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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 modification of the radius of the centrally shorted post or outerly shorted 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 TE 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 properties, 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 desir-

able performances for practical applications.
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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-
patibility of microstrip antennas with integrated electronics, together with their easé of
fabrication and low cost, they have been widely used as radiating 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-
strumentation 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.
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Although their advantages are evident, this new generation of antennas has funda-
mental limitations in the electronic properties, compared with the traditional mi-
crowave antennas, such as reflector antennas. Since microstrip antennas are inherently
resonant structures and electrically 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 first 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 [4]. Other research attempts 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 addition to the 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.
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1.2. The Statement of the Problem

The research is initially concentrated 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 dimensions
are determined by the wavelength in the substrate and the order of their resonant
modes. The antenna designer therefore has a limited flexibility 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 performance parameters of the
antenna. For single circular patch antennas, a convenient parameter 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 pattern 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 microstrip antenna. 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

S
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around the cylindrical 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 microstrip antenna, that is, when the grounded cone be-
comes a plane ( the angle of the grounded cone becomes 90° ), and the antenna
geometry becomes a planar configuration again. The conical patch microstrip antennas
offer certain superior performances vin bandwidth and efficiency [12], 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.
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1.3. The Analytic Methods Used in This Dissertation

Numerous techniques have been proposed to analyze various microstrip antennas
with differing degrees of accuracy and flexibility. They can be classified into two

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) [15,16,17]. By means of this method, 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 analyzing microstrip antennas with numeri-
cal methods lies in finding either the integral or differential equations 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 [18]. The

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

~5-
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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 fields interior and exterior to the cavi-

ty. The study of the wall admittance or impedance was illustrated in [19].
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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 development of improved
theoretical models and photo-etching techniques. 'But, this increased utilization depend-
ed on progressive improvement and commercial availability of copper or gold-clad
dielectric 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 microstrip 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 constant
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should be low. The radiating element, which is a printed conductor of copper or gold,

can assume virtually any shape or geometry [22,12].

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 production;
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, essentially 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 mm-wave frequencies, mechanical tolerances are likely to be a
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key factor, which leads to fabrication difficulties.

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 still increasing. Some
notable system applications for which microstrip antennas have been developed include
[22]:

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.
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2.4. Methods of Analyzing Microstrip Antennas

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 rectangular 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 type,
which are transverse magnetic fields and the TM; 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 —
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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 suitability 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, first the circular and rectangular patches, and then triangular, ellipse,

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

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 ;, mode, the antenna bandwidth increases to almost twice that of a

circular patch antenna [22,23,26].

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 conformally mounted microstrip antennas
to be treated as a planar structure is satisfactory when % ( thickness of the substrate )
is small compared to the surface curvature, and is excellent when considering 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 equations 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 element method 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
[16]. They produced reasonably 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 currents were
determined by solving Richmond’s reaction formula and the dielectric 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 fields 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 [28], except
that he utilized the rigorous grounded dielectric slab Green’s function and that his

results were more accurate 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 commonly 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 expansioh 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 [32,33] that
are only applicable to surface currents which are on the interior sides of both the patch
and the associated ground plane. For an accurate study from radiation of microstrip an-
tennas, however, a precise knowledge of the surface currents 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 2 moment method technique, in which, applying
the equivalence principle to the divided regions, the field distributions on both sides of
the entire intersurface 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 disadvantage 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 [35,36,37]. Sometimes, it is referred to as the spectral domain method.
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T. Itoh and W. Menzel [35] modeled the microstrip structures as transmission
lines with a short circuit at one terminal and a current 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 conditions 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" [12], 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 [12], 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 R1 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 = 0
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In region R2 (above the line A’B’ in Fig.2.1b) of the resonant structure, therefore, the
radial field E, exists, having zero magnitude at z = 0 ( along the line A’B’ ) and
E,cosy at z = r cosy ( along the conducting edge OB" ) as boundary conditions and
varying uniformly in the z direction as the first approximation. The presence of £, in
region R2 induces H, and hence E, which must exist, in addition to the existing fields

E,, H, and H, as extra internal fields.

In their analysis, this antenna is treated as a planar unit. The perturbational tech-
nique is successfully used to modify the cavity-mode expansion modeling for the fields
in the slightly depressed region. It is found that the bandwidth of the antenna is twice
that of a circular patch antenna, when the cone angle ( y ) equals 859 . This is a
significant improvement for microstrip antennas. Also, the radiation efficiency is im-
proved due to the enhancement of the fringing field at the radiating periphery by a

slight depression of the circular patch conically into the substrate.

Az
. z
concally depressed conducting wall ] G - __{
pmgh antennao 8
n h RN
r a cot lﬁ
z ?’ ‘l /j d
[
v &0
"{—- I T ] [ i ] . J %_
a cot p ” L xl :lm, '} dietectric S h-a cot ¥
? i 'inI-ﬁelcctric N
“ vilifaeasineraa il 7/ 77
ground plane ground plane

a

Fig.2.1 Conically depressed circular patch microstrip antenna

a . Conically depressed microstrip circular patch antenna

b . Vertically cut cross section of conically depressed patch antenna
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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 TE,; mode resonance frequencies for different
conical angles and dielectric constants. Although, their results are compared with the
experimental data, their theoretical estimation seems 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), the above technique is invalid
and the structures are no longer planar. Therefore, the fields under the conical patch
structures must be solved exactly in the spherical coordinate system and expanded in

terms of spherical wave eigenfunctions as depicted in Chapter 5.
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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 performance parameters of the antenna. For single patch
antennas, a convenient parameter to alter 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 characteristics.

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 minimize 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
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the patch edge. The effects of the dielectric substrate 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 A<h , i.e, kih<l , and k= Ue; , o 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 current [ o along the z direction and
through the center conductor of a coaxial cable at » =d . The current source can

therefore be expressed as

J=£1, 3 =D 54, 3.1)

7

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 TE modes can be excited
since they vary along the z direction [39]. The field distribution of the TM modes can

be represented by the following equations [17],

E, = 3£, (k) cos no 3.2)
n=0
- 5 ;
H, = o ,Eo nf,lkir)sinnd 3.3)
Hy="% S ¢ (k) cos no (3.4)
o] oL = n\*1 .
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where

In =Fn1= A0, (kyr 4B, Y, (k1) a<r<d

In =Fn2=CyJyk1r 4D, Y, (kir) d<r<b (3.5)
J, 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, , B, , C, and D, are constants to be determined.

The ¢ 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 e/ is assumed and

suppressed throughout the analysis.

The following boundary conditions are imposed

E,=0 (at r=a) 3.6)

H(bn: -ysnEzn (at r = b) (37)

E,1=E;, or H, =H, (at r=4d) (3.8)
153(9)

H(])l - H¢2 = 4 (al‘ r = d) (3.9)

where yg, =g, +jbg, is the wall admittance. There is an additional boundary condition

at the periphery of the assumed cavity with a magnetic wall at r=b,
Hy=0 (at r =b,) (3.10)

For a cavity with a magnetic wall at r = 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
Joka) Y (kb)) =Y, (ka)J , (kib,) (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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Jouly Y, (ka) [z, Y, (k1d) — z,1J, (k1d)]

n = T (145,) I, (3.12)
Jouly J,(k1a) [z, Y, (kyd) = 2,1, (1d)]
"= 2 aes,) I, (3.13)
nT T zj(oljilgj ) zn;nOn (3.14)
O Z,7 O
n = 21(1:%:) jn - (3.15)
where §,=1 forn =0,8,=0forn >0, and
2y =Y (kb )] ¥, Z1 Y, (k1b) (3.16)
Zpo =J kD] ¥, 2y T, (k1b) (3.17)
ly= 2y Jp(k1a) = 2,5 ¥, (k1) (3.18)
0,= Y, (k1d) J, (kra) - T, (k1d) ¥, (k1) (3.19)

and
Z1= N/

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

In eqns 3.12 to 3.19 the wall admittance should be determined. The wall conduc-

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

P

rad

8= 1 (3.20)
5{! EZ ]2d S

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,

F,©)

=0 2
TZiF,©) ©-2D
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where
= /( 1+ 0", (3.22)
and Y is the root of eqn.(3.11) and

Fy©) =1, (k12)Y, (0)-Y, (k1a)T,, (D) (3.23)

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

calculated using the following equation[17]:

— I . 777 . 4

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 [25,40], where the zero order capacitance is given by
(3.25)

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, = Np2—g2 (3.26)

Thus, the parameter A can be calculated using eqn.3.24 by replacing b with b. . The

approximate wall susceptance can now be obtained from eqns 3.21 to 3.23.

The cavity will then resonate when
kb (1+ A2 =y, (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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3.3. Input Impedance and Bandwidth

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

dielectric and conductor losses and stored energies [41]. It is given by

1 s
2VV

Zin = 57
H2j oW, ,-W,,)

(3.28)

where V is the voltage crossing the patch and ground plane at 7 = d and 0=0, calcu-

lated from
d
v=[E a , (3.29)
0

W, and W,, are the stored electric and magnetic energies per cycle, given by

W, = —Z.f EE dv (3.30)
v
w, =2 HH @ (3.31)
4 v
P, is the total lost power as
Pt = Prad+Pd+Pl (3.32)

where P,,;, P; and P; are the radiation power, the dielectric and conductor losses and

given by
P;=20W, tan (3.33)
2o,
P = ; W,, (3.34)
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Fig.3.1: Microstrip circular patch with a central short

n

Fig.3.2: Network model over @ narrowband

for an isolated mode
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where tan & is the loss tangent of the dielectric and ry = (muof )2,

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

VSWR and is defined as [41]

VSWR -1
BW = ————— 3.35
0O VVSWR ( )
where
20W, 336
=" p, (3.36)

3.4. Radiation Fields

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

~jkor ) 3
A(r) = Z‘;—E-e—r—J K(elo!lmrl g4 g (3.37)
and
1 e—jkor iko | r—1 |
F(r)= —— [ M@ryed*o ds’ (3.38)
T r p

where K(r) and M(r) are the surface electric and magnetic currents on the radiation
aperture surrounding the conducting patch, S is the aperture ring with a width %, and

for the distant region
| r=r"| =r"sind cos 0 -0 (3.39)
The electric and magnetic currents are given by
K = A'xHy 0’ (3.40)

and
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M = R xE, £" (3.41)

where H, and E, are the tangential components of the magnetic and electric fields on

the radiation aperture at » = b and £~ is the unit vector normal to the aperture surface.

The electric fields in the far zone can be obtained from
Eez —j OJAe—j kqu) (342)

Therefore, they can be written as

h 2n
Eg= ‘zf;; [1=R™1[ dz" [6do” [jou Hycos@—0")—jkoE, sind] e/sm0 <os0-003 44y
0 0
jk h 2 . . .
Eg= "> [1+R™ [ dz” [bd¢ [ E, sino-9)e/® @) (345
0 0

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

sn+1

Eg, =2 5 b cosnd kb fralkib) 7, (kobsind)
+j kb sin® f 7, 5(k1b) T, (kob sind)] (3.46)
and
gt sinn ¢ . TE
Eon = ok, Cosind Fuolkqb) T, (kb sin®) (14+RTE) (3.47)
e ko

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 currents on the admittance wall. As the inner radius g in-
creases, the contribution of the electric current on the admittance wall increases. It also
increases the patch size and results in the appearance of a sidelobe, which affects both

gain and bandwidth of the antenna.
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The effect of the grounded dielectric substrate are taken into account by the factor
1-R™ for E o and 14+RTE for E o » where R represents the Fresnel reflect coefficients

of a two-layer stratified medium [39].

For determining factors 1-R™™ and 1+R7E the identity

k .
k—’H(@ k,r) %7 g, (3.48)

e 1T
=y 1%

is used in eqn.3.37, where H§» is the second kind of Hankel function and
ky= (kg —kHV2.
In the far zone, i.e., when | r—r"| —eo and z —>oo, the current sheet in eqn.3.37

J(r) =Kx,y) 8(z)

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

tegrals of the form

I, = J—E’- (1 - R™y %2 g@ e | v—r"|) dk, (3.49)
—o0 'YZ
_ T kr ™~ Jjk:2 2) .
Iy=) = @+R™)e HP k, | r—r"|) dk, (3.50)
—co 'VZ
are involved in the calculation of Ag and Aq,, where [38]
2sink, h
1-RTM _ k“ (3.51)
sin kq,h+je, ——cos ki, h
klz
and
2sinkq h
1+RTE = p 1z (3.52)
sin kq, h+j Y cos ki,h
kZ
where
ki, = (k# — k)12 (3.53)
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Using the steepest descent method to calculate 7 and I,, one can show that the dom-

inant contribution to I, and /, comes from the stationary point at

kys = kosin® (3.54)
and
o) KT Ko1”
= _[1 ~ R 1 (3.55)
g/ Kor=ikor’

N

I,= —[1+R .
2 ][ + TE]—I——]——— (356)

These approximate results for ; and I, have already been used to obtain eqns. 3.42
and 3.43. The locations of the singularities, the stationary point and the steepest des-

cent path passing it are shown in Fig.3.3 [42].

Substituting £, by k,, in eqn. 3.51, one can obtain

2sin[(k 2 —k 2 sin20)'2},
1-RTM (ki kg sin0) k] (3.57)

sin[(k £~k & sin%0)Y2h J+j cos[(k £ ~k§ sin?0)V2h ]

(e, —sin’0)1/2

2sin[(k 2 ~k 2 sin20)12},
1+RTE = [y kg sin"0)h ] (3.58)

1/2
8 .__
sin[(k 2 —k & sin20)Y/2h 1+ L—Osg)—cos[(k%-k(% sin%0)2h |

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 fields at 6 = 7/2 , in eqns 3.51 and 3.52, to
become zero. However, only the first surface wave mode may be excited for kjh<A
and in most radiation directions, except for the horizontal direction (0 =m/2), its con-

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

At resonance of TM |y to TM 4 modes the dependence of the outer radius » on
the inner radius @ are shown in Fig.3.4. For the TM ;; mode the relationship is almost
linear and the effect of the rod radius is negligible only when a<A and a<b . But,
as the mode number increases, the effect of @ on » becomes less significant. That is,
only for large values of a , the outer radius b increases with a. This means that for
the dominant TM ;; mode the parameter a can 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 1; and TM,; modes, where the gauss-jacobi quadrature formula
is used to calculate the integral in eqns. 3.30 and 3.31. The antenna dimensions are
b=1.6335¢cm and a=0.6255cm; and the relative permittivity and the thickness of the
substrate are 2.52 and 1.6 mm, respectively. The dielectric loss tangent of the substrate
is 2x1073 and the conductivity of the patch, the inner conducting wall and the ground
plane is assumed to be 5.8x107mho /m. The feed position 4 is 0.85 cm from the patch

center.

The calculated resonant frequencies of the TM; and TM,; modes are 4.0412158
and 5.663978 GHz, respectively, and the measured ones are 4.0275 and 5.6702 GHz,
respectively. Their differences are less than 1% and computed and measured input
resistances show good agreement in Figs 3.5 and 3.6. Letting a approach 0, the calcu-
lated input impedance, resonant frequency and radiation patterns agree 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 [44] 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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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 the 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 1
mode, when the inner radius a is large. Again, the difference in the resonant fre-
quences is less than 1%. The good agreement for both large and small values of a
substantiates the validity of expressions 3.25 and 3.26. These, together with eqn 3.24,
indicate good approximation for the effective radius b, and the wall susceptance b, .
The calculated gain were also verified by the measurement. However, the bandwidth
and the input resistance at resonance show differences of as much as 5%, when the
effect of the probe is omitted. After this effect is taken into account, the calculated

data are improved.

fr (GHz) | Ry, (Q) | Gain(dB) | BW %)

measured 4,1945 55.32 10.1 2.036
calculated® 4.2092 57.812 9.986 2.141
calculated®) 4.1953 54.241 9.978 2.112

Table 3.1. Comparison of the measured and calculated data for the circular
patch with a central short ( b= 2.85 cm, a= 1.91 ecm, h= 1.6 mm
and &,=2.52), (a) without feed probe, (b) with feed probe.

Fig.3.7 shows the computed radiation characteristics of the TM 11> in which the
cross-polarizations are calculated in the ¢=45° plane, which are maximum according to
the third definition of Ludwig [45]. In Figs 3.7a and 3.7b, the outer radius is kept con-
stant at 1.6335 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 are

selected to keep the resonant frequency at 3.7428 GHz and the antennas are excited by
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a probe at the edge of the patch. Again, the directivities and cross polarizations im-
prove when the ratio of b/a 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 @ in-
creases until the side lobe is formed (shown in Fig.3.7c). As the side lobe level in-
creases ( g 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
a increases, the input resistance at resonance decreases to around 50 Q. 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 (em) R;, () D (dB) BW (%) effi.(%)
38.88 0.0383 1.4127 345.533 7.0028 0.7509 95.764
3.363 0.4856 1.6332 100.097 9.4328 1.2634 96.366
2.102 0.9918 2.0853 73.721 12.481 0.8222 95.653
1.761 1.4162 2.4945 63.553 12.2706 0.9912 96.265
1.584 1.8336 2.9039 59.225 10.6945 1.5679 97.413
1.506 2.1087 3.1752 57.610 10.2273 1.8686 97.743

Table 3.2. Ratio of b/a, radii, a and b, input resistance, directivity, bandwidth and
efficiency of a circular patch with a central short at the resonant frequency
of 3.7428 GHz for the TM ; mode with d = b, €,= 2.52 and /#=1.585 mm

As shown in Fig.3.8, the direction of maximum radiation for the TM,; mode is
no longer at 6 = 0 and shifts towards the horizon as a decreases. The outer radius is
kept at 1.6335 cm and the feed is at the antenna edge. The radiation properties 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 11

mode v.s. the substrate thickness ( €,= 2.52 ) and dielectric permittivity ( 2 = 1.6 mm
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), 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 permittivity increases. Also, the antenna radiation efficiency increases slowly
as the thickness increases and drops by about 20 % as the relative permittivity in-

creases from 1 to 10.

The calculated input resistance and resonant frequency v.s. the feed position d are
shown in Fig.3.10 for the TM {; and TM ,; 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 rapidly. 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 illustrate 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 11 and TM 5,
modes, respectively, for 5=1.6335cm. The antenna is fed at the edge of the patch. As
shown in Fig.11a, both the directivity and the bandwidth of the TM 11 mode increase
steadily for a/b larger than 0.15. But, for the TM 21 mode, as shown in Fig.3.12a, the
directivity and the bandwidth increase significantly, only when a/b is larger than 0.3.
In Fig.3.11a, the maximum radiation direction shifts from the ¢=0° plane to the ¢=45°
plane, around a/b = 0.57 . These phenomena are due to the fact that, as a increases,
the patch size increases and results in the appearance of the sidelobe, and leads to the
directivity going down as b/a is larger than 0.65. This means that for the dominant
TM ; mode the parameter a can 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 3.12b, for both TM; and TM ,, modes, as the inner
radius a increases, the resonance frequency increases rapidly. The input resistance
remains high and almost constant as a/b is less than about 0.4 , and then decreases ra-
pidly as a/b becomes greater than 0.45. A very notable phenomenon illustrated in

Fig.11b is that the input resistance becomes 50 Q at a/b around 0.692 for the feed
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point at the edge. This means that, by choosing a/b=0.692 one can directly use the 50
€2 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 designing more useful an-
tennas for different applications. In particular, the possibility of achieving a 50 Q 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 circular 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 control 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
electronic 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 practical
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 reduced to a very small size. On the
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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 radia-
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 edge,
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 dielectric 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. Although
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 centrally and
outer shorted circular patch antennas, only one aperture radiates and consequently their

gain and radiation patterns can readily be controlled by their shorted radius.

4.2. Modal Field Expressions and Input Impedance

The geometry of the antenna is shown in Fig.4.1, 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 plane

Fig.4.1: Annular ring patch shorted at the outer periphery

A Z

-7
Q

Fig.4.2: Verticolly cut cress sections for the ring patch

ontennus shortcc ot thc outer or inner edge



Chapter 4 Annular Ring Shorted at the 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 will be the same. The electromagnetic field excitation is due to the

current source:

y=F1, 20 =4) 56 @1

r

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

Proq
gn= = 4.2)

1 2
2{1152! ds

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,

F,©

= 4.
"= 72 F© (43)

where
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=k, b,, 4.4)
and

Fn (C) = Jn (kla )Yn (C)_Yn (kla )Jn (C) (45)

For calculating the effective radius b,, the 0 order capacitance equivalent method
used in the previous chapter is not recommended, since the radiation and the fringing
no longer occur at the outer periphery, r = a. In the case when b is relatively small,
the equivalent radius b,=Va? - b2 is closer to a than to b. 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 [47],

as shown in Fig.4.3.

By the duality principle, the circular slot with a radius b is replaced by its com-
plementary circular patch with the same radius b. The parameter A, to account for
the effect of the fringing field due to the complementary circular patch, is then calcu-

lated using the following equation [48]:

2 h b h
A, = 1 Ale,+1. 202 . .
b= e UG 1418417726+ (0.268¢, +1.65)] (4.6)

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

sumed as
p=b(1-A,)1? 4.7)

The minus sign in front of A, is taken to reduce the effective radius. Since the fring-
ing field at the edge of the slot is inward, the assumed magnetic wall is moved toward

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

—54 _



Chapter 4 Annular Ring Shorted at the Outer Periphery

The infinite screen can be considered as a circular screen with a short at radius
a = oo, The short at @ = e 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 = g. This is done by considering a reduction re-

lated to a, as shown in Fig.4.4, and is assumed as
a,= a(1-A,)"? (4.8)
where

2k [

a
A, = e
e, a 2h

a

)+1.418,+1.7726+§(.268€,+1.65)] (4.9)

The effective inner radius, b, is then assumed as the following equation,
b,=p -a+a, (4.10)
The approximate wall susceptance can now be obtained by substituting eqn.4.10 into
eqns 4.3 to 4.5.

The effective radius b, will be applied in the following sections 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 dielectric beyond the outer
periphery of the ring patch. Therefore, for the radiation fields, the effect of the dielec-

tric substrate can be omitted for this antenna.
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The far fields are calculated from the vector electric potentials

F 1 e—jk"
—

[ M@ yettolr=l g g @4.11)
-
S

where M(r) is the surface magnetic current on the radiation aperture at r = p,, S is

the aperture ring with a width 4.

The electric fields in the far zone can be obtained from

Eg=—j kg Fyq (4.12)
Ey=—j ko F, (4.13)
which are of the form
jn+1
Een = 2 h cosn ¢ [klbe fnz(klbe) J,n(kObe sinB) (4.14)
and
E, =4y 4, Sind Fualkh,) J, (kob, sind) (4.15)

where f,, and other parameters are as defined in Chapter 3. Note that the distance

—Jjkor

term is omitted from eqns 4.14 to 4.15.

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

lowing factor [22]

sin (kgh cosB)

.= 4.1
‘ koh cosB (4.16)

is multiplied to eqns 4.14 and 4.15 to complete the radiation field expressions.
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4.5. Results and Discussion

At the resonance of TM 1y to TM s modes, the dependence of the outer radius b
on the inner radius a is the same as those shown in Fig.3.5, where the notations » and
a represent the inner and outer radii, respectively. This means that similar to the cen-
trally shorted circular patch antenna for the TM 11 mode the parameter b, the shorted
outer radius, can be used effectively to alter the antenna 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=1,4533 cm (ie., bla =0.297) and the feed position at d=4.901cm for
model A (the substrate thickness 2=3.175 mm); and a=3.36cm, b=0.9991cm and
d=2.817cm for model B (h=1.585mm). The permittivity of the substrate is 2.52 for
both antenna models.

Fig4.5 shows the comparison of the experimental and calculated input im-
pedances of the TM; 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 2.2x1073 and the conductivity of the patch, the inner conducting wall and the
ground plane is assumed to be 1.8x107 mho /m, which is a reduced conductivity to ac-

count for surface roughness.

For model A the calculated resonance frequency of the TM 11 mode is 2.207461
GHz, and the measured one is 2.19913 GHz. The differences are less than 1 % 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 b/a=0.598, a=4.8963cm and 4=3.175 mm, the calculated
resonance frequency is 2.908977 GHz and the measured one is 2.8999 GHz. They

show very good agreement. Also, the calculated gain is compared with the measured
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one in [49] for this antenna. They are 5.53987 dB (computed) and 5.7 dB (measured),

which are close to each other.

The above comparison for both small and large values of b/a 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 analytical 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,; 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 Q. On the other hand, the resonance frequency

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

In Figs 4.7- 4.9, different pairs of b and a are selected to keep the resonance fre-
quency at 3.153649 GHz for the dominant TM ;; 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 TM ;; mode v.s. the ratio b/a. Similar to the concentri-
cally shorted patch antenna, the input resistance at resonance decreases as the ratio of

b/a increases, and at b/a = 0.87 it equals 50 Q.

Fig.4.8 illustrates the gain and directivity of these 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 at resonance
v.s the ratio b/a. Both bandwidth and efficiency of such antennas are 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 dom-

inant TM y; mode. However, their narrow bandwidth and considerably lower efficiency
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make them less attractive antenna candidate for small value of 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 #/a 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/a.
Both H-plane and E-plane pattern beamwidths decrease as the ratio b/a increases.
Since the beamwidth of the E-plane pattern decreases faster than that of the H-plane,
by choosing suitable b/a, one can make the two 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 [49], where
the ratio of radii is b/a = 0.598. The similarity of the principal plane patterns can be
used to obtain the 45° linear polarization and circular polarizations. The later is a
desirable characteristic in the global positioning systems which transmit right hand cir-
cularly polarized signals. When b/a becomes larger, a side lobe appears in the H-
plane pattern, as shown in Fig.4.12. 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,,
mode, remedy the poor performance of the conventional annular ring patch antennas

operating at the TM ;; 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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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 TM,; modes of annular ring patch antennas.
For the TM,,, modes, the relative outer radius b/A decreases from bea/A 10 n/2T , as
a/k increases from zero to n /2% , where the subscript ¢d represents the limiting case
of an ordinary circular disk, and for n =1, bea/A = 1.841/2x, etc. For a given fre-
quency, increasing the inner radius a 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 ;; mode, until more detailed results are properly obtained. As shown in
Fig.4.15, for the T n2 modes, b first decreases to a minimum value and then increases
linearly, as a increases. The linear dependence of b on a after the minimum value

may be used to alter the performance parameters.

Tables 4.1 and 4.2 illustrate the characteristics of TM 12 and TM ;; modes, respec-
tively, at the resonant frequency of 3.7428 GHz. In Table 4.1, most performance
parameters are similar to those shown in Table 3.2, but the antenna size is much larger
than that of centrally shorted one. The other difference is of about 10% lower radiation
efficiency for the annular ring at the small ratio of a/b. 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 illustrates that the input resistance at the resonance is extremely high
and increases rapidly as a increases. This means, the dominant TM 11 mode of annular

ring antennas can hardly be used for antenna application.

For the TM 1 and TM ;, modes, the corresponding relationship between the inner
radius a and the resonant frequency, the input resistance, the directivity and the

bandwidth are shown in Figs.4.16-4.19, where the patch size ( the outer radius b ) is
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kept constant (1.6335¢m) and the antenna is fed at the edge of the patch. Figs 4.20-
4.21 show the radiation patterns of the annular ring with different values of ¢ while

maintaining b 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 Q, as a increases. Also, the reso-
nance frequencies decrease as a increases. Both features are different from those of
the antennas proposed in the previous and present chapters. Fig.4.17 shows that while
the directivity drops very slowly, the bandwidth decreases fast, as the inner radius a
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;, (€2) D.(dB) BW (%) effi. (%)

106.59 0407 4.3345 70.475 8.3305 0.6421 85.292
4.726 0.8548 4.0400 80.608 11.2369 0.6590 85.292
2.885 1.5067 4.3471 56.082 11.3346 1.0157 90.605
1.893 2.9734 5.6293 23.698 10.6049 2.0028 95.278

1.510 5.0919 7.6907 16.696 12.2188 2.1659 95.633

Table 4.1. Ratio of b/a, radii a and b, input resistance, directivity, bandwidth and
efficiency of annular ring antennas at the resonant frequency of 3.7428 GHz
for the TM 1, mode with d = b, £ = 2.52 andh = 1.585mm

For the TM;, 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 5 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.4.19, the directivity and bandwidth oscillate with « .

Fig.4.20 illustrates the computed radiation pattern shapes with no significant

change as a increases.
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Fig.4.21 indicates that the side lobes which are close to and almost as high as the
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.

bla a (em) | b (em) | Ry(@) | D.(dB) | BW(%) | effi (%)
36.854 | 0.0413 14926 | 446213 | 7.1430 1.1206 91.307
11.694 | 0.1258 14712 | 480.124 | 17.1335 1.0275 90.804
6.923 | 0.2037 14332 | 548963 | 7.1157 0.9304 89.844
4.771 0.2885 13766 | 680.597 | 7.0912 0.8006 88.198
3.521 0.3704 13040 | 927.179 | 7.0643 0.5184 85.620

Table 4.2. Ratio of b/a, radii a and b, input resistance, directivity, bandwidth and
efficiency of annular ring antennas at the resonant frequency of 3.7428 GHz
for the TM 1; mode with d = b, € = 2.52 andh = 1.585mm

Fig.4.22 shows the radiation patterns for three pairs of b and a of TM 12 mode at
the resonant frequency of 3.7428 GHz. It shows that for larger a values the side lobe

decreases and moves away from the main lobe, thus improving the antenna perfor-

mance.

Although operating in higher modes with larger values of the inner radius @, an-
nular ring patch structures may be used to alter the performance parameters and may
have performance parameters comparable with those of a centrally shorted patch. The

performance modification for small values of g is less significant,
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4.7. Conclusion

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 11 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 [9] or consisted of several individual rectangular patches
mounted on a cylindrical body with a large radius [10]. 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 cylinder). 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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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 microstrip 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 90° 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 ¢ dependent spher-
ical wave eigenfunctions in the  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 TE modes, along with the integer order m and the degree
v. The coefficients of the series are determined by a mode matching method applied at
the boundaries containing the feed and the radiating cone. The wall admittance, or im-
pedance, at the aperture links the fields inside and outside the cavity. The study of the
wall admittance, or impedance, of the biconical 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 feeding 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 the zero

order ( m =0 ) TM modes, including the special case of TEM mode (v=0), were
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well studied in [51]. However, no analysis of these structures with asymmetric sources
or loads, which excite the high order modes, has been reported in literature. An inves-
tigation of the eigenvalues of the ¢ dependent spherical wave functions for these struc-
tures is presented in this section. It is the first step 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 8 direction.

5.2.1. The ¢ 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 variables, the solutions of the Helmholtz equa-
tions can be obtained in the spherical coordinate system. By the superposition princi-
ple, the fields can be constructed from two parts, one TM to r and the other TE tor.

The magnetic and electric potentials are thus defined as:
Apy, =R, (kr) [ Py (cos0) O (cosdy) — P (cos6,) Q7. (cosb) Jeim® .1

dQ7: (cosy) dP 3 (cosB,)

Fpy, = Ry, (kr) [ PT (cosb) <5 -on (cosG)-—d—e——]ejm¢ (5.2)

for the TM and TE modes, respectively, where P and Q are the first and second kinds
of associated Legendre functions, m = 0,1,2,... and R, 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=0; and 0=0, ), the charac-

teristic equations for the modes TM and TE to the radial direction become
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ko,
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. _ 6= »x-¢,
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Fig.5.1 The biconical and coaxial structures
(a). Biconical
(b). Coaxial
(c). The mirror image symmetric structure (8, = n-8,)

(d). The symmetric structure (8, = 90°%)
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P3 (€080 (cos8,)—P 7 (cos8)Q™ (cos6y=0 (5.3)

and

[ dP} (cosH) } { dQ:} (cos) :, [ dP? (cosB) :’ [ dQ3 (cosB) :' 454
a0 6=6, do 0=0, ae 0=, d® e:el—Q 4)

respectively [S51].

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

2 = (U+1), (v+u+1
P} (cos®)=n 2 2M+1(sino)r-L (FH‘V;'U 3 (1) ( 3H Ik
Fv+3) k=0 KI(v+5 )

sin[(v+u+2k+1)0] (5.5)

and

l o
O ¥ (cosB)=n 2 24 (sinB)* FWW;” > (Bt D) (VHLFL) cos[(VHI+2k+1)8]  (5.6)
I‘(V+E) k=0 K!(\H‘a’)k

where 0<6<m and U 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]

P7 (0)=(-1)" %{j—}f’;—;m’” ) 5.7)

I'(v+1+m)

O (=1

Q3" (x) (5.8)

the associated Legendre functions of positive order are calculated.
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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 Vv’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 6=n/2 (argument
x=c0s0=0), with those calculated from existing exact and analytic expressions for
different values of m and v . They show good agreement. For m=1, 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 O, vanish when n<m [53]. 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 TM modes other than the

zero order modes do not propagate in the structure.

For the TE modes, eigenvalues are shown in Table 5.1 and Figs 5.2-54. 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 mirror image symmetric biconical structure shown in Fig.5.1c,
with A6=6" , a finite number of eigenvalues exists, of which only the fractional ones

(Iess than m and larger than m—1/2) are nontrivial solutions. Fig.5.2 illustrates that
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eigenvalues change slowly and approach the order m, as 8; approaches zero. They are
almost constant for 800<61<9()O . This means that for very narrow angle mirror image
symmetric biconical structures, the field inside the structure is almost independent of 6.

The eigenvalues shown above are valid for the symmetric biconical antennas

(0,=n—0,).
YN 1 2 3 4
1 61967 0 0 0
2 1.5651 1 0 0
3 2.5468 2 1 0
4 3.5384 3 2 1

Table 5.1: Eigenvalues v for TE modes with AB=6° and 0,=90°

Figs 5.3 and 4 show that for the asymmetric geometry with a constant narrow an-
gle between the cones ( AB=6" ), the nontrivial eigenvalues of the TE modes change
rapidly. In Fig.5.3, they decrease from infinity to a value between m—1/2 and m as 0,
increases from 0 to m/2. Fig.5.4 shows that they increase from the above indicated

value to infinity as 0, increases from /2 to 7.

5.3. Modal Field Expressions

The geometry of the biconical microstrip antenna is shown in Fig.5.5. Since it is
of microstrip type, the angle between the two conducting cones, A9, is very small,
such that b AB< , i.e, kb AB<1 , where klzm\fﬁa, o being the angular frequency.
The antenna can be modeled as a biconical cavity. It consists of an admittance wall at

the spherical sector, r = b and 0,< 6 < 8,, and electric walls at two conducting cones,
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0 = 0, and 6,. The electromagnetic field excitation is due to a current I, along the 0
direction and through the center conductor of a coaxial cable at r =d . The current

source can therefore be expressed as

J=10y1, ( —d) 3(¢) (5.9)

r2 sin®

According to the results shown in the previous section, only the modes TE to the
radial direction can be excited within the cavity. None of the TM modes is excited.
Thus, only the electric potential F, (given by eqn.5.2) exists and the magnetic poten-

tial A, vanishes.

y

Fig.5.5: The geometry of the biconical microstrip antenna

In terms of [50]
F= 0, F,, (5.10)

the electromagnetic fields inside the cavity are expanded as the following equations

-y ¥y 3y (ky,7) TT (cosB) em? (5.11)

mV
m=0 i=1 p=1" Sme '
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o e e g dT?i (cosB) .
Eog=2 X X Ruykypr) —g ¢ (5.12)
m=0 i=] p=1
e = V;(v;+1) ” it
ZO XX — o 7 Ry, (k1,7) T, (cosB) e/ (5.13)
m=0 i=1 p=1
ad ky, R dar'y; (cosB) imo <14
0= 2 23 Jaur Rl — g5 ¢ 619
= myv; 1 r Vi COS [ .
Hy=2% ¥ X R v, (k1p7) T (cosB) e/m® (5.15)

where T’ is the 6 dependence function given in eqn.5.2,
Ryv, = Rypy, = Apy Jy,(kypr)  O<r<d (5.16)
RmV.' = Rsz; = CmV,:fV,(k]_pr)+DmvaVx(k1pr) d<r<b (5,17)

and ‘TV,«(klpr) =kypr Jv,(k1p) and Yv,-(klpr) =kip yv,(k1p7) are the first and second
kinds spherical Bessel functions, and the prime denotes the derivatives with respect to
the argument. Apv;s Gy, and D,,, are complex constants to be determined. The time

factor e/®* is assumed and suppressed throughout the analysis.

The following boundary conditions are imposed

H¢m= _ysmEem (at r= b) (5.18)

EOml = E9m2 or Hrml = Hrm2 (ar r = d) (5.19)

Homy = Homy = I 22 =9 54 @ r=ad) (5.20)
d? sin®

where yg, =g, +jbg, is the wall admittance. There is an additional boundary condition

at the spherical surface of the assumed cavity with a magnetic wall at r=b,
Hy=0 (at r=b,) (5.21)

For a cavity with a magnetic wall at » = b, and electric walls at 6 = 0, and 0,, the

characteristic equation can be derived from eqn.5.21 and is given by
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Ty (kb)) =0 (5.22)

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.

ZqI, Zmv;2 Yv,- (k 1p d) - Zmv, 1*7\/,- (k1d)]

A = 5.23
TV 2nd (148,) Zinv.2 (5:23)

Z.I Zyv 1 Ty (ki d)
Crry, = Lo vl vl (5.24)

T 2md (1+49,) Zrvi2

D Zo 5 o0 g 525
mvf——m v;(k1pd) (5.25)

where §,, =1 form = 0,8, =0form >0,Z,= VH,/e; and
Zmvit =Y 3, (k1 0) + j YouZy Ty k1, ) (5.26)
Znva =T (61, 0) + ] Yy Zy T, (k1 b) (5.27)

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 determined and will be stu-

died in the following section.

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

current along the center conductor of the coaxial cable and have been given by eqns
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5.11 to 5.15. The wall admittance of the biconical microstrip antenna is involved in the

constants A,,, , C,, , and D,,, 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]

, Po+j2 0 (W, —W.)
Ys mity = 8s myy + JBs mp, =— - (5.28)
1iE B a5
2Sa

where S, is the aperture surface at » = b and 0,<6<0,; E, and E; are the electric
field and its conjugate inside the cavity at r =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 fields at the aperture of the cavity,
i.e., at the spherical sector » = b and 0, <0 <6,. Since the antenna is of microstrip
type, ie., k1bAB<I, the aperture electric and magnetic fields may be converted to
magnetic and electric current loops at 7 = » and 8. = (8; + 6,)12. By the equivalence
principle, the fields outside the cavity are uniquely determined by these loops. The
space defined by 0<0, where the current loops lie is divided into regions I ( r < b )

and IT (7 2 b ) as shown in Fig.5.6.

For convenience, the electric potential F, (given by eqn.5.2) in the region
d <r <b inside the cavity can be written in terms of the spherical Hankel function

form >0
[F, (r,9,<1>)]mV = 3 By HY (k1,r) T (cosd) om0 (5.29)
m p=0

where H" (k,,, r)=ky, rh{P (k,,,r) is the first kind spherical Hankel function, and B,,,

is a complex constant related to the constants Crmp and D,,, and can be easily obtained
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from eqns 5.24 and 5.25. The electric and magnetic current loops J,, and M, can be

obtained as
Jy = H ok 1D)d(0-6,) (5.30)
and
My =—E q(k1b)5(6-0,) (5.31)

where H.g and E_.g are given by eqns 5.11 and 5.14. The outside fields of TE and

TM modes are induced by J, and My, respectively.

Fig.5.6: The current loops and fields outside the cavity.

Since the biconical structure is of microstrip type, the very narrow aperture at the
edge of the spherical sector may be considered as a magnetic spherical wall, similar to
most 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, are plotted in Fig.5.7. It shows that Eg, the 6 component of the electric
field, is largest of the four aperture fields. Its value is at least hundred times of the

values of other three components for 900S92<1650. Thus, the fields TM to r, induced
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by M,, make the most contribution to the fields outside the cavity. Other equivalent
currents on the aperture of the cavity are J¢ and M converted by the cavity fields H 0
and E, respectively. The TE and TM modes outside the cavity are also induced by
these current sources. The contribution to the TM modes from E o 1s insignificant since
E, is much less than Eg, as shown in Fig.5.7. H o can also be neglected as an aperture
current source of the TE modes. The reson is that as stated by eqn.5.18, H o is the
product of Eg 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 Jg converted by the H o causes that the coefficients a,,, and
by, in the following expressions for the electric fields of TE modes in the interior

and exterior regions I and II

EL A T, (kg?) ; .
1?] = - m”"._'zg) 0 Jm P (cos B)e™?
EY | mu, by Hy~ (kor) rsin®
E} Oy T Ckor) 1 AP (cos®)
i§ = =@ — e/
Es Jmu, b H, kor) 1 doe

are much less than the coefficients ¢ u, and dy - (will study in detail later). Therefore,
only the TM modes are considered and only M ¢ 1s taken as their source for the first

order approximation in the following analysis.

For the TM modes, the fields in both interior region I ( ¥<b ) and exterior region

I (r>b) are obtained as follows [53].

E; Cm},L jp, (kOr) 1 un(u’n_’_l) :
= " ~———— P™ (cos0)e/m® 5.32
[E'{[ -_— dmu,,HL(L%)(kOr) r2 joe u,,( ) ( )
I T’ i dPT (cos®
E]el _ Cm“-n{ ,”t%)(kor) JMo i, € )ejm(b (5.33)
EG |mp, A H (kor) 1 ao
EL Cnpd w kor)  mm ,
) mp,Y 0 om m
= ~ — P 8)e/m® 534
EY mp, A, H Plkor) rsing ~ H» (cosB)e (5.34)
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(1) +
Hé Cmp,d u, ko) .

= i ——_ pn 8)e/m® 5.35
\Hg)m“" dmu,.H;g) (kgr) 7sin® L bn (cos B)e (5.35)
(1) 7 P (cos®
LI_I Jmy, dm“-nH}J«n (kor) r dao

where Ng=Vo/eg and L, are the roots of
Pﬁl(cosez) =0 (8.37)

to satisfy the tangential electric fields vanishing at 8 = 6,. The mode chart, the rela-

tionship between L, and 6,, is shown in Fig5.8 forn = 1to 3 when m = 1.

Form >0, Eg at r = b must be discontinuous by an amount equal to the surface

current density M o [52],ie,
Ef -E§{ =M, (5.38)

Applying the Wronskian of the spherical Bessel functions and the orthogonality rela-

tionship of the associated Legendre functions to eqn.5.38, we obtain

iy, = —j 2T T o), S5 mO b) TT (cosh,) (5.39
muy, = ~J To Nﬁln [ T ezecpgo mp-tv, ( mp Vin (cos c) (5.39)
and
Al (k) d (5.40)
c = — .
mi, Ju"(kob) my,
where
o+l OP 7 (cosB) oP 7 (cosb
D) [Sine I (cos6) P >} san
" 2u,+1 00 ol 8=0,,1=11,,

is the normalization factor of the orthogonal associated Legendre functions.

The far fields ( at the region ©>6, and r > b ), for the TM modes, can be ob-

tained as
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etk dP [ (cos6)

— _Hatl j
Eomp, = 1" dpy, Mo— 75— " (5:42)
and
—jkor P (cos®)
. “‘n N
E g, = J*"m dyy 1o . gimo (5.43)

r sin®

The radiation power and the stored energies per cycle can be obtained by the following

integrations
1
Pr= SI VE ds (5.44)

where S, is a spherical sector at 7 = oo, 0<0, and 0 < ¢ < 2r.

W, = % BB @y 4 [ BEEE 4 (5.45)
VI VII

Wo=L2 | WH" &+ [ HIHF g (5.46)
4' VI VII

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

dP}’fn cos(0)
T T\Tm (COSe)]ezzec
8s mp,= [-m? 1 Ty, (kob) T, (kgb)  (5.47)

Ni, NV

and the imaginary part is

dP ;' cos(9) )
["—Te—— TS (cosB)lg—g, N N
by my,= [ m? 1 T, kob) T, (kob)  (5.48)

m m
N!-ln NVm

where
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v, (v, +1) 0% T (cos®) ¢
mo_ m\mT o v 2
N7 = v i1 [sin@ T (cos6) 30 oy Jenv=v,, (5.49)

Some calculated values of g, mp, and by ., are shown in Figs 5.9-5.14 for some
selected geometries. In Figs 5.11-5.14, g, my, and b, W, are plotted against the rela-
tive length of the cone cap b/A for 8, = 90° ,120°,135% and 150°. For all selected
values of 0,, when n, the order of the radiation mode, increases, both 8s my, and
b pmy, decrease. But, g mp, decreases much faster than b, mp,+ Lhe convergences of
8s my, and b,, |, are shown in Figs 5.11a-5.14a for the above cases. From these
figures, one can see that g, ,, u, 18 converged very fast. The summation of the first two
or three terms is almost the same as that of the first nine terms. Therefore, for the
calculating of g, my,» only three terms are needed. But, the convergence of by pmy, 18
slow, and becomes serious, as 6,, the cone angle, increases. For computing by ,,,, ,

therefore, at least seven terms are needed.

3.5. Input Impedance, 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; mode. The resistive and reactive parts are determined by the radiation power,

dielectric and conductor losses and the stored energies [41]. It is given by

1
Bl 4 V£
2

Z, =
TP2jo(W, -W..)

(5.50)

where V is the voltage crossing the patch and ground plane at r = d calculated from
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d
v=[E a , (5.51)
0

and W, and W, are the stored electric and magnetic energies per cycle, respectively,

given by
W, = i’-f EE & (5.52)
v
W, = —;if HH & , (5.53)
v

where the electromagnetic fields E and H are given by eqns 5.11-5.15.

P, is the total lost power as

P, = P,,,+P4+P, (5.54)
where
P;=2wW, tan § (5.55)
P = 207 W, (5.56)
N§

and tan 8 is the loss tangent of the dielectric, and r, = (muocf V2

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

VSWR and is defined as

VSWR -1
BW = ——— 5.57
O YVSWR (5:57)

where

20w,

P (5.58)

Using the formulations developed in this section, the near field characteristics are

calculated for some selected geometries.
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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
1.0 and 2.52. The data listed in the first and the third rows of this table are the calcu-
lated results for AB = 6° (8, = 90° and 6; = 84%). 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
[38]. In [38] the measured data for the wider angles 6, = 72% and 75% were taken on
the thick substrate of 4 = O.lkg. The theoretical analysis of this dissertation is not
valid for the wide angles (i.e., cannot satisfy the condition: k1b A® = k h<1), which
corresponds to the case of thick substrate in [38]. 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. Also, the effect of the dielectric substrate on the radiation is omitted in the
derivation of the wall conductance. Although this effect is insignificant, 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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0,(degree) f-(GHz) BW (%) R;, () £, b(cm)
84 5.472811 4.,25299 57.1468 1.0 1.861
85(a) 5.46 - - 1.0 1.861
84 2.073825 2.48893 452955 | 2.52 3.0354

84(b) 2.06 1.75 45.687 2.52 3.0354

Table 5.2: Near field characteristics of conical microstrip antennas (6,=90°
(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

b cos AB. Thus, the height of the substrate is # = b sinA®.

himm) | f(GHz) | BW(%) | Ry (Q) & b(cm)

1.5875 4.249669 2.78627 | 49.5641 1.0 1.85
3.175 3.989081 478019 | 49.5755 1.0 1.85
3.175 1.727729 1.77058 | 49.5065 | 2.52 | 3.0188
1.5875 1.766738 0.99157 | 49.2977 | 2.52 | 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 % larger 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 narrow angle

conical microstrip antennas is still significant.

Table 5.4 illustrates the resonance frequencies, bandwidths and input resistances

at resonance for 6, =90° 120°, 135% and 150° with the same cap length of
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b =3.0354cm, d = 1.06cm and €, = 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.

0,(degree) fr(GHz) BW (%) R;, (€) v kb
90 2.073835 2.48893 452955 | 0.619171 | 2.09435
120 2.185729 3.44549 14.8008 | 0.729252 | 2.20735
135 2.383275 4.52339 10.3904 | 0.936565 | 2.40685
150 2.725913 3.50199 11.4037 | 1.465652 | 2.75288

Table 5.4: Near field characteristics of biconical microstrip antennas for A8=6°,

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% This is an
important difference from the wraparound conformal microstrip antennas. The radia-
tion in the broadside suggests that these antennas can be applied to the 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 8,. As 6, increases, the
sidelobe level decreases and the null position (at 8=45° for 62=9O°) moves closer to
the z axis. Also, as 6, increases, the contribution of higher order modes to the radia-
tion power increases. At 6,=150°, the contribution of the second mode is almost equals
to that of the dominant mode. Thus, for the large values of 0,, 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 6, 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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B,(degree) kb dir (dB) Vi1 H11 Bz M3
90 2.09435 8.82446 0.619171 2.0 4.0 6.0
120 2.20735 9.29955 0.729252 | 1.42412 | 2.90434 | 4.39575
135 2.40685 9.86992 0.936565 | 1.24508 | 2.54899 | 3.86854
150 2.75288 | 10.42490 1.46565 1.1565 227797 | 3.45786

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 ¢ dependent spherical wave func-
tions for biconical microstrip structures showed that the only existing cavity modes are
TE 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 admittance 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 bandwidth, 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 disadvantage is in the difficulty of their fabrication.
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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 bandwidth 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 microstrip 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 11 mode. Their flexible characteris-
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tics give the antenna designer ample opportunity to control their electrical performance

parameters to satisfy the requirements of different applications.

The investigation of the biconical structures illustrated 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
TE 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 power and the energies reactive-
ly stored outside the cavity. Their calculated characteristics 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.

With 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 dissertation.

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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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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