (2013). 

Flexible and compact AMC based antenna for telemedicine applications. IEEE 

Transactions on Antennas and Propagation, 61(2), 524-531.. 

[52] Cook, B. S., & Shamim, A. (2013). Utilizing wideband AMC structure for 

high-gain inkjet-printed antennas on lossy paper substrate. IEEE Antennas and 

Wireless Propagation Letters, 12, 76-79.. 

[53] Ashyap, A. Y. I., Zainal Abidin, Z., Dahlan, S. H., Majid, H. A., Shah, S. 

M., Kamarudin, M. R., & Alomainy, A. (2017). Compact and low-profile textile 

EBG-based antenna for wearable medical applications. IEEE Antennas and 

Wireless Propagation Letters, 16, 2550-2553. 

[54] Kumar, A., & Jain, R. K. (2023). Compact and stable FSS loaded on planar 

monopole antenna for UWB applications. Wireless Personal Communications, 

133, 507-523. https://doi.org/10.1007/s11277-023-10776-8 

[55] Mondal, R., Reddy, P. S., Sarkar, D. C., & Sarkar, P. P. (2021). Compact 

ultra-wideband antenna: Improvement of gain and FBR across the entire bandwidth 

using FSS. IET Microwaves, Antennas & Propagation, 14(1), 66-74. 

[56] Moharamzadeh, E., & Javan, A. M. (2013). Triple-band frequency-selective 

surfaces to enhance gain of x-band triangle slot antenna. IEEE Antennas and 

Wireless Propagation Letters, 12, 1145-1148. 

[57] Ranga, Y., Matekovits, L., Esselle, K. P., et al. (2013). Multioctave 

frequency selective surface reflector for ultrawideband antennas. IEEE Antennas 

and Wireless Propagation Letters, 10, 219-222. 

[58] Das, P., & Mandal, K. (2019). Modelling of ultra-wide stop band frequency 

selective surface to enhance the gain of a UWB antenna. IET Microwave Antennas 

and Propagation, 13, 269-277. 

[59] Jumaily, A., Abdulmajeed, A., Sali, A., Jiménez, V. P. G., Lagunas, E., 

Natrah, F. M. I., Fontán, F. P., & Hussein, Y. S. (2023). Evaluation of 5G and fixed-

satellite service earth station (FSS-ES) downlink interference based on artificial 

https://doi.org/10.1007/s11277-023-10776-8


 

146 
 
 

neural network learning models (ANN-LMS). Sensors, 23(13), 6175. 

https://doi.org/10.3390/s23136175 

[60] Din, I. U., Ullah, S., Naqvi, S. I., Ullah, R., Ullah, S., Ali, E. M., & 

Alibakhshikenari, M. (2022). Improvement in the gain of UWB antenna for GPR 

applications by using frequency-selective surface. International Journal of 

Antennas and Propagation, 2022, Article ID 2002552. 

https://doi.org/10.1155/2022/2002552 

[61] Panda, P. K., & Ghosh, D. (2019). Wideband and high gain tuning fork 

shaped monopole antenna using high impedance surface. AEU - International 

Journal of Electronics and Communications, 111, Article 152920. 

https://doi.org/10.1016/j.aeue.2019.152920 

[62] Abdelghany, M. A., Sree, M. F. A., Desai, A., & Ibrahim, A. A. (2022). 

Gain improvement of a dual-band CPW monopole antenna for sub-6 GHz 5G 

applications using AMC structures. Electronics, 11(14), 1-12. 

https://doi.org/10.3390/electronics11142211 

[63] Patil, S., Gupta, R., & Kharche, S. (2017, January). Gain improvement of 

lower UWB monopole antenna using FSS layer. In 2017 International Conference 

on Nascent Technologies in Engineering (ICNTE) (pp. 1-5). Vashi, India. 

https://doi.org/10.1109/ICNTE.2017.7947955 

[64] Prakash, P., Abegaonkar, M. P., Basu, A., & Koul, S. K. (2013). Gain 

enhancement of a CPW-fed monopole antenna using polarization-insensitive AMC 

structure. IEEE Antennas and Wireless Propagation Letters, 12, 1315-1318. 

[65] Mohamed-Hicho, N. M., Antonino-Daviu, E., Cabedo-Fabres, M., & 

Ferrando-Bataller, M. (2015). A novel low-profile high-gain UHF antenna using 

high-impedance surfaces. IEEE Antennas and Wireless Propagation Letters, 14, 

1014-1017.. 

[66] Zhong, Y. W., Yang, G. M., & Zhong, L. R. (2015). Gain enhancement of 

bowtie antenna using fractal wideband artificial magnetic conductor ground. 

Electronics Letters, 51(4), 315-3117. 

https://doi.org/10.3390/s23136175
https://doi.org/10.1155/2022/2002552
https://doi.org/10.1016/j.aeue.2019.152920
https://doi.org/10.3390/electronics11142211
https://doi.org/10.1109/ICNTE.2017.7947955


 

147 
 
 

[67] Yang, F. H., & Tang, W. (2012). A novel low profile high gain antenna 

based on artificial magnetic conductor for LTE applications. In 2012 International 

Symposium on Antennas, Propagation and EM Theory (ISAPE) (pp. 171-174). 

Xi’an, China.. 

[68] Vallechi, A., Luis, D., Capolino, F., & Flaviis, D. (2012). Low profile fully 

planar folded dipole antenna on a high impedance surface. IEEE Transactions on 

Antennas and Propagation, 60(1), 51-62. 

[69]  Birwal, A., Singh, S., & Kanaujia, B. K. (2021). A novel design of ultra-

wide stop-band single-layer frequency selective surface using square-loop and 

cross. International Journal of Microwave and Wireless Technologies, 13(8), 800-

809. 

[70] Kundu, S. (2020). A compact uniplanar ultra-wideband frequency selective 

surface for antenna gain improvement and ground penetrating radar application. 

International Journal of RF and Microwave Computer-Aided Engineering, 30(10), 

Article e22363. 

[71] Kumar, A., De, A., & Jain, R. K. (2021). Gain enhancement using modified 

circular loop FSS loaded with slot antenna for sub-6 GHz 5G application. Progress 

in Electromagnetics Research Letters, 98, 41-48.. 

[72] Pandhare, R. A., Abegaonkar, M. P., & Dhote, C. (2022). UWB antenna 

with novel FSS reflector for the enhancement of the gain and bandwidth. 

International Journal of Microwave and Wireless Technologies, 14(10), 1353-

1368. 

[73] Tewary, T., Maity, S., Mukherjee, S., Roy, A., Sarkar, P. P., & Bhunia, S. 

(2023). FSS embedded high gain ‘N’ shaped miniaturized broadband antenna. AEU 

- International Journal of Electronics and Communications, 158, Article 154465. 

[74] Abdulhasan, R. A., Alias, R., Ramli, K. N., Seman, F. C., & Abd-Alhameed, 

R. A. (2019). High gain CPW-fed UWB planar monopole antenna-based compact 

uniplanar frequency selective surface for microwave imaging. International 

Journal of RF and Microwave Computer-Aided Engineering, 29(8), Article 

e21757. 



 

148 
 
 

[75] Liu, B., Aliakbarian, H., Ma, Z., Vandenbosch, G. A., Gielen, G., & Excell, 

P. (2013). An efficient method for antenna design optimization based on 

evolutionary computation and machine learning techniques. IEEE Transactions on 

Antennas and Propagation, 62(1), 7-18 

[76] Prado, D. R., López-Fernández, J. A., Arrebola, M., & Goussetis, G. (2018). 

Efficient shaped-beam reflect array design using machine learning techniques. In 

2018 48th European Microwave Conference (EuMC) (pp. 1545-1548). 

[77] Silva, C. R., & Martins, S. R. (2013). An adaptive evolutionary algorithm 

for UWB microstrip antennas optimization using a machine learning technique. 

Microwave and Optical Technology Letters, 55(8), 1864-1868.  

[78] Sumithra, P., & Thiripurasundari, D. (2017). Review on computational 

electromagnetics. Advanced Electromagnetics, 6(1), 42-55.  

[79] Lou, Z., & Jin, J. M. (2005). Modeling and simulation of broad-band 

antennas using the time-domain finite element method. IEEE Transactions on 

Antennas and Propagation, 53(12), 4099-4110 . 

[80] Zhang, Q. J., Gupta, K. C., & Devabhaktuni, V. K. (2003). Artificial neural 

networks for RF and microwave design: From theory to practice. IEEE 

Transactions on Microwave Theory and Techniques, 51(4), 1339-1350. 

[81] Testolina, P., Lecci, M., Rebato, M., Testolin, A., Gambini, J., Flamini, R., 

& Zorzi, M. (2019). Enabling simulation-based optimization through machine 

learning: A case study on antenna design. In 2019 IEEE Global Communications 

Conference (GLOBECOM) (pp. 1-6).  

[82] Jiang, R., Wang, X., Cao, S., Zhao, J., & Li, X. (2019). Deep neural 

networks for channel estimation in underwater acoustic OFDM systems. IEEE 

Access, 7, 23579-23594. 

[83] Yamashita, H., Kowata, N., Cingoski, V., & Kaneda, K. (1995). Direct 

solution method for finite element analysis using Hopfield neural network. IEEE 

Transactions on Magnetics, 31(3), 1964-1967. 



 

149 
 
 

[84] Lee, K. C. (2007). Application of neural network and its extension of 

derivative to scattering from a nonlinearly loaded antenna. IEEE Transactions on 

Antennas and Propagation, 55(3), 990-993  

[85] Haykin, S. (2008). Neural networks and learning machines (pp. 547-548). 

Prentice Hall. 

[86] Thakare, V. V., & Singhal, P. (2010). Microstrip antenna design using 

artificial neural networks. International Journal of RF and Microwave Computer

Aided Engineering, 20(1), 76-86.  

[87] Robustillo, P., Zapata, J., Encinar, J. A., & Rubio, J. (2012). ANN 

characterization of multi-layer reflectarray elements for contoured-beam space 

antennas in the Ku-band. IEEE Transactions on Antennas and Propagation, 60(7), 

3205-3214. 

[88] Goodfellow, I., Bengio, Y., & Courville, A. (2016). Deep learning. MIT 

Press. 

[89] Misilmani, H. M. E., & Tarek, N. (2019). Machine learning in antenna 

design: An overview on machine learning concept and algorithms. In 2019 

International Conference on High Performance Computing & Simulation (HPCS) 

(pp. 600-607). 

[90] Gianfagna, C., Yu, H., Swaminathan, M., Pulugurtha, R., & Tummala, G. 

(2017). Machine-learning approach for design of nanomagnetic-based antennas. 

Journal of Electronic Materials, 46, 4963-4975 

[91] Chen, X. H., Guo, X. X., Pei, J. M., & Man, W. Y. (2017). A hybrid 

algorithm of differential evolution and machine learning for electromagnetic 

structure optimization. In 2017 32nd Youth Academic Annual Conference of 

Chinese Association of Automation (YAC) (pp. 755-759)  

[92] Tak, J., Kantemur, A., Sharma, Y., & Xin, H. (2018). A 3-D-printed W-

band slotted waveguide array antenna optimized using machine learning. IEEE 

Antennas and Wireless Propagation Letters, 17(11), 2008-2012  

[93] Gregory, M. D., Bayraktar, Z., & Werner, D. H. (2011). Fast optimization 

of electromagnetic design problems using the covariance matrix adaptation 



 

150 
 
 

evolutionary strategy. IEEE Transactions on Antennas and Propagation, 59(4), 

1275-1285. 

[94] Angiulli, G., Cacciola, M., & Versaci, M. (2007). Microwave devices and 

antennas modelling by support vector regression machines. IEEE Transactions on 

Magnetics, 43(4), 1589-1592. https://doi.org/10.1109/TMAG.2007.892480  

[95] Tokan, N. T., & Güneş, F. (2008). Support vector characterization of 

microstrip antennas based on measurements. Progress in Electromagnetics 

Research B, 5, 49-61.  

[96] Zheng, Z., Chen, X., & Huang, K. (2011). Application of support vector 

machines to antenna design. International Journal of RF and Microwave 

Computer-Aided Engineering, 21(1), 85-90.  

[97] Alami, A. E., Bennani, S. D., Bekkali, M. E., & Benbassou, A. (2014). 

Design, analysis and optimization of a new structure of microstrip patch antenna 

for RFID applications. Journal of Theoretical and Applied Information 

Technology, 31(63), 748-753. 

[98] Kayabasi, A., Akdagli, A., & Pham, D. (2015). A novel method of support 

vector machine to compute the resonant frequency of annular ring compact 

microstrip antennas. Cogent Engineering, 2(1). 

https://doi.org/10.1080/23311916.2014.981944  

[99] Kayabasi, A., & Akdagli, A. (2015). Predicting the resonant frequency of 

E-shaped compact microstrip antennas by using ANFIS and SVM. Wireless 

Personal Communications, 82, 1893-1906. https://doi.org/10.1007/s11277-015-

2321-6  

[100]  Roy, C., Khan, T., & Kanaujia, B. K. (2017). Performance parameters 

prediction of slotted microstrip antennas with modified ground plane using support 

vector machine. International Journal of Microwave and Wireless Technologies, 

9(5), 1169-1177. https://doi.org/10.1017/S1759078716001264  

[101] Kim, Y. (2023). Radar target classification using deep learning. In Advances 

in Electromagnetics Empowered by Artificial Intelligence and Deep Learning 

(Chapter 16, 1st ed.)  

https://doi.org/10.1109/TMAG.2007.892480
https://doi.org/10.1080/23311916.2014.981944
https://doi.org/10.1007/s11277-015-2321-6
https://doi.org/10.1007/s11277-015-2321-6
https://doi.org/10.1017/S1759078716001264


 

151 
 
 

[102] Prado, D. R., López-Fernández, J. A., Barquero, G., Arrebola, M., & Las-

Heras, F. (2018). Fast and accurate modeling of dual-polarized reflectarray unit 

cells using support vector machines. IEEE Transactions on Antennas and 

Propagation, 66(3), 1258-1270. https://doi.org/10.1109/TAP.2018.2790044   

[103] Sharma, Y., Zhang, H. H., & Xin, H. (2020). Machine learning techniques 

for optimizing design of double T-shaped monopole antenna. IEEE Transactions 

on Antennas and Propagation, 68(7), 5658-5663. 

https://doi.org/10.1109/TAP.2020.2966051. 

[104] Kaur, S., Khanna, R., Sahni, P., & Kumar, N. (2019). Design and 

optimization of microstrip patch antenna using artificial neural networks. 

International Journal of Innovative Technology and Exploring Engineering 

(IJITEE), 8(9S). 

[105] Sekeljic, N., Yao, Z., & Hsu, H. -H. (2019). 5G broadband antenna for sub-

6 GHz wireless applications. In 2019 IEEE International Symposium on Antennas 

and Propagation and USNC-URSI Radio Science Meeting (pp. 147-148). Atlanta, 

GA, USA. https://doi.org/10.1109/APUSNCURSINRSM.2019.8888509  

[106] Keerthana, S., & Jothilakshmi, P. (2020). Design of microstrip patch 

antenna for 5G mobile communication. International Journal of Innovative 

Research in Technology (IJIRT), 6(12), 745-751. 

[107] Rajeswari, P., & Anbalagan, P. (2020). Design and deployment of Android-

based mobile application for performance analysis of microstrip patch antenna. 

Microprocessors and Microsystems, 77, Article 103111. 

[108] Lecci, M., Testolina, P., Rebato, M., Testolin, A., & Zorzi, M. (2020). 

Machine learning-aided design of thinned antenna arrays for optimized network 

level performance. In 14th European Conference on Antennas and Propagation 

(EuCAP 2020) (pp. 1-5). Copenhagen. 

[109] Hong, T., Liu, C., & Kadoch, M. (2019). Machine learning based antenna 

design for physical layer security in ambient backscatter communications. Wireless 

Communication Mobile Computing. https://doi.org/10.1155/2019/4870656   

https://doi.org/10.1109/TAP.2018.2790044
https://doi.org/10.1109/APUSNCURSINRSM.2019.8888509


 

152 
 
 

[110] Varshney, A., Sharma, V., Neebha, T. M., & Kumar, R. A. (2022). A 

compact low-cost impedance transformer fed wideband monopole antenna for Wi-

MAX N78-band and wireless applications. CRC Press, Taylor and Francis 

(online). ISBN:9781032365558. 

[111] Zhao, W. J., Li, L.-W., & Xiao, K. (2012). Analysis of radiation 

characteristics of conformal microstrip arrays using adaptive integral method. IEEE 

Transactions on Antennas and Propagation, 60(2), 1176-1181 

[112] Tahir, F. A., Arshad, T., Ullah, S., & Flint, J. A. (2017). A novel FSS for 

gain enhancement of printed antennas in UWB frequency spectrum. Microwave 

and Optical Technology Letters, 59(10), 2698-2704  

[113] Monavar, F. M., & Komjani, N. (2011). Bandwidth enhancement of 

microstrip patch antenna using Jerusalem cross-shaped frequency selective surfaces 

by invasive weed optimization approach. Progress in Electromagnetics Research, 

121, 103-120. 

[114] Yuan, Y., Xi, X., & Zhao, Y. (2019). Compact UWB FSS reflector for 

antenna gain enhancement. IET Microwaves, Antennas & Propagation, 13(10), 

1749-1755. 

[115] Al-Gburi, J. A., Ibrahim, I. B. M., Zeain, M. Y., & Zakaria, Z. (2020). 

Compact size and high gain of CPW-fed UWB strawberry artistic-shaped printed 

monopole antennas using FSS single layer reflector. IEEE Access, 8, 92697-92700. 

[116] Munk, B. A. (2000). Frequency selective surfaces: Theory and design. 

Wiley. 

[117] Varshney, A., & Sharma, V. (2023). Aerodynamic slotted SIW-to-MS line 

transition using mitered end taper for satellite and RADAR communications. World 

Journal of Engineering. https://doi.org/10.1108/WJE-08-2022-0330  

[118] Varshney, A., Sharma, V., Elfergani, I., Zebiri, C., Vujicic, Z., & 

Rodriguez, J. (2022). An inline V-band WR-15 transition using antipodal dipole 

antenna as RF energy launcher at 60 GHz for satellite applications. Electronics, 

11(23), 3860. 

https://doi.org/10.1108/WJE-08-2022-0330


 

153 
 
 

[119] Nakmouche, M. F., & Nassim, M. (2019). Impact of metamaterials DGS in 

PIFA antennas for IoT terminals design. In The 6th International Conference on 

Image and Signal Processing and their Applications. 

[120] Nakmouche, M. F., Allam, A. M. M. A., Fawzy, D. E., & Lin, D. B. (2021). 

Low profile dual-band H-slotted DGS-based antenna design using ANN for K/Ku 

band applications. 8th International Conference on Electrical and Electronics 

Engineering (ICEEE). 

[121] Gunes, F., Belen, M. A., & Mahouti, P. (2018). Performance enhancement 

of a microstrip patch antenna using substrate integrated waveguide frequency 

selective surface for ISM band applications. Microwave and Optical Technology 

Letters, 60(5), 1160-1164. 

[122] Kim, J. H., Ahn, C. H., & Bang, J. K. (2016). Antenna gain enhancement 

using a holey superstrate. IEEE Transactions on Antennas and Propagation, 64(3), 

1164-1167. 

[123] G. B. G., S. K. Tilak; B. T. P. Kotamraju, K. Madhav, Ch. Sri Kavya, M. 

Venkateswara Rao, “Dual sensed high gain heart-shaped monopole antenna with a 

planar artificial magnetic conductor,” Journal of Engineering Science and 

Technology, Jun. 2020. 

[124] Hussain, M., Sufian, M. A., Alzaidi, M. S., Naqvi, S. I., Hussain, N., 

Elkamchouchi, D. H., & Sree, M. F. A. (2023). Bandwidth and gain enhancement 

of a CPW antenna using frequency selective surface for UWB applications. 

Micromachines, 14(591). 

[125] Ranga, Y., Matekovits, L., Esselle, K. P., & Weily, A. R. (2011). 

Multioctave frequency selective surface reflector for ultrawideband antennas. IEEE 

Antennas and Wireless Propagation Letters, 10, 219-222. 

[126] Belen, M. A. (2018). Performance enhancement of a microstrip patch 

antenna using dual-layer frequency-selective surface for ISM band applications. 

Microwave and Optical Technology Letters, 60(11), 2730-2734. 



 

154 
 
 

[127] Ali, M., Arya, R. K., Yerrola, A. K., Murmu, L., & Kumar, A. (2021). 

Bandwidth and gain enhancement with cross-polarization suppression in microstrip 

antenna with superstate. URSI GASS 2021, Rome, Italy, 1-4  

[128] Zhao, W.-J., Li, L.-W., & Xiao, K. (2010). Analysis of electromagnetic 

scattering and radiation from finite microstrip structures using an EFIE-PMCHWT 

formulation. IEEE Transactions on Antennas and Propagation, 58(7), 2468-2473. 

[129] Yuan, N., Yeo, T. S., Nie, X. C., Gan, Y. B., & Li, L. W. (2006). Analysis 

of probe-fed conformal microstrip antennas on finite ground plane and substrate. 

IEEE Transactions on Antennas and Propagation, 54(2), 554-563. 

[130] Gao, S. C., Li, L. W., Yeo, T. S., & Leong, M. S. (2003). A broad-band 

dual-polarized microstrip patch antenna with aperture coupling. IEEE Transactions 

on Antennas and Propagation, 51(4), 898-900. 

[131] Ghosh, A., Mandal, T., & Das, S. (2016). Design of triple band slot-patch 

antenna with improved gain using triple band artificial magnetic conductor. Radio 

Engineering, 25(3), 442-448 

[132] Belen, M. A., Mahouti, P., & Palandoken, M. (2020). Design and realization 

of novel frequency selective surface loaded dielectric resonator antenna via 3D 

printing technology. Microwave and Optical Technology Letters, 62(5), 2004-

2013. 

[133] Bhattacharya, A., Dasgupta, B., & Jyoti, R. (2020). Design and analysis of 

ultrathin X-band frequency selective surface structure for gain enhancement of 

hybrid antenna. International Journal of RF and Microwave Computer-Aided 

Engineering, Article e22505. 

[134] Hussain, M., Sufian, M. A., Alzaidi, M. S., Naqvi, S. I., Hussain, N., 

Elkamchouchi, D. H., & Sree, M. F. A. (2023). Bandwidth and gain enhancement 

of a CPW antenna using frequency selective surface for UWB applications. 

Micromachines, 14(591) 

[135] Belen, M. A. (2018). Performance enhancement of a microstrip patch 

antenna using dual-layer frequency-selective surface for ISM band applications. 

Microwave and Optical Technology Letters, 60(11), 2730-2734.D.M. Patel, F. 



 

155 
 
 

[136]  Raval. (2021). Gain enhancement of SIW cavity-backed antenna using 

dielectric loading. Progress In Electromagnetics Research C, 111, 61-72. 

[137] Belabbas, K., Khedrouche, D., & Hocini, A. (2021). Artificial magnetic 

conductor-based millimeter wave microstrip patch antenna for gain enhancement. 

Journal of Telecommunication and Information Technology, 1, 56-63. 

[138] Jing, H., He, G., & Wang, S. (2023). Design of a flexible cylindrical antenna 

with rotatable curved frequency selective surface for omnidirectional high gain 

applications. International Journal of Antennas and Propagation, Article 6553980, 

1-15 

[139] 5G NR frequency bands. (2023, May 12). In Wikipedia. 

https://en.wikipedia.org/wiki/5G_NR_frequency_bands. Accessed on 12 May 

2023. 

[140] Gharsallah, H., Osman, L., & Latrach, L. (2017). Circularly polarized two-

layer conical DRA based on metamaterial. Microwave and Optical Technology 

Letters, 59(8), 1913-1919. 

[141] Krishna, R., & Kumar, R. (2015). Slotted ground microstrip antenna with 

FSS reflector for high-gain horizontal polarization. Electronics Letters, 51(8), 599-

600.  

[142] Devarapalli, A. B., & Moyra, T. (2023). Design of a metamaterial loaded 

W-shaped patch antenna with FSS for improved bandwidth and gain. Silicon, 15, 

2011-2024.  

[143] Tewary, T., Maity, S., Roy, A., & Bhunia, S. (2023). Wideband microstrip 

patch antenna with enhanced gain using FSS structure. Journal of Microwaves, 

Optoelectronics and Electromagnetic Applications, 22, 329-345.  

[144] Tewary, T., Maity, S., Mukherjee, S., Roy, A., Sarkar, P. P., & Bhunia, S. 

(2022). High gain miniaturized super-wideband microstrip patch antenna. 

International Journal of Communication Systems, 35(11), e5181 

[145] Tewary, T., Maity, S., Mukherjee, S., Roy, A., Sarkar, P. P., & Bhunia, S. 

(2023). FSS embedded high gain ‘N’ shaped miniaturized broadband antenna. 

AEU-International Journal of Electronics and Communications, 158, 154465.  

https://en.wikipedia.org/wiki/5G_NR_frequency_bands


 

156 
 
 

[146] Lanka, M. D., & Chalasani, S. (2024). M-shaped conformal antenna with 

FSS backing for gain enhancement. Engineering Proceedings, 59(1),  

[147] Danuor, P., Moon, J. I., & Jung, Y. B. (2023). High-gain printed monopole 

antenna with dual-band characteristics using FSS-loading and top-hat structure. 

Scientific Reports, 13(1), 9982. 

[148] Tariq, S., Hussain, Q., Alzaidi, M. S., Ghoniem, R. M., Alibakhshikenari, 

M., Althuwayb, A. A., & Aslam, M. (2023). Frequency selective surfaces-based 

miniaturized wideband high-gain monopole antenna for UWB systems. AEU-

International Journal of Electronics and Communications, 170, Article 154841. 

[149] Ara, S., & Kumari, P. (2023). Gain enhancement of a monopole antenna 

using frequency selective surface for sub 6 GHz band applications. International 

Journal of Advanced Technology and Engineering Exploration, 10(104), Article  

[150] Al-Qutbi, M. M. S. K. (2023). Design and analysis of microstrip antenna 

with frequency selective surface superstrate (Unpublished master's thesis). Altınbaş 

University, Graduate School of Science, Istanbul. 

[151] Balanis, C. A. (2009). Antenna theory: Analysis and design (2nd ed.). John 

Wiley and Sons. 

[152] Varshney, A., Neebha, T. M., Sharma, V., & Andrushia, A. D. (2023). Low-

cost L-band to Ku-band frequency reconfigurable BAR64-02V controlled antenna 

for satellite, military, and radar applications. IETE Journal of Research, 1-14., 

Military, and Radar Applications,” IETE Journal of Research, pp. 1-14, 2023. 

[153] Ara, S., & Nunna, P. K. (2023). Gain enhancement of a monopole antenna 

using frequency selective surface for sub 6GHz band applications. International 

Journal of Advanced Technology and Engineering Exploration, 10(104), 2394-

7454  

[154] Varshney, A., Sharma, V., Neebha, T. M., & Nunna, P. K. (2024). A tri-

band meander line fed alpha-numeric antenna for military band, WiFi, and 5G 

wireless green communications. In 5G-Green Communication Network and 

Diversity for Smart Cities (pp. 1-14). Apple Academic Press (AAP), CRC Press, 

Tylor and Francis Group. 



 

157 
 
 

[155] Li, L. W., Li, Y. N., Yeo, T. S., Mosig, J. R., & Martin, O. J. (2010). A 

broadband and high-gain metamaterial microstrip antenna. Applied Physics Letters, 

96(16), 164101-1-164101-3. 

[156] Raj, A. A., & Gupta, N. (2021). Radiation characteristics of microstrip 

antenna on frequency selective surface absorbing layer. International Journal of 

Microwave and Wireless Technologies, 13(9), 962-968.156 

[157] Ghosh, A., Mandal, T., & Das, S. (2016). Design of triple band slot-patch 

antenna with improved gain using triple band artificial magnetic conductor. 

Radioengineering, 25(3), 442-448. 

[158] Ara, S., & Nunna, P. K. (2024). Gain and radiation pattern enhancement 

using ANN-based inset-fed monopole FSS reflector antenna for complete coverage 

of 5G sub-6GHz applications. International Journal of Advanced Technology and 

Engineering Exploration, 11(114), 644-667. 

[159] Nakmouche, M. F., Allam, A. M., Fawzy, D. E., & Lin, D. B. (2023). 

Development of a high gain FSS reflector backed monopole antenna using machine 

learning for 5G applications. Progress In Electromagnetics Research M, 105, 1-12.  

[160] Saad, A. A. R., Ibrahim, A. A., Haraz, O. M., & Elboushi, A. (2017). Tri-

band compact ACS-fed meander-line antenna for wireless communications. 

International Journal of Microwave and Wireless Technologies, 9(9), 1895–1903. 

 

 

 

 

 

 

 

 

 



 

158 
 
 

APPENDIX 1  

List of Publications 

Name: Shabnam Ara 

Orchid Id: 0000-0002-9084-8202 

Journal Publications: 05 

1. Ara, S., Prasanthi Kumari, N., & Varshney, A. (2025). Antenna 

Miniaturization and Application In-band Interference Reduction using 

Dipole Array Mirror Reflector FSS for Sub 6GHz Applications. Physica 

Scripta  

2. S. Ara, and N. P. Kumari, “Gain enhancement of a monopole antenna using 

frequency selective surface for sub-6 GHz band applications. International 

Journal of Advanced Technology and Engineering Exploration,” vol. 11, 

no. 114, pp. 644-667, 2024. DOI:10.19101/IJATEE.2023.10101979. 

3. S. Ara, and N. P. Kumari, “Gain enhancement of a monopole antenna using 

frequency selective surface for sub-6 GHz band applications. International 

Journal of Advanced Technology and Engineering Exploration,”vol. 10, no. 

104, pp. 840-857, 2023. DOI:10.19101/IJATEE.2022.10100477.  

4. S. Ara, and N. P. Kumari, “ASIM Shape Wide Band High-Gain Patch 

Antenna Integrated with Frequency-Selective Surface as Superstrate for 

Sub-6GHz 5G Applications,” International Journal on Recent and 

Innovation Trends in Computing and Communication, vol. 10, no. 2s, pp. 

23-28, 2022.DOI: 10.17762/ijritcc.v10i2s.5908.    

5. S. Ara, and N. P. Kumari, “High Gain Inset Fed Rectangular Patch Antenna 

Design for Sub-6GHz Application,” Social Science Journal, vol.  13, no. 2, 

pp.715-721, 2023.  

Conferences Publications:04 

1. S. Ara, P. Kumari Nunna and Labiba, "High Gain, Compact Design 

Integrated with FSS As Superstrate In Patch Antenna For Sub6 GHz 5G 

Application," published in IEEE Xplore, 2023 International Conference 

on Device Intelligence, Computing and Communication Technologies, 



 

159 
 
 

(DICCT), Dehradun, India, pp. 80-85,17-18, March, 2023.DOI: 

10.1109/DICCT56244.2023.10110241. 

2. S. Ara, and N. P. Kumari, "Compact structure in patch antenna for X 

band application," 2021 10th International Conference on Internet of 

Everything, Microwave Engineering, Communication and Networks 

(IEMECON), Jaipur, India, 01-02, Dec, 2021, pp. 1-5,IEEE Xplore: 04 

February 2022.DOI: 10.1109/IEMECON53809.2021.9689077 

3. S. Ara, P. A. Kestwal, A. R. Singh, A. Jha and A. K. Gupta, "Simulation 

Based Analysis of Microstrip Patch Antenna for N77 Band Using Slot 

Loading," 2024 2nd International Conference on Device Intelligence, 

Computing and Communication Technologies (DICCT), Dehradun, 

India, 2024, pp. 629-632, doi: 10.1109/DICCT61038.2024.10532853.  

4. S. Ara and P. K. Nunna, "Ultrawide band High Gain Inset Feed Simple 

Structure in Patch Antenna for Sub 6-Ghz Application," 2024 2nd 

International Conference on Device Intelligence, Computing and 

Communication Technologies (DICCT), Dehradun, India, 2024, pp. 

698-702, doi: 10.1109/DICCT61038.2024.10532981.  

 

 

 

 

 

 

 

 






