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INTRODUCTION 

Antenna "The eyes and ears in space" is undergoing a versatile change 

from earlier long wire type for radio broadcast, communication links to the 

military applications, aircraft, radars, missiles, space applications in the second 

half oflast century. This scenario is fast changing with the evolution of Cellular 

mobile personal communication in the form of Global System for Mobile 

communications (GSM), Code Division Multiple Accessing (CDMA), Digital 

Communication System (DCS) 1800 systems, North American dual-mode 

cellular system Interim Standard (lS)-54, North American IS-95 system, and 

Japanese Personal Digital Cellular (PDC) system etc .. The era of plain voice 

service based on circuit switched communication service has gone. The 

broadband mobile personal communication with mobile high quality video is 

the buzz word today. 3rd Generation GSM (3G), Wide band-CDMA, Wireless 

Fidelity (WiFi), 4th Generation WiMax, ,Wi Bro, Wire1ess-LAN, are all towards 

this direction. 

The wireless communication industry is growmg rapidly and wireless 

communication products, Personal Digital Assistants (PDAs), Laptops and cell 

phones are becoming a necessity of life. Communication systems need a wide 

frequency bandwidth to transmit and receive multimedia information at high 

data rates. Mobile wireless communication products must be easily portable and 

cheap to make them attractive to modem people. Because Microstrip fed slot 

antennas have a wide impedance bandwidth and simple structure that is easily 
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manufactured at a low cost, are highly suitable for communication products 

such as WLAN or blue-tooth applications. Suddenly it seems everything from 

mobile phone to MP3 players, printers to GPS receivers, instruments in 

hospitals, pathology laboratories, even the chemistry and physics labs has the 

'Blue-tooth' built-in for wireless operation' cutting the usual wired cords'. 

There is precisely a need for compact antennas in these gadgets especially 

driven by fast changing mobile communication technology, that too in large 

volume of demand at affordable cost. This has kindled a vigorous research and 

development activity in compact Microstrip antennas which can straight way go 

into mobile handsets or as an antenna array in Base Transceiver Stations (BTS) 

for any of the prevailing mature Mobile communication and GPS Technologies 

and much more to come in immediate future. World over there is a frantic 

search for optimal use of scarce wireless spectrum resources. This needs 

thinking twice or more before allocating a spectrum for a specific service as this 

amount to huge investments In research, development, technology 

implementation and service operation. 

Antenna does not become obsolete since they are based on unvarying 

physical principles. Only technology changes just like transition from tubes to 

transistor and then to ICs. Early large antennas 3- 0 antennas has reduced to 

2D-planar type by way of printed antennas. Thanks to Microstrip revolution in 

antenna technology in 1970s. Antenna - the vital part of wireless gadgets has 

endured renovation from a simple metallic rod to ceramic chip, 

reconfigurable, active and complicated Smart Antenna. The day is not far 

when this is likely to reduce to physically sub miniature wavelength antennas 

with the advent of Meta materials and Nano Technology. In this scenario 

development of extremely compact antenna are highly relevant. Different types 

of compact antennas like Microstrip, Planar Inverted- F Antenna (PIF A), Planar 
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Inverted Cone Antenna (PICA), Dielectric Resonator Antenna (DRA) and 

Printed Monopole Antenna [1·10] are described in the next section. 

1.1 Compact Antennas 

Wireless gadgets are constantly getting smaller. The latest trend in 

terminal design is therefore ultra·thin phones, leading to very small heights 

above ground plane available to the antenna elements. This has a huge impact 

on patch type of antennas (such as the popular Planar Inverted F Antenna 

(PIF A) as the achievable bandwidth and radiation efficiency is proportional to 

its height [11]. The recent trend in miniaturization of wireless gadgets triggered 

the evolution of planar antenna technology. It is worth noting that many of the 

planar antennas can be viewed as the modifications of conventional antennas. 

Broad band planar metal plate monopoles are fabricated by transforming a 

conventional monopole. Further miniaturization can be achieved by printing the 

monopole on a dielectric substrate 

1.1.1 Microstrip Antenna Configurations 

The concept of microstrip radiators was first proposed by Deschamps [12] 

in 1953. However, it took 20 years to realize the first practical antnenna of this 

type. These classes of antennas has received much attention and research only 

in 1970's. These antennas arc lightweight, easy to manufacture using printed­

circuit techniques, and compatible with MMICs (Monolithic Microwave 

Integrated Circuits). An additional attractive property of these antennas is that 

they are low-profile and can be mounted on surfaces and referred to as 

conformal antennas. However, the inherent narrow bandwidth of these antennas 

limits their usage in many applications. 

Microstrip Antenna consists of thin metallic radiating patch having a 

fraction of a wavelength above a conducting ground-plane on a low loss 

3 



substrate. The patch and ground-plane are separated by a low loss dielectric. 

The patch conductor is normally copper and can assume any shape, but 

simple geometries are used generally, and this simplifies the analysis and 

performance prediction. The patches are usually photo-etched on the 

dielectric substrate. The substrate is usually non-magnetic. The relative 

permittivity of the substrate is normally in between 1 and 10, which 

enhances the fringing fields that account for radiation, but higher values may 

be used in special circumstances. 

Microstrip antenna can be divided into three basic categories: mictostrip 

patch antennas, microstrip traveling wave antennas and microstrip slot 

antennas. Since Microstrip antenna is a mature technology their characteristics 

are briefly discussed below. 

Microstrip Patch Antennas 

A mictrostrip patch antenna consists of a conducting patch of any planar 

geometry on one side of a dielectric substrate backed by a conducting ground 

plane. Various microstrip patch configurations like circular disc, rectangular, 

square, triangle, ellipse, pentagon etc. are generally used. 

Microstrip Traveling Wave Antennas 

Microstrip Traveling Wave Antennas consists of chain shaped periodic 

conductors or an ordinary long TEM line which also supports a TE mode, on a 

substrate backed by a ground plane. The open end of the TEM line is terminated 

in a matched resistive load. As antenna supports traveling waves, their 

structures may be designed so that the main beam lies in any direction from 

broadside to end-fire. 
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Mictrostrip Slot Antennas 

Microstrip slot antenna comprises of a slot in the ground plane fed by a 

microstrip line. The slot may have the shape of a rectangle or a circle or any 

other as required to radiate in a desired manner 

1.1.2 Dielectric Resonator Antenna (DRA) 

A high dielectric constant low loss material can also be used as emanating 

electromagnetic energy and is termed as Dielectric Resonator Antenna (ORA). The 

radiating mechanism in a DRA is due to displacement current circulating in the 

dielectric medium, usually a ceramic pellet. The stored energy inside the dielectric 

is extremely high and it is difficult for external objects to detune the device [5-6]. 

Unlike patch antennas they can radiate from all surfaces, rendering high radiation 

efficiency and low Q factor. Since its bilth in the early 1980's, there has been a 

steady progress of research in this area over the years. 

1.1.3 Planar Inverted - F Antenna (PI FA) 

The inverted-F antenna printed on a dielectric substrate and the printed 

metallic strip of the antenna is shorted to the ground plane on the other side of 

the dielectric substrate for applications in wireless communication has been 

demonstrated [13-14]. PIFA can resonate at a smaller antenna size as compared 

to conventional antenna. For both designs, an integrated inverted-F antenna for 

Blue-tooth applications and a coplanar waveguide-fed folded inverted-F 

antenna for application to the UMTS band is available. To achieve dual-band 

operations for the WLAN and HIPERLAN systems, printed monopoles in the 

form of an F-shaped structure have also been tried [7-8]. 

The PIF A designs usually occupy a compact volume and can be 

integrated within the mobile housing, leading to internal mobile phone antenna. 
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These internal antennas can avoid the damages such as breaking compared with 

the conventional protruded whip or monopole antennas used for handheld 

applications. Compared to the whip antennas, these PIFA's have the advantage 

of relatively smaller backward radiation towards the mobile phone user. This 

suggests that electromagnetic energy absorption by the user's head can be 

reduced. These advantages led to many novel PIFA designs, most of them 

capable of dual or multiband operation to be applied in the mobile phones in the 

market. A variety of designs for dual-band PIFA's used in mobile handsets can 

be found in the literature [15- 20]. 

1.1.4 Plannar Inverted Cone Antenna (PICA) 

The new wideband, omni-directional, flat antenna called the planar 

inverted cone antenna (PICA) [6-11] can be thought of as an evolution of the 

volcano antenna and the circular disk antenna. The PICA is composed of a 

single flat element vertically mounted above a ground plane. The antenna 

geometry is very simple, yet provides outstanding impedance and radiation 

pattern performance. The impedance bandwidth is more than 10: 1 and the 

pattern bandwidth is about 4: 1. The antenna characteristics of the PICA element 

are similar to typical monopole disk antennas [9-10]. 

1.1.5 Printed Monopole Antenna. 

Another versatile antenna which has large attention recently is Printed 

monopole antenna. They offer large bandwidth and are more attractive for 

wireless communication applications. The large ground plane used for the 

conventional Printed monopole is the main limitation. However, the move 

towards the truncated ground plane has made the antenna low profile and 

suitable for integration into circuit board as tenninal antennas [10-11]. Recently 

printed antennas have received much attention due their low profile and om ni-
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directional radiation characteristics. The rapid growth of Ultra Wide Band 

communication [14] demands ultra wide band antennas to accommodate the 

large frequency spectrum of ultra short pulse used for this communication. 

There is a growing demand for small and low cost UWB antennas that can 

provide satisfactory performances in both frequency domain and time domain. 

A circular planar monopole was presented for the design of an 8: 1 

impedance bandwidth [22]. Recently, monopoles with elliptical, square 

(rectangular), bow-tie, diamond, and trapezoidal sheets, have been designed and 

investigated [23-29]. 

Compared with traditional wire antennas, printed dipole antennas have 

extra advantages including planar structure, small volume, light weight and 

low cost, which are significantly suitable for applications sensitive to the 

receiver sizes. Recently, various types of printed dipole antennas have been 

studied [30-32J to comply with the compact high perfonnance broad 

band/multiband requirements. 

1.2 Feed for Compact Antennas 

Patch antennas are commonly excited by one of the five methods: 

(a) coaxial probe, (b) microstrip line feed connected to the edge of the patch, (c) 

micro strip line coupled to the patch through electromagnetic method, and (d) 

microstrip line coupled to the patch through aperture (e) Co-planar feed. 

[33-36]. The selection of appropriate feed depends on the application. 

(a) Coaxial feed 

One of the common methods of feeding the microstrip antenna employs 

coaxial probe. The basic configuration is shown in Figure (1-1). Here the 

central conductor of the coaxial cable is connected to the radiating patch 
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whereas the outer conductor is attached to the ground plane. This type of 

feeding has the tlexibility of impedance matching with low spurious radiation. 

Coaxially fed antenna has low impedance bandwidth. For increased bandwidth. 

thick substrates are to be used and which requires a longer probe. But. this 

gives rise to an increase in spurious radiation form the prohe. increased surface 

\\'a\'e power and increased feed inductance. 

Probe reed 

Fig.l .l Co·axial fed Rectangular microstrip patch. 

(b) Microstrip Line Feed 

Mic.:rostrip line feed is the simplest of the exdtation techniques and has the 

advantag.e of leed lying in the same plane of the radiating monopole. Figure (t -2) 

shO\vs the microstrip line leeding arrangement. This method of directly connecting 

a strip to the edge of u patch is highly convenient when integrating the feeding 

new;ork for large urruys. However, the spurious radiation from the Iced oikn 

creates problems. This can be reduced by choosing a high dielectric constant 

substrate. In this type of excitation the prior knowledge of the feed point location is 

absolutdy required for impedance matching. 
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R"w"~I" Patch 

Substarate 

Fig.12 Microstrip line fed rectangular patch 

(c) Electromagnetic (proximity) Coupling 

In trOtfuction 

In this type of feeding system. the radiating patch is etched on another 

subsO'ate and placed above the open-ended feed line. Thus the radiating element 

is parasitically coupled to the fecd. Figure (1-3) depicts such a feed.ing 

mechanism. It has large bandwidth. Iow spurious radiation and easy to fabricate. 

Coupling 

Fig.1.3 Proximity Coupling 

(d) Aperture Coupling 

A feeding method. which has become very popular. involves coupling of 

energy from a microstrip line though an aperture (slot) in the ground plane. 
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C!Wpter-l 

This method is known as the aperture coupling and is shown in Figure (l-4). 

The slot couples energy from the strip line to the patch. Typically high 

dielectric constant material is used for the bottom substrate and thick low 

dielectric constant material for the top subsuate. The spurious radiation from 

the feed network is low because the radiating element is isolated from the feed 

by the ground plane. 

Another method is also used for aperture coupling. The ground-plane is 

placed between the patch and the feed-line, and coupling between the two is 

provided by an aperture or slot in the ground plane. 

A microstrip patch can be electromagnetically- coupled using a coplanar 

feed-line or a buried feed-Line. The buried feed-line technique employs a two­

layer substrate as shown in Figure (1-4), one for the radiator and one for the 

feed-line. The substrate parameters can be chosen separately. The upper 

substrate on which the afllenna is printed requ ires a relatively thick substrate 

with a low relative dielectric constant to enhance radiation and increase 

bandwidth, whereas the lower feed-line substrate requires a thin substrate with a 

higher relative dielectric constant to prevent radiation. 

Fig.l.4 Aperture Coupling 

to 
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(e) Coplanar reed 

A microstrip patch can be electromagnetically~ coupled using a coplanar 

feed~line . The coplanar feed-line tends to radiate more than the buried feed~line. 

because it is printed on the same subsLrate as the radiator, which has a high 

radiation efficiency. This is useful feed for coplanar printed antennas. 

FIg.1.5 Coplanar feed coupling 

1.3 Theoretical Analysis for Antenna modeling 

Antenna engineers rely heavily on computer techniques to analyze and 

optimize the design. They have revolutionized the way in which 

electromagnetic problems are analyzed. Computer methods for analyzing 

problems in electromagnetics generally fall into one of the three categories: 

1.3.1 Analytical techniques 

Analytical techniques make simple assumptions about the geometry of a 

problem in ordcr 10 apply a c1osed~fonn (or table look~up) solution. These 

techniques can be a useful tool when important electromagnetic (EM) 

interactions of the configuration can be anticipated. However. most 

electromagnetic compatibility (EMC) problems of interest are simply too 

unpredictable to be mode1ed by this approach. Cavity model is classical 

example and is detailed below here. 
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Cavity Model 

Microstrip patch antennas are narrow band resonant antennas. In this 

model, the interior region of the patch is modeled as a cavity bounded by 

electric walls on the top and bottom. and magnetic walls along the periphery. 

The bases for these assumptions are the following: 

For thin substrates. 

• The fields in the interior region do not vary with substrate height 

because the substrate is very thin. 

• Electric field is z directed along the height of the substrate only, and 

the magnetic field has only the transverse components in the region 

bounded by the patch metallization and the ground plane. 

• The electric current in the patch has no component normal to the edges 

of the patch metallization, which implies that the tangential 

component of H along the edge is negligible. and the magnetic wall 

can be placed along the periphery. 

The variation along the width of the patch is included in this model. The 

mutual coupling between the radiating edges are included implicitly in the form 

of radiated power, which accounts for the effect of mutual conductance. Its 

main limitation is that the variation of fields along the substrate thickness is not 

included. 

ExpeJ1 systems approach a problem in much the same way as a quick­

thinking, experienced EM engineer with a calculator would. They do not 

actually calculate the fields directly, but instead estimate values for the 

parameters of interest based on a rules databasc. However, thcy are no better 
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than their rules database and are seldom used to model the complex EM 

interactions that cause EMI sources to radiate. 

1.3.2 Numerical techniques 

Numerical techniques attempt to solve fundamental field equations 

directly, subject to the boundary constraints posed by the geometry. They are 

the most powerful EM analysis tools, requiring more computation than the 

other techniques. They calculate the solution to a problem based on full-wave 

analysis. A variety of numerical techniques are available. The method used by a 

particular EM analysis program plays a significant role in determining the 

nature of problems it can handle and accuracy of results so obtained. 

The main objective of any numerical method for Microwave circuit 

analysis is to develop an algorithm with minimum effort (in terms of CPU 

time & memory space), maximum accuracy and flexibility (to model a large 

variety of structures). Thus the choice of a numerical method is determined 

by its efficiency, accuracy and flexibility. The choice, however, is also 

strictly dependent on the problem at hand. No method can be thought of as 

the best one, but depending on the application, each can have advantages 

over the others. The EM modeling of Microwave circuits has to be viewed 

from the angles of radiating geometry, excitation techniques, boundary 

conditions etc .. 

The most important stage in EM modeling is the computation of EM 

fields in the structure by the solution of Maxwell's equations [37]. These 

equations are linear. But the boundary and interface conditions make it difficult 

to solve the Maxwell's equations analytically. The most commonly used 

methods in each category are briefly described below. 
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Method of Moments (MoM) 

In the mid-1960's, Professor Harrington worked out a systematic, 

functional-space description of electromagnetic interactions, which he called 

the 'Method of Moments '. The MoM is a general method for solving linear 

operator equations [38]. Here, an integral or integro-differential equation 

derived from Maxwell's equations for the structure of interest is interpreted as 

the infinite-dimensional functional equation, if = g, where L is a linear 

operator, g is a known function related to the excitation and f is an unknown 

function such as an induced current distribution that is to be determined. 

The MoM approach is to set up a numerical solution by representing the 

unknown functionf as a linear combination of a finite set of basis functions.!! in the 

domain of L. Then, a finite set of weighting functions Wj is defined in the range of 

L. After taking the inner product (usually integration) of the functional expansion 

with each weighting function, the linearity of the inner product is used to obtain a 

finite set of equations for the coefficients of the basis functions. This set of 

equations is then solved to obtain the approximate or exact solution off, depending 

on the choice of the basis and weighting functions. The set of basis functions 

should have the ability to accurately represent and resemble the anticipated 

unknown function, while minimizing the computational effort required [39]. 

In principle, the MoM can be applied to the numerical modeling of 

arbitrary linear structures. However, this method has limitations primarily 

governed by the speed and storage capabilities of available digital computers 

[40]. Using more powerful computers increases the capability ofMoM. Another 

option is to refine the method by choosing proper starting equations, developing 

flexible basis and weighting functions and using more sophisticated algorithms 

for the numerical evaluation of integrals encountered in the solution. However, 
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Moment Method techniques based on integral equations are not very effective 

when applied to arbitrary configurations with complex geometries or 

inhomogeneous dielectrics. Nevertheless, they do an excellent job of analysing 

a wide variety of three 3 dimensional electromagnetic radiation problem. 

Historically, the use of basis and testing functions to discretize integral 

equations of electromagnetics is most often named the "Method of Moments "', 

the same process applied to differential equations is usually known as the '~finite 

element method". However, the tenn finite element method is reserved for 

variational methods, explicitly minimizing a quadratic functional [49] as 

explained in the following section. 

Finite Element Method (FEM) 

The Finite element method IS one of the classic tools of numerical 

analysis, suitable for the solution of a wide class of partial differential or 

integral equations. In the mid-1970's Mei, Morgan and Chang introduced the 

finite-element approach for the Helmholtz equation [38]. Later, in the early 

1980's, they shifted their finite element research to direct solutions of 

Maxwell's curl equations. Finite element techniques require the entire volume 

of the configuration to be meshed as opposed to surface integral techniques, 

which require only the surfaces to be meshed. Each mesh element has 

completely different properties from those of neighbouring elements. In 

general, finite element techniques excel at modeIing complex inhomogeneous 

configurations. However they do not model unbounded radiation problems as 

effectively as moment method techniques. 

In general, finite element techniques excel at modeling complex 

inhomogeneous configurations. However, they do not model unbounded 

radiation problems as effectively as moment method techniques. 
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The finite element analysis of any problem involves basically four steps: 

• discretizing the solution region into a finite number of sub regions or 

elements. 

• deriving governing equations for a typical element, 

• assembling of all elements in the solution region, and 

• Solving the system of equations. 

An example of a discretised finite---element model is shown in Figure 1.6. 

The model contains information about the device geometry, material constants, 

excitations and boundary constraints. In each finite element, a simple (often 

linear) variation of the field quantity is assumed. The corners of the elements 

are called !lodes. The goal of the finite-element analysis is to detennine the field 

quantities at the nodes. 

--=--,<,--'~-"" --

o .:=-~--- ~==:-:-,'~-~~" c~-;~.::-=--- ,~., -

Structure Geometry Finite-element Mudel 

fjg. 1.6 Finite·element mode!ing example 

Generally, finite element analysis techniques solve for the unknown field 

quantities by minimising energy functional. The energy functional is an 

expression describing all the energy associated with the configuration being 

analysed. 
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The first step in finite element analysis is to divide the configuration into a 

nwnber of small homogeneous pieces or elements. The model contains information 

about the device geometry, material constants, ex citations and boundary 

constraints. In each finite element, a simple (often linear) variation of the field 

quantity is assumed. The corners of the elements are called nodes. The goal of the 

finite-element analysis is to determine the field quantities at the nodes. Generally, 

finite element analysis techniques solve for the unknown field quantities by 

minimizing an energy functional. The energy functional is an expression 

describing all the energy associated with the configuration being analysed. For 3-

dimensional time-harmonic problems this functional may be represented as 

F = f(!1IH21 + £IE12 _ J.E }v 
v 2 2 2jOJ 

..................................... (1.1) 

The first two tenns represent the energy stored in the magnetic and 

electric fields, and the third term is the energy dissipated by the conduction 

current. Expressing H in terms of E and setting the derivative of this functional 

with respect to E equal to zero, an equation of the formf(J,E) = 0 is obtained. 

A kth order approximation of the function f is then applied at each node and 

boundary conditions enforced, resulting in the system of equations, 

[1] = [Y][E] ..................................... (1.2) 

The elements of J are referred to as the source terms, representing the 

known excitations. The elements of the Y -matrix are functions of the problem 

geometry and boundary constraints. The elements of the E-matrix represent the 

unknown electric field at each node, obtained by solving the system of 

equations. In order to obtain a unique solution, it is necessary to constrain the 

values of the field at all boundary nodes. For example, the metal box of the 
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model in Figure 1.3 constrains the tangential electric field at all boundary nodes 

to be zero. Therefore, a major weakness of FEM is that it is relatively difficult 

to model open configurations. However, in finite element methods, the 

electrical and geometric properties of each element can be defined 

independently. This permits the problem to be set up with a large number of 

small elements in regions of complex geometry and fewer, larger elements in 

relatively open regions. Thus it is possible to model complicated geometries 

with many arbitrarily shaped dielectric regions in a relatively efficient manner. 

Transmission Line Matrix (TLM) method 

It is based on the equivalence between Maxwell's equations and the 

equations for voltages and currents on a mesh of continuous two-wire 

transmission lines. The main feature of this method is the simplicity of 

formulation and programming for a wide range of applications. In the TLM 

method, the entire region of the analysis is gridded. A single grid is established 

and the nodes of this grid are interconnected by virtual transmission lines. 

Excitations at the source nodes propagate to adjacent nodes through those 

transmission lines at each time step. Generally, dielectric loading is 

accomplished by loading nodes with reactive stubs, whose characteristic 

impedance is appropriate for the amount of loading desired. Lossy media can be 

modeled by introducing loss into the transmission line equations or by loading 

the nodes with lossy stubs. Absorbing boundaries are constructed in TLM 

meshes by terminating each boundary node transmission line with its 

characteristic impedance. Analysis is performed in the time domain. 

TLM method shares the advantages and disadvantages of the FDTD method. 

Complex, nonlinear materials are readily modeled, impulse responses and time­

domain behaviour of the systems are detennined explicitly, and the technique is 
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suitable for implementation on massively parallel machines. Another advantage of 

using the TLM method is that certain stability properties can be deduced by 

inspection of the circuit. There are no problems with convergence, stability or 

spurious solutions. The method is limited only by the amount of memory storage 

required, which depends on the complexity of the TLM mesh. Also, being an explicit 

numerical solution, the TLM method is suitable for nonlinear or inhomogeneous 

problems since any variation of material properties may be updated at each time step. 

Thus voluminous problems using [me grids require excessive amounts of 

computation. Nevertheless, both TLM and FDTD techniques are very powerful and 

widely used. For many types of EM problems, they represent the only practical 

methods of analysis. Deciding whether to utilize a TLM or FDTD technique is a 

largely personal decision. Though the TLM method requires significant! y more 

computer memory per node, it generally does a bettcr job of modeling complex 

boundary geometries. On the other hand, the FDTD method is attractive because of 

its simple, direct approach to the solution ofMaxwell's equations. 

Finite Difference Time Domain (FDTD) Method 

The Finite Difference Time Domain (FDTD) method introduced by K. S. 

Yee in 1966 [42] and later developed by Taflove [43] in the 1970's pennits in 

principle, the modeling 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 modeled. The FDTD method has thus emerged as a viable alternative to the 

conventional Frequency Domain methods because of its dimensionally reduced 
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computational burdens and ability to directly simulate the dynamics of wave 

propagation [44-49]. The survey paper by Shlager and Schneider illustrates the 

rapid growth of FDTO [14]. Appendix-A describes in detail the FOTO method 

employed for the numerical computation of the radiation characteristics of the 

Rectangular Printed monopole UWB Antenna in the present work. 

1.4 Compact Antenna Applications 

The diversity of applications and operational environments has led, 

through the accompanying high production volumes, to tremendous advances in 

cost-efficient manufacturing capabilities of microwave and RF products. This, 

in turn, has lowered the implementation cost of a host of new wireless as well 

as wired RF and microwave services. Inexpensive handheld GPS navigational 

aids, automotive collision-avoidance radar, and widely available broadband 

digital service access are among these. Microwave technology is naturally 

suited for these emerging applications in communications and sensing, since the 

high operational frequencies pennit both large numbers of independent 

channels for the wide variety of uses envisioned as well as significant avallable 

bandwidth per channel for high speed communication [53]. One of the 

envisaged applications concerns the field of medical imaging. The reason is 

their fully planar format, which makes them a more suitable at UWB 

mIcrowave applications.[50-54]. Compact broad band antenna is essentially 

required for the following applications. 

• DTV band 470 to 860 MHz 

• Cellular band 800 to 970 MHz 

• PCS( Personal communication band) 1.8 t02 GHz 

• UMTS band 2 to 2.3 GHz 

• WiMax, WiFi , Wibro and other OFDM bands 2.3 to 3.7 GHz 

20 



• Bluetooth 2.4 to 2.4835 GHz 

• WLAN 2.4 to 2.4835 GHz, 5.15 to 5.35 GHz and 5.725 to 5.850 GHz 

• Low band UWB 3.1 t05.15 GHz 

The frequency bands allotted for the popular wireless communication 

services are listed in Table 1.4. 

Table 1.4 Frequency bands allotted for various wireless communication services 

Wireless communication service 

GPS 1575 
GPS 1400 

GSM 900 

DCS 1800 

. Global Positioning System 

Global system for mobile 
communication 
Digital communication 
system 
Personal Communication 

PCS 1900 
.....:..-_§ystem _____ . 

UMTS 
2000 

..... _. --------_._._-----

3G 
IMT-2000 

ISM 2.4 
ISM 5.2 
ISM 5.8 

RFID 

DVB-H 

UWB 

; Universal Mobile 
• Telecommunications 
,Systems _______________ _ 

International Mobile 
Telecommunications-2000 

Industrial, scientific, 
medical 

; Radio Frequency 
Identification system 

Digital Video Broadcasting 
on hand held devices 

Ultra Wide Band 

Allotted 
frequency band 

1565-1585 MHz 
. 1227-1575 MHz 

890-960 MHz 

1710-1880 MHz 

Antenna 
type 

Microstrip or 
Helix 

1850-1990 MHz 
__ _. __________ __ Dipoles or 

patch array in 
1920-2170 MHz BTS. 

1885-2200 MHz 

2400-2484 MHz 
5150-5350 MHz 
5725-5825 MHz 

30MHz-2.4GHz 

470-890MHz 

3.1 -10.60Hz 

Monopoles, 
sleeve dipoles 
and patch in 
hand held sets. 

Loops, folded F 
patch and 
monopole 

Compact 
printed 
Antennas 
Printed dipoles 
or Monopoles 
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Very recently, the addition of more and more features in each new 

generation communication systems demands universal antennas. A universal 

antenna should support five cellular bands (GSM850/900/1800/1900 + 3G), 

Wireless LAN, Bluetooth, Digital TV (DVB-H), FM radio and GPS. In the next 

few years to come, several new wireless systems such as RF-ID, UWB, 

WiMAX etc. will probably also be integrated to the terminal. 

1.5 Printed Antenna for UWB Applications 

Ultra-wideband (UWB) antennas are of great interest for a variety of 

applications such as transient radars, mine detection, and unexploded 

ordnance (UXO) location and identification, especially, in military fields. 

Recently, in early 2002, the Federal Communication Commission (FCC)'s 

released of the UWB for commercial communication applications and 

sparked renewed interest in the subject of UWB antennas. Ultra wide-Band 

(UWB) technology is one of the most promising solutions for future 

communication systems due to its high-speed data rate and excellent 

immunity to multi path interference. 

Since the approval of UWB spectrum for unlicensed use by the Federal 

Communications Commission (FCC) in 2002 [21], UWB technology and its 

potential applications in wireless communications systems have been attracting 

increasing interests from both academia and industry. According to the Federal 

Communications Commission (FCC), the frequency band of the UWB should 

be between 3.1 and 10.6 GHz. To achieve the high data rate UWB antenna 

should radiate short pulse with duration of O.3ns without time ranging. In 

wireless communications, UWB will see its application in high data rates 

(> lOO Mb/s) transmission over very short distance « 10 m) and low data rates 

« 1 Mb/s) with very low power consumption for medium indoor 
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communications. UWB wireless communications systems have many expected 

attractive features and advantages. There are, however, also many technical 

issues needed to be resolved. UWB antenna should cover the allocated 7500 

MHz of spectrum so to fully utilize the spectrum. The UWB antennas proposed 

in [54-57), have wide impedance bandwidth and good radiation patterns. 

However, these are not planar structure. Recently, a micro strip planar circular 

disc monopole antenna has been reported [58] , which presents a CPW fed 

circular UWB antenna, with better flexibility for circuit integration. 

The inherent drawback of microstrip antenna is its narrow impedance 

bandwidth. Different approaches for increasing the bandwidth are available in 

the literature. They include thick substrate with low dielectric constant, using 

multiple patches stacked vertically, using multiple patches in one plane, and 

using broadband impedance matching networks [58). By using thick substrate 

the enhancement of bandwidth is limited because of the large inductance and 

radiation associated with the feed, and increased excitation of surface waves. 

Use of parasitic patches increases the overall volume of the antenna. 

For the commercial applications, the UWB antennas should be low 

profile, light weight, low cost, and fabricated easily. The traditional micro strip 

antennas can meet most of these needs only with the narrow bandwidth. Many 

designers have tried various ways to improve the above handicap and many 

valuable results have been obtained. 

Today the state of the art of UWB antennas focuses on the microstrip, slot 

and planar and printed monopole antennas. In the design of a printed UWB 

antenna, the radiator and ground plane shapes as well as the feeding structure 

can be optimized to achieve a broad impedance bandwidth [59-63]. 
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Many techniques were reported in recent years to broaden the impedance 

bandwidths of planar antennas and to reduce their electrical dimensions, 

including RC- loading [62], resistor- loading [63], gap loading [64], the folding 

[65], the multi-feed [66], the beveling [67], and adding the shorting pin [68], 

[69], etc. In addition, a coupled sectorial loop antenna is presented by connecting 

two sectorial loop antennas in parallel [70], square planar monopole [71]. 

Asymmetrical feed arrangement [72], adjusting the gap between radiating 

element and ground plane [73], a double feed [74] is reported for extending 

bandwidth to UWB. 

Use of multiple resonators In the same plane is another method to 

increase the bandwidth. Stagger tuned resonators leads to wider bandwidth. 

But the two associated problems are large area requirement and deterioration of 

radiation pattern over bandwidth. A method to overcome these two problems is 

by the use of multiple resonators gap-coupled along the non-radiating edges. 

Techniques like U-shaped slot and L-probe are also used for the enhancement 

of bandwidth. These methods also mcrease the volume of the antenna 

substantially. A novel technique to enhance the bandwidth of microstrip 

antenna without much increase in volume is presented in this thesis. The strips 

in patch and slots in truncated ground is proposed here to increase the current 

path for compactness and multiple current path to merge suitable resonance to 

enhance the bandwidth. 

The printed UWB antenna consisting of a planar radiator and a ground 

plane which is essentially an unbalanced design, where the electric currents are 

distributed on both the radiator and the ground plane so that the radiation from 

the ground plane is inevitable. Therefore, the performance of the printed UWB 

antenna is significantly affected by the shape and size of the ground plane in 
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tenns of the operating frequency, impedance bandwidth, and radiation patterns 

[44-45]. Such a ground-plane effect causes severe practical engineering 

problems such as design complexity and deployment difficulty. Therefore, this 

work presents a technique to reduce the ground-plane effect on the perfonnance 

of a small printed UWB antenna. The printed antenna is designed to cover the 

UWB band of 3.1-10.6 GHz, in particular, the lower band of 3.1-5 GHz. By 

adding a rectangular strip horizontally from the printed radiator and 

asymmetrically attaching a conducting strip to the radiator, Band width can be 

extended to higher frequencies. The overall size of this antenna is printed onto a 

1.6mm thick FR4 substrate is only 20X30 rnm2
. 

1.6 Outline of the Present Work 

In this thesis, the theoretical and experimental investigations towards the 

development of a Ultra-Wideband printed Monopole Antenna with various 

patch geometries are presented. The perfonnance of the antenna to various 

parameters are discussed in detai1. 

Ground plane is a crucial factor for these printed monopoles. The 

antenna performance significantly varies for infinite to finite ground plane 

transition. When the ground plane is truncated, the current distribution on 

the ground plane at the radiating frequency becomes more significant. This 

influences the radiation characteristics of the antenna to a great extent. 

Unfortunately antenna designers often choose the ground plane dimension in 

an adhoc manner driven by the convenience rather than through examination 

of electrical limitations. Even though the printed technology is fully 

matured, the dependence of ground plane on the antenna characteristics is 

often least considered by the researchers and designers. This state of affairs 

inspired for detailed investigations on the ground plane effects of simple 
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strip monopole. The procedure is successfully applied to reduce the dimensions 

of Rectangular patch antenna using the discontinuities such as Defected Ground 

Structure (DGS) and Defected Microstrip Structure (DMS) [75-77]. Since it has 

more discontinuities providing larger targets for EM wave, the net result in area 

reduction. The DGS is realized by etching slots in the truncated ground plane of 

the printed monopole. This property of DGS is effective for miniaturization of 

printed planar antennas. 

The bandwidth enhancement IS achieved by preserving the omm­

directional radiation characteristics of the antenna. The experimental and 

theoretical studies revealed that the optimized top loaded strip monopole 

antenna is suitable for UWB operation and compact type [78]. These desirable 

characteristics make the present antenna suitable for Ultra wide band 

applications. The Rectangular or square geometry is found to be most suitable 

for Ultr~ wide band applications even though all the optimized geometries for 

top loading results in wide band compact antennas as proved experimentally 

and reported here. This thesis gives the systematic evolution of the simple 

printed strip monopole to UWB antenna. 

For the theoretical analysis, Finite Difference Time Domain method 

(FDTD) is employed. Radiation and reflection characteristics of the optimized 

Antenna for each optimized geometry are studied using FDTD. 

1. 7 Chapter Organization 

Following the introductory Chapter 1, a brief review of the past work in 

the field of patch antennas mainly wide band monopoles with due emphasis on 

impedance matching for UWB applications are presented in Chapter 2. 
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Chapter 3 deals with the methodology of design, simulation, optimization, 

fabrication and the experimental measurements carried out on different antenna 

configurations. Selection of the best geometry for structural modification for 

Ultra wide band applications is also presented in this chapter. This chapter also 

describes the analysis of the proposed antenna by FDTD method using the in 

house developed code. 

Chapter 4 gives the systematic evolution of the simple printed strip 

monopole towards UWB antenna by top loading patch geometries. The 

comparisons between the theoretical and experimental results on various 

antenna configurations are also presented. Excellent agreement between theory 

and experiment is observed. 

Ultra wide Bandwidth antenna configuration and its radiation properties 

like pattern, polarization, Gain, efficiency, ctc .. are presented. This observations 

lead to the development of a compact printed UWB antenna in chapter -4. 

The conclusions derived from the theoretical and experimental studies are 

described in Chapter 5. Salient features of proposed monopo1e loaded antennas 

for UWB applications and the scope of further work is also outlined. 

Appendix A deals with the theoretical analysis by FDTD method. 

Appendix B deals with the experimental and theoretical results of the 

studies conducted on Circular micro strip patch with conforma1 FDTD. 
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REVIEW OF LITERATURE 

Introduction 

Microstrip Antenna have developed a long way ever since it was first 

fabricated by Byron [13] in early 1970's as a long strip of various patch 

geometries like rectangular, circular etc.. These developments are well 

documented in books [1-12] and the technology is now mature enough for the 

specialized Microstrip antennas for the specific civil and military applications. 

The literature survey is carried out to assess the past work done on the subject 

to steer the research work towards the goal of developing a Printed Monopole 

antenna for Ultra Wide Band (UWB) Applications. This survey has covered 

Compact antennas, Sand widening techniques, Ultra Wide Band (UWS) 

antennas, Numerical Techniques and finally the specific technique of FDTD 

analysis. 

A major trend III Mobile Communication technology is the dramatic 

reduction in the size and weight of handsets. Common requirements on the 

antenna design regardless of the frequency include low cost, low profile, and in 

most applications, a large operating bandwidth. Antenna designers are therefore 

encountered with the difficulty of designing compact, multi-band, highly 

efficient antennas. Some of the typical antenna elements used for small mobile 

terminals are monopole, dipole, normal mode helix, planar inverted-F, 

Microstrip, meander line, ceramic and chip antenna. Although whip antennas 

are inexpensive and mechanically simple, they are easily prone to damage. 

35 



Helical antennas are relatively inexpensive and exhibit wide bandwidth 

performance, but are not low profile. Mechanical resistance, aesthetic criteria 

and the need for high performance antennas are the key points that have brought 

internal antennas into the spot light. In the existing built-in antenna schemes, 

much attention has been paid to Microstrip antennas. However, they suffer from 

inherent bandwidth limitations and their physical size becomes large at low 

frequencies. Printed Monopole Antennas present a better alternative because of 

their relatively large bandwidth and compact size. A chronological review of 

the work done in the field of Compact antennas is presented in the beginning of 

the chapter. The progress of research in the Band widening technique, Ultra 

wide band (UWB), FDTD in Printed Antenna analysis is outlined in the next 

sections. 

The recent, unprecedented increase in wireless mobile telephone usage and 

the subsequent explosive proliferation of related wireless mobile 

teleconununication systems has necessarily created a strong interest in compact, 

easily manufactured antennas to support these systems. The standard monopole is 

probably the most widely used antelma on existing mobile telecommunication 

applications, with the axial - mode helix coming in a close second. These two 

antenna types are simple to manufacture but they are not particularly easy to 

integrate into handset or mobile terminal cases, and they have relatively narrow 

operational bandwidths. Therefore, planar antennas, particularly printed circuit 

antennas are of considerable interest for modem applications. 

2.1 Compact Antennas 

In all wireless communications especially the recent interest in the 

technique of wireless connection between PC and other equipment such as 

mouse, keyboard, printer, etc. In all these cases one of the main concerns is the 
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size reduction of each module, especially for antennas. By decreasing the size 

of an antenna, the module volume can be reduced for a competitive price. Here 

comes the compactness of antenna to play a major role in gadget 

miniaturisation. 

Antenna size can be reduced by using very high dielectric materials, but 

at a cost in antenna gain is reported by Y. Dakeya [14]. This paper gi ves the 

details of chip multi layer antenna for 2.45GHz application using L TCC 

technology. 

To minimize the size of an antenna while retaining high gain, mainly four 

kinds of techniques like shorted wall, meander line, adding skirts and offset slit 

are applied to an antenna. M. Chair, K.M. Luk, and K.F. Lee [15] has reported 

one of the technique to reduce the size by a quarter wave by using shorted 

walls. 

M. Ali and S.S. Stuchly [16] have reported use of meander line between 

the coaxial probe feeder on the ground plane and a patch to reduce the size. In 

the third method, both skirts are added to both edges of the patch downward. 

Lastly, the patch has an offset slit at the connection part (between meander line 

and patch) but maintains the same meander- line width. This resulted a compact 

planar antenna. 

Monopole antennas have found widespread applications in wireless 

mobile communication systems. The increasing use of mobile communication 

systems has stimulated the interest in the dual-frequency monopole antennas for 

dual band operation. Numerous designs of dual-frequency compact monopole 

antennas have been reported, including the use of a center-fed monopole 

surrounded by multiple parasitic monopoles D. Liu [17], R. Schlub et al [18]. 
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A multi-branch monopole is reported in D. Liu [19J for dual band cellular 

applications. C. T. P. Song et al [20] has reported multi-circular loop monopole 

antenna, a dual band folded monopole for terrestrial communication is reported 

in E. Lee et al [21]. 

Dual frequency wire antenna described in P. Eratuuli et al [22J and A 

combination of the inverted F antenna and normal- mode helix is reported H. 

Nakano et al [23]. 

It is noted that the above mentioned monopole antennas are commonly 

mounted above a large ground plane and excited by a probe feed. Recently, the 

microstrip-line-fed technique has also been applied for designing dual­

frequency printed monopole compact antenna and reported in H. M. Chen [24] 

and F. S. Chang, S. H. Yeh, and K. L. Wong [25]. 

A monopole antenna fed by a coplanar waveguide (CPW) have been 

reported in Homg-Dean Chen et al [26]. CPW-fed antennas have many 

attractive features, such as no soldering points, easy fabrication and integration 

with monolithic microwave integrated circuits, and a simplified configuration 

with a single metallic layer. Thus, the designs of the CPW-fed antennas have 

recently received much attention. 

Use the electromagnetic coupling technique for planar monopole antenna 

as reported in C. Y. Pan et al [27J is capable of broad band operation. This dual­

band printed planar monopole antenna consists of crisscross monopole element, 

conductor-backed parasitic plane and microstrip feed line. Simply by loading a 

crisscross conducting strip and parasitic plane, dual-band operation can be 

easily obtained for WLAN operations in the 2.4 and 5.2 GHz bands. 

38 



The inverted-F antenna printed on a dielectric substrate for applications 

for Blue-tooth and UMTS applications has been demonstrated by M. Ali and O. 

J. Hayes [28], Y. L. Kuo and K. L. Wong [29]. The printed metallic strip of the 

antenna is shorted to the ground plane on the other side of the dielectric 

substrate. This methodology has tremendously reduced the size of the antenna 

by two fold. 

To achieve dual-band operations for the WLAN and HIPERLAN 

systems, printed monopoles in the fonn of an F-shaped structure have also been 

proposed by S. H. Yeh and K. L. Wong [30]. The paper, Jen-Yea Jan and 

Liang-Chih Tseng [31] gives two new designs of planar monopole antennas 

with a shorted parasitic inverted-L wire for achieving dual-band operations: one 

is a rotated-F planar monopole driven patch coupled with a shorted inverted-L 

wire and the other is a T-shaped planar monopole driven patch coupled with a 

shorted inverted-L wire. 

New slot configuration for dual band planar inverted F antenna as 

reported by P. Solomen et al [32]. A shortcd microstrip antenna for 2.41 5.20Hz 

dual band operation H. C. Tung [33] is an interesting paper. A low cost 

microstrip fed dual frequency printed dipole antenna for wireless 

communications is reported by Y. W. Suh et al [34] 

M. C. Pan and K. L.Wong [35] demonstrates a simple design of a printed 

triangular monopole for improving the operating bandwidth and reducing the 

length of a printed strip monopole. By choosing a suitable flare angle of the 

triangular monopole, it is expected that the impedance matching of the 

monopole to the feeding stripline can be significantly improved. Furthennore, 

due to the increased effective current path in the triangular monopole, as 

compared with a simple strip monopole of the same length, the required 
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monopole length at a fixed operating frequency can be reduced. The design and 

characteristics of the printed triangular monopole are also presented and 

discussed. 

Fuhl.J et al. [36] analysed the performance of a radiation coupled Dual L 

antenna, placed on the back side of the metallic housing of the handset, 

resulting in a improved radiation pattern pointing away from the user's head. 

The antenna was designed for operation in the GSM 900 frequency band. 

Z.D.Liu and P.S.Hall [37] proposed a dual-band Planar Inverted F 

Antenna (PIF A) for hand held portable telephones to operate at 0.9 GHz and 

1.8 GHz. The compact antenna displayed omni-direc60nal radiation patterns 

and 7% and 6.25% impedance bandwidths respectively in the two bands. 

J.C.Batchelor and RJ.Langley [38] carried out an investigation on narrow 

annular Microstrip slot antennas excited in a higher order mode, so as to give 

circularly polarized, conical radiation pattern at 7.1 GHz. 

G.T.Pedersen et al. [39] discussed the development of a single integrated 

PIF A and diversity antenna configurations with low absorption. FDTD analysis 

of the antenna with the presence of the head is also carried out. The 

measurements of angular information in the environment were also provided in 

this paper. Their study highlighted the fact that a significant amount of 

shielding could be achieved by the case of the handset. 

Y.J. Guo et al. [40J reported a TMo2 circular patch antenna operating at 

5.2 GHz. The antenna exhibited 3.3% bandwidth, 4.2 dB gain and a circularly 

symmetrical pattern with a notch.in the zenith direction, suitable for radio 

LAN's. K.Takei et al. [41] proposed a 3 layered TEM slot antenna for personal 

handy - phone terminal. The antenna exhibited uniform radiation pattern, 
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resulting in high antenna gain and low electromagnetic hazard to the user and 

possessing a conventional surface mounting technology, resulting in reduced 

fabrication cost. 

Corbett R.Rowell et al. [42) investigated the feasibility of utilizing a 

PIFA with a capacitive load to reduce the overall length from 1.14 to less than 

Al8 for a mobile telephone handset suitable for Des 1800. They also proposed 

a design methodology for capacitively loaded PIF A's. 

Hiroyuki Arai et al. [43] measured the variation in antenna gam of 

handheld terminals for different terminal boxes and different human carriers. A 

IJ4 whip antenna mounted on a conducting box was used for the study at 

900MHz. A compact printed antenna consisting of an annular ring coupled to a 

shorted circular patch suitable for mobile communication handset was proposed 

by R.B.Waterhouse (441. The antenna provided 10% bandwidth. 

Kathleen.L.Virga and Yahya Rahmat - Samii [45] discussed the 

development of low profile integrated antennas with enhanced bandwidth 

performance. The Planar Inverted F Antenna (PIF A), Radiation coupled dual L 

antenna and the diode tunable PIF A were considered for use in the 900 MHz 

band. Up to 9.6%, 16% and 50% bandwidth respectively was obtained for the 

three antennas. 

A.Serrano-Vaello and D.Sanchez-Hemandez [46] demonstrated a dual 

band bow-tie antenna with impressive size reduction compared to conventional 

patch antennas. The radiation characteristics of this antenna for dual-band 

GSM/OCS 1800 mobile handsets were similar to conventional Microstrip 

patches. C.L.Mak et al. [47) presented the design and experimental results of a 

proximity-coupled U-slot patch antenna excited by a 1t shaped feed line 
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connected at the end of the usual Microstrip line. The antenna displayed 20% 

bandwidth at 4.3 GHz, 7.5 dBi average gain and -20 dB cross-polarisation. 

Ch.Dalaveaud et al. [48] proposed a monopolar wire-patch antenna for 

portable telephones. The antenna operating at 1.8 GHz was characterized by a 

monopole type radiation with wide bandwidth. Corbett R. Rowell and R. D. 

Murch [49] described the design of a compact Planar Inverted-F Antenna 

(PIF A) suitable for cellular and PCS operation. The frequency of the 

conventional PIF A designed at 2.2 GHz was brought down to 900 MHz by the 

introduction of a shorting post, capacitor load and a slot cut on the top plate. By 

removing part of the top plate and inserting another PIF A, a dual fed, dual band 

antenna resonating at 900 and 1800 MHz was also constructed. 

Reflectively coupled dipole configuration with strongly improved 

radiation efficiency was proposed by Roger Yew-Siow Tay et al. [50]. They 

demonstrated that reduction of the magnetic field strength at the surface of the 

user's head was the key parameter to improve the efficiency of the hand set. 

H.Iwasaki [51] proposed a Microstrip antenna with back-to-back configuration 

relative to a slot on a ground plane, for use in base station I portable telephones. 

The input impedance and radiation pattern were measured as parameters of the 

slot length. It was observed that an omni-directional or bi-directional radiation 

pattern could be obtained by feeding the antenna in phase or out of phase 

respectively. 

O. Leisten et al. [52] described a dielectric loaded twisted loop antenna, 

which projected a magnetic field minimum and a radiated far field minimum 

towards the head to reduce user exposure. SAR measurements of the proposed 

antenna were perfonned using the DASY3 - the enhanced version of the 

dosimetric system. R.B.Waterhouse [53] presented a loaded cavity backed 
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patch antenna for PCS Network operating at 1.9 GHz, which could be easily 

integrated within a handset tenninal. The observed radiation patterns were 

similar to a conventional shorted patch mounted on a large ground plane. 

K.Hettak et al. [54] presented the design and experimental results of a 

coplanar waveguide (CPW) aperture coupled patch antenna for EHF band 

around 37 GHz. The antenna structure combined the advantages of CPW with 

those of aperture coupled Microstrip Antennas and also reduced the number of 

metal1ization levels. N.Chiba et al. [55] proposed a compact dual band internal 

antenna fed by a single feed, designed for the 90011800 MHz band. The antenna 

comprised of an outer 1-./4 annular ring antenna with a short circuited plane and 

an inner 1-./4 rectangular patch antenna, designed for the lower and higher 

resonant frequency respectively. The radiation patterns of the antenna were 

shown to be almost similar to that of a conventional 1-./4 Microstrip antenna 

with a short-circuited plane. 

1. Ollikainen et al. [56] demonstrated a stacked, shorted patch antenna 

resonating at 90011800 MHz. This small size, low profile antenna with 9% 

impedance bandwidth was found to be suitable for directive, internal cellular 

handset antenna applications. Jack. T. Rowley and Rod.B.Waterhouse [57] 

compared the perfonnance of a single shorted patch and a stacked shorted patch 

antenna at 1800 MHz with that of a 1-./4 monopole. Experimental and simulation 

results were presented for each of the antennas, in 3 different cases: on a 

handset in isolation, a handset near the realistic head model and with the 

inclusion of a block model of the hand. 

C.T.P.Song et al. [58] presented a novel method for improving the design 

of a circular disc monopole by introducing a discontinuity effect resulting in 
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multiple loop monopole. Better control of the radiation pattern beyond a 

frequency ratio of 1 :5.33 was demonstrated. 

A compact circularly polarised printed antenna was proposed by H.Kan 

and R.B.Waterhouse [59]. The antenna consisted of a synchronous sub-array of 

shorted patches with the required feed network etched on a high dielectric 

constant substrate located below the ground plane of the antenna. The antenna 

displayed 10 dB return loss bandwidth of 8.5% and 3 dB axial ratio bandwidth 

of 11.3%. An antenna configuration incorporating one shorted driven patch and 

another shorted and coupled co planar patch using a single probe feed to achieve 

broadband characteristics (up to 25% bandwidth) was proposed by Ya Jun 

Wang et al. [60] for use in IMT 2000 handsets. The patches were either 

rectangular or semicircular and 8 different combinations were used. 

Marta Martinez - Vazquez, and her team of researchers [61] reported a 

compact dual-band antenna consisting of a shorted rectangular patch designed 

for 1.8 GHz. A spur-line filter embedded in its perimeter introduced a new 

resonance at 925 MHz. Hassan M. Elkamchouchi and Hossam El-dien 

M.Hafez [62] presented the detailed investigations using the Moment Method 

on a single layer multi-probe fed patch antenna. The antenna consisted of a 

hexagonal plate with unequal arms, suspended parallel to the ground plane. Up 

to 35% impedance bandwidth and stable radiation patterns throughout the band 

was observed. 

Tsung-Wen Chiu et al. [63] proposed a Microstrip line fed circularly 

polarized ceramic chip antenna for GPS operation at 1575 MHz. The antenna 

comprised of a square radiating patch printed on the top surface of a grounded 

square disk ceramic chip having two side feeds printed at the centres of the two 

adjacent side surfaces of the ceramic chip (cr= 45) to excite the antenna through 
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capacitive coupling. A connection metalline printed between the two side feeds 

served to provide the 90° phase difference. 12 MHz impedance bandwidth, 3.5 

MHz 3 dB axial ratio bandwidth and 3.4 dBi gain was obtained. 

Zhizhang Chen et al. [64] described a novel tuning technique that allows 

independent tuning of the two frequency bands of an integrated antenna for 

GPS/PCS dual-band application. Will Mckinzie et al. [65] presented a 

miniature Bluetooth antenna known as a DC inductive shorted patch antenna 

(DSP A), fabricated as a single layer flex circuit wrapped around a high 

temperature foam substrate. A novel packaging concept in which the antenna 

contains an embedded Bluetooth radio MCM (mUlti chip module) was also 

introduced. Peak antenna efficiency of 47% was observed. 

A compact Planar Inverted F Patch Antenna with two shorted branch 

strips, sharing a common shorting pin and fed by the same feed for triple­

frequency operation at 900, 1800 and 2450 MHz was presented by Fu-Ren 

Hsiao and Kin-Lu Wong [66]. Ansoft HFSS (High Frequency Structure 

Simulator) was used to obtain the design parameters. The three operating bands 

exhibited an impedance bandwidth of 1.9%, 4.8% and 2.9% respectively. The 

antenna possessed radiation characteristics acceptable for practical wireless 

communication applications. 

C.W.Chiu and F.L.Lin [67] presented a design for a compact dual band 

PIFA with multi-resonators for GSMlDCS band. The nearly omni-directional 

patterns and the impedance bandwidth obtained indicated the usefulness in 

mobile phone devices. Gwo-yun Lee and Kin-Lu Wong [68] proposed a very 

low profile antenna for GSM / DCS dual-band mobile phone applications, by 

inserting several slits into a rectangular planar monopole and further bending it 
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into two equal and perpendicular sections. The obtained radiation patterns were 

stable across the operating bands (837-994 MHz) and (1705-1936 MHz). 

Y ongjin Kim and Sangseol Lee [69] designed and fabricated a Planar 

Inverted F Antenna with the rectangular planar element replaced by an L 

shaped element to increase the spatial efficiency. IE3D software was employed 

to obtain the various optimal design parameters. The antenna exhibited an 

impedance bandwidth of 580 MHz and good radiation characteristics for 

wireless LAN applications centered at 5.25 GHz. Hisashi Morishita, Yongho 

Kim and Kyohei Fujimoto [70] described in detail the design concept of 

antennas for small mobile terminals. The future perspective for the antenna 

structure was also discussed. 

Hyun J un Kim et al. [71] presented a small-chip Meander antenna for 

dual frequency operation. The frequency ratio of the proposed antenna was 1.35 

and offered more than 50% size reduction compared to the rectangular patch. 

Han-Cheol Ryu et al. [72] described the design, fabrication and testing of a 

triple-stacked Microstrip patch antenna consisting of three patches for use in 

cellular phone/GPS/PCS centred at 0.83, 1.575 and 1.7 GHz. 

Marc. C. Greenberg et al. [73] presented the far field radiation pattern 

characteristics of the dual exponentially tapered slot antenna (DETSA) for 

wireless communications applications. The low profile antenna had slot line 

conductors tapered along the outer edge. The obtained radiation patterns 

remained fairly constant over a broad range of frequencies, indicating the 

suitability for multifunction applications. 

Gwo-Yun Lee et al. [74] presented a low cost surface-mount monopole 

antenna for GSM I DCS dual band operation by folding a metallic strip onto a 
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foam base. The antenna was mounted on a FR4 substrate and fed by a 50.0 

Microstrip line. The broad impedance bandwidths and radiation patterns 

confirmed the suitability of the antenna for Mobile Communications 

applications. Kin-Lu Wong et al. (75] proposed a diversity antenna comprising 

of two back-to-back PIFA's, with their shorting pins facing each other. The 

antenna showed 186 MHz bandwidth, less than -22.5 dB isolation and good 

gain at 2.4 GHz. 

Yong-Xin Guo et al. [76] proposed a compact internal antenna for quad 

band operation at the GSM 900, DCS 1800, PCS 1900 and ISM 2450 band. The 

antenna comprised of a main plate in the top layer, a ground plane in the bottom 

layer, two folded anns in-between, a short circuited strip and a feed strip, 

supported by foam. The measured -6 dB return loss was 68 MHz, 260 MHz and 

130 MHz respectively in the three bands and the patterns were all omni­

directional. The experimental results were compared with the simulation results 

performed using XFDTD 5.3. 

A ceramic chip antenna for 2.4 15.8 GHz dual ISM band applications was 

proposed by Jung-Ick Moon and Seong-Ook Park [77]. The antenna comprised 

of a small ceramic dielectric alumina (Er=7.7) placed at the corner of the 

substrate through surface mount process and two metal layers forming meander 

lines, printed on the top and bottom faces of the substrate. The antenna 

exhibited 12% bandwidth and radiation patterns similar to that of a monopole 

antenna. 

Shih-Huang Yeh et al. [78] presented a compact, dual band, internal 

antenna suitable for GSM/DCS applications. The antenna had 3 resonant 

elements; 2 meandered metallic strips and a nearly rectangular patch leading to 

2 resonant modes in the lower band (890-960 MHz) and 3 resonant modes in 
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the upper band (1710-1880 MHz), covering the entire GSM and DCS bands. 

Triple-frequency annular-ring slot antennas operating at 1.74, 2.38 and 3.12 

GHz for CPW-fed and 1.8, 2.38 and 2.91 GHz for Microstrip line-fed were 

proposed by Jin-Sen Chen [79]. It was observed that by controlling the 

circumference of the annular-ring slot of the proposed antenna, proper operating 

frequency could be obtained. 

A compact antenna design for 90011800-MHz Cellular Systems was 

proposed by Tzung-Wern Chiou and Kin-Lu Wong [80]. The antenna 

comprised of a rectangular ring patch (900 MHz) and a notched rectangular 

patch (1800 MHz) printed on the same layer and aperture coupled by a properly 

designed feed network. The antenna exhibited 10% impedance bandwidth in 

both bands and high isolation between the two feeding ports. 

Christian Sabatier [81] described the use of T-Dipole arrays for mobile 

base stations in the different frequency bands for GSM, UMTS, HIPERLAN, 

etc. Low side lobes and low coupling between two orthogonal polarizations 

were the characteristic features. Qwo-Yun Lee et at. [82] proposed a planar 

folded-dipole antenna for spatial diversity in 5 GHz WLAN operations. The 

antenna comprised of two back-to-back folded dipoles separated by a central 

ground plane. Wide impedance bandwidth of about 1 GHz covering the 5.2 and 

5.8 GHz bands, and good directional radiation pattern covering the two 

complementary half spaces was observed. 

Chien-Jen Wang and Wen-Tsai Tsai [83] demonstrated a triple band 

Microstrip-fed stair-shaped slot antenna operating at 2.4, 5.2 and 5.8 GHz. 

9.45% and 15.5% impedance bandwidths were obtained in the 2.4 GHz and 5 

GHz bands respectively. Yeh-Chian Lin et al. [84] proposed a 50n grounded 

coplanar wave guide excited circularly polarized antenna for GPS application at 
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1575 MHz, mainly consisting of a cross-slot loaded square patch printed on the 

top surface of a grounded square-disk ceramic chip [Er = 90], and a single side­

feed printed on the side surface of the ceramic chip. 

D.S.Yim et al. [85] proposed a broadband, small, chip antenna with a 

branch structure meander line, suitable for Korean PCS (1750-1870 MHz) and 

IMT-2000 (1930-2170 MHz) dual bands. The conductor strip-line patterns were 

printed on the top and bottom layers of the substrate chip, and connected with 

each other through via holes. The antenna configuration was characterized by 

21.4% bandwidth, 2.6 dBi gain and omni-directional radiation pattern similar to 

a monopole antenna. 

Horng-Dean Chen and Hong-Two Chen [86] experimentally studied 

CPW-fed dual frequency monopole antennas. A frequency tunable ratio of 1.3 

to 1.6 was obtained by varying the length of one of the two monopoles of the 

proposed antenna. H.C.Go and Y.WJang [87] proposed a multi-band modified 

fork-shaped Microstrip monopole antenna with a probe feed line. The antenna 

exhibited wideband characteristics of 29.8% for the lower band (cellular and 

GSM) at 860 MHz and 90.2% for the higher band (DCS, PCS, IMT -2000 and 

ISM) at 2.28 GHz. 

Y.S.Shin and S.O.Park [88] performed experiments and numerical 

simulation on a compact, planar monopole type internal antenna suitable for 

DCS (1710-1880 MHz), PCS (1750-1870 MHz) and IMT-2000 (1885-2200 

MHZ) bands. The antenna resonated at 1810 MHz with a bandwidth of 41 %, 

displaying omni directional radiation patterns and 2.9 dBi gain. B.S.Collins et 

al. [89] described an unconventional antenna comprising of a dual band radiator 

coupled to a Microstrip line by means of a shaped ceramic pellet, for use in the 

2.4-2.5 GHz and 4.9-5.9 GHz band for laptop computers. 
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A multiple U-shaped slot Microstrip patch antenna for 5 GHz Band 

WLANs was described by Jeong-Min Ju et al. [90]. The U slot width, the 

position of V-slot sections, the thickness of the foam layer, and the position of 

the feed point were the optimized for bandwidth and gain .The antenna 

exhibited 17.04% bandwidth and 3.88-9.28 dBi gain in the 5.02-5.955 GHz 

band. H.K.Kan et al. [91] presented a compact dual-interleaved printed antenna 

consisting of two interleaved L shaped shorted patches with the required feed 

network etched on a high-dielectric constant substrate located below the ground 

plane of the antenna. The antenna displayed 16.9% impedance bandwidth and 

2.3 dBi gain at 2.95 GHz. 

Jeong-Min Ju et al. [92] designed, fabricated and measured a coaxial 

probe fed, arrow-shaped Microstrip patch antenna for the 5 GHz band WLAN 

applications. To achieve sufficient bandwidth a foam layer was inserted 

between the ground plane and the substrate. The antenna exhibited a gain of 

5.02-7.25 dBi and broad radiation pattern. Saou-Wen Su et al. [93] 

experimentally studied the effects of a finite ground plane on the impedance 

and radiation characteristics of an ultra-wideband planar monopole antenna 

with a circular ground plane. 

2.2 Band Widening Techniques 

Hall et al. [94] reported the concept of multilayer substrate antennas to 

achieve broader bandwidth. These antennas constructed on alumina substrates 

which gave a bandwidth of 16 times that of a standard patch antenna with 

increased overall height. C.Wood [95J suggested a method for doubling the 

bandwidth of microstrip patch antennas by locating capacitively excited short 

circuit parasitic elements at their radiating edges. 
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Demeryd and Karlssson [96] have made a broadband micro strip antenna 

by using thicker substrates of low dielectric constant. This is used as antenna 

element in an array effectively for broadband operation. N. Das and ChateIjee 

[97] reported a conical microstrip antenna with much larger bandwidth than that 

of an identical circular patch antenna. The conical patch antenna is obtained by 

modifying the circular patch antenna by slightly depressing the patch 

configuration conically into the substrate. 

Sabban [98] reported a stacked two layer microstrip antenna with an 

increase in bandwidth of 15%. This antenna has been used as an element for 64 

element Ku band array. Bhatnagar et al. [99] proposed a stacked configuration 

of triangular micro strip antennas to obtain larger bandwidth 

M.Deepu Kumar et al. [100] developed dual port microstrip antenna 

geometry for dual frequency operation. This antenna has wide impedance 

bandwidth and excellent isolation between ports. 

K.M. Luk et al. [101] designed a proximity fed stacked circular disc 

antenna with an impedance bandwidth of 26% and gain of 8dBi. The essential 

feature of this design is the presence of four linear slots in the bottom patch of 

the stacked arrangement. K.M. Luk et al. [102] investigated an L-shaped probe 

fed broadband rectangular microstrip. It consists of a foam layer with a 

thickness of around 10% of the wave length is used as the supporting substrate. 

The proposed antenna has an impedance bandwidth of 35% and an average gain 

of7.5 dBi. 

Y.X Guo et al. [103] presented a broad band U-slot circular patch 

antenna with L-probe feeding with a foam layer supported substrate. An 

impedance bandwidth of 38% and gain of 6.8dBi have been achieved. Kin-Lu 

51 



Wong et al [104] reported Broadband Omni-directional Metal-Plate Monopole 

Antenna, where the problem of poor omni-directional radiation characteristics 

for higher operating frequencies is overcome by a novel broadband omni 

directional metal-plate monopole antenna which has a simple step-shaped 

structure and is easy to implement. 

The bandwidth can be widened using a flat metal structure rather than a 

thin wire structure was proposed by W. L. Stutzman and G. A. Thiele [105]. 

Many flat plate radiator geometries have been explored over several decades. 

However, these antennas suffer from pattern degradation at the high end of their 

impedance bandwidth. A new wideband, omni-directional, flat antenna called 

the planar inverted cone antenna (PICA) is given by S.-Y. Suh and W. L. 

Stutzman [106] and S.-Y. Suh [107]. 

Owing to such attractive merits as simple structure, pure polarisation and 

omni-directional radiation, monopoles and their variations have long been 

applied to a variety of systems. Much effort has been devoted to boost the 

bandwidth of simple thin-wire monopoles by thickening, loading or folding the 

wire elements. Conical or skeletal conical, cage, and various loaded monopoles, 

disc loaded and inverted F antennas have been proposed by Kawakami, H., and 

Sato, G[108] Nakano et al,[109] Rogers, S.D., and Butler, C.M. N[110] and 

Cho ,Wet al [111]. 

However, the major drawback of conical or rotationally symmetric 

monopoles is their bulky structure. Recently, planar monopoles have been 

proposed for broadband designs which replace the wire elements with planar 

elements by researchers like Brown, O.H., and Woodward, O.M [112] 

Ammann, M.J et al,[113,115] Agrawall et aI, [114] Chen, Z.N [116]. However, 

because of the asymmetrical structure, horizontal radiation patterns are not 
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omni·directional at higher requencies. This degradation more or less mitigates 

the advantage of the volume reduction. Moreover, for broadband monopoles, 

beam squinting is observed along the E-plane. 

Attempts to produce antennas that are more compact than the standard 

microstrip patch have produced antennas such as the planar inverted F antenna 

(PIF A) and patch antennas utilizing high-dielectric constant substrates. While 

smaller than the traditional patch antennas, these antennas generally offer no 

more bandwidth and can be difficult to manufacture. In paper J. Michael 

Johnson and Yahya Rahmat-Samii [117] reports on a newly developed planar 

antenna called the tab monopole featuring broadband operation that can be 

readily manufactured in a printed-circuit configuration. 

S. Honda et at [118], presented a disc monopole antenna with 1:8 

impedance bandwidth and omni-directional radiation pattern as Planar metal­

plate monopole antenna having attractive feature of very wide impedance 

bandwidth. M. Hammoud et at [119] presented a work on Matching the input 

impedance of a broadband disc monopole in 1993. 

N. P. Agrawall et al [120] proposed Wide-band planar monopole 

antennas, in 1998. P. V. Anob et al [121] reported a wideband orthogonal 

square monopole antenna with semi-circular base at an international 

Symposium in 2001. M. J. Ammann [122] presented control of the impedance 

bandwidth of wide band planar monopole antennas using a beveling technique. 

M. J. Ammann and Z. N. Chen [123], has reported wideband monopole antenna 

for multi-band wireless systems. S.-Y. Suh et at [124] has reported multi­

broadband monopole disc antenna. E. Antonino-Daviu et at [125], proposed 

Wideband double-fed planar monopole antennas. 
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2.3 Ultra-Wide Band Antennas 

Ultra wide Band (UWB) technology 1S one of the most promising 

solutions for future communication systems due to its high-speed data rate and 

excellent immunity to multi-path interference. In this context, the UWB antenna 

design plays a unique role because it behaves like a band pass filter and 

reshapes the spectra of the pulses, so it should be designed to avoid undesired 

distortions. Some of the critical requirements in UWB antenna design are: ultra 

wide bandwidth, directional or omni-directional radiation patterns, constant 

gain and constant group delay over the entire band, high radiation efficiency 

and low profile. The paper by M. A. Peyrot-Solis et al [126] reviews the state of 

the art in UWB antennas, where planar monopole antennas show a special 

interest because they exhibit excellent perfonnance in matching impedance 

bandwidth as well as pattern. 

Since the approval of UWB spectrum for unlicensed use by the Federal 

Communications Commission (FCe) in 2002, UWB technology and its 

potential applications in wireless communications systems have been attracting 

increasing interests from both academia and industry. In wireless 

communications, UWB will see its application in high data rates (> 100 Mb/s) 

transmission over very short distance « 10 m) and low data rates « 1 Mb/s) 

with very low power consumption for medium indoor communications [127]. 

UWB wireless communications systems have many expected attractive 

features and advantages. There are, however many technical issues needed to be 

resolved. UWB antenna should cover the allocated 7500 MHz of spectrum so as 

to fully utilize the spectrum. Some antennas have been proposed for ultra­

wideband applications by K.L.Wong[128], H. Schantz [129], K.Siwiak et al 
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[130] and Federal Communication Report [131]. They all have wide impedance 

bandwidth and good radiation patterns. However, these are not planar structure. 

Recently, a microstrip planar circular disc monopole antenna has been 

reported by Xuan Hu Wu et al [132]. They present a CPW fed circular UWB 

antenna, which not only offers even wider impedance bandwidth, but also a 

better flexibility for circuit integration via holes. 

Shun-Yun Lin and Kuang-Chih Huang [133] propose a design to obtain 

band-notching characteristics in printed planar monopoles. An ultra-wide band 

was achieved by means of the beveled upper edge of the rectangular patch with 

dimension as small as 55 mm2
• On the other hand, it is necessary to notch 

certain bands to avoid interference from existing wireless local area network 

(WLAN), such as the 5.2 GHz band (5150-5350 MHz) and 5.8 GHz band 

(5725-5875 MHz), in spite of the adoption of the FCC for UWB 

communication systems operating between 3.1 and 10.6 GHz. This feature can 

be easily achieved by embedding an inverted-V -shaped slot with length about 

one-half of the guided wavelength of the expected notched frequencies along 

the boundary of the beveled radiating patch. This article presents the design of 

the proposed slotted monopole antenna, demonstrates the UWB operation with 

a notched frequency band, and analyzes the effects of the dimensions of the 

inverted-V -shape slot on the notched frequency band 

High performance antennas are being developed to satisfy emergmg 

wireless applications with broad bandwidth or multi-band to support multiple 

services is reported in D. Porcino andW. Hirt [134]. Generally speaking, high 

performance means low voltage standing wave ratio (VSWR) and good 

radiation pattern throughout interested frequency band. Band-notched 

characteristics are also required in some cases, e.g., in ultra wide-band (UWB) 
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communication systems. The frequency range for UWB systems approved by 

the FCC is between 3.1 and 10.6 GHz, which will cause interference to existing 

wireless communication systems, e.g., IEEE 802.11a, GPS, etc. Although many 

technologies have been proposed to deal with the electromagnetic compatibility 

of UWB with existing systems, they will either increase the noise level or 

require a high complexity in the receiver. 

Likewise, many antennas, such as conical antennas as reported in H. M. 

Shen et al [135], K. Y. A. Lai et al [136J, planar monopole antennas as reported 

in N. P. Agrawall et al [137], M. J. Ammann [138], M. 1. Ammann and Z. N. 

Chen [139], TEM horn antennas L.-c. T. Chang and W. D. Burnside [140] and 

other new antennas in T. Taniguchi and T. Kobayashi [141], have been shown 

to provide very low VSWR in extremely wide frequency ranges. However, they 

likely yield interference against existing systems. 

Alternatively, UWB antennas with band-notched characteristics were 

proposed to deal with the interference issue in reports of Xuan Hui Wu et al 

[142], Y. Kim and D. H. Kwon [143], 1. Qiu et al[144], S.-W. Su et al [145], 

K.-L. Wong et al [146]. A new type of band-notched antenna is proposed. 

Simulation results shows good performance in both impedance bandwidth and 

in the radiation pattern. More importantly, the bandwidth and the central 

frequency of the notched band may be adjusted by proper selection of the 

antenna parameters. 

A more specific definition for an Ultra Wide Band (UWB) antenna is a 

non-resonant low-Q radiator whose input impedance remains constant over a 

wide-band operating frequency is reported by G. R. Aiello and G. D. Rogerson 

[147J, this type of antenna requires a well matched transition to space to avoid 

energy reflection. 
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A remarkable characteristic of an UWB antenna is that it has a non­

dispersive capability to avoid further pulse compensation. As regards the spark 

gap transmitter, reported in the open literature, which was a primitive fonn of 

impulse radio transmission, it is considered as the first ultra-wideband 

communication system by T. Ogawa et al [148] and M. Hamalainen et al [149], 

but unfortunately, some important UWB antenna designs were forgotten and re­

discovered recently for modem applications. Current research works have been 

focused in omni-directional UWB antennas (because all the efforts are directed 

to improve the wireless communication industry, mainly in mobile devices that 

require omni -directional radiation patterns) 

Conventional UWB antennas like log periodic or spiral tend to be 

dispersive. They usually radiate different frequency components from different 

parts of the antenna, which distorts and stretches out the radiated wavefonn as 

reported by H. G. Schantz [150]. 

Recently, several broadband monopole configurations, such as circular, 

square, elliptical, half disc, pentagonal and hexagonal, have been proposed for 

UWB applications by M. J. Ammann and Z. N. Chen [151], N. P. Agrawall et 

al [152], ] E. Antonino-Daviu et al [153] and] Z. N. Chen et al [154]. These 

broadband monopoles feature wide operating bandwidths, satisfactory radiation 

properties, simple structures and ease of fabrication. However, they are not 

planar because their ground planes are perpendicular to the radiators. As a 

result, they are not suitable for integration with a printed circuit board. 

A novel design of printed circular disc monopole fed by micro strip line is 

proposed and investigated by Jianxin Liang et al [155]. The parameters which 

affect the operation of the antenna in tenns of its frequency domain 

characteristics are analyzed both numerically and experimentally in order to 
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understand the operation of the antenna. It has been demonstrated that the 

optimal design of this type of antenna can achieve an ultra wide bandwidth with 

satisfactory radiation properties. Furthermore, the simulations have also shown 

that the proposed mono pole antenna is non dispersive, which is very important 

for UWB systems. 

2.4 FDTD for Printed Antenna Analysis 

The Finite-Difference Time-Domain (FDTD) method is arguably the 

most popular numerical method for the solution of problems m 

electromagnetics. Although the FDTD method has existed for nearly 30 years, 

its popularity continues to grow as computing costs continue to decline. 

Furthermore, extensions and enhancements to the method are continually being 

published, which further broaden its appeal. Because of the tremendous amount 

of FDTO-related research activity, the Finite-Difference Time-Domain (FOTO) 

method, as first proposed by Yee in 1966 [156], is a simple and elegant way to 

discretize the differential form of Maxwell's equations. Yee used <In electric­

field (£) grid, which was offset both spatially and temporally from a magnetic­

field (H) gtid, to obtain update equations that yield the present fields throughout 

the computational domain, in tenns of the past fields. The update equations are 

used in a leapfrog scheme, to incrementally march the E and H fields forward in 

time. Despite the simplicity and elegance of Yee's algorithm, it did not receive 

much interest immediately after its publication. One could attribute the lack of 

attention to the high computational cost of the day, as well as to some of the 

limitations inherent in the original publication (such as the inability to model an 

"open" problem for any significant period of time). However, as the 

shortcomings of the original FDTD implementation were alleviated and the cost 

of computing fell, the interest in the FDTD method began to soar. 
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The original Yee FDTD algorithm is second-order accurate in both space 

and time. Numerical-dispersion and grid-anisotropy errors can be kept small by 

having a sufficient number of grid spaces per wavelength. Taflove was among 

the first to rigorously analyze these errors [157]. Taflove was also the first to 

present the correct stability criteria for the original orthogonal-grid Yee 

algorithm [158]. 

The FDTD method can be used to calculate either scattered fields or total 

fields. When calculating only the scattered fields, the source of the fields is a 

function of the known incident field, and the difference in material parameters 

from those of the background medium [159],[ 160]. When using total fields, the 

total fields are often calculated only over an interior subsection of the 

computational domain [161-163], while scattered fields are calculated in the 

remaining (exterior) portion of the grid. By using scattered fields in this way, 

the field incident on the absorbing boundary condition is more readily absorbed. 

To obtain this division of the computational domain, into scattered-field 

and total-field regions, the incident field must be specified over the boundary 

between these two regions. Holland and Williams presented a comparison of 

scattered field formulations (i.e., only the scattered fields were computed 

throughout the computational domain) and total-field formulations (i.e., the 

total fields were computed in a sub-domain that contained the objected under 

study) [163]. They determined, due to numerical dispersion, the total-field 

FDTD approach is superior to the scattered-field approach. Furthermore, the 

scattered-field approach has the disadvantage that it does not easily 

accommodate nonlinear media. 

However, for certain problems, such as those that contain only linear 

media and do not contain shielded cavities, the scattered- field formulation may 
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be the more-desired approach [164]. The relative merits of the total-field and 

scattered-field formulations were also explored by Fang [165]. 

In order to model open-region problems, an absorbing boundary condition 

CABC) is often used to truncate the computational domain, since the tangential 

components of the electric field along the outer boundary of the computational 

domain cannot be updated using the basic Yee algorithm. The quest for an ABC 

that produces negligible reflections has been, and continues to be, an active area 

of FDTO research. Most of the popular AB Cs can be grouped into those that 

are derived from differential equations, or those that employ a material 

absorber. Differential-based ABCs are generally obtained by factoring the wave 

equation, and by allowing a solution which permits only outgoing waves. 

Material-based ABCs, on the other hand, are constructed so that fields are 

dampened as they propagate into an absorbing medium. Other techniques 

sometimes used are exact fonnulations and super absorption. ABCs tailored for 

specific applications have also been developed and used with the FOTO 

method. 

Early techniques, used to truncate the FOTD computational domain, have 

included differential-based ABCs, such as those proposed by Merewether 

[166], Engquist and Madja [167], Lindman [168], and Mur [169]. These early 

techniques were vastly improved in the mid-1980s by fonnulations proposed by 

Higdon [170,171), Liao et al. [172]: and Keys [173]. Many other extensions of 

these differential- based ABCs have since been proposed. Exact ABCs have the 

advantage of giving accurate results, but since they are non-local, they are 

computationally expensive. Such approaches have been investigated by 

Ziolkowski et al. [174], Olivier [175], De Moerloose and De Zutter [176], and 

Tromp and Olivier [177]. 
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In 1992, Mei and Fang [178] proposed a technique, "super absorption," 

which can be applied to many absorbing boundary conditions to improve their 

performance. In certain applications, such as the termination of a waveguide or 

a microstrip, dispersive boundary conditions have been used [179-184]. Lastly, 

many researchers, including Fang [166], Blaschak and Kriegsman [185], Moore 

et al. [186], Railton and Daniel [187], and, most recently, Andrew et al. [188], 

have compared the accuracy of various ABCs. Comparative studies of the 

accuracy of ABCs have also been performed for dispersive media [189], [190]. 

As originally formulated, the Cartesian grids used in the FDTD method 

dictate that a smoothly varying surface must be approximated by one that is 

"stair cased." This approximation may lead to significant errors in certain 

problems [191 J, [192J. Furthermore, if an object under consideration has small~ 

scale structure, such as a narrow slot, the original method would have to use an 

excessively fine grid to accurately model the associated fields. To address these 

shortcomings, several solutions have been proposed. 

If the object under consideration is more naturally described in an 

orthogonal coordinate system other than Cartesian, it is rather simple to develop 

update equations appropriate for that coordinate system, as was done by 

Merewether in 1971 [ 167 J and by Holland in 1983 [193]. Alternatively, a grid 

that uses varying spatial increments along the different coordinate directions 

can be used. 

In general, for a Cartesian grid, this results in rectangular cells, and 

pennits finer discretization in areas of rapid field fluctuation. Kunz and Lee 

[194J, [195J used this approach to calculate the external response of an aircraft 

to EMP. Monk and Suli have shown that this scheme preserves the second­

order accuracy of the original algorithm [196], [197]. Furthermore, sub-
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domains can be gridded more finely than the rest of the problem space. This 

type of "sub-gridding," where information is passed between the coarse and 

fine grids, was put forward by a number of researchers. 

An alternative sub-gridding scheme was proposed by Kunz and Simpson 

[198). Their formulation requires two runs. The first is done for a coarse grid 

that spans the entire computational domain, while the second is done for the 

finely-gridded sub-domain, and takes its boundary values from the stored 

values calculated during the coarse simulation. 

Following the work ofYee [199], Umashankar et al. [200] and Taflove et 

a1. [201] derived update equations that were suitable for modeling sub-cellular 

structures, such as wires, narrow slots, and lapped joints in conducting screens. 

These equations were obtained from the integral form of Faraday's law, rather 

than from the differential fonn, and they resulted in modified equations only for 

cells where the sub-cellular structure was present. Several other researchers, 

including Holland and Simpson [202,203], Gilbert and Holland [204), Demarest 

[205], Turner and Bacon [206], Riley and Turner [207,208), Oates and Shin 

[209], and Wang [210,211), have developed techniques to handle sub-cellular 

structures. 

Reineix and Jecko [212) were the first to apply the FDTD method to the 

analysis of microstrip antennas. In 1992, Leveque et al. [213] modeled 

frequency-dispersive microstrip antennas, while Wu et al. [214) used the FDTD 

method to accurately measure the reflection coefficient of various micro strip­

patch configurations. 

Uehara and Kagoshima [215] presented an analysis of the mutual 

coupling between two microstrip antennas, while Oonishi et al. (216] and 
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Kashiwa et a1. [217] used one of the conformal FDTD approaches to analyze 

microstrip antennas on a curved surface. 

In 1994, Qian et a1. [218] used the FDTD method to design twin-slot 

antennas. Recently, Reineix and co-workers [219-221] have expanded their 

FDTD analysis to include the input impedance of microstrips with slots, to 

obtain the radar cross section of microstrip patch antennas, and to model the 

radiation from microstrip patches with a ferrite substrate. 

In 1992, Luebbers et a1. [222] and Chen et a1. [223] analyzed hand-held 

antennas, using an FDTD model of a monopole antenna on a conducting or 

dielectric box. Toftgird et a1. [224] calculated the effect the presence of a person 

has on the radiation from such an antenna. 

In 1994, Jensen and Rahmat-Samii [225] presented results for the input 

impedance and gain of monopole, PIF A, and loop antennas on hand-held 

transcei verso The interaction of a handheld antenna and a human were also 

studied by Jensen and Rahmat- Samii (226]. Also in 1994, Chen and Wang 

[227] calculated the currents induced in the human head with a dipole-antenna 

model for a cellular phone. Recently, Martens et a1. [228] have used a dipole 

model and a full model for a hand-held. 
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EXPERIMENTAL AND NUMERICAL 
METHODOLOGY 

The chapter gives a brief description of basic facilities used for fabrication, 

experimental characterization and simulation studies of the antenna. The 

concluding section focuses on FDTD method and implementation for foretelling 

the antenna reflection and radiation characteristics. The fundamental mathematical 

concepts of FDTD and the theoretical aspects are outlined in Annexure' A' . 

3.1 Printed Antenna Fabrication and Characterisation. 

Printed antennas are usually fabricated on microwave substrate materials 

using standard photolithographic techniques. Selection of proper substrate material 

is the essential part in Microstrip ante1U1a design. The dielectric constant, loss 

tangent, homogeneity, isotropicity and dimensional strength of the substrate all are 

of importance. High loss tangent substrate adversely affects the efficiency of the 

antenna especially at high frequencies. The selection of dielectric constant of the 

substrate depends on the application of the antenna and the radiation characteristics 

specifications. High Dielectric constant substrates causes surface wave excitation 

and low bandwidth performance. After the proper selection of the substrate 

material a computer aided design of the geometry is initially made and a negative 

mask of the geometry to be generated is printed on a butter paper. A double side 

copper clad substrate of suitable dimension is properly cleaned using acetone and 

dried in order to avoid the discontinuity caused by the impurities. Any disparity in 

the etched structure will shift the resonant frequency from the predicted values, 
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especially when the operating frequency is very high. A thin layer of negative 

photo resist material is coated using spinning technique on copper surfaces and it is 

dried. The mask is placed onto the photo resist and exposed to UV light. After the 

proper UV exposure the layer of photo-resist material in the exposed portions 

hardens which is then immersed in developer solution for few minutes. The 

hardened portions will 110t be washed out by the developer. The board is then 

dipped in the dye solution in order to clearly view the hardened photo resist 

portions on the copper coating. After developing phase the unwanted copper 

portions are etched off using Fenic Chloride (FeCh) solution to get the required 

antenna geometry on the substrate. The etched board is rinsed in running water to 

remove any etchant. FeCh dissolves the copper parts except underneath the 

hardened photo resist layer after few minutes. The laminate is then cleaned 

carefully to remove the hardened photo resist using acetone solution. 

3.2 Measurement Techniques 

The variation of the following antenna characteristics with different 

geometry and its controlling parameters were studied in detail. 

• Resonant frequency 

• Return loss 

• Impedance bandwidth 

• Radiation pattern 

• Gain 

• Efficiency 

The measurement techniques of all the above parameters are discussed in 

the following sections. 
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3.2.1 Measurement of antenna Resonant frequency, Return loss and 
Bandwidth 

The block diagram of the experimental set up for thc measurement of the 

return loss characteristics using a Network Analyzer interfaced to a PC is 

shown in Figure (3-1). The two different types of Vector Network Analysers 

are briefly explaincd here. 

HP 8510C Vector Network analyzer (VNA) 

HP8510C is sophisticated equipment capable of making rapid and accurate 

measurements in frequency and time domain [I J. The NW A can measure the 

magnitude and phase of the S parameters. 32 bit microcontroller MC68000 based 

system can measure two port network parameters such as SI I, SI2, S22 ,S21 and it's 

built in signal processor analyses the transmit and reccive data and displays the 

results in many plot fonnats. The NW A consists of source, S parameter test set, 

signal processor and display unit. The synthesized swecp gcnerator HP 83651 B 

uses an open loop YIG tuned source to generate the RF stimulus. It can synthesize 

frequencies from 10 MHz to 50 GHz. The frequencies can be sct in STEP modc or 

RAMP mode depending on the required measurement accuracy. The antenna 

under test is connectcd to the two port S parameter test set unit, HP8514B and 

incident and roflected wave at the port are then down converted to an intenncdiate 

frequency of 20MHz and fed to the detector. These signals are suitably processed 

to display the magnitude and phase infonnation in the required fonnat. These 

constituent modules are interconnected through HPIB system bus. An in-house 

developed MATLAB based data acquisition system coordinates the measurements 

and saves the data in the text fonnat. Schematic diagram of HP8510C NWA and 

setup for reflection characteristic measurement is shown in Fig(3.1). HP 8510C 

NWA is mainly used for the antenna radiation pattern measurcments. 
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fig.3.1 Experimental setup for antenna characterizatioo 

E8362B Programmable Network Analyzer (PNA) 

The Agilent E8362B Vector Network Analyzcr is a member of the PNA 

Series Network Anaiyzer platfonn and provides the combination of speed and 

precision for high frequency measurements. The operation range is from 10 

MHz to 20 GHz. For antenna measurements it provides exceptional results with 

more points and faster measurement speed. It has 16,001 points per channel 

with < 26 lJSec/point measurement speed and 32 independent measurement 

channels. Bui)t-in Windows XP operating system and other user interfaces 

makes measurement procedure much easier. Embedded help system with full 

manual, extensive measurement tutorials, and complete programming guide 

helps to carry out accurate measurement of antenna characteristics promptly. 

This instrument is used for renection characteristics of the antenna presented in 

this thesis. 
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Crema Soft: Automated antenna measurement 

The user friendly software CremaSoft is built in MATLBTM environment. 

The powerful instrument control toolbox of the package is used for 

communicating with the stepper motor control and Network Analyzer using the 

GPIB interface. This automated software can be used for calibration, antenna 

measurements and material characterization of the substrate used for the 

antenna design. 

Measurement of Antenna characteristics 

The experimental procedures followed to determine the antenna 

characteristics are discussed in the following sections. Power is fed to the antenna 

from the S parameter test set of antenna through different cables and connectors. 

The connectors and cables will have its losses associated at higher microwave 

bands. Hence the instrument should be calibrated with known standards of open, 

short and matched loads to get accurate scattering parameters. There are many 

calibration procedures available in the network analyzer. Single port, full two port 

and TRL calibration methods are usually used. The two port passive or active 

device scattering parameters can be accurately measured using TRL calibration 

method. Return loss, VSWR and input impedance can be characterized using 

single port calibration method. 

3.2.2 Return loss and 2: 1 VSWR bandwidth 

The return loss characteristic of the antenna is obtained by connecting the 

antenna to anyone of the network analyzer port and operating the VNA in SII 

or S22 mode. The calibration of the port is done for the frequency range of 

interest using the standard open, short and matched load. The calibrated 

instrument including the port cable is now connected to the device under test. 
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Cfiapter-3 

The frequency Vs reflection parameter (SII or S22) values is then stored on a 

computer using the 'Crema Soft' automation software. 

The frequency corresponding to return loss minimum is taken as resonant 

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

within the -10dB (2:1 VSWR) points is usually treated as the bandwidth of the 

antenna. The antenna bandwidth is usually expressed as percentage of bandwidth, 

which is dcfined as 

bandwidth 
%Bandwidth = * 100 ..................................... (3-1) 

centre frequency 

0 
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Fig.3.2 Return loss for impedance bandwidth 

The 2: 1 VSWR bandwidth is directly obtained from the reflection 

characteristics by noting the range of frequencies (~fr) over which the return 

loss (SI I) ~ -10 dB. The percentage bandwidth (% BW) is calculated as 4fr x 
fr 
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100%. A typical rctum loss plot is shown in fig.(3-2). The impedancc curvc of 

the test antenna fig.(3-3) can be plotted on the Smith Chart from the magnitude 

and pbase of the return loss data. 

+;1 .0 

Fig. 3.3 Impedance curve on smith chart 

3.2.3 Automated turn table assembly for far field measurement 

A turn table is used for automatic 20 radiation paltem measurement. The 

turn table consists of a stopper motor driven rolating platform for mounting the 

Antenna under Test (AUT). An indigenously developcd mierocontroller based 

antenna positioner STIC 31 OC is used for radialion pattern measurement The AUT 

is used as the receiver and a standard wideband ridged horn (l - lSGHz) is used as 

transmitting antenna for radiation pattern measurements. The main lobe tracking 

for gain measurement and radiation pattern measurement is done using this setup. 

Antenna positioner is interfaced to the computer and with the in-house developed 

software 'Crema Soft· automatic measurements can be camed out. To ensurc far 

field criteria. the transmitter and receiver are separated by a distance greater than 

2. D % where 0 is the maximum dimension of the antenna and A is the minimum 

operating wavelength in free space. 
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Fig 3.4 Experimental setup for radiation pattern 

Measurement of antenna radiation pattern 

The experimental set up for measurement of the antenna radiation 

pattern is shown in Figure (3.4). HP 85 1 QC Network Analyser, interfaced to an 

IBM PC , is used for the pattern measurement. The PC is attached to a STIC 

3 10C position controller. The antenna pos itioned along wilh the test antenna is 

kept at a distance 2· D /;. where 'd' is the di stance between the transmitting 

and receiving antenna and ').' is the wavelength corresponding to the largest 

frequency of operation . The AUT is used as the receiver and a standard 

wideband ridged horn (1 -18GHz) is used as transmitt ing antenna for radiation 

pattent measurements. A wideband horn is used as the transm itter. The 

an tennas arc bore sighted and a THRU calibration is performed . Al1er the bore 

sighting the Crema sol1 will automatically take the radiation pattern. The only 

input requ ired for Crema soft arc the start frequency, stop frequency step 

frequency, start angle, stop angle and step angle. The network analyser will 

measure the S21 data for the entire frequency for each step angle and store the 

data as an ASClI tile. The radiation pattern for any desired frequency can bc 
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easily plolted from these data. The process is repeated for co-polar and cross 

polar radiation pattern along E and H-plane respectively. 

• • 

• 

. '. 

•• 

I- ~" .. "=I 
Fig. 3.5 Radiation pattern for E-Plane and H-Plane 

Typical co-polar and cross-polar radiation patterns in the two principal 

plancs of the lest antenna (E-planc and H-pJane) arc shown in ftg. (3-S). 

Appropriatc gating can be applied in thc ti me domain to minimise reflections 

and measurements arc performed in the frequency domain. The entire 

measured data stored in ASCII format by CREMA Soft is furthcr processed 

to yield the different radiation characteristics viz. half power beam width, 

eross- polar level, etc .. 

Most of the cases the radiation patlerns are measured in an Aneehoic 

chamber to simulate free space environment. Experimental sel-up employed for 

the radiation pattern measurement is shown below. 
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Fig. 3.6 Experimental Set up for measurement of radiation pattern I gain 

3.2.4 Antenna Gain 

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

method [2-3]. The experimental setup is similar to the radiation pattern 

measurement setup. A standard antenna is placed in the antenna positioner and 

bore sighted. THRU calibration is made for the frequency range of interest. 

Standard antenna is then replaced by the AUT and the change in S21 is noted. 

Note that the AUT should be aligned so that the gain in the main beam direction 

is measured. This is the relative gain of the antenna with respect to the 

reference antenna. The absolute gain of the antenna is obtained by adding this 

relative gain to the gain of the standard antenna, provided by the manufacturer. 
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The standard antenna is replaced by the AUT maintaining the geometrical 

arrangement intact. The power received (P'r) is recorded. The plot displayed on 

the Network Analyzer indicates the relative gain of the test antenna with respect 

to the standard antenna ( 10 10glO (PT/PS». The absolute gain of the test antenna 

(dBi) is detcnnincd from the known gain of the standard antenna. 

(GT) dB = measured S2I(dB) + Gain STD anl(dB) .... ................... (3.2) 

A typical Gain for printed antenna is shown in I1g.(3-7). 

,,-----------------------------, 
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Fig.3.7 Antenna Gain Measured 

3.2.5 Antenna Efficiency 

Effici ency of the an tenna is measured using the Wheeler cap method 

[4-5] . The method involves making only two input impedance measurement of 

antenna under test: onc with conducting cap enclosing the antenna and one 

without. For the Wheeler cap. a conducting cylindrical box is used whose radius 

is radian sphere of the antenna and to completely enclose the test antenna. Input 
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impedance of the test antenna is measured with and without the cap using 

E8362B PNA. Since the test antenna behaves like a series resonant RLC circuit 

near resonance, the efficiency is calculated by the following expression: 

. Rna cap - Rcap Efjiclency,T] = ---"'-~-~ 
Rno _cap 

..................................... (3-3) 

RnaJap = Input resistance of the antenna without Cap. 

Reap = Input resistance with Cap. 

3.3 Simulation Studies 

HFSS (High Frequency Structure Simulator) is a 3D electromagnetic field 

simulator based on Finite Element Method for modeling arbitrary volumetric 

structlrres [6]. It integrates simulation, modeling, visualization and automation in an 

easy to learn environment. With adaptive meshing and brilliant graphics the HFSS 

gives an unparalleled perfonnance and complete insight to the actual radiation 

phenomenon in the antenna With HFSS one can extract the parameters such as S, Y, 

Z, visualize 3D electromagnetic fields (near- and far-field), and optimize design 

perfonnance. 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. The parametric set up available with 

HFSS is highly suitable for Antenna engineer to optimize the desired dimensions. 

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 
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operations and the nwnber of frequency points. Finally the simulation results such as 

scattering parameters, current distnbutiOllS and far field radiation pattern can be 

displayed.. The vector as well as scalar represenLation of E, H, J values of the device 

under simulation gives a good insight in to the antenna under analysis. 

Various geometries under study for loading on the strip monopolcs arc 

Circular disc, Elliptical , Hexagonal, Octagonal, RccI'angular. The panunc(ric 

simulation using Ansoft-HFSS and analysis is done for optimizing the 

controlling parameters in each case of the above mentioned geometrics. 

Example of parametric simulation study is shown in fig.(3-8) giving variation 

of reflection characteristics for various gap (d) onc of the major controlling 

design parameter. The parametric study is conducted for all major parameters 

by simulation and experiment for an optimized design. 

"~--------------------------------------, 

, 
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Fig. 3.9 Return loss variation for loaded monopole with'd' 

3.4 The FDTD method 

Antenna analysis. an important part of design, requires a compromise 

between extensive calculations fabrication and measurement of prototypes, 
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which depends on working environment. One should minimize cost, which 

means reducing the time from the start of a design to completion of a working 

model. The ever increasing dynamic and versatile requirements of an antenna in 

mobile applications need a well developed antenna analysis in quickest possible 

time. 

Analysis allows optimization of a design. We can design a number of 

antennas and adjust the dimensions until you find the best one. Again, you 

should be considering the costs of your time. At some point the incremental 

improvements are not worth the extra time for further analysis. For the Analysis 

and optimization FDTD (Finite-Difference Time-Domain) method is employed 

in the thesis. 

The FDTD technique computes the fields on the structure in the time 

domain. This method handles moderate-sized structures and readily includes 

complex material properties such as biological features. FDTD divides the 

region into cubic cells and when excited by pulse, it produces wide frequency 

bandwidth responses. Finite-element methods (FEMs) also divide the problem 

into cubic cells, but the analysis is performed in the frequency domain. FEM 

analysis must be repeated at every frequency of interest. FDTD and FEMs 

require a program to divide the structure into a mesh before starting the 

solution. Both methods calculate currents on a boundary surface by using the 

equivalence theorem with the incident fields and then calculate the far-field 

radiation pattern from these boundary currents. 

FDTD is an efficient tool for directly solving the Maxwell's equations 

using the finite difference techniques. The FDTD method is powerful yet 

simple algorithm that involves the discretization and solution of the derivative 

form of Maxwell's Curl equations in the time domain. The spatial and time 
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derivatives are approximated by centered differences, which are accurate to 

second order in time and space. Solution readily obtained by time stepping, 

where the new value for field components are calculated from previous value 

and this is called 'Leap -Frog' method. 

If the discontinuities are too close to each other. the use of network 

concept will not be accurate due to the interactions of evanescent waves. To 

analyze the circuit accurately, the entire structure here to be simulated on one 

computation. In time domain analysis, broadband pulse may be used as 

excitation and frequency domain parameters calculated over the entire 

frequency range is by Fourier Transform (FT) of transient results. 

The key attributes listed below combine to make the FDTD method a 

useful and powerful tool [7-10]. A more descriptive of FDTD is included in the 

Appendix 'A'. 

• The simplicity of the method is noteworthy. Maxwell' s equations in a 

differential form are discretized in space and time in a straightforward 

manner. 

• The method tracks the time-varying fields throughout a volume of 

space. Thus FDTD results lend themselves well to scientific 

visualization methods, providing the user with excellent physical 

insight into the behaviour of electromagnetic fields. 

• The method provides broadband response predictions about the 

system resonance. Far fields are derived from near fields. 

• The geometric flexibility of the method pennits the solution of a wide 

variety of radiation, scattering and coupling problems. 
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• Desired accuracy can be achieved by selecting suitable discretization 

parameters and boundary conditions. 

• The method is extremely well suited for implementation on parallel 

computers. 

• Personal computer capabilities have caught up with the requirements 

of FDTD for a wide range of modeling problems. Thus, even without 

any improvement in the fundamental algorithm, continuation of 

present trends will aid the generation of highly detailed 

electromagnetic wave models of volumetric complex structures of 

great engineering and scientific importance. 

3.5 FDTD Implementation 

The numerical algorithm for Maxwell's curl equation defined by finite 

difference equation requires that time increment ll.t have a specific bound 

relati ve to the lattice dimensions ll.x ~y and ll.z. This bound is necessary to 

avoid numerical instability, an undesirable possibility of computed results to 

spuriously increase without the limjt 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 

algorithm, ~t is chosen to satisfy the Courant-Friedrichs-Lewy (CFL) Stability 

criterion: 

1 1 
~t $ -- --;========= 

~nax ~ll &2 + 11 ll./ + 11 &2 
..................................... (3.4) 

~llax is the maximum velocity of light in the computational volume. Typically V;nax 

will be the velocity of light in free space unless the entire volume is filled with 
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dielectric. 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 (All 0) or less at the 

highest frequency. In the analysis presented in the thesis the accuracy and 

stability are ensured by selecting ~x, ~y, ~z ~ Ami;{O' 

With the transient excitation in FOTD, impedance and scattering 

parameters over a wide frequency band can be calculated. One difficulty with 

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 FOTD calculations for some fraction of this total number 

of time steps, and use these results to predict those for the later times [11]. 
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Applying the various prediction methods adds additional complexity to 

the FDTD calculation process. The prediction methods are complicated, and 

may reqUlre care and skill to obtain accurate results. Most of the methods 

described require the use to detennine the order of the prediction process, 

related to the number of tenns 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. 

In this thesis the 3D-FDTD Modeler code is developed in Matlab 6.5 for, 

problem space set up, test object definition, EH algorithm, Absorbing radiation 

boundary condition (ABC), Data saver, FFT and far field transfonnation. The 

geometry is defined with estimated x, y, z, t for time step n = O. Choice of 

cell size is very critical here as this has to be small enough to permit accurate 

results at highest frequency of interest adhering to the Nyquist criterion and yet be 

sufficiently large to keep the computing resources in manageable limit. All E and 

H components are initialized. The excitation Gaussian pulse is applied at feed 

point. 

The E, H fields over the spatial grid inside the computational domain is 

updated. The outer radiation boundary condition is applied to absorb the 

scattered field at the outennost portion of the problem space. This is applied 

for say 4000 to 6000 step cycles ensuring the accuracy and stability of FDTD 

simulation without ringing. To ensure the stability of time stepping algorithm 

'dt' is chosen to satisfy the courant stability criterion. Once this E, H field for 
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all the cycles are stored as a matrix, the post processing of this transient field 

data to extract required return loss (S 11), radiation pattern etc. by FFT for 

visual presentation. This output processing may need the transformation of near 

field to far field radiation. 

Cell Dimensions (mm) 

Time step 

Number of time steps 

Simulation interval 

~x = 0.5 

~y= 0.5 

~z = 0.4 
.... _. _ .... _ .. 

~t = 0.88 ps 

6000 

4400 ps 

The different parameters used for the FDTO calculations are given below. 

Excitation 

Gaussian Pulse 

Half width T = 15 ps 

Time delay to= 3 T 

The numerical method described above is employed for the analysis of 

different antenna configurations. This time domain method is more suitable 

than the frequency domain method in designing the wide band antenna. Being a 

time domain technique, the FOTD method directly calculates the impulse 

response of an electromagnetic system. It implies that a single simulation can 

provide Ultra wideband temporal wavefonns [12]. The results of the numerical 

analysis are validated through experiments and commercially available software 

and presented in chapter five. 

The input impedance of the antenna is computed as ratio of the FFT of 

voltage derived from E field values at the feed point over the entire time steps, 
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Chapter-) 

to tbe FFT of current at the same point, derived from the H field values. Return 

Loss SII (in dB) is then computed. Typical voltage and elUTcnt waveforms at 

the feed point are shown in Figure (3-10). In FDTD calculations involving 

Rs = 50 a, the voltage waveform is no longer purely Gaussian, since the 

voltage across the resistancc is also included. It is observed during simulation 

that the system converges in - 6000 time steps for the present problem. 

More details about the FDTD theory and its implementation for the 

present work is described in Appendix- A. 
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fig. 3.10 Voltage and Current plot for step size of 6000 lime steps. 
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INVESTIGATIONS ON ULTRA WIDE BAND (UWB) 
PRINTED MONOPOlES 

Ultra Wide Band (UWB) technology is one of the most promIsmg 

solutions for future communication systems due to its high-speed data rate and 

excellent immunity to multi-path interference. The un-licensing of ISM band 

gives an increased opportunity for wireless communications over short 

distances. This is the driving force behind work presented here. In this context, 

the UWB antenna design plays a unique role because it behaves like a band 

pass filter and reshapes the spectra of the pulses. Some of the critical 

requirements for UWB antenna are Ultra wide bandwidth, directional radiation 

patterns, constant gain and group delay over the entire band, high radiation 

efficiency and low profile. 

Evolution of a Ultra wide band planar antenna from a simple micro strip 

transmission line is presented in this chapter. The chapter commences with the 

description of resonance and radiation characteristics of printed strip monopole 

antenna on an infinite ground plane. It is followed by a detailed study of the 

ground plane truncation effects on antenna radiation characteristics. The 

truncation of ground plane is effectively utilized to design a wide band printed 

strip monopole antenna. The detailed parametric analysis of wide band printed 

monopole is enabled to derive simple design equation for wide band 

perfonnance. The finite length micro strip line is modified with a truncated 

ground plane to create a boundary discontinuity. It is found that this structure is 
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radiating to the surrounding. By properly adjusting the parameters of the 

antenna very large impedance bandwidth can be easily achieved with moderate 

radiation efficiency. 

Experimental and theoretical analysis of compact monopole antenna 

derived from parametric analysis of a wide printed monopole is presented for 

application in broadband wireless communication systems. Thus this chapter 

highlights the step by step procedure to derive a broadband printed monopole 

antenna from a simple printed strip monopole antenna. Printed monopoles are 

conformal for modular design and can be fabricated along with the printed 

circuit board of the system, which make the design simpler and fabrication 

easier. The chapter concludes with some of the typical loaded strip monopole 

antenna designs along with its radiation characteristics suitable for wideband 

wireless communication gadgets. This is the basis for further fine tuning for 

achieving the goal of compact Ultra wide band antenna. 

4.1 Characteristics of the Printed strip monopoles. 
4.1.1 Printed Antenna design parameters 

Fig. (4-1 a) is a finite open ended 50 n micro strip transmission line 

etched on a substrate of £r=4.3 8 and height 1.6 mm. The length of the microstrip 

line is 80 mm and width is 3 mm. The refection studies show that this finite 

length transmission line is not resonating at all. The transmission studies show 

that this is a very good transmission line. So this can be used as a transmission 

line for transporting electromagnetic energy from one point to another. Since it 

is a transmission line the radiated energy from the structure is negligibly small 

and can not be used as a radiating element. 
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This finite length open circuited transmission line can be efficiently 

transformed as a ratiiating structure by modifying the structure. This is 

demonslrated in Ihis section. Fig. 4.1 (b) is the modified structure of fig.4.1 (a). 

In this case the full ground plane of a microstrip line is truncated as shown in 

Fig. 4.1 (b). In this case Ihe length and width of the ground plane is reduced 10 

18 mm X 65 mm. Only 18 mm of the top strip is having ground plane and the 

remaining part of the strip is without any ground plane. The reflection 

characteristics of both devices are shown in fig (4-2). 

109 



Cl1n.pter-..J 

fw 

Mot1Opol.e 

Ls 

Lg 

Feed. Point Wg 

nIE~,:::::::::::::::::::::::::::::Jlh 
Fig.4-1 tbl Geometry of printed strip Monopole antenna with subslrate height 'h' '" 1.6nm, 

relative permilivitty (&1-4.38, monopole strip length 'ls' '" 25n'rn, feed width 'f,: 
.. 3rrm, truncated ground plane of width 'Wg' .. 65rrm and length 'lg' '" 18rrrn 

4.1.2 Return Loss Characteristics 
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It is very clear from the graph that first microstrip Tx line (antenna) in fig.4-

l(a) is not at all resonating in the range 1- S OHz. The transmission characteristics of 

the anterma (~I)' i.e. the power received by another standard antenna kept at a 

distance shows that the first device is not radiating where as the second device is 

radiating near about 2.40Hz. But the monopole strip antenna shown in fig 4-1(b) of 

length Ls=2Smm is operating at 2.40Hz. This confinns that the second device is 

very well acting as an antenna It is found that the antenna is resonating at 2.40Hz 

with a band width of SOOMHz. So the percentage (%) Bandwidth of the antenna is 

21%. This experiment shows a transmission line can be conveniently modified as a 

radiating structure by proper modification of the structure. 

Next question is what are the design parameters for such a device? This 

question is answered in the following section. 

To study the effect of the length of the dipole on the resonant frequency 

the monopole length 'Ls' is varied from 17mm to 30mm, keeping all the 

parameters as constant. 

For the theoretical analysis the antenna is modeled using FDTD algorithm. 

Total computational domain used for the analysis of the antenna is IS0x180x24 

cells. Llx, l1y, I1z in the computation domain are taken as O.Smm. The discretization 

values are less than 1J20 at the maximum frequency of computation and gives good 

accuracy of the computed results. 1 0 air cells are assigned around the antenna 

geometry to simulate the practical condition in which antenna is immersed in the 

surrounding air. 10 cells are assigned for ABC at each side of the problem space. 

The layer just above the printed strip and just below the ground plane is assigned 

with effective dielectric consonant to ensure the air-dielectric interface. A Gaussian 

pulse with pulse halfwidth T=ISps and time delay to=3T is selected for the present 

analysis. According to the stability criteria the calculated time step is I1t=O.9Sps. 
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Leubbers feed model is employed to implement the fceding system. Gaussian 

pulse is employed as the voltage sources for calculating the time domain response. 

The computed time domain response at the feed point is depicted in fig.( 4-3). The 

electric field component is settled at around 6000 time steps. When the launched 

Gaussian pulse is complexly settled down in the computation domain the return 

loss value of the device is calculated. The time domain data are first converted to 

frequency domain by taking FFT and then return loss is calculated 
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f'\ Source 0.4 J, 
Voltage, I , 

(V) 0.2 r \ 

o I \;--- _____ ~--\/--------
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Current, 
(A) 

o 1000 2000 3000 4000 5000 6000 7000 

X 10.3 

5r--~--_.-----~--._--r_-~ 

-10 
o 1000 2000 3000 4000 5000 

Time Sleps 

Fig. 4.3 Computed time domain response at feed point 

6000 7000 

The reflection characteristics simulated using FDTD are shown in 

figure (4-4). It is found that the resonant frequency 'fr' decreases with 'Ls' 

of the monopole strip as expected. This shows that this device is working 

as a mono pole antenna. For the experimental analysis a prototype of the 

antenna used in FDTD computation is fabricated using standard 

photolithographic techniques. Computed, experimental and simulated 

results are compared and discussed in following sections. 
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The vaJiation of measured resonant frequency with the monopole length 

'Ls' is compared with FDTD in fig ,(4-5), The resu lts are in good agreement 

with FDTD prediction. 
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4.13 Effect of Truncated ground plane configuration 

Usually in the printed monopoLe designs ground plane is printed on the saJlle 

substratc parallel le the radiator eilher on lhe same side of radiator or at the 

opposite side. These has made antenna low in profile and low in volume along 

with added advamage of easy to fablicate and integrate in the system circui t board 

of communication device. The limited space of circuit board will impose another 

constrain t on the size of the ground plane. It is found that the size of the ground 

plane, adversely affect lhe antenna perfonnance considerably. The effect of 

truncated ground plane on reOection characteristics of the antenna is studied in this 

section. For a particular antenna with monopole length 'Ls' for a designed resonant 

frequency, the truncation ground plane length alone is varied to obtain its effects on 

the resonant frequency. The same is ploued in fig. (4-6) . 
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fig.4.6 Effect of Truncated grourxllength 'Lg' on resonant frequency of the printed strip rrmopoIe 
antenna. Wg - 65rrrn.ls - 21nm. fw-3nm. & -4.38 and h-l.lirm. 

It is clear from the figure the resonant frequency is virtually independent 

of the length of ground plane of the antenna. The length is only affecting the 

matching and band with of the antenna. 
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Typical variation of SW of an antenna with 'Lg' is shown in fig. (4.7). It is 

found that the bandwidth is maximum when the ground plane length is of the order 

0.1210 0. 16"-. This is contrary to general belief that the radiation characteristic of 

monoJXllc degrades when ground plane sizes are limited. In other words. the length 

of the ground plane can be reduced 10 many folds to achieve better characteristics. 

Thus compacl monopole antennas can be designed on truncated ground planes with 

the additional advantage of broadband behaviour without loosing its omni­

directional radiation properties. 

6OO r--------------------------------. 

500 

"'" 

,., 

19(mm) 

rv.4.7 Baodwidlh ,arial;'" wilh lenglh 01 truncated ground pIare IlgJ 01 lhe ","led Slr~ _" 
antenna lor & -4.38. Wg -65mn.ls-21rrrn. Iw- 3nm h- 1.6nm 

So it is confirmed that there is an optimum truncation ground plane length for 

which the antenna is resonating with maximum bandwidth. This is happening when 

Lg=O. I44 A. 

It is also found that the resonant frequency of thc antenna depends on the 

ground plane width ·Wg'. Howcver, this variation is in the expected line 
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compared to the dependence of resonant frequency on 'Lg' . This is 

demonstrated in fig. (4-8) and (4-9). For large ground plane widlh the resonant 

frequency is minimum as shown in 6g.(4-9). 

0 

m ·10 

:!!. • • j .2Q 

E 
~ ·30 '" 

-'" 

·50 

" 

~.­...­
Wg""--­... -... ·11_ ..... '­... -

'.0 " 20 25 3.0 " " 
Frequency(GHzj 

fig.4.8 Return loss of strip monopole with Width of truncated ground plane 'Wg'. The other 
design parameters are 19- 18rrvn. ls - 21mm, fw-3fml. £, -4.38, h .. 1.6nm. 
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The variation of SW of the antenna with 'Wg' for the optimum 

ground plane width is shown in fig .( 4-10). It is found that the bandwidth of 

the antenna is 

(0.25 - 0.321..). 
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fig. 4.10 Bandwidth variation with width of truncated ground plane width (Wg) of the 
printed strip monopole antenna for £, .. 4.38. Lg .. 1&mt. Ls .. 21mm. fw .. 3mm. 
h -1._ 

Variation of return loss with substrate height is shown in 

fig.4 ~ 11. Variation of resonant frequency with substrate height is shown in 

fig.4~ 12(a). This shows that the variation resonant frequency with substrate 

height is negligibly small. The variation in the resonant frequency is from 

2.40Hz to 2.7 GHz when h is varied from 0.6 mm to 2.4 mm. It is found 

that the resonant frequency is minimum for thin substrate and high for 

thick substrates . 
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rlQ.4.12 (al Resonant freQuency 'Fr' variation with substrate height (hI (bJ Gain and EfficiencV 
of strip monopole for different substrate height 'h' - 0.6 to 2.4om. The other design 
pararreters are Wg - 65mn, 19- I&rrn, ls- 21rrwn, h- l.6rrrn. fw .. 3nTn. & .. 4.38. 

The variation of gain and efficiency of the antenna with substrate height is 

shown in fig. 4-12(b). I1 is found lhat both gain and efficiency decreases with 

substrate height. This may be due to the excitation of surface waves in thick 

substrates. 
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fig. 4.13 C~uled relurn loss characteristics of the printed strip mooopole antenna for & 

variation Irom 210 10. Wg -65nTn.lg - 18rrm, ls-21rrm. fw-3mn. h-l .6oYn. 

Typical variation of frequency of the strip Illonopole with dielectric 

constant is shown in fig. 4- 13 and 14a. It is found that the resonant frequency 

decreases with dieleclric constant of the substrate. Moreover, it is found that the 

gain is optimum for a panicuiar an tenna. For this design the gain is maximum 

when of Er is in the range of 8-9 as demonstrated in fig . 4 .14(b) . 
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4.1.4 Radiation Pallern 

Typical E-plane and H-plane radiation patterns of the antenna are shown in 

fig.(4-15). It is found that the pattern is bi-directional as in the case of a monopole 

antenna. The H-plane radiation pattern of the antenna is found to be nearly unifonn 

with maximum variation of 3dB. The maximum cross polarization of the antenna 

along thi s plane is only -12dB. The E-plane pattern is found to be eight (8) shaped 

as in the case of a monopole anterma. The half power beam width of the antenna 

along the E-plane is 150°. Hence it is found that the coverage is unifOffil along the 

H-plane and slightly directional (HPBW 150") along the E-plane. The worst case 

cross polarization along the E-plane is -IOd8 . 
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fig. 4.15 Computed principal plane radiation patterns of the printed strip monopole antenna at 
2.46Hz for Lg -181Trn, Wg -65nm.ls -21nm,w-3mn, '" - 4.4, h-1.6nm. 

The typical variation of the E and H-plane FDTD computed radiation 

pattern with different ground plane dimension <Lg' are shown in 

fig.(4-16). Radiation characteristics studies reveal the ground plan length 

variation affects the nulls of the E-plane pattern where as the beam width is 

varied slightly in the H-plane pattern. When the ground plane length is 
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very low the E-plane patterns become more dipole like than classical 

monopoles. Moreover, when the ground plane length is very high it acts as 

reflector and back radiation is reduced. For the H-plane pattern the 

broadness of the pattern is slightly reduced due to the increase in the 

ground plane length. This is due to the distortion of the image due to the 

edge diffractions occurring from large sized ground plane 
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rig. 4.16 Variatioo of plircipaI Pane raciatioo patterns of the printed strip monopoIe anteooa at 
2.4GHz dulto 'lg' Wg -65nm Ls-21nmw-3rrm &-4.4. h-L6J1m 

It is seen that the beam width become narrow when the ground plane 

width ' Wg' is large. Similarly me H-pJane pattern also deviate away from the 

isotropic characteristic if ' Wg' is larger than IJ2. The 3D radiation patterns of 

the antenna for the two groWld plane conditions are shown in fig.(4-17). The 

pattern seems to be ideal for communication purpose for the truncated ground 

plane ifit is properly selected. 
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t"lnite ground pblle 
Gain: 2.75dBi 
efficiency:86.-I% 

(. ) intlnite gt'o \uld pblle 
goin :3.47dBi 

efficiencv: 79% 

~) 

Fig. 4.11 Simulated 30 radiation paltern of printed strip monopote for ls .. 25mm. 
& -4.38. fw-31ml, h .. 1.&nm (a) Infinite ground plane of Wg .. 1501ml, 
Lg .. 1501ml (b) Finite ground plane of Wg .. 651ml. Lg -18mm 

The measured and FDTD computed gain of the antenna in the operational 

band is depicted in fig .(4-18). Both computed and measured gain are closely 

agreeing. This again confirms that the structure is acting as a radiator. The gain 

of the antenna in the band is better than 2.4 dBi with average gain of 3.5dBi . 

The antenna has a measured efficiency of 86.4% . . ,----------------------------, 
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Fig. 4.18 Experimental and FOTO computed gain of the wide band printed strip mono pole 
antenna 
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4.1.5 Inferences 

The simulated surface current distribution of a typical monopole antenna 

above a finite ground plane is shown in fig. 4-19. The length of the strip monopole 

is A.i 14 and width fw is 3mm. From the figure it is very clear that there is quarter 

wavelength variation of field along the strip. 
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Fig.4.19 Surface currents of strip monopole with Wg-65mm. Lg - 18mm, h - 1.6mm, 
Ls-21mm, & - 4.38 for 2.4GHz resonant frequency. 

From the surface current distribution it can be inferred that the surface 

currcnl at the Lip of the monopole is minimum. Maximum surface current is 

observed near [he feed point. The simulatcd current distributions confirm that 

antenna is resonant with quarter wavelength current variation along the strip. But 

there is no current variation on the finite ground plane at the resonant frequency. 

But it can be observed that at the edges along the width of the ground plane there is 

feeble current which varies with the dimensions of the ground plane. 

This strip monopole is strongly radiating at the resonant frequency of 

2.4GHz as seen from thc current density plot. At the fundamental resonance, the 

electric field is vCltically polarized along Y -direction. Feeble current along the 
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truncated edges of the ground plane are opposite in phase and cancel at the far 

field. There is little radiation from the ground plane at this frequency. This 

monopole with truncated ground plane exhibits similar radiation characteristics 

to a half wavelength dipole. The edge currents on the ground plane truncation 

can be effectively utilized to design microstrip fed printed dipoles. 

From the exhaustive experimental, FDTD computations and simulation 

studies the following design equation are derived for an optimized printed strip 

monopole. 

Design Equations 
Printed Strip Monopole design 

0.42*c 
Length of strip, Ls = * ~ 

fr "seff 

. W _ 1.38*c 
WIdth of Gnd plane, • - f * ,re: 

o 36*c 
Length ofGnd plane, Lg= . ~ 

f * 8 .. \i ,g 

Effective dielectric constant, E~ff = Er 2+ I (I + 0.3* h) 

The width of the monopole is set as width of son micro strip feed line. 

Since the field components are not confined to the substrate alone effective 

dielectric constant 'Eeff' has to be used in calculation. Where 'c' is the velocity 

of electromagnetic wave in free space. The constants in the above equations are 

derived from exhaustive parametric analysis. 
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The above investigations conclude with the observations a) The 

ground plane dimensions of the feed line of a microstrip excited printed 

monopole plays a crucial role in the resonance and radiation characteristics 

of the printed monopole antenna. b) The ground plane truncation can be 

effectively utilized to control the impedance bandwidth of the antenna. c) 

The ground plane can be properly tailored to generate an additional 

resonance near the fundamental mode which can be effectively used to 

broaden the bandwidth of the printed strip monopole. 

As in the case of a microstrip antenna the present antenna is offering very 

low band width. The next part is concentrated to enhance the bandwidth of this 

planar strip monopole based on the above observations. 

Printed Wide Monopole Antennas. 

From our earlier studies it is found that the bandwidth of a strip monopole is 

21 %. In order to widen the band width of printed monopole antenna, different 

geometries are tried as radiating elements and elaborately discussed in this section. 

It is a well known concept that the bandwidth of wire antenna can be 

increased by increasing the diameter or thickness of the wire. This concept is 

tried here to enhance the bandwidth by increasing the size of the monopole by 

different sizes and geometries. 

The direct loading of various simple geometries like Rectangular, Elliptical, 

Circular, Octagon, Hexagon were tried as printed monopole. It is theoretically 

predicted that all geometries upon loading will result in wide band antennas. 

Rectangular is found to be most simple for better parametric control, fabrication, 

testing and theoretical analysis and hence the investigation is started with 

rectangular shape. It is remarkable that, all designs are looking for a wider 
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matching impedance bandwidth without loss of omni-directional radiation 

pattern. Here the theoretical analysis is performed by 3D-FDTD method and the 

results are verified with experiments and simulations. 

4.2 Wide Rectangular Strip Monopole. 
4.2.1 Printed Antenna design parameters 

The geometry of the wide rectangular strip monopole is shown in fig.{4-

20). Here a rectangular patch of length 'SI' and width 'Sw' is directly loaded on 

a strip at a distance'd' from the ground plane. In this case the overall length of 

the antenna 'Sl+d' is same as the length of the earlier strip monopole antenna. 

There is a small gap 'd' is introduced to achieve matching. 

Lg 

1 
• Wg 

fig.4.20 Geometry of Wide Rectanvular strip monopole with truncated ground width 
'Wg' . 451rrn, length 'lg'-2Omm, gap'd'.3nm. patch width 'Sw'·t4lrrn, patch 
width'SI' .. lOrml Substrate height h-I .6mm. substrate & -4.38 
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4.2.2 Return Loss Characteristics 

Variation of return loss of a typical wide rectangular strip monopoieis 

shown in fig,(4.21) along with the strip monopole antenna of same lenglh of a 

rectangular Slrip monopole shown in fig.(4·20). Fig.(4·21) shows that the Slrip 

monopole with I..s= 13mm is resonating at 3.20Hz wilh a bandwidth of 

500M Hz which is approximately 21 %. The same antenna with wide rectangular 

patch of equivalent strip length of Ls=13mm has mean frequency of 4.5GHz 

with band width of 6GHz, This shows that it is an ideal method to enhance the 

bandwidth of Slrip monopole by widening the strip. 
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Fig. 4·21 Return loss of strip monopole Ls -l3nvn for 3.2GHz and Wide Rectangular strip 
monopole with gap'd' -3mm , 'Wg' -451ml, 'Lg' -20rTm, 'sI' -lOmm, Sw -14mm, 
h -1.6mm. £, - 4.38 

From the resonance curve it can be seen that the antenna is resonating at 

three frequencies. The lower frequency is due to the total length (Lg+SI+d). mid 

frequency due to (SI+d) and the higher frequency is due to the (SI). A current 

density plot of the proposed antenna at frequency band of operation is 
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illustrated in fig, (4-22a,b.c). l! is seen from the ploned results that the 

respective resonant lengths corresponds 10 4, 6 and 8GHz bands. 

(a) ( b) 

(cl 

Fig. 4.22 Surface current densily (a) 4GHz and (b) 6GHz (c) 8GHz 

4.2.3 Parametric Analysis 

(a) Variation of Sll with' d' 

Fig. (4-1:3) gives the impact of 'd' on the impedance bandwidth . Thi s 

is one of the main parameter controlling the impedancc malching between 

the feed, truncated ground and radiating patch. The gap 'd' between the edge 

of the truncated ground and the rectangular strip, therefore decides the 

impedance bandwidth . Thi s is the fundamental parameter for widening the 

bandwidth. It is ev ident from the following. fi gure that the optimal value of 
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'd' for maximum bandwidth is 3mm. The bandwidth is from 30Hz to 

8.4GHz. 
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Ftg.4.23 Return loss of Wide Rectangular strip monopole with 'd' • 'Wg' .. 45nrn. 'Lg' .. 20rrrn, 
'SI' -IOmm, 5w-I4nYn, h-1.6mm, " -4.38. 

(b) Variation of Sl1 with 'SI' 

Fig. (4·24) gives the impact of 'SI' on the impedance bandwidth of 

wide rectangular strip monopole antenna. 'SI' is varied from IOmm to 

19mm keeping all other parameters kept constant. It is evident from figure 

that the optimal value of 'SI' for maximum bandwidth is 0.33lci. Since the 

optimum value of 'SI' is chosen as 0.331.0, the antenna is fabricated and 

tested experimentally. These results are compared with FOlD analysis for 

the following resu lts in fig.(4-24). 
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FiQ.4.24 Return loss of Wide Rectangular strip monopole with 'SI' 'Wg' .. 45rrrn, lg-20mm, 

gap 'd' -3mm. Sw .. 14rrvn h- l .6nvn, Et - 4.38 

(c) Variation of S11 with 'Sw' 

Keeping 'SI ' as opl imized dimension (O.33~), the 'Sw' is varied for 

further optimization. The fi g.(4·25) shows the variation of return loss. From the 

above variations, the rectangular geometry with Sw= 14rnm (0.46A<t). giving 

good impedance performance is selected . 
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Fig.(4·25) Return loss of Wide Rectangular strip monopole with 'Sw' 'Wg' .. 45mm. 

19 - 20mm, gap 'd' -3rrvn, 'sI' .. 10rrm, h .. l.6rrm, &0 - 4.38 
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(d) Variation of Sl1 with 'Lg' 

Fig. (4-26) gives the impact of truncated ground dimension 'Lg' on the 

impedance bandwidth for this type of loading. It is evident that the optimal 

value of 'Lg' for maximum bandwidth is O.625Aci. It is found that maximum 

bandwidth is achieved by merging the different resonances. 
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Fi;.4.26 Return loss of Wide Rectangular strip mono pole with 'lg' 'Wg' ... 45mm. 
gap'd' -3mm, 'sl'-lOmm, Sw - 14mm, h- 1.6mm,,, -4.38 

(e) Variation of S11 with 'Wg' 

Fig. (4-27) gives the impact of truncated ground dimension 'Wg' on the 

impedance bandwidth wide strip monopole antenna. It is evident that the 

optimal value of 'Wg'= 1.4Aci for maximum bandwidth for the already 

optimized Lg= O.625~ at the mean resonant frequency. Since the optimum 

value of 'Wg' is chosen as 1.4Aci fo r further optimizations. 
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Fig.4.27 Return loss of Wide Rectangular strip monopole width 'Wg', 'lg' .. 20mm, 

'd' -3nvn, 'si' -IOmn, Sw-l4nvn h-1.6nvn, Eo -4.38 

4.2.4 Optimised Antenna characteristics 

(a) Return Loss 

Keeping SI=O.33)'d as optimized dimension, the 'Sw' is varied for further 

optimization. The fig.(4-2S) gives the optimized 'Sw'=14mm on impedance 

bandwidth. Similarly the truncated ground dimension is also optimized as Wg=1.4~ 

and Lg=O.62S)", . 

For the theoretical analysis the antenna is modeled using fDTD algorithm. 

Total computational domain used for the analysis of the antenna is 120xlOOx24 

cells. rut, ~y. tu in the computation domain are taken as O.5mm. IQ cells are 

assigned for ABC at each side of the problem space. A Gaussian pulse with pulse 

half width T=ISps and time delay 1o=3T is selected for the present analysis. 

According to the stability criteria the ca1culated time step is ~t=O.95ps. Leubbers 

feed model is employed to implement the feed. The electric field component is 

settled at around 5000 time steps. This return loss variation with frequency for 
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FDTD, experimental and Simulation in fig.(4-28) and compared for good 

agreement on cesuhs . 
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Frequency(GHz) 

Ftg.4.28 Measured. FOTO and Simulated Return loss of optimized Wide Rectangular strip 
monopole 'd'- 3mm 'Wg'. 4511YTl, 'lg'- 20nvn, 'd' .. 3mm, 'sj'. lOnvn. Sw- 14mm 
h - 1.6nrn. '" - 4.38 

(b) Radiation Pattern 
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Fig. 4.29 H and E plane radiation patlern at 3, 6 and 8GHz. 'd' -3rm1 'Wg'-4511YTl. 
'lg' -2_, 'd' - 3mm , 'si' - 1_, Sw - 14mm h .1.6mm, '" - 4.38 
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The inference obtained from the above discussion concluded that the 

radiation pattern of a wide band printed strip monopole over a truncated ground 

plane is nearly omni directional in one plane and figure of eight in the other 

plane. Fig 4-29 shows the computed radiation patterns at the 3, 6, 8 GHz for 

start, mid and end band of resonant frequencies of the wide band monopole. 

The antenna has almost identical radiation patterns throughout the 2: 1 VSWR 

bandwidth. Moreover, antenna exhibits cross polar level bettcr than 20dS in 

both the planes. At higher frequencies small distortion in the pattern is observed 

because the edge currents near the ground truncation becomes more dominant at 

higher frequencies 

(c) Antenna Gia" 

Gain of the antenna computed and measured using gain transfer method is 

shown in Fig 4.30. Antenna exhibits an peak. gain of 7.5dBi in the operating 

band. At higher frequencies gain is increased considerably due to the slight 

directional characteristics. 

,,---------------------------------, 
• 
, 
• ! , 

~ • 
, -, -
, • , • , • • " 

F,.q'Mncy(GHz) 

Fig.4.30 Gain of the optimized Wide Rectangular strip monopole 
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The optimization is carried out for all the controlling parameters studied 

above. This gives a performance near to the UWB and best suited for futther 

fine tuning as seen from the above parametric analysis, gain and radiation 

patterns. It can be concluded that by introducing some more controlling 

parameters like Slow Wave Factor (SWF) there is a scope for extending this 

antenna for UWB operation (3-11 GHz). 

4.3 Wide Elliptical strip monopole 

A printed monopole antenna with an elliptical geometry is shown in 

fig.(4-3l). Here the major axis of the ellipse is perpendicular to the 

direction of the monopole. The major and minor axis of the ellipse are 

selected as equivalent to the optimized length and width of the rectangular 

patch under study in 4.2.1. The performance of this loaded monopole 

antenna is studied in this section and compared with the optimum 

rectangular loaded strip. 

4.3.1 Printed Antenna design parameters 

An Elliptical patch fig.(4-31) is used as a strip monopole at a gap of od' 

from the truncated ground. The semi major axis radius (mr) and axial ratio(ar) 

more than 1 (ar=<1 in this case) is employed. The major axis of the ellipse is 

perpendicular to the direction of the monopole and the ratio of length and width 

is maintained similar to the rectangular patch. The antenna is fabricated with 

nominal parameters of truncated ground width 'Wg'=45mrn, length 

'Lg'=20mm, gap'd'=3mm, major radius of ellipse 'mr'=14mrn, axial ratio 

'ar'=O.7. substrate height 'h'=1.6mm. substrate Er =4.38. 
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Wg-----.: 

Fig. 4-.31 GeOlll!try 01 wide elipt~~ str~ m<rIOpOie 'Wg' -45mn. 'lg' - 21mn. gap '~-hm, 
major radius of eUipse 'mr' -14nm. axial ratio 'ar' -0.7. h -1.6nTn. £, -4.38 

4.3.2 Optimised Antenna characteristics 

(a) Return Loss 

The return loss characteristics of an elliptically loaded antenna is 

compared with a strip monopate of same overall length as shown in 

fig .(4-16). The strip mODopote antenna is resonating al 3.2GHz with a 

bandwidth of 21%. But when the shape of the monopoie is altered as an 

ellipse. it is resonating at two resonant frequencies at 3.5 and 5.8GHz with a 

total bandwidth of 4GHz and 80%. 
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Fig. 4.32 Computed and measured Return loss of Printed monopole loaded with elliptical 
patch 'Lg' .. 2Dmm. 'Wg' .. 45mm. 'mr' .. 14mm, 'ar' - DJ. h .. 1.6nvn. er - 4.38. 

(b) Radiation Pattern 
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Fig. 4.33 Hand E plane radiation pallern of the above antenna al 56Hz 
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The inference obtained from the above discussion concluded that the 

radiation pattern of a wide band printed strip monopole over a truncated ground 

plane is nearly uniform in one plane and figure of eight in the other plane. Fig 

(4-33) shows the computed radiation patterns at the 5 GHz for mean resonant 

frequencies of the wide band monopole. The antenna has almost identical 

radiation patterns throughout the 2: I VSWR bandwidth. Moreover, antenna 

exhibits cross polar level better than 20dB in bOlh the planes. 

(c) Antenna Gian 

Gain of the antenna measured using gain transfer method is shown in Fig 

(4-34). Antenna exhibits a peak gain of 6 dBi in the operating band. At higher 

frequencies gain is increased considerably due to the slight directional 

characteristics. 

'r------------------------------. 

• 
• 

, 
, --, • • • , • • 

Freql.lency(QHr) 

Fig. 4.34 Gain of the optimized elliptical strip monopole 

4.4 Wide Circular Strip monol>ole 
4.4.1 Printed Antenna design parameters 

The geometry of the wide circular strip monopole is shown in fig.(4-35). 

Here the monopole is a circular disc of radius ' r' on a Strip at a distance'd' from 

the ground plane. In this case the over all length of the antenna (2r+d) is 

138 



invtStigarion on ufrra. WWt 6aruf {'U'H~) printt t! monopofes 

equivalent to the length of the earlier strip monopole antenna. There is a small 

gap d is introduced to achieve matching. 

Fig.4.35 Geometry of Wide circular strip monopole loaded 'Wg'-45rrrn, 'lg'-20mm, gap 
'd' -3nTn . radius of disc fr' -lOrrm. h-l .&m1. u - 4.38 

4.4.2 Optimised Antenna characteristics 

(a) Return Loss 

The computed and measured return loss characteristics of the optimized 

circular disc antenna are shown in Fig, 4-36. The strip monopole with 

Ls;;: 13mm is resonating at 3.2GHz with a bandwidth of SOOMHz which is 

approximately 21 %as seen from Fig.4-3. The same antenna with wide circular 

monopole of equivalent strip length of Ls;;:13mm has mean frequency of 

5GHz with band width of 60Hz. This shows that it is an ideal method to 

enhance the bandwidth of strip monopole by widening the strip. 
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f1Q.4.36 Computed and rreasured Return loss of Wide circular strip monopole 'lg' .. 2Onm. 
'Wg' -45111n.',' - 11lnm h- 1.6nm, & -4.38 

(b) Radiation Pattern 
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Fig. 4.37 Hand E plane radiation pattern of the above antenna al 6 GHl 

The inference obtained from the above radiation patterns concluded 

that the radiation pattern of a wide band printed strip monopole over a 

truncated ground plane is nearly uniform in one plane and figure of eight in 

the other plane. Fig 4.37 shows the computed radiation patterns at the 6GHz 
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for mean resonant frequency of the wide band monopole. The antenna has 

almost identical radiation patterns throughout the 2:1 VSWR bandwidth. 

Moreover, antenna exhibits cross polar level better than 20dB in both the 

planes. 

(c) Antenna Gian 

Gain of the antenna measured using gain transfer method is shown in fig. 

(4.38). Antenna exhibits an peak gain of 7.5dBi in the operating band. At higher 

frequencies gain is increased considerably due to the slight directional 

characteristics. 
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:2-
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Frequency(GHz) 

Fig.4.38 Gain of the optimized circular strip monopole 

The optimization is carried out for all the controlling parameters studied 

above. It can be seen that the sizes of the circular disc affect the operating 

frequency. The operating frequency decreases with the 'r', which is similar to a 

dipole, of course the bandwidth is not wide enough to cover the entire UWB 

region. 
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4.5 Wide Octagonal Strip Monopole 
4.5.1 Printed Antenna design parameters 

The geometry of the wide Octagonal strip monopole is shown in fig. 

(4~33). Here the monopole is a Octagon of side 'a' on a strip at a distance 'd' 

from .he ground plane. In .his case .he overall length of .he an.enna (2.4a+d) 

is equivalent to the length of the earlier strip monopole antenna. There is a 

small gap 'd' is introduced to achieve impedance matching. Fig.(4-28) shows 

the optimized reflection characteristics of the antenna. This shows clearly that 

the SW can also be increased by this method. 
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4.5.2 Optimised Antenna characteristics 

(a) Return Loss 

The strip monopole with Ls=13nun is resonating at 3.2GHz wi th a 

bandwidth of 500MHz which is approximately 21 %as seen from Fig.(4-3). 

The same antenna with wide Octagonal monopole of equivalent strip length 

of Ls=13mm has mean rreque ncy of 4GHz with band width of 3.5GHz 

which is approximately 90%. Fig.(4-40) shows that it is also a method to 

enhance the bandwidth of strip monopole by widening the strip . 

• 
m -5 

:!!. 

--'~ +----------~~----~~------~~~----~ ·1. 
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• 2 3 4 5 , 7 

Frequency(GHz} 

FIQ.4.40 Computed and measured Return loss of Wide Octagon strip monopole 'Lg'-20mm, 
'Wg' -45rrm, ',' - IOmm. h- 1.6mm. & - 4.38 

The optimization is carried out for all the controlling parameters studied 

above. It can be seen that the sizes of the Octagon strip affect the operating 

frequency. The low operatjng frequencies decrease regularly with the increasing 

of 'a', which is similar to a dipole. 
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(b) Radiation Pattern 
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Fig. 4. 41 Hand E plane radiat ion pattern for 4GHz 

The above radiation pattern shows the pattern is almost uniform 

directional along !-I-plane and figure of eight along E- plane. Fig 4-4 1 shows the 

measured radiation patterns at the 4 GHz for mean resonant frequencies of the 

wide band monopole. The antenna has almost identical radialion palterns 

throughout the 2: I VSWR bandwidth. Moreover, antenna exhibits cross polar 

level better than ISdB in both the planes. 

(c) Antenna Gain 

Gain of the antenna measured using gain transfer method is shown in Fig 

4.42. Antenna exhibits a peak gain of S.5dBi in the operating band. AL higher 

frequencies gain is increased considerably due to the sligh t directional 

characreristics. 
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Fig. 4.42 Gain of the optimiled Wide OctlOon strip monopole 

4.6 Wide Hexagonal Strip Monopoie 
4.6.1 Printed Antenna design parameters 

The geometry of the wide Octagonal strip monopole is shown in 

fig.(4-33). Here the monopole is a Octagon of side 'a' on a strip at a distance 'd' 

from the ground plane. 

flll.4.43 ile1!metry of wide Hexagon strip monopo~ 'Wg' -45rrm. 'lg' -20rMl. gap 'd' -lrrm • 
• ide~ngth'a'-IOrrm. h-I.6mm, & -4.38 
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In this case the overall length of the antenna ( 1.7a+d) is equivaJent to the 

length of the earUer strip monopolc antenna. There is a small gap d is inttoduced to 

achieve matching. Fig.(4·28) shows the optimized reflection characteristics of the 

antenna. This shows clearly that the SW can also be increased by this method. 

4.6.2 Optimised Antenna characteristics 

(a) Return Loss 

The strip monopole with Ls=13mm is resonating at 32GHz with a 

bandwidth of 500MHz which is approximately 21 % as seen from FigA-3. The 

same antenna with wide Hexagonal monopole of equivalent strip length of 

Ls;13mm has mean frequency of 4.5GHz with band width of 4GHz which is 

approximately 85%. This shows that it can also enhance the bandwidth of strip 

monopole by widen ing the strip. 
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Flequoncy(GHr) 

Fig. 4-44 Computed and measured Return loss of Wide Hexagon strip monopole 'l g' - 20rMl, 
'Wg' .. 451Ml. 'a'- 10fMl. h .. 1.6mm. & -4.38 

The optimi7.ation is carried out for aU the controlling parameters studied 

above. It can be seen that the sizes of the hexagon affect the operating 

frequency. The low operating frequencies decrease regularly with the inc reasing 

of 'a', which is simi lar to a dipole. However. [he optimised hexagonal strip 
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antenna offered a band width of 3.8 GHz with a 85% band width of average 

frequency of band at 4.5 GHz. 

(b) Radiation Pattern 

• • • 

-

-- .---- -... 

Fig. 445 Hand E plane radiation pallern for 4 Ghz 

The above radiation panem shows the pattern is sl ightly away from 

desired omlli directional characteristics. Fig 4-45 shows the measured radiation 

patterns at the 4 GHz for mean reSOl1ant frequency of the wide band monopole_ 

The antenna has almost identical radiation patterns throughout t.he 2: I VSWR 

bandwidth. Moreover, antenna exhibits high cross polar level which is not 

encouraging. 

(c) Antenna Gain 

Gain of t'he antenna measured using ga in transfer method is shown in Fig 

4.46. Antenna exhi bits a peak gain of 5.5dBi in the operat ing band. At higher 

frequencies gain is increased considerably due to the slight directional 

characteristics. 
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Fig.4.46 Gain of the optimized Wide Hexagon strip monopole 

4.7 Comparison of different Antennas 

The radiation characteristics of different antennas discussed above are 

summarized in Table (4-1). 

o 

I 

2 

3 

4 

5 

Antenna 
Type 

Rectangular 

Elliplical 

Circular 

Octagonal 

Hexagona l 

BW 8w 
(CHz) % 

6 130 

4.1 80 

5.8 120 

3.5 90 

3.9 85 

Table (4·1) 
, 

Gail! Efficiency Cross 
(dB) % polarisation 

7.8 87 27dB 

6 84 22dB 

7.5' 88 2SdB 

5.4 81 18dB 

5 79 ISdB 

HPBW 
H­

Plane • 
360' 

360' 

360' 

340' 

330" 

HPRW 
E­

l'1a le , 
90' 

85' 

90" 

80' 

80' 

In the above section we already conducted studies on different types of 

geometries for radiation characteristics. The comparison of the same is done 

and giSl of the salient features is given in Table (4-1). Impedance bandwidth. % 

bandwidth, Gain. Efficiency. cross polarization, half power beam width are 

compared and is found that Rectangular is most suitable and also for better 
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parametric control, fabrication , testing, simple structure and theoretical 

analysis. It is remarkable that, all designs are looking for a wider matching 

impedance bandwidth without loss of omni-directional radiation pattern. Here 

the theoretical analysis is carried out by 3D-FDTD method and the good 

agreement with the experimental and simulated results is observed for the 

rectangular patch geometry from the results discussed in previous sections. 

From the optimized different geometries, it is clear that band width is increased 

in all cases. However, this band width is not enough as required for the Ultra 

wide band and hence other techniques are employed to further enhance the band 

width up to UWB and discussed in the next section. 

4.8 Rectangular Monopole loaded with strips 

Impedance characteristics of a group of ultra-wideband (UWB) antennas 

with different geometries are theoretically (FDTD) and experimentally studied. The 

validity is again confirmed with simulation studies using Ansoft-HFSS. The details 

of the simulation and experiment results are presented and discussed. For the sake 

of analysis, here we divide the UWB frequency into three "sub" bands. They are 

(a) lower UWB Band covering frequencies between 3 and 5 GHz, (b) mid UWB 

Band covering frequencies between 5 and 8 GHz and (c) upper UWB Band 

covering frequencies between 8 and 11 GHz. Ideally, the impedance bandwidth at 

these three bands should have a return loss ofless than -10 dB. 

The printed wide rectangular patch monopole is analyzed and optimized 

in the previous section offers good radiation characteristics for a wide band of 

frequencies. In pursuit of stringent impedance and radiation requirements in 

Ultra Wide band antennas, different geometries are analyzed using FDTD 

analysis for enhancing the bandwidth up to the extent of covering the entire 

Ultra Wide Band (3.1 GHz-l O.6GHz). 
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lIDs investigations leading to a compact printed monopole with strips on the 

patch [1] having Slots on ground plane is presented in this chapter. This procedure is 

successfully applied to reduce the dimensions of Rectangular patch antenna using the 

discontinuities such as Defected Ground Structure (DGS) and Defected Microstrip 

Structure (DMS) [1-3]. Since it has more discontinuities providing larger targets for 

EM wave, the net result in area reduction can be as high as 50% in certain cases. The 

DGS is realized by etching slots in the truncated ground plane of the printed 

monopole. The slot perturbs the field distribution in the ground plane. This give rise 

to the etTective increase in the series capacitance and inductance of transmission line 

for an increased effective length and lower resonant frequency. This property of 

DGS is ettective for miniaturization of printed planar antennas_ 

Rectangular patch top loaded monopole antenna is first optimized for 

UWB by adding strips to radiating patch and then by incorporating two 

symmetric slots on the ground plane. Combination of slot on the ground and 

strips on the monopole is presented as combo model, which is the final outcome 

of this thesis. The effect of various controlling parameters on the impedance 

bandwidth of the antenna is studied extensively for optimizing the geometry. 

4.8.1 Printed Antenna design parameters 
(a) Rectangular monopole with one strip 

A single strip oflength 'U' and width 'Wl' is added at the bottom of the 

patch on one side of the rectangular ( gl =Omm ) as shown in fig (4-47). The idea 

here is to produce additional resonance at higher frequency due to the resonance of 

this simple strip. So the length of the strip is selected as for the first resonance is 

nearly at about 9 GHz where the main rectangular strip is not resonating. When a 

strip is added at one end of the patch it is found that there is a tendency of 

resonance at higher frequency. This aspect is demonstrated in fig. (4-48). 
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Fig.441 Goixretry of Pri1ted Rectangle rmnopoIe with one Oft SIr\>, sUlslI ... of he\I1I 
h-1.6mn. _tlie COIlS"'" 1&) -4.38. Troocated ~rd lengtll 'lg', width 'Wg', 
Feed i'I! 'd' , h!ed width 'f.', recta1QUlar patch length '~', width 'Sw', l!h Slr\>iength 
'U', width 'WI', i'I! of SIr\> fnm~ ... edge of patch ~ft 'If 
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Fig.4.48 Return loss with and without strip loaded rectangular monopole 'Wg' -45rrm, 
'lg-2Ormt', 'd''' lnvn, 'Sw'''14n1n. 'SI'·10mm, 'U'-4rm1. 'WI'-ll1ll1, 
'gl' -Omn, h-1.6ITIn," -4.38. 
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When the strip length is I mm, the additional resonance is found to be at 

9.2 GHz. To con liml whether the resonance is due to this additional strip its 

length is varied from I mm to 4 mm. The return loss of the an tenna for different 

strip lengths arc shown in fi g (4-49). Here it is found that the additional 

resonance frequency is shifted to the lower frequency region with increase of 

the strip length . This confirms that this additional resonance is due to the newly 

added strip. 

" ,---------------------------------, 
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.,. 

• , • • 
Irequeney(GHz) 

\ 
\ 
\ 
1 
1 
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FIQ.4.4S Return loss with Oil! strip loaded rectangular rmnopole 'Wg'-45mn. 'lg -2Omn'. 

'd' .. lrrm. 'Sw' - 14mn, 'SI' - lOrrm. 'WI' -lrT1l1. 'gl'-Omn, h- 1.6nm. u - 4.38. 

However, the resonance is not matched for gl=Onun. The impedance at 

thi s location is fou nd to be 26 Ohms. To increase the matching the location of 

the additional strip is vari ed along the length of the main rectangular patch. The 

response of the antenna with the location of the strip (gl) is shown in fig. (4-50). 

It is well evident that when the st rip location is gl= I mm from the bottom the 

impedance at thi s frequency is improved and the band width of the antenna is 

extended up to 9.6 OHz. 
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Fig.4.SO Return loss with ooe strip loaded rectangular monopole 'Wg'-4Smm. ' lg-20mm'. 
'd' -lrrm , 'Sw' - 14mm, 'SI' -10mm, 'WI' - lrnm, 'u' - lmm, h-1.6mn," - 4.38. 

Now another Strip of width I mm and length of 4nun is added on the same 

side at 'g)'=) mm and 4mm respectively. Because of the mutual coupling of the 

strip the impedance characteristic was worsened as seen from fig.(4-5 1). To 

mitigate this effect the second Strip is shj fted to the other side as in fi g. (4-52). 

The nominal offset 'gc' from the bottom of the rectangular patch. Now the 

return loss characteristic is studied and optimized for the UWB. 

, 

- ..... _------ ...... -.~L-~ ______________________ ~ 

, , • • " " 
Fr.quency(GKI) 

f'll. 4-51 RelUrn loss with and without strip loaded rectangular monopole 'Wg' -45mm. length 
'Lg-20rrm', 'd'-lrrm, 'Sw'-I4mm, 'SI'-IOmm, 'LI'-4mm, 'WI'-lrrm, 'gl'-lrrm 
and 4n1n. h-1.6mTI. substrale £, -4.38. 
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(b) Rectangular monopole with two strips 

Strips are added to the either side of the earlier optimized rectangular 

wide band monopolc. A small rectangular strip length 'U' .strip width 'Wl' 

placed at a gap of 'gl' from the lower edge of radiating rectangular patch as 

shown in figA-52 . Similarly another Rectangular strip of length 'Lr'. width 

'Wc' is added on the other side of the main patch with an offset of 'gr' from 

the lower edge of radiating rectangular patch. The input impedance 

characteristic is very much improved. So for funher studies this type of 

configuration is selected. 

Fig.4.S2 Geometry of Printed Rectangle patch with two strips. 

The Rectangular monopole loaded monopole fig. (4-52) of size SI=lOmm. 

Sw=14mm optimized in the previous chapter is modified by attaching 

asymmetrically strips of size (L1 x WI) and (Lr x Wr) at a distance of 'gl 'and 

'gr' respectively from the lower edge of rectangular patch. This Defected 

Microstrip Structure (DMS) structure actual1y results in discontinuities for 
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increased Slow Wave Factor (SWF) [5-6) . The simulation was canied out for 

optimization of each parameters namely Li t WI. Lr, Wr, gl, gr. 

, 

." 
-1 __ -

-~-
-~-

, , • • • " " 
Frequency(GH:t:) 

Fig.4.53 Return loss with two strip either side on rectangular monopole. 'Wg' -45rrrn, 
'Lg-20rrrn'. 'd-lmm'. 'Sw' -l4mm. width 'SI' -IOrrrn. 'u' -4nJn. 'WI' .. lmm, 
'Lr ' -4mm, 'Wr' -2mm, '91' - Imm. 'gr ' -3rrvn. h- I.6mn, &-4.38. 

From the analysis two Strip are sufficient to produce UWB operation. So 

tn this thesis Strips are restricted to two in order to avoid the further 

complications. It is also noticed that by adding more Strips, we can further 

extend the frequency of operation 

The optimization was done ror the following models with parameters 

described in Table (4-2). Prototypes were fabricated on substrate with er =4.38. 

height 'h'=1.6mm and tested using HP 8510C Network Analyzer. The overall 

size of antenn~ is (35 x 45mm\ The feed width 'f",, · for son input impedance 

on the above substrate is 3mm. Hence feed is etched with thi s fact in mind. The 

variations in experimental results of return loss for few antenna models 

fabricated as per the design parameters in Table (4-2) are shown in Fig.(4-54) . 
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TIble(4·2) 

SI Sw d U i WI LI Wr I' h 
No. Imi Imi Imi Imi Imi Imi Imi Imi Imi Imi Imi Imi " 
I 45 20 14 10 2 4 I 4 2 I 4 1.6 4.38 

2 45 20 14 10 I 4 I 4 2 I 4 1.6 4.38 

J 45 20 14 10 J 4 2 4 J I 4 1.6 4.38 

4 45 20 14 10 J 4 I 4 2 I 4 1.6 4.38 

5 45 20 14 10 2 4 I 4 J I 4 1.6 4.38 

6 45 20 14 10 2 25 I 2.5 2 I 4 1.6 4.38 

" 
, 

t ." -------

~ .., 
j .., --, ----.., ------... , , • • • " " .. 

Ftg. 4.54 Return los$ variation for various models 11·6) of strip loaded rectangular monopole 
with different parameters as given in Table (5·1). 

From the exhaustive theoretical and simulation studies revealed that 

the antenna performance is better when the separation distance 'd' is near to 

2mm. If'd' is large the capacitive coupling between the ground and radiating 

patch is small and this will degrade the performance. This is mainly affected 

at the centre band. 

From the above fig. (4*54). it is very clear that return loss charncteristics for 

model-l has maximum bandwidth very close to UWB requirement. Hence this is 

selected as basic model to improve upon by further parametric optimization. 
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(c) Rectangular monopole with two strips and offset 

But from the figure it is found that this deteriOIated the bebaviar of the antenna 

at lower frequencies. To improve the response of the antenna at lower frequencies 

the location of the e.citing strip on the main rectangle is offscll:<;l from the centre. 

The antenna with feed offset is depicted in fig. (4-55). When the feed offset is lmm 

from the line of syrnmetty of antenna the return loss is fOWld 10 he very much 

improved. This shows that feed offset is also required for cruending the band width 

of the antenna. So for the later studies a feed offset rectangular monopole is used. 

So a new parameter called feed offset 'fo' is also introduced during this 

process of optimizations. Parametric optimization is done for the following the 

models described in Table (4-3). Models are fabricated on subslrate with '" 

=4.38, h= 1.6mm for all cases and the overall size of antenna is (35 x 45) mm2
. 

flg.4.55 Geometry of Printed Rectangle patch with two strips with feed offset 
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Table (4.3) 

Modal WI LI SI Sw d II WI Lt Wr I1 DJ h hi 
No. Irmll Irmll Irmll Irmll Irmll Irmll l lrmll Irmll Irmll Irmll Irmll Irmll Irmll 

1 I 45 20 14 10 I 4 I 4 2 I I 4 1.6 I 

2 45 20 14 10 2 2.5 I 2.5 2 I 4 1.6 1.5 

3 45 20 14 10 2 2.5 I 2.5 2 0 4 1.6 2 

4 45 20 14 10 2 2.5 I 2.5 2 I 4 1.6 2 

The return loss analysis for all the above antennas in Table (4·3) are shown 

in fig.(4-56) and discussed here. It is again observed that the input impedance is 

minimum at the centre and maximum at the edges. So the matching can be 

conveniently adjusted by locating the feed location. So by simply offsetting the 

feed any required impedance condition can be easily achieved. lbis aspect is very 

clear from fig. (4·56). The hest match is obtained when 'fo' is slightly offset by 

I mm. Model· I is hest optimized for UWB applications with controlling 

parameters of Strip UWB monpole with Wg=45mm. fo=lmm. Ll=4mm, 

Lr=4rnm. gl=lmm. wr=2mm. wl=hnm, Lg=2Omm giving an impedance 

bandwidth starting from 2.85GHz to more than lO.6GHz. Hence the further 

investigations were conducted on this Model-I. 
".-~~~~~~~~~~~~~~---, 

, 

ii · 10 

"-
~ ·20 

J ·lO ------~ --
FNquency(GHzj 

flQ.4.58 Return loss variation for various models (1-4) optimized strip loaded rectangular 
monopole with different parameters 8S given in Table 15·2). 
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4.8.2 Return Loss Characteristics of the optimized Antenna 

These antenna characteristics are computed using FDTD code 

implemented in MA TLAB TM. The built in FFT function of the MA TLAB is 

used to extract the frequency domain characteristics. The entire computational 

domain is divided into Yee cells of dimensions Lh=~y=6.z=O.3mm and 

maximum frequency of operation is selected as 12GHz so that spatial 

discretization is less than A/20 of the maximum frequency of operation. The 

substrate is discretized as 6 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 layer of cell just above the printed strip 

monopole and underneath the ground plane is assigned with effective 

dielectric constant to ensure the air dielectric interface. 10 cells are assigned 

surrounding the antenna to truncate the prob1em space with ABC which 

ensures the complete absorption of any incident wave at the truncation 

boundary. Microstrip feed is modeled using Leubber's technique as outlined 

in Appendix-A. The input Gaussian pulse facilitates to extract the wideband 

characteristics of the printed strip monopole antenna. From the near field data 

far field radiation pattern and gain of the antenna are computed as outlined in 

Appendix-A. Sinusoidal excitation is used to extract the field components at 

the resonant frequency. The following sections describe the experimental and 

theoretical observations in detail. 

The return loss characteristics of the optimized antenna is shown in fig. 

(4-57). FDTD analysis carried out to predict the antenna characteristics. 

Here the ultra-wide band is achieved by properly merging the three resonant 

modes, as evident from the measured, FDTD, simulated return loss 

characteristics in fig. (4-57). 
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Fig.4.S7 Return foss for optimized strip loaded wide rectangular sUip monopofe 'Wg'-45nm, 
'lg-20mm','d-lfl11l', 'St' . 14mm. 'Sw' - 10nm. 'U' -41ll1l. 'WI' -lmm. 'Lr ' -4rrm, 
'Wr'-2mm. 'gt' -lmm. 'gr' -4rrwn. 'fa ' ... lnm, h- 1.6rmJ, &-4.38. 

A reasonably good agreement between experimental results, s imulated 

and theoretical analysis using FDTD codes. This authenticates the design. 

However, the further miniaturization for achieving the compactness is 

investigated through design variants . 

The fabricated optimized UWB monopole antenna has a small electrical 

length (35x45) nun2 and a measured bandwidth ranging from 3- 11 OHz. The 

top and bottom strip has the s ize 0[(4 x I) mm2 and (4 x 2) mm2 respectively, 

tells that longer strips can reduce the lower edge frequency by increasing the 

overall s ize of the antenna frequencies. 

The frequen cy fr can be estimated by the longest e ffective current palh L= 

V2. where Au is the wavelength inside the substrate at fr. From the electric 
• 

currel1l distribution on the antenna at the lowest frequency of 3 GHz, it is seen 

that the majority of the electric currents is concen trated on the right portion of 

the upper radiator due 10 ' Lr' 
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Distribution of surface electric currents density (J surf ) on antenna at 3 

resonant modes are shown in fig .(4-58a-c) and the resonance is explained. 

-- > 

Fig.4.58a J. surface for 4.68GHz Le. the first resonant frequency of the strip loaded UWB 
rectangular monopole antenna, Wg - 45mm, fo - 1 mm, 1I&lr .. 4mm, gl - lrrm, 
gr .. 4mm, wr- 2mm, wl . lmm, 19 - 20mm, d -l mm 
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The I st resonant frequency at 4.685GHz corresponds to AJ4 of 9.5mm. 

The resonam length as seen from the currenl is (Sw-fw)/2+L1=J...v4. This has 

been validated by simulated and measured resu lts. 

hur f [oU. ) , 15 __ • 

• UUO·." 
5 .,l .... . 
$ ·n ..... . 
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• •• 7.'-, · U.~_. • ,.,10_. 
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I &e, ..... 
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, ' 

~ r • 

Fig.4.58b J. surface for 7.95GHz Le. the i.e. the 20<1 resonant frequency of the strip loaded 
UWB rectangular monopole antenna ,Wg - 45mm, lo-Imm, lI&lr - 4mm, 
gl-lmm, gr-4mm, wr-2mm, wl-lmm, 19 -20mm, d-lmm 
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The 2nd resonant frequency at 7.95GH7. corresponds 10 lJ4 of 5.5ml11. 

The resonant length as seen from the current is (Sw-fw)12 = 1..0'4. This has been 

validated by simulated and measured results. 

5.1_._1 
S Kl4 ... , 
"I~._I .. uu._, 
".16 __ 1 

I.IU"_I 
1.11U._, , '".._1 
l /Cl:! ... " ,._,..-, l,:lI._, 11 __ 1 

I "'I._I 1 .•• "._1 
• IIIN._ 
I ~III._ 

Fig.4.58c J. surface for 1O.34GHz i.e . the 3d resonant frequency of the strip loaded UWB 
rectangular monopole antenna, Wg-45mm, fo - Imm, lI&lr - 4mm, gl-lmm, 
gra4mm, wr -2mm, wl·lmm, 19-20mm, d-lmm 
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This 3rd resonant frequency at 10.340Hz corresponds to ";.d2 of nearly 9 

mm. The resonant length as seen from the current is (gr+lr+d) therefore 

corresponds to ~12. This has been validated by simulated and measured results. 

On the ground plane, the current is mainly distributed on the upper edge 

along the Lg in Y -direction. That means the portion of the ground plane close to 

the radiating patch acts as the part of the radiating structure. Another two 

important design parameters that affect the antenna performance are the length 

of the ground plane and the dimension of the radiating patch. 

The printed Rectangular strip monopole antenna fed by microstrip line is 

investigated here. It has been shown that the performance of the antenna in 

terms of its frequency domain characteristics is mostly dependent on the feed 

gap, the length of the ground plane and the dimension of the antenna. The first 

resonant frequency is directly associated with the dimension of the rectangular 

strip because the current is mainly distributed along the edge of the rectangular 

strip. It is demonstrated numerically and experimentally that the proposed 

printed rectangular strip monopole can yield an ultra wide band, covering the 

FCC defined UWB frequency band. 

At higher frequencies, most of the electric currents are distributed on the 

feeding strip, the junction of the rectangular radiator, and the top strip. As a 

result, the currents on the ground plane are stronger than those at 3 GHz. 

Consequently, the feed gap greatly affects the impedance matching. Fig. (4-58a­

d) shows the electric current distributions on the antenna at 4.68, 7.95 and 10.34 

GHz. From the study, it can be observed that the electric currents are mainly 

concentrated around the feeding strip at all the frequencies. Thus, the ground 

plane significantly affects the impedance and radiation performance of this 

Rectangular strip loaded monopole UWB antenna (AntI). 
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4.8.3 Radiation Pattern 

The experimental results of 2D radiat ion pattern in E- plane and 1-1 - plane 

for co and cross polarization are shown in fig.(4-59a-f) for different modes, 

• 
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Fig. 4.59a-' Normalised E· plane and H·pfane radiation pattern at 4.5GHz.7.95GHz and 
l1GHz for optimized strip loaded rectangular monopole 'Wg' - 4Smm, 
'lg - 20rrvn', 'd'. lrrrn, 'SI'- 14mm. 'Sw' · IOmm, 'U'-4mm. 'WI'- l mm. 
clr' - 4rrm. 'Wr' - 2mm. 'gl ' - lrrvn, 'gr'-4mm: fo' - lmm . h-1.6mm. & - 4.38. 

In the lower frequency band, the antenna has uniform radiation pattern in 

the azimuth plane due to its e lectrically small dimensions. The main beam in 

the X-direction becomes morc and more obvious as frequency increases. The 

cross polarization increases with frequency. However. the antenna shows 

slightly higher gain in other directions as frequency anivcs at 8 GHz. In the 

higher frequency band, the main beam points to the X- direction. The UWB 

strip lllonopole is found 10 exhibit linear polarizalion throughout the band. The 

polarization is vertical (Y-direction) parallel to the feed ax is. The analys is also 

conrLfms the results giv ing an impedance bandwidth starting from 235GHz (0 

more than 11 Gl-lz. 
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Fig. 4.60 The simulated 3D radiation pattern for optimized strip loaded rectangular monOjlole 
'Wg' -45mm. 'Lg-20rr1n'. 'd-trrm'. 'S/' -t4mm. 'Sw' . lOmm, 'U' .. 4m'n, 
'WI' -lmrn. 'Lr' -4mm. 'Wr' .. 2rrm, 'g!' -lmm. 'gr' -4rrIn. 'fo' .. lmm. h-l.6mm. 
" -4.38. 

4.8.4 Gain 

The gain is an important figure of merit of an antenna as a measure of its, 

radiation efficiency. The gain Transfer method explained in chapter 3 is 

employed to measure the gain of the Antenna Under Test (AUT). The gain 

varies from 2 dBi lO 6 dBi at different band for various geometries. The 

excellent gain characteristics throughout the band is noteworthy. It is also 

inferred that the bandwidth enhancement of monopole lO UWB is achieved 

without sacrificing the gain. 
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Fig. 4.61 The Gain for optirrized strip loaded rectangular monopole 'Wg' - 45nm 'lg .. 2Ckrm', 
'd- l 'm1'. 'S!' - l4rrm, 'Sw'- l llnm '1I'-4mn 'Wl' - lnm, 'L,'-4mn 'W,'- 2rrm 
'~' - lrrm 'g,' - 4nm,'fo' - lnm , h- 1.6nm, " -4.38. 

The measured and simulated gains are shown in Fig. (4-61).The gain is 

measured along the peak direction. The measured gain error is within 0.5 dBi . 

The measured gain above 3 GHz frequency range has an average 3.5 dBi or 

more. The slight discrepancies between the simulated and measured gains can ' 

be attributed to the substrate loss and effect of COMector which are not 

incorporated in the simulation. However, the simulated and measured gains 

have a similar tendency. 

4.8.5 Compactness 

By adding strips to the radiator or modi tying the shapes of radiator as 

well as the ground plane, the ultra wide band is achieved. The size of the 

printed antenna is shrunk to (35 X 45) mm' from the nonual size of (50 X 

50)mm2 or more. However, the impedance characteristics of the printed designs 
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may suffer from strong ground-plane effects. The photo of the prototype of 

optimized Strip loaded Rectangular Monopole fabricated and characterized is 

shown in figure (4-62) to illustrate the compactness. 

fIg.4.B2 The top and bottom view of the I"ototyp<! 'Wg'-45nm, 'Lg-2l\rm', 'd-lom', 
'SI' .. l4nrn, 'Sw' .. lQrrrn, 'U' .. 4nYn. 'W1' ... lrrm., 'Lr'''4mn, 'Wr'·2rrrn. 'gl' .. lrrm, 
'gr'-4Irm. 'fo' -lom, h- f.6nm," -4.38, Overall ... 135 X 45nm' J. 

4.8.6 Effect of Truncated ground plane configuration 

The parametric study is carried out by simulation as well as experiments 

for practical applications. The major parameters controlling the size of tbe 

anteona are the length (Lg) , width (Wg), gap (d) and feed offset (fo). 

In addition, the printed UWB antenna consisting of a planar radiator 

and system ground plane is essentially an unbalanced design, where the 

electric currents are distributed on both the radiator and the ground plane so 

that the radiation from the ground plane is inevitable. Therefore. the 

performance of the printed UWB antenna is significantly affected by the 

shape of the ground plane [17J, [18J . Such a ground-plane effect causes 

severe practical engineering problems such as design complexity and 
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deployment difficulty. Therefore, this work presents a technique to reduce 

the ground-plane effect on the perfonnance of a small printed UWB antenna. 

The printed antenna is designed to cover the UWB band of 3.1-10.6 GHz, in 

particular, the lower band of 3.1-5 GHz. The attempt is successful by 

asymmetrically attaching a strip to the radiator to reduce the ground-plane 

effect on the performance and thus the overall size of the antenna printed 

onto a 1.6mm thick peB is reduced to (35 X 45) mm2
• 

4.9 Rectangular Monopole with slotted ground 
4.9.1 Printed Antenna design parameters 

In the previous section it is found that addition of two Strips on either side 

of the rectangular radiating patch will provide additional current path which are 

resonating at higher frequencies. 

A single slot of length 'y' and width 'x' is added on one side of the 

truncated ground plane edge at VxJ2 from the line of symmetry. This 

geometry is shown in fig (4-63). The idea here is to produce additional 

resonance at higher frequency due to the resonance of this simple slot. So 

the size of the slot is selected as for the first resonance at about 9 GHz. 

When a slot is added at one side of ground edge, it is found that there is a 

tendency of resonance at higher frequency. This aspect is demonstrated in 

fig.( 4-64). When the slot width is 3mm the additional resonance is found to 

be at 9 GHz. To confirm whether the resonance is due to this additional strip 

its length is varied from 1 mm to 3 mm. The return loss of the antenna for 

different slot widths is shown in fig (4-64). 
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Fig.4.63 Geometry of Rectangle Monopole with one slot on ground. Truncated ground length 
'lg', width 'Wg', rectangular patch k!ngth 'SI ', width 'Sw', feed gap 'd' ,Slot on 
ground plane -width 'x', height 'y'. slot 'VJ/2' from centre line, Substrate height 
h-l .6nwn, substrate £, -4.38. 
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rl(l.4.B4 Return loss characteristics of Rectangle Monopole with one slot on ground. 
Wg-451T111. d-21T111.lg-1Bnrn. Sw-141T111. SI-1Orrrn. 'y'- 3nrn. V.-1Bnrn. 
h-1.6mm." -4.38. 
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Here it is found that the additional resonance frequency is shifted to the 

lower frequency region with increase of the slot width. This confirms (hat this 

additional resonance is due to the newly added slot. However. the resonance is 

not matched for arbitrary 'Vx·. The impedance at this location is found to be 35 

Ohms. To increase the matching the location of the slot need to be varied along 

the edge of truncated ground plane with reference to line of symmetry. 

Now the synunetric slots are made on the edge of the truncated ground close , 
to the radiating patch as shown in fig.(4-65). By suitably positioning the optimized 

size slots. there is strong indication that the return loss characteristic gening 

extended funher and covered the UWB criteria. This is demonstrated in fig.(4-66) 

Fig.4.85 Geometrv of Rectangle Monopole with Two slols on ground. 

The Rectangular monopole of size 51:\Omm, 5w:14mm optimized in the 

previous chapter is mooified by cutting slots of size (x x y) symmetrically on the 
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truncated ground at separation of 'Vx' in X-direction. The simulation was canied 

out for optimization of each parameters namely Lg, Wg, SI , Sw, x, y, and ·Vx'. 

TIle geometry of the antenna along with other parameters are shown in fig.( 4-65). 

o 

------- -----~~ 

-~-
.31) - ... ----

o , • , • " " .. 
Fig.4.66 Return loss characteristics of Rectangle Monopole with one, two and no slot on 

ground, Wg - 451TWT1, d-21TWT1, Lg - 181TWT1, Sw -14mm, SI-lOnvn, 'y'- 3mm, 
Vx-18mm, h-1.6mm, (;. -4.38. 

Detailed theoretical and experimental studies have been conducted to 

optimize the effect of the slol on the ground plane of the antenna. The printed 

UWB anlenna consisting of a planar radiator and systcm ground plane is 

essentially an unbalanced design, where the electric currents are distributed on 

both the radiator and the ground plane so that the radiation from the ground 

plane is inevitable. Therefore, the performance of the printed UWB antcnna is 

significantly affected by the shape and size of the ground plane in terms of the 

operating frequency, impedance bandwidth, and radiation patterns [17], [18]. 

Here the objective of the work was to optimize the antenna for UWB 

applications with special emphasis on the size of the antenna. It is observed that 

by properly selecting the slot parameters the overall size of the antenna can be 
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reduced to 30x45mm2
. The foUowing sections deals the optimization procedure 

to obtain a compact UWB amenna. 

One more slol is made synunetrically on the other side of the main 

rectangular strip. To increase the matching the location of the slot is varied along 

the edge of truncated ground plane with reference to line of symmetry. The 

response of the antenna with the location of the slot ' Vx ' is shown in fig. (4-67). 

" ,------------------------------------, 

.", 

, , • , , 
" " 14 

fr(Gh z) 

F"1g.4.61 Return loss characteristics 01 Rectangle Monopole with two slot on l1ound, Wg - 45rm1, 
d-2nrn,lg- 18nrn,Sw-I4nrn,SI-IIlrrwn.'y'- 3nrn, h- 1.6rm1, I> - 4.38. 

From the above result in fig.(4 -67) . the impedance matching for the 

antenna with parameters Wg:;::;.45 mm, Feed gap d:;::;.2mm. Lg= ISmm, regular 

rectangular patch of Sw=1 4mm. 51:;::;. 1 0I1U11, two symmetric slots on ground edge 

with 'x' :;::;. 1 mm, 'y'= 3mm, the optimum location is Vx=l Smm. on a substrate 

of height h:;;:: 1.6mm, dielectric constant Er :;::;.4.38. The overall size of the UWB 

antenna is 30 X 4S mm2 and furt her fine tuning by parameter optimization is 

done on th is. 
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4.9.2 Return Loss Characteristics 

The return loss characteristics of the oplimized antenna is shown in fig.(5-

14). The ultra-wide band is achieved by properly merging the lhree resonant 

modes , as evident from the return loss characteristics. 
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Fig. 4.68 Return loss characteristK:s for optinized Rectangle Monopole with two slot on !"yoond 
UWB 801000', Wg-45nm. d- 2nm. 19-18rm1. Sw- 14Irm, ~- IIlrrm, ',' - I"", 
'y' - 30m V, - 18rm1. h- 1.6rrrn," - 4.38, ""rail sire (30 X 451nm'. 

The simulated and FDTD res ults are in agreement with the experimental 

observations and the antenna is radiating EM energy from 3.1 to 10.6 OHz. 

The reasonable match between the experimental results, simulated and 

theoretical analysis using FDTD codes authenticates the design. There has been 

a reduction in overall size from 35 X 45 mm2 to 30 X 45mm2
. However, the 

further miniaturization for achieving the compactness is investigated through 

design variants in next section. 

Distribution of surface electric currents density (J, urf) on antenna at 3 

resonant modes are shown in fig.(5-7a) to (S-7c). 
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fig.4·6ga Current distribution at 4GHz for Primed UWB rectangular monopole with ground 
slots Wg Oo45mm, dOo 2mm. 19 - 18mm, Sw-14mm, SI - 10mm, x .. 2mm, y" 3mm, 
Vx Oo l5mm. £, - 4.38, h- 1.6mm 

The I Sl resonanl fn .. -quency at 4GHz IS because of the resonance of the 

current path (Swl2+d) which is approximately corresponds to A.d!4 Thi s is 

evident from the fi g.(4-69a). 

176 



. , , , . , , • 
I 

, , , • 
i , , , , 

.. 

Fig.4.69b Current distribution at 6.5GHl for Printed UWB rectangular monopole with ground 
slots Wg - 45mm, d- 2mm, Lg-1 8mm, Sw -1 4mm, SI-lOmm, x-2mm. V-3mm, 
Vx .15mm.& - 4.38,h -l .6mm 

The 200 resonant frequency al 6.5GHz corresponds to i.df2. This resonant 

length as seen from the current di stribution is (SI+d+y). This has been validated 

by simulation and experimen t. 
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Fig.4.69c Current distribution at 8GHz for Printed UWB rectangular monopole with ground 
slots Wg - 45mm, d .. 2mm, 19 -18mm, Sw-14mm,SI .. l0mm, x-2mm, y-3mm, 
Vx -1 5mm, c. - 4.38, h - 1.6mm 

The 3rd resonant frequency at 8GH:t corresponds to i.dI2. This resonant 

length con-esponds [0 (Sw/2+x+yl. This is shown in fig . (4-69cl. 
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Fig.4.69 d Current distribution at 10GHl for Printed UWB rectangular monopole with ground 
slots Wg -45mm, d -2mm, Lg - 18mm, Sw - 14mm, SI - I Omm, x - 2mm, y - 3mm. 
v. - 15nvn, &- - 4.38, h-I .6mm 
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The 4th resonant frequency at 10.0 OHz is due to the path (2y+x+d) 

.which is 1.dI2. This has been validated by simulation and experiments. 

From fig. (4-69) • it is seen that the impedance matching is very sensitive 

to the feed gap 'd ' especiall y at higher rrequencies. The width of the ground 

plane affects the impedance matching more significantly at higher frequencies 

than at lower frequencies. This finding is consistent with the current , 
distributions, where more current is concentrated on the ground plane at the 

higher frequencies than at lower frequencies. 

4.9.3 Radiation Pattern 

The measured resuhs of 2D radiation patlcrn in E- plane and H- plane 

for co and cross polari zation are plotted in the following figs.(4-70a-f) 
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Fig.4.10a·' Radiation characteristics for optimized UWB antenna has Wg .. 45rml. d-2mm. 
Lg-18""" Sw-I4mm, SI-IOmm, ',' - I""" ', '- 3""" V,-IBnm, 
h -1.Bnm, '" -4.38 . 
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The H- plane radiation pattern is almost uniform at all frequencies 

except at the band end, but the E- plane patterns are slightly distorted. 

Radiation characteristics of the proposed UWB antenna are experimentally 

analyzed. In the lower frequency band, the antenna has almost uniform 

radiation pattern in the azimuth plane due to its electrically small 

dimensions. The main beam in the X-direction becomes more non directive 

as frequency increases. However, the antenna shows slightly higher gain in 

other directions as frequency arrives at 9.5 GHz. In the higher frequency 

band, the main beam points to the X- direction. The antenna has similar E­

plane cuts along the XZ and the Y Z planes up to 7 GHz, and a number of 

side lobes appear at the bottom of the XZ and the Y Z planes due to the 

diffractions from the edge of the ground plane, which becomes more 

electrically large as frequency increases. The UWB strip monopole is 

found to exhibit linear polarization throughout the band. The polarization 

is along Y - direction which is the direction of feed strip. 

4.9.4 Gain 

The measured gain of the antenna in the operating band along the bore 

sight direction is shown in fig. (4-71). This is compared with the simulated gain 

also. The discrepancies between the simulated and measured gains can be 

attributed to the antenna loss effects. However, the simulated and measured 

gains have a similar tendency. The measured gain error is within 0.5 dBi. The 

gain varies from 2.5 dBi to 6.5 dBi at different bands for various geometries 

depending upon the loading. 
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Fig.4.11 The measured and sil1lJlaled gains for oplirniled UWB antenna Wg - 45mm, d-2mm. 
Lg- 18rrrn. Sw- 14nvn. SI-IOrm1. ',' -lmm. 'y' - 3rrrn. V,-18rrrn. h- 1.6mm. 
substrate eo -4.38 Overall size (30 X 45)nvn2 

4.9.5 Compactness 

By adding slots in the ground plane, the size of the printed antenna is 

shrunk to (30 X 40) mm' from the original size of (65 X 50) mm'. However, 

the impedance characteristics of the printed designs may suffer from strong 

ground-plane effects. This present method of ground slotting for increasing the 

Slow Wave Factor (SWF) for microstrip patch antenna is successfully applied 

to reduce the dimensions of rectangular patch antenna using the discontinuities 

such as Defected Ground Structure (DGS) as shown in fig.(4-72). Since it has 

more discontinues providing larger targets for EM wave, the net result in area 

reduction of nearly 30%. 
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Fig.4.72 The top and bottom view of the prototype of oplimil1!d UWB teetang\Jlar monopole 
with slottet! ground antenna Wg -45rrm. 19-1 Bnm. d-2rrm. Sw .. l4rrm. 
SI-1Orrwn, 'lI' -11l1'1l, 'y' .. 3rrm, 'Vx' .. 1&m1. h-l.6nm, Eo -4.38 Overall size 
130 X 45)mm'. 

Therefore. this work presented a technique to reduce the ground-plane 

effect on the perfonnance of a small printed UWB antenna. The printed antenna 

is designed to cover the UWB band of 3.1- 10.6 GHz, in particular, the lower 

band of 3.1 - 5 GHz. By cuning a rectangular slot (notch) venically from the 

ground plane, the overall size of the antenna printed onto a 1.6mm thick PCB is 

reduced to (30 X 45) mm' 

4.10 Combo model with strips and ground slots 

4.10.1 Printed Antenna design parameters 

The previous studies show that introduction of strips 10 the radiating patch 

can extend the operation of the antenna to the UWB spectrum. Similarly the 

addition of slots on the ground plane can effectively reduce the size of the 

ground plane to achieve the same operating condition. This section deals with 

the combined effect of strip on the patch and slots on the ground plane to 

provide UWB operations with still reduced size for better compactness. The 

geometry of the Combo model antenna (Ant.IIO along with other parameters 

are shown in fig.( 4-73). 
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Fig.4.13 Geometry of Combo Model Rectangle Monopo1e with strips and stots on 
ground , Truntated ground length 'lO', width 'Wg', rectangular patch length 
'SI', width 'Sw', Slot on ground plane -width '. ', height 'y', left strip length 
'U', width 'WI', Right strip length 'b', width 'Wr', gap of strip from lower 
edge of patch -left 'gl', right 'gr', separation of slots 'VI' . feed offset 'fa' , 
Subs1rate with £. -4.38, h- l .6mm. 

4.10.2 Parametric Analysis 

Having studied the return loss and radiaUon characteristics of the strip 

type (Ant.1) and slot type (Ant.1I) antenna optimised for the UWB operation, 

the controlling parametetS for the proposed combination of Strips & Slots 

(Combo Model Ant.UI) are studied in depth for thorough undetStanding of the 

effect of each parameters on perfonnance of the antenna as described in 

following sections (a) - (I). 
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(al Effect of 'd' 
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fjg.4.74. Return loss of Rectangular monopole with strips and slots for 'd', Wg - 20mm, 
11 - lr - 2mm. 19 .. '8mm. Sw .. lOmm, Sl .. lOmm. Wr - 2mm, Wl- 1mm. gl- 0mm. 
gr .. 4rrvn. 'fo ' .. ·2rrm. x - 2mm. y- 3mm. 'Vl ' - 15rrm. & - 4.38, h- 1.6mm 

The lower resonant frequency falls with increase of the gap'd' as seen 

from the above fig.(4-74). This can be ascribed to the extended current path due 

to increase of the 'd' The lower resonant bandwidth decreases with increase in 

'd' presumably due to less coupling effect ~ith increasing 'd'. 

The gap 'd' has not much impact on the upper resonant frequency but has 

strong impact on the higher frequency impedance matching. This is very clear 

from the fig(4-74l that the upper -lOdB cut off frequency for UWB operation 

is maximum for optimized value of d= 2mm. The UWB impedance matching is 

just poss ible with d=3mm. however the bandwidth is comparatively less. The 

impedance matching deteriorates for d<2mm and d >3mm and the antenna 

performance degrades to thar of a dual band antenna. Therefore the impedance 

matching is very sensitive to the feed gap 'd' especiall y at higher frequencies. 
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(b) Effect of 'Wg' 
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Fig.4-15 Return l oss of Rectangular monopole with strips and S[OIS for 'Wg'. d ... 2f1YJ1. 
lI - Lr - 2nm. Lg - l8rm .. Sw - IO"",. SI - IO"",. Wr-2fMl.WI-I"",. gl-O".". 
gr - 4mm. 10 - -2mm. ' - 2nun. y - 3nvn. 'V, ' - 15nvn. '" - 4.38. h -1.6mm 

Rerum loss charact.eristics (511) for the ground width " Wg" varying from 

18 to 24mm is shown in the above fi g.(4.75). The lower resonant frequency has 

nOI Illuch impact on the width of ground plane "Wg" as evident from the fi gure. 

This can be ascribed 10 the no change in current path due to increase of the 

'Wg '. However. mid band frequency is affected by width of ground plane. The 

optimum ground plane width is selected as 20mm. 

The "Wg" has much impact on the upper resonant frequency . The upper 

resonant frequency decreases with increase in "Wg". Operation band is 

maximum for oplimized value of Wg=20mrn. The UWB impedance matching 

is just possible with Wg=20mm for other cases the band merging does not take 

place. The impedance matching deteriorates for both Wg<20mm and Wg 

>20mm and the antenna performance degrades to that of a dual band antenna. 
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(c) Effect of 'Lg' 
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Fig.4.16 Return loss 01 Rectangular monopole with strips and slots for 'lg'. Wg -20mm. 
d-2nvn, lI - [, -2nvn, Sw-IO",", SI - IOmm, W, - 2mm, WI -Imm, gl-Omm, 
gr-4mm.lo- -2mm. x -2mm. y-311lll. 'Vx' - 15rrm. e. -4.38. h .. l.6rrwn 

The lower resonam frequency has much impact on the length of ground 

plane "Lg" as seen from the above return loss characteristics (S 11) for ground 

length " Lg" varying from 15 lO 19mrn fig.(4-76). This can be due to the 

increase in CUITCnt path due 10 increase of the ' Lg' at the threshold of -O.71..d. 

The first resonance is strong at 4GHz and the 2nd resonance at 8GHz play a vital 

role in pull ing the strong 4th resonance at the upper band cause merging the 

band resulting in UWB characteristic. 

The "Lg" has not much impact on the upper resonant frequency. A sligh t 

decrease in resonant frequency 'fr' is noticed with increase in "Lg". The UWB 

impedance matching is just possible with Lg;:: 18mm for all other cases the band 

merging does not take place. The impedance matching deteriorates for both 
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Lg<l8nun and Lg > 18mm and the antenna performance degrades to that of a 

dual band antenna. 

'Lg' of the ground plane affects the impedance matching more 

significantly at higher frequencies than at lower frequencies as shown in fig.(4. 

76). This finding is consistent with the current distributions in fig. (4-87), where 

more current is conccmrated on the ground plane at the higher frequencies than 

at lower frequencies 

(d) EITect of 'L1' 
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Fig.4.77 Return loss 01 Rectangular monopole with strips and slols for 'U', Wg -20mm, 
19 - 18nvn, d .. 2mm. lr-21OOl, Sw-10mm,SI-IOmm, Wr -2mm. WI ... Imm. 
gl-Omm, gr-4rrvn. fo ... ·2mm. x .. 2nm, y .. 3rrrn, 'Vx' .. 15mm, E. - 4.38, h .. l.6lrrn 

This a very important controlling parameter as seen from the fig.(4-77). 

There is a upward shift in the upper rcsonanl frequency while the lower band 

has not much impact 011 'U'. The transition shi fl takes place at the optimized 

'Ut value of 2mm. 
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The lower resonant frequency is nearly independent and upper resonant 

frequency falls with increase or decrease of the left slrip ann length " L1" aboul 

the oplimi7..cd value as seen from the above fig.(4-77). This can be asc ribed to 

the extended current path due to increase of the ' L1' The gap ' L1' has not much 

impact on the upper resonant frequency except at the upper - IOdB c ut off 

frequency. The large impedance matching is just possible with L1:=2.0mm and 

deteriorates for both L1<2.0mm and U>2.0mm. 

(e) Effect of 'Lr ' 
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Fig. 4.78 Return loss of Rectangular monopole with strips and slots for 'lr'. Wg - 20mm. 
19 -181M1, d-2mrn, 11 -2nrn, Sw-IOmm, SI-IOmm, W,-2IMI,WI-lmm, 
gl - Omm, gr-4mm, fo --2mm. x - 2mm, y- 3nvn, 'Vx'· 15fJVll, r..-4.38, 
h- 1.6rmJ 

' Lr' is also very important controlling parameter as seen from the 

fig.(4-78). Here both the bands are influenced by ' Lr' , There is a upward shift 

in the lower and upper resonant frequency. The transition shift takes place al the 

optimizcd ' Lr' value of 2mm. The entire band gets sh ifted by O.750Hz in lower 

band and 1.50Hz in the upper band. So 'Lr' is a very critical design parameter. 
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The lower resonant frequency falls with increase of the right strip arm 

length "LI" as seen from the above figure for 'Lr' varied from 0.5 to 3mm. 

This may be due to the increased current path due to 'Lr' . The gap 'Lr' has not 

much impact on the upper resonant frequency except at the upper cut off 

frequency. 

(f) ElTect of 'fo' 
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ftQ.4.79 Return loss of Rectangular monopole with strips and slots for 'fo', Wg ... 20mm, 
Lg-18nrn. d-2nrn, LI-Lr - 2mm, Sw-IOmn.SI-IOmm, Wr-2nrn, WI-Invn, 
gl-Omm, gr-4mm, x -2mm. y-3rnm,'Vx' -ISmm, & -4.38, h-l.6mm • 

The lower cutoff frequency has not much impact on the feed offset as 

seen from fig.(4.79). This means there is no change in current path due to 

increase or decrease of the 'fo'. The positive feed offset means shift of the feed 

strip towards right side with respect to the centre line. The feed offset mainly 

cha~gcs the impedance value. 

The 'fo' has strong impact on the upper resonant frequency which 

decreases with increase or decrease with respect to the oplimized offset 
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value 'fo'. The UWB impedance matching is just possible only with 'fo'= -

2mm for all other cases two distinct bands are observed. The impedance 

matching deteriorates for both fo<-2mm and fo >-2mm and the antenna 

performance degrades 10 that of a dual band antenna as seen from fig.(4-79). 

(g) Effect oC 'SI' 
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Fig.4.80 Return l oss of Rectangular monopole with strips and slots for 'SI &Sw'. 
Wg - 20rrrn. 19 -181M1, d - 2rrrn. 1I '"' lr - 2mm. '10' - -21M1. Wr - 2mm. WI - lrrwn. 
gl - Omm. gr -4mm. x - 2mm. V- 31m1. 'Vx' - 15mm. £, -4.38. h -1.6mm 

The lower resonant frequency falls with increase in dimension of the 

patch(Sw &SI) as seen from the above fig.(4-80). 

The patch dimension has not much impact on the upper resonant 

frequency except the upper cut off frequency . The bandwidth is maximum 

for optimized value of SI=Sw=lOmm and llmrn . The impedance 

matching deteriorates for SI=Sw above 11 mm and below IOrnm and the , 
antenna performance degrades to that of a dual band antenna. Therefore 
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UWB impedance matching is poss ible with this combination of patch 

dimension. 

(h) Effect of 'Vx' 
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Fig.4.81 Return loss of Rectangular monopole with strips and slots for 'Vx', Wg -20mm, 
19 -18fM1. d-2fM1. lI - lr - 2fM1. Sw- IOrrm. SI - IOrMl. Wr - 2rMl. WI - Imm. 
gl-Omm. gr -4rm1. 10 - -2fM1. , -2fM1. y- 3rrm. '" - 4.38. h- f.1ifM1 

The lower resonant frequency has not much impact on the slot gap vector 

as seen from the above fig. (4-81). The "Vx" has strong impact on the middle 

resonant frequency which decreases the UWB characteri srics with increase or 

decrease with respect to the optimizcd value 'Vx' UWB operation with 

maximum bandwidth is optimized for VX = 15mm. The UWB impedance 

matching is just possible only with Vx=~ for other cases the proper band 

merging does not take place. 
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(i) Effect of 'x' 
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Fig.4.82 Return loss of Rectangular monopole with strips and slots for 'x', Wg-2Omm. 
19-18rrrn, d-2rrrn. lI-lr-2mm. Sw-llJnrn.SI-l0mm. Wr-2rrrn.WI-lmm. 
gl-OIMl. gr-4rrm. 10 - ·2mm,'V,· -15rrrn. y-3rrm ... -4.38. h- L6rrrn. 

The lower resonant frequency is independent of rectangular slot width in 

ground plane 'x' as seen from the above fig.(4-82) Return loss characteristics 

(511) for the slot width "x" varying from 0 to 4mm. This can be ascribed to the 

no change in current path due to increase of the ·x' . 

The rectangular slot height 'x' has much impact on the upper resonant 

frequency and inversely proportional to ·x'. However -IOdB bandwidth for 

UWB operation is maximum only with very small ·x'. The optimized value of 

'x' is chosen as 0.12~. 
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flg.54.83 Return loss of Rectangular monopole with strips and slols for 'V', Wg -20mm, 
19- 18rrm, d-2nm.. ll - lr -2rrrn. Sw-1Orrm,SI-lOmm, Wr - 2rrm. Wl - l rrrn, 
gl- Orrm. gr-4mm. fo- ·2rrm, 'Vx'-15mm. x .. 2rrm. & - 4.38. h- 1.6mm. 

The lower resonant frequency is independent of rectangular slot 

height in ground plane 'y' as seen from the above fig.(4 -83), Thi s means 

no change in the current path due to 'y' for lower resonance. The 

rectangular slol height 'y' has much impact on the upper resonant 

frequency and its cutoff value. The UWB impedance matching is ju st 

possible only with y=3mm . 
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(k) Effect of ' h' 

10 

0 

iD -' 0 ------
:!!. 
• • .3 -20 
0 - - ..,-, - -_.-• -30 - 1>-11)""" 

'" - ... 12_ 
-~,-
- ... 18_ 

-40 - "'1'-.. 
-~,-

- "'2.2""" 
- ... 2. . ...... 

-50 
0 2 , 6 8 

Frequency(GHz) 

10 " 
'10.4.84 Return loss of Rectangular mooopole with strips and slots for 'h'. Wg - 20mm. 

19 - 18rrvn. d-2rrvn. U- lr - 2mm. Sw - IOnrn. SI . l0rrm. Wr - 2rrrn. Wl - lrrm. 
gl - 0mm,gr - 4mm. fo - -2rrm, 'Vx' - 15mm. x-2nvn y .. 3rrm. £, - 4.38. 

The impedance rcsponse is also affected by the height of substratc. The 

change in the 'h' leads to a shift in thc characteristic impedance of the 

feeding strip from 50 Q . This causes the drastic impedance mismatch at the 

input level resulting in sudden faU in bandwidrh. Therefore indepcndcnl 

optimization is required for UWB operation for a given substrate of 

specified height 

( 
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FIQ.4.85 Return loss of Rectangular monopore with strips and slots tor '€t" Wg .. 2Omn. 
LQ-18mm. d-2mm. LI - Lr - 2mm. Sw-l0mm.SI - l0mm. Wr - 2mm.WL-lmm, 
gl-Onvn,gr - 4n'rn. 10- -2rrm. ''Ill' .. \SITIT\, x .. 2rrm. y- 3!lW'n. h .. l.6nvn, 

The impedance response is also affected by the dielectric constant 'c.' 

as shown in ftg .(4-8S).Thc dielectric constant leads tQ a shift in the 

characteristic impedance of the feeding strip from 50 n. This causes the 

drastic impedance mismatch at the input level resulting in sudden fall in 

bandwidth . 

4.10.3 Optimized Printed UWB Combo Antenna 

The optimization was done for the following model with differcm 

controlling parameters Wg=20mm.Feed gap d=2mm. slrip length 

Lh=Lr=2mm, Lg=J8mm. Regular rectangular Patch of $w= JOmm,SI=IOmm. 

strip widths Wr=2mm.Wl=:I mm, strip gap rrom patch bottom edge Ic rt ­

gl::::O mm, right -gr=:4mm, reed ofrset fa :;;: -2mm, slot width x :;;:2 mm, SIOl 

he ight y::::3mm, separation between slots in x direction Vx ;;; 15mm. Model 

fabricated on subslrate with cr=4 .38, h;;; I .6mm size and tested using HP 
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8510C Network Analyzer. With the said parameters the overall size of 

antenna is (20 x 30) mm2 only' Experimentally measured results are plotted 

along with simulated and FDTD analysis in fig.(4-86) and are found to be in 

very good agreement . 

0 

-, 
iD 
" I -10 - ------
--' 
E -" a 
#. 

-20 -----~ 
-25 

-30 
0 2 • • • 10 12 ,. 

F,-.quency(GHz) 

Fig.4.86 Optimised Return loss for Printed UWB Rectangular mono pole with strips and slots 
Wg -2011l11, d- 211111, LI - Lr -2mm. Lg -1Srrvn, Sw-1Onm, 51-1011111, Wr-211111, 
WI-lnvn. gl-Orrm.gr-4mm. to- -2rrm . • -2rrm. y-3rM1. v. -15mm. £, -4.38. 
h-1.6mm 

This optimized findings in fig.(4-86) is consistent with the surface currenr 

distributions in Fig. (4-87a-e), studied in detail for different resonant 

frequencies. It is seen that more current is concentrated on the ground plane at 

the higher frequencies than at lower frequencies. 
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Fig. 4.87a CUlrent distribution at frequency 4GHz lor Printed UWB monopole with strips on 
Rectangular patch and slots on ground with Wg .. 201lrn. d - 2rrm. LI .. lr .. 2rrrn. 
19- 18rrrn. Sw .. Worn, SI.l0rrm, Wr-2nrn, WI .. lrrrn, gl - OI1lll, gr-4rrrn, 
10 " -2rrrn, x .. 2rrrn. y .. 3rrm, Vx .. 15rrrn, fof .. 4.38, h .. 1.6rrm 

This 1 SI resonant at 4 GHz corresponds to the length (Sw-r .. .)12 +gr+Lr+d= 

V4. This has been validated by simulated and measured resuhs. 

Fig.4.87b Current distribution at frequency 6GHz lor Printed UWB monopole with strips on 
Rectangular patch and slots on ground with Wg " 2Omn, d .. 2rrrn, LI - Lr .. 2rrrn, 
Lg - 18nm, Sw-lOrrrn.SI-l0nm, Wr .. 2rrrn,W1-1nrn, gl- Orrm,gr - 4rrrn, fo - -2rrm, 
x - 2rrrn,y - 3rrrn. Vx - 15rrrn,r.. - 4.38, h- 1.6nm 
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The t ld 6GHz resonance is due to the length(Sw-f",,)12 +x +y is equal 

la 4'4. 

Fig.4.87c Current distribution at higher frequency 8.75GHz for Printed UWB monopole with 
strips on Rectangular patch and slots on groood with Wg-20rrm, d-2mm. 
lI-lr-2rnn. 19-18rrm. Sw-1Omm. SI - lOrrm. Wr-2rm1. WI-lmm. gl-Orrm. 
gr -4rrm. 10 - -2nvn. It - 2rrrn. y -3rrm. Vlt -15rrm. E.r ... 4.38. h - 1.6rrJn 

The 3rd resonanl frequency al 8.75GHz conresponds la (Sw/2 +fo+y) = 1<112. 

Fig.4.87d Current distribution al higt.!r frequency 9.5GHz for Printed UWB monopo!e with strips 
on Rectangular patch and slots on ground with Wg - 20rrm. d .. 2rrm. lI-lr - 2rrrn. 
19 - 18mm. Sw-IOITlll.~-11lrnn. Wr - 2ITIl1. WI- IITIll. gl-OITlll. gr-4mn. 
fa .. -2rrm. x ... 2rrm. y ... 3rrm. V. -15rrrn, r.. - 4.38, h - 1.6rrvn 
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The 4th resonant frequency at 9.5GHz corresponds to (SI-2gl+WI)=J../2 

Fig.4-87e Csrent distrhltion at tigEr fretp.l'!ocy 10.3GHz for for Prrlled UWB rmoopoIe with 
stri)s ttI ReclaYJUlar patch aOO slots on grourll with Wg .. 2fum. d -2rrm. U .. Lr .. 2mn, 
19- tBnrn. Sw - IIJrm SI-IOmn. W, - 2rrm WI - Irrm. ~-1Jrm1i'-4Irm. 

fo--2rrm' - 2rrmv- 3mn. V, - I!irrm"- 4.38.h - l.6rrrn 

The 5th resonanl frequency al 1O.34GHz conresponds to(Swl2 -fo+U+y+d­

Wl) =J../2 

4.10.4 Radiation Pattern 

The experimental capolac and cross polar 20 radiation pattern along 

E- plane and H- plane are shown in the following fig .(5-34a-f ). The Ultra 

Wide Band bchavior of the antenna is confirmed with the experimental 

radiation patterns at different frequencies within the operating bandwidth. 

Measured radiation patterns at 3.5. 5.95. and 11 GHz are shown in the 

Figure (4.88a-f). The antenna is vertically polarized along Y direction . The 

antenna exhibits monopole type radiation characteristics within the entire 

UWB range. 
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inf'tStigation on u{rra witfe 6and' rll'WB) pn'n ted" rrwnopotLs 
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(e) (0 
Fig.4.88a·f E·plane and H·plane Radiation pattern for Printed Rectangular UWB monopo\e 

with strips and slots on groUlld. Wg-2{irm, d- 2rm1. U- lr - 2rm1. 19- 18IIm. 
Sw-lliIrm.~-IOom. Wr-2rrrn.WI-Irrrn. g1-00m.gr - 4rrm. fo --2rrm. I - 2rm1. 
y - 3rrm. V, -15rnm. '" -4.38. h -1.6rrvn 

These panems are better compared to the measured ones for Ant I and 

11. which were presented in 4.8 and 4.9. The radiation patterns are nearly 

uniform in H-plane. However. at higher frequencies they exhibits more 

ripples. The radiation paHems of all the antennas are very much similar in 

horizontal plane. 

The H- plane radiation pattern is almost uniform at all frequencies 

except at the band end. However, the E- plane pattern is slightly distorted 

but seems to be stable in the entire band. Radiation characteristics of the 

proposed UWB antenna are experimentally analyzed. Each pattern IS 

normalized with respect to the peak gain along the corresponding plane. In 

the lower frequency band, the antenna has uniform radiation pattern in the 

azimuth plane due to its electrically small dimensions. The main beam in the 
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Cliapter-4 

X-direction becomes more and more directive as frequency increases. 

However, the antenna shows slightly higher gain in other directions as 

frequency arrives at 9.5 GHz. in the higher frequency band, the main beam 

points to the X- direction. The an tenna has similar patterns along the XZ and 

the Y Z planes up 10 7 GHz. and a number of side lobes appear at the bottom 

of the XZ and the Y Z planes due to the diffractions from the edge of the 

ground plane, which becomes more and more at higher frequencies . The 

UWB stri p monopole is found to exh.ibit linear polarization throughout the 

band. The polarization is along y - direction. 

4.10.5 Ga in 

The frequency dependence of gain for Combo antenna is shown in fig.(4-89). 

The maximum gain of 7.4d8i is observed at the higher frequency. The measured 

gain is in good agreement with simulated gain as seen from the figure. 

" r----------------------------------, 

, 

, ----
, +---------------------------~ , • , , 

" " 
Frequency(GHz) 

Fig.4.89 The m!asured and simulated gains for Pru'lIed Rectangular UWB monopole with strips 
and slOls on ground, Wg -200m. d-2mn, lI- l r-2rrm, 19-18rrm, 
Sw-1Orrm,Sl .. 10rrm. Wr - 2rrmWl- lrrm, gl .. cmn,gr - 4rrm, fo .. -2rrm, x -2rrm, 
y- 3rrm V, - 15"",. & - 4.38.h- l.6nm 
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4.10.6 Compactness 

Even thou~h the UWB band is realized by adding strips or cutting slot as 

explail!ed ill section (4.8) and (4.9), the IQIe compactness is achieved through 

the combination of two, calledCombo mqdeI descri,bed in this !OC!i1lA~HQ). 

<a) (b) 

Fig.4.l1Oo,b The top and bottom Wew of !to l"oto1yp1! Printed UWB monopoIo Isi2e 20X »nn'J. 
fleet ..... lID"'" with strips and slot. 011 iJW1CI, Wg-21)Tm, d-:znm 
U-l1-2rm\ ~-1tmn. Sw-l!i1mSl-l!i1m W,-2nrn,Wl-llR11, ~-!i1m 
t/'-4mn, fo- -2nrn, I -2rm\ y-:mn.. 'Ix -15mn, Eo -4.38. h-1.6nm 

The physical size and shape of the antenna fabricated and tested is shown in 

photograph fig.< 4-90) highlighting the prints on the either side of the substrate. 

4.10.7 Efficiency 

Typical approaches for realizing electrically small antennas involve adding 

inductance to reduce the inherent capacitance in small antennas. Sometimes a top 

loading structure is introduoed to provide additional inductance and capacitance 

[6]. This approach 1C$ls to an anteona with low efficiency. Iow gail!, or narrow 

bandwidth. In this thesis, we investigate small UWB antennas with a top-loading 

structure that retains desirable properties. The measured efficiency using the 

wheeler cap method is fouod to be 88% average across the UWB band. 
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Cfinpter-4 

4.10.8 Phase response and Group delay. 

The antenna designed has got good phase linearity as seen from the fig.(4-91). 

The group delay for the reflected signal fig.( 4-92) is quite stable and well within the 

1.2ns except for 1.7ns at 5.20Hz (s5150-5350MHz) band for HIPERLAN ,which is 

seldom used in the UWB applications as precaution for the likely interference for 

existing operating bands. The compactness following the miniaturization of the 

antenna is one of the main reasons for this excellent performance. 
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4.11 Conclusion 

The thesis has reported on the investigation on various designs of printed 

planar monopole antennas for UWB applications. Three different antenna 

designs (designated here as Ant I, II and III) are proposed. Ant- I described in 

section 4.8 of this chapter is basically a wide rectangular strip monopole with 2 

asymmetric strips. Ant-II described in section 4.9 of this chapter, is basically a 

wide rectangular strip monopole with 2 symmetric slots on either side of the 

feed line on the conducting ground plane. Ant-Ill described in section 4.10 of 

this chapter is a combination (Combo) model of above two antennas, which 

again is basically a wide rectangular strip monopole with combination of 2 

asymmetric strips on patch and 2 symmetric slots on either side of the feed line 

on the conducting ground plane for achieving better compactness. The strips on 

radiating patch and slots on the ground plane have been optimized after 

exhaustive experimental and simulation studies. All these above described 

antennas with strips, slots or Combo model (Ant I, II and Ant III) exhibit Ultra 

wide bandwidth. The systematic evolution of a compact UWB antenna is 

consolidated and presented in different sections of the chapter. 

The calculated radiation patterns are near uniform in horizontal plane in 

the operating band. However, at higher frequencies they exhibit more ripples. 

The obtained results indicate that Ant-III is most compact among the three and 

considered to be most suitable for UWB applications compared to the printed 

planar monopole antennas Ant-I and II. The planar format, which makes them 

a more suitable at UWB microwave applications. Optimal design provides an 

antenna of overall size (20 X 30) mm2
, which could be the smallest planar 

antenna reported to satisfy the specification for VSWR < 2 at 3.1 tol0.6 GHz. 

Measured results have been presented for the return loss and gain patterns as a 

function of frequency. The proposed antenna features compact SIze, wide 
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impedance bandwidth, and consistent radiation patterns over the ultra wideband 

frequency spectrum as seen from the results. The characteristics of the proposed 

antenna, in frequency domain are measured and compared with simulation and 

FDTD computations. 

Recently, several broadband monopole configurations, such as circular, 

rectangular, elliptical, pentagonal and hexagonal, have been proposed for UWB 

applications [4]-[7]. These broadband monopoles feature wide operating 

bandwidths, satisfactory radiation properties, simple structures and ease of 

fabrication. However, they are not planar structures because their ground planes 

are perpendicular to the radiators. As a result, they are not suitable for 

integration with a printed circuit board. 

A compact and low-profile printed strip & Ground slot (Combo type 

monopole) with direct feed is presented. It is a good candidate for UWB 

application and can be integrated with transceivers, mobile phones, Japtops etc .. 

Parametric studies have been done for further investigations to provide the 

design engineers with useful design information. 

A comparison of the proposed antenna in the thesis with the recent 

reported UWB antenna is given in the Table (4-4). Usually, such printed 

antennas have the broad impedance bandwidth with compact size of around (40 

X 50) mm2
. By slotting the radiator and/or modifying the shapes of radiator as 

well as the ground plane, the size of the printed antenna is reported to have 

shrunk to (30 X 30)mm2 [12]-[16]. But in this case reported in thesis the size is 

(20 X 30) mm2 for achieving UWB performance which can directly go into 

handheld terminals of futuristic UWB mobile services. 
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Table 4.4 Comparison of performance of recent Printed Antennas reported 

TypeofUWB 
size Bandwidth 

: Maximum' 
Efficiency SI.No. 

• Peak Gain • Antenna 

Strip monopole (68X65)mm2 
. 800MHz 3.6dBi 82% 

. _ ... _. 

2 Dumbbell shaped I (65X65)mm2 1.120GHz 4.5dBi 75%-85% 

(40X65)mm2 
.. -t .... 

3 Loaded monopoles 3.6- 9GHz 6dBi 79%-87% 

4 Printed antenna , (40X50)mrn2 3.1- 4.5dBi 75%-85% 
I 

10.6GHz 
, 

5 Branched Monopole • (35X65)mm2-
1 

2.95- 5dBi 79%-90% 

11.6GHz 

6 CPW rhombic (30X20)mm2 3.1- 6.54dBi 76%-85% 

11.9GHz 

7 strip loaded (35X45)mm2 3.1- 5.1dBi 84%-90% 

Rectangle monopole 11.8GHz 
.... _. _..... " .. -.. "_ .. 

8 Rectangle monopole • (30X45)mm2 3.1- 6.2dBi 80%-87% 

with slots on GND 11.2GHz 

9 Combo type UWB (20X30)mm2 3.1- 7.4dBi 85%-94% 

Antenna ( proposed) 12.0GHz 
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5.1 Thesis Heighlights. 

CONCLUSION AND FUTURE 
SUGGESTED WORKS 

A compact UWB antenna developed which can directly go into futuristic 

mobile handsets is basically a loaded printed monopole. The work started with 

a simple strip monopole printed on a truncated ground plane. Various 

bandwidth enhancement techniques are explored. The effect of each controlling 

parameter is studied in detail. Using the methodology outlined in the thesis a 

compact UWB antenna operating from 3.1 to 11 GHz is designed and tested. 

The antenna performance was excellent. 

5.2 Inferences on experimental and theoretical observations. 

The radiation characteristics of different printed wide band and ultra 

wide band monopole antennas are studied experimentally and numerically. 

From the detailed experimental investigations, it is concluded that loaded strip 

monopole can successfully be used for wide band and ultra wide band 

applications. It is observed that by suitably trimming the antenna parameters 

UWB operation can be easily achieved by merging different resonances. From 

table (4-1) and figure (4-21 ), it is clear that the band width of strip monopole 

has increased by 130% for the Rectangular patch loading. The same is revealed 

for the cases of other loading patches such as Elliptical, Circular disc, Octagon 

and Hexagon as detailed in chapter 4. It is quite evident from the table( 4-1) and 

figure (4-28). 
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Section 4.2 to 4.7 shows the optimized feed point, truncated ground, patch 

shape and size for wide band applications. From these observations, it can be 

concluded that top loading with a gap 'd' is effectively be used for band width 

enhancement of antenna. All the techniques offered 80% to 130% bandwidth. 

The effect of pennittivity of substrate used for fabricating the patch on the 

bandwidth of antenna is also studied. The bandwidth enhancement is achieved 

without deteriorating the radiation characteristics. 

The work started with simulation and experimental study right from the 

simple strip monopole in chapter-4. The study has evolved certain empirical 

fonnula for design of a printed monopole for single band antenna for mobile 

operating band of 1800MHz and 2400MHz. The search for wide band printed 

antenna continued by suitably loading the monopole antenna by resonant 

geometries directly loading. 

The direct loading of varlOUS geometries like elliptical, circular, 

octagonal, hexagonal and rectangular were presented. It is found that all 

geometries upon loading has resulted in widening the bandwidth. For the 

perfonnance in Ultra Wide Band (UWB) applications, rectangular loading is 

found to be most suitable. It is remarkable that, all designs are looking for a 

wider matching impedance bandwidth without loss of omni-directional 

radiation pattern. Here the theoretical analysis is carried out by 3D-FDTD 

method and the good agreement with the experimental and simulated results as 

observed and reported in chapter 4. 

5.3 Salient features of the antenna and applications 

Prametric analysis using HFSS is employed to achieve UWB antenna. 

The optimized prototype model is fabricated, tested and reported in chapter 4. 
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The experimental and theoretical results are found to be in good agreement. The 

radiation patterns are almost omni-directiona1. The overall dimension of this 

printed UWB antennas is only 35X45mm2 
• 

It is also noticed that wide band width can be achieved using slots of 

suitable dimension on the truncated ground plane. The optimized prototype 

antenna is fabricated, tested and reported in chapter 4. The experimental and 

theoretical results are found to be in good agreement. Here also the radiation 

patterns are almost omni-directional. The overall dimension of this printed 

UWB antennas is 30X45mm2
. 

Broad bandwidth and antenna miniaturization can be simultaneously 

achieved by the suitable combination of the strip and slots. This is demonstrated 

at the concluding part of chapter-4. The experimental and theoretical results are 

found to be in good agreement. The radiation patterns at each resonant 

frequency are almost omni-directional. The overall dimension of this printed 

UWB antennas is now reduced to 20X30mm2 

5.4 Suggestions for future work 

1. The other techniques for widening the bandwidth like beveling, gap 

loading, resistor loading, multi-feed etc .. can be tried on the optimized 

model reported in the thesis to further enhance the band width and 

miniaturization. Some other technique of implementing the Defected 

Microstrip structure (DMS), Defected Ground Structure (DGS) can be 

applied to realize the goal of still compact UWB antenna. 

2. The other geometries like eliptical, circular disc, octagon, and 

hexagon can also be used for similar study for UWB performance 

analysis as these structures may be specifically suitable for certain 
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applications due its physical feature and special electrical 

characteristics. 

3. Possibility of reducing the size of the antenna by meta material 

loading is another interesting area. It is reported that meta material 

can reduce the size of the antenna to sub miniature wavelength. This 

aspect can provide very interesting results. 

4. This type of antennas is only an opening in the field of low power 

UWB antennas for futuristic gadgets. It could be thought as wearable 

antennas. Lots of scope for such wearable antennas with much more 

bandwidth for use on human body itself to correct the sensitivity of 

mind and transfonn the personality itself. This could be an effective 

tool to treat so called obsessive traits of human behaviour tenned in 

medical science. A detailed study in this direction is sure to reveal 

more on the Electromagnetic effect on the metals being worn on the 

human body like gold and silver ornaments, wrist watches and copper 

plates as 'Raksha' etc .. 



appendix-A 

FDTD METHOD 

Finite Difference Time Domain (FDTD) method proposed by Yee in 

1966 is extensively used 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 problems. Moreover, this analysis approach can be used 

to include the effect of finite ground plane and substrate parameters which is 

very important in the present investigation, especially where printed monopole 

with truncated ground plane is the focus of this work. 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 

Maxwel\'s curl equations. Therefore, analytical processing of 

Maxwell's equations is almost negligible. 

• 1t can model complex antenna geometries and feed and other 

structures. 

• It can model any type of materials of importance to electromagnetic 

technology, including conductors, dielectrics, dispersive and non 

linear medium. 
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• 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. 

A.I Discretization in FDTD 

The FDTD method originally proposed by K.S. Yee [1], is an explicit 

finite difference scheme using central differences on a Cartesian grid staggered 

in both space and time. A full three - dimensional FDTD cell (Y ee lattice) is 

shown in Figure (A-I) wherein, the Electric fields lie along the midpoint of the 

cell edges and the Magnetic fields lie along the centre of the cell faces. Yee 

defines the grid coordinates (ij,k) as 

(i, j, k) = (itix, ji1y, kllz) ..................................... (A.1) 

where &, ~y and Ilz are the actual grid separations. 

Any function of space and time is written as 

F"(i,j,k) = F(i&,j~y,kllz,n~t) ..................................... (A.2) 

where ~t is the time increment, n is the time index and ~x, ~y, ~z is the space 

increment along the three coordinate axes. 
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Fig. IA·1) The three - dimensional staggered mesh FDTD cell (Yee lattice) in the computational 
domain 

The spatial and temporal derivatives of I" are written using central finite 

difference approximations as follows. 

dF"(i,j,k) = F"(i+1/2,j.k)-F'1(i-1/2,j,k) ........................ (A.3.a) 
ax ~x 

dF" (i, j, k) 1",,+1/2 (i, j, k) - F/J-1J~ (i, j, k) 
-----'-----=----'-- = ................................. (A .3 . b) at ~l 
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The starting point of the FDTD algorithm is the differential form of 

Maxwel1's curl equations for an isotropic medium [Eqn A.4 (a-b)]. 

- CJfI VxE=-,Ll­at 
- aE VxH=aE+£-at 

..................................... (A.4.a) 

..................................... (A.4.b) 

These can be written as six scalar equations in Cartesian coordinates 

[Eqn. A.5 (a-f)]. 

aR. _ 1 [aEY aEz) ------at J1 az ay 
..................................... (A.5.a) 

aHy _ 1 (aEz aExJ ---- ---
at J1 ax az 

..................................... (A.5.b) 

aHz _ 1 (aE\': aEy 1 ------at f-1 ay ox ..................................... (A.5.c) 

..................................... (A.5.d) 

aEy = 2.(aHx _ aHz _ aEY) 
at £ az ax 

..................................... (A.5.e) 

rJEz = 2.(aHY - aHx - oEz J 
at £ ax ay 

..................................... (A.5.f) 

Equations A.3.a and A.3.b are applied to the six scalar equations 

(A.S.a to A.5.t), resulting in six coupled explicit finite difference equations 

(A.6.a to A.6.f), in free space. 
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H;+1;2(i,j + 1I2,k + 112) = H;-12(i,j + 11 2,k + 112) 

+[~](E;(i,j + 11 2,k + 1)- E;(i,j + 11 2,k)) 
j1.M. 

-[~](E;l(i,j + l,k + 1 1 2)- E;U,j,k+ 112)) .......................... (A.6a) 
j1.t:.y 

H;+I'2(i + 1I2,j, k + 112) = H;-l!2(i + 11 2,j,k + 112) 

+[~](E;'U + 1,j,k + 112) - E;(i,j,k + 1/2)) 
j1.11x 

_L,LI: JE;(i+ 112,j,k+I)- E;(i+ I1 2,j,k») ............................. (A.6b) 

H;+L2(i + 1I2,j + 1I2,k) = H;·-12(i + 1I2,j + 1I2,k) 

+ [/1L1~y JE; (i + 112,j + l,k) - E; (i + 112, j, k») 

-[~](E:' (i + 1, j + 1 1 2,k) - E~: (i, j + 1 12, k)) ................................. (A.6c) 
p.11x ' 

E;+l(i + 11 2,j,k) = E;(i + 1/2j,k) 

+[~](H;I+1I2(i + 1/2,) + 1/2,k)-H;'+1/2(i + 1I2,j -1/2,k)) 
E·4v 

-[E~ }~+1'2(i+ 11 2,j,k+1I 2)-H;+li2(i+ 1I2,j,k-1/2)) ............................. (A.6d) 

E:~+l (i,j + 11 2, k) = E~ (i, j + 11 2,k) 

+[C~JH.!+12(i,j+ lI2,k+ 1I2)-H;+11(i,j + 1I2,k-1I2) 

-[c~}H:'+l2(i+1I2,j+1I2,k)-H:12(i-1I2,j+1/2,k)) ......................... (A.6e) 
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·".': .!' 

E;I+1 (i,j, k + 112) = E; (i,j,k + 112) 

+[~J(Jf'+1i2('+1I2 . k+1I2)-H"+I2(i-1I2 . k+1I2)) 
Y. 1 ,j, " ,j, 

£.& . 

{~ lH,""'(i,j +1I?,k+1/2J-H;'" '(i,j-1I?,k+1I2J) ......................... (A.6t) 

Hand E are evaluated at alternate half time steps using equations (A.6.a-f), 

such that all field components are calculated in each time step ~t . The updated 

new value of a field component at any layer thus depends upon its value in the 

previous step and the previous value of the components of the other field at the 

adjacent spatial points. Table A.I indicates the spatial and temporal relation of 

the E and H nodes in the Yee lattice. The discretization in space and time and 

the leap-frog time integration employed in the FDTD method proposed by Yee 

is shown in fig.A-2. 

Enode 
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H 

node 

Table A.l Spatial and temporal relation of the E and H 

x y z 

Ex i+1I2 k 

Ey j+ 112 k 
.............. _ ............ -

Ez J k+1I2 

Hx j+1/2 k+1I2 

Hy i+1I2 J k+1I2 

Hz i+1I2 j+1I2 k 

n 

n 

n 

n±1I2 

n±I12 

n±1/2 



.:. ~' ..... 

E'+1 = E' .. +~(n,'+12 _ Hl+I2 )_~{ T.,.,I+l,.2 _ Tt'+1!2 ) ........ (A.7f) 
z.l.j.k z.I.}.k mx y.l.j.k y.l.j.k my I,lix.,.j+l.k DX.I.},k 

To facilitate the implementation of the algorithm in a digital computer, 

the indices of the field components are renamed, eliminating the 12 index 

notation as suggested by Sheen et al. [2]. This allows the value of each field 

component to be stored in a three-dimensional array, with the array indices 

corresponding to the spatial indices, Figure A.2 differentiates the notations 

proposed by Yee and Sheen, in deriving the Hz component according to 

equation (A.6.c). Equations (A.6.a-i) may be therefore re-written as (A.7.a-f), 

fonning the basis of the computer implementation of the FDTD scheme in this 

thesis. 

A.2 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 [3]. 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 nonnal) increases until at the grazing 

angle, the boundary becomes perfectly reflecting. Hence for most of the 

224 



simulations using Mur's first order ABC at least 20 cells 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. In 1994, Berenger [4] 

derived a new boundary condition referred to as a Perfectly Matched Layer (PML) 

which reduces reflections several orders of magnitude below other techniques. It 

uses a modified set of Maxwell's equations in which fields at the ABC-simulation 

space interface are split into two components and an artificial anisotropic material 

is introduced within the ABC. The result is a PML wave impedance perfectly 

matched to the simulation space and independent of incident angle. Incident waves 

are attenuated in the direction normal to the layers as they propagate through the 

artificial mediwn. Reflection coefficients as low as -80 dB have been demonstrated 

[5] for both 2-D and 3-D FDTD simulations. 

Apart from ABC and PML, the implementation of the truncated ground 

plane printed monopole antennas involves simple boundary conditions such as 

Perfect Electric Conductor (PEC) and Dielectric interface boundary. 

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 n is a surface nonnal 

vector, 

..................................... (A.8) 
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.. ,: 

in the Yee cell fonnulation 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 

[
1 - o-M /] [ ][] 11 _ 11-1 12£ 1 M 1/-Yz . 

E -E ~ + ~ - (VXH ) ............. (A.9) 
1 + o-M 1 + (}~t £ 

2£ 2£ 

when cr »1 in the above equation, E" == E,,-I. In the FDTD iteration 

procedure, once the boundary conditions on the tangential fields are satisfied, 

the boundary conditions on the nonnal fields will be automatically valid. PEe 

boundaries are used in the present investigation to model the finite ground plane 

and metallic strip of the printed strip monopole antenna . 
.> 

Dielectric interface boundary 

While modelling the monopole printed 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 (e and 11 ) are used, but in actual case there are two 

separate values on either side of the interface (cl, 11.10f air and C 2 112 of the 

dielectric). By applying the equivalent parameter approach introduced by Zhang 

and Mei [ 6] the condition at the interface is approximated as 

.............................................. (A. 10) 

a detailed description of the Boundary condition applied for the truncation of 

the computational domain is presented in the following section. 
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A.2.1 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 [7]. 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 monopoles will be normally incident to the outer boundary mesh 

walls and this leads to simple approximate boundary condition that the 

tangential electric field at the outer boundary obeys one dimensional wave 

equation in the direction nonnal to the mesh wall. For the x nonnal wall the one 

dimensional wave equation can be written as 

..................................... (A.Il) 

by imposing above equation on a wave nonnally incident on planar surface, 

absorbing condition for a normal incident wave with out reflection can be 

obtained as 

aE(x,t) 1 aE(x,t) 
--'---'- = Where x=b.xJ2, t= (n+ 1/2) b.t ......................... (A.12) ax c at 

for updating of the electric field at 

x=b.x12,t=(n+l)~t 

in finite-difference fonn it can be written as follows: 
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E n+li2 -E n+I!2 lE n+l E n 
I 0 1,2 - \'2 ---'-------"--- = - ~-"-------!.-=--

Ax c !:J.t 
...................................... (A.I3) 

In this fonn, 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 

E 11+1 Ell 
E n+1I2 = m + m 

1/1 2 

E 11 Ell 
E I/ - 111+1 + t1/ 

m+1I2 -

2 

...................................... (A.14) 

...................................... (A.15) 

The equations A.1t, A.t2 and A.l3 yields a explicit finite difference 

equation 

................................. (A.16) 

Where Eo represents the tangential electric field component on the mesh wall 

and El 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 truncated ground plane printed monopole 

it should be noted that boundary walls are far enough from the radiating monopole 

to ensure the normal incidence at the boundary walls. For the oblique incidence 

case the wave will reflected from the boundary walls. 

A.2.2 Bergner's PML ABC 

Berenger's perfectly matched layer (PML) type of has been the most 

widely accepted [8-9] and is set to revolutionize the FDTD method. In the 
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perfectly matched layer (PML) truncation technique, an artificial layer of 

absorbing material is placed around the outer boundary of the computational 

domain. The goal is to ensure that a plane wave that is incident from FDTD free 

space to the PML region at an arbitrary angle is completely absorbed there 

without reflection. This is the same as saying that there is complete 

transmission of the incident plane wave at the interface between free space and 

the PML region. Thus the computational region and the PML region are said to 

be perfectly matched. 

In the present investigation of printed monopole with truncated ground 

plane Mur's first order ABC requires a large computational domain to ensure 

normal incidence which increases the computational efforts and time. Hence 

FDTD method with PML concept is implemented by introducing Electric Flux 

Density (D) in discretized Maxwell's equations as proposed by Sullivan [10]. 

Initially the implementation of PML concept in FOTD is described and 

then discretized Maxwell's equations are derived. The iterative FDTO 

algorithm presented in this section does not use separate computer codes for 

PML section, but the generalized equation can be used for both normal media 

and PML by suitably enabling or disabling some medium dependent 

parameters in the equations. 

Consider the following Maxwell's equations, 

aD = 1 VxH 
at ~£oJ.1o 

D(w) = £ * r (w)£(w) 

• er 
Where E r(aJ) = Er + -.­

j(1)Eo 

...................................... (A.I7) 

...................................... (A.18) 

...................................... (A.19) 
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aH 1 VxE 
at ~eoj..io 

Consider a transverse magnetic wave (TM) propagating in a medium. The E 

and H field components are Ez, Hx and Hy. Now the above equations are reduced to 

__ z _ __. ___ x aD 1 (aH , aH J 
at - ~eoj..io ax ay ...................................... (A.20a) 

D(W) = € *, (w)E(w) ..................................... (A.20b) 

_aH_x _ _ 1 aEz 

at ~eoj..io ay 
..................................... (A.20c) 

aH, = 1 aEt 

~€o).1o ax at ...................................... (A.20d) 

If a wave is propagating in medium A and it impinges upon medium B, 

the amount of reflection is dictated by the intrinsic impedances of the two 

media 

...................................... (A.21) 

which are determined by the dielectric constant and permeability of the respective 

media 

ry=~ ...................................... (A.22) 

Up to now, it is assumed that Il is a constant, so when a propagating pulse 

travels from € I to € 2, it sees a change in impedance and reflects a portion of 

the pulse. However, if J..l changed with € so that ry remains a constant, r would 
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be zero and no reflection will occur. This still doesn't solve the problem, 

because the pulse will continue propagating in the new medium. Hence the 

medium must be lossy so that the pulse will die out before it hits the boundary. 

This is accomplished by making both E and /l of Eq. (A.22) complex because 

the imaginary part represents attenuation or loss. 

by applying Fourier transform to the Equn. A.20.a-A.20.d 

. (dH v dHx J jmD z = Co d;----ay ..................................... (A.23a) 

D z (w) = e * r (m)Ez (w) ..................................... (A.23b) 

.• lJ dE. 
j Wll = -c -" 

x 0 dy . .................................... (A.23c) 

..................................... (A.23d) 

It should be noted that e and J..l are eliminated from the spatial derivatives 

in the above equations for the normalized units. Instead of putting them back to 

implement the PML, we will add fictitious dielectric constants and 

permeabili ties. 

jOJD;;e r"z(X)e FZ(Y) ==Co _. __ x ..................................... (A.24a) · . (dH~ dH J 
dx dy 

Dz(m) ==E*,. (m)Ez(w) ..................................... (A.24b) 

'.lJ • ( ) (. ( ) dE. jmIl xfJ Fr X fJ h Y == -co dy· .. ................................... (A.24c) 

..................................... (A.24d) 
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It is worth noting that the fictitious values added in the equations have 

nothing to do with the real values of c* r (m) which specify the medium. 

Sacks et al. [11] showed that there are two conditions to form a PML: 

The impedance going from the background medium to the PML must be 

constant 

JiFx ~ '70 = '71/1 = -. - = 1 
Ch 

..................................... (A.25) 

In the direction perpendicular to the boundary the relative dielectric 

constant and relative permeability must be the inverse of those in the other 

directions 

That is, 

. 
C Fx=-.-

1 
.. ................................... (A.26) 

c F) 

• 1 
Ji Fr=-.- ..................................... (A.27) 

Ji Fy 

Each of these is a complex quantity of the fonn 

• aD 
C C + --"-' fior m=x or y Fill = Fm 

jCi£o 
..................................... (A.28) 

• aHIII fi Ji /-ill = Ji F +-- or m=x or y m • 
) ())j1o 

..................................... (A.29) 

The following selection of parameters satisfies Eq. A.26 and A.27 

CFIJ/=JiF",=l ..................................... (A.30) 

aDm aHm aD 
--=--=- ..................................... (A.3l) 
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Substituting these values in (A.28) 

1/, ~ '1. ~ h:: ~ : ::~:~; ~:: ~ 1... .................................. (A.32) 

If a increases gradually as it goes into the PML, (A.24.a -A.24.d) will 

cause Dz and H y to be attenuated. 

The PML is first implemented In the X direction. Therefore, the x 

dependent values of E * F and J.l * F will be retained . 

..................................... (A.33) 

.U • ( ) aK j (J)n.J.1 Px x = -co a; ..................................... (A.34) 

." aE. 
)OJH,p Fl (x) = co--. ax . .................................... (A.35) 

jOJ + -c -----. (1 O"D(X)r - (aHy aHI J 
. j OJE 0 cOax ay ..................................... (A.36) 

'il 0" D (x) J-J H _ aEz ) + --c -
jo:£o x 0 ay ..................................... (A.37) 

using the values of (A.33 and A.34) 

. (1 O"D(X)r aE7 

JOJ +-- =c --
. j'OJE Y 0 ax 

. 0 

..................................... (A.38) 

In the above equations the penneability of Hx is the inverse of that of 

Hy. Therefore the second requirement for the PML is fulfilled. Now the 

above equations have to be put into the FDTD formulation. Consider the left 

side of(A.33) 
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':.' .. 
------------

Moving to the time domain, and then taking the finite difference 

approximations, 

aDz + (J'D(i) D. == Dzn+12(i,j)-Dzn-12(i,j) + (J'D(i) D:l+I2U,j)+Dz"-I2U,j) 

dt Eo' 111 Eo 2 

if this is substituted into Eq. (A.29) along with the spatial derivatives, 

D"+12(i .)= B(i)D"-12(i ')+ 
z ,} g z ,J .... (A.39) 

gI2(i)O.5[H,1l (i + l/2,j)-H,1l (i -1/2,j)~H<" (i,j + 1I2)-H,"(i,j -112)] 

the parameters gi2(i) and gi3(i) are given by 

gi2(i) = 1 
1 + (J' D (i)~t / 2Eo 

'3(') 1- (J' D (i)~t / 2Eo 
gl 1 = 

1 + (J' D (i)~t / 2Eo 

Similarly Hy can be formulated as, 

where 

fi2(i + 1/2) = 1 
1 + (5 D (i + 112)6.! /(2£0) 
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..................................... (A.41) 

..................................... (A.43) 



fi3(i + 1/2) = 1- er D (i + 1 1 2)~t 1(2co) 
1 + er D(i + 11 2)~t 1(2co) 

..................................... (A.44) 

These parameters are calculated at i+112 positions due to the Y2 cell 

position ofthe H component. (A.29) can be written as, 

..................................... (A.45) 

The spatial derivative will be written as, 

aEz :::: E,"+12 (i,) + 1)- E/'+1
'2 (i,j) = 

ay - ~y 

curl e 
~-=-=-- ........................... (A.46) 

L\x 

implementing this into FDTD gives 

Hr
1

H-l (i,) +112)-Hr" (i,j + 1/2) =-r.[-CUlL e CY{)(x) fcurL e] 
'1) DJ ~-- .......... (AA7) 

DJ fu ~ l~ & 

The extra t in front of the summation is the part of the approximation of 

the time domain integral. 

H,'H-l(i,}+1I2)=H\,"(i,}+1/2)+ CoDJ cllrl e+ I!JCo cyD(x)1!J I H,"+Ji2 (i,) +11 2) 
. - & - & ~ , 

_ 11.. 12 coM I CYD(x)M ,,+12 •. 
-H. (I,j+l )+-cur e+ 1/1\ (l,j+1I2) ............. (AA8) 

l fu: - 2Eo -

(A.32) is implemented as the folIowing series of equations: 

I lE 11+12( .. ) E 11+1;2( .• I)J (A 49) cur _e= z I,j -, I,}+ ..................................... . 

IHT"+I 2(i,j+1/2)=IH/-
12

U,}+1/2)+curl_e ........................... (A.50) 
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With 

H,lttl(i,j + 1I2)=~n(i,j+ 1/2)+0.ScurL e+ fi1(i)JH :<+V2 U,j + 112) ............. (A.51) 

fil(i) = a(i)t:.t 
2£0 

..................................... (A. 52) 

In calculating the f and g parameters, it is not necessary to actually vary 

conductivities. Instead, we calculate an auxiliary parameter, 

..................................... (A.53) 

that increases as it goes into the PML. The f and g parameters are then 

calculated: 

x" (i) = O.333( i ]3 i=1,2, ...... , length ~ml .................... (A.54) 
length _pml 

fil (i) = x" (i) ..................................... (A.55) 

gi2(i) = ( 1 J 
l+xnU) 

..................................... (A.56) 

..................................... (A. 57) 

The factor 0.333 is found empirically to be the largest number that 

remained stable. The cubic factor is also found empirically to be the most 

effective variation. 

The parameters vary in the following manner: 
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fi 1 (i) from 0 to 0.333 

gi2(i) from 1 to 0.75 

gi3(i) from 1 to 0.5 



'.-:-" ::., 

Throughout the main problem space, fi 1 is zero, while gi2 and gi3 are 1. 

Therefore, there is a transition from the main part of the program to the PML. 

The above equations refer to the implementation of PML in x direction. Now 

the PML is to be implemented in y direction. Therefore instead of (A.33) one 

can write 

jCl{I+ (TD(X) 11+ ~D(Y) In =co(aHy _ CJH,) ................................... (A.58a) 
jOJCo jOJCo r ox oy 

i{l+ ~~) ]'(1+ ~~) r' ~+ a~ J ................................... (A.58b) 

jr,[ 1 + ~D(X) 11 + ~D(Y) ]-1 H" = Co oE: ...................................... (A.58c) 
~l jOJEo jOJEo . ox 

Employing the same procedure in the previous section D, and H values 

becomes 

D_"+1
!2 (i,j) = gi3(i)gj3(j)D_"-1'2) (i) + gI2(i)g}2(j)O. y j J j 

{
frU+1I2, )-fr(i-1I2, ) ] 

- - - H,n (i,j + 112) + H, n (i,j -112) 

In Y direction, Hy will require an implementation similar to the one used 

for Hx in the x direction. 

I lE JI+I.2(. 1') E"+1. 2 ( •• )J (A59) cur _ e = z I + ,j - z I, j ........................................ . a 

1 11+1;2(. 1/2 .) I JI-I;2(. 1/2') I (A 59b) Hy I + ,.1 = H" I + , ) + cur _ e •••.•••••••••••...•.•••••••• • 

Hr"+1 (i + 1I2,j) = fi3(i + 1I2)H,H (i + 1/2,}) - fi2(i + 1/2)O.5curl_ e+ ........ (A.60a) 

fi1( ')1 n+li2 (i + 1/2 .) .J J 11., ,j 

Finally, Hx in the x direction becomes 
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I lE "+li2( •• ) EI/+1:2( • • l)j cur _ e = z 1, J - z 1, .1 + 

1 11+1:2( • • 1/2) 1 n-! 2( .. 1/2) I 
Ht l, J + = Hx I, } + + cur _ e 

H:'+I (i,j + 112) = jj3(j + 1/2)H," (i,j + 112)+ jj2U + 11 2)O.5curf_ e+ fi1(i)l n:'+i'2 (i,j + 11 2) 

The full set of parameters associated with the PML are, 

fi 1 (i)&fj I (j) 

fi2(i), gi2(i), fj2(j) and gj2(j) 

fi3(i), gi3(i), fj3(j) and gj3(j) 

from 0 to 0.333 

from 1 to 0.75 

from 1 to 0.5 

The PML can be turn off in the main part of the problem space by setting 

fi 1 and fj 1 to 0, and other parameters to 1. 
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The free space equations for 0 and H in three dimensions are, 

_x _ __z ___ " dD 1 [dH dH, J 
dt - ~ EoPo dy dz 

aD~, 1 (dH, dHz ) 

Tt - ~EoPo ---a;--~ 

dD: 
dt 

1 [dHr dHx J 
~ Eof.1o dx dy 

__ x_ _' __ z dH 1 (dE, dE J 
at - ~ Eof.1o dz dy 

__ " _ _" __ x dH)' 1 (dE_ dE) 
dt - ~Eof.1o dX dZ 

...................................... (A.61 a) 

...................................... (A.61b) 

...................................... (A.61c) 

...................................... (A.61d) 

...................................... (A.61e) 



__ " _ __x ___ " aH_ 1 (aE aE I , J 
at - ~ eo/-lo ay ax ...................................... (A.61f) 

The development of the PML for three dimensions closely follows the two 

dimensional version. The only difference is that we have to deal with three 

directions instead of two. 

For instance (A.58.a) becomes 

jr,{l+ ~,(x) 11+ ~Y(Y)rl+ ~JZ)J-ID= =co(dH,. - dH x J ............. (A.62) 
~l jOJE A jOJEo }OJEo dx ay 

jrJ 1 + ~Jx) 11+ ~/y) In: = CO(1 + ~:Cz) raH1 - oH," Jo 
~l .J{i£ A .J{i£o r }{i£o ox ay 

(j (z) 1 
= cocurl_ h + Co _z --.-curl_ h ...................................... (A.63) 

eo jW 

1 
Let I Dz = -.-curl_h ...................................... (A.64) 

JW 

Which is an integration when it goes to the time domain. Thus above Eq. 

becomes 

jrJ 1 + ~,(x) 11 + ~Y (Y) In, = cO(CUTI_h + er, (z) I In) .... ·.· .. ··.············ .... (A.65) 
~l jU£ jU£o r eo 

The implementation of this into FDTD parallels that of the two 

dimensional PML, except the right side contains the integration term Ioz. 

Following previous procedure the equation can be written as 

curLh=[H')(i+1I2,j,k+1I2)-H')'(i-1I2,j,k+1I2-1 ............................... (A.66a) 
Jf,(i,j +11 2, k+lI 2)+Jf x (i,j-lI 2, k+lI 2) J 

1" D: (i, j, k + 1/2) = ],,-1 D: (i, j, k + 1 / 2) + curl_ h ............................ (A.66b) 
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D"+12 z (i,j,k + 1 / 2) = gi3(i)gj3(j)D"-' 2 z (i,j,k + 11 2) ............................ (A.66c) 
+ gi2(i)gj2(j)O.S(curl_ h + gkl(k)1" Dz (i, j, k + 11 2)) 

The IDz is a three dimensional array that is dimensioned throughout the 

problem space, but used only at two edges. The three dimensional 

implementation will have a total of six such arrays, which increases the 

computational burden. For this reason, IDz will be broken up into small three­

dimensional arrays, defined at the low values of k and one defined at the high 

values of k. Similarly equations for Ox, Dy, Hx, Hy, Hz can be derived. In the 

iterative FOTO algorithm, values of 0 are computed first and then E is 

computed as, 

Ex=gax Ox 

Ey=gay Oy 

Ez=gaz Dz 

Where gax=gay=gaz= 1 I( Er+( (j*dtl EO) 

This is a medium dependent parameter. In the case of PECs (Perfect 

Electric Conductor), one can easily define it by making gax, gay and gaz as 

zero so that the respective field components of E becomes zero, thus the 

boundary conditions for PEC are automatically assigned in the computation. 

The components of H are computed from the computed E values. 

For the analysis of printed monopole antenna presented in the thesis the 

above mentioned PML based FOTD technique is implemented using 

MA TLAB ™ . This MATLAB based code can be used for extracting antenna 

characteristics such as return loss, radiation pattern, gain and efficiency. 
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A.3.1 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 L\x ~y and Ilz. 1bis 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 algorithm, ~t is chosen to 

satisfy the Courant-Friedrichs-Lewy (CFL) Stability criterion: 

1 1 
~t<----?================ 

- ~nax ~1 / &2 + 1 / ~y2 + 1 / ru2 
..................................... (A.67) 

~nax is the maximum velocity oflight in the computational volume. Typically ~nax 

will be the velocity of light in free space unless the entire volume is filled with 

dielectric. These equations win 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 
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ensured by selecting the grid size as 10 cells per wavelength (All 0) or less at the 

highest frequency. In the analysis presented in the thesis the accuracy and 

stability are ensured by selecting illc., ~ y, ~::; Ami1zo . 

A.3.2 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 FDTD is that for 

some applications, few thousands of time steps may be required for the transient 

fields to decay. This difficulty is conunon 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 [12]. 

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 detennine the order of the prediction 

process, related to the number of tenns 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 oftime steps required for convergence. 
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A.3.3 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 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 retum 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. 

~---+ 

+ 
I~ 

v~ 

Fig A.5 FOTD source with source resistance 

243 



.;:. - . 

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 

I . i Lll i Lly k & d 'b d . h I Y ocatlOn s , s " , escn e usmg t e usua ee notation. The 

corresponding equivalent circuit for a voltage source which includes an internal 

source resistance Rs is illustrated in Fig. A.S If the source resistance Rs is set to 

zero then the usual FDTD electric field at the source location is simply given by 

£"(' . k)=Vs(n~t) 
s l,,)s, s & 

..................................... (A.68) 

Vs is any function of time, often a Gaussian pulse. 

However, with the source resistance included, the calculation of the source 

field Es n (is' is' ks ) at each time step is complicated slightly. To determine the 

terminal voltage V of Fig. AA and, thus, the FDTD electric source field 

E "(. . k) 
s Is')s' S , the current through the source must be detennined. 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 

1 11
-

112 =(H 11-112(. • k )-H 11-1/2(. • k )U ... + 
s x Is'}s-l' s x is,}s, s f-J'" 

(H 11-1/2(. • k) H 11-1/2(. • k )'"'' 
v is'}s' s - y Is-p}s' s ~ ............................ (A.69) 

so that by applying Ohm's law to the circuit of Fig. AA the electric source field is 

given by 

..................................... (A. 70) 

if Rs=O, 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 
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Rs is to use the value of the characteristic impedance of the transmission line. 

In the thesis Rs is selected as 50n. 

A.3.4 Staircase transition for microstrip line feed 

The microstrip excitation presented in the thesis is implemented by using 

Luebber's [43] 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 

rnicrostrip line the substrate is discreti zed 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. A.6 

#---'>"'g" '" ~mr 

Excirarion ticlJ. E. 

Fig . A.S Stair cased feed model for mir:rostrip line in FOIO 

A.3.S 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-
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domain parameters in the entire frequency range of interest by Fourier 

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 

-(~J T' 
get) = e ..................................... (A.71) 

where to is the pulse delay and T relates to the Gaussian half width, which sets 

the required cut off frequency. Writing in the discrete form, 

_((/16'_1,,) )1 
g(J1~t) = e T ..................................... (A.72) 

where T = N ~t and to = 3T. Thus the pulse is sampled N times in a pulse half 

widthT. The Gaussian pulse and its spectrum are shown in Figure A. 7. 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 to=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 A.S. This electric field is defined 

using the Equn.A.55 with the voltage source as Gaussian pulse. 

-('~:)' ) 
V = e , 

Time InS) 

000 OH 010 0 .15 oa .:IS .. 
, .. L-~~~·::·~'t, .. :::::~~=!=-= 

i --l\ --- -- -- --~ 
- - \- . 

, . 
rJ\ •.• 1-''----'----+---------

• 

Ca) 

• 
I 

.................................. .. . (A.73) 

.,. ---- ..... . _-

-....... '. . ... -;;---;;-. " ... " ,>. .. '--.-
Cb) 

Ftg. A.7 lal Gaussian pulse Ib) 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 fann is 

usually used for extracting the near field data at a particular frequency. 

E(I) = E, Sin(20ft) 

Where Eo detennines the peak amplitude and ' t=n*£\t ' IS the current 

instant of time. 
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A.3.6 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.A.8 

+ c::: 
11 
c::: 

Start 

Set up the cOlnputational dotnain 
GeOlrlc(t-y and lI.late6al l")escripti( >11 

• EstiITlate spatial "lnu tcn1porall11ct"t!l"nents ~x~ D.y·~ .Q.7. 
and ~t 

• Set tirne step; n =0 

Load th~ P.l\.IL cucf1iciel1t~ to S\.vilCh UI.::l\1, (,,;'~11 thL' 
Pl\IL region and probkrn spacc_ 

• Iniri"lli/.(..":lIt L)", [~ and J-I c~)n'p(}nt:n.r-s t() Zen) 

C~Ot'l1pLHC D CU[l"lPOI1l:r1t \:allles 

• (~("")1npLltc l~ field cnlnpnncnt~ fn>tn [) tlcld COll1}"1ofl<..:nrs 

Exci{l~ th~ feed pninr ,,:ith Ci'll.lssian pulse 

• Cnn1putc rhe Il fi",ld cOlnponcnts 
oYc.:-r ~patlal grid in:-:.ide [he::: (,;< )l"))pur:..uinnnl d( )Il1;lin. 

No 

• Post l-:Jroc<::"ss th<.: trnnsi<.:l1t field data to extract input 
in"'lp~dat1ce':o retLU&n loss etc. 

End 

Fig.A.S. The FDTD flow chart 

A.4 Antenna characteristics using FDTD 

FDTD algorithm perfonns the transient analysis of the antenna under 

investigation .Fourier transform of the transient data gives the frequency 
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domain infonnation over the frequency range of interest. Current and voltage 

samples are taken from the fixed points in the FOTD grid and Fast Fourier 

Transfonn (FFT) is used to compute the frequency domain infonnation. Since 

for our analysis FFT can provide results with god accuracy FFT is used instead 

of OFT. By suitably post processing this infonnation the reflection 

characteristics can be extracted as outlined in the section below. 

A.4.l Reflection characteristics 
A.4.I.t Return loss, Resonant frequency and 2:1 VSWR Band width 

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 A.58 

Z (m)= FFT(V\P) 
in FFT(r~1 , P ) 

..................................... (A.74) 

Where P is the suitable Zero padding used for taking FFT, V" = E;' * &­

and I \1-j is given by equation A.54. 

Since microstrip line is modeled using Leubber's staircase approach as 

explained in previous section, the internal impedance of source resistance Rs is 

taken as the characteristic impedance (Zo) of micro strip line. 

Reflection coefficient is given as 

..................................... (A.75) 

Return loss in dB, SII = 2010g,o r(w) ..................................... (A.76) 
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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 -1 OdB return loss. 

A.4.1.2 Radiation characteristics 

Theoretical analysis procedure for predicting the radiation characteristics of 

the antenna usually employs formulating the theoretical model of the antenna and 

applying different numerical approximations. But the main problem with these 

approximations is that discrepancies may occur due to the inaccurate modeling 

and approximations. Moreover, most of the modeling techniques use modeling 

the current on the conducting surface to predict the radiation characteristics. Even 

though the computational time is less, wide band performance can not be 

achieved using these techniques, while using FDTO transient calculations can be 

done more efficiently for most of the antenna geometries than by applying 

frequency domain methods. FOTD is capable of computing transient far zone 

radiations of the antennas excited by non sinusoidal sources using transient near 

to far field transformation [13]. Hence from one FDTD computation wide band 

gain and radiation characteristics can be extracted. But using these transient near 

to far field transformation computational effort is more if number of frequencies 

involved is high. In applications requiring transient results in wideband frequency 

domain the fully transient approach involving Fast Fourier Transform is more 

desirable than applying a Discrete Fourier Transfonn in every time step. This 

method utilizes computing the transient far field Electric and Magnetic vector 

potentials on closed surface in the computational domain by running summation 

at each time step [14]. Procedure employed in this thesis for computing the 

radiation characteristics of the antenna is presented in the following section. 
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A.4.1.3 Principal plane radiation patterns. 

To extract the radiation pattern at the resonant frequency a sinusoidaJ 

source is used as the excitation source. Initially using the Gaussian pulse the 

resonant frequency of the antenna is extracted and thus obtained resonant 

frequency fe is used for FDTD run for pattern computation. The source voltage 

for pattern computation is gi vcn by 

A near field transfonnation surface layer is selected just above the printed 

monopole layer as the transfonnation layer for field computations The surface S 

is chosen to be in the near field of radiating monopole with proper dimensions 

IQ ensure that tangential E field components are negligible outside this 

boundary. Usually a rectangular surface as shown in Fig.A.9 is chosen for the 

easy implementation of near to far field transfonnation aJgorithm. 

Transformatio 
la! n surface 

y 

E-.,....,'--+-. x 

Ib) 

Fig A.S. Radiation pattern computation using FOTD. 

la) Near field transformation surface 
(b) Spatial point 0 in near field and far field point P. 

251 



The tangential near field Electric and Magnetic Field vectors on this 

surface are sampled and converted to equivalent surface currents . 

..................................... (A.77) 

..................................... (A.78) 

Where all is the unit outward normal from the transformation surface 

( a" = z ). The far field at any point outside this transformation surface is 

computed from the electric and magnetic vector potential derived from the 

surface current equivalence principle. The far field E field vectors tangential to 

the direction of propagation is given by 

..................................... (A.79) 

..................................... (A.80) 

where A and F represents magnetic and electric vector potentials and e and q> 

denotes the coordinates in the spherical coordinate system. Suppressing the elM 

variation [14] the electric field in the free space can be written as 

E(r,8,</J) = jUl.1]o.(F8.a1J - F1J.(8) .................................. A.81) 

Eo and E, are derived by transforming into spherical coordinate system as 

£8 = jw.1]o.(Fx.Sin(fIJ) - FyCos(fIJ)) .............................. (A.82) 

Et/! = jOJ.7]o.Cos(8)(FxCos.(cp) + F).Sin(cp» ........................ (A.83) 

Following assumptions are made for the near to far field transformation 
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• The antenna radiates into the z > 0 and z < 0 region from the aperture 

in the z = 0 plane 

• r is in the far field Le ( r »(X'2+y'2)1/2 
) & ko r» 1 

• Transformation surface dimensions are proper so that tangential 

electric fields are negligible outside the transformation aperture 

boundary. 

Eqn A.81 now becomes 

E=] ex -]kr 1 Ar • (A 84) 
. 1\ . ) (1 ) ((CO~()).(jx.CO~f/J)+ jySir(f/J))a~JJ 
. . -(jx.Sir(f/J)-jy.Co~f/J))a() ..... 

Where 

f. = If E. (x', y' ,0)* exp (jk (x' Sin (8 ).Cos (f/J)+ y' Sill (8 ).Sil1 (f/J )))* ,[-.:' ((v r 

S 

The E field components E.(x',y',O) can be computed by the technique 

proposed by Zimmerman et.al [15] as 

N 

E,,(x' . .v'.z'==O) =(11 N)'LE*(n)*exp(j2Jr.nl N) ........................... (A.85) 
n~1 

Where E(n) correspond to the corresponding tangential electric field 

components E; and E~~ sampled at the point on the transformation surface 

point Q(x' ,y' ,0) at the nth time step. N corresponding to time steps for one 

period of sinusoidal excitation frequency. From the Eg and E, values obtained 

using the above computation the E-plane and H-plane pattern can be derived. A 

complete flow chart illustrating the radiation pattern computation algorithm is 

illustrated in the Fig A.l 0 
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Fig A.l O. Flow chart for radiation pattern computation 



A.4.2 Antenna gain 

For calculating the wide band gain, the input power fed to the antenna is 

needed. The equivalent steady sate input power can be obtained at each 

frequency from the complex Fourier transforms of source voltage and source 

current (Equation A.69). 

. .................................... (A.86) 

Far zone electric field in the desired direction can be obtained from the 

equation A.84, and then antenna gain in the e, q> direction relative to an 

isotropic antenna is given by 

where 1]0 is the impedance of the free space. 

A.4.3 Efficiency 

Antenna efficiency is determined from the input power and dissipated 

power. Dissipated power can also be computed quiet simply [16]. 

P -Pt· Efficiency = /11 "S 

~1I 
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appendix-B 

CONFORMAL FDTD MODELLING OF CIRCULAR 
MICROSTRIP ANTENNA 

A new algorithm for Conformal Finite Difference Time Domain FDTD 
(C-FDTD) modeling and analysis of cllnJe edged Microstrip Patch 
Antennas (MPAs) by superimposing suitable Rectangular MP As is 
presented. It has the advantage of using the simple, well developed and 
proven FDTD algorithms for Rectangular MP A with simple modifications. 
It ~ffers wide flexibility in design, modeling, and analysis of arbitrary 
shaped MPAs. This new technique is applied to an electromagnetically fed 
Circular MPA. The computed results match with the experimental 
observations and theoretical datafi'om literature. 

B.l Introduction 

FDTD method [1-2] is widely used in the study of MP As because of its 

flexibility and versatility, especially in the recent wake of large computational 

capability and memory availability. By suitable selection of the Yee cells and 

Courant criterion, Conventional FDTD can be used to give excel1ent performance in 

the case of Rectangular MP A. However, the algorithm causes errors while 

modeling the curved edges, as in Circular MP A. These inaccuracies are mainly 

due to the stair casing approximation. In order to minimize the error, a fine mesh is 

needed which can be demanding in tenns of CPU time and memory. To overcome 

these difficulties, several conformal FDTD (C-FDTD) methods have been proposed 

[3]. However, most of these techniques require complicated mesh generation and 

often suffer from the instability problems. 

This paper proposes a robust FDTD technique, with simple modifications 

of the Cartesian type of FDTD. A multiple number of rectangular patches of 
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appropriate sizes are superimposed, to achieve the closest approximation to the 

geometry under study. Here there is an added advantage of coarse or finer 

meshing depending upon the geometry. In this paper, Circular patch antenna 

fabricated on a standard FR4 substrate is studied using the proposed algorithm. 

8.2 Antenna Geometry 

Figure I shows the layout of the Circular MP A under study. The CPA 

with radius r=21 mm, is etched on FR4 substrate of dielectric constant £r=4.28 

and thickness h=1.6mm. A 50 Ohm Microstrip feed line, fabricated on a 

similar substrate, is used to excite the patch through Electromagnetic coupling. 

The experimentally optimized feed length and feed offset from the geometrical 

centre of the patch are Fl =70mm and Fp=5.5mm respectively. The substrate 

dimensions L*W are 75mm*72.5mm as shown. The experimental observations 

are taken using HP 851 OC network analyzer . 
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B.3 Theoretical Investigations Based on FDTD 

Any arbitrary shaped MP A can be visualized as superimposition of 

multiple rectangular patches of appropriate dimensions. FDTD run for the 

simple Rectangular Microstrip Patch Antenna is then performed in the entire 

computational domain. For the CPA under study, 12 rectangles of suitable 

dimensions are chosen for moderate accuracy and computation time. The 

computational domain dimensions are 115* 144*20 with grid dimensions 

~=8y=1.167mm and .1z=O.4mm. A Gaussian pulse of half width 15 ps and 

time delay 45 ps is launched into the computational domain. The Electric (E) 

and Magnetic (H) fields in the computational domain are updated based on the 

FDTD algorithm. The iterations are carned out for 10000 time steps. No 

instability is observed when the time steps are increased to 20000. Figure 2 

shows the Voltage and Current variation at the observation point within the 

domain, over 5000 time steps. The Input impedance of the antenna is computed 

as ratio of the FFT of voltage derived from E field values at the observation 

point, over the entire time steps, to the FFT of current at the same point, derived 

from the H field values. Reflection Coefficient SII (in dB) is then computed. 
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Fig. 8.2 Voltage and Current Distribution at observation point .for 5000 time steps 
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B.4 Results 

The experimental and theoretical Return loss characteristics in the two 

lower order modes of the ep A is shown in Figure 3. Good agreement is 

observed between the results as illustrated in Table 1. The antenna resonates at 

1.9GHz with a 2:1VSWR band width of 80MHz. The numerically computed 

resonance is at I.892GHz with a band width of 123 MHz. 
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Fig. B.3 Return loss Characteristics of the CPA 

Table B.l Comparison of Reflection Characteristics 

Expt 

Resonant Frequency (GHl) 1.9 

% error between FDTD and ex pt +0.01% 

2:1 VSWR Band (GHl) 1.86-1.94 

2:1 VSWR Bandwidth (MHl) 80 

o/',B\V 4.2 

4.0 

FDTD 

1.892 
...... ---_. --- ----

1.83-1.953 

123 

6.5 
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Fig. B.4 Illustrates the computed Reflection characteristics of the C PA illustrating the 
higher order modes. 

B.5 Conclusions 

A novel FDTD method suitable for analyzing arbitrary shaped MP A is 

proposed. Results of computation show good agreement with the experimental 

observation of the CP A. The algorithm is fast and employs the Cartesian type 

FDTD with simple modifications_ 
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