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Abstract

This dissertation investigates new microstrip type antennas and presents their ana-

lyses. They are the concentrically shorted circular patch antennas, annular rings shorted

at the outer periphery and biconical microstrip antennas. In the analysis, the modal ex-

pansion method is used to obtain the characteristics of concentrically shorted circular

patch microstrip antennas and annular ring patch antennas shorted at the outer peri-

phery. The analytical results of these antennas for the dominant and higher modes are

substantiated by experimental data. Their characteristics show that they are useful an-

tennas with much more flexible and better performance properties than the convention-

al circular patch antennas. The comparison with the annular ring patch microstrip an-

tennas indicates that their electrical performance parameters are sufficiently adjustable

by a modif,cation of the radius of the centrally shoned post or outerly shoned peri-

phery. Their flexible characteristics can be used readily for different applications.

The analysis of biconical microstrip antennas is also presented. The investigation

of biconical structures shows that for the nonzero order modes, which are of interest,

only the radial ZE modes can be excited. Also, it is found that for each nonzero TE

mode, a unique nontrivial eigenvalue v exists. The biconical microstrip antenna is then

modeled as a resonant cavity bounded by a wall admittance at the spherical aperture

surface. The wall admittance is found by the radiation power and the energies reac-

tively stored outside the cavity. The electromagnetic fields inside the cavity are thus

expanded in terms of the existing resonant modes in the spherical coordinates. It is
found that they can provide superior propefiies, such as wider bandwidths and higher

gains in the broadside direction. The analysis shows that the conical microstrip anten-

na, a special case of such antennas, is an excellent alternative for the circular patch an-

tenna. They are also able to conform to the tip of high speed vehicles to provide desi¡-

able perfor:rnances for practical application s.
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Chapter 1

Introduction

1.1. Introduction

In the past two decades, designing microwave antennas using microstrips has at-

tracted intense attention and viable designs are incorporated in many systems, such as

phased arrays. This new generation of antennas is known as microstrip antennas. The

basic idea is that of utilizing a printed conductor on the upper surface of a dielectric

substrate as the radiating element, with the opposite side of the substrate being backed.

by a conducting ground plate. This type of antennas is, sometimes, referred to as print-

ed antennas due to the manufacturing process which is the same as that of printed cir-

cuits.

Microstrip antennas are popular, because of the following geometric properties.

In general, they are low profile, and can be made conformal with the surface of vehi-

cles so as not to disturb the aerodynamics of their host vehicles. Because of the com-

patibitity of microstrip antennas with integrated electronics, together with their ease of

fabrication and low cost, they have been widely used. as rad,iating elements in

numerous applications. They can be used in diverse equipment, from manpack mi-

crowave systems to very large phased arrays involving applications from medical in-

sûumentation to military installations. They have enabled the use of the printed circuit

technology that resulted in a considerable reduction of microwave antenna size and,

consequently, the antenna system is no longer the most bulky device in the communi-

cation equipment.

-1-



Chapter 1 Introduction

Although their advantages are evident, this new generation of antennas has funda-

mental limitations in the electronic properties, compared with the trad,itional mi-

crowave antennas, such as reflector antennas. Since microstrip antennas are inherently

resonant structures and electricaily very thin ( thus have small resonant volumes ), the

bandwidth of microstrip antennas is extremely narrow. Also, essentially being similar

to other printed integrated devices, their loss is high and thus their gain and the power

handling capability are quite low.

Since the emergence of the fust practical microstrip antennas, considerable effort

has been put into the reduction of these intrinsic limitations. Numerous papers suggest

different variations of the most basic rectangular and circular patch microstrip anten-

nas, which have provided desirable and improved performances for various applica-

tions. Among these, the most common configurations are the annular ring [1], triangu-

lar patch [2], multiple-coupled lines as a rectangular patch [3] and microstrip antennas

with different parasitic elements t4l. Other research attemprs involve multilayer

stacked microstrip antennas [5] and the so-called superstrate (cover) microstrip anten-

nas [6]. Their analyses and properties will be reviewed, in the next chapter.

To continue in this endeavor, this dissertation proposes two new microstrip anten-

nas based on the simplest geometry, the circular patch. The first one is the concentri-

cally shorted circular patch microstrip antenna with superior electronic and geometric

properties, while retaining the basic properties of conformability and ease of fabrica-

tion [7]. The other is the microstrip annular ring patch antenna shorted at the outer

periphery with wide variable radiation characteristics [8]. In add.ition to rhe planar mi-

crostrip antennas, a new type of conformal microstrip antennas, i.e., biconical micros-

trip antenna, is also investigated. Biconical microstrip antennas may be installed at the

tip of high speed vehicles, such as missiles, to satisfy the forward radiation require-

ment ( radiation along the axis of the vehicle ) and certain superior electronic perfor-

mances.

a
- L-



Chapter 1

1.2. The Statement of the Problem

lntroduction

The research is initially concenfrated on one of the most basic and. simple

configurations, the circular patch antenna. Similar to other microstrip antennas, ordi-

nary circular patch antennas are inherently resonant structures, and their d,imensions

are determined by the wavelength in the substrate and the order of their resonant

modes. The antenna designer therefore has a iimited flexibitity to alter their input im-

pedance and radiation characteristics. However, in practical applications, one desires to

control and improve, to some degree, the gain or other perfonnance parameters of the

antenna. For single circular patch antennas, a convenient patameter to alter is the size

of the patch. To retain the resonance frequency constant, one may incorporate a short-

ing rod, coaxially located at the patch center. For a given resonant frequency, increas-

ing the rod radius increases the patch size and thus the gain. Since the size of the radi-

ation ring at the antenna periphery increases, the pattem shape and the cross-

polarization are also modified. The radius of the controlling rod thus can be effectively

used to modify the radiation characteristics.

Based on the above consideration, the following modified circular patch micros-

trip antennas are proposed in this dissertation. They are the concentrically shorted cir-

cular patch microstrip antennas and the annular ring patch microstrip antenna shorted

at the outer periphery.

The analysis of the concentrically shorted circular patch microstrip antennas is

presented in Chapter 3.

The characteristics of the annular ring patch antennas shorted at the outer peri-

phery and their comparison with the conventional annular ring data are provided in

Chapter 4.

Chapter 5 deals with the biconical microsrrip anrenna. It is a completely new mi-

crostrip antenna which can be conformal to the tip of high speed vehicles . The early

applications of microstrip antennas were long rectangular microstrip patches wrapped

-J-



Chapter 1 Introduction

around the cyiindrical missile body [9]-[11]. However, for these structures, no radia-

tion occurs at the forward direction, the movement direction of the vehicle ( the axis

of the cylinder ). On the other hand, for tracking and aiming systems, the forward

looking capability is a basic requirement, and the wraparound type of conformal mi-

crostrip antennas cannot be utilized for these applications. The thin and low profile

antennas can be made conformal to the tip of high speed vehicles, which usually is

conical in shape. They may take the shape of biconical structures and may radiate in

the forward direction. They are no longer of a planar configuration and have not been

studied previously.

This new type of conformal microstrip antenna is investigated in this dissertation.

It consists of a conducting cone with a finite arm, the radiating element, electrically

driven with respect to the grounded conducting cone, which is infinite in extent. A

dielectric conical layer of infinite extent fills between the two cones. When the two

cones have nearly the same apex angles, the antenna is of microstrip type, and is

named here as the biconical microstrip antenna. A special case of biconical microstrip

antennas is the conical patch microsrip antenna, that is, when the grounded cone be-

comes a plane ( the angle of the grounded cone becomes 900 ), and the antenna

geometry becomes a planar configuration again. The conical patch microstrip antennas

offer certain superior performances in bandwidth and. efficie ncy 1121, and hence are ex-

cellent alternative for the circular patch antenna. Their analysis is also presented, in

Chapter 5.

The last chapter summarizes the whole dissertation and recommends further

research work.

-4-



Chapter 1

1.3. The Analytic Methods Used in This Dissertation

Introduction

Numerous techniques have been proposed to analyze various microstrip antennas

with differing degrees of accì.racy and flexibitity. They can be classified inro rwo

categories of the analytic modeling and numerical solutions.

The earliest mathematical model is the transmission-line model [13] which has re-

cently been improved as the generalized transmission line model [14]. The merit of

this model lies in its simplicity. The more useful and rigorous analytical modeling is

the modal-expansion cavity model which considers the microstrip antennas as a thin

cavity with a wall admittance at the periphery of the patch. The fields between the

conducting patch and the ground plane are expanded in terms of resonant cavity

modes, or eigenfunctions along with their eigenvalues (i.e., resonant frequencies asso-

ciated with each mode) [15,16,i7]. By means of this merhod, field solutions for regular

or symmetric shape antennas with different feed types and locations are obtained much

more accurately. Its usefulness, however, depends on finding appropriate orthogonal

mode vectors.

Numerical techniques provide another powerful method, when considering arbi-

trary type microstrip antennas. The key to anaiyzing microstrip antennas with numeri-

cal methods lies in finding either the integral or differenrial equarions from the physi-

cal or mathematical models. The suitability of the technique and the accuracy of their

results depend on the available computational resources.

The geometries of the microstrip antennas proposed. in this dissertation are sym-

metric and regular. The appropriate orthogonal mode vectors can therefore be deter-

mined readily to satisfy the boundary conditions. The mode-expansion cavity model is

therefore adopted to analyze the problems in hand.

For the biconical microstrip antennas, the analysis begins by determining the

eigenvalues of spherical wave functions, for the general biconical structures t181. The

fields between the cones are then expanded in terms of the available cavity modes, i.e.,

-5-



Chapter 1 Introduction

the TE modes. The coefficients of the series are determined by a mode matching

method at the boundaries containing the feed and the radiating cone. The wall admit-

tance ( or impedance ) at the aperture links the field,s interior and exterior to the cavi-

ty. The study of the wall admitrance or impedance was ilustrated in [19].

-6-



Chapter 2
Literature Review

2.1. Definition of Microstrip Antennas

The idea of microstrip radiators was first proposed by Deschamps in the early

1950's [20] and is almost as old as the microstrip transmission lines. The intrinsic ra-

diation loss of microstrips, which was considered as a harmful effect to be inhibited in

printed circuit operation, was naturally taken advantage of by the antenna theoreticians

to form a radiating element using the printed conductor. However, only two decades

later, did the first practically viable design of microstrip antennas come into being.

The appearance of practical microstrip antennas followed the d.evelopment of improved

theoretical models and photo-etching techniques. But, this increased utiiization depend-

ed on progressive improvement and commercial availability of copper or gold-clad

dielecric substrates with a wide range of dielectric constants, attractive thermal and

mechanical properties and a low loss tangent. Nevertheless, since the emergence of

first practical microstrip antennas in the early 1970's [9,10], extensive research and

development have led to their diversified applications and to the establishment of mi-

crostrip antennas as a separate topic within the broad field. of microwave antennas.

Many new types of microsrrip antennas have evolved, which are variants of the

basic sandwich structures, but the underlying concept is the same, that is, the printed

radiating element is electrically driven with respect to a ground plane [21]. This

definition admits a wide range of dielectric substrate thicknesses and. permittivities, but

to enhance the fringing fields which account for the radiation, the dielectric consrant

-7 -



Chapter 2 Literature Review

should be low. The radiating element, which is a printed conductor of copper or gold,

can assume virtually any shape or geometry 122,121.

2.2. Advantages and Fundamental Limitations

Compared with conventional microwave antennas, the advantages of microstrip

antennas lie mainly in their geometry and ease of fabrication that enable miniaturizing

and integrating with the electronic circuits. The frequency range suitable for them cov-

ers from 100 MHz to 50 GHz, including the mm-wave frequencies.

These geometrical and fabrication advantages are:

lightweight, low volume, low profile configuration which can be made conformal;

low fabrication cost, readily amenable to mass prod.uction;

thin shape that does not perturb the aerodynamics of host vehicles;

compatibility with modular design ( solid state integrated devices );

feed line and matching network are fabricated. simultaneously with the antenna.

Related to the geometrical properties, the advantages from the electrical point of view

are their low scattering cross section and their suitability for linear and circular polari-

zations.

Microstrip antennas have fundamental limitations in the electronic properties

when compared with traditional microwave antennas, such as reflector antennas. Since

microstrip antennas are inherently resonant structures and. electrically very thin ( thus

less resonant volumes ), the bandwidth of microstrip antennas is extremely narrow.

Also, essentialiy similar to the printed integrated devices, the loss in microstrip anten-

nas is high and thus their gain and the power handling capability are quite low. Also,

when they are used in Inm-wave frequencies, mechanical tolerances are likety to be a

-8-



Chapter 2

key factor, which leads to fabrication difficulties.

Literature Review

2.3. Applications

Microstrip antennas have been successfully used in various kinds of equipment

from manpack microwave systems to very large phased arrays and involving diverse

applications from medical instrumentation to military installations. With continuing

research and development, the usage of microstrip antennas is stilt increasing. Some

notable system applications for which microstrip antennas have been developed include

l22l:

satellite communication,

doppler and other radars,

phased array radars,

manpack equipment,

feed element in complex antenna,

command and control,

missile telemetry,

biomedical radiator, and

satellite navigation receiver.

The list is by no means exhaustive. As the possibilities for microstrip antennas uses in-

crease, the number of applications continues to grow.

-9 -



Chapter 2

2.4. Methods of Analyzing Microstrip Antennas

Literature Review

Since the emergence of the first practical microstrip antenna, considerable effort

has been put into investigating the radiation mechanism and analyzing their general

characteristics. Among many types of microstrip antennas, the rectangular and circular

patch microstrip antennas have been suggested, which, in turn, have provided desirable

and improved performances for various applications.

Many approaches exist to analyze microstrip antennas with differing degrees of

accuracy and flexibility. These approaches can be classified into two categories: the

analytic modeling and numerical solutions.

The earliest mathematical model is the transmission-line model [10,13], which

uses the transmission line analogy to analyze rectangulil patch microstrip antennas fed

at the center of a radiating wall. The merit of this model lies in its simplicity, but it
can only treat the rectangular shaped radiators. Recently, the generalized" transmission

line model [14] has extended the method to other microstrip patches where the separa-

tion of variables for the wave equation is possible.

Bhattacharyya proposed and used the generalized transmission line model to

analyze the annular ring microstrip antennas. By taking the mutual coupling between

the two radiating apertures into account, he has obtained more accurate expressions for

the input impedance and bandwidth [23].

A more useful and rigorous analytical modeling is the model-expansion cavity

model which considers the microstrip antennas as a thin cavity with a magnetic wall at

its periphery. The fields between the conducting patch and the ground plane are ex-

panded in terms of cavity resonant modes or eigenfunctions along with their eigen-

values or resonant frequencies [15,16,17]. The cavity modes are usually TM typte,

which are transverse magnetic fields and the TM n is the dominant mode. By means

of this method, field solutions for regular or symmetric shape antennas with different

feed types and locations are more satisfactorily obtained. Recent improvements for

-10-



Chapter 2 Literature Review

this modeling is the use of the admittance or impedance boundary condition at the

wall, to take into account the effect of power radiation from the apertures, instead of

assuming the magnetic wall at the periphery. The suitabitity of this modeling depends

on finding appropriate orthogonal mode vectors.

The modal-expansion cavity model has been used to analyze microstrip antennas

of various shapes, fi¡st the circular and rectangular patches, and then triangular, ellipse,

disk sector, annular ring, and ring sector, etc 1I,2,24,25,26].

Using the cavity model for the analysis, Bahl proposed a annular ring patch mi-

crostrip radiator for a medical application [1]. It is found that operating at the higher

modes, such as TM n mode, the antenna bandwidth increases to almost twice that of a

circular patch antenna f22,23,261.

Krowne [11] used the modal-expansion cavity model to analyze the cylindrical-

rectangular microstrip antenna, i.e., the wraparound conformal microstrip antenna, in

the cylindrical coordinate system to estimate the effect of the curved surface. His

results demonstrated that the assumption of conformaily mounted microstrip antennas

to be treated as a planar structure is satisfactory when å ( thickness of the substrate )

is small compared to the surface curvature, and is excellent when consid,ering excita-

tion of the antenna with no spatial field variation normal to the surface.

Related to the above cavity modal, the mode matching method is successfully

used to determine the distributions along the modes [17]. By matching each mode at

the boundaries, along the periphery containing the feed" and the edges of the assumed

cavity, the coefficients of the expansion series are obtained that include the effect of

the feed location in the analysis.

Numerical techniques are powerful methods, when arbitrary type microstrip anten-

nas are considered. The key to analyzing microstrip antennas by numerical methods

lies in finding either the integral or differential equarions which are obtainable from the

physical and mathematical points of view. The suitability of the method and the accu-

racy of the results depend on the computational resources available.
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The finite element method is a variational technique, coupled with the Raleigh-

Ritz Method. Carver and Coeffey applied the finite elemenr merhod to deal with the

fields interior to a five-sided polygonal patch by solving the inhomogeneous wave

equation along with an impedance boundary condition on the patch perimeter walls

t161. They produced reasonabty accurate results but the method is computationally ex-

pensive.

The moment method, however, seems to be more straightforward and easy to

handle mathematically as well as for numerical computation. Agrawal and Bailey [27]

modeled the microstrip patch as a fine wire grid immersed in a dielectric medium and

used the Richmond's reaction integral to evaluate the currents on the wire grid seg-

ments. They then modified the results to account for the dielectric slab by a frequency

shift and an impedance scaling as obtained from experiment.

Newman and Tulyathan [28] also dealt with the use of moment methods in treat-

ing microstrip antennas. They demonstrated the use of interior surface currents in

modeling an air-dielectric substrate microstrip patch. These unknown curïents were

determined by solving Richmond's reaction formula and the d.ielectric substrate was

taken into account by using the volume equivalence theorem.

Bailey and Deshpande proposed a method to analyze the microstrip antenna by

Galerkin's method [29]. They first derived the dyadic Green's function which satisfied

the boundary conditions for a unit current located in the plane of the microstrip patch.

Then, by using Galerkin's method, they solved. the integro-differential equation for
unknown patch current. This method avoids the reaction integral, but still calculates

only the radiated electromagnetic fierds inside the dielectric.

Pozar [30] presented a moment method solution of the impedance and mutual

coupling of microstrip antennas using the same formulation as Newman [2g], except

that he utilized the rigorous grounded dielectric slab Green's function and that his

results were more accìlrate than those of Newman.
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A. Kishk and L. Shafai [31] applied the moment method to circular patch micros-

trip antennas to obtain the numerical solution of the radiation patterns including the

effect of the finite circular ground plane. In their study, the integral equations were

developed and applied to rotationally symmetric objects and then reduced to a matrix

equation using the procedure cornmonly used to solve the problem of bodies of revolu-

tion. When the method was applied to the circular microstrip antenna, it provided a

convenient approach to solve the contribution of various modes that are present in the

structure and correspond to those of the modal expansion method. Their method al-

lowed one to study the effect of each mode separately and to determine their excitation

efficiency. The technique can also be used to study the annular ring microstrip patch or

annular slot antennas on a finite circular ground plane, as well as covered microstrip

antennas and stacked multiple band configurations.

Other techniques using the moment method have also been developed,132,331 that

are only applicable to surface cunents which are on the interior sides of both the patch

and the associated gtound plane. For an accurate study from radiation of microstrip an-

tennas, however, a precise knowledge of the surface curents on both sides of the

patch, and hence the near fields on the dielectric interface, are required. For this pur-

pose, Lin and Shafai [34] presented a moment method technique, in which, applying

the equivalence principle to the divided regions, the field distributions on both sides of

the entire intersudace were properly determined. The method was general, in that the

information on behavior of field distributions over and near the patch provides a

rigorous study of microstrip antennas. It was therefore a useful numerical method for

investigating arbitrary shape microstrip antennas. Its main disad.vantage was in the

large size of resulting matrix equation. This limited its usefulness only to small anten-

nas.

The full wave analysis of microstrip antennas has been widely used in the past

few years 135,36,371. Sometimes, it is referred. to as the spectral domain method.

-13-
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T. Itoh and W. Menzel [35] modeled the microstrip strucrures as transmission

lines with a short circuit at one terminal and a curent source at an associated position

on the line, which were analogous to the ground plane and current on the patch,

respectively. Then by taking a integral transformation, the integral or the partial

differential equations were converted to a set of algebraic equations suitably solved by

a conventional moment method.

The spectral domain method is efficient in numerical computation and can give

good approximate results. The realizability of the method lies in finding the basic and

weighting functions which are both analytically transformable and converging fast

enough mathematically, as well as being able to satisfy all boundary cond,itions in the

physical sense.

This dissertation is an effort to continue the above research and development and

to propose new types of microstrip antennas to enlarge the microstrip antenna family.

Also included in this dissertation is a detailed review of N. Das and J. S.

Chatterjee's work "Conically depressed microstrip antennas" lIZl, and Jeddari,

Mahdjoubi's "Broadband conical microstrip antenna" [38], the only papers in the

literature that are related to the microstrip antenna investigated in the present study,

i.e., the conical patch microstrip antennas.

In reference ll2l, the cavity between a slightly depressed cone and the ground

plane is divided into two regions as shown in Fig.2.1. The antenna, which is assumed

to be electrically thin, is fed by a TEM-line exciting a TM mode, as in the case of a

circular patch antenna. In region R1, the fields are presumably the same as those of a

circular patch antenna without the radial component of the electric field, as long as the

height of region Rl is much larger than that of region R2. Along the slanting con-

ducting surface, the tangential component of the electric field. is zero, and hence the ra-

dial field E,' exists such that

E, cosy + E' siny = g

-14-
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In region R2 (tbove the lille A'B' in Fig.2.1b) of the resonitnt slructure, thereforc, the

raclial ñeld E, exists, having zero magnitude at z = 0 ( along the line A'B' ) itnd

Ercosr¡r at z = r cìosìlr ( along the conducting edge OB" ) as bounclary conclitiorts itnd

virryilrg unifonril¡, in the z direction as the fir'st altploximation. 'flic presence of E, in

regiorr R2 induces H, and hence Eq which must exist, in adclition to tlte existing lìelds

Er,, II,. ancl 11q, as extra internal fields.

In their analysis, this antenna is treatecl ns a planar unit. Tlte pertulbational tech-

niclue is snccessfully used to modify the cavity-mode expiutsion rnocleling for the fields

in the slightly depressed region. It is founcl that the bandwidth of the antentla is twice

thitt of a circular patch antenna, when the c:one angle ( rlr ) equals 850 . This is a

significant im¡rrovement for microstrip ¿ntenrìas. Also, tlte radiation efficiency is im-

provecl dne to thcr enhancement of the fringing fìeld at the radiating periphery by a

slight depression of the circular patch corrically into the stlbstrate.
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In reference [38], by analogy to the circular patch antenna, Jeddari and

Mahdjoubi chose a radial TE - mode and an effective spherical radius for the conical

microstrip antenna. They found the TE11 mode resonance frequencies for different

conical angles and dielectric constants. Although, their results are compared with the

experimental data, their theoretical estimation ssems too crude to be followed,. The

analogy to the circular patch antenna to determine the effective spherical radius lacks

rigorous theoretical basis.

For the conical patch microstrip antenna, the special case of biconical microstrip

antennas or deep depressed circular patch antennas (the height of region R1 is not

much larger than that of region R2 as shown in Fig.2.1), rhe above technique is invalid

and the structures are no longer planar. Therefore, the fi.elds under the conical patch

structures must be solved exactly in the spherical coordinate system and expanded in

tenns of spherical wave eigenfunctions as depicted in Chapter 5.

-16-



Chapter 3

Characteristics of Concentrically Shorted Circular patch

Microstrip Antennas

3.1. Introduction

Microstrip antennas are inherently resonant structures, and their dimensions are

determined by the wavelength in the substrate and the order of its resonant modes. The

antenna designer therefore has a limited flexibility to alter their input impedance and

radiation characteristics. However, in practical applications, one desires to control, to

some degree, the gain or other perfonnance parameters of the antenna. For single patch

antennas, a convenient parameter to aiter is the size of the patch. To retain the

resonant frequency constant, one may incorporate a shorting rod, coaxially located at

the patch center. For a given resonant frequency increasing the rod radius increases the

patch size and thus the gain. Since the size of the radiation ring at the antenna peri-

phery increases, the pattern shape and the cross-polarization also modify. The radius of

the controlling rod thus can effectively be used to modify the radiation cha¡acteristics.

In addition, the cylindrical conducting post with the patch itself provides an elec-

tromagnetic shield which can be used to house the required electronics to minimi ze the

unit size.

The configuration of the antenna is shown in Fig.3.1. The antenna is modeled as a

coaxial cavity bounded by a finite admittance wall at the periphery of the patch edge,

the inner conducting cylinder and conducting plates on top and bottom. The admit-

tance boundary condition is determined by the radiation power and the fringing field at

-17 _
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the patch edge. The effects of the dielectric substrare on the radiation patterns are ac-

counted for by the Fresnel reflection coefficients of the two-layer stratified medium.

The far field radiation patterns are determined by an approximate evaluation of various

integrals using the steepest descent method.

The analytical results are compared with experimental data and available pub-

lished results.

3.2. Mode Charts and Modal Field Expressions

The geometry of the antenna is shown in Fig.3.1, where the thickness, h, of the

dielectric slab satisfies å<<î" ,i.e, k1h<<1 , and. kr=olúrg , co being the angular fre-

quency. The field distribution under the patch thus does not vary in the z direction.

The electromagnetic field excitation is due to a curïent 10 along the z direction and

through the center conductor of a coaxiai cable at r = d The current source can

therefore be expressed as

Because of the uniformity of the current on the feed probe along the z direction, only

the TM modes can be excited within the cavity. None of the ZE modes can be excited

since they vary along the z di¡ection [39]. The f,eld distribution of the ZM modes can

be represented by the following equarions [17],

J=t¡oÀP õrolr

n, = îf *(k1r) cos n Q
n=0

H,=#å nf,(k¡)sinnQ

!l- æ
rf _ -J& ya r / /Hq= 

öì{',(k() 
cos nQ

(3.1)

(3.2)

(3.3)

(3.4)
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where

.f n = f n= AnJn(k1r)+BnYn(k¡) a<r<d

f n = f ,z= CrJr(k1r)+DnYn(k¡) d<r<b

Er=O (at r=a)

H qn= -lrnErn @t r = b)

EzI = Er2 or Hr1, = Hrz @t r = d)

Circular Patch with a Central Short

(3.s)

(at r =d)

(3.6)

(3.t)

(3.8)

(3.e)

(3.10)

Jn and Y, are Bessel functions of the first and second kinds, and the prime denotes the

derivatives with respect to the argument, subscripts 1 and 2 represent the two regions

separated by the cylinder r = d. A, , Bn , C, andDn are constants to be determined.

The Q and r components of the electric field do not exist due to the assumed uni-

form field distribution along the z direction. The time factor ¿"¡or is assumed, and

suppressed throughout the analysis.

The following boundary conditions are imposed

Hqr-Hqz=ry

where !rr=grn*ib", is the wall admittance. There is an additional boundary condition

at the periphery of the assumed cavity with a magnetic wall at r=b"

HO=O (at r=b")

For a cavity with a magnetic wall at î = b", an electric wall at r-a, a conducting

top patch and a lower ground plane, the characteristic equation can be derived from

eqns 3.6 and 3.10 and is given by

Jn(kta) Y',(krbe) = Yn(kß) J'n(kþ") (3.11)

The resonant mode chart of these antennas can be obtained. from eqn. 3.11 and the

coefficients in eqn.3.5 can be determined by solving eqns 3.6 to 3.9. The results are
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Y,(kp) lznzYn(kú) - zn{,(kp)l
Ç-

Jn(kya) LznzY,(kLd) - znrJn&þ)l

(3.r2)
jcoUlo

Ar=

Bn=

2 (1+ô")

j coplo

^ / olLtlo znz O,
" Z (1+ô,r) I,

where õrr=1 for n =0, ô,=0 fot n > 0, and

2 (1+8")

cn

In

_ _ i ol¡-r1o znl O,
2 (1+8") I,

znt = Y' r(k rb)+j yrnZ t Yn(k þ)

zn2 = I' 
"(k rb)+j yrrZ t Jr(k þ)

In= znl Jn(kp) - zrzYr(kp)

On= Y,(kfi) Jn(kp) - ,I*(ki) Yn(kp)

(3.13)

(3.14)

(3.1s)

(3.16)

(3.17)

(3.18)

(3.19)

and

z y= ^,[[¡q

In the above derivation, the wronskian of the Bessel functions was used.

In eqns 3.I2to 3.19 the wall admittance should,be d.etermined. The walt conduc-

tance can be calculated from the radiation power leaving the side wall [17] in the form

O=
ô tir? (3.20)

brn =
F'"(Ç)

zt F"(Ç)

P rod

l ilr lz.t ^
2trt"t Iør

The wall susceptance can be found from the energy stored in the volume between the

patch edge at b and the cavity wall at b" .It leads to the following first order asymp-

totic expression,

-20-
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F"(Ç) = I,(kya)Y,(Ç)-Y,(kp)J,(Ç) (3.23)

The parameter A in eqn.3.22, to account for the effect of the fringing field, is normally

calculated using the following equarion[17]:

Chapter 3

where

Ç= Xut( L + L)tt2 ,

and y6 is the root of eqn.(3.11) and

Circular Patch with a Cenral Short

(3.22)

(3.26)

(3.24>

which is derived from the quasi-static capacitance of the microstrip circular disk with a

relative permittivity of unity and a very thin substrate. However, due to the existence

of the shorted rod at the center, it must be modified. That is, one needs to compute the

mode capacitances of coaxially shorted circular cavity. This can be done using the

Green's function method 125,401, where the zero order capacitance is given by

,a - ne(b2-az¡
\-00 - h

(3.2s)

For this reason, one can assume an equivalent circular patch radius b, to give the

same capacitance as that given by 3.25. It leads to

b" = ^[624

o= 1#snçfi¡+r.77261

Thus, the parameter a can be calculated using eqn.3.z4 by replacing b with b, . The

approximate wall susceptance can now be obtained. from eqns 3¡.2r to 3.23.

The cavity will then resonate when

kþ (I+L)rtz="tru (3.27)

The expressions for fields inside the cavity will be used in the following sections to

determine the near and far field characteristics such as the input impedance, radiation

pattern, directivity and bandwidth.
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The input impedance is calculated from an equivalent parallel resonant network as

shown in Fig.3.2, which is the network model over a narrowband for the isolated

TM tt mode. The resistive and reactive parts are determined by the radiation power,

dielectric and conductor losses and stored energies 1411. It is given by

.7
-tn

7w*
2

P,Ðj cÐ(W"-W*)
(3.28)

where V is the voltage crossing the patch and ground plane àt r = d and. Q=00 calcu-

iated from

Chapter 3

3.3. Input Impedance and Bandwidth

w" = l[ n.ø. a, ,4u

w*=f,I øu. a, ,

Pa =2 co I4z" tan ô

2ar^
Pt = n!w^

Circular Patch with a Central Short

(3.2e)

(3.30)

(3.31)

(3.33)

(3.34)

d

v =lE, d,z ,

0

w" andw^ are the stored electric and magnetic energies per cycre, given by

P, is the total lost power as

P, = Pro¿+P¿+P¡ (3.32)

where Prod, Pd and P¡ are the radiation power, the dielectric and conductor losses and

given by

-22-
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where tan ô is the loss tangent of the dielectric and r" = (æltof )r/2.

The bandwidth is determined in terms of the Q factor and maximum allowable

VSWR and is defined as [41]

BW : VSWR-I= effi (3'3s)

where

e=2 
*=w"

' Pt (3'36)

3.4. Radiation Fields

The far fields are calculated from the vector magnetic and electric potentials

A(r) = +!I"" JKV¡stt"l,-,'¡ d s. (3.37)4nt

and

r "-in:JMe¡sikolr-r'l d s. (3.3s)¡(r)= 4" , 
s

where K(r ) and M(r ) are the surface electric and magnetic currents on the rad,iation

aperture surrounding the conducting patch, ,S is the aperture ring with a wid.th h, and.

for the distant region

| .-r'| = r'sin0 cos(O - O) (3.39)

The electric and magnetic currents are given by

K= h'Æ,t e.4o)

and
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M = h'x8",î' (3.4r)

where É1q and E, ate the tangential components of the magnetic and electric fields on

the radiation aperture àt r = b and â' is the unit vector normal to the aperture surface.

The electric fields in the far zone can be obtained from

Ee=-j cùAe- j koFq

Eþ=-i koFç

(3.42)

(3.43)

(3.46)

Therefore, they can be written as

h2n
nr=-* r t - nrøll ¿t' Ibd þ' Licop .Flqcos( þ-.þ')-jkoE,sin0l ¿rtob'¡'6 "o'rQ-0(!.44)

00
h2n

I r + RrE { ¿t' Ï u¿q' I E, sin(Q- þ)]uinou 
sino cos(Q-Q') (¡.+s)

00

jko
Lq=- 

4n

After some integral manipulations, the far fields of a TMn* mode are obtained as

and

;n+l
E an =, h cosnþ Lkyb f n2(ktb) J'n(k¡b sin1)

+ j krb sinO /',2(kþ) J,(kob sinO)l

Eþn = #0,, , ff# f ,z(kþ) r,(k'bsino) (1+R"E) (3.47)

Note that the distance term is omitted from eqns 3.44 to 3.47.

One can see that the last term in the square brackets of eqn. 3.46 represent the

contribution of the electric cuffents on the admittance wall. As the inner radius ø in-

creases, the contribution of the electric cun'ent on the admittance wall increases. It also

increases the patch size and results in the appeatance of a sidelobe, which affects both

gain and bandwidth of the antenna.

n-iko,

r
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The effect of the grounded dielectric substrate ale taken into account by the factor

I-RTM for Es and 1+R?E for Eq , where R represents the Fresnel reflect coefficients

of a two-layer stratified medium [39].

For determining factors l-RrM and,I+RTE, the identiry

"-ikor

is used in eqn.3.37, where , ó,, is the second kind of Hankel

kr= (kfr -¡2¡rr2.

(3.48)

function and

In the far zone, i.e., when l.-"'l-- and.z-¡-, the current sheetin eqn.3.37

J(r) = K(x,y) ô(z)

can be considered as a point source in the presence of the stratified. med.ium. Thus, in-

tegrals of the form

= + j-l'r'çk'r¡ etjk"' dk'

,, =j_* e - RrM) 
"in,, 

H óÐ (k, I r-r. | ) dk,

,r=11 (r + RrM) uin,, u$2)çtc,l ,-., l) dk,

are involved in the calculation of A6 and .46, where [38]

I-RTM =

7+RTE =

2 sin kTrh

sin fri, h+ie,f"o, nr,,

(3.4e)

(3.s0)

(3.s1)

(3.s2)

and

2 sin keh

sin kr,n+ifcos k1,h

kr,=&?-k?)'''

where

-26-
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Using the steepest descent method to calculate

inant contribution to 11 and 1, comes from the

k 
" = Ægsin0

and

Circular Patch with a Central Short

1t and 12, ana can show that the dom-

stationary point at

(3.s4)

(3.ss)

(3.s6)

to obtain eqns. 3.42

and the steepest des-

) ojþ'r-jke'r'It=111 -Rrul:r Tr-rT-

tr=ïU+Rr¡ffi
These approximate results for 11 and 12 have already been used

and 3.43. The locations of the singularities, the stationary point

cent path passing it are shown in Fig.3.3 1421.

Substituting kv by k^ in eqn. 3.51, one can obtain

I-RTM =
2sinf(k | -k fr sin2}¡t | 2 h 1

sin[(k ? -n& sin2a¡r/zh1*, . 
u'!o-t1,,- 

cosf@l -k] sinze¡rtzh1' " (e, -sinze)rt2

(3.s7)

(3.s8)\+RrE =
zsnt(k? -kft sin2}l/zh1

sinl@f -kfr sinzo¡rrzrt*; 
(u'lÏlelt" 

cosf(kl -kfi sinz¡¡uzh1
COSU

In deriving eqns 3.55 and 3.56, the path of integration is deformed such that the

contributions to the surface and leaky waves due to the poles of the integrand [43] are

omitted. This approximation causes the fielcls at 0 = nl2 , in eqns 3.51 and. 3.52, to

become zero. However, only the fi¡st surface wave mode may be excited for k1h<<L ,

and in most radiation directions, except for the horizontal direction ( 0 = nl2 ), its con-

tribution is negligible compared with that of the space wave.
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3.5. Results and Discussion

Circular Patch with a Central Short

At resonance of TM n to TM 6l modes the dependence of the outer radius b on

the inner radius ã are shown in Fig.3.4. For the TM n mode the reiationship is almost

linear and the effect of the rod radius is negligible only when ø<<1, and. a<<b But,

as the mode number increases, the effect of ¿ on å becomes less significant. That is,

only for large values of ø , the outer radius å increases with a. This means that for

the dominant TM n mode the parameteÍ a Çan be used effectively to alter the antenna

size and thus its radiation pattern and gain.

Figs 3.5 and 3.6 show the comparison of the experimental and calculated input

impedances of the TM n and TM 21modes, where the gauss-jacobi quadrature formula

is used to calcuiate the integral in eqns. 3.30 and 3.31. The antenna dimensions are

b=I.6335cm and a=0.6255cm; and the relative permittivity and rhe thickness of the

substrate arc 2.52 and 1.6 mm, respectively. The dielectric loss tangent of the substrate

is 2x10-3 and the conductivity of the patch, the inner conducting wall and the ground

plane is assumed to be 5.8x107mholm. The feedposition d is 0.85 cm from the patch

center.

The calculated resonant frequencies of the TM ¡ and TM2l modes arc 4.0412158

and 5.663978 GHz, respectively, and the measured ones arc 4.0275 and. 5.6702 GHz,

respectively. Their differences are less than l7o and computed. and measured input

resistances show good agreement in Figs 3.5 and. 3.6. Letting ø approach 0, the calcu-

lated input impedance, resonant frequency and radiation patterns agïee well with the

results in [17] and [39].

The calculated input impedance with the effect of the coaxial feed is also shown

in Fig.3.5, where the diameter of the feed probe, the central conductor of the standard

connector is 1.2 mm. The method proposed by Lier l44l is used and. it was found that

the effect is of capacitive type for selected substrate thickness and frequency range.

The total feed reactance is almost constant in magnitude, around 12Q for the indicated
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Chapter 3 Circular Patch with a Central Short

frequency range. The computed resonant frequency with the reactance of the feed. im-

proves

from 4.0412158 to 4.0274735 GHz, which is closer to rhe measured value.

Table 3.1 illustrates the comparison of the measured and calculated resonant fre-

quencies, the input resistances at resonance, the gain and the bandwidth of the TM 
'

mode, when the inner radius ¿ is large. Again, the difference in the resonant fre-

quences is less than IVo. The good agreement for both large and small values of ø

substantiates the validity of expressions 3.25 and 3.26. These, rogerher with eqn 3.24,

indicate good approximation for the effective radius b" and, the wall susceptanca brr.

The calculated gain were also verified by the measurement. However, the bandwidth

and the input resistance at resonance show differences of as much as 5Vo, when the

effect of the probe is omitted. After this effect is taken inro account, the calculated"

data are improved.

f , (GHz) R- (A) Gain(dB) BW (Vo)

measured

calculated@)

calculated(b)

4 t945
2092

t953
4

4

55.32

57.812

54.24r

i0.1

9.986

9.978

2.036

2.t4r
2.t12

Table 3.1. Comparison of the measured and calculated data for the circular
patch with a central short ( b=2.85 c*t, a= l.9l cm, h= 1.6 mm
âfld €,'= 2.52 ), (a) wirhout feed probe, (å) with feed probe.

Fig.3.7 shows the computed radiation characteristics of the TM ¡, in which the

cross-polarizations are calculated in the Q=450 plane, which are maximum according to

the third definition of Ludwig [a5]. In Figs 3.7a and.3.7b, the ourer radius is kept con-

stant at I.6335 cm and the antenna is fed at the edge while increasing the inner radius

a. One can see that both the pattern beamwidth and the peak cross-polarization de-

crease. That is, the shorted rod can significantly improve the far fields properties of
circular patch antennas. In Figs 3.7c and. 3.8d, three different pairs of b and a aÍe

selected to keep the resonant frequency at 3.7428 GHz and the antennas are excited by

_JJ_



Chapter 3 Circular Patch with a Central Short

a probe at the edge of the patch. Again, the directivities and cross polarizations im-

prove when the ratio of b la decreases. This means that, for a given resonant frequen-

cY, the rod radius increases, and so do the patch size and gain, but the cross-

polarization decreases. The same phenomenon is observed, in Table 3.2. Keeping the

resonant frequency constant at 3.7428 GHz, the directivity increases initially as a in-

creases until the side lobe is formed (shown in Fig.3.7c). As the side lobe level in-

creases ( ø becomes large ), the directivity is maintained around 10 dB level ( note:

the gain of ordinary circular patch antenna is about 7 dB ) and then tends to drop

slowly. Similar results are also observed for the bandwidth and radiation efficiency. As

ø increases, the input resistance at resonance decreases to around 50 O. This property

leads to the direct matching of the antenna and feed probe at the edge of the patch,

which is not the case for ordinary circular patch antennas.

bla a (cm) b (cm) R¡"(o) D (dB) BW (%) ef f i. (Vo)

38.88

3.363

2.1.02

L761.

1.584

1.506

0.0383

0.4856

0.9918

1.4162

1.8336

2.t087

1.4127

1,.6332

2.0853

2.4945

2.9039

3.t752

345.533

100.097

73.721

63.553

59.225

57.6t0

7.0028

9.4328

t2.481
12.2706

t0.6945
10.2273

0.7509

L.2634

0.8222

0.9912

t.5679
1.8686

95.764

96.366

95.6s3

96.265

97.413

97.743

Table 3.2. Ratio of bla, radii, a and å, input resistance, directivity, bandwidth and
efficiency of a circular patch with a central short at the resonant frequency
of 3.7428 GHz for rhe TM ¡ mode with d = b, e,= 2.52 and, h=I.SgS mm

As shown in Fig.3.8, the direction of maximum rad.iation for the TM2l mode is

no longer at 0 = 0 and shifts towards the horizon as a decreases. The outer radius is

kept at I.6335 cm and the feed is at the antenna edge. The radiation properries of high

order modes for the proposed antenna are similar to those of conventional disk anten-

nas.

Figs 3.9a and 3.9b show the bandwidth and radiation efficiency of the TM y1

mode v.s. the subsüate thickness ( rr= 2.52) and dieiectric permittivity (h = 1.6 mm
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Chapter 3 Circular Patch with a Central Short

), respectively, where b = 2.85 cm and a = 1.9 cm and d = b. The bandwidth in-

creases linearly, as the thickness of the substrate increases. It decreases rapidly as the

relative permitúvity increases. Also, the antenna radiation efficiency increases slowly

as the thickness increases and drops by about 20 Vo as the relative perminivity in-

creases from 1 to 10.

The calculated input resistance and resonant frequency v.s. the feed position d. arc

shown in Fig.3.10 for the TMnandTM2l modes. For both modes, as the feed moves

from the inner short to the edge of the patch, the input resistance at resonance in-

creases rapidiy. On the other hand, the resonance frequency remains relatively con-

stant. This is similar to the ordinary circular patch antennas.

More interesting results are shown in Figs 3.11 and 3.12, which illusrrate the rela-

tionships between the shorting rod radius a and the resonance frequency, the input

resistance at the resonance, the directivity and the bandwidth for the TM ,, and, TM 21

modes, respectively, for b=I.6335cm.The antenna is fed at the edge of the patch. As

shown in Fig.lla, both the directivity and the bandwidth of theTM¡ mode increase

steadily for alb larger than 0.15. Bur, for theTM2.¡ mode, as shown in Fig.3.12a, the

directivity and the bandwidth increase significantly, only when alb is larger than 0.3.

In Fig.3.11a, the maximum radiation direction shifts from rhe Q=90 plane ro the Q=450

plane, around a lb = 0.57 . These phenomena are due to the fact that, as c increases,

the patch size increases and results in the appearance of the sidelobe, and leads to the

directivity going down as b la is larger than 0.65. This means that for the dominant

TM n mode the parameter a caî be effectively used to alter the antenna size and thus

its radiation pattern, gain, bandwidth and radiation efficiency.

As shown in Figs 3.11b and 3.rzb, for both rM n and, TM 2, modes, as rhe inner

radius a increases, the resonance frequency increases rapidly. The input resistance

remains high and almost constant as a lb is less than about 0.4 , and then decreases ra-

pidly as a /b becomes greater than 0.45. A very notable phenomenon illusrated in

Fig.11b is that the input resistance becomes 50 Q at alb around 0.692 for the feed
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Chapter 3 Circular Patch with a Central Short

point at the edge. This means that, by choosing alb=0.692 one can directly use the 50

O microstrip transmission line to feed the antenna without the need. for a matching cir-

cuit. Again, a main difference from an ordinary circular patch antenna.

The above calculated and experimental data show that the proposed antenna can

have higher gain, wider bandwidth and a better impedance behavior than the conven-

tional circular patch antenna. Its flexible electrical properties, controllable easily by a

modification of the central short size, can be used readily in d.esigning more useful an-

tennas for different applications. In particular, the possibility of achieving a 50 O or

other reasonable impedance level at the patch edge simplifies the feed design. This will

be a useful and desirable property in array applications to integrate the antenna with its

feed network.

3.6. Conclusion

The characteristics of coaxially shorted microstrip circuiar patch antennas were

presented. The antenna was modeled as a coaxial cavity to determine its field distribu-

tions inside the cavity. The near-field and far-field. properties were studied and com-

pared with experimental data. The comparison substantiated the analytic results. The

results also showed that the proposed radiation element is a useful antenna with high

gain and improved bandwidth. Its geometry and flexible characteristics gave the anten-

na designer adequate parameters to conrrol its electrical performance parameter to meet

different design specifications.
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Chapter 4
Characteristics of Annular Ring Patch Antennas Shorted at

the Outer Periphery

4.1. Introduction

The investigation of the concentrically shorted circular microstrip antennas in the

previous chapter shows that the introduction of the short in the antenna structure can

change the characteristics of the circular patch antennas. Their geometrical sizes and

elecronic properties can be altered, to some degree, to improve the suitability of the

circular patch antenna in practical applications. Since the central shorting increases the

radiating aperture, the antenna gain increases. This means that as long as the antenna

situations are the same, the gain of a concentrically shorted circular patch antenna is

higher than that of a conventional circular patch antenna. However, in some practicai

applications, such as the global positioning and satellite applications [46], a low anten-

na gain with a broad radiation pattern would be needed. The antenna proposed in the

previous chapter cannot be used in such applications.

The concentrically shorted circular patch microstrip antenna can be considered as

an annular ring patch shorted at the inner ring periphery. Instead of shorting at the

inner ring, an annular ring patch shorted at its outer periphery forms another type of
circular patch microstrip radiating element. The radiating aperture of such an antenna,

i.e., the inner periphery of the ring patch, can be smaller than that of an ordinary circu-

lar patch antenna. Consequently, its gain could be made flexibly smaller since its aper-

ture can be made arbitrary in size. For a given resonance frequency, its directivity and

gain can be quite low, when the inner ring size is red,uced to a very small size. On the
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Chapter 4 Annula¡ Ring Shorted at the Outer Periphery

other hand, when the inner ring increases to a large enough size, while maintaining the

resonance frequency constant, a high gain can be obtained. Thus, more flexible rad.ia-

tion characteristics can be obtained by controlling the ratio of the inner to outer radii

of these antennas.

The configuration of the antenna is shown in Fig.4.1. The antenna is modeled as a

coaxial cavity bounded by a finite admittance wall at the periphery of the inner ed.ge,

with the electrical wall at the outer conducting cylinder and conducting plates on top

and bottom. The admittance boundary condition is determined by the radiation power

and the fringing field at the inner ring. As shown in Fig.4.1, the d.ielectric substrate

only exists inside the inner ring of the annular antenna. The calculation of the radiation

fields can omit the effect of the substrate but the ground plane is assumed to be infinite

in extent.

The analytical results are compared with experimental data and available pub-

lished results. The characteristics of annular ring patch antennas are also studied and

compared with the antennas proposed in the previous and. present chapters. Aithough

the annular ring antennas are easier to fabricate, their electric performance parameters

are more difficult to control. This is due to the fact that in the latter case two radiat-

ing apertures at the inner and outer edges contribute to the radiation and the depen-

dence of the antenna characteristics on its radii is more complex. In the cenrally and

outer shorted circular patch antennas, only one aperture radiates and consequently their

gain and radiation patterns can read,ily be controiled by their shorted radius.

4.2. Modal Field Expressions and Input fmpedance

The geometry of the antenna is shown in Fig.4.i, in which compared with Fig.3.1

the notation a and b are interchanged and represent the outer and, inner radii of the

ring, respectively. Fig.4.2 illustrates the vertically cut cross sections for the ring patch

-51 -



Ground Plcne

ci the outer PeriPher YFig.4.1: Annulor r ing potch

þb

b_N
tr* 

O

lig.4-2: Ver ticolly cut crc$5

ontennus shortcc ct

shorted

¡z
I

I

I

I

ï'

sections for
thc out er or

the rinç potc

inner edçc

-52-



Chapter 4 Annular Ring Shorted at rhe Outer Periphery

antennas shorted at inner and outer periphery, respectively. Both antennas are shorted

at the position r = a and have a radiating aperture at the position r = b.

The cavity model that is applied to this antenna is then similar to that used in the

previous chapter. The same physical assumption and conditions are imposed onto the

cavity model of this antenna as those in Chapter 3. Therefore, the formulations for the

cavity model wili be the same. The electromagnetic field, excitation is due to the

cuffent source:

J = t ¡o Àï4 ¡rol (4.1)

The existing TM modes within the cavity have similar expressions for both antennas

and can be calculated using equations 3.2 to 3.19 and 3.28 to 3.36. However, the wall

admittance at the radiating edge must be handled differently as shown below.

4.3. The Wall Admittance

The wall conductance can be calculated from the radiation power leaving the side

wall [17] in the form

T)t rad
O=ösn (4.2)

l itr lz; ^
ZJtDzt 

L'+'t

The wall susceptance can be found from the energy stored in the volume between

the patch edge at b and the assumed magnetic wall at b", the so called effective ra-

dius. It leads to the following first order asymptotic expression,

where
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Ç=ktb",

and

F 
" 
(() = J n (k ya )Y, (Ç)-Y, (k p)J, (Ç)

p =b (7-LÐr/2

The minus sign in front of a¿ is taken to reduce the effective radius.

ing field at the edge of the slot is inward, the assumed magnetic wall

the center of the siot, as shown in Fig.4.4.

(4.7)

Since the fring-

is moved toward

(4.4)

(4.s)

For calculating the effective radius b", the 0 order capacitance equivalent method

used in the previous chapter is not recornmended, since the radiation and the fringing

no longer occur at the outer periphery, r = a.. In the case when b is relatively smail,

the equivalent radius b"=^[;\ b2 is c]oser to a thanto å. This causes intolerable er-

rors for computing the resonance frequency.

The radiation from the inner circle of the ring patch shorted at the outer periphery

can be considered as the radiation from the circular slot backed by a cavity. Therefore,

the annular ring antenna shorted at the outer periphery can be considered as a slot an-

tenna. To analyze the slot antenna, the duality principle may be applied [47]. This

means that the field caused by the circular slot on an infinite and thin conducting

screen is equal to the field caused by its complementary conducting circular patch 1471,

as shown in Fig.4.3.

By the duality principle, the circular slot with a rad.ius å is replaced by its com-

plementary circular patch with the same radius b. The parameter Â6, to account for

the effect of the fringing field due to the complementary circular patch, is then calcu-

lated using the following equation [48]:

o, = #wrff>+r.4te, +r.7 7 zs*t ro.ze8e, +1.65)l (4.6)

The effective radius, p , or the circular slot on the infinite conducting screen can be as-

sumed as
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The infinite screen can be considered as a circular screen with a short at radius

a' = æ. The short at a = "o does not affect the fringing field. However, the circular slot

is not located on the infinite screen. For a short at the finite radius a, the fringing

field starting from r = b is further stretched. toward the center of the slot, as shown in

Fig.4.4. This means that an extra reduction of the inner radius has to be introduced. to

include the effect of the shorting at r = a. This is done by considering a reduction re-

lated to a, as shown in Fig.4.4, and is assumed as

a.= a(L-L)L',z

where

(4.8)

(4.e)

(4.10)

L" = #¡ ryfr¡+r.4re, +r.7r ru* L ç.zs8e, +1.65)l

The effective inner radius, b, is then assumed. as the following equation,

b"=p-a+ae

The approximate wall susceptance can now be obtained by substituting eqn.4.10 into

eqns 4.3 to 4.5.

The effective radius b" wlll be applied in the following secrions to determine ra-

diation characteristics.

4.4. Radiation Fields

As shown in Fig.4.1, the radiation occurs at the inner periphery of the ring patch

and the shorting at the outer periphery truncates the dielectric substrate. The antenna

itself is located at an infinite ground plane. There is no d.ielectric beyond the outer

periphery of the ring patch. Therefore, for the radiation fields, the effect of the dielec-

fric substrate can be omitted for this antenna.
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Chapter 4 Annular Ring Shorted at the Outer Periphery

The far fields are calculated fi'om the vector erectric potentials

F(r) = ++[Mçr¡¿it|,-,'1 d s. (4.11)

where M(r) is the surface magnetic ,o-"n, on the radiation aperture at r =br, ^g is

the aperture ring with a width ft.

The electric fields in the far zone can be obtained from

Ee=-j koFe

Eþ=-i koFq

(4.12)

(4.13)

which are of the form

Eo, =

and

jn+I
2

h cosnþ Lktb" f nz(kþ") J'n(ksb.sin1) (4.r4)

E þn = Çn, , , tr# f ,z&tb.) Jn(È6b, sino)

where f ,2 and other parameters are as defined in chapter 3. Note that

(4.1s)

the distance

,-ikortenn - is omitted from eqns 4.14 to 4.I5.r

The effect of the ground plane is taken into account by the image theory. The fol-

lowing factor [22]

p, = !!!k!2Ð
kshcos} @J6)

is multiplied to eqns 4.74 and 4.75 to complete the radiation field expressions.
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Chapter 4

4.5, Results and DÍscussion

Annular Ring Shorted at the Outer periphery

At the resonance of TM ¡ to TM u, mod.es, the dependence of the outer radius å

on the inner radius a is the same as those shown in Fig.3.5, where the notations b and

4 represent the inner and outer radii, respectively. This means that similar to the cen-

trally shorted circular patch antenna for the TM n mode the parame ter b , the shorted

outer radius, can be used effectively to alter the antenn a size and thus its radiation pat-

tern and gain.

Two antennas, A and B, were fabricated and. tested. Their dimensions were

a=4.8963cm, b=7,4533 cm (í.e., bla=0.297) and the feed position ar d=4.901cm for

model A (the substrate thickness h=3.I75 mm); and. a=3.36cm, b=O.999lcm and

d=2-8L7cm for model B (å=1.585mm). The permittivity of the subsrrate is 2.52 for
both antenna models.

Fig.4.5 shows the comparison of the experimental and calculated input im-

pedances of the TM n mode for the model A, where the gauss-jacobi quadrature for-

mula is used to calculate the stored energies. The dielectric loss tangent of the sub-

strate is 2'2xI0-3 and the conductivity of the patch, the inner conducting wall and the

ground plane is assumed to be 1.8xI07 mholm,which is a reduced conductivity to ac-

count for surface roughness.

For model A the calculated resonance frequency of the TMn mode is 2.20746I

GHz, and the measured one is 2.I99I3 GHz. The differences are less than 1 Vo and.

computed and measured input resistances show good agreement in Fig.4.5. For model

B, the calculated and measured resonant frequencies are 3.153243 GHz and 3.167

GHz, respectively, which coincide well.

The computed data are also compared with the measured results in [49]. For an

antenna with dimensions bla=0.598, a=4.8963cm and. h=3.I75 mm, the calculated

resonance frequency is 2.908977 GHz and the measured one is Z.Bggg GHz. They

show very good agreement. Also, the calculated. gain is compared with the measured
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Chapter 4 Annular Ring Shorted at the Outer periphery

one in [49] for this antenna. They are 5.53987 d,B (compured) and 5.7 dB (measured),

which are close to each other.

The above comparison for both small and large values of. b la shows that the ap-

proximation for the computation of the wall admittance in section 4.3 is good enough

from the engineering point of view. For more accurate analysis, further investigation

on the wall admittance may be more strictly carried. out by anaiytical or numerical

methods.

The input resistance and frequency at resonance v.s. the feed position d are

shown in Fig.4.6 for the TM n mode. As the feed, moves from the radiating edge of

the patch to the outer shorted periphery, the input resistance at resonance decreases ra-

pidly and at some point reaches 50 O. On the other hand, the resonance frequency

remains relatively constant. This is sinúlar to the ordinary circular patch antennas.

In Figs 4.7- 4.9, different pairs of å and a aÍe selected to keep the resonance fre-

quency at 3.753649 G}Jz for the dominant TM n mode and the antennas are excited by

a probe in the inner edge of the ring patch. Fig.4.7 shows the outer radius and input

impedance at resonance of the TMn mode v.s. the ratio b/a. Simitar to the concentri-

caliy shorted patch antenna, the input resistance at resonance decreases as the ratio of
b /a increases, and at b la = 0.87 it equals 50 O.

Fig.4.8 illustrates the gain and directivity of rhese antennas v.s. b /a. It shows

that they vary from values much lower than those of conventional circular patch to

values as high as those of the centrally shorted ones. This is one of the advantages of
such antennas. The wider varying range of gain and directivity expand their uses in

practical applications.

Fig.4.9 depicts the relationship between the bandwidth and. efficiency ar resonance

v.s the tatio b la. Both bandwidth and efficiency of such antennas ile poorer than

those of the conventional circular patch ones. They show that, in these respects, these

antennas are more like conventional annular ring patch antennas operating at the d,om-

inant TM n mode. However, their narrow bandwidth and considerably lower efficiency
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Chapter 4 Annular Ring Shorted at the Outer periphery

make them less attractive antenna candidate for small value or b /a.

More interesting results are shown in Figs 4.10-4.12, which illustrate the comput-

ed radiation patterns of three antennas with different ratios b la to maintain the reso-

nance frequency at 3.153649 GHz. All these antennas are fed. at the inner edge by a
probe.

In these figures the pattern shapes change with the change of the ratio of b la.
Both H-plane and E-plane pattern beamwidths decrease as the ratio b la increases.

Since the beamwidth of the E-ptane pattern decreases faster than that of the H-plane,

by choosing suitable b/a, one can make the trwo patterns to coincide. Fig.4.11 shows

one such case, where the patterns at two principal planes are nearly the same for

bla =0.6022. This is verified by the measured patterns shown in Fig.4.13 L4gl, where

the ratio of radii is b la = 0.598. The similarity of the principal plane patterns can be

used to obtain the 450 linear polarization and. circular polarizations. The later is a

desirable characteristic in the global positioning systems which ffansmit right hand cir-

cularly polarized signals. When b la becomes larger, a side lobe appears in the H-

plane pattern, as shown in Fig.4.I2. Its high level side lobe causes the drop in the gain

and the directivity as shown in Fig.4.8.

The above calculated and experimental data show that the proposed antennas can

provide a wider range of gain, symmetric principal plane patterns and varying input

impedance values. Their superior features, when operating at the dominant TM n
mode, remedy the poor performance of the conventional annular ring patch antennas

operating at rhe TM n mode.

4.6. Conventional Annular Ring Microstrip Antennas

One may ask why not to alter the inner radius of an annular ring patch structure

to modify the performance parameters. It is easier to fabricate an annular ring than the
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Chapter 4 Annular Ring Shorted at the Outer periphery

proposed antennas since the inner wall does not need to be metallized. To investigate

their difference with the antennas proposed in the previous and present chapters, simi-

lar data of annular ring antennas are calculated according to [39] and presented for

comparison.

Fig.4.14 shows the mode charts of TMrl modes of annular ring patch antennas.

For the TMnt modes, the relative outer radius b/)u decreases from b"¿/)u to n/2æ , as

allvincreases from zero to nl2æ, where the subscript cd. represents the limiting case

of an ordinary circular disk, and for n = r, b"¿l?v = l.g4!/2n, etc. For a given fre_

quency, increasing the inner radius ¿ decreases the outer radius b, i.e, the antenna

size. The inverse relationship between the radii of the ring may cause the gain to de-

crease. One cannot evaluate their performance parameters from the mode chart of the

dominant TM n mode, until more detailed results are properly obtained. As shown in

Fig.4.15, for the TMrz modes, å first decreases to a minimum value and. then increases

linearly, as a increases. The linear dependenc e of b on a after the minimum value

may be used to alter the performance parameters.

Tables 4.I and 4.2 illustrate the characteristics of TMnand.TMyymodes, respec-

tively, at the resonant frequency of 3.7428 GHz. In Tabie 4.1, most performance

parameters are similar to those shown in Table 3.2, btt the antenna size is much larger

than that of centrally shorted one. The other difference is of about ITVo lower radiation

efficiency for the annular ring at the small ratio of a lb . The second, row in Table 4.1

lists the performance parameters corresponding to the minimum value of b in Fig.4.15.

That is, there is a minimum antenna size for every given operation frequency.

Table 4.2 illusrates that the input resistance at the resonance is extremely high

and increases rapidly as ¿ increases. This means, the dominant TM ¡ mode of annular

ring antennas can hardly be used for antenna application.

For the TMn andTMe modes, the corresponding relationship between the inner

radius ø and the resonant frequency, the input resistance, the directivity and the

bandwidth are shown in Figs.4.16-4.19, where rhe parch size ( the outer radius å ) is
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Chapter 4 Annular Ring Shorted at the Outer periphery

kept constant (1.6335cm) and the antenna is fed ar rhe edge of the parch. Figs 4.20-

4.21 show the radiation pattems of the annular ring with different values of ø while

maintaining å constant.

Fig.4.16 shows that the input impedance at resonance increases rapidly from a

large value to an extreme value, in excess of 1000 l), as ø increases. Also, the reso-

nance frequencies decrease as a increases. Both features are d.ifferent from those of
the antennas proposed in the previous and present chapters. Fig.4.17 shows that while

the directivity drops very siowly, the bandwidth decreases fast, as the inner radius ø
increases. This means that the annular ring patch structures operating at the dominant

mode have much narrower bandwidths and. much higher input impedance values than

those of ordinary circular patch antennas. The performance parameters shown in the

above two figures suggest that the dominant mode can be hardly used for practical an-

tenna applications.

bla a (cm) b (cm) R;" (Q) D. (dB) BW(%\ effi. (vo)

106.59

4.726

2.885

1.893

1.510

.0407

0.8548

r.5067
2.9734

5.0919

4.3345

4.0400

4.3471

5.6293

7.6907

70.475

80.608

56.082
23.698

16.696

8.3305

tt.2369
tt.3346
t0.6049
12.2188

o.6421

0.6s90

r.0t57
2.0028

2.1659

85.292

85.292

90.60s

95.278

95.633

Table 4'1' Ratio of bla, radli a and å, input resistance, directivity, bandwidth and
efficiency of annular ring antennas at the resonant frequency of 3.742g GHz
for the TM pmode with d = b, E= Z.S2 andh = l.5g5mm

For the TM n mode, the resonance frequency and the input impedance have

minimum and maximum values corresponding to the minimum value of b , as shown

in Fig.4.18. 'When b is larger than this minimum value, the behavior of these features

are similar to that of antennas proposed in the present and previous chapters. In

Fig.4.79, the directivity and bandwidth oscillate with a.

Fig.4.20 illustrates the computed radiation patrern shapes with no signiñcant

change as a increases.
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Chapter 4 Annular Ring Shorted at the Outer periphery

Fig.4.2r indicates that the side lobes which are close to and almost as high as rhe

main lobe are the reason for the oscillations in Fig.4.19. Usually, high side lobes are

undesirable for antenna applications and the oscillations of the directivity and

bandwidth make the antenna design hard to handle. Also, as shown in Fig.4.16, the

very high input impedance at resonance for both modes makes the impedance match-

ing between the feeding system and the antenna a difficult task.

Table 4.2. Ratio of b la, radä a and b , input resistance, directivity, bandwidth and
efficiency of annular ring antennas at the resonant frequency of 3.742g GHz
for the TM ¡ mode with d = b, e = 2.52 utdh = l.Sgímm

Fig.4.22 shows the radiation

the resonant frequency of j.7428

decreases and moves away from

mance.

patterns for three pairs of b and a of TM 12 mode at

GHz. It shows that for larger ø values the side lobe

the main lobe, thus improving the antenna perfor_

Although operating in higher modes with larger values of the inner radiu s a, an-

nular ring patch structures may be used to alter the performance parameters and may
have perfonnance parameters comparable with those of a centrally shorted patch. The
performance modification for small values of a is less significant.

7.1430

7.1335

7.1157

7.0912

7.0643

91.307

90.8M
89.844
88.198

85.620

-63-



Chapter 4

4.7. Conclusion

Annular Ring Shorted at the Outer periphery

The characteristics of annular ring patch antenna shorted at the outer periphery

were presented and discussed in this chapter. The antenna was modeled as a coaxial

cavity to determine the field distributions inside the cavity. The near-field and far-field

properties were studied and compared with experimental data. The comparison sub-

stantiated the analytic results. The performance parameters of the conventional annular

ring patch antenna were also presented. The comparison between these antennas

showed that the proposed antenna remedies the poor performance of the conventional

annular ring antenna operating at the dominant TM n mode. The results also showed

that the proposed radiating element is a useful antenna with flexible electrical proper-

ties. Its geometry and flexible characteristics can give the antenna designer ample op-

portunity to control its electrical performance parameter to meet different design

specifications.
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Chapter 5
Analysis of Biconical Microstrip Antennas

5.1. Introduction

The first practical microstrip antennas were made to conform to the fuselage of
aeronautic vehicles. They were long rectangular microstrip patches wrapped around

the cylindrical missile body t9l or consisted. of several individual rectangular patches

mounted on a cylindrical body with a large rad.ius t101. The analysis of these antennas

was based on the fact that the printed conductors, i.e., the radiating elements, were al-

ways parallel to the grounded conducting cylinder. When the curvature of the cylinder

is much larger than the thickness of the substrate (this is the case in practice), the con-

formally mounted microstrip antennas can be treated as planar [11]. The results

showed that no radiation occurs in the forward direction, which is the vehicle direction

of motion (the axis of the cytinder). However, for tracking and aiming systems, the

forward looking capability is a basic requirement, and the wraparound type conformal

microstrip antennas cannot be utilized for these applications. The thin and low profile

antennas can be made conformal to the tip of high speed vehicles, which is usually

conical in shape. They may take the shape of biconical or coaxial structures and may

radiate in the forward direction. They are no longer a planar configuration and have

not been studied previously.

A new type of conformal microstrip antennas is proposed. in this chapter. It con-

sists of a conducting cone with a finite cap, the radiating element, electrically driven

with respect to a grounded conducting cone, which is infinite in extent. A dielectric
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Chapter 5 Biconical Microstrip Antennas

conical layer is infinitely filled between the two cones. When the two cones have near-

ly the same apex angles, the antenna is of microstrip type, and is named here as bicon-

ical microsffip antenna. A special case of biconical microstrip antenna is the conical

patch microstrip antenna. That is, when the grounded cone becomes a plane (the angle

of the grounded cone is 900 with respect to the z-axis) and the antenna geometry be-

comes planar configuration again. The conical patch microstrip antennas may have su-

perior performances in bandwidth and efficiency [12]. The analysis of this new type of
antennas is given in this Chapter.

The analysis begins with the study of the eigenvalues v of the Q dependent spher-

ical wave eigenfunctions in the 0 direction for general biconical and coaxial structures

[18]. The fields between the cones are then expanded in terms of the series of the ex-

isting cavity modes, i.e., the ZE modes, along with the integer order m and.the degree

v. The coefficients of the series are determined by a mode matching method apptied at

the boundaries containing the feed and the radiating cone. The wall ad.mittance, or im-
pedance, at the aperture links the fields inside and outside the cavity. The study of the

wall admittance, or impedance, of the biconicai microstrip antenna is presented in Sec-

tion 4. The near-field and far-field characteristics of the antenna are determined by the

obtained fields in the cavity.

5.2. Eigenvalues of spherical wave Eigenfunctions

The investigation of biconical and coaxial structures has a long history and ori-
ginated around the middle of this century. Analytic results for a symmetric feed,ing or

loading of transmitting or receiving antennas ( source or load at the origin ) have been

published in numerous papers and several books [50,51]. The solutions for rhe zero

order ( m = 0 ) TM modes, including the special case of rEM mode ( v = 0 ), were
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well studied in [51]. However, no analysis of these structures with asymmeric sources

or loads, which excite the high order modes, has been reported in literature. An inves-

tigation of the eigenvalues of the Q dependent spherical wave functions for these struc-

tures is presented in this section. It is the first srep toward analyzing the biconical mi-

crostrip antennas.

The eigenvalues of the spherical wave eigenfunctions are the solutions of the

characteristic equations set up to satisfy the perfectly conducting conical boundary con-

ditions in the 0 direction.

5,2.1,. The Q Dependent Characteristic Equations

The configuration of biconical and coaxial structures are shown in Fig.5.1. These

structures are considered as radial waveguides, since they are capable of supporting

waves traveling along the radial direction.

Using the method of separation of variabies, the solutions of the Hetmholtz equa-

tions can be obtained in the spherical coordinate system. By the superposition princi-

ple, the fields can be constructed. from two pafts, one TM to r and the other TE to r.
The magnetic and electric potentials are thus defined as:

Amv¡ = Rr,(kr) [ Pfr (cosO) ofr (cosOù - pl,(cos0) off (cosO) fei*Q (5.1)

Fmv¡ =Ru,(kr) t pfr (coso rY+P - eç,1"ore¡{iÍos2 fei*Þ 62)

for the TM and ?E modes, respectively, where P and. Q arc the first and second kinds

of associated Legendre functions, m = 0,I,2,... and Ru- represents the solution of the

separated radial equation which is a linear combination of the spherical Bessel func-

tions and satisfies the boundary conditions [52].

By imposing the boundary conditions, i.e., the tangential components of the elec-

tric fields that vanish on the perfectly conducting cones ( 0=01 and 0=02 ), the charac-

teristic equations for the modes TM and,TE to the radial direction become
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(c)

Fig.5.1 The biconical and coaxial structures

(a). Biconical

(b). Coaxial

(c). The mimor image synunetríc structure (02= n4t)

@). fhe symmetrtc strucrure (02 = 905

I

l

It
\
\
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and

respectively [51].

5.2.2. Computation of the Eigenvalues v

The solutions for equations 5.3 and 5.4 are obtained by computing accurately the

integer order associated Legendre functions and their derivatives with positive real ar-

gument and degree, using the following trigonometric summations [53]

1

p.,f (cos0)=æ-72*+rlsing;r f(p+v1 t) ; 
(p+1)¿ (vru+l)¿ 

sin[(v+p+2k +1)e] (5.5)
r(v+f) r=o Kt(v+;)k

and

I

o'r (coso)= nT 2v çsinì,u 
f (p+vt 1 ) ; 

(p+ 1 )¿ (v+tt+ 1 )¿ 
cos[(v+p+ zk +Ðe] (5.6)

r(v+|¡ t=o x t{v+})r,

where 0<0<æ and p and v are real.

Since the real trigonometric functions oscillate between -1 and 1 as the argument

increases to infinity, the summation converges if and only if p is less than 1/2. For this

reason' initially, the associated Legendre functions of negative order -m are calculated

and then using the identities [54]

P ( (x )=(- r,,- rlr#+# P ;^ (x )

Qi@)=(-D*wQï@)

the associated Legendre functions of positive order are calculated.

Biconical Microstrip Antennas

Pf; (cosO1) Q( @os9)-PÇ (cos02)0f; (cos0,,=g (s.3)

I t deÇ @osl) I t- dpÇ (cosl) I i dei @osÐ1
Jr=r, I ao Jr=r,- l-- tr--]'o, Lìr tlr*,=Qt'o)

(s.7)

(5.8)

dPÇ (cos9)

d0
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Based on eqns 5.5-5.8, a numerical subroutine is developed for the calculation of
associated Legendre functions and their derivatives of real argument with real degree

and order. By calling the subroutine ZREAL from IMSL (International Mathematical

and Statistics Library), the Muller's method is used to solve eqns 5.3 and,5.4. Their

roots, that is, the degree v's, that lead the characteristic equations 5.3 and 5.4 to be-

come zero, are the eigenvalues of the corresponding eigenfunctions.

Since no mathematical and physical approximations are made, the eigenvalues

found here are accurate, as long as the values of the associated, Legendre functions and

their derivatives are adequately accurate. Unfortunately, no analytical and numerical

data on associated Legendre functions with real degree are found in published litera-

ture. We have compared our calculated data for special cases, such as g=nl2 (argument

x=coso=0), with those calculated from existing exact and analytic expressions for
different values of m and v . They show good agïeement. For m=I, their agreement is

within eight significant figures and as m increases, the agreement improves to 12

significant figures.

5.2.3. Results and Discussion

For the TM modes. it is evident that all integer values of v 's less than m satisfy

eqn'5'3, since both P{ and Qff vanish when n<m 1531. Numerical calculations show

neither fractional roots nor integer roots equal to or larger than m for eqn.5.3. Thus, all

solutions for the nonzero order TM modes are trivial and the ZM modes other than the

zero order modes do not propagate in the structure.

For the IE modes, eigenvalues are shown in Table 5.1 and, Figs 5.2-5.4. A nu-

merical search indicates that for each integer value of m, there is a unique nontrivial

root of eqn.5.4. Again, the integer eigenvalues less than m are trivial solutions. Table

5'1 depicts that for a mi¡ror image symmetric biconical structure shown in Fig.5.lc,

with Â0=60 , a finite number of eigenvalues exists, of which only the fractional ones

(less than m and larger than m-712) ne nontriviai solutions. Fíg.5.2 illustrares thar
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eigenvalues change slowly and approach the order m, as 01 approaches zero. They are

almost constant for 800<01<900 . This means that for very narow angle mirror image

symmetric biconical structures, the field inside the structure is almost independent of 0.

The eigenvalues shown above are valid for the symmetric biconical antennas

(02=n-01).

;\ I 2 3 4

I .61967 0 0 0

I 1.5651 1 0 0

3 2.s468 2 I 0

4 3.s384 3 2 I

Table 5.1: Eigenvalues v for TE modes with Â0=60 and 02=900

Figs 5.3 ancl 4 show that for the asymmetric geometry with a collstant narrow an-

gle between the cones ( À0=60 ), the nontrivial eigenvalues of the TE' modes change

r.rpidly. In Fig.5.3, they decrease from infinity to a value between m-LlT and m as 02

irrcreases fronr 0 to n/2. Fig.5.4 shows that they incrcase from the above indicated

value to infìnity as 02 increases from r,l2 to IE.

5.3. Ì\{odal Field Expressions

The geornerry of the biconical microstrip antenna is shown in Fig.5.5. Since it is

of microstrip type, the angle between the two conducting cones, 40, is very small,

such that b^0<<À , i'e, kvb\g<<l , where &t=o{Pet, co being the angular fretluency'

The antenna can be modeled as a biconic¿rl cavity. It consists of an admittance wall at

the spherical sector, r = b and 01< 0102, and electric walls at two conducting cones,

-89-



:
U)
()
l
o
c
O
.?
LlJ

4.00

5.00

2.OA

1.00

o.00
o.o0 15.00 J0.00

Fig.5.2: Eígenvolues

cnd mírror

structures

45.00 60.00 75.00 90.00
e,

I

v.s. 01for the syrnmetnc

imoge symmetric biconical

of Fig.5.1c

-90-



2

m-4

m-:5

m-2

m-1

loto
É

\7
6a

O3
--.l

"4CA
civ
.9'
Lrl 2

107
B
7
6
5
4

0.00 15.00

F is,5.3:

J0.00 45.00
02

eígenvalues v.s.

for geometry of

60.o0

0 r, where

F is.5.1b,

75.00 90.00

A0 _ 60

o 2 <goo

-91 -



loto
ú

l7
6a(-) 3

:) .L
c)

c3
()
.9Lr2

90.00 105.00 120.00 135.00 150.00

02

Fig.5.4: eigenvolues v.s. 0r, where

for geometry of Fig.5.1b,

165.00

Le _ 6o

02

180.00

-92-



Chapter 5 Biconical Microstrip Antennas

0 = 0r and 02. The electromagnetic field excitation is due to a culrent 19 along the 0

direction and through the center conductor of a coaxial cable at r = d . The current

source can therefore be expressed as

Accorcling to the results shown in the previous section, only the mocles TE to the

radial direction can be excited within the cavity. None of the TM modes is excited.

Thus, only the elcctric potential F. (given by eqn.5.2) exists and the magnetic poten-

tial A, vanishes.

Fig.5.5: The geometry of the biconical microstrip antenna

In tenns of l50l

F=ûrF, (s.10)

the electromagnetic fields inside the cavity are expanded as the following equations

J=ûe¡o P õ(Q)
r" sin0

6æ6

¿, = ä t t #n*,,(kryr)rfr (coso) etb'Q
m4 i=7 p=L'

(5.e)
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Eo= Ë Ë Ë |o^u,&ryr)¡n4 i=l p=I t

æ æ - v;(v;+l)

m=0 i=I p=L J (tJþ

ææækHe=4"',P-#

H 
Q =å 

å Èr#lu¡.R',,*(ktpr) 
ri'(coso) ¿¡hQ

where T( is the 0 dependence function given in eqn.5.2,

dTÇ (cos9)

d0

dT( (cos9)

(s.r2)

(s.13)

(s.1,4)

(s.1s)

(s.16)

(s.17)

(5.18)

(s.1e)

(5.20)

condition

(s.21)

02, the

,jmQ

Hr

R'*u.(kryr)
"imQde

R^u, = Rr*u, = A*u,Tu,(kvÒ 0<r<d,

R^v, = R2^u, = C*u,Tu,(kryr)+D*u,Íu.7kror¡ d<r<b

andTu(k1pr) = kryr iu.(krp) and 7u,(kþr) = kþ yu,(ktor) are the first and second

kinds spherical Bessel functions, and, the prime denotes the derivatives with respect to

the argument. A^u,, C*u. and.D*u. are complex constants to be determined. The time

factor ej'' is assumed and suppressed. throughout the analysis.

The following boundary conditions are imposed

H þ*= -!r^Ea^ (øt r = b)

E g^t = E O*2 or Hrmt = Hr*2 @t r = d)

H þ^, - H qmz= ¡o 44 ¡(O)
d' sin9

(ar r =d)

where Jrn--grr*jb",, is the wall admittance. There is an additional boundary

at the spherical surface of the assumed, cavity with a magnetic wall at r=be

HO=O (at r=b")

For a cavity with a magnetic wall at r = b" and electric walls at 0 = 01 and

characteristic equation can be derived from eqn.5.2l and, is given by
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ï'u çkrb"¡ = g (s.22)

The resonant mode chart of the cavity can be obtained from eqn.5.22. By solving

eqns 5'18 to 5.20, the coefficients in eqns 5.16 and 5.17 are obtained. as follows.

Amy¡ =
Z tI o z^v,zYu,(kVd) - z*v,tTv,(kú)l

2nd (1+õ^) (s.23)

ztl o

zmv;2

z^v¡lv,(kryd)
Znd (1+õ*) zmv,z

(s.24)cmv, =

Z,I N

D*v¡ = -ñËÐTr,çkrod¡

where õ- = 1 for m = 0, ô- = 0 for tn >0,Zr=^,[¡t¡qand.

z*v;t = 7'u,(k rob) + i !r*Z t Íu,çkrob¡

zmv¡2 = 7'r,(k þ b) + i !r*Z t. 7 u,lk rob¡

In the above derivation, the Wronskian of the spherical Bessel functions was used.

In eqns 5.26 and 5-27, the wall admittance should be d,etermined and will be stu-

died in the following secrion.

In this study, only the cases where m>0 are of interest. The summation with
respect to the i in eqns 5.11 to 5.15 will be omitted and. the subscript i of v; will be

replaced by m in the following text, because there is a unique value of v correspond-

ing to each value of m larger than zero.

5.4- wall Admittance of Biconical Microstrip Antennas

As depicted in the previous section, the fields inside the cavity are excited by the

curent along the center conductor of the coaxial cable and, have been given by eqns

(s.2s)

(s.26)

(s.27)
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5'11 to 5.15. The wall admittance of the biconical microstrip antenna is involved in the

constants A^r^, C*u^, and D*r^ and. should be determined to complete the field ex-

pressions. The study of the wall admittance, or impedance, of the biconical microstrip

antenna is presented in this section.

The wall admittance can be defined as [55]

ls mþn = gs mpn * jb, 
^þ,

Pr+jZ or (W^ - W")
(s.28)

1r
f J n" nj d, sos.

where So is the aperture surface ãt r = b and, et<e<02. E" and Ej are the electric

field and its conjugate inside the cavity ãt t, =b; p, w* and. w" are the radiation

power and reactively stored energies in the region outside the cavity. Thus, the fields
inside and outside the cavity are linked by the wall admittance or, sometimes, the wall
impedance.

The fields outside the cavity are excited by the fietds at rhe aperture of the cavity,
i'e', at the spherical sector r = b and 01 < e < 02. Since the antenna is of microstrip

type, i.e., krbLA<J, the aperture electric and magnetic fields may be converted to
magnetic and electric current loops ãt r = b and,O" = (0r + e2)/2. By the equivalence

principle, the fields outsid-e the cavity are uniquely determined by these loops. The

space defined by 0<02 where the current loops lie is divided inro regions I ( r < b )
and II ( r > b ) as shown in Fig.5.6.

For convenience, the electric

d < r < b inside the cavity can be

form>0

potential Fr (given by eqn.5.2) in the region

written in terms of the spherical Hankel function

= Z B*p È{'^) flrror) Ti^(cos0) 
"im\P=0

where fr{') (k*rr)=kowrlt{t)çt*r) is the first kind spherical Hankel function, and.B*
is a complex constant related to the constants c* and. D* and,can be easily obtained

fr,rr,o,o) ]-u_ (s.2e)
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firrm eqns 5.24 and

obtained as

5.25. The electric and magnetic

Biconical Microstrip Antennas

current loops ./q and Mt can be

J q = H,s(krå )ð(0-0" ) (s.30)

and

M q = -E"e(krb )õ(0-0" ) (S.¡ t)

wlrere H"s and Ers ara given by eqns 5.11 and 5.14. f'he outside fìelds of ZE and

T'M modes are incluced by ,f o and M q, respectively.

II

M¡

or I¡

Fig.5.6: The current loops and fields outside the cavity.

Since the biconical structure is of microstrip type, the very nal'row aperture at the

etlge of the spherical sector may be considered as a magnetic spherical wall, sintilar to

nìost first order approximations for the microstrip type antennas. For verification, the

numerical values of the electromagnetic fields at the cavity aperture expressed by eqns

5.11 to 5.14, ue plotted in Fig.5.7. It shows that Es, the 0 component of the electric

lìeld, is largest of the four aperture fields. Its value is ¡rt least hundred times of the

v¿rlues of other tlrree components for 900<02<1650. Thus, the fìelds TM to r, incluced

Itrt
l..o

\
I

I

I
/(€o
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by M þ, make the most contribution to the fields outside the cavity. Other equivalent

currents on the aperture of the cavity arc J s and M s converted by the cavity fietds I1q

and Eq, respectively. The TE and TM modes outside the cavity are also induced, by

these current sources. The contribution to the ZM modes from Eq is insignificant since

Eq is much less than Es, âs shown in Fig.5.7. Hqcan aiso be neglected as an aperture

current source of the ZE modes. The reson is that as stated by eqn.5.18, HQ is the

product of E6 and the wall admittance, and the wall admittance is much smaller than

unity, since the antenna structure is of microstrip type. The very small value of the

equivalent current source .Is converted by the .F1q causes that the coefficient s a^r^ and.

b^u, in the following expressions for the electric f,elds of TE modes in the interior

and exterior regions I and II

["e] _ a*,^Lu,(ksr) jm t
v'{)*,. = -u)-þfì rir,> ffi PffGoso)ei*Q

f "i I 
a*uoLun(kor) | dPi,(cos o) :* 

^lt,l)^,, = ø*,^'íf;) {t sr) ; -tÁ-t'^u
are much less than the coefficients cp" and du^ (will study in detail later). Therefore,

only the TM modes are considered and only M q is taken as their source for the first

order approximation in the following analysis.

For the TM modes, the fields in both interior region I ( r<b ) and exterior region

II (r>b ) are obtained as follows [53].

lrll c^u,lu"(ksr) r rln

lE!')*u. a*u^Fifi) (kor) 7# Pfr^(cos0)ei*Q (s'32)

luå J c*u^T'u^(kor) jrlo dPff,(cos0) ;*À

lt'J)^u^ = - d*u'^fr :frrroor) ; -:ig erms

frú I c*u^T'u.(kor) m\c

l;il--^ = åu^o'f?&.r) ,'rt# Pft.(cos')ei*Q

(s.33)
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Pff^ (cos 1¡ei*Q (s.3s)

dPff^ (cos 0)

"imQde

jm
r sinO

c*¡r^7 u^(k gr)

a^u^fr fr) {tror)

c*¡,,,J ¡¡,(kgr) 1

d*u,fr f,) (kor) ;
where ns={¡rs/eg and p, are the roots of

Pff(cos0) = 0 |þ37)

to satisfy the tangential electric fields vanishing at 0 = 02. The mode chart, the rela-

tionship between p, and 02, is shown in Fig.5.g for n = 1 to 3 when m = r.

For m ) 0,Ee at r = b must be discontinuous by an amount equal to the surface

current density M q 152J, i.e.,

EI{ - EIe = Mq

(s.36)

(s.38)

(s.40)

(5.41)

Applying the 'Wronskian of the spherical Bessel functions and the orthogonality rela-

tionship of the associated Legendre functions to eqn.5.3g, we obtain

d^u-=-i *TP'(kob)rdPiilcoso)- æ ì,LtLn n; *i, ,--*-le+"ÐB^pn{!^) flr^ob) Tç^(cos0") (5.39)

and

E ft> troø>
c*þ^ = Íu{kob¡ o*u^

where

* i^ =w#f,,", 3lË r."'2 g+=q 
],=,,,u=u.

is the normalization factor of the orthogonal associated Legendre functions.

The far fields ( at the region 0>02 and r > b ), for the TM modes,

tained as
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and

E r^u, = -i',*r tI^ u^no|! 
¿P i,rf'Uot a) 

"i* 
o

Biconical Microstrip Antennas

(s.42)

(s.43)

(s.44)

(s.4s)

The radiation power and the stored energies per cycle can be obtained by the following
integrations

E þ*t ^= 
iþ'* d*F¡rrty Pl^ @oso) 

"i*Qr smu

",=+J E,.Eids

where S- is a spherical sector atr = oo,0(02 and 0 <þ <Zn.

*" = oe 
fJ "'"'. 

o, * 
J,,n" 

r'". d,f

w^ = * [t HI.H/* av + J *,r1, arf+ 
Lr' vil

dpi_ cos(0)l-T rfr(coso)J&e"
br *un= t *t

Using the Wronskian of the spherical Bessel functions, the orthogonality relationship

of the associated Legendre functions and the radiation conditions at infinity, the real
part of the wall admittance is obtained in a closed form as

g, *p^= l-mz

dPft_ cos(O)| * rfr (cos0)ì&e"

NI, Ni I lw,(kob) iu,{kob) (5.47)

and the imaginary part is

(s.46)

| Tp,(kob) Í u,{kob) (5.48)

where
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(s.4e)

some calculated values of g, *¡r^ and,b, mpo ãîe, shown in Figs 5.g-5.r4 for some

selected geometries. In Figs 5.11-5.14, g, mp.^ àÍtd.b* þ, are plotted against the rela-

tive length of the cone cap bllt for 0z=900 ,1200 J350 and 1500. For all selected

values of 02, when n, the order of the radiation mode, increases, both g" m¡t^ dfld.

b, *uo decrease. But, g" *¡t^ decreases much faster than å" *p,. The convergences of

8s m¡to and b* þn Ta shown in Figs 5.lla-5.I4a for the above cases. From these

figures, one can see that g s 
^¡t ^ 

is converged" very fast. The summation of the first two

or three terms is almost the same as that of the first nine tenns. Therefore, for the

calculating of g, 
^¡r.,, 

only three terms are needed. But, the convergence of b, *u" is

slow, and becomes serious, as 02, the cone angle, increases. For computitr¡ b, 
^rr,,

therefore, at least seven terms are needed.

5.5. rnput rmpedance, Bandwidth and Radiation patterns

The input impedance is calculated from an equivalent parallel resonant network as

shown in Fig.3.2, which is the network model over a narrowband for the isolated

TM tt mode. The resistive and reactive pafis are determined by the radiation power,

dielectric and conducror losses and the stored energies t411. It is given by

.7
Lin -

lw*
2

P,Ðj ø(W"-W^) (s.s0)

where V is the voltage crossing the patch and ground plane 4t r = d calc¡¿ated from

NT- = 
va(v^:I) 

[sing Tf;(cosg) 
â2zl(cosO) 

's,
" !^ Zv^+l ' A0 Au lot'V=V-

-101 -



105

105

100

1o-1

F is.5.

105.00 120.00

7: EM fields ot

Where L0 _
r--E- Lo 

'
t-L-ìZf- " ç '

135.00 150.00 165.00 180.00
02

the covity operture of r - b,

60ondm_1
+<- Hr, b_3.0354 cnl

-r02-

Hr, Er_ 2,52



6.00

5.00

1.00

0.00

1

2

3

An
nn
Xn

6.O0

5.00

4.O0

5.00

2.OO

1.00

0.00

4.00
c
E

--t

U)o 3.00
f
a
c
q)
CD

; 2.00

90.00 105.00 120.oo 135.00 150.00 165.00
e2

Fí9.5.8: Mode chort, the relotíonship between ltrn,n

ond 02 of Fi9.5.6, Where m _ 1.

180.00

-103-



c
E
a

(J-r

<t-i ,
U
ç:
o

-l-J
(.)
:l

fJt
(-!

C)
L)

-(]
a)

ëz
U
t:
L-
oz

5

6.00

5.00

4.O0

1_00

0.00

c
E
UI

_o

o)
Oc
(f

4J
(f-
()
O
U)
]f
U)

E
a)

.N
õ
E
L
o
z.

.00

002.

0,40

--0.50

.-1,40

--2.30

--3.20

--5.0090.00 105.00 120.0o 1J5.00

02
Fig.5.9: Normolízed woil conductonces ond

for kob _ 7r, m _ 1 ond L0 __ 6o

150.00 165.00 180.00

suscept onces

A Conductonce

tr Susceptonce

-104-



0.90

0.00

0.00

-0.50

.-1.00

-1.50

--2.OO

--2.50

150.00 165.00
+--J.00
180.00

90.00 105.00 120.oo

F í9.5.10: Normolized

forkob_

c
E
v,o

o)
oc
o

4J
o_
O
O
U)
fa
\l
(.)

.N
õ
E
t-
o
Z.

A

!

|J5.00
e2

woll conductonces on

tr /2, m -1 ond Le _

conductonce

susceptonce

susceptonce s

60

-10s-



6.50

E
u'l

C¡

ai 5.20
(J
(-:
(]

+J
()
:)-u J.90
C
o
()

-c)
()
.! 2.60
o
E
t_
o

-2.
1.J0

7.BO

0.00

0.00

-0.85

--1.70

--2.55

--5.40

--4.25

-5.10

E
v,

_o

e)()
f:(f

-f.)

o_
O
O
U)
Ð
U)

-o
(l)

.!
o
E
l-
o
z.

0.00 0.20 0.J0
b/^

0.40 0.50 0.60

fi9.5.11: Normolized woll conductonces

for 02: 9Oo, m - l cnd Le

A conductonce

n susceptonce

ond susceptonces

-60

n:2

-106-



7.80

6.50

1.30

0.00
0

N:1
N:3 ond 7

0.00

-1.75

- J.50

-5.25

-7.OO

-8.75

-10.50

m-1
ø

ct)

3 s.zo
c
o
O
f
E ¡.so
o
o
!
o
N'- 2.60o
E\-
oz

1, N:1
2, N:2
3, N: J

4, N:4
5,N:5
6,N:6
7, N : 7

0.10

UI

-o
ai'
O
c
o
o_
(¡)
(J
U)
f
U)

1J
q)

.N
õ
E
L-
oz

3

4

5
6
7

o.20 0.50 0.40
b/^

Fig.5.11o: Convergence of the woll conductonce ond

susceptonce for ez: 9Oo, N is the totcl
number terms selected ond L0 _ 60

Normolized conductonce

Normolized susceptonce

00 o.50 0.60

A

n

-107-



c
E
vt

_o

a.)
oc
o

-l)
o_
o
O
U)
f
U)

!
(I)

.T
o
E
L.
o
z.

4.25
c
E
U'

cfl

c.: ¡.+o
Oc
o.+)
O
f
! r ,iri
l_ L.ve

o
O

-o
q.J

è 1.7o
o
E
t_
o
z.

5.10

0.85

0.00

0.70

-0.00

-o.70

-1.40

-2.10

2.80

0.30 0.40
b/^

woll conductonces ond susceptonces

,for 02_ 12Oo ond m _ 1 ,

conductonce

suscep tonce

0.00 0.10

F t9.5.12:

0.20

A

!

0.50

N or moliz e d

by I po/ro

-108-



7.20

6.00

1.20

0.00
0

o,

b,

c,

N

N

N

1

2

3

m

0.80

-0.60

-2.OO

-J.40

-4.80

-6.20

-7.60

tn
ctt

3 +.so
c
o

-aJ
C)
:l
E ¡.oo
o
U

!
q)
N'- 2.40o
E
L-
o
z.

1,

2,
3,

4,

5,

6,

7,

B,

9,

5
6

á
g

N:1
N:2
N:3
N:4
N:5
N:6
N:7
N:8
N:9

ã
_o

a)()
c
o
+
o_
O
Oa.
:J
Ø

!
a).!
E
E
L-
o
z.

o.20 0.30 0.40
b/^

fig.5.12c: Convergence of the woll conductonce ond

susceptcnce for 0z: 12Oo, N is the totol
number terms selected ond L0 _ 6o

Normolízed conductonce

Normolized susceptonce

.00 0.10 o.50 0.60

A

u

-109-



c
E
U1

_o

()
Oc
o

-P
o_
a)
O
U)
:l
U)

!
CI

.!
o
E
L-
o
z.

c
E
Ø

orl

-2.40
a)
O
c
o

-+J
O:l 1.90!c
o
C)

-o

.Ë 1.2o

o
E
l'_
oz 0.60

3_00

0.00

0.66

0.00

-0.66

-1.32

-1.98

-2.64
0.00 0.10 o-20 0.J0

b/^
Fi9.5.13: Normolized woll conductonces o susceptonces

bY ',/ lro/to, for 02_ 1J5o ond m _ 1 ,

A conductonce

tl susceptonce

0.40 0.50 0.€i0

- 110 -



6.12

5.10

1.O2

0.00

1

c

b

1.33

0.00

-1.33

-3.99

-ti.32

-6.65

ã
cfl

3 +.oe
c
o

-P
O
:l

E ¡.oo
o
U

!
qJ

N'- 2.O4o
C
tr
L-
o
z.

1,

2,
3,

4,
5,

6,

7,

B,
o

5

6

á
I

N:1
N=2
N:3
N:4
N:5
N:6
N:7
N:B
N:g

ão
(,)
Uc
o

.P
o_
a)
O
U)
:l'a
!
a)

.N
E
E
L-
o
z,

0.50
b/^

Fig.5.13o: Convergence of the Woll conductonce ond

susceptonce for e2 = 1350, N is the totol
number terms selected ond L0 _ 6o

Normolized conductonce

Normolized susceptcnce

0_o0 0.10 o.20 0.40 0.50 0.60

A

¡

- 111-



c
E
vl

-o

a)
Oc
o

4J

o_
O
O
U)
f
U)

!
O
N

o
E
\-
o
z.

2.25

c
E
v)

cn

d- 1.80
Oc
o

¿J

o
--t
õ 1.J5
c
o
U

!
(.)

.! 0.90
E
E
\-
o
z.

o.45

2.70

0.00

1.00

0.50

0.00

-0.50

-1.00

-1.50

-2.000.00 0.10

F i9.5.14: Normolized

by ,,/ lto€o ,

A

n

0.50 0,60

su sceptonces

m:1,

o.20 0.50
b/^

0.40

woll conductonces o

for 0^_ 1500 ond
¿

conduc tonce

susceptcnce

-lr2-



4.7 4

5.95

o.79

0.00
0

o,

b,

c,
d, ond

:
I

1

1

2

3

4

m

N

N

N

N

1-11
1

d
c

ã
cfl

3 :.roc
o

-P
O
l

9n.-
L Z.Jf
o
o
-o
o
N
(J

E
t-
o
z,

1,

2,
3,

4,

5,

6,

7,

B,

9,

5

6

á
I

N:1
N:2
N:3
N:4
N:5
N:6
N:7
N:B
N:g

-0.00

--1.11

-2.22

- 3.53

-4.44

-5.55

ln
_o

q)
()
c
o.P
o_
q)
o
U)
l
U)

-(f
()
.!
(f
E\-
oz

0.30
b/^

Fig.5.14o: convergence of the woll conductonce ond

susceptonce f or 0z = 1500, N is the totol
number terms selected ond A0 _ 60

Normolized conductonce

Normolized susceptcnce

.o0 0.10 o-20 o.40 0.50 o.60

A

D

- i13 -



Chapter 5 Biconical Microstrip Antennas

dz, (s.51)

and W" and

given by

W^ are the stored magnetic energies per cycle, respectively,

w" - lJ n.n" a, ,4 v

w* = \J ru.u. a, ,4u

where the electromagneric fields E and, H are given by eqns 5.i1-5.15.

P, is the total lost power as

P, = Pro¿+P¿+P¡

where

p¿=Z coI42, tanô

,,=1f**
and tan E is the loss tangent of the d.ielectric, and r" = (np,of )U2.

The bandwidth is deterrnined, in terms of the e factor and maximum

VSWR and is defined as

d
Iv=JE,
0

electric and

where

BW = VSWR-I

Q ,IVSWR

2aW^
Pt

Using the formulations developed in this section, the near f,eld characteristics are

calculated for some selected geometries.

(5.s2)

(s.s3)

(s.s4)

(s.s5)

(s.s6)

allowable

(s.s7)

(s.s8)
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Chapter 5 Biconical Microstrip Antennas

Table 5.2 lists the resonance frequency, bandwidth and. input resistance at reso-

nance for two pairs of conical microstrip antennas with substrate dielectric constants

7.0 and 2.52. The data listed in the first and the third rows of this table are the calcu-

lated results for Â0 = 60 (02 = 900 and 01 = 840). The data shown in the fourth row

are taken from a roughly made antenna model. The conducting cone of this antenna

model was made of copper strips with conducting glue and laid on a cone shape

dielectric substrate.

The data shown in this table illustrate good agreement between the calculated and

measured resonance frequencies and input resistance at resonance. The calculated reso-

nance frequency for the air dielectric case also agrees with the measured one from

t381. In [38] the measured data for the wider angles (0t = 720 and 750) were raken on

the thick subsffate of h = 0.1Às. The theoretical analysis of this dissertation is not

valid for the wide angles (i.e., cannot satisfy the condition: k1b\0=kth<l), which

corresponds to the case of thick substrate in i381. The large difference on the

bandwidth between the calculated and measured data may be partly due to rough con-

struction of the antenna model. The unsmooth cone surface and poor connection

between the conducting cone and the substrate reduce the radiation power, and hence

decrease the cavity power loss significantly. Their effect on the ohmic loss also in-

creases, but this increase is much less than the decrease of the radiation loss. The

reduction of the total cavity power loss causes the reduction of the measured

bandwidth. The approximation in the calculation of the wall admittance is another rea-

son for the disagreement in the bandwidth. The omitted contribution to the radiation

from the TE modes outside the cavity may cause errors in the analytical value of the

bandwidth. Aiso, the effect of the dielectric substrate on the radiarion is omitted in the

derivation of the wall conductance. Although this effect is insignif,cant, it increases the

calculated bandwidth. For more accurate analysis, this effect and the contribution to

the radiation from the TE modes should be included, in the further research work.
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Chapter 5 Biconical Microstrip Antennas

01(degree) f ,(GHz) BW(Eo) R¿" (o) Er b (cm)

84

85(a)

84

84(b)

5.4728rr
5.46

2.073825
2.06

4.25299

2.48893
1.75

57.t468

4 .2955

45.687

1.0

1.0

2.52

2.52

1.861

1.861

3.0354
3.0354

Table 5.2: Near field characteristics of conical microstrip antennas (02400)
(a) measured data from [38], (b) measured data by author.

Table 5.3 illustrates the data calculated by the formulation in Chapter 3, for simi-

lar sizes conventional circular patch microstrip antennas. Two pairs of substrate height

and the radius are chosen to ensure that the sizes of the circular patch are similar to

those of conical microstrip antennas in Table 5.2. The radii of the circular patch are

obtained by projecting the cone arm length b on the ground, plane that equals

å cos Â0. Thus, the height of the substrate is h = å sinA0.

h(mm) f ,(GHz) BW(Vo) R¿" (o) Er b (cm)

1.5875

3.175

3.175

1.5875

4.249669

3.989081

t.727729

r.766738

2.78627

4.78019

t.77058
0.99157

49.5641

49.5755

49.s065

49.2977

1.0

1.0

2.52

2.52

1.85

1.85

3.0188

3.0188

Table 5.3: Near field characteristics of ordinary circular patch antennas
similar in size to the antennas in Table 5.2.

Comparing the data shown in Tables 5.2 and 5.3, one can conclude that the coni-

cal microstrip antenna has a wider bandwidth. The antenna sizes in the first and the

third rows of both tables are considered to be similar to each other. The bandwidths of

these two conical microstrip antennas are at least 50 7o latger than those of the circular

ones. This increase in the bandwidth of the narrow angle conical microstrip antenna is

less than twice the bandwidth of ordinary patches for the wide angle conical ones as

indicated in [38]. However, the improvement in the bandwidth of the na1¡ow angle

conical microstrip antennas is stitl signifrcant.

Table 5.4 illustrates the resonance frequencies, bandwidths and. input resistances

at resonance for 0z=900, 1200, 1350 and 1500 with the same cap length of
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Chapter 5 Biconical Microstrip Antennas

b = 3.0354cm, d = I.06cm and e, = 2.52. For all these geometries, the bandwidths

of the biconical microstrip antennas are wider than the bandwidth of the circular patch

antenna shown in the third row of Table 5.3.

02(degree) f ,(GHz) BW (7o) R*(A) V kb

90

t20
135

150

2.073835

2.1,85729

2.383275

2.725913

2.48893

3.44549
4.52339

3.50199

45.2955

14.8008

10.3904

11.4037

0.619171

o.729252

093656s
r.465652

2.09435

2.20735

2.40685

2.75288

Table 5.4: Near field characteristics of biconical microstrip antennas for A0=60.

The radiation patterns can be obtained from eqns 5.42 and 5.43. The calculated

radiation patterns are shown in Figs 5.15-5.18, for the same geometries as those listed

in Table 5.4. As expected, for m = 1 the maximum radiation is at 0 = 00. This is an

important difference from the wraparound conformal microstrip antennas. The radia-

tion in the broadside suggests that these anrennas can be applied to rhe tip of high

speed vehicles when the forward looking capability is needed. The high sidelobe ap-

pears along the grounded cone for all selected values of 02. As 02 increases, the

sidelobe level decreases and the null position (at 0=450 for 0r=p60) moves closer to

the z axis. Also, as 02 increases, the contribution of higher order modes to the radia-

tion power increases. At 0r=1560, the contribution of the second mode is almost equals

to that of the dominant mode. Thus, for the large values of 02, one must take more ra-

diation modes, in the calculation, to ensure the accuracy of the results.

Table 5.5 shows the calculated directivity of the biconical microstrip antennas for
the selected values of 02 as in Table 5.4 . Their directivity is higher than that of simi-

lar size conventional circular patch antennas as shown in the third row of Table 5.3.

The characteristics of biconical microstrip antennas depicted in this section show

that they are excellent substitutes for wraparound conformal microstrip antennas. Also,

it is shown that the conical microstrip antenna, the special case of the biconical anten-

nas, is an excellent alternative for the circular patch microstrip antenna.
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Chapter 5 Biconical Microstrip Antennas

Table 5.5: Far field characteristics of biconical microstrip antennas.

5.6. Summary

A new type of conformal microstrip antenna, the biconical microstrip antenna,

was proposed in this chapter. The theoretical analysis of these antennas was based on

the modal expansion method, in which the electromagnetic fields inside the cavity

were expanded in terms of the existing spherical wave eigenfunctions, i.e., the cavity

modes. The investigation of the eigenvalues of the Q dependent spherical wave func-

tions for biconical microstrip structures showed. that the only existing cavity modes are

ZE modes and for each nonzero order (m>0), there is an unique degree v. To match

the fields between the cavity and free space, the wall admittance at the aperture was

studied in this chapter. In a closed form, the expressions of the wall admitrance were

obtained to complete the modal expansion for the biconical microstrip antennas. The

characteristics of biconical microstrip antennas were illustrated. for some selected

geometries. The analysis shows that they can provide wider band.width, higher gain

and the ability of forward radiation. Their superior performances suggest that they

could be very useful antennas in many applications, especially, when the forward radi-

ation is necessary. Their main disadvarúage is in the difficulty of their fabrication.

02(degree) kh dir (dB ) Vil l-l.r r lLn Fr¡
90

t20
135

150

2.09435

2.20735

2.40685
2.75288

8.82446

9.2995s

9.86992
1.0.42490

0.619t71
0.729252

0.936s6s
r.46565

2.O

t.42412

t.24508
1.1565

4.0 I 6.0

2.s0434 I q.zssrt
2.s4ilss I ¡.sosro
2.277s7 I Z.qStAA
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Chapter 6
Summary and Further Work

6.1,. Summary

Some new types of microstrip antennas were proposed in this dissertation. They

were concentrically shorted circular patch microstrip antennas, annular ring patch mi-

crostrip antennas shorted at the outer periphery and biconical microstrip antennas. The

modal expansion method was used to analyze their characteristics.

The analysis of concentrically shorted circular patch microstrip antennas showed

that they are useful antennas with higher gain, improved band.wid.th and controllable

input impedance values. Their geometry and flexible characteristics provide the anten-

na designer with adequate parameters for controlling their electrical performance

parameters to meet different design specifications.

The good agreement between the analytical and experimental results of the cen-

trally shorted circular patch antennas shows that the modal expansion method was a

powerful technique for investigating symmetric resonant structures. The method was,

therefore, applied to analyze the annular ring microsrrip antenna shorted at the outer

periphery and the biconical microstrip antenna.

The study of annular patch microstrip antennas shorted at the outer periphery il-
lustrated that they can provide a wider range of gain, symmetric principal plane pat-

terns and varying input impedance values. Their superior features, when operating at

the dominant TM ¡ mode, remedy the poor performance of the conventional annular

ring patch microstrip antennas operating at the TM t mode. Their flexible characteris-
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Chapter 6 Summary and Further Work

tics give the antenna designer ample opportunity to conffol their electrical performance

parameters to satisfy the requirements of different applications.

The investigation of the biconical structures illustrared. that only the TE modes

with nonzero order, which is of interest, can be excited in the structure, and for each

mode, a unique eigenvalue v exists. The antenna was then modeled as a biconical cav-

ity bounded by a finite admittance wall at the spherical surface of its edge. The fields

inside the cavity were expanded in terms of the existing cavity modes, i.e., the radial

ZE modes. Their wall admittance was also studied. By applying the equivalence prin-

ciple to the aperture of the cavity, the fields inside and outside the cavity were linked

and the wall admittance was obtained by the radiation poïver and. the energies reactive-

ly stored outside the cavity. Their calculated cha¡acteristics were shown for a few

selected geometries. The analysis showed that they are excellent substitutes for the so

called wraparound conformal microstrip antenna. Also, it was shown that the conical

microstrip antenna, the special case of the biconical ones, is an excellent alternative for

the circular patch microstrip antenna.

V/ith their superior and unique properties, the antennas proposed in this disserta-

tion enlarge the already large microstrip antenna family and extend, their use to new

applications.

6.2. Recommendation for Further Research Work

A few valuable and interesting problems may be generated. from this d.issertation.

In the case of annular ring patch microstrip antennas shorted at the outer peri-

phery, the effect of the fringing field at the inner radiating ring may be more delicated-

ly studied further either by analytical or numerical methods.
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Chapter 6 Summary and Further Work

For more accurate analysis of the biconical microstrip antenna, the wall admit-

tance of such structure should be studied as exactly as possible. First, an effort should

be made to take all fields outside the cavity into account, i.e., the TE modes should be

included in the study of the wall admittance or impedance. Second, the wall admit-

tance may be determined more accurately by an attempt to include the effect of the

grounded dielectric substrate in the analysis.

Another interesting research topic arising from these new conformal microstrip

antennas is the investigation of their variants, such as the ring shape conical and bicon-

ical microstrip antennas. Also, the investigation of introducing shorts at the inner or

outer periphery of the ring shape conical and biconical microstrip antennas can be an

interesting project. One can expect, desirable features may be obtained from the intro-

duction of these shorts.
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