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CHAPTER-1 

INTRODUCTION 

1.1 Introduction 

Communication has a prime importance to human beings from the time of 

civilization. Firstly, communication was done through voice and fire. However, as the 

distance of communication increased; numerous devices were introduced, such as horns, 

drums, and so forth. With rapid development of microwave and wireless communication 

systems, much effort has been developed to enhance the performance of communication 

devices [1, 2]. An economical and a flexible way to transmit and receive information over 

short or long distances i.e. for communication have been provided by wireless technology. It 

has become a very common for today’s society to exchange information every day by using 

hand-held pagers, landline phones, smart phones, laptops, various types of other wireless 

communication devices [2, 3]. Antenna is an integral component of any commonly used 

wireless communication device and is instrumental in harnessing the electromagnetic 

spectrum which is mankind’s greatest natural resource. 

Antenna history starts with Hertz when he proved Maxwell’s theoretical prediction of 

electromagnetic waves by the classical experiments in 1880s. In 1895, the great Indian 

scientist Sir Jagadish Chandra Bose made a revolutionary attempt to demonstrate radio 

communication at microwave frequency. Guglielmo Marconi is called the father of the 

wireless communication, acquired the discoveries of Maxwell and Hertz. In 1897, he 

demonstrated and established radio communication link between the shore and ships 

traveling in the English Channel [2, 4]. With this achievement, the scientists and engineers all 

over the world in field of wireless communication were activated [4, 5].  

In the last decade, the research in the field of hand-held device antennas has observed 

an extraordinary progress. In the early age of wireless communication, the main use of 

mobile phones was for speech communication which operate at a single frequency band of 

900 MHz e.g. global system for mobile (GSM). An external terminal antenna; either a 

retractable rod, folded antenna was used with these phones. External antenna is replaced by 

compact internal antenna. Two more frequency bands viz. Digital Communication System 

(DCS) at 1800 MHz and Personal Communication System (PCS) at 1900 MHz were 

allocated for wireless communication systems to increase the capacity of systems, thus 
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generating a requirement for dualband antennas in mid 90’s. The first mobile phone was 

launched in the market in late 1997 with dualband capability. In order to meet the 

requirements of global roaming, the triple band antennas at 900/1800/1900 MHz frequencies 

were proposed. A separate internal antenna was used for Bluetooth module in the mobile 

phones around the same time. The new mobile network called third generation (3G) or 

Universal Mobile Telecommunication System (UMTS) having a separate frequency band, 

started in early 2003. Thus, wireless systems are transformed from one system and one band 

to multiple systems and multiband in about 5 to 6 years time span [6, 7].  

The increasing demand of mobile user to provide nonstop connection anytime, 

anywhere has led to our current efforts towards integrations of different wireless 

technologies. A network formed with integration of different wired and wireless technologies 

is known as heterogeneous network [8].In future heterogeneous wireless communication 

systems, the antenna will play an important role and it should be carefully designed to meet 

all requirements of broadband and multiband operation. In order to provide the various 

services like speech and video calling, video and audio streaming, gaming, data traffic has 

show the way to integrate the various wireless technologies [9]. There is a requirement of 

mobile devices to be equipped with multiband antenna and will be the key feature of the 

upcoming 4G and 5G wireless communication systems. Thus, the most important task is to 

propose a novel multiband antenna designs that can integrate the various frequency standards 

like Bluetooth, WLAN, Wi-Fi, WiMAX, and UWB in one antenna design to be used in the 

next generation wireless communication systems. The bandwidths requirements of major 

standards used in wireless applications are presented in the Table-1.1. 

In the recent years, beside the multiband antennas for mobile handsets, there is the 

major requirement for a compact hand-held device. The size of antenna is a most important 

factor that limits the handset miniaturization. To meet these miniaturization requirements, 

internal antennas are employed in mobile phones to be fit in the mobile circuit board. The 

microstrip antenna has become one of the biggest components used in the portable devices. 

The performance of antenna is closely linked to the size of antenna and performance can be 

degrades with reduction in size of antenna. Miniaturization has direct impact on antenna 

performances like gain, efficiency and bandwidth. Antenna miniaturization is an important 

issue for the design of patch antennas for multiband applications [10]. In the recent years, 

innovative geometries based on the Planar Inverted-F Antenna (PIFA), Monopole Antenna, 

Fractal Antenna, Microstrip Antennas (MSA), Slot Antenna and planar antenna has been very 
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popular for personal communication devices because these antennas have compact size and 

can be inserted into the handheld terminal.  

        Table 1.1: Bandwidth of Wireless Standards 

Wireless 

Standards 

Frequency 

Bands(MHz) 

Bandwidth 

(MHz) 

GSM 900 890-960 70 (7.6 %) 

DCS-1800 1710-1880 170 (10.6 %) 

PCS-1900 1850-1990 140 (7.3 %) 

IMT-2000 1885-2200 315 (15.5 %) 

UMTS 1920-2170 250 (13 %) 

WLAN 

2400-2484 

5150-5350 

5725-5825 

84 (3.4 %) 

700 (13.6 %) 

Bluetooth 2400-2500 100 (4.1 %) 

Wi-Fi 2400-2500 100 (4.1 %) 

WiMAX 

2500-2600 

3400-3700 

5250-5850 

100 (4 %) 

300 (8.25 %) 

600 (16 %) 

RFID 902-928 26 (2.88 %) 

 

The demand of multiband antenna with compact size has been increased due to 

personal communication handsets. The possible solutions are metallic patches with multiple 

resonances [11]. The world has witnessed an amazing growth in modern wireless 

communication technology with the introduction of Wi-Fi, WLAN, WiMAX and UWB 

technology and multiband antennas fulfils the requirement of these standards. In present 

world wireless communication applications, the circularly polarized microstrip antennas 

provide more flexibility for the mobile phone and portable wireless devices from the device 
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orientation or multipath effects [12]. Multiband internal antenna design with compact size for 

mobile applications is an active area of research. 

1.2  Research Motivation  

Communication industry is going through a developmental era. Today, Wireless technology 

is one of the main areas of research in the world of communication systems. Now a day’s, our 

lifestyle has undergone a major transformation with the advent of wireless communication. 

The amazing expansion of cellular mobile communications in the late ‘80s and early ‘90s is a 

typical example of large scale market development. The significance of mobile phones has 

increased rapidly in last few years; it has become a necessity to a human life. Moreover, the 

rapid growth in mobile communication systems has led to a great demand for the 

development of internal antennas with the multiband and broadband operations. A variety of 

antennas have been designed and fabricated for these applications. In order to meet such 

challenging requirement, a comprehensive research is required for developing such antenna 

[13]. In a multi-channel system, signals more than one is handled by the system. In a multiple 

subject system, signals from more than one subject are transmitted and received [14]. The 

challenging task of the microwave scientists and engineers is to device compact printed 

radiating antennas having multi-band behavior, together with good efficiency. 

Fast development in field of wireless communication and with increasing 

requirements for personal and mobile communications has stipulated the design of multiband 

antenna with compact size. The commercial requirements for compact, light weight, low cost 

and mass production solutions have dictated the increased use of monolithic technology [15]. 

Mobile convergence is a rising trend in the wireless applications. Future multi-functional 

smart phones are required to provide a variety of services like speech, video, data, 

multimedia and internet contents without sacrificing the performance [16, 17]. The demand 

of compact and multifunctional handsets design is a dynamic area of research. 

The main aim of our thesis work is to design, simulate, fabricate and test, the various 

antennas for heterogeneous wireless communication systems. It focuses on the design of 

rectangular shaped geometries, suitable for multifunctional and multi-standard antennas.  

1.3 Objectives of Thesis Work 

The following research objectives have been proposed based on the identified gaps in 

the study of heterogeneous wireless communication systems: 

1. To review and study the existing dualband, triple band and multiband antenna designs. 
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2. To design and simulate the triple-band antennas. 

3. To design and simulate the multiband antennas.  

4. Performance evaluation of the proposed antenna designs. 

1.4  Basic Operation of an Antenna 

Antenna is a device used to transmit and receive the electromagnetic waves [13]. A 

typical antenna structure is depicted in Fig. 1.1.  It acts as a transducer which converts the 

electromagnetic wave propagating in free space into electrical energy [3]. Antennas are like 

electronic eyes and ears for wireless communication device that acts as interface between free 

space and circuitry. A brief review of various antenna parameters studied in this thesis is 

given in the next section. 

 

 

Fig. 1.1 Basic Operation of Antenna 

 

1.4.1 Antenna Parameters 

The performance of an antenna can be described by the various antenna parameters. 

An antenna is chosen for operation in a particular application according to its physical and 

electrical characteristics. A brief overview of antenna parameters considered for various 

proposed designs in this thesis work are given below.  

1.4.1.1 Return Loss 

The return loss is the loss of signal power due to reflection caused at a discontinuity in 

a transmission line. The wave is reflected due to a mismatch in the terminating load with a 

device embedded in the line [18, 19].  When the load is mismatched the total power is not 
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delivered and there is a loss of the power in the form of reflected power and that is measured 

in terms of return loss. It is usually expressed in decibels (dB). 

1.4.1.2  Voltage Standing Wave Ratio 

 VSWR is defined as the ratio of the maximum voltage to the minimum voltage [21]. 

A standing wave is formed when power is reflected from a load. The maximum power is 

transferred between the transmitter and antenna when the load is matched and antenna 

operates efficiently. An ideal value of SWR is 1.0 when all the power reaching destination 

and no power is reflected back. The complete wave reflection represents the infinite value of 

SWR which means all the power is reflected back down the transmission line [20, 22]. 

1.4.1.3 Radiation Pattern 

The radiation pattern is defined as: “A mathematical function or a graphical 

representation of the radiation properties of the antenna as a function of space coordinates. In 

most of the cases, the radiation pattern is determined in the far-field region and is represented 

as a function of the directional coordinates.” Antenna does not radiate energy uniformly in all 

the directions [21].  

Radiation Pattern Lobes 

The different components of the radiation pattern are called lobes. The different types 

of lobes are classified as major or main lobe, minor lobe and back lobe as shown in Fig 1.2. 

The direction of maximum radiation is referred to as main lobe and other lobes are called 

minor lobe [19, 23]. Back lobes are in opposite side of the main lobe. In most of the wireless 

systems, minor lobes are an undesired lobe that contains the wasted energy and it is should be 

minimized to reduce the loss of energy. Omni-directional radiation patterns are normally 

desirable in mobile and hand-held systems. 

http://en.wikipedia.org/wiki/Decibel
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Fig. 1.2 Radiation Lobes of Antenna [19] 

1.4.1.4 Bandwidth 

Antenna bandwidth is defined as the range of working frequencies within which the 

performance of the antenna, with respect to some characteristic is matched to a specified 

standard [19, 21].  

1.4.1.5 Gain  

The ratio of maximum radiation intensity from test antenna to the maximum radiation 

intensity from reference antenna with the same input power is called gain. The gain is the 

ability of a patch antenna to focus the radiated power in a particular direction [19, 21].  Gain 

is a property by which, we can find out the figure of merit and this can be expressed in dBi.  

1.4.1.6 Input Impedance 

The input impedance of patch antenna is complex in nature. Both the real and 

imaginary parts of the impedance vary as a function of frequency. Ideally, both the resistance 

and reactance has similar curve about the resonant frequency [19, 20, and 21]. The antenna 

impedance can be categorized into three types: terminal impedance, characteristic impedance 

and wave impedance.    

Due to rising demand of wireless and microwave communication systems, there is a 

need of more efficient antenna compatible with integrated circuits; with easy installation and 

fabrication. These are the most stringent requirements of an antenna for an antenna designer 

[19, 20]. Microstrip antennas (MSAs) received great attention in wireless communication 



8 

 

systems due to their various characteristics like compact size and low volume and multiband 

operation. The basic concept of microstrip antenna is discussed in the next section: 

1.5 Microstrip Antenna  

In 1953, Deschamps has proposed a new concept of microstrip antenna (MSA) [24]. 

In the early 1970s, first practical implementation of microstrip patch antennas was done by 

Howell [25] and Munson [26]. The microstrip antenna consists of four major parts: the 

conductive patch, the dielectric substrate, ground plane, and the feedline as presented in Fig. 

1.3. The same material is used for fabrication of the radiating element and ground plane. For 

determining the resonance frequency and characteristics of the antenna, the width, length and 

thickness of the patch play a major role. The material of the substrate and its thickness are 

also an important.  The conducting element of the patch is generally made of copper or gold 

that can take any type of shape [19, 27]. 

 

 

Fig. 1.3 Geometry of Microstrip Patch Antenna [19] 

The different configurations of the metallic radiating element can be square, dipole, 

rectangular, circular, elliptical, triangular, circular ring, and ring sector etc. [19, 20]. 

Although, the radiating element can acquire any possible shape but the most desirable designs 

are rectangular and circular configurations. A microstrip antenna is characterized by different 

antenna parameters like bandwidth, resonant frequency, VSWR, return loss, and radiation 

pattern. 

1.5.1 History of Microstrip Antenna 

The concept of microstrip antennas was conceived by Deschamp’s in 1953. In 1955, 

Gluton and Bassinot [28] patented a flat aerial that can be used in the UHF region. Lewin 

[29], studied the radiation from discontinuities in strip line. However, serious attention was 
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given to this element only in the early 1970s. Howell, designed basic rectangular and circular 

micros trip patches in 1972. Munson, demonstrated a new classes of microstrip wrap around 

antenna suitable for missiles using microstrip radiator and microstrip feed networks on the 

same substrate in 1974. Weinschel [30], reported a practical pentagonal antenna in 1975.  

Various types of mathematical models were developed for analysis of patch antenna. 

Mathematical modeling of microstrip antenna was first proposed by Munson and Derneryd 

[31] by applying transmission line analogy. This gives an approximate explanation of the 

radiation mechanism and provides the expressions for the radiation fields, radiation 

resistance, and input impedance. Agarwall and Bailey [32], suggested the wire grid model for 

the evaluation of microstrip antenna characteristics. 

Newman et al. [33], proposed the method of moments for the analysis of microstrip 

antenna. They used Richmond reaction method in connection with the method of moments 

for the calculation of unknown surface currents flowing on the walls forming the microstrip 

patch, ground plane and magnetic walls. A more accurate mathematical cavity model for 

analysis of patch was suggested by Lo et. al. [34]. In this model, the upper patch and the 

section of the ground plane located below it are joined by a magnetic wall. The antenna 

parameters for different geometries with arbitrary feed points can be calculated by using this 

model. 

Caver and Coffey [35], proposed the expansion model, which is similar to cavity 

model. The patch is considered as a thin cavity with leaky magnetic walls. Hammer et. al. 

[36], developed an aperture model for radiation field calculations of the microstrip antenna. 

This method accounts radiation from all the edges of the patch and gives the radiation fields 

and radiation resistance of any mode in the microstrip resonator antenna. Microstrip disc has 

been analyzed by Derneryd for calculating the radiation conductance, antenna efficiency and 

quality factor associated with circular disc antenna. 

The circular microstrip antenna was rigorously treated by Butler [37]. He solved the 

problem of central fed circular microstrip antenna by treating patch as a radiating annular 

slot, in which the radius of the outer ring is very large. Mink [38], developed a circular 

microstrip antenna, which operates at a low frequency compared to a circular patch antenna 

of the same size. Shen [39], analyzed the elliptical microstrip patch and proved that the 

radiation pattern from this antenna is circularly polarized in a narrow band when eccentricity 

of the ellipse is small. R. Chadha and K.C. Gupta [40], developed Green’s function of 

circular sector and annular sector shaped antennas. Microstrip antenna covered with a 
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dielectric later was proposed by Bahl et. al.. They suggested an appropriate correction for the 

calculation of resonant frequency of a microstrip antenna coated with protective dielectric 

layer.  

1.5.2 Feeding Techniques 

The various types of feeding techniques are used in the microstrip antenna. Microstrip 

antennas have radiating element on front side of a substrate and thus, it may be feed by 

different methods. These feeding techniques can be categorized as contacting and non-

contacting. In contacting feeding technique, the radio frequency power is directly connected 

to the patch through microstrip line. The radio frequency power is transferred between the 

feedline and the radiating element by using electromagnetic coupling is called non-contacting 

feeding technique [19, 41, 42, and 44]. The most commonly used feeding techniques are: 

 Microstrip line feed (contacting or direct schemes) 

 Coaxial probe feed (contacting or direct schemes) 

 Coplanar waveguide feed (contacting or direct schemes) 

 Aperture coupled feed (non-contacting or indirect schemes) 

 Proximity coupled feed (non-contacting or indirect schemes)  

There are various factors responsible for selection of the feeding techniques. The most 

important factor is the impedance matching between the radiating element and feeding 

structure. A brief overview of various feeding techniques is given in next paragraph. 

1.5.2.1 Microstrip Line Feed 

In transmission line feeding technique, the edge of the microstrip patch is connected 

directly to a conducting strip as presented in Fig. 1.4. The width of feed strip is designed to 

match the impedance of the patch. The advantage of microstrip line feed arrangement is that 

it provide a planar structure [19, 41, 44]. The position of the inset can be properly controlled 

to match the impedance of the patch. 
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               Fig. 1.4 Microstrip Line Feed [44] 

1.5.2.2 Coaxial Feed 

The Coaxial feed is also known as probe feed. The typical diagram of coaxial feed is 

depicted in Fig. 1.5. The interior part of conductor is soldered to the radiating patch after 

passing through the dielectric substrate but the outer part of conductor is soldered to the 

ground plane. The coaxial feed is more beneficial as it provides the freedom to place at any 

convenient position to match the impedance of the patch. The disadvantages of this feed 

technique are small bandwidth and difficult to model [19, 43]. The indirect or non-contacting 

feed techniques are used to solve these issues. 

 

Fig. 1.5 Coaxial or Probe Feed [44] 
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1.5.2.3 Aperture Coupled Feed 

The slot or aperture is used in the ground plane to couple the feedline with the patch 

in aperture coupled feed as depicted in Fig. 1.6.  The ground plane separates the radiating 

patch and the feedline.  The shape, size and location of the aperture or slot are responsible for 

the quantity of coupling between the microstrip line and the radiating element [19, 43, and 

44]. The main disadvantage of aperture coupled feedline technique is that it is difficult to 

make a prototype of multi-layers structures.   

 

                Fig. 1.6 Aperture Coupled Feed[44] 

 

1.5.2.4 Proximity Coupled Feed 

The electromagnetic coupling scheme uses two dielectric substrates in a way that the 

feed line is lies in between the two substrates and radiating patch is on the top of the upper 

substrate as depicted in Fig. 1.7. The major advantage of this feed technique is to provide 

wide bandwidth and it also eliminates spurious feed radiation [19, 45]. This feeding scheme 

is complicated to manufacture since it needs a proper alignment between the two dielectric 

layers.  
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Fig. 1.7 Proximity Coupled Feed[44] 

1.5.2.5 Coplanar Waveguide Feed 

The conventional CPW feed consisting of a central signal strip conductor and two 

semi-infinite ground planes on both sides of the signal strip is presented by Wen in Fig. 1.8 

[45]. The full-wave analysis and quasi-static approximation are used to study the CPW 

waveguide structure. This feeding technique has number of advantages such as broad 

bandwidth, lower radiation leakage, better impedance matching, light weight, and easy 

incorporation with microwave monolithic integrated circuits (MMICs) etc. [46].  

 

Fig. 1.8 Coplanar Waveguide Feed [45] 

1.5.3 Methods of Analysis 

The method of analysis is used to calculate the radiation characteristics of the patch 

like radiation pattern, gain, input impedance, bandwidth, and antenna efficiency. The 

analytical analysis of microstrip antennas becomes complex due to the presence of in-

homogeneity of dielectric substrate and other configurations [19, 20 and 41].  
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The analysis of the microstrip antenna is done by dividing the patch into two regions 

viz: interior and exterior. The interior region is shaped by the radiating conductor, the parts of 

the ground plane under the patch, and the walls are formed by the projection of the patch 

periphery onto the ground plane. In the transmission line model, the fields in the interior 

region can be modeled as a transmission line section whereas in the cavity model, it is 

considered as cavity. The exterior region is the remainder of the dielectric, and the top of the 

patch conducting surface [19]. The fields in the exterior region contain the radiation fields, 

surface waves, and fringing fields. The three main analytical techniques are listed as follows: 

 Transmission line model 

 Cavity model 

 Multiport network model (MNM) 

The types of the numerical methods used for analyzing microstrip antennas are given below: 

 Method of Moments (MOM) 

 Finite-Element Method (FEM) 

 Finite-Difference Time Domain (FDTD) Method 

1.5.3.1 Transmission Line Model 

It is a method based on integral equation. In this model, one important assumption has 

been made that the dielectric substrate and the ground plane are infinite in the extent. The 

rectangular patch antenna is modeled by two slots [47, 48]. This model is used for any 

generalized patch shapes but, initially developed for rectangular shaped patch. The microstrip 

radiator element provides no transverse field variation means the field varies only along the 

length and the open circuited end radiates the fringing fields.  

Based on the field variation along their length, the four edges of the patch are 

categorized as radiating type or non-radiating type. The slow field variation along its length is 

referred to as radiating type edge. The non-radiating edge should have an integral multiple of 

half-wave variations along the edge [19, 47]. 
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Fig. 1.9 Electric Field Lines [47] 

The patch antenna has non-homogeneous structure made of two dielectrics viz 

substrate and air. The electric field lines mostly reside on the substrate and some parts of 

lines in air is depicted in Fig. 1.9. The effective dielectric constant is calculated in order to 

answer for the fringing field surrounding the boundary of the patch antenna and mathematical 

relation is given in next section on research methodology.  

1.5.3.2 Cavity Model 

Lo et. al. suggested the accurate mathematical cavity model for the analysis of 

microstrip antennas. It is based on modeling the patch and the ground plane beneath it as a 

cavity resonator and having these two layers treated as electric walls, while the four side 

substrate planes are considered as magnetic walls. The fringing fields around the periphery 

are taken into consideration by lengthening the patch boundary outward so that the effective 

dimensions are larger than the physical dimensions of the patch [49]. In the cavity model, 

various types of losses, such as dielectric loss, conductor loss and radiation loss, are taken 

into account by defining an effective loss tangent [19, 47].  

 

       Fig. 1.10 Charge Distributions on the Microstrip Antenna [47]  
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When the power is supplied to the microstrip antenna, a charge distribution is 

observed on surfaces of the patch and the ground plane as represented in Fig. 1.10. There are 

two types of charge distribution mechanisms on the microstrip patch viz attractive 

mechanism and repulsive mechanism. The attractive and repulsive mechanisms of charge 

distribution will create various transverse magnetic (TM) field modes. The current flows at 

the surface of the patch due to movement of charge [19, 47]. 

1.5.3.3 Multiport Network Model  

Multiport Network Model (MNM) used for analyzing the MSA is an expansion of the 

cavity model. In this method, the electromagnetic fields at bottom of the patch and exterior 

parts of the patch are modeled separately. Then segmentation method is used to calculate the 

overall impedance matrix [19, 50]. The fringing fields along the periphery and the radiated 

fields are incorporated by adding an equivalent edge admittance network. The radiated fields 

are obtained from the voltage distribution around the periphery. 

1.5.3.4 Full-Wave Solutions 

Full-wave electromagnetic model was used to solve the Maxwell’s equations 

constrained by appropriate boundary conditions. The MOM model is based on the integral 

equations whereas the FEM and FDTD model are based on differential equations. 

1.5.3.4.1 Method of Moment (MOM) 

The Green's function is used in the MOM based model to account for the dielectric 

substrate. It is assumed that there is infinite extent of the substrate. The electric currents on 

the metal patch and feed network elements are solved by this model. The current expansion 

equation is substituted in the integral equations which include the Green's function. The 

testing of the integral equation with sub-domain testing functions is done by using set of 

linear equations. The numerical method is used to solve the resulting matrix. The MOM can 

be very computationally efficient [19, 27, 42]. The accuracy of the model is sensitive to the 

basis and testing functions.  Zeland IE3D simulator is based on MOM method. 

1.5.3.4.2 Finite-Element Method  

Finite-Element Method (FEM) is a common method used for calculating partial 

differential equations in the frequency domain whereas the MOM solves the integral 

equations. This method is used to analyze the planar or volumetric structures, the region of 

interest can be broken into any number of finite surfaces or volume elements. The FEM is 

suitable for volumetric configurations. These discretized units are generally referred to as 
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finite elements can be of any well-defined geometrical shapes such as triangular elements, 

tetrahedral and prismatic elements and therefore also suitable for curved geometry. It 

involves the integration of certain basis functions over the whole conducting patch, which is 

divided into a number of subsections [19, 27, 42].  

1.5.3.4.3 Finite-Difference Time Domain Method 

FDTD method is based on differential equations can be solved with leapfrog 

algorithm. In this method, the discretisation scheme is used and solution of the Maxwell’s 

curls equations is directly obtained in the time domain. The discretisation scheme is 

orthogonal and the magnetic and the electric fields are specified every-where. The electric 

fields and the magnetic fields both are solved and the value of an E field point depends on its 

past value and the surrounding H fields. The same method is applied for the H fields. The 

spatial discretizations along three Cartesian coordinates are taken to be same.  The volume is 

discretised in tetrahedra shape; the shape of the antenna can be more accurately represented 

in the FEM [19, 27, 42]. Hence, the FDTD method was favored over FEM.  

1.6 Research Methodology 

The search for knowledge is called research. To answer the questions or problems a 

process is used called research by collecting, analyzing and interpreting the information. The 

scientific and systematic search for significant information on a specific topic is called 

research [51]. The systematic observation classification and interpretation of data comes 

under the scientific research method. The systematic approach concerning generalization and 

the formulation of a theory is also called research. The research methodology is used to find 

out the hidden truth and to provide the new findings.  

1.6.1 Flow Graph of Research Methodology 

In this thesis work, step by step flow graph of the research methodology is presented 

in Fig. 1.11. First, we model an idea and calculate the parameters of the design problems by 

using standard equation available in the literature for microstrip antenna. The proposed 

design is simulated by using EM simulator like Zeland IE3D. If the simulated results 

obtained from simulator is matches with the requirements of the designer then the prototype 

of antenna design are fabricated by using photolithography technique otherwise it goes back 

to the previous stage. The prototype of the fabricated design is measured by using Agilent 

VNA. If the measured results do not satisfy the requirements of the designer then goes back 

to the simulation stage. The possible difference in both results is because of errors in 
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dimensions of antenna parameters and impact of glue used during the fabrication process and 

also loss due to SMA connector. The proposed design is modified to remove these 

discrepancies. Then, the modified prototype is manufactured and the process continues until 

the desired antenna requirements are satisfied by the prototype. 

 

Fig. 1.11 Flow Diagram of the Research Methodology 

1.6.2 Design Procedure 

This subsection contains the calculation of various parameters required for designing 

the microstrip antennas at desired frequencies. Equations pertaining to rectangular antenna 

design are presented. The antenna size is designed based on the formulation of length, width 

of microstrip rectangular patch for a given dielectric constant and resonant frequency. The 

design procedure for calculation of various parameters of rectangular microstrip patch 

antenna is given below:  

(a) Selection of Substrate 

The selection of substrate plays a very important role in antenna design. Low loss 

substrates are very useful. The loss tangent of the substrate material used is slightly increased 

as frequency of operation increases. The strength and power handling capability of the 

antenna depends on the substrate materials. A variety of substrate materials are available in 

the market. The selection of dielectric material of the substrate depends on the application of 

the antenna and the radiation characteristics specifications [19, 27].  

The relative dielectric constant and loss tangent of the substrate are major electrical 

properties to be considered for selection of material. To achieve the miniaturization of the 
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patch, a higher dielectric constant is used but it also reduces the bandwidth of the antenna. 

The commonly used substrates are FR-2, FR-4, RT-Duroid, Silicon and BT resin. In this 

thesis work, the low cost FR4 substrate is selected because of easy availability in the market 

and small tangent loss [19]. Table 1.2 shows the specification of FR-4 substrate used in the 

fabrication of proposed antenna. 

Table 1.2: FR4 Substrate Specification 

Property Value 

Relative Dielectric Constant 4.4 

Substrate Thickness (mm) 1.6 

Loss Tangent 0.02 

Dielectric Strength 20 MV/m 

 

(b) Calculation of Width  

The following equation is used to calculate the width of the patch antenna:  
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where W is width of the patch, 

fo is the resonant frequency, 

r is the dielectric constant, 

C is speed of light. 

(c) Calculation of Effective Dielectric Constant 

This equation is used to calculate the effective dielectric constant of the patch:  
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where h is thickness of the substrate. 

(d) Calculation of the Effective Length 

The following equation is used to calculate the length of the patch antenna  
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(e) Calculation of the Length Extension (∆L) 
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To calculate the length extension of the patch antenna the following equation is used:  
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(f) Calculation of Actual Length of Patch 

The actual length of the patch is obtained by using equation given below: 

                  L=Leff -∆L                                                                       (1.5) 

(g) Calculation of the Ground Plane Diemensions 

The infinite ground plane is assumed in the transmission line model but for practical 

considerations a finite ground plane is used. However, the practical size of ground plane is 

approximately six times the substrate thickness plus the patch diemensions. The ground plane 

dimensions are calculated as given below: 

       Lg= 6h+L                                                                      (1.6) 

       Wg= 6h+W                                                          (1.7)  

where h = substrate thickness, 

Lg =length of ground, 

Wg =width of ground. 

For the design of complex RF printed microwave circuit, antennas, high speed digital 

circuits and other electronic components, simulation tools are used based on electromagnetic 

simulation. A brief overview of various simulation tools used in this thesis are given below: 

1.6.3 Zeland IE3D Simulator 

Zeland IE3D simulator is an integrated full wave EM simulation tool based on 

Method of Moment (MOM). The layout editor is used for construction of geometry and then 

simulates the given geometry. With help of post processor, different parameters of antenna 

can be calculated and displayed. This simulator has inbuilt optimization package for the study 

and design of 3-dimensional microstrip designs, high frequency printed circuits etc. [52]. 

This tool has been accepted as an industrial standard for antenna structures.  

1.6.4 Ansoft HFSS Simulator 

HFSS simulator based on FEM is used to calculate the behavior of high-frequency 

components and antennas [53]. The parameters like S, Y, and Z can be analyzed with the help 

of this simulator. It can also be used to visualize 3D electromagnetic fields, and optimize 
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design performance. Various types of port schemes are available in the simulator e.g. lumped 

port, wave port, incident etc. The wave port scheme is used for the simulation of CPW and 

microstrip line feed structure. This simulator uses the optimization algorithm to optimize the 

dimensions of the proposed antenna. The various types of boundary schemes are available in 

the simulator. 

 In the simulation process, first step is to define the geometry of the proposed 

structure by providing the material properties and defining the boundaries for 2D and 3D 

elements. For simulation a radiation boundary filled with air, surrounding the structure is 

defined [53]. Finally, the scattering parameters, current distributions and far field radiation 

pattern can be obtained by using this simulator. In this thesis work, HFSS simulator is used to 

validate the proposed design. 

1.6.5 Fabrication Method 

Photolithography process is used for fabrication of proposed antenna. A good 

accuracy can be achieved by using this method to create the patterns on the substrate. The 

steps used in the fabrication process are briefly described below: 

 Fix the simulated microstrip antenna in Zeland IE3D main window. Press file icon 

and then go to Export option to generate the DXF format file. 

 Auto-CAD software can be used to read the DXF file. This software is used to take 

the print out on a transparency paper or butter paper for making a negative mask of 

the geometry to be generated.  

 After this, the printed transparency is placed on top of the substrate and the layout is 

aligned with the substrate. First, the substrate is cleaned with soap and then with 

acetone solution. Any dust or impurities on it can produce small discontinuity on the 

copper traces etched on the substrate. 

 Dry the cleaned substrate in a microwave oven at 100 degrees for 10 minutes.  

 In a dark room, uniformly apply negative photo resist solution on the dry substrate 

and spin controller is used to spread the photo resist throughout the surface area. 

 Dry the substrate again in a microwave oven. The substrate should be exposed to UV 

radiation for 2-2.5 minutes. 

 After exposing the substrate to the ultra-violet light, the substrate is soaked in 

developer solution.  

 The pure water is used to clean the substrate to dispose of the developer solution and 

then the board is soaked in hot etching solution (FeCl3). This solution is required to 
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generate the antenna pattern on the copper plate. After the photolithography, wet 

etching is done and the substrate is cleaned and dried.  

 The 50 ohm SMA connector is used to connect the measuring instruments with the 

prototype of the fabricated antenna. 

1.6.6 Measurement Setup 

The microstrip antenna characteristics e.g. return loss, VSWR and radiation pattern 

are measured by using vector network analyzer (VNA) and anechoic chamber. The following 

section gives the description about measurement procedures: 

1.6.6.1 Vector Network Analyzer 

This is a popular instrument used to measure the return loss and VSWR parameters. 

The sophisticated VNA has time domain and frequency domain operation capability. The two 

port network parameter such as S11, S12, S21 and S22 can be measured very accurately by using 

VNA [54]. The VNA instrument based on signal processing algorithm is used to transmit and 

receive the data and the measured results are displayed and saved in many graph formats. 

1.6.6.2 Measurement Procedure 

The experimental procedures followed to determine the antenna characteristics are 

discussed. For experimental work, the coaxial cables and connectors are used to connect the 

VNA and cable losses are high at microwave frequency. To obtain accurate scattering 

parameter the instrument used in the experimental work should be calibrated with known 

standards of open, short and matched loads. The various method used for the calibration of 

VNA instrument are single port, full two ports and TRL method. The single port calibration 

method is used to characterize the different antenna parameters like return loss, VSWR and 

input impedance [54]. 

1.6.6.3 Measurement of Return Loss  

The VNA is used in S11/S22 mode to measure the S11 parameter of the antenna and any 

one of port of network analyzer is used to connect the proposed antenna. The calibration of 

the port is done by using the standard methods for the desired frequency range. The antenna 

under test (AUT) is connected to the port of calibrated instrument including port cable. The 

frequency for which the return loss value is minimum can be considered as resonant 

frequency of the antenna. The series of frequencies for which the value of return loss is 

within the 10dB points is usually treated as the bandwidth of the antenna.  
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1.6.6.4 Anechoic Chamber 

The anechoic chamber provides a ‘quite zone', free from all types of electro-magnetic 

(EM) distortions. An anechoic chamber is used to avoid reflections from nearby objects for 

characterizations of antenna. The microwave absorbers are fixed on the walls, roof and the 

floor to avoid the EM reflection. At microwave frequencies, the absorbers fixed on the walls 

are highly lossy. The tapered absorber shapes are used to achieve good impedance matching 

at the microwave power [54]. The aluminum sheets are used in the chamber to cover all the 

walls and the roof to avoid the surrounding EM interferences. 

1.6.6.5 2D Radiation Pattern Measurement 

An anechoic chamber is used to conduct the measurement of radiation pattern. AUT is 

placed on a rotating table in the quite zone of the chamber and connected to first port of the 

network analyzer. The horn antenna is connected to the second port of the VNA which acts as 

a transmitter. The instrument required for measurement of radiation pattern is signal 

generator, transmitting antenna, a rotating motor and a spectrum analyzer. The manual 

procedure is used for measurement of radiation pattern. 

The network analyzer is kept in S21/S12 mode to compute the radiation pattern of the 

microstrip antenna. The numbers of frequency points are set according to the convenience. 

Now, the THRU calibration is performed for the specified frequency band and saved in the 

CAL set. One can manually perform the radiation pattern measurement by using this setup 

and then compare experimental results with the simulated results. 

1.7 Organization of Thesis 

The research proposed in the present thesis has addressed the several aspects in the 

domain of multiband antenna engineering. In this work, we study, analyze, design, fabricate 

and test the different structures of rectangular patch antennas to achieve triple band and 

multiband capability to cover Wi-Fi, WLAN, WiMAX and UWB standards. This thesis 

comprises of seven chapters and their brief description is given below: 

Chapter 1: First chapter provides a brief introduction about multiband microstrip antenna 

and their applications, problems associated with multiband antenna and their potential 

solutions, motivation and objectives of the thesis. This chapter also describes the antenna 

parameters, concept and history of microstrip antenna. It also explains different feeding 

techniques and various methods for analyzing the microstrip antenna. It also gives a brief 

description about the research methodology used in this thesis. 



24 

 

Chapter 2: This chapter covers a comprehensive literature survey of the various research 

contributions reported in the area of multiband microstrip antenna using different techniques 

and methods. It presents the various geometry descriptions, simulation and fabrication of the 

multiband antenna structures with their application. The number of designs reported by 

various researchers related to the Wi-Fi, WLAN, WiMAX and UWB standards have been 

referred and summarized in this chapter. It also studies the gaps which are present in the 

works reported so far.  

Chapter 3: Chapter 3 is the concerned with design and construction of the dualband or triple-

band rectangular shaped microstrip antenna. A hash shaped slot is embedded in the 

rectangular shaped antenna to provide two resonant modes suitable for WLAN/WiMAX 

standards. The simulated results and their comparison with measured results show a good 

conformity. The effect of slot length parameters L3, L4 and L5 of the proposed design in terms 

of return loss has been investigated. The proposed antenna structure has been modified by 

inserting I-shaped slot to improve the parameters of antenna. It provides triple resonant 

modes which is suitable for WLAN/WiMAX wireless communication systems. 

Chapter 4: This chapter illustrates the design of a CPW fed multiband microstrip antenna 

based on defected ground structure (DGS) technique to provide the wide impedance 

bandwidth to cover all the bands of Wi-Fi/WLAN/ WiMAX applications.  The radiating part 

of proposed antenna is composed of four vertical monopoles made up of a number of 

rectangular bricks of equal size. The few rectangular horizontal strips are used to join the 

vertical monopoles to improve the return loss. The parametric study was performed to 

understand the characteristics of monopole antenna. To validate the simulated design 

concept, a physical model of antenna is constructed and tested. The simulated and measured 

results show a satisfactory agreement.  

Chapter 5: This chapter presents a research work related to microstrip-fed multiband antenna 

for WLAN, WiMAX and UWB applications. The rectangular shaped ring (RSR) antenna 

loaded with the inverted ‘S’ and ‘C’ shaped strips to generate five resonant modes to achieve 

multiband operation. The parametric study is conducted to understand the working of 

different parameters of the proposed design. The prototype of the fabricated antenna is also 

tested to validate the proposed concept. The simulated results and their comparison with 

measured results show a good conformity.  

Chapter 6: This chapter elaborates a microstrip-fed rectangular shaped ring (RSR) antenna 

for WLAN, WiMAX and UWB standards. The rectangular shaped ring antenna loaded with 
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three vertical strips to produce the triple band operation. It is designed and fabricated on 

substrate and then experimentally characterized to validate the design concept. The 

comparisons between simulated and measured results show a good agreement.  

Chapter 7: Finally, this chapter presents the summary of conclusions drawn from research 

work reported in this thesis. The ideas for future work in the area of multiband antenna 

structures for heterogeneous wireless communication systems are also suggested.  

In the next chapter, a brief review of the work, done by various researchers in the field 

of multiband antennas has been presented. 
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CHAPTER-2 

LITERATURE SURVEY 

2.1 Introduction 

To start the design of multiband and broadband microstrip antenna, it is essential to 

have a bottomless knowledge of microstrip antenna  and presented in the literature survey. In 

the recent years, there is a very fast progress in the area of wireless communications as the 

mobile entities are shrinking rapidly. To meet the never dying miniaturization requirement, 

compact antennas are needed to be designed. Planar printed antennas have the advantages 

like small size, low profile and multiband operation. For these reason, many antenna 

researchers are trying to design the planar antennas to satisfy the bandwidth requirements of 

current day mobile communication systems e.g. Wi-Fi systems at the 2.4 GHz and WLAN 

system at the 5.2 GHz /5.8 GHz bands, WiMAX standard at the 2.5/ 3.5/5.5 GHz bands and 

UWB standard at 3.1 GHz to 10.6 GHz band and have been published in the open literature. 

A brief review of various standards considered in this thesis is discussed in the next section.        

2.2 IEEE Standard 802.11x for WLAN 

IEEE 802.11x is the standard for wireless Local Area Network under Institutes of 

Electrical and Electronic Engineers. A wireless LAN is a local network without wires. 

Wireless LANs use electromagnetic waves (radio and infrared) as transmission media, for 

sending network traffic over the air and it is an alternate to wired technology such as twisted 

wires, coaxial cable or fiber optics. The carrier wave is used to modulate the data and voice 

traffic which is demodulated at the receiving end. The different frequencies are used for 

transmitting the multiple carriers in the same space [55].  

IEEE 802.11 comprises a series of seven standards known as IEEE 802.11x. The 

development of WLAN standard was started in the late 1980s by the IEEE 802.11 working 

group and finally got launched in market in 1997 [56].  WLAN standard gives a high data 

rate of approximately 11 Mbps. The IEEE 802.11a standard was accepted in 1999 and 

operating at 5 GHz ISM band. WLAN standard provides high-speed data transfer rate which 

increase the popularity of the system and the requirement of multiband antenna. There are 

three various wireless standards like 802.11a, 802.11b and 802.11g.  WLAN standard 

operates at three frequency bands viz. 2.4 GHz, 5.2 GHz and 5.8 GHz.  
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2.2.1 IEEE 802.11a 

IEEE 802.11a standard has specifications for physical layer for Wi-Fi system and 

operates at 5 GHz band. The data transfer rate of this standard is upto five times faster than 

IEEE 802.11b for improving the quality of steaming media [57]. Although, solving 

interference problem and provides better security at 5 GHz. For the same coverage area 

802.11a requires more access points than 802.11b to maintain the same quality [58].  

2.2.2 IEEE 802.11b 

In year 1999, IEEE 802.11b standard was accepted and which works at 2.4 GHz band. 

802.11b standard provide a data rates of approximately 11 Mbps and range of approximately 

100 meters [59]. However, Wi-Fi networks will remain vulnerable to other sources of radio 

frequency interference, such as a microwave oven operating in the same frequency or a 

nearby Wi-Fi network under the management of different company. Interference will become 

severe in the future as the density of the Wi-Fi network gets increased. 

2.2.3 IEEE 802.11g 

The 802.11g standard gives higher data rates upto 54 Mbps and is backward 

compatible with 802.11b. IEEE 802.11g is the latest wireless LAN standard ratified by the 

IEEE standard association’s board on 12 June, 2003. This standard is three to five time faster 

than 802.11b version. IEEE 802.11g standard also comes with three advantages: lower power 

consumption, better penetration and longer range [60]. 

2.2.4 IEEE 802.11n 

 IEEE 802.11n-2009, commonly shortened to 802.11n, is a wireless networking 

standard that uses numerous antennas to increase data rates upto 600 Mbit/s by using beam 

forming and diversity technique. The commonly used IEEE standards are 802.11a, 802.11b, 

802.11g, 802.11n, and 802.11ac  versions which provide wireless connectivity in homes and 

businesses. The initial development of 802.11n was begun in 2002. Its objective is to improve 

network throughput over the two previous standards: 802.11a and 802.11g. The frequency 

bands 2.4 GHz or 5GHz is used in this standard. The demand of IEEE 802.11n has been 

driven primarily by users connecting notebook computers to networks at work and to the 

Internet at home as well as at coffee, shops, airports, hotels etc.. 802.11n provides backward 

compatibility for devices using earlier versions of Wi-Fi standard like 802.11g, 802.11b, and 

802.11a.  

 

https://en.wikipedia.org/wiki/802.11a
https://en.wikipedia.org/wiki/802.11a
https://en.wikipedia.org/wiki/802.11ac
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2.3 IEEE Standard 802.16 for WiMAX 

Worldwide interoperability for microwave access (WiMAX) is a telecommunications 

technology and proposed in June 2001 by WiMAX forum. IEEE 802.16 standard can provide 

broadband services up to 5–15 km for mobile station and 50 km for fixed station [61, 62]. 

WiMAX is the future-generation wireless systems which provides high-speed internet access 

to the variety of devices like smart phones, handsets, notebook PCs, laptop and consumer 

electronics such as cameras, gaming devices, music players, and many more. WiMAX forum 

provides three licensed bands at 2.5 GHz, 3.5 GHz and 5.5 GHz. WiMAX revision provides 

higher data rates upto 40 Mbps.  Mobile WiMAX devices typically requires omni-directional 

antenna [62]. 

2.4 IEEE standard 802.15.3 for Ultra-Wideband  

Robert A. Scholtz et. al. have developed Ultra-Wideband radio technology which is 

also known as UWB IEEE standard 802.15.3 and was formerly known as "pulse radio". This 

standard may be used for short-range at a very low energy level, high-bandwidth 

communications greater than 500MHz.  UWB gives a boost for wireless connecting device 

over short distances and is able to share the spectrum with other users. The main advantages 

provided by UWB band over Bluetooth are: high data speed approximately 100 times, 

cheaper and low power consumption device. The data rate supported by UWB device is 110 

Mbps for a range of up to 10 meters.  UWB is an extension of Bluetooth technology [63]. 

UWB technology is probably going to lead the home networking market.  

Federal Communication Commission (FCC) spectrum for unlicensed UWB 

communications devices is from 3.1 GHz to 10.6 GHz which has limited the power spectral 

density (PSD) of the signal to –41.25 dBm/MHz. The FCC spectrum mask for UWB 

communications devices has been specified for indoor and outdoor UWB operation  as shown 

in Fig. 2.1. To provide additional protection to GPS users, the FCC has also mandated that 

spurious emissions between 0.96 GHz and 1.61 GHz be limited to -75 dBm/MHz. The 

reduction of PSD of UWB signal reduces UWB interference on narrowband (NB) systems 

and keeps UWB signal under the FCC spectral mask.  
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Fig. 2.1 FCC Power Spectrum Mask for UWB Applications 

2.5 Bluetooth 

 Bluetooth is a wireless technology standard for exchanging data over short distances 

from fixed and mobile devices and building personal area networks (PANs). Invented by 

telecom vendor Ericsson in 1994.  The IEEE standard for Bluetooth as IEEE 802.15.1, but no 

longer maintains the standard.  Bluetooth operates at frequencies between 2400 and 

2483.5 MHz.  Bluetooth is a standard wire-replacement communications protocol primarily 

designed for low-power consumption, with a short range based on low-cost transceiver 

microchips in each device. Bluetooth and Wi-Fi have some similar applications: setting up 

networks, printing, or transferring files. Wi-Fi is intended as a replacement for high speed 

cabling for general local area network access in work areas. Bluetooth exists in many 

products, such as telephones, tablets, media players, robotics systems, handheld, laptops and 

console gaming equipment, and some high definition headsets, modems, and watches.   

2.6 ZigBee 

 ZigBee is a low-cost, low-power; wireless mesh network standard targeted at wide 

development of long battery life devices in wireless control and monitoring applications. The 

technology defined by the ZigBee specification is intended to be simpler and less expensive 

than other wireless personal area network (WPANs), such as Bluetooth or Wi-Fi. ZigBee 
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technology builds on IEEE standard 802.15.4 which defines the physical and MAC layers. 

Applications include wireless light switches, electrical meters with in-home-displays, traffic 

management systems remote control, sensor and other consumer and industrial equipment 

that require short-range low-rate wireless data transfer. Data rates vary from 20 kbit/s 

(868 MHz band) to 250 kbit/s (2.4 GHz band). The ZigBee network layer natively supports 

both star and tree networks, and generic mesh networking. For non-commercial purposes, the 

ZigBee specification is available free to the general public. The system is specified to operate 

in one of the three licenses free bands at 2.4 GHz, 915 MHz for North America and 868 MHz 

for Europe.  

The various structure designs on dualband, triple band and multiband antennas are 

reported by various researchers on Wi-Fi/WLAN/WiMAX and UWB standards and 

summarized in the next section.  

2.7 Literature Survey on Various Multiband Antenna Designs 

There are several number of papers published on the design, analysis and optimization 

of the multiband antenna. The advent of multi-standard mobile devices is significant 

challenge for antenna designer, to implement multiband antennas with rapidly shrinking 

volume. The different multiband techniques developed by the antenna designer’s across the 

world have been described in the next section: 

2.7.1 Microstrip Antenna Designs for WLAN Applications 

In [64], author presented an antenna is composed of a bent monopole, a shorting 

portion, ground plane and an assembly plate. This design is appropriate for lower frequency 

band of WLAN standard at 2.4 GHz. The simulated bandwidth of antenna is approximately 

195 MHz and is also not capable to cover the upper frequency band of WLAN standard. In 

[65], researchers have proposed a horse-shoe shaped antenna embedded with multiple L-

shaped slots to obtain a dualband operation for WLAN standard at 2.4/5 GHz bands. The 

measured result shows dualband operation ranges from 2.38 GHz to 2.51 GHz for lower 

operating band and 5.1 GHz to 5.88 GHz for upper operating band, respectively. It has a 

small gain of approximately 2 dBi. The author Meng-Ju Chiang et. al. present the circular 

shaped slot antenna loaded with arc shaped metallic strips in [66]. The multiple arc-shaped 

metallic strips are inserted into the circular patch to achieve the multiband and wideband 

operating range which is suitable for all the bands of WLAN standard and ISM applications. 

The size of this antenna is approximately 1.3 cm
3
 which is quite larger than design proposed 

in this work. 
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An obtuse pie-shaped radiating antenna feed by a microstrip line is proposed in [67] 

for WLAN applications. The width of microstrip line feeding is 1.5 mm and its 

complementary metal structure is connected to the ground plane. The proposed design 

provides a dualband operation ranging from 2.24 GHz to 2.532 GHz and 4.62 GHz to 6.16 

GHz which meets the bandwidth requirements of WLAN standard at 2.4/5.2/5.8 GHz. A 

compact folded slot antenna based on CPW-feed is examined for WLAN applications in [68]. 

The folded slot antenna is embedded with a pair of different shaped slots to produce the three 

resonant modes at 2.4 GHz, 3.6 GHz and 5.5 GHz. The two inverted L-shaped strips are used 

in the proposed antenna to generate third resonant mode. The complex geometry of the 

antenna is fabricated on the single sided copper clad. 

The author W. Ren presented slot type structure loaded with a square ring slot and a 

circular ring slot in the ground plane.  It is able to cover all the bands of WLAN standard. 

The L-shaped microstrip feedline is used in the patch by using electromagnetic coupled 

feeding technique. The simulated impedance bandwidths range from 2.3 GHz to 2.6 GHz 

which covers the lower frequency band of WLAN standard at 2.4 GHz and 5.15 GHz to 5.9 

GHz which covers the upper frequency band of WLAN standard at 5.2/5.8 GHz. The size of 

proposed structure [69] is 1.6 cm
3 

which is larger than design proposed in this work. The 

proposed monopole antenna composed of two split ring elements and the metallic strips 

which are used to connect the two rectangular shaped rings in [70]. It covers all the bands of 

WLAN standard at 2.4/5.2/5.8 GHz. In optimizing the design, the following parameters are 

important viz: substrate thickness, diemensions of ring, ground plane, microstrip feed and 

positions of the connecting strips. The G-shaped monopole antenna based on CPW feed has 

been proposed and optimized by using PSO technique to produce dualband operation in [71]. 

It is composed of two folded strips L1 and L2 and which is folded to form the antenna in ‘G’ 

shaped geometry. The measured result has impedance bandwidths ranging from 2.3 GHz to 

2.536 GHz for lower operating band and 3.92 GHz to 6.62 GHz for upper operating band, 

respectively. The measured impedance bandwidths are capable to cover all the bands of 

WLAN standard at 2.4/5.2/5.8 GHz.  

A novel monopole antenna consists of a meandered strip as a radiating element and a 

rectangular patch on the back side of the substrate has been presented in [72]. These elements 

are connected through via hole of radius 0.4 mm. The rectangular patch below the radiating 

element can resonate at the higher frequency band of WLAN standard at 5.2/5.8 GHz bands. 

The meandered strip width of 1 mm can resonate very close to a quarter wavelengths at 2.4 
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GHz of WLAN standard. The simulated antenna gain is small in the lower frequency band. A 

compact CPW fed planar antenna with modified feedline is investigated in [73] for WLAN 

communication systems. The modified feedline uses two short strips each with a diemensions 

of Ls and Ws and these strips are horizontally and symmetrically loaded from the left and 

right sides of the feeding line. The measured impedance bandwidth ranges from 2.23 GHz to 

2.96 GHz and 4.6 GHz to 7.62 GHz. In upper frequency band, the two resonant modes are 

excited at close frequency to form a single wideband operation by merging the two frequency 

bands. The two L-shaped strips have impact on the return loss of an upper frequency band. 

The measured result shows that it is suitable for all the bands of WLAN standard.  

A compact multiband microstrip line feed antenna is composed of four bent radiating 

arms with a partial ground and a linear structure as presented in [74] and is suitable for 

WLAN systems. The meandered radiating patch along with a partial ground plane is used to 

achieve the miniaturization of the proposed antenna. The partial ground plane is also helpful 

to achieve good return loss.  The rectangular shaped slot is cut in the ground plane to reduce 

the size of the patch and also to enhance the current path in the ground plane. A compact 

CPW fed modified sierpinksi gasket antenna is proposed by Xiaodi Song for WLAN 

applications in [75]. The pentagon shaped antenna is cut in trapezium shape at the top of the 

monopole antenna with a view to create a hollow trapezium. The bottom of monopole 

antenna is loaded with triangular shaped slot at center. To achieve the miniaturization, we can 

reduce the height of the bottom triangle of the proposed design. The measured result provides 

three resonant bands. The complete size of the proposed antenna is 40 mm 100 mm 0.81 

mm which is comparatively large in size.  

A compact multiband microstrip antenna is presented for WLAN systems in [76]. A 

combination of both the C-shaped strip and the straight strip are used to achieve multiband 

operation. The two separate resonant paths of different dimensions have been chosen close to 

the quarter wavelengths at 2.4 GHz and 5 GHz. The proposed antenna has impendence 

bandwidth ranging from 2.38 GHz to 2.52 GHz for lower resonant band and 4.86 GHz to 

6.87 GHz for upper resonant band, respectively. It can well satisfy all the bands of WLAN 

standard at 2.4/5.2/5.8 GHz. It has large size of approximately equal to 2.24 cm
3
 which is 

quite large in size. A compact dualband antenna has been proposed in [77] to meet the 

requirements of WLAN application. This design is composed of spiral strip formed by two 

strips and an inverted L-strip. The simulated result shows that the spiral strip is responsible 

for generating two operating modes at 2.4 GHz and 5 GHz bands but cannot fully covers the 
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WLAN standard at 5 GHz band. It provides three resonant modes at 2.5 GHz, 4.66 GHz and 

5.86 GHz frequencies. The measured peak gain is 1.3 dBi in the lower band. 

The multiband design is constructed of two radiating rectangular shaped arms 

perpendicular to each other and these arms are short circuited by using shorting strips at the 

corners in [78]. These radiating arms are loaded with L-shaped slot to produce a dualband 

operation suitable for WLAN applications. The measured result has an impedance 

bandwidths ranging from 2.28 GHz to 2.569 GHz for lower band and 5.15 GHz to 5.622 GHz 

for upper band, respectively. It covers the WLAN standard at 2.4 GHz and 5.2 GHz bands but 

is not able to cover the WLAN standard at 5.8 GHz band. The location and shape of slot has 

an impact on the return loss of the proposed design. A compact tapered CPW fed triangular 

microstrip antenna is investigated in [79]. It has a wide impedance bandwidth ranging from 

4.14 GHz to 9.84 GHz which covers the upper frequency bands of WLAN standard.  

A CPW fed T-shaped slot loop type antenna is presented in [80] for WLAN standard 

at 2.45 GHz. It is composed of rectangular radiating element and T-shaped feeding strip. The 

slots are etched on the same side of the substrate in ground plane of the proposed design. The 

dumbbell shaped DGS is inserted into the ground plane to reject the harmonic radiation. The 

size of this antenna is 2.28 cm
3
 and its quite large size as compared to this work. A novel dual 

band antenna based on microstrip line feed consisting of four half wavelength dipoles and 

two pairs of dipoles are placed back to back in [81]. Two dipoles are formed of two parts; one 

part is connected to the microstrip feedline and other part is connected to the ground plane 

vias hole. The good omni-directional radiation pattern is obtained by using small rectangular 

ground plane. It fulfills the bandwidth requirements for WLAN applications at all frequency 

bands. The measured impedance bandwidths are about 120 MHz from 2.38 to 2.50 GHz for 

lower band, 1750 MHz from 4.4 GHz to 6.15 GHz for upper band, respectively. The small 

gain is observed in the lower frequency band. 

A CPW feed rectangular shaped monopole antenna is presented in [82]. The L-shaped 

strips are attached to the antenna to generate dualband operation. A triangular shaped 

geometry is placed on the top of the rectangular shaped structure to achieve a wideband 

operation. A compact multiband slot antenna consisting of a C-shaped slot and a vertical strip 

has been presented in [83]. The C shaped slot has impact on the lower resonant mode at 2.4 

GHz band. The impedance bandwidth of upper frequency bands of WLAN standard has been 

improved by cutting slot of L-shaped strip around the vertical strip. It is clear from the 

simulated result that the lower resonant band ranges from 2.38 GHz to 2.52 GHz and upper 
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resonant band ranges from 5.08 GHz to 6.7 GHz. Thus, covering all the bands of WLAN 

communication systems at 2.4/5.2/5.8 GHz.  

In [84], author proposed a multiband antenna with three resonant patches to cover all 

the bands of WLAN application by inserting the two L-shaped slits. Two square shaped slits 

are cut in the second L-shaped slit to increase the average current path to cover the lower 

frequency band. The shorting wall is used to improve the impedance bandwidth. The width of 

the shorting wall has impact on the return loss. The dimensions of L-shaped slits and the 

shorting wall can be properly adjusted to achieve the desired bandwidth. A compact 

multiband monopole antenna has hook shaped strips on both sides of the horizontal strip, and 

a T-shaped strip is placed on the top of hook shaped strips to achieve the wideband operation 

in [85]. It is suitable for all the bands of WLAN systems. The symmetrical hook shaped strips 

are responsible for generating the lower resonant mode. The impedance bandwidths of the 

dual band antenna range from 2.1 GHz-2.52 GHz and 5.07 GHz-6.62 GHz for lower and 

upper frequency band, respectively. The peak antenna gain is 1.95 dBi in the lower resonant 

mode. 

In [86], a CPW fed rectangular shaped antenna is loaded with a cross shaped slot 

which is capable of producing dual band operation suitable for WLAN standard. The current 

distribution shows that a longer current path is produced at the lower resonant mode and 

cross slot has small current distribution at upper frequency band. The simulated and measured 

results show a good agreement. The simulated result has impedance bandwidths of 13.7% at 

the lower frequency band and 28.3% at the upper frequency band, respectively. The 

volumetric size of the antenna is 2.92 cm
3
 and it’s quite large in size as compared to this 

work. A novel compact annular ring slot antenna has been presented in [87] for WLAN 

communication systems. The miniaturization of approximately 50% of the slot area is 

achieved by embedding a pair of symmetric Y-shaped like slots in the centre of circular 

patch. The ring shaped slot was etched in the rectangular shaped ground plane. The proposed 

slot antenna provides three resonant modes. The diemensions of Y shaped slots incorporated 

in the circular patch have impact on the first and second resonant mode but third resonant 

mode has neglible effect. The measured result shows a dualband operation ranging from 2.4 

GHz to 2.5 GHz and 5 GHz to 6.6 GHz and suitable for covering all the bands of WLAN 

standard. The pair of slots is embedded in the center of the patch antenna to excite three 

resonant modes. In [88], author use skew-F shaped DGS in microstrip antenna to achieve 
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dual band operation at microwave frequencies. A stacked microstrip patch antenna (SMPA) 

has been designed for broadband behavior. 

A dualband annular-ring slot antenna is presented in [89] which are suitable for all the 

bands of WLAN standard at 2.4/5 GHz. The inner circular patch is connected to the ground 

plane by using a meandered strip. It provides three resonant modes with a meandered ground 

strip embedded in the ring slot. This meandered ground strip can generate one extra resonant 

mode as compared to generated by an annular ring antenna without meandered strip. The size 

of the proposed antenna is decreased by 53% as compared to the area of conventional 

microstrip line feed antenna. The wideband operation is obtained at the upper operating band 

by merging the second and third resonant modes by using a pair of notches properly etched in 

the inner circular patch. The objective of the design presented in [90] is to fabricate a 

polyester substrate based on metamaterials loaded with a rectangular microstrip antenna for 

WLAN applications. The square shaped patch is embedded with square ring resonators for 

better impedance matching. The small shift in the location of square SRR provides shift in the 

resonant frequency. The slots are inserted into the radiating element to reduce the bending 

effect of wearable antenna. The volumetric size of the antenna is approximately 2.88 cm
3
. 

It is clear from the literature survey that the antenna designs presented in [64, 65] 

cover only the lower frequency band at 2.4 GHz and are not able to cover the required 

bandwidth of upper frequency bands of WLAN standard. It is clear from the result that 

antenna proposed in [75], covers only the lower frequency band of WLAN standard and 

upper frequency bands are partially covered by the proposed design. In [76], an antenna was 

discussed that cover all the bands of WLAN standard but with poor return loss and small 

bandwidth in the lower frequency band. The designs proposed in [77, 80], covers only the 

lower frequency band of WLAN standard but it is not able to cover the upper frequency band 

of WLAN standard at 5.8 GHz. The entire antenna designs presented above by various 

authors cover only the WLAN standard but are not able to cover the wireless standards like 

WLAN/WiMAX. 

2.7.2 Microstrip Antenna Designs for WiMAX Applications 

A compact design of rectangular monopole antenna loaded with a meandered slit is 

presented in [91] to obtain a wideband operation suitable for WiMAX application. Two small 

I-shaped slots are inserted into the CPW feedline to suppress the band from 3.96 GHz to 4.9 

GHz. It provides three operating bands ranging from 2.3 GHz to 2.99 GHz, 3.2 GHz to 4 

GHz and 5.2 GHz to 6 GHz, which meets the bandwidth requirements of the WiMAX 
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communication devices. The volumetric size of the proposed antenna is approximately 2.52 

cm
3
. The proposed rectangular shaped antenna incorporates two rectangular shaped slots to 

improve the impedance bandwidth by exciting the three resonant modes [92]. The shorter slot 

in the proposed antenna provides a resonant mode at 5 GHz band and the longer slot provides 

the two resonant modes at close frequencies gets merged together to provide a wider 

operating band in the lower frequency range. The proposed design is able to cover all the 

bands of WiMAX application at 2.5/3.5/5.5 GHz. A compact design of planar slot antenna 

embedded with C- shaped strip and inverted L-shaped slot has been presented in [93]for 

WiMAX communication systems. The C-shaped slot is embedded in the ground plane at a 

half wavelength resonant geometry to produce the operating modes at 2.5 GHz and 5.5 GHz 

frequencies. In order to obtain the wideband operation in lower frequency band, a horizontal 

slot is inserted into the ground plane which excites the second resonant mode at 2.7 GHz. The 

inverted L-shaped slot is inserted into the ground plane to generate the middle resonant mode 

at 3.5 GHz to provide wideband operation. The length and width of the T-shaped microstrip 

feeding has been adjusted to obtain the characteristic impedance which provides better 

impedance matching across the operating bands. It has been observed that three resonant 

bands are obtained to cover all the bands of WiMAX standard. 

A compact CPW fed rhomb shaped patch has been proposed and investigated for 

WiMAX communication devices in [94]. A pair of inverted L-shaped slits is inserted into 

rhomb shaped radiating element to achieve a broadband operation. The notches and pair of 

slits are also inserted into the ground plane. The proposed antenna provides three operating 

bands ranging from 2.25 GHz - 2.9 GHz, 3.3 GHz - 3.9 GHz and 5.1 GHz - 6 GHz. A triple 

band CPW fed rectangular shaped antenna is presented in [95] which satisfy the bandwidth 

requirements of WiMAX operation. The proposed rectangular shaped antenna is loaded with 

a pair of narrow slit on both sides of the radiating patch to obtain the band reject frequency. 

In order to obtain the desired suppression of frequency, the dimensions of the slits are 

adjusted. The effect of coupling and interference between lower band and the middle band 

can be significantly reduced with the use of narrow slits in the patch. The author Nang Chang 

presented a compact CPW fed slot antenna suitable for WiMAX application at 2.5 GHz in 

[96]. The central conductor strip of the CPW is blended into a semi-circular shaped patch and 

two ground planes are extensively connected to form a closed loop. The width of the closed 

loop is tuned to achieve the desired frequency band. 
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The antenna design presented in [95] covers only the frequency band at 2.5/5.5 GHz 

but partially covered the required impedance bandwidth of 3.5 GHz band of WiMAX 

standard. The design presented in [96], covers only the lower frequency band of WiMAX 

standard and is not able to cover upper frequency bands at 3.5/5.5 GHz of WiMAX standard. 

All the antenna designs discussed above can cover only the WiMAX standard and is not able 

to cover heterogeneous wireless communication systems like WLAN/WiMAX applications.  

2.7.3 Multiband Antenna Designs for Heterogeneous Wireless Systems for 

WLAN/WiMAX Applications 

 The increasing demand of mobile user to have uninterrupted connection anytime, 

anywhere has led to our current efforts towards integrations of different wireless 

technologies. A network formed with integration of different wired and wireless technologies 

is known as heterogeneous network. The fundamental idea of wireless communications is to 

provide a communication while the mobile user is moving through the different coverage 

area. To provide the access to wireless communication there should be integration and 

convergence of technologies is required to form a heterogeneous network. Fig. 2.2 depicts a 

heterogeneous wireless environment including Wi-Fi, WiMAX and WLAN technologies. A 

mobile user is moving in the train is initially connected to WLAN network at home. The user 

may choose between his home Wi-Fi network and the other network of his cellular operator. 

To start a voice call, the user selects a Wi-Fi access due to the lower service cost.  

 

Fig. 2.2 Heterogeneous Wireless Network Scenario  

In [97], the DGS is adopted in the design of ground plane of the microstrip antenna in 

order to achieve the multibanding, small size and high gain characteristics. A series of curved 
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cylindrical antennas with DGS is used which is smaller in size and have wider radiation 

beam. The proposed antenna is suitable for WLAN systems in different radiation 

environments. Firstly, the planar microstrip antenna with DGS on the limited ground plane is 

studied. A compact wideband antenna based on CPW feed has been proposed in [98]. It 

comprises of a triangular shaped monopole and U-shaped monopole antenna to cover all the 

bands of WLAN/WiMAX applications. The U shaped element is responsible for producing 

the lower resonant mode at 2.5 GHz of WiMAX standard. The triangular shaped monopole is 

responsible for generating the resonant mode at 3.6 GHz of WiMAX standard. Due to the 

coupling effect of two monopoles, the two upper resonant modes are merged to generate 

wideband operation for upper frequency band which cover all the higher frequency bands of 

WLAN/WiMAX applications. 

A triple-band slot antenna applied to WLAN/WiMAX applications is investigated in 

[99]. It consists of a microstrip feed line, a substrate, and a ground plane. The rectangular and 

trapezoid shaped slots are used to obtained dual broadband operation at high frequency. In 

[100], the proposed antenna is constructed of a rectangular shaped ring and two inverted L-

shaped strips. These strips are attached to a rectangular shaped ring to provide the triple band 

operation. It is suitable to cover all the bands of WLAN/WiMAX applications.  The proposed 

antenna has three impedance bands ranging from 2.39 GHz - 2.51 GHz, 3.26 GHz - 4.15 GHz 

and 5 GHz -6.43 GHz. It satisfies the bandwidth requirements of WLAN standard at 

2.4/5.2/5.8 GHz and WiMAX standard at 3.5/5.5 GHz. The width and length of the two 

inverted L-shaped strips are varied in the proposed antenna to achieve better impedance 

matching. The proposed rectangular ring antenna is responsible for generating single 

wideband operation ranging from 3 GHz - 4.49 GHz. The rectangular shaped ring and upper 

inverted L-shaped strip produces the dualband operation from 2.39 GHz - 2.56 GHz and 3.37 

GHz -5.19 GHz. The inverted L-shaped strip is inserted inside the rectangular shaped ring to 

achieve the triple band operation.  

A compact microstrip line fed slot antenna is investigated in [101] for 

WLAN/WiMAX communication systems. The proposed antenna is composed of a circular 

shaped radiator embedded with trapezoid and ellipse shaped slots in the ground plane. Two 

similar inverted L-shaped strips and an elliptical arc shaped stub is incorporated in the 

proposed antenna to produce two separate resonant modes at 3.5 GHz and 5.5 GHz bands. 

The strong current distribution is mainly along trapezoid and ellipse shaped slots shows that it 

is responsible to generate the lower frequency band at 2.5GHz. The surface current is 
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concentrated along the elliptical-arc shaped stub indicates that it is responsible for producing 

the middle frequency band at 3.5GHz. There are strong current distributions around a pair of 

inverted L-shaped strips which acts as a resonator for the upper frequency bands at 5.5 GHz. 

A miniaturized multiband circular ring shaped antenna with a Y shaped arc strip has 

been proposed in [102] for WLAN/WiMAX applications. The circular ring and ground plane 

are responsible for generating single band from 2.71 GHz to 3.6 GHz. The circular shaped 

ring antenna is joined with a Y shaped arc strip, to excite the two resonant modes but the 

second operating band has a poor return loss. In the proposed design, an isosceles triangular 

defect is cut in the ground plane to achieve good return loss in the desired band. The return 

loss of the proposed antenna has three operating band ranging from 2.4 GHz – 2.7 GHz for 

lower band, 3.1 GHz – 4.15 GHz for middle band and 4.93 GHz - 5.89 GHz for upper band, 

respectively. The width of the arc shaped strip has a negligible effect on the performance of 

the proposed antenna. A microstrip line fed sectoral fractal antenna has been presented for 

Wi-Fi/WLAN/WiMAX communication systems in [103]. It has better results as compared to 

sierpinski fractal antenna and triangle shaped fractal antenna. It has been observed that by 

increasing the number of iteration upto second iteration, the resonant frequency is shifted 

towards the lower frequency band and the bandwidth also gets improved.  The antenna covers 

numerous wireless bands like WiMAX at 3.5 GHz, Wi-Fi 802.11y at 3.6–3.7 GHz, and 

WLAN 802.11 at 5.2 and 5.8 GHz, respectively. 

A novel CPW-fed triband planar monopole antenna has been presented in [104] for 

WLAN/WiMAX applications. The compact radiator is inserted with two inverted-L shaped 

slots to achieve three radiating elements with a view to produce three resonant modes for 

triband operation. The measured impedance bandwidth has three resonant bands ranging from 

2.39 GHz – 2.51 GHz, 3.38 GHz - 3.72 GHz and 4.79 GHz - 6.24 GHz. A CPW fed modified 

triangular shaped multiband antenna is presented for wireless communication systems in 

[105]. The modified triangular shaped geometry is utilized as basic radiating patch. The 

ground plane is also modified to achieve the wideband operation. The trapezoidal shaped slot 

is cut from the triangular shaped radiating element. A cross shaped strip is inserted inside the 

trapezoidal shaped slot of the radiating patch. The two small horizontal strips are connected 

near the ground plane to improve the return loss. The triangular shaped slit is inserted in the 

triangular shaped patch to produce the resonant frequency at 5 GHz. A compact CPW fed slot 

antenna has been investigated in [106] for WLAN/WiMAX/WCDMA applications. It is 

composed of a T-shaped signal strip and U-shaped conducting strip placed on the top of a T-
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shaped signal strip. The gap between T-shaped strip and U-shaped strip is adjusted to obtain a 

better impedance matching. The measured result indicates that the proposed antenna covers 

the lower frequency band from 1.90 GHz to 2.75 GHz and upper frequency band from 3.65 

GHz to 6.75 GHz, respectively. 

A CPW fed modified Koch fractal printed slot antenna with dual wideband operation 

has been proposed in [107] and is well suitable for WLAN/WiMAX applications. For 

creating the fractal geometry, side of equilateral triangle is used to create slot in the basic 

geometry and repeated iterations are carried out to achieve the optimized design.  The 

proposed antenna provides wideband performance ranging from 2.38 GHz–3.95 GHz for 

lower frequency band and 4.95 GHz – 6.05 GHz for upper frequency band, respectively. A 

rectangular shaped patch antenna with multiband and low profile characteristic has been 

proposed in [108]. These characteristics of the antenna are achieved by incorporating the 

seven slots in the patch. It has impedance bandwidth in the frequency range of 2-8 GHz 

which is appropriate for many applications such as WLAN, Mobile WiMAX, and WCDMA. 

The impact of the ground plane on the antenna performance is studied by mounting the 

proposed antenna structure either on a conventional perfect electrical conductor (PEC) 

ground plane or on a DGS ground plane. 

A compact CPW fed rectangular patch embedded with two types of slots has been 

presented in [109] for achieving dualband operations. The prototype of the proposed antenna 

is fabricated on substrate and its measured results provide a 10 dB return loss for lower 

frequency band ranging from 2.49 to 5.5 GHz. It is able to cover the required bandwidth of 

all bands of WLAN standard and the C-band of satellite communication. A modified T-

shaped monopole antenna based on microstrip line feed is incorporated in the metallic patch 

in [110]. The radiant patch is etched by three inverted U-shaped slots to achieve the 

multiband operations. The measurement results show that it provides four resonating bands 

ranging from 2.25–2.7 GHz, 3.25–3.6 GHz, 4.95–6.2 GHz, and 7-8 GHz. It covers all the 

bands of WLAN, Bluetooth, WiMAX and X-band of satellite communication systems.  

In [111], the proposed dualband antenna has rectangular shaped radiating element 

printed on the front side of the substrate and a trapezoid conductor on the back side of 

substrate with a semi-ground plane. The rectangular shaped radiating element is electrically 

coupled to the trapezoidal conductor backed plane to improve the impedance bandwidth of 

the proposed antenna and it is responsible for generating the higher frequency bands. The 

proposed antenna has dual wideband operation to satisfy all the bands of WLAN/WiMAX 
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applications. A CPW fed antenna is composed of Y shaped radiator loaded with a 

meandering split ring slot and a pair of equal sized inverted L shaped strips in [112] for 

WLAN/WiMAX applications. The Y shaped radiating element is embedded with a modified 

rectangular shaped slot; and the ground plane is extended to form slot type antenna. The 

measured impedance bandwidths of the proposed antenna are 430 MHz, 730 MHz and 310 

MHz. It has been observed from the current distribution that current mainly flows around a 

pair of inverted L strips and responsible for generating an upper resonant mode at 5.8 GHz 

frequency. The meandered split ring slot provides a band notched frequency at 3 GHz. 

A compact printed slot antenna incorporates with a slotted structure and an inverted L 

shaped slot to cover all the bands of WLAN/WiMAX communication systems in [113]. The 

slot length used in the ground plane has an impact on its impedance bandwidth. It has four 

resonant modes at 2.62 GHz, 3.97 GHz, and 5.42 GHz and 5.8 GHz frequencies. A new 

design based on CPW feed printed antenna has been proposed in [114] and linear tapering is 

used for matching the impedance bandwidth. The angle of tapering has impact on the 

impedance bandwidth. The measured impedance bandwidth of the prototype antenna is 3.31 

GHz ranging from 4.27–7.58 GHz which covers all the bands of WLAN/WiMAX 

applications. 

The geometry of the proposed antenna is a combination of rectangular shaped ring 

and a rectangular monopole as presented in [115]. It is suitable for wireless communication 

systems. The rectangular shaped ring is responsible for generating the lower frequency band 

at 2.9 GHz whereas the rectangular patch is used to produce the higher frequency band at 4.4 

GHz. It has been observed that the dimensions of the ground plane have effect on the 

resonant frequencies. The proposed antenna can produce two wide resonant bands at 3 GHz 

and 6 GHz. It covers all the bands of WLAN standard at 2.4/5.2/5.8 GHz and all the bands of 

WiMAX standard at 2.5/3.5/5.5GHz. A compact monopole antenna comprises of horizontal 

H-shaped patch, an inverted L-shaped stub and a deformed T-shaped strip has been presented 

in [116]. The horizontal H-shaped patch is constructed to produce the higher frequency band. 

The second configuration has horizontal H-shaped strip and inserted L-shaped strip which 

provides the dualband operation. The triple band operation can be achieved by adding z-

shaped slot in the L and H-shaped patches. The simulated operating bands of the proposed 

antenna range from 2.4 GHz - 2.7 GHz, 3.4 GHz - 3.72 GHz and 5.1 GHz -5.85 GHz.  

A CPW fed planar monopole antenna consisting of pentagonal shaped radiating 

element loaded with a pair of inverted U-shaped thin slots to produce triple band operation 
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for WLAN/WiMAX communication systems in [117]. The thin bent slots are etched on the 

radiating element in order to achieve the dual band reject frequencies at 3 GHz and 4.5 GHz. 

The operating bands of the proposed antenna range from 2.14 GHz – 2.85 GHz, 3.29 GHz – 

4.1 GHz and 5.1 GHz – 6.09 GHz. A novel CPW fed planar antenna has been proposed and 

investigated in [118]. It is composed of a pair of rectangular shaped rings embedded with an 

inverted T-shaped strip. The proposed antenna produces three resonant bands of the desired 

frequency bands of wireless communication systems. The outer large rectangular ring is 

responsible for generating the lower frequency band at 2.4 GHz whereas the small 

rectangular ring provides a resonant frequency mode at higher frequency band at 3.5/5 GHz. 

The inverted T-shaped strip is used inside the small rectangular ring to divide an upper 

frequency band into two bands. The proposed antenna covers all the frequency bands of both 

WLAN and WiMAX standards. The simulated result has impedance bandwidth ranging from 

2.38 GHz to 2.82 GHz, 3.32 GHz to 3.88 GHz and 5.13 GHz to 6.53 GHz.  

A compact printed antenna composed of an ‘ear’ type geometry which is formed by 

three circular arc shaped strips to generate triple band operation has been presented in [119]. 

It is suitable for all bands of WLAN/WiMAX standards. The location and sizes of these arc-

shaped strips have impact on the resonant modes of the proposed antenna. The width of the 

arc-shaped strips has influence on the impedance bandwidth. The proposed antenna provides 

three separate impedance bandwidths of 400 MHz for lower frequency band, 480 MHz for 

middle frequency band and 1000 MHz for upper frequency band, respectively. A 

miniaturized CPW fed printed antenna composed of a T-shaped radiating patch with a pair of 

parasitic strips and trapeziform ground plane is investigated in [120]. The impedance 

bandwidth of the proposed antenna has been improved by using trapeziform ground plane as 

compared to the conventional rectangular ground plane.  The proposed antenna has triple 

band operation to cover all the bands of WLAN/WiMAX applications. In order to achieve the 

wideband operation, the pairs of parasitic strips are attached to both sides of T shaped 

monopole in the bend form. 

A compact CPW-fed triple band printed antenna is proposed for WLAN/WiMAX 

communication systems in [121]. The proposed antenna has a meandered rectangular ring 

embedded with inverted T-shaped strip and T-shaped strip. The meandered ring is 

responsible for generating a lower resonant mode at 2.4 GHz frequency. The inverted T-

shaped strip is loaded in meandered ring to excite a higher resonant mode at 5.5 GHz. The 

rectangular ring is embedded with T-shaped strip to generate a resonant mode at 3.5 GHz. 
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The measured impedance bandwidth ranges from 2.36 GHz - 2.58 GHz for the lower band, 

from 3.36 GHz - 3.83 GHz for middle band and from 4.83 GHz - 629 GHz for upper band, 

respectively. 

The proposed antenna design presented in [104] covers some of the frequency bands 

of WLAN/WiMAX standards but it is not able to cover the required impedance bandwidth of 

2.5 GHz frequency band of WiMAX standard. The design discussed in [105], covers only the 

lower frequency band of WiMAX standard at 3.5 GHz and all the bands of WLAN standard 

and it is not able to cover frequency bands of WiMAX standard at 2.5 GHz/5.5 GHz. 

Similarly in [113], the proposed design covers all the lower frequency bands of 

WLAN/WiMAX standards and it is not able to cover the upper frequency bands of 

WLAN/WiMAX standards. In all the antenna design discussed above some bands of the 

WiMAX and WLAN standard are covered but not able to cover all the bands of Wi-

Fi/WLAN/WiMAX standard. 

 

2.7.4 Multiband Antenna Designs for Heterogeneous Wireless Systems for 

WLAN, WiMAX and UWB applications 

A compact CPW-fed rectangular microstrip slot antenna with diamond shaped 

radiator is presented for UWB applications in [122]. The diamond shaped patch is connected 

to a feedline which excites a resonant mode. The width and length of the rectangular slot has 

impact on the impedance bandwidth. The distance between the diamond patch and CPW feed 

line also affects the impedance bandwidth. A compact microstrip fed printed elliptical shaped 

monopole structure with a modified ground plane has been presented and investigated in 

[123] for UWB application. The two narrow slits are embedded in the lower edge of the 

radiating element to lower the resonant frequency. It has been observed from result that it has 

three resonant frequencies at 3 GHz, 6 GHz, and 9 GHz.  

A compact CPW fed monopole antenna is examined for UWB application in [124]. 

The two inverted L-shaped strip radiators are attached to rectangular patch and ground plane 

has been extended vertically to the both sides of the radiator. The proposed compact multi-

band antenna consisting of two combined radiating elements: a half disc and a rectangular 

patch element in [125]. It provides resonant modes at different frequency bands, namely, 3.9 

GHz, 4.48 GHz, 6.6 GHz, 9.6 GHz, 11.42 GHz, 13 GHz and an UWB standard ranging from 

14 GHz to 18 GHz. Thus, making it suitable for several wireless applications. The proposed 
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antenna is a good candidate for the existing and the emerging wireless and mobile handsets 

targeting multiband, multi-standards technologies, and applications. 

In [126], a compact CPW-fed single-layer printed antenna with an UWB rectangular 

monopole radiator etched with a half-elliptical slot The etching of the half-elliptical slot on 

the axis of the original small-sized rectangular patch brings in continuously tunable electrical 

resonance lengths for different wavelengths, especially for the intermediate and higher 

frequencies in the operating bandwidth. A compact CPW-fed hexagonal monopole antenna is 

investigated for UWB applications in [127]. The effect of feed gap on bandwidth of 

hexagonal shaped geometry with two different feed configurations has been studied. The 

proposed hexagonal shaped monopole antenna has been fabricated on a single sided copper 

clad PCB. The simulated and measured results show that there is satisfactory agreement. A 

CPW-fed planar inverted cone antenna (PICA) for UWB communication applications has 

been presented in [128]. The top part of the circular disc antenna is trimmed to the shape of a 

planar inverted cone. The radiating element is backed with a finite ground plane, and its total 

height is about /4, where   denotes a wavelength at the lowest operating frequency.  

A novel compact rectangular shaped antenna is proposed in [129] for WLAN/UWB 

communication systems. The microstrip fed monopole antenna is composed of a rectangular 

radiating patch embedded with an inverted L-shaped slit to generate two radiating arms 

which provide the two fundamental resonant modes at 2.45 GHz and 3.5 GHz. A narrow slot 

is cut in the ground plane of the proposed antenna just below the microstrip line feed to 

improve the impedance matching for higher frequency band. The length and width of the 

radiating patch should be designed very carefully to merge the higher order modes to 

generate wideband operation for UWB systems. A compact CPW-fed rectangular patch 

antenna with open stub has been designed for WLAN/UWB applications in [130]. The 

proposed rectangular shaped radiating element with open meandered stub, and three stepping 

are used in lower part of rectangular patch for impedance matching. A novel trapezoidal 

patch antenna loaded with H and U shaped slots has been proposed for PCS/WLAN/UWB 

communication systems in [131]. The trapezoidal patch with a stub is responsible for 

generating the UWB band. The radiating patch is embedded with H and U-shaped slots to 

excite the PCS and WLAN band, respectively. 

A novel compact diamond shaped patch (DSP) is investigated for UWB applications 

in [132]. The several narrow strips are inserted into the diamond shaped patch to obtain 

multiband operation. The central part of the DSP patch antenna embedded with notched 
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region and quarter wavelength strips are added to achieve the multiband operation which 

covers the frequency bands of GSM/WLAN and UWB communication systems. The two 

strip monopole antenna has been modified to achieve the significant improvement in 

impedance bandwidth thereby making it suitable for Wi-Fi and Mobile WiMAX applications 

in [133] and fabricated on substrate. The front side has a double T-shaped strip with a width 

of Ws and connected to an edge launch SMA connector. A compact CPW-fed egg curved slot 

antenna has been investigated which satisfies the bandwidth requirements of WLAN and 

UWB applications in [134]. The egg shaped radiating element is obtained from the standard 

equation of an ellipse. The size of the ground plane and egg curved slot size has significant 

impact on the impedance bandwidth of the proposed antenna. 

A microstrip feed planar antenna for Bluetooth and UWB application has been 

proposed in [135]. The proposed antenna is composed of rhomboidal geometry and inverted 

L shaped strip. The rhomboidal radiating element provides UWB band ranging from the 3.1 

GHz to 10.6 GHz. The inverted L shaped strip is also termed as Bluetooth element. The 

radiator patch consisting of a fork shaped stub on the front side of the substrate is presented 

in [136]. The dimensions of the fork shaped patch are designed carefully to get the required 

bandwidth so as to cover all the standards like Bluetooth, WiMAX, WLAN and ITU. The 

ground plane of the proposed antenna contains the elliptical shaped slot loaded with T-shaped 

and L- shaped slots to achieve multiband operation. The width of slots has impact on the 

impedance bandwidth of the proposed antenna. A modified tapered monopole antenna for 

UWB communication system has been investigated in [137]. The proposed antenna also 

covers all the bands of WLAN/WiMAX applications. It is based on truncated ground plane 

and a pair of tapered radiating element separated by a slot with different shapes. The effect of 

inserting a modified inverted T-shaped slot in the first tapered patch has been investigated. 

A compact multiband antenna structure fed by proximity coupling has been proposed 

for WLAN/WiMAX and UWB communication systems in [138]. The proposed antenna is 

designed by connecting each of the multiple radiating elements in the figure of eight shapes 

by means of short metallic strips. The main radiating structure can be varied from a digit zero 

to digit nine by connecting the required arms to form the figure. The double layered FR4 

substrate is used in the fabrication process of the proposed antenna. The multiband 

characteristics of the proposed antenna can be achieved by connecting the main radiating 

structure with help of short metallic strips. The variation in resonant frequencies is observed 

from 3.69 GHz to 13.51 GHz, covering the WLAN standard at 5.2 GHz and 5.8 GHz, 
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WiMAX standard at 3.3 GHz, UWB band at 3.1 GHz–10.6 GHz part of WMAN fixed 

wireless, ranging from 2–11 GHz and 802.16eWMAN mobile wireless, ranging from 2–6 

GHz. 

The design proposed in [129], covers the lower frequency band of WLAN standard at 

2.4 GHz and UWB standard but is not able to cover the upper frequency bands of the WLAN 

standard. The antenna proposed in [135], covers both the Bluetooth standard and UWB 

standard but it is not able to cover the lower and upper frequency bands of the 

WLAN/WiMAX standards. In [137], the proposed structure covers all the upper frequency 

bands of WLAN/WiMAX standards and UWB standard but it is not able to cover the lower 

frequency bands of WLAN/WiMAX standards. In all the antenna designs discussed above 

cover some bands of WiMAX and WLAN standards and are not able cover all the bands of 

WLAN/WiMAX standards and UWB standard. 

Conclusion 

In future heterogeneous wireless communication systems, the antenna should be 

carefully designed to integrate the various wireless communication technologies. A mobile 

device is needed to be equipped with compact size and multiband internal antenna for 

wireless terminal is an interesting issue of research. A multipurpose mobile phone will be the 

key feature of the upcoming 4G and 5G wireless communication system. Thus, the most 

important task is to propose antenna design that covers non-cellular frequency bands like 

Bluetooth, WLAN, Wi-Fi, WiMAX, and UWB standards in one antenna design. The next 

chapter presents a new printed antenna structure for WLAN/WiMAX applications. 
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CHAPTER-3 

RECTANGULAR SHAPED ANTENNA WITH 

HASH SHAPED SLOT 

3.1 Introduction 

The purpose of this chapter is to present two new CPW-fed rectangular shaped monopole 

antennas suitable for WLAN and WiMAX standards. There are various methods like shorting 

pins, shorting wall and plate, slits, slots and notches, used for the patch antenna to achieve the 

wide band and multiband operation. One of the easy and efficient methods used in this design 

is slots of different shapes and sizes in the microstrip antenna to achieve multiband 

capability. The length and position of the slots can be modified to obtain the multiband 

operation. WLAN standards are very popular due to their capability to provide high-speed 

data transfer. WiMAX is the future-generation of wireless systems which provides high-

speed mobile internet access to the variety of devices. These heterogeneous wireless 

standards are relatively inexpensive and can provide wireless connectivity at restaurants, 

airports, cafes, railway stations, bars and other public areas. Integration of all these standards 

into handheld devices has led to development of multiband antennas. A CPW fed rectangular 

shaped antenna (RSA) embedded with hash shaped slot has been proposed for 

WLAN/WiMAX applications. In this chapter, the new designs are illustrated in the next 

section: 

3.2 Antenna Design and Geometry 

The geometry of CPW fed rectangular shaped antenna (RSA) for WLAN/WiMAX 

applications is depicted in Fig. 3.1 with its optimized parameters. The conventional FR4 

substrate with thickness h=1.6 mm and dielectric constant of 4.4 is used for fabrication of the 

proposed antenna. The copper metal of uniform thickness approximately 0.02 mm is 

deposited on substrate. The basic radiating structure consists of the rectangular shaped 

antenna which has dimensions of length L and width W. A CPW feedline consisting of a 

signal strip of width Wf and two equal finite ground planes, each with dimensions of length 

Lg and width Wg on both sides of signal strip, is used for feeding the antenna. The overall 

size of this antenna is 26.4 mm × 35.24 mm × 1.6 mm with total volumetric size of antenna is 

1.49 cm
3
. The simulation tool IE3D is used for this study. 
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Fig. 3.1 Geometry of the Rectangular Shaped Antenna (RSA) 

3.3 Parametric Study 

The effect of parametric study has been investigated for the proposed antenna. The 

variation of parameters has influence on return loss and impedance bandwidth of the 

proposed antenna and is given in the following section: 

3.3.1 Effects of Rectangular Shape 

The simulated return loss with respect to frequency for rectangular shape antenna only 

and compared with proposed antenna is presented in Fig. 3.2. It has been observed from the 

simulation study that effect of only rectangular shape is generating a single lower band with 

poor return loss.  
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Fig. 3.2 Effects of Rectangular Shape on Impedance Bandwidth 

3.3.2 Effects of Varying Slot Length L3 

Effects of variation of slot length L3 along positive y-axis (top of the patch) of 

proposed antenna on return loss is shown in Fig. 3.3. The optimum value of slot length L3 is 

14.63 mm. This figure reveals that as the slot length (L3) is decreased from the optimum 

value; the impedance bandwidth of lower frequency band is increased by significant amount 

while the upper frequency band gets decreased by small amount. Further, increase in the slot 

length (L3) from 14.63 mm to 16.23 mm, the bandwidth of lower-band is decreased 

approximately by 40% whereas that of the upper frequency band is increased by small 

amount as compared to optimized impedance bandwidth.  
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Fig. 3.3 Effects of Variation of Slot Length L3 on Impedance Bandwidth 

3.3.3 Effects of Varying Slot Length L4 

The simulated return loss with respect to frequency of the proposed antenna for 

different values of slot length L4 along the positive x-axis (right-side of the patch) is 

presented in Fig. 3.4. The optimal performance has been obtained for L4 = 12.75 mm. It has 

been observed from the simulation study that the slot length (L4) is decreased from optimal 

value of slot length, the two bands get merged together into a single wide-band and the 

overall bandwidth also gets slightly increased. It has also been examined that by increasing 

the slot length (L4) from the optimal value, the frequency moves towards the lower side with 

a loss in the impedance bandwidth approximately by 50% from the optimized value of 

bandwidth and impedance bandwidth in upper frequency band is increased by a small 

amount.  
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Fig. 3.4 Effects of Variation of Slot Length L4 on Impedance Bandwidth 

3.3.4 Effects of Varying Slot Length L5 

The simulated return loss with respect to frequency of the proposed antenna for 

different values of slot length L5 along the positive x-axis (right-side of the patch) is 

presented in Fig. 3.5. The optimal performance is found at slot length L5=14.2 mm. It has 

been examined from the graph that by decreasing the slot length (L5) from the optimal value, 

the upper-band shift towards the higher frequency with a small decrease in the bandwidth. By 

increasing the slot length L5 from the optimal value, the two bands are merged together to 

form a single wideband and there is shift in frequency towards the lower frequency with loss 

in the impedance bandwidth.  The lower frequency band remains unaffected even increase in 

slot length (L5) up to 15.6 mm. Further, increase in the slot length (L5) beyond 15.6 mm 

results in loss in bandwidth of lower operating band.  
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   Fig. 3.5 Effects of Variaition of Slot Length L5 on Impedance Bandwidth 

3.3.5 Effects of Slot Length L2 

Effects on return loss of proposed antenna due to only slot length L2 is shown in Fig. 

3.6. The optimum value of slot length L2 is 17.57 mm. It has been observed from graph that 

with only slot length (L2), the two bands gets merged together to provide a single wideband 

with small overall impedance bandwidth with very poor return loss.  
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Fig. 3.6 Effects of Slot Length L2 on Impedance Bandwidth 
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3.3.6 Effects of Slot Length L3 

Effects of slot length L3 only (along positive y-axis) on return loss of proposed 

antenna is shown in Fig. 3.7. It has been seen from figure that slot length (L3) generate a 

single wide-band and the overall impedance bandwidth also gets decreased with very poor 

return loss as compared with proposed antenna. 
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Fig. 3.7 Effects of Slot Length L3 on Impedance Bandwidth 

3.3.7 Effects of Slot Length L4 

Effects of slot length L4 only (along positive y-axis) on return loss of proposed 

antenna is shown in Fig. 3.8. It has also been examined that slot length (L4) produces only 

lower frequency band with a small impedance bandwidth and no upper frequency band with 

poor return loss. 



54 

 

2 3 4 5 6 7

30

25

20

15

10

5

0

R
e

tu
rn

 L
o
s
s
 (

d
B

)

Frequency (GHz)

 Effect of Slot L
4

 Proposed Antenna

2 3 4 5 6 7

30

25

20

15

10

5

0

 

Fig. 3.8 Effects of Slot Length L4 on Impedance Bandwidth 

The final optimized geometric parameters of the proposed antenna are presented in Table 3.1.  

Table 3.1: Optimized Parameters of RSA Antenna 

Parameters Diemensions (mm) 

L 18.71 

W 19.9 

Lg 15 

Wg 11.2 

Wf 2.8 

Lf 16.53 

L2 17.57 

L3 14.63 

L4 12.75 

L5 14.2 

L1 18.22 

W1 4.92 

s 1.53 

d 0.7 

Ws2 1.2 
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3.4 Simulated Return Loss 

This section represents the simulated return loss for the optimized antenna shown in 

Fig. 3.9. The result shows that proposed antenna has two resonant frequencies with wideband 

operation. It is clear from the graph that impedance bandwidth of the antenna ranges from 3.4 

GHz to 4.132 GHz and 4.312 GHz to 6.028 GHz. It covers all the upper frequency bands of 

WLAN standard at 5.2/5.8 GHz and WiMAX standard at 3.5/5.5 GHz.  
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Fig. 3.9 Simulated Return Loss of the RSA Antenna 

The research methodology discussed in section 1.6.5 and 1.6.6 is used for the 

fabrication and measurement of the proposed antenna, respectively. The measured results 

obtained are given in the following section. 

3.5 Measured Return Loss 

The FR4 substrate is used for fabrication of the proposed antenna with optimal 

dimensions. For fabrication of the proposed antenna, a photolithography process is used to 

craft the antenna model on the substrate. The photograph of the fabricated antenna is depicted 

in Fig. 3.10.   

Ws1 1 
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Fig. 3.10 Prototype of the Fabricated Antenna 

 

After the fabrication process, the measurement of the return loss parameter has been 

brought out by using Agilent VNA N5071. Before starting the measurement process, the 

Agilent VNA is calibrated for insertion loss and electrical length of the coaxial probe. The 

comparison between the measured and simulated return loss of the antenna has been 

presented in Fig. 3.11. From the measured results, it is clear that a single wideband with total 

impedance bandwidth of 2.85 GHz is obtained This antenna covers the WLAN standard at 

5.2 GHz, and 5.8 GHz bands, and WiMAX standard at 3.5 GHz, and 5.5 GHz bands of 

heterogeneous wireless communication systems. The measured and simulated results have 

the satisfactory agreement over the entire operating band. By comparing the simulated and 

measured results, it is observed that there is a slight shift of peak resonant frequency towards 

higher side in the higher operating band. The reason for the shift in peak resonant frequency 

is due to the small dimensional inaccuracy during the fabrication process. In the simulation 

process, SMA connector loading is not considered but it provides a variable reactance when 

used in the experiment.  

3.6 Simulated Gain 

The simulated antenna gain with respect to different values of frequencies is presented 

in Fig. 3.12. In the lower operating band, the simulated gain of antenna ranging from 2.2-3.1 

dBi, while in upper operating band ranging from 2.4–5.51 dBi with small gain variation 

across operating band is observed. The optimum simulated gain of antenna is 5.51dBi at 4.6 

GHz frequency. It satisfies the gain requirements of WLAN and WiMAX applications within 

the operating bands. 
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        Fig. 3.11 Comparison of Simulated and Measured Return Loss  
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Fig. 3.12 Simulated Gain against Frequency of Antenna 
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3.7 Current Distributions 

The current distributions of the proposed antenna at two frequencies are revealed in 

Fig. 3.13 (a) and (b). The flow of surface current is indicated by the arrows. The red colour 

represents the strong current density whereas blue colour represents the weak current density. 

It has been observed from the Fig. 3.9 (a) that there is strong current distribution near the 

edge of slot length L5, along feed line and at top edges of slot lengths L3 and L4 at 3.74 GHz 

frequency. The current distribution indicates that embedded hash shaped slot increase the 

electrical current path for generating the lower resonant mode. For higher resonant mode at 

5.42 GHz, the surface currents mainly flows along the edges of slot length L1, feed-line and 

over the edges of the slot lengths L3, L4 and L5 as shown in Fig 3.9 (b).  

     

Fig. 3.13 Current Distributions at (a) 3.74 GHz (b) 5.42 GHz 

3.8 2D Radiation Pattern 

The simulated radiation patterns of the proposed antenna are represented in Fig. 3.14 

for different values of frequencies. The simulated radiation patterns of the antenna in the 

azimuthal plane (x-y) and the elevation plane (y-z) are displayed in Fig. 3.14 (a) for lower 

frequency at 3.6 GHz and Fig. 3.14 (b) for higher frequency at 5.5 GHz, respectively. The 

azimuthal plane shows that radiation pattern close to omni-directional antenna at the 

frequency of 3.6 GHz but a little bit directional radiation patterns has been observed at a 

frequency of 5.5GHz. The radiation pattern in elevation plane is similar to figure of eight at 

both the frequencies. The maximum antenna radiation efficiency of approximately 90% is 

observed from the simulated result. 
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Fig. 3.14 2D Radiation Pattern at 3.6 GHz and 5.5 GHz 
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3.9 Geometry of Modified Antenna Structure 

The proposed antenna is modified by inserting a vertical I-shaped slot from the top of 

the rectangular patch in addition to hash shaped slot used in the previous optimized design. 

The geometry of modified proposed antenna is demonstrated in Fig. 3.15. This slight 

modified antenna structure is used to achieve three resonant modes with good return loss. The 

modified antenna design provides higher bandwidth and small volume as compared to the 

earlier geometry presented in Fig. 3.1. The vertical I-shaped slot is embedded in the geometry 

to increase the current path for reduction of antenna size.  The prototype of the modified 

antenna has been designed and fabricated on FR4 substrate. The whole size of the antenna is 

20.12 mm × 35.2 mm × 1.6 mm including the finite ground plane. The volumetric size of the 

modified design is 1.13 cm
3
 which is small as compared to the previous design. 

 

Fig. 3.15 Geometry of the Modified Structure  
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3.10 Parametric Study 

The parametric study of the proposed antenna has been done to achieve the optimum 

results. In this parametric study, we are varying the values of single parameter while keeping 

other parameters as a constant. The effects of different parameters are presented in the 

following section: 

3.10.1 Effects of Varying Slot Length L1  

Fig. 3.16 shows the simulated return loss of the proposed antenna as a function of 

frequency for different values of slot length L1. It has been observed from the graph that with 

the decrease in slot length L1 from the optimum value, there is decrease in bandwidth with 

slight shift of upper operating band towards the lower side and lower operating band shift 

towards the higher frequency. It is also observed from result that by increasing the slot 

length, there is increase in the bandwidth.  
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  Fig. 3.16 Effects of Variation of Slot Length L1 on Impedance Bandwidth 

3.10.2Effects of Varying Slot Length L3  

Effects of length L3 on proposed antenna return loss with respect to frequency is 

represented in Fig. 3.17. It can be seen from the figure that as the slot length (L3) decreases, 

there is decrease in bandwidth with a slight shift in frequency towards lower frequency. It is 

also observed that by increasing the slot length L3, the bandwidth decreases approximately by 

65%. The most of bandwidth loss occur at the upper frequency. 



62 

 

2 3 4 5 6

40

30

20

10

0

R
e
tu

rn
 L

o
s
s
(d

B
)

Frequency(GHz)

 L3=10.75mm

 L3=12.25mm

 L3=13.75mm

 L3=15.25mm

 

        Fig. 3.17 Effects of L3 Parameter on Impedance Bandwidth 

3.10.3 Effects of Varying Slot Length L6  

Effects of slot length L6 on the proposed antenna performance is shown in Fig. 3.18. It 

has been observed from the results that by decreasing the slot length (L6), there is a small loss 

in the bandwidth with slight shift in frequency toward lower frequency. It is also observed 

that by increasing the slot length, there is a small loss in bandwidth. 
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           Fig. 3.18 Effects of Variation of Slot Length L6 on Impedance Bandwidth 
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3.10.4 Effects without Slot Length L6  

Effects without slot length L6 on the proposed antenna performance is shown in Fig. 3.19. It 

has been observed from the results that without slot length (L6), there is a loss in the 

bandwidth of proposed antenna with very poor return loss. 
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Fig. 3.19 Effects without Slot Length L6 on Impedance Bandwidth 

The effects of all structural parameters variation on performance of the proposed 

antenna are presented in Table 3.2. 

Table 3.2 Effects of Varying Slot Lengths L1, L3 and L6 on Impedance Bandwidth 

Parameter Dimensions (mm) Resonant-band (GHz) Bandwidth (GHz) 

 

 

L1 

14.99  3.54-5.74 2.20 

16.49 3.45-6.34 2.89 

17.99 3.37-6.37 3.0 

19.49 3.29-6.41 3.12 

 

 

10.75 3.38-5.95 2.57 

12.25 3.38-6.06 2.68 



64 

 

L3 13.75 3.37-6.37 3.00 

15.25 3.36-5.07 1.71 

 

 

L6 

2.56 3.38-6.02 2.64 

3.56 3.38-6.07 2.69 

4.56 3.37-6.37 3.00 

5.56            3.33-6.05 2.72 

 

3.11 Simulated Return Loss 

The simulated return loss of the proposed modified antenna with optimized 

parameters is represented in Fig. 3.19. The simulated result shows that a single wideband 

impedance bandwidth is observed with three resonant peaks. The simulated result has a wide 

impedance bandwidth ranging from 3.37 GHz to 6.37 GHz which is able to cover the 

required bandwidths of the WLAN standard at 5.2 GHz and 5.8 GHz bands, WiMAX 

standard at 3.5 GHz and 5.5 GHz bands and C-band for satellite communication at 4 GHz 

ranging from 3.7 GHz - 4.2 GHz.  The total impedance bandwidth of modified antenna is 3 

GHz. 
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Fig. 3.20 Simulated Return Loss of Modified Antenna 
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3.12 Measured Return Loss 

The same technique is used for the fabrication and measurement of the modified 

antenna structure as discussed in section 1.6.2 and 1.6.3. The photolithography process is 

used to fabricate the modified antenna. The photograph of the fabricated prototype with 

measurement setup is shown in Fig. 3.20. 

 

Fig. 3.21 Photograph of Prototype Antenna  

The measured and simulated return loss of the proposed modified antenna is 

demonstrated in Fig. 3.21. The measured results show that the total bandwidth of prototype 

antenna is 2.872 GHz. It covers the 5.2 GHz, and 5.8 GHz bands of WLAN standard, and 3.5 

GHz, and 5.5 GHz bands of WiMAX standard of heterogeneous wireless communication 

systems. It can also cover the C-band used for satellite communication from 3.7 GHz to 4.2 

GHz. The bandwidth of modified design is still not sufficient to cover the lower frequency 

band of WLAN standard at 2.4 GHz and WiMAX standard at 2.5 GHz. 

We have also compared the measured results with the simulated results obtained from 

the EM simulator. The simulated and measured results show a satisfactory agreement for 

modified structure. A similar curve trend is observed for return loss between the measured 

and the simulated results over the entire resonant frequency band. The experimental return 

loss has small decrease in the impedance bandwidth with small shift in the frequency towards 

the lower frequency side. The discrepancy in the result may be due to the slight geometrical 

error during the fabrication process. The effect of the cable connector is not considered in the 

simulation process but it is used in the experimental work which acts as a variable load.  
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Fig. 3.22 Comparisons of Measured and Simulated Return Loss  

3.13 Simulated Gain 

The simulated gain of the modified proposed antenna is presented in Fig. 3.22. The 

antenna has a maximum gain of about 4.85 dBi at 6.22 GHz frequency with gain variations 

less than 2.5 dBi, whereas the antenna gain is within a range of 2.41–4.85 dBi. 
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      Fig. 3.23 Simulated Gain of the Modified Antenna 
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3.14 Current Distributions 

The current distributions of the modified proposed antenna at two frequencies are 

revealed in Fig. 3.23. The flow of current is indicated by the arrows. The red colour 

represents the strong current density whereas blue colour represents the weak current density. 

It has been observed from the Fig. 3.23 (a) that the surface currents mainly flow along the 

patch’s lower edges and at upper right corner of the patch and a small current distribution 

along the left arm (L1) at 4.0 GHz of lower frequency. For the higher resonant mode at 5.75 

GHz, most of the surface current is flowing across the left arm (L1) and also along the slot 

length L3 i.e right side of lower part and the small current flow along the other slots of 

patches like L4, L5 and L6 and also small current flow in the inner part of the rectangular 

patch as depicted in Fig. 3.23(b). 

         

(a) At 4.0 GHz                        (b) At 5.75 GHz 

  Fig. 3.24 Current Distribution of the Modified Antenna 

3.15 2D Radiation Pattern and Radiation Efficiency  

The simulated 2D radiation pattern of the proposed modified antenna is presented in 

Fig. 3.24 at the frequency 5.75 GHz. The radiation patterns obtained in the azimuthal plane 

are almost close to omni-directional, and those in the elevation plane are looks like a figure of 

eight shape. The maximum antenna radiation efficiency of the modified design is 

approximately 90%. 
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Conclusion 

In this chapter, a rectangular shaped monopole antenna with an extended hash shaped 

slot has been designed and investigated. The first design has two resonant frequencies with 

wideband operations which satisfies the bandwidth requirements of WLAN/WiMAX 

applications. This design is modified by inserting a vertical I-shaped slot in the patch to 

achieve the triple resonant mode operation. The modified proposed antenna has small size as 

compared to the first design. Both the proposed antennas are not able to cover the lower 

frequency bands of WLAN standard at 2.4 GHz and WiMAX standard at 2.5 GHz. The 

design presented in the next the chapter is able to cover all the frequency bands of WLAN 

and WiMAX standards. 

 

 

Fig. 3.25 2D Radiation Pattern at 5.75 GHz 
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CHAPTER-4 

DGS BASED MULTIBAND ANTENNA FOR WiFi, 

WLAN AND WiMAX APPLICATIONS 

4.1 Overview 

The fast growth in the wireless communication has led to the development of various 

wireless standards like Wi-Fi, WLAN, WiMAX, UMTS and UWB. Hence, these wireless 

standards have stimulated the research interest in field of multiband and broadband antennas 

with compact size. Defected ground structure (DGS) is one of the best and latest technologies 

used to enhance the properties and quality performance of an antenna. DGS technique 

generally refers to a defect in the ground plane of microstrip antenna to modify its properties 

and it facilitates the improvement in the performance of microstrip antennas. It is a unique 

technique to reduce the antenna size and to increase the impedance bandwidth [139, 140].    

Four vertical monopoles are used in proposed antenna to achieve multi-band 

operation covering Wi-Fi, WLAN and WiMAX standards. The defects are introduced in the 

ground plane of this antenna to form DGS structure which reduces the size of the antenna. 

For generating the lower frequency band, the four vertical monopoles antennas are composed 

of large number of displaced bricks. I-shaped slots are cut in the ground planes to control the 

flow of current across the antenna surface. The slot sizes are manually optimized to improve 

the impedance bandwidth across the targeted frequency bands and to reduce the size of 

antenna. 

4.2 Antenna Geometry 

Fig. 4.1, illustrate the geometry of the proposed CPW fed antenna for wireless 

communication systems. FR4 substrate with single sided clad is used for the fabrication of 

the proposed design with substrate thickness h = 1.6 mm with relative permittivity of 4.4. A 

CPW feed line is composed of a signal strip of width Wf with two finite ground planes of 

length Lg, and width Wg placed symmetrically on both sides of the feedline.  
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Fig. 4.1 Multiband Antenna Geometry using DGS Technique 

The basic T-shaped structure loaded with modified CPW feed is proposed for 

generating the upper resonant mode. In CPW feed ‘I’ shaped slots are cut on both sides of 

ground planes. The four vertical monopoles are placed on top of basic T-shaped structure to 

obtain the lower resonant mode.  Each of the vertical monopole is composed of rectangular 

shaped bricks of length L1 and width W1 place on the top of each other. The zigzag path such 

created is used to increase the electrical current length and to reduce the size of the proposed 

antenna. Four vertical monopoles are connected together by the few horizontal strips. These 

horizontal strips are helpful in merging the diverse frequency bands and to generate a wide 

band operation in both frequency bands. The eight horizontal strips of variable length are 

used to connect the vertical monopoles. In order to achieve compact size and better 

impedance matching, I-shaped (Lg1) defect and I-shaped (Wg2) defect is inserted along the y-

axis and x-axis on both sides of the ground planes of CPW feed, respectively. The overall 

size of proposed antenna is 28.76 mm  45.19 mm1.6 mm.  
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4.3 Parametric Study 

The parametric study of the proposed antenna has been done to achieve the optimum 

results. In this parametric study, we have varied the values of a single parameter and kept all 

other parameters as a constant. The effect of different parameters is presented in the 

following section: 

4.3.1 Effects of T shaped and Four Vertical Monopoles 

The two different configurations of the proposed antenna are presented in Fig. 4.2. 

Effects on proposed antenna’s performance in terms of return loss is presented in Fig 4.3.  It 

has been observed from the graph that the basic T-shaped antenna with DGS structure is 

responsible for producing the higher frequency bands. It has also been examined that four 

vertical monopoles are used to achieve the lower frequency band. The horizontal strips are 

used to connect the vertical monopoles and to obtain the wideband operation by merging the 

small frequency bands. These effects are studies in detail in the next two sections 4.3.2 and 

4.3.3.  

 

     

             (a)  Antenna 1          (b) Antenna 2 

Fig. 4.2 Different Configurations of Proposed Antenna 
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                 Fig. 4.3 Effects of T-shaped and Four Vertical Monopoles on Return Loss 

4.3.2 Effects of Increasing Number of Vertical Monopoles  

The four different configurations of the proposed antenna are represented in Fig. 4.4. 

Fig 4.5 shows the effects of all four vertical monopoles on return loss when they are placed 

one by one on the basic T-shaped structure. The graphical representation shows that a single 

vertical monopole (Antenna 1) provides the dual frequency bands with narrow impedance 

bandwidth. The graphical study shows that when two vertical monopoles are placed on the 

basic T-shaped structure to generate dual frequency bands. The impedance bandwidth 

obtained from Antenna 2 configuration is higher as compared to single vertical monopole. It 

has been observed from graph that placing three vertical monopoles (Antenna 3) provide 

triple frequency bands but the overall impedance bandwidth is less than as compared to 

Antenna 2 configuration. The upper frequency band is split into two small bands. All the four 

vertical monopoles (Antenna 4) are used to provide quad bands. It is clear from the graph that 

Antenna 4 configuration produces high impedance bandwidth as compared to all other 

configurations.  
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(a) Antenna 1  (b) Antenna 2            (c) Antenna 3           (d) Antenna 4 

Fig. 4.4 Different Configurations of Proposed Antenna 
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         Fig.4.5 Effects of Vertical Monopoles on Return Loss 

4.3.3 Effects of Horizontal Strips 

Fig. 4.6 shows three different configurations of the proposed antenna with increasing 

number of horizontal strips. The effects of varying number of horizontal strips on impedance 

bandwidth of this antenna against frequency are demonstrated in Fig 4.7. The figure shows 

return loss in case of three antenna configurations after increasing the number of horizontal 

strips in each case. It has been observed from the graph that separate quad frequency bands 

are achieved without any horizontal strip (Antenna 1). The horizontal strips L7, L8 and L9 

(Antenna 2) are used to connect two right-hand vertical monopoles, which results in merging 

of the two frequency bands and provide a wideband operation from 4.63 GHz to 6.44 GHz. 

The horizontal strips L4, L5 and L6 (Antenna 3) are used to connect the two central vertical 
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monopoles, and have impact on the impedance bandwidth. The bandwidth of lower operating 

band is increased but the upper operating band is split into two bands. Further, improvement 

in the impedance bandwidth of lower frequency band is achieved by using horizontal strips 

L2 and L3 (Fig. 4.1) and the two upper frequency bands are merged to provide wideband 

operation. 

     

     Antenna 1       Antenna 2         Antenna 3 

Fig. 4.6 Different Configurations of Monopole Antenna 
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Fig. 4.7 Effects of Horizontal Strips on Impedance Bandwidth 

4.3.4 Effects of Inserting Slots in the CPW Ground Plane 

Two different configurations with slots inserted in the ground plane and third 

configuration without slot in ground plane  of CPW feed are presented in Fig 4.8. The impact 

of inserting defects in the ground plane on return loss and bandwidth of the proposed design 

is depicted in Fig. 4.9. The simulated graph shows that proposed antenna without defects in 
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the ground plane produces only the lower frequency band. It is also concluded from figure 

that defects in the ground plane have much impact on the high frequency band.  It is also 

examined from graph that when slot is inserted only on the right hand side of the ground 

plane, then a small band is observed at upper resonating band. But when we include defect 

only on the left hand side of ground plane of CPW feed, a wide band operation at upper 

operating band is observed.  

 

                     

          (a) Antenna 1                     (b) Antenna 2       (c) Antenna 3 

Fig. 4.8 Different Configurations of Proposed Antenna 
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        Fig. 4.9 Defects in Ground Plane of Proposed Antenna 

4.3.5 Effect of Varying Slot Length in Ground Plane 

The impact of varying the length of slots inserted in the ground plane of CPW feed is 

represented in Fig 4.10. In this configuration, only T shaped structure embedded with varying 

slots in the ground plane is considered. As we increase the length of the slot, the resonant 
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frequency shifts towards the lower operating side. From the figure, it is clear that DGS based 

CPW feed antenna helps in miniaturization of the proposed antenna. When the length of slot 

increase from 4 mm to 6 mm and then further to 8 mm, then the resonant peak frequency 

shifts towards the lower frequency side. 
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          Fig. 4.10 Effects of Varying Slot Length in Ground Plane  

4.4 Simulated Return Loss 

The simulated return loss of the monopole antenna is depicted in Fig. 4.11 for the 

optimized parameters. From the graph, it is establish that the proposed antenna has three 

resonant peaks. The simulated results have impedance bandwidth ranging from 2.232 GHz to 

3.12 GHz and 4.712 GHz to 6.81 GHz. It provides wide bandwidth to cover all the required 

bands of the Wi-Fi standard at 2.4 GHz, WLAN standard at 5.2 GHz and 5.8 GHz, WiMAX 

standard at 2.5 GHz, 3.5 GHz and 5.5 GHz, and LTE standard at 2.3 GHz frequency band. 

The optimized geometric parameters of the proposed antenna are presented in Table 4.1. 
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Table 4.1 Optimized Parameters of Monopole Antenna 

Parameters 
Diemensions 

(mm) 

L 30.54 

W 24.95 

Lg 
12.3 

Wg 
11.3 

Wf 4.95 

Lg1
 

7.9 

Wg2
 6.7 

L1 4 

W1 3 

L2 
2.93 

L3 3.0 

L4 
4.32 

L5
 7.35 

L6 4.33 

L7
 2.58 

L8
 2.58 

L9
 

2.58 

Sw
 

2.42 

d 0.7 
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Fig. 4.11 Simulated Return Loss of Monopole Antenna 

The same research methodology is used for the fabrication and the measurement of 

the proposed antenna as presented in the first chapter in section 1.6.5 and 1.6.6. 

4.5 Measured Return Loss 

The photolithography process is used to fabricate the proposed antenna. The prototype 

of the fabricated antenna is shown in Fig. 4.12. The return loss of antenna is measured by 

using Agilent VNA N5071F. The outcomes of the measured results show that a good 

impedance bandwidth ranging from 2.32 GHz to 3.61 GHz at lower operating band and 4.98 

GHz to 7.94 GHz at upper operating band is achieved. For comparison purpose, the simulated 

and measured results are shown in Fig. 4.13 and a good agreement is seen. Both the curves 

show similar trends over the entire operating band. The peak resonant frequency is shifted 

towards higher side and this difference is due to the slight dimensional errors in the 

fabrication process. The effect of SMA connector is not considered in the simulation process 

but it was used in the experimental setup and it acts as a load of variable reactance, which 

affects the return loss of the design. 
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Fig. 4.12 Prototype of the Monopole Antenna 
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     Fig. 4.13 Comparison of Simulated and Measured Return Loss 

4.6 Simulated Gain 

The simulated gain against frequency of this antenna is shown in Fig. 4.14. The 

optimum gain is about 3.07 dBi at 2.6 GHz in lower operating band of the proposed antenna. 

The optimum simulated gain is about 6.79 dBi at 6.6 GHz in the higher operating band. 
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Fig. 4.14 Simulated Gain of the Proposed Antenna 

4.7 Current Distributions 

The current distributions of the antenna are presented in Fig. 4.15 at resonant 

frequencies. Arrows indicates the direction of flow of current on the patch surface. The red 

colour represents the strong current density where as blue colour represents the weak current 

density. It can be observed from the figure that four vertical monopoles and the defects in the 

ground plane are mainly responsible for producing lower frequency band as shown in Fig. 

4.15 (a) at resonant frequency of 2.6 GHz. The upper operating band produced basically due 

to T-shaped structure with defects in the ground plane and small current flow around a few 

horizontal strips as presented in Fig. 4.15 (b) at frequency of 5.58 GHz.  
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        Fig. 4.15 Current Distributions at Frequency (a) 2.6 GHz and (b) 5.58 GHz 

4.8 Radiation Pattern and Radiation Efficiency 

The simulated and measured normalized radiation patterns of the proposed antenna 

are presented in Fig. 4.16 at a frequency of 5.7 GHz. The radiation pattern measurement is 

done inside an anechoic chamber to avoid any interfering EM energy from the surrounding 

sources. The radiation pattern observed in the azimuthal plane is nearly close to that of omni-

directional, and that in the elevation plane looks like figure of eight. The maximum antenna 

radiation efficiency is approximately 100% at 6.6 GHz as depicted in Fig. 4.17. 
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(a) Elevation Plane 
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(b) Azimuthal Plane 

Fig. 4.16 2D Radiation Pattern of Monopole Antenna at 5.7 GHz 
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Fig. 4.17 Radiation efficiency of the Proposed Antenna 
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The summary of optimum results of the proposed antenna is given in the Table 4.2. 

Table 4.2 Summary of the Optimum Results  

Parameters 

 

Bands 

Frequency 

Band (GHz) 

Bandwidth 

(%) 

Max. Gain 

(dBi) 

Max. 

Efficiency 

(%) 

Lower Band 2.232 - 3.1 29 3.07 100 

Upper Band 4.712–6.81 35 6.79 100 

 

Conclusions: 

A CPW fed planar monopole antenna based on DGS, comprises of a four vertical 

monopoles made up of horizontally displaced bricks. This antenna was characterized in terms 

of the return loss, gain, impedance bandwidth, current distribution, radiation pattern, and 

radiation efficiency. The proposed structure has been simulated and fabricated on a single 

sided substrate and tested to verify the design concept. The result of new antenna shows that 

it satisfies the bandwidth requirements of Wi-Fi/WLAN/WiMAX and LTE standards of 

heterogeneous wireless communication applications. In the next chapter, a new design is 

presented that is able to cover all the bands of WLAN/WiMAX/UWB standards. 
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CHAPTER-5 

RECTANGULAR RING WITH INVERTED S AND 

C SHAPED STRIPS 

5.1 Introduction  

The purpose of this chapter is to present a microstrip-fed triple band antenna which is 

suitable for WLAN, WiMAX and UWB applications. UWB technology is probably going to 

dominate the home networking market. UWB technology gives a boost for wireless 

connecting devices over short distances and allows sharing of the spectrum with other users. 

The main advantages provided by UWB technology over Bluetooth are high data speed 

approximately 100 times than Bluetooth, cheaper and low power consumption.   

The commercial application of the frequency band ranges from 3.1 to 10.6 GHz for 

UWB application. A compact, wideband and multiband antennas are required to integrate the 

various wireless communication standards into a single unit. The proposed antenna structure 

has been discussed and reported in the next section.  

5.2 Antenna Geometry 

A rectangular shaped ring antenna with dimensions of length L and width W has been 

proposed for WLAN/WiMAX and UWB applications. The geometry of the proposed 

microstrip line feed antenna is presented in Fig. 5.1 with its optimized parameters. The 

combination of three inverted ‘S’ and inverted ‘C’ shaped strips are used in the rectangular 

shaped ring antenna to generate the lower frequency bands. All meandering strips used in this 

antenna are of equal size. The ground plane of width Wg and length Lg is placed on back side 

of the radiating element of the patch. The overall sizes of antenna are 27.4 mm × 24.75 mm × 

1.6 mm and volumetric size is approximately 1 cm
3
.  The results obtained by using IE3D 

software is also validated by using FEM based HFSS simulator.  
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(a) Front View                 (b) Back View 

 

(c) Internal View of inverted ‘S’ and ‘C’ shaped strips 

Fig.5.1 Geometry of the Rectangular Shaped Ring Antenna 

5.3 Parametric Study 

The parametric study of the proposed antenna has been done to achieve the optimum 

results. In this parametric study, we are varying the values of a single parameter while 

keeping other parameters as a constant. The effect of various parameters on return loss and 

impedance bandwidth is given in the following section: 
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5.3.1 Effects of Rectangular Shaped Ring and Basic T-shaped 

The geometries of basic T-shaped (Antenna 1) and rectangular shaped ring (Antenna 

2) are presented in Fig. 5.2.  The effect various geometries on return loss with respect to 

frequency are presented in Fig 5.3. It has been seen from the figure that Antenna 1 

configuration is responsible for producing the upper frequency band and the rectangular 

shaped ring (Antenna 2) antenna provides triple frequency bands. It has been observed from 

the results of Antenna 2 that two upper operating bands are nearly similar to bands present in 

the return loss of antenna and one extra lower frequency band with high bandwidth is also 

observed. The inverted ‘S’ and ‘C’ shaped strips provide the second and third frequency 

bands and their detailed study is presented in the next section. 

 

    

(a)  Antenna 1                                                 (b)  Antenna 2                                                         

Fig. 5.2 Different Geometries of Proposed Antenna 
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Fig. 5.3 Effects of T-shaped and Ring on Return Loss 
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5.3.2 Effects of Inverted ‘S’ Shaped Strip 

The different configurations of inserting inverted ‘S’ shaped strips one by one in the 

rectangular shaped ring are presented in Fig. 5.4. The effects of three inverted ‘S’ shaped 

strips on the impedance bandwidth of proposed antenna are depicted in Fig. 5.5.  The 

rectangular shaped ring antenna embedded with single inverted ‘S1’ shaped strip (Antenna 1) 

is responsible for generating the quad bands. It has also been noticed that there is an 

improvement in impedance bandwidth due to this configuration. It has been examined from 

the figure that when inverted ‘S2’( Antenna 2) and ‘S3’ shaped strips (Antenna 3) are inserted 

then there is huge increase in the impedance bandwidth of the proposed design. Due to this 

configuration, the two upper operating bands are merged together to achieve a wideband 

operation. 

   

(a) Antenna 1                                (b) Antenna 2                             (c) Antenna 3 

          Fig. 5.4 Different Configurations of Proposed Antenna 
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        Fig. 5.5 Effects of Three Inverted ‘S’ Shaped Strips on Return Loss 



88 

 

5.3.3 Effects of Inverted ‘C’ Shaped Strip 

The effect of inserting an inverted ‘C’ shaped strip over the inverted ‘S’ shaped strips 

on the return loss is presented in Fig. 5.6. The proposed configuration is responsible for 

generating the second frequency band and also results in the improvement of the impedance 

bandwidth of the antenna. 

 

 

      Fig. 5.6 Effects of Inverted ‘C’ Shaped Strip on Return Loss 

5.3.4 Effects of Gap between Radiating Patch and Ground Plane 

The configuration showing the varying gap (Sw) of the antenna is depicted in Fig. 5.7. 

The effects of varying gap (Sw) between ground plane and radiating patch, on the proposed 

antenna performance is shown in Fig. 5.8. It has been examined that as the value of Sw is 

decreased from optimized value (1.39 mm), then there is a decrease in the impedance 

bandwidth of the first, second and fourth frequency bands from the optimum bandwidth and 

the bandwidth of the third and fifth frequency bands are increased. It is also seen from the 

figure that by increasing the gap value from optimum value (1.39 mm), there is a small loss 

in impedance bandwidth of all the frequency bands from optimum impedance bandwidth.  
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Fig. 5.7 Geometry of Gap between Radiating Patch and Ground Plane 
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      Fig. 5.8 Effects of Gap between Patch and Ground Plane on Return Loss 

The optimized dimensions of the proposed RSR antenna are presented in Table 5.1. 
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Table 5.1: Optimized Parameters of RSR Antenna 

Parameters Diemensions (mm) 

L 10.78 

W 8.8 

Lg 12.58 

Wg 27.4 

Wf 3 

L1 1.78 

W1 0.9 

L2 1.89 

W2 1.12 

L3 2 

W3 1 

LC1 1.37 

WC1 5.1 

Ws1 0.5 

WT1 13 

WT2 12 

LT 10 

g 1.78 
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5.4 Simulated Return Loss 

The simulated return loss for the optimized antenna is obtained by using IE3D 

simulator and demonstrated in Fig. 5.9. It has been examined that this antenna has five 

resonant frequencies ranging from 3.416 GHz to 4.032 GHz, 4.312 GHz to 5.124 GHz, 5.3 to 

6.44 GHz, and 8.036 GHz to 10.78 GHz and 11.78 GHz to 13.38 GHz. The antenna has a 

broad bandwidth which covers the required bandwidths of the WLAN standard at 5.2 GHz 

and 5.8 GHz bands, WiMAX standard at 3.5 GHz and 5.5 GHz bands and partially UWB 

standard ranging from 3.1GHz to 10.6 GHz with four band notches. The total impedance 

bandwidth of the multiband antenna is approximately 7.12 GHz.  
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Fig. 5.9 Simulated Return Loss of RSR Antenna 

5.4.1 Comparison between IE3D and HFSS Simulated Results 

In order to compare the performance of antenna: Zeland IE3D and HFSS simulator 

are used to model the proposed antenna structure based on different numerical techniques. 

The comparison of return loss results obtained by using Zeland IE3D and HFSS software is 

shown in Fig. 5.10. The HFSS simulator also provides five resonant bands ranging from 3.8 

GHz to 4.3 GHz, 4.4 GHz to 5.2 GHz, 5.5 GHz to 6.4 GHz, and 8.5 GHz to 10.95 GHz and 

12.13 GHz to 13.34 GHz. HFSS simulator result has conformity with return loss obtained 
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from the Zeland IE3D simulator. HFSS simulator is also used to validate the proposed 

antenna structure. It has been seen from figure that return loss results obtained from HFSS 

simulator has more precise result than IE3D simulator; HFSS results are also closer to 

measured results. 
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Fig 5.10 Comparison of Return Loss using Zeland and HFSS Simulators 

5.5 Measured Return Loss 

The prototype of the proposed antenna has been fabricated on FR4 substrate by using 

photolithography process. The front and back side views of the fabricated antenna are shown 

in Fig. 5.11(a) and 5.11(b), respectively. The VNA N5071 is used in measurement setup to 

measure the return loss of the antenna. Before starting the measurement process, the effects 

of Agilent VNA’s system errors are removed by using the calibration technique. The SMA 

connector is soldered at the edge of the antenna under test (AUT). For measurement of return 

loss, the low loss 50 ohm coaxial cable is used to connect the AUT with the VNA’s port 1. 

The comparison between IE3D simulated and measured return loss for the proposed antenna 

is presented in Fig. 5.12. It has been observed from graph that the total five resonant modes 

are obtained with the fabricated structure.  The measured result has penta bands ranging from 

3.6 GHz to 4.1 GHz, 4.3 GHz to 5.6 GHz, 5.8 GHz to 6.73 GHz, 7.34 GHz to 10.5 GHz and 

12.1 GHz to 12.9 GHz. The proposed antenna can cover the WLAN standard at 5.2 GHz, and 
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5.8 GHz frequency bands, WiMAX standard at 3.5 GHz, and 5.5 GHz frequency bands, and 

also covers UWB standard.  

   

(a) Front View   

 

(b) Back View 

Fig. 5.11 Prototype of Fabricated Antenna 

By comparing the simulated and measured results a fair agreement is seen over the whole 

frequency bands. A similar curve style for return loss between the measured and the 

simulated results has been witnessed over the entire frequency band. In measured result, there 

is a slight shift in frequency towards higher frequency side with a decrease in the impedance 

bandwidth. The displacement in the operating band may be due to the slight dimensional 

errors in the fabrication process. The effect of SMA connector is not considered in the 

simulation process but it was used in the experimental setup which act as a variable reactance 
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and this loss is in addition to errors in processing. The huge loss in the impedance bandwidth 

of antenna has been observed in the fifth frequency band. 
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Fig. 5.12 Simulated and Measured Return Loss of Antenna 

5.6 Current Distributions 

The current distribution on surface of the proposed antenna is presented in Fig. 5.13.  

It has been observed that the strong current flows along the inverted ‘S1’, ‘S3’ and ‘C’ shaped 

strips and also along the rectangular ring of the antenna as shown in Fig. 5.13 (a) at frequency 

3.64 GHz. These portions of the geometry are responsible for generating lower operating 

bands. The current distribution is presented in Fig. 5.13 (b) at resonant frequency of 5.9 GHz.  

The graph shows that the weak current flow along the inverted ‘S2’ strip at frequency 5.9 

GHz as compared to a frequency at 3.64 GHz. 
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Fig. 5.13 (a) Current Distribution at 3.64 GHz 

 

Fig. 5.13 (b) Current Distribution at 5.9 GHz 

5.7 2D Radiation Pattern 

The simulated 2D radiation patterns of the ring shaped antenna are presented in Fig. 

5.14 at the frequency 4.5 GHz (a) Azimuthal Plane and (b) Elevation Plane. The radiation 

patterns obtained in the azimuthal plane are almost omni-directional antenna, and those in the 

elevation plane are all similar to figure of eight shape at both the frequencies.  
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(a) Azimuthal Plane 
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(b) Elevation Plane 

Fig. 5.14 Simulated 2D Radiation Pattern 

Conclusions 

The rectangular-shaped ring antenna loaded with three inverted S and inverted C 

shaped strip has been proposed for WLAN/WiMAX and UWB applications and provide 

penta bands. The proposed structure has been simulated and fabricated on a single sided 

substrate and tested to verify the design concept. A good degree of agreement is observed 

between the simulated and measured results over the entire operating band. In the next 
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chapter, a new design is proposed which is able to cover all the bands of WLAN, WiMAX 

and UWB standards with compact size. 
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CHAPTER-6 

MULTIBAND RECTANGULAR SHAPED RING 

ANTENNA WITH VERTICAL STRIPS 

6.1 Overview 

A microstrip-fed ring shaped multiband antenna suitable for all the bands of WLAN, 

WiMAX and UWB standards is presented. The proposed antenna is an excellent candidate 

for emerging wireless and mobiles units to achieve the objective of multi-band, multi-

standards technologies, and applications. The miniaturization of mobile handset is beneficial 

for customers. It is a serious challenge for antenna engineers. The miniaturization should not 

sacrifice the antenna performance. The MOM based IE3D simulator is employed for 

simulation and measurement is done for verification and validation of results. The proposed 

antenna structure is reported and discussed in detail in the subsequently sections. 

6.2 Antenna Geometry  

The new antenna structure consists of a rectangular shaped ring antenna embedded with 

three rectangular vertical strips. The proposed antenna provides a triple band operation with 

poor return loss. The three vertical strips L1, L2 and L3 are used to improve the impedance 

bandwidth and provide wideband operation. The layout of the triple band antenna for 

WLAN/WiMAX/UWB systems is demonstrated in Fig. 6.1. A thick FR4 substrate of height 

h=1.6 mm, with dielectric constant of 4.4 is used for printing the slotted rectangular shaped 

patch antenna.  The double sided copper clad sheet is used for fabrication of the antenna, on 

one side of substrate layer has radiating element whereas the back side is used as ground 

plane. A trapezoidal shaped conductor is used on the back side of radiating element to 

improve impedance bandwidth.  
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    (a) Top View         (b) Back View 

  Fig. 6.1 Geometry of the Rectangular Shaped Ring Antenna  

The optimized geometric parameters of the antenna are:  length of ring L = 16.47 mm, 

width of ring W= 11.79 mm, length of ground plane Lg =12.58 mm, width of ground plane 

Wg=27.39 mm, feed-line width Wf =3 mm, arm length L1= L2= L3= 6.88 mm, strip width W1 

= W4 =1 mm, strip width W2 = W3 = W5 = 1.1 mm, and spacing between rectangular patch 

and ground plane Sw =1.4 mm. The optimal diemensions of the trapezoidal plane are: WT1 

=13 mm, WT2= 12 mm, LT=10 mm and spacing g=1.78 mm. The overall dimensions of 

proposed antenna are 27.39 mm × 24.85 mm × 1.6 mm and the total volumetric size of the 

antenna is 1 cm
3
.  

6.3 Parametric Study 

In the parametric study, one geometry parameter is varied with reference to the 

optimized value and keeping all the other parameters as constant.  The effect on impedance 

bandwidth of the proposed antenna for different parameters is presented in the next section: 

6.3.1 Effects of Basic T, L, U and Rectangular Ring 

Fig. 6.2 shows the four different geometries of the proposed antenna. The effects of 

basic T, L, U and rectangular shaped ring on performance of antenna are presented in Fig. 

6.3. The basic T shaped structure (Antenna 1) is responsible for generating single wideband 

ranging from 4.828 GHz to 9.756 GHz having poor return loss. It has been examined that L 

shaped structure (Antenna 2) is capable of generating dual frequency band with better return 

loss as compared to basic T-shaped structure. The U shaped structure (Antenna 3) produces a 

dualband operation with better return loss and bandwidth of the lower frequency band gets 
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increased as compared to L shaped antenna. It has been seen that rectangular shaped ring 

(Antenna 4) generates a triple band having poor return loss as compared to the optimized 

antenna. In order to improve the overall impedance bandwidth, the rectangular shaped arm 

strips L1, L2 and L3 are used. 

           

           Antenna 1  Antenna 2        Antenna 3        Antenna 4 

 

Fig. 6.2 Different Configurations of Proposed Antenna 
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     Fig. 6.3 Effects of T, L, U and Ring Strip on Return Loss 

6.3.2 Effects of Rectangular Strips L1, L2 and L3 

The different configurations of the proposed antenna are presented in Fig. 6.4. The 

effects of inserting rectangular shaped strips L1, L2 and L3 on antenna’s return loss with 

respect to frequency are represented in Fig. 6.5. It has been noted from the graph that without 

strips L1 (Antenna 1), there is a small loss in the bandwidth of the lower frequency band 

whereas bandwidth of middle and upper frequency bands are increased by a small amount. It 
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is also examined that there is slight shift in peak frequency towards lower frequency in both 

lower and middle frequency bands. It has also been observed that without strips L1, L2 

(Antenna 2), the bandwidth of the lower and upper operating bands gets decreased 

approximately by 45% from the optimum value of the bandwidth. It has also been observed 

that bandwidth of middle frequency band gets increased by double amount from the optimum 

value of bandwidth. It has also been seen from the simulation result that without strips L1, L2 

and L3, (Antenna 3) the bandwidth of the lower and upper frequency bands gets decreased 

approximately by 70% and 30% from the optimum value of bandwidth, respectively. The 

bandwidth of the middle frequency band gets increased by 2.5 times the optimum value of 

bandwidth. 

    

           Antenna 1   Antenna 2           Antenna 3 

Fig. 6.4 Different Configurations of Proposed Antenna 
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Fig. 6.5 Effects of Vertical Strips L1, L2, and L3 on Impedance Bandwidth 
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6.3.3 Effects of Gap between Radiating Patch and Ground Plane  

The effects of varying gap between ground plane and radiating patch (Sw) on the 

proposed antenna performance is depicted in Fig. 6.6. It has been seen that as the value of Sw  

is decreased by 1 mm, there is a decrease in the bandwidth of the upper resonant band by 30% 

from the optimum value of the bandwidth and two upper frequency bands are merged 

together to form a single wideband with slight shift in frequency toward higher frequency. It 

is also observed that further decrease in the value of Sw, there is a loss in bandwidth by 70% 

of lower frequency band and 45% of upper frequency band, respectively from optimum value 

of the impedance bandwidth. It is also concluded that by increasing the value of Sw, there is a 

slight decrease in bandwidth of the lower and middle frequency bands but the upper 

frequency band is largely affected. 
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     Fig. 6.6 Effects of Gap Sw on Impedance Bandwidth 

6.4 Simulated Return Loss 

The simulated return loss of the antenna for optimized parameters is presented 

in Fig. 6.7. It has been observed from the simulated result that has lower operating band 

ranges from 3.5 GHz to 6.14 GHz, middle operating band from 7.1 GHz to 8.4 GHz and 

upper frequency band from 8.56 GHz to 10.76 GHz, respectively. It is able to cover the 
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required bands of WLAN standard at 5.2/5.8 GHz and WiMAX standard at 3.5/5.5 GHz and 

also covers UWB standard from 3.1 GHz to 10.6 GHz band. The total impedance bandwidth 

of the proposed antenna is 6.14 GHz. The band notch has been observed in graph from 6.15 

GHz to 7 GHz frequency band. 
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       Fig. 6.7 Simulated Return Loss of Proposed Antenna 

6.5 Measured Return Loss 

The double sided copper clad substrate is used for the fabrication of the proposed 

antenna. The same research methodology is used for designing, fabricating and testing the 

proposed antenna. The photograph of the fabricated antenna is shown in Fig. 6.8. The Agilent 

VNA N5071 is used to measure the S-parameters of the proposed antenna. The calibration 

technique is used to remove the effects of the system errors. The SMA connector is soldered 

at the edge of the proposed antenna. For the measurement of impedance bandwidth 

parameter, low loss coaxial cable is used to connect the AUT with the VNA’s port 1. The 

simulated and measured return loss of rectangular shaped ring antenna is presented in Fig. 6.9 

for comparison. The proposed antenna’s measured result has provided a broad dualband 

operation. The measured result has lower operating band ranges from 3.82 GHz to 5.96 GHz 

and upper operating band from 6.84 GHz to 10.1 GHz, respectively. The two upper frequency 

bands are observed in the simulated result but these bands are merged to form a single 

wideband in the measured result. The measured result covers all the bands of WLAN 
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standard, and WiMAX standard and UWB standard of heterogeneous wireless 

communication systems.  

     

(a) Top View       (b) Back View 

Fig. 6.8 Photograph of Fabricated Prototype  

A good degree of conformity is observed between the simulated and measured results. 

A similar curve trend for return loss between the measured and the simulated results is 

observed over the whole frequency band. The measured results show a slight shift in the 

frequency towards lower frequency band thereby causing loss in the overall bandwidth. The 

antenna diemensional parameters are changed during the fabrication process which produces 

the errors in the measured results and also due to extra adaptor used during measurement 

process between calibration end and proposed antenna. The SMA connector is responsible for 

shift in the frequency band and decrease in the impedance bandwidth. 
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Fig. 6.9 Simulated and Measured Return Loss of the Proposed Antenna 

6.6 Current Distributions  

The current distributions of the proposed antenna are presented in Fig. 6.10. The 

current distribution at frequency 4.5 GHz of lower frequency band shows that small current 

flows along the rectangular strips especially along upper end of rectangular shaped ring and 

strong current flows along feedline of the proposed antenna as shown in Fig. 6.10 (a). It can 

be examined from the graph that arm lengths L1, L2 and L3 are mainly responsible for 

producing the middle frequency band and also improvement in the bandwidth of the proposed 

antenna. Fig. 6.10 (b) shows that at frequency 7.4 GHz, the strong current flows along the 

arm lengths L1, L2 and L3, and feedline and boundaries of the ground plane.  
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Fig. 6.10 Current Distribution at Frequency (a) 4.5 GHz (b) 7.4 GHz 

6.7 Radiation Pattern  

The simulated radiation patterns of multiband antenna embedded with rectangular 

shaped arm strips are demonstrated in Fig. 6.11 at 4.88 GHz frequency. The simulated 

radiation patterns of the proposed antenna in the azimuthal plane (x-y) and elevation plane (y-

z) are shown in Fig. 6.11 (a) and Fig. 6.11 (b), respectively. The omni-directional radiations 

patterns are obtained in the azimuthal plane and those in the elevation plane are all similar to 

figure of eight shape. The peak antenna radiation efficiency is approximately 70%. 
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Conclusion 

A new triple band rectangular shaped ring antenna inserted with rectangular shaped 

vertical arms has been proposed and is found to be suitable for WLAN/WiMAX and UWB 

applications. The simulated results provide triple band with wideband operation. The antenna 

has been optimized using parametric study. Finally, the optimized antenna is fabricated and 

tested. Both the measured and simulated curves show similar trends over the entire operating 

band. The antenna remains compact in size of 1 cm
3
 with multiband operation which

 
is 

suitable for heterogeneous wireless communication systems. 
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CHAPTER-7 

CONCLUSIONS AND FUTURE SCOPE 

7.1 Conclusions 

This chapter brings the thesis to a close by summarizing the results obtained from 

simulation or numerical as well as experimental investigations conducted on antenna 

parameters of various new proposed antenna structures. The multiband antenna research, 

motivation and objective of the thesis have been discussed initially. The literature review on 

multiband antenna clearly convinces the importance of this work and novelty of work 

presented. Further, literature review is presented on different dual band, triple band and 

multiband antennas for Wi-Fi, WLAN, WiMAX and UWB technologies and applications. It 

also presents the gap in the present study and motivation for the present work. It is concluded 

that a lots of research is going on in field of multiband and broad band antenna design for Wi-

Fi/WLAN/WiMAX and UWB applications. The selection of materials and research 

methodology employed for calculation of antenna design parameters, simulation and 

experimental investigations have been explained in detail.  In this work, five multiband 

antennas are proposed, simulated, fabricated and tested for next generation heterogeneous 

wireless communication systems.  

In first design, the rectangular shaped multiband antenna embedded with ‘hash shaped 

slots’ has been proposed for WLAN/WiMAX applications. The simulation impedance 

bandwidth of proposed antenna has two resonant frequencies with wideband operation. It 

provides two broadband ranging from 3.4 GHz - 4.132 GHz for lower frequency band and 

4.312- 6.028 GHz for upper frequency band, respectively. The parametric study is conducted 

to understand the effect of the different parameters on the return loss of the antenna. The 

measured result shows that single wideband operating bandwidth is observed. The 

comparisons between the measured and simulated results show a satisfactory agreement over 

the whole operating band. The optimum simulated gain of this antenna is 5.51 dBi at 4.85 

GHz frequency. The current distribution is also observed at different frequencies to study the 

behavior of radiating structure. The first design is modified by inserting I-shaped slot from 

the top of the patch to achieve three resonating modes with higher bandwidth. The modified 

antenna design provides the triple resonant frequencies which satisfy the requirements of 

WLAN/WiMAX systems. 
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In third design, the proposed antenna is composed of four vertical monopoles with 

CPW feed and defect in the ground plane has been proposed to achieve multi-band operation 

and which satisfy the bandwidth requirements of Wi-Fi, WLAN and WiMAX applications. 

The size of antenna is reduced by inserting the I-shaped defects in the ground plane. The 

simulated impedance bandwidths ranging from 2.232 GHz to 3.1 GHz and 4.712 GHz - 6.81 

GHz. The measured result shows that dual-band operation has been obtained and also a fair 

agreement with the simulated result. The measured impedance bandwidths range from 2.32 

GHz to 3.61 GHz at lower frequency band and 4.98 GHz to 7.94 GHz at upper frequency 

band, respectively. The measured result shows a good conformity with the simulated result. A 

comprehensive parametric study has been conducted to optimize the performance of the 

proposed antenna. The proposed antenna has a peak gain of about 6.79 dBi at 6.5 GHz 

frequency. The gain and impedance bandwidth and radiation pattern of the proposed antenna 

meets the requirements of next generation heterogeneous wireless communication systems. 

In the fourth proposed antenna design is based on rectangular shaped ring embedded 

with three inverted ‘S’ and inverted ‘C’ shaped strips which generates the penta-band or 

multiband operation. The simulated impedance bandwidth of proposed antenna ranging from 

3.416 GHz to 4.032 GHz,  4.312 GHz to 5.124 GHz, 5.3 GHz to 6.44 GHz, 8.036 GHz to 

10.78 GHz and 11.78 GHz to 13.38 GHz. It has a broader bandwidth to cover the required 

bandwidths of the WLAN standard, WiMAX standard and UWB standard. The parametric 

study is conducted to understand the working of this antenna. The optimum antenna radiation 

efficiency is approximately 70%. The fabrication and testing of the proposed antenna is done 

to verify the design concept. 

In the fifth design, rectangular shaped ring antenna based on microstrip feed has been 

presented. This proposed antenna is an answer to the recent demand of multi-function or 

multiband antenna for heterogeneous wireless communication systems. The simulated 

impedance bandwidths ranging from 3.5 GHz to 6.14 GHz for lower frequency band and 8.56 

GHz to 10.76 GHz for middle frequency band and 7.09 GHz to 8.4 GHz for upper frequency 

band, respectively. The proposed antenna has a broad impedance bandwidth to cover the 

required bandwidths of the WLAN standard at 5.2 GHz and 5.8 GHz, WiMAX standard at 

3.5 GHz and 5.5 GHz. The proposed antenna also covers the required bandwidth of the UWB 

standard band from 3.1 GHz to 10.6 GHz with band notch frequency at 6.15 GHz to 7 GHz. 

The optimum antenna radiation efficiency is approximately 80%.  The fabrication and testing 

of the proposed antenna is done to verify the design concept. 
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Table No. 7.1: Performance evaluation Proposed Design with Literature 

Design/Ref  
Parameters  

Proposed 
Design 1 

Proposed 

Design 3 
Proposed 
Design 4 

Proposed 
Design 5 

Ref 

[64] Ref [65] 

Bandwidth 

(GHz) 
3.4 - 4.132  
4.31-6.028  

2.232-

3.12  
4.712-

6.81  

3.416-4.082 
4.312-5.124  

5.3-6.44 
8.036-10.78 
11.78-13.38 

3.5 – 6.14  
7.1-8.4  

8.56-10.76  

2.368-

2.563  

2.38 - 

2.51  
5.10-

5.88  

Gain (dBi) 2.2-3.1  
2.4-5.51  

3.07  
6.79  Low gain Low gain 

2.4  
Low 

gain  

2.04-

2.58  
Low 

gain  

Bands  
Covered 

WLAN 

5.2/5.8 
WiMAX3.5

/5.5  

WLAN/

WiMAX 

WLAN/WiM

AX/ 
UWB 

WLAN/W

iMAX/ 
UWB 

WLAN 
2.4 

GHz 

but not 

able to 

cover 

higher 

bands  

WLAN 
2.4/5.2/

5.8  

 

Design/Ref  
Parameters  Ref [75] Ref [76] Ref [77] Ref [80] Ref [96] Ref 

[104] 

Bandwidth 

(GHz) 

2.28 – 2.79  
4.89 -5.32  
5.71-6.17  

2.36 -2.51  
4.8-6.5  

2.26-2.62  
4.36-6.28  2.4  2.3-2.7 

2.36-

2.51  
3.38-

3.72  
4.79-

6.24  

Gain (dBi) Gain is not 

mentioned  
1.47-1.57 
3.31-3.94  

1.3 at 2.44 

GHz  
2.8 at 5.32 

GHz  

Poor gain  Poor 

gain  

0.64  
1.87  
3.74  

Bands  
Covered/ 

Comments  

Partially 

cover 

upper 

frequency 

bands of 

WLAN  

Poor return 

loss in 

lower 

frequency 

band of 

WLAN  

WLAN 
Poor gain  

WLAN 

2.4 GHz 

but no 

upper 

bands  

WiMA

X 2.5 

GHz 

but not 

able to 

cover 

3.5/5.5 

GHz  

WLAN 
2.4/5.2/

5.8  
WiMA

X 

3.5/5.5 

GHz 
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In conclusion, this thesis had met the objective of designing, simulating, fabricating 

and testing of triple band and multiband microstrip antenna for next generation heterogeneous 

wireless communication systems. However, there are still important areas that require further 

work and some of them will be illustrated in the next section. 

7.2 Future Scope 

Though an exhaustive study on multiband antenna design has been carried out in this 

work, still there is enough scope for improvement and further research. Some such works are 

briefly mentioned below: 

1. The gain and efficiency of the antenna presented in this work are analyzed and found to be 

relatively small. Hence, it needs to be improved by using different techniques. 

2. The design optimization of a triple band and multiband patch antenna has been 

implemented by using Particle Swarm Optimization (PSO) technique. This is interfaced with 

standard electromagnetic simulator (IE3D) using Matlab software. The performances of the 

PSO-IE3D combined antenna designs have better impedance bandwidth than the single tool 

used in this work. 

3. The multiband fractal antenna can be designed by using the new fractal geometry like v-

koch, Sierpinski gasket etc. 

4. Neural network approach can be used to optimize the proposed design to achieve the better 

results and also used to validate the design concept. 
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