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ABSTRACT

Abstract

An analytical method based on the boundary value method is presented, which
gives the field solution for annular slot array antennas fed by a radial waveguide or cavity,
and loaded by dielectric layers and array of conducting rings. The appropriate Green’s
functions for different regions of the antenna due to magnetic and electric current rings are
obtained. Then, the induced magnetic current over the slots and electric current on the
conducting rings are expanded into a Fourier series with unknown coefficients. The final
formulation is achieved by employing the Green’s functions and applying the boundary
conditions. The result is a linear system of equations. The unknown coefficients of Fourier
series are obtained by solving this system of equations. Then, the electric field just above
the last layer is found and the induced magnetic current is written in terms of the electric
field. The far field formulation is derived using this magnetic current. The method is
confirmed through comparison of its results with those of available numerical methods
and good agreement is obtained. In comparison to these numerical methods, the proposed
method is more efficient in computation time and memory requirement.

The formulation is used to study the effects of dielectric loading and conducting
ring loading. It is shown that both methods can improve the annular slot array antenna
performance. The benefits and problems associated with each configuration are discussed
and the effects of various parameters are investigated. Finite structures are also
investigated, where open cavities with and without chokes and dielectric cover are used to

shape the radiation patterns and improve the performance.
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Chapter 1

INTRODUCTION AND
MOTIVATION

1.1. PREFACE

Wireless and satellite communications are becoming increasingly important for
business and private use. Wireless communication has changed our way of life and work.
In recent years, internet has also become another means of communication and transfer of
information. However, the connection for business and homes is not wide-band and cannot
provide high and rapid data rates. This issue can be resolved using wireless technology.
However, wireless systems require efficient and high gain antennas at low cost.

Reflector antennas have been used for high gain applications for many years, but
they can be expensive and usually very bulky. Recently, printed antennas such as
microstrip patch and slot antennas became very attractive in wireless communication,
because of their low profile and lightweight. However, they have limited applications
because of their low gain and narrow bandwidth. Phased array antennas are another

candidate for high gain applications, but as the number of elements increases the feeding
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systems become very complex. In addition, there is a drop in efficiency when required
gain value is high. This drop is due to the losses in the feed network. In fact, it is difficult
to obtain high gain for frequencies higher than 10GHz due to feed networks losses in
microstrip array antennas.

The purpose of this work is to study and develop a planner antenna that is easy to
fabricate and can be made at low cost. “Annular Slot Array Antenna’ enjoys a low weight
and low profile structures, while it has a simple feeding system. Because of its planar
structure, it can be integrated with printed circuits. This kind of antenna systems may be
used quite efficiently as a radiating element for mobile communication system especially
in the cases where the volume and size of radiator are crucial parameters. Annular slot
antenna has also applications as the airborne antenna and radiator for locally induced
hyperthermia in cancer treatment.

In general, an array of narrow slots, fed by a radial waveguide, is not a good
radiator. When the radial waveguide is air filled, the antenna yields low aperture efficiency.
In addition, the E-plane patterns have very high side lobes. The current work is an attempt
to improve the antenna aperture efficiency through dielectric loading and some
modifications in the structure. An analytical solution based on the boundary value method
was developed to formulate the antenna problem. The method was compared with

numerical methods and good agreement was achieved.

1.2. STATEMENT OF THE PROBLEM

The basic element of annular slot array antenna, as shown in Fig.1.1, is a slotted
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radial waveguide. Slots are co-centered and continues. The radial waveguide is used as the
feeding system. The excitation source is located in the central region of the radial
waveguide and its field is expressed by a summation of the radial waveguide modes. The
waveguide can be partially or fully filled by a dielectric. Therefore, slots can be etched on
one side of a dielectric substrate.

Backing the slots with a cavity not only prevents power loss in the parallel-plate
region, but also helps to shield the antenna and to suppress unwanted radiation via the
substrate edge. Depending on the excitation, the antenna is capable of radiation in

broadside or off axis directions.

Probes /_A

Fig.1.1. Configuration of “Annular Slot Array Antenna” with two layers of dielectric.

In this work, infinite ground plane has been assumed in all cases of analytical
solution. To include the effect of finite ground plane, one has to perform analysis using

Geometrical Theory of Diffraction (GTD) which is suggested as future work.
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Dielectric loading has been used in controlling the radiation properties of dipole
and printed antennas during the last few years. Numerous numerical techniques have been
proposed and refined in the field of computational electromagnetics, such as Finite
Difference Time Domain (FDTD), Finite Element (FE), the Transmission Line Method
(TLM) and Method of Moments (MoM). These methods are developed based on recent
advances in parallel computing techniques which allow for the implementation of
algorithms. They are efficient in terms of computational cost, in order to solve general
electromagnetic problems of significant complexity. On the other hand, for special
problems with simpler structures such annular slot array antennas, analytical methods
which are fast and need less computational facilities seem to be more efficient. Most of the
existing analytical approaches to the problem of annular slot antenna are based on
simplified models. Majority of the methods assume that the aperture field distribution is
equal to unperturbed field of the feeding waveguide. This means that the effect of all the
higher order modes that are excited due to discontinuity on the slots is neglected.
Furthermore, most of the existing methods do not consider more than one slot in the
structure. However, the efficient radiator is generally formed by more than a single slot.
The number of slots and their relative location are the key parameters in pattern shaping.
This means that effective solution must take into account the mutual coupling between the
slots.

The present work is an extension of the work done by Azarbar and Shafai [1]-[4].
The boundary value method suggested by them is extended for the case of antenna

covered with dielectric and loaded with conducting rings. The method was used to
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improve the antenna radiation characteristics. In spite of most of the pervious studies,
which assume TEM mode as the only excited mode, there is no restriction on the
excitation. In fact excitation can be presented as the summation of different radial
waveguide modes. The boundary condition on slots and dielectric layer were applied to
create a system of equation in matrix form, which can be solved numerically.

This method is much faster and more efficient than numerical methods and since
unknowns are only considered on the slots, the number of segments are considerably
smaller than numerical methods. In fact numerical tools such as Multi-Body
Electromagnetic Scattering (MBES) package which uses method of moments for bodies
of revolution and IE3D Zeland Software were used to solve the problem of dielectric
loaded annular slot array antennas, at first. But due to some limitations these packages
were unable to efficiently solve the problem with cavity-backed and multi-layers of
dielectric. The number of unknowns in Boundary Value Method (BVM) are in the order of
number of slots, i.e. for the single slot antennas there is only one unknown for both
original and dielectric loaded antennas. When the conducting ring is added on the top
depending on the ring width one unknown per 0.1 wavelength of the ring width will be
added. While for MBES the number of unknowns depends on the structure. For original
antenna, this is about 50 per slot. By adding the dielectric layer it increases to about 100-
120 per slot. Adding the conducting rings adds about 2 unknowns per 0.1 wavelength for
ring width. For IE3D there are about 300 unknowns for a single dielectric loaded slot
antenna, and by adding the ring this increases to 900. For IE3D the number of unknowns

does not increase linearly by adding the slots. These numbers are for waveguide fed
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antennas and by adding the cavity the number of unknowns increases.

However, because of the generality of numerical methods, and their ability to
model finite structures, they were used later to investigate the effect of finite dielectric and
some innovations and modifications in the structure which are suggested to improve

circular polarization and reduce the back radiation.
1.3; | THESIS ORGANIZAT[ON |

A review of existing methods for formulation of structures similar to annular slot
array antennas is presented in Chapter 2. The proposed method for field solution for
dielectric loaded annular slot array antenna is described in Chapter 3 and Chapter 4. The
first part of Chapter 3 is a review of Green’s functions for radial waveguide and cavity
with annular slots, derived by Azarbar and Shafai [1]. The second part is dedicated to
derivation of Green'’s functions for three different new structures:

1. Magnetic current ring covered with one layer of dielectric

2. Magnetic current ring covered with one layer of dielectric in combination with

an electric current ring.

3. Magnetic current ring covered with two layers of dielectric

Then branch points and singularities are discussed.

Using the results from Chapter 3, the problems of annular slot array antenna for
structures containing dielectric layers or conducting rings are formulated in Chapter 4.

Then, the far-field formulation is carried out. Finally, The excitation of higher order modes

is discussed at the end of this chapter.
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Chapter 5 presents some numerical results. The first part describes the numeriéal
simulation programs which were used to confirm the results from proposed method. The
numerical and analytical methods are used for similar problems and the results are
compared. The effects of various parameters of the antenna on the radiation characteristics
are examined using both numerical and analytical methods. New structures are also
suggested to improve antenna efficiency and circular polarization. The dielectric and
conducting ring loading effects on the frequency bandwidth are discussed as well.

Finally, Chapter 6 summarizes the results and presents concluding remarks and

recommendations for future work.




Chapter 2

LITERATURE REVIEW

2.1. INTRODUCTION

In this chapter a review of prior art is given. It is divided into three sub-sections.
The first section summarizes the research on the antennas which include annular slots in
their structure. In the next section pervious work on dielectric loading for slot antennas in

general is reviewed and the third section is dedicated to the literature about radial slot line

antenna.

T TeT STl CERD RIS

2.2. ANNULAR SLOT ANTENN

The problem of circular diffraction antenna, which consists of a coaxial waveguide
fitted in an infinite-plane conducting baffle and open to free space, was considered by
Levine and Papas in 1950 [5]. The antenna was assumed to operate with a single
propagation mode (the principle mode) in coaxial region. The principle mode of coaxial

waveguide has no angular variation in any plane normal to its propagation direction.
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In search for new antennas, at the end of the 1950s, Kelly introduced the concept
of annular slot planar antenna [6]. Goebels and Kelly demonstrated the use of this kind of
antenna in the early 60’s in [7] and {8]. In [7], the analysis and design of antennas which
can radiate circular, linear or elliptical polarization by adjustment of feed circuit were
discussed. The slots were located on upper plates of radial waveguide and were composed
of annular slots, with each annulus consisting of a discrete number of crossed slots
(Fig.2.1). Both standing wave (cavity-backed) and travelling wave antennas (with match
absorber at the end) were discussed. Only single mode (TM;) was considered and
magnetic fields in the radial waveguide were taken as the excitation, then the location of
the slots were defined so that radial and angular component of magnetic fields were equal.
This would give the linear polarization. To radiate arbitrary elliptical polarization, two
TMy; modes of the appropriate amplitude and phase are required. The arbitrary
polarization, however, is achievable only in the region of the main beam and nearin lobes.

For standing wave antenna, the cavity was fed at its centre from a circular waveguide.

Fig.2.1. “Single Annular Slot Antenna” (top view) [7].
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Based on this antenna a monopulse antenna was proposed [8]. Monopulse
operation was obtained by dividing the transmission line into four independently excited
quadrants, each of which was propagating a field configuration identical to the dominant
TE|p radial waveguide mode. Again the field on the slots were assumed to be the
dominant propagating mode inside the radial waveguide and the far fields were
approximated by the far fields for continues annular slot. Slots were tilted such that gain
became maximum.

Cavity-backed annular slot antenna has also been studied in [9]. Both cylindrical
and coaxial cavity were considered and variational techniques were used to solve the
problem. An idealized source with no azimuthal variation was assumed. The method is not
applicable for higher order modes and deep cavities. The numerical calculation
emphasizes narrow slots and shallow cavities. Dielectric cavity loading was also found to
decrease the size of resonant cavity in the price of decreasing the bandwidth.

The problem of a flush-mounted annular slot antenna, driven by an incident
current wave in a coaxial line, was studied by Chang [10]. In his study, he considered the
effect of higher order TMg, modes to the admittance and near field distribution. The
analytical and closed form expressions for the input admittance and the near field
distribution were obtained by approximating the integral equation for aperture field and
subsequently solving the equation indirectly with conformal transform technique. The
method is only applicable to problems involving narrow apertures.

Theory of the annular slot antenna was developed based on the principle of duality

in [11]. The electric field in the slot was replaced by the magnetic current. Then the image

10
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theorem was used. The magnetic vector potential was written in terms of this magnetic
current. It was assumed that the electric field on the slot was due to TEM mode in the
coaxial line.

An analysis of the radiation pattern produced by the open-ended radial waveguide
with Transverse Magnetic (TM) mode excitation was presented by Holst [12]. The fields
inside the waveguide for TM modes were replaced by equivalent magnetic and electric
currents and the far-field was determined using these currents.

The problem of a TEM excited annular slot antenna embedded in an infinite
perfectly conducting ground plane (Fig.2.2) was solved using a boundary value treatment
in [13]. The effect of higher order TM modes which exist in the vicinity of aperture was

included in the solution. A closed form solution for the antenna admittance was given.

-
Driven by
TEM wave
— z
Infinite Ground Plane

at z=0

Fig.2.2. Annular slot antenna geometry [13].
Azarbar and Shafai [1]-[{4] developed a boundary value method for the annular slot
array antenna (Fig.2.3). In spite of most of the pervious studies, which assume TEM mode

as the only excited mode, there was no restriction on the excitation. Excitation can be
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presented as the summation of different radial waveguide modes. The effect of all the
higher order modes, which are excited in the vicinity of slots, and also mutual coupling
between the slots were included in the solution. The result of applying boundary condition
on the tangential magnetic field on slots, was a system of equation, which can be solved
using the Galerkin’s method. The only assumption made was that the slot width is
electrically small enough to suppress the azimuthally directed induced currents over their

surfaces.

z slots
€o0,lo I
L] L] ‘ﬁ L]

€Ll a

radial waveguide

—

Fig. 2.3. Typical annular slot array fed by a radial waveguide [3].

Butler and Keshavamurthy [14] developed an integral equation for annular slot
antenna on radial waveguide. Excitation was assumed to have no angular dependency
(TEM mode). Green’s function for inside the waveguide was obtained, and by enforcing
of continuity of magnetic field on the slots the integral equation was found and solved
numerically using the method of moments. The pulse functions were used as basis
functions. Similar method was used by Nevels et a/. [15] to form and solve an integral
equation for a coaxially fed annular aperture antenna. Both the coaxial probe opening into

a ground plane and extending into biological tissue type were studied. In the second case
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the exterior region consisted of air, fat, bone or muscle. The basis functions used in this
paper were in the form of //r, where r was the radial co-ordinate.

A cavity-backed annular slot array directional antenna was patented by Luedtke
and Bentley [16] for radio directional finding applications. A single cavity of this shape
was suggested as an antenna for large aperture array. The second and third cavities with

slots were added concentric with the first one to extend the range.

310~y 20'\ L §

Fig.2.4. Directional cavity-backed annular slot antenna [16].

Analysis of a cavity-backed slot antenna with one point shorted was performed by
Morishita et al. [17]. The Green’s function for cavity was derived and the magnetic
current on the slot was found using the method of moments. The current was expanded by
piecewise sinusoidal functions. The slot aperture was shorted at one point to obtain a wide
bandwidth or variation in the radiation pattern. It was shown that the polarization can be
changed from linear to circular, depending upon the position of the short on the slot.

Munson and Schentzer [18] introduced a slot-type antenna with unidirectional
sensitivity. Antenna feed, as shown in Fig.2.5, was in a form of corporate feed, consisting
of two non-resonant cavities. The lower cavity had the height of half a wavelength and the
upper cavity had the height of a quarter of wavelength. In the same reference, they also

presented an antenna with four annular slots with the feeding network of three cavities.
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They also suggested adding polarizers, which cross the slots at an angle, to suppress cross

polarization and enhance the directivity.

Fig.2.5. Annular slot antenna [18].

Chen et al. [19] modeled the stripline-fed planar printed aperture antenna elements
including annular-ring slot antennas. They used triangular-patch basis functions and built
upon the Mixed Potential Integral Equation (MPIE) formulation which accounts for all
mutual coupling effects between the stripline and the aperture. The MPIE was solved with
Galerkin’s method. They used this method to investigate the triplate-fed annular ring slot
antenna (Fig.2.6). They shaped the ring by adding two stubs to control the resonance

frequency. They studied the effect of stub dimension on the Circular Polarization (CP).
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Fig.2.6. Configuration of the triplate-fed annular ring slot antenna [19].

Nikolic [20] developed an empirical model of the annular slot antenna. She
derived the antenna parameters assuming an electric field of //r form in the slot region.
Her analysis was based on a transmission line representation of the slot antenna. She
included the effect of finite ground plane by the use of Geometrical Theory of Diffraction
(GTD). Later, Nikolic et al. ([21]-[22]) solved the cavity backed annular slot antenna
using the Magnetic Field Integral Equation (MFIE) with considering inhomogeneously
filled cavity. The integral equation was solved by variational method. They also used this
method to solve the coaxial array of annular slots ([23]-[24]), using separate feeds for each
slot.

Zeilinger and Sengupta presented analysis of the dual-fed annular slot antenna
based on MFIE in [25]. The annular slot was fed via two delta gap feeds with an amplitude

of unity (Fig.2.7). The slot was resonant and phase difference between two feeds was set

3
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to excite only the resonant mode. The dual fed annular slot showed improved uniformity

of the magnetic current distribution.

Fig.2.7. Dual fed annular slot [25].

The annular slot antenna was also used as multi-frequency antenna. Tehrani and
Chang analyzed a single feed multi-frequency annular slot antenna with the method of
moments [26]. They proposed the structure shown in Fig.2.8. A microstrip line was
coupled electromagnetically to the slot ring, extended to the centre and coupled to the slot
ring again at 235 degrees. Microstrip line is left open at the end. The frequency ratio was

1.3.

E-plane

‘4}-— H-plane
Ground Plane/Ring Slot
/ Dielectric

Microstrip Feed

Fig.2.8. Geometry of multi-frequency antenna [26].
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23. DIELECTRICLOADING

The effect of dielectric loading as a radome cover has been investigated by several
authors. Radome was mainly used for streamlining and protection from the external
environment, but dielectric loading is also considered for modeling the lossy environment
for biomedical applications or improving the antenna characteristics. Lens and dielectric
resonator excited by slot antennas were also modeled as a dielectric cover in some
literature.

As an early work, Jones [27] considered the problem of dielectric coated, TEM
mode excited parallel-plate aperture. He determined the input impedance of the structure
by using the Fourier transform theory, convolution theorem and appropnate boundary
conditions in the aperture plane. Two cases were considered: 1) effect of the air gap on the
admittance of dielectric coated aperture antenna, and 2) the admittance of an aperture
antenna coated with an under dense plasma slab. He found that the most significant
changes in input impedance occur whenever the thickness of the first layer of dielectric
was less than quarter wavelength in dielectric. Also input impedance was more sensitive
when the permittivity of the dielectric layer was increased or the slot width was reduced.

Baily and Calvin [28] derived the input impedance of a circular waveguide
opening onto a dielectric coated ground plane. It was assumed that only the dominant
mode, TE;; mode, was excited at the aperture. Baily [29] also investigated the input
impedance of dielectric loaded narrow slot in the broad face of a rectangular waveguide,

when the dominant mode was excited. He used extended Oliner’s equivalent circuit for
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rectangular waveguide with a narrow slot in the board wall to dielectric coated slot.

Nevels and Butler [30] formulated the problem of an infinite slot in a conducting
screen situated between two dielectric slabs with different electromagnetic properties. The
slot was illuminated by Transverse Electric field (TE mode). They derived an integral
equation in terms of transverse component of the electric field in the slot or equivalently
the slot magnetic current. Method of moments with pulse basis functions was used to
solve this equation. In [31] the same approach was used to solve the problem of slotin a
parallel-plate waveguide covered by a dielectric slab with incident TEM wave. Nevels and
Butler compared the radiation pattemn properties of two cases with and without dielectric
slab. They reported considerable improvement in directivity and recommended devising a
method of reducing or eliminating the effect of surface wave edge diffraction when the
ground plane is finite. In [32], Butler developed analytical solution for electric field in a
narrow slot in a conducting screen between two half-spaces. The solution was obtained for
both TE and TM excitations and expressed as the product of a weight function and a series
of Chebyshev polynomials.

Kishk and Shafai [33] studied the problem of gain enhancement for an electric
dipole above finite ground plane and covered with finite dielectric sheet numerically. They
used method of moments for bodies of revolution to investigate the effect of different
parameters and concluded that for finite structures the gain enhancement is more than that
for infinite structures. They indicated that the best spacing between dielectric layer and
ground plane is half a wavelength and the optimum thickness of dielectric was quarter

wavelength in dielectric.
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Sugio et al. studied dielectric loading of slot antennas both theoretically and
experimentally. In [34], the problem was analyzed using variational technique for both
finite and infinite dielectric sheets. The problem of dielectric loading for rectangular and
circular slots were investigated numerically in [35] and [36] respectively. In [37] Sugio et
al. studied triplate type dielectric loaded patch experimentally. In the case of rectangular
slot they showed that a beam tilt is achieved with deviation of the center positions of the
dielectric. They indicated that dielectric loading spreads the frequency bandwidth for the
case of finite dielectric. In the array of circular slots loaded with circular cylindrical
dielectric loads, they were able to reduce the grating lobes even when the spacing was
wider than a wavelength.

Tong and Blundell [38] analyzed the radiation properties of annular slot antenna on
a dielectric half-space using Galerkin’s method applied in the Hankel transform. The
dielectric half-space was considered as a lens. Since the lens is electrically large, the
radiating element acts as if it is radiating into half-space. By the use of Equivalence
Principle they replaced the electric field on the slot by a magnetic current and applied the
boundary condition to form the system of equations in terms of the magnetic current. Then
the magnetic current was expanded as Fourier series. They introduced double fed annular
slot as magic slot radiator. By changing the feed configuration, the dominant polarization
was changed.

Kaklamani er al. [39]-[40] investigated the radiation properties of various types of
dielectrically loaded radiators including an annular slot antenna of infinitesimal aperture,

cut in an infinite ground plane and covered by dielectric cylinder of finite height (Fig.2.9).
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The excitation was assumed to be circumstantially constant voltage at the slot opposite
edges. The unknown electromagnetic field was expressed using the mixed mode spectrum
of a radial dielectric waveguide. Then by enforcing the appropriate boundary conditions,
an integral equation was derived in term of unknown electric field. This equation was

solved using the Galerkin’s technique (using Laguerre polynomial as basis functions).

Dielectric Cylinder
£
o |

Infinite
Ground

Plane > 2o,
-

Fig.2.9. Geometry of the dielectric loaded annular slot antenna [39].

Wheeler and Nevels [41] studied the annular slot covered by dielectric
hemisphere. The structure consisted of a coaxial line flush mounted on an infinite ground
plane and covered by a dielectric hemisphere. Assuming TEM mode propagation inside
the coaxial line, the wave equation was solved for TM, mode. The Green’s functions for
the dielectric region were expressed in terms of their separated homogeneous and
particular solutions. The unknown coefficients for these expansions were found by
applying the continuity of tangential electric and magnetic fields. Their results showed
that radiation efficiency significantly improved by adding the dielectric hemisphere on top

of coaxial line. This was due to improvement in impedance matching. Also the beamwidth
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was notably less that the case of homogeneous free space region.

Colomb et al. [42] carried out a full wave analysis in the spectral domain for
modeling the fields of annular slot covered by one layer of dielectric and a lens as shown
in Fig.2.10. Their analysis indicated that the E and H-plane beamwidths can be adjusted
by varying the thickness of the dielectric layer. The analysis was done at 35GHz and

94GHz for mm-wave quasioptical applications and as primary feed in reflector antenna.

Alumina

Annular —
Slot

Fig.2.10. Annular slot antenna on extended hemispherical dielectric lens [42].

Different combinations of annular slot and dielectric resonator were also
investigated in the literature. Michalski et al. [43] considered the problem of a cylindrical
dielectric-post resonator with an annular slot in the upper plate. Their analysis was based
on integral equation for the electric field in the slot which was solved numerically by the
method of moments. They limited the solution to the axis-symmetric TM,, modes. They
showed that the complex resonant frequency could vary by changing the slot location and
width. Leung er al. [44] investigated the slot coupled dielectric resonator antenna
experimentally. Similar to pervious work, the resonant frequency could be tuned by

changing the slot width and radius.
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2.4. RADIAL LINE SLOT ANTENNA
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There has been extensive effort to investigate and improve a group of antennas
called “Radial Line Slot Antenna” (RLSA). Basically two groups; Ando et al., and Davis
and Bialkowski; have worked on this kind of antenna. The idea was taken from Goebels
and Kelly {7] and first published by Ando et al/. [45]. The antenna was designed for
circular polarization for the application in receiving direct broadcast from a satellite
(DBS). As it is shown in Fig.2.11.(a), a three plate waveguide was used to compose a
twofold radial line waveguide. The slots were on the top plate. Feeding was located at the
centre of the lower waveguide and a radially outward traveling wave mode was generated.
At the outer edge of the waveguide, it was transferred into a radially inward traveling-
wave mode in the upper waveguide. The angle of each slot was designed such that they
gave correct phase for circular polarization. The effect of coupling between slots and
waveguide was discussed in [46]-[48]. Single layered RLSA was introduced in [49]-[51].
To achieve uniform distribution in single layered RLSA, the length of the slots must vary.
The application of RLSA in millimeter frequency like wireless Local Area Network
(LAN) was discussed in [52]. Linear polarization was achieved using RLSA with
concentric slot arrangement [53]. The main problem with linearly polarized RLSA (LP-
RLSA) was high return loss. A method of reflection cancelling was given in [54] by using
the additional slot sets. In [55] slot parameters optimization for concentric array RLSA

was discussed.
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Fig.2.11. Structure of Radial Line Slot Antennas [55].

Davis and Bialkowski mainly worked on single layered linearly polarized RLSA

[56]-[58] (Fig.2.12). They used different feed system and reflection cancelling slots. They

also proposed the beam squinting method to reduce the return loss.
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Fig.2.12. Single Layer Radial Slot Line Antenna designed by Davis and Bialkowski [57].

From the literature review the following remarks can be concluded
=~ In most of the investigations only TEM mode was assumed. This means there was no
angular variation in the excitation. The effect of the higher order modes in the vicinity
of slots was mostly ignored.
~ When the higher order modes were considered, problem was solved numerically, that
required solving complicated matrix equations.
« To improve annular slot antennas efficiency complicated feeding systems and slot

shapes were proposed.
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CHAPTER 2 2.5. SUMMARY

* Dielectric loading was considered as a method to improve efficiency and other
antennas characteristics for similar structures.

This thesis is an attempt to investigate the problem of “dielectric and conducting
ring loaded annular slot array antenna” in an analytical approach. The analytical approach
has the advantage of simplicity for user to set up the problem and efficiency over the
numerical methods. The expressions for the fields on the surface of the antenna and far
radiation are in closed form. This gives a physical sense of how the field changes in space
and gives an easy and fast way to calculate the field values at any point in space. Both TE
and TM modes are considered and the effect of mutual coupling between the slots is also
included in the solution.

In the next chapter, Green’s functions for dielectric loaded annular slot are derived.
These will be used to formulate and solve the wave equation for dielectric loaded annular

slot array antenna.
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GREEN’S FUNCTIONS
FORMULATION

3.1. INTRODUCTION
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Generally the annular slot array antenna consists of two parts: 1) radial waveguide
or cavity for feeding the slots, and 2) the upper side which consists of free space, dielectric
layers and conducting rings. The first step to formulate the problem is to derive the
Green’s functions for each part. Green’s function is simply the field solution when the slot
is replaced by a thin ring of magnetic current. The Green’s functions for the first part of
the antenna was derived by Azarbar and Shafai [2] and a review of their results is given in
3.2 and 3.3. The modification for partially filled cavity is added to this formulation (3.4).

In Azarbar and Shafai’s work slots are opened to free-space. Because of the
assumption of narrow slots, electric field on the slots has only the radial component. This
causes a poor aperture distribution and low aperture efficiency. To improve the aperture
distribution, adding the dielectric and conducting ring is proposed, in this thesis, and the

Green'’s functions are derived in the rest of this chapter. In order to formulate the Green’s
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functions for structures containing the dielectric and rings, three different cases are
considered for the upper side of the antenna. First the Green’s functions for a magnetic
current ring with one layer of dielectric on top are found. The next step is adding the
conducting ring as the second source. At last two layers of dielectric on top of the
magnetic current ring is studied. The development of the Green’s functions for these three
cases are discussed in details in this chapter. In the next chapter these Green’s functions
are used to formulate the annular slot array antenna loaded with one or two layers of

dielectric or one layer of dielectric and array of conducting rings.

3.2. RADIAL WAVEGUIDE
Consider the case when the radial waveguide is feeding an annular slot of zero

width. It is assumed that the guide is of infinite extent in p (radial) direction (Fig.3.1). In

practice this condition may be simulated by adding the absorbers.

A- (no,EQ)

Region 11

Region IT Region I

Fig.3.1. Current ring in an infinite radial waveguide.

The Green’s functions, in fact, describe the impulse response to the magnetic

current ring of strength [, (9’) , located at a radius p = p’ (Fig.3.1) and characterized by

27



CHAPTER 3 3.2. RADIAL WAVEGUIDE

T = L(@)8(p~p)8(z )%’ 3-1)
where [/, (¢’) is a piece-wise continuous function of the azimuthal angle ¢’, and
(p’, 9, 2’) are the source coordinates. ¢’ is a unit vector tangent to the current source and
representing the direction of the current flow. A time variation of exp(j®w¢) is assumed
and suppressed throughout. The source function may be expanded in a Fourier series of
the following form

I.(0) = i (a,cosnd’ + b, sinnd’) 0<¢’<2n (3-2)
n=0

where

€, "1:1 ) ’ res
a, = 52[ " 1,(¢")cosnd’d

e'lfn ’ - ’ ’
b, = 1), 1,,(0")sinn¢’do 3-3)

1 n=0
€n= 2
n>0

The source singularity suggests dividing the medium between the conductors into
two distinct regions, namely region I for p <p’ and region II for p >p’. An arbitrary
electromagnetic field in a homogeneous cylindrical region can be expressed as the sum of
the TM and TE fields to the z-direction. The total electric and magnetic fields can then be

calculated from [59]
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= —Vx(¥"2) + 2V x V x (¥°2)
JE
G4

SO

€an 1 ha
Vx (¥ z)+jm—quVx(‘P 2)

where W¢ and ¥" are the solutions of the wave equation. The set of equations (3-4) in

cylindrical coordinates are represented by [59]

I Ui A0 U1 SRR 1) SO O o
P~ joedpdz p 39 P~ pod joudpoz
1 *¥ oy vt 1 v
“o = joepaeaz " ap e =~ 3p * jonpoed: 3-5
2 2
Ez = -—1—(—6—0 +k2)‘{’e Hz = —-1—(_8_’ +k2)\{’h
JOE 9z JOR 9z

The next step is to expand the wave functions in terms of appropriate mode functions with
unknown coefficients. To satisfy the finiteness condition of the field due to the magnetic
current ring in region I and the radiation condition in region II, Bessel and Hankel
functions of second kind are chosen to represent the radial dependent parts of mode

functions, respectively.

oo

¥i=Y Y (a,,coan)+b"sinn¢)cos('2——:tz)RfR(p)
n:Om:O (3-6)
Y=Y ¥ n(bncoan)—a"sinnq))sin(’—"—:—tz)R’fR(p)

n=0m=0

where subscript IR denotes the radial waveguide region and
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-

RS p(p) = - 4 1mn(Ps 20 (komP) p<p’
IR -
VS0 2V (Rpmp) 0>
3-7
Rh (p) = - u,l'mn(p'! Z’)J,,(kpmp) pSp'
1rR(LP) = U" _ 2 '
1mn'P 2 )H,, (kp,,,P) pP>p
) 2
k.= k'_('_"__n)
o l hy (3-8)

k) = @ 1o,
U, and U, are unknown functions. J, is the Bessel function of the first kind and nth
order and A f,z) is the Hankel function of the second kind and nth order. An application of
the Lorentz Reciprocity theorem and enforcing the continuity condition of magnetic and

electric field give these unknown functions as follows [1]

.y TOEP -
u(lemn(p ’ Z 2k h em Os(hl ) (kpmp )

Y N nmelp ’

U‘imn(p re ) = 2kpmhle Cos(hl ) ( mp )
h m1r,2 2) (3-9)
U] ma(P’, 27) = —j———€ cos(h )H (komP”)

2(k I) 1

th

Ullzmn(p Z’) = —j—-———emCOS(h )J (% mp')

2( mh )
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3.3. CAVITY
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Now consider the problem of magnetic current ring inside a cavity of radius p_

(Fig.3.2). The ground plane is assumed to be of infinite extent.

! Region [I -

— Region 11
Region I cgon

Fig.3.2. Current ring in a cylindrical cavity.

The existence of the conducting cylindrical wall at p = p_. imposes the following
conditions on the tangential electric field on the surface of the cylinder
P = Pc
E.,=E, =0 -h; <£z<0 (3-10)
0<¢<2rn
and the wave equations for this problem, ¥|, ‘I"fc, are similar to those for radial
waveguide case. Subscript 1C refers to the cavity region. The only part which is changed

is the radial variation part.
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.
uTCmn(p" z’)‘[n(kpmp) psp’

Ric(p) - ﬁ ot ’ >p’
LUiCmn(p 2 )Jn(kpmp) + VTCmn(p ' Z )Nn(kpmp) p=>p

3-11)

-

h roe
Uicmn(P' 2 )Jn(kpmp) p<p’

R?C(p) =J d r o’ , >p’
Cmn (P ZW () + Vicma(P 2N (k) PP

where N, is the Bessel function of the second kind and nth order and u,¢,,,» U cp,

and V 1Cmn ar€ unknown functions which are determined from the boundary conditions

as
€ ’r jna)e p pC I ’ ’ ’
Ulcmn(P,27) = 2%, lh ( z) 7 (k:: 5 S, (kymp”) = N, (kP )]
jTt(l)Slp mf N (k mpc
U 2 = s(—z )[ £ “tk, p’ ]
lCmn(p ) Zk h hl mpc) n mp)
’ ’ —Jnms ’ ’ ,
VTCmn(p ,2) = _zﬁemcos Th_:!z )[Jn (kpmp )]
2 3-12)
h s —m7 m% _, (pmpc) ’ , (
Uycmn(P’:2") = —————¢€, Cos (—2 [———Jn( mP )= N, (k,,.p )]
P 2(kymhy) h S (komP) 7P P
2
—_mT" N, m
UI;C,,,,,(P', ') = _-m_n—_s cos('z—nz' ( p Pc Sy kp,,,p’)]
20k mhy)’ Ta RomPe)
2
V’,'Cmn(p', z’) = .._”l’.t__e cos( ULy )[J( mp')]
2(kpm ,)'

Note that there is no steady-state solution to the problem when the frequency of the source
is the same as any of the resonant frequencies of the cavity, which occurs when &,,p.

equals to zeros of J,(x) or J,'(x) .
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3.4. PARTIALLY FILLED
WAVEGUIDE OR CAVITY

If the radial waveguide or cavity is partially filled with dielectric as it is shown in
Fig.3.3, the continuity of tangential electric field must be satisfied at the common
boundary of two dielectric layers

{Epl = Ep4

E¢l = E¢4

In addition, the electric field must satisfy the conditions Ep = E¢ =0atz=0-h.
The angular and radial dependent parts of wave functions are still the same as before, but
for z-dependent part, the characteristic equation, which is obtained from the boundary

condition at z = —A,, must be solved.

Z=—h4

4 =—h 13
Region I

Region 11

Region I

Fig.3.3. Partially filled radial waveguide.

For example the wave function for partially filled waveguide are
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¥ o= z Z B[(a,,coan)+bnsinn¢)cos(kzl(z+hl))RT(p) -h <z<-h,
n:Om:O (3-14)

‘I’Tg = Z Z Bz(ancoan)+bnsinn¢)cos(kzzz)R{'(p) —hy<z<0
n=0m=0

where W7, is the wave function in the lower part of waveguide and ¥$, is the wave

function in the upper part. k., and k_, must satisfy the relationships

2 2 93
kym+ k1 = @ UgE
pm zl 0%0 (3-15)

2

&

2 2
kom+ k2 = @ Mg,

To evaluate the constants 3, B, and &, ,, the boundary conditions at z = —4, must be

pm>

satisfied. The results of applying these conditions are [59]

k, k.

sin(k,5hy)
(3-16)

k k
—”-tankz,(hl —hy) = -iztan(kzzhd
El 84

From these equations, kpm and the ratio of B,/B, are determined. For partially filled

cavity, one must replace R(p) and R!(p) by R} c(p) and R! o(p) . respectively.

ST

3.S. ONE LAYER OF DIELECTRIC
AND FREE SPACE
Consider one layer of dielectric on top of an infinite ground plane. To find the

Green'’s functions, a magnetic current ring as characterized in equation (3-1) is assumed as

the impulse source (Fig.3.4). The wave functions can be determined by an application of




CHAPTER 3 3.5. ONE LAYER OF DIELECTRIC AND FREE SPACE

the Hankel transform. The transform pairs of order n of each wave function is defined as

F(e,0.2) = [ ¥(p. 6, 2)7 (ap)pdp

G-17)
¥(p,0.2) = [ Pl 0, 2)/,(ap)odar
Fig 3.4. Magnetic current ring covered with one layer of dielectric.
The wave equation in cylindrical coordinates is expressed as [59]
2 2 2 ,
i G b SRR AL TR (3-18)

apZ p ap p2 a;:2
where & = w./ue. Taking Hankel transform of both sides and using the following

expression available for the derivative of a function R(p) [60]

2 2
r ‘1—If+1‘15-"-—k J (ap)pdp = ~a’R (3-19)
0 dp' pdp pz "

the wave equation can be expressed as follows

CH 2@ =0 3-20
g-‘Y (a,¢,Z) - (- )

where

v = o’ -k (3-21)
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This means that 7y is a double valued function of o.. The branch which gives stable answer
should be determined by invoking the physical constrains of the problem.
The Hankel transform of the wave functions for dielectric and free space can be

expressed as

[ q7§<a, 0,z) = Y (a,cosnd + b, sinng)(Fr(a)e " + fr(o)e”)

=0 0 <z<hy3-22)
lwg(a, 0,z) = Y n(b,cosnd— a,,sinnq))(Ff,'(a)e"z + /f‘,(a)e”)
n=0
‘;’g(a, 0,z)= Y (a,cosnd+b, sinnq;)Gf,(a)e*sz
n=0 z>h, (3-23)

W, 0,2) = 3 n(b,cosnd —a,sinnd)Ga(a)e™
n=0
where:

2

= 0‘2"‘% ky = mm
2 2 2 |
8 =0 "ko ko =0 uoeo

and f,, F, and G, are unknown functions to be determined. The subscript 2 refers to

(3-24)

dielectric region and subscript 0 refers to free space region. It should be noted that, one
can take different variables for the Hankel transforms in dielectric and free space, i.e.
o, O,. After applying the continuity conditions and orthogonality of the function in
0 <o <o, it can be proved that a; and o, are equal. This is discussed at the end of

Appendix A. The boundary conditions used to find the unknown functions, are those on
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conducting surface of ground plane (z = 0) and also those on the upper surface of

dielectric layer (z = h,)

, z=0 (3-25)
E,, = 1,($)d(p-p")
E,=E
§ ez T R0 z=hy (3-26)

Using a method explained in Appendix A, the following system of equations is obtained

from the boundary conditions

L yolF () - £ ()] + nalFi o) + fi(a)] = p',_ (ap’

(DE-,

——va[f‘(a) Fo(o)] +nalFie) + )] = p'J,, (ap”)

JWE,
86—8112 —vh vh
——Gi(0) = t;Y—z[e T pe () —e' 2 fo(a)] (3-27)

0

—Sth:(a) - e—yltlF:(a) +e‘Yhzfﬁ(a)
—ahlGe(a) = e-Ythe(a) +eyh2ff,(a)
Se 8/:1G ( ) = Y[ Y"‘.'Fh( o) — Y fﬁ(a)]

The unknown functions can be found by solving this system of equations.
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3.6. VCONDU‘C'I’ING RING ON ONE LAYER OF DIELECTRIC

. [Jn’(ap’) l 7
fo(a) = —J('-"Ezp ay [1 _._kee 2?"2_
) S ap)[ ke T

jfl(a) = .jmezp o { ee —ZYlh
Y L1k

Gi(a) = —jaeyp’ =5

Y

J (ap’
F.:(a) = "( P )F l—ZYhZ:I

2
04 -1 +khe

o = Jn(@P")] e
§ o’ [ 1+ ko2
h J(ap)[ (1 -o-lcl')e—yhzeah2
Gplo) = — n_—2Yh
o 1+ ke

e _ Y/8,-8/¢,
T ¥/, +8/€,

h _ Y—S
k= Y+9

LR ATl

LAYER OF DIELECTRIC

IatalewliaN S5 R ST

J, (ap ’){( 1- ke)e—yhze&ll]

(3-28)

(3-29)

In this section the Green’s functions are derived for the case when a conducting ring

is added on top of the ground plane containing an annular slot. The region between the

plane of slot and the plane of conducting rings can be filled with a dielectric. As shown in

Fig.3.5, two sources of magnetic and electric rings are assumed to be located at two differ-

ent radii from the centre.
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Fig.3.5. Magnetic and electric sources representation of conducting rings loaded annular
slot.

These sources can be characterized as

- -
T = 1 (9)8(p —p*)8(z)a,
_)
J

- (3-30)
e = L)3(p—p")8(z - hy)a,
(@) = 3, ay,co0n” + asinng?
,.:0 3-31)
L) = 3, bycosnd’+ by,sinng’
n=0
The boundary conditions that must be satisfied are
{Ecﬂ =0 ocp.
’ 0<p <o (3-32)
E,, = 1,(0)3(p-p’) 0<¢<2n
rE¢2 = EQO z=h
E,, = Ey ; o (3-33)
y _ ” Sp<ee ]
Hyy —Hyo = 1,(0)8(p - p”) 0<6<2n
[y = Hpg

Using similar approach to that one for dielectric loaded slot, the Hankel transform of the
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wave functions can be written as:

.

~ = (4] ()e™" + B (a)e")cosnd) +
‘FZL(as ¢s z) =
n=0{((45,(0)e " + B5, (a)e™)sinng)
J 0<z<h, (3-34)
= (45 () F + BE (a)e™)cosng) —

‘I’gL(a, 0.z) = Z n

na0 (4] (@) +B" (0)e?)sinng)

L

‘;S_L(a, 0,z) = Y (Cj,(0)cosnd + Cg,,(a)sinmp)e_az
"=0 hy<z  (3-35)

Wo (e 0,2) = 3 n(Ch (@)cosnd—Ch ()sinnd)e >
n=0

where ¥ and 8 are the same as (3-24). By applying the inverse of Hankel transform the
wave functions for each region will be found.

Wi (0 6,2) = [ Y (] (@)e ™ + BT (w)e™)cosngJ, (op)odar +
on=0
|3 (45,(00e7 + BS, (@)e™)sinngJ  (ap)ada
J on=0
, =, , (3-36)
¥3,(0,9,2) = [ ¥ n(45,()e™ + By, (0)e™)sinngJ, (op)oudor ~
on=0
|3 a4} (e™ + By (0)e™) cosnoJ, (ap)ada
on=0
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-

¥o (o 0,2) = [ Y (CF ()cosng + C5 (a)sinnd)e > Tn(ap)odar
0n=0 hy<z (3-37)

o0 oo

¥ (on0,2) = [ T n(Ch(a)cosndg~Ch (o) sinnd)e >, (ap)oder
on=0

L

Now using (3-5) all the components of the electric and magnetic fields can be written in
terms of unknown functions of «, Afn(a), Af”((x), Bfn(a), Bf'"(a), Cf,,(a), and Cﬁ'n(a),
where { = 1 or 2. To determine the unknown functions, the boundary conditions in (3-
32) and (3-33) must be applied. The results of applying boundary condition and

orthogonality of sinusoidal functions are as follows

Eq>2 =0 z=0
(3-38)

-1 P e e = h A s, ~
ljmezp{(A,-,,(a)—Bm(a))a'YJ,,(ap)da+{(Ain(a)+3in(a))a J’ (ap)do. = 0

r

Ey = Y 1,(0)8(p-p) z=0
n=0

1 ¢, e 2,
| e [ (45 (0)-BS(a))o’y) (ap)da + (3-39)
‘0

zm
% (Ainte) + Biy(ao (ap)de = a,3(p~p")
0
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(EQ)Z = E¢0 zZ = h2
° B® Yh,

4 —vh, ,

I(A?,,(a)e YI'+Bfn(oz)eW")oaz.I’n(ozp)dm =

0

-1 }Ce (a)e a8J (ap)da-&-IC (a)e ?'J’ (ap)da
JOgLpJ Tim n
L 0 )

1 ~Yh, )
_LJ'(Afn(a)e Y '—Bfn(a)eyh')azyJ’,,(ap)da+
oos2

n j (At (@)e + B ()™ (op)da =

ja)e _"C?,,(a) 2028 (ap)da+ J'C (a)e ‘aJ,,(ap)da

(Hyy~Hyo = 1(0)8(p—p")  z=h,

- J' (Afn(a)e_yhl + Bf,,(oc)eyh2 - Cfn(a)e'Shz)azJ',,(ap)da +

Yh,

Jmuop [ eral e ™ e

(3-40)

(3-41)

3-42)

) - SC (a)e )a.l,,(ap)da = b, 6(p-p”)
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’sz = HDO = h2
< —Yh, h,

g f(45 (0™ + B (@)e" )0 (ap)dor -
0

n (3-43)

JoU,

f(A?,,(a)e_yhz-—Bf.',,(a)em)az‘y.l'n(ap)da =
0

2 j Cfn(a)e—mza.l,,(ap)da——,"— I Cf-'n(a)e—ShlazSJ’n(ap)da
p 5 JOH, 5

Using the approach described in Appendix A, the system of equations will be found as

follows

{j;lef,ya(Alen(a)“’B?n(a)) + na(Afln(a) + B:'n(a)) = ainp' n— l(ap’)

L " ; (3-44)
ljmeoya(A?”(a)—Bfn(a)) +n(l(A‘.n(a) +B,~,,((!)) = ainp' n+ l(ap’)
(jc:e Yo AL (e -BE (@)e™) + no( A" () " + B (@)e™?) =
2
j_(_l:)lﬁ—Sacfn(a)e__sh2 + naC?n(a)e_shz
— 0 ' : btk b i (3-45)
-Yh, vh4 —vh, .,
jﬁ)e Ya(Aten(a)e ¥ -—B:-g"(a)e{ ’) "'"a(A,-,,(a)e Y ~+Bin(a)ey 5 o
2
_— —dh, —8h,
jO;SoaaC?"(a)e h'+naCﬁ'n(a)e B
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(048 (o)™ + B (a)e™ - C° (a)e_Shl)—

h -,

no(y(4" (e ™ _B" (ye'™) - ~8Ch (a)e ) = —b,p"J, _ (ap”)

JOU,
h h -Oh (3-46)
(A5 (e 2+ B (a)e’ 2= CE (o) ) +

—yh»

no(y(An (e "Bl (@)e"™) - 5Ck (e ) = bp"J, . (ap”)

LJOU,

After solving the system of equations of (3-46) the unknown parts of the Green’s functions

are found as
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(_jm

e ezp' ” ’ 1
Ain(a’) = ainkTJ n(ap )[W]J—

( 8 /€ 0 ” —Yh,
— 0 2y €
bin (y/e, +0/¢ ) ‘n(@p )[ B kee—zvth

. (—jwe,p’ ke
B; (a) = ap, —_— ( Y )[—_T— -
" W 1k

( 3/¢, ” “th
p_ 4 ” e
bin (y/ €, +08/¢ ) Tn(0p )I:l B kee—ZYth

( : ’ 8/11 Yhz
e (e Te 1=k
Cul®) = @ gy a0 )[ L - ke 1™ D

dh, —ZYIIZ

Y/€ p” e (e -1
b; (————) —J (ap")[ =
[ ‘Y/E‘,+8/€ l _kee 27"2

h 1 1
A" ) = a (—J (ap')[—])+
o " L+ 2T

( ; —Yh,
Jmllo( 1 ) Y [ e D
b; S (0P™)| ==
d (o Y+0 “_khe 21h,

( h —2Yh,
h 1 ke
B, (a) = a;,| 5 ,(0p ) ————| |-
" "\az " |:1+k"e_2vh1D

& ~Yh>
Jmuo( 1 ) . [ e D

bi| —— J(0p”)| ————
L (1.2 Y+6 l+khe 2vh,

p (1 RPN
C:ln(a) =4 —i‘ln(ap’)[ h —27h, :I]
\ Qo 1+ k

\ (jmuo( 1 ) I p,,)[ (1 - zyhz)D
'\a Y+38 1+ &t

where &° and k" are given in (3-29). It is interesting to note that the Green’s functions are

3-47)

=

=

a linear combination of the Green'’s functions due to each source.
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3 7 TWO LAYERS OF DIELECTRIC
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Now consider adding two layers of dielectric on top of a slotted ground plane
(Fig.3.6). Similar to one layer of dielectric, the Green’s functions can be found by the use

of Hankel transform.

Fig.3.6. Magnetic current ring loaded with two layers of dielectric.

The Hanke! transform of wave functions are

- oo

¥ha(0,0,2) = Y (a,cosnd +b,sinnd)(Q5(a)e™ " + g (a)e™)
n=0

(3-48)

Wha(e, 6,2) = 3 n(b,cosnd—a,sinnd)(Qh(a)e™” + gl (a)e”)
- n=0
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‘—I’_Z_:,,(a, 0,z) = Z (a,cosnd + b,,sinnd))(Sf,(a)e_xz + s,e,(a)exz)

n=0
<
— i . (3-49)
‘{’2')3(0(, 0,2) = z n(b,cosnd — a”sinnq))(S:(a)e_xz +s:(a)e'c")
- n=0
hy<z<h,
¥oo(a,0,2) = Y (a,cosnt +b,sinnd) T5(a)e ™"
=9 2> hy (3-50)

‘PZO(a, $,z) = 2 n(b,cosnd —a,,sinmb)T:(a)e—&
n=0

where

2

2 2
Y =0 -k ky = o,/1o€;
=0tk k= @ flE, (3-51)
82 = az—kg k() = Cl).“loeo

and Qi, qi, Qﬁ, qﬁ, Sf,, sf,, Sh sh T¢

h . .
w Sy Ippand T, are unknown functions of oc. To determine

these ten unknown functions, ten boundary conditions are needed. Boundary conditions

are applied at the boundaries of dielectric layers and on the slots.

E,, =0

{ 92 , z=0 (3-52)
Eyy = 1,(0)8(p~-p’)

(Eg2 = Eg3

Ey,=E

Joez e z = h, (3-53)
Hyy = Hys
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E.,=E
p3 — PO z=hy (3-54)

where subscript 2 and 3 denote the dielectric layers and O refers to free space. Now using
the three sets of boundary conditions given in (3-52)-(3-54) at z = 0, h,, k4, substituting
(3-48)-(3-50) into (3-5), applying the orthogonality of sinusoidal functions, and using the

method discussed in Appendix A, one obtains:

Jf—(;le—va[Qf.(a) ~-q ()] +na[Qﬁ(a) +qf.'(a)] = p'J,_(ap”)
: 2 (3-55)
;C;gvatgi(a)—qi(a)l+na[Qﬁ,’(a)+qf,‘(a)1 = p'J,, (ap”)
1o 0@ ~ g @] = Fie s @)~ ]
—Yha _h hs fy _ —Kh, Sh xh, A
je g, (a)+e "g,(a) =e () +e s (o) (3-56)
e—Ythi(a) + eyhzqf,((x) = e_xhzs‘;(a) + eKhlsf,(a)
yie "0l — ™) = ki Sh(a) - e ()]
( _
X e 88 (@) - st = 2T )]
€3 €
) e_thSf,'(a) +exh3s:(a) = Tf',(a) (3-57)

e—KhSSi(a) +exh3si(a) = e—8h3Ti(a)

ke st(@) - e™s(@)] = 8l Th()]

.

By solving these equations, the unknown functions are found as follows
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; Joap) x%™
Q,(a) = —joe,p’= L‘ -
" oy eY":_ Yo Yh2
) = —jwe,p @ re™ ]
00 T TERR Y |y yee ]
- xh, -
e 20k + 1)e
Su(0) = —jweyp " e
’ ’ —Xh
) = _je.pn (@RI 206 - De ™
n J ;P oK eY"z _ Yee-Yhz
' s 8h
J, (ap”) 4e
T, (a) = —jwey—" [f
od eYhz _ Yee—Yhz
’ (3-58)
A J(op”) xte'™
On(®) = 3 L/ Y . h —Yh,
o e +Ye -
N ACTY IR S
qn(a) = 2 /] 'Y,l': V)] —Y’l-)
(0 _Xle "+Y e d
, h . h xh; -
Sh(a) L(ap)[ 2k (ky + 1)e
i o Lx"e™ 4y
o) Jn(ap’)[;Z\fl'(kg—l)e_Kh’]
s (a) =
" o’ e yhe M
&k
a) = Jn(ap’)[XA 4kt iie"™ ]
n (12 e'Yhz + Yhe"'Yhz
where
Y/€, e K/&;
LT Xe ky = 8/¢
3 0
d (3-59)

X = (K + 1)K+ D™+ (k- 1)k -1)e ™
Yo = (k5 + 1)K — e + (k5 — 1) (kS + 1)e™

49



CHAPTER 3 3.8. SINGULARITY AND BRANCH POINTS

h h K

=1 =3

X' = B+ DU+ e+ - - 1)e™ (3-60)
Y* = (h+ DK - e+ (K- D+ 1)e™

and d = h; —h,, as shown in Fig.3.6.

3.8. SINGULARITY AND BRANCH
POINTS

B L T AL E L R R R PR

As it was shown in (3-51), ¥, ¥ and 9, are double-valued functions in the complex
plane of o. To specify the branches of these functions which satisfy the finiteness of

waves, one should note that the wave equations have the following forms:

e _ ,. —Y(orxord)z Jn((lp)

v= J:Ce(a, 0. p7)e v(or x or 3) o 3.61)
h h ,. —Y(orcord)zJ,(0p)

¥ —j:C(a,¢,p)e - —da

For dielectric layers, we should take the cases where the dielectric layer is extended to

~y(or xor 8)ZJ,,((xp) must vanish

infinity. To maintain the finiteness of waves, the term e
for r — <. This will be satisfied if this term vanishes for either p — oo or z — o . Taking
the integral path where o is real or the imaginary part is small ensures this condition for
p — o=. The convergence condition for z — o= requires to choose the branch with positive
real part for vy, x and §.

To discuss the singularities, let’s take the case of one layer of dielectric. The wave

equations for dielectric layer are
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Yi(p,0,2) = ) (a,cosnd +b,sinn)(—jwe,)

n=0
‘e M) Ja(@p)a(ap)
J: K —’Y'h Y «
(3-62)
h .
Y,(p,09,2) = 2 n(b,cosnd —a, sinnd)
n=0
¥ _ ph 2R g (ap”), @p)

I: /, —2vh, o

The integrands have a number of singular points. The singular points are due to the zeros

—27/’1

) ~2vh, . . .
of functions 1 —k% ' and 1 + k"¢ ' . For a lossless medium, the singular points are

on the integrations path between &, and k, . The number of these singular points is

2h,

N=[n]+1 n:T- (3-63)

M|m
o 1w
g—l

where [n] is the nearest integer smaller or equal to n, and A, is the free space
wavelength. The singular points are due to surface waves which propagate along the air-
dielectric surface. To prevent the problem of singularity, we consider the dielectric layers
are lossy. This makes k;, complex and removes the singularities form the path of
integration. For the lossless case the path of integration must be deformed and the branch
cut must be kept outside the closed contour formed by the original and deformed path.

This is discussed in more detail in [62].
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P T e T

3.9. SUMMARY

B R R T TR

In this chapter the formulation for the Green’s functions different structures were
derived. The Green’s function is the solution to the wave equation, when the source is
assumed to be a magnetic or electric current ring, representing the slot and conducting
ring, respectively. The antenna was divided into two parts. The interior part can be a radial
waveguide with infinite extend in radial co-ordinate, or a cavity which is in fact a closed
radial waveguide.

In this chapter the method of finding the Green’s functions for the second part of
the antenna which is the region containing the free space, were discussed in details. The
novelty of the work was adding the dielectric layers and conducting rings of electric
current as the second source to the structure. The Green’s functions for this part were
derived using the Hankel transform. Three different structures were investigated:

I. One layer of dielectric and free space

2. One layer of dielectric with an electric current ring on top and free space

3. Two layers of dielectric

To avoid singularity in the path of integration, the dielectric layer was assumed to

be lossy. This assumptions removes the singular points from the path of integration.




Chapter 4

ANNULAR SLOT ARRAY
ANTENNA FORMULATION

4.1. INTRODUCTION

In this chapter, the Green’s functions derived in Chapter 3 are used to formulate the
annular slot array antenna problem. In the antenna problem the slot fields are unknown.
These unknown fields are expanded in terms of Fourier series in angular direction. The
radial part of the field is expanded in terms of basis functions. This part is multiplied by
the Green’s functions and integrated over the radial co-ordinate. By applying the
continuity of tangential magnetic field on the slot, a linear system of equation is obtained.
This system of equation can be solved numerically to find the unknown coefficients of
expansion of electric field. In the case of conducting ring loaded slots, the magnetic field
on the conducting ring is also written in terms of basis functions and the boundary
condition of zero electric field is imposed on the conducting ring in order to find the
unknown coefficients of this expansion.

After finding the electric and magnetic fields, the induced magnetic current on the
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top layer of dielectrics is written in terms of electric field. By using this magnetic current
the far-field is determined.

At the end of chapter the higher order modes excitation is discussed.

OF DIELECTRIC

The magnetic surface current on the upper conducting plane of radial waveguide,
which contains the slots, can be written as cross product of electromagnetic field and the
unit vector normal to the surface. Assuming the narrow slots, the only component of

electric field which contributes in the induced magnetic current is the radial component

aperture ( 4- 1 )

where 7 is the normal unit vector and is equal to 2, and p is the radial unit vector. The

radial component of electric field can be expanded in terms of Fourier series

Ey(p’,¢") = Y R,(p')(a,cosnd’+b,sinnd’) 4-2)
n=0

where R, (p’) is the radial dependent part of the field. Now contribution from the slots to
the total field can be obtained by integrating the product of R, (p’) and the Green’s
functions obtained in the pervious sections over the aperture radial coordinate p’. The
total field inside the waveguide region is the sum of the contribution from the slots and the

sources inside this region. However, the total field in the upper region (dielectric and free

54



CHAPTER 4 4.2. ANTENNA WITH ONE LAYER OF DIELECTRIC

space) is entirely determined by the aperture field. The radial dependent part, R (p”) , is
generally an unknown function which can be expanded in terms of some basis functions.
The simplest set of basis functions is a series of pulses of equal width and different
strength, located side by side. The width of the pulses should be electrically small enough
to suppress the radial variation of field. Each slot can be divided into a number of cells and
the width of each cell is assumed to be the same as that for pulses. The expansion of radial
dependent part is
ic
R(P) = X E,Pp-p) (4-3)
i=1
where p; is the centre of the ith slot, /C is the total number of cells and

—8,/2<|p—p| <8,/2

elsewhere

(1
P(p—p;) = 10 “4-4)

where 8, is the width of ith cell. In order to determine the complex unknowns, E;, , the
continuity conditions of either H, or H p must be preformed. The extra boundary
condition is the result of the assumption of narrow slots which makes the £, component
negligible. In fact, one can construct another set of equations for the radial magnetic
current, expand the angular dependent part in terms of basis functions and use the other
continuity condition to determine the unknown coefficients for angular component of
electric field. Now the wave functions inside the radial waveguide due to an array of slots
on top of the radial waveguide and loaded with one layer of dielectric, as it is shown in

Fig.4.1, can be written as follows
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Region II

Region [ Region IT

Fig.4.1. Slot array antenna on top of radial waveguide and loaded with one layer of
dielectric.

tee, [ > € -
ae _ ™1 m - mu_\ pae
Vi = 2h, z 2 Z k—-—-mE,-n(anCOan)+bnsmn¢)cos(71—‘.)l€l.,-,,m(p, P;)
o lnmOm= 4-5)
y 2 IC oo oo (
i = —J'n_..z z Z E, n(b,cosnd-a, Smmb)sm(h )R‘lﬂ.',,,,,,(p,p)
ll=ln Om=0 “pm
where * = R is for radial waveguide and * = C is for the cavity and:
¢
HE (ke mP)P (K p<p;
RTZinm(p’ P,) =9 "
2
Jn(kpmp)pinl )(k - P>Pp;
L i
(4-6)

. p‘.‘
2 J , !
H}, UeomP) Ly pm)| PP,
ah Pi

R l Rmm(p’ P; ) = lv
H P:
| a(komP) Ly (K

P>P;

where pf = p;+(3,,/2) for replacing p’. The slot numbering starts from the cell with

the smallest radius and ends with the cell on the last slot of largest radius. Because the
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slots are assumed to be narrow the integral of product of p° and derivative of the Bessel

function 1s approximated by
j‘; DT RVl = Py KiyP) =T ) = p,J,,(kpmp')|zj @7)

)
Operator Li(k p’) and L':[ (kpmp’) are defined as

pm
pi ;

Latkomp")| . = jzi Z,,(kymp”)dp’ 4-8)
Pi i

where Z (x) denotes either the Bessel function of the first kind J,(x), Bessel function of
the second kind N, (x), or the Hankel function of the first or second kind (Hf,l)(x) and

H f,z)(x) )- The integral in (4-8) can be calculated using the following equation[63]

n-1

[iZon(nar = J‘O Zy()dt—2' Y Zyp . 1(2)
k=0 n=12 .. (4-9)

. Zone (0l = 1-242)-2 3, Z5,(2)
k=0

The corresponding functions for a cavity fed annular slot array antenna are
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f

( pmpcj(k mp )l j

J,,(kp,,,p)p,( G mp)| S,

Rtl’zinm(p’ pl) =9

r 4-10)

N, (ky,Pc) N
L AU )| J p<p;
P;:

] P=>P;
pi

The wave functions for dielectric layer and free-space can be written as

N [

J (k L (k, p’ — ——
RlCinm(p’ p:) =9
N, (kymP.)

Ny (k) — =22 (ke ,,,p))(L (k
( P Jn (k P

n
pmPc)

IC oo
el Z z (—-jmsu)Ein(ancosrzq) + bnsinmb)Rfim(z, hy, Ps P;)

i=ln=0

IC o “4-11)
‘I’f:f = z Z nE,-,,(b,,coan)—a"sian))Ri'f,-,,(z, hsy, P, P;)

i=ln=0

where ** =2 is for dielectric layer and ** =0 is for free space. The radial components

for wave equations for each region are as follows

ae (& 4 ko 21 1] (ap)da
Roite k00 = [ 52 (oatoen]] j
- y (4-12)
(¢ + ke 212 ¥ P\J,(ap)dat
Rgfl”(zv h’), py P') = L ’
2 U J‘; I 1 +/CI -2vh, ] a
- (8 Y 52
a 1- J (ap)da
ROfn(z’ hZ! P pz) = J‘: ( —ZYII-» :l )I ’)
L
5 4-13)
@~V -5z p, J d
i _ela+he o(op)do
Rgin(z’ hy P, p;) = J: L+ gho v ][ ) a
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where v, 8 are given by (3-24), and k°, K" are given by (3-29).
In order to determine unknown coefficients £, as it was mentioned earlier, the

continuity of Hy can be appliedat z = 0

inc
H, —H, = H, (4-14)

o
where subscript 1 denotes waveguide or cavity region, and 2 denotes the dielectric region.
Now, assuming a TMpq mode of the radial waveguide to be incident in the waveguide or

cavity region, its mode function is characterized by

inc _ pT_ 2) N N
Wi pq = cos (E'a) cosqoH (kp oP) for radial waveguide

; N (k )
lPl[nCcpq = cos (%rz) COS‘I‘D(N 1(kopP) —1(—%9'6—-/ ,,(kppp)) for cavity backed(4-15)

Jq(kppPc)

2 )2
kop = /kl _(%T) k; = o,/HeE

Utilizing the orthogonality property of sinusoidal functions, the coefficients of Fourier
series must be

b, =0

a ={On¢q
Il n=gq

(4-16)

This eliminates the infinite summation on n. The summation on m is convergence and can
be truncated for acceptable error margin. The boundary condition (4-17) is applied over

the cells in an average sense
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z=0
Tg1; = Hea; [p—p=8,2 @-17)
0<$<2m
where
Ic
Hyi = Y h(Jj, i)
i=1
1 (o (4-18)
— | ' H.,d
- 8,7p; 9P i#j
h(j, i) = , P =
- + -
§(H,~¢(pj) + H,-¢(pj) + Hiq,(l)j))

and H, is the contribution of the ith slot to the magnetic field at the jth slot when i # j.
The average of H, is taken for the sample points when i = j. The result of applying this
boundary conditions is a set of linear equations in terms of aperture field coefficients in the

form of

[aﬁ; ij 5] = [‘;’} (4-19)

ps pJ.

Where * denotes either radial waveguide or cavity backed antenna. When the antenna is

backed by a radial waveguide the result is (* = R)

5 = H U0+ H ) @20)

and for antenna backed by a cavity (*=C)

inc _ + - Nq(kppc) + -
ajc = (=N, (kp,p;) + N, (ky,p)) — W(Jq(kppp,) +J (ko pP ) (4-21)

and
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CHAPTER 4
2Yh, .
1+ &° - p; p;lde
aJ' - j(DEzp, [l 1€ —27":J _Jq(ap)lp‘,][J (ap)l ]
2 A =27hy7
JORP 0| | 41t ZYhz_ o
G j
S (kymP) (2)
b TOE;P; €m e |p;’ Hy KomP) P;
i "0t HP (kopp)| ||y Gepmp)|
Pi- Pi
[ J ’ P: -F A ’ Pr]
3 2 oo 2 Lq(kp’"p) - Lq (kpmp )l -
nq Z m Em Pi P;
20p0hp S K - p;' P;
m= m ’
1P, pm | pH? | L,kymp"| ]
L pidL P
- (N _(k,,,C) -
o o ([Mean® (T2 Vatkon® | |[Zathom®)
b = TWE,P; y &y Pj P
Jic. — 2h, P - (N _(ky,C)
.. P: q\"pm P:
i# ] m=0%pm| | N_(kynP) —(——)J P) J (kymP)
" S (Kom€) P IPEJ e
Ny P (N (RO NV, ,
P I A - —(J—-(k—)-)[‘ (komP”™) Ly(kpmP")
nq Z m €m P Pj
3 2 - ;
20U0A P im=0 kom || N P (NG (K€Y s N J ,
24 o) |52 JEihonO| || £

(4-22)

(4-23)

P

where, inside the brackets, the top row is for j >/ and the bottom row is for j <i. The

diagonal elements for inside the waveguide are evaluated from the following equations
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( 3

, e @, + p;
toep, & € So komP 1) g (kpmp),p;+Hq (kp,,,p,-)Jq(kp,,,p)lp;+

06k, & F

m=0 P™M

m }

big = 0

, 2 p; 2, ,-
I komP ) Hy ’(kpmp)lpf +HY (kp”.p,-)qupmp)Et

\

f.[q(kpmp;)(J::H‘(Iz)(kpmp)dp) + 425)

- HP k. f)( Tk )d)+
5 n’q’ szEmJ a (TomP ‘r;} 1 FpmP P

P/ 3 2 -
6oUA P —0 K i 2
l‘l‘O |pzm 0 “pm Jq(kpmp[)(ﬁi H‘(I )(kpmp)dp) +

|1 o[, o )

and
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(Vo omp) |z - (%'(%”g)fq(kpmp)|EQ(Jq(kpmp;)) +
T (S e A
o ke (o Uepmp (NT——((: )))J om®)[] )0 ) +
- (82 it
[L”(kpmp )| (]f—((;k——)))L omd")| )J( omP?) +
5pjn3q2 i mlen (Nq(kpmp:)_(g;q"_((;;m_cc)))‘lq(kpmpj))[l‘;(kpmp’)Izj+
7 (

3
6mu0k[pim =0 kpm

4.3.

(L;V(kpm ') Z (J_(%#)L (Kopmp")| JJ KomP?) +
(N,,(kp,,,p,-)—(J—:((T:;%]Jq(kpmpi))(d(k ‘ :)

CONDUCTING RING LOADED

ANTENNA COVERED WITH ONE
LAYER OF DIELECTRIC

)

—\

(¥#-26)

In this section the structure under investigation consists of an array of annular slots

on the ground plane covered with one layer of dielectric. On the top surface of dielectric

an array of ring shaped conducting strips exists as shown in Fig.4.2. Each conducting ring

is divided into a number of cells in radial co-ordinates. These conducting rings can be

—>
expressed as an array of electric sources (J,). Similarly, the array of slots can be
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; -
represented by an array of magnetic sources (J/,, ).

Conducting Ring cells

Region [

Fig.4.2. Annular slot array antenna loaded with conducting rings and covered with one
layer of dielectric.
These electric and magnetic sources have unknown variation in radial co-
ordinates, but their behavior in angular co-ordinates can be characterized by a Fourier

series with unknown coefficients, as follows

_ﬁ -]
Im = Y, E(p)a,cosnd’ +a,,sinng’) on the slots
"=0 4-27)

_9 o0
J. = Y H(p")(b,cosn¢’ +b,,sinnd’) on the conductors
n=0

where the radial part of each of them can be expanded in terms of pulse basis functions.
Each slot and conducting ring can be divided into a number of cells and the pulse width is
the same as cell width. Total number of cells is called /S on the slots, and /C on the
conducting rings. The cells on the slots are numbered from the slot with the smallest radial

co-ordinate. Similarly the cells on the conducting rings are numbered from the cell with
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the smallest radial co-ordinate, starting from i = IS+ 1 toi = IS+ /C.

IAY
Ep) = Y E, P(p-p;)

i=1

IS+IC (4-28)
H,(py= 3 H,P(p-p)

i=IS+1

where P,(p —p;) is given in (4-4).

Now the Green’s functions for dielectric and free-space can be written in terms of
these sources. It is worth mentioning that because the system is linear, the field at each
point is the total field of contributions of slots plus the total field due to conducting rings.

The Green’s functions for dielectric layer are

IAY
Wiiee = O E(—j08u)®,,(8)Grnss(Py P, 1y, 2) +
i=1

IS+IC
Z Hin(bim(¢)g?:"¥(pp pv hzy Z)

{ I=S[S+ I (4_29)
ah

h ’
\PgL’*"‘ = Z Einnq) en(‘p)Gl’n"(pi’ e, hl’ z)+
i=1
IS+IC
ah

Y H,(jop)n®’,,(0)gm(P; Py iy, 2)
i=IS+1

where:

65



CHAPTER 4 4.3. CONDUCTING RING LOADED ANTENNA COVERED WITH ONE LAYER OF DIELECTRIC

P, () = a;,cosnd +a,,sinnd
D,,.(0) = ,ncosn¢+b2nsmn¢
P’,.(0) = a,,cosn¢—a,,sinnd

P, () = b,, cosnd-b,, sinnd

(4-30)

and for dielectric layer, where ** =2 , the radial components for wave functions are

given by
—Y‘- —2vh- vz
Ke e 2(ap)do
con b = [T o O
I B ['; 1 —kee_}ﬂ12 l oy
= d/¢ ue_Yh:(e_Y:-‘:- eYZ) ~J, (ap)da
ae -\ = 0 2y Pi n
ginz(p,‘: P, h27 4) j(y/ez + 6/80)[ 1 _kee""'yl'l (pIJH(ap )lp;) o
0 , (4-31)
oo -2vh, Y’ p_’ J d
alx +k J ~ n(ap) a
IIIZ(pP P, h” z) = {[ 1 +klz -2vYh;, ][L”(ap )Ip;]T
o “Yhy, —yz Y2
ah 1 e (e -e) Pi \J (ap)da
in i { -Y+5 ] +kke 2Yha
Pi
_ is defined in (4-8). The Green’s functions for free-space has the same
P;
form as (4-29), where ** =0 , when the radial parts are written as follows
8’!7 Yh"l —82
ae = flad=£e ‘e L(op)do
G olpn P, 112,4) j[ Y _2‘{,1: ]( Lop’ )l )—(IE_—da
0 - e
oo —27[11 shw —52
ae _ Y/€; (l—e '"Me ‘e (ap)da
ginO(pi’ Ps hZ’ z) = I "{/87 +8/EO)[ 0 _kee_ZY"2 (p("’n(ap )I )
) (4-32)

alz

mo(p,, pr h‘)a ~)

(1 + ke e Vo L (ap) pi\J,(0p)do.
l+kh 7Y"2 " p lp:) (0 4

( ) (l—e—zyhz)eshe_sz ’ P\, (ap)da
Y+ 1+ &2 (0P )|

ah

gan(pp p9 h27 -)

I
I
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Green’s functions for the cavity and radial waveguide part is the same as those for
antenna with one layer of dielectric, given in (4-10)-(4-13).
To find the unknown coefficients £;, and H,,, two sets of boundary conditions are

required. The first set is the continuity of magnetic field on the slots and the second set is

zero electric field on the conducting rings

H, —H, = H" =0
Ep2=Epz—0 z=h2

One should consider that in modeling the conducting ring, only the radial component of
electric current was considered. If the angular component has considerable strength, both
sources must be considered in deriving the Green’s functions and in the antenna problem
there will be an extra electric current source, which introduces extra set of unknown
coefficients. Then imposing zero field on angular component of electric field can be used
for forming the matrix equation.

Boundary conditions are applied in an average sense, the same way which was

explained in previous section.
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IS+ IC
H'q,j:( py h(j,i)] =0
8—1’ gHiq;dP ip i
- Jp;
ARG, D = {0 T
P =7

SCH () + Hig(p ) + Hig(P))) (4-34)

IS+1C
Epj=[ Y é(j,i)} z=h,

i=15+1

1 oo
e(j,i) = &—— | E, dp
apszf ®

The result of applying the mentioned boundary conditions is a set of linear system of

equations. When only TM,, mode is excited the matrix equation can be written in the
q y Pq q

following block matrix form

r T _ _
ﬂ.‘_ﬂ] Eﬂ inc
’: Sp,- ‘Sp[_ [Eiq] — aaj': (4_35)
d; Fe : H, ’
4 H e,
L P

where the vectors [E“;I and [Hi(;l are unknown coefficients for the basis functions. The
coefficient matrix consists of four blocks. The first block a;+ bﬂ.,,] shows the
contribution of the slots on the magnetic field of each slot. The second block [CJ"J shows
the contributions of each conducting ring cell on the field of each slot cell. Similarly, the

third block [dﬂ] reflects the contribution of each slot on the electric field of the

conducting ring cells. The last block [ejJ is the contribution of each conducting ring cell
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on the other conducting ring cells. In (4-35), subscript * denotes either radial waveguide or

cavity backed antenna. When the antenna is backed by a radial waveguide * = R and when

it is backed by a cavity * = C. The first block of the right hand side [a[ic:l is given by
7

either (4-20) or (4-21). Similarly the first block of the left hand side can be calculated from

(4-22)-(4-26), where i < IS and j<IS.
_Yh., - -
_ ¢ 12 0/¢g, P: p;lda
i = p"-r:[l _kee-lvhz](y/ez + S/GOJ[Jq(ap)Ip;][J"(ap)Ip;]_‘; N
2 =Yh, p: P;
/ 2e ( Y ) Yeaph| || qopn|” |2
pj":l:l + ke 2"’] Y+d [ ! PEJ( o )Io} a

where IS+ 1 <i<IS+/IC and j<IS.

Yh, )
d = pif, [T%%’%]_Jq(ap)lsz (OLP)IP,]da

—ke
, p: d_a;
p; p; ) &
p}]cﬁ
o

q PRLTTERLN
PiAo p+ e 7
where i< IS and IS + 1 < j < IS+ IC, and finally
P r L= (/e I, e, ;
i T Jwegdo [ — ke 2 [y/sz+8/eo][ a p)Ip;][ /(OP) 'y

e s, P \do
J(Lq(ap )lp}]E

<+

jouyg” [ A |
P; 1+ ke ~27h, [y+8:|

where IS+ 1 <i<IS+IC and IS+ 1 <;<IS+IC.

(4-36)

(4-37)

(4-38)

69



CHAPTER 4 4.4. ANTENNA COVERED WITH Two LAYERS OF DIELECTRIC

4.4. ANTENNA COVERED WITH
TwO LAYERS OF DIELECTRIC

For the antenna with two layers of dielectric, shown in Fig.4.3, utilizing similar
routines, another set of linear equations can be found. To write these equations, first two

new parameters are defined.

K¢ =Y/X°
k"= v*/x"

where X°, X", ¥° and ¥" are given by (3-59) and (3-60).

(4-39)

Region 1

Region II Region I

Fig.4.3. Annular slot array antenna covered with two layers of dielectric.

The Green’s functions in the dielectric layer are rewritten as

oo < _yr e —2Yh, ¥z "I tapNT (o
¥hy = Z (-jmez)(a,,cosm+bnsinn¢)j'|:e +K e-zyhe ]P a (ap)J( p)da
n=0 0 | —Kee 2 Y
* h =2vh (4-40)
1 - —YZ (S 2 YZ J a ’ J a
‘1’5)2 = z n(b”cosn¢—ansinn¢)j[e +K[e_’Yhe :I 2(0p")J( p)da
n=0 0 [+K'e ' o
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Now using this Green’s functions the wave functions in the different layers can be written,

using the same expansion of electric field on the slots given in (4-2)-(4-4)
‘I’Ze* = Z —j(oe.)E!."(an cosnd + bnsinnq))Rf,')e,,m(z, hy, P, P;)
: 4-41)

\yg’; = Em(b cosnd —a Sm"¢)RD*1n("h” P P;)

||.Ma n'[\4ﬁ

where subscript * =2 represents the first dielectric layer on top of slots and for this layer

the radial part is derived as:

e PREY T R(ap)da
R?)lin(z’ hy 05 P:) = J: K% —2vh, ( n(kpmP )| )T
) ) (4-42)
ah 'e—7:+Klre-2Y’lzeyz“ J ’ p: J"(ap)da
Rpain(z: o P P2) = J‘; 2 Lolkomp )I o

Comparing the result in (4-41) and (4-42) with (4-11) and (4-12), it can be seen that the
Green'’s function for two layer case is exactly in the same form as those for one layer case
when &°, k" are substituted by K°, K", respectively. Similarly, the system of equation will
be the same as (4-19)-(4-26), with the same substitution. After solving the system of
equation the electric and magnetic field components can be found from the wave functions
given in (4-41)-(4-42). For the second dielectric layer (* = 3 ) and free space (* = 0) wave

functions are
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5_g

e Y/h (k +l) Khy —K"*‘(k—,—l) ~Khy !C_
Rp3in(2 B P5 P =

Xe [ —K% =2vh,
N\ (ap)do
T
P: )
. _ . (4-43
a 2R+ )™ e + (K — 1)e e
RD3m(" 2 P,P-) = _‘: 1 1+K —2Yhs
e
J , PV a(op)do
(Ln(kpmp )l - __n__a_
B Shy; 8z —Yhz -
(de ‘e )/ X¢ L p\/ (ap)do
Rpoin(Z s B3 0, P)) = J: |k 2T ( S n(komP )l )T
b h Bt _§z —yh - (4-44)
ah | w[akikse e e Ty XN POV (ap)da
RDOln(" h” 3 Ps pi) - J: 1 +K/,e—27h._. Ln(kpmp ) ; _T_

where k%, &%, k' and ki are given by (3-59) and (3-60).

4.5. CALCULATION OF INFINITE
INTEGRALS

Evaluation of matrix components in (4-19) and (4-35) involves calculation of
infinite integrals of the following form

e —ZYiI 27

= [ e Trcom

Hl-ke . - (4-45)
([saamrap ) [ (aprdo 152

h —2Yhs"

12=J: 1-ke

1+ k _'Y’h

To do the integration, integration path must be divided into two parts. These integrals can
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be written in the form of f: = f; + r where x is an arbitrary point. For the first part
the change of variable o = xsint and for the second part the change of variable

ﬁ are chosen. Then the integrals can be taken numerically using Gauss quadra-
tures technique. To avoid the singularity points as it was mentioned in chapter 3, the
dielectric layer is assumed to be lossy. By this assumption there are no singularity points

on the path of integration.

4.6. FAR-FIELD CALCULATION FOR
ANTENNA LOADED WITH ONE
LAYER OF DIELECTRIC

In order the obtain the far field approximation, first the aperture field is replaced by
the equivalent magnetic current distribution over the last dielectric layer, therefore the

electric field at far point (r, 0, ) can be expressed as [64]

—fkoR
2.3 _ | - e /0 ’
E(r) —4nVX . re.'ZJm(r) 7 ds (4-46)
— > R
J s = Eaperture X 1t

_)
where Eaperture is the electric field over the dielectric layer, 7 is the unit vector normal to
y 3 % - ’oar s .
the aperture, R = |r—r’| and r’ is the vector to the source point (p’, ¢’,z’) . Using the

approximation for the free space Green'’s function at large distances one obtains

N
Ve = :_-1708 -Jkq e.lko( r );- (4-47)

2, > JkO —fko" e >, ~ jko(;‘"?,) ’
EPy=5—e Lpeme(.fmq) +J,0P") X Fe ds (4-48)
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The cross product of unit vectors in cylindrical and spherical coordinates are

q{’xf = —sin(¢—¢’)coseq?+ cos(d)—d)')f) (4-29)
p’xF = —cos(¢—¢")cos00 —sin(¢—0")0

Substituting (4-49) into (4-48) gives the following equation

_/k _/Ixor

E) = 5

(U, + Ugh}

(o SIn(P — ") —J ,,cos(¢ — ")) cosOe Jkop’sin@cos(9 ~¢') p’dp’de’ (4-50)

2T
o=, f:
JQTCF Jkop sinOcos (¢ —
0“0

(S mgcos(®— ") —J,;sin(¢ —0"))e o’dp’de’

Jme and J,, , must be obtained from the aperture field, which can be calculated from the

n

wave functions for free-space at z = h; . After some algebraic manipulations explained in

Appendix B the following results are obtained

Uy = Z Z —2nj"" " E;yn(b,cosnd-a,sinng) cosO(/, + 1)
i=ln= (4'51)

Ug = z Yy -2nj” ~'E, (a,cosnd + b, sinnd)([;+1,)

i=ln=0

where

pl < K ’ ’ V. ,
—Jcu, a)( jJ,, (ap’)J, (kop’sin®)dp ]da

wo 0 (4-52)
J_ J.J,,(ap')J,,(’koP'Sine) do’ do.
Icosm ! . P o
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= p; IC (n, a)[jJ (ap”)J, (kop’ sme)dp] -

(4-53)
+ J' C,(n, a)( ] Jn’(ap’)Jn'(kOp'sinG)p'dp’]da
0 0

I; = p,-jC,(n, a)(jJn’(ap’)Jn’(kOp'sine)p’dp’]da
0 0 (4-54)

+n2J-C2(n, a)[I(Jn(ap')Jn'(koP'Siﬂe))dP'J‘%a
0 0

Qo
0 (4-55)

n ’ ’ ’ - ’
T-snb { C,(n, a)[ { (J,(ap”)J ,(kop’sin®))dp ]da

Iy = k smO

o (J.J (ap”)J, (kop smB) o J

2

and

[(1—k5e "™
L1 - kee—zvl’: J
(L + ke ™
| 1+ lche_zwl1 i

C (n, o) = (J, (0p;) —J (ap;))
(4-56)

Ca(n, o) = J’;jJ,,(ap)dp

These integrals can be solved analytically as explained in Appendix C. The results are

oo ) C,(n, k,sinB)
U, = Z Z _2nj" ‘Emn(b,,cosnd)—a,.sm”q’)COSG( > kosi(l)le )
< '" = (4-57)
oo Cl("’ koSine)
Uy = 2 Z —21t_[ m(a cosn¢+b Sll‘lﬂ¢)(p, kOSi“9 )

i=ln=0
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For TMF,q mode, a g =1 and b g = 0. This simplifies the far-field patterns as follows.

_ q—1 singd cos
U, = ; 2rj " E g WC,(q, k,ysin®)
=1 (4-58)

ic
_ q- cosqd .
Ug = Z—ZTC] quk e eC[(q, kysin@)

i=1

where C,(n, a) and C,(n, &) are defined in (4-56).

4.7. FAR-FIELD CALCULATION FOR

ANTENNA LOADED WITH ONE

LAYER OF DIELECTRIC AND

CONDUCTING RINGS

The procedure to derive far field for conducting ring loaded annular slot array
antenna is very similar to that for dielectric covered one. In this case there are two sources

of magnetic current on the top layer, as the electric field has two parts, one due to the slots

and the other due to the conducting rings. The equation in (4-50) must be modified as

—~jkor

_‘k .
Bty =522 (U3 + Ub + (U + UG8} (4-59)

where superscript S refers to slot contribution and C refers to conducting ring contribution.
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= I 2nj7 g, g 309800 sing)

= 7 kpsin®
Is o
U‘g = Z—anq—lElqpllfO:;eC (g, kysin®)
ITSLIC (4-60)
U;: = Z anq"lH[qq%%gcﬂ,(q, kysin®)
i=I5+1 0
. Isxic 05q0
= —_ i s 1
Yo "%-%—l g 'qp'k sm6C3(q’ kosin®)
where
R e L [ s + -
C3(m o) = jmeo[‘{/ez+8/eo] |l 2T (Jn(ep;) =Ty (ap;))
(4-61)

=2vh, -
. -1 l-e - ;
Calm o) = muo[y +8]L N khe—2Yh:]Jz,f Ju(0p)dp

4.8. FAR-FIELD CALCULATION FOR
ANTENNA LOADED WITH TWO
LAYERS OF DIELECTRIC
The wave functions for free-space in this case is very similar to that for the case of

antenna covered with one layer of dielectric. By comparing (4-13) and (4-44), it can be

seen that only coefficient dependent on the dielectric parameters are changed as follows

. . —h, - dhy -8z —Yh-
(1 - k%) e sze”’]_) (4" % Y‘)/Xe}

| 1 _ke —7‘Y’Is i l —Ke _"Yh"
4-62
84, -52 —Yh- - h, h 8h; -8z —Yh, ( )
(1 +K"e : a(klkae e e Y/ X"
. h Z‘Yh?_ - PR
- Lt+ke 1+K"e

—
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Using the same approach mentioned for antenna with one layer of dielectric, the far field

for TMp, can be calculated and the results are:

- q-1 sing¢ cosO
Up = 'gl 2nj Eqq WD’(q’ kysin@)
ic (4-63)
Ue = Z_znjq Elqp;,fosq¢D (q, Osme)
i=1
where
Yllw
4lc ‘he 1y s X7 -
Dy(n, o) = ( = ‘))/ J-Pl-‘]n(ap)dp
ke e
P N (4-64)
i / 2 )
Dy(n, @) = [ Ix)"yh](‘,ﬂ(ap:)—‘[n(api))
l1+K'e

4.9. ExchAildN OF H[GﬁER

ORDER MODES

In order to cancel the even modes, it is assumed that the antenna is excited using
two probes located at p = +p_. The probes currents have equal amplitude and 180°
phase difference. The outer conductor of the coaxial probe is assumed to be connected to
the ground plane (Fig.4.4). In order to consider the effect of higher order modes, the power

ratio of excited modes to the power of dominant mode must be calculated.
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Fig.4.4. Probe configuration for radial waveguide excitation.

When the antenna is fed through infinite radial waveguide, the field inside the

waveguide can be obtained from the following relation [59]

)= HP ko B + 00

mn

(A T me \ 2, |2 2

\I‘r";! - Z Bmcos(les)cos(T;z)(Ho (kpm|P—Ps
m=0

- - 2 | (¢—°:) ] (¢"¢,-K)

W cos('"_"z)[ﬂf, Ky ) k) (&% - " )J

mn h '( _‘¢:) _( —-¢:_ ) _

L)y YHD Uy ) ("7 - ") | (4-65)

m=0n=0

,t )[Hff’(kpmpsw,.(kp,,p)

> 2Am,,cos('z—z o cosn(o —0,)
m=0n =0 ! Jn(kpmps)Hn (kpmp)
n odd

where the top row inside the bracket is for p < p,, and the bottom row is for p 2 p_. The

addition theorem for Hankel function is used [59].

f

- ."( "Q:)
S HD Rymp M kompre ™ p<p,
HE (kplp—p) = 1" 2° (4-66)
2 in(é—¢,)
S Tk mp ) HY (ky pre’™ p2p,
n=0

Using the incident wave function the magnetic field in the vicinity of the probe can be
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calculated.

H;)n = Z Z 2kpmAmn COS(’Z_TZ)H?)(kpmps)‘]n'(kpmp) COSH(¢ B ¢s)
m=0n =20
- odd (4-67)

t mT 2),
ng ¢ _ Z z -2k, ”mc:os(h—z)],,(l«rp,,,ps)flfl ) (kompP)cosn(d—o,)
m=0n = !
n odd
where H;" refers to the region p < p, and Hy" refers to the region p > p,. 4,,, is the
same for two regions to maintain the continuity of electric field. The discontinuity of H,,

caused by J, current on the probe, is expressed as

Hin _
¢ Ps

Hf;“'lp = J, (4-68)

From this boundary condition the current on the probe can be written as

2:', i Amn(npsj (%Z)cosn(d)—%) (4-69)

n odd
where the Wronskian of Hankel functions is used [63]

_2]‘

A 4-70
T(KppPs) (4-70)

Hﬁz)’(kpmp_‘—).]"(kpmp_‘-) _Jn’(kpmps)HEIZ)(kPmps) -

Equation (4-69) is a Fourier cosine series in z and ¢, where 4 '""(:-EJ-) are the Fourier
Ry

coefficients of J, that is

A"’”(nps) nr J cos( )cosn(¢-¢s)dzd¢ “4-71)

where g, is defined in (3-3). For example let’s assume the current on the probe can be

expressed as sine function in z direction.
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J - 3(p—pIB(d— ;) ~0(d— ¢, +m)]cosk (z—z) O0<z<z @4-72)

0 Zs<z<h2

Using (4-71)

mny . (mR .
(h_l) sm(-h—lzs) —ksink,z

2 mm\?
* -(;,—I)

When the antenna is fed by a cavity, the incident wave function is changed as

N2
Am,,(if-) = ™1+ cosnd,) @-73)

P, nth,

follows

in = - -
D I AN S P
m=0 (4-74)

No(kpm€) SO0 jn(6-0.-m)
70(7"”—’—)(J0(k,,,,|p Ps)) —Jo(kpmlP + Ps ) 1(e )
Using similar approach, by applying the addition theorem for Bessel functions, boundary

condition at the probe, and using the Wronskian of Bessel functions, the following relation

between probe current and unknown coefficients will be found

= mé i ( )cos(h:t )cosn(cp—q)s) (4-75)

n odd
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4.10. SUMMARY

In this chapter it was described how to find field components for the annular slot
array antennas, using the Green’s functions derived in previous chapter. The solution is
based on expanding the unknown electric field on the slot in terms of pulse basis function
in radial co-ordinate and Fourier series in angular co-ordinate. The solution is found by
integrating the product of Green’s functions and the radial part of electric field over the
radial co-ordinate. The unknown coefficient for pulse expansion of electric field is
determined by applying the boundary conditions.

The method is expanded to the case of annular slot array antenna loaded with an
array of conducting rings. The magnetic field on the conducting rings are also expanded in
terms of pulse basis functions. The field components are found by adding the field
components due to slots and those due to conducting rings.

The far-field is calculated using the magnetic currents on the surface of last
dielectric layer. The excitation ratio for higher order modes also was found for the probe
fed antenna.

In the next chapter the method described in this chapter is used to find the effects

of different parameters on the antenna performance.
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Chapter 5
RESULTS AND DISCUSSION

Hos e e g

5.1. INTRODUCTION

In this chapter Boundary Value Method (BVM), described in the previous chapter
for annular slot array antenna modeling, is used to show that dielectric and conducting
ring loading improve the antenna performance. In the first section, to confirm the accuracy
of boundary value method, its simulation results are compared with two commercial
packages: Multi-Body Electromagnetic Scattering (MBES) and Zeland IE3D Software.
MBES is based on the method of moments for bodies of revolution [66]. IE3D uses a
general method of moments [67]. Both packages have limitations in the modeling of
annular slot array antenna. MBES does not allow more than one dielectric in the structure
and slots cannot be opened to a dielectric region. Also limited number of acceptable
segments causes to have less accuracy for large antennas with more than three annular
slots. However, MBES has the advantage of ability to simulate a finite dielectric layer.

This advantage is later used to study the effects of finite radome for antennas with finite
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ground plane. Also using MBES, further improvements are achieved by adding an open
cavity to the structure. MBES is not able to model an infinite radial waveguide. In order to
confirm the results for infinite radial waveguide and infinite dielectric layers, IE3D is used
for comparison. The disadvantage of using [E3D is more computation time and required
memory. The reason is that MBES and BVM use the angular symmetry to simplify the
problem, while [E3D does not put any assumption on the structure. Adding the cavity wall
also causes huge increase in the matrix dimension and increases the computation time
further. Therefore this package is only used to confirm the results given by BVM for
infinite radial waveguide fed antennas with one or two annular slots.

After confirming the BVM results, it is used to study the effect of various

parameters on the antenna directivity and radiation characteristics.

S5.2. CONFIRMATION OF BOUNDARY
VALUE METHOD

VR g ER R R T IR A A

5.2.1. Dielectric Covered Annular Slot Array Antenna

For the antenna fed by radial waveguide and covered with one layer of dielectric,
simulation results were compared only with IE3D package. Structures in MBES can not
have slots which open to a dielectric layer. In addition having infinite radial waveguide
and ground plane is impossible in MBES. The feeding in IE3D was realized using two
dipoles at the central region with 180 degrees phase difference. Table (5-1) shows the
antennas dimensions and Fig.5.1 shows the configuration. Two groups of antennas were

simulated. Antenna in group (a) were larger, because the first slots were located at 0.95A,.
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In group (b) the first slots were located at 0.45A¢. The radiation patterns in E and H- planes
are shown for one and two slot antennas of group (a) in Fig.5.2 and Fig.5.3, respectively.
Because of symmetry, only half of the radiation patterns are shown. The right side of the
figure shows H-plane radiation patterns and left hand side shows E-plane radiation
patterns. Good agreement was achieved. The difference could be because of higher order
modes excitation. In BVM, it was assumed that only TM;;; mode was excited inside the
waveguide, while higher order modes were also excited in IE3D. This difference becomes
more clear for antennas in group (b), where the first slot was moved toward the centre.
Around the probes higher order modes were stronger and when the slots were closer to the
probes their effects appeared in the radiation patterns. Fig.5.4-Fig.5.6 show the radiation
patterns for antennas with one, two and three annular slots, respectively. The antennas
were covered with one layer of dielectric of thickness 4,=0.25A 4 as shown in Table (5-1).
Although the higher order modes became more dominant in these cases, the side lobe
levels in E-plane were much lower in comparison to the pervious cases, where the first

slots were located at p;=0.95,,.

Fig.5.1. Configuration of dielectric covered antenna for comparison with [E3D.
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Table (5-1) Dimensions for antenna covered with one layer of dielectric.

Group (a) Group (b)
p Value Value
arameter (Sizes in free-space wavelength | (Sizes in free-space wavelength
(20)) (20))
8p 0.1 0.1
Py 0.95 0.45
x 1 l
hy 0.36 0.36
h> 04 0.158
€, 1.0 1.0
€,> 2.5 2.5
Directivity(dBi): BVM=13.08, IE3D=13.54
. N —— BVM, E-PI
5 - E-Plane h T BWM, H-Plane
. --———- IE3D, E-Plane
- \ |-—- IE3D, H-Plane
-10 - \
. \ H-plane
o157, \
_g_) ’20 E \'\
o g \ .
™25 - Vo
30 | VIS
i ¥ Y
-35 i N
-40 ! . _ _ H L
90 675 45 225 0 25 45 675 90
0

Fig.5.2. Radiation patterns for dielectric covered single slot antenna shown in Fig.5.1,
comparison between BVM and IE3D, dimensions as group (a) in Table (5-1).
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Directivity(dBi): BVM=17.55, IE3D=17.57

—— BVM, E-Plane
XY R BVM. H-Plane
By —-— [|E3D, E-Plane
w —— |E3D, H-Plane

3 H-plane

20 loglE|

a0 b

90 675 -45 -225 0 225 45
0

Fig.5.3. Radiation pattern for dielectric covered double slot antenna shown Fig.5.1,
comparison between BVM and [E3D, dimensions as group (a) in Table (5-1).

Directivity(dBi): BVM=11.36, IE3D=12.00

0 .
4 "*xe..| —— BVM, E-Plane
5 : E-Plane ] BVM, H-Plane
: ———— IE3D, E-Plane
‘10 - - |E3‘D, H-Plane
' \""-\ H: lane
315 - P
S-20 N
= Y
™25 - |4
30 4
a5
-40 - R | S : : : : i
-90 -675 -45 -225 0 22.5 45 67.5 90

Fig.5.4. Radiation patterns for dielectric covered single slot antenna shown in Fig.5.1,
when the first slot was moved toward the centre, dimensions as group (b) in Table (5-1)
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Directivity(dBi): BVM=17.183, IE3D=17.233

0 —
: —— BVM, E-Plane
5 | E-Plane -———-- BVM, H-Plane
: A —-— IE3D, E-Plane
10 - | ——— IE3D, H-Plane
: ) ] H-plane
w18
8-20 T
o ’” ~. \\
~

-40 -+~
-90

675 -45 -225

Fig.5.5. Radiation patterns for dielectric covered double slot antenna shown in Fig.5.1,
when the first slot was moved toward the centre, dimensions as group (b) in Table (5-1).

Directivity(dBi): BVM=20.56, [E3D=20.59

\ —— BVM, E-Plane
- \ [T BVM, H-Plane
\ — |E3D, E-Plane
-10 - \ — |E3D, H-Plane
: \ H-plane
@15 \
S-20 N
Q
N 25
-30 - TN
35 -/ i)
PR S SN N "
90 -675 -45 -225 0 25 45 675 90

Fig.5.6. Radiation patterns for dielectric covered three slot antenna shown in Fig.5.1,
when the first slot was moved toward the centre, dimensions as group (b) in Table (5-1).
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For the antenna covered with two layers of dielectric, comparison was made
among BVM, IE3D and MBES. The first layer was assumed to be air, so the configuration
would be suitable for simulation by MBES. In MBES simulation slots were backed by a
cavity, and ground plane was finite. This may provide better directivity. The waveguide
fed antenna configuration is shown in Fig.5.7 and the dimensions are given in Table (5-2).
Fig.5.8 shows the radiation patterns for three slot antenna without dielectric cover, and
Fig.5.9 shows the radiation patterns of the same antenna when covered with a layer of

dielectric at the distance of half a wavelength above the plane containing the slots.

Table (5-2) Dimensions for antenna covered with two layers of dielectric.

Value
Parameter (Sizes in free-space wavelength
(20))
By 0.1
P 0.95
x 1
h, 0.36
h, 0.5
d=hz-h, 0.2
€ 1.0
£, 1.0
€3 2.5
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Fig.5.7. Radome covered three slot antenna configuration for comparison between BVM
and IE3D.

Directivity(dBi): BVM=19.05, I[E3D=18.76

BVM, E-Plane
BVM, H-Plane
IE3D, E-Plane
IE3D, H-Plane

H-plane

Fig.5.8. Radiation patterns for three slot antenna without dielectric radome, comparison
between BVM and IE3D.
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Directivity(dBi): BVM=20.98, [E3D=20.15

0 -
* o [
= \ ~—— IE3D, E-Plane
-10 - \ - IE3D, H-Plane
: A H-plane
v, -15 'l,\
8‘20 - ‘\\:‘"\.
S : AN
N .25 -
-30 -
'35 ‘:‘:' P //""\\\

PO B B . N
90 675 -45 -225 0 22.5 45 67.5 90

Fig.5.9. Radiation patterns for three slot antenna covered with dielectric radome as shown
in Fig.5.7, comparison between BVM and IE3D.

The same antenna was simulated using BVM when it was fed through cavity and
the result was compared with MBES simulation result. The cavity radius (p.) was 3.31 as
shown in Fig.5.10. Radiation patterns shown in Fig.5.11 corresponds to the case when
there was no dielectric cover on top. By adding the dielectric cover at the distance of half a
wavelength above the slots, directivity is increased. Radiation patterns and directivities
given by MBES and BVM are compared in Fig.5.12. It should be noted that although in
both methods the antenna was backed by a cavity, the ground plane in BVM was assumed
to be infinite, while in MBES its radius was the same as the cavity. This is a reason for the

differences in the radiation patterns around the horizon.
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Fig.5.10. Cavity fed radome covered three slot antenna configuration for comparison
between BVM and MBES.

Directivity(dBi): BVM=19.67, MBES=19.80

o ——— BVM, E-Plane
. E-Plane \ —--—- BVM. H-Plane
: Y ———— MBES, E-Plane
-10 - : |:. ——— MBES, H-Plane
: . ' " H-plane
@15 a
8-20
< 'l “‘ ,’(\\
-5
20 A\ —
'35 - i;i “'I /’-\\
40 —-1 1 LN
90 675 -45 -225 0 225 45 67.5
(]

90

Fig.5.11. Radiation patterns for cavity fed three slot antenna without dielectric radome,
comparison between BVM and MBES.
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Directivity(dBi): BVM=21.06, MBES=21.217

— BVM, E-Plane
----- BVM, H-Plane
-—— MBES, E-Plane
—— MBES, H-Plane

H-plane

20 loglEl

Fig.5.12. Radiation patterns for dielectric covered, cavity fed three slot antenna shown in
Fig.5.10, comparison between BVM and MBES.

The simulation results for cavity fed antenna with smaller rings are also compared

with MBES simulation resuits. Fig.5.13 shows the radiation patterns and directivity of a

three slot cavity fed antenna covered with a radome with dielectric constant of £,=2.5 and

thickness of ¢=0.158A,, which is quarter wavelength in the dielectric. The distance

between the dielectric and ground plane was half a wavelength. Cavity radius was .

Other cavity dimensions were the same as Fig.5.10.
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Directivity(dBi): BVM=20.86, MBES=19.30

o —
. —— BVM, E-Plane
. E-Plane \ -—-— BVM, H-Plane
; kY -—- MBES, E-Plane
10 - % |~ MBES, H-Plane
. RN H-plane
g 15
(= N
_9 '20 - ‘\,'\“
o S,
N

] ] '
W W N
O O O

l {

90 675 -45 225 0 225 45 675 90

Fig.5.13. Radiation patterns for dielectric covered, cavity fed three slot antenna shown in
Fig.5.10, when the first slot was moved toward the centre, p ;=0.45hy, p,=0.05A £,,=2.5,

hy=0.158Aq

5.2.2. Conducting Ring Loaded Annular Slot Array Antenna

For the conducting ring loaded annular slot array antenna, radiation pattern and
directivity given by BVM method are compared with simulation results given by IE3D
and MBES. The antenna structure is shown in Fig.5.14 and dimensions are given in Table
(5-3). In IE3D and BVM simulations, antennas were fed through infinite radial waveguide.
In MBES simulations, antennas were backed by a cavity with the radius of 1.5 and 2.5
wavelength for single and double slot antennas, respectively. Radiation pattern given by
MBES shows differences around the horizon, due to finite ground plane. For both IE3D

and BVM, ground planes were infinite.
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, Conductmg
7 ngs

%‘L&“ 05k
p =0,

Fig.5.14. Conducting ring loaded annular slot array antenna fed through radial
waveguide.

Table (5-3) Dimensions for conducting ring loaded antenna.

Value
Parameter (Sizes in free-space wavelength (1))

Sp 0.1
P 0.95

x 1
hy 0.36
h; 0.05
€1 10
€2 10

L 0.5
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Directivity(dBi): BVM=14.95, IE3D=15.12, MBES=15.76

—— BVM, E-Piane
-----— BVM, H-Plane
——- |E3D, E-Plane
—— IE3D, H-Plane
--—— MBES, E-Plane
— MBES, H-Plane

20 loglEl

Fig.5.15. Radiation patterns for conducting ring loaded single slot antenna as shown in
Fig.5.14, comparison among BVM, IE3D and MBES, dimensions as Table (5-3).

Directivity(dBi): BVM=19.74, IE3D=19.75, MBES=20.33

0 -
B A —— BVM, E-Plane
5 | E-Plane ------ BVM, H-Plane
. ; ——— |E3D, E-Piane
-10 - 4 —- |E3D, H-Plane
. -——-— MBES, E-Plane
- MBES, H-Plane

H-plane

20 loglEl

Fig.5.16. Radiation patterns for conducting ring loaded two slot antenna as shown in
Fig.5.14, comparison among BVM, IE3D and MBES.
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In [68], the conducting ring loaded annular slot array antenna was discussed as
“Double Layer High-Gain Microstrip Array Antenna’. Experimental data given in this
paper are compared with simulation results from BVM in Fig.5.17. Dimensions are given
in Table (5-4). In this case, two first odd modes, TM,; and TM,3 were excited and
combined with the power ration of ‘pr’. It is not clear in the paper if the experiment was
done by using two probes, canceling even modes or not, and the differences might be

because of excitation of even modes and other higher order odd modes.

°r : 4 5
: 1 :
- E-Plane ] e H-Plane
: : ! :
_,5.-. e e e e e e e s sna e .,.' ....... R : .........................
' - :
t :
' z
—10} L S
[ .
) :
— I :
) 1 :
2—15"" e B
& ! -\
/ ! B
I o
—20+ D e : ..................... :
A SEM
I s
~pr=0.7 | L
- pr=0.75 L
25 _pr=o_e T \ .
~. pr=0.9 L R
© & x expegiment
: 1
» g L . L
—30% 50 -60 —40 -20 ) 20 40 60 80

-4

Fig.5.17. Radiation pattern comparison between BVM and experimental data taken from
[68], ‘pr'is the power ratio for the TMy;/TMy3; modes.
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Table (5-4) Dimensions for double layer microstrip array antenna.

Parameter s Value
(Sizes in free-space wavelength (1))
Sp 0.0344
Pi 0.448, 1.138, 1.810
number of slots 3
hy 0.0131
€,/ 2.94
€ 2.94
L 0.207

5.2.3. Input Impedance

For the antennas simulated by IE3D, the excitation was realized using two probes,
with 180 degrees phase difference, to cancel the even modes. The probes were located
close to the centre. All the antennas were designed for the frequency of 11.5GHz. For this
frequency, it was found that the probes with the height of 5.9mm, located at 10mm from
the centre of the antenna, provide good matching at the input. To investigate the effects of
dielectric and conducting ring loading on the input impedance, S;; for antennas with one
and two slots was compared with that for the same antennas covered with a layer of
dielectric of dielectric constant 2.5 and thickness of 0.4A,,. The radiation patterns of these
antennas are given in Fig.5.2 and Fig.5.3. Also for the safne antennas, the conducting rings
were added on the top. The radiation patterns of conducting ring loaded antenna are shown

in Fig.5.15 and Fig.5.16. S|, for the single and double slot antennas, with and without
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dielectric cover and conducting rings are shown in Fig.5.18 and Fig.5.19. The dimensions
of the antennas were the same as Table (5-1) and Table (5-3). The results show that
dielectric loading does not change the input impedance very much, but conducting ring

loading decreases the return loss around the centre frequency.

1 < — No conductor/ No dielectric
-22 - N ——- With dielectric
4 o o 7 -—— With conductor
10 1 12 13 14 15 16
Frequency(GHz)

Fig.5.18. S, for single slot antennas, with and without dielectric cover and conducting
rings, dimensions as given in Table (5-1) and Table (5-3).

: . " No conductor/ No dielectric
22 N —— With dielectric
24 i ~—— With conductor
10 1 12 13 14 15 16
Frequency(GHz)

Fig.5.19. 8}, for double slot antennas, with and without dielectric cover and conducting
rings, dimensions as given in Table (5-1) and Table (5-3).
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Fig.5.20 compares the return loss for three slot antennas, with and without
dielectric radome, located at half a wavelength above the slots. The radiation patterns of
the antenna are shown in Fig.5.6 and Fig.5.7. The dimensions are given in Table (5-2).
Generally, the dielectric loading does not change the impedance bandwidth, while the
conducing ring loading improves the input impedance around the centre frequency

significantly.

—— No conductor/ No dielectric
-——- With dielectric
10 1 12 13 14 15 16
Frequency(GHz)

Fig.5.20. S}, for three slot antennas, with and without dielectric cover, dimensions as
given in Table (5-2).

5.2.4. Computation Time

For two sets of simulation, memory requirement and CPU time are compared.
Simulations for [E3D were done using a Personal Computer, Pentium 200MHz. BVM was
implemented using MATLAB(Ver. 5) and ran on the same computer. In comparing the
results, one should keep in mind that MATLAB run time is much higher than lower level

programming languages, e.g. C or C++. It is expected that if the method was implemented
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using such programming languages the run time would have been at least 50 to 200 times
smaller. Table (5-5) shows the results for 6 different cases. The first two cases are
dielectric covered annular slot antennas with one and two slot rings, using the same
dimensions given in Table (5-1). Cases 4 and 5 are for three slot antennas with and without
dielectric radome, respectively. Between the antenna slots and the radome there was an air
gap, as shown in Fig.5.7, with dimension given in Table (5-2). The last two cases are
conducting ring loaded annular slot antennas, as shown in Fig.5.14, with the dimensions
given in Table (5-3). One can see that adding the conducting rings increases the run time
for both BVM and [E3D. This increase in time for BVM was due to calculation of the

infinite integrals, while for IE3D it was due to the increase of matrix size.

Table (5-5) Comparison of memory and CPU time requirement between [E3D and BVM.

I[E3D BVM

No No. of IE3D BVM CPU CPU

Case o f. Dielectric Con dt.lctin No. of No. of Time Time
# Covered ) g Unknowns | Unknowns (sec- (sec-

Slots Rings

onds) onds)
1 1 yes 0 330 1 104 6.2
2 2 yes 0 890 2 378 153
3 3 no 0 408 3 89 23.0
4 3 yes 0 1998 3 4063 28.9
5 1 no 1 924 6 398 76.6

6 2 no 2 2642 12 9665 3510
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MBES was run on Unix ULTRA-I workstation. BVM was run on MATLABS on
the same machine. The first two cases are for antennas without any dielectric or
conducting ring load, with one and two ring of slots. Antenna configuration is shown in
Fig.5.10, when the dielectric covered is removed. Cases 3 and 4 are for three slot antennas
with and without dielectric radome. The last two cases are conducting ring loaded
antennas with one and two slots. In the case of conducting ring loaded antenna, MBES is
faster than BVM. The reason is again the time required for computation of infinite
integrals. This can be improved by using lower level programming languages and better
and faster methods for integration. The method of integration in these simulations was

Gauss-quadrature.

Table (5-6) Comparison of memory and CPU time requirement between MBES and BVM.

MBES | BVM
N No. of MBES BVM CPU CPU
Case o(;‘ Dielectric Congt.l::)tin No. of No. of Time | Time
# g Covered Rin £ | Unknowns | Unknowns | (sec- | (sec-
ots gs onds) | onds)
1 1 no 0 188 1 7 5.3
2 2 no 0 216 2 22 12
3 3 no 0 304 3 40 20
4 3 yes 0 656 3 199 22
5 1 no 1 168 6 17 56.6
6 2 no 2 336 12 40 214
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5.3. EFFECT OF VARIOUS
PARAMETERS FOR INFINITE
STRUCT

SR T e T AR

L N T SR TR TR

In this section BVM is used to investigate effects of various parameters and
dimensions on the annular slot array antenna performance. In this method the dielectric
layer and ground plane were assumed to be infinite. To consider the effect of finite ground
plane and dielectric radome, a numerical method must be used. This is discussed in the
next section. For all the simulations in this section, the antenna was fed through cavity,

except when it is mentioned as fed by a radial waveguide.

5.3.1. Cavity Radius

In Fig.5.21-Fig.5.23 cavity radius effects on the antenna directivity, aperture
efficiency and E-plane side lobe level are shown. The antennas with three and five slots
without any dielectric cover were considered. When the distance between the last slot and
conducting cavity wall becomes quarter wavelength in free space (p.-p,=0.25A¢), the

directivity and aperture efficiency drop and E-plane side lobe level increases significantly.
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12 - Y — n=3
10 = - e : : n=>
005 01 015 02 025 03 035 04 045

(pc'pn)no

Fig.5.21. Cavity radius (p_) effects on the directivity of unloaded annular slot array
antennas, n=number of slots, p|=0.45hg, x=Ag, 8,=0.1Ag, €,;=1, h;=0.1)q.

B 8

T

=

220 -

o

o

E 15 =

® T

210 -

[+

2
5- V7 — n=3
0 - N —— n=5
0. 01 015 02 025 03 035 04 045

(Pc'Pn)ﬂo

Fig.5.22. Cavity radius (p_) effects on the aperture efficiency of unloaded annular slot
array antennas, dimensions as Fig.5.21.
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0-
a -5 4
T .
? 10 -
3
[} h p
£
S-15 -
g N”
w -20 .\\\‘\."
; — n=3
25 o — n=5
005 01 015 02 025 03 035 04 045

(pc'pn)“'o

Fig.5.23. Cavity radius (p_) effects on the E-plane side lobe level of unloaded annular slot
array antennas, dimensions as Fig.5.21.

For dielectric loaded antennas, a three slot antenna was considered and covered
with a dielectric layer with three different dielectric constants 2.5, 4.0 and 10. For
dielectric thickness of 0.8\, where A; is the wavelength in the dielectric, directivity,
aperture efficiency and E-plane side lobe level are shown in Fig.5.24-Fig.5.26. These
figures show the drop in directivity when the distance form last siot to the cavity wall is
the odd multiples of quarter wavelengths. But this is not the case when the dielectric
thickness is changed from 0.8A;to 0.25A,. Fig.5.27 and Fig.5.28 show that for dielectric
constant of 4.0, the directivity remains almost constant and E-plane side lobe level is much
lower than the other cases. Therefore, if it is desired to have insensitive directivity and low
side lobe level, dielectric constant of 4.0 with quarter wavelength thickness is optimum.
However, if the higher directivity is required, other dielectric constants must be chosen
and the distance between the last slot and cavity wall must be kept around half a

wavelength.
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Fig.5.24. Cavity radius (p,) effects on the directivity of dielectric covered three slot
antennas, when dielectric thickness is (hy=0.8\ ), number of sltos=3, p;=0.95Ag, x=MA,

8,=0.1Ag, €,/=1.8,)=€, h;=0.36A;.
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Fig.5.25. Cavity radius (p,) effects on the aperture efficiency of dielectric covered three
slot antennas, when dielectric thickness is (hy=0.8)\y, dimensions as Fig.5.24.
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E-Plane Side Lobe Level(dB)

Fig.5.26. Cavity radius (p,) effects on the E-plane side lobe level of dielectric covered
three slot antennas, when dielectric thickness is (h;=0.8A ), dimensions as Fig.5.24.
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Fig.5.27. Cavity radius (p_) effects on the directivity of dielectric covered three slot
antennas, when dielectric thickness is (hy=0.25\ ), dimensions as Fig.5.24.
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E-Plane Side Lobe Level (dB)
&
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Fig.5.28. Cavity radius (p_) effects on the E-plane side lobe level of dielectric covered
three slot antennas, when dielectric thickness is (h;=0.25)\ y), dimensions as Fig.5.24.

In the next set of simulations, antennas with one, two and three slots were
considered and the effect of cavity radius on the directivity, aperture efficiency and E-
plane side lobe level was investigated when the antenna was loaded with an array of
conducting rings above the slots and they are compared with unloaded antennas. Similar
to dielectric loaded antennas, when the distance between the cavity wall and the slot
becomes quarter wave length, a significant drop in directivity happens. Also rapid changes

in E-plane side lobe levels are observed when this distance is between 0.2 and 0.3A,.
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5.3. EFFECT OF VARIOUS PARAMETERS FOR INFINITE STRUCTURE

Fig.5.29. Cavity radius (p,) effects on the directivity slot antennas, with and without
conducting rings, n=number of slots, p=0.45Ag, x=Ag, 8,=0.1Ay, €,; =1, h;=0.I1\g and

8

Aperture Efficiency(%)
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Jor the conducting ring h;=0.05\g, L=0.5MA.
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Fig.5.30. Cavity radius (p,) effects on the aperture efficiency of slot antennas, with and
without conducting rings, n=number of slots, dimensions the same as Fig.5.29.
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Fig.5.31. Cavity radius (p,) effects on the E-plane side lobe level of slot antennas, with
and without conducting rings, n=number of slots, dimensions the same as Fig.5.29.

5.3.2. Cavity Height

To investigate the effect of cavity height, two antennas with three and five slots
were selected and the directivity, aperture efficiency and E-plane side lobe level for
different cavity heights were recorded. The same was done for the same antennas when a
dielectric radome of permittivity of 2.5 and thickness of quarter wavelength in dielectric
were added at the distance of half a wavelength on the top of plane containing the slots.
Fig.5.32-Fig.5.34 show the result. From these figures one can conclude that regardless of
having a dielectric or not, height of 0.1A is a critical height, and after that the directivity
remains almost constant up to the height of 0.35A,,. However, the side lobe level in E-plane
decreases rapidly for cavity heights less than 0.1A,. If it is required to have lower side lobe
level shallow cavity is recommended, otherwise 0.1 is the ideal height for maintaining a

better directivity.
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Fig.5.32. Cavity height (h ;) effects on the directivity, n=number of slots, p;=0.45Ag, x=Ag,

(Pc—~PW=0.05Ag, 8,=0.1Ag, €, =1, h,=0.5kq, for dielectric layer
d=0.25My, €,3=2.5.
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Fig.5.33. Cavity height (h;) effects on the aperture efficiency, n=number of slots,
dimensions the same as Fig.5.32.
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Fig.5.34. Cavity height (h;) effects on the E-plane side lobe level, n=number of slots,
dimensions the same as Fig.5.32.

5.3.3. Slots Locations

To study the effect of slots location, three and five slot antennas were selected and
the cavity height was kept 0.1A,. Slots were one wavelength apart, but the first slot
location was changed and the distance between the last slot and cavity wall was 0.05,.
For antennas with no dielectric cover, directivity is maximum when p;=0.4Ag and 0.95A
(Fig.5.35). Both locations give around the same amount of aperture efficiency as shown in
Fig.5.36. For dielectric covered antennas, the optimum slot locations shifts toward 0.5
for antennas with radome of dielectric constant of 2.5 and moves back toward 0.45Aq as

the dielectric constant increases. The reason could be the reflections from the dielectric

layer which can be added or subtracted form the radiated field from the slot, depending on
the phase of reflected waves.

Fig.5.37 shows the E-plane side lobe level in terms of first slot location. For
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antennas without dielectric cover, the minimum is located at 0.4\, while the minimum for
dielectric covered antennas moves toward 0.3\, as the dielectric constant and number of
slots increases.

The effect of first slot location is very different when the conducting rings are
above the slots. Antennas with one and two slots were selected and above the slots
conducting rings with the width of 0.5Ag where placed at the height of 0.05A. Fig.5.38-
Fig.5.40 show the changes in the directivity, aperture efficiency and E-plane side lobe
level, for these antennas. The aperture efficiency was calculated based on the cavity size or
the outer radius of the outermost conducting ring, which ever was larger. However, in
reality a part of ground plane will contribute to the radiation due to the fringing fields. One
can see that for the antennas loaded with conducting rings, smaller antennas provide better

aperture efficiency and lower E-plane side lobe level.
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Fig.5.35. Effect of first slot location (p,) on the directivity of dielectric covered three and
five slot antennas, x=)g, (Pc—Pn)=0.05Ag, 8,=0.1Ay, €,; =1, h;=0.1Ag, hy=0.5)g, for

dielectric layer d=0.25)\,.
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Fig.5.36. Effect of first slot location (p ;) on the aperture efficiency of dielectric covered

three and five slot antennas, parameters were the same as Fig.5.35.
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Three Slot Antennas

)

=

°

s

3

2

°

3

o

o

[72]

@ . ;

g ./

E - < I‘. H I z,.-—.t.ﬂ

R =t
B35 e 0.

02 04 0.6 08 1 1.2

[~}
i)
2
-]
-l
2
S
Q
5
(72}
[}
c
=
a-
w - X
30 - ] : ‘ . —_— ::::Ooﬂ |
02 0.4 06 0.8 1 12

PR

Fig.5.37. Effect of first slot location (p ;) on the E-plane side lobe level of dielectric
covered three and five slot antennas, parameters were the same as Fig.5.35.
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Fig.5.38. Effect of first slot location (p,;) on the directivity of conducting ring loaded
antennas, n=number of slots, x=)g, (p.~p,)=0.05Ag, §,=0.1)g, €,; =1, h;=0.1A,
h>=0.05Aq, conducting ring width L=0.5\,
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Fig.5.39. Effect of first slot location (p ;) on the aperture efficiency of conducting ring
loaded antennas, n=number of slots, parameters the same as Fig.5.38.
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Fig.5.40. Effect of first slot location (p 1) on the E-plane side lobe level of conducting ring
loaded antennas, n=number of slots, parameters the same as Fig.5.38.

5.3.4. Slots Separation

In order to improve the aperture illumination, the slots must be located at a certain
distance from each other to maintain all the slots in phase. The initial guess was that this
distance must be around one wavelength. To prove this, three and five slot antennas were
selected and for both with and without dielectric cover cases, the directivity, aperture
efficiency and E-plane side lobe level were calculated. Dielectric layer had the permittivity
of 2.5, and was located at the distance of half a wavelength above the antenna. Fig.5.41-
Fig.5.43 show the results. In terms of directivity, one wavelength spacing between the
slots shows good improvement in directivity, but in the case of three slot antenna with no
dielectric aperture efficiency is maximum when the separation is around 0.8A, This is

because the directivity for this antenna remains almost constant after x=0.84¢, while the
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aperture size increases when x is increased. For the selected antennas, the E-plane side

lobe level is minimum for the separation between 0.8y and 0.9A¢.

26 T—— n=3, no dielectric ,

24 -|—— n=5, no dielectric A

20 | n=3, with dielectric ; “\.‘
—— n=5, with dielectric T A

8 - | _ ‘
02 03 04 05 06 07 08 09 1 1.1 12

Fig.5.41. Slot separation (x) effects on the directivity of three and five slot antennas with
and without dielectric radome, n=numbere of slots, p;=0.45, (p.—p,)=0.05A¢, 8,=0.12¢,

x=Ag, €7 2=1, h;=0.1 g, h,=0.5Aq, for dielectric layer d=0.25\ 4, €,3=2.5.

60 - -
— n=3, no dielectric
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Fig.5.42. Slot separation (x) effects on the aperture efficiency of three and five slot
antennas with and without dielectric radome, n=numbere of slots, parameters as given in
Fig.5.41.
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Fig.5.43. Slot separation (x) effects on the E-plane side lobe level of three and five slot
antennas with and without dielectric radome, n=numbere of slots, parameters as given in
Fig.5.41.

5.3.5. Dielectric Thickness

To see the effect of dielectric loading, one and two slot antennas fed through radial
waveguide and covered with a layer of dielectric on top of slots without any air gap were
considered. Fig.5.44 shows the dielectric thickness effects on the directivity for three
different dielectric constants: 2.5, 4.0 and 10. It can be observed that the dependency of
directivity on the thickness of dielectric has a periodical behavior and the period is half a
wavelength in dielectric. The first maximum is located around 0.25A ;. The improvements
of more than 3.5dB in the directivity are achieved. The improvements do not strongly
depend on the dielectric permittivity. Thus, by using higher permittivity dielectric, similar
degree of improvements can be obtained with thinner layers (A; = A,/ Je_,). Fig.5.45
shows the aperture efficiency for these antennas. The improvements in aperture efficiency

are more than 45% and 30% for one and two slot antennas, respectively.
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Fig.5.44. Dielectric thickness (hy) effects for different dielectric constants (€,=¢€,,) on the
directivity of dielectric covered single and double slot antennas, p ;=0.95, 8,=0.1 g, x=Ag,
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effects for different dielectric constants (€,=€,,) on the

aperture efficiency of dielectric covered single and double slot antennas, parameters as

given in Fig.5.44.
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For cavity backed annular slot array antenna, single and double slot antennas with
a layer of dielectric located half a wavelength from the plane of slots and with three
different dielectric constants: 2.5, 4.0, 10.0 were selected. Two sets of simulation were
performed. For the first group, the first slot location was at 0.95A and for the second set
was at 0.45). The cavity radius was equal to p.=p,+0.05Ag (The distance between the
last slot and the cavity conducting wall was 0.05Ag). All the other parameters were chosen
the same as the radial waveguide fed antenna. Results are shown in Fig.5.46-Fig.5.51. The
periodical behavior as before is observed. Also, the optimum thickness of odd multiples of
quarter wavelength in dielectric, is the same as dielectric layer with no air gap. However
the improvement in directivity for cavity backed antennas is also dependent on the
dielectric constant. Higher dielectric constants give better directivities and smaller E-plane
side lobe levels. The aperture efficiencies of more than 100% are due to the fact that the
aperture efficiency was obtained using the cavity surface as radiating aperture, while the

actual radiating aperture is on the dielectric layer.

Single Slot Antennas Double Slot Antennas

Directivity(dBi)

Directivity{dBi)

14 — . —
025 05 075 1 125 15 175 1125
Dielectric Thickness/A, Dielectric Thickness/i,

225 025 05 075 1 125 15 175 2 225

Fig.5.46. Dielectric thickness (d) effects for different dielectric constants (€,<¢€,3) on the
directivity of single and double slot cavity backed antennas, p;=0.93, (p.~p,)=0.05A¢,
85,=0.1Ag, x=Ag, €,1 =1, h;=0.36)o. €, >=1.
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Fig.5.47. Dielectric thickness (d) effects for different dielectric constants (€,=¢€,3) on the
aperture efficiency of single and double slot cavity backed antennas, parameters as given

in Fig.5.46.
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Fig.5.48. Dielectric thickness (d) effects for different dielectric constants (€,=¢€,3) on the E-

plane side lobe level of single and double slot cavity backed antennas, parameters as
given in Fig.5.46.
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Fig.5.49. Dielectric thickness (d) effects for different dielectric constants (€,=€,3) on the
directivity of single and double slot cavity backed antennas, p;=0.45, (p.—p,)=0.051,
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Fig.5.50. Dielectric thickness (d) effects for different dielectric constants (€,=€,3) on the

aperture efficiency of single and double slot cavity backed antennas, parameters are given
in Fig.5.49.
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Fig.5.51. Dielectric thickness (d) effects for different dielectric constants (€,=€,3) on the E-

plane side lobe level of single and double cavity backed antennas, parameters are given in
Fig.5.49.

5.3.6. Dielectric Spacing

The air gap between the radome and the plane of slots must be chosen to optimize
the aperture distribution. To find out the best spacing, cavity fed antennas with three and
five slots were chosen. A layer of dielectric with dielectric constant of 2.5 was added on
the top of the antennas and the spacing between this dielectric layer and antennas surfaces
were increased form 0.05A, to 0.6A,. Fig.5.52-Fig.5.54 show the results. For both
antennas when the spacing is a quarter of free-space wavelength, directivity drops and E-
plane side lobe level increases. The optimum spacing is at the half a wavelength for the
best directivity and aperture efficiency. However E-plane side lobe level is not minimum

for this size.
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Fig.5.52. Effect of spacing between radome and slot plane (h3) on the directivity,
n=number of slots, p;=0.45, (p.~p,)=0.050g, 8,=0.1A, x=Mg, €,;;=1, h;=0.1),,
h>=0.5\g, for dielectric layer d=0.25\ 4€,3=2.5.
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Fig.5.53. Effect of spacing between radome and slot plane (h,) on the aperture efficiency,
n=number of slots, other parameters as given in Fig.5.52.
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Fig.5.54. Effect of spacing between radome and slot plane (h,) on the E-plane side lobe
level, n=number of slots, parameters are given in Fig.5.49.

S8.3.7. Dielectric Constant

As it was discussed in section 5.3.5., the dielectric constant has pronounce effects
on the performance of cavity backed dielectric loaded antennas. Here, this fact is studied
more in details. Antennas with three and five slots were selected and covered with a layer
of dielectric, at the distance of half a wavelength above the antenna surface. The thickness
of dielectric was kept as a quarter wavelength in dielectric (d/A;=0.25). Other dimensions
are given in Table (5-7). Antennas directivity, aperture efficiency and E-plane side lobe
level are summarized in Table (5-8) and Table (5-9) for three and five slot antennas,

respectively.
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Table (5-7) Antenna dimensions for the study of dielectric constant effects, structure the
same as shown in Fig.5.10.

Parameter e i Value
(Sizes in free-space wavelength (1))
S o 0.1
Y 0.45
PPn 0.05
h, 0.1
hy 0.5
x l
£,/ 1.0
€, 1.0
d 0.25/ [
number of slots 3and 5

The radiation patterns are shown in Fig.5.55 and Fig.5.56. From these results, one
can conclude that dielectric radome with higher permittivity gives better directivity and
aperture efficiency, while the optimum dielectric thickness is smaller. The increase in
directivity for higher primitivities is mainly due to lower beam width in H-plane radiation
patterns. In fact, having dielectric radome with higher permittivity does not necessarily
mean lower E-plane side lobe. Also E-plane beam width is almost constant and does not

change very much with changing the dielectric radome pemmittivity.
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Table (5-8) Dielectric constant effects on the directivity, aperture efficiency and E-plane
side lobe level of three slot antennas, dimensions are given in Table (5-7).

Er3 Ao Directivity(dBi) E£m4) Lf{,i'ﬁ"eieséﬁea)
25 0.1581 21.14 52.72 _16.12
4.0 0.1250 21.87 62.39 -15.53
6.0 0.1021 2234 69.53 -16.76
8.0 0.0884 2275 76.34 -17.41
10.0 0.0791 23.09 82.59 -17.93
20.0 0.056 23.83 97.92 -26.78

Table (5-9) Dielectric constant effects on the directivity, aperture efficiency and E-plane
side lobe level of five slot antennas, dimensions are given in Table (5-7).

s dho | Dircctiviy@B) | gl | Lobe Level(dB)
2.5 0.1581 24.58 3595 -15.89
4.0 0.1250 25.45 43.89 -14.60
6.0 0.1021 26.02 50.07 -14.24
8.0 0.0884 26.41 54.70 -13.98
10.0 0.0791 26.71 58.61 -13.59
20.0 0.056 27.20 65.58 -18.21
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Fig.5.55. Radiation patterns for three slot antennas covered with different dielectric
materials, dimensions are given in Table (5-7).
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Fig.5.56. Radiation patterns for five slot antennas covered with different dielectric
materials, dimensions are given in Table (5-7).
Because the same study is performed and discussed later in this chapter for single
slot antennas with finite dielectric radome and larger slot radius, similar antenna with

infinite ground plane and dielectric is simulated. The dimensions of the antenna are given
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in Table (5-10), and the radiation patterns are shown in Fig.5.57. The radiation pattern

characteristics are summarized in Table (5-11).

1able (5-10) Single slot antenna dimensions for the study of dielectric constant effects,
Structure the same as shown in Fig.5.10.

Parameter e Value
(Sizes in free-space wavelength (1))
3, 0.1
P 0.95
Pc=Pn 0.55
h; 0.36
h; 0.5
x I
() 1.0
€5 1.0
d

number of slots

0.25/,[€,3

1

Table (5-11) Dielectric constant effects on the directivity, aperture efficiency and E-plane
side lobe level of single slot antennas, dimensions are given in Table (5-10).

&3 /o Directivity(dBi) Eﬂ?c?;?yr&) Lf{,?i'éiiii‘fa)
25 0.1581 1527 37.91 -5.40
4.0 0.1250 16.74 53.15 -7.86
6.0 0.1021 17.99 70.92 -10.43
8.0 0.0884 18.85 86.49 -12.48
10.0 0.0791 19.50 10036 14.17
20.0 0.056 21.47 158.13 -19.78

———
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Fig.5.57. Radiation patterns for single slot antennas covered with different dielectric
materials, dimensions are given in Table (5-10)
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5.3.8. Conducting Ring Width

The BVM was also applied to the conducting ring loaded annular slot array
antennas. The antenna configuration is shown in Fig.5.14, but instead of infinite radial
waveguide, antenna was fed through a cavity. Antennas with one, two and three slots were
considered. Above each slot a conducting ring with the height of 0.05A was located. The
conducting ring width was increased from o0.1Ag to 0.7A. Zero width represents the
antennas without conducting rings.

Two sets of antennas were considered. For the first set, the first slot radii were
small and the cavity radii could be smaller than the aperture size. This happens when
p, T (L/2) > p_. All the dimensions are given in Table (5-12).

Fig.5.58 shows that for all the antennas except for the single and double slot ones
with the cavity radius of p_=p,+0.55A,, directivity starts to decrease after ring width of
half a wavelength. In calculating the aperture efficiency, radius of cavity or outer radius of
the outermost conducting ring, whichever was larger was chosen as the aperture radius.
Fig.5.59 shows the aperture efficiency. For the second set of the antennas aperture radius
was always the same as cavity radius. As shown in Fig.5.60, for single slot antennas, E-
plane side lobe level decreases, but for two and three slot antennas, it reaches to a level and
does not change much further. These results show that for smaller antennas, the uniform
ring width of half a wavelength works well, but for more number of slots, the ring width

must be optimized based on its radius.
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Table (5-12) Dimensions of conducting ring loaded annular slot array antennas.

Antenna (a) Antenna (b)
Parameter (Sizes in free-space (Sizes in free-space
wavelength (A)) wavelength (1))
8p 0.1 0.1
P 0.45 0.95
PP 0.05 0.55
h, 0.1 0.36
hy 0.05 0.05
x 1 1
€,/ 1.0 1.0
€, 1.0 1.0
Antenna (a) ) Antenna (b)

\
\)

L
=18 - -~ =
g g
=16 - . §
g1 £
Siz- <]

a : —— n=3
0 0.1 02 03 04 (1 X 0.6 0.7 0 0.1 0.4 0S5 0.6 0.7

02 03
Conducting Ring Width (LA, Conducting Ring Width (LA,

Fig.5.58. Conducting ring width (L) effects on the directivity of cavity backed antennas,
dimensions were as given in Table (5-12). n= number of slots and conducting rings.
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Antenna (a) Antenna (b)
£
&
5
L
i
e
=
=
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<
20 T - 15— —
o] 0.1 02 0.3 04 0.5 06 0.7 4] 01 02 0.3 0.4 0S5 06 Q.7
Conducting Ring Width (L)/A, Conducting Ring Width (L)A,

Fig.5.59. Conducting ring width (L) effects on the aperture efficiency of cavity backed
antenna, dimensions were as given in Table (5-12), n=number of slots and conducting

rings.
Antenna (a) Antenna (b)
2 - -1 -
g 4 g‘z"
> ) S .a i
§ -6 5-3 ;
g 8 8+
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(- . 1
Ba2- 3 1
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s} 0.1 0.6 0.7 o] 0.1 0.4 0.5 0.6 0.7
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Conducting Ring Width (L)Ag Conducting Ring Width (L),

Fig.5.60. Conducting ring width (L) effects on the E-plane side lobe level of cavity backed
antennas, dimensions were as given in Table (5-12), n=number of slots and conducting
rings.

5.3.9. Conducting Ring Height

For the same antennas as pervious section, the effect of spacing between the
conducting ring and the plane of slots was studied. For this purpose, the conducting ring

width was kept at half a wavelength and the height was changed. As it is shown in

136 °



CHAPTER 5 5.3. EFFECT OF VARIOUS PARAMETERS FOR INFINITE STRUCTURE

Fig.5.61-Fig.5.63, the conducting ring height does not show significant effects on the
antenna performance. The directivity and aperture efficiency remain almost constant. E-

plane side lobe also reaches to a level and remains at about the same level.

Antenna (a) Antenna (b)
%6 — = 26 - — =1
. _— = —_—n=2
24 : n=3 24 ¢ — n=3
=2 2
Bao - $20-
= £
S8 18
£ z
216 - 216
2] - o
14 - 14
12 12-
10 : . 10 + - . _ :
0.05 0.07 0.09 0.11 0.13 0.15 0.05 0.07 0.09 0.1 013 0.15

ho hle

Fig.5.61. Conducting ring height (h>) effect on the directivity of cavity backed antennas,
L=0.5Ay, other antenna dimensions were as given in Table (5-12), n=number of slots and
conducting rings.

Antenna (a) Antenna (b)

100 - e 46 - [—

—— n=2 : — n=2
90 - n=3 —44 ~ — =3
&2

£ g
E 80 - 5‘2 _‘m
s . g
S )
£ 70 - %40 —
2 s
g 60 238~
g .
< 50 - gs -
40 e e e : 34 < , ;
0.05 0.07 0.09 0.1 0.13 0.15 Q.05 0.07 Q.09 .11 0.13 0.15
hofkg hy

Fig.5.62. Conducting ring height (h») effect on the aperture efficiency of cavity backed
antennas, L=0.5)y, other antenna dimensions were as given in Table (5-12), n=number of
slots and conducting rings.
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Fig.5.63. Conducting ring height (hy) effect on the E-plane side lobe level of cavity backed
antennas, L=0.5\g, other antenna dimensions were as given in Table (5-12), n=number of
slots and conducting rings.
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5.4. COMPARISON BETWEEN
DIELECTRIC AND CONDUCTING
RING LOADING
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Pervious results showed that both dielectric and conducting ring loading improve
the antenna performance. Each of these methods has some advantages and disadvantages.
The summary of comparison between these two methods are given in Table (5-13). In
comparing the E-plane side lobe level, one should note that for single slot antennas, ring
loading gives better improvement than dielectric loading. This is also true for antenna with
finite dielectric and finite ground plane as it is discussed later in this chapter (Table (5-
17)). However adding the conducting rings for larger antennas with more slots must be
done more carefully, as it may increase the E-plane side lobe level. It is expected that
optimizing the ring width based on its radius would improve the E-plane side lobe level
for larger antennas as well. It is expected that combination of two methods along with

optimization of ring widths will provide good aperture efficiencies in excess of 50% and
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low side lobe level in the E-plane.

Table (5-13) Summary of comparison between dielectric and conducing ring loading

effects on the annular slot array antenna performance.

Dielectric loading Ring loading
Physical Heavy and lossy Light and lossless
Impedance Not much change Better S, around the centre
bandwidth frequency
Simulation Fast, same matrix size as Slow, larger matrix size
run time unloaded antenna
Cavity radius | Very sensitive around The same as dielectric loading
Pc-Pn=0-25A9
First slot Optimum size of 0.454; and The smaller radius provides
radius 0.95A, with less E-plane side better aperture efficiency.
lobe level for 0.45A,. Radius of
0.45A is harder to realize
because of sensitivity of radiation
pattern to probe location, due to
the stronger higher order modes
around the first slot.
Directivity Directivity improves with higher | Improvement up to 50% in
dielectric permittivity is higher. aperture efficiency is achievable.
The optimum thickness is around | The directivity is almost the same
0.25A4. Best spacing is half a as dielectric layer with smaller
wave length. permittivity (€,=2.5).
Aperture efficiency of 100% is
achievable. Improves the
directivity by increasing the
physical radiating aperture size.
E-plane side Lower side lobe level for higher | For small antennas E-plane side
lobe level permittivity dielectric layers. lobe level improves by more than
4dB, but there is no improvement
for more slots with uniform ring
width. Generally it is higher than
antennas with dielectric load.
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To visualize the effects on the radiation patterns, a sample antenna with three slots
was chosen and the original radiation pattems are compared with dielectric and

conducting ring loaded antennas in Fig.5.64. Table (5-14) summarizes the results.

Table (5-14) Radiation characteristics for three slot sample antennas loaded with
dielectric or ring shown in Fig.5.64.

Directivity Aperture E-Plane Side
(dBi) Efficiency(%) Lobe Level
0.45?»0 Original 17.34 21.98 -16.64
Dielectric loaded 21.15 52.83 -16.05
(£=2.5)
Dielectric loaded 23.09 82.88 -17.93
(,=10.0)
Ring loaded 21.70 53.33 -8.82
hy=0.051,,
L=0.5),,.
0.95%¢ Original 18.84 21.55 -9.04
Dielectric loaded 21.73 41.96 -9.00
(&~2.5)
Dielectric loaded 24.36 76.79 -10.51
(~10.0)
Ring loaded 22.88 49.51 -7.30
h,=0.05A,
L=0.54,,.
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E-Plane H-Plane
0 - 0-
. —¥— QOriginal ! —— Qriginal
5 ) -9 Dielectric loaded, e,=2.5 5+ —6— Dislectric loaded, £,=2.5

- —+— Dielectric loaded, £ =10.0 :
0. LT —"— Conductor loaded -10 7

—s+— Dislactric lcaded, £=10.0
—*— Conductor joaded

E-Plane H-Plane

%~ Orignal
—6— Dielactric loaded, £,=2.5
—+— Dielectric loaded, €,=10.0
—*— Conductor loaded

Fig.5.64. Radiation patterns comparison for the original and improved three slot antennas
antennas, (a) p;=0.45Ag. (b) p;=0.95Ay, other parameters: (p.~p,)=0.05Ag, 5,=0.1A¢
x=Ag, €1 =1, h;=0.1Aq, for dielectric: h3=0.5hg, d=0.25A 4,€,3=¢, for conducting ring:
h2=0. 0510, L=0. 5%.0.
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In this section small annular slot antennas fed by a cavity are studied numerically,
using MBES. Two methods proposed earlier for performance improvement, dielectric and
conducting ring loading, were investigated for finite dielectric radii and finite ground
planes. The effects of different parameters were studied and the results are compared with
those given by BVM which assumes infinite ground plane and dielectric. At the end some
modifications are proposed to improve the antenna directivity. An open cavity with
additional chokes was used to decrease the back lobe level and increase the directivity.

Because in MBES the maximum number of unknowns is fixed, only antennas with a

single annular slot were considered.

5.5.1. Antenna Structure

For maintaining the single dominant mode, to radiate a directive gain along the
ring axis, a cavity excitation was used. The cavity itself was excited using two probes
which, in the numerical analysis, were simulated with two dipoles located at (+x,, z ), as
shown in Fig.5.65. The two dipoles were 180° out of phase in order to cancel even modes.

Dimensions of the selected antenna for study are given in Table (5-15). Its
radiation patterns in the E and H-planes, and without loading, are shown in Fig.5.66. For
this antenna the aperture efficiency was 24.63% and its directivity was 13.4dBi. The side
lobe level in the E-plane was -2.77dB. Its radiation characteristics are therefore very poor.

In the following sections the geometrical modifications and dielectric and conducting ring
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loading are used to improve its performance.

Fig.5.65. Structure of annular slot antenna with finite ground plane.

Table (5-15) Antenna dimensions with finite ground plane.

Parameter Sizes in free-space wavelength (Aq)
3, 0.1
P 0.95
Pc L5
L, 0.02
h, 0.36
PcP1 0.55
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Directivity=13.40dBi

0 20 40 60 80 100 120 140 160 180
8

Fig.5.66. Radiation patterns for annular slot antenna of Table (5-15).

5.5.2. Cavity Size and Slot Location

To excite the TM(, mode, dipoles must be located close to the centre. As the
distance from the centre increases, higher order modes become excited and the directivity
decreases. Referring to , Table (5-16) shows the directivity of the antennas with different
slot locations and aperture sizes. Feed locations were (x, = £0.2, z, = 0.2). It can be
seen that when first slot was located at around 0.95A, the directivity was maximum. This
is in agreement with the results for infinite ground plane structure simulated by BVM. The
cavity radius (p./Aq) also has a pronounced effect on the directivity. The slot location

P ;/A9=0.95 and p/Ay=1.5 were chosen for the rest of simulations.
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Table (5-16) Effect of slot location on the directivity.

T Pl Directivity(dBi)
0.75 1.3 9.36
0.75 1.5 8.07
0.85 1.4 11.62
0.85 1.5 11.32
0.95 1.2 10.94
0.95 1.5 13.40
0.95 1.6 13.09
0.95 1.7 11.36

5.5.3. Conducting Ring and Dielectric Loading

Two methods proposed earlier to increase the directivity were investigated for
finite structure. In the first method, a conducting ring was added to the structure above the
slot, at a distance A, and with the width of L. In the second method, a layer of dielectric
sheet with dielectric constant g, and thickness of d was added to the structure, at the
distance of 4,=0.5A, from the slot surface. The dielectric sheet had a finite diameter (R).
The combination of these two methods was also studied. Fig.5.67 shows the structure of
the antenna. The ring parameters were the height () and width (Z). Their effects on the
antenna directivity and E-plane side lobe level were investigated, for both cases of without
and with a dielectric radome. The antenna parameters were R=1.7A,, d=0.15A,, and

g,=2.5.
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Fig.5.67. Radome covered annular slot antenna with conducting ring added.

The comparison of the resuilts is shown in Fig.5.68 and Fig.5.69. These figures
show that there is an optimum size for ring height and width in terms of directivity. But,
the E-plane side lobe level, generally, decreases by increasing the parameters. This is in
agreement with results for infinite structure, shown in Fig.5.60 and Fig.5.63. However the
side lobe level is generally smaller for antenna with finite ground plane.

When L=0.65A and h;=0.05,, without any dielectric radome, the improvement
in directivity is 2.92dB, and the E-plane side lobe level is decreased from -2.77dB to
-7.12dB. The cases of L=0 correspond to antennas without a conducting ring. The
introduction of the dielectric radome increases the directivity from 13.40dBi to 15.57dBi,
an increase of 2.17dB. With the conducting ring the directivity further increases to
17.47dBi, an additional 1.9dB. Thus, in comparison with the original antenna, the
directivity enhancement is 4.07dB. At the same time, the E-plane side lobe level has
decreased by 7.01dB, to -9.78dB. The results are summarized in Table (5-17) and the
radiation patterns for two different ring sizes, with and without dielectric cover are shown

in Fig.5.70 and Fig.5.71.
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Table (5-17) Directivity and side lobe level improvement for antennas in Fig.5.70 and

Fig.5.71.
Antenna type Directivity E plane side lobe level
improvement(dB) improvement(dB)
Antenna with conducting ring only 2.92 435
(L=0.65)¢ and 4=0.05L,
Antenna with dielectric radome only 2.17 2.07
(R=1.7TAg, d=0.15A, and g,=2.5)
Antenna with both conducting ring 4.07 7.01
and dielectric radome (L=0.65A,,
h=0.05Ag, R=1.TAg, d=0.15), and
g,=2.5)

©
1

3
Level (0B)
d &

Directivity(dBi)
>
ide Lobe
S &
i i

lane Si
~
i

14 -

—— Without dielactric adome oy p— Without disiactric: radome
. [— Wim o l “‘46 {—— mmmﬂ .
0 01 02 03 04 05 06 07 08 09 ¢ 01 02 03 04 05 06 07 08 09
Uiy Uiy
(a) (b)

Fig.5.68. Effect of conducting ring width (L) on the (a) directivity and (b) E-plane side
lobe level of the antenna without and with dielectric radome (R=1.7A, d=0.15Ay, €,=2.5,

h=0.05Mg).
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Fig.5.69. Effect of conducting ring height (h;) on the (a) directivity and (b) E-plane side
lobe level of the antenna without and with dielectric radome (R=1.7hy, d=0.15ky, €,=2.5,

L=0.7Ay).
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Fig.5.70. Radiation patterns for three antennas with and without a conducting ring,
Directivity: without conducting ring = 13.40dBi, with conducting ring with (h=0.05\y) =
16.318, and with (h=0.03Ag) = 16.085dBi.
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H-Plane
iy
— L:O& H:&

20 40 60 80 1100 120 140 160 18

Fig.5.71. Radiation patterns for three antennas with and without a conducting ring and
covered with dielectric (R=1.7\y, d=0.15\y, €,=2.5) Directivity: without conducting ring
= 15.566dBi, with conducting ring with (h=0.05\y) = 17.471, and with (h=0.03Ay) =
16.996dBi.

The effect of dielectric thickness (d) on the directivity of antenna with two
different dielectric primitivities (2.5 and 4) and two different dielectric radii (1.15A and
1.7A¢), with and without a conducting ring are shown in Fig.5.72. These graphs have a
periodic behavior. The period is 0.5\, where A, is the wavelength in dielectric
(Ay = Ay/ ,fs_r). The first maximum is for the thickness slightly less than 0.254 4, which is
the same size obtained for infinite dielectric. One should note, however, that the increase

in directivity, by increasing the dielectric thickness, occurs only when the dielectric radius

is larger than the cavity radius.
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) 0.25 05 075 1 126 15
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Fig.5.72. Effect of dielectric thickness (d) on the antenna directivity nc: No conducting
ring is added, wc: with conducting ring (L=0.75)Ag, h=0.05A¢).
Fig.5.73 shows the effect of dielectric radius on the directivity. It shows that
regardless of the dielectric constant and presence of the conducting ring, the optimum
radii are the same for both dielectrics. The first maximum occurs for R=1.154¢ and the

second one is at 1.7A, nearly half wavelength larger.

Directivity(dBi)

—— g=2.5, without conductor
—— g=2.5, with conductor
— £=4.0, without conductor
— g,=4.0, with conductor

12+

10 +——- — ‘ e ‘ |
09 1 11 12 13 14 15 16 1.7 18 1.9
R/,

Fig.5.73. Effect of dielectric radius (R) on the directivity of the antenna without and with a
conducting ring (L=0.75Ag, h=0.05Aqg, d=0.15\y).
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To study the effect of dielectric layer permittivity, the single slot antenna was
covered with different dielectric layers. Table (5-18) shows the directivity, E-plane side
lobe level and back lobe level for the dielectric covered antennas for two cases. In the first
case the antenna was only covered with a dielectric layer. In the second case, a conducting
ring was added above the slot, in addition to the dielectric radome. For both groups, the
dielectric physical thickness varies for each dielectric layer, but it was always quarter
wavelength in the dielectric (#=0.251,). In MBES the segmentations inside the dielectric
and in free-space are done with the same segment size. This reduces the accuracy for high
permittivity dielectrics. Considering this fact, the permittivity (€,) up to 6 was used for the
study. The radiation patterns in the E and H-planes, for these two groups of antennas are
shown in Fig.5.74 and Fig.5.75. By increasing the dielectric constant the directivity
increases and E-plane side lobe level decreases, but back lobe level increases. The increase
in directivity and decrease in E-plane side lobe level were also observed for infinite
dielectric with BVM, when the dielectric permittivity was increased. However, the E-
plane side lobe level does not decrease as much as it was observed for infinite dielectric
layer (Fig.5.57 and Table (5-11)). In the H-plane, beamwidth decreases, which was also

observed for infinite structures.
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Table (5-18) Directivity, E-plane side lobe and back lobe levels for antennas with different
dielectric covers (R=1.15\g, d= 0.25\; L=0.7Agy, h;=0.05Ay).

Without Conducting Ring With Conducting Ring
® | Directivity | Sidelobe | Backlobe | Directivity | Side lobe | Back lobe
(dBi) level (dB) | level (dB) (dBi) level (dB) | level (dB)
2.5 16.111 -5.17 -22.89 17.55 -11.53 -20.42
4.0 16.817 -6.22 -23.27 17.83 -12.31 -20.15
6.0 17.331 -7.12 -22.73 17.89 -13.04 -19.11
E-Plane

Bk
oot

40 - e ; :
0 20 40 80 100 120 140 160 180
]
H-Plane
— 5‘22_5
— £=4.0
—— £=6.0

20 40 60 80 100 120 140 160 180
e

Fig.5.74. Effects of dielectric constant on the radiation when there was no conducting ring
above the slot.
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Fig.5.75. Effects of dielectric constant when a conducting ring with the width of L=0.7\,
was located at the height of h,=0.05A above the slot.

5.5.4. Extra Central Slot

Because the slot radius was large, p;=0.95A,, it was felt that the central region of
the antenna may not be excited adequately, resulting in poor performance. To remedy, a
narrow central slot was also added, just above the exciting dipoles, (p, = |x j{ ).
Investigation showed that, if the slot is narrow, the directivity will increase and the side
lobe level will decrease. But, if the slot is wide, both directivity and side lobe level will

deteriorate. The back lobe level decreases as the slot width increases. The slot width must
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be kept around 0.04 to achieve the best directivity and side lobe level. Directivity, and

E-plane side and back lobe level for different slot widths are shown in Table (5-19).

Table (5-19) Effect of narrow central slot on radiation characteristics of the original
annular slot antenna, slot location p,=0.18\,,.

wiko Directi_vity Side lobe Back lobe

(dBi) level (dB) level (dB)
no slot 13.40 -2.77 -16.56
0.02 14.86 -5.65 -16.93
0.04 15.18 -791 -17.51
0.06 14.54 -7.71 -17.91
0.08 13.64 -6.27 -18.30
0.10 13.32 -5.38 -18.52

This method can also be combined with the pervious methods to increase the
aperture efficiency. For example, the radiation patterns for the antenna with an extra slot of
0.04A, width and located at p,=0.2X, loaded with a layer of dielectric (R=1.7A,,
d=0.15X, €,=2.5) and a ring conducting ring (L=0.7Ag, h=0.05),) are shown in Fig.5.76-
(a). Its directivity is 17.41dBi, which gives more than 4dB improvement over the original
antenna. The side and back lobe levels are -20.69dB, and -20.11dB, respectively. If the
conducting ring conducting ring width is decreased from 0.7A, to 0.5),, the directivity
increases further to 17.90dBi, and the back lobe level decreases from -20.11dB to
-27.48dB. But the side lobe level is higher than the case with L=0.7A,, increasing from
-20.96dB to -14.41dB, as shown in Fig.5.76-b. The side lobe level improvement is still

about 11.64dB in comparison to the original antenna.
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(@)

2000GIE/E |

Fig.5.76. Radiation patterns for annular slot antenna loaded with dielectric and
conducting ring and with one extra slot above the probes, R=1.7hg, d=0.15A, €,=2.5,

w=0.04)Ag, p.=0.20Ag. h=0.05)y, (a) L=0.7Ag, Directivity = 17.409dBi, (b) L=0.5A,
Directivity = 17.897dBi.

5.5.5. Open Cavity

To this extent the effort was to increase the directivity and decrease the side lobe
level in the E-plane. To decrease the back lobe level, the structure with an open cavity and
chokes is suggested, as shown in Fig.5.77. The effects of cavity wall size (4,.) on the
directivity, side and back lobe levels of the antenna loaded with dielectric, and without a
choke, are shown in Fig.5.78 and Fig.5.79. They show that for h,.=0.2Aq directivity and
back lobe levels are good. When the wall extension (4,,) is increased to 1.1, the second
maximum for directivity occurs. Adding the open cavity generally increases the side lobe
level. The radiation patterns for the antenna without and with an open cavity with wall size
of one free-space wavelength are shown in Fig.5.80. The directivity is increased from
16.92dBi to 17.63dBi, and back lobe level is decreased from -17.85dB to -28.30dB, but

the side lobe level is increased from -19.24dB to -15.30dB.
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| Dielectric

Open Cavity

Fig.5.77. Structure of annular slot antenna covered with dielectric and with open cavity
and choke.

17. - - -
8 | —— without dielectric cover .
17.6 1 —— with dielectric cover TN
17.4 - )
172+

17 j.""
£16.8 -
Q -

ctivity(dBi)

Fig.5.78. Effect of open cavity wall size on the directivity of the antenna without dielectric
and with dielectric layer (R=1.15Ay, d=0.15M\, £,=2.5), antenna had a conducting ring

(L=0.5\g, h=0.05)) and extra central slot (w=0.04Ag, p,=0.2Xg), cavity radius
(p)=1.5)g.
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Fig.5.79. Effect of open cavity wall size on the side and back lobe level of the antenna with
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configuration given in Fig.5.78.
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Fig.5.80. Radiation patterns for the antenna with and without open cavity and covered
with dielectric (R=1.15\y, d=0.15)\y, €,=2.5) and with conducting ring (L=0.5\,,
h=0.05\gy) Directivity: without cavity=16.924dBi, with open cavity=17.628dBi.

To further decrease the back lobe level and increase the directivity, one or two

quarter wavelength chokes (h,=0.251) can be added to the structure. Fig.5.81 shows the

radiation patterns for the antenna with two chokes and cavity wall size of 4,.=0.9A¢. In
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comparison to the antenna without chokes, the directivity is increased from 17.50dB to
18.12dBi, which has more than 72% aperture efficiency. Side and back lobe levels for
antennas with chokes are -14.03dB and -46.50dB, respectively, while for the antenna
without chokes are -15.38dB and -23.98dB, respectively. This shows significant

improvement in the back lobe level.

—— E-Plane
-——— H-Plane

0O 20 40 60 80 100 120 140 160 180
9

Fig.5.81. Radiation patterns for the antenna with double choke, Directivity=18.117dB;i,
R=1.15Ag, d=0.15\¢y, €,=2.5, h;;=0.25)\g, t4=0.06\g, h,.=0.91,,.

To achieve better side lobe level for this antenna, dielectric thickness is increased
to 0.55Ag and a circular disk patch and a ring patch are added on the top surface of
dielectric as shown in Fig.5.82. By changing their dimensions, one can achieve better
equality between E and H-plane patterns. Two samples are given in Fig.5.83 and Fig.5.84.
The antenna directivity decreases, as the pattern symmetry is increased, as shown in

Fig.5.84.
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‘_L_,. Dielectric

me

Chokes

Fig.5.82. Configuration of the antenna with microstrip patch.
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Fig.5.83. Radiation patterns for the antenna with circular and ring patch added to the
dielectric radome, Directivity=17.531dBi, d=0.55\g, r,=0.136Ag, r;=0.9hg, ry=Ag. other
dimension the same as Fig.5.81.
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—— E-Plane
—— H-Plane

[\,

O 20 40 60 8 100 120 140 160 180
0

Fig.5.84. Radiation patterns for the antenna with circular and ring path added to the
dielectric radome, Directivity=16.564dBi, d=0.55)g, r,=0.136Ag, r,=0.35Ag, ry=0.45%,,
other dimensions the same as Fig.5.81.

5.5.6. Frequency Bandwidth

To see the effect of the mentioned methods on the frequency bandwidth, three
antennas were selected and their directivity frequency bandwidth are compared in
Fig.5.85. Antenna (a) is the original annular slot antenna with no conducting ring or
dielectric cover as shown in Fig.5.65. Antenna (b) is the same as Fig.5.67, with conducting
ring (L=0.5Ag, h/=0.05)y) and dielectric layer (R=1.7Ay, d=0.15), £,=2.5). Antenna (c)
is the same as Fig.5.82, with dielectric (R=1.15Ay, d=0.55A,, €,=2.5), conducting ring
(L=0.5Ag. h=0.05A¢) and central slot (w=0.04A, p.=0.18A,). Dimensions of two patches
(disk and ring) that are added to the dielectric are (r,=0.136A¢, 7,=0.35A,, r;,=0.45M),
and open cavity dimensions are (#,.=0.9Aq, h.=0.25Ag. ¢,;,=0.06)\;). The bandwidths of

the antennas (b) and (c) are similar. They show less sensitivity at the lower frequency end.
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Their overall bandwidths seem similar.

@
=2
>
s
g
5 ~
10 —— antennaa)
—— antenna(b)
8 antenna(c)
0.9 0.95 1 1.05 1.1 1.15 1.2

#,

Fig.5.85. Frequency bandwidth of three antennas, antenna (a) is shown in Fig.5.65,
antenna (b) is shown in Fig.5.67, and antenna (c) is shown in Fig.5.82.
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5.6. SUMMARY
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In the beginning of this chapter, the results given by field solution for dielectric and
conducting ring loaded annular slot array antennas using the BVM, which was developed
in Chapter 3 and 4, were compared with two commercial numerical tools: IE3D and
MBES. Good agreement in all cases were achieved. BVM has the advantage of requiring
less computation time and computing facilities. On the other hand, it has limitations
because of the assumption of infinite ground plane and narrow slots. It can provide a good
tool for optimization problems where the time is a concern. After finding the optimum
dimensions fine tuning can be done numerically for the finite dielectric and ground plane.

In the second part of this chapter, BVM was used to study the effect of various
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parameters on the annular slot array antenna performance. It can be concluded that both
dielectric and conducting ring loading improve the antenna performance. The dielectric
loading causes reflections which can be used to improve the aperture illumination.
Conducting rings, in fact, are microstrip patches fed by slots.

The optimum thickness for dielectric was found to be a quarter wavelength in
dielectric. The higher permittivity provides more directivity, while the optimum physical
thickness is smaller. First slot location of around 0.45) and slot separation of around one
wavelength were found to be the best choices. When there is an air gap between the
dielectric layer and antenna surface, the distance of half a wavelength will provide the best
performance. The distance between the last slot and conductor cavity wall must not to be
odd multiples 0.25A, where the directivity drops significantly.

The conducting ring loading can improve the aperture efficiency up to around
50%. The directivity is similar to antennas covered with low permittivity dielectrics, but
the side lobe level for antennas with more than two slots is generally higher in comparison
to dielectric loaded antennas. It is expected that by using optimized non uniform ring
widths better side lobe level can be achieved.

In the last section of this chapter small annular slot antennas were studied
numerically using MBES, to investigate the effect of various parameters of the finite
structure on the antenna performance. Similar results for the BVM (infinite structure)
having dielectric thickness, slot location, and conducting ring height and width were
obtained. Effects of the dielectric radius on the directivity were also studied. It was shown

that the dielectric permittivity does not have pronounce effects on the optimum dielectric
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radius. By adding a conducting ring above the slots, directivity increases and the side lobe
level in the E-plane decreases. The dielectric loading was also combined with conducting
ring loading and it was concluded that when two methods are combined, the conducting
ring width must be decreased to achieve better performance.

To improve the antenna performance further, modifications in the structure were
suggested. First by adding a narrow annular slot, in central region and above the exciting
probes, the antenna performance was improved. This was combined with two other
methods; dielectric and conducting ring loadings. By having an extra slot and larger
conducting ring, side lobe level decreased to less than -20dB. However, a smaller
conducting ring provides better back lobe level and directivity.

To decrease the side and back lobe levels together and keep the directivity
reasonable, an open cavity with chokes was added to the structure. Adding additional
patches over the dielectric was shown to improve the equality of E and H-plane patterns.
This property can be used to reduce the cross polarization and the axial ratio in circular

polarized antenna applications.
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CONCLUSION AND
RECOMMENDATION

61 CONCLUSION e s e v

This thesis addresses the problem of dielectric loaded annular slot array antennas.
The formulations are based on the boundary value method. The solution was developed by
defining two appropriate types of Green’s functions for dielectric layers' and free-space.
Green’s functions represent the magnetic current ring that are expanded in terms of
Fourier series in angular direction. The Green’s functions for the magnetic current ring
covered with one or two layers of dielectric are developed.

For the final formulation for annular slot array antennas, the Green’s functions
were utilized. The electric field on the slots were expanded in terms of basis functions with
unknown coefficients in radial direction, and Fourier series in angular direction. The
equivalent magnetic current was found using the electric field. The wave functions for

each region were found by integrating the radial expansion of magnetic current on the

slots and proper Green’s function in radial direction. Then, by applying the boundary
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conditions, the unknown coefficients for electric field expansion were found. The far-field
formulation was carried out using the electric field just above the last layer of dielectric. A
closed form formulation was found for the far-field. The far-field in E-plane is in the form
of differences of Bessel functions at the edges of the slots, and in H-plane is in the form of
integral of Bessel functions over each slot. This creates very high side lobe level in E-
plane and very small side lobe in H-plane.

Effect of dielectric layers is on how the patterns of each slot are combined with the
other ones. By choosing the appropriate dielectric thickness and material, one can reduce
the E-plane side lobe level. Through the simulations, it was found that the higher
permittivity for dielectric layer provides lower E-plane side lobe level and better
directivity by reducing the H-plane beamwidth. The optimum thickness for dielectric layer
is near quarter wavelength in the dielectric. If there is an air gap between the dielectric and
antenna, the best distance between them is half a wavelength.

Another way of improving the antenna performance is placing the conductor rings
above the slots. This forms microstrip ring arrays fed by slots. To analyze this structure,
using boundary value method, the Green’s functions for a problem containing one
magnetic current ring and one electric current ring locating at two different heights were
found. The formulation for array of slots and conductors was performed using these
Green’s functions. Each Green’s function contains two parts; one due to the magnetic ring
current and one due to the electric ring current. The wave functions for antenna problem
also have two parts. For antenna problem, electric current on the slot and magnetic current

on the conductor were expanded in terms of Fourier series in the angular direction and
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pulses basis functions in the radial directions. These indicate the need of two sets of
boundary conditions to define the unknown coefficients for these expansions. The first
boundary condition was the continuity of magnetic field imposed on the slots, and the
second boundary condition was the zero electric field on the conductor rings. After
defining the field for each region, the far-field formulation was carried out. The effect of
rings on the far field is reducing the E-plane side lobe level and reducing the radiation
around the horizon. This enhances the directivity.

The boundary value method has the advantage of requiring much less memory and
time, in comparison to the numerical methods. The matrix size is of the order of number of
slots. On the other hand assumption of infinite ground plane and infinite dielectric layer is
unrealistic. However, simulation results showed good agreement between this method and
numerical methods. By implementing this method in a computer program and performing
some simulations, the effect of various antennas parameters on their radiation
characteristics were investigated. To include the effect of finiteness of dielectric and the
ground plane, method of moments for bodies of revolution was used and new structures
were proposed for further improvements. It was shown that adding an open cavity wall,
with quarter wavelength chokes, in front of the antenna reduces the back radiation. Adding
microstrip circular and ring patches on top of the dielectric layer improves the equality of
E and H-plane radiation patterns, which can reduce the cross polarization for the circular

polarized applications.
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6.2. RECOMMENDATIONS FOR

There are a few topics which can be considered for more investigations. The closed
formed formulations can be easily used in an optimization program. Using the
optimization program, the non uniform spacing between the slots and conductor rings can
be studied in detail. It is expected that non uniform spacing can provide better aperture
distribution. Also the non uniform conducting ring width can reduce the side lobe level in
E-plane. To reduce the run time, it is strongly recommended to implement the program in
a low level programming language such as C++. Also, the calculation of infinite integrals
can be done in a faster and more efficient way.

Using Geometrical Theory of Diffraction (GTD) the effect of finite ground plane
can be considered. Also the numerical results can be verified by experiments.

In the calculation of conductor loaded antenna, only the radial component of the
induced electric current was taken into account, as it is the dominant current. The angular
component can be considered using the same approach. This component is expected to
have more effects on the radiation around horizon. Also the conducting ring ohmic losses
must be included.

More detailed studies can be performed on the input impedance and frequency
bandwidth of the antenna and effects of dielectric and conductor loading on them. Other
feeding systems, rather than probe feeding may be investigated and performance of

different feeding method can be compared and discussed.
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BOUNDARY CONDITIONS
IMPLEMENTATION

Using the first set of boundary conditions at z = 0 given in (3-25), substituting
inverse Hankel transform of (3-22) and (3-23) into (3-5), and applying the orthogonality

property of sinusoidal functions, one obtains

rya [(Fi-fi\J, (ap)da+—ra[F"+jJ']J (ap)do = 8(p-p°  (A-1)

J 0E,

o, prv (Fr-fild, (ap)da+nra [F?+ 197 "(ap)da. = ( (A-2)

By adding these two equations, one finds

rva [(FS- £, [(ap)da+nEa2[Ff§+/f§]J,,_1(ap)da=6(p—p' (A-3)

J 0)8')
where a use has been made of the following relation for derivative of Bessel functions [63]
J,_1(ap) = J,’(ap) + a-"—pJ,,(am (A-4)

Subtraction (A-2) from (A-1) gives the following equation
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1
®E,

_’:yaz[Fi ~filJ,, (op)da + nJ: oIF + 1T, (ap)do=8(p-p’ (A-S)
where the following relation for derivative of Bessel functions has been used [63]
Joor(ap) = =J, (ap) + a-ipJn(ap) (A-6)

Now taking the Hankel transform of order (n-1) and (n+1) of equations (A-3) and (A-5),

respectively, one obtains

1

EYa[Ff, —ff,][af:f,,_ ((ap)J, |(ap)pdp]da +

JOE,
(A-7)
h ’
S olF,+ S| af 7, (@p), _ (ap)pdp |da = ["5(p—p'),_ (p)pdp
i e
fCOEqEYd[F" —ff:][aj::‘ln + l(ap)Jn + l(ap)pdp]da +
- (A-8)
[ColF,+ S| af 7, @p) ), (0ppdp |do = [T8(p -1, 1 (ap)pdp
which can be simplified as
- ya[Fg - f2]+nalFh+ f1] = p'J,_ (ap”
_]0)82
] (A-9)
s YULFL — /2 + nalFy+ £,1 = p'J,, ((0p”)
2
where a use has been made of the following property of delta function [61]
B J’; Jy(0x)J (Bx)xdx = 8(c.—P) (A-10)

Now let’s assume that variables for Hankel transform for dielectric region and free-space

are different, i.e. o, for dielectric and a, for free-space. By the first two boundary
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conditions in (3-26) the following equation is concluded

joe, [ yaitFie ™ - fre ™, (@ pday + —raIIF"e“ fre"" W, (o, p)der, =
(A-11)

jmeof 8a2GSe " “(ap)das, + —J"' aGie™ s (a,p)da,

ha hy ~Yh, h, ,
o, pry o, [Fie Y —ff,eY 1/, (o, p)do, +nJ:af[Fi'e Y '4-_{{',‘2Y WV, (o p)do, =
(A-12)

—8 2
jm';opryoc,Ge 2y (oz,p)doz.,-i-nrozz2 " J, (a,p)do,

By addition and subtraction of these equations the following equations are obtained

-1 2 e ~thy vhy 2. h ~Yh Yh

EEYa,[Fie ~foe ]J,,_l(alp)da-n»nﬁal[i’:e +/f',e M, _ (o, p)da, =
A-13

~1 (A-13)

-8k,
)0 3% 05G5e ", (0ap)day + nf 05Ghe I, _ (ap)da,

rya [Fre Y *~fre Yha g +l(alp)da+nra [F"e ~r-]‘f,'e""’]J,,+[(ozlp)docl =
(A-14)

1 ~8h, 2 _h —Oh,
2o 3¢ 02Goe J,,H(azp)da:,_«l-nj‘; o2Gre T, (ayp)do,

Now we must multiply equation (A-13) by pJ,_,(cp) and equation (A-14) by

J, ,1(ap) and integrate on p from zero to infinity. Using (A-10) the result will be

—ya[F" e 2™ v nalFle ™k ™) = —Lsacte ™ + naGie ™
h h h h h l(A-lS)
—Yh; Yhs —Yh: Y =Y
u—)—éya[Ff,e -fie ]+na[Ff,e ﬂ 1= Jm£08aG e +naG,,e
Where a use has been made of the following property of delta function
f; R(Bx)8(0.—B)dP = R(av) (A-16)




Appendix B

DERIVATION OF MAGNETIC
SURFACE CURRENTS

The magnetic current on the dielectric layer at z = h; can be written in terms of

electric field

> >
7. =Exh
Jm¢ = "‘Ep (B"l)

The electric field can be calculated using (3-5). The result of substitution of wave

functions for free space given by (4-11) and (4-13) into (3-5) is

C oo
Eg(p 0,2 =hy) =Ty = Y D Ejla,cosng’ +b,sinn¢’) - Fyo(p’, p))
~Yh

Folp'p) = {p,-j: [‘li—:-’fm—]@ (@)’ )J (ap”)dar + B-2)

n (1+k"e J ei , do
> j: [ = ](L,,(ap)lpJJ,,(ap ’a‘}
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Eg(p', 02" =h) =Jpy = 3 Y E; ,n(b,cosn¢’~a,sinn¢’) - F,(p’, p,)

e, ~Yh;
[gl_'k—)fzyz.](J (ap)l )J (op’ )-+
e

h, =Yhy P;
J:l:(l +/; )_ewh ](L:(ap)l ]J "(op’ )da}
+ke 7

Now substituting (B-2) and(B-3) into (4-50), the following equations are found

Uy, = f r— meSiN(® — ") cosBe fhap7sinGcos (6 —4°) p’dp’dd’

IC o
=—cos8Y 3 E’,-,,f: —F (9", p)T1,(p")P"dp’

i=tn=0

T,(p") = f (a,cosnd’ + b, sinn¢’)sin(d —- ¢")e

Jkop’sinOcos(d — o)

d¢’

Uyy = ﬁn_.:—.lmpcos(q) ®’)cosBe Jkop”sinBeos(¢ -4 p’dp’do’

IC o

=—cos8Y ¥ E,,,j“F (P, AT, (P")P"dp’

i=ln=0

2 ] )
T,,(p") = J;nn(b cosnd—a,sinnd)cos(¢ - ¢’)e Jkop’ sinBcos (¢ - ¢)d¢,

where U¢ = Uy + UQ_,_. Similarly

k e ( ) ’ I 4 ’
Ut = [ [ Tmgcos(@-4)" " pap7a9

3£ i Fo(p"PIT3,(p")p"dp"

i
-3

_;kop sin@cos(¢ - ¢’)

T,,(p") = f (a,cosnd’ + b, sinnd’)cos(¢ — ¢')e do’

(B-3)

(B-4)

(B-5)

(B-6)
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Ugy, = ﬁn": sm(¢ 0')e jkop’sin@cos(d — ¢’ )p'dp'dq)'
IC oo
2 z mrF (r’, P; )T4,,(P Yp’dp’ (B-7)

']_

Jjkop’sin®cos(o —-¢”)

T, (p) = f n(b,cosnd’-a,sinnd’)sin(dp — ¢’)e do’

where Uy = Uy, + Uy, - To carry out the integration for 7', ,, T, ,, T5,and T, , one can

use the following properties of sinusoidal functions

2cosnucosu = cos(n—1)u+ cos(n+ 1)u

. . (B-8)
2sinnusinu = cos(n—1)u—cos(n+ 1)u
and the following property of Bessel function [63]
u -
(/" cosntdt = j"rT (1) (B-9)

0
One can rewrite the integral in T,, by changing the variable ¢" = ¢ +u. Since the
integration on ¢’ represents the contribution of all points over an angular range equal to

21, we are free to select the starting point in the integration.

T
T,,(p") = I (a,cosn(¢+u) +b,sinn(p + u))(_sinu)ej‘tCOSudu

” (B-10)
0" =0+u
T = kyp’sin®

This integral can be simplified by re-arranging the sinusoidal terms in the integrand as
follows

(a,cosn(¢ +u) + b,sinn(¢ + u))(—sinu) B-11)
= —(a,cosnd + b,sinnd)cosnusinu - (—a,sinnd + b,cosnd)sinnusinu
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The first term in (B-11) is an odd function of u and the integration over the angular range
will be zero. The second term is an even function of «. Therefore, using (B-8) and (B-9),

T, is equal to

In
TP = 2J.:(a,,sinn(i)—bncosnc[))(sinusinu)er"""s"aru

= (a, Siﬂn@«b"coan))js(cos(n ~1yu—-cos(n + Du)e “*“du

1

= (a,sinnd-b,cosn®) /"~ 'ns,_ () -7"" =S, (T)] (B-12)

= (a, sinn¢—b,cosnd)m;" : (D) +J, . (D)]

n—1

= n(ansinnq)—bncosmp)zx’; J, (1)
where a use has been made of
21y ) = J J
ZIu(x) = Sy D)+, () (B-13)

Similarly for 7’5,

(b,cosn(d + u)—a,sinn($ + u))cosu

B-14
= (b,cosnd-a,sinnd)cosnucosu + (—b, sinndp-a,cosnd)sinnucosu ( )

and
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J'K n(b,cosn($ +u)-a,sinn(d + u))cosueitcos“du
-n

Tz,,(P')

2I;n(bn cosnd—a, sinmb)(cosnucosu)eitcos"du

= n(b,,cosn(b—a,,sinnd))'l;‘(cos(n — D)u + cos(n + 1)u)e ““*" du (B-15)

+

= n(b,cosnd—a,sinnd)j" " 'ms,_ (1) + 7t ns,, (D)

= n(b,cosnd-a,sinnd)n;" " '[J, _,(1)-J,, (T)]

= n(b,cosnd-a,sinnd)(2x;" )7, (1)
where the following property of Bessel functions has been used
, d
2J,(x) = ZCEJ,,(x) = Jp_1(x)-J, . (x) (B-16)
Similarly for Uy

T5,(p") = I:c(ancosn((b‘!-u) + b, sinn($ + u))COSuejtcos“du

= 2_[:(ancosn¢ + bnsinn¢)(cosnucosu)ei1°°s"du

(B-17)
= (a,cosnd + b, sinnd)nj" "' [J,_ (0)J, , (V)]
= (a,cosnd + b, sinnd)(2x;" " ")J (1)
using
(a,cosn(¢ +u)+b,sinn(P +u))cosu
(B-18)

= (a,cosnd + b,sinnd)cosnucosu + (- a,sinn¢ + b,cosnd)sinnucosu

and
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T,.(p") = J'“ n(b,,cosn(® + u)-a, sinn(d + u))(~sinu)e’ * ™ du

-7

= 2n(a,cosnd +b, sinnq))fz sinusinue’ *“*“dy

(B-19)

= n(a,cosnd +b,sinnd)(;" " 'nJ,_ (1)~ 1S, (D]

2_.n-1
_ . 2n"mj
= (ancosn¢+b,,smn¢)(——-1 Jn(‘r))
using
(b,cosn(¢ + u)-a,sinn(¢ + u))(—sinu)

(B-20)

= —(b,cosnd—a,sinnd)cosnusinu — (—b,sinndp-a,cosnd)sinnusinu




Appendix C

DERIVATION OF INFINITE
INTEGRALS FOR FAR-
FIELD CALCULATION

To calculate far-filed, first the integrations on p’ is carried out, as they have closed
form solutions. The first integral is calculated using by writing the derivative of Bessel

function of order n in terms of Bessel function of order n+/ and n-/

’ ’ ’ ’ l ’ I'd 4 ’ ’ ’
07,00 ,Bpdp” = 5( [ (T, 1(ap"),(BR")dp") [}, (@91, (BR )l

2alp) *<P D
= 0 a=f

LT oot

where B = k,sin@. and the following integral is used [65]

0 - a<pP
1

j:J,,H(ap’)J,,(Bp’)dp’ -{2a *=P (C-2)
1B
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The next integral is taken from [65].

1 (o))"
- 3a(5) <P
IJ,,(ap ‘))-’/,,(BP )dp' =l o = (C-3)
0 1 "
z—(g) o>p

The last integral is calculated by writing the expansion of derivative of Bessel functions in

terms of Bessel functions of lower and higher orders.

" I 4 I 4 ’ I 4 ’ l ? ’ I4 ’
j S (ap), (kop'sin®)p’dp” = z(j:J,,_l(ap ), _1(Bp)p’dp” -
0

= j:JM ((ap’)J, _(Bp")p'dp’ - 4

J o1 (@p"), (PP dp” +
_’:Jn + l(ap’)Jn + 1(Bp')p'dp’)

Using the following properties of Bessel functions,

J:Ju(ap')Jv(Bp')p'dp’ = @ (C-5)

’ ’ ’ 4 4 ’ 2 ’ ’ ’
J:JH 1(ap”)J, 1 (Bp)p’dp” = j:J,,“(ap )(—J,,H(Bp )+B§J,.(Bp ))p dp

-

0 a<fp

1 (C-6)
_%@-B) 2n 5>~ a=PB
o B

1) e
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the result of integration is

_8(a-P) _n [(%)n o=

jJ (@p’)J, (kopsin@)p’dp” = ===~ 20 By (C-T)
0 4
(a) a2
Now the integrals in (4-52)-(4-55) can be simplified as integrals of o.
I, = B(Pl Py) + B(P3+P4)
Cy(n, B)
I = 2P, 4 Pyl e Py + 2P
2B ZB B €8
(n, B)
I = B( ~P, - Py)- B( P3+P4)+p,———‘ 5
where:
a)'do
Pl = I:Cl(n, a)(ﬁ) E
= B)"da
P, = j:cl(n, a)(a) <
4 (C-9)
o)'do
Py = jﬁ C,(n, a)(B) &
BY'da
P, = [ Cyn, a)(a) =
The integrals of o cancel each other, and the result of integration is
C ]
(C-10)
picl(n’ B)
Iy+1, = B
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