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ABSTRACT 

A NOVEL DESIGN RECONFIGURABLE ANTENNA BASED ON THE 

METAMATERIAL FOR WEARABLE APPLICATIONS 

 

Al-gburi, Mohaimen Qahtan, 

 M.Sc, Electrical and Computer Engineering, Altınbaş University, 

Supervisor:  Asst. Prof.  Dr.Muhammad Ilyas 

Date: 29/7/2021 

Pages: 92 

 

A novel design of wearable antenna depending on metamaterials inspired-fractal Minkowski-

shaped for industrial, scientific, and medical (ISM) applications is presented. The antenna 

consists of a conventional monopole and a Chebyshev transformer coupled with a unit cell of a 

fractal Minkowski curve to obtain three bands covering the ISM and Wireless Local Area 

Network (WLAN) applications. To enhance the antenna performance, the authors proposed the 

Electromagnetic Band Gap (EBG) layer of 3×4 array is introduced into the design structure. The 

authors used material FR4 dielectric as a substrate to design the antenna with dimensions of 

51mm x 45mm x 1.6mm and fed by a 50 Ω port. The Antenna performance is analyzed 

numerically using CST Microwave Studio (CSTMWS) depending on the Finite Integral 

Technique (FIT). Various investigation analyses have carried out to verify optimum antenna 

performance. The proposed antenna realizes reconfiguration by using the PIN diode. In both 

cases (switching= ON, OFF) the antenna achieves good bandwidth, |S11|<-10dB, and excellent 

impedance matching. 

Keywords: Metamaterial, EBG, Printed-Circuit Antenna, End-Fire 
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1. INTRODUCTION  

1.1 OVERVIEW 

Recently, the miniaturization of electronics has led to increased demand for wearable devices 

that can be connected to the body of users [1]–[3]. Wearable Health Management Systems 

(WHMS) is to be among the most growing fields of study and research. In latest years, we have 

seen wearable devices that can function well enough to replace our instrument with a range of 

medical apps, smart clothing which recognizes the vitals of a human body, make decisions based 

on results. In order to make these matters potential, research has been led to make antennas quite 

adequate in the devices. To employ the wearable system in healthcare applications, the antenna 

requires particular consideration when developing. Weight, size, power consumption, 

conformity, and Flexibility are the biggest problems and constraints that should be solved [4]–

[5]. Many researchers have been tried to developed studies for suitable designs for microstrip 

wearable antenna that be lightweight, flexible, and conformable with the human body. Wearable 

systems can be utilized for disaster and evacuation management services, including raincoats, 

gloves, boots, and helmets [6].  

In current times, great interest has arisen in flexible / semi-flexible wearable devices for 

telemedicine and biomedical applications. Much attention is paid to the use of flexible/semi-

flexible materials for the production of wearable nodes [7]. With the great advancement in the 

technology of wearable antennas, developed has been observed utilize of implantable devices in 

various fields for healthcare applications such as; intracranial pressure monitoring [8], glucose 

monitoring [9], neurological recording [10], and Endoscopy [11]–[12]. Operate the antenna at a 

good range and minimizing the dimension of wearable devices while maintaining its high 

efficiency is one of the issues facing researchers. To address these problems, various efforts have 

been made to reduce the size of the wearable antenna, such as reactive loading [9], utilize 

materials that high permittivity [13],  quarter mode designs [14], shorting pins [15], and enhance 

the resonator length in order to increase the current path [16]. When the mentioned techniques 

are applied, the size of the antenna is significantly reduced. Nevertheless, there are Difficulties 

that appear such as narrow bandwidth, complex designs, and low gain. Also, new 

communication system architecture tends to be used simple designs free from complexity along 

with ultra-compact components [17]–[18]. Designing an antenna with these specifications is a 



 2 

difficult mission to implement. There is a growing disparity between health care providers and 

patients, this imbalance puts substantial pressure on the health sector [19]. In order to meet the 

challenges of modern healthcare, wearable devices are used, which helps the health sector and 

patients to better and safely manage their resources. Day after day, the use of remote surveillance 

in healthcare shows great possibilities as it is lightweight and easy to perform especially 

favorable for housebound patients, elderly and frail [20]. Moreover, it offers an important 

method for tracking chronic condition patients by a continuous evaluation of signs and 

symptoms of the disease [21]. The demand for wearable devices has constantly increased and has 

become more important due to their high reliability in monitoring and tracking during various 

sporting activities, and training has become more significant for monitoring. It is worth noting 

that wearable antennas that work on-body if their size is small, the efficiency of the antenna 

decrease. To maintain high efficiency and performance, a balance should be made between 

parameters such as bandwidth, radiation pattern, and return loss.  

Day after day increases the demand and needs for these antennas to be portable, compact, low-

cost, lightweight, needless setup, and maintenance-free. Notably, the patch antenna is one of the 

essential studies attentions of wearable antennas for WBAN applications [22] due to the 

relatively high directivity and wide ground plane used in its construction. This shows us, that 

microstrip patch antennas have many benefits and features for wearable devices on the body. The 

three most important elements are cost-effectiveness, the relative separation, simplicity of design 

is provided by using the ground level between the surface and the radiating side, resulting in a 

significant reduction in the energy wasted by the skin. [23].  

On the other hand, due to the properties of human tissues that have high permittivity, when the 

human body is exposed to electromagnetic waves that radiate from the wearable antenna, it 

absorbs a large amount of this energy. Therefore, the parameters of the wearable antenna are 

decreased noticeably during its functional near of Human body, this causes significant problems 

in the wireless communication field. Furthermore, electromagnetic waves absorbed by the 

human body have undesirable environmental and biological impacts [24]. In this thesis, a novel 

design of wearable antenna depending on metamaterials inspired-fractal Minkowski-shaped for 

ISM and WLAN applications is presented. 
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1.2 OVERVIEW OF FRACTAL-BASED SLOT ANTENNAS 

Common fractal geometry methods including Minkowski, Koch, Hilbert, Sierpinski, Cantor as 

well as other fractal curves were effectively utilized for producing multi and dual-band printed 

slot antennas for different wireless applications. In that regard, applications related to fractal 

geometry in designing slot printed antennas could be categorized into two types. In the first one, 

direct fractal geometry application was used. In such a situation, all antenna slot structures are 

made by fractal geometries. The multi- and performance related to these antennas were extracted 

almost directly with no necessity for slot shape modification or tuning elements. In the second 

one, slot structures are considered as a combination related to Euclidian structures, including 

rectangle, square, triangle, and additional polygons, in addition to fractal geometry that is 

superimposed on such structures, in which all line segments will be replaced via fractal curve 

with a specific level of iteration. Fractals produced by several Euclidean geometries including 

triangle, circle, and others, were used for producing dual-band antennas for many applications 

related to the communication field. 
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2. LITERATURE SURVEY 

With the rapid and increasing demand for wearable and portable devices greatly in recent years, 

this leads to the imperative of planning and designing microwave resonators that can work with 

various cutting frequencies at the same time. There are several methods used to generate multiple 

ranges, including the use of fractal geometry, metamaterial, EBG, and others, here we explain 

some previous studies in this regard: 

 In 2016 Seevan F et al. [25] A dual-band antenna based on a square-shaped fractal 

Cantor structure is designed for use in WiMAX, WLAN, and ISM band applications. The 

antenna structure was developed by combining the third iteration of Cantor's square 

fractal geometry, etching the resonator structure, and modify the ground plane, to 

increase the antenna impedance and enhance matching with provide the desired radiation 

characteristics. The antenna was simulated using CST software. The results show that the 

antenna behavior was omnidirectional, dual-band resonant 42% (2.35-3.61 GHz) at 2.45 

GHz and 20% (5.15-6.25 GHz) at 5.8 GHz.  The antenna at the lower resonant band had 

a gain of 2.8–3.5 dB and at the upper resonance of 3.7–4.3 dB. The antenna is printed on 

a 50mm x 50mm FR4 dielectric substrate with a thickness of 1.6mm. The antenna 

covered a wide range of frequencies for wireless communication system applications. 

 In 2017 Dalfiah.J and Dabu Karuppasamy [26] a monopole circular antenna based on 

a Split-Ring Resonator (SRR) is designed to operate for industrial, scientific, and medical 

(ISM) bands. (SRR) works as a resonator developed by performing the slotting process 

using split rings to achieve UWB. The SRR consists of two conductive rings, each with a 

slot opposite the other, and separated by a gap. In order to increase the antenna 

impedance, a stub was used. To improve the antenna performance, parametric studies 

were carried out on different numbers of stubs, various ring structures, and different 

lengths of ground plane. The antenna was fed with a coplanar waveguide (CPW) and 

simulated by (ADS) software. The antenna was printed on dielectric substrate FR4 Glass 

Epoxy material. The ground plane has been modified to realize a resonant frequency at 

2.45 GHz with a bandwidth of 100 MHz and radiation efficiency at 50%. The antenna 

was appropriate for WBAN applications for short-term communication. 
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 In 2017 Omar Masood Khan et al. [27] A compact monopolar fractal antenna is 

designed for (WBAN) applications, the antenna structure has been developed by 

integrating a second-order flamenco-shaped fractal geometry with ground plane defects 

to achieve resonance that covers the (ISM) bands.  The antenna was fed by a microstrip 

transmission line 50 ohm port with SMA connector. The antenna was printed on 

dielectric substrate Rogers RT 5870 measuring 20 mm x 27.14 mm with a thickness of 

1.575 mm. Antenna simulated using a CST Microwave Studio package. The patterns of 

radiation, gain, and resonant frequency were investigated and found suitable for wearable 

off-body. The antenna covers the frequencies of 2.4-2.48 GHz and the peak gain of 1.24 

dBi with the Omni-directional pattern that provides appropriateness for wireless 

communication. 

 In 2019 Sourav Roy and Ujjal Chakraborty [28] a compact, wide-band wearable 

antenna based on fractal metamaterials is designed to operate On-body area applications. 

The unit cell structure resonator work as a radiator for the wearable antenna which is 

excited directly by a 50-ohm line from the ground plane to the resonator. The fractal 

metamaterial was printed on a substrate of jeans material which is flexible and low cost, 

the overall size of the wearable antenna has 60 × 60 × 2 mm3. The antenna structure had 

analyzed using the HFSS 14 software, and the antenna performance was examined in 

bending scenarios and their effect on the human body areas. The dual-band antenna 

achieved a wide measured bandwidth of about 49.11% (4.24-7 GHz) in the upper band 

and 46% (1.6-2.56 GHz) in the lower band, with the maximum gain of the wearable 

antenna 5.2 dB at 5.8 GHz and 1.8 dB at 2.4 GHz. 

 In 2019 Hayder S. Ahmed and Elwi [29] in this work, a fractional antenna at 2.45GHz 

was designed to reduce mutual coupling and improve antenna performance for Wi-Fi 

applications. Two monopoles are used separately fed to the 50-ohm type an (SMA) port, 

and to reduce the mutual coupling between the monopoles, a reject band filter (RBF) was 

utilized. The proposed RBF was developed by adding an open-stub transmission line 

coupled with Minkowski-shaped cell open-loop resonators in order to obtain a zero 

refractive index response. A significant reduction in mutual coupling was achieved by 

integrating two RBF cells, and the surface impedance increased at 2.45 GHz to match 
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with Wi-Fi applications. The antenna was simulated using HFSS and CST software 

packages. The gain of the antenna was found to be around 2 dBi at 2.45 GHz. The 

antenna is printed on an FR-4 dielectric substrate placed on a full copper ground plane. 

 In 2019 Ali Arif et al. [30] a low-profile, compact triangular wearable antenna based on 

Koch fractal geometry has been introduced for (WBAN) applications. The antenna 

structure was developed by integrating defective ground structure, meandering slits, and 

Koch fractal geometry. The fractal antenna was printed on flexible dielectric substrate 

low-cost Roger RT / duroid 5880 dimensions of 39mm x 39mm x 0.508mm. Bottom side, 

the ground plane is defective with six slits with truncated corners from copper. The 

antenna structure was analyzed by CST Microwave Studio package and fed with a 50-

ohm inset feed line. The antenna performance was measured in bending scenarios at 

respected positions and different areas of the human body. The Specific Absorption Rate 

(SAR) is evaluated and found that within the safety and health limits by the US and EU. 

Results are 0.26Watt at leg position and 0.34Watt at arms position, according to the 

standards set by the EU. The fractal antenna achieved a peak gain of 2.06 dB, the center 

frequency of 2.45 GHz and S11 <−10 dB, along with a bandwidth of 7.75%, and an 

overall radiation efficiency of 75%. The antenna fabrication showed agreement between 

experimental and numerical results. Also, the performance of the antenna was good and 

suitable for WBAN applications. 

 In 2020 Zainab Al-Dulaimi et al. [31] in this work, a fractal antenna structure array with 

(EBG) based on Hilbert-shaped metamaterial was designed for MIMO applications. The 

meander monopole antenna was fed a 50 ohm SMA port. Two monopoles meander 

structures were printed and placed on an FR4 dielectric substrate, and the ground plane 

was etched with (EBG) Hilbert-shaped inclusions of the third order, to achieve surface 

wave reflection away from the antenna elements by having a negative refractive index 

(NRI). This property occurs when EBG slots are integrated with the EBG defect. Antenna 

simulated using a CST Microwave Studio package. The antenna achieved an excellent 

bandwidth at least 25% with S11 <−10 dB and gain of 2.1dBi at 2.45 GHz. The axial 

ratio of the antenna is less than 3 dB at 2.45 GHz, however, it has achieved circular 



 7 

polarization due to the effects of the EBG structure. The antenna dimensions are 40 mm x 

50 mm with a thickness of 1.6 mm. 

 In 2020 Arka Bhattacharyya et al. [32] Dual-band fractal antenna is designed for 

biomedical and GPS applications. The antenna was fed with a 50-ohm microstrip-line 

and printed on a Rodgers 5880 dielectric substrate with a thickness of 1.52 mm. The 

authors chose the resonator as Minkowski-shaped for their works due to ease of 

fabrication and simplicity to the iteration. The resonator was developed from Theory of 

Characteristic Modes (TCM) to achieve two different characteristics of polarization, 

circular polarization at 1.5 GHz and linear polarization at 2.45 GHz. The antenna was 

simulated using FEKO software. 

 In 2020 Ali Arif et al. [33] a wearable fractal antenna triangular-shaped based on Koch 

structure backed with an (EBG) plane was designed for communications devices 

applications. The monopole antenna consists of a triangular radiator inspired by Koch 

structure geometry with an array of EBG 2 × 2 square shapes as an electromagnetic wave 

reflector in order to increase the isolation between the human body and the antenna. The 

antenna was mounted on a semi-flexible Rogers 5880 substrate with a thickness of 0.508 

and dimensions of 41 x 41 mm2, and an EBG layer of 2 x 2 was printed on the same 

Rogers 5880 substrate with overall dimensions of 83 x 83 mm2 with a thickness of 1.570 

mm. the antenna simulated using CST Microwave Studio. The results showed that adding 

EBG plane improved the antenna gain to 7.8 dBi, and radiation efficiency 85%, and 

increased FBR by 16 dB. The center frequency at 2.38 GHz and S11 <−10 dB, along with 

a bandwidth 50MHz. The antenna covers the entire MBAN range (2.36-2.40GHz) for on 

and off-body communications devices. 

 In 2020 Elwi and Sarah G. Abdulqader [34] a low-profile fractal antenna based on the 

metamaterial has been introduced in the context of wearable devices operating in wireless 

power harvesting applications. The antenna consists of an array 3 x 5 of Hilbert-shaped 

iteration, a unit cells arranged on a rectangular patch. The antenna is printed on a FR4 

dielectric substrate dimensions of 28 mm x 32 mm x 0.394 mm, on the other side the 

ground plane has square defects in the (EBG). The antenna was printed on a self-powered 

solar panel by solant-rectenna output terminals, and two prototypes of copper and silver 
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nanoparticles (SNPs) were constructed. It was found that the proposed solant-rectenna 

antenna coverage range is from 0.8 GHz to 10 GHz. In order to create a rectenna port that 

collects RF energy and converts it into DC voltage at 0.915 GHz, a solant RF port is 

connected to a rectifier circuit. It was also noted that the proposed rectenna conversion 

efficiency is 90% and output DC voltage of 1.42V at 0.915 GHz. In this research, the 

wearable antenna based on solant–rectenna has two sources of clean energy harvesting 

were obtained from solar and RF energy in one port. 

 In 2021 Sarah M. Obaid et al. [35] this work presents the design of a fractal 

Minkowski-shaped antenna based on the metamaterial for biomedical applications. The 

antenna uses a microwave resonator to measure the blood glucose level of individuals 

with diabetes. The antenna consists of a four-unit cell from the (MOL), coupled with an 

(OSTL) to increase the impedance matching and achieve the resonance frequency at 

2.45GHz. In order to improve the measurement quality of the blood sample, a multi-

walled carbon nanotube (CNT) patch is placed in the middle path of the OSTL to 

increase the concentration of EMF on the material sample. The proposed sensor is 

dependent on impedance matching change, bandwidth variation, resonant frequency 

tuning, and phase displacement S11or S12 spectra, to detect the blood glucose by placing 

the specimen on the CNT patch. The antenna was printed on FR-4 dielectric substrate 50 

mm x 25 mm with resonator simulation using a CST Microwave Studio. 

In all previous studies, the ease of design and the use of inexpensive and available materials have 

not been considered, some of which are large antenna dimensions not suitable for use in 

pressurized environments. But with minimal justifications and details. Moreover, the use of 

artificial intelligence algorithms invoke is still very limited in the former characterization 

methods that are related to such research. 
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2.1 THESIS OUTLINES 

The thesis consists of five chapters, demonstrated as follows: 

 Chapter One: The overview of antennas and the uses of fractal geometry in designing 

antennas. 

 Chapter Two: A literary survey show previous studies in this field. 

 Chapter Three: Includes the theoretical background about microstrip antenna and 

feeding methods, benefits and limitations of each type, moreover, demonstrate the 

characteristics of antennas and the theory of microstrip resonators. 

 Chapter Four: Covers the unique characteristics of fractal geometry along with the most 

commonly used fractal geometries applied in designing antennas. 

 Chapter Five: Presents simulations and discussions of design methodology and 

parametric studies to obtain optimal conditions to design a wearable antenna based on 

Metamaterials for biomedical applications. 

 Chapter Six: Presents the results of the antenna design methodology. 

 Chapter Seven: Demonstrates the conclusions and suggestions for future work. 
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3. THEORETICAL BACKGROUND OF MICROSTRIP ANTENNAS 

3.1 INTRODUCTION 

This chapter provides an overview of microstrip antennas and their applications in wireless 

communication. This includes this involves the weaknesses and capabilities related to such 

antennas in various wireless applications. The main parameters affecting antenna performance 

were studied along with design equations related to the microstrip patch antenna. The frequently 

used antenna feed approaches were assessed. 

 

3.2 MICROSTRIP ANTENNAS (MSA) 

In 1952, the MSA concept was suggested by Deschamps. Nevertheless, in the 70s, Howell and 

Munson developed practical antennas [36]. The many features of MSA, like the simplicity of 

fabrication through the use of printed-circuit technologies, small volume, lightweight, resulted in 

designing numerous configurations for many implementations. With rising necessities for mobile 

and personal communications, the need for low profile and smaller antenna brought microstrip 

antennas to the front. The radiation from MSA might happen from fringing fields between 

ground planes and patch periphery. Length L regarding the rectangular patch for fundamental 

mode excitation of TM10 is little less than λ/2, with the wave-length in the dielectric medium is 

λ, in relation to the free space wave-length λo is specified as λo /√Ɛe, here Ɛe can be defined as 

the effective dielectric constant related to microstrip line of the width W.   

Ɛe is a little smaller compared to the substrate’s dielectric constant Ɛr since the fringing fields 

from the patch to the ground plane are not confined in only the dielectric however they are 

spread in the air as well. For the purpose of enhancing fringing fields from the patch, that cause 

radiation, the patch’s width W will be increased. The increase of substrate thickness h and the 

reduction of Ɛr will enhance the fringing fields. Substrates with thicker h and lower Ɛr and 

microstrip patches with larger widths are used by MSA [36].   

MSA are essentially narrowband. The standard MSA bandwidth is about 4-7 percent. A 

significant number of studies were carried out for the purpose of developing MSA. For 

increasing the impedance bandwidth, the methods employed are basically variations of 3 

methods [37]:   
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• Increasing the volume of antenna via geometry alterations which focus of 

increasing the volume under patch (to increase thickness h), add more coupled 

resonators, decrease substrate dielectric constant.   

• Application of matching network.   

• Perturbing the geometry of antenna geometry for relocating or creating 

resonances through the use of slots and shorts in antenna.   

  

A lot of applications use MSAs because of their advantages. The communication and telemetry 

antennas on missiles must be conformal and thin and are they are usually MSAs. Small arrays 

of microstrip radiators are used by radar altimeters. Additional aircraft-associated applications 

such as satellite communication and antennas for the telephone. The systems of satellite 

imaging use microstrip arrays. The patch antennas were applied on links of communication 

between satellites and ships or buoys. Because of their thin profile, MSAs are used by the 

systems of smart weapons systems. GPS, GSM, wearable devices, and pagers are the main users 

of MSA [36]. 

 

3.2.1 OVERVIEW TO MICROSTRIP PATCH ANTENNA 

In its simplest form, micro-strip patch antennas, have radiating patch on a side of dielectric 

substrate that has a ground plane on the other side as displayed in the Figure 3.1. Mostly, a 

patch is composed of a conducting material like gold or copper and might take various shapes. 

Feed line and the radiating patch are typically etched or printed on dielectric substrate [38].  
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Figure 3.1: The basic structure of a microstrip patch antenna [38]. 

For rectangular patch, the patch’s width W is usually 0.3333λo < W < 0.5 λo, here λo can be 

defined as the free-space wave length. The patch is selected extremely thin in a manner that t << 

λo (t can be defined as the thickness of the patch). The dielectric substrate’s height h is typically 

0.003 λo ≤ h ≤ 0.05 λo. The substrate’s dielectric constant (Ɛr) is usually in the range 2.2 ≤ Ɛr≤ 

16. [39]. 

 

Figure 3.2: Types of patch antenna elements [39]. 

Micro-strip patch antenna radiates mainly due to the fringing fields between ground plane and 

patch edge. For optimum performance of antennas, it is desired having thick dielectric substrate 

with low dielectric constant due to the fact that this offers better effectiveness, optimum 

radiation and more bandwidth. Nevertheless, larger size antennas will be the result of these 

configurations. For the purpose of designing compact Micro-strip patch antennas, higher 

dielectric constants should be deployed that are less effective and lead to smaller bandwidth. 

Therefore, cooperation should be achieved between the performance and dimensions of 

antennas [36].  

Microstrip antennas which are also known as patch antennas have become common because they 

provide the major benefit in that they provide the possibility that they can be printed on a circuit 

board directly [40]. The microstrip patch antenna is designed in such a fashion that it has two 

sides one which is the radiating side while the other is the grounded side. The radiating side has a 

patch that is made of gold or copper, and it can be designed into any shape depending on 

preference (rectangular, circular, and other shapes).   
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Modern technology enables the patch antennas to be used widely in the mobile market especially 

because they can be obtained at a low cost, can be fabricated easily and also their profile is low 

[41]. Their functioning is highly effective because they are made of high conductivity metal 

usually copper which is used in making the ground plane and the transmission line. The size of 

the microstrip patch antenna is represented by dimensions L, W and H whereby L represents the 

length, W is the width and H is the height. The height represents the thickness of the circuit board 

on which the microstrip is placed. The dielectric board has a certain measure of permittivity ( r) 

[41]. Although the thickness of the circuit board is important, it should be noted that the 

thickness should always be smaller than the operational wavelength. Usually, the height should 

be 1/40th of the wavelength which is 0.025λ when expressed as a fraction. If the value is greater 

than that, then the efficiency of the microstrip becomes downgraded.  To determine the 

frequency that the patch antenna will operate with, it is important to adjust the length of the 

antenna, and the following Equation can be used [41]. 

 f=  
c

λ
                                                                                                                                           (3.1) 

Where f frequency, c speed of light, λ wavelength 

 

 𝑓𝑟 ≈
𝐶

2𝐿√𝜀𝑟
=

𝐶

2𝐿√𝜀0𝜀𝑟𝜇0
                                                                                                              (3.2)                                

From Equation 3.2, it is possible to deduce that it is a requirement that the wavelength should be 

twice as much as the length of the antenna or the latter should be half as much as the former 

when they are placed in the dielectric circuit board. While the length determines the frequency, 

the width is responsible for controlling the input impedance. It implies that adjusting the width so 

that it is large, the effect is that the resulting bandwidth. When Equation one is used and a square 

patch antenna is inputted, the input impedance that will be obtained is 300 Ohms. If the width is 

increased, then the impedance can be reduced, but it would require a very wide patch so that an 

input impedance of 50 Ohms can be achieved. This may not be practical because it leads to the 

consumption of a lot of space which may be valuable. The other aspect that is considered when 

dealing with the width, is the radiation pattern [42]. In order to calculate the radiation pattern 

after normalization, the following equations can be used.                                                
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𝐸𝜃 =
sin⁡(

𝑘𝑊sin𝜃sin ∅
2

)

𝑘𝑊⁡sin𝜃sin ∅

2

⁡cos (⁡
𝑘𝐿

2
sin 𝜃 cos ∅) cos ∅                                                                     (3.3)  

𝐸𝜃 =
sin⁡(

𝑘𝑊sin𝜃sin ∅
2

)

𝑘𝑊⁡sin𝜃sin ∅

2

⁡cos (⁡
𝑘𝐿

2
sin 𝜃 cos ∅) cos 𝜃 sin∅                                                            (3.4) 

Whereby the wavenumber (k) is calculated using Equation 3.5    

 k=
2𝜋

𝜆
                                                                         (3.5)                                                                                

And the field magnitude can be calculated using Equation 3.6 

  𝑓(𝜃, ∅) = √𝐸𝜃
2 + 𝐸∅

2                                    (3.6) 

 

3.3. FEEDING METHODS OF PATCH ANTENNA 

 At the end of designing, the feeding of the microstrip patch antenna (MSPA) is done. The main 

reason for this, it becomes possible to achieve high impedance for the input value by adjusting 

the dimensions of the feed. However, it is still possible to do a modification to the antenna so 

that better results can be obtained. Microstrip patch antenna has various methods for feeding.  

These feeding techniques are often classified into 2 groups, non-contacting and contacting [41]. 

In the contacting group, the power is fed the patch directly by employing a metallic element. In 

the non-contacting group, the electromagnetic field is coupling with the patch.  

The most three famous feed techniques that used to feed microstrip patch antenna (MSPA) are 

the coupling technique, coaxial probe, and microstrip line. The following subsections will 

discuss various techniques for feeding the patch antenna.  

3.3.1 Microstrip Line Feed Technique 

In this technique, a strip line is connected to the edge of the patch as shown in Figure 3.3 and 

Figure 3.4. The width of the patch is larger as compared to the width of the strip line. This 

technique has some advantages, where it is simple in modeling and ease of fabrication. This 
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technique has two types; inset feed and Quarter-Wavelength Transmission Line feed. These 

types are discussed in the following subsections.  

The summary of benefits and limitations are:  

• Ease of fabrication,  

• Simple to  model,  

• Impedance matching.   

The limitations are:   

• Feed radiation,  

• Thicker substrate results in increasing the surface waves which limit bandwidth of 

the antenna.  

 

3.3.1.1. Inset feed  

As noted earlier, the current is found to be low at the ends of the patch antenna. As the distance 

decreases towards the mid-section, the current increases in magnitude. Therefore, it implies that 

it is possible to minimize the input impedance if the current is fed closest to the center. This can 

be achieved by including an inset feed that is shown in Figure 3.3 [43].  

 

Figure 3.3: Inset feed indicated by R [39]  
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The current is found to have a sinusoidal distribution which implies that if the distance is 

increased further away from the end, then the current will be increased.  

Notably, the voltage also experiences an increase by the same magnitude. The relationship 

between these parameters is represented by Z=V/I while the scaling of the impedance is 

represented by the Equation 3.7  

 𝑍𝑖𝑛(𝑅) = 𝑐𝑜𝑠2 (
𝜋𝑅

𝐿
) 𝑍𝑖𝑛(0)                                                                                                      (3.7)  

 

3.3.1.2. Quarter-wavelength transmission line feeding 

A Quarter-Wavelength Transmission Line of characteristic Z1 can also be used to match the Zo 

represented in Equation 3.8. The matching is indicated in the Figure 3.4.   

 

Figure 3 .4: Quarter wavelength matching [39]  

In this scenario, three parameters are considered namely transmission line, input impedance, and 

the antennas impedance. The relationship is indicated in Equation 3.8.  
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    𝑧𝑖𝑛 = 𝑧0 =
𝑧𝐴
2

𝑧𝐴
                                                                                                                         (3.8)  

Whereby (Zin) represent input impedance, (Z0) represents transmission line; (ZA) represents 

impedance of the antenna, and (Z1) represents variant impedance.  

The objective in this scenario is to manipulate the values so that matching is achieved between 

the transmission line and the input impedance [41]. In order to cause variation that will result in 

matching, the variant impedance is altered so that the desired results are obtained. To alter the 

variant impedance, the quarter-wavelength strip‘s width is changed. As the strip is getting wider, 

the impedance Z0 will get lower and vice versa. 

 

3.3.2. Coaxial Probe 

This technique is very famous for feeding the patch antenna. It is also possible to feed a 

microstrip antenna using a probe so that the feeding process takes place from underneath. In this 

method, the outer conductor connected to the ground plane. While, there is an extension of the 

center conductor, which it goes up to the patch [43]. To control the impedance, adjust the 

position of the coaxial probe, and this is considered as an advantage of this method. However, it 

has some disadvantages like the bandwidth is narrow and making the antenna more inductive 

when the substrate height is increased, this lead to matching problems. It is also important to 

note that radiation in unwanted directions will take place because even the probe will radiate if 

height increases exceedingly.  The summary of benefits and limitations are: 

• Ease of fabrication,  

• Ease of  matching,  

• Low level of false radiation.  

The limitations are:   

• Narrow bandwidth,  

• Difficulty of model especially for thick substrate since a hole has to be drilled in 

the substrate,  
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With increasing substrate thickness, the input impedance becomes more inductive which leads to 

a matching problem. 

 

Figure 3.5: Probe feeding [43]  

3.3.3. Coupled Feeds  

The feeding method discussed in the previous section has some disadvantages regarding the 

width requirement in the microstrip antenna. For this reason, it is necessary to consider non-

contacting feed techniques which have the capability of mitigating the negative implications of 

using these techniques [39]. The proximity coupled feeds and the aperture feeds are examples of 

the coupled feeds that are non-contacting techniques. 

3.3.3.1. Proximity coupled feed  

When using this technique, the patch antenna is designed in such a way that it has two dielectric 

substrates whereby the feed-line is located between the two substrates. In the case of the 

radiating patch, it is placed on top of the upper substrates surface [43]. Where there is a 

microstrip patch antenna that has radiating properties, the feed-line to the patch antenna is 

usually on the top surface of the two dielectric substrates. This feeding technique is preferred to 

other techniques because it offers many benefits. Some of these benefits include: it does not 

require any physical contact whatsoever between the element and the radiating surface. Another 
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benefit of the proximity coupled method is that there is no drilling that is required and there is 

minimal spurring during emission of the radiation.  

This method is efficient because it enables to achieve high levels of radiation which is brought 

about by the increased width of the patch.  

The technique enables increasing the bandwidth by up to 13%. Using the proximity coupled feed 

technique enables optimization of the performance of the substrates. It makes it possible to 

optimize the performance of the feed technique separately from the performance of the patch. 

Although the technique has many advantages, two main advantages are associated with the 

technique. Also, the use of two different substrate layers increases the width of the patch.  

The summary of benefits and limitations are:  

• Elimination of false feed radiation,  

• Providing very high bandwidth (as high as 13%),  

• Matching can be done easily by regulating the length of the feed line and the 

width-to-line ratio of the patch.  

The limitations are:  

• Difficulty of fabrication due to  the two dielectric layers which require proper 

alignment,  

• Increase in the overall thickness of the antenna.  
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Figure 3 .6: Proximity coupled feed [43]  

3.3.3.2. Aperture coupled feeds  

Similar to the proximity coupled technique, the aperture method also uses electromagnetic 

coupling technology. This technique involves having a common aperture that is utilized in 

coupling the RF energy that is radiated from the microstrip patch antenna [39]. The common 

aperture is placed on the ground plane whereby there may be one or more conducting patches 

according to the desired performance expected. A layer of dielectric carrier supports the patches 

on the ground plane. To increase the efficiency of the microstrip patch antenna, the coupling 

aperture is situated at the central part of the patch. Variations in a number of factors dictate the 

magnitude of coupling that is derived from the feed line. The factors are such as; location, shape 

and size of the aperture that is placed in the central part of the microstrip patch antenna. The 

location of the radiating patch element is at the top of the feed substrate, and the ground plane is 

placed between the two substrates. The ground plane between the two substrates has the 

coupling slot. This design where the ground plane is placed between the substrates enables 

minimizing the spurious radiation. Aperture-Coupled feeding has a number of other advantages. 

The other benefits include; ease of integration and the amount of space available becomes 

increased.   
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Figure 3 .7: Aperture feed technique [39]  

Optimal antenna performance can be achieved because it is possible to do an independent 

selection of the feed substrates and the radiator.  

A higher dielectric constant can be chosen to ensure that the electrical size of the circuit is 

reduced. To ensure that the dielectric constants of the two substrates have an effect on each 

other, the ground plane is introduced.  

The aperture feed technique is advantageous in the following way; it leads to an increased degree 

of freedom which allows for optimization of the design. The process of matching the impedance 

becomes easy for designers because there is an additional degree of freedom [39].  

For matching purposes, adjusting the length of the open-circuit stub adjusts the antenna‘s locus 

which enables compensation of the reactance.  

The advantages are:  

• False radiation is minimized since the ground plane separates the patch and the 

feed line. 

The Limitations are:  

• The difficulty of manufacturing due to the presence of multiple layers, which 

increases the thickness of the antenna.  
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• Narrow bandwidth. 

 

  In summary, Table 3.1 presents a comparative demonstration of the previously described 

feeding techniques.  

Table 3.1: Comparison among the various feeding methods [36], [37]. 

Properties 

 

Aperture 

Coupled Feed 

Proximity 

Coupled 

Feed 

Microstrip 

Line  Feed 

 Coaxial 

Feed 

  

Spurious Feed 

Radiation 

Less Lowest High 

 

High 

Reliability Decent Decent Better Bad because 

of soldering 

Simplicity of 

Fabrication 

Alignment 

needed 

Alignment 

needed 

Simple Drilling and 

soldering is 

required 

Impedance 

Matching 

Simple Simple Simple Simple  

Bandwidth 

(accomplished 

with  impedance 

matching) 

2-5 % 13 % 2-5 % 2-5 % 

 

3.4. ANTENNA CHARACTERISTICS 

There are too many important parameters in order to define the characteristics of antenna, such 

as directivity, return loss, radiation pattern, gain, polarization, antenna efficiency, input 

impedance and others which are well defined in the literatures [37], [38], [40], [41]. However, in 

order to satisfy the content of this thesis, some important parameters will be explained. 
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3.4.1. Radiation Pattern  

The main and major characteristic of the antenna is the radiation pattern. As it is an important 

characteristic of the antenna, it can be defined as the graphical representation of the properties of 

radiation of the antenna. The antenna is graphically surrounded by the sphere which is evaluated 

by the electromagnetic fields at the same equivalent measure of distance to the radius of the 

sphere [37], [41]. The radiation pattern, being a graphical representation of the properties of 

radiation of an antenna, it represents the antenna in three dimensions; three graphical 

dimensions. They represent the antenna in three dimensions being as a function of the angular 

direction. The E-plane of the patch antenna is the plane that has in it the field vector. On the 

other hand, H-plane is the plane that has the H-vector in it. The appropriate angle of the dipole 

where the H-plane is concerned is 90 degrees.  

The omnidirectional antenna pattern is known as the type of the antenna pattern that is 

demonstrated where there is no kind of variation that is seen from the radiated E/H fields. The 

antenna pattern is most of the times plotted in the dB. Superfine features of the antenna pattern 

can be obtained when using a logarithmic scale when plotting. The patch antenna has a pattern 

that is a recurring pattern, where many of the base patch antennas have the major lobe and then 

the minor lobes which are also referred to as the side lobes. The back lobe is a side lobe which is 

occurring on the immediate opposite direction of the main major lobe. There are four major 

patch antenna pattern types that are;  

• Omnidirectional antenna pattern type. This is an antenna pattern type where the 

response to the radiation is always constant in only one of the principal planes of the 

patch antenna.  

• Isotropic antenna pattern type. This is an antenna pattern type where the patch 

antenna radiates gives out radiation in all directions in equal and the same measure in the 

3D space. This is used to prove how the patch antennas are directive even though it is 

impossible to prove it in a theoretical manner.  

• Broadside antenna pattern type. This is an antenna pattern type where the major 

and the main beam of the antenna are usually normal to the axis or to the plane that has 

the antenna.  



 24 

• End-fire antenna pattern type. This is an antenna pattern type where the main and 

major beam of the antenna is usually contained in the plane or is parallel to the plane that 

is containing the patch antenna.  

 

3.4.2. Directivity  

The directivity is the measure of the quantity of the concentration given off by the antenna in a 

certain given direction. There has to be known antenna for the directivity of the antenna to be 

measured, and the known antenna is always an isotropic radiator. In technical terms, the 

directivity of an antenna is a function of a specific angle that can be plotted in either 2D or a 3D 

plot. The directivity of the antenna also shows the representation of the power which is added 

and that is collected in a given specific direction that equals an isotropic radiator. The additional 

power that is collected or transmitted does not come from nothingness. The additional power 

comes from the directivity in the other directions. The patch antenna has more products geared 

towards one specific direction where there are other responses in other directions. The extra 

additional power is obtained at the expense of the directivity in other directions. Usually, the 

patch antenna‘s directivity is estimated at a value ranging from 2 to 7 dB, and they are placed 

horizontally when viewing the microstrip and at the same time it is found that the linear 

polarization is evidenced in the fields when the radiation pattern is normalized [37].  

 

3.4.3. Gain  

The gain denotes what proportion power is transmitted within a certain direction to the power 

that transmitted of an isotropic source in the same direction. The gain is used commonly more 

than the directivity because it takes under consideration the particular losses that occur. If the 

gain of an antenna is three dB, this implies that the power that received far away from the 

antenna is going to be twice as much as what would be received from a lossless isotropic antenna 

with the identical input power [41]. The gain is related to the efficiency of the antenna and the 

directivity by Equation 3.9:   

 

𝐷 = 𝜀𝑅𝐺                                                                                                                             (3.9)  

Except for dB, there are other units for antenna gain, those are:  

• dBi: describes the gain relative to an isotropic antenna.  
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• dBd: describes the gain relative to a dipole antenna.  

 

3.4.4. Antenna Impedance  

The antenna input impedance is a key concept to put under consideration for the system RF will 

have to interface to the antenna. It is disadvantageous for the impedance of the antenna to be 

unmatched to the system [38]. This is because when the impedance is mismatched; there will be 

a lack of proper transmission of power to and from the antenna. The improper transmission of 

power is brought at the reflection produced when the impedance is not matched.   

 

3.4.5. Surface Current   

The surface current is an actual electric current that is induced by an applied electromagnetic 

field. The electric field pushes charges around. The patch antenna has an open-end circuit that 

makes the current at its end equal to 0. While, the current is maximum at the center of the patch 

antenna; therefore, this makes the current zero at the farthest ends. It shows the amount of the 

impedance on the surface [37].  

 

3.4.6. Gain or Directivity in dB  

The dB units are the most appropriate units to express any changes in magnitude orders. The dB 

units give room for the calculations in multiplications and divisions to be replaced by simple 

addition and subtraction calculations. This is seen in the case of radio systems where the dB units 

are used to express quantities since the quantities are subject to a variance of many magnitude 

orders. There is always a reference where a dB quantity is involved. In the case of directivity 

where the patch antenna is involved, the average intensity of radiation that is transmitted by the 

isotropic radiator is the denominator which in turn is the reference. From the previous statement, 

it can be observed that directivity is usually the comparison of the microstrip patch antennas. An 

isotropic radiator is a reference when finding the directivity of the patch antenna.  An isotropic 

radiator becomes the reference by replacing the dB with the unit dBi. The dBi units are used 

when there is another reference that is used apart from an isotropic radiator [41].  
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3.5 MICROSTRIP RESONATORS  

In this segment, different sorts of microstrip resonators are displayed and examined. The 

foremost commonly utilized resonators are: stepped-impedance resonator (SIR), ring resonator, 

meander-loop resonator, and substrate-integrated waveguide resonator (SIW). 

3.5.1 Stepped-Impedance Resonator (SIR): 

The structure of the SIR is appeared in Figure 3.8. The SIR could be a non-uniform transmission 

line comprises of two areas, high-impedance and low-impedance segments. 

 

Figure 3.8: Schematic of the Stepped-impedance resonator [45]. 

The characteristic impedances for each line area are signified as Z_1 and Z_2 with electrical 

lengths A and B separately [3]. The input induction can communicate by [44]: 

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑌𝑖𝑛 =
2𝑗𝑌2(𝐾𝐾1+𝐾2)(𝐾−𝐾1𝐾2)

𝐾(1−𝐾1
2)(1−𝐾2

2)−2(1−𝐾2)𝐾1𝐾2
                                                                                (3.10) 

Where 𝐾1 = tan (
𝐴

2
) , 𝐾2 = tan(𝐵) and⁡𝐾 =

𝑍2

𝑍1
. The SIR is used for the structures that require 

wide rejection bands [45]. 

 

3.5.2 Square-Loop Ring Resonator  

Figure 3.9 shows up the structure of the square-loop ring resonator. The resonator comprises four 

undefined sides related to making a square closed circle and two coupling gaps [46].  

In case one of the coupling gaps has been opened, the effect of the ring resonator on the 

resonation repeat will be less and inclusion coupled will be decreased. There's another way to 

amplify the coupling and diminish the consider loop current is to shield the ring resonator with a 

dielectric or utilizing restricted copper tape over the cleft [47]. 
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3.5.3 Meandered Resonator 

In figure 3.10, a 2-D meandered resonator is displayed which has the same length and 

measurements of the 2-D Hilbert resonator, this implies that the capacitance are break even with 

for each setup. So, on the off chance that the inductances are not rise to this implies that the 

resounding frequencies will be diverse for each structure. 

 

Figure 3.9: General structure of the square-loop ring resonator. 

 

Figure 3.10: 2-D meandered and 2-D Hilbert microstrip resonators with the same length and spacing 

[48]. 

 

The total inductance per length of the meander, 𝐿𝑡𝑜𝑡⁡is given by [48]: 

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝐿𝑡𝑜𝑡 = 2𝑛𝐿                                                                                                                 (3.11) 

Where n is the number of meander turns, and L represents the inductance per length for each 

straight line segment. 
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3.5.4 Substrate-Integrated Waveguide (SIW) Resonator   

The demand for using this type of resonator has increased in recent years due to its low cost, 

compact, good measurement, and great integration with circuits and other waveguides for 

coupling and achieving acceptable results. Figure 3.11 shows the SIW area, a rectangular 

waveguide with metal slot air holes attached from the top layer to the ground layer of the 

waveguide. S_a is the division between discussion gaps and D_a is the width of each gap, while 

S_v is the division between two adjacent minerals through sans D (v) is the distance across each 

through.  

 

Figure 3.11: Scheme of SIW with air holes and metallic vias [49]. 

 The SIW can be considered as a rectangular wave-guide to calculate its effective width 𝑎𝑒𝑓𝑓 by 

[49]: 

                𝑎𝑒𝑓𝑓 = 𝑎 −
𝑑𝑣
2

0.95𝑆𝑣
                                                                                                 (3.12) 

The concept behind the metallic via is to carry more signals from input to output ports, hence 

reducing radiation losses and achieve size miniaturization. 

 

3.6 COUPLING TYPE FOR TRANSMISSION LINES  

There are various ways for coupling of microstrip Microwave resonators, and each method gives 

different resonances.  Figure 3.12 shows the three types of coupling, namely: electrical coupling, 

magnetic coupling, and mixed coupling [50]. 



 29 

 

(a)                                                                (b) 

 

                                                            (c) 

Figure 3.12: Transmission lines coupling schemes: (a) electric; (b) magnetic; (c) mixed. 

3.6.1 Electric Coupling 

The lumped element for the electric coupling structure of Figure 3.12(a) is shown in Figure 3.13 

(a), where L and C are inherent conductor inductor and capacitor, to realize from 1/√𝐿𝐶 the 

resonant frequency of the resonator, and 𝐶𝑚 denotes the mutual capacitance. The equivalent 

circuit of Figure 3.13(a) can alternated to the circuit represented in Figure 3.13 (b) [50].  

 

                                                             (a) 
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(b) 

Figure 3.13: Electric coupling: (a) lumped equivalent element; (b) alternative form of an equivalent 

circuit [50]. 

 

The symmetry plane of Figure 3.13(b) is replaced by a short circuit (electric wall), so the 

resonance frequency is given by [50]: 

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑓𝑒 =
1

2𝜋√𝐿(𝐶+𝐶𝑚)
                                                                                                          (3.13) 

This recurrence is lower than that of the uncoupled single resonator due to the coupling impact 

which upgrades the capacity for charge capacity for the single resonator when the electric divider 

is embedded into the symmetrical plane of the coupled resonator. Presently, supplanting the 

symmetry plane of Figure 3.13(b) by an open circuit (significant divider), the reverberation of 

the circuit will be: 

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑓𝑚 =
1

2𝜋√𝐿(𝐶−𝐶𝑚)
                                                                                                         (3.14) 

In the event that the recurrence expanded, the coupling impact diminishes the capacity to store 

charge. We can be utilized to extricate the electric coupling coefficient k_E [50]: 

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑘𝐸 =
𝑓𝑚
2−𝑓𝑒

2

𝑓𝑚
2+𝑓𝑒

2 =
𝐶𝑚

𝐶
                                                                                                        (3.15) 
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2.6.2 Magnetic Coupling  

The lumped component for the coupled resonator of Figure 3.12(b) is appeared in Figure 3.14(a), 

where L_m indicates the shared inductance. The coupling between the two resonator circles by 

an impedance inverter. Figure 3.14(a) can be rotated to an identical circuit that appeared in 

Figure 3.14(b) [1, 21]. On the off chance that the symmetry plane of Figure 3.14(b) is supplanted 

by a brief circuit (electric divider), the recurrence can be given by [52]: 

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑓𝑒 =
1

2𝜋√(𝐿−𝐿𝑚)𝐶
                                                                                                           (3.16) 

When the electric divider is embedded within the symmetrical plane, the resounding recurrence 

expanded due to the coupling impact reducing the put away flux within the single resonator 

circuit. 

 

                                                             (a) 

 

                                                             (b) 

Figure 3.14: Magnetic coupling: (a) lumped equivalent element; (b) alternative form of an equivalent 

circuit [52]. 
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Within the case of embedding an open circuit (significant divider) rather than the symmetrical 

plane, the resonance recurrence is: 

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑓𝑚 =
1

2𝜋√(𝐿+𝐿𝑚)𝐶
                                                                                                        (3.17)                                          

It is apparent that the resonance is reduced due the coupling impact that increments the surface 

current flux. From conditions (3.14) and (3.15), the attractive coupling coefficient k_m can be 

found: 

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑘𝑚 =
𝑓𝑒
2−𝑓𝑚

2

𝑓𝑒
2+𝑓𝑚

2 =
𝐿𝑚

𝐿
                                                                                                        (3.18) 

 

2.6.3 Mixed Coupling  

Figure 3.15 shows the lumped element for the mixed coupled structure of Figure 3.12(c). 

Similarly, by inserting an electric wall and a magnetic wall one at a time instead of the 

symmetrical plane of Figure 3.15, the resonances can be obtained as shown [51]: 

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑓𝑒 =
1

2𝜋√(𝐿−𝐿𝑚
′ )(𝐶−𝐶𝑚

′ )

                                                                                            (3.19) 

               𝑓𝑚 =
1

2𝜋√(𝐿+𝐿𝑚
′ )(𝐶+𝐶𝑚

′ )

                                                                                            (3.20) 

As can be seen, both the magnetic and electric couplings have the same effect on the resonant 

frequency shifting. 

 

Figure 3.15: Mixed coupling lumped element [51]. 
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By solving equations (3.17) and (3.18), the mixed coupling coefficient 𝑘𝑥 is obtained: 

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑘𝑥 =
𝐶𝐿𝑚

′ +𝐿𝐶𝑚
′

𝐿𝐶+𝐿𝑚
′ 𝐶𝑚

′ =
𝑓𝑒
2−𝑓𝑚

2

𝑓𝑒
2+𝑓𝑚

2                                                                                            (3.21) 
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4. APPLICATION OF FRACTAL GEOMETRY IN SLOT ANTENNA 

DESIGN 

4.1 INTRODUCTION 

In this chapter, the unique characteristics of fractal geometries will be presented together with 

the most commonly used fractal geometries applied in the slot antenna design. Regarding this 

subject, the application related to fractal geometries in slot antenna design could be grouped 

into two types. In the first category, the fractal geometry is applied directly such that it 

constitutes the whole slot structure, while in the second one; the fractal geometry is applied 

indirectly. In this case, there is a slot structure with Euclidean shape, such as triangle, 

square…etc., and fractal geometry has to replace each line segment in this structure.  

 

4.2 FRACTAL PROPERTIES  

Fractal indicates irregular or broken fragments; the term fractal has been initially presented 

through Mandelbrot [53] for describing a family of complex shapes which have non-integer 

dimension and have inherent self-similarity in their geometrical structures. Which is why, there 

is a necessity for a geometry which is capable of handling such complicated shapes more 

efficiently compared to the Euclidean geometry, which has dimensions of integer number, like 

1-D line, or 2-D planes...and so on.   

Many fields of engineering and science use fractal geometry [54]-[57]. A major area of fractal is 

its use in the antenna design for producing multiband and compact antennas taking advantage of 

their exceptional features such as self-similarity and space filling [58].   

Fractal shaped antennas show certain promising properties, which are associated with their 

geometrical characteristics. Generally, the fractal structures are composed of multiple copies of 

themselves at various scales and the fractal’s size is defined through the iteration number and 

the initiator. The fractal that is utilized in designing antennas is typically quasi-fractal or pre-

fractal yet not mathematically fractal geometry with infinite scale. Thus, quasi- fractal of many 

iterations could be used for certain multi-band antennas. All frequency bands are conforming to 

a certain fractal’s scale [59].   

Fractal antenna engineering can be defined as a developing field which uses the concepts of 

fractal to develop novel antenna types with distinguished properties. The self-similarity related 



 35 

to fractal structures cause antenna’ multiband behavior and frequency-selective surfaces. On the 

other hand, the space-filling properties lead to miniaturized and compact size antennas. 

Recently, extensive studies were focused on fractal antenna engineering. Fractal methods were 

utilized to loops, monopoles, patches, dipoles, and slot antennas [60]-[64].   

 

4.2.1 Space-Filling  

Fractal curves can be distinguished through a special feature that, following infinite iterations, 

their length become infinite even though the whole curve fit into finite area as shown in Figure 

(4.1). Such feature could be used for miniaturization of microstrip and printed antennas through 

increasing the effective electrical length via which current travels. Many applications can 

benefit from fractal antennas. The continuous development in the field of wireless 

communication has increased the necessity for compact integrated antennas. Space saving 

capabilities which are related to fractals to effectively fill a small amount of space provide 

special benefit of applying integrated fractal antennas over Euclidean geometry [65]  

 

Figure 4.1: Space-filling fractals of (a) 3rd iteration Peano carpet, and (b) 3rd iteration 

Sierpinski carpet [66], [67]. 

4.2.2 Self-Similarity 

 Self-similarity property means that a small part of the structure is a scaled-down copy of the 

original structure, as displayed in Figure (4.2). Therefore, antennas can operate at multiple 

frequency bands. Traditional fractal geometries including Minkowski, Cantor, Koch, Sierpinski, 
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Hilbert, and other fractal curves were efficiently utilized for producing multi and dual band 

printed slot antennas for many wireless applications [68].  

 

Figure 4.2: Self- similar fractals of (a) second iteration Koch curve, and (b) second iteration 

Sierpinski gasket [66], [67]. 

4.2.3 Fractal Dimension  

The main feature of fractals is that they have non-integer dimensions dissimilar to the Euclidian 

which have integer dimensions. The common intuitive concept of dimension is called the 

topological dimension. A cube, line segment, point and a square, as displayed in Figure (4.3) 

have topological dimensions of 0, 1, 2 and 3, respectively. An integer number is always used for 

expressing the intuitive dimension [67].  

 

Figure 4.3: Euclidean geometries [67].  

Fractal dimension is associated to the self-similarity in that the simplest method for creating a 

figure that has fractal dimension by self- similarity. Then, the fractal dimensions (FD) will be, 

as given by [65]:  
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𝐹𝐷 =
𝑙𝑜𝑔10(𝑁)

𝑙𝑜𝑔10(
1
𝑟⁄ )

                       (4.1) 

Where N can be defined as the overall number of distinct copies, r can be defined as the 

reduction factor value that indicates how will be the new side length regarding the original side 

length. 

In order to calculate the fractal dimension of any self-similar shape, the shape can be split into 

N parts, where the size of each part is related to the size of the original one by the reduction 

factor value. The fractal dimension FD equals the topological dimension for any Euclidean 

shape, but FD can also be evaluated for any non-standard shapes that exhibit self-similarity 

[69].  

Dimension of some geometrical shapes are listed below in Table (4.1). The fourth column 

contains the FD value for each shape, where FD is calculated using equation (4.1). Figure (4.4) 

demonstrates Euclidean geometrical shapes which are split into N parts by using a reduction 

factor of 1/2 to divide a line segment, square and cube [70], [67].  

 

Table 4.1:  Dimensions of geometrical shapes  

Shape Name    r  N  FD 

Line  ½  2  1 

Square  ½  4  2 

Cube  ½  8  3 

Cantor Set  1/3  2  0.63 

Sierpinski Gasket  ½  3  1.58 

Minkowski Island  1/3  5  1.46 
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Figure 4.4: Euclidian geometrical shapes with a reduction [66], [67]. 

4.3 FEATURES AND LIMITATIONS OF FRACTAL GEOMETRIES IN ANTENNA 

DESIGN   

Features:  

• Miniaturization.   

• More efficient input impedance matching multi and wide bands (utilizing single 

antenna rather than several).   

• Decreased mutual coupling in the fractal array antennas  

• Frequency independent (reliable operation throughout large ranges of 

frequency).  

Limitations:  

• Complexity (some types are complex to construct).  

• Numerical limitations (become less with the continuing advance in computer 

technologies).   

• The benefit begins to diminish after first few iterations.  

However, the features offered by the fractal geometries are more than limitations that they have 

encountered. In addition, the advances in computer technologies and the computational 

techniques have contributed to make these limitations less important [70], [67]. 
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4.4 COMMONLY USED FRACTAL GEOMETRIES IN ANTENNA DESIGN  

Large number of fractal geometries and their variants are reported in the literatures [53], [65], 

[69], but very limited numbers among these were adopted in designing antennas for various 

applications.  

In the following subsections, a presentation of the most commonly used fractal types.  

4.4.1 Cantor Set 

 Cantor set can be defined as a standard fractal object that displays precise self-similarity 

through all scales [65].  

Cantor set include infinite set related to the disappearing segments of the line in unit interval. 

The optimal way for understanding Cantor set fractal is displaying its construction approach, as 

shown in Figure (4.5) for the plainest type of Cantor set (the triadic Cantor set).  

The set will be created via eliminating the middle third of unit line segment (step k = 1 in 

figure). From the two segments that remained of the line, every one of which is 1/3 in length, 

middle thirds will be removed once more (step k = 2 in the figure). Middle thirds of the 4 of the 

rest of line segments, every one of which is 1/9 in length, will afterwards be eliminated (k = 3) 

and similarly to infinity. The remaining is considered as a set of infinitely various disappearing 

segments of the line that lie on unit interval that’s combined and individual lengths come close 

to 0. Such point set is referred to as Cantor dust or Cantor set [71].  

 

Figure 4.5: The generation of Cantor set [65], [67]. 

 

Regarding the Cantor set construction, the initial unit line segment k = 0, is referred to as the 

set’s initiator. The initial stage, k = 1, is referred to as the generator or motif, since it is 

considered as the repeated iteration related to this stage on the following line segment that result 
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in the set’s creation. It is necessary repeating the generation procedure only via the number of 

stages needed to deceive the eye, and not countless times (which is considered accurate for 

every illustration that is related to fractal objects). Yet, the Cantor set is obtained following 

infinite number of iterations. A set of line segments with a particular measurable length are 

produced via a finite number of iterations. Such objects created en route to fractal object are 

referred to as pre-fractals [72], [73].  

4.4.2 Koch Curve  

This construction method is displayed in Figure (4.6), it is considered as an extra sufficiently 

documented fractal. Just like the Cantor set, Koch curve is easy to construct through the use of 

iterative process starting with set’s initiator as the unit line segment (stage k = 0 in figure). The 

unit line segment will be separated to thirds, the middle one will be eliminated. After that, the 

middle third will be substituted by 2 equal parts, they two are 1/3 in length that create an 

equilateral triangle (stage k = 1): this stage is the curve generator. In the following stage (k = 2), 

the middle third will be eliminated from the 4 segments, every one of which will be substituted 

by 2 equal segments. Koch curve will be produced after repeating this procedure for an infinite 

number of times. Once more, the set’s self-similarity is obvious: all sub-segments are 

considered as carbon copy of the original curve, as displayed in Fig. (4.6) [74].  

A visible feature of Koch curve is that it apparently has an infinite length. Which could be 

visible from the process of construction. At every stage, k, in its generation, the length regarding 

the prefractal curve will increase to Lk-1, where Lk–1 can be defined as the length of the curve in 

the previous stage.   

It might be visible that Koch curve is efficiently produced from corners, thus, there is no unique 

tangent happens upon it. Koch curve isn’t a smooth, also it is nowhere-differentiable, as unique 

tangent, or slope, cannot be found upon it. It is a fractal object that possesses a fractal 

dimension. Every one of the smaller segments of the Koch curve is a precise simulation of the 

entire curve [75].  
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Figure 4.6: The generation of Koch curve [75]. 

 

4.4.3 Sierpinski Gasket and Carpet  

The construction which is related to Sierpinski gasket is displayed in Fig. (4.7). Filled triangle 

in the plane is the initiator in such case. The middle triangular part will be eliminated from 

original triangle. After that, the central triangular segments will be eliminated from the rest of 

the triangular elements etc. Sierpinski gasket is created following an infinite number if 

iterations. All pre-fractal step in construction are composed of 3 smaller copies of the previous 

step, every one of the copies is scaled through a factor of 1/2 [76].  

 

Figure 4.7: The generation of Sierpinski gasket [76].  

Sierpinski carpet is another variant of Sierpinski gasket, it is displayed in Fig. (4.8). The 

construction approach for gasket and carpet are similar.  In this case, the initiator is a square and 

the generator will remove the central square, that its side length 1/3 of the original square. With 

Sierpinski carpet and gasket, the constructions cause fractal curves whose area vanishes [77].  
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Figure 4.8: Generation of Sierpinski carpet [77].  

4.4.4 Minkowski Island Fractal   

The starting geometry regarding Minkowski island fractal, referred to as initiator, is a Euclidean 

square. All the 4 straight segments related to the starting structure will be substituted by 

generator, which has been displayed at the bottom of Fig. (4.9). This iterative generating 

process will continue for infinite times. The ultimate outcome is a curve with infinitely intricate 

underlying structure which is not differentiable at any point. The generator will replace all 

straight segments of geometry. The initiator is square as displayed in the Figure (4.9) along with 

the first three construction iterations [78].  

 

 

Figure 4.9: The generation of Minkowski island fractal [35], [78].  



 43 

4.4.5 Hilbert Curve 

 The first four iterations with initiator of Hilbert curves are displayed in Figure (4.10). It could 

be noticed that the geometry at a step could be acquired by putting together 4 copies of the 

preceding iteration, linked to additional line segments. A lot of Hilbert pre-fractal based 

structures were suggested for producing printed and micro-strip dipole and monopole antennas 

with compact size and multi-band performance for various implementations [79]  

 

Figure 4.10: The generation of Hilbert curve [31], [79]. 

 

4.4.6 Peano Curve 

 The initiator regarding Peano curve is again specified via a straight line and the correspondent 

generator include 9 lines one-third of initiator. The first generator’s line runs horizontally, the 

second turns up 90 degrees, after that, a horizontal segment follows prior to when the curve 

turns down by 90°. The fifth line move back to the end of the first line with no touching 

between them. The following part of the curve heads down by 90 degrees, followed by a 

horizontal part prior to the time where it goes up again. Finally a line located in horizontal 

position once more forms the last part, as shown in Figure (4.11) .This type is used in antenna 

design as a modified structure in [80].  
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Figure 4.11: The first three iterations levels to construct the Peano pre-fractal curve [80]. 

 

Micro-strip fix receiving wires examination strategies have gone through a long handle of 

improvement. Micro-strip fix received wire examination could be an exceptionally prevalent 

strategy in conjunction with transmission line show, depth show, and full wave demonstrate [77], 

and incorporates basically fundamentally equations/Moment Strategy. In common, the 

transmission line model can be considered as the best of all and it gives great physical 

knowledge but it isn't as exact. On the other hand, depth demonstrate is more exact and gives 

great physical knowledge but is complex in nature. Too, full wave demonstrate can be 

considered the foremost exact, flexible and with the capability of taking care of single 

components, limited and unbounded clusters, stacked components, subjective formed 

components and coupling, but, this show is considered on a very basic level complex.  
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5. DESIGN METHODOLOGY AND THEORY 

5.1 INTRODUCTION 

With the recent growth in microwave systems, more advanced materials in electromagnetic field 

applications are demanded. The emergence and development of the concept of "metamaterials" 

throughout the year led to a revolution and received great interest from researchers [81]. 

Metamaterial (MTM) is artificial composite materials that have been engineered in precise shape 

to give it smart properties have the ability to manipulate electromagnetic waves by enhancing, 

bending, absorbing or blocking waves, to achieve benefits unavailable in natural materials [82]. 

MTM structures have introduced in various antenna applications including defective ground 

planes, frequency selective surfaces, artificial magnetic conductors, and perfect lenses [83], to 

obtain a low profile, higher isolation, SAR Reduction, gain enhancement, improved radiation 

performance, and unidirectional antenna [84]. Moreover, MTMs possess unique features such as 

high absorbency capacity, distinctive stopbands, surface wave reduction, and negative effective 

constitutive parameters [85]. The antennas can be used for medical implants and in-vivo 

communication [86]. When designing compact portable antennas for employment as part of the 

wearer's clothes, a lot of needs to be a consideration. Wearable sensors should be safe, flexible, 

and unobtrusive and operate nearby to the human body with the least possible deterioration [87]. 

There are some tricky facing the production of wearable antennas, influence of a host body, the 

work on various body sites, and due to the structural deformation that causes loss of efficiency 

and reliability, these challenges, should be addressed during the design stage [88]. Thereafter, a 

critical issue in designing a wearable antenna is the choice of substrate material [89]. It is 

recommended that the substrate should be a low loss material in order to increase the reliability 

and gain of the antenna when used near the body. Due to the narrow bandwidth that is 

determined by the thickness of the substrate, Microstrip antennas are not favorable for 

applications that demand a high level of rolling, pressure, and bending [90]. 

In this chapter, we present a new structure reconfigurable wearable antenna based on the 

metamaterial with radiation pattern end-fire at 2.4 GHz ISM band. The proposed antenna is 

consists of a traditional monopole coupled with a unit cell of a fractal Minkowski curve to 

generate three bands frequency spectra to cover different application bands. 
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5.2 Antenna Geometry 

The proposed antenna is constructed from a traditional monopole and a fractal Minkowski-

shaped with a Chebyshev transformer. The monopole antenna is fed by 50 Ω port that is located 

between the monopole conductor and right CPW side, see Figure 1, to keep the directivity 

toward a certain direction. This is considered to maintain the antenna radiation away from the 

human body which is a desirable requirement in wearable applications [88][91]ــ. The other side 

of the CPW is constructed as a Chebyshev transformer to improve the impedance matching as 

well as to enhance the antenna bandwidth. The proposed Chebyshev transformer is an impedance 

matching circuit that is constructed from 4 stages to maintain different impedances over wide 

frequency bands.  

Now, to ensure the monopole directivity away from human body, we proposed an EBG layer of a 

3×4 array. Moreover, the proposed EBG layer is conducted to enhance the antenna gain [92], the 

quality factor, and the number of resonances in the frequency band of interest because the fractal 

geometry [85]. Therefore, the proposed EBG is consistent of the Minkowski-shaped fractal unit 

cell of the 3rd order. The dimensions of the individual unit cell in terms of outer area is 8.5 x 8.5 

mm2 with the separation distance between each consecutive is 0.5mm. The proposed EBG layer 

is placed at a 2.5mm distance from the monopole edge to maintain a frequency band from 

2.32GHz up to 2.82GHz.  

The antenna substrate is considered as an FR4 layer with 1.6mm thickness. The antenna metal is 

printed on a single side from the substrate and the other side has been left without metallization 

as seen in Fig. 5.1. All dimensions are measured in millimeters (mm). 
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Figure 5.1: The antenna geometrical: (a) front view, (b) back view, and (c) side view, (d) unit cell 

structure 

Table 5.1: Dimensions of the proposed antenna. 

Parameter Value (mm) Parameter Value (mm) Parameter Value (mm) 

L 51 Lc 14 W2 7.7 

W 45 Wc 28.42 W3 5.9 

h 1.6 Wm 4 W4 4.1 
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Lf 10 W1 9.5   

 

5.3 Unit Cell Characterizations 

A single unit cell structure of the proposed antenna has examined. The unit cell is made of 

copper printed on a substrate thickness of 1.6mm. The unit cell is placed inside the waveguide, 

port on the right side, and another port on the left side to evaluate the S parameters (S12 and S11) 

and obtain the maximum (S11) and the minimum (S21) at the same time. CST MW package was 

used in the analysis and simulation of a unit cell. It was found that the unit cell operates at a 

frequency of 2.45 GHz as shown in Figure 5.2. 

 

Figure 5.2: S-parameters characterization 

 

5.4 Design Methodology 

In this section, a numerical study based on an intensive parametric analysis is conducted by CST 

MWS [93]. In the proposed parametric study, the performance of the antenna in terms of 

radiation patterns, boresight gain, and S11 spectra are monitored to arrive the optimal design 

performance. Therefore, the antenna dimension parameters are swept to maintain two criteria: 

The first is to obtain three frequency bands around 2.4, 2.7, and 3.4GHz, for ISM band, WLAN, 

5G, and IoT applications in portable systems. Then, the second criteria are to keep the antenna 

radiation away from the human body in specific of the SAR effects reductions on the human 
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tissues. For this, the parametric study is conducted by changing the antenna parameters as 

following: 

5.4.1 Monopole Antenna Design 

The authors decided to investigate the stages of the proposed antenna formation. The antenna 

performance was checked with a conventional monopole and then developed the proposed 

design by introducing the Transformer into the antenna structure. It was found that the 

performance of the proposed antenna improved in terms of impedance matching and bandwidth 

and shift the center frequency towards 2.45 GHz. This is due to the high impedance of the 

Transformer. In order to improve the parameters of the proposed antenna, the EBG structure has 

been introduced in the antenna structure. It has been observed that the EBG structure has a 

significant influence on antenna performance. This improvement is attributed to the reduction of 

the mutual coupling and surface waves due to the increase in the antenna impedance. As shown 

in Fig. 5.3 (a).  

On the other hand, the proposed design realized three bands at 2.4, 2.7, and 3.4 GHz, which 

increases the antenna operating range in wireless communication applications. 

Now, the investigation study is applied to the proposed monopole length (L) and width (w) to 

realize their influence on the antenna performance. It is found that the monopole length plays a 

significant role in antenna performance, therefore, four different monopole lengths are examined, 

starting from (L = 51mm) to (L = 45 mm) with a step (2 mm) while keeping the other 

dimensions of the antenna to limit their impact on the performance of the antenna. Fig. 5.3 (b) 

presents the effects of the length change on the S11 spectra. It is observed from the results of the 

analysis in Fig. 5.3 (b) by reducing L, the antenna parameters such as bandwidth, resonant 

frequency, and impedance matching decrease, however, to obtain optimum condition and 

enhance resonance frequency and impedance matching as well as gain and efficiency in the three 

bands by tuning L at 51 mm. 

(a) 
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(b) 

 

 

Figure 5.3: (a) Effect of introducing Transformer and EBG structures on antenna design, (b) impact of 

changing the Monopole length on antenna design. 

 

The Monopole width or length has a significant effect on antenna parameters [94], [95], [96]. 

Therefore, the authors focus on studying varying of monopole width and effects on the antenna 

design in terms of, impedance matching, bandwidth, and gain.  

Therefore, we variated monopole width W from (5 to 3) mm by a step of (1mm), while keeping 

the other dimensions of the antenna to cancellate their influence on the antenna behavior. Fig. 5.4 

offers the impacts of changing monopole width on the S11 spectra. From the results obtained, a 

variation in resonant frequency, impedance matching, and bandwidth in the three bands was 

found due to variation in the monopole impedance and the increase in the mutual coupling 

between the antenna elements and, consequently, the desired enhance in monopole impedance, 

as well as the improvement of the antenna performance in the three bands, was achieved by 

setting W at 4 mm. 
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Figure 5.4: Impact of changing the Monopole width on antenna design. 

5.4.2 CPW Location Effects 

In this part, we examined the impacts of changing the right-wing length on the antenna 

parameters. Therefore, four lengths have examined starting from (12 to 15) mm in a step of 1 

mm, while respect the other antenna dimensions to cancel their influence on the antenna design. 

Fig. 5.5 displays the effect of the L change on the S11 spectra. The results of the investigation 

show that changing the CPW length directly affects the performance of the antenna, by 

increasing or decreasing the length L the resonant frequency is shifted as well as impedance 

matching was reduced due to the fringing from substrate edge [97], therefore to obtain the 

optimum condition in terms of impedance matching, bandwidth, and resonant frequency of the 

three bands when tuning L at 14 mm. 

 

Figure 5.5: Impact of changing CPW length on antenna design. 
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5.4.3 Chebyshev Transformer Design 

In this part, we analyzed the effect of the Chebyshev transformer on antenna performance. It was 

found that the transformer has a positive effect on the performance of the antenna parameters. 

Fig. 5.6 (a) offers the impacts of the Chebyshev transformer on the antenna design. It is worth 

noting that introducing the Chebyshev transformer has a significant effect on the antenna 

parameters, therefore, the bandwidth and impedance matching significantly improved, 

furthermore, the antenna covered the entire ISM band due to the appearance of a resonant 

frequency at 2.4GHz. It is attributed that increased the antenna impedance and reduce mutual 

coupling [98]. Also, the authors examined the transformer configuration stages and their effects 

on the antenna behavior such as S11.  

The antenna performance was inspected with regard to adding four cases, starting in ascending 

order from the first to the fourth cases, while keeping the other dimensions of the antenna to limit 

their impact on the antenna performance. Fig. 5.6 (b) offers the Influence of transformer 

inserting phases on the S11 spectra. 

It was found that the optimum condition in terms of matching the impedance, bandwidth, and 

resonant frequency by adding the fourth case, which improves the antenna impedance then 

enhances the antenna performance, as in Fig. 5.6 (b). 

(a) 

 

(b) 
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Figure 5.6: Transformer effect: (a) the impact of the transformer on the proposed antenna and (b) impact 

of transformer configuration stages on the antenna design. 

5.4.4 Antenna Performance Based EBG Layer 

In this section, we decided to conduct a parametric study on antenna design in order to recognize 

the antenna performance without unit cell introduction. The results of a study concluded that the 

proposed antenna achieved good results with excellent matching in terms of resonant frequency 

at 2.45 GHz and bandwidth of 25.47% from (2.38_3) GHz, | S11 | <-10 dB, also, the maximum 

gain of 2.74 dBi and the antenna efficiency of 80%, see Figure 5.7 the proposed antenna without 

EBG.  

Also, the direction of the antenna radiation emitting from the patch is keeping away from the 

human body in specific of the SAR effects reductions on the human tissues. Table 5.2, the effect 

of inserting EBG on the performance of the proposed antenna. 

On the other hand, after the introduction of EBG structures, it has observed a significant effect 

on antenna performance [99], where three frequency bands appeared at 2.4, 2.7, and 3.4 GHz, 

which increased the antenna operating ranges in wireless communication systems.  

Also, a significant improvement in the gain, efficiency, and directivity of the radiation pattern of 

the proposed antenna. 
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Figure 5.7: Antenna performance Without EBG structure. 

MTM structure plays an important role in improving the antenna parameters [92], therefore, in 

order to recognize the benefits of introducing a cell unit to the performance of the antenna, the 

authors in this work conducted a parametric study focusing on the use of MTM structure in the 

design of the proposed antenna, the unit cell contains an (EBG), number of these gaps and their 

influence on antenna behavior has investigated in this section.  

Moreover, the authors examined the effects of rows, and columns of the unit cell printed on the 

same substrate surface and located 2.5mm from the monopole edge. Due to the restriction of the 

substrate boundaries, the number of unit cell structures used in the proposed antenna design is 

four rows and three columns. Results: The use of the unit cell structure leads to enhance the 

performance antenna in terms of gain, efficiency, and operating range, which is attributed to the 

decrease in mutual coupling due to the high impedance in the unit cell thus the surface waves are 

reduced. Furthermore, it is found that the impedance matching has been improved by adding four 

arrays, see Figure 5.8.  Because reflecting energy from the EBG structure toward the monopole 

antenna.  

From the above discussion, the authors conclude that the antenna realized the required 

performance by using a 3x4 array of unit cell structures. Table 5.2 shows the effect of EBG on 

the proposed design. 
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Figure 5.8: Impact the EBG array on S11 spectra. 

 

 Table 5.2: The effect of inserting EBG on the performance of the proposed antenna.  

Parameters Without EBG With EBG 

f 1 f 2 f 1 f 2 f 3 

Frequency 

(GHz) 

2.45 2.7 2.4 2.7 3.4 

Bandwidth 

(MHz) 

620 500 80 

Gain (dBi) 2.74 2.61 4.93 5 1.5 

Antenna 

efficiency % 

80.6 95.5 93 93.8 60.3 

 

After investigating the effect of EBG on antenna performance, we decided to examine the 

influence of the distance between monopole and unit cell arrays in terms of resonant frequency, 

bandwidth, and matching impedance on the behavior of the proposed antenna.  

Therefore, the distance (m) has changed from 2.5mm to 4.5mm with a step of 1 mm while 

keeping the other antenna dimensions to cancel their influence on the antenna design. From Fig. 

5.9, it is found that the distance between the unit cell and the monopole has a significate effect on 

the S11 spectra, due to the effects of mutual coupling and the surface waves that decrease when 

the distance between the unit cell structure and the monopole edge small [90]. we point that the 
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ideal state in terms of resonance frequency, impedance matching, and bandwidth when set 

distance (m) to 2.5mm. 

 

Figure 5.9: Distance impact between unit cell structure and Monopole on S11 spectra. 

 

5.4.5 Effect of a PIN Diode on Antenna Performance 

After analyzed the antenna performance to obtain the optimum condition of the design, now in 

this section, the authors have attempted to controllable the behavior of the proposed antenna by 

inserting a PIN diode into the lower edge between the monopole and the transformer. Using a 

PIN diode, the proposed antenna achieved the potential of reconfiguring the radiation pattern by 

blocking the ISM band frequencies (PIN diode ON) while maintaining | S11 | <-10dB and 

resonant frequency at two bands 2.7, 3.4 GHz, with an impedance bandwidth of 330 MHz (2.83 

_ 2.5GHz), 80MHz (3.346_3.4264GHz) respectively. Figure 5.10 presents the influence of PIN 

diode on S11 spectra. Lumped elements values were set and simulated using the CST MWS 

package, as shown in Table 5.3. 

Also, in the case of PIN diode switch (SW OFF), it was found that the performance of the 

proposed antenna has improved in terms of bandwidth, gain, and efficiency at two modes 2.4 and 

2.7 GHz with maintaining the resonant frequency at 3.4GHz. This is due to the good insulation 

between the antenna elements and the PIN diode position, which plays an important role in 

reconfigurable the antennas [100], [101].  
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Therefore, the antenna has achieved an impedance bandwidth of 500 MHz (2.32 - 2.82GHz) at 

2.4GHz and radiation efficiency at the two modes (2.4, 2.7 GHz) of 96.2% and 94.2% 

respectively.  

This improvement is attributed to the increase in the impedance of the proposed antenna due to 

the decrease in the mutual coupling between the antenna and the transformer [98]. Table 5.4 

offers the effect of introducing the PIN diode on antenna performance. 

 

Figure 5.10: Effect of PIN diode introduce on S11 spectra. 

The proposed antenna has a wide range and high efficiency, which makes it suitable for work in 

wireless communication systems applications, such as WBAN, Bluetooth, and WLAN. 

 

Table 5.3: Lumped elements values. 

PIN diode status Resistor (R) Inductor (L) Capacitor (C) 

ON 3Ω 2.6×10-13H 0F 

OFF 20KΩ 0H 40pF 
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Table 5.4: Simulated the effect of the PIN diode on the antenna parameters. 

Antenna 

condition 

Frequency 

(GHz) 

|S11| 

(dB) 

Bandwidth 

(MHz) 

Gain 

(dBi) 

Efficiency 

% 

 

Without PIN 

diode 

2.4 

2.7 

3.4 

-19.38 

-45.11 

-16 

470 

 

80 

4.73 

4.85 

1.5 

87.63 

92.21 

60 

PIN diode (SW 

ON) 

2.7 

3.4 

-38.5 

-15.5 

330 

80 

4.6 

1.5 

93.22 

61.1 

 

PIN diode (SW 

OFF) 

2.4 

2.69 

3.4 

-18.3 

-38.8 

-15.5 

500 

 

80 

4.93 

5 

1.48 

92.87 

93.87 

60.3 
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6. RESULTS AND DISCUSSION 

In this section, the proposed antenna simulation results are presented in terms of radiation 

pattern, reflection coefficient, impedance bandwidth, efficiency, and gain. CST MWS package 

was used to simulate the antenna. Figure 5.10 shows the effect of introducing the PIN diode on 

the antenna designed in terms of impedance bandwidth and reflection coefficients under the PIN 

diode ON and OFF conditions.  

In the case of the (SW ON), the ISM band is isolated and the antenna covers two bands, the first, 

in Wi-Fi bands (2.5 - 2.83 GHz) with a center frequency of 2.7 GHz and an impedance 

bandwidth of 12.2%, and the second in WLAN bands with a resonant frequency at 3.4GHz.  In 

the case (SW OFF), the proposed antenna operates in three bands 2.4, 2.7, and 3.4GHz, covering 

ranges (2.32 - 2.82 GHz), (3.346_3.4264GHz) respectively.  

In both cases (switching ON and OFF) the proposed antenna achieved acceptable performance 

compared to previous related literature. Figure 5.11 shows the radiation patterns of the designed 

antenna. The radiation patterns are evaluated based on E-plane (Phi = 0), and H-plane (Phi = 90) 

at (SW ON and OFF). The radiation patterns of the proposed antenna are found at (Phi = 0) and 

(Phi = 90) in the desired direction away from the human body, therefore electromagnetic waves 

travel in specific directions, thus reducing the specific absorption rate (SAR) and their effects on 

human tissues.  

In the case of (SW ON), the proposed antenna realized a gain of 4.6 and 1.5 dBi at 2.7, 3.4 GHz 

with an efficiency of 93.2%, 61.1% respectively, while in the case of (SW OFF) the gain of the 

antenna reached 4.93, 5, and 1.48 dBi with an efficiency of 92.8%, 93.8%, 60.3% at three bands 

2.4, 2.7, and 3.4 GHz, as in Figure 5.12. The improvement of the antenna gain is attributed to the 

role of EBG structure in reducing surface waves and the mutual coupling between the antenna 

elements.  

The surface current distributions of the designed antenna are investigated. Therefore, it is 

observed that in the case of PIN diode switching ON at 2.7 and 3.4GHz, the surface current is 

concentrated at the lower edge of the monopole and moves towards the CPW structure, however, 

by switching OFF at 2.4, 2.7, and 3.4GHz, the surface current moves towards the transformer as 

seen in Figure 5.13. 
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Figure 6.1: Simulated E-plane and H-plane radiation patterns of the proposed antenna: (a), (b), (c), (d) 

when PIN diode ON, while (e), (f), (g), (h), (i), (j) when PIN diode OFF. 

 

 (a) 
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(b) 

 

 
Figure 6.2: Simulated 3D radiation patterns of the proposed antenna: (a) PIN diode SW=ON (2.7GHz, 

3.4GHz), while (b) PIN diode SW=OFF (2.4GHz, 2.7GHz, and 3.4GHz) 
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Figure 6.3: Current distribution of the proposed antenna: (a), (b), (c) PIN diode SW=OFF (2.4, 2.7, and 

3.4GHz) respectively, while (d) and (e) PIN diode SW=ON (2.7 and 3.4GHz). 
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7. CONCLUSIONS AND FUTURE WORKS 

7.1 CONCLUSIONS 

In this thesis, a novel wearable reconfigurable antenna based on the metamaterial has been 

introduced for (WBAN) and WLAN applications. The antenna structure has been developed by 

introducing the Chebyshev Transformer in order to increase bandwidth and improve impedance 

matching. Antenna performance is improved by inserting the EBG structure array in the design 

of the proposed antenna. Several parametric studies were performed to obtain the optimum 

design using the CST Microwave Studio package.  

The proposed antenna is printed on an inexpensive and available FR4 dielectric substrate in 51x 

45 x1.6 mm3 dimensions and fed to port 50-ohm SAM. After analyzed the antenna performance 

to obtain the optimum condition of the design, we have attempted to controllable the behavior of 

the proposed antenna by inserting a PIN diode into the lower edge between the monopole and the 

transformer. Using a PIN diode, the proposed antenna achieved the potential of reconfiguring the 

radiation pattern by blocking the ISM band frequencies (PIN diode ON) while maintaining | S11 

| <-10dB and resonant frequency at two bands 2.7, 3.4 GHz, with an impedance bandwidth of 

330 MHz (2.83 _ 2.5GHz), 80MHz (3.346_3.4264GHz) respectively. Lumped elements values 

were set and simulated using the CST MWS package. 

Also, in the case of PIN diode switch (SW OFF), it was found that the performance of the 

proposed antenna has improved in terms of bandwidth, gain, and efficiency at two modes 2.4 and 

2.7 GHz with maintaining the resonant frequency at 3.4GHz. This is due to the good insulation 

between the antenna elements and the PIN diode position, which plays an important role in 

reconfigurable the antennas. 

The antenna achieved reconfiguration by introduced a PIN diode into the lower edge between the 

Transformer and the Monopole. The proposed antenna achieved good results and the end-fire 

radiation pattern in both cases (SW= ON, OFF). The antenna performance has compared with 

previous work. It was found that the performance of the proposed antenna is good and suitable 

for wearable applications. 
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7.2 FUTURE WORKS 

1. The proposed design is conducted based on an FR-4 substrate. However; as a future 

study, the author is attempt the study on a flexible substrate to provide high efficiency, 

reliability, durability, and size reduction. 

2. The author used the third-order fractal Minkowski structure, therefore, the subject for this 

research in the future to apply another Matrix structure to reach further bands including 

5.8GHz for RFID and Wi-Fi applications. 

3. The antenna is fabricated using a copper layer etched from an FR4 substrate; however, in 

future work, utilize printing technology-based nanoscale conductive ink to fabricate the 

proposed antenna. 

4. The author used the Chebyshev transformer to provide excellent matching impedance, 

therefore, in the future, another transformer is subjected to be used for this design. 

5. The antenna design will be fabricated on a flexible substrate to be suit for wearable 

applications and bending scenarios. 

6. The use of ground plane defects would be another approach for enhancing the antenna 

performance using EBG and MTM structures. 

7. The proposed work would be extended to include a Fabricate and Measure the designs. 
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