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With the recent progress and rapid increase in mobile terminals, the design of 
antennas for small mobile terminals is acquiring great importance. In view of this 
situation, several design concepts are already been addressed by the scientists and 
engineers. Compactness and efficiency are the major criteria for mobile terminal 
antennas. The challenging task of the microwave scientists and engineers is to device 
compact printed radiating systems having broadband behavior, together with good 
efficiency. Printed antenna technology has received popularity among antenna 
scientists after the introduction of microstrip antenna in 1970s. The successors in this 
kind such as printed monopoles and planar inverted F are also equally important. 
Scientists and Engineers are trying to explore this technology as a viable coast 
effective solution for forthcoming microwave revolution. The transmission line 
perspectives of antennas are very interesting. The concept behind any 
electromagnetic radiator is simple. Any electromagnetic system with a discontinuity 
is radiating electromagnetic energy. The size, shape and the orientation of the 
discontinuities controls the radiation characteristics of the system such as radiation 
pattern, gain, polarization etc. It can be either resonant or non resonant structure.  

Microstrip antennas are suitable for wireless applications due to their low cost, 
high gain and ease of fabrication. But the major disadvantage of microstrip antennas is 
their inherent narrow bandwidth. A lot of techniques are introduced by the researchers 
all over the world to enhance the bandwidth of microstrip patch antennas. The thesis 
addresses an attempt to enhance the bandwidth of microstrip patch antennas by 
incorporating impedance matching strip as a part of the microstrip patch antenna. The 
first part of the thesis deals with the broadband operation of the tilted square slot and 
polygonal slot loaded square microstrip patch antennas. The resonant mechanisms are 
clearly mentioned using the simulation and experimental studies. The bandwidth of the 
polygonal slotted broadband patch antenna is again enhanced by implementing an L-
strip feed mechanism. In the second major part of the thesis, a novel gain enhancement 
technique for single band and broadband square microstrip patch antennas is achieved 
by implementing offset stacked configurations.    

….. …..
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This chapter starts with a brief overview of the progress in antenna research. 
The invention of microstrip antennas is discussed in detail and the principle 
behind the radiation mechanism is explained using the fringing field model. The 
chapter also presents the feeding techniques used for microstrip antennas and 
the different models/techniques used for the analysis of different microstrip 
antenna configurations available. Finally, the motivation behind the 
development of broadband microstrip antennas and the thesis organization are 
described. 
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1.1  Introduction 

The electromagnetic research industry got a punch in 1864, When James 

Clark Maxwell theoretically formulated the existence of electromagnetic 

waves [1]. The experimental validation of Maxwell’s equations was done first 

by Heinrich Rudolf Hertz, known as the father of electromagnetics, 12 years 

later, in 1886. He generated, transmitted and received electromagnetic energy 

by means of an end loaded half wave dipole as the transmitter and a square 

loop antenna as the receiver [2]. This experiment leads to the birth of a new 

field called the antenna. “Antennas are like electronic eyes and ears” [3]. They 

act like an interface between free space and circuitry. In 1897, J.C Bose, the 

talented Indian Scientist gave his first public demonstration of 

electromagnetic waves. The wavelength he used ranges from 2.5mm to 5mm. 

The early history of electromagnetic waves before 1900 is well reviewed by 

Ramsay [4].  

Guglielmo Marconi in 1897 combined the discoveries made by Maxwell and 

Hertz. He successfully demonstrated the practical application of wireless 

communication by implementing continuous radio contact between the shore and 

ships traveling in the English Channel [5].  In 1901 Marconi again took a much 

greater step by performing the first transcontinental wireless communication, 

between England and Canada. This achievement triggered the scientists and 

engineers all over the world towards the field of wireless communications. 

1.2  An overview of antenna research 

Before World war II, the common types of antennas used were majorly 

single element or array form wire type antennas, such as long wire antennas, 

wire dipoles, helices, rhombuses etc.  In 1926, Yagi-Uda antenna was invented 
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[6] by Shintaro Uda and Hidetsugu Yagi from Tohoku Imperial University and 

it was received a wide popularity due to its simplicity and directionality. 

World War II was the most flourishing period in antenna research. 

During and after World War II, many other radiators were introduced. These 

include aperture type antennas like open ended wave guides, slots, horns, 

reflectors and lenses [7]. In 1950s a breakthrough in antenna evolution was 

created by V.H Ramsey [8] which extended the maximum bandwidth as 

great as 40:1 or more. The structure is specified entirely by angles, instead 

of linear dimensions, they offered an infinite bandwidth and popularly 

referred to as frequency independent antennas. According to Prof. J.D Kraus 

[3, 9] antennas can be classified on the basis of the material from which it is 

made of as 

a) Antennas made of conductors of wire or tubing 

b) Antennas made of sheet conductors 

c) Antennas made of dielectrics 

d) Array antennas 

Different types of helices, linear conductor antennas and loops are coming 

in category (a). Category (b) consists of reflectors, guiding, slotted and 

microstrip antennas. Group (c) is constituted by lenses, polyrods and slabs. The 

last group is divided into driven, parasitic, adaptive, interferometric and digital 

beam forming arrays. 

The rapid developments in the present day communication systems 

(personal communication systems, mobile satellite communication systems etc) 

demand planar low profile and conformal antennas. Microstrip antennas are 
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satisfying all the above requirements and therefore they are fast replacing 

conventional antennas in the above areas.  

1.3  Microstrip Antennas 

The concept of microstrip antenna was proposed by Deschamps in 1953 

[10].  Since then it took 20 years for the first practical microstrip antenna to 

come up. The first practical microstrip antennas were developed by Howell [11] 

and Munson [12] in the early of 1970’s and this set the pace of research and 

development in the area of microstrip antennas all over the world.  

The basic configuration of a microstrip antenna is shown in figure 1.1. It 

consists of a planar radiating structure of any geometrical shape over a ground 

plane separated by a thin dielectric substrate. Commonly used microstrip 

radiating geometries are rectangular and circular. However other shapes are 

used depending upon the application.   

 
 Fig. 1.1  Geometry of a conventional microstrip antenna excited 

using microstrip line 

These antennas have got many important advantages like light weight, 

low volume, low profile planar configuration  that can be made conformal , low 



  Introduction  

 5 

fabrication cost etc., compared to conventional microwave antennas. However 

they have some serious drawbacks like narrow bandwidth, low gain, radiation 

in one half plane, poor isolation between the feed and the radiating element etc.   

1.4  Radiation from a microstrip antenna 

The radiation from a microstrip antenna occurs from the fringing fields 

between the edges of the microstrip antenna conductor and the ground plane. 

For a rectangular microstrip antenna fabricated on a thin dielectric substrate and 

operating in the fundamental mode, there is no field variation along the width 

and thickness. The field varies along the length that is about a half wavelength 

long. The electric field configurations are shown in the figure 1.2 

  

 

Fig. 1.2 Fringing field model for microstrip antenna 

 

The radiation mechanism can be explained by resolving the fringing 

fields at the open circuited edges into normal and tangential components with 
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respect to the ground plane. The normal components are out of phase (as the 

patch is half wavelength long) and hence the far field produced by them cancels 

each other. Whereas the tangential components are in phase and the resulting 

fields are combined to give maximum radiation in the broadside direction. 

1.5  Excitation Techniques 

The selection of an appropriate feeding mechanism to couple power to a 

microstrip antenna is as important as the selection of the suitable geometry for a 

particular application. A variety of feeding mechanisms are available and some 

important techniques are discussed here. 

1.5.1 Microstrip Feed 

This is the simplest way to feed electromagnetic power to a microstrip 

antenna. Here, the antenna and the feed are fabricated simultaneously on the same 

side of the substrate as shown in figure 1.3. This type of feeding mechanism is very 

attractive in array environments.  

                      
Fig. 1.3 Edge fed Microstrip Antenna 
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The most undesirable feature of this feeding mechanism is the spurious 

radiations from the bends, transitions, junctions, etc. These radiations adversely 

affect the side-lobe level and cross-polarization characteristics of the antenna. 

This drawback may be compensated by suitably selecting a high dielectric 

constant substrate. But it will reduce the radiation efficiency of the antenna.  A 

compromise between the two is made depending upon the applications. 

1.5.2 Coaxial feed 

It is a conventional method for feeding a single patch antenna. Here, the 

coaxial connector is attached to the backside of the printed circuit board and the 

center conductor is attached to the antenna at the desired point. The coaxial 

feeding arrangement is shown in figure 1.4.   

                         

Fig. 1.4 Coaxial Feeding 

Here, as the feed lies behind the radiating surface, there is no question of 

unwanted radiation from the feed for thin substrates. In fact, for thick 

substrates, the coupling between the adjacent feeds may deteriorate the 

performance. In array environment, the complete antenna and feeding 

arrangement cannot be etched simultaneously. This increases the feeding 

complexity, especially in large arrays. At high frequencies, it becomes very 

difficult to realize this type of feeding as it involves drilling holes through the 

substrate and proper soldering of the centre conductor to the patch. 
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1.5.3 Buried feed (Electromagnetic coupling) 

In this type of feeding, the antenna and the feed are placed at different levels. 

i.e., the feed system is a covered microstrip line and the radiating element is 

etched on the covering substrate immediately above the open ended feed line. 

The radiating element is thus parasitically coupled to the feed line. The system 

can be considered as a microstrip patch on a double layer substrate sharing a 

common ground plane with the feed as shown in figure 1.5. Like the microstrip 

feed system, this arrangement also suffers from spurious radiation from the feed 

network. This may be minimized by using substrates of high dielectric constant 

for the feed line. 

                                 

                                                

Fig. 1.5 Buried feed 
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1.5.4 Slot feed (Aperture coupling) 

This feeding arrangement utilizes a common ground plane to separate the 

feed and the radiating geometry. The coupling between the two is provided by a 

slot etched on the ground plane. The aperture should be placed accurately below 

the patch and above the feed line as shown in figure 1.6. Here, spurious 

radiation from the feed is physically separated from that of the patch and can be 

completely avoided by enclosing the feed within the box. To avoid radiation 

towards the backside of the antenna, the slot must not resonate within the 

operating frequency band of the patch and should be placed far enough from the 

edge of the patch. 
 

 

Fig. 1.6  Slot feed mechanism 
 

1.6  Models/Techniques used in the analysis of microstrip antennas 

Different methods are available in the literature for the analysis of 

microstrip antennas. For antennas having different geometrical shapes 

(rectangular), analytical techniques like cavity model and transmission line 
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model can be applied. For geometries which can be readily divided into few 

regular geometrical shapes, these analytical techniques could be applied along 

with segmentation technique. These techniques are suitable in the case of 

arbitrary shaped patches. Here numerical techniques like Finite Element 

Method (FEM), Finite Difference Time Domain method (FDTD), etc., could be 

used. Some important techniques used for the analysis of Microstrip antennas 

are described briefly in the following sections. 

1.6.1 Transmission line model 

This model was proposed by Munson [12] and Derneryd [13]. Here the 

microstrip resonator is represented by two radiating slots (corresponding to 

the two radiating edges) separated and connected by an approximately half 

wavelength ideal transmission line. The input impedance is determined as a 

function of the distance from the edge of the patch to the feed point. The 

different radiation characteristics are determined by assuming that the fields 

vary along the length of the patch and remain constant across the width. The 

main shortcoming of this model is that, it is applicable only to rectangular or 

square patch geometries. 

1.6.2 Cavity model 

Here, the microstrip geometry is considered as a cavity bounded at its top 

and bottom by electric walls and on its side by magnetic wall. The magnetic 

current flowing on the cavity side walls radiate at the resonant frequencies of 

the cavity, which is assumed to be surrounded by free space. This model is 

suitable for geometries in which the Helmholtz equation possesses an analytical 

solution such as disks, rectangles, triangles, ellipses etc. 
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1.6.3 Method of moments 

In method of moments, the electric surface currents flowing over the patch 

metallization and the ground planes are evaluated by using the Richmond’s 

reaction method [14]. The reaction integral equation is solved using the boundary 

conditions and method of moments. Now using suitable expansion functions for 

electric surface currents, the integral equations are reduced to algebraic equations. 

These equations are then solved for the unknown coefficients using any of the 

known numerical techniques. This technique is analytically simple and versatile, 

but it requires large amounts of computation. The limitation of this technique is 

usually the speed and storage capacity of the computer. 

1.6.4 Finite element method (FEM) 

The finite element method is a computer aided mathematical technique 

for obtaining approximate numerical solutions for the abstract equations of 

calculus that predicts the response of physical systems subjected to external 

influences. In the case of microstrip antennas, the fields interior to the antenna 

cavity can be determined by this method. Here the region of interest is 

subdivided into small areas or volumes depending upon the dimensions of the 

region. Usually these small regions are polygons such as triangles and 

rectangles for two dimensional problems and tetrahedral elements for three 

dimensional problems. The interior electric field, satisfying the inhomogeneous 

wave equation along with an impedance boundary condition on the perimeter 

walls, is solved for each of the elements subdividing the region of interest. This 

method is applicable to arbitrary shaped patches also. 

1.6.5 Finite Difference Time Domain (FDTD) method  

This is a method which can be applied to all kinds of antennas for all types of 

feeds [15-18]. This method consists of a discretisation and a solution of the 
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Maxwell’s curl equations directly in the time domain. In FDTD, microstrip 

antennas are treated in the time domain for the analysis. The frequency dependence 

of the different parameters is determined from the Fourier transform of the transient 

current. However, this method becomes computationally costly and requires large 

amounts of memory when the structure becomes complex.  

1.6.6 Green’s function method  

This method can be employed when the shape of the microstrip 

radiating structure is simple, such as rectangle, triangle or circle. The electric 

field inside the cavity is evaluated using Green’s function and which in turn is 

used for the evaluation of the input impedance. This method is not suitable in 

the case of arbitrary geometrical shapes as the Green’s functions are not 

available. 

1.6.7 Segmentation Technique 

When the geometrical shape of the microstrip antenna is neither simple nor 

completely arbitrary, but is a composite of simple geometrical shapes for which the 

Green’s functions are available, the segmentation technique can be used. This method 

gives us the overall performance of the structure from knowledge of the contributions 

from the segments constituting it.  Here the effect of radiation loss from the periphery 

is incorporated through impedance loading of the patch at the periphery. The main 

disadvantage of this method is that radiation losses should be known in advance. This 

is very difficult to estimate in the case of arbitrary shaped antennas. The suitability of 

different analytical techniques for antenna design is depended upon a variety of 

parameters and is well studied in [19] 

1.7  Broadband microstrip antennas 

  One major drawback of microstrip antennas, which limits its widespread 

applications, is the narrow impedance bandwidth. There are   different  
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approaches for improving the impedance bandwidth of microstrip antennas. 

They include: using thicker substrates with low dielectric constant, addition of a 

parasitic patch on top of the original patch by using a separate dielectric 

substrate as support, using multiple patches in one plane and by means of 

proximity coupling of feed line to the patch antenna. 

The use of thicker substrates for bandwidth enhancement is limited by 

the excitation of surface waves. In the case of using parasitic patches, each 

element resonates at adjacent frequencies and as a result the impedance 

bandwidth improves. The parasitic element will usually increase the overall 

surface area.   

1.8  Outline of the present work 

The fast development in the field of communication systems demands 

compact microstrip antennas suitable for use in MMIC’s, satellite mobile 

communication systems, personal communication systems, etc. In this thesis, 

the experimental and simulated investigations towards the development of 

novel broadband and high gain microstrip antennas are presented. The 

experimental and simulation studies reveal that the proposed antennas exhibit 

simplicity in the structure yielding less fabrication complexities and broadband 

impedance matching and gain enhancement can be achieved using simple and 

novel techniques.   

1.9  Chapter Organization 

In chapter 2, a brief review of the important theoretical and experimental 

works done in the area of microstrip antennas is presented with an emphasis on 

broadband microstrip antennas. 
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In chapter 3, the methodology adopted for the investigations is presented. 

The details of the procedure used for the fabrication of microstrip antennas are 

presented. The techniques used for the measurement of different antenna 

characteristics like resonant frequency, reflection coefficient, radiation patterns 

etc. are described. Finally, the chapter highlights the numerical techniques used 

for the analysis of the antenna with due emphasis on Finite Difference Time 

Domain method. The fundamental and mathematical concept behind the FDTD 

method is elaborated. 

The important observations and results of the experimental and 

simulation analysis carried out for enhancing the bandwidth of tilted square 

slotted and polygonal slotted microstrip antennas are presented in chapter 4. 

Feed modification of the polygonal slotted broadband microstrip antenna is 

done by incorporating a printed L-feed mechanism to enhance the impedance 

bandwidth further. Finally the time domain analysis of the structure is carried 

out to find out the pulse dispersion characteristics and is presented at the end of 

chapter 4.   

Chapter 5 starts with a simple gain enhancement technique for single 

band microstrip antennas. Finally, the same technique is applied to the tilted 

square slot loaded and polygonal slot loaded broadband microstrip antennas to 

enhance the gain of the microstrip antenna over the entire frequency range.  

The conclusions drawn from the experimental and simulation analysis are 

presented in chapter 6. Some possible applications of the newly developed 

antennas along with the scope for future work are also presented in this chapter.  

The experimental woks done by the author in related fields are incorporated 

as appendix of this thesis.  
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This chapter deals with the review of literature dealing with the development of 

broadband microstrip antennas. The chapter starts with the initial developments 

of microstrip antenna designs proposed by the research groups across the world.  

The different technologies so far proposed for the development of broadband 

microstrip antennas is discussed. The recent progress in the direction of 

broadband microstrip antenna research is then presented.  
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2.1  A Brief Review of Past Work 

During the past few decades the researchers all over the world have 

studied the theoretical and experimental aspects of different types of microstrip 

antennas. Recently, development and analysis of broadband microstrip antennas 

have become an interesting area in personal communication systems due to the 

need of high speed data transmission. The relevant works in the field of 

microstrip antennas are reviewed with emphasis given to broadband microstrip 

antennas.   

2.1.1 Microstrip Antennas – A Brief Review 

Microstrip antenna was conceived by Deschamps [1] in 1953, in USA. In 

1955, Gutton and Baissinot [2] in France patented a flat aerial that can be used 

in the UHF region. Lewin [3] studied the radiation from the discontinuities in 

striplines. 

The first practical microstrip radiator was conceived by Byron [4] in the 

early 1970’s. This antenna was a conducting strip, several wavelengths long 

and half wavelength wide separated from a ground plane by a dielectric strip. 

The strip was fed at regular intervals using coaxial connectors along the 

radiating edges and was used as an array. Munson [5] patented the microstrip 

element shortly thereafter.  

The basic rectangular and circular patch antennas were designed by 

Howell [6]. His low profile antenna consisted of planar resonating element 

separated from the ground plane by a dielectric substrate whose thickness was 

very small compared to the wavelength. Feeding to the antenna was effected 

either by coaxial line from behind or by a microstrip line deposited on the same 

side. Design procedures were presented for linearly and circularly polarized 
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antenna and for dual frequency antennas from UHF through C band. The 

bandwidth obtained was very narrow and was found to be depending on the 

permittivity and thickness of the substrate. 

During this time, different microstrip geometries were constructed for 

aircrafts and rockets. Of these, the cylindrical S band arrays constructed by 

Weinschel [7], the conformal array constructed by Sanford [8] for L band 

communication from KC-135 aircraft to ATS-6 satellite are of prime 

importance. Additional array designs were reported by James and Wilson [9] 

and Garvin et al. [10] when they constructed flush mounted low profile 

antennas for missiles. 

Since the substrate properties are very important in microstrip antenna 

design, many workers were engaged in the investigation of substrate 

parameters. An elaborate study on different dielectric materials available in the 

market was done by Nowicki [11]. Polytetrafluroethylene substrates reinforced 

with glass random fiber or glass woven web were reported by Traut [12]. These 

filler materials take preferred orientations in the polymer matrix during the 

manufacturing process and give necessary mechanical and electrical properties 

desirable for antenna construction.  

Substrates materials for specialized applications such as in aircraft where 

weight reduction is very important are reported by Murphy [13]. Two thin 

layers of PTFE bonded on both side s of a hex cell honeycomb structure have 

been discussed by Carver [14]. The dielectric constant ranges from 1.17 to 1.4 

depending upon the thickness of the dielectric layers. 

Microstrip antenna on Ferrite substrate is reported by Das and Choudhary 

[15]. The resonant frequency, bandwidth, efficiency and resonating length of a 
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rectangular microstrip patch on ferromagnetic substrates were derived. It was 

found that the size of the radiator can be reduced by constructing them on 

ferrite substrates since the ferrite has both dielectric and magnetic properties. 

Theoretical analysis of microstrip radiator was first carried out by 

applying transmission line analogies. Derneryd [16, 17] utilized the 

transmission line theory to model the rectangular patch fed at the center of a 

radiating wall. The radiating edges were considered as narrow slots radiating 

into half space and separated by a half wavelength. This model gives the 

interpretation of the radiation mechanism and provides expressions for the 

radiated fields, radiation resistance, input impedance etc. This method is 

applicable only for patches of rectangular shape and was not adaptable for the 

inclusion of feed point and thus not adequate in many cases. 

A more accurate method was developed by Lo et al. [18-20] in their 

cavity model. Here, the region between the ground plane and the microstrip 

patch is viewed as a thin TM cavity bounded by magnetic wall along the edge 

and electric walls from above and below. Thus the fields in the antenna may be 

assumed to be those of a cavity. The antenna parameters of different patch 

geometries with arbitrary feed points can be calculated using this approach. The 

different modes excited were also included in the calculation, by expanding the 

fields in modal functions, assuming that the perimeter of the microstrip antenna 

is enclosed in a perfect magnetic conductor without disturbing the fields. The 

radiation and other losses were represented in terms of substrate loss tangent. 

Carver and Coffey [21-23] formulated the modal expansion model which 

is similar to cavity model. The fields between the patch and the ground plane 

are expanded in terms of a series of cavity resonant modes. Thus the patch is 

considered as a thin cavity with leaky magnetic walls. The impedance boundary 
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conditions are imposed on the four walls and the stored and radiated energy 

were investigated in terms of complex wall admittances. The calculations of 

wall admittance have been given by Hammerstad [24] and more accurately by 

Alexpoulos et al. [25].  

James and Wilson [26] used the vector Kirchoff relationship for the 

known aperture fields to calculate the radiated fields of an open circuited 

microstrip line. Hammer et al. [27] extended the aperture concept to include the 

radiation from all sides of the patch, resonating in any mode. They have used 

the equivalence principle for evaluating the far fields. The excitation amplitude 

of individual modes for a particular feed point can be calculated using this 

method.  

Agarwal and Bailey [28] suggested the wire grid model for evaluating the 

microstrip antenna characteristics. They modeled the radiating structure as a 

fine grid of wire segments and the currents on the current segments were 

calculated using Richmond’s reaction theorem.  

Alexopoulose [29] et al.  discussed a dyadic Green’s function technique 

for calculating the fields radiated by a Hertzian dipole printed on a ground 

substrate.  

Mosig and Gardiol [30] developed a vector potential approach and 

applied the numerical techniques to evaluate the fields produced by microstrip 

antennas of any shape. 

The modal expansion method is applicable to circular geometries also 

where the trigonometric expressions are replaced by Bessel functions. Mink 

[31] discussed the accuracy by which the wall admittance has to be known 
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especially in the case of a circular patch. He has shown that the wall admittance 

has to be evaluated to within 4% to predict the operating frequency to 0.5%. 

The circular microstrip patch has been rigorously treated by Butler [32]. 

He solved the problem of centre fed circular microstrip antenna by considering 

the patch as a radiating annular slot, in which the radius of the outer ring is very 

large. Butler and Yung [33] analyzed the rectangular microstrip antenna using 

this technique. 

For the microstrip antennas of arbitrary shapes the model expansion is 

much cumbersome and time consuming. Numerical methods have been 

developed for the analysis of these shapes.  

For the numerical analysis of the patch antennas, Newman and Pozar [34, 35] 

developed the method of moments. They calculated the unknown surface 

currents flowing on the walls forming the microstrip patch, ground plane and 

magnetic walls using the Richmond’s reaction method [36]. The reaction 

integral is solved using the method of moments. 

Carver and Coffey [37] discussed a finite element approach for the 

numerical analysis of the fields interior to the microstrip antenna cavity. The 

analysis is done by a minimization process to seek the solution closest to the 

true solution. The equivalent aperture admittance is used as the boundary 

condition so as to mathematically decouple the interior and exterior regions. 

Kerr [38] developed various configurations for dual frequency operation 

of the patch. One among them is the Shepherd crook feed for 1.22 m dish 

antenna. He mounted an L band patch antenna at the flange of an X-band wave 

guide which illuminates the dish antenna through a hole in the center of the     

L-band patch. The system worked at 1250 MHz and 9500 MHz. He also 
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employed a single rectangular patch with two feed points to obtain dual 

frequency operation. The impedance loading on one port is used to effect a 

measure of frequency control.  

Schaubert and Farrar [39] discussed a piggyback antenna where one patch 

acts as the ground plane for the other. A quarter wave shorted parallel plate 

radiator resonant at 1140 MHz was mounted over a halfwave microstrip patch 

resonant at 990 MHz. Good isolation between the elements was achieved.  

Carver [40] analyzed the circular microstrip patch and gave an accurate 

formula for the resonant frequency of the patch. He showed that for the 

radiating patch, the resonant frequency is complex since the wall admittance is 

complex. A thorough investigation on the dependence of resonant frequency on 

the various substrate parameters for the circular patch has been given by him. 

Long and Walton [41] investigated the dual frequency behavior of 

stacked circular disc printed circuit antenna. Here, two discs of slightly different 

size are stacked together to obtain the dual frequency operation.  

Long et al. [42, 43] measured the driving point impedance of a printed 

circuit antenna consisting of a circular disk separated by a dielectric from the 

ground. A theoretical RLC model is proposed for calculating the variation of 

input impedance with frequency and disc parameters. Resonant frequency of the 

circular disc antenna was also determined. 

Shen [44] analyzed the elliptical patch microstrip patch and showed that 

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

eccentricity of the ellipse is small. Only a single feed is necessary to achieve 

circular polarization. 
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Microstrip disc antenna has been analyzed by Derneryd [45], by 

calculating the radiation conductance, antenna efficiency and quality factor 

associated with the circular disc antenna. 

Kernweis [46] developed a dual frequency antenna by etching two ‘ears’ 

with a circular patch. With a 600 angular separation of the ears, good pattern 

and impedance characteristics were obtained at 1.99 GHZ and 3.04 GHz. 

Mink [47] discussed a circular ring microstrip antenna which can give a 

substantially low resonant frequency than that of a circular patch antenna of the 

same size. 

Newman and Tulyathan [48] analyzed the microstrip patch antennas of 

different shapes using moment method. The patch is modeled by surface 

currents and the dielectric by volume polarization current. The theory is capable 

of accurately predicting antenna parameters but requires precise computation. 

Chang [49] proposed a graphical method for determining the size of a 

resonant patch for a specified frequency. It was found that by varying the aspect 

ratio it is possible to modify the Q factor of a resonant patch. Design curves 

were given in the form of Argand diagram for microstrip patches with fixed 

aspect ratios. Radiation was shown to be due to both the surface waves and 

space wave and for electrically thin substrates the surface wave radiation is not 

very significant.  

Itoh and Menzel [50] suggested a method for analyzing the characteristics 

of open microstrip disk antenna. This method provided a number of unique and 

convenient features both in analytical and numerical phase. The theory was 

verified for experiments conducted on antenna constructed at 8.29 GHz.  
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2.1.2 Development of Wideband Microstrip Antennas 

Schaubert and Farrar [51] reported that the use of parasitic elements can 

improve the bandwidth of microstrip antennas. Their antenna was a 12.7 cm x 

12.7 cm rectangular patch on a 3.2mm Teflon fiber glass substrate. By placing 

two parasitic strips of 13 cm x 13.1 cm parallel to the non radiating edges they 

could match the antenna to 50 Ω feedline and achieve a 2:1 VSWR bandwidth 

of around 2.5 %. 

Wood [52] suggested a method of doubling the bandwidth of rectangular 

microstrip antennas. He used two capacitively excited λ/4 short circuit parasitic 

elements placed parallel to the radiating edges. Here the driven patch and the 

parasitic patch together give two resonances. One of the resonances which has 

an antiphase voltage excitation has twice the bandwidth than that of the driven 

patch. The same technique has been used for bandwidth improvement of 

circularly polarized antennas also.  

The use of an annual ring antenna instead of circular patch to achieve 

larger bandwidth was reported by Chew [53]. It was found that TM12 mode is 

suited for antenna performance where the stored energy is small yielding a 

small Q factor. For TM12 mode, the bandwidth increases with decrease in the 

outer to inner radius ratio of the annual ring.  

Poddar et al. [54] obtained considerable improvement in bandwidth by 

constructing the patch antenna on stepped and wedge shaped dielectric 

substrates. They reported a 2:1 VSWR bandwidth of 28% on a wedge shaped 

substrate and 25% on a stepped substrate where the bandwidth of equivalent 

rectangular resonator is 13%. 

It was Derneryd and Karlsson [55] who constructed a broadband 

microstrip antenna by using a thicker substrate of low dielectric constant. Here 
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the patch was fabricated on a thin glass fiber reinforced substrate and supported 

by low density foam above a ground plate. A bandwidth of 15% was obtained 

at 3 GHz with a 10mm spacing between the patch and the ground plane. 

Log–periodic technique was employed by Hall [56- 58] to obtain 

broadband characteristics. With a series fed linear array of nine patch resonators 

in log-periodic arrangement, 30% bandwidth was obtained at X-band. The same 

arrangement fabricated on tapered substrate has still broader bandwidth. The 

radiation patterns show some frequency dependent characteristics. 

Construction of conical microstrip antenna was reported by Das and 

Chatterjee [59]. Here, the conical patch antenna is modified by slightly 

depressing the patch configuration conically into the substrate. This conical 

antenna has a much larger bandwidth than that of an identical circular patch 

antenna. To maintain the substrate thickness small, the angle of depression of 

the cone was found to be greater than 800. 

Jeddari et al. [60] computed the resonant frequency and bandwidth of 

conically depressed microstrip antennas. They have demonstrated impedance 

matching by feed probe position. The 2:1 VSWR bandwidth obtained was 12% 

at 3 GHz. 

Pues et al. [61] also employed a log-periodic technique to achieve wide 

bandwidth. The various elements were fed by an open circuited feed line with 

branch lines. The input impedance and radiation patterns were theoretically 

predicted. A five element array yielded 2.2% bandwidth at S-band. 

Lee [62] reported the design of a wide band quasi log-periodic microstrip 

antenna. The radiating elements which are circular patches are series-fed by 
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coplanar feeding network. A 2.3:1 bandwidth of 710 MHz was obtained at 3 

GHz.  

Pandharipande and Verma [63] presented a novel feeding scheme for the 

excitation of the patch array which gives broader bandwidth. The feed network 

consists of a stripline power divider using hybrid rings and the coupling from 

stripline to feed point is achieved by thin metal probe. A patch consisting of 8 

elements gave 10%bandwidth at X-band. 

Bhatnagar et al. [64] obtained larger bandwidth in triangular microstrip 

antennas using two parasitic resonators directly coupled to the non radiating 

edges and the third one gap coupled to the radiating edge. The system was 

called hybrid edge, gap and directly coupled triangular microstrip antenna 

(HEGDCOTMA). They obtained a bandwidth 11.28% at 3.19 GHz on 1.6mm 

substrate of relative permittivity 2.55, which is 5.4 times the bandwidth of a 

single triangular patch antenna. The half power beam width was also found to 

be reduced, but not remained constant over the entire band.   

Bhatnagar et al. [65] proposed a stacked configuration of triangular 

microstrip antenna to obtain larger bandwidth. The parasitic patch was placed 

above the driven patch and the space between the two filled with foam. A 

bandwidth of 18% has been obtained at S-band. 

Wood [66] suggested the use of circular and spiral microstrip lines as a 

compact and wideband circularly polarized microstrip antenna. The curved 

microstrip lines supporting travelling wave have a usable bandwidth of 40% at 

10 GHz. He has also given an analysis technique for these types of antennas. 

Hall et al. [67] reported the concept of multilayer substrate antennas to 

achieve broader bandwidth. These types of antennas constructed on Alumina 
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substrates give a bandwidth which is 16 times that of a standard patch antenna 

at the expense of increase in overall antenna height. 

Sabban [68] constructed a stacked two layer microstrip antenna. It has a 

bandwidth of 15% for VSWR 2:1. The radiating element is excited via 

electromagnetic coupling by a feeding element located closer to the ground 

plane. This antenna has been used as an element for 64 element Ku band array. 

Wolfon [69] improved the bandwidth of an electromagnetically coupled 

dipole by placing an additional resonant circuit between the feedline and the 

dipole. The additional resonator can increase the 1.5:1 VSWR bandwidth from 

1.5%to 5.5%. 

Dubost and Gueho [70] reported a wideband microstrip antenna with a 

deflected beam. Short circuited quarter wave dipoles are used as the radiators 

and are scattered along a transmission line fed at one end matched at the other 

end. 

Fong et al. [71] described the construction of a wideband microstrip 

antenna on electrically thin multi layer substrates. A novel feeding technique 

suitable for thick substrate is also given. 

Hori and Nakagima [72] designed a broadband circularly polarized 

microstrip antenna for public radio communication systems. By using a 

parasitic element the 1.5:1 VSWR bandwidth obtained is 13%. A 16 element 

array using coplanar feed network was constructed for demonstration. 

Prior and Hall [73] showed that the addition of a short circuited ring to a 

microstrip disc antenna will double the bandwidth of the disc, with some 

reduction in the gain. This can be used as a compact antenna for reflector feed. 
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Dubost and Rabba [74] established that flat dipole printed on a substrate 

has its largest bandwidth when the dielectric constant is small and when it acts 

at both the third and fourth resonances.  

Mosig and Gardiol [75] studied the effect of parasitic elements on 

microstrip antennas, using the integral equation techniques. The rectangular 

patch considered was 60 mm x 60 mm size on a 0.8mm substrate of 

dielectric constant 4.3. With a parasitic of dimension 62 mm x 8 mm kept 

parallel to the non radiating edge, the 2:1 VSWR bandwidth was found to be 

doubled. 

Bandwidth improvement using parasitic elements has been extensively 

studied by Kumar and Gupta [76-78]. They showed that when the driven 

patch and the parasitic element are resonating at adjacent frequencies, a 

significant improvement in the bandwidth can be obtained. For this, they have 

proposed configurations like Radiating Edges Gap Coupled MIcrostrip 

Antennas (REGCOMA), Non-Radiating Edges Gap Coupled MIcrostrip Antennas 

(NEGCOMA), Four Edges Gap Coupled Microstrip Antennas(FEGCOMA) and 

Directly Coupled Multiple Resonator Microstrip Antennas(REDCOMA, 

NEDCOMA, FEDCOMA). Rigorous analysis method for these configurations has 

been proposed using segmentation and desegmentation techniques. 

For the REGCOMA configuration, the bandwidth obtained was 6.9% at S 

band on a 3.18 mm PTFE substrate, which is 3.5 times than that of a rectangular 

patch antenna. Here the E-plane radiation pattern is found to be not uniform in 

the frequency band of interest. The direction of maximum radiation varies about 

200 from the on axis with frequency change. The H-plane pattern however, was 

virtually unaffected. 
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For the NEGCOMA configuration, the measured bandwidth was 4 times the 

bandwidth of the corresponding rectangular patch.  Here, the direction of H-Plane 

radiation varies with frequency and E-plane radiation remains unaltered. 

For the FEGCOMA configuration, the bandwidth obtained was 6.7 times 

the bandwidth of rectangular patch antenna at S-band. Here both the E-plane 

and H-plane radiation patterns alter with frequency. 

When the parasites are directly coupled to the radiating edges of the 

driven patch (REDCOMA), the bandwidth of the system is 5 times that of the 

isolated patch, for NEDCOMA it is 5.5 times and for FEDCOMA, it is           

7.4 times. Here also, the radiation pattern varies with frequency. 

Aanandan et al. [79, 80] has proposed a compact strip broadband 

microstrip antenna gap coupled with parasitic elements giving a bandwidth 

eight times higher than that of the standard single patch antenna of the same 

frequency. The proposed structure gives a less distorted radiation patterns with 

frequency. The even/odd mode analysis has been done and the theoretical 

results are compared with the experimental ones. 

R. Garg and V.S Reddy [81] studied a coupled strip microstrip antenna 

exhibiting 23% bandwidth and an increased polarization purity. The even mode 

is responsible for the radiated power and the odd mode increases the bandwidth 

by shaping the impedance curve. It is concluded that increase in the number of 

strips increases the polarization purity. 

Sang-Hyuk Wi et al. [82] developed a broadband microstrip antennas 

with U shaped parasitic elements incorporated along the radiating edges of the 

main patch. The prototype fabricated on FR4 substrate has a 2:1 VSWR 
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bandwidth of 27.3% and the radiation patterns are almost identical to a standard 

microstrip antenna.  

The experimental study on a stacked two layer triangular patch antenna 

was proposed by P.S Bhatnagar et al. [83]. The antenna uses probe feeding and 

it achieves a bandwidth of 17.5% with good cross polarization characteristics. 

Tsien Mink Au et al. [84] has conducted a theoretical analysis using the 

integral equations based Galerkin approach to study the effect of parasitic 

element on the characteristics of a microstrip antenna. Broadband nature of the 

antenna is analyzed using different parasitic patch sizes and its position and the 

optimum design yields 21.3% bandwidth.   

H.R Hassani et al. [85] has analyzed a two layer stacked rectangular patch 

antenna using spectral domain techniques and the effect of variations in the 

alignment of patches and the sizes of the patches on the input impedance and 

radiation patterns were investigated. The displacement of the top patch in the 

direction of the resonance broadens the beam width in the E plane for the upper 

resonance at the expense of some distortions in the radiation patterns. 

Frederic Croq and D.M Pozar [86] proposed an aperture stacked 

broadband microstrip antenna for millimeter wave applications having a 

bandwidth of the order of 20%. The antenna is analyzed using the integral 

equations solved using spectral domain by the method of moments.  

Frederic Croq and Albert Papiernik [87] developed a slot coupled stacked 

broadband microstrip antenna with a dielectric protection cover on the top. The 

antenna exhibits a 1.6:1 VSWR bandwidth of 25% with good cross polar 

isolation in both the planes as compared to a standard rectangular microstrip 
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antenna. Parasitic radiation from the feeding aperture is minimal since the 

resonance of the slot aperture lies at a very far end from the patch resonances. 

S.D Targonski and R.B Waterhouse et al. [88] has put forward a 

promising design of an aperture coupled stacked patch antenna fabricated on 

thick substrates. The antenna has a 2:1 VSWR bandwidth of 50% and the 

surface wave efficiency was found to be 80%. 

U.K Revankar and A. Kumar [89] studied the mutual coupling between 

the stacked three layer circular microstrip antenna elements. The antenna 

achieves a bandwidth greater than 20% , relatively high gain and they 

concluded that for stacked antennas coupling via the radiating edge, there is a 

stronger coupling while coupling via the non radiating edge is weaker as 

compared to that of the single patch radiator.   

R.B Waterhouse proposed a probe fed [90] and aperture fed stacked patch 

[91] arrays using a high dielectric constant substrate lower substrate (greater 

than 10) and a relative low dielectric laminate substrate as the top layer. It is 

observed that broad impedance bandwidth of the order of 25% over useful 

scanning ranges of ±450 in the principal planes can be attained. 

Steven Mestdagh and vandenbosch et al. [92] designed an aperture 

coupled stacked patch antenna fed by coplanar wave guide without the use of 

separate feed substrate useful for millimeter wave applications. The antenna has 

a 2:1 VSWR bandwidth of 36.8% and a detailed systematic parametric analysis 

has been performed for the design guidelines. 

Mohammod Ali et al. [93] designed a reconfigurable stacked microstrip 

patch antenna suitable for satellite and terrestrial links. Frequency 

reconfigurability is achieved by implementing p-i-n diodes. 
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Wayne S. Rowe and R.B waterhouse [94] proposed a microstrip line fed 

stacked two layer microstrip antenna with an upper dielectric cover. The 

relation between the dielectric layers, the sizes of the patches and the position 

of the feed line were studied in order to maintain broadband impedance 

matching behavior. The bandwidth of the antenna is found to be only 20%. 

Shi-Chang Gao et al. [95] has developed a wideband two layer microstrip 

antenna coupled using an H-shaped aperture exhibiting a 2:1 VSWR bandwidth 

of 21.7%. The aperture feed is maintained to be non resonant and air spacers are 

used as the separation between the two patches so that the spacing parameter 

can be easily tuned for optimizing the antenna parameters. 

K.M Luk and K.F Lee et al. [96] has designed a proximity coupled 

stacked circular microstrip antenna having two pairs of etched rectangular slots 

on the lower patch. The etched slots play a crucial role in obtaining a wide band 

behavior. The antenna exhibits a 2:1 VSWR bandwidth of 26% with good 

radiation performances having a cross polar isolation greater than -20 dB. 

Ban-Leong Ooi et al. [97] proposed a novel design of a stacked patch 

antenna in which a square patch is loaded over the top of a probe fed E shaped 

patch. The antenna achieves a 2:1 VSWR bandwidth of 38.41%.   

M.A Martin el al. [98] has stacked an E shaped patch antenna over a 

probe fed U slot microstrip antenna and the structure exhibits a relatively larger 

bandwidth as compared to the existing designs. The bandwidth of then antenna 

is found to be 59.7% and the radiation patterns are relatively stable over the 

entire bandwidth. 

Rafi and Shafai [99] have extensively studied the effect of stacking over a 

V slotted patch antenna. It is concluded that the V slot patch stacked with a 
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rectangular patch can improve the bandwidth up to 47% and that stacked with 

another V slot patch can enhance the bandwidth up to 54%.  

M.A Martin et al. [100] analyzed the behavior of a U slot patch antenna 

stacked with a rectangular patch. A simple circuit model is developed to study the 

reason for the resonances of the antenna. The antenna attains 56.8% impedance 

bandwidth with stable radiation patterns throughout the entire band of operation. 

Nasimuddin and Z.N Chen [101] proposed a broadband microstrip 

antenna with low-high-low dielectric constant substrate combination using a 

microstrip line via feed to achieve a bandwidth of the order of 46.9%. The low 

dielectric constant substrates contain the feed line and the four parasitic patches 

while the high dielectric constant substrate contains the driven patch. 

Volume reduction for the above structure is brought about by replacing 

the microstrip feed line with coplanar wave guide loop feed [102]. The antenna 

has 34% bandwidth with stable radiation patterns throughout the band of 

operation. 

The promising design of an aperture stacked microstrip patch antenna was 

reported by S.D Targonski and Waterhouse et al. [103]. Here the resonant 

aperture along with the two stacked patches achieves a bandwidth of up to 70%. 

Impedance matching techniques like wide centered feed and dual offset feed 

lines are implemented to achieve broadband operation. 

Broadband operation can be effectively achieved by properly inserting 

slots on the patch antenna geometry. Jui-Han Lu [104] proposed a single layer 

broadband circular microstrip antenna having a bandwidth 2.3 times higher than 

that of the standard antenna by properly inserting a pair of narrow arc shaped 

slots near the side edges of the patch.  
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Jui-Han Lu and Kin-Lu Wong et al. [105] has designed a dual 

frequency and broadband designs of an equilateral triangular microstrip 

patch antenna. Broadband operation is achieved by protruding a narrow slot 

close to the side edges of the triangular patch antenna. The antenna exhibits 

a bandwidth 2.6 times higher than that of a conventional triangular 

microstrip antenna. 

Jui-Han Lu and Kin-Lu Wong et al. [106] achieved broadband circular 

operation on a triangular patch antenna by loading a narrow slot or a cross slot 

with unequal arm lengths. 

Kin-Lu Wong et al. [107] proposed a slot loaded rectangular patch 

antenna with a bandwidth 2.4 times higher than that of the standard rectangular 

patch. Broadband operation is achieved by the combined effect of a pair of right 

angle slots and modified U slots on the rectangular microstrip antenna. 

Amit A.Deshmukh and K.P Ray  [108] developed a broadband microstrip 

antenna by integrating a half U slot and a rectangular slot inside a rectangular 

microstrip antenna giving  twice the bandwidth as compared to that of the 

single half U-slot RMSA or RMSA with a rectangular slot. 

T. Huynh and K.F Lee [109] proposed the first U-slot patch antenna for 

wide band operation. The antenna is coaxially fed and it can achieve a 

bandwidth up to 40% without using any parasitic elements. 

M. Clenet and L. Shafai [110] discussed multiple resonances and the 

polarization characteristics of a U-slot patch antenna.   

Steven Weigand and Greg H. Huff et al. [111] has proposed the analysis 

and design steps of the single layer U-slot loaded patch antenna. The design 
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rules are derived by the analysis of former experiments, method of moment 

simulations and experimental validations. 

K.F lee and K.M Luk et al. [112] put forwarded the simulation and 

experimental studies of the U-slot patch antenna. They have concluded that for 

a foam substrate of thickness 0.08λ the antenna can offer 20-30% impedance 

bandwidth and the U-slot offers capacitive reactance which effectively 

suppresses the inductive reactance of the feeding probe. Modifications in the 

patch with and the patch width can excite dual frequency operation on the 

patch. 

Ricky Chair and Ahmed A. Kishk et al. [113] reduced the size of the U-

slot patch antenna by halving the patch along the line of symmetry without 

affecting the cross polarization characteristics. An area reduction of almost 50% 

with a bandwidth of 28.6% is achieved without affecting the radiation 

efficiency. 

Fan Yang and Rahmat-Samii et al. [114] explored the wideband 

mechanism taking place inside an E-shaped patch antenna in which broad 

bandwidth of 30.3% is obtained by merging two resonances. The analysis of the 

antenna is done using Method of Moments with the vector triangular basis 

functions. The equivalent circuit modeling is done in order to explore the 

principle behind broadband operation. 

Yuehe Ge and Karu P. Esselle et al. [115] proposed a size reduction 

technique by incorporating corrugations on the wings of the E shaped patch 

antenna. The antenna has 25% size reduction as compared to the E shaped patch 

antenna and has similar bandwidth and radiation characteristics as that of the E 

shaped patch antenna. 
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Yuehe Ge and Karu P. Esselle et al. [116] has studied the E shaped 

patches with probe feed and microstrip feed and designed prototypes of arrays 

for attaining polarization and space diversity inorder to implement it with 

PCMCIA cards.  

Lin Peng and Yun Zhang et al. [117] developed a compact E shaped patch 

antenna for broadband operation. Reduction in the size is obtained by 

introducing a shorting wall and inserting slot at the radiating edge of the patch. 

A.K Shackelford and K.M Luk et al. [118] has proposed a method to 

reduce the size of the probe fed U-slot rectangular patch antenna by 

incorporating shorting posts within the structure. 

C.L Mak and K.F Lee et al. [119] put forward the implementation of 

shorted walls on one side of a halved U-slot patch antenna to achieve 

compactness without affecting the bandwidth and radiation characteristics of 

antenna as compared to that of the full structure. 

K.F Lee and K.M Luk et al. [120] developed the theoretical and 

experimental analysis on broadband microstrip patch antennas with shorting 

walls. The analysis has been done on both fully shorted patch and partially 

shorted patch. They concluded that the use of partially shorting wall had the 

effect of reducing the resonant frequency of the antenna while the bandwidth of 

the antenna remains same as that of the fully shorted patch antenna. 

Jeen-Sheen Row and Yen-Yu Liou [121] successfully implemented the 

usage of short circuiting walls on a slotted triangular microstrip patch antenna. 

The antenna exhibits a bandwidth greater than 25% with conical radiation 

patterns. 
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Debatosh Guha and Y.M.M Antar [122] developed a circular microstrip 

pach antenna loaded with balanced shorting pins. The bandwidth of the antenna 

is found to be doubled without sacrificing the radiation characteristics.  

I-Fong Chen and Chia-Mei Peng [123] presented an edge shorted patch 

antenna for UHF band applications. The antenna comprises of an edge shorted 

patch, a director element and a metal reflector to achieve directional, high gain 

and broadband operation. The antenna offers almost 64% area reduction as 

compared to a standard microstrip patch working on the same frequency. 

A simple technique to increase the bandwidth of microstrip antenna is to 

use thick substrates or increasing the height of the antenna. But when the 

substrate height is of the order of 0.05λ0, the increased inductive reactance of 

the probe deteriorates 50Ω impedance matching. This increased inductive 

reactance can be overcome by making modifications in the feed probe. C.L 

Mak and K.F lee et al. [124] proposed a proximity coupled U-slot patch antenna 

having a bandwidth of 20%. The microstrip feed line is made in the form of π 

shape in order to obtain broadband impedance matching characteristics. 

K.M Luk  [125] implemented the L-probe feed mechanism to a square 

patch antenna and the resulting structure has a 2:1 VSWR bandwidth of 35% 

without compromising the radiation characteristics. 

C.L Mak and K.F Lee el al. [126] has modified the L-probe with a T 

shaped probe termination to a rectangular microstrip patch antenna. The antenna 

exhibits a bandwidth of 40% and it is concluded that the usage of two 

symmetrical T-probes substantially reduce the H-plane cross polarization power. 

Ban-Leong Ooi [127] proposed a double π shaped microstrip line fed     

U-slot patch antenna having an impedance bandwidth of 26%. The design 
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attains better impedance matching characteristics than the single π stub antenna 

with stable radiation characteristics throughout the band of operation. 

Yong-Xin Guo and K.F Lee et al. [128] has analyzed the L-probe 

proximity fed rectangular patch using the Finite difference Time Domain 

Method. They have conducted a detailed parametric analysis of all the 

parameters affecting broadband impedance matching performance. 

C.L Mak and Y.L Chow et al. [129] performed experimental studies on 

the rectangular micostrip patch antenna with L-shaped probe. The antenna is 

having a 2:1 VSWR bandwidth of 36% and they have concluded that the         

L-probe does not have much effect on the resonant frequency. A two element 

array was designed and found that it can suppress the cross polarized radiation 

of the antenna. 

Y.X Guo [130] implemented the L feed mechanism on a microstrip line 

fed U-slot patch antenna. The antenna exhibits 42.7% impedance bandwidth 

which is very much higher as compared to the normal U-slot patch antenna. 

Yong-Xin Guo and K.F Lee et al. [131] extensively studied the radiation 

characteristics of the L-probe fed rectangular patch antenna using the Finite 

Difference Time Domain Analysis. They found that the input impedance almost 

remains constant for different ground plane dimensions for form substrates and 

the dependence of gain on ground plane size is found to be periodic as the 

radiation patterns strongly depend on the ground plane size. 

Yong-Xin Guo and K.M Luk [132] experimentally studied the effect of 

L-feed on the performance of a probe fed circular patch antenna. The antenna 

can achieve 30% impedance bandwidth and can produce monopole like conical 

radiation patterns. 
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Sean M. Duffy [133] proposed the utilization of single and dual tuning 

stubs as the part of the microstrip line feed to increase the bandwidth of 

microstrip antennas. The bandwidth of conventional proximity coupled patch 

antenna is increased up to 8.4% and that of a stacked aperture coupled patch 

antenna up to 34.5%. 

Y.W Jang [134] developed T shaped microstrip line fed U-slot coupled 

rectangular patch antenna having a bandwidth of 76.8%. The special feeding 

structure results in an increased coupling to the patch antenna giving three 

merged resonances offering broadband operation. 

S. Mridula and P. Mohanan et al. [135] implemented a printed L-strip 

feeding mechanism to a standard microstrip line fed rectangular microstrip 

patch antenna having a bandwidth of 10%. 

Chi Yuk Chiu and K.M Luk et al. [136] has proposed impedance 

matching technique for quarter wave short circuit wall embedded patch 

antennas. They have included a folded inner small patch as an extension of the 

probe feed in a U-slot and L-slit patch antenna. The maximum achieved 

bandwidth for the U-slot patch antenna is found to be 53% which is very much 

higher than that of the original U slot patch (28%).  

Zhi Ning Chen [137] developed a novel feeding technique for enhancing 

the radiation performance of a suspended plate antenna by incorporating a 

probe fed half wave length strip. The proposed antenna effectively suppress the 

cross polar radiation and a cross polar isolation greater than 20 dB is observed 

throughout the entire operating bandwidth with stable radiation patterns. 

P. Li and K.M Luk [138] has proposed a novel feeding technique by 

incorporating meandering feeding strip for a standard rectangular patch 
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antenna. Bandwidths up to 32% and a cross polar isolation greater than 20 dB 

in the entire bandwidth with high gain are achieved. 

Ahmed A. Kishk and K.F Lee et al. [139] implemented the use of hook 

shaped feed as an alternative to the L feed to a shorted wall rectangular patch 

antenna. An area reduction of 25% was achieved with a bandwidth of 20% 

which is comparable as compared to the L fed shorted patch. The hook feed 

find applications where the size of the L strip is comparable as that of the patch 

dimensions. 

Jongkuk Park [140] put forward a modified L-probe feeding mechanism 

by replacing the bent part of the L-probe with a printed strip on a suspended 

substrate and by placing the radiating patch underneath the substrate. It can 

achieve higher bandwidths as compared to the L-feed patch antenna by 

increasing the substrate thickness. 

K.L Lau and K.M Luk [141] studied the combined effect of L-probe 

feeding and aperture coupling technique to attain wideband circularly polarized 

operation. The antenna utilizes Wilkinson power divider along with the dual 

feeding system to achieve wideband CP operation. 

P. Li and K.L Lay et al. [142] studied the performance of the simple 

probe fed patch and the L-probe fed patch antennas on curved ground 

planes. It was observed that the usage of carved ground plane increases both 

the input impedance and the beam width of the patch antenna. An impedance 

bandwidth of 45.2% and a beam width of 890 are achieved for a simple 

probe fed patch. 

K.L Lau and K.M Luk [143] proposed a compact wideband circular patch 

antenna by utilizing two pairs of symmetrical shorting walls combined with the 
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L-probe feeding mechanism. The antenna exhibits 27.1% bandwidth with 

monopole like radiation patterns throughout the band. 

Xiu-Yin Zhang and Sheng-Li Xie et al. [144] implemented the principle 

of dual printed L-probes for achieving wideband low cross polarized patch 

antenna. The antenna attains a bandwidth of 45.25% with stable and 

symmetrical radiation patterns throughout the entire operating bandwidth. 

Shing-Lung Steven and K.M Luk [145] designed a wideband L-probe 

patch antenna for pattern reconfiguration applications. Four shorting posts are 

implemented within the structure which can excite the conical mode and the 

broadside mode at overlapped frequencies.  

Karlo Queiroz da Costa and Victor Dmitriev et al. [146] embedded 

passive loops with an L-fed rectangular patch antenna. The rectangular loops 

act as the magnetic dipoles and the rectangular patch as the electric dipole and 

the resonance caused by them merge together to achieve broadband impedance 

matching having a bandwidth of 15%.  

I.Ang and B.L Ooi [147] demonstrated a semi-circle fed cross shaped 

microstrip patch antenna exhibiting a bandwidth of 63.7% which is very much 

higher as compared to a conventional L-probe fed patch antenna.    

C.Y Chiu and C.H Chan et al. [148] achieved bandwidth broadening by 

using an E-shaped patch fed with a folded patch feed and size reduction is attained 

by implementing shorting walls. The antenna has a bandwidth more than 70% and 

the cause of resonance along with design guidelines are given for validation.   

M.Naser and B.S Virdee et al. [149] developed a promising design which 

can achieve a bandwidth of 125%. The antenna utilizes a rectangular slot loaded 
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polygonal shaped patch and shorting pins to achieve compact broadband 

operation.    

S.H Sun and T.P Wong [150] achieved broadband impedance matching 

over a U-slot loaded shorting planes trapezoidal patch antenna by implementing 

a modified T-shaped feeding mechanism. 

Yong-Xin Guo and K.F Lee et al. [151] implemented L-probe feeding to 

a microstrip slot antenna. For TM11 mode, an impedance bandwidth of about 

24% is achieved while for the TM12 mode, an impedance bandwidth of 27% is 

obtained.   

K.L Lau and K.M Luk et al. [152] investigated the effect of folding the 

patch surface along with L-feed mechanism to achieve a wideband antenna 

exhibiting a very large bandwidth of 133.3%. But the cross polarization 

characteristic of the antenna is very poor.  

In addition to the above techniques broadband impedance matching 

networks can be incorporated with the microstrip antenna element to broaden 

the bandwidth. H.W Pues and Van de Capelle [153] experimentally studied the 

effect of a shielded microstrip matching network consisting of two resonator 

elements etched on the same substrate as the patch. The bandwidth is improved 

by a factor of 3.9%. 

F.S Fong and H.F Pues [154] reported a wideband multi layer patch 

antenna which makes use of feed probe inductance as a part of impedance 

matching network. A series capacitance located at the top end of the probe 

forms a series resonant circuit which is used for broadband matching of the 

parallel resonant circuit constituted by the resonant patch antenna. The 

bandwidth improvement data is not reported in this paper. 
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J.M Griffin and J.R Forest [155] achieved broadband impedance 

matching for a circular microstrip patch antenna in which the series resonance 

of the feed probe inductance is taken into account for broadband impedance 

matching. For a 6mm radius patch. A 1.5:1 VSWR bandwidth of the antenna is 

found to be 35%, but the radiation patterns shows frequency dependency over 

the entire operating bandwidth. 

D.M Pozar and B. Kaufman [156] used a single stub impedance matching 

technique for increasing the bandwidth of an electromagnetically coupled 

microstrip patch antenna. In this model the input impedance of the microstrip 

patch antenna was measured by a network analyzer and the component values 

for the network model ( a capacitance in series with the a parallel RLC) were 

obtained by computer aided model fitting procedure. A stub circuit was then 

designed to match the load.  

Hongming and Van de Capelle et al. [157] proposed a simplified real 

frequency technique for increasing the bandwidth of microstrip patch antenna. 

Here the impedance matching network is built as a part of the microstrip line 

feed as band pass impedance steps and transitions. It was shown that band pass 

matching networks exhibits better performance than the low pass and high pass 

prototypes. 

C.L Mak, K.M Luk et al. [158] proposed a microstripline fed L-strip 

patch antenna which achieves an impedance bandwidth of 49% with a foam 

substrate of total thickness 0.13λ0. The L-strip at the end of the microstrip feed 

line, like a step along the Z-axis, reduces the spacing between the patch and the 

feedline, which couples more electromagnetic energy into the patch thereby 

enhancing the bandwidth.  
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2.2  Present Work 

As already mentioned, the bandwidth of microstrip antennas can be 

increased by increasing the substrate thickness, decreasing the dielectric 

constant, by the use of additional resonators gap coupled to the driven patch or 

by implementing broadband impedance matching networks as a part of the 

patch antenna. There are limitations in increasing the substrate thickness due to 

the excitation of surface waves. Also the dielectric constant cannot be decreased 

much due to practical difficulties. The usage of parasitic resonators increases 

the overall surface area. In some cases, the size is thrice as that of the isolated 

patch antenna and in some other cases even five times. Implementation of 

broadband matching networks as a part of the printed microstrip transmission 

line increases the complexities of fabrication.  

In the present work, an attempt is made to remedy these drawbacks. 

Efforts are successfully implemented to bring the broadband impedance 

matching strip to the same plane of the patch antenna by loading a slot on the 

patch. Wide bandwidth is obtained by properly matching the resonances of the 

slot loaded patch antenna and the resonance caused by the metal strip. Since the 

strip is incorporated within the patch structure, additional external matching 

elements are not required which greatly reduces the antenna size. The design 

greatly reduces the fabrication complexities associated with the manufacturing 

process and it eliminates the need of additional spacers required for antenna 

mounting. Using this technique, the tilted square slot patch can achieve a 

bandwidth of 38%. Finally, the tilted square slot of the patch antenna is 

replaced with a polygonal slot and the validity of strip matching is confirmed 

through simulation and experimental studies. It is observed that the resonance 

mechanism of the polygonal slot patch antenna is same as that of the tilted 

square slot antenna, but it can give a higher bandwidth of the order of 45%. The 
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polygonal slotted patch antenna can be reconfigured to attain an even higher 

bandwidth by implementing L-strip feeding mechanism. The L-strip feed 

mechanism will excite higher order modes of the patch antenna and suitable 

strip dimension is selected to merge the newly generated resonances to the 

already existing resonances. The antenna can offer a bandwidth of 74% and it is 

an attractive choice for breast cancer imaging applications.     

The second part of the thesis deals with the gain enhancement techniques 

for microstrip antennas. Here, principle of stacking is successfully implemented 

and the position of the parasitic patch is offsetted to enhance the gain of the 

antenna. The offsetting technique is successfully implemented on single band 

square microstrip patch antennas and on the tilted square slot loaded and the 

polygonal slot loaded microstrip patch antennas without deteriorating the 

matching performance of the antenna.  
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3.1  Fabrication of the microstrip antenna  
 

3.2  Excitation technique 
 

3.3  Facilities used for antenna measurements 
 

3.4  Antenna Measurements 
 

3.5  HFSS: 3D Electromagnetic simulator 
 

3.6  Finite Difference Time Domain method (FDTD) 
 

3.7  Antenna characteristics using FDTD 
 

3.8  References 
 
 

 

This chapter describes the experimental and simulation facilities utilized to 

characterize the behavior of the broadband microstrip antenna configurations. 

The microstrip feed line and the proposed antennas are fabricated using the in-

house photolithography facility. The antenna characteristics such as return loss, 

radiation pattern and gain are measured using vector network analyzer and 

associated instrumentation. The Finite Element Method (FEM) based HFSS is 

employed for simulation studies of the antenna. Theoretical analysis of the 

antennas are done using in-house developed MATLAB based FDTD codes. 

 
 

 

 

 

C
o

n
t

e
n

t
s

 



Chapter -3 

 66 

3.1  Fabrication of the microstrip antenna  

The various steps involved in the fabrication of the broadband microstrip 

antenna are listed below. 

3.1.1 Selection of substrate material 

The first procedure in the microstrip antenna fabrication is the selection 

of suitable substrate with electrical and material properties matching the 

required application. The dielectric constant and loss tangent and their 

variation with temperature and frequency are important in fabrication. A large 

range of Polytetrafluroethylene (PTFE), polystyrene, polyolefin, polyphenylene, 

alumina, sapphire, quartz, ferromagnetic, rutile and semiconductor substrates 

permit considerable flexibility in the choice of substrates for a particular 

application. Traditional microstrip antennas at the microwave frequencies use 

substrates such as PTFE and quartz for good radiation efficiency. These offer 

excellent electrical performance, but the resulting substrate costs are often too 

high. So we selected FR4, a widely used substrate material for microwave 

applications. It is low cost, easily available and most suitable for effortless 

fabrication.      

3.1.2 Photolithography 

Since the dimensions of microstrip antennas are critical in microwave 

frequencies, photolithographic techniques were used to fabricate the desired 

antenna configurations in the selected substrate. Photolithography or Optical 

Lithography is the process of transferring geometric shapes from a photo-mask 

to the surface of a substrate. The major procedures involved in this technique 

are explained below. 
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In the first step, the double side copper coated FR4 substrates are 

chemically cleaned with acetone or Chloroform to remove particulate matter on 

the surface as well as any trace of organic, ionic and metallic impurities. A very 

thin film of photoresist is applied with the help of a spinner. There are two 

types of photoresists; positive and negative. For positive resists, the resist is 

exposed with UV light wherever the under lying material is to be removed. In 

these resists, exposure to the UV light changes the chemical structure of the 

resist so that it becomes more soluble in the developer solution. The exposed 

resist is then washed away by the developer solution, leaving windows of the 

bare underlying metallic region. The photomask, therefore, contains an exact 

copy of the pattern which is to remain on the substrate. The negative resist on 

the other hand, remains on the surface wherever it is exposed and the developer 

solution removes only the unexposed portions. Masks used for negative photo 

resist, therefore, contain the inverse of the pattern to be transferred. After 

developing, the unwanted metallic portions are cleared using Ferric Chloride 

solution. Fig 3.1 shows the different steps involved in the procedure. 

 

Fig. 3.1 Step by step process involved in Photo lithographic process 
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3.2  Excitation technique 

In the present work, proximity coupling (Electromagnetic coupling) with a 

50 Ω microstrip line is used to excite the patch antenna as described in section 

1.5.3. The width of the microstrip line is designed for 50 Ω characteristic 

impedance using standard design equations. The impedance matching can be 

easily achieved by moving the patch along the surface of the microstrip feed line. 

3.3  Facilities used for antenna measurements 

A concise description of the basic facilities used for the antenna 

measurements is presented below.      

3.3.1 HP 8510C vector network analyzer 

It is the main equipment used for taking fast and accurate microwave 

measurements in both frequency and time domain. It can synthesis frequencies 

from 45 MHz to 50 GHz. The time domain response is displayed by taking the 

Inverse Fourier Transform of the measured frequency data. The time domain 

characteristics require both magnitude and phase data to perform the Inverse 

Fourier Transform. Moreover, phase data is required to perform the vector error 

correction for measurement accuracy [1]. 

The HP 8510C network analyzer comprises of a microwave generator, s-

parameter test set, signal processor and the display unit as depicted in fig. 3.2. 

The synthesized sweeper generator, HP 83651B, uses an open loop YIG tuned 

element to generate the RF stimulus. The frequencies can be synthesized in 

step mode or ramp mode, depending upon the desired measurement accuracy. 

The antenna under test is connected to the two-port s-parameter Test unit, 

HP8514B. This module isolates the incident, reflected and transmitted signals 

at the two ports. The signals are then down converted to an intermediate 
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frequency and fed to the IF detector. These signals are suitably processed to 

display the magnitude and phase information of S-parameters in log-

magnitude, linear-magnitude, or Smith chart formats. All these constituent 

modules of the network analyzer are connected using the HP1B system bus. A 

completely automated data acquisition is made possible using the HP-BASIC 

based MERLSOFT, developed indigenously at the Center for Research in 

Electromagnetics and Antennas (CREMA), Department of Electronics, 

Cochin University of Science and Technology. 

 

 
HP8514B 

S parameter test set 

 
HP 83651B 

Synthesized sweeper 

Port 1 Port 2 

Antenna under 
Test  

(AUT) 

HPIB 

Computer for data 
acquisition 

HPIB 

 
 

Fig. 3.2 Block diagram of HP 8510c network analyzer assembly 
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3.3.2 Anechoic chamber 

The free space environment required in antenna pattern measurements is 

realized by making use of the anechoic chamber. It is a very big room compared 

to the wave length of operation, consists of microwave absorbers [2] fixed on the 

walls, roof and the floor to avoid the EM reflections. The tapered chamber with an 

average chamber reflectivity of -35 dB is used for making antenna measurements. 

The absorbers used in building the chamber are made from high quality, low 

density foam, infused with dielectrically and magnetically lossy medium. The wall 

of the chamber is covered with Carbon black impregnated polyurethane foam 

based pyramidal and flat absorbers of appropriate sizes. Aluminum sheets are used 

to shield the chamber from electromagnetic interferences from other equipments. 

The polyurethane foam structure gives the geometrical impedance matching, while 

the dispersed Carbon provides the required attenuation, for a wide frequency range 

of 500 MHz to 18 GHz. The photograph of the anechoic chamber used for the 

measurement is shown in fig. 3.3.  
 

 

 
 

Fig. 3.3  Photograph of the anechoic chamber used for the antenna 
measurements 

 

3.4  Antenna Measurements 

Various antenna parameters like resonant frequency, S-parameters, 

bandwidth, gain, polarization, radiation pattern etc. are measured using different 

experimental setups as described below.  
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3.4.1 Measurement of Resonant Frequency, S-parameters and Bandwidth  

The port-1 of the vector network analyzer is calibrated by using the 

suitable standard short, open and thru loads. Proper phase delay is introduced 

while calibrating, to ensure that the reference plane for all measurements in the 

desired frequency range is actually at 00, thus taking care of probable cable 

length variations. The broadband microstrip antenna is then connected to the 

first port of the network analyzer S-parameter test set as shown in fig. 3.2. The 

magnitude and phase of the measured S11 log map data is stored in ASCII 

format in the computer using the MERLSOFT. The resonant frequencies are 

determined from the return loss curves in the log map form, by identifying 

those frequencies for which the curve shows maximum dip. The experimental 

setup for these measurements is shown in figure 3.4. 

The return loss is the number in dB that the reflected signal is below the 

incident signal. As the VSWR=2 corresponds to the reflection coefficient, ρ 

= 1 1/ 3
1

VSWR
VSWR

+
=

−
 , then 20 log(1/3)=-10 dB. Thus 2:1 VSWR bandwidths are 

determined by observing the range of frequencies ( fr∆ ) about the resonant 

frequency, fr for which the return loss curves show a -10 dB value. The 

bandwidth is then calculated as fr
fr
∆ . The input impedance of the microstrip 

antenna at the resonant frequencies are determined directly from the Smith 

Chart display in the network analyzer, where after calibration the centre 

corresponds to 50 Ω.  

3.4.2 Measurement of Radiation Pattern 

Radiation pattern measurement is carried out using the setup consisting of 

both the network analyzer and anechoic chamber as depicted in fig.3.3. An 



Chapter -3 

 72 

automatic turn table assembly kept in the quiet zone is used to mount the test 

antenna inside the anechoic chamber. The principal E and H-plane radiation 

patterns (with both co and cross polar pattern) of the test antenna are measured 

by keeping the test antenna inside the chamber in the receiving mode. The 

block diagram of the experimental setup used for this measurement is shown in 

fig.3.4. A standard wide band ridge horn antenna is used as the transmitter. The 

horn is then connected to port-1 and the test antenna in port-2 of the S-

parameter test set. The analyzer is configured to make the S21 measurements in 

the step mode with proper averaging. The radiation patterns of the antenna 

under test at multiple frequencies can be measured in a single rotation of the 

positioner using MERLSOFT.  

With the test horn antenna aligned in bore sight for maximum reception 

and polarization matched, the thru response calibration is performed for the 

frequency of interest and saved in the calibration set. To eliminate spurious 

reflections from the neighborhood that are likely to interfere with the 

measured signal, a gate is turned on in the analyzer. This is done by switching 

it into the time domain and providing a gate span depending on the largest 

dimension of the test antenna. The turn table is then set to rotate the desired 

angle using the positioner. The positioner will stop at each step angle and take 

the S21 measurements till it reaches the stop angle. Measurements are repeated 

in the principal planes for both the co and cross-polar orientations of the test 

antenna and horn. From the stored data, different radiation characteristics like 

half power beam width, cross-polar level etc. in the respective planes are 

estimated.     
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Fig. 3.4 Experimental setup for antenna characterization 

3.4.3 Gain 

The gain of the antenna under test is measured using the gain transfer 

method [3-4], utilizing a reference antenna of known gain. The experimental 

setup for the measurement of gain is same as that used for radiation pattern 

measurement. A standard antenna with known gain Gs operating in the same 

frequency band as the test antenna is used as the reference antenna. S21 

measurements are then carried out to determine the reference power with the 

wide band horn as transmitter and the reference antenna as receiver. A Thru 

response calibration is performed for the frequency band of interest and saved 

in a new cal set. This is taken as the reference gain response (0 dB). The 

reference antenna is then replaced with the test antenna, retaining the earlier 

bore sight alignment. S21 is then measured with the new calibration on and 
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power received in dB, Pr is recorded. The gain Gt of the test antenna is 

calculated from the stored data based on Friis transmission formula as           

Gt (dB)= Gs (dB)+Pr (dB).  

3.4.4 Polarization 

Polarization of an antenna in a given direction is the polarization of the 

wave radiated or transmitted by the antenna, which is that property of the 

electromagnetic wave describing the time varying direction and relative 

magnitude of the electric field vector at a fixed location in space and the sense 

in which it is traced as observed along the direction of propagation. The 

experimental setup for polarization measurement is similar to that of the 

radiation pattern.  The designed broadband microstrip antenna is kept in the 

transmitting mode and the wide band horn is used as receiver. RF signal and the 

DC voltage source are applied to the test antenna in the transmitting mode and 

the power received by the wide band horn in the vertical plane is stored as a 

function of frequency. The transmitting antenna is then rotated 900 to record the 

received power as a function of frequency in the horizontal plane. The analysis 

of the recorded data in both the planes gives the polarization of the test antenna 

throughout the entire band of operation.   

3.4.5 Time domain analysis 

Antennas intended for Ultra Wide Band (UWB) imaging applications 

need to possess superior pulse handling capabilities. Most of the UWB antennas 

have been characterized by frequency domain characteristics such as gain and 

reflection coefficient. Gain is a scalar quantity and does not reveal the phase 

variation of the far field, which may have serious impact on UWB antenna 

performance. For instance, even though an antenna’s gain may appear well 

behaved, if the phase center of the antenna moves as a function of frequency, or 
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as a function of look angle θ and φ, then the antenna will radiate a dispersed 

wave form. 

Analysis of the transient response of the antenna is performed by direct 

time domain measurements or by a frequency domain measurement followed 

by Fourier transformation. Measurement in the time domain is presented in [5]. 

Frequency domain measurements take advantage of the high dynamic range and 

the standardized calibration of the vector network analyzer and are equally 

accurate to the time domain measurements [6].   

The source pulse used is the fourth order Rayleigh pulse with pulse given by, 

2
2 ( )22 4 2

2 2

4 4( ) 3 6
t
T

in
VV t A t t e t

T T m
ππ π −⎡ ⎤⎛ ⎞ ⎛ ⎞= − +⎢ ⎥⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦
--------------------- (3.1) 

The typical wave form is represented in fig. 3.5 with the amplitude 

constant A= 1.6 and the pulse duration parameter T= 67 pS to cover the 

operating bandwidth of the antenna.  

 

Fig. 3.5 Typical Fourth order Gaussian Pulse 
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The received wave form is determined by both the source pulse and the 

system transfer function. The transfer function measured by vector network 

analyzer is the frequency response of the system. However, the frequency 

domain raw data can be transformed to the time domain. Here, Hermitian 

processing is used for the data conversion. At first, the pass-band signal is 

obtained with zero padding from the lowest frequency down to DC; secondly, 

the conjugate of the signal is taken and reflected to the negative frequencies. 

The resultant double sided spectrum corresponds to a real signal, i.e. the system 

impulse response. It is then transformed to the time domain using Inverse Fast 

Fourier Transform (IFFT). Finally the system impulse response is convolved 

with the input pulse to achieve the received signal for both the scenarios, i.e. 

face to face and side by side orientations.   

3.5  HFSS: 3D Electromagnetic simulator 

HFSS utilizes a 3D full-wave Finite Element Method (FEM) to compute 

the electrical behavior of high-frequency and high-speed components [7]. With 

HFSS, one can extract the parameters such as S, Y, and Z, visualize 3D 

electromagnetic fields (near- and far-field), and optimize design performance. 

An important and useful feature of this simulation engine is the availability of 

different kinds of port schemes. It provides lumped port, wave port, incident 

wave scheme etc. The accurate simulation of coplanar waveguides and 

microstrip lines can be done using wave port. 

In this thesis some parts of the investigations are done using HFSS.  The 

optimization algorithm available with HFSS is very useful for antenna engineers to 

optimize the dimensions very accurately. There are many kinds of boundary 

schemes available in HFSS. Radiation boundary and PML boundary are widely 

used in this work. The vector as well as scalar representation of E, H, J values of 
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the device under simulation gives a good insight in to the problem under 

simulation. 

The first step in simulating a system in HFSS is to define the geometry of 

the system by giving the material properties and boundaries for 3D or 2D 

elements available in HFSS window. The suitable port excitation scheme is 

then given. A radiation boundary filled with air is then defined surrounding the 

structure to be simulated. Now, the simulation engine can be invoked by giving 

the proper frequency of operations and the number of frequency points. Finally 

the simulation results such as scattering parameters, current distributions and 

far field radiation pattern can be displayed. 

3.6  Finite Difference Time Domain method (FDTD) 

The Finite Difference Time Domain (FDTD) method was first introduced 

by K.S.Yee in 1966 [8] and refined and reinvented by Taflove [9] in the 1970’s. 

This method permits the modelling of electromagnetic wave interactions with a 

level of detail as high as that of the Method of Moments. Unlike MoM, 

however, the FDTD does not lead to a system of linear equations defined over 

the entire problem space. Updating each field component requires knowledge of 

only the immediately adjacent field components calculated one-half time step 

earlier. Therefore, overall computer storage and running time requirements for 

FDTD are linearly proportional to N, the number of field unknowns in the finite 

volume of space being modelled. The FDTD method has thus emerged as a 

viable alternative to the conventional Frequency Domain methods because of its 

dimensionally reduced computational burdens and ability to directly simulate 

the dynamics of wave propagation [10]. The rapid growth of FDTD in 

Computational Electromagnetics is presented in the survey paper by Shlager 

and Schneider [11]. Although FDTD and TLM are time domain methods there 
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are some fundamental differences that make them complement each other than 

compete each other. TLM is a physical model based on Huygens’ principle 

using interconnected transmission lines, but the FDTD is an approximate 

mathematical model directly based on Maxwell’s equations. In the two-

dimensional TLM, the magnetic and electric field components are located at the 

same position with respect to space and time, whereas in the corresponding 

two-dimensional FDTD cell, the magnetic field components are shifted by half 

an interval in space and time with respect to the electric field components. Due 

to this displacement between electric and magnetic field components in Yee’s 

FDTD, Chen et al. [12] modified the FDTD and the new formulation is exactly 

equivalent to the symmetric condensed node model used in the TLM method. 

This implies that the TLM algorithm can be formulated in FDTD form and vice 

versa. However, both algorithms retain their unique advantages. FDTD has a 

simpler algorithm where constitutive parameters are directly introduced, while 

the TLM has certain advantages in the modeling of boundaries and the 

partitioning of the solution region. Furthermore, the FDTD requires less than 

one-half of the CPU time spent by the equivalent TLM program under identical 

conditions. A detailed description of FDTD, the method used for the numerical 

analysis in the present investigation is presented in the following sections.   

3.6.1 Numerical investigations: Finite Difference Time Domain  

Finite difference Time Domain method proposed by Yee in 1966 is 

extensively used in many areas of science and technology. FDTD, a technique that 

discretizes the problem domain in both time and space gives time and frequency 

domain information of the electromagnetic problem of interest. FDTD provides a 

direct solution of time dependant Maxwell’s equation for electric and magnetic 

field intensities in a finite, piecewise homogenous media. Due to the lack of 

analytical preprocessing and modeling, FDTD is a potential tool for planar antenna 
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problems. Specifically, certain characteristic strengths of FDTD attract the 

investigators to apply this algorithm in the antenna design and analysis. Following 

are the striking features of this powerful modelling, simulation and analysis tool. 

 From the mathematical point of view, it is a direct implementation 

of Maxwell’s curl equations. Therefore, analytical processing of 

Maxwell’s equations is almost negligible. 

 It can model complex antenna geometries and feed and other 

structures in the model. 

 It can model any type of materials of importance to electromagnetic 

technology, including conductors, dielectrics, dispersive and non linear 

medium. 

 Impulsive excitations in Time Domain gives a broadband response 

in frequency domain in a single FDTD run through concurrently run 

Fourier transform. 

 The complex near field information is an intrinsic part of FDTD 

model and the near to far field transformation offers the calculation 

of far field radiation pattern in single FDTD run. 

 FDTD is accurate: It is good model of the physical world. The 

ready availability of time domain and frequency domain data 

provides a deep physical insight to the problem in different 

perspectives. Visualization of fields in time provides a clear insight 

to the actual physics behind the antenna radiation.  

3.6.2 Fundamental concepts of FDTD  

Analysis of antenna problem using FDTD starts with dividing the 

structure into various regions based on the material properties. The unbounded 
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region, if any, is then bounded by terminating it with absorbing medium or a 

termination free from reflections. The entire structure is discretised in the form 

of number of cuboids of volume ∆x∆y∆z called Yee cells, where∆x, ∆y, ∆z are 

the dimensions of cuboid in X, Y and Z directions. The Yee cell is the basic 

building block of the entire structure in which the Electric fields and Magnetic 

field are interleaved as shown in fig.3.6. The time domain is also discretised 

with interval ∆t. The structure is then excited by an electromagnetic pulse. The 

wave thus launched by the pulse in the structure is then studied for its 

propagation behavior. The stabilized time-domain waveform is numerically 

processed to determine the time-domain and frequency domain characteristics 

of the structures. Convergence, stability, accuracy and consistency are some of 

the issues to be addressed while implementing FDTD method. 

 
Fig 3.6  Yee cells illustrating E and H field vector placements 
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3.6.3 Implementation 

FDTD method is a direct solution of Maxwell’s time-dependent curl 

equations. The curl operators in the Maxwell’s set of equation are discretized 

using central difference approximations of spatial and time derivatives. The 

orthogonal E field components (Ex, Ey, Ez) are staggered onto the edges of the 

Yee cell, where as H field  components(Hx, Hy, Hz) are distributed at the face 

centers.  Maxwell’s Divergent equations are inherent in FDTD scheme if initial 

and boundary values are properly applied [13]. Yee defines the grid coordinates 

(i,j,k) as 

( ) ( )zkyjxikji ∆∆∆= ,,,, ---------------------------------------------------- (3.2) 

where ∆x, ∆y and ∆z are the actual grid separations and i, j and k are the space 

indices in x, y and z directions. Following Yee’s notation the grid points in the 

solution region are defined as 

  ( ) ( )zkyjxikji ∆∆∆= ,,,,  --------------------------------------------------- (3.3) 

and any function of space and time can be defined as  

 ( ) ( )tnzkyjxiFkjiF n ∆∆∆∆= ,,,,,  --------------------------------------- (3.4) 

where ∆t is the time increment, n is the time index and ∆x, ∆y, ∆z is the space 

increment along the three coordinate axes.  

The spatial and temporal derivatives of F are written using central finite 

difference approximations as follows 

x
kjiFkjiF

x
kjiF nnn

∆
−−+=

∂
∂ ),,2/1(),,2/1(),,( ----------------------- (3.5a) 
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The starting point of the FDTD algorithm is the differential form of 

Maxwell’s curl equations for an isotropic medium [Eqn 3.6 (a-b)].  
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These curl equations can be expended in Cartesian coordinates [Eqn. 3.7 (a-f)]. 
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By applying central difference approximations (Equn.3.7.a-3.7.b) to the 

above scalar equations, six coupled central difference equations (Equn.3.8.a-3.8.f) 

are obtained as  
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To implement these equations, in Yee cell of dimension ∆x∆y∆z, the 

there Electric field components and corresponding magnetic field components 

are interleaved  at half  discretization length and half time steps. Central 

difference approximation for time derivative is obtained by alternatively 

calculating the E and H fields at every half time step (∆t).The discretization in 

space and time which granted the name leap frog algorithm to this method is 

shown in Fig 3.7 
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Fig 3.7  FDTD method proposed by Yee 

Yee’s algorithm is modified and simplified for easy programming by 

Sheen et al [14]. Hence for the computer implementation the explicit equations 

(Equn. 3.8.a-3.8.f)are modified as  
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using the above update equations present magnetic and electric fields are 

calculated from the immediate past corresponding fields and neighboring other 

fields. In each time step a set of electric and magnetic fields are used to 

generate a set of electric and magnetic field components at the next time step as 

shown in Fig.3.7(b). 

3.6.4 Boundary conditions 

Most of the Electromagnetic problems are unbounded or associated with 

open space regions. In the FDTD implementation of such problems requires 

exhaustive computational efforts and unlimited computational resources. Due to 

limited computational resources, the simulation domain requires truncation, which 

may introduce spurious fields from the boundaries unless appropriate measures are 

taken.  Size of the computational domain is selected based on the problem under 

analysis. The Boundary condition should ensure that the outgoing wave is 

completely absorbed at the boundary, making domain appear infinite in extend 

with minimum numerical back reflection. The first most widely used ABC was 

devised by Mur in 1981 [15]. This boundary condition is derived from a one-way 

wave equation. However, the attenuation of waves incident on the Mur ABC 

degrades as the incident angle (away from the normal) increases until at the grazing 

angle, the boundary becomes perfectly reflecting. Hence for most of the 



  Methodology  

 87 

simulations using Mur’s first order ABC at least 20cells are required between the 

boundary and the radiating structure. As the number of cells between the radiator 

and boundary is increased the outward propagating wave from the radiator 

approaches to the normal incidence at the truncated boundary and are subsequently 

absorbed better than the waves at the near grazing angle.  

3.6.5 Perfect Electric Conductor (PEC) boundary 

The PEC boundary is used to represent ideal conductors. This type of 

boundary condition deliberately reflects all incident wave energy back into the 

computational domain, thus limiting its size. The boundary conditions at a 

perfect electric conductor are such that the electric field components tangential 

to the surface must be zero, stated mathematically where nr  is a surface normal 

vector,  

0=Ε×
rrn   ------------------------------------------------------------------- (3.10) 

in the Yee cell formulation the electric fields calculated at points on the surface of 

a PEC are always tangential to the surface. Thus by using the Yee cell in the 

FDTD scheme, the boundary condition at the surface of a PEC can be satisfied by 

simply setting Etan = 0, they will remain nearly zero throughout the iterations. In 

materials finite conductivity, the update equation for the electric field component 

is  
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when σ >>1 in the above equation, nE  ≅ 1−nE . In the FDTD iteration 

procedure, once the boundary conditions on the tangential fields are satisfied, 

the boundary conditions on the normal fields will be automatically valid. PEC 

…………... (3.11) 
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boundaries are used in the present investigation to model the finite ground plane 

and metallic strip of the printed strip monopole antenna. 

3.6.6 Dielectric interface boundary 

While modelling the microstrip antenna on a dielectric substrate at the 

interface between two media (Air and Dielectric) the discretization of 

Maxwell’s equation become invalid. This is because in the difference equation 

only single value for material constants (ε and µ ) are used, but in actual case 

there are two separate values on either side of the interface (ε1 , µ.1of air  and  ε 

2  µ2 of the dielectric). By applying the equivalent parameter approach 

introduced by Zhang and Mei [16] the condition at the interface is 

approximated as 

εeff =
2

21 εε +  ---------------------------------------------------------------- (3.12) 

a detailed description of the Boundary condition applied for the truncation of 

the computational domain is presented in the following section. 

3.6.7 First order Mur’s ABC 

Mur’s first order ABC is derived from differential equations. Differential 

based ABC’s are generally obtained by factoring the wave equation and by 

allowing a solution that permits only outgoing waves. Mur’s ABC was 

proposed after the theoretical work by Enquist and Majda [17]. It provides 

satisfactory absorption for a great variety of problems and is extremely simple 

to implement. Mur’s first order ABC looks back one step in time and one cell 

into the space location. For the structure considered in the thesis, the pulses on 

the radiating microstrip antenna will be normally incident to the outer boundary 

mesh walls and this leads to simple approximate boundary condition that the 
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tangential electric field at the outer boundary obeys one dimensional wave 

equation in the direction normal to the mesh wall. For the x normal wall the one 

dimensional wave equation can be written as  

01
tan =⎟
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⎝
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∂
∂−

∂
∂ E

tcx
 -------------------------------------------------------- (3.13) 

by imposing above equation on a wave normally incident on planar surface, 

absorbing condition for a normal incident wave with out reflection can be 

obtained as  
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∂ ),(1),( Where x=∆x/2, t= (n+1/2) ∆t-------------------- (3.14) 

for updating of the electric field at  
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in finite-difference form it can be written as follows: 
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In this form, the finite-difference approximation is accurate to the second 

order in ∆x and ∆t. But the values at the half grid points and half time steps are 

not available, and can be averaged as 
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The equations 3.15, 3.16 and 3.17 yields a explicit finite difference 

equation  

)( 0
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nnnn EE
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∆+∆
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Where E0 represents the tangential electric field component on the mesh 

wall and E1 represents the tangential electric field component on node inside of 

the mesh wall. Similar expressions are obtained for the other absorbing 

boundaries by using the corresponding normal directions for each wall. But 

while implementing the Mur’s first order boundary conditions for microstrip 

antenna, it should be noted that boundary walls are far enough from the 

radiating patch to ensure the normal incidence at the boundary walls. For the 

oblique incidence case the wave will reflected from the boundary walls. 

For the analysis of broadband microstrip antennas presented in the thesis 

the above mentioned first order Mur’s ABC based FDTD technique is 

implemented using MATLABTM . This MATLAB based code can be used for 

extracting antenna characteristics such as return loss, radiation pattern, gain and 

efficiency.  

3.6.8 Numerical dispersion and stability criteria 

The numerical algorithm for Maxwell’s curl equation defined by finite 

difference equation requires that time increment ∆t have a specific bound 

relative to the lattice dimensions ∆x ∆y and ∆z. This bound is necessary to 

avoid numerical instability, an undesirable possibility of computed results to 

spuriously increase without the limit as time marching progresses. To ensure 

the computational stability it is necessary to satisfy a relation between the space 

increment and time increment. To ensure the stability of the time-stepping 
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algorithm, ∆t is chosen to satisfy the Courant-Friedrichs-Lewy (CFL) Stability 

criterion: 

222
max /1/1/1

11
zyxV

t
∆+∆+∆

≤∆  ..........................................(3.19) 

maxV  is the maximum velocity of light in the computational volume. Typically 

maxV  will be the velocity of light in free space unless the entire volume is filled 

with dielectric. These equations will allow the approximate solution of E and H in 

the volume of the computational domain or mesh. In the present investigation the 

maximum time step is limited as 99.5% of the value given by the above equation. 

The discretization of Maxwell’s equations in space and time causes the 

variation of the phase constant of the propagating wave with frequency. For a 

fixed cell size different frequency components of a wave propagate at slightly 

different velocities. This phenomenon is referred to as numerical dispersion and 

is inherently present in the FDTD algorithm. Furthermore, velocity depends 

also on the angle of propagation with respect to the coordinate axis. This is 

called numerical anisotropy. For accurate and stable results, the grid dispersion 

error must be reduced to an acceptable level, which can be readily 

accomplished by reducing the cell size. Accuracy of computation can be 

ensured by selecting the grid size as 10 cells per wavelength (λ/10) or less at the 

highest frequency. In the analysis presented in the thesis the accuracy and 

stability are ensured by selecting ∆x, ∆y, ∆z 20
minλ≤ . 

3.6.9 Luebbers feed model for fast FDTD convergence 

With the transient excitation in FDTD, impedance and scattering 

parameters over a wide frequency band can be calculated. One difficulty with 
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FDTD is that for some applications, few thousands of time steps may be 

required for the transient fields to decay. This difficulty is common in the case 

of circuits having very high quality factor. One method to reduce the time steps 

required is to apply signal processing methods to predict the voltages and 

currents at later times from the results computed for early times. Instead of 

making FDTD calculations for the full number of time steps required for 

transients to dissipate, one might make actual FDTD calculations for some 

fraction of this total number of time steps, and use these results to predict those 

for the later times [18].  

Applying the various prediction methods adds additional complexity to 

the FDTD calculation process. The prediction methods are complicated, and 

may require care and skill by the use to obtain accurate results. Most of the 

methods described require the use to determine the order of the prediction 

process, related to the number of terms of whatever expansion function is used 

to approximate the FDTD time signal. A poor choice for the order of the 

prediction model can result in larger precision errors. 

Another simple approach is to include a source with internal resistance to 

excite the problem. By employing source with internal resistance which 

matches with the characteristic impedance of the transmission line provided 

accurate results while greatly reduces the number of time steps required for 

convergence. 

3.6.10 Resistive source model 

FDTD transient calculations are often excited by a hard voltage source, 

whose internal source resistance is zero ohms. These sources are very easy to 

implement in an FDTD code. The electric field at the mesh edge where the 

source is located is determined by some function of time rather than by the 
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FDTD update equations. A common choice is a Gaussian pulse, but other 

functions may also be used. The Gaussian pulse is significantly greater than 

zero amplitude for only a very short fraction of the total computation time, 

especially for resonant geometries such as many antennas and micro strip 

circuits.  

Once the pulse amplitude drops the source voltage becomes essentially 

zero, the source effectively becoming a short circuit. Thus, any reflections from 

the antenna or circuit which return to the source are totally reflected. The only 

way the energy introduced into the calculation space can be dissipated is though 

radiation or by absorption by lossy media or lumped loads. For resonant 

structures, there are frequencies for which this radiation or absorption process 

requires a relatively long time to dissipate the excitation energy. Using a source 

with an internal resistance to excite the FDTD calculation provides an 

additional loss mechanism for the calculations.  

 

 

 

 

 

Fig 3.8   FDTD source with source resistance 

Consider that it is desired to excite an FDTD calculation with a voltage 

source that corresponds to an electric field E in the z direction at a certain mesh 

location zkyjxi sss ∆∆∆ ,, , described using the usual Yee  notation. The 
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corresponding equivalent circuit for a voltage source which includes an internal 

source resistance Rs is illustrated in Fig. 3.8 If the source resistance Rs is set to 

zero then the usual FDTD electric field at the source location is simply given by 

( )( , , )n s
s s s s

V n tE i j k
z
∆=

∆
---------------------------------------------------- (3.69) 

Vs is any function of time, often a Gaussian pulse.  

However, with the source resistance included, the calculation of the 

source field ),,( sss
n

s kjiE at each time step is complicated slightly. To determine 

the terminal voltage V of Fig. 3.8 and, thus, the FDTD electric source field 

),,( sss
n

s kjiE , the current through the source must be determined. This can be 

done by Ampere’s circuital law, taking the line integral of the magnetic field 

around the electric field source location. The current through the source is then 

given by 
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so that by applying Ohm’s law to the circuit of Fig. 3.8 the electric source field is 

given by 

z
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=
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..................................................(3.71) 

if Rs=0, in this equation, then the usual hard-voltage source results. The value 

of the internal resistance does not appear to be critical. A reasonable choice for 

Rs is to use the value of the characteristic impedance of the transmission line. 

In the thesis Rs is selected as 50Ω. 
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3.6.11 Staircase transition for microstrip line feed 

The microstrip excitation presented in the thesis is implemented by using 

Luebber’s [19] approach of stair cased FDTD mesh transition from electric field 

sources location to the full width of the microstrip transmission line. Compared 

to the “hard” voltage source excitation this approach provides accurate results 

with reduced computational time. For implementing the stair cased transition in 

microstrip line the substrate is discretized in order to incorporate more than one 

Yee cell. A gap feed model can be obtained by applying the excitation field 

between the microstrip line and the ground plane using a stair cased mesh 

transition as shown in Fig.3.9. 

 

 

 

 

 

 

 

Fig 3.9 Stair cased feed model for microstrip line in FDTD 

3.6.12 Excitation source modeling. 

Proper excitation of the computational domain excites a field distribution 

closely resembling that of the physical structure. On the other hand, improper 

excitation leads to spurious solutions. For the antenna analysis in time-domain a 

narrow pulse is usually used as the excitation pulse to extract the frequency-

domain parameters in the entire frequency range of interest by Fourier 

Signal strip 

Excitation field, Es Ground plane 
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transform of the transient results. The frequency band of interest decides the 

width of the pulse. A narrow pulse ensures wide band performance. To avoid 

the unnecessary noise appearing in the FDTD generated response, the excitation 

pulse and its spectrum must have a smooth roll off and low side lobes.  

A sine wave or a Gaussian pulse can be used as the input signal for the 3D 

FDTD method. However, a Gaussian pulse plane wave is the most widely specified 

incident field as it provides a smooth roll off in frequency content and is simple to 

implement.  In addition, the frequency spectrum of a Gaussian pulse is also Gaussian 

and will therefore provide frequency domain information from dc to the desired cut 

off frequency by adjusting the pulse width. The Gaussian input is of the form  

⎟
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⎠
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2

2
0 )(
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tt

etg ------------------------------------------------------------- (3.72)
   

where to is the pulse delay and Τ relates to the Gaussian half width, which sets 

the required cut off frequency. Writing in the discrete form, 
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ttn

etng  ------------------------------------------------------- (3.73)  

where Τ = N ∆t and to = 3Τ. Thus the pulse is sampled N times in a pulse half 

widthΤ. The Gaussian pulse and its spectrum are shown in Figure 3.10. It is 

evident from the figure that the pulse provides relatively high signal levels up to 

the desired frequency. The parameter N can be changed to achieve sharper 

frequency roll off. In the FDTD method, all functions are assumed to be causal. 

Therefore, to satisfy the initial condition of zero excitation at the zeroth time step, 

the time of origin of the Gaussian pulse must be shifted by to (to >> 1). To ensure 

proper initial value conditions a time delayed Gaussian pulse t0 =3*T is employed 

in the thesis. 
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In order to simulate a voltage source excitation in a Microstrip fed 

structure, a vertical electric field Es can be imposed in between the ground 

plane and the microstrip line as shown in Fig 3.10. This electric field is defined 

using the Equn.3.74 with the voltage source as Gaussian pulse.  

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

Τ

−
−

=
2

2
0 )( tt

s eV  --------------------------------------------------------- (3.74) 

 

Time steps
0 150 300

0.0

0.5

1.0

1.5

Time (nS)

0.00 0.05 0.10 0.15 0.20 0.25

       
                                 (a)                                                                   (b) 

Fig. 3.10 (a) Gaussian pulse             (b) Gaussian spectrum 

Gaussian pulse is usually used for the extracting the antenna 

characteristics such as return loss, impedance bandwidth, input impedance etc. 

Sinusoidal excitation is usually used to extract the radiation characteristics at a 

particular frequency of interest. A sinusoidal function of the following form is 

usually used for extracting the near field data at a particular frequency. 

)2()( 0 ftSinEtE Π=  

Where E0 determines the peak amplitude and ‘t=n*∆t’ is the current instant 

of time. 
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3.6.13 Flowchart of Yee algorithm 

MATLAB based numerical code is developed for the parametric analysis 

of the antenna. The Flow chart used for extracting the antenna reflection 

characteristics are depicted in Fig.3.11 

 
Fig.3.11 The FDTD flow chart 
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3.7  Antenna characteristics using FDTD 

FDTD algorithm performs the transient analysis of the antenna under 

investigation .Fourier transform of the transient data gives the frequency 

domain information over the frequency range of interest. Current and voltage 

samples are taken from the fixed points in the FDTD grid and Fast Fourier 

Transform (FFT) is used to compute the frequency domain information.  Since 

for our analysis FFT can provide results with god accuracy FFT is used instead 

of DFT. By suitably post processing this information the reflection 

characteristics can be extracted as outlined in the section below. 

The voltage at the input port location is computed from the Ez field 

components at the feed point over the entire simulation time interval. The 

current at the feed point is calculated from the H field values around the feed 

point using Ampere’s circuital law. The input impedance of the antenna is 

computed from the Eqn 3.75 

( ) ( )
( )PIFFT

PVFFTZ n

n

in ,
,

1−=ω  ---------------------------------------------------- (3.75) 

Where P is the suitable Zero padding used for taking FFT, zEV n
z

n ∆= *   

Since microstrip line is modeled using Leubber’s staircase approach as 

explained in section 3.6.9, the internal impedance of source resistance Rs is 

taken as the characteristic impedance (Z0) of microstrip line.  

Reflection coefficient is given as  ( )
0

0

ZZ
ZZ

in

in

+
−

=Γ ω        .............................(3.76) 

Return loss in dB, ( )ωΓ= 1011 log20S                 ..........................................(3.77) 
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The return loss computed in the above process is processed for extracting 

the fundamental resonant frequency and 2:1 VSWR bandwidth corresponding 

to the -10dB return loss.  
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INVESTIGATIONS ON A STRIP LOADED SLOTTED 
BROADBAND SQUARE MICROSTRIP ANTENNA FOR 

WIDEBAND APPLICATIONS 
4.1  Metal strip for impedance matching: an overview 
 

4.2  Evolution of the antenna 
 

4.3  Analysis of an electromagnetically coupled strip loaded polygonal 
slotted microstrip antenna     

 

4.4  An L-strip fed polygonal slotted broadband patch antenna  
 

4.5  Conclusions 
 

4.6  References 
 

 

The fundamental investigations towards the development of impedance matching 
strip loaded slotted square patch antennas are described in this chapter. A 
rectangular metal strip is incorporated on the top corner of the slot of a square patch 
antenna to achieve wideband impedance matching characteristics. The added metal 
strip achieves impedance matching for the resonant modes of the slotted patch with 
an additional third resonance which merges together with the matched resonances 
of the patch to broaden antenna bandwidth. Exhaustive parametric analysis has 
been carried out to find out the effect of the slot and strip dimensions on antenna 
reflection characteristics. The design equations of the antennas are formulated and 
are validated on different substrates. Experimental and simulation studies are 
conducted for both the tilted square slot loaded and polygonal slot loaded 
microstrip antennas. Finally, L-strip feeding mechanism is successfully 
implemented on the polygonal slotted strip loaded square patch antenna to enhance 
the bandwidth of the antenna further.  
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4.1  Metal strip for impedance matching: an overview 

The latest trend in antenna design is to reduce the size and weight. The 

reduction in size of the antenna imposes fundamental limitations on the antenna 

performance. Along with reduction in size, the antenna should cater the 

requirements of high gain and wide bandwidth. In conventional wire monopole 

antennas, one simple way to reduce the size of a monopole antenna is to load a 

positive reactive component, such as a coil, at the feed point or a short circuited 

transmission line with a length less than a quarter wavelength etc. The 

resistance of short antennas becomes very low at the resonant frequency when 

the size of the antenna is reduced.  

In the case of microstrip antennas, reduction in size is achieved by 

implementing slot or ring antennas. The resonant wavelength for the dominant 

mode of operation of a microstrip ring antenna is nearly equal to the average 

circumference of the ring. This mode achieves compact operation. But, the 

input impedance is large at the edge of the strip and only a slight variation is 

noted along the sides of the patch antenna. For a square ring microstrip antenna, 

the width of the slot (W1) to that of the patch (W2) plays a crucial role in 

impedance matching.  It must be less than 0.4 to achieve 50 Ω impedance 

matching for probe feeding. A larger value of W2/W1 increases compactness, 

but the impedance matching performance deteriorates. This can be effectively 

overcome by loading the ring antenna. The field at the load will fix the field 

distribution on the rest of the ring. For a short circuit load the electric field will 

be zero at the load and the input impedance vary accordingly along the 

periphery of the ring. By properly selecting the feed position with respect to the 

load, 50 Ω impedance matching can be easily achieved. But, for a short 

circuited post, we cannot control the radiation characteristics of the antenna.  

Ramesh Garg [1] proposed a remedy to this problem by loading a rectangular 
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open circuited stub on the same plane of the edge fed microstrip ring antenna. It 

is found that two modes are existing in the loaded ring, one remains constant 

with the load and the other is the mode offered by the unloaded square ring 

antenna. The feed location can be optimized to excite any of the two modes 

depending upon its distance from the load. 

The loaded metal strip can also be utilized to achieve broadband 

impedance matching for microstrip antenna. Lee et. al [2] utilized an          

L-shaped metal strip at the end of the microstrip transmission line, like a 

step along the Z-axis, to achieve broadband impedance matching 

characteristics for a rectangular microstrip antenna operating in the TM01 

mode. The antenna is loaded at a height of 0.1245λ0 from the microstrip feed 

line, so that, without the L-strip, there exists only a weak electromagnetic 

coupling between the patch and the feed line and hence the antenna offers 

poor impedance matching characteristics. The L-strip introduced at the end 

of the feed line reduces the spacing between the feed line and the patch and 

it couples more electromagnetic energy into the patch and hence matching 

performance is improved. The horizontal part of the L-strip having a 

dimension less than λ0/4 provides a capacitance to suppress the inductance 

introduced by the vertical part of the L-strip. The L-strip, in effect, acts like 

a series L-C resonant element connected in series with the parallel RLC 

resonant element of the patch, thereby enhancing the bandwidth.   

In the present design, efforts have been attempted in order to bring the 

impedance matching strip on the same plane of the patch antenna. The design 

eliminates the need of additional spacers required for supporting the patch, 

thereby reducing the fabrication complexities. The strip incorporated on the top 

portion of the tilted square slotted and polygonal slotted square microstrip patch 
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antenna attains impedance matching for the resonant modes of the slot loaded 

square patch antenna and in addition, it contributes another resonance with the 

patch. This chapter is divided into three sections. The first section deals with 

the experimental and simulation studies towards the development of a tilted 

square slot loaded broadband microstrip patch antenna. Detailed parametric 

analysis are performed to find out the effect of antenna parameters on reflection 

characteristics and finally the current pattern of the antenna are analysed to find 

out the resonant mechanism behind broadband operation of the antenna. In the 

second section, a polygonal slot is taken into consideration. Similar analysis 

done in the first section is performed to find out the resonant mechanism of the 

antenna. In the final section, the L-strip feeding mechanism is implemented on 

the strip loaded polygonal slotted broadband patch antenna to achieve 

impedance matching for the higher order modes of the patch thereby enhancing 

the bandwidth of the antenna further.     

4.2 Evolution of the antenna 

In this section, the steps followed for attaining broadband operation of 

a square microstrip antenna are discussed. The evolution of the antenna is 

shown in fig 4.1. The initial design is an electromagnetically coupled Square 

Microstrip Patch Antenna (MPA) designated as Antenna I. Antenna I is the 

reference antenna since other structures are derived from this structure. A 450 

tilted square slot is introduced at the centre of the square patch to yield 

Antenna II. The final antenna is obtained by incorporating a rectangular metal 

strip on the top portion of the slot of Antenna II and it is named as Antenna III. 

The experimental and simulation studies of the three antennas are discussed in 

the following sections.      
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Fig. 4.1 Evolution of the antenna 
 

4.2.1 Electromagnetically coupled square patch antenna 

In this section, the simulation studies of a simple electromagnetically 

coupled patch antenna (antenna I) are taken into consideration. Initially a square 

patch of dimension L1X L1 mm2 is fabricated on a substrate of dielectric 

constant 4.2 and height h=1.6mm. The antenna is electromagnetically coupled 

using a 50 ohm microstrip transmission line fabricated using the same substrate. 

The width of the transmission line, Wf is calculated using the standard design 

equation of the microstrip transmission line [3]. The antenna fabrication is done 

by adopting standard photolithographic procedures. The geometry of the 

antenna is shown in fig. 4.2. 
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Fig. 4.2 Electromagnetically coupled square patch antenna (Antenna I) 
 

The feed line lies along the line of symmetry of the patch along the        

X-axis. The feed offset parameter from the centre of the patch to the top end of 

the mirostrip transmission line is denoted by Lf and is maintained at 10.55mm. 

The total height of the antenna is 3.2mm. The Ground plane dimension is 

selected to be 44X55 mm2 (WgXLg).  

4.2.1.1 Reflection characteristics 

The simulated reflection characteristics of the electromagnetically coupled 

square microstrip patch antenna at the selected feed point is taken with 

geometrical parameters held at L1=35mm, Lf=10.55mm, Wf=3mm, Lg=55mm, 

Wg=44mm and h=1.6mm and is shown in fig 4.3(a). It can be seen that there is a 

poorly matched first resonance around 4.69 GHz and a well matched second 

resonance centered around 5.97 GHz. The reflection coefficient values at the 

resonances are found to be -7.38 dB and -24.27 dB respectively. The input 

impedance of the antenna is a good tool for finding the reason for the impedance 

mismatch. The input impedance variations of the proposed antenna are also 
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shown in fig 4.3(b). The input impedance at the resonances is found to be 

28.8-j28.8 ohms and 47.7-j3.8 ohms respectively.  

 
Fig. 4.3 a) Reflection characteristics and b) Input Impedance of antenna I 

4.2.2 Electromagnetically coupled slot loaded square patch antenna 
 

In order to incorporate the impedance matching strip on the same plane of 

the patch antenna, a 450 tilted slot of dimension L2XL2 mm2 is etched on the 

centre of antenna I.  

                
Fig. 4.4 Slot loaded square patch antenna (Antenna II) 
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The geometry of the proposed design (antenna II) is shown in fig 4.4. The 

antenna parameters are L1=35mm, L2=17.5mm, Lf=10.55mm, Wf=3mm, 

Lg=55mm, Wg=44mm and h=1.6mm.  
 

 
Fig. 4.5 a) Reflection characteristics and    b) Input Impedance of antenna II 

  

 

The reflection characteristics of this slot loaded square microstrip antenna are 

shown in fig 4.5(a). The experimental and simulation results show good agreement. 

It is observed that the two resonant frequencies are found to be lowered as 

compared to the resonances of the antenna without the slot (Antenna I). The new 

lowered resonant frequencies are found to be at 4.67 GHz and 5.82 GHz. It is also 

seen that the impedance matching at both the resonant frequencies are found to be 

deteriorated. The reflection coefficient values at the resonances are found to be 

8.8dB and 8.4dB respectively. The reason for poor impedance matching can be 

explained with the help of the input impedance plot of the antenna. Fig 4.5(b) 

shows the input impedance plot of the antenna. The input impedances are found to 

be 30-j26 ohms and 36-j36 ohms at the resonances. It can be concluded that the slot 

adds capacitive reactance for the second resonance which deteriorates the 

impedance matching performance at the resonances. 
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4.2.3 Electromagnetically coupled strip loaded square patch antenna 

Broadband impedance matching for the slot loaded microstrip patch antenna 

(Antenna II) can be brought about by properly inserting a rectangular metal strip on 

the top portion of the slot. This will make the impedance matching strip on the 

same plane of the antenna, thereby reducing the complex fabrication of the 

impedance matching circuitry as an extension of the microstrip transmission line as 

in the case of [2]. The dimension of the strip is denoted by L3XW mm2. The 

geometry of the proposed design is shown in fig 4.6. The patch antenna layout used 

for the FDTD computational domain is also shown in the same figure. 

    

   

Fig. 4.6 Strip loaded antenna (Antenna III) 
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4.2.3.1 Reflection characteristics 

The antenna is simulated using FDTD code implemented in 

MATLABTM.  The built in FFT function of the MATLAB is used to extract 

the frequency domain characteristics. The entire computational domain is 

divided into Yee cells of dimensions ∆x=∆y=0.5mm and ∆z=0.4mm which 

ensures the minimum discretization error. Maximum frequency of operation 

is selected as 7GHz so that spatial discretization is less than λ/20 of the 

maximum frequency of operation. The substrate is discretized as 4 cells in 

the Z direction and 10 air cells were assigned on each side of the substrate 

periphery to ensure the practical condition of surrounding air. The dielectric 

cells in contact with the air boundary are assigned the effective dielectric 

constant value to ensure the air dielectric interface. Microstrip feed is 

modeled using Leubber’s technique as outlined in chapter 3. The input 

Gaussian pulse facilitates to extract the wideband characteristics of the 

printed microstrip antenna. The reflection characteristics of the antenna at 

the optimum design are shown in fig 4.7. The antenna parameters are 

L1=35mm, L2=17.5mm, L3=7.8mm, Lf=10.55mm, Wf=3mm, Lg=55mm, 

Wg=44mm and h=1.6mm at the optimum design. The experimental, simulated 

and the computed results are in good agreement. It is observed that broadband 

impedance matching is obtained by merging three resonances centered around 

4.5 GHz, 5.6 GHz and 6.14 GHz. The antenna has a 2:1 VSWR bandwidth of 

38% from 4.3 GHz to 6.33 GHz. This frequency range is wide enough to cover 

IEEE 802.11a (5.15-5.35 GHz, 5.725-5.825 GHz), HIPERLAN2 (5.45-5.725 

GHz) and HiSWANa (5.15-5.25 GHz) communication bands. 
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Fig. 4.7 Reflection characteristics of antenna III 
 

4.2.3.2 Strip Length variation 

The dimension of the added metal strip plays a crucial role in achieving 

broadband impedance matching performance of the antenna. It provides impedance 

matching for the two modes of the tilted square slotted patch antenna and the 

introduction of the strip provides another third resonance. These three resonances 

merge together to provide a wide bandwidth for the antenna. Therefore the 

selection of the strip length (L3) and width (W) is the major step in the optimization 

process. A thorough parametric analysis has been performed to find out the effect 

of the strip length L3 on reflection characteristics of the antenna. Fig 4.8.a shows 

the effect of strip length on reflection characteristics of the antenna with strip width 

(W) maintained at 2mm. Here, the strip length L3 is varied from 1.8mm to 9.8mm 

in steps of 1mm. 

It can be seen that without the strip there exists only two poorly 

matched resonances, one at 4.67 GHz and the other at 5.82 GHz which is 

same as the reflection characteristics of antenna II. As the strip length 

increases impedance matching corresponding to the two resonances 
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increases and an optimum length of L3=7.8mm is selected to obtain the 

maximum achievable bandwidth. Also, the two resonances are shifted 

towards the lower side with increase in L3. The strip also produces an 

additional third resonance which merges together with the initial two 

resonances to give broadband operation.  

 

Fig. 4.8  Effect of strip length variation on a) Reflection characteristics,        
b) Real impedance and c) Imaginary impedance 

 

The strip has a crucial role on the impedance matching performance of 

the antenna. The input impedance variation of the antenna with strip length 
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is also shown in fig 4.8. It can be seen that without the strip the input 

impedances are found to be 27.5-j27.6 ohms and 38.7-j33.8 ohms 

respectively for the first two resonances. The impedance mismatch can be 

accounted due to the presence of the high capacitive reactance. Increasing 

the strip length increases the real part of the impedance for both the 

resonances and the imaginary part shifts towards the inductive side. Thus, 

the strip effectively suppresses the high capacitive reactance offered by the 

slot and we can conclude that the strip acts as a series LC circuit connected 

in series with the slot antenna to improve the impedance matching 

performance of the slot loaded antenna.   

4.2.3.3 Effect of slot and strip dimensions 

The previous section deals with the strip length variation when the slot 

dimension (L3) held at 17.5mm and the strip width (W) at 2mm. Here, the 

parameters under consideration are the slot and strip dimensions. For each 

slot dimension the strip length is varied for different strip widths. The results 

are illustrated from fig. 4.9 to fig. 4.28. From this parametric analysis, the 

broadband design which yields a lower initial resonant frequency having 

maximum bandwidth is selected as the optimum design. The optimum 

dimensions of the slot and strip are found to be L2=17.5mm, L3=7.8mm and 

W=2mm. 
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L2=15.5mm 

                                W=1mm                                                                  W=2mm 

      

                                 Fig. 4.9                                                        Fig. 4.10 
 

 
                          W=3mm                                                               W=4mm 

    

                               Fig. 4.11                                                        Fig. 4.12 
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L2=17.5mm 

      W=1mm                                                                  W=2mm 

   

                                Fig. 4.13                                                        Fig. 4.14 
 

                             
W=3mm                                                                W=4mm 

    

                                 Fig. 4.15                                                      Fig. 4.16 
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L2=19.5mm 
 

                                    W=1mm                                                           W=2mm 
 

       

       Fig. 4.17                                                      Fig. 4.18 

                                 
 

 
 
                                   W=3mm                                                         W=3mm 
 

      
                                 Fig. 4.19                                                                 Fig. 4. 20 
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L2=21.5mm 

 

                                      W=3mm                                                         W=4mm 

    

                             Fig. 4.21                                                       Fig. 4. 22 

 

                                       W=3mm                                                      W=4mm 

   
                                Fig. 4.23                                                       Fig. 4. 24 

 

 



Chapter -4 

 120 

 

 

L2=23.5mm 

 

W=1mm                                                               W=2mm  

   

                             Fig. 4.25                                                       Fig. 4. 26 

 

         W=3mm                                                                    W=4mm 
 

  

                              Fig. 4.27                                                      Fig. 4. 28 
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4.2.3.4 Substrate height variation 

Here the parameter under consideration is the height of the patch and the 

feed substrate. During the analysis the dielectric constant of the substrate is 

maintained at 4.2. Generally speaking, the height of the substrate plays a crucial 

role on the microstrip antenna impedance bandwidth characteristics. Usually, 

increasing the antenna thickness broadens the bandwidth. For a coaxially fed 

single layer patch antenna, when the substrate height is of the order of 0.05λ, 

the increased inductive reactance of the probe deteriorates antenna impedance 

matching performance.  

Initially, the height of the patch substrate alone is varied and fig 4.29 

shows the effect of the height of the patch substrate on antenna reflection 

characteristics. It can be seen that below h=1.6mm, the resonances are not 

properly merged. When the height is increased above 1.6mm, matching for the 

third resonance starts deteriorating and at h=3.2mm, the third resonance 

vanishes.     

 

Fig. 4.29 Effect of patch substrate height 
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Finally, the height of both the feed line and patch substrates are varied. 

The transmission line width Wf is maintained to have 50 Ω input impedance as 

per the design equation [3]. The variation is made from 0.8mm to 3.2mm in 

steps of 0.4mm. Fig. 4.30 shows the effect of substrate thickness on the 

reflection characteristics of the antenna. It can be seen that below h=1.6mm, the 

resonances are not properly merged. Increasing the value of height above 

1.6mm shifts the lower frequency to the lower side, but impedance matching 

corresponding to the third resonance is found to be deteriorating. The third 

resonance vanishes for variations above h=2.4mm because of the poor coupling 

between the feed line and the patch.  

 
Fig. 4.30 Effect of patch and feed line substrate height variation 

 

4.2.3.5 Feed variation studies 

The length of the feed plays an important role on the broadband 

impedance matching characteristics because it determines the merging between 

the individual resonances. Here the feed length parameter Lf, measured from the 

centre of the patch antenna, is varied. The variation in the reflection 
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characteristics of the antenna with the feed length is shown in fig. 4.31. It is 

observed that the feed length is not affecting the impedance matching for the 

first resonant frequency centered around 4.5 GHz. As the feed length is 

increased from 3.5mm onwards, matching corresponding to the other two 

resonant frequencies is found to be improving and at the optimum feed length, 

these two resonances merges together with the initial resonance to give 

broadband operation.   
 

 

Fig. 4.31 Effect of feed offset Lf 

4.2.3.6 Radiation Patterns and Gain of the antenna 

The radiation patterns of the antenna are taken in both the XZ and YZ 

planes and it is illustrated in fig. 4.32. 
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Fig. 4.32 Measured Radiation patterns of the antenna 
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Fig. 4.33  Simulated 3D Radiation patterns of the antenna at a) 4.5 GHz, b) 
5.6 GHz and c) 6.14 GHz 

 

The simulated 3D radiation patterns of the antenna at the corresponding 

resonant frequencies are shown in fig. 4.33. 

At 4.5 GHz, the pattern maximum of the YZ co pattern lies at 1200, which 

is 300 away from the on axis of the antenna. The XZ and YZ plane cross polar 

isolation is found to be 19.1 dB and 8.1 dB respectively. The 3 dB beam widths 

are found to be 51.10 and 41.10 respectively for the XZ and YZ planes. The XZ 

cross pattern shows a power dip along the on axis and its reason can be found 

from the surface current pattern at the resonance, which is examined later. For 

5.6 GHz resonance, the cross polar isolation is found to be 19 dB and 16.6 dB 

respectively for both the planes and the corresponding 3 dB beam widths are 

found to be 58.20 and 430 respectively. The 6.4 GHz resonance shows a 6.4 dB 

cross polar isolation for both the planes and their corresponding 3 dB beam 
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widths are found to be 128.90 and 280 respectively. The radiation characteristics 

of the antenna over the entire frequency of operation are studied and the results 

are tabulated in the table 4.1. 

Table 4.1 Cross polarization and beam width characteristics 

Cross polar level along 
the on axis, dB 

3 dB Beam width, 
degrees Frequency, 

GHz 
XZ  Plane YZ Plane XZ Plane YZ Plane 

4.3 22.5 10.9 49.6 39.4 

4.5 19.1 8.2 51.1 41.1 

4.7 19.9 7.6 56 41.6 

5 24.4 9.8 71.1 62.4 

5.3 26 14 77.4 75.8 

5.7 15.4 15.4 82.5 38.8 

5.9 11.2 11.2 92.8 37.1 

6.2 6.7 6.7 118.3 31.4 

6.3 6.4 6.4 128.9 28 
 

The measured gain of the proposed antenna is shown in fig. 4.34. The 

antenna has a peak gain of 5.9 dBi at 4.7 GHz and a least of 2.5 dBi at 6.37 

GHz. The reduction in the gain for the higher resonant frequency can be 

understood by looking on to the surface current pattern at that resonance. It can 

be seen that the opposing currents on either sides of the strip cancels the fields 

along the on axis at the field giving a lower gain at that frequency and it can be 

well understood by looking into the surface current distribution of the antenna 

described in the following section. 
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Fig. 4.34 Measured Gain of the antenna 

4.2.3.7 Surface current distributions of the antenna 

The reflection characteristics of the antenna give a great deal about the 

resonating frequency of the broadband antenna. The resonant mechanism or the 

mode formation can be well understood by looking into the surface current 

distribution of the antenna. The polarization of the antenna and the radiation 

characteristics can be best understood using these patterns. The simulated surface 

current distributions of the proposed antenna at the resonant frequencies are shown 

in fig. 4.35. Corresponding to the resonance at 4.5 GHz, a full wave variation is 

noted on the top edge of the patch along the strip and a similar variation is noted 

through the right and left edges of the patch along the Y-direction. This produces 

two resonances which coalesce to give the first resonance. But the polarization is 

found to be along the X-axis. This is because the opposing currents on either sides 

of the strip cancel the field along the on axis at the far field. Due to this type of 

current pattern, a power dip is noted along the on axis of the antenna for the       

XZ-cross radiation pattern for the resonance centered around 4.5 GHz. The second 
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resonance is due to three half wave variations along the sides of the patch in the Y-

direction resulting in an almost steady XZ and YZ copolar patterns. According to 

the parametric analysis performed, the third resonance is majorly affected by the 

strip length variation. So it was kept in mind that the third resonance should be 

solely due to the strip. But it is observed in the surface current pattern 

corresponding to the third resonance that two symmetric full wave variations from 

the strip to the top right and left edges of the patch is contributing for the third 

resonance. From this it can be concluded that the third resonance is contributed by 

the combined effect of the patch and the strip.   

 

Fig. 4.35  Surface current distributions of the antenna at a) 4.5 GHz,    
b) 5.6 GHz and c) 6.14 GHz 
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4.2.3.8 Design equation formulation and validation 

The experimental and simulated analysis of the broadband antenna and 

finally, the surface current pattern analysis of the antenna yield the design 

equation formulation of the antenna parameters. The design equations are 

crucial while implementing the antenna on other substrates.  The initial step is 

to design a 50Ω microstrip transmission line.  

The antenna parameters are found to be   

L1=0.85λg, L2=0.42λg, L3=0.19λg, W=0.048λg, Lf=0.2297λg, h=0.0387λg, 

Lg=1.33λg   and  Wg=1.02λg  

Where λg is the guided wavelength corresponding to the first resonant 

frequency in the band and is given by 

λg= 
e

λ
ε

---------------------------------------------------------------------- (4.3) 

Where εe=  1
2

ε + -------------------------------------------------------------------- (4.4) 

 

The design equations are validated on substrates having different 

permittivity. The geometric parameters of the antenna are tabulated in table 4.2. 

Fig. 4.36 shows the reflection characteristics of the antennas with the computed 

geometric parameters given in the table 4.2.  
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Fig. 4.36  Validation of reflection coefficients of the antennas on different 
substrates 

 
Table 4.2 Antenna description 

 Antenna 1 Antenna 2 Antenna3 

εr 2.2 4.2 6.15 

L1 44.79mm 35mm 27.42mm 

L2 22.13mm 17.5mm 14.8mm 

L3 10.01mm 7.8mm 6.69mm 

W 2.53mm 2mm 1.69mm 

Lf 12.1mm 9.5mm 8.09mm 

h 2.04mm 1.6mm 1.36mm 

Lg 70mm 55mm 46.89mm 

Wg 53.75mm 42mm 35.96mm 

Percentage 
Bandwidth 

41.1% 38% 38.65% 
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The important conclusions of this initial analysis can be summarized as 

 The metal strip printed on the top corner of the tilted square slot 

plays a crucial role in achieving broadband impedance characteristics 

of the square patch antenna.  

 The antenna achieves a bandwidth of 38% and it is a suitable 

choice for the 5.2/5.8 GHz WLAN, HiSWaNa and HYPERLAN 

applications.   

 The impedance matching strip achieves impedance matching for the 

resonant modes of the patch and in addition the strip along with the 

patch contributes another third resonance which merges with the 

resonances of the patch antenna to give broadband operation.  

 The strip nullifies the high capacitive reactance offered by the slot 

for the resonances offered by the patch and the increase in the slot 

length increases the real and imaginary part of the input 

impedance, so that the proper selection of the metal strip offers 

wide band impedance matching property for the antenna.  

These interferences initiated to find out the effect of the slot shape on the 

impedance matching performance of the square patch antenna. For the study, a 

polygonal slot is incorporated instead of the tilted square slot and a detailed 

parametric analysis has been performed. The detailed discussions of the polygonal 

slot loaded square patch antenna are discussed in the following sections.  

4.3 Analysis of an electromagnetically coupled strip loaded 
polygonal slotted microstrip antenna     

The previous sections deal with the detailed experimental and simulation 

studies of the broadband nature of the tilted square slot loaded patch antenna. In this 
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section, the effect of shape of the slot on the impedance bandwidth 

characteristics is studied. Here, the tilted square slot of the antenna 

presented in section 4.2 is replaced by a polygonal slot. The geometry of the 

proposed design is shown in fig 4.37. Initially a square microstrip patch 

antenna of dimension L1XL1 mm2 is fabricated on a substrate of dielectric 

constant 4.2 and height h=1.6mm. The antenna is electromagnetically 

coupled using a 50Ω printed microstrip transmission line fabricated using 

the same substrate. The offset distance from the centre of the patch to the top 

edge of the microstrip feed line is denoted by Lf. A polygonal slot of side 

dimension L2 mm is etched on the square patch antenna. Broadband 

impedance matching characteristics is obtained by inserting the rectangular 

metal strip on the top portion of the slot as discussed in section 4.2. The 

dimension of the rectangular strip is denoted by L3XW mm2. The total 

height of the antenna is 3.2 mm. The ground plane dimension selected is 

LgXWg. The antenna is modeled in FDTD with discretization parameters 

∆x=∆y=0.5mm and ∆z=0.4mm. The computational domain corresponding to 

this problem contains 150x150x50 number of Yee cells. The antenna is 

excited with 50Ω microstrip feed line which is modeled using Leubber’s 

feed model as explained in chapter 3. The FDTD analysis will compute the 

frequency response of the antenna by exciting with a Gaussian pulse. The 

top view of the FDTD computational domain is shown in fig. 4.37(c).  
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Fig. 4.37 Antenna geometry 
 

4.3.1 Reflection characteristics 

The antenna parameters at the optimum design are L1=35mm, 

L2=14.3mm, L3=4.68mm, W=3mm, Lf=10.55mm, Wf=3mm, Lg=55mm, 

Wg=44mm. The experimental and simulated reflection characteristics of the 

polygonal slot loaded broadband microstrip antenna at the optimum design are 
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shown in fig. 4.38. It can be seen that the experimental and simulation results 

are in good agreement. It is observed that the antenna effectively merges four 

resonances to give broadband operation. The 2:1 VSWR bandwidth of the 

antenna is 45.87% from 4.21 GHz to 6.7 GHz which is higher than that of the 

tilted square slot loaded patch antenna. The resonances are found to be around 

4.28 GHz, 4.62 GHz, 5.8 GHz and 6.35 GHz. The resonant mechanism is found 

to be similar to that of the strip loaded tilted square slotted microstrip patch 

antenna and it can be verified using the surface current patterns of the antenna.  
 

 

Fig. 4.38 Reflection characteristics 
 

4.3.2 Effect of slot dimension 

Similar parametric analysis has been performed to find out the effect of 

slot and strip dimensions on antenna reflection characteristics as that done for 

the tilted square slotted antenna. For each slot dimension, the width and length 

of the strip are varied and the results are summarized from fig. 4.39 to fig. 4.54  
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L2=10.3mm 

W=1mm                                                               W=2mm 

        
                              Fig. 4.39                                                               Fig. 4.40                 

 

 
W=3mm                                                              W=4mm 

        
                              Fig. 4.41                                                                  Fig. 4.42  
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L2=12.3mm 
 

W=1mm                                                               W=2mm 

       
Fig. 4.41                                                                    Fig. 4.42 

 

 

                                         W=3mm                                                              W=4mm 

    
                                   Fig. 4.43                                                                    Fig. 4.44 



Investigations on a strip loaded slotted broadband square microstrip antenna for wideband applications             

 137 

 

 
L2=14.3mm 

  

                                    W=3mm                                                               W=4mm 

    
Fig. 4.45                                                                 Fig. 4.46  

 
 
 
 
 

      W=1mm                                                               W=3mm 

    
Fig. 4.47                                                                Fig. 4.48 

 

 

                                                                                      



Chapter -4 

 138 

 

 
 

L2=14.3mm 
 

      W=3mm                                                               W=4mm 

     
Fig. 4.49                                                               Fig. 4.50 

 
 

 

 

W=1mm                                                               W=2mm 

       
Fig. 4.51                                                              Fig. 4.52 
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L2=16.3mm 
                W=3mm                                                               W=4mm 

    
                             Fig. 4.53                                                      Fig. 4.54 

4.3.3 Computed Electric field distributions of the antenna  

The three dimensional FDTD algorithm gives the electric and magnetic 

field component values at each cells. With the help of these values one can 

easily identify the resonant modes of the patch antenna and can easily 

understand the resonant mechanism. In this section, the electric field 

distributions on the top surface of the patch antenna are computed and the 

conclusions arrived for the resonant mechanism of the tilted square slot loaded 

antenna is validated here.  

Fig. 4.55 and fig. 4.56 illustrates the Ex and Ey components of the electric 

field distributions on the patch surface at 4.28 GHz. A full wave variation from 

the strip to the right and left edges of the upper side of the patch is observed for 

the Ex component of the electric field in the Y-direction and due to the cross 

proximity of the second resonance a full wave variation is observed along the 

Y-direction. The Ey component shows a full wave variation on the top of the 

patch which mainly contributes radiation. 
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Fig. 4.55 Computed Ex component at 4.28 GHz 

 

 

 
Fig. 4.56 Computed Ey component at 4.28 GHz 
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The Ex and Ey components of the electric field distributions 

corresponding to 4.62 GHz resonance is shown in fig. 4.57 and fig. 4.58 

respectively. It is observed that the major contribution for radiation is by the 

fringing Ey component on the corners of the patch antenna. The resonance is 

majorly caused due to the full wave variation of the electric field along the Y-

direction and it can be easily understood by looking into the Ex component.   

 
Fig. 4.57 Computed Ex component at 4.62 GHz 

 

 
Fig. 4.58 Computed Ey component at 4.62 GHz 
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The fringing electric fields of the patch antenna at 5.8 GHz are shown in 

fig 4.59 and fig. 4.60 respectively. Three half wave variations of the Ex 

component along the sides of the patch antenna along the Y-direction is noted 

for this resonance. Radiation is majorly contributed by the Ey component of the 

electric field on the top and bottom corners of the patch antenna so that the 

polarization is found to be along the Y-direction.    
 

 
Fig. 4.59 Computed Ey component at 5.8 GHz 

 

 
Fig. 4.60 Computed Ex component at 5.8 GHz 
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It is concluded from the parametric analysis of the tilted square patch antenna 

that the final resonance is contributed by the combined effect of both the strip and 

the patch. The electric field distributions of the final resonance centered on 6.37 

GHz are shown in fig. 4.61 and fig. 4.62 respectively.  A strong contribution from 

the Ey component on the top edge of the patch just above the strip in noted while 

the contribution from Ex component is negligible and it is mainly observed on the 

two sides of the strip with an out of phase distribution.  

 
Fig. 4.61 Computed Ex component at 6.37 GHz 

 

 
Fig. 4.62 Computed Ey component at 6.37 GHz 
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4.3.4  Radiation patterns and Gain of the antenna  

The radiation patterns of the antenna are measured throughout the 

entire operating frequency range. The XZ and YZ plane radiation patterns of 

the proposed antenna at the resonances are shown in fig. 4.63. The simulated 

3D radiation patterns of the antenna at the resonant frequencies are shown in 

fig. 4.64. 
 

 

Fig. 4.63 Measured Radiation patterns of the antenna  
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It can be seen that for the initial two resonances centered around 4.28 GHz 

and 4.62 GHz, the shape of YZ copolar patterns are almost similar. The XZ copolar 

patterns show a low powered radiation as compared to the YZ plane copolar 

patterns. The cross polar isolation for the 4.28 GHz resonance is found to be 7dB 

and 18.7dB for the XZ and YZ plane patterns  respectively while that 

corresponding to the second resonance is 8.9 dB for the XZ plane and 12.6 dB for 

the YZ plane. The XZ plane pattern corresponding to the 5.8 GHz resonance shows 

broadside radiation coverage as compared to its YZ copolar pattern. Due to three 

half variations along the edges of the patch along the Y-direction for 5.8 GHz 

resonance, a power dip along the on axis of the antenna for the XZ cross pattern is  

observed. 

\  

Fig. 4.64  Measured 3D Radiation patterns of the antenna at a) 4.28 GHz,          
b) 4.62 GHz, c) 5.8 GHz and d) 6.35 GHz  
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The XZ and YZ plane cross polar isolation is found to be 22.9 dB and 17.5 dB 

respectively. The final resonance around 6.35 GHz is found to have a very 

low cross polar isolation as compared the other resonances. The cross polar 

isolation is found to be 3.7 dB for both the XZ and YZ planes. A detailed 

study of the radiation patterns of the antenna throughout the entire frequency 

of operation is performed. It is tabulated in the table 4.3 given below. 

Table 4.3 Cross polarization characteristics of the antenna 

Cross polarization, dB 
Frequency, GHz 

XZ plane YZ plane 

4.21 5.86 7.89 

4.4 7.51 10.33 

4.6 9.52 14 

4.8 12.56 16.58 

5 15.2 15.2 

5.2 16 16 

5.4 18 18 

5.6 25.47 18.6 

5.8 22.9 17.5 

6 14 14 

6.2 7.8 7.8 

6.4 2.5 2.5 

 

The gain of the antenna is plotted in fig. 4.65. It is observed that the 

antenna shows a maximum gain of 6.82 dBi at 6 GHz. 
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Fig. 4.65 measured gain of the antenna 
 

4.3.5 Design equations of the antenna   

Depending upon the parametric analysis performed, the design equations of 

the antenna are formulated and they can be expressed as L1=0.8051λg, 

L2=0.3289λg, L3=0.1076λg, W=0.069λg, Lf=0.2047λg, Lg=1.2652λg, Wg=0.9661λg, 

h=0.0368λg.  

Where λg is the guided wavelength corresponding to the first resonant 

frequency in the band and is given by 

λg= 
e

λ
ε

------------------------------------------------------------------- (4.5) 

Where  

εe= 1
2

ε + ------------------------------------------------------------------- (4.6) 

The design equations are validated on substrates having different 

permittivity. The reflection characteristics are shown in fig. 4.66, with their 

geometrical parameters in table 4.4.   
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  Fig. 4.66  Reflection characteristics of the antenna fabricated on different 
substrates  

 

Table 4.4 Antenna description 

Antenna Parameters Antenna 1 Antenna 2 Antenna3 

εr 2.2 4.2 6.5 

L1 48.36 35 28.13 

L2 19.76 14.3 11.4 

L3 6.46 4.6 3.78 

W 4.15 3 2.14 

Lf 11.34 10.55 7.4 

h 2.21 1.6 1.29 

Lg 70 55 45.8 

Wg 53.5 44 35 

Percentage Bandwidth 43.77% 44.6% 43.54% 
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4.4  An L-strip fed polygonal slotted broadband patch antenna  

In order to comply with the modern wideband breast cancer imaging 

applications, an antenna must cover the 4-9 GHz frequency band and it must 

have good time domain characteristics. The polygonal slotted broadband 

microstrip antenna, described in section 4.3, can be effectively utilized for 

breast cancer imaging applications by suitably exciting higher order modes of 

the patch antenna without disturbing the initial resonances using an L-strip feed 

mechanism. Researchers all over the world has effectively utilized the L- feed 

mechanism to merge the fundamental modes of the patch to the higher order 

modes in order to get broadband impedance matching performance [4-8]. This 

technique in effect increases the impedance matching for the higher order 

modes of the patch in addition to the already existing resonances.  

In this section, printed L-strip feeding technique is successfully 

implemented on the polygonal slotted strip loaded broadband patch antenna 

discussed in section 4.3. The feed length variation and the time domain analysis 

are studied in detail in this section. 

4.4.1 Antenna geometry 

The geometry of the proposed antenna is shown in fig.4.67. The basic 

structure is the impedance matching strip loaded polygonal slotted 

electromagnetically coupled mirostrip antenna having geometric parameters 

L1=35mm, L2=14.3mm, L3=4.6mm, W=3mm, Lf=10.55 mm, h=1.6mm, 

Lg=55 mm and Wg=44 mm. The feed is modified with a printed L-strip feed 

mechanism with the L-strip length denoted by L4=15mm. The antenna is 

fabricated on a substrate of dielectric constant εr=4.2 and the total height of the 

antenna is 3.2mm.   



Chapter -4 

 150 

 

Fig. 4.67 Geometry of the antenna 

4.4.2 Reflection characteristics 

A rigorous parametric analysis has been performed to find out the 

optimum length of the L-strip feed to merge the higher order mode resonances 

to the existing resonances.  In order to make the comparison study easier, the 

reflection characteristics of the polygonal slotted antenna in the 4- 10 GHz 

frequency span are taken and are shown in the fig.68. It can be seen that 

broadband operation is achieved by merging four resonances around 4.28 GHz, 

4.63 GHz, 5.8 GHz and 6.36 GHz. Also two poorly matched resonances are 

noted at 8.25 GHz and 9 GHz.  

The final design is obtained by properly matching the two higher 

resonances using printed L-strip feeding mechanism while maintaining Lf same 

as that of the initial design. The reflection characteristics of the final antenna 

at the optimum design are shown in fig. 4.69. It is noted that the antenna 
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exhibits a 2:1 VSWR bandwidth of 74% from 4.35 GHz to 9.5 GHz. The 

resonances are found to be at 4.5 GHz, 4.8 GHz, 5.9 GHz, 6.7 GHz, 8.1 GHz 

and 9.2 GHz.  
 

 

Fig. 4.68 Reflection characteristics of the polygonal slotted broadband antenna 

 

Fig. 4.69 Reflection characteristics of the L-strip fed antenna  
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4.4.3 Effect of feed strip length L4 

Extensive simulation and experimental studies has been performed to find 

out the effect of the horizontal strip length L4 on reflection characteristics and 

input impedance of the antenna.   

 

Fig. 4.70 Effect of strip length L4 
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Fig.4.70 below describes the variation of reflection characteristics and 

input impedance with horizontal strip length L4. It can be seen that by 

introducing the strip L4, a slight right shift in the first four resonances is 

observed. This is due to the change in coupling between the patch and the feed 

as compared to the initial antenna. A predominant variation in the matching for 

the first resonance is noted as compared to the other three initial resonances. As 

L4 increases, the real part of the impedance corresponding to the first resonance 

also increases till L4=7mm (0.21λg, where λg is the guided wavelength 

corresponding to the first resonant frequency), then decreases untill L4=17mm 

(0.52 λg), again increases causing poor matching. Upto L4=7mm, the imaginary 

part shifts towards high inductive state and then back to capacitive part upto 

L4=17mm. An optimum length of L4=15mm (0.46 λg) is selected to obtain the 

maximum bandwidth of the antenna. 

4.4.4 Radiation patterns of the antenna 

The measured XZ and YZ plane radiation patterns of the antenna are shown 

in fig. 4.71. At 4.5 GHz, a 3 dB beam width of 500 is observed in the XZ copolar 

pattern. The YZ copolar pattern has two symmetric maximas directed along 600 

and 1200 respectively. At 5.5 GHz and 5.8 GHz, the half power beam widths are 

found to be 1290 and 780 respectively in the XZ copolar pattern. At 5.5 GHz, the 

XZ and YZ cross polar isolation are found to be 10dB and 5 dB respectively and 

for 5.8 GHz the cross polar isolation is found to be 12 dB in the XZ plane and 7.2 

dB in the YZ plane. At 6 GHz, 550  beam width and 10.3 dB cross polar isolation 

are noted in the XZ plane whereas in the YZ plane these are 44.30 and 8 db 

respectively. Also two symmetrical power dips are noted at 1390 and 450 in the YZ 

plane. The XZ plane radiation pattern at 6.6 GHz shows a 1200 beam width and 4 

dB cross polar isolation. The beam in the XZ plane is shifted by -200 from the on 

axis at 8 GHz and an 8 dB cross polar isolation is observed for both the planes. Due 
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to the higher order mode radiation, the YZ co polar pattern at 9.2 GHz has two 

symmetrical power dips at 630 and 1220 and both the planes are having a very low 

cross polar isolation. 

 

Fig. 4.71 Radiation patterns of the antenna 
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4.4.5 Gain and efficiency of the antenna 

The measured gain and the simulated radiation efficiency of the antenna 

is shown in fig. 4.72. Gain at the resonances is found to be 4.17 dBi, 4.7 dBi, 

5dBi, 3.88 dBi, 4.6 dBi and 5 dBi respectively and has an average gain of 4.09 

dBi within the desired band. 

The maximum efficiency of the antenna is found to be 72.6% at 4.92 GHz 

and the average efficiency is found to be 57.2%.  

4.4.6 Time domain analysis of the antenna 

 The experimental time domain analysis is carried out to find out the 

impulse response of the antenna. This is done by convoluting the fourth order 

derivative of the Gaussian function [9] 

 

Fig. 4.72 Gain and efficiency of the antenna 
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With h(t), the inverse Fourier transform of the transfer function H(w) [10], 

where 
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Where c is the free space velocity and R is the distance between the antennas.  

 
 

Fig. 4.73 Time domain analysis of the antenna 

The received pulse is  

( ) ( ) ( ) VVrec t Vin t h t
m

= ⊗ --------------------------------------------------------(4.10) 

The input pulse is designed to cover the specified frequency range with 

the amplitude constant A= 1.6 and the pulse duration parameter T= 67 pS. The 



Investigations on a strip loaded slotted broadband square microstrip antenna for wideband applications             

 157 

input and output waveforms corresponding to the face to face and side by side 

orientations  of the antenna are shown in fig. 4.73. It can be seen that the face to 

face and side by side orientations retain the information contained in the 

transmitted signal with minimum dispersion.   

4.5 Conclusions 

Two impedance matching strip loaded tilted square slotted and polygonal 

slot loaded square microstrip antennas are designed to comply with the broadband 

wireless communication applications. The tilted square slot antenna achieves a 

bandwidth of 38% and the polygonal slotted antenna has a bandwidth of 45% at the 

optimum design. The impedance matching strip achieves impedance matching for 

the resonances offered by the patch and it along with the patch contributes another 

third resonance and at the optimum strip length, these three resonances merge 

together to a achieve wide bandwidth for the antenna. The proposed optimum 

designs are potential candidates in wireless communications systems where 

compact efficient antennas are in great demand.  Finally, L-strip feed mechanism is 

implemented on the polygonal slotted strip loaded square patch antenna to occupy 

a very high bandwidth within the 4-9GHz frequency range which is most suited for 

the ultra wideband imaging applications.  
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INVESTIGATIONS ON STACKED OFFSET SINGLE BAND 
AND BROADBAND GAIN ENHANCED MICROSTRIP 

ANTENNAS 
 

5.1  An overview of gain enhancement techniques for microstrip 
patch antennas 

 

5.2  Electromagnetically coupled square patch antenna 
 

5.3  Electromagnetically coupled stacked square patch antenna 
without offset 

 

5.4  Stacked Offset Patch Antenna Configurations 
 

5.5  The two element array: a comparison study 
 

5.6  Stacked offset broadband microstrip patch antennas 
 

5.7  The stacked offset microstrip antenna  
 

5.8  The offset stacked polygonal slot loaded broadband microstrip 
antenna 

 

5.9  Fringing Electric field models of the antenna 
 

5.10 References 
 

 

 

The experimental and simulated investigations towards the development of 
compact gain enhanced microstrip antennas are discussed in this chapter. 
Principle of stacking is effectively implemented and the position of the upper 
parasitic patch is offsetted to enhance the gain of single band and broadband 
square patch antennas, without deteriorating the impedance matching 
performance of the antenna. Two single band prototypes along with the two 
slotted broadband designs discussed in the previous chapter are taken here for 
consideration. Experimental and simulated studies for explaining the gain 
enhancement mechanism are described in detail in this chapter.  
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5.1  An overview of gain enhancement techniques for microstrip 
patch antennas 

Researchers all over the world have extensively studied the gain 

enhancement techniques for microstrip patch antennas. Siew Bee Yeap et al. 

increased the gain of microstrip antennas [1] by partially removing the substrate 

over which the patch antenna is fabricated. Partial substrate removal reduces the 

losses due to surface waves and dielectric substrates.  It can enhance the gain up 

to 2.7dBi. A very simple technique to enhance the gain of microstrip antennas is 

to load the antenna with a superstrate. The measured gain will be maximum, 

when the superstrate thickness is equal to the one quarter of the wavelength of the 

wave propagating in the superstrate. Chih-Yu Huang et. al. proposed a compact 

superstrate loaded broadband microstrip patch antenna [2] with enhanced gain 

performance. Here, the bandwidth enhancement and size reduction is achieved by 

chip resistor loading. Gain enhancement to compensate the reduction in gain due 

to reduction in size of the patch and ohmic loss of chip resistor loading is 

achieved by the loading of a high permittivity superstrate layer.  

Multiple resonator model is an effective technique to enhance the gain of 

microstrip antennas. It can be done by implementing the patch resonators in a 

plane as an array or can be stacked vertically. The microstrip antenna arrays [3-6] 

can enhance the gain of the structure by utilizing a larger area. Microstrip yagi 

antenna is a modification of the microstrip array which can be used for 

enhancing the gain of the antenna. Gerald DeJean proposed a microstrip Yagi 

array configuration [7] utilizing seven microstrip elements, one as the driven 

element, two reflector elements and four director elements. It can enhance the 

gain up to 15.6 dBi and it exhibits good F/B ratio around 8-10 dB. But the 

major disadvantage of such designs is that they are very bulk in size and so they 

cannot be integrated with microwave monolithic integrated circuits.   
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So stacking is a reasonable choice for enhancing the gain of microstrip 

antennas. Stacking can be implemented for increasing the bandwidth of the 

antenna and also for enhancing the gain of the structure. Nishiyama et al. [8] 

has extensively studied the effect of stacking on microstrip antenna 

characteristics. They concluded that when the size of the parasitic patch is 

nearly equal to the fed patch, and the distance between the fed patch and the 

parasitic patch is approximately 0.1 wavelengths, then the bandwidth is 

increased. When the distance is approximately half wavelength, then gain 

enhancement is achieved. They have conducted experimental and simulation 

studies by varying the spacing between the feed patch and the parasitic patch. It 

was observed that the space between the feed patch and the parasitic patch acts 

like a cavity and when the distance between the feed patch and the parasitic 

patch becomes equal to 0.05λ, the electric field between the patches consists of 

Ez component mainly and the cavity resonates in the TM10 mode. If the distance 

between the patches is held at 0.25λ, the Ez component is found to be 

decreasing, while the Ex component increases. When the distance is held at 

0.5λ, the electric field between the patches consists of the Ex components and 

the space between the patches acts like a leaky cavity, which mainly contributes 

for the radiation. The fringing fields between the patches and the ground 

become in phase and it enhances the radiation from the antenna, thereby 

increasing the gain. They have conducted experiments with two parasitic 

patches; the first parasitic patch for increasing the bandwidth and the other for 

increasing the gain of the antenna [8]. But the major drawback of stacking is 

that it occupies a larger volume, since the distance between the patches is of the 

order of half wavelengths.     

The major challenge in the stacked array antenna design is to reduce the 

volume of the antenna while maintaining good impedance matching and 
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enhanced gain performance. This chapter describes a simple and effective 

technique to reduce the volume of the stacked antennas without deteriorating 

impedance matching performance. Stacking is successfully implemented and 

the position of the parasitic patch is offsetted to enhance the gain performance 

of the antenna without increasing the height of the parasitic resonator.  

Offsetting the position of the upper parasitic patch makes the space between the 

two patches as a leaky cavity and more fringing fields are observed as 

compared to the stacked antennas without offset. The fringing fields of the 

lower and upper patches become in phase and the fields produced by them get 

added up in the far field giving a high gain at the far field.  

A single band square microstrip antenna working around 2.63 GHz and 

the broadband strip loaded tilted square slotted and polygonal slotted antennas 

discussed in chapter 4 are taken here for consideration. This technique is 

comparatively easier to fabricate and is devoid of spacers to support the 

parasitic patch since the parasitic patch is loaded at a height which is equal to 

the height of the FR4 substrate. Simulated fringing electric field models are 

discussed in detail for explaining the gain enhancement mechanism for the 

antennas. The section starts with an electromagnetically coupled square patch 

antenna. Then its stacked configurations, with and without offset, along with 

the comparison study with a two element array configuration, are discussed. 

Finally, the stacked offset configurations of the tilted square slot loaded and 

polygonal slot loaded broadband antennas are discussed.     

5.2  Electromagnetically coupled square patch antenna 

An electromagnetically coupled square patch antenna is discussed in this 

section. The reflection characteristics of this antenna is taken as the reference, 

since it acts as the feed patch for the stacked configuration described in the 
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preceding sections. The square patch antenna having a size of L1XL1 mm2 is 

fabricated on a substrate of dielectric constant 4.2. The total height of the 

antenna is found to be 3.2mm including the feed substrate. The patch antenna 

along with the parameters is depicted in fig. 5.1.  

The antenna is excited using a 50Ω microstrip transmission line with feed 

offset parameter L2 from the right edge of the patch and its length is denoted by 

Lf. The ground plane dimension is denoted as LgXWg.  
 

                                   

Fig. 5.1 Antenna Geometry 

The reflection characteristics of the antenna are shown in fig. 5.2. The 

fundamental resonance of the antenna is found to be at 2.63 GHz with 4% 

bandwidth. The antenna parameters are held at L1=27mm, Lf=17mm, 

L2=6.75mm, Wf=3mm, Lg=80mm, Wg=54mm and h=1.6mm. The reflection 
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coefficient value at the resonance is found to be -21.6 dB and the -10 dB 

bandwidth of the antenna is 110 MHz.  

    
      Fig. 5.2 Reflection characteristics   
 
  

The experimental and simulated radiation patterns of the antenna at the 

resonant frequency are shown in fig.5.3 and fig.5.4 respectively. It can be 

concluded that the antenna offers broadside radiation coverage and the pattern 

maximum lies along the on-axis of the antenna. The cross polar isolation is 

found to be 10 dB for both the XZ and YZ planes. The estimated gain of the 

antenna is shown in fig.5.5. The antenna shows a maximum gain of 2.34 dBi 

at the resonant frequency. The efficiency of the antenna is measured and is 

found to be 64%.   
 

    
 
 

Fig. 5.3  Measured radiation pattern 
of the antenna 

Fig. 5.4  3D Radiation Pattern of the 
antenna 

Fig. 5.5 Measured gain of the antenna 
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5.3 Electromagnetically coupled stacked square patch antenna 
without offset 

This section deals with the stacked configurations of the electromagnetically 

coupled square patch antenna discussed in the previous section. The section starts 

with the stacked configuration without any offset in the position of the upper 

patch and then proceeds into the offset configurations. The geometry of the 

stacked antenna with the associated parameters is shown in fig. 5.6. Here the 

separation between the fed patch and the parasitic patch is held at 1.6mm, 

which is the dielectric thickness of the FR4 substrate. Initially, the offset 

parameter is made to be L0=0mm.  

 

Fig. 5.6 Geometry of the stacked square patch antenna 

The antenna parameters are found to be L1=27mm, Lf=17mm, 

L2=6.75mm, Wf=3mm, Lg=80mm, Wg=54mm and h=1.6mm. Care should be 

taken to mount the parasitic patch over the feed patch. A slight shift in the 
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position of the parasitic patch will results in change in resonant frequency and 

hence degradation of impedance matching properties of the antenna.  

The reflection characteristics of the antenna are shown in fig. 5.7. The 

measured and simulated values are in good agreement. The antenna is 

resonating at 2.48 GHz with the reflection coefficient value of –33 dB and has 

5.6% bandwidth (-10 dB bandwidth of 140 MHz) around the resonance. It is 

observed that the resonant frequency of this stacked configuration is found to 

be lower than that of the square patch antenna without the parasitic patch as 

discussed in the previous section.  This lower shift is due to the fact that the 

placement of the upper patch affects the fringing fields of the lower patch, 

thereby increasing the effective dielectric constant of the lower patch.   

The XZ and YZ plane experimental and simulated 3D far field radiation 

patterns of the proposed antenna are shown in fig. 5.8 and fig. 5.9 respectively. 

It is observed that the antenna shows broadside radiation characteristics with the 

pattern maximum directed along the bore sight. The cross polar isolation is 

found to be 10 dB for both the XZ and YZ planes.     

The gain of the stacked antenna is shown in fig.5.10. The antenna shows a 

maximum gain of 1.78 dBi at 2.48 GHz. The radiation efficiency of the antenna 

is found to be 38% at the resonance. The reduction in the gain of the antenna 

can be well explained using the simulated electric field distributions of the 

antenna. A comparison study of the fringing electric field distributions of the 

simple patch antenna, stacked patch antenna with and without offset are 

described in detail in section 5.4.4.  
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         Fig. 5.7 Reflection characteristics       Fig. 5.8 Radiation pattern at 2.48 GHz 
 

 

  

 Fig. 5.9 3D Radiation pattern at 2.48 GHz            Fig. 5.10 Reflection characteristics 
 

 

5.3.1 Effect of parasitic loading height 

In this section the effect of parasitic loading height on the resonant and 

radiation characteristics of the stacked patch antenna are studied. The resonant 

frequency and the gain are the major parameters under consideration. In order 

to perform the height variation studies, the stacked patch antenna with the 

geometrical parameters L1=27mm, L2=6.75mm, Lf=17mm, Lg=80mm and 

Wg=54mm printed on the FR4 epoxy substrate is taken into consideration for 

simulation.  



Chapter -5 

 168 

The effect of the stacking height on the reflection characteristics is 

plotted in fig. 5.11. The height is varied from 0.8mm to 4mm in steps of 

0.4mm. It is observed that increase in the stacking height lowers the resonant 

frequency. Corresponding to the height variation from 0.8mm to 4mm, the 

resonant frequency shift is from 2.56 GHz to 2.37 GHz. It is observed that 

corresponding to a stacking height of 0.8mm, the resonant frequency is found to 

be 2.56 GHz and increase in the stacking height decreases the resonant 

frequency. Good matching is observed when the stacking height is equal to 

1.6mm. Increase in stacking height above 1.6mm deteriorates impedance 

matching gradually. The cause of the degradation in impedance matching is 

well explained using the input impedance variation of the antenna. The input 

impedance variation of the stacked antenna with stacking height is shown in  

fig. 5.12. It is observed that increasing the height of the parasitic patch will 

decrease the real part of the input impedance and due to the decrease in the 

coupling between the patches, the imaginary part of the impedance is shifted 

towards the inductive side.  

   

Fig. 5.11 Effect of stacking height on reflection characteristics 
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Fig. 5.12 Effect of stacking height on Input Impedance a) Real part, 

b) Imaginary part 
 

The variation of the gain of the stacked square patch antenna without 

offset against the stacking height is studied and is tabulated in table 5.1. For a 

stacked microstrip patch antenna, increase in the stacking height increases the 

gain of the antenna. The same observation is valid here also. The gain of the 

simple sqaure patch antenna without the parasitic patch is also taken at the same 

feed point as that of the stacked antenna without offset as a reference. The 
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maximum gain achieved for the stacked configuration is only 2.52 dBi at a 

stacking height of 2.4mm. Increasing the height above 2.4 mm deteriorates the 

matching performance of the antenna and hence gain decreases gradually. It is 

observed that the stacking height above 1.6mm can only give an enhanced gain 

as compared to the standard square patch antenna.  

 

Table 5.1 Height Variation Study 

Height, mm Resonant frequency, GHz Gain, dBi 

0 (Single patch) 2.63 2.3600 

0.4 2.6 2.1800 

0.8 2.56 2.1700 

1 2.54 2.1600 

1.2 2.52 2.2300 

1.4 2.51 2.2900 

1.6 2.5 2.3200 

2 2.47 2.5000 

2.4 2.46 2.5200 

2.8 2.44 2.5100 

3.2 2.43 2.4700 

3.6 2.42 2.3300 

 

5.4  Stacked Offset Patch Antenna Configurations 

In this section, offsetting technique is successfully implemented on the 

stacked square patch antenna configuration discussed in the previous section. 

The upper parasitic patch is offsetted in the +Y direction by a displacement of 

L0. The geometry of the design is shown in fig. 5.6. Offsetting procedure should 
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be done with maximum care, because any misalignment of the parasitic patch 

adversely affects the resonant and radiation behavior of the antenna.  

5.4.1 Offset variation studies 

The initial aim is to find out the change in the resonant frequency of the 

structure with offset parameter L0. A detailed parametric analysis has been carried 

out to find out the effect of offset parameter on the resonant frequency and is 

illustrated in fig.5.13. The offset parameter ‘L0’ is varied up to 7mm in steps of 

1mm.  

 

Fig. 5.13 Effect of offset parameter L0      
 

The other antenna parameters are kept at L1=27mm, L2=6.75mm, 

Lf=17mm, Lg=80mm and Wg=54mm. It is noted that as L0 increases, the 

resonant frequency is found to be decreasing.  

5.4.2 Stacked offset antenna with L0=3mm 

The experimental realization of the offset configurations were taken for 

two configurations, one with offset parameter L0=3mm and the other with 
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L0=5mm. Initially the stacked antenna configuration with offset parameter 

L0=3mm is taken into consideration. The geometric parameters of the antenna 

are found to be L1=27mm, L2=6.75mm, Lf=17mm, L0=3mm, Lg=80mm and 

Wg=54mm. The antenna is printed on the same FR4 substrate and fed via a 

printed microstrip transmission line fabricated using the same substrate as that 

of the stacked antenna without offset.    

   
       Fig. 5.14 Reflection characteristics       Fig. 5.15 Measured gain of the antenna 
 

The antenna is found to be resonating at 2.36 GHz with a reflection 

coefficient value of -21.5dB as depicted in fig. 5.14. The -10dB bandwidth of 

the antenna is found to be 110MHz with 4.6% bandwidth around the resonance. 

As compared to the antenna without offset, the antenna is resonating at a lower 

resonating frequency with 120MHz frequency difference.  

The gain of the antenna is measured and it is illustrated in fig.5.15. It is 

interesting to note that the antenna has a peak gain of 4.49 dBi at the resonating 

frequency. The experimental and simulated radiation patterns of the antenna at 

the resonant frequency are shown in fig.5.16 and fig.5.17 respectively. The 

cross polar isolation is found to be 8.5 dB in both the planes. The 3dB 

beamwidths are found to be 710 and 960 in the XZ and YZ planes respectively.    
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5.4.3 Stacked offset antenna with L0=5mm 

Finally, stacked offset patch antenna with offset parameter L0=5mm is 

taken into consideration. The reflection and gain characteristics of the proposed 

design are shown from fig. 5.18 and fig. 5.19 respectively. The antenna 

parameter are found to be L1=27mm, L2=6.75mm, Lf=17mm, L0=5mm, 

h=1.6mm, Lg=80mm and Wg=54mm. 

The antenna is found to be resonating at 2.3 GHz with a -10 dB 

bandwidth of 100MHz and the reflection coefficient value at the resonance is 

found to be –22dB. The antenna has a maximum gain of 4.8 dBi at the resonant 

frequency which is greater than twice as that of the antenna without offset in the 

position of the upper patch. The experimental and the simulated 3D radiation 

patterns of the antenna at the resonant frequency are shown in fig. 5.20 and   

fig. 5.21 respectively. It is observed that the antenna is showing broadside 

radiation coverage with a cross polar isolation of 7.7 dB and 5.4 dB in the XZ 

and YZ planes respectively.  

Fig. 5.16  Experimental radiation 
pattern of the stacked offset 
antenna with L0=3mm 

Fig. 5.17  Simulated 3D radiation 
pattern of the stacked offset 
antenna with L0=3mm 
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      Fig. 5.18 Reflection characteristics                Fig. 5.19 Gain of the antenna 
 

     

 

5.4.4 Electric field distributions of the antennas 

The previous sections deal with the stacked configurations of square patch 

antenna with and without offset. This section gives an elaborate study of the 

electric field distributions of the antennas. It gives an idea about the radiation 

characteristics of the antennas and the reason for gain enhancement is clearly 

explained here. A comparison study on the radiation patterns of the different 

stacked configurations discussed in the previous sections is also included.  The 

electric field distributions of the simple patch antenna, stacked patch antenna with 

L0=0mm and h=1.6mm and stacked patch antenna with L0=5mm and h=1.6mm are 

illustrated in fig. 5.22. It is observed that for a simple square patch antenna, the 

fringing fields along the radiating edges of the patch acts like two slots separated 

Fig. 5.20 Experimental radiation 
pattern of the stacked offset 
antenna with L0=5mm 

Fig. 5.21 Simulated 3D radiation 
pattern of the stacked offset 
antenna with L0=5mm 
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by half wavelength which aids the radiation mechanism and is shown in            

fig. 5.22(a). But the placement of the upper parasitic patch affects the fringing 

fields of the fed patch and if the two patches are very close to each other, the space 

between the patches acts like strong cavity and a small fringing field is observed 

along the periphery of the patch. This gives reduced radiation and hence gain of the 

antenna is reduced. Offsetting the parasitic patch makes the cavity leaky and more 

fringing fields are observed along the periphery of the patches. Here the Ex 

component dominates than that of the Ey component making polarization along the 

X-axis and hence it gives an enhanced radiation resulting in a high gain as 

compared to the simple patch antenna and the stacked antenna without offset. The 

offset in the position of the upper parasitic patch decreases the cross polar isolation 

slightly in both the planes. This is because of the enhanced radiation provided by 

the Ey component in the fringing field and it can be best understood by looking into 

the fringing electric field pattern shown in fig.5.22 (c). Also the increase in offset 

parameter increases the 3 dB beamwidth in the YZ plane gradually. 

 
Fig. 5.22  Fringing Electric field distributions of the antennas a) Single patch 

antenna, b) Stacked patch antenna with L0=0mm and h=1.6mm and 
c) Stacked patch antenna with L0=5mm and h=1.6mm 



Chapter -5 

 176 

5.5  The two element array: a comparison study 

In this section, a comparative study of the radiation performance of the 

stacked offset square patch antenna with that of a two element array is carried 

out. The same square patch antenna used for the construction of the stacked 

offset patch antenna configuration act as the basic element of the array 

configuration. The two elements are fed centrally through the Wilkinson power 

divider arrangement fabricated on FR4 substrate of dielectric constant 4.2. The 

inter element spacing is made to be half wavelength.  The geometry of the 

proposed two element array antenna is shown in fig. 5.23. The geometrical 

parameters of the antenna are L1=27mm, Lf=13mm, Ls=36mm, Lg=85mm and 

Wg=80mm, h=1.6mm and εr=4.2.  

 
Fig. 5.23 Geometry of the two element array configuration 
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The experimental and simulated reflection characteristics of the proposed 

array antenna configuration are shown in fig. 5.24. It is observed that the 

antenna is resonating at 2.5 GHz. The antenna has a reflection coefficient value 

of -18.7 dB at the resonance and is exhibiting 4.3% bandwidth from 2.45 GHz 

to 2.56 GHz.   The gain of the antenna is computed and it has a maximum gain 

of 5.3 dBi at the resonance.      

The XZ and YZ plane measured radiation patterns of the antenna are 

shown in fig. 5.25. It is observed that the antenna exhibits a cross polar 

isolation of 17.5 dB for both the planes and the 3 dB beamwidth is found to be 

670 for both the planes. 

The experimental gain chart for the fabricated designs is shown in 

fig.5.26. It is noted that the stacked antenna without any offset in the position of 

the upper parasitic patch shows a gain of 1.69 dBi at the resonant frequency. It 

is noted that offsetting the position of the upper patch lowers the resonant 

frequency, but it enhances the gain performance of the antenna. The antenna 

with offset parameter L0=3mm is showing a gain of 4.49 dBi whereas the 

antenna with L0= 5mm is showing a maximum gain of 4.8 dBi. It is found that 

Fig. 5.24  Reflection characteristics of 
the two element array antenna 

Fig. 5.25  Radiation patterns of the 
two element array antenna 
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increase in L0 increases the gain of the antenna. The two element array on the 

other hand shows a maximum gain of 5.3 dBi, but it occupies a larger volume. 

It is worthwhile to note that the stacked antenna with L0=5mm shows a 

comparable gain performance as compared to the two element array 

configuration while maintaining satisfactory radiation and matching 

characteristics with an added advantage of compact mode of operation. It gives 

a volume reduction of 24.78 % as compared to the two element array 

configuration.  
 

 
Fig. 5.26 Measured gain of the fabricated antennas 

 

The experimental radiation patterns of the stacked antenna with L0=0mm 

and h=1.6mm, stacked offset antenna with L0=3mm and h=1.6mm, stacked 

offset antenna with L0=5mm and h=1.6mm and the array antenna 

configurations at the resonant frequencies are depicted in fig. 5.27. It is 

observed that for the stacked antenna without any offset in the position of the 

upper patch, -10 dB cross polar isolation is observed for both the planes. It 

shows a 3 dB beamwidth of 740 in the XZ plane and 670 in the YZ plane. The 

offset in the position of the upper parasitic patch decreases the cross polar 
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isolation slightly in both the planes. This is because of the enhanced radiation 

provided by the Ey component in the fringing field and it can be best understood 

by looking into the fringing electric field pattern shown in fig. 5.22(c). Also the 

increase in offset parameter increases the 3 dB beam width in the YZ plane 

gradually. When L0=3mm, the cross polar isolation is found to be 8.5 dBi for 

both the planes. The 3 dB beamwidths are found to be 710 and 960 in the XZ 

and YZ planes respectively.   

For L0=5mm, the cross polar isolation is of the order of 7 dB and the 

antenna shows a 3 dB beamwidth of 770 in the XZ plane and 129.50 in the YZ 

plane. For the two element array configuration, a high cross polar isolation is 

observed and is of the order of 17.5 dB for both the planes. The 3 dB beam with 

is found to be 670 for both the planes. 
  

 
Fig. 5.27 Radiation characteristics of the antennas a) stacked patch 

antenna without offset, b) stacked offset antenna with 
L0=3mm, c) Stacked offset patch antenna with L0=5mm and  
d) two element array configuration 
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The important conclusions arrived from the above studies are summarized 

below 

 Principle of offsetting can be effectively applied on the stacked single 

band antenna configuration to achieve high gain performance without 

deteriorating the impedance matching performance of the antenna.  

 In conventional stacked high gain antennas, gain enhancement is 

achieved by stacking the parasitic patch at a height equal to the half 

wavelength of the resonating frequency.  The offsetting technique 

greatly reduces the volume of the antenna without deteriorating the 

impedance matching performance of the antenna. 

 The single band design working around 2.3 GHz has a stacking 

height of the order of 0.025λg, where λ is the guided wavelength 

corresponding to the resonant frequency of the antenna and gain of 

the antenna is found to be 4.8 dBi. 

Based on the above important conclusions, the offset stacking technique 

is applied to the two broadband designs depicted in chapter4 and their detailed 

studies are discussed in the following sections. 

5.6  Stacked offset broadband microstrip patch antennas 

In this section, principle of stacking and parasitic patch offsetting is 

successfully implemented for strip loaded tilted square slot loaded and polygonal 

slot loaded broadband microstrip antenna designs discussed in chapter 4.  

5.6.1 Stacked Tilted Square Slot loaded broadband patch antenna with 
zero offset 

The broadband strip loaded patch antenna discussed in chapter 4 is 

stacked with the same structure with zero offset in the position of the parasitic 
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upper patch. The experimental and simulation studies of the structure are 

discussed in detail in this section.   

5.6.1.1 Antenna Geometry 

The geometry of the proposed antenna is shown in fig. 5.28. The antenna 

consists of strip loaded tilted square slotted antenna as the lower patch. The 

dimensions of this fed patch are found to be L1=35mm, L2=17.5mm, L3= 7.8mm, 

W=2mm and Lf=10.5mm. The ground plane dimension is selected to be 44X55 

mm2. The patch is fabricated on a substrate of dielectric constant 4.2 and thickness 

1.6mm. The antenna is electromagnetically coupled using a 50Ω microstrip 

transmission line. The transmission line is fabricated using the same substrate. The 

same patch antenna fabricated on the same substrate is stacked over the initial 

antenna so that the total height of the antenna is found to be 4.8mm, including the 

transmission line. The offset parameter is made to be L0=0mm.   
 

 
 

Fig. 5.28 Geometry of the antenna 
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5.6.1.2 Reflection Characteristics 

Fig. 5.29 shows the reflection characteristics of the stacked antenna with 

zero offset in the position of the upper parasitic patch. The antenna has a 2:1 

VSWR bandwidth of 32.51% from 4.07 GHz to 5.65 GHz. It is understood that 

placement of the upper patch shifts all the resonant frequencies to the lower 

side. This lower shift is due to the increase in the effective dielectric constant of 

the driven patch because the parasitic patch affects the fringing field of the 

driven patch.  

 
Fig. 5.29 Reflection characteristics of the antenna without offset 

 

It is observed that the minor resonance around 5 GHz for the antenna 

without the parasitic patch is found to be predominant for the stacked 

configuration and it is found to be at 4.8 GHz. The other resonances are found 

to be around 4.3 GHz, 5.1 GHz and at 5.4 GHz. 

5.6.1.3 Effect of stacking height  

In order to study the effect of the parasitic patch height on antenna 

reflection characteristics, a thorough parametric analysis has been performed. 
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Fig. 5.30 shows the effect of stacking height on antenna reflection 

characteristics. It is found that the parasitic patch height majorly affects the 

matching for the higher resonant frequencies and the lower resonance is found 

to be unaffected. When the stacking height exceeds 3.2mm, the lower two 

resonances will be predominant and the matching for the higher resonance is 

found to be deteriorating.    
 

 
Fig. 5.30 Effect of stacking height 

 

5.6.1.4 Radiation patterns and gain of the antenna 

The measured radiation patterns of the antenna at the resonant frequencies 

are shown in the fig. 5.31. It is observed that the XZ plane radiation patterns are 

almost identical throughout the entire frequency of operation. For all the 

resonances, the XZ copolar pattern shows lesser power as compared to the 

corresponding YZ copolar pattern. The simulated 3D radiation patterns of the 

antenna at the resonant frequencies are shown in fig. 5.32. The cross polar 

isolation throughout the entire frequency band of operation for both the planes 

is studied in detail and is shown in table 5.2.    
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Fig. 5.31 Radiation patterns of the antenna 
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Fig. 5.32  3D Radiation patterns of the antenna at a) 4.3 GHz, b) 4.8 GHz, c) 

5.1 GHz and d) 5.4 GHz 
 

Table 5.2 Cross polarization characteristics of the antenna 

Cross polarization (dB) 
Frequency, GHz 

XZ Plane YZ Plane 

4.1 15 9 

4.3 20 9 

4.5 30 7.5 

4.7 19.7 5 

4.9 15 6.3 

5.1 14.25 10.7 

5.3 17.9 15.8 

5.5 34.7 34.7 
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The gain of the antenna is shown in fig. 5.33. The maximum gain of the 

antenna is found to be 8.13 dBi at 5.5 GHz. The average gain of the antenna 

over the band is only 6.56 dBi.  

 
Fig. 5.33 Gain of the antenna 

 

5.7  The stacked offset microstrip antenna  

The stacked offset microstrip patch antenna discussed in section 5.7.1 

cannot increase the gain considerably, especially for the centre frequencies in 

the band of operation. This is due to the strong coupling between the feed patch 

and the parasitic patch. Gain enhancement can be achieved by making the 

cavity leaky. This is accomplished by offsetting the position of the upper patch 

along +Y-direction. The experimental and simulation studies guiding into the 

gain enhancement technique of the antenna are discussed in detail in this 

section. 

5.7.1 Antenna geometry 

The geometry of the proposed offset stacked microstrip patch antenna is 

shown in fig. 5.28. The antenna is obtained by offsetting the position of the 
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upper patch along +Y direction by a distance L0 as compared to the antenna 

without offset. The other antenna parameters remain the same as that of the 

stacked antenna without offset. The antenna parameters at the optimum design 

are found to be L1=35mm, L2=17.5mm, L3=7.8mm, W=2mm, Lf=10.5mm, 

L0=4mm and h=1.6mm at the optimum design. The antenna is fabricated on a 

substrate of dielectric constant 4.2.   

5.7.2 Reflection characteristics 

The reflection characteristics of the stacked offset microstrip patch 

antenna at the optimum offset distance are shown in fig.5.34. The antenna has a 

2:1 VSWR bandwidth of 34.9 % from 3.73 GHz to 5.73 GHz. The wide 

bandwidth is obtained by merging five resonances centered around 3.8 GHz, 

4.27 GHz, 4.76 GHz, 5.1 GHz and 5.49 GHz. It is an interesting observation 

that the offset in the position of the upper patch introduces an additional lower 

new resonance around 3.8 GHz which merges together with the other 

resonances to enhance the bandwidth of the antenna. 
 

 
Fig. 5.34 Reflection characteristics of the stacked offset microstrip antenna 
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5.7.3 Effect of offset parameter 

In order to study the effect of offset parameter L0 on antenna reflection 

characteristics, a rigorous parametric analysis has been performed. Fig. 5.35 

shows the effect of L0 on antenna reflection characteristics.    

 
Fig.5.35 Effect of offset parameter L0 on reflection characteristics 

 

It is observed that offsetting the parasitic patch introduces a lower 

resonance and as L0 increases the newly generated resonance shifts towards the 

lower side from the 4.3 GHz resonance. No predominant shift in the other 

resonant frequencies is observed. An optimum offset parameter of L0=4mm is 

selected to attain the maximum bandwidth of the antenna.  It is concluded that 

the offset structure itself acts as the origin of the newly generated resonance as 

in [9].  

5.7.4 Upper substrate height variation 

Here, the effect of the upper substrate height on the reflection 

characteristics of the antenna is studied. It is shown in fig. 5.36. It can be seen 

that the antenna attains broadband operation when the substrate thickness is 
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increased above 1mm. Below h=1mm, the resonances are not properly merged. 

The maximum available bandwidth is obtained when h=1mm. It is also noted 

that increasing h above 1mm decreases the percentage bandwidth of the 

antenna. This is because increase in ‘h’ above 1mm deteriorates the impedance 

matching corresponding to the higher resonant frequency.   

 
Fig. 5.36 Effect of upper substrate height variation 

5.7.5 Radiation pattern and gain of the antenna  

The experimental and simulated radiation patterns of the antenna at the 

resonances are shown in fig.5.37 and fig.5.38 respectively. It is observed that 

for all the resonances, a symmetrical stable XZ copolar pattern is observed for 

the entire operating band and the YZ copolar patterns show fluctuations. For the 

first four resonances the YZ plane cross polar power is lower as compared to 

that of the XZ plane. The maximum cross polar isolation is found to be 33 dB at 

5.1 GHz in the XZ plane and 36.7 dB at 5.49 GHz in the YZ plane patterns. The 

variation of cross polar level and 3 dB beam width over the entire operating 

band is studied and is shown in Table 5.3. 
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Fig. 5.37 Measured radiation patterns of the antenna 
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Fig. 5.38  Simulated radiation patterns of the antenna at a) 3.8 GHz,     

b) 4.27 GHz, c) 4.76 GHz, d) 5.1 GHz and e) 5.49 GHz 
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Table 5.3 Measured Cross-Polar Level and 3db Beamwidth 

Cross polar level along the 
on axis, dB 3 dB Beam width, degrees Frequency, 

GHz 
XZ Plane YZ Plane XZ Plane YZ Plane 

3.75 25.48 18.76 77 53 
3.95 22.8 18.8 60.8 50.4 
4.15 22.5 15.7 58.6 48 
4.35 25.4 15 72.9 59.4 
4.55 25.8 15.4 103.6 62.2 
4.75 25.7 16.7 111 67 
4.95 27.5 20 104.8 75.2 
5.15 30 23.4 85.6 31.6 
5.35 23.1 29.6 74.3 28.9 
5.55 17.5 31.33 80.8 35 
5.73 12.5 16.2 119 35 
  

The gain of the antenna is shown in fig. 5.39. The antenna shows a 

maximum gain of 8.07 dBi at 3.9 GHz which is very much higher than that of a 

conventional patch antenna fabricated on the same substrate and it is also noted 

that the gain of the centre resonant frequencies are also enhanced as compared 

to the antenna with zero offset (L0=0mm) in the position of the upper patch.  

 
Fig. 5.39 Measured Gain of the antenna 
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5.8  The offset stacked polygonal slot loaded broadband microstrip 
antenna 

In this section, principle of stacking and offsetting is implemented on the 

polygonal slot loaded broadband microstrip patch antenna discussed in chapter 

4. Here, the offset parameter is maintained at L0=2mm. The geometry of this 

final design is shown in fig. 5.40. The other geometrical passssrameters of the 

antenna are found to be L1=35mm, L2=14.3mm, L3=5.8mm, W=3mm, and 

Lf=10.55mm. The total thickness of the antenna is found to be 4.8mm.  

 
Fig. 5.40 Electric field distributions of the stacked antenna with zero offset 

5.8.1 Reflection and Radiation characteristics 

The simulated, experimental and computed reflection characteristics of 

the proposed offset stacked patch antenna are shown in fig.5.41. It is found that 

the antenna is covering a wide bandwidth from 4.01 GHz to 5.57 GHz having 

32.56% bandwidth. The resonances are found to be at 4.18 GHz, 5GHz and 

5.37 GHz.  
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The gain characteristics of the proposed antenna are shown in fig. 5.42. A 

comparison study of the gain of the antennas with and without offset is depicted 

in the same figure.  It is observed that the antenna shows better gain 

characteristics as compared to the antenna without offset throughout the entire 

frequency of operation. The maximum gain of the antenna is found to be        

8.9 dBi at 4.2 GHz. 

The experimental radiation patterns of the antenna at the resonant 

frequencies are shown in fig. 5.43. For all the resonant frequencies, a dip along 

the on axis of the antenna is noted for the XZ cross polarization patterns.  The 

cross polar isolation is found to be 21 dB, 19 dB and 24 dB for the XZ plane 

radiation patterns of the antenna at 4.2 GHz, 5 GHz and 5.37 GHz respectively. 

For the 4.2 GHz resonance, the cross polar power level is 7.2 dB below the co 

polar power along the on axis in the YZ plane pattern. The resonances centered 

around 5 GHz and 5.37 GHz shows cross polar isolation of 1.8 dB and 13 dB 

respectively for the YZ plane pattern.  

Fig. 5.41 Reflection characteristics of 
the offset stacked polygonal 
slotted microstrip antenna 
with L0=2mm 

Fig. 5.42 Gain characteristics of the 
stacked polygonal slotted 
antenna with and without 
offset 
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Fig. 5.43  Reflection characteristics of the offset stacked polygonal slotted 

microstrip antenna with L0=2mm 

5.8.2  Fringing Electric field models of the antenna 

The fringing electric field models of the antenna are computed using 

FDTD method. It is concluded from the earlier discussion that, offsetting 

enhances the fringing electric fields of the patches and it is found that the major 

contribution is from the Ey component of the electric field.  So for this study 

only the Ey component of the fringing electric field for the top and bottom layer 

of the patches is taken into consideration here.  



Chapter -5 

 196 

The fringing electric fields of the top and bottom patches of the antenna at 

4.19 GHz are shown in fig. 5.44 and 5.45 respectively. It is observed that there is a 

strong contribution from the Ey component on the top and bottom sides of the 

patches. From the figures, it is observed that the space between the patches acts like 

a leaky cavity and hence enormous fringing electric fields are noted along the 

radiating edges of the patches and hence the gain is found to be increased.   

 
Fig. 5.44 Computed Ey component of Electric field on the upper patch at 4.19 GHz 

 

 

 
Fig. 5.45 Computed Ey component of Electric field on the lower patch at 4.19 GHz 
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5.9 Conclusions 

The chapter highlighted a novel technique to enhance the gain of single band 

and broadband microstrip patch antennas. Principle of stacking is successfully 

implemented and the position of the upper parasitic patch is offsetted to enhance 

the fringing electric fields of the stacked antenna. The design greatly reduces the 

separation between the patches without degrading the impedance matching 

performance of the antenna. The single band design working around 2.3 GHz has a 

stacking height of the order of 0.025λg, where λ is the guided wavelength 

corresponding to the resonant frequency of the antenna and gain of the antenna is 

found to be 4.8 dBi. The offset stacked tilted square slotted and polygonal slotted 

broadband designs exhibits a bandwidth of 34.9% and 32.56% respectively and 

shows a maximum gain of 8.07dBi and 8.9dBi respectively.  
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       CONCLUSION AND FUTURE PERSPECTIVE  
 
6.1  Thesis highlights and Key contributions 
 

6.2  Inferences from the wideband strip loaded slotted patch 
antenna 

 

6.3  Inferences from the offset stacked single band and 
broadband  high gain designs 

 

6.4  Suggestions for  future work 

 

 

This chapter highlights the conclusions drawn from numerical, simulation and 

experimental investigations of broadband and high gain microstrip antennas. 

The important inferences of the strip loading and offsetting techniques are also 

presented along with some of the future directions in this area.  
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6.1 Thesis highlights and Key contributions 

This chapter describes the closing stage of the thesis by summarizing the 

important conclusions drawn from the experimental and simulation studies of 

the broadband and high gain strip loaded slotted square patch antennas. 

An overview of the antenna research along with the state of art 

technologies in planar antenna designs are highlighted in chapter1.  

A broad literature review regarding the development of microstrip 

antennas and the different technologies used to enhance the bandwidth of 

microstrip antennas are included in chapter2. The motivation behind the 

present work regarding the bandwidth enhancement technique persistent 

towards the current technological developments is explained in detail in this 

chapter.   

Experimental, numerical and simulation studies towards the 

development of a broadband strip loaded slotted square patch antenna are the 

core of chapter4. Investigations are carried out on tilted square slot and 

polygonal slot loaded patch antennas and the resonant mechanism is explained 

in detail. Simple design equations are formulated and are validated on 

different substrates. Finally, L-strip feed mechanism is successfully 

implemented to broaden the bandwidth of the polygonal slotted patch 

antenna further.    

Investigations on the gain enhancement technique for single band square 

patch antenna and two broadband configurations discussed in chapter4 are 

discussed in chapter5. Stacking is successfully implemented and the upper 

parasitic patch is offsetted to enhance the gain of the structure. The technique 
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effectively reduces the overall volume of the stacked antenna configurations 

considerably.     

6.2 Inferences from the wideband strip loaded slotted patch 
antenna 
The interferences drawn from the experimental and simulation analysis of 

the strip loaded broadband patch antennas are summarized below.  

 By properly optimizing the strip dimensions, the resonances caused 

by the patch antenna can be effectively matched and can be merged 

with the resonance offered by the patch and the strip.  

 The antenna has a 2:1 VSWR bandwidth of 38% for the tilted 

square slot structure and 45% for the polygonal slotted structure, 

making it suitable for 5.2/5.8 GHz WLAN, HIPERLAN2 and 

HiSWaNa communication bands.   

 The impedance matching strip is incorporated on the same plane of 

the antenna structure and hence it is devoid of spacers required to 

support the impedance matching strip as in conventional designs 

and the design reduces fabrication complexities.  

 The added metal strip overcomes the high capacitive reactance 

offered by the lower resonances and it is found that increase in the 

strip length shifts the imaginary part to the inductive side. The strip 

acts like a series LC circuit connected in series with the slotted 

patch antenna.   

 The design equations formulated can be used for the validation of 

the antenna on different microwave substrates.   
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6.3  Inferences from the offset stacked single band and broadband    
high gain designs 

The interferences drawn from the offset stacked single band and 

broadband high gain microstrip antennas are summarized below. .  

 Principle of stacking is effectively applied and the position of the 

upper patch is offsettted without deteriorating the impedance 

matching performance of the antenna for single band and broadband 

designs.  

 In conventional stacked high gain antennas, gain enhancement is 

achieved by stacking the parasitic patch at a height equal to the half 

wavelength of the resonating frequency.   The offsetting technique 

greatly reduces the volume of the antenna without deteriorating the 

impedance matching performance of the antenna. 

  In conventional stacked patches, when the separation between the 

patches is very less, then the space between the patched acts like a 

strong cavity and it resonates at the TM01 mode of the patch antenna 

and the electric field between them contains mainly Ez component. 

When the separation between the patches is equal to half 

wavelength of the resonating frequency of the patch, the space 

between the patches acts like a leaky cavity, and Ex component 

dominates and it aids radiation. The offset in the position of the 

stacked upper patch without increasing the stacking height, in 

effect, makes the space between the patches as a leaky and hence it 

enhances the fringing electric fields from the patches and the 

antenna exhibits high gain performance. 
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 The single band design working around 2.3 GHz has a stacking 

height of the order of 0.025λg, where λ is the guided wavelength 

corresponding to the resonant frequency of the antenna and gain of 

the antenna is found to be 4.8 dBi.  

 The offset stacked tilted square slotted and polygonal slotted 

broadband designs exhibits a bandwidth of 34.9% and 32.56% 

respectively and shows a maximum gain of 8.07dBi and 8.9dBi 

respectively.  

6.5 Suggestions for future work 

The strip loaded broadband patch antenna can be configured for much 

compact mode of operation by increasing the strip length. It is found from 

the experimental and simulation studies that the increase in the strip length 

lowers the resonant frequencies offered by the patch. But the impedance 

matching performance deteriorates. This is due to the fact that increase in 

the strip length increases the real part of the impedance and the imaginary 

part shits towards the inductive side. The impedance mismatch can be 

overcome by loading a parasitic patch over the antenna. This is because, the 

placement of the upper patch lowers the input impedance and it suppresses 

the high inductive reactance and hence a much compact mode of operation 

can be achieved. 

The strip loaded antennas can be made in the form of an array to 

enhance the band width of the antenna to meets the requirements of ultra 

wide band radio which uses 3.1 GHz to 10.5 GHz frequency spectrum in the 

frequency band. Here the patches can be fed with Wilkinson power divider 

and the distances between the patches can be adjusted so that the resonances 

offered by each of the strip loaded patch antenna can be merged to give an 
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extra large bandwidth. Here the number of patched required will be lesser as 

compared to the existing Ultra Wide Band log periodic designs available in 

the literature.  

The main design concern regarding the implementation of high gain 

antennas is their suitability in urban environment. We have checked the 

radiation patterns of the antenna within the anechoic chamber and outside 

the chamber and no predominant variation in the radiation characteristics is 

observed. The existing antenna designs used for indoor wireless application 

have a gain in between 2 dBi and 9 dBi and the antenna is practically grown 

along with the wireless communication module. So for indoor application, 

the gain and bandwidth reported by our design is sufficient.  The reported 

antenna can be easily grown with the wireless module, provided that the 

antenna should be detuned against the near field coupling effects of the RF 

circuitry. But in a noisy street, signal fading effects will be predominant. In 

such a situation, we have to go for array designs of the existing antenna for 

getting improved gain characteristics. In a normal closed array design, the 

mutual coupling effects will be present and hence steps should be taken to 

minimize the mutual coupling effects. It includes implementation of 

broadband PBG ground planes for the entire array structure for the operating 

band of interest.  

 

….. ….. 

 



A compact planner dual band antenna for 2.4/5.2 GHZ wireless lan applications  

 205 

 

 

                                                                         Appendix   A 

 A COMPACT PLANAR DUAL BAND ANTENNA FOR 2.4/5.2 
GHZ WIRELESS LAN APPLICATIONS   

 

 

A.1  Introduction 
 

A.2  Evolution of the antenna  
 

A.3  References 
 

 

The thesis presented few broadband designs of slot loaded printed microstrip antennas. 
In this section the study is extended to a modified printed strip monopole antenna 
excited by a Finite Ground Coplanar Wave Guide feed to achieve dual band operation. 
Dual band operation is achieved by properly attaching symmetrical sleeves on the 
flared monopole strip. The antenna exhibits almost omni-directional radiation 
characteristics throughout the entire frequency bands of operation which make it an 
attractive choice for modern wireless communication links, especially the 2.4 GHz/5.2 
GHz WLAN applications.            
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A.1  Introduction 

The recent rapid progress in wireless communication demands 

compact broadband antennas. The usage of ultra wide band antennas for 

narrow band and multiband applications results in out of band spurious 

emission in the transmitting mode. Therefore for narrow band applications in 

multiple frequencies, multi band antennas are preferred. Multi band antennas 

with quasi omni-directional radiation characteristics will serve as a strong 

candidate for modern wireless communication systems. Therefore compact 

multiband printed monopole antennas have aroused wide spread application, 

especially in low power wireless communication gadgets.  Z.N Chen [1] et. al 

have extensively studied the impedance and radiation characteristics of thin 

wire, thick wire, planar and roll monopoles mounted over a finite ground 

plane.  It is observed that they exhibit a percentage bandwidth of 25%, 40%, 

53% and 71% respectively. The coupling between the rolls of the monopole 

and the spiral structure introduces parasitic inductance and capacitance 

which in turn introduces an new resonance which merge together with the 

existing resonance yielding a high impedance bandwidth. However the 

ground plane dimension and its orientation with respect to the radiator is a 

serious issue concerning with its integration with wireless communication 

systems. Therefore the research community has gone towards the 

development of planar printed monopole antennas in which the ground plane 

can be printed on the same substrate. Two types of major feeding 

mechanisms are usually employed, either microstrip feed or coplanar wave 

guide feed.   

Ammann et. al [2] studied the effect of ground plane dimension on the 

impedance bandwidth of a microstrip line fed printed monopole antenna. 

They concluded that ground plane truncation excites additional resonant 
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mode which enhances the bandwidth of the antenna. Manoj Joseph et. al [3] 

studied the dual band performance of a microstrip line fed truncated ground 

plane monopole antenna by deliberately placing an offsetted rectangular 

metal strip on the ground plane. It is interesting to observe that a U-shaped 

current pattern excited on the monopole strip to the ground strip via the 

ground plane causes the lower resonance other than the resonance caused 

due to the monopole itself.     

In this study, top loading and symmetrical add on sleeves are utilized 

in a CPW monopole antenna to achieve compact dual band operation. 

A.2  Evolution of the antenna  

The evolution of the antenna geometry is shown in fig. A.1. The basic 

geometry is derived from a coplanar waveguide fed printed monopole 

antenna.  Fabrication is done on an FR4 epoxy substrate of relative 

dielectric constant 4.4. The width of the main monopole arm and the gap 

between the ground and the main arm are designed to obtain 50Ω 

impedance matching [4].  

 

Fig. A.1 Evolution of the antenna 
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A.2.1 Analysis of a CPW fed strip Monopole antenna 

The analysis of the CPW fed printed strip monopole is discussed in this 

section. The initial design parameters for the strip monopole antenna are,         

Lg =15mm, Wg=10mm, g=0.35mm, Wc = 3mm, Lm= 20mm, h=1.6mm and 

εr=4.4. The geometry of the antenna is shown in fig.A.2. The reflection 

characteristics of this basic monopole design are shown in fig. A.3. It is evident 

from the figure that the strip monopole is resonating at 2.58 GHz with a 2:1 

VSWR bandwidth of 15% covering 2.41 GHz to 2.80 GHz.   

 

Fig. A.2 Geometry of the CPW fed monopole antenna 
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Fig. A.3 Reflection characteristics of the CPW fed monopole antenna   

A.2.1.1 Resonance in CPW fed strip Monopole antenna 

In order to study the resonance mechanism in the strip monopole antenna, 

the surface current patterns are utilized. The simulated surface current density 

distribution on the surface of the monopole is shown in fig. A.4.  

 

Fig. A.4 Surface current distribution of the CPW fed monopole antenna 
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It is noted that a current minima is observed at the top of the monopole 

and a maxima is observed at the bottom near the ground plane ending. This is 

nearly a quarter wave variation along the length of the monopole corresponding 

to the resonance.  

A.2.1.2 Polarization and Radiation patterns 

The polarization of the antenna can be verified directly from the current 

density plot in the vector form at the resonance as shown in fig A.5.  It is found 

that the monopole strip itself has a strong contribution at the resonance while 

the ground plane has feeble effect. It is noted that the current at the top edge of 

the monopole are equal and opposite in phase. Therefore they cancel each other 

at the far field and do not contribute for any radiation. It is also observed that 

the current direction through the strip monopole is along the Y-direction which 

results in linearly polarized radiation along the Y- direction.  

 

Fig. A.5 Vector Surface current distribution of the CPW fed monopole antenna 
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Fig. A.6 Simulated 3D radiation pattern of the antenna 
 

The simulated 3D radiation patterns of the proposed monopole antenna at 

2.56 GHz is shown in fig. A.6. It is evident that the monopole is exhibiting 

almost omni-directional radiation pattern in the H-plane and a figure of eight 

pattern along the E-plane.  

The measured XZ and YZ plane copolar and cross polar radiation patterns 

of the antenna at the resonant frequency is shown in fig. A.7.  

 

Fig. A.7 Measured radiation patterns of the antenna 
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The experimental results confirm the radiation behavior obtained through 

simulation and it is observed that the strip monopole has almost omni-

directional radiation coverage in the XZ plane and is highly directional in the 

YZ plane.   

A.2.1.3 Gain and Efficiency 

The measured gain of the antenna is depicted in fig. A.8. A peak gain of 4 

dBi is observed at 2.6 GHz and the gain remains almost constant throughout the 

entire band of operation. The average radiation efficiency is found to be 75% in 

the operating band.    

 

Fig. A.8 Measured Gain of the antenna 

A.2.2 Analysis of a CPW fed flared Monopole antenna 

It is concluded from the previous section that coplanar waveguide fed 

strip monopole is an efficient radiator and its omni-directional radiation 

characteristics make it suitable for modern wireless communication gadgets. In 

this section, a more compact mode of operation is achieved by top loading a 



A compact planner dual band antenna for 2.4/5.2 GHZ wireless lan applications  

 213 

flared structure over the strip monopole while maintaining the same radiation 

characteristics of the ordinary strip monopole.        

A.2.2.1 Geometry of the flared monopole antenna 

The geometry of the flared monopole antenna is shown in fig. A.9. It is 

a slight modification of the coplanar waveguide fed strip monopole antenna. 

A flaring with dimension Lf and Wf is introduced in the coplanar waveguide 

fed strip monopole antenna so that Lm is maintained to be constant for both 

the designs. The antenna parameters are found to be Lg = 15mm, Wg = 10mm,         

g = 0.35mm, Wc = 3mm, Wf=23mm, Lm = 20mm, Lf=10mm, h=1.6mm         

and εr=4.4.  

 

Fig. A.9 Geometry of the CPW fed flared monopole antenna 
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A.2.2.2 Reflection characteristics  

The experimental and simulated reflection characteristics of the proposed 

flared monopole antenna are shown in fig. A.10. The antenna shows a 

resonance at 2.14 GHz in experiment with 370 MHz bandwidth from 1.97 GHz 

to 2.34 GHz. The simulation shows 360 MHz bandwidth from 1.92 GHz to 2.28 

GHz around the resonance of 2.08 GHz.   

 
Fig. A.10 Reflection characteristics of the CPW fed flared monopole antenna 

A.2.2.3 Radiation patterns  

 The simulated 3D radiation pattern of the flared monopole antenna is 

shown in fig. A.11. It is observed that the flared monopole is also providing 

almost omni-directional radiation pattern. Also it is interesting to note that 

flaring introduced in the coplanar waveguide fed strip monopole antenna 

doesn’t disturb the radiation pattern. The experimental radiation patterns of the 

antenna at 2.14 GHz are illustrated in fig. A.12. 
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Fig. A.11 3D Radiation patterns of the CPW fed flared monopole antenna 
 

 

Fig. A.12 Measured radiation patterns of the antenna 
 

A.2.2.4 Gain and Efficiency 

The measured gain of the antenna is depicted in fig. A.13. It is observed 

that the gain remains almost constant throughout the entire operating band. It is 

also worth to note that the gain remains almost unaltered by the introduction of 

flaring. The maximum gain is found to be 4 dBi. The average efficiency is 

found to be 75%.    
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Fig. A.13 Measured Gain of the antenna 

 

A.2.3 Dual Band flared monopole with V-element 

Two symmetrical metal sleeves are incorporated on the flared monopole 

structure in order to excite another resonant mode so as to obtain a dual band 

antenna. The geometry of the proposed antenna is shown in fig. A.14.  

 
Fig. A.14 Geometry of the CPW fed flared monopole antenna with 

attached sleeves 
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Two symmetrical V-sleeves of dimension Lsl=15mm and Wsl=2.5 mm are 

incorporated on the monopole main arm in order to get the second resonant 

band. The antenna parameters are found to be Lg =15mm, Wg = 10mm,             

g = 0.35mm, Wc=3mm, Wf=23mm, Lm=20mm and Lf=10mm, h=1.6mm, 

Lsl=15mm, Wsl=2.5 mm, L1=2.5mm and εr=4.4.   

A.2.3.1 Reflection characteristics 

The input reflection coefficient of the flared monopole antenna 

integrated with the symmetrical V-sleeves is shown in fig. A.15. The measured 

results show a lower resonance around 2.16 GHz from 2.03 GHz to 2.29 GHz 

and the second band is centered around 4.02 GHz with a fractional bandwidth 

of 41% from 3.2 GHz to 4.84 GHz.    
 

 
 Fig. A.15 Reflection characteristics of the CPW fed flared monopole 

antenna with attached sleeves 
 

A.2.3.2 Resonances in the attached V-sleeve antenna 

The simulated surface current density of the antenna at 2.11 GHz is shown in 

fig. A.16. It is clear from the plot that the lower resonance is caused due to the 

quarter wave current variation on the flared monopole. The intensity of current on 

the attached V-sleeves is negligible as compared to that in the flared monopole.  
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(a)  (b) 
 

Fig. A.16 Surface current distributions of the CPW fed flared monopole 
antenna with attached sleeves at 2.11 GHz 

 

The surface current distributions of the antenna at 4.23 GHz is shown in 

fig. A.17. It can be concluded that the second resonant band is contributed by 

the attached V-sleeves and the contribution on the flared arm is negligible.   

 
 

(a)  (b) 
 

Fig. A.17  Surface current distributions of the CPW fed flared monopole 
antenna with attached sleeves at 4.23 GHz 
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A.2.3.3 Radiation patterns 

The simulated 3D radiation patterns of the antenna at both the resonant 

bands are shown in fig. A.18. It is observed that the antenna exhibits its omni-

directional radiation characteristics as that of the strip monopole antenna.  

 
Fig. A.18 3D Radiation patterns of the antenna at a) 2.11 GHz and b) 4.23 GHz 

(a) (b)

( c) (d)  
Fig. A.19 Measured radiation patterns in the two orthogonal planes at 2.16GHz 

[fig (a)-(b)] and at 4.0 GHz [fig(c)-(d)]. 
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The simulated radiation patterns are validated in the two standard planes 

and are shown in fig. A.19. It is observed that the antenna has a wide coverage 

in the XZ plane and is directional in the YZ plane.   

A.2.3.4 Gain and Efficiency 

The peak gain of the antenna at the two resonant bands is shown in fig. A.20. 

The antenna shows almost constant gain throughout the two resonant bands. The 

antenna has a peak gain of 3.5 dBi in the first resonant band and 3.9 dBi in the 

second resonant band.  
 

 

Fig. A.20 Measured gain of the antenna 

The radiation efficiency is measured using Wheeler cap method. The 

measured average efficiency of the antenna are 65% and 73% for the first and 

second resonant band respectively.   
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